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Classification

Molecular and cellular pharmacology

Abstract

Although agonists and antagonists of muscarinieptars have been known for long time,
there is renewed interest in compounds (such astatic or bitopic ligands, or biased
agonists) able to differently and selectively madelthese receptors. As a continuation of our
previous research, we designed a new series ofrgliofiche well-known cholinergic agonist
carbachol. The new compounds were tested on teecfbned human muscarinic receptors
(hM;_5) expressed in CHO cells by means of equilibriundlrig experiments, showing a
dependence of the binding affinity on the lengttl pasition of the linker connecting the two
monomers. Kinetic binding studies revealed thatesofrthe tested compounds were able to
slow the rate of NMS dissociation, suggesting &ios behavior, also supported by docking
simulations. Assessment of ERK1/2 phosphorylatioml;, hM, and hM activation

showed that the new compounds are endowed witharningcantagonist properties. At BM
receptors, some compounds were able to stimulay&binding but not cCAMP

accumulation, suggesting a biased behavior.
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Chemical compounds studied in thisarticle:



Carbachol chloride (PubChem CIB831); Acethylcholine chloride (PubChem CHED60);
Hexamethonium chloride (PubChem CHE3550); Gallamine triethiodide (PubChem CID
6172); McN-A-343 chloride (PubChem CIB926); Atropine sulphate (PubChem CID

64663).

1. Introduction

Five different muscarinic acetylcholine receptoA@hR) subtypes are known (MM s)

which are widely distributed inside and outside @S and involved in many physiological
processes. Muscarinic ligands are mainly usedimical settings to treat chronic obstructive
pulmonary disease, overactive bladder and Sjégmamidrome, but selective agonists or
antagonists of these proteins may be potentialiyulisn several other disorders or conditions
(Kruse et al., 2014; Wess et al., 2007).

Muscarinic receptors can be modulated by meanganfds interacting with the orthosteric or
allosteric site(s) whose topography has been détedhirom recent crystal structures of
ligand-complexed MM, receptors (Haga et al., 2012; Kruse et al., 268tdse et al., 2013;
Thal et al., 2016). Modulation from an allosterite $s particularly attractive since these
regions are much less conserved than the orthosteei for the endogenous neurotransmitter;
with allosteric ligands therefore it should be pblesto achieve the subtype-selectivity which
has been elusive with orthosteric modulators (Betckl., 2018). The location of an allosteric
site near the orthosteric one led to the desigituafsteric/bitopic ligands (i.e. compounds
which can simultaneously bind to both sites) oladiby hybridizing non-selective orthosteric
ligands with subtype-selective allosteric modulatdiese bivalent ligands can display
interesting properties, such as subtype selectifttyctional selectivity, and protean agonism

(Bock et al., 2018; De Min et al., 2017; Schrage Kostenis, 2017; Valant et al., 2012). A



muscarinic agonist, 4-[[(3-chlorophenyl)carbamoyifpN,N,N-trimethylbut-2-yn-1-
ammonium chloride (McN-A-343) (Mitchelson, 2012)aswecently recognized as a bitopic
ligand (May et al., 2007; Valant et al., 2008). S bompound showed about 10-fold higher
activity on Gs-coupled M receptors compared with-Goupled M receptors, displaying
functional selectivity. Some hybrids composed &f dnthosteric agonist xanomeline and the
allosteric agonist 1-[3-(4-butyl-1-piperidinyl)prgip-3,4-dihydro-2(1H)-quinolinone (77-LH-
28-1) showed different abilities to engage Gg-@arrestin via M mAChRs, compared to both
lead compounds (Bonifazi et al., 2014). A recemgpgroposed that the extent of closure of
the extracellular allosteric binding site influeadge intracellular coupling to distinct
signaling pathways, suggesting a mechanistic eqfitam of biased agonism (Bermudez et al.,
2017). However, stimulus bias has been displaysal la} orthosteric muscarinic ligands (see
refs Gregory et al., 2010 and Pronin et al., 2GLé&@amples).

In a previous paper we described a series of chdbaimers (compoundka-f, 2a-f, Fig. 1);
kinetic binding studies and docking simulationsdnauggested a bitopic behavior for some of
them (Matucci et al., 2016). Compouridsf and2a-f are symmetric dimers in which the two
monomers are connected through the carbamic nitragams by means of a methylene chain
of variable length. In this paper we report thewégt of their isomers, having the two agonist
units linked by a polymethylene spacer connectirggdationic nitrogen atoms (compounds
3a-e and4a-e, Fig. 1); tertiary amines and ammonium derivatiwese both prepared. In
addition, a hybrid compound has been synthesiZedlfere a 10-methylene chain connects
the carbamic nitrogen atom of one monomer withbdsc nitrogen atom of the second one.
To verify the importance of the presence of botbrast units, compoun@é and the synthetic
intermediatedd,e were also tested. The activity of the compounds mvaasured in binding

and functional studies on CHO cells expressinditleehM;_sreceptors; docking methods



were used to rationalize the outcome of bindingeexpents. The results were compared to

those found for the previously synthesideef and2a-f.

