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ABSTRACT: Many studies and experiments suggest the muscar-
inic M receptor (MsR) as a potential target for the clinical
treatment of drug abuse, schizophrenia, or Alzheimer’s disease. In
the present study, a library containing 39 novel hMR antagonists
based on an arecaidine (tetrahydropyridine) core was synthesized,
pharmacologically characterized in radioligand competition binding
or mini-G protein assays and analyzed in molecular docking studies
to elucidate their binding modes and in vitro characteristics.
Compound 56m showed low single-digit nanomolar affinity on
hMiR combined with a 17-fold selectivity over hM,R, while
compound 81d displayed good affinity on hM;R with a 3- to 12-fold
selectivity over the other subtypes. Induced fit docking studies
suggest the conserved Y2.60 and hMR-unique Q45.51 as the
responsible amino acids regarding affinity and selectivity.
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B INTRODUCTION

Drug discovery has taken a lot of inspiration from nature; many
approved drugs are directly found in nature or derived from
compounds present in plants, animals, or fungi.' ~* Examples are
scopolamine and atropine, tropane alkaloids, found in atropa
bella-donna, which all are still used in modern medicine.>®
Among the ligands for the muscarinic receptors, a wide range of
natural compounds and their derivates are known. Tropane
alkaloids like scopolamine and atropine served as lead
compounds for the launched drugs tiotropium and ipratropium
bromide. Both antagonize muscarinic receptor activity and are
essential for the treatment of chronic obstructive pulmonary
disease (COPD) and asthma.”® Among the agonists for the
muscarinic receptor family, the fungus toxin muscarine found in
amanita muscaria and arecoline found in areca catechu are the
most prominent ones.”**™'° Xanomeline, which has a similar
core structure as arecoline, is an unselective muscarinic receptor
agonist and approved to treat schizophrenia in combination with
the tropane alkaloid trospium chloride (Figure 1A).'°”"
Examples of launched muscarinic receptor antagonists are
pirenzepine, darifenacin, and umeclidinium bromide, which are
used in the treatment of ulcers, overactive bladder, and COPD,
respectively.””"*!

The muscarinic receptor family M,R consists of five subtypes
1—5 and is a widely known and popular target class for drugs due
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to their ubiquitous expression throughout the body and their
various physiological effects.””~” Muscarinic receptors belong
to the class A G protein-coupled receptors (GPCRs).”® MR,
M;R, and MR are mainly coupled to the G, protein, which
stimulates the PLC-f pathway upon receptor activation and
downstream increases intracellular calcium levels in the
cytoplasm.”*~>>**7>! In contrast to that, M,R and M,R mostly
couple with the G; protein, which leads upon stimulation to
deactivation of adenylyl cyclase and therefore decrease the
activity of cAMP-dependent protein kinase.”*>>*%*! Out of all
five subtypes, MR is the least studied one with no approved
drug on the market yet.”>*” Additionally, its crystal structure was
resolved quite late in 2019, while the structures of the other
subtypes were resolved 2016 or earlier.”* ™ Histologically, MsR
is mainly found within the central nervous system, with the
substantia nigra pars compacta and ventral tegmental area
having the highest prevalence. This makes it the only muscarinic
receptor subtype detectable in the midbrain, where it modulates
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Figure 1. A: Structures of arecaidine, xanomeline, 10, 13, umeclidinium bromide, pirenzepine, VU6019650 (4), diphenhydramine, doxylamine, and
carbachol.”'7"7*?179% B; Reported radioligand binding affinities of the antagonists 10, 13, umeclidinium bromide, pirenzepine, VU6019650 (4),
diphenhydramine, and doxylamine displayed in grouped columns.”"”**'~** *No radioligand binding affinity values have been published in the
literature for cpd. 4 on hM,_,R. Published functional ICy, values: AM,R = 4384 nM and hM,R = 36 nM.”"

. . . . 24,29,30,36—41
the dopamine signaling of dopaminergic neurons. In

various studies with KO-mice or previously reported modulators
of the receptor, MR influences cerebral blood flow, mice
memory, and the dopamine-dependent reward cycle produced

by addictive substances.’®****~** Based on these findings, M{R
holds potential for an application in the treatment of drug

addictions, schizophrenia, or possibly Alzheimer’s dis-

ease. ! 020304049755 Worldwide, roughly 64 million people
were diagnosed with a substance use disorder and about 55
million people were living with dementia in 2022; both numbers
are predicted to rise in the future.**"** During the treatment of
substance use disorders, patients often struggle with intense
withdrawal symptoms, which lead to increased relapses and
treatment discontinuation.”® Providing a tool or rather a drug to
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Figure 2. A: Amino acid alignment with generic Ballesteros—Weinstein numbering for potential orthosteric (o, yellow) and allosteric (a, green)
binding sites of all five M,R with all differences in amino acids highlighted in red.®> The allocation of the amino acids to the respective pockets was
based on exemplary induced fit docking poses. B: Exemplary docking pose of 56m on hM;R with crucial amino acids displayed and the orthosteric
binding site highlighted in yellow and the allosteric binding site in green. The amino acids were numbered according to the generic Ballesteros—
Weinstein nomenclature obtained from the GPCR database (www.gpcrdb.org), see Figure S137 in the Supporting Information.*>*®
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Scheme 1. Synthesis of the Modified Arecaidine Core Structure”
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“Reagents and conditions: a) NaH, PhNTf,, THF, 0 °C to rt, 24 h; b) R>-B(OH),, Pd(PPh;),, 2 M aq. Na,CO,, THF, 65 °C, 2—4 h; c) TFA,
DCM, 0 °C to t, 4—18 h; d) Paraformaldehyde, NaCNBH;, EtOH, rt, 18 h; e) Ethyl iodide, dry K,CO5, EtOH, 0 °C to rt, 26 h; f) 10% aq. KOH,
EtOH, rt, 18 h; For more details and yields see the Supporting Information.

lessen such a burden on the patient would be clinically valuable
and improve the efficacy of the treatment greatly. For the
treatment of Alzheimer’s disease, several drugs, such as
acetylcholinesterase inhibitors (rivastigmine, galantamine, and
donepezil) and a NMDA receptor antagonist like memantine,
have been established in clinical use.*”*® However, the clinical
benefit of these drugs is rather small and only delays disease
progression.61

For the clinical evaluation of M;R as a therapeutic target for
the treatment of drug addiction or Alzheimer’s disease, a truly
selective and affine M;R antagonist is highly required as a tool
compound. The muscarinic receptor family is known to be a
challenging target family in terms of selectivity among its
subtypes.””***> Most commercially available drugs targeting
M,Rs are not truly selective and bear a concomitant affinity
toward at least one other subtype (Figure 1A,B). This is due to
their high overall homology of about 50% depending on the
subtype and up to 100% for the orthosteric binding site (Figure
2A).°7% Especially the orthosteric binding sites barely differ in
relevant amino acids, therefore making addressing the allosteric
binding sites even more attractive (Figure 2A).°*°° These
differences in amino acids have been utilized to develop positive
and negative allosteric modulators for MR and subsequentially
lead to the development of potential antagonists like compound
VU6019650 (4, Figure 1A).*%*%*%*"73 To examine and
elucidate the physiological effect of MR, an orthosteric
antagonist would be more suited, because it decreases receptor
activation without depending on the endogenous ligand
acetylcholine (ACh). However, due to the difficulty presented

by the high orthosteric homology, developing a bitopic ligand to
address allosteric sites for selectivity and orthosteric sites for
affinity became a promising approach (Figure 2B).*”7*~77 A
known unselective agonist for the muscarinic receptors is
xanomeline, which contains a N-methylated 1,2,5,6-tetrahy-
dropyridine ring like the naturally occurring MR agonist
arecaidine (Figure 1A).>”"'~"#'%!” The introduction of a bulky
moiety at the 4-position of this tetrahydropyridine core turns the
agonist into an antagonist on M,Rs.”®

Reported MR antagonists 10 and 13 by Zheng et al., based on
the substituted tetrahydropyridine and naturally occurring
tyrosol, showed promising results in terms of selectivity and
physiological affinity (Figure 1A,B).”%7 Starting from com-
pounds 10 and 13, various moieties were altered and
pharmacologically characterized regarding their influence on
affinity, selectivity, and activity at M;R and MR using
radioligand competition binding and mini-G protein assays.
To obtain a full selectivity profile, the most promising
compounds were screened on all MR subtypes for affinity
and on other exemplary aminergic receptors for activity.
Additionally, induced fit docking studies were chosen to
elucidate the binding mode of the compounds and identify
crucial amino acids, relevant for binding and selectivity at hM;R
and hMR.* 7% With the data obtained from all those
experiments, the structure activity and affinity relationships
(SARs) were discussed to obtain a larger understanding of the
binding mode and its influences on affinity and selectivity and
how the tetrahydropyridine-based compounds could be used or
further optimized in the future.
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Scheme 2. Synthesis Pathways
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“Reagents and conditions: a) I—Ar, Cul, picolinic acid, K;PO,, DMSO, argon, 80—90 °C, 18 h; b) Br-R*, dry K,CO;, MeCN, reflux, 18—72 h; c)
F-R*, dry K,CO,, DMF, 120 °C, 18 h; d) (i) F-R?, dry K,CO,, DMF, 80 °C, 18 h; (ii) acetamidine x HCl, HATU, DIPEA, DMF, rt, 8 h; (iii)
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Paraformaldehyde, NaCNBH;, AcOH, EtOH, rt, 18 h; j) Boc,O, THF, rt, 18 h; k) Br,, NaHCO;, CHCL,, 0

°C, 3—4 h; 1) CuBr, DMF, 25%

NaOMe in MeOH, 120 °C, 18—72 h; m) HS-Ph, Cul, picolinic acid, K;PO,, DMSO, argon, 80—90 °C, 18 h; n) NFSI, H,0, rt, 18 h; 0) BocNH-
R*, Cul, picolinic acid, K3PO,, DMSO, argon, 90 °C, 21 h. For more details and yields see the Supporting Information.

