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Abstract: Recently, investigations of the complex mechanisms of allostery have
led to a deeper understanding of G protein-coupled receptor (GPCR) activation
and signaling processes. In this context, muscarinic acetylcholine receptors
(mAChRs) are highly relevant according to their exemplary role for the study of
allosteric modulation.  In this work, we compare and discuss two sets of
putatively dualsteric ligands, which were designed to connect carbachol to
different types of allosteric ligands. We chose derivatives of TBPB [1-(1'-(2-
tolyl)-1,4'-bipiperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one] as Mzi-selective
putatively bitopic, i.e. orthosteric/allosteric agonist, i.e. TBPBds, and a benzyl
quinolone carboxylic acid derivative (BQCAd) as an Mi- positive allosteric
modulator, varying the distance between the allosteric and orthosteric building
blocks. Luciferase protein complementation assays demonstrated that linker
length must be carefully chosen to yield agonist or antagonist behavior,
respectively. These findings may help to design biased signaling and/or different
extents of efficacy.

Muscarinic acetylcholine receptors (MAChRs or M receptors) are
involved in the regulation of a variety of physiological functions
depending on their localization in both the central and peripheral
nervous system.! Among them are actions of the central nervous
system like cognitive, sensory, motor, behavioral and autonomic
processes.? In the pathophysiology of schizophrenia, depression,
Parkinson’s disease and Alzheimer’'s disease (AD), changes in
mMAChR activities and levels have been described.® In AD,
postsynaptic AChRs remain mostly intact during presynaptic
cholinergic hypofunction. Hence, depletion of the endogenous
neurotransmitter acetylcholine (ACh) may be circumvented by
targeting the mAChRs directly.*

The M; receptor is expressed in brain regions responsible for
functions like cognition, learning and memory, which are impaired
in AD.%It was shown that activation of this subtype has a positive
influence on the aggregation of AR and neurofibrillary tangles, the
key pathophysiological hallmarks of AD.6° By stimulation of the
receptor, PKC is activated, and the non-amyloidogenic pathway
is favored. An increase in a secretase production suppresses the
formation of toxic AB plaques. The activation of PKC also
regulates the GSK-3B cascade, which leads to stabilization of
microtubules and therefore mitigating t-pathology. Moreover,
activation of the M; receptor leads to positive influences on
decreased cerebral blood flow, caspase activation, DNA damage,
oxidative stress and mitochondrial impairment in cells.'! The
positive effects that the activation of M1 can produce were also
shown in transgenic mice.*?

Complex downstream signaling and their interactions complicate
elucidation of the physiological roles of individual mAChR
subtypes. Furthermore, a lack of subtype selective ligands
hampers pharmacological examinations. Subtype-selective
targeting is essential for investigations of receptor pharmacology
and AD pathology alike.

This is, however, rather difficult, as the orthosteric, i.e.
neurotransmitter binding sites of the five M-receptor subtypes
show a high degree of homology. This results in major challenges
when developing ligands selective for a specific receptor subtype.
In contrast, allosteric binding sites at the extracellular vestibule of
the receptor are less conserved throughout all five subtypes and
show greater topological differences while being conformationally
linked to the orthosteric site. Allosteric sites are thus easier to
address than the orthosteric binding pockets with regard to
selectivity and have been used for the development of selective
ligands.*® Allosteric ligands are divided into allosteric agonists,
able to cause a signal by themselves, and allosteric modulators,
changing the affinity and/or function and/or signaling preference!*
of an orthosteric ligand.51® Allosteric modulators are, however,
dependent on an orthosteric ligand, e.g. an agonist, to transduce
signals.

