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A. Introduction 

The past decades have witnessed the development of new pharmaceutical compounds that modulate 

receptor function by targeting allosteric sites. Allosteric sites are, by definition, domains topographically 

distinct from the orthosteric binding pocket1 where the natural ligand binds. Exploring the possibilities of 

linking orthosteric and allosteric pharmacophores in one compound to yield ‘bitopic’ compounds2,3 is a 

strategy derived from the “message-address” concept by Schwyzer4, first applied to GPCRs by 

Portoghese et al.5 This concept explicitly underlines the orthosteric/allosteric combination, in opposite 

to the more general umbrella term bivalent. The broad possibilities of bitopic ligands in the 

pharmaceutical field are under continuous study. Bitopic compounds are promising pharmaceutical tools 

for taking advantage of the allosteric binding to achieve subtype selectivity while preserving high affinity 

at the receptor. The development of bitopic ligands, based on the idea of combining high affinity (via 

orthosteric sites) with high selectivity (via allosteric sites), have led to the development of highly selective 

bivalent ligands for GPCRs6, such as for the opioid receptors7–9, muscarinic acetylcholine receptors 

(mAChRs) 10–13, serotonin receptors14,15, cannabinoid receptors16, and gonadotropin-releasing hormone 

receptors17. This concept has even been extended to other receptors, for examples nicotinic receptors18–

21 and other proteins, such as acetylcholinesterases22,23 and the tyrosine kinase receptors TrkA24 and 

TrkC16. 

The reasons to pursue a bitopic ligand approach are various. An improved affinity for the target GPCR 

and/or an improved selectivity either at the level of receptor subtype, or at the level of signaling pathway. 

Another advantage of bitopic ligands over purely allosteric ligands is that the former rely on the 

appropriate presence of endogenous agonist tone to mediate their effects, whereas a bitopic ligand 

would engage the orthosteric site irrespective of the presence or absence of endogenous tone25. 

By way of introduction to the hybrid approach, a review of the concept of hybrids compounds targeting 

the cholinergic system is presented in section A of this thesis. Recent updates in hybrid molecule design 

as a strategy for selectively addressing multiple target proteins involved in Alzheimer's disease (AD) is 

here reported26.  This represents the potential and the growing interest in hybrid compound as 

pharmacological tools to achieve receptor subtype selectivity and/or, to study the overall functional 
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activity of the receptor. Until now, muscarinic acetylcholine receptors (mAChRs) have proved to be a 

particularly fruitful receptor model for the development and characterization of bitopic ligands.  

In this thesis, several examples of new muscarinic bitopic approach are reported in the results section. 

A study of bipharmacophoric ligands composed of the muscarinic positive allosteric modulators (BQCA-

derived compounds) linked with chain of various lengths to different orthosteric building blocks27 is 

reported in the result part 1.  Synthesis and examination of the potential pharmacological characteristic 

of Oxotremorine-BQCAd compounds and Xanomeline-BQCAd hybrid derivatives are described in 

results parts 2 and 4, respectively. Moreover, the bitopic concept has even been extended to other 

proteins, such as acetylcholinesterase. In the result part 5 an overview of the new Tacrine-Xanomeline 

hybrids22 aiming to improve the inhibitory potency of the acetylcholinesterase and simultaneously to 

increase the cholinergic tone, via the xanomelinic portion acting on the M1 receptor is given. A new 

trivalent approach is presented for the first time to deepen the study of the M1 muscarinic receptor in 

the result part 6. Moreover, the synthesis of a new series of iperoxo-derived alkane, 

bis(ammonio)alkane-type and rigidified chain ligands is given in the result part 7 together with some 

prospects for further research.  

The results of the thesis are summarized in English and German in section E and F. 
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Abstract: The cholinergic hypothesis has been reported first being the cause of memory dysfunction in 

the Alzheimer’s disease. Researchers around the globe have focused their attention on understanding 

the mechanisms of how this complicated system contributes to processes such as learning, memory, 

disorientation, linguistic problems, and behavioral issues in the indicated 

chronic neurodegenerative disease. The present review reports recent updates in hybrid molecule 

design as a strategy for selectively addressing multiple target proteins involved in Alzheimer's disease 

(AD) and the study of their therapeutic relevance. The rationale and the design of the bifunctional 

compounds will be discussed in order to understand their potential as tools to investigate the role of the 

cholinergic system in AD. 

Keywords: AChE inhibitor; Alzheimer’s disease; bitopic ligand; Cholinergic system; hybrid molecules; 
muscarinic receptors; nicotinic receptors.  
 

1. Introduction 

Alzheimer's disease (AD) is the most common form of dementia among geriatric people since the 

beginning of the 21st century. In 2016, over 47.5 million people around the world suffered from dementia. 

The World Health Organization hypothesizes that the number may rise to 75.6 million by 2030. The 

clinical condition of AD is characterized by a progressive loss of memory and other intellectual abilities 
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up to serious levels where the daily life is severely affected 28. Of note, no definitive cause and no known 

cure have been found yet. 

The characteristic features of the neurodegenerative decline include a decrease in levels of 

acetylcholine (ACh) followed by dysfunction and eventual death of cholinergic neurons. Furthermore, 

soluble β-amyloid oligomers (sAβ), β-amyloid fibrils (fAβ) misfolding and aggregation as well as 

formation of tau protein tangles in the nervous tissue of brain occur as a result of tau-protein 

hyperphosphorylation28–30. Water-soluble Aβ aggregates, detected in human brain lysates from AD 

patients, were found to be more toxic than their insoluble fibrillar counterparts by Li et al. 31. Several 

other co-factors were hypothesized, such as oxidative stress and heavy metal dyshomeostasis32. 

Etiologic evidence exists between AD, cholinergic, and glutamatergic neurochemical systems. ACh is a 

crucial neurotransmitter responsible for mental and learning abilities. In AD patients, a dramatic 

decrease in cholinergic innervation in the cortex and the hippocampus is related to the loss of neurons 

in the basal forebrain 33. Presynaptic cholinergic dysfunctions, loss of the cholinergic neural network, 

and overactivation of acetylcholinesterase (AChE), which leads to weakened neurotransmission, 

support the cholinergic hypothesis of the disease. This assumption suggests that cholinergic restoration 

therapy could be useful for alleviating the cognitive symptoms34. Another neurochemical hypothesis is 

mediated by N-methyl-D-aspartate (NMDA). Glutamate is an excitatory neurotransmitter for NMDA 

receptors which are essential in cognitive processes. However, in addition to the physiological 

stimulation, glutamate receptors cause neuronal damage due to excitotoxicity under certain 

circumstances35. 

The conventional pharmacotherapy of AD makes use of compounds which inhibit the enzyme AChE 

(donepezil, rivastigmine, and galantamine) in order to increase the levels of acetylcholine in the nervous 

tissue of the brain ((1-3), Figure 1). However, these compounds can improve the cognitive deficits of the 

disease only for a couple of months before losing activity. The shortness of the effect could be due to a 

decrease of the AChE itself in the relevant regions of the brain 36. Later in time, another drug was 

introduced for the treatment of AD, i.e. memantine ((4), Figure 1) being a glutamatergic antagonist which 

protects nerve tissue against glutamate-mediated excitotoxicity. Unfortunately, both classes of drugs 

only provide a symptomatic relief without preventing the progression of the disease, a fact which is not 
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surprising given the intricacy of the pathology. Thus, there is a desperate need to find selective and 

powerful drugs to improve the treatment of AD28. 

 

Figure 1. Structures of donepezil, rivastigmine, galantamine and memantine. 

 

So far, developing new leading compounds with a lower risk-to-benefit ratio where benefits clearly 

overcome the side effects has not been accomplished yet due to the complexity and incomplete 

understanding of the pathophysiological processes in AD. Progress through clinical trials is limited by 

poor selectivity of candidate molecules and a lack of knowledge of the exact role of proteins considered 

as crucial targets. To combat this complex multifactorial disease, the challenge is to discover which and 

how many biological targets have to be modulated by developing powerful and selective drugs. Hence, 

the idea of creating hybrid molecules containing two discrete recognition units linked through a spacer, 

resulting in the so-called hybridization approach, is followed. A supplemental molecular segment next 

to the first standard pharmacophore could serve to address different molecular targets or distinct 

domains of the same protein. In addition to traditional methods, various modern drug discovery 

approaches must be investigated in parallel and complementarily to bring new hopes in this therapeutic 

field. The resulting hybrid molecules can serve as tools for opening new interesting perspectives in 

medicinal chemistry with more promising therapeutic opportunities to fight AD (for discussions on the 

further potential of the multifunctional approach see ref. 10).37 
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2. The cholinergic hypothesis of memory dysfunction  

The substantial loss of presynaptic cholinergic neurons in human postmortem Alzheimer’s-diseased 

brains, the dysfunction of cholinergic markers such as ACh, choline, and choline acetyl transferase 

(ChAT, an enzyme responsible for ACh production) as well as the consequent loss of cognitive skills 

and the mental improvement observed in patients upon artificial restoration of cholinergic activity 

unequivocally confirm the validity of the cholinergic hypothesis in AD29. Acetylcholine receptors (AChRs) 

propagate the cognitive ability and consist of two primary members namely muscarinic (mAChRs) and 

nicotinic receptors (nAChRs). While mAChRs are G-protein coupled receptors (GPCRs), nAChRs are 

ligand gated ion channels. After release, ACh is hydrolyzed to choline and acetate in the synaptic cleft 

by two cholinesterases, i.e. the AChE and the butyrylcholinesterase (BChE) (see Figure 2). Over the 

course of the disease, the concentration of AChE decreases by 85%, whereas high levels of BChE were 

found to influence the aggregation of Aβ, the main component of the amyloid plaques found in the brains 

of Alzheimer patients38,39. Furthermore, synaptic dysfunction and neuronal cell death in vitro 40–43 as well 

as impaired behavioral performance in animal models44–46 seem to be directly correlated with sAβ 

aggregates 47. For this reason, mAChRs, nAChRs, as well as the hydrolases AChE and BChE are 

important targets in the treatment of AD48–50.  

 
 

Figure 2. In the red circles some hallmarks of Alzheimer's disease are reported, the cholinergic 
hypothesis is emphasized through the schematic representation of a pre and postsynaptic neuron. Zoom 
in on the cholinergic synapse in particular biosynthesis, storage, release, hydrolysis of ACh and AChR 
locations are illustrated (modified from Auld et al. 51). 
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3. Hybrid compounds as drug discovery tools in AD 

Due to the absolute relevance of the cholinergic system in AD it may be desirable to address the involved 

cholinergic receptors and enzymes simultaneously by means of a multi-target strategy and/or selectively 

through a dualsteric approach. This can be realized by addressing different binding pockets of the same 

protein's surface with one hybrid molecule or different proteins involved in the same pathology. “Bivalent 

ligand” and “hybrid” are the general terms defining compounds which are composed of two functional 

pharmacophores linked by a spacer52. 

3.1. One single molecule - Different targets 

Because of the multifactorial dimension of AD and the difficulty to apply the classical “one target - one 

disease” concept 53, the multitarget compounds approach has often been considered in recent years54. 

In this review, only hybrids intended to activate the cholinergic system will be described. The advantages 

of the multipotent strategy are obvious, but it remains absolutely challenging. In fact, molecular 

hybridization involves integration of the structure-activity relationships of two individual chemical species 

into a single molecular entity which should result in a balance of potency, efficacy, and selectivity for all 

the targets. The new hybrids can be designed with different degrees of pharmacophore overlapping, 

with linking or merging techniques, and using distinct connection positions of the active moieties. 

Furthermore, the combination of several pharmacophoric units usually results in large molecules which 

have limits in terms of molecular weight, lipophilicity, permeability of membranes, and hydrogen bonds 

acceptance and donation54. The technique lends itself well to address the cholinergic system in AD by 

concomitant inhibition of AChE and direct muscarinic and nicotinic activation. 

3.2. One single molecule - Different binding pockets of a protein's surface 

As already mentioned, the hybridization strategy can be used to obtain molecules containing two 

pharmacophoric entities able to bind topographically different binding sites of the same target protein, 

e.g. the endogenous orthosteric site and the allosteric one. Allosterism, first defined to describe the 

modification of any enzyme activity by the binding of ligands to sites that were different from the 

substrate-binding site itself 55, is widely explored for GPCRs, representing the largest class of drug 

targets in the human genome52. It provides the great opportunity of selectively affecting one GPCR 

subtype and simultaneously avoiding the problem of targeting the structurally conserved orthosteric 
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binding site56. Novel drugs targeting GPCRs do not enter the market as frequent as expected due to 

unwanted off-target effects resulting from the lack of selectivity within a distinct receptor family 57. 

3.2.1. Allosteric modulation 

GPCRs constitute a superfamily of integral membrane proteins characterized by seven transmembrane 

domains being connected by three extracellular (EL) and intracellular (IL) loops58. Allosteric modulators 

do not bind to the orthosteric binding site but act at a distinct binding site (i.e., an allosteric site) to either 

potentiate or inhibit activation of the receptor by its endogenous ligand59. An innovative perspective in 

drug development takes advantage of allosteric binding sites which usually altered between the different 

receptor subtype throughout the evolutionary processes. Conformational changes of the receptor upon 

allosteric ligand binding can modify the activity of an orthosteric agent in terms of the binding affinity 

and/or the downstream efficacy. This means emphasizing signals to some pathways over others among 

the various possible combinations which are associated with receptor activation, a phenomenon known 

as bias signaling (cf. Figure 3)60,61. 

 

Figure 3. Schematic of GPCR signal transduction: allosteric modulators (spheres) bind to a 
topographically different site (yellow sphere) than the orthosteric site (yellow triangle) which hosts an 
orthosteric ligand (triangles). Reproduced with permission from62.  
 

Besides subtype selectivity, allosteric modulators offer the advantage of saturable effects. Since most 

of them lack agonistic activity, they can perfectly “fine-tune” any orthosteric ligand activity to a ceiling 

level above which no further modulation occurs; this means they can be administered with higher doses 

and lower propensity to toxicity compared to classic agonists or antagonists52.  
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Since the discovery of allosterism, several theories were postulated in order to identify and quantify this 

phenomenon: Ehlert's ternary complex model is one of the most significant methods describing how two 

distinct ligands, orthosteric and allosteric, may influence the binding and functioning of each other 63. 

The cooperativity level, indicated by the cooperativity factor α, distinguishes between positive and 

negative allosteric modulators (PAMs and NAMs) and neutral allosteric ligands (NALs). It is important 

to keep in mind that the obtained cooperativity is always referred to a single allosteric modulator for a 

specific orthosteric probe and that an accurate interpretation of a combination of functional and binding 

assays is necessary to understand the actual kind of modulation. Probe dependency and cooperativity 

reveal a new level of subtype selectivity rather than affinity, a phenomenon which was termed “absolute 

subtype selectivity”. For example, the binding of ACh is selectively enhanced at the M4 muscarinic 

receptor by thiochrome binding to the allosteric site, even though this allosteric modulator shows almost 

equal affinity for all muscarinic subtypes64. 

A particular beneficial therapeutic meaning may be associated with allosteric agonist compounds which 

differ from pure allosteric modulators. They are able to directly activate a receptor by binding to an 

allosteric binding site even in the absence of an orthosteric ligand. These allosteric agonists might be 

more suitable for the treatment of AD, either because of the reduced endogenous tone of 

neurotransmitters or even their complete lack65.  

 

3.2.2. Bitopic ligand principle 

The structural diversity among the extracellular vestibules allowed an innovative medicinal chemistry 

strategy for the design of novel ligands, i.e. hybrid compounds. They are characterized by chemical 

fragments which allow an interaction with both orthosteric and allosteric recognition sites.  

Merging the best of both allosteric and orthosteric worlds in one ligand launches the bitopic or dualsteric 

compounds2,3, a strategy derived from the “message-address” concept by Schwyzer4 which was first 

applied to GPCRs by Portoghese et al.5. This concept explicitly underlines the orthosteric/allosteric 

combination, in opposite to the more general umbrella term bivalent 52. The orthosteric interaction 

provides high affinity binding and activation/inhibition of a receptor (message), whereas the allosteric 
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as the heterodimeric UR-SK75 ((9), Figure 5) compounds were prepared. All molecules exhibited high 

M2 receptor affinities and were capable of retarding [3H]NMS dissociation, indicating an allosteric 

interaction69. Saturation binding experiments in the presence of M2 allosteric modulators and some 

radiolabeled dibenzodiazepinone compounds highlighted a competitive mechanism suggesting a 

dualsteric binding mode70,71.  

 

Figure 5. Structures of homo-hetero dimeric dibenzodiazepinone M2 derivatives. 

 

Extending the approach to other GPCRs includes the adenosine A1 receptor with the dualsteric ligands 

LUF6258, VCP746 and VCP171 ((10, 11), Figure 6; VCP171, structure not disclosed). An orthosteric 

adenosine agonist was connected through an alkyl chain linker to a PAM of the PD81,723 type. The 

resulting bitopic ligands were evaluated pharmacologically in radioligand displacement studies 

suggesting a dualsteric receptor interaction of LUF625872. VCP746 was subsequently developed by 

Valant et al.73 by inclusion of the PAM (2-amino-4-(2-(trifluoromethyl)phenyl)thiophen-3-yl)(phenyl)-

methanone) in the dualsteric structure. The bitopic ligand 11 was found to induce significant biased 

cellular signaling in favor of cytoprotection and to the detriment of bradycardia side effects. 
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Both orthosteric and allosteric fragments and the linker play an important role in the interaction with the 

target protein, thus an optimization process considering these moieties is indispensable. Both 

pharmacophores have to be enhanced separately in a kind of fragment-based design approach, 

investigating the chemical environment of the two binding pockets. However, one should remember that 

the binding of one pharmacophore is influencing the binding of the other moiety. For example, it is 

possible that upon binding of the ligand the receptor goes through conformational changes causing 

negative cooperativity for the complementary moiety. Therefore, it is difficult to predict the 

pharmacological outcome of such bitopic molecules. Furthermore, the linker must fit perfectly, allowing 

the allosteric and orthosteric fragments to reach their target pockets. Length, flexibility, connection 

position, and chemical characteristics of the linker play a fundamental role in the bitopic interaction. 

Bitopic ligands range from the first combination of agonist-NAM (e.g. iperoxo-6-phth)81 to agonist-PAM 

(e.g. iperoxo-BQCAd)72,73,82,83 and antagonist-NAM (e.g. atr-6-naph)84 for the M2 and M1 muscarinic 

receptors. All possible combinations easily widen the spectrum of opportunities.   

Alternative approaches may also include the use of bitopic ligands to study the low-affinity and transient 

binding sites which are defined as metastable sites85. Several research groups have hypothesized the 

existence of such a binding site at the entrance of the receptor to which ligands bind transiently 86–91. If 

an energetically favorable conformation change of the complex ligand-receptor occurs, the ligand 

continues its path down to the orthosteric site whereas otherwise, its route is prevented through 

dissociation. This metastable site acts as a selectivity filter: access is denied to molecules that do not 

have the required physico-chemical characteristics for the binding site. Metastable binding sites offer 

new receptor sections that can be explored, opening new strategic opportunities in the field of bitopic 

ligands.  

Since several GPCRs are organized in dimeric or oligomeric complexes, respectively, bivalent ligands 

intended to target an allosteric and orthosteric binding sites or even two orthosteric sites of two different 

protomers in a receptor dimer. This will constitute a new design prospective. Rather than promoting a 

ligand-induced dimerization, the bivalent ligands tend to stabilize the pre-existing dimers. Unique 

pharmacological properties including receptor selectivity could be achieved as bivalent ligands are able 

to bridge different receptor units. Heterodimers can be highly selective compounds targeting only those 
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tissues in which both receptors are co-expressed. Apart from the opioid receptor field, the potential of 

these ligands has been poorly explored up to now7. 

The bitopic approach used for the first time in 2006 by De Amici et al.92 on the M2 muscarinic receptor 

was recently extended in the research field of AD on M1 receptor. 

4. Muscarinic receptor 

The muscarinic receptors are involved in diverse functions throughout the body with particular focus on 

the bladder, gastrointestinal tract, eye, heart, brain, and salivary glands93. Physiologically, these 

functions are activated and deactivated selectively thanks to the specific tissue distribution of receptors 

and the existence of five different receptor subtypes (M1-M5). The M1-type muscarinic AChRs, 

predominantly expressed in the hippocampus and cerebral cortex, play a central role in cognitive 

processing, memory, and learning. Since structure and density of these AChRs remain  almost 

unchanged in the disease state, the M1 receptor is considered a very promising target to increase the 

cholinergic tone94.  

Highly subtype selective drugs are needed in order to avoid side effects originating from unwanted 

receptor activation or inhibition65. A number of M1 muscarinic agonists was developed to treat AD. These 

are promising agents as they display significant neurotrophic effect, decrease β-amyloid plaque 

deposition, and improve oxidative stress-induced damage. Several compounds have shown an efficacy 

on the M1 as a therapeutic target for the AD as they not only enhance the cholinergic functions but can 

also shift the APP (amyloid precursor protein) processing towards the nonamyloidogenic pathway 

through activation of protein kinase C, the metalloproteinase domain 17 (ADAM17), and a disintegrin30. 

Activation of M1 muscarinic receptors attenuates tau hyperphosphorylation via glycogen synthase 

kinase-3b (GSK-3b) inhibition, reduces β amyloid peptide levels, and increases ERK activation and 

potentiation of NMDA receptors65,95,96. 

Considerable efforts were made to obtain agonists for M1 but their off-target effects preclude the 

therapeutic use. Various agonists for M1 muscarinic receptor including arecoline ((16), Figure 9) CI-

1017 ((17), Figure 9), xanomeline ((18), Figure 9), tazomeline ((19), Figure 9), talsaclidine ((20), Figure 

9) and milameline ((21), Figure 9) do not show sufficient selectivity for the M1 subtype. The most 

prominent candidates in the past few years were the M1 muscarinic agonists AF102B ((22), Figure 9) 
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(cevimeline; approved in the USA and Japan for Sjogren’s Syndrome and having excellent 

pharmacokinetic properties), AF150(S) ((23), Figure 9) and AF267B ((24), Figure 9) which additionally 

show a significant neurotrophic effect, inhibit Aβ and oxidative stress induced cell death as well as 

apoptosis in PC12 cells transfected with the M1 muscarinic receptor 32,97.  

 

Figure 9. Structures of moderately active and selective orthosteric M1 agonists. 

 

Furthermore, the M1 selective agonist lead candidates VU0364572 ((25), Figure 10) and VU0357017 

((26), Figure 10) were tested on cell lines as well as animal models and exhibited encouraging as well 

as effective properties on various parameters. The compound VU0357017 not only showed excellent 

M1 subtype selectivity but also a good blood brain barrier (BBB) penetration and in vivo efficacy65. EVP-

6124 (enceniclin) ((27), Figure 10) was the last cholinergic receptor agonist which entered phase 3 trials 

but it was withdrawn due to severe gastrointestinal adverse effects30. 

 

Figure 10. Structures of M1 lead candidates 
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Some highly M1-selective allosteric agonists must also be mentioned here which do not require an 

orthoster bound to the receptor for activation. For example, the TBPB allosteric agonist ((28), Figure 11) 

interacts with slightly different binding domains of the M1 receptor which are all adjacent to the 

orthosteric site. LuAE51090 ((29), Figure 11) displayed a high degree of selectivity when tested in a 

broad panel of GPCRs, ion channels, transporters, and enzymes, and showed an acceptable 

pharmacokinetic profile and BBB penetration properties in vivo98. Compound 30 (Figure 11) was 

identified by high throughput screening (HTS) and virtual screening at GlaxoSmithKline, unraveling a 

molecule with improved binding and pharmacokinetic parameters. For 30, good M1 agonist potency, 

intrinsic activity, and subtype selectivity for M1 are reported99,100. 

 

Figure 11. Structures of M1 allosteric agonists 

 

Both the comparison of the allosteric agonists among each other and even with M1-PAMs reveals 

structural similarities. They all consist of an heterobicycle system with at least one nitrogen atom and a 

carbonyl group close to the nitrogen. Furthermore, the heterocycle is connected to piperidine rings which 

are linked to another cyclic moiety.  

4.1. Design of hybrid compounds to investigate the muscarinic receptor  

The allosterically less conserved site of the mAChR which is located in the extracellular vestibule (ECV) 

and separated from the orthosteric pocket by a tyrosine lid101 lends itself well as binding site for new 

dualsteric ligands. The close proximity of the orthosteric and the allosteric subdomains, a typical feature 

of the Class A GPCRs, allows the dualsteric compounds to simultaneously interact with the two binding 

sites. 
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The chemical space between the orthosteric and allosteric portions of the M2 receptor was investigated 

thanks to the pharmacological analysis of Iper-8-naph ((5b-C8), Figure 4) 102,103, McN-A-343 ((31), 

Figure 12), and its fragments and analogues104. 

 

Figure 12. Structures of McN-A-343 

 

The long-known partial agonist McN-A-343 interacts with the allosteric EL2 vestibule through its 3-

chlorphenylcarbamate. The binding to the orthosteric sites is guaranteed by the tetramethylammonium 

cation. The two parts are linked via a rigid butynyl chain. However, this molecule is probably too small 

to entirely occupy the allosteric pocket and thereby achieves no subtype selectivity. It binds to both M2 

and M4 receptors58. 

Iper-8-naph is a partial agonist at the M2 receptor. The partial agonism of most of the dualsteric agonists 

depends on both the dualsteric binding mode itself and on the dynamic equilibrium of multiple inactive 

and active states, i.e. the ligand binding ensemble. In the “dualsteric binding mode”, iperoxo is bound to 

the orthosteric pocket while the allosteric naphthalimide moiety protrudes towards the extracellular part 

of the receptor. This pose is responsible for a functionally selective activation of the G proteins and 

cellular signaling103,105. In the alternative pose, which is a “purely allosteric binding mode”, the entire 

bitopic ligand (both the orthosteric and the allosteric moieties) is in the allosteric vestibule. In this case, 

the inactive receptor conformation is stabilized. It would be difficult to pharmacologically distinguish the 

“flip-flop” mechanism from a ligand with a purely bitopic binding mode. In case of the iperoxo-dualsteric 

derivatives at the M2R, the bitopic mode of interaction was validated by the following experiments: 

radioligand binding analysis, in wild-type and mutant receptors, and downstream signaling assays in 

addition to receptor docking simulations61. Partial agonism is the direct consequence of this dynamic 

balance. Measuring the partial agonism depends on the affinity of the two pharmacophores and of the 

dualsteric ligand itself for the respective binding sites57. 
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4.1.1. BQCAd hybrid derivatives 

The same approach was applied for exploring the M1 receptor binding pockets. Among several selective 

M1 allosteric modulators known, the promising group of N-benzyl quinolone carboxylic acids (BQCAs) 

was selected as positive allosteric moieties of these dualsteric M1 hybrids82,83. The BQCA allosteric 

modulator ((32a), Figure 13) was first described by the Merck laboratory. The compound is a positive 

allosteric modulator, an allosteric agonist, and exhibits pure subtype selectivity for the M1 receptor: no 

agonism, antagonism, nor potentiation activity was observed at other mAChRs up to 100 µM. The 

concentration of ACh which needed to activate the receptor decreased up to 129-fold in the presence 

of BQCA and an inflection point of 845 nM is reported in the presence of 3 nM ACh. Its allosteric 

modulation is mediated by the interaction with the residues Y179 and W400, suggesting the binding of 

BQCA to the "common" allosteric site106,107. As an orthosteric fragment, the non-selective superagonist 

iperoxo ((33), Figure 13)82 and the endogenous ligand ACh were linked to the BQCA derivative (BQCAd 

((32b), Figure 13))83. The two parts were connected by alkylene chains of different lengths (C4, C6, C8, 

C10) ((34a, b, c, d), Figure 13). 