Scheme 3. Synthesis of the Target Compounds 10, 13, 30a—e, 33-37, S6a—o, 70a—g, 81a—f, and 83"
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Table 1. Binding Data of the Compounds 10, 13, 30a—e, 33-37, S6a—o, 70a—g, 81a—f, and 83 on Human Muscarinic M, and M,

Receptors”
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56 M H /\©\ o| o 05
& ¢ ; o [4] [4]
o/
56h Me H o o 255+ 60 120+ 16 21
_ [4] [4]
O
. [e} : 321 +£62 537 £ 86
56i Me @ H ; (6] (6] 3] 4] 0.6
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Table 1. continued

“Radioligand competition binding assay with CHO cells expressing hM;R or hMR, values represent mean binding affinity + SEM from N

K; [nM] £ SEM AMsR
M selectivity
Ki(hMR)/
Cpd. R [ R R’ R Y MR MR Ki(hMsR)
N 8.140.9 15£3
56 Me H S 0 0.5
) £ l_ 5] 3]
N 42404 8.6+2.1
56k Me H N 0 0.5
; . (5] (3]
33+0.4 43+04
561 Me H \ 0 0.8
; _n (3] 3]
2.6+0.3 20402
M [9 H A@ 1.
56m e s (6] (5] [4] 3
[o e}
=N
Ny
236 +25 319+ 50
56n Me H 0 0.7
; /\é\ [4] 3]
NO,
=
Y 155+ 12 63+7
560 Me H 0 25
; /\é\ 3] [4]
S/
oo
415+ 88 413 +58
70a Me NO o) 1.0
; : /\/\O [4] 3]
) 578 438 477+52
70b Me NHMe 0 12
/\/\© [4] [4]
599 + 44 267+ 15
70¢ Me NMe o) 22
; ? /\/\© 3] 3]
) 452 +70 259 +29
70d Me OMe 0 1.7
A/\© [4] [3]
X 250+ 11 141 £ 13
70e Me OMe N o 1.8
; . (3] [4]
15217 124 +13
70f Me OMe \ 0 12
; _n [4] 3]
110 +21 5449
70g Me @ OMe A@L//S\\/ 0 4] Bl 20
(XN}
\ 3042 2746
81a Me H S 1.1
k@ [3] [4]
) 77+5 170+ 16
81b Me H SO 0.5
/\© [3] [3]
181 £36 232 + 48
81c Me H SO 0.8
% A@ : 3] 3]
11445 3549
81d Me H NH 33
A/\© [4] [3]
266 +22 145 + 25
8le Me H NMe 1.8
/\/\© [3] [3]
141 10+3
81f M H &CL NH 1.4
¢ ; sC 3] 3]
[OlNe]
H
2 " 173+ 19 142 +24
+ +
83 M\j O\ / 12
= o O//S\\o [3] [4]
!

independent experiments, each performed as triplicates. *Previously published compound synthesized as described in the literature. Published K;
values for 10 (hM,;R: 3290 nM; kM R: 470 nM) and for 13 (hkM,R: 25,300 nM; hM;R: 2240 nM).”” bCompound 81a was only 94% pure as

determined by HPLC.
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Figure 3. Induced fit docking poses of hMsR (PDB: 60L9) with 35 (A), 34 (B), 56j (C), 56k (D), 561 (E), or 56m (F) in the binding pocket.
Important amino acids interacting with each compound are highlighted, and relevant hydrogen bond interactions are displayed as yellow dashed lines.
The cartoon representation of TM3 was hidden to allow a better view on the interactions.

Bl RESULTS AND DISCUSSION
Chemistry

All compounds were synthesized analogous to known protocols
reported in the literature or described in the Supporting
Information.”” The arecaidine derivatives 9, 12, 17, 21, 25, and
29 were prepared using a modified synthetic procedure adapted
from the literature (Scheme 1).”” Starting from tyrosol or other
commercially available building blocks, the side chains 31, 32,
38-51, 55, 58, 61, 63, 66—69, 71—73, 75, 77, 79, and 82 were
prepared (Scheme 2). These side chains were then coupled with
the carboxylic acid 9, 12, 17, 21, 25, and 29 using EDC and
DMAP to afford the final compounds 10, 13, 30a—e, 33—37,
56a—o, 70a—g, 81a—f, and 83 (Scheme 3).
Pharmacology and Docking

hM;R Affinity and Receptor Subtype Selectivity. The K;
values of all target compounds (4, 10, 13, 30a—e, 33—37, S6a—
o, 70a—g, 81a—f, and 83) were determined in competition
binding studies on CHO cells expressing hMsR or other
subtypes (hM,;_,R) using [*H]-N-methylscopolamine ([*H]-

NMS) as a radioligand. Due to the high structure similarity
between hM R and hM;R with 55% overall sequence homology
and 89% for the ortho- and allosteric binding pocket, MR was
used as a primary marker for subtype selectivity of all ligands.**
Subsequently, the influence of various moieties and substituents
on binding affinity and selectivity of the compounds was
investigated. The first step in altering the arecaidine core was
replacing the ethyl substituent (R') on the tertiary amine
present in reported compound 10 by a smaller methyl group
(30a). This modification resulted in a slight gain in affinity at
hMR, while the affinity for hM;R was not affected (Table 1).
The methyl group was kept constant at the amino function. It is
important to note that the obtained data for reported
compounds 10 and 13 in our assay match well with the
published affinities on KM R but not on hM,R, indicating them
as nonselective compounds in the assay setup of the present
study (Table 1). The series of compounds with variations of the
aromatic moiety at R* (30b-30e) displayed no improvements in
affinity or selectivity. Exchanging the methyl group of the ether
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function (R*) of compound 30a by a phenyl group (34) resulted
in a 4-fold decrease in affinity in the case of both receptors.

Next, the influence of the alkyl linker length between the ester
group and the phenyl ring on the M;R and MR affinity was
investigated. The propyl linker present in 34 was shortened to an
ethyl spacer in 35. This modification resulted in 9- and 33-fold
increases in affinity for M;R and MR, respectively, leading to a
balanced dual MR and M;R ligand (Table 1). Docking studies
suggested that the phenyl moiety at R* of compound 35 with the
shorter linker might be able to interact more with the tyrosine lid
(Y3.33,Y6.51, and Y7.38) and tryptophane W7.34 present in all
muscarinic subtypes (Figure 3A,B). A similar but less
pronounced trend was observed in the case of compounds 13
(ethyllinker) and 33 (propyl linker). Replacing the ester with an
amide group (compound 37) resulted in a complete loss in
binding affinity. The increased rigidity and different hydrogen-
bonding profile of an amide moiety do not seem to be
compatible with the bulky phenyl tetrahydropyridine core in this
case.

Considering these results, the phenyl arecaidine derivative 12
was chosen as a core structure for all the following compounds
(Scheme 3). To improve the interaction with the tyrosine lid,
another aromatic moiety R* was introduced to the hydroxy
group of the tyrosol moiety (Table 1). Bulky and lipophilic
substituents like 1- (56a) and 2-naphthyl (56b) were less
favorable and decreased affinity on both subtypes. When the R*
substituent was elongated to a benzyl moiety 56¢, binding
affinities decreased but then returned to similar values as 35 in
the case of the longer phenyl ethyl derivate 56d (56d: K, (hM;R)
= 32 nM, Table 1). Additionally, the phenylethyl derivative
showed no preference for M;R (hM;R/AMR ratio: 1.4).
Introducing methoxy substituents on varying positions of the
ring always led to a decrease in affinity on MR (S6e: ortho, K;
(hMR) = 184 nM; S6f: meta, K; (hMR) = 165 nM; and S6g:
para, K; (hMR) = 62 nM), with para being the least detrimental
position. At MR, however, only the ortho-substituted 56e led to
a decrease in affinity, while 56f and 56g maintained affinity
compared to 35 (56e: ortho, K; (hM;R) = 168 nM; 56f: meta, K
(hM,R) = 33 nM; and 56g: para, K; (hM,R) = 30 nM). When
introducing methoxy groups in the ortho and para position at
the phenyl ring at R* (56h), the loss of affinity was less
pronounced compared to the ortho methoxy-substituted S6e,
but MR preference was unexpectedly improved (56h: K;
(hMR) = 120 nM, hM,R/hM;R ratio: 2.1). Bulkier substituents
in the ortho position, like in 56i, were too large despite their
potential for multiple 7—7 interactions as indicated by the
decrease in affinity compared to 35 and S6e.

