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Abstract—The study presents a docking analysis for the interaction capabilities of some muscarinic receptors (i.e., My, M», and Ms)
whose full-length models were previously generated by us. In detail, the docking simulations involved a dataset of 30 agonists, taken
from the literature, including a first series of oxathiolane/dioxolane congeners and a second subset of more heterogeneous ligands.
The obtained results unveil that it is possible to discriminate among the binding modes of considered muscarinic receptors, devel-
oping specific interaction patterns which are significantly different for the arrangement of both polar and hydrophobic interactions.
Thus, the M; subtype possesses the widest binding site, while the M, receptor is characterized by a large but asymmetric region that
accommodates the ligand’s ammonium head and finally the M5 binding site is quite similar to that of M, subtype being univocally
characterized by a second aspartate residue which interacts with the ammonium head. The significant correlations between docking
scores and affinity values afford an encouraging validation for the reported binding modes and confirm the key role of molecular

flexibility in the ligand recognition of muscarinic receptors.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The muscarinic receptor family (mAChR), whose acti-
vation mediates the metabotropic actions of acetylcho-
line, belongs to class I of G-protein coupled receptors
(GPCRs) and includes five distinct subtypes, denoted
as muscarinic M;—M35 receptors.!~> Muscarinic receptors
are widely distributed throughout the human body and
control distinct physiological functions according to
location and receptor subtype. They have been cloned
from several species and exhibit a marked sequence
homology among subtypes and across species.* Based
on their activation mechanism, these receptors can be di-
vided in two main classes. The odd-numbered receptors
couple to G¢/G; proteins and induce the hydrolysis of
phosphoinositide lipids by several forms of phospholi-
pase, while M, and My subtypes are linked to G;/G pro-
teins and inhibit the adenylyl cyclase.’
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The marked similarity among the muscarinic subtypes
and, in particular, in their ligand binding sites can ex-
plain the historical difficulty in the identification of
subtype-selective compounds, even though there is still
a demand for really selective ligands, which could be
clinically useful in treating, for example, Alzheimer’s
disease, pain, schizophrenia, and intestinal
hypomotility.®

A comparison of the amino acidic sequence for the five
human mAChRs shows a vast homology among them,
with many residues conserved in all subtypes being sig-
nificantly abundant in the seven transmembrane helices.
Interestingly, some residues are identical in M, M3, and
M; subtypes being replaced by a different residue, but
identical in M, and M, subtypes. Finally the large third
cytoplasmatic loops show virtually no homology among
the mAChR subtypes (except for a short Ser/Thr-rich
region).”

Nevertheless, it is well known that even single residue
differences in GPCR sequence can afford significant dif-
ferences in binding site architecture and, hence, in ligand
affinities.® Therefore, a comparative analysis of the
critical interactions in mAChR binding sites can give
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new insights to design subtype-selective muscarinic li-
gands and to understand the ligand recognition at an
atomic level.

Such an analysis is strongly supported by mutagenesis
studies that have unraveled the key residues involved
in ligand binding. In all mAChRs, an ion pair between
the acetylcholine ammonium head and a conserved
aspartate residue in TM3 (Aspl05 in M;, Aspl03 in
M,, Aspl47 in M3, Aspl12 in My, and Aspl110 in Ms)
plays a key role in the ligand-receptor complex stabiliza-
tion.” The electrostatic interaction is reinforced by a
cluster of six aromatic residues conserved across the five
muscarinic receptors but not in other GPCRs. For
example, mutagenesis experiments have shown the piv-
otal role of two tryptophan and four tyrosine residues
in Mj; subtype (Trpl43, Tyrl48, Trp503, Tyr506,
Tyr529, and Tyr533).!° The pattern of residues interact-
ing with the acetylcholine ester group is more heteroge-
neous even if it seems characterized by a conserved
threonine residue in TMS5, which presumably stabilizes
H-bonds with the ester moiety.!!

The experimental crystal structure of bovine rhodopsin
laid the way for the homology modeling of full-length
G protein coupled receptors. In recent years, several reli-
able GPCR homology models appeared in the literature
and were successfully used for virtual screening and li-
gand optimization.'>! On these grounds, in a previous
study we have generated full-length reliable models for

Table 1. Binding affinities (as expressed by pK values) and docking scores (i.

mol) for the docked muscarinic agonists

all muscarinic receptor subtypes exploring their ability
to interact with acetylcholine.!*!