 

 

Figure 13. Structures of BQCAd/Iperoxo-ACh hybrids 
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The compounds showed  

1 subtype selectivity: receptor activation and signaling pathway studies performed with (dynamic mass 

redistribution) DMR in the presence and absence of specific Gi and Gq signaling blockers indicate a 

preferentially Gq mediated signal of the hybrids. 

2 partial agonism which may provide controlled activation without overdriving the M1 signaling and with 

possible improved side effect profile over the control of cognition108. 

3 potency and efficacy dependency on the length of the chain and on the substitution pattern of the 

allosteric fragment. Elongating the chain from C4 to C6 switches the receptor fractional occupancy from 

the inactive, purely allosteric pose to the active binding pose which defines the efficacy of the dualsteric 

ligands109.  

 

The interaction of these compounds with the M1 muscarinic receptor was further investigated by 

Fluorescence Resonance Energy Transfer (FRET) measurements in a living cell system for a closer 

understanding of the receptor movement. Here, some other ligands were added to the hybrid series 

including longer chained (C8, C10) compounds and ACh hybrids ((35a,b,c,d), Figure 13)83. The optimal 

linker length for the activation of the receptor was confirmed to be a C6 chain, e.g. in the case of iperoxo-

C6-BQCA with a maximal detected signal of about 24% compared to 100 µM of the iperoxo reference. 

Surprisingly, a new receptor conformation was observed: a FRET signal with opposite direction to the 

typical agonist signal occurred for the longer chain hybrids. How this unknown receptor activation 

process at a molecular level is connected with the bitopic compound interaction mode, the different G-

protein activation, β-arrestin recruitment, or further downstream signaling must be investigated to 

completely understand this unexpected M1 receptor arrangement. The distinct receptor movement that 

occurs upon binding of dualster ligands may help to illuminate the interplay between G proteins and -

arrestins preferentially coupling to different receptor conformations110. Particularly within the M1 

pharmacology, functionally selective properties can be exploited to characterize which signaling 

outcomes would address neuropsychiatric illnesses 12. Of note, replacing the flexible alkyl chain with a 

rigid alkynylbenzene linker ((36), Figure 14) leads to a delayed FRET signal, indicating slower receptor 
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kinetics. The compound with a flexible chain of corresponding length afforded a sharper FRET signal, 

indicating the responsibility of the rigidification in the kinetic modification 83,111.  

 

Figure 14. Structures of BQCAd/Iperoxo hybrids connected by a rigid linker and a photo-switchable 

moiety 

 

Probably, a cation-π interaction between the three tyrosines Y1043.33, Y4036.51 and Y4267.39 of the so-

called tyrosine lid with the rigid linker contributes to the delayed FRET signal. (Remodeling of the 

tyrosine lid. in figure 15).  

 

Figure 15. Left: top view snapshots from a molecular dynamics simulation of the iperoxo-bound crystal 
structure unveil the conformational flexibility of the tyrosine lid, especially Tyr-4267.39. Right: based on 
the sampling of side chain conformations, the tyrosine lid was remodeled for binding mode investigations 
on dualsteric agonist. Reproduced with permission from 105. 
 

A further step in the study of M1 activation processes was performed with the synthesis and 

pharmacological investigation of the first new photo-switchable dualsteric ligand. Agnetta et al. 111 
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designed a pharmacological tool in which the photochromic azobenzene moiety was inserted as a 

spacer in the hybrid compound. Regarding the time course of M1 activation, compound 37 was found 

to be as slow as with the rigid compound, underlining the fundamental role of the chain structure of the 

dualsteric hybrids in the M1 receptor kinetic. More interestingly, with the BQCAAI ((37), Figure 14) 

compound, the drastic influence of the iperoxo-BQCA hybrid geometry on the activity of the compound 

was demonstrated. A simple light-induced isomerization from the cis to the less stable trans BQCAAI 

isomer turns the antagonist compound into an agonist.  

4.1.2. LY593093 

Another allo/ortho partial agonist hybrid was designed at Eli Lilly: LY593093 ((38), Figure 16). The 

molecule displaced the [3H]NMS antagonist from M1 muscarinic receptor (pKi of 6.21) without any effect 

on [3H]NMS binding at the M3-M5AChR and stimulating β-arrestin recruitment. Additionally, LY593093 

had no modulatory role in potentiating ACh functional activity and the binding was not affected by an 

increasing concentration of the PAM BQCA, indicating that the interaction between LY593093 and 

M1AChR is different from the interaction of the receptor with the endogenous ligand ACh. High subtype 

selectivity is achieved through multiple points of binding pocket interactions which was shown in the 

docking model 108. Binding was also observed for the M2 receptor, but in terms of functional activity the 

Eli Lilly compound is 5 and 120 times more potent on M1 AChR than on other muscarinic receptor 

subtypes and shows an Emax at least 2-fold higher 112. Progression through clinical trials was however 

interrupted due to its modest brain penetration. 

 

Figure 16. Structure of LY593093 

 

4.1.3. AC-42 and AC-260584 

The allosteric and orthosteric mode of action was also demonstrated by means of a combination of 

functional and binding assays for the AC-42 compound ((39), Figure 17). The compound slows down 

the dissociation of [3H]NMS from the M1 muscarinic receptor, indicating its allosteric capabilities; 
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moreover, in equilibrium binding studies, AC-42 almost completely inhibits the binding of the [3H]NMS 

orthosteric probe and, in the functional test IP1, the antagonist atropine decreases the potency of the 

ligand in a concentration-dependent manner. Later findings indicated an additional orthosteric binding 

pose of the ligand 29,113,114. AC-42, unlike oxo-M, arecoline, and pilocarpine, is unable to promote M1-

Gαi1/2 protein coupling, proving the ability of bitopic ligands to activate different down streaming effectors 

115. AC-260584 ((40), Figure 17), the orally bioavailable and structurally related compound with greater 

potency and efficacy than AC-42, was initially defined as an allosteric agonist. Mutation of amino acids 

in the TM3 of the M1 receptor (ACh binding site) affects the binding of the compound and hence supports 

the hypothesis of the bitopic behavior 116. 

 

4.1.4. 77-LH-28-1 

77-LH-28-1 ((41), Figure 17), a close structural analogue of AC-42, was initially described as an 

allosteric agonist. However, it might have a bitopic binding mode because the antagonist scopolamine 

is able to shift its dose-response curve rightward indicating an orthosteric binding mode. Further 

evidence supporting this theory is the competition at the NMS-occupied receptor with a prototypical 

muscarinic negative allosteric bis-quaternary phthalimidopropyl modulator (heptane- 1,7-bis(dimethyl-

3'-phthalimidopropylammonium bromide, abbreviated as C7/3-phth) 113.  

77-LH-28-1 was, however, used as an allosteric fragment of the bitopic hybrids synthesized by 

Piergentili et al. 12 The compounds containing xanomeline as orthosteric fragment were 

pharmacologically investigated as described below (See par. 5.1.4). 
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Figure 17. Structures of AC-42, AC-260584 and 77-LH-28-1 

 

5. Acetylcholinesterase (AChE) 

The decreasing cholinergic tone is one of the physiological reasons of the debilitating AD. To switch off 

a cholinergic signal, ACh is catabolized by the acetylcholinesterase (AChE) which hydrolyzes the ester 

of the neurotransmitter to acetic acid and choline. The enzyme also appears to be involved in the 

aggregation of Aβ by a peripheral anionic site (PAS) in addition to its classical enzymatic hydrolysis of 

ACh 117,118. AChE inhibitors compensate the cholinergic tone in the synaptic transmission and thus, 

because of an augmenting ACh concentration, usually relieve the symptoms and can decrease the rate 

of cognitive decline for some months. However, they are not able to arrest disease progression and 

inexorable neurodegeneration 54. Already in 1991, Sussman et al. described the enzyme as a narrow 

cavity that drives the substrate through a peripheral anionic site (PAS) to the catalytic site (CAS), where 

the catalytic triad Glu-His-Ser is located 119. (Figure 18). 
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Figure 18. 3D structure of native torpedo californica AChE. The catalytic triad in red, Trp84 in the CAS, 
Trp279 at the PAS, and the bottleneck residue Phe330 in blue. Reproduced with permission from 120. 
 

The knowledge of the active site and of the exact function of each amino acid of the catalytic triad 

allowed the discovery of enzymatic inhibitors. The AChE inhibitors (AChEIs) donepezil, galantamine, 

rivastigmine ((1-3), Figure 1), and tacrine ((42), Figure 19) were successfully developed and approved 

by international authorities. Later, tacrine was withdrawn from the market due to a significant hepatic 

toxicity. 

 

Figure 19. Structure of tacrine 

 

These compounds inhibit the enzyme differently: several ligands, e.g. galantamine, covalently bind to 

the serine residue and form a bond that is stable for about 15-20 minutes; during this time, the enzyme 

is inhibited. Tacrine blocks the passage of the neurotransmitter due to a strong π-stacking interaction 

with Trp84 (Figure 20)121.  
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Figure 20. Overlay of the trigonal crystal structure of tacrine (black) and Tc AChE (gray) complex: 
showing the catalytic anionic site, aromatic gorge, and peripheral anionic site. Reproduced with 
permission from121. 
 

Rivastigmine is a pseudo-irreversible arylcarbamate inhibitor of both AChE and BChE. Clinical studies 

comparing the effect of the two approved drugs donepezil (only AChE inhibition) and rivastigmine (AChE 

and BChE inhibition) revealed an additional benefit in daily living, global function, and behavior for 

rivastigmine in patients with wild-type BuChE allele due to the dual inhibition of AChE and BChE 122–124. 

Anyway, the use of AChEIs for AD is considered a suboptimal therapy and is still under discussion 125. 

This review will not give details about all AChEIs because they were already summarized excellently in 

ref. 105-108 126–129.  

 

5.1. Design of hybrid compounds inhibiting the cholinesterase 

5.1.1. Tacrine hybrids 

In order to investigate the potency of tacrine for the inhibition of AChE with simultaneously reduced 

hepatotoxicity, tacrine was intensively used for the development of hybrid molecules. Pang et al. found 

a bis-C7-tacrine homodimer ((43-C7), Figure 21) exhibiting a 1000-fold higher AChE inhibitory potency 

in rats than the monomer, indicating the absence of steric interaction problems in the narrow cavity 

preceding the catalytic site of the enzyme. The tacrine dimers are able to establish interactions with both 

the catalytic and the peripheral site. A shorter tether (< 5 methylene units) hampers the simultaneous 

binding to both interaction sites of AChE (dual-site binding). In addition, the lipophilicity of the hybrid 

was found to be increased compared to tacrine itself130,131. 
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Figure 21. Bis tacrine homodimers 

 

5.1.2. Tacrine/Iperoxo hybrids 

Some bitopic ligands combining the M2 allosteric structure of the allosteric modulator W84 and 

naphmethonium and the non-selective superagonist iperoxo, rationally developed as M2 subtype-

selective ligands ((5a,b-C7,8,9,10), Figure 4), were tested for the inhibitory activity of the AChE and 

found to have modest activity. The potency is influenced by the length of the linker chain connecting the 

orthosteric and allosteric sites. The longest chains result in a higher activity: the decamethylene chain 

seems to span the AChE binding gorge, allowing the quaternary ammonium head of iperoxo to be 

localized in the PAS region. Compounds containing the naphthalimide portion ((5b-C7,8,9,10), Figure 

4) show stronger inhibition than those containing the phthalimide part ((5a-C7,8,9,10), Figure 4). When 

replacing the iperoxo moiety with an isoxazole ring, almost no AChE/BuChE inhibition was observed 

((44-C4,6,8), Figure 22; Tab. 1)102. 

 

Figure 22. AChE inhibitor/ mAchR agonist compounds 
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Table 1. Cholinesterase activity and cytotoxicity of the M2 bitopic compounds and tacrine hybrids. BChE 

from equine serum, AChE from electric eel.131 

 

Compound 
BChE 

pIC50 [M] 
AChE 

pIC50 [M] 
Cytotoxicity 

HEP G2 IC50 [μM] 
Tacrine (42) 8.57 7.60 111 (±2.28) 

Phth-7-iper (5a-C7) 5.19 4.83 n.d. 1 
Phth-8-iper (5a-C8) 5.13 4.89 n.d. 1 
Phth-9-iper (5a-C9) 4.88 4.80 n.d. 1 

Phth-10-iper (5a-C10) 5.37 5.26 n.d. 1 
Naph-7-iper (5b-C7) 6.69 6.04 n.d. 1 
Naph-8-iper (5b-C8) 6.46 6.10 n.d. 1 
Naph-9-iper (5b-C9) 6.49 6.44 n.d. 1 

Naph-10-iper (5b-C10) 6.99 6.50 n.d. 1 
Tac-7-Tac (43-C7) 9.14 10.48 <1.38 (±0.08) 

Tac-10-Tac (43-C10) 9.34 9.00 <1.25 (±0.00) 
Phth-4-isoxo (44-C4) 4.07 19.12% inhib. at 100 μM n.d. 1 
Phth-6-isoxo (44-C6) 4.41 32.91% inhib. at 100 μM n.d. 1 
Phtal-8-isoxo (44-C8) 5.10 4.17 n.d. 1 

Tac-7-iper (45-C7) 8.29 8.76 >160 (±0.00) 
Tac-10-iper (45-C10) 8.75 9.81 32.2 (±0.41) 

1 n.d.: not determined. 

Starting from this finding, new hybrids with multitarget potential ((45), Figure 22) were synthesized 

consisting of a tacrine and an iperoxo moiety, aiming at higher inhibitory activity for the AChE and BChE 

132. The idea was to combine the iperoxo affinity for the M1 and M2 receptor with the AChE inhibitory 

activity. Tacrine can serve as both an allosteric modulator for M receptor and as inhibitor of AChE 133–

135. In particular, Tac-10-iper ((45-C10), Figure 22) was an extremely potent inhibitor with an IC50 value 

of 9.81 (AChE from electric eel; tacrine IC50 7.60) and 8.75 (BChE from equine serum; tacrine IC50 8.57) 

which is even better than tacrine itself. Moreover, it shows less cytotoxicity. 

Docking studies show a similar binding mode of compounds 5a-C10 and 5b-C10 to Tac-10-iper ((45-

C10) in the CAS and PAS regions of AChE (Figure 23). The remarkably lower affinity of 45-C10 is 

probably due to the additional quaternary ammonium group of the Phtal- and Naph-compounds which 

causes a much higher desolvation penalty in comparison to the uncharged alkylene chain. 
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Figure 23. (a) Docking pose of 45-C10 (pink), with the interaction distances shown in the CAS (orange) 
and in the PAS (green). (b) Docking representation of 5b-C10 (blue) and 5a-C10 with their interaction 
distances shown in yellow. Reproduced with permission from131. 
 

A dual mechanism of action which appears to be the right innovation to fight the AD pathology may also 

be possible due to the high affinity for M1 and M2 receptors. Furthermore, functional studies 

(investigation of Ga and PLC-b3 proteins interaction through Split-Luciferase assays) demonstrated the 

ability of Tac-7-Iper and Tac-10-Iper ((45-C7, 45-C10, Figure 22) to activate the M1 muscarinic receptor 

in a nanomolar range (Volpato et al., unpublished results). Further studies are necessary for developing 

uncharged molecules that could cross the BBB; so far, it is promising to see that compounds with a 

single positive charge are associated with better activity than compounds with two charges131,132.  

 

5.1.3. Tacrine/Xanomeline hybrids  

A similar dualsteric strategy was previously employed by the Decker group135. They designed and 

synthesized tacrine and xanomeline hybrid compounds ((46a), Figure 24). The rational design of these 

hybrids was aimed at a triple mechanism of cooperative action: activation of the M1 receptor through 

the xanomelinic molecular portion ((18), Figure 9), positive allosteric modulation regarding orthosteric 

agonists at the M1 receptor subtype thanks to the allosteric properties of tacrine, and increasing the 

amount of ACh in cholinergic synapses due to the AChE inhibiting activity135. Xanomeline is an M1 

agonist but unfortunately also shows some affinity to the M4 receptor. Therefore, parasympathetic side 

effects including bradycardia, increased gut motility, and salivation occur. Binding studies on cloned 

human muscarinic receptors did not detect the selective binding capacity between M1 and M4. 

Xanomeline is well-known for its anti-dementia properties in vivo, and the attenuation of cognitive decline 
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in 6 months clinical trial human patients proved its activity against AD136. The metabolic instability due 

to an extensive first-pass metabolism, the well-known cholinomimetic side effects, and its undesirable 

activity for the dopaminergic and 5-TH receptors (serotonin receptors) rendered the compound an 

insufficient clinical candidate137,138. Xanomeline induces a specific mode of M1 receptor activation by 

interacting with a site that does not fully overlap with the endogenous, orthosteric binding site. 

Differences in binding  kinetics139 and a wash-persistent binding, probably arising from a hydrophobic 

interaction of xanomeline’s O-hexyl chain with the membrane lipids surrounding the receptor140,141, may 

explain its functional selectivity142. 

The xanomeline portion was connected to the tacrine with amide bridges of different length (10-17 atoms 

spacer). A clear increase of AChE inhibition was observed by increasing the spacer chain from pIC50 of 

7.20 to 8.21. The hybrids inhibited the AChE with similar or higher potency compared to tacrine but did 

not activate the M1 receptor. Instead of a simultaneous allosteric/orthosteric binding, the ligands seem 

to prefer a purely allosteric binding even in the orthosterically free receptor. These findings were 

supported by in vivo studies in rats with a representative compound ((46a), Figure 24). The cognitive 

deficits induced by administration of scopolamine were enhanced by the purely M1 allosteric interaction 

of the hybrid 46a counterbalancing its high ChE-inhibitor properties. The desired triple mechanism of 

action unfortunately did not take place with these compounds. This demonstrates the difficulty of 

predicting the intrinsic activities of the chosen component molecules and the importance of their 

cooperativity, which must lead to a balanced compromise. 

 

Figure 24. Dual-active AChE inhibitor/ mAChR agonist compounds 

 

5.1.4. 77-LH-28-1/Xanomeline hybrids 

As already mentioned above, compound 77-LH-28-1 ((47), Figure 25) displaying mixed modes of 

orthosteric or allosteric pharmacology depending on the experimental assay conditions 143, was 
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incorporated into a series of allo/ortho hybrid ligands, hypothesizing a shared function of the common 

chain ligand structures of xanomeline and 77-LH-28-1 ((48a,b), Figure 25). With a merging approach, 

the two scaffolds were fused into the new hybrids, aiming for a better understanding of the allosteric 

pocket and of the bitopic binding pose of 77-LH-28-1 itself. 

 

Figure 25. Dual-active AChE inhibitor/ mAChR agonist compounds 

 

The pharmacological investigation of these hybrid derivatives evidenced an affinity at the M1 receptor 

higher than 77-LH-28-1 and lower than xanomeline. In general, hybrid compounds showed either a weak 

agonistic or an antagonistic activity profile (M1 and M4) in all the functional assays and the 

activity/selectivity was related to the length of the spacer. The highest affinity values are associated with 

a seven- or nine-atom length carbon chain, indicating that the two pharmacophores probably interact 

with two distinct sites located at a distance of 7 to 9 methylene moieties. Xano-9-77-LH-28-1 exhibited 

higher efficacy for the β-arrestin2 engagement in M1. In line with the reported functional properties of 

the aliphatic chain moiety in 77-LH-28-1, these results indicate that the linker extension affects the 

orthosteric binding site 12. 

6. Nicotinic receptor 

Nicotinic receptors are transmembrane pentameric proteins that belong to the superfamily of ligand-

gated ion channels, composed of α and β subunits assembled around a central hydrophilic pore that 

mediates the flow of the cations K+, Na+, and Ca2+. Different combinations of subunits generate a variety 

of nAChR subtypes with distinct electrophysiological properties and brain localization 144,145. nAChRs 

are considered to play an important role in neuroprotection due to a concentration dependent interaction 
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with the β-amyloid peptide. In particular, the physiological concentration of Aβ may directly stimulate the 

α7 nicotinic receptors while an increasing pathological concentration of Aβ damages the cholinergic 

responses mediated by α7 and α4β2 receptors.  

6.1. Design of hybrid compounds to investigate the nicotinic receptor 

6.1.1. 1-(2-Methoxybenzyl)-piperazine- carbazole hybrids 

The mutual interaction between Aβ and cholinergic transmission was investigated. Following a ligand-

based approach, hybrid compounds addressing both systems were synthetized and subsequently 

pharmacologically studied. The molecules combine an α7 agonist and a carbazole moiety having AChE 

inhibition properties ((49a,b), Fig 26)18. Substituted carbazoles are able to interact with the narrow inner 

part of the AChE enzyme gorge and also present anti-amyloidogenic activity. This moiety was connected 

with the α7 agonistic activity of 1-(2-methoxybenzyl)-piperazine19. It was selected because of the 

structural similarity with the ethyl-(2-methoxybenzyl)-amine group recognizing the AChE catalytic site 

20,146. 

 

Figure 26. Dual-active AChE inhibitor/ nAChR agonist compounds 

 

The resulting multitarget compounds, in particular compound ((49b), Figure 26), presented AChE 

inhibition activity in a micromolar concentration range (compound with six methylene unit spacer IC50 = 

0.773 µM). AChE inhibition was strongly dependent on the linker elongation. In particular, compounds 

with a shorter chain in the series had lower IC50 values. In radioligand binding assays, the compounds 

exhibited a micromolar affinity profile with Ki values ranging from 15 to 120 µM in the displacement of 

[3H]-epibatidine and [125I]-α-bungarotoxin from α4β2 and α7 receptor subtypes in rat cortex, without 

discrimination in the receptor subtype. The action towards nAChRs was tested by using two-electro 

voltage clamps. Unfortunately, the compounds only reached 15-22% of the response (reference 100 µM 

Ach) at α4β2 receptors. No response was observed at the α7 receptor, possibly due to its lower sensibility 
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to ACh or its faster desensitization. Interestingly, their inhibition ability at 10 µM of Aβ fibril formation, 

proved with a ThT-based fluorimetric assay, is similar to the anti-aggregating and blocking fibril formation 

activity of curcumin 147 (28-36% compared to 34.4% of curcumin). Synergistically, a weak perturbation 

of one of the systems involved in the cholinergic neurotransmission (AChE, nAChRs) and amyloid 

aggregation could be sufficient to modify the entire scenario. Therefore, the compounds are a suitable 

starting point for further optimization. 

7. Looking to the future for AD hybrids tools 

The hybrid compounds targeting different biological proteins and dualsteric ligands addressing distinct 

parts of the same target or a combination of both strategies provide pharmacological tools that could 

expand horizons in medicinal chemistry. All the hybrid examples reported provide additional useful and 

important information regarding their target, showing that the development of bivalent compounds is not 

only possible but also promising in offering new pharmacological instrumentation. Poor drugability is the 

direct consequence of the relatively high molecular weight of bitopic ligands which prevents their 

progression in drug development. The bivalent compounds can provide new useful information 

regarding protein-ligand interactions anyway, understanding the intricate relationship between receptor 

activation, conformational dynamics, signaling profile in the cholinergic system, and the connection 

between different hallmarks of AD. Advantages such as better selectivity, signaling bias, or reduced 

toxicity of some hybrids can be further exploited through a subsequent fragment based process trying 

to reduce physicochemical issues but keeping the precious improvement obtained. The simultaneous 

attack on several fronts seems to provide insights that may be the key to opening new glimpses in the 

cholinergic field of the AD. 
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B. Aim of the Work 

 

The brain's cholinergic system has a central role in ongoing research related to cognition processes and 

age-related cognitive decline, including dementias such as Alzheimer's disease (AD). The cholinergic 

hypothesis of AD centered on the progressive loss of limbic and neocortical cholinergic innervation148 

led to the emergence of a large number of potential therapeutic interventions designed to restore 

cholinergic function. Several approaches are focused on the use of AChE inhibitors that reduce the 

hydrolysis of ACh. More recent investigational compounds include specific M1 mAChR or nAChR 

agonists.149 Despite intense research efforts, the causes of AD and biological pathways of its 

pathogenesis are still not fully understood. Several common features in AD’s patients were found such 

as formation of senile plaques with β-amyloid (Aβ), misfolding and aggregation of hyperphosphorylated 

tau-protein, mitochondrial dysfunction, inflammatory processes, oxidative stress and genetic 

prerequisites.28–31,150,151 The resulting complex pathological network makes drug therapy a real 

challenge, in particular the discovery of structural requirements for powerful and selective ligands which 

avoid site effects. Hence, the idea of multifunctional drugs composed of two drug entities connected by 

a linker arose. In particular, in the field of muscarinic agonists, the difficulty lies in the achievement of 

subtype-selectivity among the 5 different muscarinic receptors. With the hybrid approach an additional 

pharmacophore scaffold is linked to the first one, targeting a further pathological pathway or an 

accessory protein recognition site, conferring selectivity. Thus, it addresses different involved cholinergic 

receptors and enzymes simultaneously and enhances the target affinity and/or selectivity. Such hybrid 

molecular tools are necessary to elucidate numerous molecular basis details of the AD target proteins 

which are still unclear. Hence, the aim of the first project is the synthesis and pharmacological 

investigation of newly designed dualsteric compounds for the M1 muscarinic acetylcholine receptor. 

Starting from bitopic compounds previously synthesized in our research group,82,83 while maintaining 

the same allosteric BQCAd allosteric modulator the orthosteric fragment is modified, replacing the 

heterocyclus of the superagonist iperoxo with ACh, the isoxazole ring, Oxotremorine, Oxotremorine-M 

or Xanomeline non-selective agonists. With such hybrid ligands the influence of the orthosteric 
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fragments and different chain lengths can be evaluated with regard to ligand-dependent receptor 

activation, subtype-selectivity as well as pathway-biased signaling. 

In a second project the structural elements of tacrine and xanomeline are linked via alkyl chains of 

different length in a multitarget approach addressing both the M1 receptor and the AChE, providing new 

and important drug design contribution regarding these important AD targets.  Moreover, the exploration 

of new medicinal chemistry strategies and pharmacological instrumentation for the study of receptor 

activation will lead to the synthesis of a new trifunctional ligand, composed of two orthosteric units 

connected with an allosteric fragment with two hexamethylene chains. The tritopic ligand will serve for 

the study of the receptor conformational movement, investigation of metastable binding sites as well as 

for receptor dimerization process analysis. 

 
Figure 1. Overview of the M1-Hybrid derivative projects. 

 

Muscarinic acetylcholine receptors belonging to the hepta-helical family proteins transferring information 

across the membrane and triggering multiple intracellular signaling cascades are identified as target 

systems for several pathophysiological conditions. Nevertheless, the choice of muscarinic receptors as 
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therapeutic target is still a challenge due to the lack of subtype-selectivity which lead to side effects. The 

synthesis of new allosteric and orthosteric molecular fragment aims at the elucidation of structural 

characteristics responsible for receptor function and structural elements able to distinguish between the 

five mAChR subtypes. Therefore, the optimization of the two pharmacophoric portions, the orthosteric 

and the allosteric scaffolds will be done simultaneously. In this way we are going to “measure” the space 

around the two orthosteric and allosteric portions in term of length, flexibility and chemical characteristics 

for a detailed pharmacological investigation of the influence of each chemical fragment on the receptor 

binding and activation. Thus, some BQCAd allosteric derivatives with different chain lengths and a 

positively charged terminal amine are synthesized and pharmacologically evaluated. Applying a similar 

approach, the iperoxo pharmacophore is elongated with a spacer up to twelve methylenic units long. 

Moreover, a quaternary ammonium head, resembling the muscarinic agonist tetramethylammonium 

(TMA)152,153 is introduced by the end of the spacer. Additionally, the flexible alkyl chain linker is 

exchanged by a rigidified linker, to understand the consequences of a reduced suppleness in the 

receptor activation process. 

