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Abstract—This Letter describes the synthesis and SAR, developed through an iterative analogue library approach, of a novel series
of selective M1 mAChR antagonists for the potential treatment of Parkinson’s disease, dystonia and other movement disorders.
Compounds in this series possess M1 antagonist IC50s in the 441 nM–19 lM range with 8- to >340-fold functional selectivity versus
rM2–rM5.
� 2007 Elsevier Ltd. All rights reserved.
The muscarinic acetylcholine receptors (mACHRs) are
members of the G protein-coupled receptor (GPCR)
family A that mediate the metabotropic actions of the
neurotransmitter acetylcholine.1,2 To date, five distinct
subtypes of mAChRs (M1–M5) have been cloned and
sequenced. M1, M3, and M5 activate phospholipase C
and calcium through Gq whereas M2 and M4 block
the action of adenylyl cyclase through Gi/o.1,2 The cho-
linergic system, mediated by mAChRs, plays a critical
role in a wide variety of CNS and peripheral functions
including memory and attention mechanisms, motor
control, nociception, regulation of sleep wake cycles,
cardiovascular function, renal and gastrointestinal func-
tion, and many others.1–4 As a result, agents that can
selectively modulate the activity of mAChRs have the
potential for therapeutic use in multiple pathological
states. However, due to high sequence conservation
within the orthosteric binding site of the five mAChR
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subtypes, it has been historically difficult to develop
mAChR subtype selective ligands.1–5

To date, the majority of reported muscarinic antagonists
are unselective, such as a scopolamine, 1.6 Recently, pir-
enzapine, 2, has emerged as a relatively selective M1
receptor antagonist (20- to 50-fold versus M2–M5)
and there are numerous reports of moderately selective
M3 antagonists (20- to 50-fold versus M2) such as 3.7

Interestingly, the most selective M1 antagonist, MT7,
4, the 65 amino acid peptide (>1000-fold versus M2–
M5) was derived from venom extracts of the green
mamba snake (Fig. 1).8 Based on brain expression and
cellular localization, data from mAChR knock-out
mice, and clinical trials with muscarinic agents, the M1
mAChR subtype is an attractive molecular target for
the treatment of Alzheimer’s disease (AD), Parkinson’s
disease (PD), and dystonia due to its role in cognition
and motor control.9 Indeed, pan-muscarinic agonists,
such as the M1/M4 preferring xanomeline, showed effi-
cacy in Phase III clinical trials in AD patients; however,
activation of peripheral M2 and M3 receptors led to
intolerable adverse side effects.10 Moreover, anti-cholin-
ergic agents have also demonstrated efficacy in both PD
and dystonia patients, and this benefit is believed to be
derived from antagonism of the M1 mAChR subtype;
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Figure 1. Structures of representative mAChR antagonists.

Figure 2. HTS leads 5 and 6, rM1 antagonists with selectivity versus

rM4 of �10-fold in the primary assays.
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however, the relative contributions from M4 are
unclear.1–10 In order to probe the role of M1 antagonism
as a potential therapeutic approach for Parkinson’s dis-
ease, dystonia, and other movement disorders, potent
small molecule mAChR antagonists are required with
a high degree of M1 versus M4 selectivity for study in
preclinical models.

The Vanderbilt Screening Center for GPCRs, Ion Chan-
nels and Transporters, and the companion Chemistry
Center, were established as members of the Molecular
Libraries Screening Center Network (MLSCN) initiated
and supported by the NIH Molecular Libraries Road-
map.11,12 The MLSCN is a nationwide consortium of
facilities that provide high-throughput small molecule
screening and medicinal chemistry expertise for the
development of chemical probes for use as tools to ex-
plore biological targets/pathways for which small mole-
cule tools are unavailable.12 One such target which lacks
the appropriate small molecule tools are the muscarinic
acetylcholine receptors (mAChRs).1–10

Based on this unmet need in the scientific community,
our MLSCN Center initiated an effort to identify potent
small molecule mAChR antagonists with high specificity
for M1 for use as a chemical probe and lead for further
optimization toward a novel therapeutic. Toward this
goal, we optimized a real-time cell-based calcium-mobi-
lization assay employing a rat M1/CHO cell line (Z 0

averaged 0.7), screened a 63,656 member MLSCN com-
pound library, and identified 2179 primary M1 antago-
nist hits.13 Of these primary hits, 1665 were available
from Biofocus-DPI for re-test, and duplicate testing
afforded 723 confirmed hits (43%). These compounds
were then counter-screened against an mGluR4/CHO
cell line which eliminated 9 hits. The remaining com-
pounds were tested in triplicate in 10-point concentra-
tion–response curves against both rat M1/CHO and
rat M4/CHO cells to identify compounds with �10-fold
selectivity for M1 versus M4, our initial cutoff for a lead.
While the vast majority of compounds displayed no
selectivity for M1 versus M4, we identified two related
structures based on a N-(4-(4-ethylpiperazin-1-yl)phenyl
amide scaffold, 5 (rM1 IC50 = 0.49 lM, rM4 IC50 =
7.9 lM) and 6 (rM1 IC50 = 0.58 lM, rM4 IC50 =
5.1 lM), which displayed �16- to �9-fold selectivity,
respectively, for rM1 versus rM4 and displayed compa-
rable inhibition of human M1 (Fig. 2).