FIG. 1 NEAR HERE

2. Materialsand methods

2.1. Drugs

The following drugs were used: carbachol chloratetylcholine chloride, examethonium
chloride, McN-A-343 chloride, gallamine triethio@idatropine sulphate salt monohydrate and
(-)-scopolamine methylbromide purchased from Sigktarich SRL, Milano, Italy; fH]N-
methylscopolamine chloride specific activity rarj890-3,200 GBg/mmol and
[*°*S]guanosine-5¥-thiotriphospate specific activity 46.25 TBg/mmupbi Perkin-Elmer Life
and Analytical Science, Monza, Milano, Italy. Pedis toxin (PTX) was purchased from
Biotrend (Cologne, Germany). All other reagentsenyaurchased from Sigma-Aldrich SRL
(Milano, Italy) unless stated otherwise. CompouBale, 4a-¢, 5, 6 and7d-e were prepared

as reported in Appendix A.

2.2 Biological studies

Equilibrium radioligand binding assays, dissociatkinetic assays, guinea-pig ileum
preparations, and the Extracellular Signal-Regdl&ti@ase (ERK1/2) Phosphorylation
Assays were performed as previously described (d4at al., 2016). The organs used in this

article derive from programs for sharing organs @sglies of animals sacrificed in the animal



house facility of the University of Florence, inngpliance with the principle of reduction.
The experiments described was approved from Ittistital Animal Care and Use Committee
(IACUC) of the University of Florence and from thalian Ministry of Health (Authorization
No. 54/2014-B), issued under the previous ItaliawDecree (No. 116/1992) on animal
testing. With regard to data analysis for compowal8b and4a, plCy s values (i.e. the
concentration at the inflection point of the regpecinhibition curves) are reported instead of
pK; because these compounds did not completely disfidiNMS equilibrium binding at

all muscarinic receptors subtypes studied, thugestgng a non-competitive behavior. In all
other cases, data from these experiments werd fiita parametric function to derive best
estimates of the I§g and slope factor; 1§ values were then converted to binding constant K
according to Cheng-Prusoff equation.

These parameters are presented as mean + S.EaWlleakt three experiments, each one

performed in duplicate, unless otherwise noted.

2.2.1 Data analysis:

Data generated from binding assays were analysed Bsism 5.02 (GraphPad Software Inc.,
San Diego, CA). Data points were fitted to modal&@ nonlinear regression equations.
Some equations, regarding dissociation kineticyasseere derived by Dr Nigel Birdsall and
then formulated to be introduced into GraphPadn®ri&ccording to the protocol developed
by Lazareno and Birdsall (1995), one point kinetta were analyzed as a function of time
and then in order to obtain estimates of the affiof an allosteric agent for th&H{]NMS-
occupied receptor (o) in a single step (equation 1).

Kot/ (L+Koee X X) (2)

Kot IS the dissociation rate constant of the radioldhan the absence of X; pefers to the log



concentration of the allosteric ligand and logdfs its log affinity constant for the occupied
receptor. This equation can also be used to dyrestimate log I by analyzing the amount
of [’H]NMS remaining at certain times at different comeations of the allosteric modulators

(see Lazareno and Birdsall, 1995).

2.3. GTPyShinding assay

GTPyS binding assay was performed as reported in pus\papers (see ref Jager et al.,
2007). Curves were fitted with a “four parameteagistic function”; the respective curve

slopes were not different from unity (F-test, P¥).0

2.4. cAMP-accumulation

Quantification of agonist-induced rise of intracé&dk cAMP was performed using CHO-BM
cells pretreated with 100 ng/mPTX for 16-22 h, as described previously usingTa&RHB-
cAMP dynamic kit (Cisbio, Bagnols-sur-Ceze, Frarfodlpwing the manufacturer’s
instructions. cAMP content was detected dispensthg00 cells per well in a buffer
containing Hanks” balanced salt solution with 20 HHEPES and 1 mM of the
phosphodiesterase inhibitor IBMX. Fluorescence guzmtified on a Mithras LB 940
multimode reader (Berthold Technologies, Bad Wittl@@ermany). Levels of cCAMP were

normalized to the amount of cCAMP generated by 18I0Acetylcholine (ACh).