 

 
 
Figure 2. Overview of the allosteric/orthosteric modified compounds. 
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C. Results 
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Abstract: The muscarinic M1 acetylcholine receptor is an important drug target for the treatment of 

various neurological disorders. Designing M1 receptor-selective drugs has proven challenging, mainly 

due to the high conservation of the acetylcholine binding site among muscarinic receptor subtypes. 

Therefore, less conserved and topographically distinct allosteric binding sites have been explored to 

increase M1 receptor selectivity. In this line, bitopic ligands, which target orthosteric and allosteric binding 

sites simultaneously, may provide a promising strategy. Here, we explore the allosteric, M1-selective 

BQCAd scaffold derived from BQCA as starting point for the design, synthesis, and pharmacological 

evaluation of a series of novel bitopic ligands in which the orthosteric moieties and linker lengths are 

systematically varied. Since b-arrestin recruitment seems to be favorable to therapeutic implication, all 

the compounds were investigated by G protein and b-arrestin assays. Some bitopic ligands are partial 

to full agonists for G protein-activation, some activate b-arrestin recruitment, and the degree of b-arrestin 

recruitment varies according to the respective modification. The allosteric BQCAd scaffold controls the 

positioning of the orthosteric ammonium group of all ligands, suggesting that this interaction is essential 

for stimulating G protein-activation. However, b-arrestin recruitment is not affected. The novel set of 

bitopic ligands may constitute a toolbox to study the requirements of b-arrestin recruitment during ligand 

design for therapeutic usage 
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Introduction 

Muscarinic acetylcholine receptors belong to the superfamily of G protein-coupled receptors. Five 

muscarinic receptors subtypes (M1-M5) are expressed in humans and mediate a variety of physiological 

functions.154,155 The binding site for the endogenous neurotransmitter acetylcholine, classical synthetic 

orthosteric agonists (e.g. carbachol, oxotremorine, oxotremorine-M, and iperoxo), and antagonists (e.g. 

atropine, N-methylscopolamine, and ipratropium) is located deeply inside the seven-fold 

transmembrane helical bundle.156,157 All muscarinic receptor subtypes share a high sequence similarity 

in their orthosteric binding pockets which has entailed severe difficulties in the discovery of subtype-

selective ligands for this receptor family.157–159 Moreover, all muscarinic receptors possess at least one 

allosteric binding site which is located on top of the orthosteric binding site comprising the upper parts 

of transmembrane helices and extracellular loops.160–163 

M1 muscarinic receptors are predominantly expressed in the central nervous system (CNS), especially 

in the amygdala, hippocampus, cerebral cortex, and striatum164,165 where they contribute to essential 

cognitive functions such as memory and learning. The M1 muscarinic receptor has been identified as 

an important drug target which may be addressed for the treatment of Alzheimer's disease (AD) and 

schizophrenia.143,166 Although activation of M1 receptors with synthetic orthosteric agonists has been 

shown to be effective in a variety of CNS diseases,167–169 all ligands exhibited severe adverse effects 

which have eventually led to withdrawal from drug discovery programs, likely due to missing subtype-

selectivity of these drug candidates.32,170  

New strategies for obtaining more selective ligands have been explored by either using positive allosteric 

modulators (PAMs)57,94,171–175 or by structural hybrids of orthosteric and allosteric moieties. These latter 

so-called bitopic ligands have been originally developed based upon the hypothesis of combining the 

activation properties of orthosteric ligands with the better selectivity profile of allosteric ligands.57,25,176,177 

Number of studies have lately shown that through the design of bitopic ligand series a differential 

engagement of all possible GPCR signaling pathways can be studied.178,179 We have previously 

synthesized bitopic agonists for the M1 receptor (Scheme 1, 1-Cn) which consist of the orthosteric 

agonists iperoxo or acetylcholine and the M1R-selective positive allosteric modulators (PAM) BQCAd. 

106,180,181,182,183 Benzyl quinolone carboxylic acid (BQCA) and its derivatives were reported being positive 

allosteric modulators (PAMs). Compared to their orthosteric counterparts, they confer a high selectivity 
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in terms of binding and function at M1 receptors.83,181 Underlying structure-activity-relationship studies 

suggested that the potency and efficacy of bitopic agonists basically depend on three substantial factors, 

i.e. linker length, geometry of the position of orthosteric and allosteric moieties, as well as the substitution 

pattern of the allosteric moiety.82,83,111 

Here, we introduce a systematic set of novel bitopic ligands for the M1 receptor which were designed 

by connecting the allosteric moiety BQCAd to orthosteric muscarinic agonists using methylene linkers 

of varying length (Scheme 1). The allosteric interaction of BQCAd is shown in the supplementary 

information (Table S4, Figure S1 (panel F)). Classical orthosteric agonists were chosen as building 

blocks of the bitopic ligands aiming at a comparison of a myriad of study results from the literature and 

obtaining a deepened understanding of previously published works.82,83 In order to derive structure-

activity-relationships, the set of compounds was tested for the ability to activate G protein-signaling and 

b-arrestin recruitment. Our data shows that efficacy and potency of bitopic ligands strongly depends on 

the structure of the orthosteric moiety which is supported by respective docking studies. The smallest 

known muscarinic agonist, tetramethylammonium (TMA)152,153, has a sufficient efficacy to activate G 

proteins but is not suitable for recruiting b-arrestin. Interestingly, the iperoxo hybrids 1-C6, 1-C8 as well 

as the isoxo ligand 3-C8 were able to recruit β-arrestin2. Of note, our data demonstrates how subtle 

differences in ligand structure can impact receptor activation and simultaneously suggests that different 

regions of the orthosteric binding site can be explored in order to investigate M1 receptor signaling.  

Result and Discussion 

Chemistry 

Compounds 1-Cn, 2-Cn, and 5-Cn were prepared according to previously reported procedures.82,83 

Compound series 3-Cn and 4-Cn and their overall synthetic pathways are displayed in Scheme 1 (for 

further details see Supporting Information Data S1). The 4-oxo-quinoline skeleton was built up using the 

Gould-Jacobs synthetic procedure using diethyl 2-(ethoxymethylene)-malonate for condensation with 4-

fluoroaniline followed by cyclization in diphenyl ether.184–186 Both synthetic procedures were carried out 

under microwave assistance to promote conversion and to achieve better yields. The quinolone nitrogen 

was benzylated followed by amidation of the ester function utilizing an aminoalkyl alcohol of the 

respective spacer length. Finally, the hydroxyl function was replaced by a bromine atom using 

hydrobromic acid and sulfuric acid.82 
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All orthosteric fragments were synthesized according to the literature92,187–189 to obtain the tertiary base 

which was subsequently used within the final synthesis step yielding the desired bitopic compounds. In 

brief, the synthesis of the isoxazole moiety92 starts with treating methyl propiolate with commercial 

hydroxylamine hydrochloride followed by subsequent reaction with 1,4-dichloro-2-butyne. The tertiary 

base was finally obtained by adding a two-fold excess of a solution of dimethylamine in DMF at room 

temperature requiring a three-step synthesis. Oxotremorine-M was obtained by starting from the 

commercially available 2-pyrrolidinone and propargyl bromide followed by a CuCl-catalyzed Mannich 

reaction using dimethylamine and paraformaldehyde to obtain the corresponding tertiary bases.92,188  

The final compounds were obtained by reaction of the allosteric moiety equipped with the brominated 

spacer and the corresponding tertiary orthosteric bases as shown in Scheme 1. All reactions were 

conducted using microwave assistance to shorten reaction times up to 8-48 h. The final compounds 

were purified by recrystallization or, in cases where crystallization was not feasible, by column 

chromatography using basic aluminum oxide. 

Pharmacology 

Recent findings correlate pronounced cholinergic adverse responses with G protein activation coupling 

and phosphorylation-dependent signaling with maximal clinical efficacy across various AD 

symptoms.190,191 In order to evaluate the impact of the orthosteric moieties on overall ligand activity and 

to compare the activity of the novel bitopic compounds with previously studied ones, all ligands were 

tested in both G protein-signaling and b-arrestin recruitment assays. As a read-out for G protein-

signaling we applied a luminescence-based complementation assay: in intact cells, the interaction of 

Gaq with phospholipase Cb3 being fused to parts of a luciferase192 can be observed. Upon stimulation 

of Gq-coupled receptors, spatial proximity between Gaq and PLC-b3 allows complementation of the split 

luciferase, thus the luminescence derived from a luciferase substrate is detected. b-arrestin recruitment 

was measured by BRET between a NanoLuc-tagged M1 receptor and b-arrestin2, N-terminally fused to 

a Halo tag83. Moreover, the ability of the novel ligands to interact with both the orthosteric and allosteric 

binding sites was tested in equilibrium and by applying dissociation binding experiments, respectively 

(Supporting Information Data S3).   

Iperoxo-derived bitopic ligands. 
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Iperoxo is the most potent and efficacious muscarinic agonist which has served as orthosteric moiety of 

other bitopic ligands.82,83,103 We characterized iperoxo-based bitopic ligands with aliphatic linkers 

spanning 6 to 10 methylene groups (Scheme 1). Gq/PLC-b3 complementation assays (Figure 1a) reveal 

that all compounds are agonists. 1-C6 and 1-C10 are partial agonists whereas 1-C8 behaves as full 

agonist for Gq activation. Increasing the linker length from 6 to 8 methylene groups increases both 

potency and efficacy, whereas a further increase in linker length to 10 methylene groups decreases both 

potency and efficacy. The bitopic ligands were tested for their ability to stimulate b-arrestin recruitment. 

1-C6 and 1-C8 are partial agonists with 1-C6 displaying a slightly higher potency than 1-C8. 1-C10 fails 

to stimulate b-arrestin recruitment. Interestingly, we find that 1-C8 is much more potent and efficacious 

than 1-C6 regarding G protein-activation (Figure 1a), however, 1-C6 is more potent in recruiting b-

arrestin than 1-C8 (Figure 2a).

 
Scheme 1. Synthetic pathway of the bitopic M1 receptor ligands composed of the PAM benzyl quinolone 
carboxylic acid derivative (BQCAd 6) covalently linked to non-selective muscarinic orthosteric agonist 
fragments (iperoxo 1, acetylcholine 2, isoxo 3, oxotremorine-M 4, TMA (tetramethylammonium) head 
5). Reagents and conditions: (i) benzyl chloride, K2CO3, DMF, 80 °C; (ii) 6 N HCl, MeOH, reflux; (iii) 
H2N(CH2)nOH, 150 °C; (iv) HBr (48%), H2SO4, reflux; (v) iperoxo base, KI/K2CO3, CH3CN, 80 °C 
MW; (vi) acetylcholine, KI/K2CO3, CH3CN, 80 °C MW; (vii) isoxo base, KI/K2CO3, CH3CN, 80 °C MW; 
(viii) oxotremorine-M base, KI/K2CO3, CH3CN, 80 °C MW; (ix) trimethylamine, CH3CN, 40 °C. 
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ACh-derived bitopic ligands 

In analogy to the iperoxo-based compounds we characterized a set of ACh-derived bitopic ligands with 

varying linker lengths ranging from 6-10 methylene groups (Scheme 1). All bitopic ligands (2-C6, 2-C8, 

and 2-C10) are partial agonists for G protein-activation (Figure 1b) and hardly induce any b-arrestin 

recruitment (Figure 2b). Only at very high concentrations, i.e. 100 µM, b-arrestin recruitment can be 

observed with all three compounds. In line with iperoxo-derived bitopic ligands (Figure 1a), potency and 

efficacy of ACh-based ligands are dependent on linker length. Increasing the linker length from 6 to 8 

(and 10) methylene groups significantly increases the potency of 1-C8 (and 1-C10), whereas 1-C10 

displays the weakest efficacy of this series of compounds. The overall efficacy of ACh-derived ligands 

appears to be reduced compared to the iperoxo-derived ligands, however, the structure-activity-

relationships seem to be rather similar.  

Isoxazole-derived bitopic ligands 

Next, we used an orthosteric agonist, isoxo187, which is structurally very similar to iperoxo. The molecule 

differs by a double bond which was introduced into the iperoxo ring system, resulting in an aromatic 

isoxazole ring whose influence on the ligand-receptor interaction were studied. We used isoxo as an 

orthosteric fragment to synthesize the bitopic ligands 3-C6, 3-C8, and 3-C10 (Scheme 1). In line with 

the results obtained with iperoxo- and ACh-derived bitopic ligands, all isoxo-based bitopic ligands 

stimulated G protein activation (Figure 1c). However, they hardly induced any b-arrestin recruitment 

(Figure 2c) which is in line with ACh-based ligands. 3-C8 (a full agonist) displayed a higher efficacy than 

3-C6 (a partial agonist), whereas 3-C10, in line with aforementioned observations (Figures 1a, 1b), 

demonstrated the weakest potency and efficacy, respectively, of the entire series. Full concentrations 

response curves for b-arrestin recruitment could not be obtained. Nevertheless, the data suggest that 

the activation profile of the ligands follows that for G protein activation with 3-C8 and 3-C10 being the 

most and least efficacious ligands, respectively (Figure 2c).  
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Figure 1. Concentration-response curves in Gα/PLC-β3 split-luciferase interaction assays in HEK293T 
cells expressing the human muscarinic M1 receptors (hM1) which were stimulated utilizing varying 
concentrations of indicated compounds. Data is expressed as the means ± S.E.M. of 3-6 independent 
experiments performed in triplicate. The data were normalized to iperoxo (panel A), ACh (panel B), Isoxo 
(panel C), Oxo-M (panel D), and Carbachol (CCh) (panel E) as reference (maximum stimulation set to 
100%).  

 

 

Figure 2.  Concentration-response curves obtained with a BRET-based assay reporting the 
recruitment of b-arrestin to M1 receptors stimulated with various concentrations of indicated 
compounds (Iperoxo-derived bitopic ligands (panel A), ACh-compounds (panel B), Isoxazole-bitopic 
ligands (panel C), Oxotremorine-M based ligands (panel D), TMA-derived bitopic compounds (panel 
E)). b-arrestin recruitment upon stimulation with saturating concentrations of carbachol (CCh) was set 
to 100%. Data are normalized to CCh and expressed as the means ± S.E.M. of 3-6 independent 
experiments performed in triplicate 

 

 



 

 
46 

 

Oxotremorine-M-derived bitopic ligands 

In the next set of compounds, another classical non-selective muscarinic agonist, oxotremorine-M, was 

used as an orthosteric moiety giving rise to the series of bitopic ligands 4-C6, 4-C8, and 4-C10 (Scheme 

1). As seen with previous series of bitopic ligands, increasing the linker length from six to eight methylene 

groups seems to yield better agonists. 4-C8 displays a higher potency and a higher efficacy than 4-C6, 

whereas further increase of the linker length decreases the potency and efficacy of 4-C10 (Figure 1d). 

All compounds only weakly stimulate b-arrestin recruitment at 100 µM and appear to behave similar 

(Figure 2d).  

 

 

Figure 3. Proposed binding modes for BQCAd-derived bitopic ligands at the M1 receptor indicate a 
distinct position of the allosteric BQCAd moiety, whereas the positioning of the orthosteric building block 
is more diverse. A: Superimposition of 1-C8 (green), 2-C8 (salmon), 3-C8 (blue), 4-C8 (dark grey), and 
5-C8 (light grey) bound to the M1 receptor. B: Superimposition of 5-C8 (light grey) and 5-C4 (yellow) 
bound to the M1 receptor. C: Dynamic interaction pattern of 5-C8, the most potent compound from the 
series with the minimal orthosteric building block, derived from a 250 ns MD simulation. Yellow point 
clouds indicate non-polar contacts, the blue point cloud show positive ionizable centers, the purple point 
cloud shows aromatic interactions and the red point clouds indicate hydrogen bond acceptors. Next to 
the point clouds, the occurrence frequency and the involved residues are indicated 
 
TMA-derived bitopic ligands 

Lastly, we used the smallest muscarinic agonist described in the literature, i.e. TMA, as a building block 

for bitopic ligands. We synthesized the minimal-size bitopic ligands 5-C6, 5-C8, and 5-C10 (Scheme 1). 

In line with all previous data, TMA-based ligands stimulated G protein activation (Figure 1e) in a linker-

length dependent manner. Again, the octamethylene linker (5-C8) seems to be more favorable for G 

protein activation than the hexamethylene linker (5-C6). In contrast to the other series of bitopic ligands 
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described above, the 5-C10 compound shows a higher potency than 5-C6 (Figure1e). Interestingly, all 

TMA-based ligands behave as full agonists. The ligand-induced b-arrestin2-recruitment, determined by 

a BRET based assay192, was very weak for the entire series of ligands, and could only be detected for 

the highest ligand concentration tested throughout the experiments (100 µM; Figure 2e). Overall, based 

on the experimental data, three general observations can be made: First, the majority of bitopic ligands 

of the series 1-Cn to 4-Cn are weaker agonists than their parent orthosteric agonists; second, all bitopic 

ligands show negligible to little efficacy in recruiting b-arrestin; and third, a linker length of eight 

methylene groups appears to be optimal for G protein activation by all bitopic ligands. This is in line with 

the recent finding regarding the bitopic agonist iper-8-phth capable of binding to and activating the M1 

receptor as a full agonist.193 Noteworthy, shortening of the linker to four methylene groups did not lead 

to improved G protein activation for the TMA bitopic ligands neither in terms of maximum response nor 

in potency. (Supporting Information Figure S4).  

Binding modes of BQCAd-based bitopic ligands 

In order to gain structural insight into binding poses and to link them to the observed activities, we 

performed computational analysis of selected bitopic ligands with focus on the n-C8 series. Docking to 

the active M1 receptor resulted in plausible poses for all bitopic ligands. Due to the spatial requirements 

and the rigidity of the BQCAd building block, the orientation of its bitopic derivatives is highly similar 

(Figure 3A). In case of the M2 receptor, bitopic ligands exhibit a fixed position of the orthosteric moiety 

which directs the positioning of the allosteric building blocks. Interestingly, our data strongly suggests 

the opposite for the M1 receptor (Supporting Information Figure S5).194 Since BQCAd is very specific 

for the M1 allosteric vestibule, it serves as an anchoring point which controls the positioning of the linker 

and thereby the position of the orthosteric moiety in the orthosteric binding site.  

With regard to the orthosteric binding pocket, the essential interaction responsible for receptor activation 

is the charge interaction with D1053.32.195 The positive charge is additionally surrounded by aromatic 

residues of the tyrosine lid (Y7.39 and Y7.43), forming cation-π interactions. Since the tyrosine lid is 

flexible to a certain extent and the charge interaction with D1053.32 is not restricted to a distinct 

geometric position, the position of the positive charge of the ammonium group shows some variance 

(Figure 3B). Due to the flexibility of the alkyl linker, this essential charge interaction can be observed for 
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all studied bitopic ligands. Both, the alkyl linker length and the type of the orthosteric building block are 

controlling the location of the ammonium group. This might also explain why there is no direct 

pharmacological correlation between bitopic ligands and their purely orthosteric building blocks (Figures 

1 and 2). Since the binding mode is mainly determined by the BQCAd moiety and the linker length, the 

orthosteric building block cannot necessarily build the same interactions as the purely orthosteric ligands 

themselves. Interestingly, the compound series with the smallest known orthostere (TMA) shows robust 

G protein activation which suggests that only the charge interaction is crucial for G protein activation. 

Given that 5-C8 shows the highest potency with regard to G protein activation, we analyzed its receptor-

ligand interaction by using dynamic pharmacophores.105 The initial binding mode of 5-C8 and the 

respective interaction pattern was conserved over 250 ns of MD simulation (Figure 3C). The largest 

movement was observed for the benzyl ring which shows a more frayed distribution of its non-polar 

contacts, but this movement occurred at the very beginning of the trajectory. The dynamic interaction 

pattern indicates a key role of Y179 in the second extracellular loop (ECL2) and W4007.35 for hosting 

the BQCAd moiety in the allosteric vestibule of the M1 receptor. This result is in accordance with 

previous mutational studies that highlight key residues for allosteric modulation at the M1 receptor.196–

198 Interestingly, the same epitopes have also been shown to control shape and ligand binding properties 

of the extracellular binding site of the M2 receptor.105,199 Since we observed a surprisingly high potency 

(e.g. 4-C4) or high efficacy (e.g. 1-C4) for some compounds of the C4 series, we hypothesize that these 

bitopic ligands might show multiple binding modes as previously reported for some bitopic muscarinic 

agonists.200 

In conclusion, we have presented a novel set of BQCAd-based bitopic M1 receptor agonists comprising 

five different orthosteric agonists and alkyl linkers of varying length. All bitopic ligands are agonists with 

regard to G protein activation with efficacies ranging from partial to full agonism. On the other hand, only 

3 ligands, i.e. 1-C6, 1-C8, and 3-C8, were able to efficiently recruit β-arrestin in the concentration range 

sufficient for G protein activation. Molecular modeling studies demonstrate that the overall binding mode 

of the bitopic ligands is mainly determined by the position of the allosteric BQCAd moiety. Hence, the 

ligands are ‘hung up’ in the allosteric vestibule of the receptor and the orthosteric moieties ‘dangle’ into 

the orthosteric binding site. This may result in a situation where the orthosteric moieties of the bitopic 
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ligands adopt different binding poses as their parent orthosteres alone. This would be in line with our 

experimental data showing that several bitopic ligands are less potent and efficacious than their 

respective orthosteric agonists. Moreover, shrinking the orthosteric moiety down to the essential 

ammonium ion (as in TMA, 5-Cn series) is sufficient to induce a potent and efficacious G protein 

response; however, these bitopic ligands fail to stimulate b-arrestin recruitment. It seems that a quite 

voluminous molecular portion having a higher molecular weight than originating from the quaternary 

ammonium head at the orthosteric site is one of the prerequisite for β2-arrestin recruitment. The finding 

that the ligands’ binding poses are determined by their allosteric building block may point towards a 

higher receptor subtype selectivity than that of other bitopic ligands.201 Therefore, the whole set of bitopic 

ligands represents a useful toolbox of compounds to outline the chemical requirements for modulating 

the degree of β-arrestin recruitment and G protein activation and thus, facilitating the development of 

efficacious and selective drug candidates for the treatment of diseases such as Alzheimer and 

schizophrenia. 

 
Material and Methods 

Materials 

A Chinese hamster ovary (CHO) cell line stably expressing hM1 was obtained from Wyeth Research 

(Princeton, NJ). 96 well round bottom and white 96 well plates were purchased from Thermo Fisher and 

from Greiner Bio One, Germany. Dulbecco’s modified Eagle’s medium (DMEM) and phosphate-buffered 

saline (PBS) were from Sigma (Schnelldorf, Germany). Leibovitz’ L-15 medium (L-15) and Hank’s 

balanced salt solution (HBSS) were from ThermoFisher (Dreieich Germany). Fetal calf serum (FCS), 

trypsin, and geneticin (G418) were from Merck Biochrom (Berlin, Germany). D-Luciferin was purchased 

as potassium salt from Pierce (ThermoFisher, Dreieich, Germany) and was dissolved in HBSS at a 

concentration of 400 mM. Puromycin was obtained from Invivogen (Toulouse, France). [3H]N-

Methylscopolaime], 250 µCi (9.25 MBq) was purchased from PerkinElmer (Rodgau, Germany) and 

Polyethylenimine solution (1%, PEI) from Sigma (Schnelldorf, Germany). For chromatographic 

applications (HPLC, LC-MS), deionized water produced by means of a Milli-Q® system (Merck, 

Darmstadt, Germany) was used. HPLC grade and LC-MS grade solvents were from Sigma-Aldrich 

(Munich, Germany). Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich 
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(Schnelldorf, Germany), VWR (Darmstadt, Germany), and TCI (Eschborn, Germany), and were used 

without prior purification.  

 

General Medicinal Chemistry Methods 

1H (400.132 MHz) and 13C (100.613 MHz) NMR spectra were recorded using a Bruker AV  400 NMR 

spectrometer (Bruker Biospin, Ettlingen, Germany). As an internal standard, the signals of the 

deuterated solvents were used (DMSO-d6: 1H 2.5 ppm, 13C 39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 

77.16 ppm). Abbreviations for data quoted are s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, 

broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; and tq, triplet of quartets. 

Coupling constants (J) are given in Hz. The NMR signals were assigned polarization transfer 

experiments (DEPT) and two-dimensional experiments, such as 1H-1H correlation (COSY) and 1H-

13C-proton-carbon heteronuclear correlation (HMQC, HMBC). TLC analyses were performed on silica 

gel 60 F254, C18 silica-coated aluminum panels ALUGRAM® RP-18W / UV254 and on pre-coated TLC-

plates Alox-25/UV254 (Macherey-Nagel, Düren, Germany); the detection was made using UV light at 

254 nm, intrinsic fluorescence at 366 nm or with ethanolic KMnO4, Dragendorff reagent, or 

phosphomolybdic acid ethanolic solution. For classical purification, column chromatography using silica 

gel with a grain size of 63-200 μm (Merck, Darmstadt, Germany). Flash chromatography on a 

puriFlash®430 system (Interchim, Montluçon, France) was performed using prepacked columns 

(Interchim, Montluçon, France) with silica gel filling (Particle size 30 microns or 50 microns) for normal 

phase or with C18-silica gel filling (Particle size 15 μm) for the reverse phase. The detection was carried 

out by means of a UV detector and Evaporative Light Scattering Detector (ELSD). Microwave assisted 

reactions were carried out using an MLS-rota PREP or synthWAVE instruments (Milestone). The LC-

MS analyses of all the test compounds were performed using a Shimadzu LC-MS-2020 mass 

spectrometer (Shimadzu Deutschland GmbH, Duisburg, Germany) containing a DGU-20A3R degassing 

unit, an LC20AB liquid chromatograph and a SPD-20A UV/Vis detector and, an LC / MSD ion trap 

(Agilent Technologies, Waldbronn, Germany) connected to an Agilent 1100 modular system. A Synergi 

Fusion-RP (150 mm x 4.6 mm i.d., 4 µm; Phenomenex Ltd., Aschaffenburg, Germany) column and a 

gradient consisting of solvent A, water with 0.1% formic acid; solvent B, MeOH with 0.1% formic acid. 
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Solvent B was increased from 0% to 90% in 13 min, then decreased from to 5% in 1 min, and 5% for 4 

min. The method was run with a flow rate of 1.0 mL/min, UV detection at 254 nm. All compounds were 

found to have a purity ≥ 95%. Mass spectra were recorded in ESI-positive mode and the data are 

reported as mass-to-charge ratio (m/z) of the corresponding positively charged molecular ions. Detailed 

syntheses and spectral data of intermediate and target compounds are reported in the supporting 

information (Data S1). 

Cell culture 

Chinese hamster ovary cells (CHO) stably expressing the hM1 receptor (CHO-hM1 cells) were cultured 

in Ham’s nutrient mixture F-12 (HAM- F12) supplemented with 10 % (v/v) FCS (FCS), 100 U/ml penicillin, 

100 µg/ml streptomycin, 0.2 mg/ml G418, and 2 mM L-glutamine at 37 °C in a 5 % CO2 humidified 

atmosphere. HEK293T cells stably co-transfected with the human M1 receptor and the Gαq-PLC-β3 

sensor192 were kindly provided by Timo Littmann (University of Regensburg). Cells were cultured in 

DMEM containing 10% FCS (full medium) at 37 °C in a water-saturated atmosphere containing 5% CO2 

as reported previously.192 HEK293T cells for BRET assays were cultured in DMEM high glucose medium 

containing 10% FCS, 2 mM glutamine, 500 units * ml-1 Penicillin and 0,5 mg *ml-1 Streptomycin. 

