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ABSTRACT: Two fluorescent derivatives of the M1 muscarinic
selective agonist AC-42 were synthesized by coupling the
lissamine rhodamine B fluorophore (in ortho and para
positions) to AC42-NH,. This precursor, prepared according
to an original seven-step procedure, was included in the study
together with the LRB fluorophore (alone or linked to an alkyl
chain). All these compounds are antagonists, but examination of
their ability to inhibit or modulate orthosteric [*’H]NMS binding
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revealed that para-LRB-AC42 shared several properties with AC-42. Carefully designed experiments allowed para-LRB-AC42 to
be used as a FRET tracer on EGFP-fused M1 receptors. Under equilibrium binding conditions, orthosteric ligands, AC-42, and
the allosteric modulator gallamine behaved as competitors of para-LRB-AC42 binding whereas other allosteric compounds such
as WIN 51,708 and N-desmethylclozapine were noncompetitive inhibitors. Finally, molecular modeling studies focused on

putative orthosteric/allosteric bitopic poses for AC-42 and para-LRB-AC42 in a 3D model of the human M1 receptor.

B INTRODUCTION

Despite a well-known implication of muscarinic acetylcholine
receptors (mAChRs) in a number of physiopathological
processes,l’2 fine-tuning of M1—MS receptor subtypes activity
through the use of highly selective ligands remained an almost
insurmountable challenge until the development of novel
compounds able to modulate or stimulate these receptors
through allosteric binding sites.>™ Topographically distinct
from the conserved orthosteric binding domain where the
endogenous agonist acetylcholine and most classical ligands
bind in a competitive manner, allosteric sites are probably
numerous and diverse (though yet poorly resolved) across the
five receptor subtypes.”” In addition to offering the potential
for selective receptor targeting, allosteric ligands may stabilize
different receptor conformational and functional states (relative
to orthosteric ligands) and therefore instigate a distinct
repertoire of receptor signaling and regulatory properties.”’

Allosteric modulators, without detectable effect on their own,
reveal their impact on receptor properties when binding
concomitantly with an orthosteric ligand. The formation of
such ternary complexes is accompanied by conformational
rearrangements that result in alterations in ligand affinity,
potency, efficacy, subtype, and/or functional selectivity.é’8 A
range of muscarinic modulators has been described,* with their
therapeutic potential best illustrated by novel selective allosteric
enhancers of acetycholine binding (and function) at M1 or M4
receptors.3’5

v

The properties of the Ml-preferring agonist N-desmethyl-
clozapine’ and of a growing series of novel agonists with
unprecedented high functional selectivity at human MI
receptors, such as AC-42'%"" and its AC-260584'* or 77-LH-
28—1"3 analogues, TBPB,'* and the more recent LuAE51090"°
and VU0357017'¢ compounds (Figure 1), raise the exciting
possibility that they may provide useful therapeutics for
cognitive impairment."*'”'® They exhibit functional selectivity
toward subsets of signaling pathways'® and appear to stabilize
receptor conformations less prone to downstream regulatory
programs than orthosteric agonists.”**"

These novel compounds are commonly referred to as
allosteric agonists on the basis of their insensitivity to the
mutation of the critical Tyr381 (residue 6.51, using the
Ballesteros and Weinstein convention®?) orthosteric residue
and of their ability to decrease the dissociation rate of the
orthosteric antagonist [°H]N-methylscopolamine. Note that N-
desmethylclozapine only fulfills the first criterion for an
allosteric interaction at the M1 subtype. The competitive'>****

or noncompetitive' "'>'*'> character of the novel agonists,
when tested against orthosteric ligands in equilibrium binding
or functional interaction studies, is still a matter of debate, as
true competition is often difficult to distinguish from very
strong negative binding cooperativity.® Most of them bind to all
muscarinic receptors with similar affinity, whereas they display
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Figure 1. Chemical structures of novel muscarinic agonists and of well-known allosteric modulators. Selected compounds are cited in this paper.
Some of them (AC-42, NDMC, gallamine, brucine and Win 51,708) were also used as pharmacological tools in several experiments presented in this

paper.

weak efficacies at M2—MS subtypes, suggesting that activation
mechanisms may vary among subtypes.2 Mutagenesis mapping
studies on the MI receptor, combined with binding and
activation profiling of various muscarinic agonists, provide
evidence for the existence of multiple activation switches, some
of which can be selectively exploited by novel agonists whereas
others are used by all agonist classes.'>***¢

Altogether, these observations tend to indicate that the novel
agonists may explore the well-conserved orthosteric binding
pocket and gain functional M1 selectivity from additional
interactions with less conserved residues and/or from the
ability to elicit subtype-specific conformational rearrange-
ments.”>** It has been recently suggested that these agonists
might be bitopic in that they may recognize epitopes within the
orthosteric site and part of an allosteric site.”* Yet ligand
docking into MI receptor homology models provides a
confounding picture of the domains explored by these
compounds: AC-42 and TBPB share a binding pocket distinct
from the orthosteric site,>* AC-42 and 77-LH-28-1 better adopt
a bitopic binding mode in extending down into the orthosteric
site as well as up toward a less buried allosteric site.”* Whether
these compounds explore a subsidiary binding pocket over-
lapping with®* or distinct from™ the “common” allosteric site
used by modulators such as gallamine remains unclear.

In this work, we report on the synthesis and pharmacological
characterization of two lissamine rhodamine B (LRB)
derivatives (ortho and para isomers) of AC-42 to address
some of these still open questions. We aimed at obtaining a
fluorescent agonist, an allosteric tracer, or a bitopic ligand
amenable to be investigated through radioligand based and

fluorescence resonance energy transfer (FRET) based binding
studies.””*® Functional experiments were first undertaken using
HEK cells stably expressing a series of EGFP-fused human M1
receptors, with progressive deletion of the receptor N-terminus,
in order to examine the role of this domain as a possible
determinant of AC-42 agonism and to define the pharmaco-
logical nature and potency of the various compounds.
Equilibrium and kinetic [PHJNMS binding studies were
conducted on living cells expressing the EGFP(A17)hMI
receptor to unravel the orthosteric or allosteric nature of the
fluorescent derivatives. Using the same receptor chimera, we
carefully designed the experimental conditions for FRET
measurements, evaluated the potential of the LRB derivatives
as FRET probes, focusing on the binding parameters of the
para-LRB-AC42 isomer under equilibrium and kinetic con-
ditions and on the ability of several prototypical compounds to
modulate its affinity properties. Finally, molecular modeling
studies were undertaken to get structural insights on putative
binding domains for AC-42 and para-LRB-AC42 in the M1
receptor. Altogether, we describe a fluorescent bitopic tracer
that shares many properties with its parent AC-42 compound
and overlaps both the orthosteric site and the allosteric
gallamine site. Such a combination of [*H]NMS and FRET-
based binding assays proves useful to study bitopic ligands and
may help to discover new muscarinic allosteric agents.

B RESULTS

Two lissamine rhodamine B derivatives of AC-42 (ortho-LRB-
AC42 and para-LRB-AC42) were synthesized in order to
examine their binding properties at M1 muscarinic receptors
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Figure 2. Chemical structures of AC-42 and lissamine rhodamine B derivatives.

Table 1. Spectroscopic Parameters of Fluorophores and of Their Conjugates

absorption fluorescence
MeOH buffer MeOH buffer donor/acceptor pair®
spectral overlap Forster radius
molecule ex 107 (Mhem™) Ay (nm) & x 107° M hem™) Ay (om) Ay (om) Ay (om)  (cm®MTY) x 10
LRB-SO,CI” 88 568 583
LRB-SO;~ Na* 556 564 574 582
para-LRB-n-butyl 125 561 88 569 579 587 1.8+01(n=3) 512+04(n=3)
para-LRB-AC42 125 561 88 569 579 587 18401 (n=3) 512+04(n=3)
ortho-LRB-AC42 52 563 (33—-42) 569 582 587 nd nd

“Spectral overlap (J) and Forster radius (R,) values for each donor—acceptor pair are from measurements in Hepes buffer and are determined as
reported in Supporting Information Procedures. Values are the mean + SE for three independent determinations. nd, not determined.
bSpectroscopic parameters for LRB sulfonyl chloride.®*

Scheme 1. Synthesis of Para- and Ortho-LRB-AC42 Derivatives 2a,b”

Q/\/\ANHJCI
@J\/\/ AC42-NH, 1

4
\
N+
para-R -AC42 2a ortho-RR-AC-42, 2b

“Reagents: (i) (a) lissamine rhodamine B sulfonyl chloride (LRB-SO,Cl), NEt;, CHCL,, rt, overnight; (b) purification by RP-HPLC (solvent A,
H,0/TFA 0.1%; solvent B, CH;CN/TFA 0.1%).

and their potential as allosteric tracers under FRET conditions NH, synthetic precursor were also included in this study to
(Figure 2). The lissamine rhodamine B fluorophore (LRB- evaluate the contribution of individual structural moieties to
SO,™Na"), its close derivative with an aliphatic butyl tail overall properties of the fluorescent AC-42 derivatives. The
mirroring that of AC-42 (para-LRB-n-butyl), and the AC42- lissamine rhodamine B dye was selected for its excellent
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chemical and photochemical stability and for appropriate
spectroscopic properties as an energy acceptor from excited
EGFP (Supporting Information Figure S1, Table 1).
Chemistry. Previous structure—activity relationship studies
have shown that subtle modifications of the 2-methylaceto-
phenone moiety of AC-42 led to variability in agonist potency
and receptor subtype selectivity.'>'>** We therefore decided to
introduce the fluorophore into AC-42 by modifying its more
tolerant n-butyl side chain. This was done by reacting lissamine
rhodamine B sulfonyl chloride with AC42-NH, 1 (Scheme 1).
All our attempts to access to AC42-NH, 1 following
protocols previously reported for AC-42 synthesis (U.S. Patent
US 6,528,529 B1) failed. An original seven-step process was
thus designed, starting from the commercially available o-
tolylmagnesium bromide (Scheme 2). Condensatlon of the
latter with succinic anhydride led to the acid 3*° which was
subsequently converted into methyl ester 4. Protection of the

Scheme 2. Synthesis of AC42-NH, 1
o
@;M gl 3; R=H
i ,:»4 R=CHj
@)W |v
Q/N?NHBoc

“Reagents: (i) succinic anhydride, THF, —78 to 0 °C, then 2 h, rt; (ii)
H,SO,, MeOH, reflux, overnight; (iii) ethylene glycol, p-TsOH,
benzene, 2 days; (iv) LiAlH,, ether, 0 °C, 1 h; (v) MeSO,Cl, NEt;, 2
h, rt; (vi) NEt;, CH;CN, sealed tube, 110 °C ; (vii) 1 N HCI/Et,O.

6RH
7RSOzMe

9 R=Boc
vu

ketone group was performed in the presence of ethylene glycol
in acidic catalysis to form acetonide 5.*' The methyl ester was
then reduced into alcohol 6 in the presence of LiAlH, in dry
ether. Conversion of the alcohol into methyl sulfonate 7 was
performed in the presence of methanesulfonyl chloride. The
nucleophilic displacement of mesylate moiety by the piperazine
derivative 8 gave access to compound 9. A subsequent
treatment with HCI enabled the simultaneous deprotection of
the ketone and the amino groups, leading to AC42-NH, 1
obtained as a chlorhydrate salt in a 5% overall yield.

The synthesis of piperazine 8 involved a four-step process
starting from commercially available 4-piperidone 10 (Scheme
3). Protection of the amino group with a benzyloxycarbonyl
moiety was followed by the formation of triflate 12 in the
presence of N-phenyltrifluoromethanesulfonimide.* A Sonoga-
shira coupling reaction with alkyne 13 gave access to
compound 14°** which was treated in the presence of H,/
PtO, to perform simultaneously the hydrogenolysis of the Cbz
protecting group and the hydrogenation of the alkyne moiety.
Following this approach, piperazine 8 was obtained in a 44%
overall yield.

