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Abstract-—The heuristic-direct QSAR (quantitative structure-activity relationships) approach has been applied to a series of 34
muscarinic receptor ligands, including antagonists, weak partial agonists, partial agonists and full agonists, interacting with the
buman ml-muscarinic receptor subtype. The first step of this procedure consists of the computer-aided 3D-model building of the
receptor. The second step involves docking simulations with selected ligands, maximizing the complementarity between ligand
and receptor. In the third step, a detailed and extensive correlation analysis between the computed interaction energies, their
components and the experimental pharmacological affinity and action is accomplished in order to evaluate the consistency of the
QSAR model proposed and to provide a quantitative tool for comparisons among the different complexes considered. In this
context, good linear correlations have been obtained between ad hoc theoretical intermolecular interaction descriptors and the
pharmacological action, which allow one to classify quantitatively and predict the pharmacological action of new ligands.
Finally, according to the ml-receptor model proposed, it has been possible to speculate on the amino acid residues which are
mainly involved in the interaction with the ligands, and on the nature of the prevailing intermolecular interactions which are

responsible for the different behaviour of antagonists, weak partial agonists, partial agonists and full agonists.

>

Introduction

Theoretical QSAR (quantitative structure-activity
relationships) analysis is now a well established tool
which employs a large variety of theoretical molecular
descriptors derived both from quantum mechanical
calculations and computer assisted molecular modelling
procedures, in order to rationalize the variation of the
common bio-activity within an appropriate and informative
set of molecules. This implies that the bio-activity is
reduced and translated into the chemical formalism, through
the maximization of the molecular complementarity
between the ligand and the target of known three
dimensional (3D) structure (direct approach or receptor
fitting) or unknown 3D-structure (indirect approach or
ligand fitting). In the first case, the ligand-target
complementarity is explicitly taken into account by the
modelling procedures, energetically optimizing the
intermolecular interactions of the ligand—target complex. In
the second one, a comparative analysis of the 3D-structural
commonalities, differences and reactivity characteristics
among an informative set of ligands allows the definition
of a pharmacophoric moiety from which the
complementary features of the receptor can be inferred.
Hence, the main problem is to define and extract the most
appropriate theoretical molecular descriptors ad hoc for the
problem under study.!

Very recently, a third theoretical QSAR approach, named
heuristic direct, in between the previous two, has been
presented.? This approach, applicable when the atomic
resolved structure of the target is unknown but predictable
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by means of the available experimental information, is
able to handle the heterogeneous experimental data on the
ligands and their targets and synthesize and translate them
into QSAR models. This procedure is particularly useful
for the study of the membrane-bound neurotransmitter
receptors whose 3D-structure is not yet resolved at atomic
level, but may be predicted by means of the relevant
information obtained by cloning and sequencing
experiments by biochemical and structure-activity
relationships studies. The first step of this procedure
consists of the computer-aided 3D-model building of the
receptor. The second step involves docking simulations
with selected ligands, maximizing the complementarity
between ligand and receptor. In the final step, a detailed and
extensive correlation analysis between the computed
interaction energies, their components and the experimental
binding affinities is accomplished in order to evaluate the
consistency of the QSAR model proposed.

In this work, the heuristic-direct QSAR approach has been
applied to a series of muscarinic receptor ligands.
Muscarinic receptors belong to a large family of cell
surface receptors which stimulate or inhibit specific
intracellular signal transduction pathways, via coupling to
guanine nucleotide regulatory proteins (G-protein coupled
receptors, GPCRs).3# Like all other GPCRs, muscarinic
receptors are predicted to be composed of seven
hydrophobic transmembrane helices (TMs) connected by
alternating intracellular and extracellular loops, a
glycosilated extracellular N-terminal domain and an
intracellular C-terminal tail. Structure-function
relationships of muscarinic drogs established that a cationic
head group (usually a substituted ammonium moiety) is
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essential for strong muscarinic or antimuscarinic activity.®
Mutagenesis as well as peptide labelling and sequencing
studies of muscarinic receptors suggest that the binding of
agonists and antagonists is initiated by an ion-ion
interaction between the quaternary amine moiety of the
ligands and an aspartic residue located in the TM 3 of the
receptor proteins.>>¢ Molecular cloning studies have
revealed the existence of five different muscarinic receptor
subtypes (m1-mS5), which show a high degree of sequence
homology but differ in their ligand binding, functional
properties and tissue distribution.”8 In general, ml, m3 and
m5 are coupled to the triphosphoinositide (PI) breakdown
in a variety of expression systems, while m2 and m4 are
linked to the adenylate cyclase inhibition.”>8 Three
subtypes of muscarinic receptors, M, M», and M3 have
been pharmacologically identified by means of both
functional and radioligand binding studies.® It is likely that
the ml sequence corresponds to that of the M, receptor, the
m?2 to the M, receptor and the m3 to the M3 receptor.!¢
The presence of both M1 and M, receptors in rat cerebral
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cortex has been suggested, although it seems that the
majority of the cortical muscarinic receptors are of the M;
subtype.!!