Split-Luciferase Bioluminescence Assay 

HEK293T cells stably co-transfected with the human M1 receptor and the Gαq-PLC-β3 sensor192 were 

detached from a 75-cm2 flask by trypsinization and centrifuged (700 g for 5 min). The pellet was 

resuspended in assay medium consisting of L-15 with 5% FCS and the density of the suspension was 

adjusted to 1.25 · 106 cells/mL. Then, 80 µL of this suspension was seeded into each well of a 96 well 

plate, and the plate was subsequently incubated at 37 °C in a humidified atmosphere (without additional 

CO2) overnight. On the next day, 10 µL of a 10 mM D-Luciferin (Pierce) was added to the cells, and the 

plate was transferred into a pre-warmed microplate luminescence reader (Mithras LB 940 Multimode 

Microplate Reader, Berthold Technologies, Bad Wildbad, Germany). The cells were allowed to 

equilibrate inside the reader for 10 min before the basal luminescence was determined by recording the 

luminescence for the entire plate ten times with an integration time of 0.5 s per well. In the meantime, 

serial dilutions of agonists were prepared. The resulting solutions were also pre-warmed to 37 °C and 

subsequently added to the cells. Thereafter, luminescence was recorded for 15 plate repeats amounting 
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to a time period of 20 min. Negative controls (solvent) and positive controls (reference full agonist, 

carbachol (hM1R), eliciting a maximal response (100%) were included for subsequent normalization of 

the data. After acquisition of the data, the peak luminescence intensities obtained after stimulation were 

used for quantitative analysis using GraphPad Software (San Diego, CA, USA) 

β-arrestin2-recruitment Assay 

β-arrestin2-recruitment was determined by measuring BRET by using the NanoBRETTM system.202 

BRET was measured between a full length human M1 receptor N-terminally carrying a FLAG-tag and 

C-terminally carrying a Nano Luciferase. The β-arrestin2 was N-terminally modified with a HALO-tag 

and labeled with a HALO‐618 fluorescent ligand (Promega, Mannheim, Germany). Therefore, 1*106 

HEK293T cells were seeded in a 6 cm dish and after 20 hours transiently transfected with 1 µg receptor, 

2 µg β-arrestin2 and 1 µg human GRK2 with the Effectene® transfection reagent in accordance to the 

user manual. 20 hours after transfection cells were transferred from 6 well plates to 96 well plates. Cells 

were counted and 20000 cells per well were seeded into white 96-well plates (Brand GmbH & Co KG, 

Wertheim, Germany). The next day BRET was measured using the Synergy Neo2 Hybrid Multi-Mode 

Reader (BioTek Instruments GmbH, Bad Friedrichshall, Germany), and the BRET ratio was corrected 

against buffer conditions. The highest ligand concentration tested was 100 µM due to limited solubility 

in the buffer used for BRET assays.  

Computational analysis methods 

All receptor-ligand docking experiments were carried out with the CCDCs software GOLD version 5.1.203 

A previously reported active homology model of M1 receptor, which is in accordance with the available 

active M1 receptor cryo-EM structure was used for docking199. All residues of the receptor core region 

and the extracellular loop regions were defined as potential binding site. Default settings were applied 

for receptor-ligand docking using GoldScore as primary scoring function. All docking poses and 

receptor-ligand interactions were analyzed with LigandScout 4.2204, using a 3D-pharmacophore 

approach. The molecular dynamics simulations were carried out on GPUs (Nvidia RTX 2080 Ti) at the 

Freie Universität Berlin with Desmond 2018-3 following the previously published procedure105. 

Subsequently, the MD trajectories were analyzed with the software VMD205, and a dynamic 

pharmacophore approach (dynophores) implemented in the LigandScout framework.105,204,206 
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Data Treatment 

The binding data from individual experiments were analyzed by computer-aided nonlinear regression 

analysis using Prism 5 (GraphPad Software, San Diego, CA, USA). All sigmoidal concentration-

response curves were obtained by fitting three-parameter (Hill slope constrained to 1) nonlinear 

regression curves (GraphPad Prism, San Diego, CA, USA). The BRET raw data were analyzed and 

corrected in Excel (Microsoft Corporation, WA, USA) and plotted in GraphPad Prism 7 (GraphPad 

Software, San Diego, CA, USA). 
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Chemistry 

 

1) Data S1. Syntheses and experimental data of target compounds.  

General Procedure for the Synthesis of the Quinolone-Isoxo Derivatives 3-C4, 3-C6, 3-C8, and 3-C10  

To a solution of bromoalkyl 4-oxo-quinoline-3-carboxamides C-C4, C-C6, C-C8, and C-C10 in 

acetonitrile (5 mL), 2 to 4 equivalents of isoxo-base and a catalytic amount of K2CO3 were added. The 

reaction was heated at 80 °C making use of microwave assistance. After completion of the reaction (4-

48 h) controlled by TLC (CH2Cl2/MeOH = 85:15, Rf = 0.50 – 0.70), the mixture was cooled to room 

temperature. The solvent was distilled off. The so obtained solid was crystallized from acetonitrile, 

filtered and dried in vacuo. Compounds 3-C8 and 3-C10 were purified via column alumina 

chromatography using petroleum CH2Cl2/MeOH 9:1 as eluent system. 

N-(4-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)butyl)-4-(isoxazol-3-yloxy)-N,N-

dimethylbut-2-yn-1-aminium bromide 3-C4 

Beige solid; 15% yield; mp 101-104 °C; Rf = 0.55 (MeOH/NH4NO2 (0.2 M) = 3:2); 1H NMR (CDCl3): 1.86-

1.73 (m, 4H, NH-CH2-CH2-CH2), 3.43 (s, 6H, +N(CH3)2), 3.55-3.53, (m, 2H, NH-CH2), 3.72- 3.66 (m, 2H, 

CH2-N+), 4.87 (s, 2H, ≡C-CH2-N+), 4.95 (s, 2H, O-CH2-C≡), 5.53 (s, 2H, CH2benzyl), 6.03 (d, 2H, H-4isoxo, 

J=1.8) 7.15- 7.14 (m, 2H, CHphenyl), 7.46 - 7.36 (m, 5H, H-7, H-8, CHphenyl), 8.12 (dd, 1H, H-5, J = 3.0, 

JHF = 8.7), 8.18 (s, 1H, H-5 isoxo, J=1.8), 8.95 (s, 1H, H-2), 10.09 (t, 1H, NH, J = 5.6). 13C NMR (CDCl3): 

19.84, 26.58, 29.69, 37. 45, 50.68, 54.83, 57.18, 58.15, 63.74, 75.89, 86.86, 96.31, 112.01, 112.24, 

119.26 (d, JCF = 7.7), 121.50  (d, JCF = 25.4), 123.19, 126.08, 128.83, 129.47, 129.71, 133.85, 135.84, 

148.422, 158.70, 160.30, 165.85, 170.39, 176.58. MS (ESI) m/z [M]+ Calcd for C30H32FN4O4+: 531,24 

Found: 530.7. LS-MS purity 96.58%. 

6-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N-(4-(isoxazol-3-yloxy)but-2-yn-1-yl)-

N,N-dimethylhexan-1-aminium bromide 3-C6  

 
Ochre solid; 28% yield; mp 96-103 °C; Rf = 0.74 (MeOH/NH4NO2 (0.2 M) = 3:2); 1H NMR (CDCl3): 1.48-

1.42 (m, 4H, NH-CH2-CH2-CH2-CH2), 1.68-1.64 (m, 2H, NH-CH2-CH2),  1.74-1.76 (m, 2H, NH-CH2-CH2-

CH2-CH2-CH2), 3.48-3.45 (m, 8H, NH-CH2, N+(CH3)2), 3.66-3.72, (m, 4H, NH-CH2, CH2-N), 4.90 (s, 2H, 

≡C-CH2-N+), 4.95 (s, 2H, O-CH2-C≡), 5.50 (s, 2H, CH2benzyl), 6.03 (d, 2H, H-4isoxo, J=1.8), 7.13- 7.15 (m, 
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2H, CHphenyl), 7.35-7.33 (m, 4H, H-8, CHphenyl), 7.42 - 7.44 (m, 1H, H-7), 8.13 (dd, 1H, H-5, J = 3.0, JHF 

= 8.8), 8.20 (d, 1H, H-5 isoxo, J=1.8), 8.93 (s, 1H, H-2), 9.96 (t, 1H, NH, J =5.6). 13C NMR: (CDCl3) 22.56, 

25.61, 26.26, 29.16, 38.77, 50.63, 54.64, 57.15, 58.09, 64.10, 75.87, 86.79, 96.28, 111.93, 112.16, 

119.26 (d, JCF = 7.7), 121.61 (d, JCF = 25.4), 126.06, 128.77, 129.42, 133.91, 135.83, 148.38, 158.63, 

160.31, 164.72, 170.37, 176.00. MS (ESI) m/z [M]+ Calcd for C32H35FN4O4+: 559,27 Found: 559.5. LS-

MS purity 96.86%. 

1-((8-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)octyl)dimethyl-l4-azanyl)-4-

(isoxazol-3-yloxy)but-2-yn-1-ylium bromide 3-C8  

Ochre solid; 30% yield; mp 113-116 °C; Rf = 0.67 (MeOH/NH4NO2 (0.2 M) = 3:2); 1H NMR (CDCl3): 1.25-

1.55 (m, 8H, NH-CH2-CH2-CH2-CH2-CH2-CH2), 1.64-1.71 (m, 4H, NH-CH2-CH2, CH2-CH2-N+), 3.42 (s, 

6H,N+(CH3)2), 3.50-3.54 (m, 4H, NH-CH2, CH2-N+), 4.84 (s, 2H, +N-CH2-C≡), 4.95 (s, 2H, O-CH2-C≡), 

5.50 (s, 2H, CH2benzyl), 6.03 (d, 2H, H-4isoxo, J=1.8), 7.13- 7.15 (m, 2H, CHphenyl), 7.33-7.44 (m, 5H, H-7, 

H-8, CHphenyl), 8.13-8.15 (m, 1H, H-5), 8.19 (s, 1H, H-5isoxo), 8.92 (s, 1H, H-2), 9.94 (t, 1H, NH, J =5.6). 

13C NMR: (CDCl3) 22.64, 24.06, 25.85, 26.64, 28.65, 28.67, 29.41, 39.01, 50.76, 53.66, 57.10, 58.11, 

64.41, 75.72, 86.99, 96.31, 110.69, 111.77, 119.22 (d, JCF = 8.1), 121.76 (d, JCF = 23.4), 123.19, 126.07, 

128.78, 129.43, 129.71, 129.85, 133.94, 148.35, 148.35, 155.69, 160.28, 164.64, 170.38, 176.05. MS 

(ESI) m/z [M]+ Calcd for C34H39FN4O4+: 587,30 Found: 587.6. LS-MS purity 95.04%. 

10-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethyldecan-1-aminium 

bromide 3-C10  

Ochre solid; 30% yield; mp 108-110 °C; Rf = 0.71 (MeOH/NH4NO2 (0.2 M) = 3:2); 1H NMR (CDCl3): 1.22-

1.41 (m, 12H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 1.61-1.68 (m, 4H, NH-CH2-CH2, CH2-CH2-

N+), 3.44 (s, 6H,N+(CH3)2), 3.46-3.58 (m, 4H, NH-CH2, CH2-N+), 4.86 (s, 2H, +N-CH2-C≡), 4.95 (s, 2H, 

O-CH2-C≡), 5.49 (s, 2H, CH2benzyl), 6.03 (d, 2H, H-4isoxo, J=1.8), 7.13- 7.15 (m, 2H, CHphenyl), 7.33-7.44 

(m, 5H, H-7, H-8, CHphenyl), 8.13-8.15 (m, 1H, H-5), 8.17 (s, 1H, H-5isoxo), 8.93 (s, 1H, H-2), 9.92 (t, 1H, 

NH, J =5.5). 13C NMR: (CDCl3) 22.76, 25.97,26.97, 28.93, 29.11, 29.54, 39.27, 50.71, 54.76, 57.13, 

58.07, 64.40, 75.70, 86.91, 96.28, 111.97, 112.20, 119.17 (d, JCF = 8.0), 121.4 (d, JCF = 25.1), 126.05, 
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128.75, 129.40, 129.84, 129.92, 133.96, 135.82, 148.82, 158.59, 160.23, 161.06, 164.56, 170.37, 176.0. 

MS (ESI) m/z [M]+ Calcd for C36H44FN4O4 +: 615.33. Found:615.15. LC-MC purity 98.17%.  

General Procedure for the Synthesis of the Quinolone-Oxotremorine-M Derivatives 4-C4, 4-C6, 4-C8, 

and 4-C10 

The reaction was performed by combining bromoalkyl 4-oxo-quinoline-3-carboxamides C-C4, C-C6, C-

C8, and C-C10, 2 to 5 equivalents of oxotremorineM-base and a catalytic amount of K2CO3 in acetonitrile 

(3 mL) using the microwave irradiation (80 °C). The reaction was completed after 4-24h and cooled to 

room temperature. TLC (CH2Cl2/MeOH = 85:15, Rf = 0.20 – 0.35). The solvent was evaporated under 

reduced pressure. The final compounds were purified by recrystallization in acetonitrile or by alumina 

chromatography, when crystallization was not feasible (CH2Cl2/MeOH 100:0→90:10 as eluent system). 

N-(4-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)butyl)-N,N-dimethyl-4-(2-

oxopyrrolidin-1-yl)but-2-yn-1-aminium bromide 4-C4  

Beige solid; 35% yield; mp 172-174 °C; Rf = 0.20 (MeOH/CH2Cl2 = 95:5); 1H NMR (CD3OD): 1.71-1.78 

(m, 2H, NH-CH2-CH2),1.89-1.92 (m, 2H, NH-CH2-CH2-CH2), 2.02-2.09 (m, 2H, H-4oxo), 2.36 (t, 2H, H-

3oxo, J=8.1), 3.18 (s, 6H, N+(CH3)2), 3.49-3.56 (m, 6H, N+-CH2, H-5oxo, NH-CH2), 4.24 (s, 2H, H-6oxo), 4.35 

(s, 2H, H-9 oxo), 5.73 (s, 2H, CH2benzyl), 7.24-7.26 (d, 2H, CHphenyl), 7.32-7.39 (m, 3H, CHphenyl), 7.54 (ddd, 

1H, H-8, J=3.0, J=7.7, J=9.4), 7.83 (dd, 1H, H-7, J=4.3, J=9.4), 8.08 (dd, 1H, H-5 J=3.0, J=9.0), 9.03 (s, 

1H, H-2).13C NMR: (CD3OD)  19.11, 21.62, 27.98, 31.90, 33.45, 39.49, 48.43, 51.60 55.70, 58.99, 65.45, 

72.79, 88.62, 112.47 (d, JCF =23.4), 122.41 (d, JCF =8.2), 123.19 (d, JCF =25.7), 128.14, 129.91, 130.73, 

131.25, 136.80, 138.02, 150.54, 163.17, 167.54, 177.91, 206.43. MS (ESI) m/z [M]+ Calcd for 

C31H36FN4O3+: 531.28. Found: 531.10. HPLC purity 98.73%. 

 

((6-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)hexyl)(methyl)(4-(2-oxopyrrolidin-1-

yl)but-2-yn-1-yl)-l4-azanyl)methylium bromide 4-C6  

Beige solid; 39% yield; mp 181-182 °C; Rf = 0.22 (MeOH/CH2Cl2 = 95:5); 1H NMR (CD3OD): 1.48-1.55 

(m, 2H, NH-CH2-CH2),1.69-1.73 (m, 2H, NH-CH2-CH2-CH2), 1.82-1.86 (m, 2H, NH-CH2-CH2-CH2), 2.04-
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2.08 (m, 2H, H-4oxo), 2.36 (t, 2H, H-3oxo, J=8.1), 3.16 (s, 6H, N+(CH3)2), 3.42-3.47 (m, 2H, N+-CH2), 3.49 

(t, 2H, NH-CH2, J=6.8), 3.53 (t, 2H, H-5oxo, J=7.1), 4.24 (s, 2H, H-6oxo), 4.34 (t, 2H, H-9 oxo, J=1.7), 5.72 

(s, 2H, CH2benzyl), 7.24-7.26 (m, 2H, CHphenyl), 7.29-7.39 (m, 3H, CHphenyl), 7.50-7.55 (m, 1H, H-8), 7.82 

(dd, 1H, H-7, J=4.2, J=9.4), 8.07 (dd, 1H, H-5 J=3.0, J=9.0), 9.02 (s, 1H, H-2).13C NMR: (CD3OD)  18.69, 

23.50, 26.87, 27.45, 30.21, 30.74, 31.48, 39.88, 48.32, 51.18, 55.15, 58.61, 65.41, 72.41, 88.10, 112.02 

(d, JCF =22.1), 121.97 (d, JCF =8.1), 122.73 (d, JCF =25.3), 127.70, 129.53, 130.30, 130.80, 136.38, 

150.06, 162.71, 166.84, 177.46 (d, JCF =17.5), 205.73. MS (ESI) m/z [M]+ Calcd for C33H39FN4O3+: 

558.30. Found: 559.15. HPLC purity 98.05%. 

1-benzyl-N-(8-(dimethyl(4-(2-oxopyrrolidin-1-yl)but-2-yn-1-yl)-l4-azanyl)octyl)-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxamide 4-C8  

Beige solid; 16% yield; mp 174-178 °C; Rf = 0.27 (MeOH/CH2Cl2 = 95:5); 1H NMR (CD3OD): 1.29-1.31 

(m, 4H, NH-CH2-CH2-CH2-CH2-CH2), 1.43-1.46 (m, 4H, NH-CH2-CH2-CH2-CH2-CH2-CH2), 1.67-1.68 (m, 

2H, NH-CH2-CH2, CH2-CH2-N+), 2.05-2.11 (m, 2H, H-4 oxo), 2.37 (t, 2H, H-3oxo, J=8.1),  3.13 (s, 

6H,N+(CH3)2), 3.38-3.42 (m, 2H, N+-CH2), 3.47 (t, 2H, NH-CH2, J=6.7), 3.53 (t, 2H, H-5oxo, J=7.1), 4.23 

(s, 2H, H-6oxo), 4.32 (s, 2H, H-9 oxo), 5.71 (s, 2H, CH2benzyl), 7.25-7.27 (m, 2H, CHphenyl), 7.31-7.38 (m, 

3H, CHphenyl), 7.50-7.55 (m, 1H, H-8), 7.81 (dd, 1H, H-7, J=4.1, J=9.5), 8.07 (dd, 1H, H-5 J=2.8, J=9.5), 

9.01 (s, 1H, H-2).13C NMR: (CD3OD) 18.28, 23.13, 25.57, 26.76, 27.51, 29.60, 30.05, 31.04, 32.57, 

39.67, 47.82, 50.67, 54.65, 58.19, 65.06, 71.95, 87.66, 111.61 (d, JCF =23.2), 121.4, 121.53 (d, JCF 

=7.4), 122.42 (d, JCF =25.8), 127.00, 127.26, 129.10, 129.87, 135.97, 149.65, 162.26, 166.37, 176.46 

(d, JCF =115.4), 206.50. MS (ESI) m/z [M]+ Calcd for C35H44FN4O3+: 587,34. Found:  587.20. HPLC purity 

98.17%. 

 ((10-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)decyl)(methyl)(4-(2-oxopyrrolidin-1-

yl)but-2-yn-1-yl)-l4-azanyl)methylium bromide 4-C10 

White solid; 27% yield; mp 169-172 °C; Rf = 0.33 (MeOH/CH2Cl2 = 85:15); 1H NMR (CD3OD): 1.39-1.49 

(m, 12H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 1.64-1.68 (m, 2H, NH-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2), 1.77-1.79 (m, 2H, NH-CH2-CH2), 2.06-2.10 (m, 2H, H-4oxo), 2.38 (t, 2H, H-3oxo, 

J=8.1), 3.17 (s, 6H,N+(CH3)2), 3.38-3.42 (m, 2H, N+-CH2), 3.46 (t, 2H, NH-CH2, J=6.9), 3.55 (t, 2H, H-
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5oxo, J=7.1), 4.24 (s, 2H, H-6oxo), 4.33 (s, 2H, H-9 oxo), 5.72 (s, 2H, CH2benzyl), 7.24-7.26 (m, 2H, CHphenyl), 

7.29-7.39 (m, 3H, CHphenyl), 7.53 (ddd, 1H, H-8, J=3.1. J=7.8, J=9.4), 7.81 (dd, 1H, H-7, J=3.0, J=9.0), 

8.08 (dd, 1H, H-5 J=3.0, J=9.0), 9.02 (s, 1H, H-2).13C NMR: (CD3OD) 18.71, 23.63, 27.29, 28.11, 30.11, 

30.32, 30.37, 30.45, 30.55, 34.49, 33.01, 40.18, 50.10, 51.12, 55.13, 58.63, 65.52, 72.39, 88.07, 112.05 

(d, JCF =24.4), 121.90, 121.9 (d, JCF =8.1), 122.69 (d, JCF =25.5), 127.67, 129.51, 130.29, 130.77 (d, JCF 

=7.1), 136.39, 137.57, 150.07, 162.69, 166.77, 177.46, 208.90. MS (ESI) m/z [M]+ Calcd for 

C37H47FN4O3+: 614.36. Found: 615.25. HPLC purity 95.67%. 

 

Pharmacology 

 

2) Data S2. Maximum agonist effect and potency of bitopic compounds in 

Gα/PLC-β3 split-luciferase complementation assays. 

Compound 

Split-Luc Assay 

Emax pEC50 n 

1-C4 105.10 ± 2.45 7.40 ± 0.08 3 
1-C6 71.23 ± 3.27 6.92 ± 0.13 6 
1-C8 112.00 ± 2.39 8.09 ± 0.08 3 

1-C10 62.59 ± 4.43 6.01 ± 0.16 4 
iperoxo 104.60 ± 0.85 8.89 ± 0.04 4 
2-C4 86.76 ± 1.69 5.79 ± 0.04 3 

2-C6 57.10 ± 4.46 5.32 ± 0.12 4 

2-C8 60.08 ± 1.53 6.30 ± 0.06 3 

2-C10 45.76 ± 2.10 6.47 ± 0.11 6 

ACh 96.91 ± 1.28 6.88 ± 0.02 9 

3-C4 34.98 ± 1.25 6.35 ± 0.09 3 
3-C6 80.36 ± 8.74 6.33 ± 0.27 3 
3-C8 51.05 ± 1.43 6.74 ± 0.08 3 

3-C10 54.69 ± 5.56 5.11 ± 0.17 4 

Isoxo 69.01 ± 3.26 8.25 ± 0.20 3 

4-C4 88.97 ± 2.16 6.76 ± 0.07 3 
4-C6 55.86 ± 2.32 6.11 ± 0.11 4 
4-C8 76.90 ± 1.92 7.31 ± 0.11 3 

4-C10 50.95 ± 2.03 6.16 ± 0.13 3 
Oxotremorine-M 71.82 ± 3.56 8.20 ± 0.18 3 

5-C4 75.44 ± 0.94 6.08 ± 0.04 3 
5-C6 103.80 ± 4.19 6.03 ± 0.09 5 
5-C8 98.56 ± 1.56 7.69 ± 0.06 3 

5-C10 87.51 ± 2.88 6.99 ± 0.10 5 
CCh 97.78 ± 1.71 6.25 ± 0.04 5 

 

TABLE S1. Maximum agonist effect and potency of bitopic compounds derived from concentration-
response curves of Gα and PLC-β3 complementation displayed in Figures 1-2 of the main text. Data 
are expressed as the means ± S.E.M. of 3-6 independent experiments performed in triplicate. 
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3) Data S3. Radioligand binding experiments: Methods and results 

Membrane Preparation 

Stably transfected CHO cells overexpressing the human M1 mAChR subtype were grown to a 

confluence of approx. 80%. Cells were harvested by gently scraping in ice-cold harvesting buffer (20 

mM HEPES, 10 mM Na2EDTA, pH= 7.4). The collected cells were homogenized twice on ice for 25 

seconds at level 6 using a polytron homogenizer and the resulting cell fragments were centrifuged using 

the rotor JA25.50 at 40,000 g for 10 minutes (4 °C). The supernatant was aspirated, and the pellet 

resuspended in ice-cold storage buffer (20 mM HEPES, 0.1 mM Na2EDTA, pH= 7.4). This step was 

repeated twice, and finally the pellets were resuspended in ice-cold assay buffer (10 mM HEPES, 10 

mM MgCl2, 100 mM NaCl, pH= 7.4). Aliquots were filled in reaction tubes, frozen quickly in liquid 

nitrogen, and stored at -80 °C until use. The protein concentration was approximately 2 mg/ml, 

determined using the Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions.  

 

Radioligand Binding Experiments 
Radioligand binding experiments using CHO-hM1 membranes were performed in round bottom 96-well 

microtiter plates applying 20 μg protein/well. Experiments were conducted at room temperature using 

[3H]NMS as the radioactive probe (2 nM for [3H]NMS dissociation and 0.2 nM for equilibrium binding 

experiments). The plate was incubated at room temperature using a microplate shaker (Titramax 101 

Platform Shaker, Heidolph) with an incubation time ranging from 1 h for the dissociation to 24 h for the 

equilibrium experiments. Homologous competition assays were performed as controls to determine the 

affinity of NMS for M1 receptors (pKD = 8.88±0.06, n=5).207 Nonspecific binding was determined in the 

presence of an excess of atropine (10 µM). Binding reactions were terminated by rapid filtration through 

glass fiber mats previously soaked with a 1% polyethyleneimine solution in a cell harvester filtration 

device. After filtration, the filter mats were washed with ice-cold wash water, covered with melt-on 

scintillator sheets on a heating block, and the radioactivity was counted in a Perkin Elmer MicroBeta 

2450 Microplate Counter. The inhibition constants Ki of receptors for the studied compounds were 

determined in competition experiments in which membranes were incubated in the presence of a 

constant concentration of 0.2 nM [3H]NMS and increasing concentrations of the competitor. The 
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incubation lasted 24 h to achieve full equilibrium. Two-point kinetic experiments with measurements of 

[3H]NMS binding at t = 0 and t = 20 min were performed. By means of two-point dissociation 

experiments,208 the dissociation rate constant k-1 can be determined by measuring the specific binding 

just before the start of the dissociation reaction (t = 0, adding a competitive antagonist in excess) and at 

a predetermined time t during the dissociation process (t = 20 min), as described previously208. 

 

 

Figure S1. Allosteric effects of the bitopic ligands 1-Cn (panel A), 2-Cn (panel B), 3-Cn (panel C), 4-Cn 
(panel D), 5-Cn (panel E) and their corresponding allosteric moiety BQCAd (Panel F) as reflected by 
the inhibition of [3H]NMS dissociation from M1 receptors in CHO-hM1 membranes. The allosteric effect 
is expressed as the ratio of the rate of [3H]NMS dissociation in the presence of compound relative to the 
rate of dissociation of [3H]NMS in the absence of test compound expressed in percent k-1. The inflection 
point represents the concentration that retards the radioligand dissociation by half and is therefore equal 
to the IC50,diss value. Data represent mean ± S.E.M. from three to four independent two-point kinetic 
experiments, conducted in quadruplicate. 
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Table S2. pIC50,diss values of bitopic ligands with a chain of 6 and 10 methylene units at M1R obtained 
from radioligand dissociation binding experiments.  

 

Compound 
Radioligand binding [3H]NMS 

Dissociation 
pIC50 

Compound 
Radioligand binding [3H]NMS 

Dissociation 
pIC50 

1-C6 5.89 ± 0.09 1-C10 6.22±0.08 
2-C6 5.23 ± 0.16 2-C10 6.07±0.19 
3-C6 5.81 ± 0.09 3-C10 6.34±0.08 
4-C6     5.57 ± 0.09 4-C10       6.11±0.09 
5-C6 5.43 ± 0.13 5-C10 6.12±0.14 

 

 

 

Figure S2. Effect of increasing concentrations of bitopic ligands 1-Cn (panel A), 2-Cn (panel B), 3-Cn 
(panel C), 4-Cn (panel D), 5-Cn (panel E) on specific equilibrium binding of [3H]NMS in CHO-hM1 
membranes. Data represent mean ± S.E.M. from 3–5 independent experiments, conducted in 
quadruplicate. 
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Table S3. pIC50 and pKi values for bitopic ligands obtained from radioligand binding experiments. 