N-Boc protected pent-4-yne-l-amino 13 was obtained
following an original four-step process, starting from
commercially available ethyl oxamate 15 (Scheme 4).> First,
the conversion of the latter into isocyanate 16 was achieved in

Scheme 3. Compound 8 Preparation®

i ii
HN o — Cbz—NC>:O —_— CbZ-N(:/>—‘OTf

10 11 12
iii iv
12 + = —— Cbz—N / = — 8
13 NHBoc 14 NHBoc

“Reagents: (i) BzOCOC], NaOH 10%, 0 °C to rt, 2 h, rt; (ii)
C¢H(N(SO,CF,),, THF, LDA, —78 to 0 °C, 3 h; (iii) PdCl,(PPh;),,
Cul, NEt;, THF, rt, 6 h; (iv) H,, PtO,, EtOH, AcOH cat,, 1t, 65 psi,
overnight.

the presence of oxalyl chloride. A subsequent alkylation with t-
BuOH led to the N-Boc protected compound 17 which was

Scheme 4. Compound 13 Preparation”
o

i
)H(O\/ — 0=C= NJj( L BocHNJj(O\/
177 O
iii iv

‘\_\ NJ\[(O\/ - 13
19 Boc O

“Reagents: (i) CICOCOCI, CH,Cl,, reflux, overnight; (ii) +BuOH,
toluene, 40 °C, overnight; (iii) DEAD, PPh,, THF, rt, overnight; (iv)
LiOH, H,0/THF (1:3), rt, 3 h.

submitted to a Mitsunobu reaction with the commercially
available pent-4-yn-1-ol 18 to provide alkyne 19. The final basic
hydrolysis of the ethyl ester enabled removal of the ethyl
oxalate group to obtain the N-Boc protected alkyne 13 in a 52%
overall yield.

The incorporation of lissamine rhodamine B (mixed
isomers) onto the alkyl chain of AC42-NH, 1 was performed
using commercial lissamine rhodamine B sulfonyl chloride
(LRB-SO,Cl), in the presence of Et;N in CH,Cl,. The reaction
yielded two fluorescent isomers, para-LRB-AC42 2a and ortho-
LRB-AC42 2b (Scheme 1), which were isolated by preparative
reverse-phase high-performance liquid chromatography (RP-
HPLC). The two regioisomers were unambiguously charac-
terized by 'H NMR. Indeed, in agreement with previous
reports on the identification of LRB isomers,*** the HS
proton of the lissamine moiety (Scheme 1) in ortho-LRB-AC42
is downfield the corresponding one in para-LRB-AC42 (8.02
ppm versus 7.92 ppm, respectively). The synthesis of para-
LRB-n-butyl 20 followed the same procedure, starting from the
n-butylamine (Scheme S). The para isomer was isolated by RP-
HPLC as the major product of the reaction. Purity and identity
of the compounds were checked by analytical RP-HPLC, liquid
chromatography—mass spectrometry (LC—MS), and high-
resolution mass spectrometry (HRMS).

Altogether, the synthetic route we developed for AC42-NH,
led to the exchange of the AC-42 butyl chain for an
aminopentyl one and subsequently to the introduction of a
more flexible five-carbon atom linker between the AC-42
piperidine ring and the sulfonamide group of the fluorescent
AC-42 derivatives.

Spectroscopic Characterization and Solubility Meas-
urements. Spectroscopic properties of the fluorescent
derivatives were examined in MeOH and Hepes buffer
(Table 1). Their absorbance and fluorescence spectra are

dx.doi.org/10.1021/jm201348t | J. Med. Chem. XXXX, XXX, XXX—XXX



Scheme S. Para-LRB-n-butyl 20 Preparation®

SO,NH(CH,)3CH;

LRB-SO,CI

20, para-LRB-nbutyl

“Reagents: n-butylamine, Et;N, CH,Cl,, rt, overnight.

moderately sensitive to the environment or to chemical
derivatization. In aqueous buffer, the ortho and para LRB
conjugates display superimposable spectra but their molecular
extinction coefficients are lower than in MeOH. The three LRB
derivatives are endowed with appropriate spectroscopic proper-
ties for an energy acceptor from excited EGFP (Supporting
Information Figure S1): they display negligible absorbance at
EGFP’s excitation wavelength (set at 470 nm), negligible
emission at EGFP’s emission wavelength (set at 510 nm),
appreciable overlap of their absorbance spectra with EGFP’s
emission spectrum, and large molecular extinction coefficients.
The last properties dictate a substantial spectral overlap integral
with EGFP and a great Forster radius (R,) for the para-LRB-n-
butyl and para-LRB-AC42 compounds (Supporting Informa-
tion Procedures). As expected for molecules bearing the same
fluorophore, the para-LRB-derivatives share overall spectro-
scopic and acceptor properties with RR(17)PZ.** This FRET
tracer for M1 receptors was obtained through coupling of the
succinimidyl ester of the Rhodamine Red-X fluorophore to
functionalized pirenzepine, an M1 selective antagonist.
Ortho-LRB-AC42 was found to photofade in Hepes buffer to
variable extent depending on the dilution factor of DMSO
stock solutions. This precluded robust determination of its
molecular extinction coefficient and R, (Table 1, values in
parentheses) and prompted us to evaluate the solubility limits
of all fluorescent derivatives in aqueous buffer through
quantitative HPLC analysis (Supporting Information Proce-
dures). AC-42 and AC42-NH, are perfectly soluble at 100 uM,
as is para-LRB-AC42 at concentrations up to 30 uM. In
contrast, para-LRB-n-butyl and surprisingly ortho-LRB-AC42
are much less soluble in Hepes buffer and begin to precipitate
at concentrations beyond 2 yM. One should emphasize that
solubility measurements were carried out without cells or BSA

which may both act as ligand solubilizers. Thus, the solubilities
listed above refer to bottom estimates for compound solubility.

Integrity of the M1 Receptor N-Terminus and AC-42
Agonism. We have already shown that shortening the human
M1 muscarinic receptor N-tail, and its subsequent fusion to
EGFP, does not alter receptor pharmacology or functionality
but markedly improves energy transfer efficacy arising from
binding of a fluorescent antagonist.27 Because previous
mutagenesis studies proposed indirect evidence for AC-42 to
bind to an ectopic site, involving the M1 receptor N-
terminus,'® we wondered whether such fluorescent receptors
would be appropriate for studying the properties of AC-42
derivatives. To this end, we selected constructs with EGFP
fused to a full length receptor (EGFP-wthM1) or to receptors
truncated by 11 (EGFP(A11)hM1) or 17 (EGFP(A17)hM1)
residues at their N-terminus. The three fluorescent chimera,
together with the wild-type hM1 receptor taken as a control,
were stably expressed in HEK cells and tested for global
(PH]QNB binding) or cell surface ([*H]NMS binding)
receptor expression and for agonist-evoked calcium responses.
AC-42 was found to stimulate all these receptors with
comparable ECy, values (Table 2). Although subtle differences
may rely on variations in receptor density, potencies are within
the range of values reported for AC-42 (0.15—1.8 uM,
depending on cells lines and functional tests) at the wild-type
M1 receptor.'*'>!3191923:26 1y Jine with these studies, AC-42
exhibits partial agonism at all receptor constructs (compared to
carbachol) and shows no detectable activity (even at 10 uM) in
nontransfected HEK cells with endogenous expression of the
M3 subtype.

Thus, our data markedly contrast with previous conclusions
based on the observation of altered AC-42 functionality
following replacement of the first 45 amino acids of the M1
receptor with an equivalent MS sequence.10 Note that a major
part of the M1 first transmembrane domain was exchanged in
this M1/MS chimera. As neither the fusion of EGFP nor the
deletion of the M1 receptor N-terminus was detrimental to AC-
42 agonist properties, the EGFP(A17)hM1 construct was
selected for all subsequent experiments.

Functional Properties of AC-42 Derivatives. We next
examined the functional impact of the introduction of an
aminomethyl group onto the AC-42 butyl chain (such as in
AC42-NH,) and of its derivation by a bulky fluorophore (such
as in para- and ortho-LRB-AC42). These compounds are no
longer capable (when tested at 20 or at 37 °C) of promoting a
calcium response in EGFP-wthM1 and EGFP(A17)hMl
expressing cells or in nontransfected HEK cells. Instead, para-

Table 2. Functional Parameters for AC-42 in HEK Cells with Stable Expression of Wild Type or EGFP-Fused hM1 Receptors

receptor expressionb (fmol/10° cells)

calcium response®

receptor construct N tail length® (residues)

none (HEK cells)

wthM1 21
EGFP-wthM1 20
EGFP(A11)hM1 9
EGFP(A17)hM1 3

[HIQNB

262 £ 25

710 + 44

[P*H]NMS ECy, (uM) Epae (%)
7+2 S+2 NR

195 + 37 0.74 + 0.03 72+ 4
940 + 50 nd 021 + 0.08 58+3
585 + 65 nd 0.72 + 0.16 57+ 4

690 + 40 045 + 0.08 67 +7

“The length of the N terminus (number of residues) of the wild-type hM1 receptor and of the various constructs is indicated. Receptor expression
levels (mean + SE values for three independent determinations) are from [*H]QNB and [*H]NMS binding assays conducted on intact cells at
saturating radioligand concentrations. n.d., not determined. “Measurements of AC-42 evoked calcium responses allowed the determination (mean +
SD values from two separate determinations) of ECy, and E,,, (normalized relative to the maximum response of cells to 10 yM carbachol)

parameters. NR: no response.

dx.doi.org/10.1021/jm201348t | J. Med. Chem. XXXX, XXX, XXX—XXX



LRB-AC42 and AC42-NH, fully abolish (Figure 3), in a dose-
dependent manner (ICy, values of 0.3 + 0.1 and 3.7 + 1.4 uM,

100

Normalized response (%)
(8]
e

l’ll I I I 1
107 10° 10° 107
Drug concentration (-log M)

Figure 3. Inhibition by AC-42 derivatives of carbachol-induced
calcium responses in EGFP(A17)hM1 cells. Response amplitudes are
expressed as percentages of a control response to 0.5 yM carbachol
and are plotted as a function of para-LRB-AC42 (@), AC42-NH, (O)
and ortho-LRB-AC42 (@) concentration. This typical experiment was
performed at 20 °C as reported in the Experimental Section.

respectively; n = 2), the robust M1 response elicited by 0.5 uM
carbachol (ECy, of 0.25 pM) in EGFP(A17)hMI1 cells.
Blockade by ortho-LRB-AC42 is partial, with a 20% maximal
inhibition at 1 uM that progressively vanishes at higher doses.
Such a behavior is most probably related to the poor solubility
of this derivative. The LRB-SO; Na* fluorophore was inactive
at 1 mM (not shown).

The calcium response elicited by 0.5 uM carbachol in
EGFP(A17)hMI cells is essentially M1 in nature, as activation
of endogenous M3 receptors in nontransfected HEK cells
requires much higher carbachol (ECy, close to 15 uM)
concentrations.” As neither para-LRB-AC42 nor AC42-NH, is
able to inhibit (even at 10 yM) the strong M3 calcium response
elicited by 20 uM carbachol in HEK cells, one may conclude
that these AC-42 derivatives still exhibit a M1 over M3 selective
functional antagonism.

[*HINMS Inhibition Binding Studies at EGFP(A17)hM1
Receptors. The properties of AC42-NH, and of the LRB
family of compounds were further examined through
equilibrium binding experiments, using [*H]NMS as the
orthosteric site probe. Incubation of EGFP(A17)hM1 cells

proceeded in physiological Hepes buffer at 20 °C in order to
minimize receptor and ligand internalization and for 22 h to
ensure equilibrium in the presence of allosteric ligands.*® The
apparent equilibrium dissociation constant (95 + 7 pM, mean
+ SE; n = 8) for specific [*'H]NMS binding to EGFP(A17)-
hM1 cells coincided well with Ky values reported for this
radiotracer on MI-enriched membrane preparations.**~*
Displacement experiments (Figure 4) were usually performed
at two radioligand concentrations (about 1Ky and 10Kj) in
order to better distinguish competitive from negatively
cooperative modes of interaction.*® Slope factors for all
inhibition curves did not statistically differ from 1. Binding
parameters are listed in Table 3.