The present study reports an exhaustive docking analy-
sis, in which we considered a representative dataset of 30
muscarinic agonists taken from the literature (as
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5(2S,5°S, 2'S) () 9 (2R,2'R,3'R,5'R)(-)

6 (2R, 5'R, 2'R) (+) 10 (25,2'5,3'S,5'S)(+)
7(2S,5R, 2R) () 11 (28,2’R,3'R,5°R)(-)
8 (2R, 5'S, 2'S) (+) 12 (2R,2'S,3'S,5'S)(+)
13 (25,2'S,3'R,5'S)(-)
14 (28,2'R,3'S,5°R)(+)

Chart 1. The subset of dioxolane and oxathiolane derivatives.

e., ChemScores, as computed by Fred software and expressed in kcal/

Compound I(Flex) pKM, Score M, pKM, Score M, pKM; Score M5 Ref.
1 0 4.96 —15.58 5.92 —15.8 4.66 —19.65 35
2 0 4.96 —15.64 5.68 —1543 4.88 —20.03 35
3 1 4.67 —18 5.77 —23.1 4.64 —23.21 35
4 1 4.28 —17.23 5.3 —214 4.28 —21.58 35
5 1 5.08 —18.96 6.17 —24.01 4.99 —24.17 35
6 1 4.72 —17.54 5.28 -22.9 4.61 —23.74 35
7 1 4.85 —18.53 5.45 —23.12 4.63 —23.77 35
8 1 5.23 —19.23 5.85 —23.81 4.97 —24.28 35
9 1 n.a. 5.03 -21.99 n.a. 36
10 1 n.a. 4.11 —20.99 n.a. 36
11 1 4.03 —17.32 4.81 —22.15 4.47 —22.18 36
12 1 n.a. 4.09 —20.67 4.24 —21.25 36
13 1 n.a. 4.54 —21.63 n.a. 36
14 1 n.a. 4.29 —20.79 n.a. 36
15 (muscarine) 0 4.74 —15.66 6.31 —18.76 n.a. 37
16 (arecoline) 0 4.53 —14.25 5.61 —11.61 4.25 —14.71 38
17 (milameline) 0 5.25 —14.32 6 —13.44 5.5 —16.89 24
18 (xanomeline) 0 8.1 —22.87 7.93 —24.44 7.82 —28.95 42
19 (oxotremorine) 0 8.95 —24.19 6.49 —19.08 n.a. 39
20 (oxotremorine-M) 0 4.69 —-17.32 6.97 —-17.89 n.a. 39
21 0 6.92 —17.53 6.99 —17.16 7.29 —18.83 44
22 0 7.04 —19.25 8.44 —20.49 821 —28.98 44
23 (pilocarpine) 0 5.18 —16.77 4.92 —13.97 4.99 —15.93 40
24 (S-aceclidine) 0 n.a. 6.21 —12.88 n.a. 41
25 (R-aceclidine) 0 n.a. 5.65 —12.33 n.a. 41
26 (sabcomeline) 0 6.64 —15.92 6.69 —14.18 n.a. 42
27 0 4.67 —14.79 8.58 -21.7 n.a. 43
28 0 3.55 —13.89 5.56 —12.7 n.a. 43
29 (carbachol) 0 4.92 —11.02 5.88 —12.99 5.37 —17.09 38
30 0 5.08 —14.76 4.43 —14.91 5.43 —17.76 29
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Chart 2. The second and more heterogeneous subset of docked muscarinic agonists.

compiled in Table 1, Charts 1 and 2). It is worth noting
that the choice and the total number of considered li-
gands were severely limited by the marked scarcity of
comparable binding data for known muscarinic agonists
(especially for M5 subtype). Nonetheless, the obtained
results allow the binding sites peculiarities to be un-
veiled, deriving subtype-selective interaction patterns
which, hopefully, could be exploited to design novel
muscarinic ligands with an improved selectivity profile.

Given the mentioned similarity among muscarinic recep-
tors, the docking calculations were focused on M, M,,
and M5 subtypes only. The study has been subdivided in
three phases: first, the most numerous series of congen-
ers (namely the dioxolane/oxathiolane derivatives 1-14,
Chart 1) was used to generate reliable interaction
patterns for each investigated subtype. Then, such bind-
ing modes were verified and refined by docking the
remaining and more heterogeneous ligands in the
dataset (15-30, Chart 2). Finally, the obtained results
were assessed by correlating docking scores versus affin-
ity values and, then, converted into subtype-selective
interaction schemes which shed light on the key differ-
ences among the muscarinic receptors.

2. Results
2.1. Muscarinic M, subtype
Figure 1 illustrates the main interactions realized by

oxathiolane and dioxolane derivatives (1-14) with the
M, subtype. The charged group interacts with Aspl05,

Ser109, and a set of aromatic residues, which reinforce
the ionic interactions (i.e., Tyrl06, Trpl57, Phel97,
Trp378, and Tyr 381). The oxygen atom in 1’ interacts
with Thr192, while the heteroatom in 3’ (S or O) may
contact Asn382, even if its role seems less important
than that of Thr192 as confirmed by mutational analy-
ses.!® The methyl group in C2’ realizes apolar contacts
with Leu386 and Alal93. Globally, such results appear
in agreement with both mutagenesis studies'”'” and
the recent models proposed by Goddard and co-work-
ers?® and Hulme and co-workers.?! Specifically, docking
results are consistent with recent mutational analysis
which suggested that synthetic agonists do not realize
specific polar interactions with TM3 residues (except
for Asp105).2?