 

Compound 
Radioligand binding 
[3H]NMS Equilibrium 

Compound 
Radioligand binding 
[3H]NMS Equilibrium 

1-C6 pKi 5.93 
pIC50 5.52±0.06 

1-C10 
pKi 6.34 

pIC50 5.59±0.06 
 

2-C6 
pKi 5.86 

pIC50 5.46±0.19 
 

2-C10 
pKi 5.82 

pIC50 5.45±0.18 
 

    

3-C6 
pKi 6.32 

pIC50 5.90±0.08 
 

3-C10 
pKi 6.75 

pIC50 6.34±0.08 
 

4-C6 
pKi 7.22 

pIC50 6.79±0.26 
4-C10 pKi 7.20 

pIC50 6.79±0.18 

5-C6 
pKi 6.13 

pIC50 5.68±0.25 
 

5-C10 
pKi 6.69 

pIC50 6.68±0.17 

 
 

3) Standards agonists and PAMs results in equilibrium and dissociation radioligand binding 
at M1R and their comparison with values reported in literature.  

Table S4. Radioligand binding affinities of standard agonists and [3H]NMS dissociation rates 
expressed as pIC50,diss. The inflection point represents the concentration that retards the radioligand 
dissociation by half and is therefore equal to the IC50 value. Graphs not shown. 
 

Radioligand binding [3H]NMS 

Compound Dissociation pIC50,diss Compound Equilibrium 

BQCAd 5.47 ± 0.21 
(Lit. 4.26 ± 1.32)82 

Iperoxo 

pKi 6.13 
pIC50 5.93 ± 0.06 
(Lit. 5.67 ± 0.65)82 

 
BQCA 5.32 ±0.14 ACh (Lit. 4.32 - 4.76)82.209 

  
 
 

Isoxo 

 
pKi 5.90 

pIC50 5.49 ± 0.10 

  Oxo-M 

 
pKi 6.13 

pIC50 5.74 ± 0.33 
(Lit. 5.09 ± 0.13)209 

 

  
CCh 

 (Lit. 3.17 - 4.46)209–211 
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Figure S3.  
A. Result for the BQCA allosteric modulator retarding [3H]NMS radioligand dissociation (panel A) from 
M1 receptors in CHO-hM1 membranes. The allosteric effect is expressed as the ratio of the rate of 
[3H]NMS dissociation in the presence of compound relative to the rate of dissociation of [3H]NMS in the 
absence of test compound expressed in percent k-1. The inflection point represents the concentration 
that retards the radioligand dissociation by half and is therefore equal to the IC50,diss value.  
B, C, D. Effect of increasing concentrations of agonists (iperoxo (panel B), Isoxo (panel C), Oxo-M 
(panel D)) on specific equilibrium binding of [3H]NMS in CHO-hM1 membranes. Data represent mean ± 
S.E.M. from 3–5 independent experiments, conducted in quadruplicate.  
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4) Figure S4. Dose-response evaluation of n-C4 in G protein-activation assay. 
 

 
 
Figure S4. Gα/PLC-β3 split-luciferase interaction assay in HEK293T cells expressing the human 
muscarinic M1 receptors (hM1). Concentration-response-curves for the reference compound iperoxo 
(panel A), Ach (panel B), Isoxo (panel C), Oxo-M (panel D), Carbachol (CCh) (panel E), whose 
maximum stimulation was defined as 100% and for n-C4 derivatives. Data represent means ± SEM of 
3-6 experiments conducted in triplicate. 
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Figure S5. Binding mode comparison of dualsteric ligands at the M1 and the M2 receptor 

 

Figure S5. Comparison of proposed binding modes for bitopic (dualsteric) ligands at the M1 (A) and the 
M2 receptor (B). We suggest that the more specific building blocks (blue frames) control the orientation 
of the less specific moieties. BQCA and its derivatives have been previously shown to be highly selective 
for M1 receptors,106,212 due to subtype specific allosteric vestibules. Although the highly conserved 
orthosteric binding pocket, iperoxo shows a ten-fold higher affinity to M2 compared to M1 receptors.213 
Due to the flexibility of the linker, the less specific part of the molecule can adopt an optimal position 
based on steric requirements and interaction possibilities. This allows for more structural variations of 
the less specific building block. While BQCA derived bitopic ligands haven’t been shown to act via M2 
receptors, we recently demonstrated that bitopic ligands of the phth- and naph series (e.g. iper-6-phth, 
or iper-6-naph) can function via M1 receptors.193 M2 receptor figure was readapted from previous 
study.194  
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2. Introducing a positively charged pyrrolidine ring in the 

dualsteric M1 hybrids: Oxotremorine-BQCAd compounds 

 

Introduction 

The M1 muscarinic receptor has been identified as an important drug target which may be addressed 

for the treatment of Alzheimer's disease (AD) and schizophrenia.143,166 The M1 muscarinic receptor is 

predominantly expressed in the central nervous system (CNS), especially in the amygdala, 

hippocampus, cerebral cortex, and striatum164,165 where it contributes to essential cognitive functions 

such as memory and learning. Additionally, it is associated with M1 receptors’ rescue in 

neurodegenerative diseases in mouse models.94,171–173 Although clinically important, potential treatment 

of neurodegenerative diseases with M1 ligands have proven challenging, mostly due to the severe 

adverse effects associated with a lack of selectivity of available orthosteric M1 agonists.201 

Five muscarinic receptors subtypes (M1-M5), associated with very diverse physiological roles, have 

been cloned.154,155 The binding site of the endogenous neurotransmitter acetylcholine, synthetic 

agonists, and antagonists is located deeply inside the transmembrane helical bundle.156,157 All subtypes 

of muscarinic receptors share a high sequence identity of their orthosteric binding pocket, making it 

difficult to discover ligands which are selective for one of the different receptor subtypes.158 New 

strategies for more selective ligands have been explored by combining the activation or inhibition 

properties of orthosteric ligands with the advantages of simultaneously targeting an allosteric site, which 

is structurally diverse between the different receptor subtypes. These so-called bitopic ligands may 

prove beneficial due to selective activation of specific receptor subtypes.25,57,176,177 Previously, we have 

synthesized bitopic agonists for the M1 receptor which consist of the M1R-selective allosteric moiety 

BQCAd106,180,181 and the orthosteric agonist iperoxo.182,183 Structure-activity-relationship studies 

suggested that the potency and efficacy of bitopic agonists strongly depend on linker length, geometry 

between the orthosteric and allosteric moieties, and the substitution pattern of the allosteric moiety.82,83 

Further, partial bitopic agonists for the M1R consisting of orthosteric moieties systematically varied and 

a portion of the quinolone benzyl carboxylic acid were developed and characterized.82,83,111 Afterwards 
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[3H]N-Methylscopolaime]-, 250 µCi (9.25 MBq) was purchased from PerkinElmer (Rodgau, Germany) 

and Polyethylenimine solution (1%, PEI) from Sigma (Schnelldorf, Germany). For chromatographic 

applications (HPLC, LC-MS), deionized water produced by means of a Milli-Q® system (Merck, 

Darmstadt, Germany) was used. HPLC grade and LC-MS grade solvents were from Sigma-Aldrich 

(Munich, Germany). Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich 

(Schnelldorf, Germany), VWR (Darmstadt, Germany), and TCI (Eschborn, Germany), and were used 

without prior purification.  

 
General Medicinal Chemistry Methods 

1H (400.132 MHz) and 13C (100.613 MHz) NMR spectra were recorded using a Bruker AV  400 NMR 

spectrometer (Bruker Biospin, Ettlingen, Germany). As an internal standard, the signals of the 

deuterated solvents were used (DMSO-d6: 1H 2.5 ppm, 13C 39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 

77.16 ppm). Abbreviations for data quoted are s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, 

broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; and tq, triplet of quartets. 

Coupling constants (J) are given in Hz. The NMR signals were assigned polarization transfer 

experiments (DEPT) and two-dimensional experiments, such as 1H-1H correlation (COSY) and 1H-13C-

proton-carbon heteronuclear correlation (HMQC, HMBC). TLC analyses were performed on silica gel 

60 F254, C18 silica-coated aluminum panels ALUGRAM® RP-18W / UV254 and on pre-coated TLC-

plates Alox-25/UV254 (Macherey-Nagel, Düren, Germany); the detection was made using UV light at 

254 nm, intrinsic fluorescence at 366 nm or with ethanolic KMnO4, Dragendorff reagent, or 

phosphomolybdic acid ethanolic solution. For classical purification, column chromatography using silica 

gel with a grain size of 63-200 μm (Merck, Darmstadt, Germany). Flash chromatography on a 

puriFlash®430 system (Interchim, Montlucon, France) was performed using prepacked columns 

(Interchim, Montluçon, France) with silica gel filling (Particle size 30 microns or 50 microns) for normal 

phase or with C18-silica gel filling (Particle size 15 μm) for the reverse phase. The detection was carried 

out by means of a UV detector and Evaporative Light Scattering Detector (ELSD). Microwave assisted 

reactions were carried out using a MLS-rota PREP or synthWAVE instruments (Milestone).  
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The LC-MS analyses of all the test compounds were performed using a Shimadzu LC-MS-2020 mass 

spectrometer (Shimadzu Deutschland GmbH, Duisburg, Germany) containing a DGU-20A3R degassing 

unit, an LC20AB liquid chromatograph and a SPD-20A UV/Vis detector and, an LC / MSD ion trap 

(Agilent Technologies, Waldbronn, Germany) connected to an Agilent 1100 modular system. A Synergi 

Fusion-RP (150 mm x 4.6 mm i.d., 4 µm; Phenomenex Ltd., Aschaffenburg, Germany) column and a 

gradient consisting of solvent A, water with 0.1% formic acid; solvent B, MeOH with 0.1% formic acid. 

Solvent B was increased from 0% to 90% in 13 min, then decreased from to 5% in 1 min, and 5% for 4 

min. The method was run with a flow rate of 1.0 mL/min, UV detection at 254 nm. All compounds were 

found to have a purity ≥ 95%. Mass spectra were recorded in ESI-positive mode and the data are 

reported as mass-to-charge ratio (m/z) of the corresponding positively charged molecular ions. 

Cell culture 

Chinese hamster ovary cells (CHO) stably expressing the hM1 receptor (CHO-hM1 cells) were cultured 

in Ham’s nutrient mixture F-12 (HAM- F12) supplemented with 10 % (v/v) FCS (FCS), 100 U/ml penicillin, 

100 µg/ml streptomycin, 0.2 mg/ml G418, and 2 mM L-glutamine at 37 °C in a 5 % CO2 humidified 

atmosphere. HEK293T cells stably co-transfected with the human M1 receptor and the Gαq-PLC-β3 

sensor192 were kindly provided by Timo Littmann (University of Regensburg). Cells were cultivated in 

DMEM containing 10% FCS (full medium) at 37 °C in a water-saturated atmosphere containing 5% CO2 

as reported previously.192 HEK293T cells for BRET assays were cultivated in DMEM high glucose 

medium containing 10% FCS, 2 mM glutamine, 500 units * ml-1 Penicillin and 0,5 mg *ml-1 Streptomycin. 

HEK 293 cells stably expressing the M1-I3N-CFP receptor FRET sensor were maintained in DMEM with 

4.5 g L−1 10% (v/v) FCS, 100 U mL−1 penicillin, 100 μg mL−1 streptomycin sulfate and 2mM L-glutamine, 

and 200 μg mL−1 G-418. The cells were kept at 37 °C in a humidified 7% CO2 atmosphere. 

 

Membrane Preparation 

CHO-hM1 cells were grown adherently to a confluence of approx. 80%. The cells were harvested by 

gently scraping in ice-cold harvesting buffer (20 mM HEPES, 10 mM Na2EDTA, pH= 7.4). The collected 

cells were homogenized on ice twice for 25 seconds at level 6 using a polytron homogenizer and the 
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resulting cell fragments were centrifuged using the rotor JA25.50 at 40 000 g for 10 minutes (4 °C). The 

supernatant was aspirated, and the pellet resuspended in ice-cold storage buffer (20 mM HEPES, 0.1 

mM Na2EDTA, pH= 7.4). This step was repeated twice, and finally the pellets were resuspended in ice-

cold assay buffer (10 mM HEPES, 10 mM MgCl2, 100 mM NaCl, pH= 7.4). Aliquots were filled in 

eppendorf tubes, quickly frozen and stored at -80 °C. The protein concentration was of approximately 2 

mg/mL, determined using the Pierce™ BCA Protein Assay Kit. The absorbance of the bicinchoninic acid 

(BCA)/copper complex after the occurrence of the biuret reaction was measured at 562 nm using a UV-

Photometer (Synergy™ Neo2 Multi-Mode Microplate, Reader). Values obtained were plotted on a linear 

calibration curve whereby the protein content was determined. 

Radioligand Binding Experiments 

Radioligand binding experiments using CHO-hM1 membranes were performed in round bottom 96-well 

microtiter plates applying 20 μg protein/well. Experiments were conducted at room temperature using 

[3H]NMS as the radioactive probe (2 nM for [3H]NMS dissociation and 0.2 nM for equilibrium binding 

experiments). The plate was incubated at room temperature using a microplate shaker (Titramax 101 

Platform Shaker, Heidolph) with an incubation time ranging from 1 h for the dissociation to 24 h for the 

equilibrium experiments. Homologous competition assays were utilized to determine pKd at hM1 for 

NMS 8.88 and conformed to homologous binding assumptions.207 Nonspecific binding was determined 

in the presence of atropine excess. Incubation performed in the assay buffer was terminated by filtration 

through glass fiber mats, previously coated with a 1% polyethylenimine solution, in a cell harvester 

filtration device. After filtration, the filter mats were washed with ice-cold wash water, covered with melt-

on scintillator sheets on a heating block and the radioactivity was counted in a Perkin Elmer MicroBeta 

2450 Microplate Counter. The inhibition constants Ki of receptors for the studied compounds were 

determined in competition experiments in which membranes were incubated in the presence of a fixed 

0.2 nM concentration of [3H]NMS and increasing concentrations of the competitor. The incubation lasted 

24 h to achieve full equilibrium. Two-point kinetic experiments with measurements of [3H]NMS binding 

at t = 0 and t = 20 min were performed. By means of two-point dissociation experiments, the dissociation 

rate constant k-1 was determined by measuring the specific binding just before the start of the 
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dissociation reaction (t = 0, adding a competitive antagonist in excess) and at a predetermined time t 

during the dissociation process (t=20 min), as previously described.208 

 FlAsH Labeling 

As previously described214 a FlAsH labeling protocol was applied. Therefore, HEK 293 cells stably 

expressing the receptor FRET sonsor were grown on poly-D-lysine coated coverslips to near confluency. 

Single cell FRET experiments 

FRET measurements were performed using a Zeiss Axiovert 200 inverted microscope endued with a 

PLAN-Neoflar oil immersion 100 objective, a dual emission photometric system, and a Polychrome IV 

light source (Till Photonica). Experiments were conducted at 25 °C using live HEK293 cells stably 

expressing the hM1 receptor FRET sensor Single cells were excited at 436 nm (dichroic 460 nm) with 

a frequency of 10 Hz. Emitted light was recorded using 535/30 nm and 480/40 nm emission filters and 

a DCLP 505 nm beam splitter for FlAsH and CFP, respectively. FRET was observed as the ratio of 

FlAsH/CFP, which was corrected offline for bleed-through, direct FlAsH excitation, and photo-bleaching 

using the 2015 version of the Origin software (OriginLab). To investigate changes in FRET on ligand 

addition, cells were continuously super fused with buffer complemented with various ligands in 

saturating concentrations as indicated. Superfusion was done using the ALA-VM8 (ALA Scientific 

Instruments). 

Split-Luciferase Bioluminescence Assay 

Cells expressing the developed Gαq-PLC-β3 sensor 192 in combination with hM1R were detached from 

a 75-cm2 flask by trypsinization and centrifuged (700 g for 5 min). The pellet was resuspended in assay 

medium consisting of L-15 with 5% FCS and the density of the suspension was adjusted to 

1.25 · 106 cells/mL. Then, 80 µL of this suspension were seeded into each well of a 96 well plate, and 

the plate was subsequently incubated at 37 °C in a humidified atmosphere (without additional CO2) 

overnight. On the next day, 10 µL of a 10 mM D-Luciferin (Pierce) were added to the cells, and the plate 

was transferred into a pre-warmed microplate luminescence reader (Mithras LB 940 Multimode 

Microplate Reader, Berthold Technologies, Bad Wildbad, Germany). The cells were allowed to 



 

 
75 

 

equilibrate inside the reader for 10 min before the basal luminescence was determined by recording the 

luminescence for the entire plate ten times with an integration time of 0.5 s per well. In the meantime, 

serial dilutions of agonists were prepared. The resulting solutions were also pre-warmed to 37 °C and 

subsequently added to the cells. Thereafter, luminescence was recorded for 15 plate repeats amounting 

to a time period of 20 min. Negative controls (solvent) and positive controls (reference full agonist, 

carbachol (hM1R), eliciting a maximal response (100%) were included for subsequent normalization of 

the data. In case of the antagonist mode, antagonists were added 15 min prior to the initial thermal 

equilibration period to ensure an equilibrium between antagonists and receptors, before agonists were 

added. The pKb values of antagonists were determined according to the Cheng-Prusoff equation.215 

After acquisition of the data, the peak luminescence intensities obtained after stimulation were used for 

quantitative analysis using GraphPad Software (San Diego, CA, USA). 

β-arrestin2-recruitment Assay 

β-arrestin2-recruitment was determined by measuring BRET by using the NanoBRETTM system.202 

BRET was measured between a full length human M1 receptor N-terminally carrying a FLAG-tag and 

C-terminally carrying a Nano Luciferase. The β-arrestin2 was N-terminally modified with a HALO-tag 

and labeled with a HALO‐618 fluorescent ligand (Promega, Mannheim, Germany). Therefore, 1*106 

cells were seeded in a 6 cm dish and after 20 hours transiently transfected with 1 µg receptor, 2 µg β-

arrestin and 1 µg human GRK2 with the Effectene® transfection reagent in accordance to the user 

manual. 20 hours after transfection cells were transferred from 6 well plates to 96 well plates. Cells were 

counted and 20000 cells per well were ceded into white 96-well plates (Brand GmbH & Co KG, 

Wertheim, Germany). The next day BRET was measured using the Synergy Neo2 Hybrid Multi-Mode 

Reader (BioTek Instruments GmbH, Bad Friedrichshall, Germany), and the BRET ratio was corrected 

against buffer conditions. 

Data Treatment 

The binding data from individual experiments were analyzed by computer-aided nonlinear regression 

analysis using Prism 5 (GraphPad Software, San Diego, CA, USA). [3H]NMS dissociation data were 

analyzed assuming a monoexponential decay as described previously216. All sigmoidal concentration-
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response curves were obtained by fitting three-parameter (Hill slope constrained to 1) nonlinear 

regression curves (GraphPad Prism, San Diego, CA, USA). Fluorescence intensities were acquired 

using Clampex (Axon Instruments). Statistical analysis and curve fitting were performed using Origin 

(OriginLab). The BRET raw data were analyzed and corrected in Excel (Microsoft Corporation, WA, 

USA) and plotted in GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). 

Results 
 

Chemistry 

The 4-oxo-quinoline skeleton  was built up using the Gould-Jacobs synthetic procedure, using diethyl 2-

(ethoxymethylene)-malonate for the condensation with 4-fluoroaniline followed by cyclization in diphenyl 

ether.184–186 Both synthetic procedures were carried out with microwave assistance to promote 

conversion and to afford better yields. The quinolone nitrogen was benzylated followed by amidation of 

the ester function with the aminoalkyl alcohol of the respective spacer length. Finally, the hydroxyl 

function was replaced by a bromine atom using hydrobromic acid and sulfuric acid.82 

Oxotremorine was obtained starting from the commercially available 2-pyrrolidinone and propargyl 

bromide, followed by a Mannich reaction with pyrrolidine and paraformaldehyde in dioxane to afford the 

tertiary base.92,188,217 

The final compounds were obtained by reaction of the allosteric moiety connected with the brominated 

spacer and the corresponding tertiary orthosteric bases as shown in Scheme 1. All the reactions were 

conducted using microwave assistance to reduce reaction times up to 8-48 h. The final compounds were 

purified by recrystallization or by chromatography using basic aluminum oxide, when crystallization was 

not feasible. 
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J=6.6), 7.35-7.37 (m, 4H, H-7, CHphenyl), 7.45 (td, 1H, H-8, J=4.2, J=8.6), 8.13 (ddd, 1H, H-5, J=3.1, 

J=4.9, J=8.1), 8.91 (s, 1H, H-2), 10.12 (t, 1H, NH, J=5.8).13C NMR: (CDCl3)  17.63, 22.30, 26.89, 28.39, 

29.68, 30.43, 32.26, 43.54, 46.95, 58.12, 62.38, 77.10,77.20, 112.01, 119.26, 126.06, 126.09, 128.80, 

128.83, 129.47, 133.85, 148.47,160.44, 175.05, 205.92. MS (ESI) m/z [M]+ Calcd for C33H38FN4O3 +: 

557.29. Found: 557.15. HPLC purity 94.31%. 

1-(6-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)hexyl)-1-(4-(2-oxopyrrolidin-1-

yl)but-2-yn-1-yl)pyrrolidin-1-ium bromide 3-C6  

White solid; 48% yield; mp 161-164 °C; Rf = 0.46 (CH2Cl2/MeOH = 98:02); 1H NMR (CDCl3): 1.49 (br, 

4H, NH-CH2-CH2-CH2), 1.64-1.67 (m, 2H, NH-CH2-CH2-CH2-CH2), 1.79 (br, 2H, NH-CH2-CH2-CH2-CH2-

CH2), 2.04-2.08 (m, 2H, H-4oxo), 2.21 (br, 2H, H-3oxo), 2.36 (t, 4H, H-11oxo, J=8.1), 3.45-3.48 (m, 4H, H-

10oxo), 3.52-3.56 (m, 2H, NH-CH2), 3.67-3.70 (m, 2H, H-5oxo), 4.08 (m, 2H, CH2-N+), 4.16 (s, 2H, H-6oxo), 

4.67 (s, 2H, H-9oxo), 5.50 (s, 2H, CH2benzyl), 7.13 (d, 2H, CHphenyl, J=6.4), 7.32-7.34 (m, 4H, H-8, CHphenyl), 

7.41-7.45 (dd, 1H, H-7, J=4.1, J=9.3), 8.11 (dd, 1H, H-5, J=2.9, J=8.8), 8.92 (s, 1H, H-2), 9.94 (t, 1H, 

NH, J=5.4).13C NMR: (CDCl3) 16.14, 20.79, 21.93, 24.46,  24.83, 27.71, 28.91, 30.76, 32.23, 37.23, 

45.42, 49.51, 56.59, 59.49, 60.95, 70.46, 84.82, 110.15, 110.48 (d, JCF = 22.7), 117.80 (d, JCF = 7.2), 

119.99 (d, JCF = 25.2), 124.57, 127.25, 127.91, 128.28, 132.35, 132.47, 134.34, 142.03, 146.91, 157.11, 

159.59, 163.21, 173.36, 174.47 (d, JCF = 2.3), 190.03. MS (ESI) m/z [M]+ Calcd for C35H42FN4O3+: 

585.32. Found: 585.30. HPLC purity 96.38%. 

1-(8-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)octyl)-1-(4-(2-oxopyrrolidin-1-yl)but-

2-yn-1-yl)pyrrolidin-1-ium bromide 3-C8  

White solid; 42% yield; mp 163-165 °C; Rf = 0.25 (CH2Cl2/MeOH = 98:02); 1H NMR (CDCl3): 1.24 (br, 

4H, NH-CH2-CH2-CH2-CH2-CH2), 1.39 (br, 2H, NH-CH2-CH2-CH2-CH2), 1.62-1.65 (m, 2H, NH-CH2-CH2-

CH2-CH2-CH2-CH2), 1.75 (br, 4H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 2.05-2.08 (m, 2H, H-4oxo), 2.22 

(d, 2H, H-3oxo J=1.4), 2.37 (t, 4H, H-11oxo, J=8.1), 3.45-3.49 (m, 2H, NH-CH2), 3.68 (dd, 1H, H-5oxo, 

J=6.5, J=11.6), 4.08 (m, 2H, CH2-N+), 4.16 (s, 1H, H-6oxo), 4.66 (s, 2H, H-9oxo), 5.49 (s, 2H, CH2benzyl), 

7.12-7.14 (m, 2H, CHphenyl), 7.32-7.34 (m, 4H, H-8, CHphenyl), 7.41-7.44 (dd, 1H, H-7, J=4.2, J=9.3), 8.13 

(dd, 1H, H-5 J=3.0, J=8.8), 8.92 (s, 1H, H-2), 9.92 (t, 1H, NH, J=5.4). 13C NMR: (CDCl3) 13.92, 17.49, 
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22.14, 22.49, 23.39, 26.08, 26.57, 28.67,  29.17,29.30, 29.46, 29.51, 29.56, 30.25, 31.74, 32.11, 38.91, 

46.79, 50.94, 57.92, 61.00, 62.33, 71.69, 82.91, 86.23, 111.58, 111.86 (d, JCF=22.9), 119.08 (d, 

JCF=7.7), 121.26 (d, JCF=25.4Hz), 125.90, 128.57, 128.98, 129.23, 133.81, 135.66, 148.21, 158.43, 

164.44, 174.72, 175.82. MS (ESI) m/z [M]+ Calcd for C37H46FN4O3+: 613.36. Found: 613.20. HPLC purity 

98.12%. 

1-(10-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)decyl)-1-(4-(2-oxopyrrolidin-1-

yl)but-2-yn-1-yl)-1l4-pyrrolidin-2-ylium bromide 3-C10  

White solid; 58% yield; mp 130-134 °C; Rf = 0.28 (CH2Cl2/MeOH = 95:05); 1H NMR (CDCl3): 1.31-1.36 

(m, 10H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 1.63-1.65 (m, 6H, NH-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2), 1.72-1.74 (m, 2H, H-4oxo), 2.06-2.09 (m, 2H, H-3oxo), 2.39 (t, 4H, H-11oxo, 

J=8.1Hz), 3.47-3.50 (m, 1H, H-5oxo, NH-CH2), 3.65 (m, 2H, CH2-N+), 4.15 (s, 4H, H-10oxo), 4.71 (s, 2H, 

H-9oxo), 5.48 (s, 2H, CH2benzyl), 7.13-7.14 (m, 2H, CHphenyl), 7.33-7.35 (m, 4H, H-8, CHphenyl), 7.40-7.43 

(dd, 1H, H-7, J=4.2, J=9.3), 8.15 (dd, 1H, H-5 J=3.0, J=8.8), 8.93 (s, 1H, H-2), 9.92 (t, 1H, NH, J=5.5). 