The combination of orthosteric and allosteric moieties connected
by a linker moiety has been established as a dualsteric/bitopic
ligand approach. Dualsteric/bitopic ligands are designed to
selectively target a receptor subtype, by concomitantly
addressing both the orthosteric and the allosteric binding site.°
This approach has the advantage that it is not reliant on the
endogenous neurotransmitter and that biased signaling by
activation of a specific downstream signal is possible via a single
molecule.6-18

The design of “dualsteric” ligands can be challenging as they need
to meet clear prerequisites to bind simultaneously to the
orthosteric and allosteric binding site. For this purpose, the
connection points have to be chosen carefully in order to avoid
alteration of essential functional groups responsible for receptor
binding and function. In addition, the linker length has to be taken
into consideration. There is evidence that only an optimal spacer
length is able to allow an active hybrid binding, while shorter or
longer spacers result in inactive allosteric binding of dualsterically
conceptualized hybrid ligands.?® In earlier studies, a variety of
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dualsteric M; ligands have been developed,
photoswitchable BQCA-iperoxo hybrid.?1-24

Furthermore, also the design of the connecting linker represents
challenge also, not only for dualsteric GPCR ligands, but any kind
of bivalent ligand. For this reason, random walk as well as

computational approaches have been used to guide linker design.
25

including a

Since the orthosteric and the allosteric binding pocket of the M;
receptor are separated by the so-called tyrosine lid formed by
three tyrosine residues (Figure 1), dualsteric ligands have to
bridge these two sites by a linker. We have chosen three different
linker lengths for this study. First, a Cs-alkyl chain linker, because
it represents the shortest possible linker length to bypass the
tyrosine lid. Second an Cg-alkyl chain, which represents the
longest plausible linker length according to our model and
previously reported dualsteric ligands for muscarinic receptors.?®
26-27 Between these two extremes, the Cs-alkyl chain represents
the optimal linker length for the M; receptor.

Figure 1. Active M1 receptor model with the orthosteric and the allosteric binding
site shown as green and blue surface, respectively. These two binding sites are
separated by tyrosine residues which are forming a lid-like structure (red).

We now have developed two sets of putatively dualsteric ligands
as tools for the investigation of M; receptor pharmacology. For
both sets, carbachol (CCh), a derivative of the endogenous
neurotransmitter ACh, was chosen as orthosteric agonist. In
contrast to ACh, CCh does not show off-target effects like
inhibition of acetylcholinesterase (AChE) and has a reduced rate
of hydrolysis.?®

The allosteric moieties chosen are a truncated 1-(1°-(2-tolyl)-1,4'-
bipiperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one  (TBPB), and
derivatives of benzyl quinolone carboxylic acid (BQCA). TBPB is
an agonist at the M; receptor developed at Vanderbilt University,
the binding and action of which may occur in a bitopic fashion.?*
31 Remarkably, TBPB showed a shift towards the non-
amyloidogenic pathway and reduced aggregation of AR in vitro.?°
In previous work, TBPB had been connected to AF292, a
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selective M; agonist.3232 These putatively dualsteric compounds,
however, did not show the agonism intended since AF292 acted
as a weak partial agonist only. Therefore, in the current work
AF292 was replaced by carbachol. Figure 2 shows the design of
target structures 1 combining a truncated TBPB with carbachol to
form hybrid ligands. The benzylated second piperidine moiety had
been shown to be dispensable for allosteric agonism.?% 34
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Figure 2. Design of target structures 1 combining the agonist TBPB and the
orthosteric carbachol by alkylene linkers of variable lengths.

BQCA (cf. Fig. 3) is described as a positive allosteric modulator
and allosteric agonist.®*2¢ This compound was shown to be able
to reduce the necessary amount of ACh to activate the receptor
129-fold and showed no enhancing activity at other mAChR
subtypes.®5-3” We could delineate recently, that the connection of
a spacer to a BQCAd canceled the allosteric agonistic action.?
Structure-activity relationships of BQCA derivatives were
conducted thoroughly.34 3 We decided to use a derivative as the
second allosteric moiety in the current study carrying a fluorine at
position 8 of the A-ring and substitute the benzyl ring (B-ring) by
naphthalene for an increased M; affinity of the resulting ligands,3°
similar to our previously published compounds.?° Figure 3 shows
the target structures 2 combining carbachol with the BQCA-
derived moiety.
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Figure 3. Design of target structures 2 combining derivatives of the allosteric
modulator BQCA (BQCAds) and carbachol by alkylene linkers of variable
lengths.
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Synthesis

The dualsteric ligands were accessed by connecting the Boc-
protected linkers to the allosteric moieties before introducing the
carbachol precursor.