In the next step, a pyridine ring was used as R*, and while
analyzing the influence of the substitution pattern, a similar
trend as previously mentioned (56e-g), with the meta- and para-
substituted derivates being favored, was noticeable. Providing a
suitable hydrogen bond acceptor in the para position (561)
increased affinity nearly 10-fold (56j: ortho, K; (hMR) = 15
nM; 56k: meta, K; (hM;R) = 8.6 nM; and 56l: para, K; (hMR) =
4.3 nM). Computational induced fit docking revealed a potential
new hydrogen bond interaction of the pyridine nitrogen with
‘W?7.34, whose orientation and distance were depending on the
substitution pattern of R* (Figure 3C—E). This W7.34 is
conserved among all subtypes, leading to a similar increase in
affinity to a low nanomolar range on hMR as well (Table 1).
Additionally, due to the large allosteric binding pockets of
muscarinic receptors, the distance between the pyridine
nitrogen of the docked 56l and the aromatic bound hydrogen

of W7.34 was not optimal. Thus, a larger more polar substituent
was necessary in the para position to form stronger hydrogen
bonds with the tryptophane. After examining the docking poses
and interactions of various virtual compounds, compound 56m
having a methyl sulfone moiety as a hydrogen bond acceptor at
the phenyl ring was synthesized. In the docking experiment, an
interaction of the oxygen atoms in the sulfone group with the
phenolic hydroxy group of Y2.60 was observed (Figure 3F). The
introduced methylsulfone substituent of 56m improved aflinity
to a low single-digit nanomolar range on both MR and M;R,
confirming the hypothesis of a hydrogen bond interaction at that
position (56m: K; (kM R) =2.0 nM, K; (hM,R) = 2.6 nM; Table
1). To increase MR preference, as seen in 56g, an additional
ortho substituent was introduced in 56n and 560 to potentially
address the hM;R-selective lysine K67.49 with a z-cation
interaction as predicted in induced fit docking studies. Both
compounds 56n and 560 lost affinity greatly, but 560, however,
displayed improved selectivity toward MgR (56n: hM;R/hM;R
ratio: 0.7; 560: K; (hMsR) = 63 nM, hM;R/hM;R ratio: 2.5;
Table 1). Therefore, the new nitro group and its polarized
oxygen atoms of 56n do not seem to form any beneficial
interactions with Y2.60 or the receptor overall. Contrary to the
nitro-substituted 56n, the methylsulfone substituent of 560
seems to allow the oxadiazol moiety in the ortho position to
properly address K67.49 and therefore increasing selectivity for
560 slightly.

Last, the influence of the tyrosol moiety connecting the
arecaidine-like core and terminal aromatic ring structure was
investigated. With tyrosol being a readily available precursor, a
substituent in the ortho position (R®) to the phenolic hydroxy
group was introduced first. Starting with the easily accessible
nitro-substituted compound and its reduced and methylated
amine derivatives, a negative influence on hM;R affinity was
observed for all three compounds (Table 1) compared to 56d.
However, compound 70c bearing the dimethyl amine showed
an improved preference toward AM;R (hM;R/hM;R ratio: 2.2)
compared to the other compounds. Introducing hydrogen bond
donors in that position is not favorable, but flexible acceptors,
like the dimethyl amine, might help to improve selectivity.
Compounds 13 and 33 were substituted with a methoxy group
at R3, which served as a potential hydrogen bond acceptor in that
position as well. Therefore, the new ortho-substituted tyrosol
moiety was combined with various terminal substituents (R*) to
investigate how their size and polarity influence affinity and
selectivity: compound 70d shows reduced affinity with a minor
improvement in selectivity but not as distinct as previously
observed with 70c (Table 1). Combining the methoxy-
substituted tyrosol with the previously affine hydrogen bond
acceptor containing the aromatic ring from 56k, 561, or S6m
yielded unexpected results: Contrary to the nonmethoxylated
counterparts, 70e demonstrated a similar affinity on hM R as its
para-substituted analogue 70f (70f: K;(hMsR) = 124 nM; 70e:
Ki(hM;R) = 141 nM). In terms of MR affinity, 70f was higher
than 70e (70f, K,(hM,R) = 152 nM, hM,R/hM;R ratio: 1.2;
70e, K,(hM;R) = 250 nM, hM,;R/hM;R ratio: 1.8). Based on
induced fit docking studies, the additional methoxy group causes
the ligand to shift, pushing the pyridine moiety (R*) away from
W7.34 toward the ECL2 amino acids Q45.51 and 145.52. The
pyridine nitrogen can form a new interaction with the amide NH
of one of the amino acids, but unlike before, the para- or meta-
substitution has no direct influence on this interaction.
Compound 70g, which is derived from the previously most
affine 56m, lost about 27-fold affinity but gained some selectivity
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A

Figure 4. A: Representative induced fit docking pose of the compound 81d with hM;R (PDB: 60L9). B: Representative induced fit docking pose of
the compound 81d with AM,R (PDB: SCXV). C: Overlay of the docking poses at hM;R (ligand: gray, receptor: red) and at hM;R (ligand: cyan,
receptor: pale green). D: Overlay with the subtypes hM ;R and hM;R as seen in C, but the orthosteric binding site is highlighted in yellow and the
allosteric binding site in green. Important amino acids are highlighted, and relevant hydrogen bond interactions are displayed as yellow dashed lines.

compared to its parent compound. The increased spatial
demand of the methoxy substituent positively influenced
selectivity but considerably decreased the affinity overall,
matching the results from 70a—c, all having substituents with
similar sizes.

The next step focused on the oxygen atom (Y) serving as an
ether bridge between the tyrosol partial structure and terminal
aromatic moiety. Hereby, the influence of other heteroatoms
and the effect of a hydrogen bond acceptor—donor swap were
investigated to elucidate whether it was possible to address the
unique Q45.51 or not: exchanging the ether to a sulfide (81a)
bridge did not significantly affect selectivity or affinity. However,
the sulfoxide and sulfone derivatives lead to a roughly 5-fold
decrease in affinity on both subtypes (Table 1). This might be
due to their different geometric angles or differences in size,
which can also influence how well the phenyl (R*) substituent
interacts with the receptor. Introducing a tertiary methylated
amine as bridge reduced affinity on both receptors but increased
selectivity slightly. The nonmethylated secondary amine in
position Y showed improved selectivity while maintaining
affinity (81d: K;(hMR) = 35 nM, hM,R/hM;R ratio: 3.3). For
compound 81f; this effect was not observed. The exchange of an
oxygen to a nitrogen atom only lowered affinity 5-fold without
providing any benefit toward selectivity compared to $S6m
(Table 1). Unlike 70c and its substitution on R’ position Y
favors secondary amines as seen in 81d and 81f as hydrogen
bond donors with leucine 5.34 over tertiary amines as pure
acceptors, respectively. After examining various binding poses of
81d in the docking studies, it was concluded that the gain in
selectivity stems from hydrogen-bonding interactions with
Q45.51 and the backbone carbonyl of L5.34. The flexible

amide side chain of Q45.51 helped in stabilizing the binding
mode as a hydrogen-bond donor, allowing the secondary amine
to directly interact with L5.34 (Figure 4A). At MR, these
hydrogen bonds with Q45.51 or L5.34 were not observed in the
docking poses, leading to the assumption that the lack of the
stabilizing hydrogen bond of Q45.51 or steric hindrance of
Y45.51 (M;_,R) or F45.51 (M;_,R) resulted in a different
orientation compared to Q45.51. Therefore, preventing the
formation of the hydrogen bonds as seen at MR (Figure 4B).
The glutamine at MR, however, is small and flexible enough to
accommodate this, resulting in a gain in selectivity toward MR
for 81d (Figure 4C). Since both amino acids L5.34 and Q/
Y45.51 are located in the allosteric binding site, compound 81d
can be considered as a bitopic binder (Figure 4D). To simplify
synthesis and access more options for derivatization, the central
4-aminotyrosol moiety was replaced with a 6-aminohexanol
linker in compound 83. Compared to 81f, this exchange lowered
the affinity about 14-fold, showing the necessity of the rigid
planar ring and its aromatic interaction with the receptor to
maintain affinity. In terms of selectivity, this linker exchange of
83 did not have any significant effect toward either of the two
subtypes.