Several 3D-models of the muscarinic receptor TM domain
based on the structure of bacteriorhodopsin were recently
proposed.12-16 A detailed qualitative description of the
putative binding site interacﬁn% with the endogenous
agonist was usually given.!2-14.16 Nordvall and Hacksell
analyzed the interaction of ten structurally different
agonists with the human ml-receptor binding site obtained
by a combination of the homology-based and the indirect
modelling procedures; however, their approach was
primarily qualitative !’

We present, here, a quantitative description of the
interaction of the human ml-receptor with a wide ranging
and structurally heterogeneous molecular series of
muscarinic ligands, including antagonists, weak partial
agonists, partial agonists and full agonists (Scheme I).
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The 3D-model of the TM region has been built by taking
the backbone coordinates of bacteriorhodopsin as initial
template; moreover, the results obtained both from our
previous theoretical indirect QSAR study on a set of 22
ligands! and from published site directed mutagenesis
experiments3:® have been used in order to determine the
binding preferences of the ligands. Our aims are: (a) to
obtain quantitative correlations between ad hoc theoretical
intermolecular interaction descriptors and the literature
pharmacological affinity and action; (b) to identify the
protein residues which, according to the theoretical model
proposed, are mainly involved in the interactions with the
ligands; and (c) to provide an additional tool based on
comparative linear correlation analysis of the energy
contributions of the amino acid residues mainly involved
in the ligand binding, for elucidating the receptor structure~
affinity relationships and suggesting future site-directed
mutagenesis studies.

Results and Discussion
3D Model building

In the present study we have focused on the TMs of the
receptor, which have been selected according to published
sequence alignments.!3 The seven o-helices have been
constructed with the ¢ and y angles characteristic of o-
helices in a hydrophobic environment (¢ = -59° and y =
-44°).17 We have used the helix backbone coordinates from
bacteriorhodopsin structure as initial template for the
packing of the helices. Bacteriorhodopsin is the only
membrane embedded protein whose three-dimensional
structure was determined to a sufficient detail by electron
cryo-microscopy.!8 Recently, a novel mutagenesis
approach was utilized to identify receptor intramolecular
interactions.!® The results indicate that specific amino
acids in the seventh hydrophobic segment of the o) and §;
adrenergic receptors lie adjacent to the first hydrophobic
segment.!% The arrangement of the TMs predicted by these
experiments is similar to that found in bact-
eriorhodopsin.}8:19 Hence, we have primarily fitted the o-
carbon atoms of each alpha-helix on the corresponding one
in the Henderson 3D-model of bacteriorhodopsin. The
helices have been rotated around their main axes in order to
locate the residues conserved among the GPCRs family, or
shown to be important for the ligand binding, in the inside
of the receptor. In order to relieve the steric conflicts
between the side-chains of the neighbouring TMs, we have
performed manual rotations of the dihedral angles of the
side-chains and small translations and rotations of the
helices. After extensive energy minimization, applied to
improve helix-helix packing contacts, a different
arrangement of the helices of the ml-model with respect to
that of bacteriorhodopsin has been found. This may be due
to the different amino acid composition of the two
structures and, in particular, to the different position of the
conserved proline residues.2® Very recently, the projection
map of the GPCR bovine rhodopsin has been determined
by electron crystallography of two dimensional crystals by
Schertler e al.?! This map suggests that the structure of
bovine rhodopsin differs from that of bacteriorhodopsin;

however, three-dimensional crystallographic data is required
to determine the structure experimentally. 20

Description of the minimized ml-model and comparison
with site-directed mutagenesis experiment results

About 90% of the buried surface of the minimized ml-
model is hydrophobic. Furthermore, the resulting
hydrophobic moment for each helix is quite reasonable,
being generally away from the bundle and directed toward
the lipid side-chains.2? All the conformations of the amino
acid side chains, upon minimization, show agreement with
the first or the second or the third most common
conformations reported in the side-chain Ponder and
Richards rotamer library.23 Scheme II reports a
classification of the amino acids of each helix of the ml-
minimized model into three groups: (a) the side chains face
the core of the TMs; (b) the side chains interact with those
of the neighbouring TMs; and (c) the side chains are
directed toward the lipid bilayer. The positions of each
residue in the helix bave been determined by means of the
graphical analysis of the 3D-model and by measuring the
angle between the direction in which each residue points
(given by the vector from the helix axis to the Cp atom)
and the direction in which the nearest adjacent helix is
located (given by the vector from the axis to one helix of
its nearest neighbour).24 In this context, angles ranging
from -70° to -120° or from -70° to 70° or from 70° to 120°
are associated to the three groups of residues, respectively.
Agreement with the previously published models has been
achieved for the location of the amino acid residues.!3-15
From an analysis of Scheme II it emerges that the seven
helices have different degrees of exposure to the lipid
surrounding the structure, according to the following order:
helix 4 > helix 5 > helix 1 > helix 2 = helix 7 > helix 6 >
helix 3, as indicated by the percentages of the residues
directed toward the lipid bilayer, with respect to the total
number of residues in the helix. This arrangement of the
helices mostly agrees with Baldwin findings on the
distinctive environments of the seven helices in GPCRs.20