In the light of such pivotal interactions and considering
the binding data of these congeners (1-14), it is possible
to draw some relevant considerations. The ionic interac-
tion involving the charged nitrogen atom is clearly man-
datory being realized by all docked ligands. Since the H-
bond with Thr192 is more relevant than that with
Asn382,'¢ it comes as no surprise that the oxathiolane
derivatives arrange always the oxygen atom close to
Thr192 to optimize such an interaction. The most affin-
itive compounds (i.e., 5 and 8) have the methyl group in
C2’ over the oxathiolane plane to maximize the hydro-
phobic contacts with Leu386 and Alal93. This finding
confirms the role of apolar interactions in M; subtype
and underlines the relevance of C2’ configuration in
such congeners. This is also in line with mutagenesis
results which have unveiled that the mutation of
Alal193 is even more detrimental to agonist affinity than
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Figure 1. Bi-dimensional scheme of the main interactions stabilizing
the agonist binding in M, subtype (legend: the arrows indicate polar
interactions, namely ion pairs and H-bonds, and the lines represent
hydrophobic contacts).

that of Thr192.2% Conversely, the configuration of C2
and C5’ should not play a significant role, probably
because such ligands are always able to realize the polar
contacts with both Asp105 and Thr192 due to the intra-
molecular interaction between ammonium group and
oxygen atom which constrains their conformation
irrespective of the configuration of C2 and C5'.

The greater affinity of oxathiolane derivatives, (5-8) if
compared to dioxolanes (3—4), emphasizes the beneficial
role of the sulfur atom which reinforces the hydrophobic
contacts with apolar residues surrounding the ligand.
Such an effect is well understandable here due to the
modest role of H-bond with Asn382.

Hence, the loss of affinity of the sulfoxide derivatives (9—
14) toward the M, subtype can be explained considering
that such a function cannot add extra polar interactions,
given the scarce relevance of H-bond with Asn382, but
vastly reduces the hydrophobic contacts of the sulfur
atom. Probably, the sulfoxide function could interact
with Thr192, but such a contact would require a ligand
overturning into the binding site with a consequent
weakening of the interactions involving ammonium
head and C2’ methyl group. Thus, it is not surprising
that the sole sulfoxide derivative with a detectable affin-
ity toward M; subtype (i.e., 11) shows a C2’ configura-
tion, which is inverted in respect to the most active
oxathiolane derivatives. This permits the interaction be-
tween sulfoxide and Thr192 even conserving the apolar
contacts with Leu386 and Alal93.

The interaction topography derived from the congeners
(1-14) into M, binding site finds relevant confirmations
when analyzing the docking results for the more heter-
ogeneous agonists in the dataset (15-30), allowing to
further detail the interaction capabilities of M; sub-
type. While arecoline (16), milameline?* (17), sabcome-
line (26, whose nitrile group also interacts with
Thr189), and carbachol (29, where the carbamoyl
group also contacts Thr189) bind the receptor with a
binding mode nearly identical to that previously de-
scribed, muscarine (15) and pilocarpine (23) interact
with a quite opposite interaction pattern, since they
realize a strong H-bond with Asn382 but do not inter-
act with Thr192, suggesting that such H-bonds are
rather interchangeable.

Also the most affinitive derivatives in the dataset
(namely xanomeline, 18, and oxotremorine, 19) cannot
realize both H-bonds, but interact only with Thr192.
In detail, the remarkable affinity of xanomeline may
be ascribed to hexoxy chain, which realizes apolar con-
tacts with Alal193, Phel197, Tyr198, and Leu386 (as seen
in Fig. 2), while the high affinity of oxotremorine can be
explained considering that the pyrrolidinone ring inter-
acts also with Tyr106 and Tyr381.

Noticeably, 22 is the sole derivative, which realizes both
H-bonds (namely, Thr192 with ether function and
Asn382 with dihydroisoxazol ring), and it shows a good
but not exceptional affinity, signifying that such
interactions are surely beneficial but they can be re-
placed by more effective contacts (as seen for xanome-
line and oxotremorine).

2.2. Muscarinic M, subtype

Figure 3 shows the main interactions stabilizing the
complexes between the congeners (1-14) and the M,
subtype. Thus, the charged nitrogen atom interacts with
Asp 103 in TM3 plus a set of aromatic residues which
reinforce the ionic interaction (e.g., Tyr80, Trp99,
Tyr104, and Tyrl177). The oxygen atom in 1’ interacts
with Tyr104 and, minor extent, with Thr434. The het-
eroatom in 3’ (S or O) interacts with Ser107 and, minor
extent, with Tyr403 whose role in agonist interaction has
been confirmed by mutagenesis.”> The N-linked methyl
groups should be inserted in a pocket lined by Trp99
and Tyr104. Finally the methyl group in C2’ can realize
apolar contacts with either Val407 or Tyr403, even if the
greater richness of apolar residues in the M, binding site
renders the ligand affinity less dependent on the C2’ con-
figuration (if compared to M; subtype). The threonine
residues in TMS (i.e., Thr187 and Thr190) appear not
clearly involved in ligand interaction as also proven by
both experimental data®® and the models of Holtje and
co-workers,?” which suggest that such threonine residues
may be involved in the interaction with antagonists, as
proposed for (S)-scopolamine.