Analogues of 5 and 6 were synthesized in a library for-
mat according to Scheme 1. Both requisite anilines 7
and 8, 3-chloro-(4-(4-ethylpiperazin-1yl)aniline and (4-
(4-ethylpiperazin-1yl)aniline, were commercially avail-
able and acylated under standard conditions employing
polymer-supported reagents and scavengers to afford
24-member libraries of analogues 9 and 10, respec-
tively.14 In the initial lead optimization phase, we pre-
pare a 24-member library employing a diversity set of
acid chlorides containing aromatic, alphatic, polar, ba-
sic, and acidic moieties in order to rapidly probe the
breadth and scope of the SAR; subsequent libraries will
be more focused. As the chemistry was straightforward,
we elected to re-synthesize the parent compounds 5 and
6 within the library. All analogues were purified by
mass-guided HPLC to analytical purity.15 Surprisingly,
all analogues 10, as well as the re-synthesized parent 6,
were found to be inactive on rM1. Moreover, upon re-
synthesis in the library, 5 lost considerable efficacy as
an M1 antagonist (rM1 IC50 = 13 lM), but still dis-
played �10-fold selectivity versus rM4 (IC50 >
150 lM).16 Not surprisingly, analysis of the original
screening samples 5 and 6 indicated that there were sev-
eral impurities in the wells, and we elected not to pursue
a complex deconvolution exercise. Despite these find-
ings, the strategy of employing library synthesis and
exploding SAR around a primary HTS hit proved
advantageous for 5, as analogues 9 proved to possess
intriguing mAChR selectivity profiles.



Table 1. Structures and mAChR activities of analogues 9

N N

Cl

HN
R

O
9

Compound R M1 IC50
a (lM) M2 IC50

a (lM) M3 IC50
a (lM) M4 IC50

a (lM) M5 IC50
a (lM)

5 13.2 >150 >150 >150 >150

9a >150 >150 >150 >150 >150

9b 4.6 >150 >150 >150 >150

9c 5.0 >150 >150 66 >150

9d
F

5.6 >150 >150 >150 >150

9e
Ph

1.15 29 24 20 13

9f Ph 1.1 52 70 18 7.6

9g O
Ph 3.3 >150 >150 >150 >150

9h O Ph 18.8 >150 >150 >150 >150

9i 0.44 3.5 3.1 >150 1.1

9j >150 >150 >150 >150 >150

a IC50s are an average of three independent experiments using rat mAChR (CHO) cell lines.
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Table 1 highlights SAR and mAChR selectivity for ana-
logues 9 of HTS hit 5. In general, SAR was rather flat
for this series. Truncation of the pentyl side chain of 5
to simpler aliphatic chains, such as n-propyl 9a, led to
a total loss of rM1 antagonist activity. Cyclization to
form a cyclohexyl ring, as in 9b, afforded a selective
rM1 antagonist (rM1 IC50 = 4.6 lM, >32-fold selective
versus rM2–rM5), and a 3-fold increase in potency rela-
tive to HTS lead 5. The phenyl analogue 9c maintained
M1 activity relative to 9b, but mAChR selectivity at
rM4 began to erode. However, conversion to a benzyl
moiety 9d once again maintained rM1 activity (rM1
IC50 = 5.6 lM) and also displayed >26-fold selectivity
for rM2–rM5 (IC50s > 150 lM). Further chain homolo-
gation to the phenethyl congener 9f afforded a low
micromolar potency rM1 antagonist (rM1
EC50 = 1.1 lM) with high mAChR subtype selectivity
(47-fold versus rM2, 63-fold versus rM3, 16-fold versus
rM4 and 6.9-fold versus rM5). Introduction of a cyclic
constraint in the form of a cyclopropyl moiety in the
phenethyl chain as in 9e provided a compound with an
in vitro profile roughly equivalent to 9f. Incorporation
of an oxygen atom in the phenylether as in 9g provided
an M1 antagonist of modest potency (rM1
IC50 = 3.3 lM), but with >45-fold selectivity versus
rM2–rM5 (Fig. 3). Replacement of the phenyl moiety
with a cyclopentyl group afforded compound 9i, with
an rM1 IC50 of 441 nM and with >340-fold selectivity
versus M4, but modest selectivity versus rM2, rM3,
and rM5 (7.9-fold, 7-fold, and 2.4-fold, respectively).
Compound 9i possessed the potentcy requirements for
an MLSCN M1 antagonist probe molecule (affinity/
activity >500 nM) as well as the required selectivity
(>10-fold selectivity) versus rM4 (>340-fold selectiv-



Figure 4. Concentration–response curves for 9i on rat M1–M5.