While hM; R was suitable for a general selectivity screening, it
is important to investigate ligand affinities on all M,R subtypes
to avoid any unwanted binding and potential side effects.
Commercially available pirenzepine (Figure 1A) was used as a
reference compound in the in-house radioligand competition
binding assay, and all obtained affinities and resulting selectivity
are displayed in Table 2. The most promising ligands of this
series, reference compound pirenzepine, as well as reported
compounds 4 and 10, were screened on all five receptor
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Table 2. Binding Data of the Reference Compounds Pirenzepine, 4, 10, and 13 and the Compounds 35, 56¢, 56d, 56l-o, 70e, 70g,
81d, 81f, and 83 on all Five Human Muscarinic M, Receptor Subtypes”

cmpd hM;R hM,R
pirenzepineb 9.2+ 0.9 (0.1) 197 + 14 (2.7) [3] {501}
(3] {10}
4° 2119 + 146 439 + 44 (8.3) [4] {-}
(40.0) [3] {-}
10” 75+14(0.2) [3] 432 + 54 (1.0) [3] {2030}
{3290}
13° 4709 +778 (1.3) - {>100,000}
(4] {25,300}
35 30 + 2 (0.8) [3]
56¢ 125 + 14 (0.7)
(3]
56d 43+ 6 (1.4) [3] -
561 3.% w]_L 0.4 (0.8) 74 +9 (17.4) [3]
3
56m 2.? w]_u 0.3 (1.3) 34+ 4 (17.4) [4]
5
56n 23[6 ]—_0— 25(0.7) 134 + 12 (0.4) [3]
4
560 15[5]1 23 (2.5) 116 + 9 (1.8) [3]
3
70e 250 + 11 (1.8)
(3]
70g 10[9 ]'_0' 21 (2.0) 908 + 49 (16.9) [3]
4
81d 114+ 5(3.3) [4] 262 + 52 (7.6) [5]
81f 14+1(14)[3] 39+5(39)[4]
83 235 +31(1.7) [4]

“Radioligand competition binding assay with CHO cells expressing a singular /M, R, values represent mean binding affinity + SEM from N

K; [nM] + SEM (hM;R selectivity) K;(hM,R)/K;(hMgR), x = 1, 2, 3, 4 [N] {literature K; [nM]}""7*%*

173 £ 19 (1.2)
(3]

hM;R
248 +20 (3.4) [3] {158}

>1,000° (>19) [3 {-}

611 + 197 (1.4) [3] {4070}

>10,000 (>3) [3] {>100,000}

242 + 45 (6.7) [3]
489 + 43 (2.6) [3]

102 + 4 (3.2) [3]
6.1+ 02 (1.4) [3]

7.0 + 0.2 (3.6) [3]
482 + 29 (1.5) [3]
297 + 15 (4.7) [3]
1064 + 126 (7.6) [3]
272 + 47 (5.1) [3]

417 + 51 (12.1) [3]
28 +2(2.8) [3]
332 +9(2.3) [3]

hM,R
22 + 2 (0.3) [3] {100}

1337 + 264 (25.2) [4] {-}

298 + 16 (0.7) [3] {11,500}

- {>100,000}

9.1 +0.7 (2.1) [4]
3.8 + 0.4 (1.9) [3]
468 + 47 (1.5) [4]

243 + 37 (3.8) [4]

248 + 39 (4.6) [3]

251 +27 (7.3) [3]
33+7(33) [3]
121 + 10 (0.9) [4]

EMR
72 + 7 [3] {126}

53 + 12 [3] {68}
446 + 38 [3] {470}
3505 + 1135 [4] {2240}

36 + 6 [3]
189 + S1 [3]

318 + 50 [3]
63 +7[4]
141 + 13 [4]
5S4 +9[3]

35+9[3]
10 + 3 [3]
142 + 24 [4]

independent experiments, each performed as triplicates. bPreviously published compound purchased or synthesized as described in the

71,79,93 ¢

literature.

Compound 4 was not able to fully displace the radioligand from the receptor.

subtypes.”"”” The affinities of pirenzepine matched the reported
values well, except on hM,R, where it was slightly higher than
reported (Table 2). Compound 4 displayed good selectivity
over all subtypes ranging from 8-fold in the case of hIM,R up to
40-fold for hM,R. On hM;R, however, 4 was not able to fully
displace the radioligand, even at the highest tested concen-
tration. The values reported in the literature for the
tetrahydropyridine compounds 10 and 13 could not be
reproduced in our assay system. A higher affinity was observed
for both compounds for nearly all receptor subtypes, except for
hMR and in the case of 13 also for hM;R.”” Since compound
affinity and therefore selectivity depend on the used assay
system, such discrepancies are normal, but they usually follow a
symmetrical pattern. Among the high-affinity compounds 561
and 56m sharing a 17-fold selectivity over hM,R, S$6m having a
slight preference for tMR over hM;R due to the lack of Y2.60 at
hM;R was noteworthy. These results imply that the hydroxy
group of Y2.60 is probably involved in the binding of 56m
because of the lower affinity at hM;R with its F2.60. It is worth
mentioning that on hM,R a phenylalanine is at position 5.34,
whereas all other subtypes have a L5.34 (Figure 2A). This might
explain the 17-fold selectivity over hM,R of 561 and $6m due to
the more voluminous planar side chain of phenylalanine. The
methoxy derivate of $6m (70g) had a lower affinity on hM;R
compared to its parent compound with a K value of 54 nM but
demonstrated slightly better selectivity over the other subtypes,
except on hM,R (70g: hM,R: 2-fold; hM,R: 17-fold; AM4R: S-
fold; and hM,R: S-fold). Compound 81d, having the highest
preference toward hMsR over hM;R among the tested

tetrahydropyridine-based compounds, shows even better
selectivity over the other subtypes (81d: hM,R: 3-fold; hM,R:
8-fold; hM,R: 12-fold; and hM,R: 7-fold; Table 2).

Mini-G Protein Recruitment Assay. A mini-G protein
recruitment assay was employed to determine whether the
compound exerts agonistic or antagonistic effects on the
signaling cascade. This assay relies on recruiting NlucN-
modified mini-G proteins to an NlucC-modified receptor after
ligand binding and consequently measuring the resulting signal
changes obtained from the split NanoLuc interaction. This
procedure was established in-house.”””” All tested compounds
were measured in the antagonist mode of the assay and were
found to be antagonists. The ICs, values of the antagonists and
reference compounds pirenzepine and atropine were in
accordance with the literature, and 4 matched the published
data as well (Table 3). Analogous to the radioligand competition
binding assay for compound 13, the determined ICs, values
differ greatly from the published data by Zheng et al.”” This
might be again related to the use of a different assay system, and
it is not uncommon to encounter such a discrepancy.”®”” The
most affine compounds in the radioligand competition binding
assay 56m, 560, 70g, 81d, and 81f demonstrated a 20- to 110-
fold difference between the two assay types on the same subtype
hM;R (Tables 1 and 3), while most other compounds only had a
2- to 50-fold difference. The compounds with no additional
substituents at R* on the tyrosol moiety showed the highest
potency within this series. This is in good agreement with the
results of the radioligand binding assay where the unsubstituted
and nonselective compounds (56k, 561, 56m, and 81f)
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Table 3. Functional Data of the References Pirenzepine and
Atropine and the Compounds 56k-o, 70c, 70g, 81d, 81f, and
83 on NlucC-Modified hM;R”

ICs, [nM] + S[I;JIII\\/[/I ﬁJ{l%ﬁl(}i[literature ICq,

cmpd N
pirenzepine” 220 + 24 {224} 4
atropine” 2.0 +£0.01 {2.2} 3
4" 92 + 7 {36} 4
13° >10,000 {0.45} 6
56k 359 + 74 4
s6l 216 + 11 4
56m 212 + 16 4
56n 1687 + 173 4
560 955 + 130 3
70c >10,000 6
70g 1059 + 98 4
s1d 3206 + 352 4
81f 559 + 19 4
83 986 + 98 4

“Mini-G protein recruitment assay using HEK293T cells stably
coexpressing NlucN-mG,/M;R-NlucC fusion proteins. All antagonists
were characterized in the presence of 100 M carbachol. Data were
normalized to L-15 as solvent control (%) and to maximal responses
elicited by 100 M carbachol (100%). Values represent mean ICq,
values + SEM from N independent experiments, each performed as

triplicates. bPreviously published compound purchased or synthesized
as described.”"””

displayed the highest affinities. These four compounds also had
some of the largest discrepancies between K; and ICs, values
(40—110-fold) among the examined compounds, whereas
compounds 56n, 560, and 83 only had a less than 20-fold
difference at highest. Despite the ligands (56k, 56l, and 56m)
possessing a single-digit nanomolar affinity, their inhibitory
potency is much lower than expected.