Affinity labelling, peptide mapping and sequencing studies
using mustard derivatives of the muscarinic antagonist
propylbenzilcholine and the physiological agonist
acetylcholine (ACh) as alkylating probes suggest that the
positively charged ammoniuom group of muscarinic ligands
is anchored, by ion—ion interaction, to the carboxylate side
chain of an Asp residue present in TM 3 of the receptor
molecule {Aspsgg, in our model; the first digit corresponds
to the helix and the next two digits indicate the position of
the residue in the helix).® Consistent with this finding,
replacement of the Aspsog with Asn resulted in a mutant
receptor with drastically reduced binding affinities.5»6
Sequence analysis shows that the TMs of all muscarinic
receptors contain a series of conserved Ser, Thr, and Tyr
residues most of which are not found in other GPCRs. In
order to test the hypothesis that one or more of these
conserved residues may be able to interact with the ligands
by hydrogen bonding, a series of rat m3-muscarinic
receptor single point mutants, in which the various OH-
group containing amino acids were individually replaced
with Ala (Ser, Thr) or Phe (Tyr), were created and
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Scheme IL *Conserved in the GPCRs family. ®Conserved in the cationic neurotransmitter GPCRs. “Shown to be important by site directed mutagenesis

experiments.

pharmacologically characterized in radioligand binding
studies.® Site directed mutagenesis experiments on the rat
m3% demonstrated that the mutant receptors: Thrys4
(Thrso3) — Ala (the mutated residue Thryag in the rat m3
corresponds to the Thrsg; in our model) and Tyrsge
(Tyrg16) — Phe show about 30- to 40-fold lower binding
affinities for the agonists ACh and carbachol binding than
the wild-type receptor and also reduced potencies in ACh-
and carbachol-induced stimulation of PI hydrolysis.
Moreover, these experiments showed that the mutation of
these two residues does not influence or influences to a

small extent the affinity of the antagonists N-
methylscopolamine (NMS) and trihexylphenidyl binding,
respectively.® In our model Thrsg; and Tyrg; 6 are located at
the same level of the conserved Aspspg. Furthermore,
Tyry4g — (Tyrsgo) Phe, Tyrsyg (Tyryy;) ~ Phe and Tyrsas
(Tyr715) — Phe mutants showed about 10-fold lower
binding affinities for ACh, carbachol and about 3-fold
lower affinities for the antagonists, NMS and
trihexylphenidyl, than the wild-type receptor.® Amino acid
replacements of residues buried deeper in the membrane
such as Thrsoy (Threp) and Thrszy (Thryg) showed little
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effect on agonist binding.® Furthermore, it was found that
Seryyo (Sery;6) — Ala mutant binds both NMS and
trihexylphenidyl with about 10-fold lower affinities than
the wild-type receptor, whereas it does not affect agonist
binding. A recent mutagenesis study on the rat m3 also
suggested that Prog, (Progs), which is conserved among
virtually all GPCRs, is essential for high-affinity ligand
binding.® Helical wheel projection models predict that
Progp; (Pro4;s) is located on the outside of the helical
bundle, facing the lipid bilayer, indicating that this Pro
residue might exert an indirect conformational effect that
allows high affinity ligand binding.25 In our model the
location of Prog; 5 agrees with the prediction of the helical
wheel projection model proposed by Hulme et al.25 Site-
directed mutagenesis experiments also demonstrated that
the mutant receptors Trpi9z (Trpaos) — Phe and Trpsgs
(Trpg13) — Phe show clearly reduced binding affinities for
all the ligands investigated, indicating a possible
involvement of these residues in the binding of agonists
and antagonists.® Other site-directed mutagenesis
experiments on the human ml showed that the replacement
of Tyrgy (Tyryyg) with a Phe, the corresponding residue in
the m3, reduces the pirenzepine affinity by about 3-fold,
accounting for part of the affinity shift between mil and
m3.26 The affinities of the agonist carbachol and of the
antagonist atropine are not influenced by this mutation.?5

Docking experiments

We have performed docking simulations on 34 muscarinic
ligands (Scheme I), which span the efficacy range from
antagonists, through weak partial agonists and partial
agonists to full agonists. We have started the docking
experiments with the antagonist NMS (24) and the full
agonist carbachol (33), since these are the ligands mainly
utilized in the binding studies on mutant muscarinic
receptors.526 Site-directed mutagenesis studies snggest that
the amine functions of agonists and antagonists are bound
in much the same way but that the other molecular
moieties recognize and bind different loci of the receptor.
Overlapping but different binding sites for agonists and
antagonists were also prq/posed in a modelling study on the
B,-adrenergic receptor.2” Hence, we have docked both the
ligands into the putative binding domain by using as
molecular recognition and fitting criterion, the formation
of an ion—ion interaction between the ligand quaternary
ammonium head group and the carboxylate of Aspspg. The
docking of the antagonist NMS and of the agonist
carbachol has been repeated several times with different
initial orientations of the ligand and of the side chains, in
order to optimize {a) the ion-ion interaction between the
ligand ammonium head group and the Aspsgg for both the
compounds, (b) the H-bonding interaction between the
antagonist hydroxy group and Serp;e, (c) the H-bonding
interaction between the agonist carboxy group and both
Thrso3 and Tyrg6, and (d) other interactions with amino
acid residues shown to be important for the ligand
binding.6-26 The complexes obtained were energy refined.
All the atoms of both the ligand and the receptor have been
allowed to move during minimization. From the analysis
of the two selected minimized complexes it emerges that
the antagonist and the agonist binding domains are located