TBPB building block 3 was synthesized following literature
protocols (Scheme 1).4“2 Nitroaniline 5 was synthesized by
reaction of commercially available 1-fluoro-2-nitrobenzene with a
carboxyl protected 4-aminopiperidine. The nitro group was
reduced by hydrogenation over palladium on activated charcoal.
The diamine 6 was reacted with CDI to form the benzimidazolone
7. Hydrolysis of the ester protection group led to TBPB-building
block 3.

_COOEt
NH, N
Na,CO; 1 eq
Ki cat. HN H,, Pd/C
—_—
O,N
DMF, 50°C, 25 h MeOH, rt, 4.5 h
COOEt 91% quant.
5
_COOEt _COOEt
NS 5. e.
N 2M NaOH
CDI 16eq )\N
THF, rt, 3 h reflux, 23 h

o)

Scheme 1. Synthesis of TBPB-building block 3.

quant. 89 %

g

3

The Cs-linker 4c was synthesized from 1,8-octandiol. 1,8-
octandiol was mono-tosylated to give compound 8, which was
then substituted with sodium azide in dimethylformamide.
Reduction with lithium aluminum hydride yielded 8-aminooctanol
9. 3-Aminopropanol, 5-aminopentanol and 8-aminooctanol 9 were
Boc-protected to give compounds 10a-c. An Appel reaction to
introduce iodine as a leaving group yielded linkers 4a-c (Scheme
2).

TsCl 1 eq 1) NaN; 3 eq

Ho\/H\/OH NEt, 1 eq HO\/H\/OTS DMF, 80°C, 16 h HO\/H\/ NH,
6 CH,Cly, 1t 6 2) LIAIH, 4 eq 6
24h 8 THF, 0°C-rt, 19h 9
46 % 72 %
PPhg 1.5eq
Boc,0 1.2 eq Imidazole 1.4 eq
Ho | _NH, NaOH 12eq_ HO_.NHBoc 2 15ed [ _NHBoc
n dioxane/H,0 o CH,Cly 1t, 3.5 h "
rt, 4 h 10a-c ’ 4a)n=1:80%
4b)n=3:90 %
4c)n=6:72%

(over two steps)
Scheme 2. Synthesis of linkers 4a-c.

Building blocks 3 and 4a-c were connected in a substitution
reaction to give compounds 1la-c. Removal of the Boc-protection
group was achieved under acidic conditions. 4M HCI in dioxane
as solvent gave the free amines 12a-c. Reaction with
2-chloroethyl chloroformate under basic conditions yielded the
carbamates 13a-c. Compounds 13a and 13b were synthesized in
dimethylformamide with potassium carbonate as base, but only in
low yields. The procedure was changed for compound 13c, using
pyridine as a base in dry dichloromethane. This reaction was
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finished within 30 min and showed a highly improved yield
(Scheme 3).
K,CO32eq

My
| NHBoc Keat
\/H\n/ DMF, 60°C, 21 h

3 4

HNg/O/\Hﬁ\NHBoc

11a)n=1:68%
11b)n = 3: 88 %
Mc)n=6:78%

HN

5 [t
4M HCI )LN
- HN
dioxane
rt, 45 min
12a) n = 1: quant.
12b)n=3:94 %
12¢)n=6:99 %
(o}
o] EN
~"o">al o O/H\Nko/\/cl
H
K,CO3 2 eq )LN
Ki cat. HN
DMF, 60 C 17 h
13a)n=1:28%
pyrldlne 2eq 13b)n=3:47%

CH,Cly, rt, 30 min 13¢)n=6:78 %

Scheme 3. Synthesis of carbamates 13a-c.

The final reaction step was the substitution reaction of chloro-
compounds 13 with trimethylamine for the formation of the
carbachol moiety and target compounds la-c (Scheme 4). Due
to the large number of byproducts and difficult purification,
compounds la-c were obtained in yields of 13% to 20% only
(Scheme 4).

NMej; in H,0O
—

MeCN, 70°C 1a)n=1:13%
24h 1b)n=3:20%
1c)n=6:14%

Scheme 4. Last step of the synthesis of dualsteric compounds 1a-c.