Asparagine 6.52 is claimed to be crucial for receptor activation
and inactivation. The substituents on the tyrosol moiety R%, Y,
and R* may influence the ligands’ binding pose and how the ester
carbonyl interacts with the amide side chain of N6.52."%%'"!
Implying the 108-fold difference between the activity and
affinity of 56m might result from the methyl sulfone moiety
interacting with Y2.60, which causes a change in binding and
pulling the ester moiety further away from N6.52, whereas for
56k and 561, which supposedly address W7.34 with their
pyridine moiety, this change does not seem to be as strong as
with 56m (56k: 42-fold; 56l: 51-fold; and 56m: 108-fold).
Interestingly, for 81f, bearing the methyl sulfone at RY, the
difference is 56-fold and therefore in a similar range as with 56k
and S6l. The difference between $6m and 81f is the swap of an
oxygen to a nitrogen atom at the Y position. This nitrogen atom,
or rather its positively polarized hydrogen, is able to form an
interaction through hydrogen bonding with the backbone of
L5.34 and thus might be able to stabilize a more favorable
binding position for addressing N6.52. Compound 83 also
reaffirms this hypothesis, where the rigid tyrosol moiety was

Figure S. A: Representative induced fit docking pose of the compound 81d with hM;R. B: Overlay of the docking poses of compounds 81d (ligand:
gray, receptor: red) and 56m (ligand: cyan, receptor: pale green) at hM;R. C: Representative induced fit docking pose of the compound 70c with
hMR. D: Overlay of the docking poses of compounds 70c (ligand: gray, receptor: red) and 56m (ligand: cyan, receptor: pale green) at hMR.
Important amino acids are highlighted, and relevant hydrogen bond interactions are displayed as yellow dashed lines (PDB: SCXV (hM,R); 60L9

(hMgR)).
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Table 4. Functional Data of Compounds 4, $6m, and 81d and the References Pirenzepine (hM;R)?, Mepyramine (hH,R)®, and

Haloperidol (thl‘ng)C on NlucC-Modified Receptors”

ICs [nM] + SEM (hM;R selectivity): ICso(X)/ICso(hM;R), X = hAM,R, hH,|R, hD,jq, R [N] {compound Ky, literature K;, [nM]}'*!0%19¢

cmpd EM;R hH,R
pirenzepine” 14 +2(0.1) [4] {24, 17}
mepyramine” 16 + 3 (-) [4] {1.6,3.3}
haloperidol”
4 1796 + 141 (20) [5] {305,-}  >100,000 (>1000) [4] {>10,000, -}
$6m 89 + 20 (0.4) [5] {15, -} 9323 + 1321 (44) [4] {960, -}
81d 982 + 94 (0.3) [4] {167, -} 8622 + 1402 (2.7) [4] {888, -}

hD1ongR hMR
220 + 24 [4] {11, 224}

2.7 +£02 (-) [3] {1.6,2.1}
>100,000 (>1000) [3] {>10,000, -}
>10,000 (>47) [3] {5799, -}

4851 + 610 (1.5) [3] {2813, -}

92 + 7 [4] {36, 4.4}
212 + 16 [4] {10, -}
3206 + 352 [4] {153, -}

“Mini-G protein recruitment assay using HEK293T cells stably coexpressing either NlucN-mGg/M;R-NlucC", NlucN—qu/HlR—Nluch, or

b

NIucN-mG;/ D}, R-NlucC fusion proteins. All antagonists were characterized in the presence of either 100 uM carbachol”, 10 #M histamine’, or
100 nM dopamine’. Data were normalized to L-15 as solvent control (%) and to maximal responses elicited by either 100 4M carbachol’, 10 uM

hlstammeb, or 100 uM dopamine® (100%). Values represent mean IC, values =+

SEM from N independent experiments, each performed as

triplicates. bPreviously published compounds were purchased or synthesized as described. “K;, was calculated using the Cheng—Prusoff equation
with the following pECs, values: 4.69 (MR, carbachol), 5.94 (hH;R, histamine), 6.86 (hDy,R, dopamine), and 5.30 (hMR, carbachol).

exchanged with a flexible hexyl linker while keeping the terminal
R* substituent the same. The rigidity of the phenyl ring seemed
to be beneficial for affinity, but 83 showed one of the lowest
changes in the mini-G protein recruitment assay compared to
the radio ligand binding assay (7-fold). Considering these results
of 56m and 81f; it might be possible that the increased flexibility
of the alkyl chain allows 83 to fit more comfortably into the
receptor and interact with N6.52 more easily. However, it is
important to mention that 81d, which also has a nitrogen at
position Y and can form the mentioned interaction with L5.34,
has a 93-fold change for the activity assay compared to the K;
value, meaning the substituent R* plays a major role in how parts
of the ligands orientate in the receptor. The ligands 56n and 560
with their oxadiazole moiety within R* also show a relatively low
discrepancy with a 5- and 15-fold change, respectively.
Especially for 560, which only differs in the oxadiazol moiety,
this change is far lower than the 108-fold difference seen with the
parent compound S6m.

Compounds 70c and 81d were among the least active ones in
the assay with IC, values higher than 10,000 nM and 3206 nM,
respectively. The docking studies provided no reliable
information on why 81d showed such low activity compared
to its affinity (Figure SA). Only when compared to the binding
pose of 56m, some minor differences are apparent, the ethyl part
of the tyrosol moiety is twisted slightly, influencing the angle of
interaction with the NH of N6.52 and potentially shifting the
conformation of TM6 (Figure SB). The additional dimethyl-
amine substituent at R of 70c induced a different binding mode,
pushing the ligand out of the pocket and preventing the ester
from interacting with N6.52 in all examined binding poses
(Figure 5C). Especially when compared to an exemplary binding
pose of 56m, this change in orientation of 70c is even more
prominent and might explain the loss in potency despite
acceptable affinity (Figure SD).

Especially among aminergic receptors like muscarine,
dopamine, or histamine receptors, specificity is challenging to
achieve, as seen with drugs like xanomeline, doxylamine, and
diphenhydramine (Figure 1).*” Xanomeline, for example, shows
high affinity to muscarinic receptors, but also to dopamine D,
receptor, and diphenhydramine—a potent histamine H;
receptor antagonist—also binds with reasonable affinity to
muscarinic receptors.’””*'**'** Comparing structural homol-
ogy can be a rational strategy to decide which potential targets
are getting screened for compound selectivity and specificity. In
the case of MR, the subtypes H R and D,R show the highest

overall similarity with 35% and 32% and for the orthosteric
binding site 56% and 19% within their respective families.'>~"%”
Therefore, the ligands 4, 56m, and 81d were tested alongside
reference compounds on H R, D,R, and MR to examine their
specificity and selectivity in a functional assay. All three
references, pirenzepine, mepyramine, and haloperidol, matched
their reported activity data within reason (Table 4). Reported
compound 4 displayed weak inhibitory activity at AM;R with an
ICy, value of 1796 nM, which means it has a 20-fold selectivity
toward hM R over hM;R (IC, (hMR): 92 nM; Tables 3 and
4). Because no inhibition was measured on #H;R and hD31engR
compound 4 is specific for the muscarinic family compared to
hH,R and hDyjen,R.

Antagonist 56m, which was the most affine and potent
compound within the tetrahydropyridine series, showed higher
activity on hM,R with an IC;, value of 89 nM, compared to 212
nM on hMR, making it a nonselective antagonist in the
functional assay (Table 4). However, compared to hH;R and
hDjjongR, 56m demonstrated a 44-fold or higher spec1ﬁc1ty
toward thR with IC; values of about 10,000 nM in both cases.
The tetrahydropyridine 81d being the “most” selective
compound in the radioligand competition binding assay so far
(K; (h"M|R) = 114 nM, K; (hMR) = 35 nM; Table 2) displayed
unexpected results in the mini-G protein recruitment assay.
Antagonist 81d was more potent on hM;R (IC, value: 982 nM)
compared to hM¢R (IC, value: 3206 nM), showing a 3.3-fold
preference for hM R under these conditions. The previously
mentioned spatial interaction between the R* substituent of 81d
and L5.34 or Q/Y45.51 was beneficial for the selectivity in the
radioligand assay. However, this interaction changed how the
compound interacted with the receptor and especially TM6
leading to this discrepancy of selectivity in the functional mini-G
protein recruitment assay. Compound 81d also showed
reasonable activity on hH;R (ICy, value: 8622 nM) and
hDjongR (ICqq value: 4851 nM) , implying it also has no relevant
specificity toward hMR (ICs, value: 3206 nM) either (Tables 3
and 4).

While affinity and activity are essential in compound design, in
vitro and in vivo stability are important contributors as well.
Despite the remarkable benchtop stability of the acidic
compound solutions with a 6% or less decrease over 18 months,
it is important to consider that in neutral and especially basic
solutions, stability will be different, and the lability of the ester
might become a concern again (Figures S129—S5136). Because
ester structures are known to be prone to degradation in human
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Figure 6. A: Protein complex crystal structure of "M, R with bound antagonist tiotropium (protein complex crystal structure code: SCXV) and the
bidental interaction with N6.52 highlighted. B: Induced fit docking pose of hM;R with $6m in the binding pocket with the NH—O interaction between
56m and N6.52 highlighted using yellow dashes. C: Induced fit docking pose of hM;R with an exemplary virtual compound (1-methyl-S-(5-(4-(4-
(methylsulfonyl)phenoxy)benzyl)-1H-1,2,4-triazol-3-yl)-4-phenyl-1,2,3,6-tetrahydropyridine) containing a triazole moiety in the position of the ester

and the bidental interaction with N6.52 highlighted.

plasma, the compounds 56m and 81d were subjected to
incubation with human plasma in PBS. Compound $56m
demonstrated surprising stability with roughly 65% of the
compound remaining after 24 h and about 39% after 48 h (Table
S1)."'°7""* In case of compound 81d, only 33% and 23% of the
parent compound remained after 24 and 48 h, respectively
(Table S1). For both compounds, the cleavage of the ester bond
was the major cause for the decrease of compound
concentration as detected by mass spectrometry.