about 14 A and 11 A below the extracellular surface,
respectively, in agreement with recent fluorescence
emission and quenching experiments.28 On the basis of
these considerations, we have extended the docking
experiments to all the ligands listed in Scheme I
Antagonists and agonists have been docked in the same
sites of NMS (24) and carbachol (33), respectively; the
weak partial and partial agonists have been mainly fitted in
between the antagonist and agonist domains, by shifting
their orientation in one domain or in the other, depending
on the relative values of the NMS/OXO-M affinity ratio
(for the definition of this index see the binding assays
section).2? For each ligand the docking minimization has
been repeated several times, according to the procedure used
for NMS and carbachol. The main chain conformations and
the packing of the seven helices, upon docking
minimizations, show differences among the 34 selected
ligand-receptor minimized complexes in relation to the
nature of their intermolecular interactions. Moreover, the
side chain conformations of these complexes are similar,
except those of the residues directly involved in the
interactions with the ligands and are in agreement with
those tabulated by Ponder and Richards. 23

Binding assays

Freedman et al. described a simple binding assay which
predicts the efficacy of muscarinic compounds in rat
cerebral cortex, using two well established radioligand
binding assays.!! The muscarinic antagonist [3H]-N-
methylscopolamine (NMS) was used to label both high
affinity and low affinity states of the receptor, the
muscarinic agonist [*H]-oxotremorine-M (OXO0-M) was
used to label the high affinity agonist state of the receptor.
In this way, it was possible to measure the affinity of a
large number of compounds for either state of the
receptor.!1:30 Since agonists recognize preferentially the
high affinity state, displaying much higher affinity in the
0XO-M binding assay with respect to the NMS assay,
whereas antagonists show similar affinity in both assays,
the ratio of the affinitics of a givem compound
(NMS/OXO-M ratio) gives a measure of its cortical
efficacy.!! The log of this ratio has been shown to
correlate directly to the ability of the ligand to stimulate
the hydrolysis of cortical PI and thus its predictive value is
assured.!1 Four broad categories of muscarinic ligands can
be defined according to their efficacy as estimated from this
ratio: antagonists show equal affinity in both binding
assays and thus have ratios close to unity, weak partial
agonists have low ratios between 10-200, partial agonists
display intermediate ratios 200-800 whereas, at the other
end of this continuum, full agonists display a ratio in
excess of 800.11.30

QSAR and correlation analyses

Table 1 reports the experimental binding affinities p(NMS)
and p(OXO-M), and the logarithm of their ratio:
1og(NMS/OXO-M) for the ligands listed in Scheme I.11.30

The interaction energy (/E, for the definition of this index
see the experimental section) of the minimized ligand-m1-
receptor complexes and their van der Waals (IEyvpw), H-
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Table 1. Experimental binding affinities (p(NMS), p(OXO-M), log(NMS/OX0-M) and calculated theoretical intermolecular interaction descriptors
(IE, I’Emw, I'EHB, I’Ea, IEVDW%’ iEHB%’ I'EEL% and IE(!’]B+EL)%)