For the BQCA-carbachol hybrids 2, building block 14 was
synthesized by a one-pot Gould-Jacobs synthesis.38-%°
6-Hydroxy-2-naphthoic acid was esterified with methanol and
subsequently reduced to 6-(hydroxymethyl)naphthalen-2-ol 15
(Scheme 5).

o o
@NW EtO%OEt 1)140°C, 3 h
F OEt  2)Phy0,190°C, 1h
14 %
o
1) MeOH, H,S0,
HO OO reflux 18 h “

OH 2) LiAlH, 1.5 eq

THF, 0°C, 16 h
87 %

Scheme 5. Synthesis of building blocks 14 and 15.
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Next, the linkers 4a-c were connected to the naphthyl alcohol 15
in a substitution reaction to yield alcohols 16a-c. An Appel
reaction to introduce iodine as a leaving group gave compounds
17a-c (Scheme 6). The iodine compounds 17a-c, however,
proved to be quite unstable and had to be used for the next
reaction step immediately after preparation.

I J~L_NHBoc
HO ; HO
4 .
OH NaOH 0 M NHBoc
15 MeCN/H,0, 70°C, n

16a)n =1:68 %
22h 16b) n = 3: 96 %
16c)n=6:76 %

PPhg 2eq

Iy 2eq

Imidazole 1.4 eq I

— 5

CH,Cly, rt, 3 h 0/\H/n\NHBoc

17a)n=1:65%
17b) n =3:60 %
17¢)n=6:71%

Scheme 6. Synthesis of naphthyl linkers 17.

lodine compounds 17a-c were connected to the quinolone core
14 in dimethylformamide under basic conditions (Scheme 7). Boc
deprotection of 18 gave the free amines 19a-c. Carbamate
formation was achieved as described above yielding precursors
20a-c. The last steps were the substitution with trimethylamine
and subsequent saponification of the ester using lithium
hydroxide. Reaction progression of this step has to be monitored
by LCMS. Both the esters and the target compounds 2 showed
the same retention on TLC as well as on HPLC. Disappearance
of the ester's m/z ratio indicated full conversion. The target
dualsteric compounds 2 were obtained in yields of 14% to 19%
(Scheme 7).
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o O o o

[ ° K,CO5 2 eq OEt
N Kl cat. |
H + N
DMF, 60°C, 19 h

F 14 F
I O/H\NHBOC
0 ™M NHBoc 18a)n=1:80 % n
17 n 18b)n=3:42 %

18¢c)n=6:42%

O O
4M HCI ‘ OEt
_ =
dioxane N
rt, 45 min F

J

O/\H/\NHZ
19a)n=1:46%
19b)n=3:95%
19¢c)n=6:36 %

o oe
Sh~ong N

pyridine
CH,Cly rt, 10 min

n
20a)n=1:82%
20b)n=3:78%
20c)n=6:29 %

o O

OH

1) NMes in H,0, MeCN, 70°C

%

f
&
-
O>:O
{
/\

2) LiOH, MeOH/H,0, rt

2a)n=1:17%
2b)n=3:14%
2c)n=6:19%
(over two steps)

Scheme 7. Synthesis of dualsteric compounds 2a-c.

For comparison and to investigate binding modes of the designed
compounds, reference compounds are required. Thus, the
individual allosteric moieties connected to the alkyl linkers were
synthesized. Some of these compounds (21c, 25c, 25d) were
previously published.?’ The TBPB reference compounds 21a-c
were synthesized by reaction of the piperidine moiety 3 with the
respective halogenated alkane (Scheme 8).

& NH KoCO;3 2 eq (EL O/\Hf
Kl cat.
HN N + Bl HN N
@ N DMF, 60°C, 18 h
3 21a)n=1:72%
21b)n = 3: 48 %
21c)n=6:50 %

Scheme 8. Synthesis of TBPB reference compounds 21a-c.