Discussion. Mutational analysis of the binding sites provides
valuable information to determine which amino acids are crucial
or relevant for ligand binding. However, because hM;R was first
crystallized in 2019 and not a focus of the muscarinic receptor
research, the data pool for such mutations is very limited and
does not provide a comprehensive overview yet.””'°>''* One
important finding of the mutagenesis studies at hMR was that
asparagine 6.52 is crucial for ligand binding of carbachol and
atropine as well as receptor activation, constitutive activity, and
maximum response, mirroring the findings on the other
subtypes.'*”'" Especially, when the hydrogen bonding profile
of the amide side chain was altered, affinity and in some cases
activity were massively decreased.'’”'%" The ester moiety of the
synthesized ligands addresses this asparagine with one hydrogen
bond mediated by the carbonyl oxygen (Figure 6A,B). It should
be possible to mimic the bidental binding of tiotropium to N6.52
and gain affinity and possibly efficacy, when this ester structure is
replaced. The a-hydroxy ester of tiotropium provides a
hydrogen bond acceptor/donor pair in proximity to each
other which can address the amide side chain of N6.52 in a
bivalent manner (Figure 6A). The arecaidine ester structure is
inverted compared to tiotropium, so it should be possible to
replace it with a different moiety, which can act as a hydrogen
bond acceptor/donor pair as seen in tiotropium. A schematic
and structural comparison of the binding modes of tiotropium
and 56m can be found in the Supporting Information (Figure
S138). The ester moiety can be replaced by a triazole ring, which
is a functional bioisostere to an amide group, and offers both
hydrogen bond acceptor/donor capabilities (Figure 6C).

Due to the high homology between "M R and hM;R, it is
possible to examine the hM,R subtype data and transfer certain
results to hMgR."'* Mutating any of the highly conserved
tyrosines (3.33, 6.51, and 7.38) of the previously mentioned
“tyrosine lid” drastically lowers affinity on all MR subtypes for
most ligands used.'”’ The z-cation interactions formed by these
tyrosines and the typical cationic amine structure shared by most
ligands and acetylcholine are essential for binding to the
receptor. Additionally, their phenolic group can also contribute

hydrogen bond interactions to increase binding affinity with
ligands. This leads to the conclusion that these amino acids are
either relevant for ligand binding or the overall structural
receptor conformation. In the docking studies, compound $6m
interacted with Y2.60 and formed a hydrogen bond, increasing
its affinity (Figure 3F). However, due to Y2.60 being present in
both MR and MR, it was not suited as a target to improve
selectivity (Figure 2A). The literature data is not conclusive on
the importance of the allosteric Y2.60: some ligands like NMS
benefit from an alanine mutation, while other ligands like ACh,
carbachol, or xanomeline loose affinity upon mutation.'” A
mutation of Y2.60 seems to have a more negative influence on
the affinity of agonists, than on antagonists.'” The alanine
mutant Y2.60A exerts a bigger impact than the phenylalanine
one, suggesting the hydroxy group of Y2.60 has no relevant
influence on binding for most ligands while the aromatic phenyl
moiety holds a crucial role. The likewise conserved Y2.63 in the
allosteric pocket shows similar results upon mutation as Y2.60
due to their spatial proximity.

The previously mentioned Q45.51 seems to have influence on
the interaction pattern with the receptor by its smaller steric
hindrance compared to the tyrosine or phenylalanine residues
present in the other subtypes and its ability to form hydrogen
bond interactions as examined with compound 81d (Figure 4A).
Interestingly, its neighbor I45.52 influences binding of allosteric
modulators positively when mutated to alanine, whereas
orthosteric agonists like acetylcholine, carbachol, and xanome-
line lost affinity. This aligns with the effect proposed for Q45.51,
where the steric properties of the side chain influence the
binding of the allosteric part of 81d directly or indirectly via
influencing the conformation of the loop. When W7.34 was
mutated, it only influenced allosteric modulators negatively, and
orthosteric binders were indifferent to the mutation.

The docking studies of 56j, 56k, and 56l and the indicated
hydrogen bond interaction with W7.34 reaffirm the hypothesis
of these compounds being bitopic binders with the terminal
aromatic moiety R* taking part in allosteric interactions (Figure
3). It is very important to consider that these studies sometimes
include different types of assays to determine binding affinity. As
seen with compounds 10 and 13, the affinities depend heavily on
the assay used. Especially, the affinity on hM;R and thus their
selectivity varied from the reported values (Table 2). However,
this might be due to the fundamentally different assay systems
and conditions used to determine affinity (in-house: radioligand
competition binding assay with whole CHO cells, literature:
radioligand competition binding assay with membranes
obtained from CHO cells). For published compound 4, the
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obtained value matches the reported value within an acceptable
range. Due to steric clashes with the receptor, the used
arecaidine core does not allow many variations, and the SARs
are very limited for the explored positions. However,
introducing an aromatic ring substituted with a strong hydrogen
bond acceptor to the tyrosol moiety allowed 56m to form a
hydrogen bond with the hydroxy group of Y2.60 and increase
affinity to low single-digit nanomolar values. This tyrosine is
highly conserved among all subtypes except for hM;R causing
compound 56m to be nonselective. Interestingly, the affinity on
hM,R is far lower than on hM;R, despite having the conserved
Y2.60. This suggests that the affinity of compound 56m does not
entirely depend on Y2.60 but can also result from other
interactions, like the previously mentioned hydrogen bond of
56j, 56k, and 561 with W7.34. In docking studies on hM;R, a
new interaction of the methylsulfone with the highly conserved
Y2.63 was observed, mimicking the interaction with Y2.60 and
explaining the maintained affinity on the receptor, despite the
Y2.60F difference (Figure 7).
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Figure 7. Induced fit docking pose of hM;R with $6m in the binding
pocket with the hydrogen bond interaction between 56m and Y2.63

highlighted using yellow dashes (PDB: 4U1S).

An ortho substitution of the tyrosol with a methoxy or
dimethyl amino group seems beneficial for selectivity but lowers
affinity to MR as seen with compounds 70c—g. Based on 56h
with its ortho—para-substituted R* moiety and the hydrogen
bond interaction of 56m with Y2.60, the oxadiazole moiety of
compounds 56n and 560 was designed to address the unique
lysine K67.49 in ECL2. However, compound 560 turned out to
be unselective and only displayed a preference for MgR.
Therefore, it is questionable if the goal of addressing this
unique lysine was achieved. In this context, it is important to
note that MR possesses a lysine in position 67.48, which could
also form a similar interaction as K67.49 of MR and therefore
mimic the interaction depending on the flexibility of the
extracellular loop and its side chains. This implies that the gain of
selectivity of ligand 560 might result from a different interaction
with the receptor, like steric hindrance or a different binding
mode and not from the intended 7-cation interaction. While
discussing induced fit docking studies in context with functional

assays, it is important to note that during the docking protocols,
the helices are allowed to move and adjust to the ligand binding.
However, this is usually limited to a certain area around the
ligand, neglecting any major shifts happening on the intracellular
parts of the receptor, where the G proteins bind. The activity and
G protein activation, however, is a more complex mechanism
mediated by an in- or outward shift of the intracellular side of
TMS6, caused by ligand binding and the resulted interactions
with the receptor helices, allowing the G protein to bind to the
activated receptor.'*~'"* More complex and computationally
demanding full body simulations of the receptor and ligand
would be more suited to predict activity changes.''”~"*'

The determined hM;R affinity of literature ligand 4
(VU6019650) of 68 nM is in good agreement with the
published one (4, K,(hM;R) = 53 nM, Table 2).”" In the
literature, no other radioligand competition binding assay
affinities have been reported for the other subtypes. Alongside
a good affinity on hM;R, 4 showed an impressive selectivity over
all other muscarinic subtypes, ranging from an 8- to 40-fold
difference in K; value. While compound 56m was about 25-fold
more affine on "M;R than 4 (56m, K;(hMR) = 2.0 nM) and
displayed a 17-fold selectivity over hM,R, it lacked selectivity on
the other subtypes. Compound 81d was slightly more affine on
hM;R than 4 (81d, K;(hM;R) = 35 nM) and had a broader
selectivity profile compared to 56m, ranging from the lowest
selectivity of 3.3-fold on hM|R up to a 12-fold selectivity on
hM;R (Table 2). While this was a good balance of selectivity and
affinity, 81d was not able to reach the same selectivity levels as
those of 4. The insights discussed and presented in this work
might be able to improve the benefits of 56m and 81d further
and turn them into usable tool compounds for various purposes,
while considering the docking results on the selected M Rs of
the present study.