2.5. Computational studies



With a view to investigating the molecular recognitof the proposed molecules, docking
simulations were performed by applying the samepdational protocols already reported in
the previous study (Matucci et al., 2016), focusatigntion on the hisubtype. In detail,
docking calculations involved the resolved struesuin both active (PDB Id: 4MQT) and
inactive (PDB Id: 3UON) conformations. The inactsteucture was simulated retaining the
co-crystallized QNB inhibitor in order to mimic tlegperimental conditions of the kinetic
studies. Briefly, docking simulations were perfotmesing PLANTS and focusing the search
on a sphere large enough to encompass orthostetialsteric binding sites at the same
time. For each ligand, 10 poses were generated tisnChemPLP scoring function and the

obtained results were analyzed by ReScore+ (Vistdi., 2017).

3. Results

Compoundsa-e and4a-¢, 5, 6 and7d-e have been synthesized using standard methods
(Appendix A). DerivativeSa-e and4a-e represent structural isomers of the previously
describedla-f and2a-f, differing for the position of attachment of thelyymethylene spacer;
it was envisaged that with this new arrangemeetcdtrbammic moiety could be free to
establish the key contacts within the binding sitikich appeared to be precluded fcand2

(Matucci et al., 2016).

3.1. Equilibrium binding affinity

The affinity of compound8a-e, 4a-e, 5, 6 and7d-e for the five human muscarinic receptor
subtypes (hMthMs), measured in equilibrium binding experimentggigorted in Table 1 as
pK; or plG s and illustrated in Fig. S1 carbachol (CCh) and M&i843 have been taken as

reference compounds.



TABLE 1 NEAR HERE

All the compounds were able to displace the ragiéoid PHINMS binding at all muscarinic
receptor subtypes, in a concentration-dependentandywith different inhibitory propensity.
Symmetric dimer8c-e and4b-e completely displaced specific radioligand bindaigll
receptor subtypes, whila,b and4a did not, even at millimolar concentrations, givioi§ s
values <4 at some receptor subtypes{hi, and hM for 3a, hM3 hM, and hM; for 4a,

hM, for 3b). When n>7, structural dimerization generally improved bmglaffinity with
respect to carbachol, with the exception of compl@aon hM,; among the shorter
derivativesdb (n = 5) showed pKvalues higher than carbachol only on héhd hM.

The affinity of base8a-e regularly increased with increasing the lengtthefchain in all
receptor subtypes (Fig. S1A). In contrast, for noetides4a-e (Fig. S1B), in some cases the
increment brought by two methylene units was srafibsent. This was the case4o¥4d (n
=7 and 9, respectively) at hMnd hM, while at hM affinity was slightly decreased.
Neverthelessfe (n = 11) was the most potent compound at eaclygebbeing equipotent
with 4d on the hM receptor

Contrary to what happened in the previously syntieel and2 series, where methiodides
had higher affinity measures than the correspondassgs, for compoun@sand4 a
permanent positive charge increased affinity oalyaf spacer length of n=7: affinity
measures ofc were higher than those 8¢ at all subtypes. For compounds with n= 3, 5, 9
and 11 the affinity measures of bases were equabber than those of methiodides, apart
from those cases when affinity measures were <4.

In general, symmetric dimeBa-e and4a-e did not show subtype selectivity of binding; only

for the longer compound8d-¢, 4d-e, n = 9, 11) was the difference in affinity measuoe



some subtypes higher than one order of magnitudtk. 1& exclusion of compoun@a-b
and4a, whose affinity measures could not be calculatedli receptor subtypes, symmetric
dimer compounds showed the lowest apparent affmégsure at hiyland hM receptors
(Table 1, Fig. S1A,B).

The contribution to affinity of the second carbaenaioiety was investigated by testing
compounds, 7d and7e. N-undecyl derivativé showed similar binding constants at alll
subtypes (pKvalues ranging from 5.82+0.08 on b 6.26+0.04 on hly), with pK; values
intermediate between those3afand3d. With respect t®, compoundgd and7e possessed
an additional basic moiety, which did not improvinay but was actually detrimental for it
at hMs. With respect to bis-carbamadd, monocarbamatéd showed lower affinity on hivi
and hM but not on hMand hM;, while the affinity of7e was much lower than that 8& on
all subtypes (Table 1, Fig. S1C). This behaviomgasged that the second carbachol unit gave
an important contribution to the interaction of theg derivative3e (n=11) with all subtypes,
while for 3d (n = 9) its role was less important and limitedite hM, and hM subtypes.