BQCA reference compounds were synthesized analogously to
the quinolone compounds described above. Alcohol 15 was
reacted with the respective halogenated alkane to give ethers
22a-d. In an Appel reaction, the alcohols 22a-d were converted
into the respective bromines 23a-d. The bromo-compounds
23a-d proved more stable than the respective iodo-
compounds 17 (cf. above). The bromine was then substituted by
quinolone 14 yielding esters 24a-d. By hydrolysis, BQCA
reference compounds 25a-d were obtained (Scheme 9).
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or
HO Br-
R SR © O N
OH  NaOH o
15 MeCN/H,0, 70°C, 22a)n =2:87 %

22h 22b)n=4:78%
22¢)n=7:69 %
22d)n=0:57 %

o O
‘ OEt
N
F H
14
CBr3 2eq O’{'\}\ Kl cat.
DMF, 60°C, 19 h
CHyCly rt, 3 h 23a) n = 2: quant.
23b) n = 4: quant.
23c)n=7:77%
23d) n = 0: quant.
o O o O
‘ OEt ‘ OH
LIOH
ot} of
24a)n=2:62% 25a)n =2:53 %
24b)n=4:70 % 25b)n=4 46 %
24c)n=7:77% 25¢c)n=7:49%
24d)n =0:39 % 25d)n = 0: 67 %

Scheme 9. Synthesis of BQCA reference compounds 25a-d.
Biological evaluation

The putative dualsteric compounds 1la-c and 2a-c, the
corresponding reference compounds 21a-c and 25a-d as well as
the CCh-alkyl reference compounds 28a-c were evaluated in a
novel luciferase protein complementation assay (Table 1).%3 The
assay was conducted to evaluate receptor response through the
Gqq protein specific phospholipase C pathway. For each
compound, a nine-point concentration-response-curve - was
recorded and expressed in percent of the maximal cellular
response of CCh.

§ 1001 g)
S
% 80- TBPBJ-C3-Carbachol 1a
% 504 - TBPBd-C5-Carbachol 1b
£ TBPBd-C8-Carbachol 1c
E 407 —e— Carbachol
5 207 - TBPB
2

0- T T T T T T 1

10 9 8 7 6 5 4 -3

[Compound] / log(m)

5 1001 ) 3
E & TBPBd-C3 21a
E - TBPBd-C5 21b
é 501 TBPBA-C8 21¢
‘% 404 —»— Carbachol
g - TBPB
5 204
a‘? -

O T T T T T T 1

0 -9 -8 -7 6 -5 -4 -3
[Compound] / log(n)

Figure 4. Concentration-response-curves of (a) dualsteric compounds 1a-c and
(b) reference compounds 21a-c measured in the luciferase complementation in
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vitro assay. Data points represent means = SEM from three independent
experiments, conducted in triplicate.

Figure 4 shows the dose-response curves of the putative
dualsteric TBPBd-carbachol compounds la-c and the alkyl
reference compounds 2la-c expressed as a percentage of the
maximal cellular response to CCh. No receptor response was
caused by the carbachol containing compounds 1a and 1c. In
contrast, compound 1b showed weak partial agonism, i.e.
its %Emax = 12 = 2 (cf. Table 1) being significantly different from
zero (one sample t-test, P>0.05) while the reference compounds
21a, b, c show full agonism and, depending on their chain lengths,
different potencies, with the C8 compound 21c significantly
showing the highest potency of all (One-Way ANOVA with
Newman-Keuls post test, P<0.05). Note that the spacers C3, C5
and C8 in compounds 21a,b and ¢ enhanced the efficacy of the
TBPB (Fig. 4b) and the orthosteric carbachol moiety nearly
abolished it in compounds 1a,b and c (Fig. 4a).

Table 1. Measures of potency and efficacy induced by muscarinic agonist and
hybrids in live HEK 293t cells.?