When comparing such interactions with those realized
by M, subtype, it emerges as main difference that in

cond 2
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-

!
% 8 Ala193

Thr192

Figure 2. Main interactions stabilizing the complex between xanom-
eline (18) and M, subtype. Notice the apolar contacts which the
hexoxy chain realizes with Alal93, Tyr198 plus other apolar residues
not displayed for clarity.
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the M, receptor both heteroatoms are involved in signif-
icant H-bond interactions, while in M subtype only the
oxygen atom in 1’ is involved in a strong H-bond
whereas the interaction with Asn382 is uncertain and
however weak.

In the light of the described interactions and considering
the affinity values of these congeners (1-14), it is possible
to derive some interesting considerations. The ionic
interaction involving the charged nitrogen atom is man-
datory being realized by all docked ligands. The key role
of both H-bonds (with Tyr104 and Ser107) is confirmed
by the fact that the most affinitive compounds (i.e., 1
and 5) are able to realize both H-bonds. The most affin-
itive congeners are characterized by the same C5’ config-
uration and this modifies the M, affinity rank of
considered oxathiolane derivatives if compared to M;
affinities (i.c., 8>5>7>6 in M; and 5>8>7>6 in
M,). This fact is well understandable since the C5’ con-
figuration influences both the position of heteroatoms
optimizing the H-bonds and the arrangement of pyrrol-
idine ring allowing the hydrophobic contacts between
methyl groups and Trp99/Tyr104. Again, the greater
affinity of oxathiolane derivatives (if compared to diox-
olanes) emphasizes the dual role of the sulfur atom,
which realizes the H-bond with Serl07 even assuring
an optimal lipophilicity to maximize the apolar contacts.

The maximal affinity of 5 can be interpreted considering
that such ligand is able to realize almost all described
interactions (as seen in Fig. 4). Moreover, the differences
between 5 and the other oxathiolane derivatives can be
exploited to derive the specific role of each interaction.
Thus, 6 realizes the same interactions of 5 apart from
the arrangement of methyl groups which are exposed to-
ward Thr434 and Pro437 instead of Trp99 and Tyr104.
Again, 8 realizes the same interactions but the H-bond
between the O atom in 1’ and Tyrl104 is weakened by
the shielding effect of methyl group in C2’. Similarly, 7
realizes the same interactions except for the H-bond be-
tween the S atom in 3’ and Tyr104, which is virtually
lost by the shielding effect of methyl group in C2'.

Overall, such analysis emphasizes the relevance of a suit-
able arrangement of ammonium methyl groups. Indeed,
the lowest affinitive isomer (i.e., 6) is unable to correctly

Ser107
Tyr80,Tyr177 l
m X
Asp103 ¥ >\CH
spl03—— N
N o Ty
| Vald07
Trp99, Tyr104 Tyrd03
Tyr104

Figure 3. Bi-dimensional scheme of the main interactions stabilizing
the agonist binding in M, subtype (legend: the arrows indicate polar
interactions, namely ion pairs and H-bonds, and the lines represent
hydrophobic contacts).

arrange the methyl groups, while the loss (or the weak-
ening) of an H-bond induces a minor decrease in bind-
ing affinities, probably as the H-bonds are somewhat
exchangeable (as already seen in M; subtype). The key
role of N-linked methyl groups can be explained consid-
ering that an unsuitable arrangement of such groups
can: (1) reduce the hydrophobic contacts; (2) weaken
the ion pair with Asp103, and (3) distort the fine archi-
tecture of the M, binding site.

The marked affinity of sulfoxide derivatives emphasizes
the relevance of H-bonding in M,. In particular, the
affinity of 9 is understandable in terms of reinforced
H-bonds which sulfoxide function can realize with
Ser107, while the difference between 9 and 10 confirms
the relevance of a correct pose of ammonium methyl
groups. Indeed, the two enantiomers realize nearly the
same interactions and the sole difference is that the
eutomer exposes the methyl groups toward Trp99 and
Tyr104, whereas the diastomer toward Thr434 and
Pro437. Curiously, the difference between 9 and 10 in
the sulfoxide derivatives is nearly identical to that be-
tween 5 and 6 in the oxathiolane compounds, indicating
that an unfit arrangement of methyl group induces a
similar detrimental effect on ligand affinity.