The hybrid compoun8, carrying a 10-methylene chain as a linker, shosdlar binding
constants at all subtypes (pkalues ranging from 6.33 at h¥b 6.90 at hM) (Table 1, Fig.
S1C). Compared to the homodimers having simildeliis length the pK; values o were
intermediate between those3af (n=9) and3e (n=11) at hM and hM but not at hM, hM;
and hM; with respect to the previously descrildeti(n=9, pK in the range 6.53-7.89) aid
(n=11, pKin the range 6.29-7.16), the binding measurg wéas lower. Compoun8d showed
the lowest pKvalue on hM, its profile resembling that of compounti2 (Matucci et al.,
2016) and not that &4; the latter showed the lowest affinity measureshds and hM

receptors.

3.2. Kinetic binding studies

10



In order to detect a possible interaction with Bosteric site, the ability of selected
compounds to affect théH]NMS dissociation rate was evaluated, using apwiat kinetic
protocol as previously reported (Matucci et al.1@0Lazareno and Birdsall, 1995); gallamine
and McN-A-343 were taken as reference moleculegrd®entative graphs are shown in Fig.

2 for 3e and gallamine.

FIG. 2 NEAR HERE

Panels A-B show the increase of the specificalréteptor-bound®HINMS, due to the
reduction of its dissociation rate by the liganadétd, as a function of time with increasing
concentrations of the modulators. In Fig. 2D theréase of HINMS bound to the receptor is
shown as a function of increasing concentratioralokteric modulators. The top data point
(shown at log [agent] = -1) representid]NMS binding before dissociation starts. The csrve
extrapolate to this value, implying that these coomals could substantially slow down
[*HINMS dissociation at a sufficiently high concetima. Like gallamine3e, taken as an
example, markedly inhibited the dissociation#f]NMS from hM, receptors, giving rise to
an increase in residu@H]NMS binding at the time point selected (t= 20 jninith the curve
being well defined. Analysis of the kinetic dataFig. 2A-B, according to Lazareno and
Birdsall (Lazareno and Birdsall, 1995), gave lggkalues which represent the binding

affinity at the NMS-occupied receptor and are régubin Table 2 and in Fig.S2.

TABLE 2 NEAR HERE
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As expected, gallamine showed preference for th&Shidcupied hi subtype (Table 2). All
tested compounds were able to slow fiNIMS dissociation rate, but with different potency
depending on their structure and the receptor pabty

The change in activity of compoun8a-e with respect to the linker length (Table 2, Fig.
S2A) was similar on all subtype3; being the least active compound (n = 7) addn = 9)

the most active. Methiodides-e (Table 2, Fig. S2B) showed a similar trend on hdh

which the logk.. values fordd and4e were similar. On the contrary, at hkceptors the
apparent allosteric affinity of methiodidéa-e regularly increased with chain length, while at
the other subtypes the trend was different and emelhe longest compoudeé (n = 11) was
the most active quaternary derivative on all subsypxcept hMand hM.

A permanent positive charge had no clear-cut etiaatadioligand dissociation: for short
compounds3a,b and4a,b (n = 3, 5) the difference in logk: values between bases and
quaternary compounds was very small. A differenmeatgr than 0.5 log unit could be seen
for 3c-4c (n = 7), at all subtypes except hMind for3e-4e (n = 11) only on hM; at these
subtypes, methiodide& and4e were more potent than the corresponding basesd3e.
Base3d (n = 9) was more potent than its quaternary amuomrderivativedd on all subtypes.
As a general trend, the log¥ values of longer derivatived-e and4c-e (n = 9-11) for the
occupied receptor were lower at hhd hM; compared to the other receptor subtypes. This
affinity profile was found also for the previouslgscribed seriekand2, and it was shared
also by hybridb and amine§d,e (Table 2). Among the tested compoungtsappeared to be
the most potent one on all the receptor subtypes.

When n = 9, the presence of both carbamate growpsased the retarding action via the
allosteric site: logk.c estimates for compour8tl were higher than those 6fand7d at all
receptor subtypes, with large differences at lalid hM, and, with respect t6, also at hM.

When n =11 (compoung8k), the contribution of the second carbamate moaety significant

12



with respect t® only at hM and hM, as it increased the affinity measure 8.5 andri&g,
respectively. With respect e, the second carbamate moiety did not affect agtivi
significantly, but at hM receptors it was actually detrimental, since #ifiof 3e was 3-fold

lower than that ofe.

3.3. Functional studies on isolated guinea pig ileum

As done for the previous series (Matucci, 2016),rtbw compounds were tested for their
functional activity on guinea pig ileum, tissuewhich Mz than M, receptor sites are mainly
present (Barocelli et al., 1993). All compoundshwihe exception dde and5, were able to
evoke weak smooth muscle contractions (data natishahich, however, were not
antagonized by 1 nM atropine (which is able to gotéze the contractions induced by ACh
and CCh), nor by the nicotinic antagonist hexamitira (30 uM). This behavior could
imply the involvement of a receptor system différieam the cholinergic one, which was not
further investigated. Compoun@s6, 7d and7e behaved as weak antagonists £p#5), being
able to reduce contractions induced by ACh. Comgd@erwas devoid of activity both as
agonist and antagonist, despite the micromolanigffdisplayed in equilibrium binding
studies (cf. Table 1) and a measurable bindinggmsity to NMS-occupied hireceptors

as quantified by logk (cf. Table 2).