As shown in Figure 4A, atropine fully displaces specific
[*H]NMS binding at low and high tracer concentrations, as
expected for competition at the orthosteric receptor site. N-
desmethylclozapine exhibits a similar competitive-like behavior
and a K; in full agreement with published data.”'***

The allosteric modulator gallamine displays a typical
submaximal inhibition (with plateau levels depending on
[*H]NMS concentration) consistent with a saturable and
negatively cooperative mode of interaction. Analysis according
to the allosteric ternary complex model® yielded estimates of
gallamine equilibrium dissociation constant K, for the classical
allosteric site on free M1 receptors and of the cooperativity
factor a as a measure of its impact on [*’H]NMS binding
affinity (Table 3). Both parameters are in good agreement with
previous reports on M1 membrane preparations,l1’42’43 as are
those determined here for brucine (Table 3), another allosteric
modulator.*#*

AC-42 displays an apparent competitive mode of interaction
(Figure 4B) and an affinity constant (Table 3) in close
agreement with previous reports.””**** Interestingly, such
properties are shared by AC42-NH,. The introduction of a
butyl chain onto the almost inactive LRB-SO; Na" fluorophore
confers to para-LRB-n-butyl the ability to inhibit, though
partially, [’H]NMS binding in the micromolar concentration
range. Similar features, mirroring negative binding cooperativity
with [PH]NMS, apply to ortho-LRB-AC42 (Figure 4C).
Unfortunately, given their poor solubility in physiological
Hepes buffer, it was impossible to define the exact nature of
their interaction with M1 receptors or to provide reasonable
estimates of their binding parameters. Most importantly,
however, as shown in Figure 4C, the para-LRB-AC42 derivative
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Figure 4. Inhibition of [*H]NMS binding to EGFP(A17)hM1 receptors by orthosteric and allosteric compounds, AC-42, and lissamine rhodamine
B derivatives. Competition-type experiments were performed at low (80—110 pM; dashed lines) and high (800—950 pM; solid lines) [*H]-NMS
concentrations in the absence (B, value) or the presence (B values) of unlabelled (open symbols) or fluorescent (closed symbols) drugs. A: Atropine
O, NDMC <, gallamine A; B: AC-42 V, AC42-NH, [J, para-LRB-nbutyl B, LRB-SO; Na" ¥; C: para-LRB-AC42 A, ortho-LRB-AC42 @. Data
are presented as B/B ratios (mean + SE values for three to eight separate experiments). Error bars are shown when they exceed the symbols. Curve
fitting was carried out using the standard Hill equation with the exception of gallamine data which were analysed according to the allosteric ternary
complex model (Supplemental Procedures). Corresponding parameters are listed in Table 3.
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Table 3. Binding Parameters for a Series of Compounds at EGFP(A17)hM1 Receptors As Afforded from Equilibrium and Off-

Rate [*H]NMS Binding Assays”

equilibrium assay”

off-rate assay®

compd pK; pK.,
NMS 10.02 + 0.047
atropine 9.24 + 0.04
gallamine 5.30 + 0.04
brucine 4.59 + 0.01
N-desmethylclozapine 7.22 + 0.0S
AC-42 5.76 + 0.07
AC42-NH, S.71 £ 0.06
para-LRB-AC42 6.00 + 0.08
LRB-SO; Na* <3

log PECs0diss I

1.10 + 0.05 3.76 + 0.02
0.10 + 0.02 nd
nd
nd
nd
4.6 + 0.1 79 %S
(44 +01)° (100)°
nd

100 + S

“Data are the mean + SE values for three to nine 1ndependent experiments performed in duplicate as described in Experimental Section. Data
analyses are detailed in Supporting Information Procedures. Equlhbrlurn dissociation constants (—log M) for the binding of competitive-like
(orthosteric, K; values) and noncompetitive (allosteric, K, values) compounds to free receptors are indicated together with the cooperativity factor
(@) governing the allosteric interaction between a modulator and [PH]NMS. “pEC;;, refers to the drug concentration (—log M) that induces half-
maximal reductlon of control [*H]NMS dissociation rate. E, , 4, defines the maximal extent (%) of inhibition of [*H]NMS dissociation rate. nd: not
determined. pKd value from [*H]NMS saturation experiments. “Parameters are from Figure SB with constrained curve fitting,

(which is not hampered by such solubility limitations) fully
displaces specific [*H]NMS binding from the EGFP(A17)hM1
receptor at low and high tracer concentrations.

Special attention was then paid to the mode of interaction of
AC-42, AC42-NH,, para-LRB-AC42, and NDMC, which all
inhibited [*H]NMS binding down to nonspecific levels. All our
attempts to distinguish strict competition from strong negative
cooperativity, such as the comparison of inhibition levels at low
and high tracer concentrations, the use of individual versus
global curve fitting to both models, or the statistical
examination of model relevance, unfortunately failed. For
example, the increase in [*H]NMS concentration (Figure 4C)
resulted in a rightward shift of the ICy, value for para-LRB-
AC42 that is about 2-fold lower than that predicted for a
competitive interplay. Such an observation might be interpreted
as the manifestation of a ceiling effect on inhibition magnitude,
reflecting negative binding cooperatwlty between [PH]NMS
and the fluorescent compound.*® In turn, the competitive
model was preferred over the allosteric one when submitting
para-RR-AC42 curve pairs to a global fitting procedure.
Moreover, while some equilibrium binding studies pointed to
an allosteric behavior of AC-42,'"' recent reports indicate the
competitive model as the most reasonable one to interpret AC-
42**** and NDMC'*** equilibrium binding data. Accordingly,
we assumed AC-42, AC42-NH,, para-LRB-AC42, and NDMC
interactions with the EGFP(A17)hM1 receptor to be
competitive-like and provide their K; values in Table 3.

[*HINMS Dissociation Kinetic Studies. Examination of
[*H]NMS dissociation kinetics is regarded as a stringent test to
detect an allosteric modulation of mAChRs.*** Indeed, the
binding of allosteric ligands causes conformational changes in
the receptor, most often manifested as an alteration in off-rate
kinetics of preformed orthosteric ligand—receptor complexes.
Such studies were thus undertaken to get further information
on the binding nature of the AC-42 derivatives.

Figure SA allows comparison of the ability of several
compounds (taken at 100 uM) to alter the [*H]NMS
dissociation rate from EGFP(A17)hM1 receptors. Atropine
(10 M) was systematically included in the assays to prevent
[*H]NMS reassociation to the orthosteric site. The control
(atropine alone, Ko control = 0044 + 0.001 min™"; n = 4) and all

other dissociation traces fit a single exponential time course.
The para-LRB-AC42 (kg o, = 0.013 + 0.001 min~') and
AC42-NH, (k,g oos = 0.028 + 0.001 min~') compounds
significantly slow [PH]NMS dissociation, while ortho-LRB-
AC42 (kg ops = 0.041 + 0.002 min~") and para-LRB-n-butyl
(not shown) effects are not significant (mean + SD values, n =
2).

Figure SB depicts the concentration dependence of the
retardation effects of the allosteric modulator gallamine and of
para-LRB-AC42 on [*H]NMS dissociation from EGFP(A17)-
hMI1 receptors. In agreement with previous reports,***
gallamine completely blocks [PH]NMS dissociation from the
receptor (E,, = 100%), with an ECsy g, close to 170 uM
reflecting its affinity for [PH]NMS-occupied receptors (Table
3). Para-LRB-AC42 data also satisfactorily fit an inhibition
curve with a slope close to unity, but reduction of [*H]NMS
dissociation rate is limited (E,, = 80%) with half-maximal
retardation at 25 yM (Table 3). To our knowledge, such dose-
dependency studies have not been reported yet for AC-42
probably because it combines a modest effect on [*H]NMS
dissociation rate and a limited solubility at high concen-
trations.'***** Taking this factor as a valid reason for the
inability of para-LRB-AC42 to fully prevent [*H]NMS
dissociation at concentrations above 100 uM, data were
reanalyzed (Figure SB, dashed line), focusing on a 1-50 yM
window with E,_ . and slope values constrained to 100% and
1%, respectively. The nominal 100 uM para-LRB-AC42
concentration was found to correspond to S0 uM freely
diffusing molecules in Hepes buffer (HPLC solubility measure-
ments). A slightly higher ECgy 4 (40 uM) was then
determined.

Altogether and in contrast with equilibrium studies, the
kinetic data support the idea that AC42-NH, and para-LRB-
AC42 bind to an allosteric site on [*H]NMS-occupied M1
receptors, as do AC-42'""*?** and 77-LH-28-1** molecules.

Toward FRET Recordings of Para-LRB-AC42 Binding
to EGFP(A17)hM1 Receptors. Figure 6A illustrates a FRET
experiment performed at 20 °C on HEK cells expressing the
EGFP(A17)hM1 receptor, using para-LRB-AC42 as the
fluorescent tracer, with real-time recordings of EGFP
fluorescence emission at 510 nm. Upon ligand addition (a, S
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Figure 5. Effect of AC-42 derivatives on [PH]NMS dissociation rate.
Measurement of [*H]-NMS dissociation rate from EGFP(A17)hM1
receptors was carried out at 25 °C as described in the Experimental
Section. A: Dissociation started with the addition of 10 #M atropine
alone (O) or combined with 100 uM of either AC42-NH, (O0), ortho-
LRB-AC42 (@) or para-LRB-AC42 (®). Specific [*’H]-NMS binding
(B value) remaining at various dissociation time points is normalized
to initial binding (B, value) at time 0. B/B, ratios are mean + SD
values for two to four independent experiments. Best fits to a
monoexponential decay are shown (Supplemental Procedures). B:
Concentration-effect curves are plotted from [*H]-NMS dissociation
studies performed in the presence of 10 #M atropine and of increasing
concentrations of gallamine (A) or para-LRB-AC42 (@®). Observed
dissociation rates (k.g p,) are normalized to control rates (kg control)
measured with atropine alone. Data are mean =+ SD values for three
independent experiments. Curve fitting to the Hill equation provided
ECsg gis and E,,, giss parameters (Table 3). When selecting a 1—50 uM
para-LRB-AC42 concentration window, curve fitting proceeded with
maximal amplitude and slope constrained to 1 (dashed line).

uM) to the cell suspension, fluorescence decreases almost
instantaneously to a plateau value featuring stable binding
equilibrium. Subsequent addition of AC-42 (b, 30 uM) induces
a fast fluorescence recovery, indicative of para-LRB-AC42
dissociation, reaching a level that exceeds that achieved when
using atropine (20 uM). A key observation was the measure-
ment of an identical increment of fluorescence when adding
AC-42 to naive (c) or atropine-treated (d) cells. The origin of
such an artifact remains unclear. It is reproduced well with
AC42-NH, and exhibits a strict concentration dependency
(Figure 6B inset), is independent of the nature and the
expression levels of EGFP-fused receptors, is related somehow
to HEK cell constituents, and is negligible in Hepes buffer. As a
consequence, AC-42 and AC42-NH, cannot be taken as safe
compounds to validate the receptor specificity of FRET signals,
under equilibrium or kinetic conditions.

Another point highlighted in Figure 6A is the apparent
discrepancy between the amplitudes of fluorescence extinction
at equilibrium and of fluorescence recovery upon addition of
atropine. A series of controls, performed with Hepes buffer or
nontransfected HEK cells, indicate that actual fluorescence

extinction is minored by a para-LRB-AC42 emission
component. Although para-LRB-AC42 displays (Supporting
Information Figure S1) negligible absorbance and emission at
EGFP’s excitation (470 nm) and emission (510 nm)
wavelengths, respectively, direct excitation at 470 nm of
micromolar amounts of tracer leads to significant emission at
510 nm. After correction of this interference, which is
proportional to the para-LRB-AC42 concentration, fluores-
cence extinction and fluorescence recovery now define an
identical FRET signal amplitude.

In summary, specific para-LRB-AC42 binding to the
EGFP(A17)hM1 receptor was defined, under equilibrium
binding conditions, as the difference in fluorescence intensity
of cells incubated with the tracer, in the presence or the absence
of a saturating concentration of atropine, or under kinetic
conditions, as the amplitude of atropine-promoted fluorescence
recovery. Such FRET signals are not detected on HEK cells
stably expressing non-M1 EGFP-fused GPCRs or with pure
soluble EGFP, thereby confirming their muscarinic receptor
specificity.