The more relevant role of the H-bond with Tyr104 (if
compared to that with Serl07) may be suggested by
the affinity difference between 11 and 12. Indeed, the
main difference between the corresponding complexes
is that in the first the sulfoxide function interacts with
Ser107 and the H-bond with Tyrl104 is virtually lost,
whereas in the eutomer the sulfoxide function interacts
with Tyr104 and the H-bond with Ser107 is all but lost.

The docking results obtained by the second heteroge-
neous part of dataset (15-30) afford relevant validations
for the described interactions pattern. Thus, the tropane
derivatives (27-28) confirm the pivotal role of the hydro-
phobic contacts that the ammonium methyl groups real-
ize with Trp99/Tyr104 as proven by the significant
activity and selectivity of 27 which properly inserts the

¢

\

b

“\ ! \}4.:4

, P
val407 " 4‘5_<—)\ \
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‘ﬁ . Asp103

Figure 4. Main interactions stabilizing the complex between 5 and M,
subtype.
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nortropane scaffold in such apolar subpocket. Con-
versely, the markedly lower affinity of 28 may be as-
cribed to N-methyl group which clashes against
Pro437 distorting the architecture of the M, binding site.
The different role of apolar contacts realized with Trp99/
Tyr104 or with Pro437 is in line with previous COMFA
studies which emphasized the key relevance of steric
contribution for the agonist affinities revealing that the
N-linked alkyl substituents can elicit contrasting effects
depending on their arrangement.?® Similarly, aceclidine
isomers (24-25) and sabcomeline (26) realize the men-
tioned H-bonds with Tyr104 and Ser107 but fail to suit-
ably accommodate the azabicyclic moiety near to Trp99/
Tyr104.

Furthermore, the oxotremorine derivatives (19-22) con-
firm the relevance of H-bonds involving Tyr104 and
Ser107. Such compounds are all able to realize both
interactions and the similar affinity of oxotremorine
(19) and 21 suggests that the methyl-imidazole moiety
can replace the pyrrolidine ring conserving both the io-
nic and the hydrophobic interactions. Conversely, the
greater affinity of 22 can be explained considering that,
while the other oxotremorine analogs (19-21) are con-
formationally constrained by intramolecular interaction
between carbonyl group and ammonium head, which
hampers their contacts with the receptor, all moieties
of 22 are fully accessible to suitably interact with M,
receptor and the carbon skeleton of isoxazolinyl ring
can successfully contact Val407 and Phel95.

2.3. Muscarinic M5 subtype

Figure 5 depicts the main interactions stabilizing the
complexes between considered congeners (1-14) and
the M5 subtype. The charged nitrogen atom interacts
with both Aspl10 in TM3 and Aspl81 in the second
extracellular loop (EL2) plus a set of aromatic residues
which reinforce the ionic interactions (Tyrl111, Trp455,
Tyr458, and Tyrd81). The oxygen atom in 1’ forms a
clear H-bond with Serl14, while the heteroatom in 3’
(S or O) weakly interacts with both Tyrlll and
Cys383. Finally, the methyl group in C2’ is inserted in
a pocket lined by Trp455 and Phe202.

When analyzing the affinity values of such congeners (1—
14) at M subtype, it is evident that their variability is
particularly reduced probably because the docked ago-
nists realize a very similar interactions pattern and, in-
deed, the main difference involves the methyl group in
2’ that only in the most affinitive derivatives (i.e., 2, 5,
and 8) contact Trp455 and Phe202. The affinity differ-
ences between dioxolane (3—4) and oxathiolane (5-8)
derivatives confirm that a lipophilic group in 3 is more
beneficial than a strong H-bond acceptor, underlining
the modest role of H-bond with Tyr111/Cys383.

The poor affinity of sulfoxide derivatives (9-14) con-
firms the different roles of H-bonds: indeed, the affinity
loss of many sulfoxide derivatives can be explained con-
sidering that they lose the H-bond with Serl14, even
realizing a reinforced interaction with Tyrl111/Cys383.
And indeed, the derivatives which are affinitive at Ms

Tyr111
Cys383
Tyr111,Trp455
Tyr458,Tyr481 I
X
Asp110 + >\CH
Asp181 /N N O 3
Phe202
Trp455
Ser114

Figure 5. Bi-dimensional scheme of the main interactions stabilizing
the agonist binding in M5 subtype (legend: the arrows indicate polar
interactions, namely ion pairs and H-bonds, and the lines represent
hydrophobic contacts).

subtype are able to arrange the sulfoxide near to
Ser114 (as in the case of 11 and 12).

Although the binding data on Ms subtype are rather
rare in the literature, the docking results of the second
heterogeneous agonists set (15-30) permit to confirm
the interaction pattern as previously depicted. The sig-
nificant affinity of 21 and 22 is well understandable con-
sidering that the methyl-imidazole moiety increases the
delocalization of positive charge maximizing the ionic
interactions with both Aspl10 and Aspl81 (as seen in
Fig. 6). Moreover, the remarkable affinity of xanomeline
(18) confirms the key role of hydrophobic interactions in
M; subtype since the hexoxy chain contacts a set of apo-
lar residues (e.g., Tyrl111, Phe202, Trp455, and Tyr458).
Finally arecoline (16), milameline (17), pilocapine (23),
charbachol (29), and 30%° bind the receptor with an
interaction pattern very similar to that previously de-
scribed for the congeners 1-14, thus justifying their
intermediate affinity.