3.4. ERK 1/2 phosphorylation

To determine the functional activity of the compdsiton muscarinic receptors, selected
molecules 8d-e, 4d-e, 7d-e) were evaluated in ERK 1/2 phosphorylation asgay3HO cells

stably expressing hMhM, and hM; receptor subtypes. When tested alone up to aul¥DO

13



concentration, none of the compounds displayediatiomactivity (data not shown). Thus,
their antagonistic properties against 10 nM AChenassessed. The results, reported in Fig.
3A-C, show that a 100M concentration of the compounds was able to reéd@e-induced
ERK 1/2 phosphorylation to different extents depegan the receptor subtype. At the hM
receptor (Fig. 3A) all tested compounds behavezhéegonists with the exceptiond,
which was devoid of activity. At the hiMeceptor (Fig. 3B) compoun@d and4e effectively
reduced ACh stimulation, while the antagonisti@effof4d, 3e, 7d and7e was weaker or
absent. At the hireceptor (Fig. 3C) all tested compounds displayedntagonistic effect,
which was strong fo8d, 4e, 7d and7e and much weaker, but still significant, #at and3e.
These results highlight for some compounds a cedagree of selectivity: for instancé
was able to strongly antagonize ACh-induced ERKsphorylation at hMbut it was

ineffective at hM and hM receptors.

FIG. 3 NEAR HERE

3.5. Interaction with G proteins via hM, receptors

Activation of hM, muscarinic receptors was measured by mearmSSIgTP/S binding
assays, performed according to previously repgtetbcols (Jager et al., 2007). Initial pilot
experiments had shown that specifid]NMS hM, equilibrium binding as defined by 10 pM
atropine to define nonspecific binding was conaaran-dependently displaced by the test-
compounds 4b-4e to 0% specific binding revealirgghthkL receptor to be a target structure

for them(data not shown).

14



Dose response curves for agonist mediated recaptivation are reported in Fig. 4;
statistical parameters obtained from curves fittethe mean data values are summarised in

Table S1.

FIG. 4 NEAR HERE

Contrary to what happened in ERK assays, in thatesy test compoundib-e produced
receptor activatiorheingable to stimulate®’}S]GTP/S binding, albeit with low intrinsic
activity. Their maximal effect was about 20 % of thaximum ¥°S]GTP/S binding produced
by the full agonists carbachol (100 uM) and acéidine (100 uM), thus behaving agak
partial agonists.

To further investigate functional activity, selettsompounds4b-€) were evaluated in a
cAMP-accumulation assay applying CHO cells staBlyressing the human Meceptor
(hMy). In contrast, none of the tested compourdtisg) at any concentration was able to
induce a cAMP-accumulation significantly differéram baseline on this &ignaling
pathway (data not shown). In comparison to theltesfithe GTRS binding experiments,

compoundglb-e exhibited a Gover G signaling bias compared with ACh and CCh.

3.7. Docking studies

As anticipated under Methods, docking simulatioesexfocused on the hiMeceptor by
comparing its active and inactive conformations.eWwlkomparing the here obtained docking
poses within the active hiMtonformation with those already published (Matwetcl., 2016),
one might notice a similar effect of the linkerdgm on the observed binding modes. Indeed,

the short derivatives (n < 7) cannot simultaneouoslyupy both orthosteric and allosteric

15



binding sites and tend to be completely accommaldatthin the orthosteric binding site,
while the molecules with longer chains appeardaetable to engage both binding sites.
Unlike the previously reported dimetsaand2, where the carbachol unit within the orthosteric
site was always unable to elicit the same key attgons stabilized by the carbachol ligand
alone [18], compound3and4 were almost always able to optimize their contacstsin the
orthosteric site.

In more detail, the ligands endowed with shortédirskcan assume three possible binding
modes since they are accommodated within the deghosite, within the allosteric pocket or
in-between. Thus, the computed poses for the statezivatives3a and4a, n = 3) are
roughly equally distributed between orthosteric aldsteric binding site even though the
poses within the orthosteric pocket always reprethentop scores. The intermediate poses
represent an energy disfavored minority. Also teevéatives with n = 53b and4b) show
similar distributions with the best poses withie tirthosteric site (as displayed in Fig. 5A)
even though the intermediate poses progressivetgase their relevance and indeed the
ligands with n = 73c and4c) preferentially assume in-between poses by whiely properly
occupies both binding pockets. Similar distributi@me observed for longer derivatives even
though all these longer compounds show some posgBich they are accommodated within
the allosteric pocket only. Collectively, one maptioe that the short ligands are able to
occupy the allosteric site only in a less than bathe computed complexes which never
correspond to best solution, while the longer ddives are always able to be inserted within
the allosteric cavity.