Despite the problems listed above, AC-42 and AC42-NH,
are pivotal compounds that need to be included in the present
FRET study to help characterize fluorescent tracer properties.
The procedure we developed to afford a safe determination of
their binding parameters is illustrated with AC42-NH, (Figure
6B). First, the amplitude of the artifact resulting from its
addition to EGFP(A17)hM1 cells (or to HEK cells) was found
to be proportional to its concentration (Figure 6B inset).
Second, competition-type studies were performed using para-
LRB-AC42 (5 uM) and increasing concentrations of the AC-42
analogue. They are presented as occupancy curves, with 0 and
100 referring to fluorescence levels of EGFP(A17)hMI cells
incubated with the tracer, in the absence or presence of 20 yM
atropine, respectively. As shown in Figure 6B, fluorescence
recovery versus AC42-NH, concentration appears as a
nonsaturable process and clearly exceeds the atropine-defined
specific FRET signal amplitude. Fitting these raw data
according to the Hill equation superimposed with a linear
drift accounting for AC42-NH, artifact allowed extraction of a
typical occupancy curve with a slope close to 1, half-maximal
occupation (equivalent to an ICyy) at 10 + 1 uM, and a
maximal amplitude (102 + 3%) nonsignificantly different from
100%. Finally, very similar parameters were determined after
correction of each raw data point for the fluorescent artifact
measured at the same AC42-NH, concentration on naive cells
(Figure SB inset). The latter procedure was used routinely to
quantify and correct undesirable fluorescence artifacts due to
some chemicals.

Association and dissociation kinetics for para-LRB-AC42
binding to EGFP(A17)hM1 cells are very fast (Figure 6A).
This enabled us to monitor, over 50 s periods of time, the
impact on cell fluorescence of the addition of cumulative doses
of tracer (Figure 6C). The concentration-dependent fluo-
rescence extinction (with ligand emission artifact visible at high
tracer concentration) was fully prevented by cell preincubation
with atropine (20 uM). Specific para-LRB-AC42 binding, as
defined by the difference in fluorescence levels between both
assays, reaches a maximum at 3 yM tracer, featuring a saturable
process.

Finally and to further confirm the muscarinic specificity of
the FRET signal associated with para-LRB-AC42 binding, the
experiment was repeated using propylbenzilylcholine mustard
(PrBCM) to selectively alkylate the Asp10S5 (3.32) receptor
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Figure 6. Definition of the specificity of FRET signals associated with para-LRB-AC42 binding to EGFP(A17)hMI receptors. A: Real-time
monitoring of fluorescence variations (data sampled every 0.5 sec) of EGFP(A17)hM1 cells upon addition (arrow a) of S M para-LRB-AC42 and
(arrow b) of either atropine (20 uM; thick trace) or AC-42 (30 uM; thin trace). Two other experiments (O) point to a very similar artefactual
increase in fluorescence (16500 cps) following the addition of 30 M AC-42 to naive (arrow c) or para-LRB-AC42 and atropine-treated (arrow d)
cells. Specific binding of para-LRB-AC42, as defined by the atropine-sensitive fluorescence recovery (double headed arrow), corresponds to a FRET
signal with 24.5% extinction of cell fluorescence. After deduction of its artefact, AC-42 was found to displace up to 80% (---) of specific para-LRB-
AC42 binding. B: Validation of a competition experiment using AC42-NH, and para-LRB-AC42 under FRET conditions. EGFP(A17)hM1
expressing cells are incubated for 1 h at 20 °C with S M para-LRB-AC42 in the absence or the presence of either atropine (20 #M) or increasing
concentrations of AC42-NH,. Fluorescence levels at equilibrium are measured at 510 nm as reported in the Experimental Section. The AC42-NH,
concentration-dependent increase in fluorescence ((I) is normalized in percent to the amplitude for atropine-prevented fluorescence extinction
(specific FRET signal; 100%). Data fitting (--) to the Hill equation derived for saturation superimposed with a linear drift to account for AC42-NH,
artefact allowed to extract a typical inhibition curve (@) for para-LRB-AC42 binding, with an ICy, (M) of 10.2 + 1.2 and a maximal amplitude (%)
of 101.8 + 2.9, and to define a slope (0.55 + 0.1) for the linear drift (not shown). A parallel experiment (insert), performed on the same cells in the
absence of para-LRB-AC42, provided a direct measurement of AC42-NH, fluorescence artefact. Data are normalized as detailed above and fitted
according to a linear relationship (slope factor 0.58 + 0.01). C: Receptor alkylation by PrBCM (30 nM) and para-LRB-AC42 binding. Control (M,
O) or PrBCM-treated (®, O; Experimental Section) EGFP(A17)hMI cells, taken at an identical density, were preincubated (open symbols) or not
(black symbols) with 20 uM atropine for S min at 20 °C. Thereafter, cell samples were examined for their ability to generate a FRET signal upon
sequential addition (arrows) of cumulative doses of para-LRB-AC42 (final concentrations indicated in #M). Fluorescence at 510 nm was monitored
in real time (1 point per second; 20% of points are shown). Specific FRET signals (atropine-protected fluorescence extinction in %) measured with S
UM para-LRB-AC42 were respectively of 25 and 2.8 for control and PrBCM-treated cells, respectively.

residue.”’ Indeed, this conserved amino acid plays a well-known low affinity LRB-SO; Na* binding was fitted according to a
critical role in the binding of orthosteric ligands to all aminergic linear relationship with tracer concentration.
GPCRs.*® Its mutation has also been shown to abolish signaling Assuming that cell surface receptors account for 90% to

by novel muscarinic agonists such as AC-42, 77-LH-28-1, and overall fluorescence of EGFP(A17)hM1 cells (ratio of B,
NDMC.'*>* Upon treatment with PrBCM (30 nM), we found values for [*H]NMS and [*H] QNB binding, Table 2), maximal

that EGFP(A17)hM1 cells display a marked reduction (90— fluorescence extinction (27%, measured at saturating para-LRB-
95%) in their ability to elicit a calcium response to AC-42 (10 AC42 concentrations) may be converted into specific EGFP
4M), to bind [PHJNMS (0.7 nM), or to promote a FRET extinction (30%) to provide the energy transfer efficacy E
signal in the presence of the fluorescent pirenzepine derivative (0.30). This enabled us to estimate the actual distance R (59.2

RR(17)PZ*® at 200 nM. As shown in Figure 6C, M1 receptor £ 07 A). separating EGFP from It}lée LRB ﬂuoro.phoré ng the
alkylation by PrBCM also almost completely abolishes (up to tracer, using tbe R ZARO (1/E — 1)"® Forster -relatlonshlp e‘md
90% at saturating tracer concentrations) the atropine-sensitive 1;0 Vezllues listed in Table 1 (Supporting Information
FRET signal promoted by para-LRB-AC42 binding. ri)/\c,e Freil) ’ P d LRB-AC42 ibri bindi
Equilibrium Binding Properties of Para-LRB-AC42 at ¢ hnally tocused on para-LRD- - equuibrium binding
. . properties through competition experiments (Flgure 7B)
EGFP(A17)hM1 Receptors. Saturation experiments were .
. performed on EGFP(A17)hM1 cells using a set of well-
performed on a 0.25—10 yM concentration range of para- . . .
) ) . known orthosteric and allosteric muscarinic compounds. NMS,
LRB-AC42 (Figure 7A). Essentially similar results were atropine, AC-42, and AC42-NH, (not shown) all follow a
obtained whether EGFP(A17)hM1 cells (preincubated or not pine, A5 . 2 .
for § min with 20 4M atropine) bmitted t lati competitive-like mode of interaction. The allosteric modulators
Oof 5 mun Wi HIVL atropine) were submutted to cumuiative allamine and brucine (not shown) also fully inhibit specific
tracer addition and checked in real time for fluorescence levels § ( ) Y P

= e = . para-LRB-AC42 binding at high concentrations. Interestingly,
at binding equilibrium (as in Figure 6C) or incubated for 4 h at Win 51,708,% an allosteric modulator known to interact on M1
20 °C with increasing tracer concentrations in separate test

receptors at a site distinct from that of gallamine, and
tubes. Data fitting to the empirical Hill equation derived for NDMC,'>?* an atypical allosteric agonist possibly overlapping
saturation allowed the determination (mean + SE values, n = S) the [*H]NMS orthosteric binding domain, both exhibit weak
of the Ky (0.8 & 0.1 uM), maximal FRET amplitude (26.5 + negative binding cooperativity with para-LRB-AC42. The
1.4%), and slope factor (1.06 + 0.08) for specific binding of potent and M1 selective allosteric MT7 toxin® was totally
para-LRB-AC42 to EGFP(A17)hM1 receptors. Note that the inactive even at 10 nM (not shown). Quantitative analysis of

Ky for the fluorescent tracer coincides well with its affinity the data was done using appropriate sets of equations for
estimated from [PH]NMS competition studies (Table 3), competitive or cooperative interactions to define the
thereby confirming the validity of FRET measurements. Very parameters listed in Table 4. The affinity constants of drugs
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Figure 7. Binding properties of fluorescent tracers and of a series of
muscarinic compounds at EGFP(A17)hM1 receptors as monitored by
FRET experiments. A: EGFP(A17)hM1 cells were incubated at 20 °C
for 4 h with increasing concentrations of para-LRB-AC42 (@) or LRB-
SO;"Na* (A), in the absence or the presence of 20 uM atropine.
Specific binding of the tracers (defined as an atropine-sensitive
fluorescence extinction at S10 nm) is expressed in percent of control
cell fluorescence. Data fitting to the empirical Hill equation derived for
saturation (Supplemental Procedures) allowed the determination of
the binding parameters for para-LRB-AC42. Specific LRB-SO; Na*
binding was fitted according to a linear relationship with tracer
concentration (---). B: Competition experiments were performed
using EGFP(A17)hM1 cells incubated (4 h at 20 °C) with 2 uM para-
LRB-AC42 and increasing concentrations of NMS (@), atropine ('V),
AC-42 (), gallamine (A), N-desmethylclozapine (O0) or Win 51,708
(O). Data from typical experiments, performed in duplicate, are
presented as B/B, ratios with specific binding B, taken as the
difference in fluorescence levels of samples incubated with the tracer in
the absence or the presence of 20 uM atropine. Best fits to the most
appropriate (competitive or allosteric) model are shown (Supple-
mental Procedures). Parameters are listed in Table 4.

for their individual sites on the EGFP(A17)hM1 receptor, as
determined from radioligand or from FRET equilibrium

binding studies, are in remarkable overall agreement.

Taken together, these observations constitute a strong and
direct evidence for a bitopic nature of the tracer, with
simultaneous occupancy of both the orthosteric and the
gallamine allosteric receptor sites.

Molecular Modeling. The three-dimensional structure of
the human M1 muscarinic receptor was modeled by homology
to the dopamine D3 receptor, which is the most similar GPCR
available in the Protein Data Bank to date (about 25% overall
sequence identity and 36% sequence identity in the seven
transmembrane domains (7TMs) with the M1 receptor).
Because the position of the conserved cysteine in the second
extracellular loop (ECL2) differs in M1 and D3 receptors, this
part of the model was reconstructed in order to bury
hydrophobic side chains and expose hydrophilic ones while
producing nondistorted secondary structure elements. A short
molecular dynamic simulation revealed that the extracellular
loops are prone to conformational variations whereas the
rotameric state of residues in each of the transmembrane
helices (TM) is rather well-defined (Figure S2, Supporting
Information).