a a NMS \a b c ¢ c c c c
N. PiNMS) p(OXO-M) W(““d}o_ﬁ B Eypy Ew En  Egy% Ew%  Eg% Epeny
1 992 1047 025 6094 -57.08 3.54  -034  B158 506 1335  18.41
2 715 768 053 5843 4718 338  -7.87 8075 578 1347  19.25
3 670 768 008 5621 -4362 -363 896  77.60 646 1504 2240
4 702 825 123 -5033 3841 384 808 7632  7.63 1605  23.68
5§ 441 577 136  -57.30 -3069 -7.76  -9.85 6927 1354 1719 30.73
6 628 78 157 -4810 3753 -389 767 7643 792 1562 2354
7 570 728 158 5145 3713 634  7.97 7217 1232 1463 2781
8 558 737 179  -47.18 3455 392 871 7323 831 1846 2677
9 672 8965 224 4999 3426 627 946 6853 1254 1892 3147
10 464 692 228 6336 4231 -11.17  -0.88 6678 1763 1550 3322
11 672 932 260 -54.55 3634 889 932 6662 1630 1708 3338
12 635 004 260 5585 -37.61 -B94 920  67.34 1601 1663 3264
13 622 930 308 5683 3585 -1238 860 6308 21.78 1513 3692
14 700 1000 300 5432 3544 -056 931 6524 17.60 1714 3474
15 575 885 311 5288 -31.02 -1263 924 5865 2388 1747 4135
16 544 868 324 5146 3336 -903 906 6483 1755 1760  35.15
17 580 815 335  -4747 3108 737 901 6549 1552 1898 3451
18 517 742 225 4652 3323 382 936 7143 843 2012 2855
19 548 747 199  -46.60 3431 376 853 7363 807 1830 2637
20 585 757 172  -5010 -37.76 370  -864 7537  7.38  17.24  24.63
21 585 7.44 1.59 -50.38  -37.64 -3.51 -9.23 74.71 8.97 18.32 25,29
22 585 724 140 5057 -38.36 358 863 7585  7.08  17.06  24.14
23 660 789 129 4909 -37.38 349 821 7614 7.1 1672 2383
24 955 966 011  -61.01 -50.79 -3.09  -7.13 8325 506 1168 1675
25 900 932 032 5922 -47.93 349  .7.80 8093 589 1317  19.06
2 714 748 034 -69.36 5360 878  -898  77.28 977 1295 2272
27 540 740 200 5150 -30.54 427 769 7678 828 1493 2322
28 531 745 214  -4822 -3587 331 002 7439 686 1870 2557
29 530 740 210 5563 -41.89 638 735 7530 1147 1321 2468
3 521 796 275 4341 2891 686  -7.63 6660 1580 1758 3338
31 608 902 294  -5681 -30.05 -10.03 -772 6874 1765 1359  31.24
32 472 832 360 5414 -3637 -6.65 -1212 67.18 1228 2239 3467
33 462 824 362 4707 -2024 977  -806 6212 2076 1712  37.88
34 566 928 362 5378 -38.86 -7.28  -7.64 7226 1354 1421  27.74

“Refs. 11 and 30, PIE is the mteraction energy (kcal/mol) of the minimized ligand—receptor complexes. “/Eypw, [Eyy, [Eg are the van der Waals, H-
bonding and electrostatic energy components (kcal/mol) of the total JE and IEypw%, IEyp%, [Eg; %, are the percentage contributions with respect to
IE. dIE@B*EL)% are the percentage of the H-bond plus the electrostatic contributions with respect to JE.

bonding (/Eup) and electrostatic (/Egy) energy
components, are also reported in Table 1, together with
their percentage contributions with respect to /E and the
percentage of the H-bond plus the electrostatic
contributions (IE(HB+EL)%)'

It was demonstrated that in binding studies using
antagonists as radioligand (i.e. [PH]-N-methyl-
scopolamine), displacement curves with muscarinic
antagonists and weak partial agonists have Hill (Ng)
coefficient close to 1.0, whereas muscarinic agonists yield
Hill coefficient significantly less than 1.0 (Ny closer to
0.5).11 Non linear regression analysis of such curves
indicates that muscarinic agonists show a significantly
better fit to a two site rather than to a single site model,
with high and low-affinity binding components.!! In
agreement with these results, by plotting the total /E of
the selected antagonist- and weak partial agonist-receptor
complexes against the affinity constant p(NMS) (Figure
1a), a linear trend is achieved. The antagonist pirenzepine