To exemplify the above described trends, Fig. Smanes the best putative complexes as
generated for ligands endowed with sh8M, (h = 5, Fig. 5A) and londg3@, n = 9, Fig. 5B)

linker and confirms that in both complexes at |esst carbachol unit was properly

16



accommodated within the orthosteric site, whileyahk3d is able to insert the second unit

within the allosteric pocket.

FIG. 5 NEAR HERE

The above discussed results are in agreement matddcking simulations based on the
inactive hM structure in complex with the co-crystallized quihdyl benzylate (QNB)
inhibitor, where only the long derivatives wereetd afford satisfactory complexes while
showing more superficial poses compared to theespanding compounds of seand2. For
example, Fig. 5C shows the putative complex as coeapfor3d which exhibits the highest
log Kocc Value. Both carbachol units are able to contantl@ and differ for the arrangement
of carbamate functions since one carbamate renraessuperficial region while the second
function approach the orthosteric cavity. Notalalgarbachol unit shows within the allosteric
cavity a pose very similar to that already seetihéactive hM structure, thus suggesting that
the arrangement of the orthosteric site does nokeddy affect the accessibility of the
allosteric cavity. The short derivatives are seeapproach the orthosteric cavity where they
unsuitably interfere with the key residues of thihasteric binding site thus competing with
the QNB binding. The reported affinity and kinati@ta confirm that the involvement of this
empty space around the orthosteric pocket has aralbdetrimental role when preventing the
correct accommodation of the orthosteric ligands.

Altogether, the comparison of docking results fa two sets of carbachol dimers suggests
that compound8 and4 are more capable than compouddsd?2 to occupy the orthosteric
binding site, a trend which can be ascribed tdifferent arrangement of the two key
interacting moieties (i.e. the ammonium head aedcirbamate function) which only 3nand

4 parallels the corresponding arrangement of the inkdracting residues. In contrast
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compounds3 and4 are less capable than compoutd@sd?2 to occupy the allosteric binding
site and this can be explained by considering teatgr distance between the ammonium
heads in the first set, having the carbachol umk&d through their carbamate moieties,

compared to the new dimers.

4. Discussion

This paper reports the characterization of a nevesef carbachol dimers (compourise
and4a-e) in which the two monomers are connected throaghcholine nitrogen atoms. The
new compounds share some features with the prdyioharacterized serida-f and2-a-f: a
lack of selectivity toward one of the five muscarireceptors, and a progressive increase of
affinity by elongating the linker’s chain, obseniadequilibrium binding studies (Fig. S1,
Table 1). However, some differences are also evidethe new series, quaternarization of
the amine moiety did not generally increase affinitith the exception of compounds with n
=7, as pKvalues fordc are higher than those 8¢ on all subtypes. In addition, while
compounds belonging to tHeand?2 series show higher affinity at h\and hM (Matucci et
al., 2016), compound3a-e and4a-e show the lowest apparent affinity on these sulstype
Docking studies also highlight some differencedakt, for compound8 and4 one

carbachol unit in the othosteric site is able toitethe key interactions engaged by the
carbachol ligand alone (i.e ion-pairing with AspJ®Ii81 H-bonds) with a correct geometry,
even when the linker is long enough to allow fdtapic binding.

Kinetic binding studies also show a different bababetween series of compounds. In fact,
in the old series]( 2) affinity for the allosteric site in NMS-occupiddV receptors increased
smoothly with the linker’s elongation, with the graxception of the compound with a six-

methylene chainlf, 2f); the effect was more evident for the tertiary @@sila-e compared to
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the quaternary ammonium analdgse. On the contrary, the increase of logivalues for
amines3a-e is not constant (Table 2, Fig. S2A): the jump gdirom n=7 Bd) to n=9 Be) is
associated to an increase of apparent affinitypoliatwo orders of magnitude on hMhM;
and hM, mAChRs, and about one on the hddhd hM; subtypes. A similar trend is observed
for methiodidegla-e only on hM mAChR. This behavior is consistent with a chamgthe
binding mode of the compounds, allowing a mucheodit within the receptor binding
pocket, at the allosteric site, since the orthastamne is occupied by NMS.