Compound 9i displays 7.9-fold selectivity versus M2, 7-fold selectivity

versus M3, >340-fold selectivity versus M4, and 2.4-fold selectivity

versus M5. Curves represent the average of three separate experiments.

Figure 3. Concentration–response curves for 9g on rat M1–M5.

Compound 9g displays >45-fold selectivity versus M2–M5. Curves

represent the average of three separate experiments.
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Scheme 1. Library synthesis of analogues 9 and 10. Reagents and

conditions: (a) i—PS-DCC, HOBt, RCOOH, ii—MP-CO3
2�, 62–98%

or (b) i—RCOCl, PS-DIEA, ii—PS-trisamine, 79–98%. All library

compounds were purified by mass-guided HPLC to >98% purity.15
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ity).11,12 When evaluated against other receptors and en-
zymes, 9i displayed no significant ancillary pharmacol-
ogy (see Fig. 4).

Our attention now focused on examining mAChR sub-
type selectivity in binding assays to determine if the
functional selectivity was mirrored in competition radi-
oligand binding experiments and to determine whether
9i was binding at the orthosteric versus an allosteric
binding site. For these experiments, we evaluated the
ability of 9i to displace [3H]-N-methylscopolamine
([3H]-NMS), an orthosteric radioligand, versus all five
mAChR subtypes with atropine as a positive control
(Fig. 5).17 In the event, 9i was shown to possess an
rM1 Ki of 12.7 nM with selectivity versus rM2–rM5
(6- to 35-fold) and atropine controls demonstrated
pan-mAChR antagonism as anticipated (Table 2). Grat-
ifyingly, the functional rM1 versus rM4 selectivity was
Figure 5. [3H]-NMS competition binding experiments for 9i on rat

M1–M5. Compound 9i displays 27-fold selectivity versus M2, 6-fold

selectivity versus M3, 35-fold selectivity versus M4, and 7-fold

selectivity versus M5. Curves represent the average of three separate

experiments.

Table 2. Ki determinations and binding fold selectivity for 9i

N N

Cl

HN

O

9i

mAChR 9i Ki
a (nM) Fold selectivity

(vs M1)

Atropine Ki (nM)a

M1 12.7 ± 1.7 0.88 ± 0.04

M2 338.0 ± 13.5 27 2.69 ± 0.20

M3 74.8 ± 4.3 6 0.96 ± 0.03

M4 445.1 ± 23.8 35 0.56 ± 0.01

M5 85.7 ± 15.9 7 1.80 ± 0.11

a Kis are an average of three independent experiments using rat

mAChR (CHO) cell lines.



Figure 6. PI hydrolysis studies and Schild analysis for 9i on rat M1.

These data strongly support an orthosteric mode of binding for 9i.

Data represent the average of three separate experiments.
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mirrored in the radioligand competition binding experi-
ment, but the fold selectivity had diminished �10-fold.
We often observe shifts in potency and selectivity be-
tween binding and functional assays, and we view the
functional activity/selectivity as a more important mea-
sure of mAChR selectivity as a binding event does not
dictate a functional response, that is, mAChR
inhibition.

Phosphoinostitide (PI) hydrolysis studies and Schild
analysis were performed on 9i to confirm its activity in
an alternate signaling pathway modulated by M1 and
to further elucidate its binding mode. As shown in Fig-
ure 6, 9i causes a dose-dependent rightward shift of the
ACh concentration–response curve in a PI hydrolysis
experiment which translates in a Schild analysis to a
Kd of 10 nM and a slope of 0.98 ± 0.10. These data
strongly support the [3H]-NMS binding data and indi-
cate that 9i is an orthosteric M1 antagonist; however,
they do not rule out a binding mode wherein 9i partially
overlaps with the orthosteric binding site which could
account for the observed competitive binding with
[3H]-NMS and high rM1 versus rM4 subtype selectiv-
ity.17 Nor do these data rule out the possibility that 9i
is in fact binding to a non-overlapping allosteric site
which causes a conformational exclusion of the orthos-
teric ligand binding site. Mutagenesis and off-rate exper-
iments are planned to address these possibilities.

In summary, an MLSCN M1 antagonist chemical probe
development project afforded 9i, a selective rM1 versus
rM4 orthosteric antagonist which meets the criteria for
a small molecule MLSCN chemical probe. Our hit-to-
lead strategy of iterative library synthesis to explode
SAR and to re-synthesize HTS hits within the first gen-
eration libraries proved highly beneficial, as the intial
HTS ‘hits’ lost considerable activity upon re-synthesis
and evaluation. Had we employed a more traditional
approach wherein HTS ‘hits’ were first re-synthesized
and evaluated prior to generating analogues, these series
would not have been pursued further, and 9i would not
have been identified. Clearly, serendipity played a major
role in the success of this lead optimization strategy, but
this is a high risk approach that must be judiciously em-
ployed based on the chemistries involved, the assay
capacity, and the overall cost. Further refinements and
in vitro/in vivo pharmacology will be reported for this
class of M1 antagonists in due course.
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