(26) whose Ny is close to 0.6 has been omitted.
Furthermore, it was also shown that in binding studies
using the agonist [*H]-oxotremorine-M as radioligand,
antagonists, weak partial agonists as well as full agonists
display Hill coefficients close to 1.0.11 In agreement with
these results, by plotting the total /E values against the
affinity constant p(OXO-M) (Figure 1b) a linear trend is
obtained by considering all the categories of muscarinic
ligands together. Again, the antagonist pirenzepine (26)
showing Ny close to 0.6 has been omitted. The
experimental conditions were chosen to maximize the
difference between antagonists and agonists as displacing
ligands,!! as a consequence, the ratios of the affinity
constants for the two binding assays (NMS/OX0-M) are
used for predicting the cortical muscarinic efficacy.!!
Theoretical indices able to predict the cortical muscarinic
efficacy in a similar manner as the NMS/OXO-M ratio,
were defined in our previous indirect QSAR study
on a series of quinuclidine-based derivatives, including
compounds 1-13 and 18-23 of Scheme I.! Good
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cortical membranes (p(NMS) and p(OX0-M)) and the theoretical intermolecular wnteraction descriptors 1E
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linear relationships, with positive slope, between the
1og(NMS/OXO-M) and the electrophilic super-
delocalizabilities of the heterocyclic nifrogen atoms were
obtained for compounds 1-13; these molecular orbital
(MOQ) indices may be considered as a theoretical measure of
the hydrogen bonding acceptor propensity of the nitrogen
atoms.! Furthermore, a good linear relationship, with
pegative slope, between the log(NMS/OX0O-M) and the
summation over the absolute values of the total net
charges of all atoms of the heterocyclic substituent R and
the beterocyclic ring (IZgl) was obtained; this index, being
proportional both to the van der Waals volume of the
substituent R and to the molecular polarization,3! can be
considered to describe the dispersion forces which are
mainly operative in the hydrophobic environment. These
results are in agreement with the pharmacophoric model
proposed by Saunders er al.32 for the same series of
compounds which suggests that, once the essential charge
reinforced H-bonding interaction between the protonated
quinuclidine nitrogen atom and a protophilic counterpart in
the receptor is satisfied, different modes of interaction
become operative to differentiate among agonists, partial
agonists and antagonists. In fact, full agonists uatilize two
H-bonding interactions to bind to the receptor and, in
general, are small hydrophilic species; antagonists require
maximally one and possibly no, H-bonding sites and
instead utilize lipophilic interactions to stabilize the
binding to the receptor; in between are partial agonists.3?
On these bases, we have defined herein /Eyp,g1)% and
IEypw% as ad hoc theoretical intermolecular interaction
descriptors, useful for discriminating among antagonists,
weak partial agonists, partial agonists and full agonists, in
a similar manner with respect to the experimental
NMS/OXO-M ratio. In fact, antagonists, like NMS (24),
show IEyg.g1)% values below or close to 20% (IEyvpw%
values above or close to 80%), full agonists, like carbachol
(33), show IE(HB+EL)% values above 30% (IEVDW%
values below or close to 65%), weak partial and partial
agonists show IEyg,g1)% (or, complementary IEypw%
values) in between the previous two. The consistency
achieved between the theoretical intermolecular interaction
descriptor IEmg.g1)% and the pharmacological action
(log(NMS/OX0O-M)), is shown by the good linear trend
reported in Figure 1c. A similar relationship with opposite
slope is obtained by plotting /Eyvpw% against the
log(NMS/OXO-M) (Figure 1d). Therefore, given the
highly heterogeneous set of compounds considered, the
theoretical intermolecular interaction descriptors
IEp+EL)% and IEypw% allow a generalization of the
results obtained by means of the MO indices, electrophilic
superdelocalizability and Zlgl respectively, computed on a
congeneric series of compounds. !

In order to identify the amino acid residues of the proposed
ml-model mainly involved in the interaction with the
ligands, we computed the energy contributions of each
residue to the total interaction energies of the selected
minimized ligand-receptor complexes (Table 2). Figure 2
shows the complexes between the antagonist NMS (24,
left side), the agonist carbachol (33, right side) and the TM
a-carbon atoms of the human ml-muscarinic receptor. In

deeper detail, Figure 3 shows a schematic representation of
some ligands and the ml-receptor residues which are
mainly involved in their binding interactions. By
superimposing the interacting receptor residues in the same
conformations and position they assume in the selected
minimized complexes with the ligands, we have obtained
the models of the binding domains of the antagonists
(Figure 4a), weak partial agonists (Figure 4b), partial
agonists (Figure 4¢) and full agonists (Figure 4d).

From an inspection of the data values reported in Table 2,
together with the graphical analysis of Figures 3 and 4, it
emerges that Serp g is involved in interactions with only
the antagonists. In our interaction model it acts as H-
bonding acceptor with respect to the hydroxy group of
NMS (24, Figure 3), according to the results of site-
directed mutagenesis which showed that antagonist binding
significantly decreases on mutating this residue, whereas
agonist binding is poorly affected.® Tyrpzq acts as H-
bonding donor with respect to the endocyclic carbonyl
group of pirenzepine (26, Figure 3), according to site-
directed mutagenesis studies.2® Trpsgq4 is involved in the
interaction with antagonists and with some weak-partial
agonists. By considering only the ligands which interact
with Trpig4 (Table 2), it emerges that the IE of Trpigs
gives a linear trend with the total IE (r = 0.81, omitted 1,
10 and 26), showing that this residue may act as
modulator of the ligand-receptor interaction energy. In our
model this residue makes van der Waals attractive
interactions with the quinuclidine moiety of compounds 1
and 2 (Figure 3), with the ammonium methyl groups of
NMS (24, Figure 3), with the bicyclic moiety of atropine
(25), with the piperazine ring of pirenzepine (26, Figure
3) and with the oxadiazole substituent of compounds 3, 4,
8,9, and 10. Trp;p4 also makes van der Waals attractive
interactions with the aromatic heterocyclic moiety of the
weak partial agonists 18,22 and with the ethyl group of
RS86 (29, Figure 3). Aspspg gives the strongest, but
nearly constant, contribution to the total /E, when it
makes charge reinforced H-bonding interactions with the
protonated nitrogen atom of the ligands. The IE of Aspagg
gives a good linear trend with that of Thrsgs (r = -0.93,
omitted 27, 33 and 34); the negative slope of this
correlation may suggest that the interaction of a ligand
with one of these two residues negatively influences the
interaction with the other one. In the interaction model
proposed, Trps13 makes van der Waals attractive
interactions with the molecular moieties directly bound to
the protonated or quaternary nitrogen atom (Figure 3) for
antagonists, partial agonists and full agonists, while, in
the case of weak partial agonists, it makes n—x% stacking
interactions with the heterocycle bound to the quinuclidine
moiety (2-10, 18-23) or van der Waals attractive
interactions with the substituent of the ring which contains
the protonated nitrogen atom (27-29, Figure 3). Thrsos
makes interactions with all the ligands, except for the
antagonists, according to site directed mutagenesis
experiments which indicated that the mutation of Thrsgs
with an Ala residue negatively affects both the affinity and
the efficacy of ACh and of carbachol, while it does
not affect the affinity of the antagonist NMS.6
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Figure 2. Side view of the complexes between NMS (24, left side), carbachol (33, right side} and the transmembrane backbone O-carbon atoms of
the human ml-muscarinic receptor, in a direction perpendicular to the main axes of the seven o-helices. As for the proteins, the selected colours are:
blue, pink, green, white, yellow, light blue, and violet, for helix 1. helix 2, helix 3, helix 4, helix 5, helix 6 and helix 7, respectively.