Although our model is not accurate at the atomic resolution,
it allows a rough delineation in the M1 receptor of three
regions enriched in hydrophobic and negatively charged
residues. These regions constitute known and putative
anchoring spots for positively charged, orthosteric, and
allosteric muscarinic ligands (Figure 8). A selection of key
residues in each region is shown in Figure 8A; it includes
Trpl01 (3.28) and Phe77 (2.56), both reported in the
literature for their (concerted) contribution to AC-42 binding
and/or function.*****® The first region is located within the
7TMs of the protein (Figure 8B), displays a high content in
aromatic residues (Trpl01, Tyr106, Tyr381, Tyr404, Tyr408),
and exposes the side chains of Aspl0S (3.32) and Asn382
(6.52) near its center. It corresponds to the orthosteric site.”">
In the model, its access is obstructed by bulky residues in TM2
(Tyr82, Tyr85) and TM7 (Trp400) and by ECL2. Noteworthy,
ECL2 is constrained by the first and third extracellular loops
(ECL1 and ECL3, respectively) and covalently linked to TM3,
thereby restricting the opening of the orthosteric site whatever
the loop conformation (ie., even if the modeled ECL2
conformations is partly wrong). The second region is located
at the receptor surface close to the N-terminal end of the
protein chain. It involves the extracellular parts of TM1, TM2,
TM3, and TM7 and part of ECL2 (Figure 8C, green). It

Table 4. Parameters for the Interaction of Various Compounds at EGFP(A17)hM1 Receptors As Defined from Equilibrium
Para-LRB-AC42 Binding Studies Performed under FRET Conditions”

compd pKy pK; B loga slope PK[“H]NMSb — PK rrer
para-LRB-AC42 6.10 + 0.0S 1.06 + 0.08 —0.10 £ 0.13
AC-42 6.05 + 0.04 1.02 + 0.04 —0.29 = 0.11
AC42-NH, 5.89 + 0.02 0.96 + 0.04 —0.18 + 0.08
NMS 9.77 + 0.06 1.02 + 0.06 025 + 0.1
atropine 8.92 + 0.07 1.0S + 0.06 0.32 £ 0.11
gallamine 5.07 £ 0.04 1.04 + 0.04 0.23 + 0.08
brucine 4.35 + 0.06 0.91 + 0.09 0.24 + 0.07
NDMC 6.92 + 0.03 0.74 + 0.06 1.02 + 0.06 0.30 + 0.08
WIN 51,708 5.03 + 0.0 0.92 + 0.02 1.02 + 0.05 nd

“Affinity constants (—log M, mean values + SE from three or more independent measurements) are from saturation (K values) and competition
(K, K,, and a values) studies, as detailed in the Experimental Section. Competition experiments were performed at various para-LRB-AC42
concentrations (1X to 6X its K4 value) and analyzed according to a competitive (K;) or allosteric (K,, &) model, when appropriate (Supporting
Information Procedures). prGH[NMS] values are from Table 3. nd: not determined.
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Figure 8. Three-dimensional model of the muscarinic M1 receptor. A: Position of key aromatic residues and solvent accessible charged residues with
no vicinal counter charges in the protein chain. The 7TMs are represented by cylinders. The residue side chains are displayed as capped sticks and
labeled in red if negatively charged. B: Orthosteric site. The 7TMs are represented by cylinders. The transmembrane cavity is delimitated by its
solvent excluded surface colored in magenta. C: Allosteric site. The protein is represented by its solvent excluded surface, which is colored in green
and orange around the negatively charged residues and otherwise colored in white. In A, B, and C, top and bottom panels show views from the
extracellular side or in the plane of the plasma membrane, respectively. The pictures were made using Sybyl-X (Tripos, Inc., St. Louis, Missouri,

USA).

contains Trp400 (7.35) and two negatively charged residues,
Glu397 and Glu401 (7.36). The third region is superficial too
and resides near the extracellular parts of TM3 and TM4
(Figure 8C; orange). It includes the negatively charged Asp99
(3.26), surrounded by aromatic and hydrophobic residues from
ECL1 (Trp91) and ECL2 (Trp164, Tyr166). The three regions
are clearly interconnected via common or bridging amino acids.
The two superficial domains may be defined as allosteric in
nature with respect to the buried orthosteric site. Moreover,
they contain several residues (Asp99, Trpl01, Trp400, for
example) involved in gallamine binding.* They surround the
route leading to the central binding site and may thus also
participate in the primary docking step of orthosteric ligands.**

This M1 model provides the structural foundations for
further discussion of our experimental data on AC-42 and its
fluorescent derivatives.

B DISCUSSION AND CONCLUSION

There is no doubt that novel M1 agonists, such as AC-42 and
its analogues, together with TBPB and NDMC, display a mixed
orthosteric/allosteric binding behavior. On one hand, they
exhibit competitive-like properties when tested against classical
orthosteric compounds in both equilibrium binding and
functional assays.'”'***** On the other hand, their ability to
retard [*H]NMS dissociation and their particular pattern of
response to mutations of key orthosteric residues are taken as
evidence for allosteric properties.'®™'>'*?*?¢ An emerging idea,

supported by the current view (and our M1 model) that
muscarinic orthosteric and allosteric sites are in proximity and
even on the access way to each other,"** is to consider these
compounds as bitopic, ie., able to recognize epitopes within
both orthosteric and allosteric sites and to interact with them
simultaneously.”* How robust is the interpretation of point
mutagenesis studies regarding the definition of topographically
distinct or overlapping binding domains? Do novel agonists
exhibit different binding poses on free or [*H]NMS-occupied
receptors? What are the structural determinants of these
molecules responsible for such hybrid properties 2

Within this very challenging context, traceable novel agonists
may be regarded as tools of choice to get direct information on
their interaction with the M1 receptor. Tritiated AC-42 could
have been an ideal candidate, as it retains the structure and the
activity of the original molecule. However, given its micromolar
affinity, high nonspecific binding levels, fast dissociation
kinetics, and other difficulties are expected, as was encountered
with the [*H]dimethyl-W84 radioalloster.> We thus consid-
ered the possibility of fluorescent derivatives of AC-42 to
behave as tracers enabling direct monitoring of binding events
through fluorescence resonance energy transfer (FRET) from
EGFP-fused M1 receptors. This technology is now well-
admitted as a powerful alternative to radioligand binding assays,
prone to fine, temporal, and quantitative description of complex
binding mechanisms.”*”***® The EGFP(A17)hMI1 construct,
with EGFP fused to a truncated receptor N-terminus,”” was
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Figure 9. Hypothetical binding modes of AC-42 and para-LRB-AC42 to the M1 muscarinic receptor. A: Upside-down positions of AC-42 within the
7TMs cavity. The orthosteric site is circled in magenta; the allosteric site is dashed in green-orange to reconcile the two regions depicted in Figure
8C. B: Two possible bitopic binding modes for para-LRB-AC42. For a sake of clarity, ligands are presented as CPK colored sticks and hydrogen
atoms are omitted. In the representation, the scale of the receptor is slightly smaller than that of the ligand. In our three-dimensional model, the

distances between negatively charged residues range from 13 A to 17 A.

validated here as a suitable tool for examining AC-42
properties. Indeed, and in contrast with previous observa-
tions,'® neither the fusion of EGFP nor the deletion of the
receptor N-terminus significantly affects AC-42 agonism and
affinity properties. Moreover, the EGFP(A17)hM1 chimera
shares with the wild type hM1 receptor superimposable affinity
and modulatory properties for a series of prototypical
orthosteric and allosteric molecules.

Four fluorescent compounds, ie., the LRB moiety alone
(LRB-SO;"Na*) or substituted in the para position with a butyl
chain (para-LRB-n-butyl 20) and its two isomers linked to
AC42-NH, (ortho-LRB-AC42 2a and para-LRB-AC42 2b),
were synthesized and characterized. Solubility measurements,
supported by biological evidence (partial inhibition in func-
tional and binding experiments), pointed to serious limitations
in the use of para-LRB-n-butyl and ortho-LRB-AC42. Affinity
parameters for para-LRB-n-butyl could not be determined with
great precision, but the presence of a butyl chain in the para
position (and the concomitant neutralization of a SO;~ charge)
clearly confers to this molecule the ability to bind to Ml
receptors in the micromolar concentration range, as opposed to
the millimolar affinity of LRB-SO; Na™.

AC-42, AC42-NH,, and para-LRB-AC42 display fairly similar
affinity constants for the receptor, although the modifications
we introduced within AC-42 converted the compounds into
antagonists. One explanation is that the exchange of the AC-42
butyl chain for a pentyl one and the concomitant addition of a
second protonated amino group in AC42-NH, may disrupt an
essential ionic bond (presumably between the positively
charged AC-42 piperidine nitrogen and the receptor Aspl0S
carboxylate) and/or alter a preferential orientation of the AC-
42 aliphatic chain within the receptor, two critical aspects for
AC-42 agonism.”>** Such explanations probably do not apply
to para-LRB-AC42, as its hardly basic sulfonamido group
remains neutral at physiological pH.

Numerous control FRET experiments were performed under
equilibrium and kinetic conditions, taking para-LRB-AC42 as
the tracer and using pure EGFP, nontransfected HEK cells, and
cells overexpressing the EGFP(A17)hM1 or other EGFP-fused
receptors. They allowed ligand emission interference and an
unexpected artifact of AC-42 (and AC42-NH,) on cell
autofluorescence to be detected, quantified, and carefully
corrected. They provided operational criteria for a robust
definition of the specificity of FRET signals. FRET and
[*H]NMS binding experiments provided nicely concordant
affinity parameters for all orthosteric and allosteric compounds
included in this study. Altogether, we demonstrate that specific

para-LRB-AC42 binding takes place on M1 muscarinic
receptors.

What do we learn about the interaction of para-LRB-AC42
(and AC-42) with EGFP(A17)hM1 receptors ? From the
orthosteric point of view ([PH]NMS binding studies), para-
LRB-AC42 may be regarded as an unlabeled compound that
shares several properties with AC-42: it binds to [*’H]NMS sites
in a competitive manner, exhibits an affinity comparable to that
of AC-42, and slows [*H]NMS dissociation in a concentration-
dependent manner. As the presence of the fluorophore in the
para position is almost neutral in terms of affinity, and preserves
the allosteric character of the molecule at [PH]NMS occupied
receptors as well as M1/M3 selectivity, it is tempting to suggest
that the contribution of LRB to overall para-LRB-AC42 binding
energy is negligible and that it does not significantly alter
proper positioning of the AC-42 moiety on the M1 receptor.

Under FRET conditions, para-LRB-AC42 exhibits the
potential of a micromolar affinity tracer. Moreover, it provides
the first direct evidence for a bitopic binding mode on free M1
receptors: its interaction with the EGFP(A17)hM1 receptor is
inhibited by both orthosteric and allosteric ligands, as well as by
AC-42, in a competitive manner. Specific para-LRB-AC42
binding to M1 receptors is abolished (together with AC-42
function and specific [PH]NMS binding) following covalent
binding of PrBCM to the orthosteric Asp10S (3.32) receptor
residue. Whether this bulky affinity label precludes a direct
interaction of the fluorescent probe with Aspl0S or sterically
hinders its access to surrounding residues remains to be
clarified. Importantly, the allosteric binding component of para-
LRB-AC42 clearly targets the gallamine site, as Win 51,708 and
NDMC display a typical noncompetitive binding behavior.
Such a view provides additional support to the indirect
information by Avlani et al** on the competitive nature of
77-LH-28-1 and C,/3-phth (an allosteric modulator that binds
to the gallamine site>”) at the [PH]NMS occupied M1 receptor.
Refined kinetic investigations, such as real-time FRET
monitoring of para-LRB-AC42 binding properties, were
hampered by very fast association and dissociation (k.¢ =
0.65 + 0.01 s" at 20 °C; n = S) rates. For comparison, the off-
rate of para-LRB-AC42 was about 10 times faster than that
estimated for the nanomolar radioalloster [*H]dimethyl-W84
(0.07 s7') on the M2 receptor.>®

What are the orthosteric and allosteric molecular determi-
nants in the para-LRB-AC42 and AC-42 molecules? FRET
measurements of donor/acceptor distances indicate that this
tracer, when bound to the EGFP(A17)hM1 receptor, locates
its LRB fluorophore at a greater distance from EGFP (59 A)
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than do a series of fluorescent Bodipy or Rhodamine Red-X
pirenzepine derivatives.>® Some of them, including RR(17)PZ,
were already pointed out for their bitopic binding properties:
the pirenzepine moiety binds to the orthosteric site, whereas
the Bodipy (or Rhodamine Red) fluorophore is stacked within
the classical M1 allosteric binding site (at 45—S0 A from
EGFP) and competes with brucine (and gallamine) for binding
to the receptor.®® Clearly, the possibility for the fluorophore in
para-LRB-AC42 to occupy the classical gallamine site is
unlikely. The para-LRB-n-butyl and ortho-LRB-AC42 deriva-
tives would have been valuable tools to further dissect the
molecular bases for the bitopic binding pose of the fluorescent
derivative. Unfortunately, these expectations fell short because
of solubility limitations incompatible with the micromolar
affinity of these two compounds. Thus, to gain insight into M1
receptor domains that may accommodate para-LRB-AC42 (and
AC-42), the three-dimensional structure of the receptor was
modeled by homology to the dopamine D3 receptor. As the
M1 model was built from a distant homologue, we felt it was
not reliable enough to conduct an automated docking
approach. Preliminary trials, using different docking tools and
alternative receptor conformations generated by molecular
dynamics, indeed did not predict a consensual meaningful pose
for AC-42 and its derivatives (data not shown). This is the
reason why the coming discussion will not focus on possible
intermolecular interactions but instead will suggest which
binding modes best agree with the geometric and electrostatic
properties of the ligands and the M1 receptor.