Functional experiments gave contradicting res@ts guinea-pig ileum the compounds
behaved as much weaker agonist with respect tachot; however, the evoked contractions
were not antagonized by atropine, nor by hexameatin@nThis finding suggests that they do
not depend on the cholinergic transmission; howeare@activation of muscarinic receptors
not blocked by muscarinic antagonist (QNB) was reggbsome years ago by Jakubik et al
(Jakubik et al., 1996). Similarly to compourigse, new compounds, 6, 7d and7e, behaved
as antagonists, although with lower potency.

Applying the ERK1/2 phosphorylation assay, perfalraehi, hM, and hMy AChRs in

CHO cells, selected compoundssl{e, 4d-e, 7d-e) showed only antagonist properties, being
able to reduce the effect elicited by ACh (Fig.Gh the contrary, at hieceptors
methiodidegib-e stimulated GTIS binding with a maximum effect of roughly 20% with
respect to the kx evoked by CCh, demonstrating a partial agonigtceffThis suggests that
structural dimerization of the compounds did nahptetely abolish an agonistic effect, at
least not at the hisubtype, although the intrinsic activity was Iddowever, differently
from carbachol, these compounds were able to taitidh, receptor coupling only with

but not with G proteins. Since ERK1/2 phosphorylation is belieieetde an example of
arrestin-dependent signaling in GPCR (Rajagopal.e2010), these results seem to suggest

for methiodidestb-e at hM, receptors a biased activity towargitGcomparison to the &and
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B-arrestin pathways. Although binding studies ditlimghlight subtype selectivity, some
compounds showed a different activity on the thmeiscarinic receptors tested (hNM,

and hM) suggesting some degree of functional selectivity.

In conclusion, we have prepared a new series oblamers of the well-known cholinergic
agonist carbachol. The compounds have been anabyzetans of equilibrium and kinetic
binding studies; docking simulations on hilceptor supported the view that some
compounds may bind in a bitopic fashion. Functianaderiments showed that
homodimerization, connecting two carbachol unitsuigh the choline nitrogen atoms, gave
derivatives which maintained some agonistic agtj\being able to stimulate the binding of
GTPyS to the Gi protein. The inability to couple witls,Gr to stimulate ERK1/2
phosphorylation suggests some degree of functipetaway selectivity for these molecules.
A more in-depth investigation on the ligand biaseptial of these compounds is underway

and will be reported in due time.
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Fig. 1. Structure of the reference molecules andysynthesized compounds.

Fig. 2. Representative graphs for one-point kingsigsay. Panels A-D show the course of
[*HINMS dissociation from the hireceptor in the presence of increasing conceatrsif
the selected ligand® (A) and gallamine (B) added in combination witlogine (10 uM) as
a function of time. The incubation time point sééekin each case was 20 min, around 2-3
times the kx of ["H]NMS at hMs receptors. Please notice that the control curlaekbin
panel A lays below the green curve. Panel D: repriasive curves of residual specific
binding obtained by transposing the respectiveibmtevels from one-point kinetic assays
for 3e and gallamine atH]NMS-occupied M receptors to illustrate the promoting effect of
allosteric retardation on specifitHINMS receptor binding by a four parameter logisticve
fitting. The data point at log [agent] = -1 represethe fH]NMS bound in the absence of

added atropine (10 uM) and “allosteric” ligand.

Fig. 3. Determination of ERK1/2 phosphorylationntact cells stably transfected with (A)
hM3, (B) hM, and (C) hM receptors. Concentrations used were the follonaegtylcholine
(10 nM), tested compounds (10M) and atropine (1@M). Data are illustrated as a
percentage of the response mediated by 10% serdrararpresented as mean + S.E.M. of
three to four experiments, each one performed adguplicate. Parameters were statistically
evaluated with one-way ANOVA followed by Tukey’s Mple Comparison Test (vs. ACh as

the control). *** P<0.0001; ** P<0.001; *P<0.05.

Fig. 4. Stimulation of M-receptor mediated$]GTP/S binding by compoundb-e in CHO-
hM, membranes, in comparison to ACh and CEI8][ETP/S binding in CHO-hM

membranes is plotted versus increasing (log)-canatons of the respective ligands
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(abscissa). fax values are expressed as a percentage of the mdXiBI&TP/S binding
induced by CCh being 100%. Experiments were perdrmith a final protein concentration
of 40ug ml-1 and a¥]GTPyS concentration of 0.07 nM. Incubation took plac8@&°C for

one hour. Data are means + S.E.M. from three tat @glependent experiments performed in
quadruplicate or triplicate. Error bars are onlsibie when exceeding the symbols. Curves
were fitted with a “four parameter logistic funaticand the curve slope not different from
unity (F-test, P>0.05). Numerical estimates of cielé parameters obtained from the curve

analyses are listed in Table S1.
Fig. 5. Main interactions stabilizing the putata@mplexes foBb (A) and3d (B) within the

active hM structure as well as f@&d (C) within the inactive hiMistructure in complex with

QNB (depicted in yellow).
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Table 1. Parameters describing estimated equilibrium bindiffigity of the tested
compounds (see structures shown in fig.1) for huohamed muscarinic receptors expressed
in CHO-K1 cells membranes. Results are expresseathdstion binding constants, pKor as
plCos (in round brackets), when the compound did ndy fdisplace the radioligand. Values

are reported as means of 3-4 experiments £ S.E.M.