The IE of Thrsgs gives a good linear trend with
tog(NMS/OXO-M) (r = -0.87); this correlation indicates
that this residue acts as modulator of the pharmacological
action. In our interaction model, Thrsgs acts as H-bonding
donor with respect to one of the two oxadiazole nitrogen
atoms of compounds 11-17, with the carbonyl oxygen
atom of oxotremorine (31, Figure 3) and of oxotremorine-
M (34) with the endocyclic oxygen atom of muscarine
(32, Figure 3) and, finally, with the ester oxygen atom of
carbachol (33, Figure 3). Trpg;s makes van der Waals
attractive interactions with all the ligands, mainly
involving the groups directly bound to the protonated or to
the quaternary nitrogen atoms, according to the results of
site directed mutagenesis experiments.® Tyrg;¢ gives van
der Waals attractive interactions with most of the ligands,
acting as H-bonding donor with respect to the carbonyl
oxygen atom of carbachol (33, Figure 3), and as H-
bonding acceptor with respect to the hydroxyl group of
muscarine (32, Figure 3), according to the results of site
directed mutagenesis studies.® Asng7 interacts with most
of the ligands. Interestingly, the IE of Asng7 gives linear
trends with the p{OXO) {r = -0.81, omitted 26) and with
the log(NMS/OXO-M) (r = -0.78); the latter correlation
shows that this residue acts as modulator of the
pharmacological action. It is worth noting that Asng;7 is
conserved among the muscarinic receptor subtypes and is
substituted by a phenylalanine in the adrenergic receptors,
whose natural agonists have an aromatic ring instead of the
ACh ester function. In our interaction model Asng;7 acts
as H-bonding donor with respect to one of the two
oxadiazole nitrogen atoms of 9, 1117, with one carbonyl

oxygen atom of RS86 (29, Figure 3), of arecoline (30,
Figure 3), of oxotremorine (31, Figure 3) and of
oxotremorine-M (34). Gluyog mostly makes a network of
intramolecular H-bonds with Tyrgo3, Trpagy, Tyrgig and
Tyr711; we have observed that Aspagg participates in this
network when it does not interact with the ligands. Tyryq;
makes van der Waals attractive interactions with most of
the ligands, according to site directed mutagenesis
experiments.® The IE of Tyry;; gives a good linear trend
with the total IE (r = 0.81, omitted 5 and 26), acting as
modulator of the ligand-receptor interaction energy.
Finally, Trp7y; and Tyrqys, interacting with only the
antagonists, belong to and define the accessory antagonist
binding site.

In summary, from the analysis of the ligand-ml
interacting models previously reported. some conclusions
can be drawn.

(a) Trp3pq and Tyry;; act as modulators of the ligand—
receptor interaction energy. Asng;7 acts as modulator of the
binding affinity constant p(OXO-M). Thrsg; and Asngyr
act as modulator of the pharmacological action,

(b) The protonated or quaternary nitrogen atom of the
antagonists interacts with Aspagg, and it is surrounded by
Trpaoq, Trpa13, Trpesys. The other molecular moieties of
the antagonists occupy the binding pocket mainly formed
by the amino acid side chains of helices 2 and 7, such as:
Serzi6. Tyrazo, Glures, Tyr711, Trp712 and Tyryys; these
residues, with the exception of Gluygg and Tyry; are not
involved in the binding with the other ligands.
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(c) The achievement of a good geometry for the H-bonding
interaction between the protonated nitrogen atom of the
weak partial agonists and Aspsog strongly influences the
orientation of the rest of the molecule, which is, in
general, oriented toward helix 6 and makes n—rw stacking or
van der Waals attractive interactions with Trpyys.

{d) The partial agonists considered in this study are
protonated species whose substituents are directed toward
helix 5, and make H-bonding interactions with Thrsgz and
Asngy7.