According to our three-dimensional model, the orthosteric
site in the 7TMs (with its typical cleft shape) is wide and deep
enough to bury AC-42 and bulkier ligands (Figure 9A). The
volume of the protein cavity is about 540 A* (and could be even
larger if ECL2 would not close the site entrance), whereas the
volume of AC-42, in an extended conformation, is only about
340 A’. The degree of penetration and the relative position of
AC-42 within the receptor cavity are hardly predictable because
it is a flexible and pseudosymmetrical molecule. The selection
of the AC-42 active conformer among a profusion of
possibilities requires an accurate definition of the receptor
three-dimensional structure. In addition, the central position of
the positively charged piperidine of AC-42 precludes the
hypothesis of a preferential orientation of this ligand in the
vicinity of the receptor extracellular domains that display an
overall negative electrostatic potential. Accordingly, the
literature reports on different docking orientations and
positions of AC-42 into the M1 muscarinic receptor.”>>*>¢
Nevertheless, all the binding poses proposed for AC-42 (two
examples are shown in Figure 9A, right and left) practically
agree with experimental observations based on site-directed
mutagenesis of the M1 receptor. In particular, several aromatic
residues such as Trpl01l, Phe77, and the less consensual
Tyr404 were shown to be important determinants for AC-42
binding and function, probably by controlling the accessibililty
of the transmembrane cavity.”****® According to our model,
these residues, possibly together with Trp400, constitute a
gateway between the orthosteric and the allosteric sites. If one
considers the additional possibility of AC-42 to interact with
the orthosteric Asp105 residue,'** it becomes obvious that the
molecule may overlap both the orthosteric and allosteric sites
and thus exhibit a bitopic binding pose. Several points,
however, need to be clarified. Indeed, given the presence of
important steric constraints in the unoccupied M1 receptor,
one may suspect that extended and embedded binding poses

for AC-42 may not predominate. Moreover, such positions
hardly reconcile with the observation of allosteric binding
properties for AC-42 on [*H]NMS-occupied receptors (this
study and references therein).'""?

The introduction of the LRB fluorophore onto AC42-NH,
results in an elongation of about 10 A of the molecule, thereby
restraining the number of accessible positions for AC-42 within
the cavity (Figure 9B). Both AC-42 and the AC-42 moiety of
para-LRB-AC42 may occupy the same region in the receptor
(Figure 9A right and Figure 9B left) so that the bulky
fluorophore is placed next to ECL2 and ECL3 on top of (or in
partial overlap with) the allosteric site. An alternative binding
mode would correspond to the switch of the AC-42 moiety of
para-LRB-AC42 toward the extracellular allosteric domains of
the receptor (Figure 9B right). The piperidine ring could hence
establish an ionic bond in the gallamine allosteric domain, while
LRB would occupy the opposite side of the allosteric site
(orange or green patches in Figure 8C), leaving a place for the
linker between AC-42 and the fluorophore to explore the top of
the orthosteric site. Although such a more superficial pose
agrees better with very fast para-LRB-AC42 binding kinetics,
both assumptions explain well why the distance between the
LRB and EGFP fluorophores is 10 A longer than that estimated
by FRET, on the same receptor, using pirenzepine derivatives
known to stack their Bodipy or Rhodamine Red fluorophore
within the gallamine site.

Future mutagenesis mapping studies should provide further
information on the M1 receptor domains that accommodate
AC-42 and the para-LRB-AC42 derivative. Although the
interpretation of such data is often ambiguous regarding the
definition of topographically distinct or overlapping binding
sites, one may expect interesting clues from the effects of the
mutation of the negatively charged amino acids (Asp 99,
Glu397, Glu 401) and of the aromatic Trpl01 and Trp 400
residues. Indeed, they may orientate the choice among the
possibilities depicted in Figure 9, help define the allosteric
subdomains occupied by these ligands, give additional support
to or invalidate the possibility of a similar binding pose for AC-
42 and the AC-42 moiety of para-LRB-AC42, and perhaps
allow the extension of FRET experiments using the ortho-LRB-
AC42 and para-LRB-n-butyl tools.

In conclusion, this study provides new pieces of evidence for
a bitopic nature of AC-42 binding on MI receptors. Our
strategy may be compared with the “fragment approach” that
revealed the bitopic nature of McN-A-343 at M2 receptors,>®
with the additional possibility here of monitoring the binding
properties of intermediates and final compounds through
FRET. Interpretation of such data is not straightforward, as
isolated or fused fragments do not necessarily occupy the same
binding pockets. Linker orientation, length, and nature are
critical factors for sculgpting affinity, potency, and site-targeting
of hybrid molecules.*** It remains that dualsteric, hybrid, or
bitopic molecules may combine high affinity (orthosteric
fragment) and subtype-selective (allosteric fregment) receptor
binding to engender functional selectivity.*>®" Their rational
design and development are expected to provide further
insights into ligand binding mechanisms and to improve the
specificity of therapeutic GPCR activation.

B EXPERIMENTAL SECTION

General Chemistry. [N-Methyl-*H]scopolamine chloride
(PH]NMS, 82 Ci/mmol) and quinuclidinyl [phenyl-4->H] benzilate
([*H]QNB, 30 Ci/mmol) were from Perkin Elmer Life and Analytical
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Sciences (Courtaboeuf, France). Atropine sulfate, NMS bromide,
pirenzepine dihydrochloride, carbachol chloride, N-desmethylcloza-
pine hydrochloride, gallamine triethiodide, and WIN 51,708 hydrate
were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Indo-1-acetoxymethyl ester was supplied by Molecular Probes
(Invitrogen, Cergy Pontoise, France). Lissamine rhodamine B sodium
sulfonate (LRB-SO; Na', sulforhodamine B) was from TCI Europe
(Zwijndrecht, Belgium) and lissamine rhodamine B sulfonyl chloride
(mixed isomers) from Acros Organics (Halluin, France). 4-n-Butyl-1-
[4-(2-methylphenyl)-4-oxo-1-butyl ]piperidine hydrogen chloride (AC-
42) was a generous gift from Dr. T. Spalding (Acadia Pharmaceuticals
Inc, San Diego, CA) and Pr. A. Christopoulos (Monash University,
Victoria, Australia). Propylbenzilylcholine mustard was generously
provided by Dr. N. Birdsall (NIMR, London, U.K.).

"H NMR spectra were recorded on a Bruker Advance spectrometer.
Chemical shifts (§ values) are expressed in ppm relative to internal
solvent peaks, and coupling constants (J) are measured in hertz.
Signals are described as s (singlet), d (doublet), t (triplet), m
(multiplet), and brs (broad singlet). Analytical reverse-phase high
performance liquid chromatography (RP-HPLC) separations were
performed on a C18 Symmetry Shield column (4.6 mm X 150 mm)
using a linear gradient (100% A for 1 min and then 0% to 100% B in
30 min, flow rate of 1 mL-min™") of solvent B (100% CH,CN, 0.1%
TFA, v/v) in solvent A (100% H,0, 0.1% TFA, v/v). Detection was
set at 220 and 254 nm. Purified final compounds eluted as single and
symmetrical peaks (thereby confirming a purity of >95%) at retention
times (tz) given below. Their identity was determined by high-
resolution mass spectra (HRMS) which were acquired on a Bruker
MicroTof mass spectrometer, using electrospray ionization (ESI) and
a time-of-flight analyzer (TOF).

UV—visible absorbance spectroscopy was done with a Cary 1E
spectrophotometer (Varian). Fluorescence measurements were made
using a SPEX Fluorolog 2 (Jobin Yvon Horiba) spectrofluorimeter.

4-[4-(5-Aminopentyl)piperidinyl]-1-o-tolylbutanone, HCI
Salt (1). To a solution of methyl sulfonate 7 (285 mg, 0.95 mmol)
and piperidine derivative 8 (255 mg, 0.95 mmol) in acetonitrile (10
mL) was added triethylamine (198 uL, 1.42 mmol). The mixture was
heated at 110 °C overnight in a sealed tube and concentrated in vacuo
to a residue. Subsequent purification by flash chromatography
(EtOAc/MeOH, 5/95, v/v) gave access to the tert-butyl 5-[1-(3-(2-
o-tolyl-1,3-dioxolan-2-yl)propyl)piperidin-4-ylJpentylcarbamate com-
pound 9 (90 mg, 20%) which was dissolved in a 1 N HCI/Et,0
solution and stirred for 1 h at room temperature. The solvent was
removed under reduced pressure and the residue triturated in ether to
give 1 as a salt (52 mg, 84%). RP-HPLC purity >95%; tz = 16.8 min.
'"H NMR (300 MHz, CD;0D): § 7.77 (d, ] = 8.2 Hz, 1H), 7.39—7.24
(m, 3H), 3.30—3.27 (m, 2H), 3.19—-3.13 (m, 4H), 3.09—2.88 (m, 4H),
245 (s, 3H), 2.40—2.37 (m, 2H), 2.12—2.10 (m, 2H), 1.60—1.34 (m,
6H), 1.29—1.14 (m, SH). HRMS: calcd for C,H;N,O 331.2744,
found 331.2742.

Para-LRB-AC42 (2a) and Ortho-LRB-AC42 (2b), Trifluoroace-
tate Salt. To a solution of lissamine rhodamine B sulfonyl chloride
(72 mg, 125 pmol) in CHCl; (0.3 M) at 0 °C were added 4-[4-(5-
aminopentyl)piperidinyl]-1-o-tolylbutanone 1 (50 mg, 125 ymol) and
triethylamine (60 L, 437 pmol). The mixture was stirred overnight at
room temperature, then concentrated under reduced pressure.
Isolation of both ortho and para isomers of lissamine rhodamine B
labeled AC-42 was performed by preparative RP-HPLC on a C18
Symmetry Shield column (19 mm X 300 mm) equilibrated in solvent
A (100% H,0, 0.1% TFA, v/v). Elution proceeded with a linear
gradient from 20% to 70% of solvent B (100% CH;CN, 0.1% TFA, v/
v) in solvent A in 40 min at a 10 mL-min~" flow rate. Detection was
set at 220 and 254 nm. Fractions containing the products of interest
were pooled, concentrated, and further checked for purity by analytical
RP-HPLC and HRMS as indicated.

Para-LRB-AC42 (2a, purple powder, 35 mg, 30%): 'H NMR
(DMSO-d,, 500 MHz) & 8.44 (d, ] = 1.9 Hz, 1H), 7.92 (dd, ] = 7.9
and 1.9 Hz, 1H), 7.81 (t, ] = 5.8 Hz, 1H), 7.75 (dd, ] = 7.7 and 1.4 Hz,
1H), 7.47 (d, ] = 7.9 Hz, 1H), 7.44 (td, ] = 7.5 and 1.3 Hz, 1H), 7.34—
7.29 (m, 2H), 7.05—6.98 (m, 4H), 6.93 (d, ] = 2.3 Hz, 2H), 3.70—3.60

(m, 8H), 3.48 (bd, J = 12.2 Hz, 2H), 3.08—3.02 (m, 4H), 2.94—2.87
(m, 4H), 2.41 (s, 3H), 2.00—1.85 (m, 4H), 1.51-1.45 (m, 3H), 1.37—
121 (m, 20H). C NMR (DMSO-d,, 100 MHz): § 157.8, 157.5,
157.3, 157.0, 155.0, 147.9, 141.5, 137.3, 137.0, 132.9, 132.6, 131.6,
130.6, 128.6, 128.4, 126.5, 125.9, 125.6, 113.6, 113.4, 95.4, 55.5, 52.0,
452, 424, 37.5, 35.0, 32.5, 29.1, 28.9, 25.9, 25.2, 20.8, 18.2, 12.4 (bs).
RP-HPLC purity: 95%; tg = 18.9 min. HRMS: calcd for C,sH;N,O-S,
871.4133, found 871.4122

Ortho-LRB-AC42 (2b, purple powder, 10 mg, 10%): 'H NMR
(DMSO-d,, 500 MHz) & 8.40 (d, J = 1.5 Hz, 1H), 8.02 (dd, J = 7.8
and 1.5 Hz, 1H), 7.94 (t, ] = 5.6 Hz, 1H), 7.79 (dd, ] = 7.4 and 1.2 Hz,
1H), 7.47—7.43 (m, 2H), 7.35—7.30 (m, 2H), 7.08 (dd, ] = 9.6 and 2.4
Hz, 2H), 6.99 (d, ] = 9.5 Hz, 2H), 6.96 (d, ] = 2.4 Hz, 2H), 3.65 (q, ]
= 7.2 Hz, 8H), 3.49—3.47 (m, 2H), 3.08—3.05 (m, 4H), 2.92—2.83 (m,
3H), 2.73 (t, ] = 6.9 Hz, 1H), 2.41 (s, 3H), 2.00—1.92 (m, 2H), 1.83—
1.80 (m, 2H), 1.33—1.15 (m, 23H). '*C NMR (DMSO-dy, 100 MHz):
6 157.6, 157.1, 155.2, 155.1, 152.2, 150.4, 148.4, 139.9, 139.6, 137.3,
137.0, 131.6, 131.4, 131.0, 130.3, 129.5, 1292, 128.6, 125.9, 125.6,
1142, 113.5, 95.7, 55.5, 52.0, 45.3, 422, 37.6, 35.0, 32.5, 29.1, 28.8,
25.9, 25.1, 20.8, 182, 12.4 (bs). RP-HPLC purity: >95%; tz = 18.0
min. HRMS: calcd for C,gH;N,O,S, 871.4133, found 871.4138.