Compound n X hM 4 hM hM 3 hM 4 hMs

3a 3 NMe (4.30+0.16) (<4) (4.02+0.16) (<4) (<4)

4a 3 NMeyl (4.37+0.06) (4.69+0.07) (<4) (<4) (<4)

3b 5 NMe (4.4620.06) (5.07+0.04) (4.05+0.20) (<4) (4.00+0.11)
4b 5 NMeyl 4.97+0.06 5.00+0.06 4.68+0.07 5.18+0.07 4.16%0.08
3c 7 NMe 553+0.03 5.64+0.05 5.09+0.05 5.48+0.09 4.80+0.04
4c 7 NMeyl 5.99+0.03 6.13+0.06 5.41+0.03 5.80+0.03 5.11+0.04
3d 9 NMe 6.73+0.04 6.68+0.06 5.50+0.03 6.16+0.04 5.33+0.03
4ad 9 NMeyl 6.28+0.03 6.75+0.08 5.18+0.05 5.74+0.05 5.08%0.04
3e 11 NMe 7.42+0.06 7.45+0.06 6.45+0.04 7.15+0.06 6.32+0.04
4e 11 NMe,l 6.95+0.04 6.82+0.06 6.12+0.03 6.38+0.04 5.80+0.04
5 - - 6.90+0.06 6.33+0.07 6.54+0.10 6.66+0.10 6.43+0.13
6 - - 6.26+0.04 6.00+0.04 6.25+0.07 6.07+0.05 5.82+0.08
7d 9 - 6.31+0.01 6.30+0.03 5.75+0.09 6.08+0.07 6.00+0.01
7e 11 - 6.47+0.21 6.16+0.06 5.46+0.07 5.90+0.06 5.75+0.01
Carbachol - - 4.42+0.10 5.92+0.07 4.36+0.10 5.20+0.07 4.16+0.09




Table 2. Log affinity estimates (log &) of the tested compounds (see structures shown in
fig.1) at the indicated®H]NMS-occupied muscarinic receptor subtypes catedlas
described in ref.18/alues are reported as means + S.E.M. of at |baest experiments

performed in duplicate.

Compound n X hM 1 hM> hM3 hM4 hMsg

3a 3 NMe 3.77+0.04 3.27+0.16 3.65+0.04 3.92+0.02 3.51+0.09
4a 3 NMe,l  3.89+0.13 3.06+0.20 3.79+0.01 3.67+0.26 3.68+0.01
30 5 NMe  3.59+0.17 3.48+0.20 3.48+0.20 3.72+0.07 3.40+0.15
4b 5 NMeJ 3.64+0.11 3.42+0.11 3.96+0.01 3.90+0.04 3.85+0.04
3c 7 NMe 3.37+0.52 3.37+0.14 2.96+0.13 3.52+0.22 3.24+0.05
4c 7 NMe,l  3.57+0.01 4.17+0.01 3.56+0.01 4.20+0.01 3.92+0.01
3d 9 NMe 5.32+0.14 5.79+0.12 4.14+0.23 5.36+0.12 4.16+0.07
ad 9 NMe,l  4.73+0.12 4.65+0.06 4.09+0.08 3.84+0.09 3.70+0.15
3e 11 NMe 4.28+0.18 4.96+0.07 4.15+0.08 4.79+0.06 4.15+0.06
4e 11 NMeyl 4.91+0.07 5.18+0.05 3.82+0.08 4.67+0.04 4.07+0.10
5 - 5.02+0.07 5.30+0.07 3.80+0.10 4.81+0.07 3.72+0.09
6 - - 3.35+0.30 3.91+0.15 3.93#0.C 4.42+0.12 4.03%+0.07
7d 9 - 4.98+0.13 4.57+0.08 4.01+0.04 4.36+0.06 3.87+0.12
7e 11 - 4.80+0.15 4.51+0.26 4.23+0.06 4.52+0.10 4.26+0.06
Gallamine - - 4.15+0.03 5.16+0.07 4.20+0.05 4.56+0.08 4.30+0.07
McN-A-343 3.57+0.26 3.39+0.15 3.42+0.16 3.64+0.15 3.68+0.15
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