13C NMR: (CDCl3) 18.12, 23.87, 26.85, 27.53, 29.52, 29.73, 29.79, 29.86, 29.96, 30.90, 32.38 39.59, 

47.70, 50.04, 58.32, 62.42, 63.19, 72.44, 86.22, 111.46 (d, JCF =24.0), 121.35 (d, JCF =8.0), 122.11 (d, 

JCF =25.3),  127.09, 128.92, 129.71, 135.80, 136.98, 149.49, 162.11, 166.18, 176.82, 202.83. MS (ESI) 

m/z [M]+ Calcd for C39H49FN4O3+: 641.5. Found: 641.25. HPLC purity 96.07%. 
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Pharmacology 

 

 

Figure 2. A: Representative single cell recording of a stable HEK293 cell line expressing the M1-IN3-
CFP receptor sensor. Iperoxo in a saturating concentration (100 μM) served as reference83 B: Allosteric 
effects of the hybrids as reflected by the inhibition of [3H]NMS dissociation from M1 receptors in CHO-
hM1 membranes. The allosteric effect is expressed as the ratio of the rate of [3H]NMS dissociation in 
the presence of compound relative to the rate of dissociation of [3H]NMS in the absence of test 
compound expressed in percent k-1. The inflection point represents the concentration that retards the 
radioligand dissociation by half and is therefore equal to the IC50,diss value. C: Effect of increasing 
concentrations of bitopic ligands on specific equilibrium binding of [3H]NMS in CHO-hM1 membranes. 
D,E: Characterization of the dualsteric ligands in Gα/PLC-β3 split-luciferase interaction assay at the 
human muscarinic M1 receptors (hM1). Live HEK293T cells were analyzed regarding their response as 
agonists (D) and antagonist (E). Agonist data were normalized to iperoxo as reference, whose maximum 
stimulation was defined as 100%. F: Dose-response-curves obtained with a BRET assay co‐expressing 
the G protein‐coupled receptor kinase 2 (GRK2) and β-arrestin labelled with a HALO‐618 fluorescent 
ligand in HEK293T cells. Carbachol (CCh) used as reference was set 100%. Data are expressed as the 
means ± S.E.M. of 3-6 independent experiments performed at least in triplicate. 

 

For the oxotremorine hybrids, a conformational change detected with the FRET sensor could be 

observed only for the 3-C6 derivative. This is surprising because the orthoster oxotremorine alone did 

not induce any conformational change (data not shown). Derivatives of longer or shorter chain length 

did not induce a FRET receptor response. (Figure 2A). The oxotremorine-based compounds bind to the 

hM1 muscarinic receptor binding pocket with similar affinities regardless of chain length (Figure 2C, 
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Table 1). The binding also occurs allosterically, since the 3-Cn derivatives are able to delay the 

dissociation kinetics of [3H]NMS (Figure 2B, Table 1). Radioligand binding studies, however, give no 

clues about the second messenger answer that the ligand will trigger. For this, functional studies are 

necessary. 

TABLE 1. Radioligand binding affinities of the dualsteric hybrids 3-Cn at M1R and their [3H]NMS 
dissociation rates expressed as pIC50,diss. The inflection point represents the concentration that retards 
the radioligand dissociation by half and is therefore equal to the IC50 value 
 

Compound 
Radioligand binding [3H]NMS 

Dissociation pIC50,diss Equilibrium 

3-C6 5.57 ± 0.09 pKi 6.38 
pIC50 5.91±0.20 

3-C10     6.11 ± 0.09 pKi 6.69 
pIC50 6.31±0.20 

 

The spilt-Luc assay, monitoring the activation via G proteins, reveals that the simple introduction of the 

oxotremorine skeleton in the bitopic ligand completely blocked the G protein activation (Figure 2D). 

Replacing the typical quaternary ammonium head of the endogenous orthosteric agonist ACh, with a 

pyrrolidine ring in the orthosteric moiety, completely inhibits receptor activation. To deepen the 

understanding of these ligands, the 3-Cn compounds were investigated with the split assay in the 

antagonism mode, as described in the “Material and Method” part. As can be seen in Figure 2E, 

increasing concentrations of compounds 3-Cn displace the agonist carbachol (used at EC80 

concentration), producing a typical antagonist dose-response curve and showing how a simple 

modification of the orthosteric fragment can discriminate between agonism and antagonism. The 

negative logarithm half maximal inhibitory concentration (−log IC50) values range between 5.6 and 6.3. 

The data are normalized to the maximum response of the antagonist Atropine (Figure 2E, Table 2).  
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TABLE 2. Maximum agonist effect and potency of the 3-Cn dualsteric hybrids derived from 
concentration-response curves of Gα and PLC-β3 complementation displayed in Figures 1D, E of the 
main text. Data are expressed as the means ± S.E.M. of 3-6 independent experiments performed in 
triplicate. 

 

Compound 
Split-Luc Assay 

Emax pEC50 pIC50 n 

3-C4 - - 6.36 ± 0.11 3 
3-C6 - - 5.67 ± 0.13 3 
3-C8 - - 5.94 ± 0.07 3 
3-C10 - - 6.22 ± 0.10 3 

Atropine - - 10.06 ± 0.09 4 
Oxotremorine 86.37 ± 4.15 7.85 ± 0.15 - 3 

 

The 3-Cn hybrids shown an arrestin recruitment signal only at the highest ligand concentration, not 

dependent on the spacer linker.  

Discussion and conclusion 

Really surprisingly, the introduction of the oxotremorine portion in the dualsteric ligands 3-Cn, elicited 

no detectable Gα and PLC-β3 interaction in the Split-Luc assay. The assay reveals that the simple 

insertion of the oxotremorine skeleton in the bitopic ligand fully suppressed the G protein signaling 

pathway (Figure 2D). Because of the complete absence of G proteins activation response in 3-Cn, this 

molecule series was further investigated regarding the antagonism mode of the split-assay. As can be 

seen from figure 2E and table 2 the pIC50 obtained from the typical antagonist dose-response, this is 

the first case of antagonism in the whole series of derivatives studied. By comparison of these 

derivatives with the previously synthesized hybrids27 a loss in G protein activation is only observed if the 

quaternary ammonia head is fixed within a heterocycle where the flexibility of the orthosteric fragment 

is greatly reduced by the presence of the pyrrolidine ring. It is likely that the pyrrolidine ring’s sterical 

encumbrance disturbs the gatekeeper function of the aromatic lid structure which is essential for 

receptor activation.218 The introduction of easily rotating methylene substituents by replacement of the 

pyrrolidine ring – this being the only difference between oxotremorine and oxotremorine-M – reduces 

the steric interaction and produces bioluminescence derived from the union of the Gα and PLC-β3. 

Therefore, G protein intracellular activation is attested. The compound with the best antagonist activity 
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is the shorter chain one 3-C4 with a pIC50 value of 6.36 compared to atropine (pIC50 of 10.06) used as 

reference. 
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Material and Methods 
 

Cell culture 

CHO cells stably expressing the hM1 receptor (CHO-hM1 cells) were cultured in Ham’s nutrient 

mixture F-12 (HAM- F12) supplemented with 10 % (v/v) FCS (FCS), 100 U/mL penicillin, 100 µg/mL 

streptomycin, 0.2 mg/mL G418 and 2 mM L-glutamine at 37 °C in a 5 % CO2 humidified atmosphere.  

IP-One Accumulation Assay 

The measurement of M1R stimulated activation of the G-protein mediated pathway was performed 

applying the IP-One HTRF® assay (Cisbio, Codolet, France) according to the manufacturer’s protocol. 

In brief, CHO-hM1 cells were resuspended in assay buffer (HEPES, 10 mM, CaCl2, 1 mM, MgCl2, 0.5 

mM, KCl, 4.2 mM, NaCl, 146 mM, glucose 5.5 mM, LiCl, 50 mM, pH 7.4), counted using the Neubauer 

counting chamber and dispensed in 384-well microplates at a density of 1x107cells/mL. After incubation 

with th-+e test compounds, dissolved in stimulation buffer at 37 °C, for 30 min the reactions were 

stopped by the addition of 50 mM Na2HPO4/KH2PO4 phosphate buffer (pH 7.0), 1 mM KF, and 1.25% 

Triton X-100 containing HTRFR assay reagents and incubation was continued at room temperature for 

60 min. FRET signals were measured after excitation at 320 nm using the Wallac EnVision 2104 

Multilabel plate reader. Data analysis was based on the fluorescence ratio emitted by labeled IP1 

(665±10 nm) over the light emitted by the europium cryptate-labeled anti-IP1 (615±10 nm). Levels of 

IP1 were normalized to the amount generated in the presence of 100 µM acetylcholine. All compounds 

were tested in triplicate in at least three individual experiments.  
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The IP-1 accumulation studies reveal that only BQCAd-6-Iperoxo 2-C6 is able to cause a robust 

stimulation of IP1 accumulation. All the other investigated compounds 2-C10, 1-C6, 1C-10 did not show 

any appreciable agonist activity at concentrations up to 100 µM (Figure 2). Surprisingly, a completely 

different pattern of behavior was noted between 2-C6 and 2-C10 both containing the iperoxo moiety. 

The studied ligands 2-C10, 1-C6, 1C-10, unable to generate IP1 accumulation, were also characterized 

by an inverse receptor movement described for the first time by Messerer et al. 83 at the M1 muscarinic 

receptor. This suggesting a correlation of the inverse FRET signal on the receptor level to Gq activation 

without IP1 accumulation, thus opening a tight link between the receptor movement and the bias 

signaling, which must be confirmed and will be further investigated.
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4. Synthesis and pharmacological investigation of BQCAd-

Xanomeline derivatives at the M1 receptor 

 

Introduction 

Alzheimer’s disease (AD) is a progressive neurological disease that is characterized by cognitive 

dysfunction and neuropathology of the brain. The characteristic features include decrease in 

Acetylcholine (ACh) levels, formation of amyloid-containing plaques and neurofibrillary tangles in the 

nervous tissue of brain.136  M1 muscarinic receptors were found in higher concentrations in the cortex 

and hippocampus in patients affected from the neurodegenerative disease. Muscarinic acetylcholine 

receptors (mAChRs) are members of the G protein-coupled receptor superfamily (GPCRs) and are 

responsible for the neurotransmission of ACh response in both the peripheral and central nervous 

systems (CNS).93 Postsynaptic M1 receptors preservation was observed in AD brain tissue, therefore 

enhancement of ACh at these receptors was hypothesized as advantageous in the treatment of 

Alzheimer’s disease.220  The five muscarinic receptor subtypes (M1-M5) bind their physiological 

transmitter in the highly conserved orthosteric site within the transmembrane domains. Adverse effects, 

due to indiscriminate activation of all muscarinic receptor subtypes are common.212 Despite intense 

investigation, development of agents that selectively activate this receptor via the orthosteric site has 

been blocked by the high sequence homology of the binding site between the five muscarinic receptor 

subtypes and the large distribution of this receptor family in both the CNS and the periphery.29  

Orthosteric muscarinic activators have no binding selectivity and poor signaling specificity. However, all 

subtypes possess at least one less conserved allosteric binding site which is located in the extracellular 

region of the receptor on top of the ACh (i.e. orthosteric) binding site.57 To gain subtype-selective 

receptor activation, we synthesized hybrid molecules fusing81 the potent Xanomeline orthosteric 

activator with the M1 highly selective positive allosteric fragment. Compared to the conventional 

orthosteric and allosteric ligands, a bitopic ligand may select a unique receptor conformation, which can 

selective activate some signaling pathways at the expense of others (biased signaling).221 A muscarinic 

positive allosteric modulator/allosteric agonist moiety, i.e. benzyl quinolone carboxylic acid derivative 

(BQCAd) was included in the new hybrids, being exquisitely M1-selective over other muscarinic 
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subtypes.212,222,223 Site-directed mutagenesis experiments indicate that the BQCA scaffold transmits the 

positive cooperativity with the orthosteric agonist through binding at an allosteric site involving residues 

Tyr-85 in transmembrane domain 2 (TM2),  Tyr-179 and Phe-182 in the second extracellular loop (ECL2) 

and  Glu-397 and Trp-400 in transmembrane domain 7 (TM7).106,198,224 Accordingly, the BQCA binding 

pocket partially overlaps with the previously described "common" allosteric site in the extracellular 

vestibule of the M1 mAChR, suggesting that its high subtype selectivity derives from either additional 

contacts outside this region or through a subtype-specific cooperativity mechanism.198 In summary, the 

BQCA allosteric potentiation mechanism can be exploited in the context of cognitive diseases and 

represents a promising strategy for M1 muscarinic subtype selectivity.106 Xanomeline was selected as 

orthosteric fragment incorporated in the new hybrids because of its higher affinity, potency and efficacies 

for M1/M4 muscarinic receptors, compared to other muscarinic subtypes.136 Xanomeline is recognized 

for its efficacy in patients with moderate AD leading to a significant improvement in the cognitive function 

of patients.136,225 Xanomeline also dramatically decreased some of the behavioral symptoms associated 

with dementia such as vocal outbursts, suspiciousness, delusions, agitation and hallucinations.136 Some 

years ago, it underwent phase III clinical trial, but in the 6-month double-blind, placebo-controlled, 

parallel group efficacy study, roughly 59% of patients discontinued treatment after receiving 75 mg 

xanomeline orally three times daily because of adverse events, predominantly gastrointestinal.138 Its 

undesirable activity for the dopaminergic and serotonin (5-HT) receptors137,138 together with the dose-

limited cholinomimetic side effects167,225 related to the lack of selectivity of its metabolites towards the 

M1 receptor stopped the compound in clinical studies progression.  Nevertheless, the strength of the 

preclinical data and of the early clinical data of Xanomeline suggests that future efforts to develop 

subtype selective muscarinic receptor agonists to treat neurodegenerative diseases may hold 

promise.138 Bipharmacophoric ligands consisting of the agonist iperoxo and the fluoro-BQCA-derived 

moiety (1) linked via a hexamethylene chain were found to act as partial human muscarinic M1 (hM1) 

receptor agonists.82,132 Since the carboxylic group is a suitable contact point for improving allosteric 

modulation29,74 it was chosen as attachment point to connect the Xanomeline (2) moiety with the BQCAd  

fragment through an alkylene linker of different lengths (Figure 1, Compounds 3-C4, 3-C6, 3-C8, 3C-
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chromatographic applications (HPLC, LC-MS) deionized water produced by means of a Milli-Q® 

system (Merck, Darmstadt, Germany) was used.  HPLC grade and LC-MS grade solvents were 

from Sigma-Aldrich (Munich, Germany). All chemicals were purchased from Sigma-Aldrich 

(Schnelldorf, Germany), VWR (Darmstadt, Germany) and TCI (Eschborn, Germany) and were used 

without prior purification.  

General Medicinal Chemistry Methods 

1H (400.132 MHz) and 13C (100.613 MHz) NMR spectra were recorded using a Bruker AV  400 NMR 

spectrometer (Bruker Biospin, Ettlingen, Germany). As an internal standard, the signals of the 

deuterated solvents were used (DMSO-d6: 1H 2.5 ppm, 13C 39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 

77.16 ppm). Abbreviations for data quoted are s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, 

broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; and tq, triplet of quartets. 

Coupling constants (J) are given in Hertz. The specific NMR assignments were determined by using 

typical techniques including polarization transfer experiments (DEPT) and two-dimensional 

experiments, such as 1H-1H correlation (COSY) and 1H-13C-proton-carbon heteronuclear correlation 

(HMQC, HMBC).  TLC analyses were performed on commercial precoated plates, silica gel 60 F254, 

C18 silica-coated aluminum panels ALUGRAM® RP-18W / UV254 and on pre-coated TLC-plates Alox-

25/UV254 (Macherey-Nagel); the detection was made using UV light at 254 nm, intrinsic fluorescence 

at 366 nm or with ethanolic KMnO4, Dragendorff reagent or phosphomolybdic acid ethanolic solution. 

For classical purification, gravity column chromatography was carried out. Silica gel with a grain size of 

63-200 μm (Merck, Darmstadt, Germany) was used as stationary phase. Flash chromatography on a 

puriFlash®430 system (Interchim, Montlucon, France) was performed using prepacked columns 

(Interchim, Montluçon, France) with silica gel filling (Particle size 30 microns or 50 microns) for normal 

phase or with C18-silica gel filling (Particle size 15 μm) for the reverse phase. The detection was carried 

out by means of a UV detector and Evaporative Light Scattering Detector (ELSD). Microwave assisted 

reactions were carried out by use of MLS-rota PREP or synthWAVE instruments (Milestone).  

The LC-MS analyses of all the test compounds were performed using either a Shimadzu LC-MS-2020 

mass spectrometer (Shimadzu Deutschland GmbH, Duisburg, Germany) containing a DGU-20A3R 
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degassing unit, a LC20AB liquid chromatograph and a SPD-20A UV/Vis detector or a LC / MSD ion trap 

(Agilent Technologies, Waldbronn, Germany) connected to an Agilent 1100 modular system. A Synergi 

Fusion-RP (150 mm x 4.6 mm i.d., 4 µm; Phenomenex Ltd., Aschaffenburg, Germany) column and a 

gradient of MeOH/water, as a mobile phase, were used. Parameters of the HPLC method: solvent A, 

water with 0.1% formic acid; solvent B, MeOH with 0.1% formic acid. Solvent B was increased from 0% 

to 90% in 13 min, then decreased from 90% for 5 min, from 90% to 5% in 1 min, and then 5% for 4 min. 

The method was performed with a flow rate of 1.0 mL/min. UV detection was measured at 254 nm. All 

compounds were found to have a purity ≥ 95%. Mass spectra were recorded in ESI-positive mode and 

the data are reported as mass-to-charge ratio (m/z) of the corresponding positively charged molecular 

ions. 

Cell culture 

CHO cells stably expressing the hM1 receptor (CHO-hM1 cells) were cultured in Ham’s nutrient mixture 

F-12 (HAM- F12) supplemented with 10 % (v/v) FCS (FCS), 100 U/mL penicillin, 100 µg/mL 

streptomycin, 0.2 mg/mL G418 and 2 mM L-glutamine at 37 °C in a 5 % CO2 humidified atmosphere. 

The human embryonic kidney (HEK293T) cells stably co-transfected with the human M1 receptor and 

the Gαq-PLC-β3 sensor were kindly provided by Timo Littmann (University of Regensburg). Cells were 

cultivated in DMEM containing 10% FCS (full medium) at 37 °C in a water-saturated atmosphere 

containing 5% CO2 as previously reported.192 

Membrane Preparation 

CHO-hM1 cells were grown adherently to a confluence of approx. 80%. The cells were harvested by 

gently scraping in ice-cold harvesting buffer (20 mM HEPES, 10 mM Na2EDTA, pH= 7.4). The collected 

cells were homogenized on ice twice for 25 seconds at level 6 using a polytron homogenizer and the 

resulting cell fragments were centrifuged using the rotor JA25.50 at 40 000 g for 10 minutes (4 °C). The 

supernatant was aspirated, and the pellet resuspended in ice-cold storage buffer (20 mM HEPES, 0.1 

mM Na2EDTA, pH= 7.4). This step was repeated twice, and finally the pellets were resuspended in ice-

cold assay buffer (10 mM HEPES, 10 mM MgCl2, 100 mM NaCl, pH= 7.4). Aliquots were filled in 

eppendorf tubes, quickly frozen and stored at -80 °C. The protein concentration was of approximately 2 
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mg/mL, determined using the Pierce™ BCA Protein Assay Kit. The absorbance of the bicinchoninic acid 

(BCA)/copper complex after the occurrence of the biuret reaction was measured at 562 nm using a UV-

Photometer (Synergy™ Neo2 Multi-Mode Microplate, Reader). Values obtained were plotted on a linear 

calibration curve whereby the protein content was determined. 

Radioligand Binding Experiments 

Radioligand binding experiments using CHO-hM1 membranes were performed in round bottom 96-well 

microtiter plates applying 20 μg protein/well. Experiments were conducted at room temperature using 

[3H]NMS as the radioactive probe (2 nM for [3H]NMS dissociation and 0.2 nM for equilibrium binding 

experiments). The plate was incubated at room temperature using a microplate shaker (Titramax 101 

Platform Shaker, Heidolph) with an incubation time ranging from 1 h for the dissociation to 24 h for the 

equilibrium experiments. Homologous competition assays were utilized to determine pKd at hM1 for 

NMS 8.88 and conformed to homologous binding assumptions 207. Nonspecific binding was determined 

in the presence of atropine excess. Incubation performed in the assay buffer was terminated by filtration 

through glass fiber mats, previously coated with a 1% polyethylenimine solution, in a cell harvester 

filtration device. After filtration, the filter mats were washed with ice-cold wash water, covered with melt-

on scintillator sheets on a heating block and the radioactivity was counted in a Perkin Elmer MicroBeta 

2450 Microplate Counter. The inhibition constants Ki of receptors for the studied compounds were 

determined in competition experiments in which membranes were incubated in the presence of a fixed 

0.2 nM concentration of [3H]NMS and increasing concentrations of the competitor. The incubation lasted 

24 h to achieve full equilibrium. Two-point kinetic experiments with measurements of [3H]NMS binding 

at t = 0 and t = 20 min were performed. By means of two-point dissociation experiments, the dissociation 

rate constant k-1 was determined by measuring the specific binding just before the start of the 

dissociation reaction (t = 0, adding a competitive antagonist in excess) and at a predetermined time t 

during the dissociation process (t=20 min), as previously described.208 

Split-Luciferase Bioluminescence Assay 

Cells expressing the developed Gαq-PLC-β3 sensor in combination with hM1R, were detached from a 

75-cm2 flask by trypsinization and centrifuged (700 g for 5 min). The pellet was resuspended in assay 
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medium consisting of L-15 with 5% FCS and the density of the suspension was adjusted to 

1.25 · 106 cells/mL. Then, 80 µL of this suspension were seeded into each well of a 96-well plate, and 

the plate was incubated at 37 °C in a humidified atmosphere (without additional CO2) overnight. On the 

next day, 10 µL of 10 mM D-Luciferin (Pierce) were added to the cells, and the plate was transferred 

into a pre-warmed microplate luminescence reader (Mithras LB 940 Multimode Microplate Reader, 

Berthold Technologies, Bad Wildbad, Germany). The cells were allowed to equilibrate inside the reader 

for 10 min, before the basal luminescence was determined by recording the luminescence for the entire 

plate ten times with an integration time of 0.5 s per well. In the meantime, serial dilutions of agonists 

were prepared. The resulting solutions were also pre-warmed to 37 °C and subsequently added to the 

cells. Thereafter, luminescence was recorded for 15 plate repeats amounting to a time period of 20 min. 

Negative controls (solvent) and positive controls (reference full agonist, carbachol (hM1R), eliciting a 

maximal response (100%) were included for subsequent normalization of the data. After acquisition of 

the data, the peak luminescence intensities obtained after stimulation were used for quantitative analysis 

using GraphPad Software, San Diego, CA. 

IP-One Accumulation Assay 

The measurement of M1R stimulated activation of the G-protein mediated pathway was performed 

applying the IP-One HTRF® assay (Cisbio, Codolet, France) according to the manufacturer’s protocol. 

In brief, CHO-hM1 cells were resuspended in assay buffer (HEPES, 10 mM, CaCl2, 1 mM, MgCl2, 0.5 

mM, KCl, 4.2 mM, NaCl, 146 mM, glucose 5.5 mM, LiCl, 50 mM, pH 7.4), counted using the Neubauer 

counting chamber and dispensed in 384-well microplates at a density of 1x107cells/mL. After incubation 

with the test compounds, dissolved in stimulation buffer at 37 °C, for 30 min the reactions were stopped 

by the addition of 50 mM Na2HPO4/KH2PO4 phosphate buffer (pH 7.0), 1 mM KF, and 1.25% Triton X-

100 containing HTRFR assay reagents and incubation was continued at room temperature for 60 min. 

FRET signals were measured after excitation at 320 nm using the Wallac EnVision 2104 Multilabel plate 

reader. Data analysis was based on the fluorescence ratio emitted by labeled IP1 (665±10 nm) over the 

light emitted by the europium cryptate-labeled anti-IP1 (615±10 nm). Levels of IP1 were normalized to 

the amount generated in the presence of 100 µM acetylcholine. All compounds were tested in triplicate 

in at least three individual experiments.  
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Data Treatment 

The binding data from individual experiments were analyzed by computer-aided nonlinear regression 

analysis using Prism 5. (GraphPad Software, San Diego, CA). [3H]NMS dissociation data were analyzed 

assuming a monoexponential decay as described previously216. All sigmoidal concentration-response 

curves were obtained by fitting three-parameter (Hill slope constrained to 1) nonlinear regression curves 

(GraphPad Prism, San Diego, CA). 

Results and discussion 

Chemistry 

The orthosteric M1 fragment Xanomeline, was prepared following the synthetic sequence of Strecker 

according to a known procedure.226 As already reported, the fluoro-4-oxo-quinolone skeleton of 5 was 

synthesized using the Gould-Jacobs procedure, starting with the condensation of 4-fluoroaniline with 

diethyl 2-(ethoxymethylene)-malonate and subsequent cyclization in boiling diphenyl ether.184,227,228 

Derivative (6) was then subjected to conversion of the ester function with the aminoalcohols of the 

corresponding spacer length (C4, C6, C8, C10). Substitution of the alcohol function with a bromine atom 

using HBr/H2SO4 and subsequent reaction with the Xanomeline fragment in acetonitrile at 80 °C led to 

the monoquaternary ammonium salt hybrids 3-C4, 3-C6, 3-C8, and 3-C10 in 25-74% yield. The 

schematic representation and the synthetic steps involved in the preparation of the BQCAd-Xanomeline 

hybrids and their intermediates are shown in Scheme 1. More detailed syntheses and spectral data of 

target compounds are reported below. 
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NH). 13C NMR (CDCl3): 14.28, 18.21, 21.52, 22.81, 25.91, 29.06, 30.00, 31.66, 35.91, 41.03, 42.16, 

55.4, 58.88, 62.87, 63.92, 73.47, 111.62, 112.39, 117.66, 122.21, 122.28, 125.98, 129.79, 130.64, 

136.18, 137.08,139.58, 148.75,148.02, 159.11, 161.51, 176.51, 195.24. MS (ESI) m/z [M]+ Calcd for 

C35H43FN5O3S +: 632.31. Found: 632.20. HPLC purity 95.40 %. 

1-(6-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)hexyl)-5-(4-(hexyloxy)-1,2,5-

thiadiazol-3-yl)-1-methyl-1,2,3,6-tetrahydropyridin-1-ium bromide 3-C6 

Yellow oil; 63% yield; Rf = 0.19 (CH2Cl2/MeOH = 9:1); 1H NMR (CDCl3): 0.88-0.92 (m, 5H, Alkyl HM, HL), 

1.25-1.37 (m, 8H, HI, HH, NH-CH2-CH2, NH-CH2-CH2-CH2), 1.40-1.49 (m, 6H, N+-CH2-CH2-CH2, HG, HC), 

1.64 -1.67 (m, 4H, NH-CH2, N+-CH2-CH2), 1.84 -1.86 (m, 3H, HA), 3.45-3.47 (m, 4H, HE, HB), 4.45 (t, 2H, 

J=6.5, HF), 5.47 (s, 2H, CH2benzyl), 6.97-7.03 (m, 1H, H7, CHphenyl), 7.11-7.14 (m, 1H, HD), 7.30-7.37 (m, 

5H, CHphenyl), 7.41 (dd, 1H, J= 4.2, J=9.3, H8), 8.16 (dd, 1H, J= 2.9, J=8.8, H5), 8.91 (s, 1H, H2), 9.91 (t, 

1H, J=5.5, NH). 13C NMR (CDCl3): 14.56, 14.59, 23.10, 23.11, 23.15, 23.19, 26.37, 29.33, 29.49, 29.51, 

30.27, 31.94, 31.96, 32.05, 39.91, 58.65, 112.47, 112.68, 112.91, 119.63, 119.71, 126.00, 129.35, 

130.01, 130.49, 134.57, 136.40, 148.98, 153.09, 153.09, 153.96, 154.61, 159.49, 165.14, 176.58. MS 

(ESI) m/z [M]+ Calcd for C37H48FN5O3S +: 660.34. Found: 660.25. HPLC purity 96.77%. 