4-(2-Methylphenyl)-4-oxobutanoic Acid (3). o-Tolylmagnesi-
um bromide (2.0 M in diethyl ether, 5.5 mL) was added to a solution
of succinic anhydride (1 g, 10 mmol) in anhydrous THF (20 mL) at
—78 °C. The mixture was stirred at room temperature for 2 h, then
diluted in CH,Cl,, washed with a 1 M HCI solution, 10% NaHCO;,
and brine solutions, and finally dried over MgSO,. The solvent was
removed under reduced pressure and the crude product was purified
by flash chromatography using an EtOAc/hexane (2/8, v/v) solution
as eluant. R = 0.15, white solid (1.88 g, 98%). 'H NMR (300 MHz,
CDCly): 6 7.69 (d, ] = 8.2 Hz, 1H), 7.42—7.25 (m, 3H), 3.24 (, ] =
6.2 Hz, 2H), 2.80 (t, J = 6.2 Hz, 2H), 2.51 (s, 3H).

Methyl 4-(2-Methylphenyl)-4-oxobutanoate (4). A solution of
acid 3 (500 mg, 2.6 mmol) in 30 mL of methanol with sulfuric acid
(50 pL) was refluxed overnight. The solvent was removed under
reduced pressure, then diluted with EtOAc and washed with 10%
NaHCO;, brine and dried over MgSO,. After solvent removal under
reduced pressure, the product was isolated by flash chromatography
using an EtOAc/hexane (2/8, v/v) solution as eluant. Ry = 0.4S, white
solid (380 mg, 71%). "H NMR (200 MHz, CDCL;): § 7.74 (d, ] = 8.2
Hz, 1H), 7.46—7.30 (m, 3H), 3.74 (s, 3H), 3.26 (t, ] = 6.3 Hz, 2H),
278 (t, J = 6.3 Hz, 2H), 2.53 (s, 3H).

Methyl 3-[2-(2-Methylphenyl)-1,3-dioxolan-2-yl]propanoate
(5). To a solution of ester 4 (380 mg, 1.84 mmol) in benzene (30
mL), in the presence of a catalytic amount of p-toluenesulfonic acid,
was added ethylene glycol (114 mg, 1.84 mmol). The resulting mixture
was refluxed for 2 days. Then the solvent was removed under reduced
pressure and the crude product was diluted in EtOAc, washed with a
brine solution, and dried over MgSO,. The product was used without
any further purification (460 mg, quantitative yield). 'H NMR (300
MHz, CDCly): § 7.50 (d, ] = 8.2 Hz, 1H), 7.39—7.13 (m, 3H), 4.00—
3.98 (m, 2H), 3.80—3.77 (m, 2H), 3.64 (s, 3H), 3.23 (t, ] = 6.3 Hz,
2H), 2.75 (t, ] = 6.3 Hz, 2H), 2.51 (s, 3H).

3-[2-(2-Methylphenyl)-1,3-dioxolan-2-yl]propanol (6). To a
solution of ester § (500 mg, 2 mmol) in ether (10 mL), stirred at 0 °C,
was added LiAlH, (100 mg, 2.6 mmol). After 1 h of agitation at room
temperature, the solvent was removed under reduced pressure. The
crude oily product was diluted in EtOAc, washed with water, a brine
solution, and then dried over MgSO,. Following removal of the
solvent under reduced pressure, the crude product was purified on
flash chromatography using an EtOAc/hexane mixture (5/5, v/v) to
give 6 as a yellow oil (205 mg, 48%). "H NMR (300 MHz, CDCL,): §
7.50 (d, J = 82 Hz, 1H), 7.20—7.14 (m, 3H), 4.06—4.03 (m, 2H),
4.02—3.75 (m, 2H), 3.64 (t, ] = 6.2 Hz, 2H), 2.51 (s, 3H), 2.06 (t, ] =
6.4 Hz, 2H), 1.95 (bs, 1H), 1.73—1.69 (m, 2H).

3-[2-(2-Methylphenyl)-1,3-dioxolan-2-propyl Methylsulfo-
nate (7). To a solution of alcohol 6 (210 mg, 0.95 mmol) in
CH,Cl, (10 mL) at 0 °C were added methanesulfonyl chloride (130
mg, 1.14 mmol) and then triethylamine (115 mg, 1.14 mmol). The
solution was allowed to warm to room temperature and was stirred for
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2 h. Then the mixture was washed with 10% NaHCOj; solution, brine
and dried over MgSO,. The solvent was removed under reduced
pressure and the product was purified on silica gel column
chromatography using an EtOAc/hexane mixture (2/8, v/v) to
furnish 7 (240 mg, 84%). 'H NMR (300 MHz, CDCL,): § 7.49 (d, ] =
8.2 Hz, 1H), 7.27—7.14 (m, 3H), 4.28—4.23 (m, 2H), 4.03—3.99 (m,
2H), 3.78—3.73 (m, 2H), 2.98 (s, 3H), 2.48 (s, 3H), 2.08—2.03 (m,
2H), 1.93—1.84 (m, 2H). ES-MS m/z for C;,H,,0:S (M + H)*, calcd
301.38, found 301.41.

4-(5-tert-bButoxycarbonylaminopentynyl)piperidine (8).
Compound 14 (995 mg, 2.50 mmol) diluted in ethanol (20 mL),
few drops of acetic acid, and 10% (w/w) PtO, was stirred overnight
under 65 psi of hydrogen pressure. The solution was then filtered on a
Celite pad that was washed with ethanol. The filtrate was concentrated
under vacuo to provide 8 (660 mg, quantitative yield) that was used
without any further purification. ES-MS m/z for C;sH;,N,0, (M +
H)*, caled 271.42, found 271.27 and 293.39 (M + Na)*.

Benzyl-(4-oxopiperidinyl) Acetate (11). 4-Piperidone 10 (4 g,
26 mmol) was added to a solution of NaOH, 10%, and toluene cooled
down at 0 °C. After a few minutes, a solution of benzyl chloroformiate
(443 g, 26 mmol) in toluene was slowly added. The solution was
allowed to warm to room temperature and was stirred for 2 h. The
solvent was removed under reduced pressure, and the product was
diluted in chloroform and washed with water (2X), with brine (2X)
and dried over MgSO,. The solvent was removed under reduced
pressure and the product was purified on silica gel column
chromatography with EtOAc/heptane to give 11 (5.88 g, 97%). 'H
NMR (300 MHz, CDCl,): § 7.36 (s, S H), 5.20 (s, 2H), 3.80 (t, ] =
6.8 Hz, 4H), 2.46 (1, ] = 6.8 Hz, 4H).

Benzyl-(4-{[(trifluoromethyl)sulfonylloxy}piperidinyl) Ace-
tate (12). To a —78 °C cooled solution of N-Cbz-piperidone 11 (1
g, S mmol) was added LDA (2.75 mL, 5.5 mmol). Following agitation
for 20 min, N-phenyltrifluoromethanesulfonimide (1.87 g, 5.25 mmol)
was slowly added. The resulting mixture was allowed to warm to room
temperature and was stirred for 3 h. The solvent was removed under
reduced pressure and the product was purified on silica gel column
chromatography using an EtOAc/heptane mixture (1/9, v/v) to
furnish 12 (1.02 g, 56%). "H NMR (300 MHz, CDCL,): § 7.38—7.30
(m, SH), 5.78 (m, 1H), 5.17 (s, 2H), 4.14—4.12 (m, 2H), 3.72 (t, ] =
6.8 Hz, 2H), 2.47 (m, 2H).

4-Pentynylaminecarboxylic Acid tert-Butyl Ester (13). A
solution of LiOH (1.15 g, 48 mmol) in H,O (12 mL) was added to
a solution of compound 19 (4.54 g, 16 mmol) in THF (36 mL) and
stirred at room temperature for three hours. The solvent was removed
under reduced pressure, and the residue was diluted in CH,Cl, (40
mL) and washed with 10% NaHCOj solution (2 X 40 mL) and brine.
The organic layer was dried over Na,SO,, filtered, and concentrated in
vacuo to give compound 13 (275 g 94%). '"H NMR (200 MHz,
CDCL,): 5 4.66 (brs, 1H), 3.30—3.20 (m, 2H), 2.30—2.20 (m, 2H),
2.00—1.96 (m, 1H), 1.80—1.66 (m, 2H), 1.45 (s, 9H).

4-(5-tert-Butoxycarbonylaminopentynyl)-3,6-dihydro-2H-
pyridinbenzyloxycarbonyl (14). Compound 12 (1 g, 2.9 mmol)
was dissolved in THF (20 mL) in the presence of alkyne 13 (795 mg,
4.35 mmol), Cul (60 mg, 0.3 mmol), PdCL(PPh;), (210 mg, 0.3
mmol), and triethylamine (460 mg, 4.35 mmol) at room temperature.
After 6 h at room temperature, the mixture was concentrated in vacuo
to a residue. Compound 14 (940 mg, 81%) was isolated by flash
chromatography using an EtOAc/heptane mixture (v/v, 1/9). 'H
NMR (300 MHz, CDCl,): § 7.38—7.34 (m, SH), 5.92 (m, 1H), 5.15
(s, 2H), 4.69 (bs, 1H), 4.03—3.99 (m, 2H), 3.59—3.54 (m, 2H), 3.24—
3.22 (m, 2H), 2.39—2.35 (m, 2H), 2.32—2.30 (m, 2H), 1.75—1.72 (m,
2H), 1.44 (s, 9H).

Ethyl Oxoisocynate Acetate (16). The oxalyl chloride (66.7
mmol) was added to a suspension of ethyl oxamate 15 (6.5 g, 55.6
mmol) in CH,Cl, (80 mL) and refluxed overnight. The solvent was
reduced in vacuo to isocyanate 16 that was used without any further
purification (7.15 g, 90%).

tert-Butyl(oxo)ethyl Acetate Carbamate (17). A solution of
tert-butanol (3.75 g S1 mmol) in toluene (20 mL) was added to a
solution of isocyanate 16 (7.17 g, SO mmol) in toluene (50 mL) and

heated at 40 °C overnight. The solvent was concentrated in vacuo to a
residue that was purified by flash chromatography (EtOAc/CH,CL, S/
95, v/v) to give 17 (7.82 g, 72%). '"H NMR (200 MHz, CDCL): §
4.37 (q, ] = 6.9 Hz, 2H), 1.51 (s, 9H), 1.38 (t, ] = 6.9 Hz, 3H).
4-Pentynylamine(oxo)ethyl Acetate Carboxylic Acid tert-
Butyl Ester (19). A solution of DEAD (3.32 g, 19 mmol) in THF (10
mL) was added dropwise to a solution of compound 17 (4.16 g, 19
mmol), 4-pentynol 18 (1.6 g, 19 mmol), and triphenylphosphine (4.99
g 19 mmol) in THF (15 mL). The solution was stirred overnight at
room temperature and concentrated in vacuo to a residue that was
purified by flash chromatography (heptane/EtOAc, 9/1, v/v) to give
19 (4.57 g, 85%). "H NMR (200 MHz, CDCl,): 5 4.33 (q, ] = 6.9 Hz,
2H), 3.80—3.75 (m, 2H), 2.26—2.21 (m, 2H), 1.98—1.96 (m, 1H),
1.86—1.77 (m, 2H), 1.52 (s, 9H), 1.35 (t, ] = 6.9 Hz, 3H).