3. Discussion
3.1. Docking scores predictivity

As detailed under Methods, all docking functions, com-
puted by Fred software, were tentatively exploited to
predict the affinity data, unveiling that ChemScore af-
fords the best correlations between docking scores and
affinity values. This finding is well interpretable remem-
bering that such a score considers both polar and hydro-
phobic contacts accounting also for steric fitting
between ligand and receptor. Hence, the docking scores
compiled in this study (as seen in Table 1) refer to the
ChemScore function only.

A bird’s eye analysis of docking results (as compiled in
Table 1) reveals that the bicyclic oxathiolane/dioxolane
derivatives show reduced affinities, although they
possess remarkable docking scores and this discrepancy
is palpable in all considered subtypes. Since in a previ-
ous study®® we have showed that the muscarinic recep-
tors are markedly flexible and able to recognize more
acetylcholine conformers, such divergent results may
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Figure 6. Main interactions stabilizing the complex between 22 and M5
subtype. Notice the isoxazolinyl ring which realizes H-bonds with both
Ser114 and Tyr458.

suggest that very rigid compounds are not able to paral-
lel the receptor mobility, thus decreasing their affinities
even when they are successfully accommodated in the
complementary binding sites. In detail, the compounds
which pay such kind of penalty are those being less
flexible than acetylcholine, namely with only one
rotatable bond.

On these bases, we introduced in the affinity versus
docking score relationships a constitutional binary
descriptor (Izex) Which identifies the ligands which are
more rigid than acetylcholine. More in detail, such a
descriptor is equal to 1 for compounds with only one
rotatable bond (i.e., derivatives 3-14) and 0 otherwise
(as seen in Table 1). Clearly, the discrepancy among
the docking scores can be also resolved by deriving
two separate correlative equations (namely the first for
rigid compounds only and the latter for the other li-
gands, as reported in Table 2), but the introduction of
such a binary descriptor allows to develop single correl-
ative equations which are predictive for all ligands irre-
spective of their flexibility.

Table 2 reports the predictive equations obtained corre-
lating docking scores versus affinity data with and with-
out the Iy, descriptor as well as the correlations
obtained by considering separately the flexible ligands
and the rigid congeners (3-14). One can note that in
all subtypes the introduction of Iy, descriptor vastly en-
hances the predictive power of the relations which con-
sider all ligands together. What is more, Table 2
emphasizes that it is possible to develop predictive rela-
tionships for all considered subtypes.

Although the mentioned discrepancy renders the global
correlations without I, statistically modest, the predic-
tive power of the ChemScore values becomes evident
when analyzing the two subsets separately (as seen in
Table 2). In all subtypes, the relations for rigid congen-
ers (3—14) perform better than those for flexible ligands
and this is easily interpretable in terms of structural
homogeneity of the rigid oxathiolane/dioxolane deriva-
tives. However, also the more flexible and heterogeneous
ligands afford significant relationships which can be
exploited to rationalize and predict the affinity of novel
muscarinic agonists.

Globally, the significant predictive power of the correla-
tions compiled in Table 2 affords an encouraging valida-
tion for the described docking results, and, ultimately,
for the previously generated muscarinic models, and
suggests that they can be successfully used to assist the
design of improved muscarinic agonists.

3.2. Subtype-selective interaction pattern

The reported results can be also used, in this last step, to
compare the arrangement of key residues involved in li-
gand recognition with the aim to shed light on the crit-
ical differences among the considered subtypes.

Figure 7 show that in all considered subtypes the resi-
dues which can realize polar interaction with agonists
can be placed on the vertices of a triangle which charac-
terizes the binding site architecture. Hence, the analysis
of geometric features of the so obtained triangles can be

Table 2. Relationships between docking scores and affinities for the three considered muscarinic subtypes

Muscarinic receptor Relationship Statistical parameters

M;

Without e, pKM; = —0.3121 Score M1 + 0.0489 N =23;17=0.47; 5=0.99; F=18.79
With Ipex pKM; = —0.3806 Score M1 — 1.5627 I, — 0.6388 N=23;7=0.77; s = 0.66; F=33.05
Only rigid congeners pKM, = —0.4811 Score M1 — 4.0204 N=7;7=084; s=0.17; F=38.87
Only flexible ligands pKM, = —0.3783 Score M1 — 0.5996 N=16;r>=0.74; s=0.77; F=25.82
M>