B SUMMARY AND CONCLUSIONS

A library containing 38 novel arecaidine ester derivatives bearing
a phenyl ring at the 4-position of the tetrahydropyridine ring
(R?) was synthesized as MR antagonists, and useful insights on
relevant ligand—receptor interactions with M;R and MR were
obtained. Altering the aromatic substituent at R* or the oxygen
atom X of the ester function resulted in a decreased affinity for
both receptors. Shortening the substituent on the arecaidine
nitrogen atom (R') to a methyl group proved to be beneficial for
the affinity toward both receptors. Introducing a substituent at
R® decreased affinity but had a positive influence on selectivity.
Within the tyrosol ester series, the introduction of pyridinyl or
substituted phenyl rings on the phenolic position of the tyrosol
motif (Y = O, R*) was well tolerated at both MR and M;R.
Compound 56m bearing a para methylsulfonyl group at the
phenyl ring at R* represents the most balanced dual M;R/MR
receptor antagonist of this series (K; (hM;R) = 2.6 nM; K;
(hMR) = 2.0 nM; Figure 8). The hydrogen bond acceptor in
the para position of the phenyl ring might form a hydrogen bond
with Y2.60. Antagonist S6m shows a 2-, 4-, and 17-fold
selectivity for MR versus MR, M;R, and M, R, respectively, and
an excellent functional selectivity compared to hDj;,,,R and
hH R. Swapping the oxygen atom at Y to a group capable of
being a hydrogen bond donor (NH) led to the biggest benefit for
M;R selectivity over MR, while maintaining affinity for MR as
seen in phenylethylamine derivative 81d. M;R-antagonist 81d
(K; (hM¢R) = 35 nM) has the best selectivity profile of this series
versus the other members of the MR family (3-, 8-, 12-, and 7-
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Figure 8. Important interactions of antagonists 56m and 81d with surrounding amino acids responsible for either affinity or selectivity increases.

fold selectivity toward MR over MR, M,R, M;R, and MR,
respectively; Figure 8).

Since 81d is the compound with the best MR selectivity, it
should be beneficial to introduce a hydrogen bond acceptor in a
suitable position at the phenylethyl moiety, as seen in 56m.
Additionally, the phenylethyl moiety can be further derivatized
and modified to allow more polar interactions with the receptor.
Especially, the MsR-selective Q45.51 and the unspecific L5.34
(ECL2) or its neighbors are promising targets to increase
selectivity. Considering the bidental binding of tiotropium with
NG6.52, it should be possible to exchange the ester functionality
in the shown compounds to heterocycles as seen in xanomeline
or other literature to increase affinity further (Figure 8).''””®

Because of their bitopic character, the ligands 56m and 81d
can serve as templates to develop fluorescence-labeled tool
compounds for examining M;R and M;R further. Since the
tyrosol-like moiety is bound in the allosteric area of the receptor,
a linker carrying a suitable fluorescent dye can be easily attached
to it. This fluorescent compound can then be used in
fluorescence-based assays as seen in the literature.'*>'** Overall,
the induced fit docking studies helped to understand the ligand—
receptor interactions and to improve ligand affinity. Utilizing the
findings of the present study and the potential changes
mentioned, it should be possible to improve the ligands further
and develop a usable tool compound to elucidate the role of
M;R in the human body and gain important SAR information.

B EXPERIMENTAL SECTION

Chemistry

General Conditions. Unless otherwise stated, chemicals and
solvents were from commercial suppliers and were used as received. All
the solvents used in analytics were of analytical grade. For column
chromatography, silica gel 60 (0.04—0.063 mm, VWR, Leuven,
Belgium) was used. Flash chromatography was performed on a
puriFlash XS520Plus or XS530 workstation from Advion Interchim
(Ithaka, NY, USA) with puriFlash columns (Si15—30, 4—40 g) from
Advion Interchim (Ithaka, NY, USA). Reactions were monitored by
thin layer chromatography on ALUGRAM Xtra SIL G UV254
aluminum sheets by MACHEREY-NAGEL GmbH (Diiren, Germany),

and spots were visualized with UV light at 254 nm or potassium
permanganate staining. NMR spectra were recorded on a Bruker
Avance 300 (*H: 300 MHz and '*C: 76 MHz), a Bruker Avance III HD
400 ("H: 400 MHz and *C: 101 MHz), and a Bruker Avance Neo ('H:
500 MHz and “*C: 126 MHz) (Bruker, Karlsruhe, Germany) NMR
spectrometer with deuterated solvents from Deutero (Kastellaun,
Germany). All chemical shifts are reported in 5-scale as parts per million
(ppm, multiplicity, coupling constant (J), and number of protons)
relative to the solvent residual peaks as the internal standard. The
spectra were analyzed by first order, and coupling constants are given in
Hertz (Hz). Abbreviations for the multiplicities of the signals are s
(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).
HRMS was performed on a Q-TOF 6540 UHD LC/MS system
(Agilent Technologies) using an ESI source or on an AccuTOF GCX
GC/MS system (Jeol, Peabody, MA, USA) using an EI source. Prior to
lyophilization (ScanVac CoolSafe 100—9 Pro freeze-dryer from
Labogene (Labogene ApS, Lynge, Denmark), equipped with a RZ 6
rotary vane vacuum pump (Vacuubrand, Wertheim, Germany)), the
majority of MeCN was removed under reduced pressure using a
SpeedVacPlus SC110A system from Savant (Thermo Fisher Life
Technologies GmbH, Darmstadt, Germany), equipped with a Bachofer
cold-trap and Edwards HV Pump (Edwards, Sussex, England).
Analytical HPLC experiments were performed on a 1100 HPLC
system from Agilent Technologies equipped with an Instant Pilot
controller, a G1312A binary pump, a G1329A ALS autosampler, a
G1330B ALS thermoregulator, a G1379A vacuum degasser, a G1316A
column compartment, and a G1314A variable wavelength detector. The
column was a Phenomenex Kinetex XB-C18 column (250 X 4.6 mm, 5
um) (Phenomenex, Aschaffenburg, Germany), tempered at 30 °C. As
the mobile phase, mixtures of MeCN/aqueous TFA were used. The
following linear gradients were applied for all compounds: MeCN/TFA
(0.05%) (v/v) 0 min: 10:90, 30 min: 95:5, 40 min: 95:5; flow rate: 0.8
mL/min. The injection volume was 5—50 #L. Absorbance was detected
at 220 nm. The signals obtained during the radioligand competition
binding assay were measured using a MicroBeta” 2450 Microplate
Counter (PerkinElmer, Waltham, MA, USA).

General Procedures

Procedure A: Suzuki Reaction. The enole triflate 5 (1 equiv) was
dissolved in THF and 2 molar Na,COj solution; then, the respective
boronic acid (1.2 equiv) and Pd(PPh;), were added to the flask. A
septum was used to seal the flask, and the solution was purged with
argon for 15—30 min. After purging, the reaction was initiated by
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placing the flask in a 65 °C water bath while being stirred for 4 h. After
completion, the flask was cooled to room temperature and opened. The
reaction mixture was poured into H,O and brine to aid phase
separation. The aqueous layer was extracted with EA, and organic layers
were collected, combined, dried over MgSO,, and reduced under
vacuum. The crude product was then purified by flash column
chromatography to obtain the product. Detailed procedures for
compounds 6, 14, 18, 22, and 26 can be found in the Supporting
Information.

Procedure B: Ester Synthesis via EDC Hydrochloride and
Respective Nucleophiles. The carboxylic acid (Scheme 1, 1 equiv)
was suspended in dry DCM, and subsequently, the alcohol (Scheme 2,
1.0—1.5 equiv), DMAP (0.2—0.4 equiv), EDC hydrochloride (1.2—1.5
equiv), and optionally DMF were added. The reaction mixture was left
to stir at room temperature overnight. After completion, the suspension
was diluted with DCM and washed with saturated NaHCO; solution to
remove side products. The organic layer was kept, dried over MgSO,,
filtered, and reduced under vacuum. The crude product was purified by
flash chromatography twice to obtain the final compounds as free
amines. Detailed procedures for compounds 4, 10, 13, 30a—e, 33—37,
S6a—o, 70a—g, 8la—f, and 83 can be found in the Supporting
Information.

Procedure C: Modified Ullmann Coupling. The phenol or
aniline derivative (1.0—1.2 equiv), aryl iodide (1.0—1.2), Cul (0.05
equiv), picolinic acid (0.1 equiv), K3PO, (2 equiv), and DMSO were
added to a microwave tube. The tube was sealed and purged with argon
for 15—30 min. Then, the vessel was placed in a preheated aluminum
block at 80—90 °C and stirred overnight. The next day, the reaction was
left to cool to room temperature and opened, and DCM and H,O were
added. The aqueous phase was extracted with DCM, and the organic
layers were collected, combined, and reduced under vacuum. The crude
product was then purified by flash chromatography to obtain the
product. Detailed procedures for compounds 31, 32, 38, 39, 42—49,
67, 68, 71, and 79 can be found in the Supporting Information.

Compound Characterization. Target compounds (4, 10, 13,
30a—e, 33—37, S6a—o, 70a—g, 81a—f, and 83) were characterized by
"H NMR (for spectra, see the Supporting Information), *C NMR (for
spectra, see the Supporting Information), HRMS (see the Supporting
Information), and RP-HPLC analysis (see the Supporting Informa-
tion). The purities (for chromatograms, see the Supporting
Information) of all hAM,R compounds used for pharmacological
investigation were >95%, except 81a, which only was 94% pure. For
the biological testing, the target compounds (4, 10, 13, 30a—e, 33—37,
56a—o, 70a—g, 81a—f, and 83) were dissolved in DMSO so that the
final concentration was 10 mM. [*H]-NMS was purchased from
Novandi Chemistry (Sodertilje, Sweden). The reference pirenzepine
was purchased from Sigma-Aldrich (Merck, Darmstadt, Germany).