1-(8-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)octyl)-5-(4-(hexyloxy)-1,2,5-

thiadiazol-3-yl)-1-methyl-1,2,3,6-tetrahydropyridin-1-ium bromide 3-C8 

Transparent oil; 74% yield; Rf = 0.18 (CH2Cl2/MeOH = 9:1); 1H NMR (CDCl3): 0.89-0.92 (m, 3H, HM), 

1.25-1.44 (m, 12H, HI, HH, HL, NH-CH2-CH2, Alkyl), 1.58-1.65 (m, 4H, HG, Alkyl), 1.83 -1.86 (m, 2H, Alkyl), 

2.75-2.77 (m, 4H, Alkyl, Hc), 2.88-2.94 (m, 2H, Alkyl), 3.43-3.48 (m, 5H, HA, Alkyl), 3.57-3.65 (m, 2H, 

HE), 3.75-3.80 (m, 2H, HB), 4.47 (t, 2H, J=6.8, HF), 5.49 (s, 2H, CH2benzyl), 7.13-7.15 (m, 2H, H7, HD), 

7.32-7.35 (m, 5H, CHphenyl), 7.42 (dd, 1H, J= 4.2, J=9.3, H8), 8.14 (dd, 1H, J= 3.0, J=8.8, H5), 8.92 (s, 

1H, H2), 9.92 (t, 1H, J=5.5, NH).  

13C NMR (CDCl3): 14.14, 2.10, 22.40, 22.42, 22.66, 25.76, 26.19, 26.81, 28.82, 28.93, 29.56, 31.17, 

39.18, 48.82,57.17, 58.30, 64.48, 71.86, 77.36, 111.01, 112.13, 119.33, 119.40, 121.45, 122.99, 125.95, 
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126.22, 128.93, 129.58, 134.13, 135.98, 143.53, 148.55, 153.32, 162.80, 164.77, 170.43, 176.15. MS 

(ESI) m/z [M]+ Calcd for C39H51FN5O3S+: 688.37. Found: 688.25. HPLC purity 96.92%. 

1-(10-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)decyl)-5-(4-(hexyloxy)-1,2,5-

thiadiazol-3-yl)-1-methyl-1,2,3,6-tetrahydropyridin-1-ium bromide 3-C10 

Transparent oil; 25% yield; Rf = 0.16 (CH2Cl2/MeOH = 9:1); 1H NMR (CDCl3): 0.84 (t, 3H, Alkyl, HM), 

1.23-1.38 (m, 16H, HI, HH, HL, Alkyl), 1.56-1.58 (m, 4H, Alkyl), 1.76 -1.80 (m, 4H, Alkyl, HG), 2.66-2.87 

(m, 2H,  Hc), 2.88-2.89 (m, 2H, Alkyl), 3.38-3.57 (m, 5H, HA, Alkyl), 3.75-3.70 (m, 2H, HE), 3.80-3.82 (m, 

2H, HB), 4.40 (t, 2H,J=6.7, HF), 5.42 (s, 2H, CH2benzyl), 7.06-7.08 (m, 2H, H7, HD), 7.26-7.28 (m, 5H, 

CHphenyl), 7.36 (dd, 1H, J= 4.2, J=9.3, H8), 8.08 (dd, 1H, J= 3.0, J=8.8, H5), 8.86 (s, 1H, H2), 9.84 (t, 1H, 

J=5.5, NH).  

13C NMR (CDCl3): 13.99, 21.92. 22.51, 25.61, 26.19, 26.99, 28.77, 29.08, 29.13, 29.15, 29.19, 29.57, 

31.37, 39.29, 48.68, 56.91, 58.11, 64.16, 71.69, 76.71, 111.85, 112.11, 119.23, 121.40, 122.86, 125.82, 

126.07, 128.76, 129.42, 129.87, 129.94, 133.99, 135.82, 135.54, 140.02, 143.43, 148.37, 162.64, 

164.57, 170.50, 176.01. MS (ESI) m/z [M]+ Calcd for C41H55FN5O3S +:716.40. Found: 716.20. HPLC 

purity 97.11%. 

 

Pharmacology 

The bitopic compounds 3-Cn, were evaluated through radioligand binding assay in dissociation and 

equilibrium studies to assess the affinity of ligands to both the allosteric and the orthosteric binding site, 

respectively. The signaling pathway following receptor activation was evaluated in IP1 accumulation 

assay. Additionally, making use of the new Split luciferase complementation assay192 the degree of Ga 

and PLC-b3 interaction was measured. After study of the receptor binding of the new molecules, Gαq 

activation was investigated by measuring the degree of approach of the Gαq protein and the effector 

protein phospholipase involved in the signaling cascade of the M1 muscarinic receptor. The engineered 

cells were kindly provided by Timo Littmann. In this assay the two luciferase fragments were 
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incorporated into the effector proteins rather than to the receptor, leaving the latter genetically 

unmodified. 

The IP1 assay developed by CisBio Bioassays229,230 was conducted to evaluate receptor responses 

through the phospholipase C pathway. As described above, binding of an agonist to Gq/11-proteins 

causes activation of phospholipase C. Subsequently PIP2 is hydrolysed, releasing DAG and IP3. By 

measuring the IP3 concentration, a ligand-mediated Gq-coupled receptor response can be quantified. 

Due to IP3 instability its measurement is not possible directly. However, IP3 hydrolyses rapidly to inositol 

biphosphate (IP2) and inositol monophosphate (IP1), which accumulates in the cell. IP1 is stabilized 

through LiCl addition in the well plate. The concentration of IP1 can be determined as a surrogate for 

IP3 concentration. 

 

Radioligand binding assay: Equilibrium and Dissociation binding data 

The novel heterobivalent hybrids 3-Cn were pharmacologically evaluated in radioligand binding assays 

at human M1 mAChR expressed in CHO cell lines by competition assays using [3H]NMS as a 

radioligand, following a previously described protocol.135 

The allosteric component of the bitopic compounds was also investigated. The experiments were 

conducted following the two-kinetics experiment protocol.208 

 

Figure 2. A. Effect of increasing concentrations of the hybrid compounds (3-Cn) on specific percent 
equilibrium binding of [3H]NMS in CHO-hM1 membranes. B. Allosteric effects of the hybrids (3-Cn) as 
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reflected by the inhibition of [3H]NMS dissociation from M1 receptors in CHO hM1 membranes. The 
allosteric effect is expressed as the ratio of the rate of [3H]NMS dissociation in the presence of compound 
relative to the rate of dissociation of [3H]NMS in the absence of test compound expressed in percent k-

1. Data represent mean ± S.E.M. from three to four independent two-point kinetic experiments, 
conducted in quadruplicate. 

 

The affinity values, expressed as pKi, and the dissociation half maximal inhibitory concentration pIC50  

of compounds 3-Cn are reported in Table 1. The pKi values of 6.48 and 6.33 show excellent affinity of 

the BQCAd/Xano compounds to the orthosteric site of the M1 muscarinic receptor, overcoming the 

affinity of Iperoxo itself. The compounds are even able to delay the dissociation of [3H]NMS from the 

hM1 receptor with pIC50 values (pIC50: 5.55 and 5.54) absolutely comparable to the BQCAd allosteric 

modulator itself (pIC50: 5.47). 

Table 1. Affinity Constants, expressed as pKi of Compounds 3-Cn and reference compound Iperoxo 
for cloned hM1 mAChRs, expressed in CHO Cells. 
 

Compound 

Radioligand 
Binding Assay 

Equilibrium 

Radioligand 
Binding Assay  
Dissociation 

pIC50 pKi pIC50 

Iperoxo 5,93 ± 0,06 6,13 n.d. 

BQCAd n.d. n.d. 5,47±0,20 
BQCA-4-Xano n.d. n.d. n.d. 
BQCA-6-Xano 6,48±0,14 6,90 5,55 ± 0,30 
BQCA-8-Xano n.d. n.d. n.d. 

BQCA-10-Xano 6,33±0,25 6,74 5,54±0,30 
 

Both binding experiments of the new investigated molecules suggest a bitopic binding mode with the 

M1 muscarinic receptor. The dissociation experiments propose that the hybrids stick to the allosteric 

binding topography, slowing down the dissociation of the radioligand. 

BQCAd probably binds to the allosteric core region which is located next to the entrance to the 

orthosteric binding cavity231, thereby favoring Xanomeline’s access to the orthosteric site, as shown by 

the equilibrium binding experiments.  The bitopic binding pose, in which both orthosteric and allosteric 

sites are concomitantly engaged in one receptor by one molecule can therefore be assumed. The 

alternative possibility, the purely allosteric binding pose cannot be completely excluded. More probably 
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the ligand adopts the two poses simultaneously in the dynamic ligand binding phenomenon, as already 

described for other dualsteric ligands.109  

 

M1 functional activity through Split-Assay and IP1 accumulation assay 

In order to check how the interaction properties of the hybrids with muscarinic receptors, 

determined in RLB assay, would translate into functional effects, we tested the compounds in vitro 

using CHO cell line stably expressing hM1 for the IP1 experiment and HEK293T cells stably co-

transfected with the human M1 receptor and the Gαq-PLC-β3 sensor for the Split-Luc assay. 

 

Figure 3. A. Characterization of the dualsteric BQCAd/Xanomeline hybrids compound on downstream 
signaling. B. Dose response curve of Split-Luc assay. Data represent mean ± S.E.M. from three to 
four independent two-point kinetic experiments, conducted in triplicate.  

Figure 3A shows the dose-response curves of the dualsteric BQCAd-Xanomeline compounds 3-

Cn and Xanomeline (2) as reference compounds in comparison to ACh as the positive control, with 

its maximum response set to 100%. The reference compounds 3-C6, 3-C10 shown show partial 

receptor response depending on their chain lengths. The longer chain compound shows a 

maximum activation of 29%, while the derivative with 6 methylene units of 59% (Table 2). This 

finding is in line with the previously published results for similar dualsteric compounds82, 

strengthening the hybrid approach to generate partial M1 receptor agonists. 

From the study of the phospholipase C pathway via Split-Luc assay (Figure 3B) it emerges that all 

the synthesized compounds act as partial agonists, with a maximum activation of 85% for the 
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derivative of 6 methylene units spacer. The derivatives of 4 and 10 carbon atoms linker produce 

the lowest Ga protein activation (Emax: 34% and 45% for 3-C4 and 3-C10, respectively). The 

compound with higher potency is again the compound 3-C6 with 6 methylene units, which is 

therefore confirmed to be the best derivative of the entire series. 

TABLE 2. Pharmacological parameters characterizing the effects of the indicated compounds on 
IP1-accumulation, Split-Luc assay and Radioligand binding assay. pEC50, concentration of the 
indicated compounds inducing a half-maximal response, % Emax, maximum effect as a percentage of 
ACh (100 μM) in the IP1 assay and of CCh (100 μM) and n number of repetitions. n.d.: not determined. 

 

Compound 

IP1 Assay 
pEC50 

Split-Luc Assay 
pEC50 

pEC50 Emax pEC50 Emax 

Ach 6.66 ± 0.09 96.73 ± 3.10 6.88 ± 0.02 96.91 ± 1.28 
Iperoxo 8.71 ± 0.07 102.50 ± 2.07 8.89 ± 0.04 104.60 ± 0.85 

Xanomeline 6.65 ± 0.14 83.39 ± 3.34 8.00 ± 0.07 100.7 ± 2.16 
BQCA-4-Xano n.d. n.d. 5.95 ± 0.10 34.18 ± 1.47 
BQCA-6-Xano 6,67±0,24 59.27 ± 7.52 7,18 ± 0,13 85.35 ± 3.50 
BQCA-8-Xano n.d. n.d. 6.31 ± 0.19 52.27 ± 3.71 

BQCA-10-Xano 5,34±0,47 26.11 ± 5.11 5,75 ± 0,11 45.13 ± 2.47 
 

 

Figure 3. Efficacy (A) and potency (B) dependence on the chain lengths in the split assay. 

 

Plotting the efficacy and potency of the new series of compounds in function of the linker elongation, 

the 6-carbon chain compound 3-C6 is highlighted as the molecule with the optimal spacer length 

between the two allosteric and orthosteric portions. The bell-shape curves indicate an increase in 
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Figure 6. Top docking poses of carbachol (left) and xanomeline (right) shown from the extracellular 
view. Orientation, TM III up and TM VI down. Helices TM II to TM VII are shown in purple. Ligands and 
displayed amino acids (D105, Y106, S109, W378, Y381, N382 and Y404) are colored according 
elements: cyan – carbon, white – hydrogen, blue – nitrogen, red – oxygen, yellow – sulfur. Yellow 
dashed lines denote ligand-receptor hydrogen bonds. Modified from Randáková  et al.142 

 

Several lines of evidence suggest that the atypical agonist may induce different receptor conformations 

and possibly utilize different activation mechanisms at the molecular level. This combined with the 

design of bitopic derivatives could result in exceptionally interestingly compounds having significant 

implications in terms of understanding alternate modes of mAChR activation, key regions in obtaining 

subtype-selectivity and the therapeutic use of xanomeline derivatives. 

 

Conclusion 

A series of BQCAd-Xanomeline (3-Cn) hybrids was designed by conjugating an M1/M4 active agonist 

(Xanomeline) with a benzyl quinolone carboxylic acid derivative moiety (BQCAd) through an alkyl chain 

with adequate length capable of assuring a dual-binding mode of M1 activation. Thus, the initial 

hypothesis to obtain dualsteric compounds acting directly at the M1 receptor proved correct, 

demonstrating the hybrids’ binding mode and their functional activity at the M1 receptor. 

Understanding the mechanism(s) of interaction of xanomeline with the M1 mAChR is fundamental for 

the potential therapeutic use of this agent and its derivatives in the treatment of AD.232 In particular, 
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further studies in terms of selectivity on the M1 receptor subtype are expected to be pursued. 

Additionally, computational modeling could be important for exploring the mechanism of the hybrid’s 

interaction with the M1 receptor in order to improve the understanding of the allosteric and orthosteric 

key regions and give an important contribution in the field of AD research. 
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butyrylcholinesterase; CAS, catalytic active site; CCh, carbachol; CHO, Chinese hamster ovary; CSD, 
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Abstract: We synthesized a set of new hybrid derivatives (7-C8, 7-C10, 7C12 and 8-C8, 8-C10, 8-C12), 

in which a polymethylene spacer chain of variable length connected the pharmacophoric moiety of 

xanomeline, an M1/M4-preferring orthosteric muscarinic agonist, with that of tacrine, a well-known 

acetylcholinesterase (AChE) inhibitor able to allosterically modulate muscarinic acetylcholine receptors 

(mAChRs). When tested in vitro in a colorimetric assay for their ability to inhibit AChE, the new 

compounds showed higher or similar potency compared to that of tacrine. Docking analyses were 

performed on the most potent inhibitors in the series (8-C8, 8-C10, 8-C12) to rationalize their 

experimental inhibitory power against AChE. Next, we evaluated the signaling cascade at M1 mAChRs 

by exploring the interaction of Gαq-PLC-β3 proteins through split luciferase assays and the myo-Inositol 

1 phosphate (IP1) accumulation in cells. The results were compared with those obtained on the known 

derivatives 6-C7 and 6-C10, two quite potent AChE inhibitors in which tacrine is linked to iperoxo, an 

exceptionally potent muscarinic orthosteric activator. Interestingly, we found that 6-C7 and 6-C10 

behaved as partial agonists of the M1 mAChR, at variance with hybrids 7-Cn and 8-Cn containing 

xanomeline as the orthosteric molecular fragment, which were all unable to activate the receptor subtype 

response. 

 

1. Introduction 
 
The decrease in acetylcholine (ACh) levels as well as the dysfunction and decline of cholinergic neurons, 

which were the basis to formulate the “cholinergic hypothesis” of Alzheimer’s disease (AD), are typical 

hallmarks associated with the neurodegenerative impairment of this pathology1-3. To improve the 

cholinergic neurotransmission, different approaches have been explored, including the enhancement of 

ACh synthesis, the augmentation of its presynaptic release, the stimulation of cholinergic postsynaptic 

muscarinic and nicotinic receptors, and the reduction of ACh synaptic degradation by means of 

cholinesterase inhibitors.  Unfortunately, no resolution therapy for AD is currently available, and drugs 

on the market that inhibit acetylcholinesterase (AChEIs) are simply able to alleviate the disease 

symptoms and/or delay its progression. 

Tacrine 1 (Fig. 1), the first AChEI approved by FDA for the AD therapy, was withdrawn from the market 

due to its dose-dependent hepatotoxicity4. Nevertheless, it still represents an interesting scaffold to be 

studied, since it positively modulates the affinity and functional response of ligands binding the 

orthosteric ACh site5, showing some selectivity for the M1 and M2 mAChR subtypes6. Therefore, the 
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molecular skeleton of tacrine has been used to develop a variety of hybrid molecules3,7-11 with the 

purpose of combining the relevant AChE inhibition of the parental compound with other favorable 

pharmacological properties12,13. In addition, due to the ability of tacrine to occupy both the catalytic active 

site (CAS) and the peripheral anionic site (PAS) of the enzyme, bistacrine dimers like 2 (Fig. 1) showed 

a 1000-fold higher AChE inhibitory potency than tacrine itself14. 

As far as complementary or alternative approaches to the therapy of AD are considered, the current 

data do not support the application of orthosteric muscarinic agonists. In this respect, the most studied 

mAChR has been the M1 subtype, which is widely expressed in the central nervous system and is 

involved in many physiological and pathological brain functions as well as motor control and regulation 

of body temperature15,16. However, the orthosteric binding site of the M1 receptor has high homology 

with the other mAChR subtypes, which results in pronounced side effects of the “selective” M1 agonists 

developed so far5. On the other hand, the less conserved allosteric binding site of the M1 receptor could 

be selectively targeted by allosteric M1-selective enhancers, albeit to date compounds with this profile 

show comparatively weak potencies17. Among the investigated M1 activators, xanomeline 3 (Fig. 1) is a 

M1/M4-preferring orthosteric agonist with promising antidementive properties in vivo, but its dose-limiting 

side effects precluded any clinical development5,18. Additionally, xanomeline has a peculiar mode of 

mAChR activation, being different from that of conventional agonists such as carbachol and endogenous 

ACh19. It was also reported to have a wash-persistent binding to the M1 subtype, which may arise not 

only from hydrophobic interactions between the xanomeline’s O-hexyl-containing chain and the receptor 

protein, but also from the ligand recognition of a secondary binding site on the receptor20,21. 

In this paper, we designed a new set of hybrid ligands containing the pharmacophoric moieties of tacrine 

and xanomeline, by exploiting our experience in the study of dualsteric (i.e. simultaneous 

orthosteric/allosteric) ligands22-26 of mAChRs and hybrid derivatives active at the M1 mAChR subtype as 

alleged antidementive agents3,5,27,28 as well as with the purpose of developing new strategies for 

therapeutic intervention on AD. We aimed at multifunctional molecules combining synergistic effects. 

First, the direct activation of the M1 receptor subtype at the orthosteric site by xanomeline, then AChE 

inhibition by the tacrine molecular portion coupled with a positive allosteric cooperativity between the 

two moieties at the examined receptor subtype. Hybrid compounds containing the same 
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pharmacophoric fragments connected by various chemical spacers (amines 4 and amides 5, Fig. 1)5 

showed a relevant AChE inhibition and a purely allosteric binding at the inactive M1 mAChR, which 

precluded any activation of the receptor response. 

Thus, we explored if a different molecular connection between the two pharmacophoric moieties could 

promote the expected pharmacological profile of the resulting hybrids, in particular their behavior as M1 

mAChR activators. To such an end, in the designed compounds the primary amine group of tacrine was 

linked to the nitrogen atom of the tetrahydropyridine nucleus of xanomeline by means of alkyl chains of 

different length (Fig. 1). In this respect, we used as model compounds our prominent hybrid derivatives 

6-C7, 6-C10 (Fig.1)3, in which tacrine was combined with the orthosteric muscarinic agonist iperoxo29,30. 

The new, putative bipharmacophoric ligands were prepared as tertiary amines 7-Cn (7-C8, 7C-10, 7-

C12) and their corresponding quaternary tetrahydropyridinium salts 8-Cn (8-C8, 8-C10 and 8-C12). All 

synthesized compounds were evaluated in vitro for their ability to inhibit AChE and activate M1 receptors. 

To further investigate ligand-enzyme interactions, molecular modeling studies were also performed on 

the most potent inhibitors. For comparison, also hybrids 6-C7, 6-C10 were evaluated for M1 receptor 

activation, revealing a promising biological profile. 
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Fig. 1. Structures of reference compounds and of the known (6-C7 and 6-C10) and new (7-C8, 7-C10, 
7C12, 8-C8, 8-C10, 8-C12) tacrine-containing hybrid derivatives investigated in this study.  
 

2. Results and discussion 
 
2.1. Chemistry 

Tacrine 1 was synthesized following the literature procedure reported in Scheme 131, which exploits the 

reaction of cyclohexanone with 2-aminobenzonitrile in the absence of solvent under zinc chloride 

catalysis. To import an alkyl linker chain at the amine function, 1 was reacted, in the presence of 

potassium hydroxide, with a large excess of commercially available dibromide derivatives of the 

respective spacer length, thus providing intermediate bromides 9a, 9b32 and 9c. 

The orthosteric pharmacophoric moiety xanomeline was prepared following a Strecker-like known 

procedure33, as reported in Scheme 1. 
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Scheme 1. Synthesis of target compounds. Reagents and conditions: (a) ZnCl2, 120°C, 16 h; (b) 
Br(CH2)nBr (n = 8 or 10 or 12), KOH, CH3CN, 40°C, 72 h; (c) TMSCN, AcOH, r.t., 23 h; (d) NH3/NH4Cl, 
r.t., 22 h; (e) S2Cl2, DMF, 0 °C, 30 min; (f) 1-hexanol, NaH, THF, reflux, 3 h; (g) CH3I, acetone, r.t., 22h; 
(h) NaBH4, MeOH, r.t., 24 h; (i) 9a (or 9b or 9c), DMF, 100 °C, 36 h; (j) NaBH4, MeOH, r.t., 5 h. (k) 9a 
(or 9b or 9c), CH3CN, MW, 80 °C, 19 atm, 500 W, 10 h.       
 

Briefly, the cyanohydrin 10 was obtained by treating commercially available 3-pyridinecarboxaldehyde 

with trimethylsilyl cyanide in the presence of acetic acid. Intermediate 10 was then converted into the 

corresponding aminonitrile derivative 11 by treatment with ammonium chloride in ammonium hydroxide. 
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This intermediate was cyclized by reaction with disulfur dichloride in N,N-dimethylformamide to give 

thiadiazole 12, which, after nucleophilic substitution with 1-hexanol in the presence of sodium hydride, 

produced the functionalized thiadiazole 13. The latter was reacted with methyl iodide in acetone to afford 

the corresponding quaternary ammonium salt 14, which underwent reduction with sodium borohydride 

in methanol to the related tetrahydropyridinium moiety characterizing xanomeline 3. Synthesis of the 

pyridine quaternary ammonium salts 15a-c (Scheme 1) was performed by condensation of thiadiazole 

13 with the respective tacrine-containing bromides 9a-c; subsequent reduction of the pyridinium ring of 

intermediates 15a-c with sodium borohydride afforded the desired hybrid compounds 7-Cn (7-C8, 7C-

10 and 7-C12). Similarly, reaction of xanomeline 3 with bromides 9a-c under microwave irradiation 

provided the permanently charged methylated analogs 8-Cn (8-C8, 8C-10 and 8-C12). 

 

2.2. Biological activity and molecular modeling investigations 

2.2.1.   Acetylcholinesterase inhibitory activity 

The two groups of tacrine-xanomeline analogs 7-Cn and 8-Cn were tested for AChE inhibition by using 

the Ellman’s test34, and the resulting pIC50 values were compared with those available for hybrids 6-Cn 

(Table 1). We used the AChE from electric eel which, in our hands, gave quite comparable results to 

those obtained on related hybrids with the recombinant hAChE expressed in HEK 293 cells3,27. Both 

sets of compounds 7-Cn and 8-Cn were able to inhibit AChE; the tertiary amines 7-Cn exhibited 

anticholinesterase activity (pIC50 between 6.95 and 7.83) comparable to that of the model compound 

tacrine (pIC50 = 7.73). Conversely, the quaternary tetrahydropiridinium derivatives 8-Cn were more 

active (pIC50 values between 8.12 and 9.55) than tacrine, with inhibitory potencies in the range of those 

shown by the tacrine-iperoxo hybrids 6-C7 (pIC50 = 8.76) and 6-C10 (pIC50 = 9.81). 
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Table 1. Cholinesterase activity of Tacrine and related hybrid compounds determined through the 
Ellman’s test. 
 
 

Entry 
 

AChEa 
pIC50b [M] 

Tacrine 7.73 ± 0.04 

7-C8 7.60 ± 0.12  

7-C10 7.83 ± 0.06 

7-C12 6.95 ± 0.13 

8-C8 9.55 ± 0.12 

8-C10 9.08 ± 0.06 

8-C12 8.12 ± 0.08 

6-C7 8.7627 

6-C12 9.8127 

 

aExperiments were performed in triplicate at AChE from electric eel (E.C. 3.1.1.7). bpIC50 values are the 
negative logarithm of the concentration causing half-maximal inhibition of cholinesterase activity. Data 
are expressed as the mean ± S.E.M.   
 

As far as the length of the spacer is taken into account, eight methylene units were optimal to impart the 

highest AChE inhibitory activity to the positively charged compounds (8-C8: pIC50 = 9.55). For both 

series of tacrine-xanomeline derivatives, the longest chain compounds, with twelve methylene units, 

were those with the lowest inhibitory potency (pIC50 = 6.95 for 7-C12 and pIC50 = 8.12 for 8-C12). On 

the other hand, comparison of the data evidenced in both 7-Cn and 6-Cn sets an inhibition peak with a 

spacer of ten methylene units (pIC50 = 7.83 for 7-C10 and pIC50 = 9.81 for 6-C10), thus emphasizing a 

good tolerability of the linker length in the enzyme gorge between CAS and PAS. 

 

2.2.2.   Functional activity at M1 mAChRs 

We studied the functional activity of all the compounds at the M1 mAChR. Hence, we chose to investigate 

M1AChR-mediated PLC response (see Split Luciferase Bioluminescence Assay) and inositol phosphate 

accumulation (see IP1 Accumulation Assay). Binding of ACh to mAChRs causes a conformational 

change in the receptor that promotes its association with an intracellular G protein determining its 
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activation through the conversion of GTP to GDP on the G protein α subunit. The activated G protein 

dissociates from the receptor, acting as an enzyme to catalyze downstream intracellular events. The 

functional activity is mediated mainly by the physiologically relevant Gq-signaling pathway. Proteins of 

the Gɑq family trigger the effector proteins phospholipases Cβ1-3 (PLCβ), leading to the hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2) to 1,2-diacylglycerol (DAG) and inositol-1,4,5-

trisphosphate (IP3). IP3 mediates the release of Ca2+ from intracellular compartments, notably from the 

endoplasmic reticulum. 

 

2.2.3.   Split Luciferase bioluminescence assay 

Littmann et al.35 developed a split luciferase complementation assay to study the interaction of M1 

mAChR G protein with Phospholipase C, by expression of the newly Gαq-PLC-β3 sensor in combination 

with hM1R. With this assay, we assessed the early activation stage of interaction between the Gαq and 

phospholipase C-β3 for the new hybrids. Gα and PLC-β3 were fused on a DNA level with the split 

luciferase, in order to measure their interaction in terms of bioluminescence. The assay revealed the 

absence of receptor activation for the tacrine-xanomeline hybrids 7-Cn and 8-Cn. Regardless of the 

presence/absence of a quaternary ammonium head or the length of the spacer chain, these compounds 

did not show agonism at the M1 mAChR since no activation of the phospholipase C was observed (Fig. 

2A and 2B). Therefore, we may assume that these hybrids are unable to adopt a dualsteric binding 

mode, which triggers the activating functional response at the studied receptor. These findings are in 

line with those of Fang et al.5, since also those tacrine-xanomeline hybrids (compounds 4 and 5, Fig. 1) 

were found to prefer a purely allosteric binding mode26,36, which generates an inactive ligand-receptor 

complex at the M1 subtype. On the contrary, the tacrine-iperoxo hybrids 6-C7 and 6-C10, which already 

showed affinity for the M1 mAChR in radioligand binding studies27, activated the heterodimeric G protein 

(Fig. 2C), with pEC50 values of 8.24 and 8.06, respectively (Table 2). These iperoxo-containing hybrids 

are indeed the most potent AChE inhibitors in the series with the additional ability to bind M1 as well as 

M2 mAChR subtypes. 
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Table 2. Maximal agonist effect and potency of hybrid compounds stimulating Gα and PLC-β3 
interaction in CHO human M1 cells. 
 