(e) The trimethylammonium or the protonated quinuclidine
moieties of the full agonists are surrounded by the same
aromatic cluster (Trpagg, Ttps13 and Trpg;3) as in the case
of antagonists. Two of these residues (Trp413 and Trpg3)
were also found to be part of a similar aromatic cluster in
the m2-model proposed by Trumpp-Kallmeyer er al. 14
Furthermore, the small hydrophilic substituent of the
trimethylammonium or of the protonated quinuclidine
moieties gives two H-bonding interactions with Thrsgs and
Tyrg16 or with Thrsgs and Asngy7. The last pair of residues
is involved in two H-bonding interactions also in the
agonist-human m1-model recently proposed by Nordvall
and Hacksell.!3 The amino acid composition of the binding
site model proposed by these authors is similar to the
agonist binding domain of our model, although the
procedure they utilized for its definition is quite different, !5
Moreover, a general agreement on the interacting points
between the receptor and the three agonists (14, 31 and
32) which are in common is observed; the only differences
are: the carbonyl group of oxotremorine (31) in our model
acts as H-bonding acceptor with respect to the residues
Thrsgs and Asngi7, whereas in the model of Nordvall and
Hacksell it is proposed to make only one H-bond with
Asng7;19 the Thrs3-Tyre 6 pair of residues makes two H-
bonds with muscarine (32) in our model, whereas, in the
model of these authors, the same interactions are
accomplished by the Thrsgs—Asng; pair: 13

(f) The extent of the interaction with Aspspg negatively
influences the interaction of the same ligand with Thrsg;.
Thus, a quaternary nitrogen atom, which gives an ionic
interaction with Aspspg usually weaker than the charge
reinforced H-bonding one, together with a small
hydrophilic substituent, able to make at least two
intermolecular H-bonding interactions with Thrsgs and
Tyre1s or with Thrsgs and Asng;7, may be an important
structoral determinant for the expression of the full agonist
action,

Conclusions

Theoretical QSAR analysis has been accomplished on 3D-
models of 34 ligands—m1 muscarinic receptor complexes.
We have used the results from site-directed mutagenesis
experiments in order to determine the binding preferences
of the ligands. In this context a model with different but
overlapping binding sites for the agonists and the
antagonists seems t0 be more realistic than a single site
model. Good linear correlations have been obtained
between ad hoc theoretical intermolecular interaction
descriptors and the pharmacological action, which allow

one to classify quantitatively and predict the
pharmacological action of new ligands. In particular,
antagonists show /Eyp.p1)% values below or close to
20%, full agonists show IExp.+g1y% values above 30%,
whereas weak partial and partial agonists show
IEyp+p1)% values in between the previous two. These
results are in agreement with the pharmacological model
recently proposed by Saunders ef al3? and with our
previous theoretical indirect QSAR models.! Finally, the
computation of the energy contributions of each amino
acid residue to the total /E has allowed the identification of
the protein residues mainly involved in the interaction with
the ligands. In our opinion, the heuristic-direct QSAR
approach presented, although quite elaborated from a
molecular modelling point of view, shows some
advantages over the traditional QSAR approaches. In fact,
it is based on the 3D-chemical formalism which is
relatively easy to handle and universally understood also for
complex macromolecular structures. Moreover, the 3D-
chemical formalism applied to the receptor description
provides a quantitative and consistent tool for comparisons
among the different transmembrane receptors and suggests,
on a formal basis, site directed mutagenesis experiments,
which, in turn, might support or confute the model
proposed. In this way also, receptor structure affinity—
selectivity relationships can be comparatively elucidated.
On this correlative ground the drastic simplifications and
approximations introduced in the receptor model building
procedure become more acceptable.

Experimental Section
Computational methodology

Modelling studies have been performed with the molecular
package QUANTA (version 3.3.1).33 Energy
minimizations of the receptor and of the complexes have
been achieved by means of the program CHARMm
(version 22).34

Minimizations have been carried out on an HP-720
workstation by using the conjugate gradient minimizer,
until the rms gradient was less than 0.01 kcal/mol A. A
distance dependent dielectric term (e = 4r) and a 12 A atom
based cutoff distance have been chosen. An ‘all atom' force
field representation has been used for the ligands while, in
the case of the receptor, the hydrogens bonded to carbon
atoms have not been explicitly included (‘united atom
approximation’) for computational efficiency.34 The
interaction energies (JE) of the ligand-receptor minimized
complexes have been computed according to the following
formula: JE=EcompLEx ~ EREC — EL1G, Where ECOMPLEX
is the energy of the ligand-receptor minimized complex,
Epgc and Ej ig, are the energies of the receptor and of the
ligand, respectively, in the minimized complex. The N-
methylscopolamine has been obtained by adding hydrogens
and the N-methyl group to the crystal structures of (-)-
scopolamine hydrobromide;>S atropine has been obtained
by adding hydrogens and by changing all signs to the
original coordinates of the hydrochloride enantiomer.36
Muscarine, pilocarpine and pirenzepine have been obtained
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from the crystal structures of (+)-muscarine iodide, (+)-
pilocarpine hydrochloride and pirenzepine mono-
hydrochloride, respectively.37-39 The other ligands have
been constructed by taking the geometric parameters from
standard compilations.“0 The fully optimized geometries of
the ligands in their protonated or quaternary forms and their
atomic charge distributions have been obtained in the AM1
framework.4! The ligand atoms have been assigned the
parameters of the corresponding CHARMm atom types.34
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