Cmpd. | Cn PECso %E max Slope
CCh 6.97 £0.03 991 1.22+0.09
TBPB 7.32£0.02 83z+1 1.29 +0.07
BQCA 7.20+0.03 90+1 1.60+0.13
la n.d. n.d. n.d.
1b 3 5.09+0.24 12+2 0.87+0.31
1c 8 n.d. n.d. n.d.
2a 3 5.89+£0.01 66+0.5 2.02 £0.08
2b 5 6.67 £ 0.02 781 1.36 +0.07
2c 8 6.62 +0.03 28+0.5 1.77+0.19
21a 3 6.05 £ 0.01 99+1 1.08 +0.03
21b 5 6.42+0.01 97+1 1.46 +£0.05
21c 8 7.38+0.04 98+2 1.34+0.15
25a 3 5.82+£0.02 35+1 2.69+0.23
25b 5 n.d. n.d. n.d.
25c¢ 8 n.d. n.d. n.d.
25d 1 6.01 £ 0.02 58+1 1.30+0.08
28a 3 4.65+0.18 44+ 6 0.95+0.21
28b 5 5.27 £0.07 28+1 1.24+0.21
28c 8 6.09 £0.08 9.4+04 1.41+0.37
3pECso, —log ECso value: (-log)concentration of the indicated compounds
inducing a half-maximal effect); %Emax, maximum effect as a percentage of Eccn
(100 uM); Slope factor obtained by curve fitting to data from individual

experiments shown in Figures 4-6 using a four-parameter logistic equation. nm:
not measurable Data represent means + SEM from three independent
experiments, conducted in triplicate.
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% 804 BQCAd-C3-Carbachol 2a
E —— BQCAd-C5-Carbachol 2b
5 9 BQCAd-C8-Carbachol 2¢
'g 404 —— Carbachol
g - BQCA
s 204 .
I

T
-0 -9 -8 -7 6 -5 -4 -3
[Compound] / log(m)

§ "1b) BQCAG-C3 25a
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g
£ -~ BQCA
.
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Figure 5. Dose-response curves of (a) dualsteric compounds 2a-c and (b)
reference compounds 25a-d measured in the Luciferase complementation in
vitro assay. Data represent means + SEM from three independent experiments,
conducted in triplicate.

Figure 5 shows the dose-response curves of the putative
dualsteric BQCAd-carbachol compounds 2a-c and the
corresponding reference compounds 25a-d in comparison to CCh
as the positive control, with its maximum response set to 100%.
The reference compounds 25b and 25c showed no receptor
response as had been expected from a previous study applying
deviating assay systems.?° Interestingly, compounds 25a and
25d, however, showed partial agonism suggesting that the
minimum spacer length to abolish agonism in the reference
compounds is C5 (25b) and that C1 (25d) and C3 (25a) do not
suffice. In contrast, all putatively dualsteric compounds 2a-c
showed partial agonism. The C5-linked compound 2b exhibited
the highest efficacy. This finding suggests a putatively
dualsteric/bitop ligand binding behavior of 2b as suggested in Fig.
9 in that its carbachol moiety triggers Mi receptor activation
orthosterically, the efficacy of which decreasing with an increase
in spacer-length to C8 as demonstrated by 28c in Fig. 8. Note that
the C5 spacer in compound 2b abolished efficacy of the allosteric
agonist BQCA in compound 25b (Fig. 5b) and the orthosteric
carbachol moiety in 2b nearly restored it to the level of efficacy of
BQCA alone (Fig. 5a). Inactive compounds 1a, 1c, 25b and 25c¢
plus the fairly active 1b were additionally studied which revealed
an antagonistic action of 1c to Ms-receptor activation via the
orthosteric carbachol (Figure 6). To shed light on the antagonistic
properties, the luciferase complementation assay was performed
in an antagonist mode, co-incubating the respective test
compound with carbachol. BQCAd-reference compounds 25b
and 25c did not show antagonistic behavior. In contrast, the
dualsteric TBPBd compound 1c revealed clear cut antagonist
properties, which were not observed with the shorter ligands la
and b, indicating that the C8 chain in 1c is an optimal linker length
for compound binding to the receptor without triggering a
functional activity. Detailed global data analysis of the functional
antagonism between carbachol and 1c at M; receptors was in line
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with a formally competitive interaction (cf. Fig. 7). Future studies
focusing on the binding topography of 1c¢ will help to elucidate the
molecular nature of its antagonistic behavior towards carbachol.
Interestingly, the importance for the receptor interaction of the C8
spacer is also confirmed by the corresponding reference
compound 21c which showed the highest potency (Figure 4).