Without Ipex pKM; = —0.1010 Score M2 + 5.6437 N=30;7=0.10; s=1.17; F=1.04
With Ipex pKM, = —0.2598 Score M2 — 2.8790 I+ 2.1659 N 30; r* =0.73; 5 = 0.62; F=36.28
Only rigid congeners pKM, = —0.5585 Score M2 — 7.3492 =12; ¥ =0.86; s = 0.27; F=60.32
Only flexible ligands pKM; = —0.2400 Score M2 + 2.4844 N =18; 1 =0.68; s =0.72; F=2592
M

Without ey pKM;s = —0.1333 Score M5 + 2.4536 =18; r2 =0.20; s=1.12; F=4.03
With Ipex pKM;s = —0.2297 Score M5 — 1.9576 I+ 1.2735 8; 17 =0.78; s = 0.61; F=26.03

Only rigid congeners
Only flexible ligands

pKM;s = —0.2172 Score M5 — 0.3975
pKM;s = —0.2302 Score M5 + 1.2627

1
1
8: 12 =0.87;:s=0.11; F=39.44
10; ¥ =0.69; s = 0.83; F=17.62
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a first relevant approach to differentiate the binding
modes of the considered muscarinic subtypes.

Thus, Figure 7A shows that the three polar residues in-
volved in ligand recognition in M; subtype (namely,
Aspl05, Thr192, and Asn382) lie on the vertices of an
equilateral triangle with the sides about equal to
9.75 A. The marked distance among the considered res-
idues can explain why: (1) most docked ligands are able
to realize only one H-bond, and (2) the acetylcholine
interacts with M; subtype mainly assuming full-ex-
tended conformations®® implying that a ligand has to
mimic such extended geometries to suitably interact with
M; subtype.

Conversely, Figure 7B suggests that the three key resi-
dues implicated in ligand binding for M, subtype
(namely, Aspl103, Tyr104, and Ser107) lie on the vertex
of a smaller isosceles triangle in which the shortest side
(i.e., Asp103—Ser107) is about equal to 5 A and the other
two sides equate about 8.5 A. The greater closeness
among the considered polar residues can explain why
(1) almost all docked agonists are able to realize both
H-bonds; (2) acetylcholine interacts with M, subtype
largely assuming gt conformation as experimentally
demonstrated by coupling constants values and nuclear
Overhauser effect spectroscopy data.?!

Finally, Figure 7C shows that the interaction scheme of
M5 subtype is quite identical to that of M, subtype both
for residue composition (i.e., Aspl10, Tyrlll, and
Ser114) and geometric features of isosceles triangle
(one side about equal to 5.5 A and the other two equal
to 8.5 A). The main difference between M, and M5 sub-
types concerns the second aspartate residue (Aspl81)
which univocally characterizes the Ms binding site.
Consequently, the four polar residues of Ms subtype
can also define a quadrilateral with two short sides
(about 5 A) between Aspll0 and Serl14 and between
Aspl81 and Tyrl11 and two longer sides (about 8.5 A)
between Aspl10 and Tyrlll and between Aspl81 and
Ser114.

The different distances between the pivotal polar resi-
dues in each subtype reflect in the different volumes of
binding sites as computed by CASTp software.3?33 Spe-
cifically, the volume of M, binding site (as reported in
Table 3) is more than twice if compared to volumes of
binding sites in M, and M5 subtypes which have a nearly
identical volume.

While the residues contacting the ester function in M,
and M; subtypes belong to TM3 and are sequentially
close to aspartate residue, in M; subtype the residues
which realize H-bond belong to TMS5 and TM6 and
the polar residues of TM3, close to Aspl05 (e.g.,
Tyr106, Ser109, and Ser112), do not contact the ester
moiety but, at most, reinforce the ion-pair between
aspartate and ammonium group. This observation is in
agreement with recent mutagenesis studies?>? and sug-
gests that the insertion of an H-bond acceptor group
very close to ammonium head may improve the ligand
affinity toward the M; subtype.

9.06

Figure 7. Geometric features of the arrangement of polar residues
involved in agonists binding in M1 (A), M2 (B), and M5 (C).

When considering the hydrophobic residues which sur-
round the bound agonists, the muscarinic binding sites
can be divided in two clear-cut regions. The first sub-
pocket interacts with ammonium head and is lined by
aromatic residues which realize charge transfer interac-
tions plus hydrophobic contacts, whereas the second re-
gion accommodates the acetylcholine’s ester group and
includes both aromatic and aliphatic residues which
contact ligand’s alkyl chains. In all analyzed subtypes,
the hydrophobic contacts play a key role in determining
the ligand recognition but the two mentioned regions
have different structural properties in each subtype.