Para-LRB-n-butyl (20). To a solution of lissamine rhodamine B
sulfonyl chloride (100 mg, 173 umol) in CH,Cl, was added n-
butylamine (86 uL, 860 umol) in the presence of triethylamine (119.5
uL, 860 umol). The resulting solution was stirred at room temperature
overnight (Scheme S). Following concentration under reduced
pressure, the para isomer (24.4 mg, 23%) was isolated by preparative
RP-HPLC on a C18 Symmetry Shield column (19 mm X 300 mm)
using a linear gradient of eluent B (5—100% B in 30 min, flow rate of
10 mL-min") in eluent A (100% H,O, 0.1% TFEA, v/v). Fractions of
interest were pooled, concentrated, and further checked for purity by
analytical RP-HPLC on an Agilent Eclipse XDB-C18 column (4.6 mm
X 150 mm), using a linear gradient from 5% to 100% solvent B in 15
min (flow rate of 1 mL/min). RP-HPLC purity: >98%; t; = 11.5 min.
'"H NMR (DMSO-dg, 500 MHz): 6 8.41 (s, 1H), 7.92 (d, ] = 7.5 Hg,
1H), 7.88 (t, ] = 5.6 Hz, 1H), 7.47 (d, ] = 8.0, 1H), 7.05—6.93 (m,
6H), 7.35-7.30 (m, 2H), 3.65—3.63 (m, 8H), 2.86 (q, ] = 6.3 Hz,
2H), 1.48—1.39 (m, 2H), 1.32—1.19 (m, 14H), 0.85 (t, ] = 7.2 Hz,
3H). *C NMR (DMSO-dg, 100 MHz): § 155.9, 156.5, 154.4, 147.5,
141.1, 132.3, 132.0, 130.0, 125.9, 125.1, 113.0, 94.8, 44.6, 41.7, 30.5,
18.6, 12.9, 11.9. ES-MS m/z for CyH; N3OS, (M + H)*, caled
614.23, found 614.20.

Construction of EGFP-Fused Muscarinic M1 Receptors and
Cell Expression. Fluorescent chimera of the human M1 receptor was
essentially as previously reported.”” EGFP was fused, via an identical
short linker, to the full-length (EGFP-wthMl1) or truncated by 11
(EGFP(A17)hM1) or 17 residues (EGFP(A17)hM1) receptor N-
terminus. The exchange of the long linker (referred to L in the
previously described EGFP; (A11)hM1 chimera) for a short one was
done through ligation, into a Bluescript KS+ vector, of the NotI-BglII
(signal peptide-EGFP sequence-short linker) and BgllI-Xhol (hM1
sequence with a truncated N tail taken from the EGFP;(A11)hM1
construct) fragments, as earlier defined.*” The final construct (Notl-
Xhol insert) was subcloned into the pCep4 vector for expression into
eukaryotic cells and sequenced before use. Transfection of HEK 293
cells by calcium phosphate precipitation and hygromycin-B selection
proceeded as previously detailed.”” Cells were grown in minimal
essential medium supplemented with 10% fetal calf serum, 2 mM
glutamine, penicillin (100 U/mL), and streptomycin (100 pug/mL)
and incubated at 37 °C in a 5% CO, humidified atmosphere.

Functional Calcium Responses. Agonist-evoked increases in
intracellular calcium were monitored in HEK cells, with stable
expression of the various receptor constructs. Adherent cells were
loaded with 5 uM Indo-1 AM for 4S min at 37 °C, harvested by rapid
0.05% trypsin/0.02% EDTA treatment (wt/v), washed, and finally
suspended (10° cells/mL) in Hepes buffer (10 mM Hepes, 137.5 mM
NaCl, 1.25 mM MgCl,, 1.25 mM CaCl,, 6 mM KClI, 10 mM glucose, 1
mg/mL bovine serum albumin; pH 7.4).

Calcium signals were recorded over time as an increase in
fluorescence emission at 400 nm, with excitation set at 338 nm.
Inhibitory compounds were preincubated with cells for S min before
carbachol challenge. After baseline correction, peak amplitudes were
normalized to maximal fluorescence levels determined in the presence
of 20 uM digitonine. Data for Ml-transfected cells are expressed, as
appropriate, as a percentage of the maximal response to 10 uM
carbachol or of a control response to 0.5 yM carbachol obtained in the
absence of inhibitor. Unless otherwise stated, calcium signals were
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recorded at 20 °C from MI-overexpressing cells and at 37 °C when
using nontransfected HEK cells.

Measurements of Receptor Expression Levels. HEK cells
stably expressing the various hMI1 constructs were checked for
receptor density through quantification of specific binding at a single
saturating concentration of [*HJQNB (0.3 nM, 2 h at 37 °C) or
[*HINMS (0.75 nM, 2 h at 20 °C) or determination of B, values
from [PH]NMS (0.02—1.2 nM) saturation experiments conducted on
EGFP(A17)hMI cells. K, values for [*H]QNB and [*H]NMS binding
to hM1 receptors are 50> and 95 pM, respectively.

Alkylation of Muscarinic Receptors by Propylbenzilylcho-
line Mustard. A 50 4M solution of PrBCM in Hepes buffer (deprived
of BSA) was incubated at 37 °C for 30 min to allow cyclization of the
compound into the aziridinium ion. Thereafter, activated PrBCM was
added to EGFP(A17)hM1 cells (2 X 10° cells/mL) to a final 30 nM
concentration and allowed to incubate for 40 min at 37 °C. Buffer
without PrBCM was added to control cells. After a 3-fold dilution of
the medium with Hepes buffer at 20 °C, centrifugation at 1000 rpm
for 5 min, and supernatant removal, cell pellets were washed by
resuspension in 200 vol of buffer and centrifuged again. Final cell
suspensions, at an appropriate density, were kept on ice until further
use.

BHINMS Binding Assays. Nearly confluent cells were harvested
using a Versene solution (PBS + S mM EDTA), washed with Hepes
buffer, and pelleted by centrifugation at 1000 rpm for S min before
suspension at an appropriate dilution. [*H]NMS binding was carried
out in Hepes buffer at 20 °C, using whole cells stably expressing the
EGFP(A17)hM1 receptor. Separation of bound from free radioactivity
was achieved by filtration through Whatman GF/B glass-fiber filters
presoaked with 0.2% polyethyleneimine. Tubes and filters were rinsed
three times with ice-cold 25 mM Tris-HCl buffer (pH 7.4) before
determination of bound radioactivity by liquid scintillation counting.
Nonspecific binding was determined in the presence of 10 M
atropine.

Competition-type experiments were performed on EGFP(A17)-
hM1 cells (typically 60 000 per assay) with 0.1 nM [*H]NMS, unless
otherwise stated, and various concentrations of test compounds.
Incubation lasted for 22 h at 20 °C in a 1 mL final volume. Under such
conditions, total bound [*H]NMS did not exceed 10% of total added
radioligand and nonspecific binding was low (less than 5% of total
binding). When adding drugs diluted in DMSO, we verified that the
highest solvent concentration in the incubation medium (1%, v/v) did
not affect tracer binding. Data are expressed as B/B, ratios, where B,
(set as 1) and B refer to specific [’H]NMS binding in the absence and
the presence of competitors, respectively.

Dissociation-type experiments were performed at 25 °C usin%
EGFP(A17)hMI cells, according to a previously described protocol.®
A 100-fold concentrated cell suspension (60 000 cells per 10 uL) was
preincubated for 30 min with 3 nM [H]NMS in the absence (total
binding) or the presence (nonspecific binding) of 10 uM atropine,
then kept on ice. The 10 uL aliquots of both prelabeled cell batches
were added to a series of test tubes filled with 1 mL Hepes buffer (at
25 °C) containing 10 uM atropine alone or combined with a test
compound at various concentrations. At given dissociation time points
(usually set between 1 and 3 [PH]JNMS dissociation half-lives), the
reaction was stopped by rapid filtration, allowing the quantification of
residual specific [*H]NMS binding (B values). Specific [*H]NMS
binding a time 0 (B,) was determined in parallel through direct
filtration of extemporaneously diluted (in ice-cold buffer) prelabeled
cell samples (10 uL). All off-rate experiments, presented as B/B,
versus dissociation time, fitted a monoexponential time course with a
characteristic kg rate constant.

Fluorescence Resonance Energy Transfer (FRET) Based
Binding Assays. Data were collected from cell suspensions (10°
cells/mL) placed in a 1 mL quartz cuvette (with magnetic stirring)
maintained at 20 °C, using a Fluorolog 2 spectrofluorimeter (Horiba
Jobin-Yvon). Specific binding of fluorescent tracers to EGFP(A17)-
hM1 expressing cells was monitored, in real-time or at equilibrium,
through atropine-dependent variations in EGFP emission at 510 nm
(excitation set at 470 nm).

Equilibrium binding assays consisted of incubating cells with
increasing (saturation experiments) or fixed (competition experi-
ments) concentrations of a fluorescent tracer, in the absence or the
presence of various concentrations of unlabeled drugs. Incubation
proceeded for 4 h at 20 °C (unless otherwise stated) in test tubes (1
mL final volume) before transfer of the medium into the quartz
cuvette for fluorescent readouts of EGFP emission.

Time-based monitoring of tracer binding consisted of continuous
fluorescence recordings of EGFP(A17)hM1 cells before and following
the addition of the fluorescent probe (4 uL of a 250-fold concentrated
DMSO stock). Once equilibrium was reached, tracer dissociation was
initiated by adding atropine (20 #M), alone or in the presence of other
compounds, to the cell suspension and fluorescence was recorded over
time until full recovery of EGFP emission.

The FRET signal associated with specific binding of a fluorescent
probe to MI receptors was defined as the difference in fluorescence
levels of cells incubated with the tracer alone or together with 20 yM
atropine.

Molecular Modeling. Sequence alignment and homology
modeling were performed using MOE 2009.10 with default settings
(Chemical Computing Group Inc., Montreal, Canada). Constraints
were manually set to guide the sequence alignment in order to avoid
the introduction of gap in the TM regions and to fix the disulfide
bridge between Cys98 in TM3 and Cys178 in ECL2 (sequence
alignment is provided in Supporting Information Figure S3). A first
model of the full M1 receptor (residues Gly29-Cys43S) was obtained
by homology to the dopamine D3 template (PDB entry 3PBL, chain
A). This model was edited using SYBYL-X, version 1.3 (Tripos, Inc.,
St. Louis, MO, U.S.), to replace the ECL2 loop by fragments extracted
from the structures of the human f2 adrenergic (ADRB2) and
adenosine 2A (AA2A) receptors. More precisely, the Leul62-Gln177
segment of the M1 model was replaced by the GIn170-Cys190
segment of the A chain of the 2RH1 PDB file and the Cys178-Pro187
segment of the M1 model was replaced by the Cysl166-Asnl75
segment of the A chain of 3EML PDB file. The chimeric structure
constituted the template for the second round of M1 homology
modeling using MOE 2009.10. The third intracellular loop (ICL3) of
the M1 was removed using SYBYL-X, version 1.3, and the termini
were capped with ACE and NME residues. The M1 model was energy
minimized using AMBERY (University of California, San Francisco,
CA, USA) (Supporting Information Figure S2).

The 3D structures of AC-42 and para-LBR-AC42 were generated
using Corina, version 3.1 (Molecular Network GmbH, Erlangen,
Germany), from a 2D sketch drawn using Marvinsketch (Marvin-
Beans, version 5.3.01, ChemAxon, Budapest, Hungary). Ternary amine
groups were assigned a positive charge, sulfate groups a negative
charge. The flexible alignment of molecules was performed using
SurflexSim, version 2.6 (BioPharmics LCC, San Mateo, CA, U.S.).
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