Radioligand Competition Binding. Competition binding experi-
ments on the muscarinic acetylcholine M,_; receptors were performed
with CHO cells stably expressing a single respective /MR (x = 1-5)
using previously described radioligand competition binding assays.”®
Compound samples used were freshly taken from frozen aliquots. The
binding curves of 4, 56m, 70g, and 81d are available in the SI (Figure
S141).

Mini-G Protein Recruitment Assay. The mini-G protein
recruitment assay at hMsR was performed using HEK293T NlucN-
mGy/MR-NlucC cells as previously described in detail similar to the
mini-G protein recruitment assays at /M;R (HEK293T NlucN-mG,/
M,R-NlucC), at hH;R (HEK293T NlucN-mG / H,R-NlucC), and at
hDyjongR (HEK293T NlucN-mG;/ DzlongR-NlucC). Coelenterazine was
from BioSynth AG (Staad, Switzerland). The reference mepyramine
was purchased from Sigma-Aldrich (Merck, Darmstadt, Germany),
haloperidol from TCI Europe N.V. (Tokyo Chemical Industry, Tokyo,
Japan), pirenzepine, and atropine from Sigma-Aldrich (Merck,
Darmstadt, Germany).”*”” Compounds samples used were freshly
taken from frozen aliquots. The concentration response curves of 4, 13,
56k—o, 70c, 70g, 81d, 81f, and 83 on hM;R and 4, S6m, and 81d on
hM|R, hH|R, and hDyo,R, alongside the respective reference
compounds, are available in the SI (Figures $142 and S143).

Induced Fit Docking. Models of M,R (x = 1,3,5): For the receptor
modeling and induced fit docking studies, the software maestro
(Releases: 2018—4 until 2025—1, Schrddinger Inc., New York, NY,
USA) was used, and the results were visualized and presented using
PyMOL 3.1.3 (Schrodinger Inc., New York, NY, USA). Induced fit
docking was chosen because it represents a middle ground between the
fast rigid body dockings and more accurate but time-intensive
molecular dynamics simulations, and due to the available knowhow
and expertise in-house.”® The flexibility of the side chains is beneficial
for obtaining more reliable results concerning ligand—receptor
interactions, as seen in the literature.'**™"*” Maestro provides a
validated protocol for induced fit docking studies utilizing single
precision (SP) and extra precision (XP) stages of their docking tool
GLIDE.**° At first, various ligand conformations are exhaustively
generated for the binding site, which was defined as a S0 A cube
centered around the reference ligand (e.g., tiotropium) in the crystal
structures. Then, those resulting ligand poses are fitted into the
receptor, and a Monte Carlo search is performed for the torsional angles
of the ligand and surrounding amino acids within the specified cube,
therefore allowing backbone and side chain flexibility. Since the
discussed ligands were antagonists in this study, it was important to use
crystal structures for the docking with a bound antagonist and inactive
receptor conformation. For hM|R, the crystal structure with bound
tiotropium (protein databank code, www.rcsb.org: SCXV) was used,
and the T4 FLAG peptide, explicit water molecules, and crystallization
additives were removed, so only the receptor and tiotropium
remained.>® Analogous to this, for rM;R the T4 lysozyme and for
hM;R the T4 lysozyme and additives were removed, leaving only the
receptor and tiotropium without any other molecules (protein
databank code, www.rcsb.org: rM;R: 4U15 and hMgR: 60L9).*>**
Mutations in the crystal structures were kept and not altered, since they
were not part of the binding pockets. All receptors were in their inactive
state with the bound reference antagonist tiotropium, with the
following resolutions: hM;R, SCXV, 2.70 A; rM;R, 4U1S, 2.80 A;
and hM;R, 60L9, 2.54 A.>**** Examples for the influence of crystal
structures with different cocrystallized ligands or activation states
alongside exemplary RMSDs can be found in the Supporting
Information (Figure S139). Each receptor was prepared using the
internal protein preparation workflow (formerly: wizard) from
maestro; if necessary, additional minimization was performed with
the Minimize tool. hM;R and hM R each required an additional
minimization step. Sequence and viability of the obtained structures
were checked with the FASTA sequences, obtained from the protein
databank, and maestro’s protein reliability report. Aspartate and
glutamate were used in their deprotonated forms, while lysine and
arginine were protonated during the preparation workflow. All ligands
were prepared using the LigPrep function in maestro and then manually
checked for viability. All amine moieties of the compounds were used in
their quaternary protonated state, if physiologically realistic. The
docking poses and interactions between the ligand and receptor,
obtained by GLIDE, were analyzed and used to optimize ligand design.
The detailed procedures and parameters can be found in the Supporting
Information. Redocking of tiotropium into the prepared crystal
structure of hM;R (PDB: 60L9) resulted in an average RMSD of
0.62 A for the overall structure and 1.32 A for ligand-to-ligand across all
five obtained poses with the thiophene ring being the only notable
difference with its 180° turn (Table S3 and Figure S140).

Benchtop Stability. After initial concerns about the stability of the
compounds in solution, the samples of each compound, used in RP-
HPLC analysis for purity, were kept and stored at room temperature on
the benchtop. Compounds 35, 561, 56m, and 81d were then tested
again to assess their stability in an acidic aqueous solution. The resulting
purities and chromatograms are available in the SI (Figures S129—
S136).

Proteolytic Stability in Human Plasma. Compounds $6m and
81d were investigated in a human blood plasma/PBS 1:2 v/v mixture at
37 °C as described in the literature.*®'*” Samples were analyzed based
on UV detection at 220 nm using the RP-HPLC system with the
settings found in Chemistry: General conditions. The obtained results for
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the measured time frames and recovery rate ratios are summarized in
Table S1 and S2 in the Supporting Information.

Data Processing. Compound purities were calculated as the
percentage peak area (AU) of the analyzed compound determined by
UV detection at 220 nm. Data from radioligand competition binding
assays on hM;_g receptors or from mini-G protein on hM, R, hH,R,
and hDy,,,R were processed as reported previously.”*"” Ligands were
compared using their inhibition constant K;, its negative decimal
logarithm pK;, or IC values calculated from the assay data according to
the Cheng—Prusoff equation.*° K; and 1Cy, values were used directly
from GraphPad Prism $ or 10, and the SEM was calculated based on the
individual values obtained from each independent experiment. K
values were calculated from the respective ICg, values using the
Cheng—Prusoff equation."**"*" Any pK; values used were either taken
from the literature or were obtained by transforming the mean K; value
to pK, or vice versa (pK; = -log;o(K); K; = 1077X)). Any statistical
significance tested for the P value was simplified to a summary with the
following cutoffs: P value < 0.05: *; P value < 0.005: **; P value <
0.0005: **%*,
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Bl ABBREVIATIONS

1 chemical shift in ppm

Ac acetyl

ACh acetylcholine

Ar aryl

AU absorption units

Boc tert-butyloxycarbonyl

¢ molar concentration

cAMP cyclic adenosine monophosphate

CDCl, deuterated chloroform

CHO Chinese hamster ovary

cmpd compound

COPD chronic obstructive pulmonary disease

D aspartic acid

DAD diode array detector

DCM dichloromethane

DIPEA diisopropylethylamine

DMAP 4-dimethylaminopyridine

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DMSO-d; deuterated DMSO

D,R dopamine receptor subtype x

EA ethyl acetate

ECL extracellular loop

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbo-
diimide

EI electron ionization

Et ethyl

EtOH ethanol

FLAG polypeptide protein tag with sequence motif
DYKDDDD

g gram(s) or number of times the gravitational
force

GPCR G protein-coupled receptor

h human
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HATU hexafluorophosphate azabenzotriazole tetra-
methyl uronium

HBA hydrogen bond acceptors

HEK293T human embryonic kidney 293T cells

H,R histamine receptor subtype x

I isoleucine

ICy, half maximal inhibitory concentration

K lysine

K dissociation constant obtained from a competi-
tion binding experiment

KO knockout

L leucine

LC liquid chromatography

L-15 Leibovitz’s L-15 medium

Me methyl

MeCN acetonitrile

MeOH methanol

MF molecular formula

mG or mini-G engineered minimal G protein

M,R muscarinic receptor subtype x

N asparagine

NFSI N-fluorobenzenesulfonimide

NMDA N-methyl-p-aspartic acid

NMS N-methylscopolamine

Nluc nanoLuc luciferase

NlucC C-terminal Nluc fragment

NlucN N-terminal Nluc fragment

OMe methoxy/methoxide

PE petroleum ether

Ph phenyl

pK; negative logarithm of the K; in M

PLC phospholipase C

Pr propyl

Q glutamine

Q-TOF quadrupole time-of-flight

r rat

RP-HPLC reversed-phase HPLC

SAR structure activity/affinity relationship

SEM standard error of the mean

SI Supporting Information

T threonine

TEA triethylamine

Tf triflate

TFA trifluoroacetic acid

THEF tetrahydrofuran

™ transmembrane domain

w tryptophan

Y tyrosine.
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