The M, subtype shows a region interacting with ammo-
nium head which is symmetric, since the aromatic resi-
dues uniformly surround the ammonium group, but
sterically limited as demonstrated by poor affinity of
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Table 3. Geometric features of considered muscarinic binding sites

Subtype Volume (A3) Triangle Area of triangle (Az) Subpocket ammonium Subpocket ester
M, 2594 Equilater 41.16 Small-symmetric Stereoselective
M, 971 Isosceles 20.10 Wide-stereoselective Symmetric

M; 1171 Isosceles (plus Aspl81) 22.12 small-symmetric Stereoselective

nortropane derivatives (27-28); conversely the region
interacting with ester group is ampler but stereospecific
since the alkyl groups have to contact Leu386 and
Alal93 as demonstrated by the relevance of C2' config-
uration in the oxathiolane derivatives.

Conversely, M, subtype shows an ampler subpocket
which accommodates the ammonium head (as demon-
strated by marked affinity of nortropane derivatives)
but stereospecific since the alkyl groups must contact
Trp99 and Tyrl04 avoiding to clash against Pro437.
The wider subpocket of M2 receptor finds an interesting
confirmation in the recently proposed oxotremorine
analogs where the replacement of the pyrrolidine ring
with a piperidine moiety almost doubles the affinity at
M, receptor.>* The region accepting the ester moiety is
as wide as that of M subtype (as indicated by very sim-
ilar affinities of xanomeline) but symmetric since it is
uniformly lined by apolar residues as shown by irrele-
vant role of C2’ configuration in oxathiolanes.

Finally, the M5 subtype shows subpockets with struc-
tural features very similar to those of M, subtype. In-
deed, the site interacting with ligand ammonium head
is sterically limited mainly due to the second aspartate
residue which further occupies the subpocket but sym-
metric as evinced by modest variability in affinities of
congeners. Again, the subpocket accommodating the
ester group is asymmetric since the alkyl groups must
successfully contact Trp455 and Phe202.

When considering the arrangements of both polar and
hydrophobic residues, the described interaction schemes
allow for differentiation of each considered subtype (as
summarized in Table 3). Indeed: (1) the M, binding site
is the amplest one, even possessing a region interacting
with ammonium head sterically restricted and the sec-
ond subpocket ample but asymmetric; (2) the M, bind-
ing site is clearly smaller even possessing a wider region
accommodating the ammonium head, and (3) the M;
binding site is globally as ample as M, cavity but the re-
gion accepting the ammonium head is sterically limited
due to the presence of AsplS§1.

4. Conclusions

The homogeneity of docking results, the agreement with
mutational analyses, and the relevant correlations be-
tween docking scores and biological affinities confirm
the reliability of the here developed interaction patterns
for the considered muscarinic subtypes. What is more,
these results seem to suggest that it is possible to differ-
entiate the muscarinic binding sites according to both
realized interactions and steric requirements. Hopefully,
these findings could be exploited to design subtype selec-

tive muscarinic agonists with an improved functional
profile.

5. Computational details
5.1. Ligand dataset

The number of considered ligands was severely limited
by the remarkable difficulty to find in the literature fully
comparable binding data for muscarinic agonists (espe-
cially for M5 subtype). The considered compounds are,
indeed, those for which affinity values on cloned human
muscarinic receptors expressed in CHO cells were avail-
able. In particular, the ligand dataset can be divided in
two subsets: the first include a series of fourteen oxathio-
lane and dioxolane congeners®>3¢ (1-14, Chart 1), while
the latter subset includes markedly more heterogeneous
(Chart 2) compounds comprising, among others, natural
compounds (i.e., muscarine,’ arecoline,*® oxotremo-
rine,* pilocarpine,*® and aceclidine*'), bicyclic deriva-
tives (sabcomeline,** 27, and 28*), and alkynyl
derivatives (oxotremorine-M,*° 21, and 22%%).

The molecules were built using VEGAZZ software*>4
and after a preliminary energy minimization to discard
high-energy intramolecular interactions, the overall
geometry and the atomic charges were optimized using
MOPAC6.0 (keywords: ‘AM1’, ‘PRECISE’, ‘GEO-
OK’). The conformational profile was explored by a
MonteCarlo procedure which generated 1000 conform-
ers by randomly rotating the rotors. All geometries so
obtained were optimized and clustered according to sim-
ilarity to discard redundant ones; in detail, two geome-
tries were considered as non-redundant if they differed
by more than 60 degrees in at least one torsion angle.

5.2. Docking analyses

The docking and scoring procedures involved extensive
rigid-body sampling with the OpenEye Scientific Soft-
ware package FRED.*” Briefly, FRED exhaustively
searches into a predefined docking site/box, scoring,
and filtering each binding pose with respect to a
shape-based scoring function followed by a more strin-
gent matching search which accounts for lipophilic and
electrostatic interactions. In detail, the docking analy-
ses exploited the mAChRs models as generated in the
previous study and the FRED-based sampling was per-
formed in 10 A side box around the bound acetylcho-
line. The docking results were preliminarily scored
considering all score functions computed by Fred soft-
ware and the study is, thereby, focused on ChemScore
function,*® which accounts for both polar and hydro-
phobic interactions, since it gave the best correlations
with affinity values.
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