1201
& 1004
§ 80- TBPBA-C3-Carbachol 1a
% 804 —— TBPBd-C5-Carbachol 1b
3 TBPBd-C8-Carbachol 1¢
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Figure 6. Dose-response curves of (a) putatively dualsteric TBPBd compounds
la-c and (b) BQCAd-reference compounds 25b or 25c measured in the
Luciferase complementation in vitro assay in the antagonist mode by co-
incubations of ECsgo-concentration of CCh. Data represent means = SEM from
three independent experiments, conducted in triplicate.
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Figure 7. M1 receptor stimulation by carbachol measured in the Luciferase
complementation in vitro assay conducted with several concentrations of the
response of live HEK296 cells
overexpressing the M: receptor displayed as a percentage of maximally induced

dualsteric compound 1c. Ordinate:
stimulation by CCh. Abscissa: log concentration of CCh. To quantifiy the
antagonistic action of 1c, a control curve with variable concentrations of CCh
only (taken from Fig. 4a), a second curve with increasing concentrations of 1c
at one fixed concentration of CCh (taken from Fig. 6a), that induced 80-90% of
the maximal receptor response and thirdly, a second full CCh curve shifted by
a fixed concentration of 1c were compiled and fitted by global nonlinear
regression to a model assuming competition of 1¢ with CCh at a single site.**
Data represent means + SEM from three independent experiments, conducted

in triplicate.
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Cmpd. Cn log Ks
1a 3 n.d.
1b 5 n.d
1c 8 7.12+0.02
25b 5 n.d
25¢ 8 n.d
Atr - 9.32+0.12

Table 2. Equilibrium log affinity constants Ks of compound 1c and atropine (Atr)
for binding to the Mi-receptor according to the competitive model. Log Ks values
were determined with s constrained to unity, if s was not statistically different
from s = 1 (F test, P > 0.05), suggesting that 1c and atropine acted formally
competitively with CCh.

c 100 C3-CCh 28a
o
2 s~ C5-CCh 28b
2 8 C8-CCh 28¢
@ 604 -e- Carbachol
o
E
E a0
m
E 201
o
= 04 oo

T T T T 1

10 9 8 7 6 5 4 3
[Compound] / log(m)

Fig. 8. Dose-response curves of reference compounds 28a-c and carbachol
measured in the Luciferase complementation in vitro assay. Data represent
means + SEM from three independent experiments, conducted in triplicate.

Figure 8 shows the dose-response curves of the CCh-alkyl
reference compounds 28a-c expressed as a percentage of the
maximal cellular response to CCh. Compounds 28a-c showed
partial agonism and a decreasing receptor response with
increasing chain length of the alkyl rest. Similarly, the potencies
of 28a-c were smaller than that of carbachol (cf. Table 1). In
contrast to this trend, within this group of carbachol derivatives
the potencies increased with chain length, with the C8 compound
showing the highest potency (One-Way ANOVA with Newman-
Keuls post test, P<0.05). These findings suggest that the CCh-
alkyl moieties 28a-c contribute in part to the agonistic effects of
hybrids 1 and 2, respectively, but do not make up the respective
full effects of hybrid efficacy and potency. Specifically, the BQCAd
and the TBPBd moieties in hybrids 2a-c and 1b, respectively,
have, compared to the efficacy of 28a-c, either increasing effects
(BQCAd containing hybrids: Fig. 8, Fig. 5, Table 1; Emax: 28a:
44% -> 2a: 66%, 28b: 28% -> 2b: 78%, 28c: 9,4% -> 2c: 28%) or
decreasing effects (TBPBd containing hybrid 1b: Fig. 8, Fig. 4,
Table 1; Emax: 28b: 28% -> 1b: 12%). Additionally, the BQCAd
moieties in the hybrids 2a-c increased the potency estimate pECsg
significantly compared to compounds 28a-c (Fig. 8, Fig. 5, Table
1; pECso: 28a: 4.65 -> 2a: 5.89, 28b: 5.27 -> 2b: 6.67, 28c: 6.09 -
> 2c: 6.62; One-Way ANOVA with Newman-Keuls post test,
P<0.05). The TBPBd moiety decreased the pECsy of 28a
compared to 1b numerically but not significantly (Table 1). Taken
together, these results point to the necessity of allosteric hybrid
moieties for a full hybrid effect, to a dualsteric/bitopic receptor
interaction of the effective hybrids 1 and 2 and show that it is
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productive to develop ligands that bridge between the M;
orthosteric and allosteric binding sites.

Molecular Modeling

The dualsteric binding mode of 2b (BQCAd-C5-Carbachol) was
analyzed with regard to receptor-ligand interactions by using
three-dimensional pharmacophores (Figure 9).4> The shown
binding pose was derived by docking to an active receptor model
according to a previously published protocol.?6?” The ammonium
group of the carbachol moiety forms a charge interaction with
D105%%2 and a cation-Tr interaction with Y381%5! which
represents the key interactions for orthosteric ligands. The
carbonyl group of the carbamate serves as hydrogen bond
acceptor for the hydroxyl group of Y408743. This represents a
remarkable difference compared to the binding mode of
carbachol, in which the carbamate structure shows a different
orientation (Supporting information). However, orthosteric key
interactions (charge interaction with D105%%? and a cation-Tr
interaction with Y3816°%) are present in both binding modes and
mainly driving agonist activity. The BQCAd moiety is located in
the allosteric vestibule at the extracellular loop region and forms
lipophilic contacts with L174E2 and Y179%-2. Furthermore, the
carboxylic acid forms a charge interaction with K392E-3,

| L1742

Y38165 ‘D'|053'3; sl Y40874

Figure 9. Proposed dualsteric binding mode of 2b (BQCAd-C5-Carbachol) at
the active M1 receptor model with the carbachol moiety binding at the orthosteric
site and the BQCAd building block at the allosteric site. Hydrogen bond
acceptors are shown as red arrows, yellow spheres indicate lipophilic contacts,
and positive and negative ionizable centers were shown as blue and red stars,

respectively.
Conclusion

We have designed and synthesized two sets of novel putative
dualsteric hybrid compounds containing the M, orthosteric ligand
carbachol and either derivatives of BQCA, an allosteric modulator
and agonist, or TBPB, a bitopic orthosteric/allosteric agonist. In a
first evaluation of their receptor efficacy, agonist activity can be
seen for the BQCAd-carbachol-hybrids 2 only, the extent of which
is strongly dependent on the spacer length between the moieties.
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Different to findings published earlier with other non-agonistically
active BQCAd building blocks,?® in the current study spacer
lengths smaller than C5 resulted in partially active BQCAd
moieties thus contributing to the orthosteric agonistic effect of the
carbachol moiety. Nevertheless, the BQCAd moiety 25b (which
includes a C5 spacer) of the BQCAd-carbachol-hybrid 2b
possessing the highest efficacy (and potency) did not contribute
to M;-receptor activation. This demonstrates that the carbachol
moiety pertained part of its agonistic action in this hybrid.
Inversely, the orthosteric carbachol massively quenched M;-
receptor activation in the bitopic TBPBd-carbachol-hybrid 1b to a
marginal partial agonism at a high concentration compared to its
TBPBd-C5 moiety which behaved as a full agonist. In summary,
in the current study, we demonstrate that partial agonism in
dualsteric/bitopic compounds can be designed not only by
quenching orthosteric receptor activation by an allosteric moiety
as in 2b but also by quenching putative bitopic/dualsteric
activation of the receptor protein by an orthosteric moiety such as
carbachol in 1b. These findings practically widen the effect of
orthosteric moieties in the concept of putative dualsteric/bitopic
ligands. They allow different extents of partial agonism and
furthermore enlarge the molecular toolbox of hybrid ligands to
investigate mMAChR receptor function. More advanced studies
with regard to signaling bias and subtype selectivity are ongoing.

Experimental Section

Synthetic procedures and conducted assay procedures are found
in the supporting information.
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Entry for the Table of Contents

Tailor-made: Dualsteric compounds derived from carbachol as orthosteric moiety can be tailored-
made to activate or inactivate the muscarinic M; acetylcholine receptor to different extents. BQCA-
carbachol derivatives and TBPB-carbachol-derived compounds show partial agonism or a formally
competitive antagonism with orthosteric carbachol, respectively. The degree of intrinsic receptor
response can be controlled in a wide range by carbachol and the length of the linker.
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