 Split-Luc assay 

Entry Emaxa pEC50b n 

6-C7 85.57 ± 1.50 8.24 ± 0.05 4 

6-C10 78.14 ± 1.45 8.06 ± 0.05 4 

7-C8 n.a.c n.a. 3 

7-C10 n.a. n.a. 3 

7-C12 n.a. n.a. 3. 

8-C8 n.a. n.a. 3 

8-C10 n.a. n.a. 3 

8-C12 n.a. n.a. 3 

Xanomeline 100.70 ± 2.16 8.00 ± 0.07 3 

Iperoxo 104.60 ± 0.85 8.89 ± 0.04 4 

CCh 97.78 ± 1.71 6.25 ± 0.04 5 

ACh 96.91 ± 1.28 6.88 ± 0.02 9 

 
Atropine 

 
- 

pIC50 
10.06 ± 0.09 

 
4 

 
 

aEmax is the maximal effect expressed as percentage. bpEC50 is the concentration of the indicated 
compound inducing a half-maximal Gαq-PLC activation. Data are normalized to the maximum response 
of the agonist carbachol. Data are expressed as the mean ± S.E.M. of three to nine independent 
experiments performed in triplicate. c n.a.: not applicable. 
 

In terms of functional behavior, at the M1 receptor derivatives 6-C7 and 6-C10 showed potency values 

comparable to those of iperoxo and xanomeline and even higher than those of carbachol and the 

endogenous agonist ACh. The measured efficacy values normalized to the carbachol (CCh) reference 

(Emax = 85.57% for 6-C7 and Emax = 78.14% for 6-C10) were instead lower than those of reference 

agonists (Fig. 2D and Table 2), thus engendering hybrid derivatives with a partial agonist profile. 

According to a model illustrated for bipharmacophoric partial agonists of M2 mAChRs36, 6-C7 and 6-C10 

behave as “dynamic ligands”, i.e. compounds that may bind to a receptor population in two distinct 
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orientations, the dualsteric binding pose, inducing activation, and the purely allosteric binding pose that 

precludes receptor activation. 

 

Fig. 2. Dose response curves obtained with the split luciferase assay.  

 

Compounds 7-Cn and 8-Cn did not stabilize a G protein active conformation of the M1 receptor and did 

not induce receptor stimulation when studied in the agonist mode (Fig. 2A and 2B); therefore, we 

evaluated their putative antagonist profile, by assessing the ability to counteract the effect of CCh at a 

concentration corresponding to EC80 (3 μM). As illustrated in Fig. 3A and 3B, none of the six structural 

analogs was able to compete with the agonist to reduce the degree of Gαq-PLC activation. Conversely, 

as expected, the orthosteric antagonist atropine (blue curve) potently competed with CCh, with a pIC50 

value of 10.06 ± 0.09. 
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Fig. 3. Dose response curve of Split-Luc assay. Compounds 7-Cn and 8-Cn were measured in the 

antagonist mode. Data represent the mean ± S.E.M. of at least three independent experiments 

performed in triplicate. 

 

Of note, compounds 7-Cn and 8-Cn did not cause cell death, since, despite their application up to 10 

µM concentrations, hM1 cells maintained the maximal response to G protein activation by 3 μM CCh. 

Therefore, in this cell line, these bipharmacophoric derivatives functionalized on the primary amine of 

tacrine with chains of different lengths linking orthosteric moieties (xanomeline as well as iperoxo), 

showed a marked reduction of toxicity with respect to tacrine. This behavior parallels the results we 

previously reported3, since the toxicity of the 6-C10 bifunctional compound was also tested in HepG2 

cells and found to be very low (IC50: 32.2 ± 0.41 μM), making it an interesting outcome in view of 

developing putative drug candidates. 

 

2.2.4.   IP1 accumulation assay 

The measurement of M1R-stimulated activation of the G protein-mediated pathway was performed 

applying the IP-One HTRF® assay (Cisbio, Codolet, France), which quantifies the accumulation of 

inositol phosphate, the degradation product of the second messenger inositol triphosphate (IP3), 

through FRET-based experiments. The results obtained with the reference compounds and the hybrids 

7-Cn and 8-Cn in the HTRF-IP1 assay are reported in Fig. 4. Xanomeline and ACh showed their ability 

to activate the downstream signaling response at the M1 receptor, with pIC50 values of 6.65 and 6.66, 
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respectively (Fig. 4 and 5A), an outcome matching the second messenger assays reported in the 

literature19,37-39. By contrast, the allosteric fragment tacrine alone is unable to generate IP1 accumulation 

(Fig. 4). 

 

Fig. 4. Absence of IP1-accumulation by xanomeline (Xano)-tacrine (Tac) hybrids in live CHO-hM1 cells. 

Graph bars represent the mean ± S.E.M of three independent experiments performed in triplicate. Data 

not significantly different with ANOVA Tukey's Multiple Comparison Test (P < 0.05).  n.s.: not 

significantly different from zero (one sample t test) (P < 0.05). 

 

The application of a 1 µM tacrine and xanomeline combination resulted in a receptor activation response 

higher than that measured for xanomeline alone, which is indicative of the positive modulatory effect of 

tacrine at M1 mAChRs. Conversely, the covalently bound tacrine-xanomeline molecular fragments were 

devoid of agonist activity in both sets of target hybrids 7-Cn and 8-Cn (Fig. 4), due to the lack of ligand-

receptor interaction at the orthosteric recognition site and the consequent inability to cause receptor 

activation. We extended the IP1 accumulation assay also to the tacrine-iperoxo hybrids 6-C7 and 6-C10 
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and obtained a very similar qualitative readout, in accordance with preliminary functional data27. After 

incubation with test compounds for 30 min at 37 °C, addition of detection reagents revealed the partial 

agonist profile of both dualsteric hybrids, with pIC50 values of 7.05 and 6.90 for 6-C7 and 6-C10, 

respectively (Table 3, Fig. 5B). Thus, in this second messenger IP1 assay, the partial agonism 

characterizing the two ligands (Emax = 59.0 for 6-C7 and Emax = 43.9 for 6-C10, Table 3) became more 

evident than in the previous bioluminescence test. 

 

Fig. 5. Partial agonism for IP1 accumulation by hybrids 6-C7 and 6-C10 in live CHO-hM1 cells. Cells 

were treated with increasing concentrations of the indicated compounds for 30 min, and the resulting 

increase in intracellular inositol phosphates was measured as described in Materials and Methods. 

Curves drawn through the data points represent the best fit to the operational model of agonism. Data 

points are the mean ± S.E.M of three to five independent experiments performed in triplicate. 
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Table 3. Pharmacological parameters characterizing the effects of the indicated compounds on IP1-
accumulation in live CHO-hM1 cells. 

 IP1 assay 

Entry Emaxa pEC50b n 

6-C7 59.00 ± 2.34 7.05 ± 0.11 4 

6-C10 43.91 ± 2.80 6.90 ± 0.17 4 

Iperoxo 102.50 ± 2.07 8.71 ± 0.07 4 

Xanomeline 83.39 ± 3.34 6.65 ± 0.14c 3 

ACh 96.73 ± 3.10 6.66 ± 0.09d 3 

aEmax is the maximal effect expressed as percentage of ACh (100 μM) effect. bpEC50 is the concentration 
of the indicated compound inducing a half-maximal IP1 activation. Data are the mean ± S.E.M. of three 
or four independent experiments performed in triplicate. cLiterature values: 6.0840, 6.9639. dLiterature 
values: 5.7939, 7.24 37, 7.2541, 7.4140. 
 
2.2.5.   Docking of Tacrine-Xanomeline hybrid compounds to AChE 

Computational docking studies were carried out to determine putative binding modes of the tacrine-

xanomeline hybrid series 7-Cn and 8-Cn. Building on crystal structures of bis-tacrine derivatives42 and 

previous docking calculations for other tacrine hybrids3, a conserved binding mode of the tacrine moiety 

was assumed and a scaffold match constraint was applied to ensure its proper placement in the CAS, 

thereby reducing the search space and improving the convergence of the docking runs. For all hybrids, 

the constraint was readily satisfied in all docking calculations, leading to unstrained and well-scored 

binding poses in which the tacrine moiety adopts the standard orientation in the CAS (i.e., sandwiched 

between Trp84 and Phe330 and further stabilized by hydrogen bonding to His440, as known from crystal 

structures) and the linker protrudes into the AChE binding gorge.  

The best representative poses of the methylammonium hybrids 8-Cn show that the xanomeline moiety 

can be favorably placed in the PAS, yet with differences depending on the linker length (Fig. 6). For 8-

C8, the 1,2,5-thiadiazole ring is sandwiched between Tyr70 and Trp279 at ring-center distances of 4.0 

and 3.7 Å, respectively (Fig. 6A).  The tetrahydropyridine moiety remains in close contact (< 4 Å) with 

the indole ring of Trp279, whereas the hexyl chain spans the cavity between Tyr70 and Ile275. In the 

case of 8-C10, the thiadiazole is also stacked between Tyr70 and Trp279 (with distances of 3.7 and 3.6 

Å, respectively) (Fig. 6A). This, however, occurs in a slightly tilted orientation in which the thiadiazole 

ring is inverted with respect to 8-C8, leading to a different orientation of the hexyl chain (directed back 
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towards the gorge). This is a consequence of the extended linker and results in less favorable scores in 

comparison to 8-C8. For 8-C12, a similar binding mode as for 8-C10 can be identified among the docking 

results; however, this is found less frequently and scored much poorer by DSX than the binding pose 

shown in Fig. 6C. In the latter, the linker adopts a relaxed, extended conformation and the xanomeline 

moiety is no longer sandwiched in the PAS but interacts through weak polar contacts with Tyr70. 

Nevertheless, the scores do not reach the values obtained by 8-C8. As a consequence, the absolute 

values of both the DSX- and ASP-per-atom-scores of the 8-Cn hybrids decrease in the order 8-C8 > 8-

C10 > 8-C12, in line with the ranking based on the experimental pIC50 values. 

The binding modes obtained for the 7-Cn derivatives are very similar to those of the corresponding 

analogues 8-Cn and are hence not discussed in detail here. The difference in inhibition potency between 

the 7-Cn and 8-Cn analogs can be rationalized on the basis of a higher desolvation cost for the tertiary 

nitrogen (in 7-Cn) compared to the quaternary ammonium (in 8-Cn), in analogy to other examples 

discussing the effect of amine methylation on binding affinity43.  
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Fig. 6. Representative docking solutions for the methylammonium xanomeline-tacrine hybrids 8-C8 (A), 
8-C10 (B) and 8-C12 (C). The binding poses illustrate the placement of the tacrine moiety in the CAS 
(with the tacrine scaffold match constraint depicted with magenta sticks), the linker chain in the gorge 
and the xanomeline part in or near the PAS. Most relevant contacts are highlighted and labeled with the 
corresponding distance (measured in Å).  
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3. Conclusions 

In this study, we aimed at combining the multitarget with the bitopic ligand approaches through the 

synthesis of new hybrid ligands targeting both AChE and the M1 mAChR subtype. The newly designed 

tacrine-xanomeline hybrids inhibited AChE with potency values higher than (8-Cn) or comparable to (7-

Cn) that measured for the model compound tacrine. We found that the extent of anticholinesterase 

activity is affected by both, the permanently charged ammonium head and the length of the 

polymethylene spacer, derivative 8-C8 being the most potent inhibitor in the set of studied compounds. 

Docking calculations suggested a binding mode in which the tacrine moiety is placed in the catalytic 

active site, whereas the xanomeline moiety occupies the peripheral recognition pocket. This occurs most 

favorably with the C8 linker and least favorably with the C12 linker, in line with the observed activity 

profile. 

In addition to their AChE inhibitory activity, the novel derivatives were assayed for M1 mAChR agonism, 

the additional property we were searching for in their biological profile. However, hybrids 7-Cn and 8-

Cn were unable to activate the M1 receptor subtype, indicating that the response-activating dualsteric 

binding mode does not occur in this instance. We performed a parallel analysis on the two selected 

tacrine-iperoxo hybrids 6-C7 and 6-C10, previously characterized by us for their relevant subnanomolar 

IC50 values towards cholinesterases and their ability to bind M1 and M2 mAChRs. In this instance, the 

presence of the superagonist iperoxo as the orthosteric molecular fragment dictated G protein activation 

and IP1 accumulation, characterizing these two hybrid compounds as partial agonists at the M1 receptor 

subtype. On the other hand, the xanomeline moiety, probably due to its hairpin structure, is not able to 

gain access to the orthosteric site, thus preventing activation of the M1 receptor by hybrids 7-Cn and 8-

Cn. Overall, comparable results were reported for the related hybrids 4 and 5, bearing the same 

pharmacophoric elements (tacrine and xanomeline) with a different structural connection as well as 

different linker moieties.  

Consistent with our data on M2 mAChRs, the dualsteric binding mode of iperoxo-containing hybrid 

ligands also at the M1 receptor is a useful starting point in view of further investigations. Moreover, 6-C7 

and 6-C10, despite their permanently charged nitrogen, showed an overall lipophilicity (logP equal to 

2.05 and 3.28, respectively)131, which is an indication of their propensity to act at the CNS. Taken 
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together, these preliminary results suggest that a dual mechanism of action, i.e., combining AChE 

inhibition with activation of M1 receptors in a single molecular entity, may represent a promising 

approach for a putative therapeutic intervention on a multifactorial pathology like Alzheimer’s disease. 

 

4. Materials and methods 

4.1. Chemistry 

All chemicals were purchased from Sigma-Aldrich Srl (Milan, Italy and Schnelldorf, Germany), VWR 

(Darmstadt, Germany) and TCI (Eschborn, Germany) and were used without further purification. For 

chromatographic applications (HPLC, LC-MS), deionized water produced by means of a Milli-Q® system 

(Merck, Darmstadt, Germany) was used.  HPLC grade and LC-MS grade solvents were from Sigma-

Aldrich (Munich, Germany). The synthesis of some intermediates required inert atmosphere of argon or 

nitrogen and anhydrous conditions. The reactions was monitored by thin-layer chromatography (TLC) 

on commercial aluminum plates precoated with silica gel 60 (F-254, Merck) or with aluminum oxide (F-

254, Fluka). Visualization was performed with UV light at 254 nm. Spots were further evidenced by 

spraying with a dilute alkaline potassium permanganate solution or an ethanol solution of 

phosphomolybdic acid and, for tertiary amines, with the Dragendorff reagent. The synthesized 

compounds were purified on glass chromatography columns packed with silica gel (230–400 mesh 

particle size, pore size 60 Å, Merck) or by flash chromatography on a puriFlash®430 system (Interchim, 

Montlucon, France) employing prepacked columns (Interchim, Montluçon, France) with silica gel filling 

(particle size 30 μm or 50 μm) for normal-phase purifications; eluents have been specified from time to 

time. The detection was carried out by means of an UV detector and an Evaporative Light Scattering 

Detector (ELSD). Microwave assisted reactions were accomplished by means of a synthWAVE 

instrument (Milestone, Leutkirch, Germany). 1H NMR and 13C NMR spectra have been registered with 

a Bruker Avance 400 instrument (400 MHz and 100 MHz, respectively) or a Varian Mercury 300 

instrument (300 MHz and 75 MHz, respectively). Chemical shifts (δ) are expressed in parts-per-million 

(ppm) and coupling constants (J) in hertz (Hz). Abbreviations used for peak multiplicities are given as 

follows: s (singlet), bs (broad singlet), d (doublet), dd (doublet of doublets), ddd (doublet of doublet of 

doublets), dddd (doublet of doublet of doublet of doublets), t (triplet), q (quartet), quint (quintet), m 
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(multiplet). Melting points have been determined with a Büchi Mod. B 540 apparatus and are 

uncorrected. The HPLC and mass analyses were performed on a Shimadzu LCMS-2020 system 

equipped with a DGU-20A3R degassing  unit,  a  LC20AB  liquid  chromatograph  and  a  SPD-20A  

UV/Vis  detector. A Synergi 4U fusion -RP (150 × 4.6 mm) column was used as stationary phase. A 

gradient mobile phase consisting of 0.1% formic acid in water (solvent A) and 0.1% formic acid in MeOH 

(solvent B) was used. The time program elution was as follows: solvent A from 0% to 90% in 13 min, 

then 90% for 5 min, from 90% to 5% in 1 min, then 5% for 4 min. The flow rate was 1.0 mL/min and UV 

detection was measured at 254 nm. All final compounds were found to have a ≥ 95% purity. Mass 

spectra were recorded in ESI-positive mode and the data are reported as mass-to-charge ratio (m/z) of 

the corresponding positively charged molecular ions. The tacrine-iperoxo hybrid derivatives 6-C7 and 

6-C10 were prepared according to known procedures131. 

 

4.2. Preparation of Tacrine moiety: Synthesis of 1,2,3,4-tetrahydroacridin-9-amine (1) 

Zinc chloride (3.47 g, 25.4 mmol) was added to a mixture of 2-aminobenzonitrile (3 g, 25.4 mmol) and 

cyclohexanone (30.5 mL, 294.6 mmol). The reaction was kept at 120°C for 16 h, then cooled to room 

temperature and the solvent was evaporated under reduced pressure. To the residue, 50 mL of AcOEt 

were added and the resulting solid was collected after filtration. To the solid, 65 mL of a 10% solution of 

NaOH in water was poured and kept under stirring overnight. After filtration, the cake was washed with 

H2O (3 × 20 mL), and then kept under stirring overnight with 30 mL of MeOH. The solid was filtered and 

the solvent was evaporated under reduced pressure to give tacrine 1 as a yellow solid (4,95 g, 98%): Rf 

= 0.47 (CHCl3/MeOH/NH3 7:3:0,1). mp = 178‒181 °C. 1H NMR (400 MHz, CDCl3): δ 7.89 (dd, J = 8.5, 

0.6 Hz, 1H; H9), 7.68 (dd, J = 8.4, 0.8 Hz, 1H; H6), 7.55 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H; H7), 7.35 (ddd, 

J = 8.2, 6.8, 1.2 Hz, 1H; H8), 4.65 (s, J = 42.8 Hz, 2H; NH2), 3.01 (t, J = 9.9 Hz, 2H; H4), 2.60 (t, J = 6.2 

Hz, 2H; H1), 1.99-1.84 (m, 4H; 2×H2, 2×H3). 13C NMR (101 MHz, CD3OD): δ 158.45, 150.72, 146.73, 

129.84, 127.25, 124.51, 122.32, 118.20, 110.50, 33.86, 24.53, 23.76, 23.71. 

 

4.3. General procedure for the synthesis of intermediates 9a-c 
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To a solution of tacrine (1) (1 equiv) in CH3CN (0.1 M) was added KOH (2 equiv) and the reaction was 

kept under stirring for 2 h. Then, a solution of the appropriate dibromoalkane (10 equiv) in CH3CN (4 M) 

was added. The reaction was kept for 3 days at 40 °C, then the mixture was purified through silica gel 

column chromatography, using DCM/MeOH 99:1 → 9:1 as eluent, thus providing intermediates 9a-c as 

pure compounds. 

 

4.3.1. N-(8-Bromooctyl)-1,2,3,4-tetrahydroacridin-9-amine (9a) 

The title compound was prepared by reacting 1 (400 mg, 2.02 mmol), KOH (135 mg, 2.42 mmol) and 

1,8-dibromooctane (5.48 g, 20.18 mmol) in CH3CN (25 mL). After standard workup, 9a was obtained as 

a yellow oil (250 mg, 32%): Rf = 0.50 (DCM/MeOH 9:1). 1H NMR (400 MHz, CDCl3): δ 8.68 (d, J = 8.5, 

1H; H9), 8.18 (d, J = 8.6 Hz, 1H; H6), 7.73 (m, 1H; H7), 7.47 (t, J = 7.85 Hz, 1H; H8), 5.51 (s, 1H; NH), 

3.94 (dd, J = 12.3, 6.8 Hz, 2H; CH2−Br), 3.40 (m, 4H; HN−CH2, H4), 2.58 (t, J = 5.9, 2H; H1), 1.92‒1.83 

(m, 8H; 2×H2, 2×H3, CH2−CH2−Br, HN−CH2−CH2), 1.48‒1.38 (m, 8H; 

HN−(CH2)2−CH2−CH2−CH2−CH2−(CH2)2−Br). 13C NMR (101 MHz, CDCl3): δ 155.41, 151.19, 139.29, 

131.91, 124.89, 124.61, 120.76, 116.06, 111.41, 48.26, 34.06, 32.60, 3.91, 28.97, 28.81, 28.52, 27.91, 

26.56, 24.25, 22.00, 20.82. 

 

4.3.2. N-(10-Bromodecyl)-1,2,3,4-tetrahydroacridin-9-amine (9b) 

The title compound was prepared by reacting 1 (450 mg, 2.27 mmol), KOH (255 mg, 4.54 mmol) and 

1,10-dibromodecane (6.81 g, 22.70 mmol) in CH3CN (25 mL).  After standard workup, 9b was obtained 

as a yellow oil (308 mg , 35%): Rf = 0,51 (DCM/MeOH 9:1). 1H NMR (400 MHz, CDCl3): δ 7.94 (t, J = 

8.1 Hz, 2H; H9, H6), 7.50 (t, J = 7.6 Hz, 1H; H7), 7.30 (t, J = 7.6, 1H; H8), 4.28 (s, 1H; NH), 3.49 (t, J = 

7,1 Hz, 2H; CH2−Br), 3.34 (td, J = 6.8, 1.5 Hz, 2H; HN−CH2), 3.04 (s, 2H; H4), 2.65 (s, 2H; H1), 1.92‒

1.83 (m, 4H; 2×H2, 2×H3), 1.83‒1.74 (m, 2H; CH2−CH2−Br), 1.68‒1.58 (m, 2H; HN−CH2−CH2), 1.44‒

1.13 (m, 12H; HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−(CH2)2−Br). 13C NMR (101 MHz, CDCl3). δ 

155.11, 151.13, 139.41, 131.51, 124.58, 124.47, 120.72, 116.06, 111.49, 48.06, 33.94, 32.52, 30.75, 

29.11, 29.05, 28.94, 28.84, 28.43, 27.85, 26.49, 24.21, 21.88, 20.74. 
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4.3.3. N-(10-Bromododecyl)-1,2,3,4-tetrahydroacridin-9-amine (9c) 

The title compound was prepared by reacting 1 (250 mg, 1.26 mmol), KOH (141 mg, 2.52 mmol) and 

1,12-dibromododecane (3.31 g, 10.09 mmol) in CH3CN (15 mL). After standard workup, 9c was obtained 

as a yellow oil (250 mg , 51%): Rf = 0,56 (DCM/MeOH 9:1). 1H NMR (400 MHz, CDCl3): δ 8.32 (d, J = 

8.3, 1H; H9), 8.22 (d, J = 8.7, 1H; H6),  7.54 (t, J = 7.6, 1H; H7), 7.33 (t, J = 7.7, 1H; H8), 3.87 (t, J = 7.1 

Hz, 2H; CH2−Br), 3.29 (t, J = 6.8 Hz, 2H; HN−CH2), 3.19‒3.06 (m, 2H; H4), 2.73‒2.58 (m, 2H; H1), 

1.88‒1.59 (m, 8H; 2×H2, 2×H3, CH2−CH2−Br, HN−CH2−CH2), 1.39‒0.96 (m, 16H; 

HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−(CH2)2−Br). 13C NMR (101 MHz, CDCl3): δ 

155.74, 150.46, 138.55, 132.03, 124.82, 124.74, 120.01, 115.68, 111.05, 103.13, 48.06,  45.11, 34.04, 

32.68, 30.81, 29.35, 29.27, 29.11, 28.60, 28.31, 28.01, 26.62, 24.24, 21.88, 20.62. 

 

4.4. Preparation of Xanomeline moiety: Synthesis of 2-hydroxy-2-(pyridin-3-yl)acetonitrile (10) 

A water solution of 3-pyridinecarboxaldheyde (3.00 g, 28.01 mmol) and acetic acid (28.01 mmol, 1.68 

g) were added to a water solution of TMSCN (3.71 g, 37.21 mmol) at 0°C. The reaction proceeded at 

room temperature for 23 h and then was extracted with AcOEt (3 × 20 mL). The pooled organic phases 

were dried over anhydrous Na2SO4 and the solvent was evaporated under reduced pressure, giving the 

desired product 10 as a yellow-orange oil (3,36 g, 78%): Rf = 0.44 (AcOEt). 1H NMR (300 MHz, CDCl3): 

δ 8.62 (d, J = 2.0 Hz, 1H; H2′), 8.53 (d, J = 4.7 Hz, 1H; H6′), 7.96 (dt, J = 7.9, 1.6 Hz, 1H; H4′), 7.42 (dd, 

J = 7.9, 5.0 Hz, 1H; H5′), 5.65 (s, 1H; CH−CN). 13C NMR (75 MHz, CDCl3): δ 149.70, 147.10, 135.58, 

133.08, 124.50, 118.81, 61.05. 

 

4.4.1. 2-Amino-2-(pyridin-3-yl)acetonitrile (11) 

To a water solution of NH4Cl (7.93 g, 148.17 mmol), 4 mL of NH3 (33% in water) and then a water 

solution of 10 (2.65 g, 19.76 mmol) were added dropwise. The reaction was kept at room temperature 

for 22 h. The aqueous phase was extracted four times with 10 mL of DCM, and four times with 10 mL 

of a mixture of DCM/iPrOH (7:3). The pooled organic phases were dried over anhydrous Na2SO4 and 

concentrated under reduced pressure, giving the desired product 11 as an orange oil (1.160 g, 44%): Rf 

= 0.52 (DCM/MeOH 9:1). 1H NMR (300 MHz, CDCl3): δ 8.80 (d, J = 2.3 Hz, 1H; H2′), 8.64 (dd, J = 4.8, 
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1.4 Hz, 1H; H6′), 7.89 (dt, J = 8.0, 1.7 Hz, 1H; H4′), 7.36 (dd, J = 8.0, 4.8 Hz, 1H; H5′), 4.97 (s, 1H; 

CH−CN), 2.00 (s, 2H; NH2). 13C NMR (75 MHz, CDCl3): δ 150.28, 148.24, 134.37, 132.09, 123.70, 

120.02, 45.20. 

 

4.4.2. 3-Chloro-4-(pyridin-3-yl)-1,2,5-thiadiazole (12) 

A solution of 11 (1.15 g, 8.64 mmol) in 5 mL of DMF and S2Cl2 (1.38 mL, 17.27 mmol) was added 

dropwise to 10mL of DMF at 0°C. After 30 min, 20 mL of water were poured and the suspension was 

filtered. The filtrate was basified with 9M NaOH (10 mL), and the aqueous phase was extracted with 

DCM (3 × 20 mL). The pooled organic phases were dried over anhydrous Na2SO4, concentrated under 

reduced pressure, affording the desired product 12 as a brown solid (1.35 g, 79%): Rf = 0.30 

(cyclohexane/AcOEt 3:2). mp = 51‒53 °C. 1H NMR (300 MHz, CDCl3): δ 9.14 (d, J = 2.1 Hz, 1H; H2′), 

8.66 (dd, J = 4.8, 1.5 Hz, 1H; H6′), 8.21 (dt, J = 8.1, 1.7 Hz, 1H; H4′), 7.38 (dd, J = 7.9, 4.8 Hz, 1H; H5′). 

13C NMR (75 MHz, CDCl3): δ 155.09, 150.83, 149.21, 143.44, 135.68, 126.82, 123.31. 

 

4.4.3.  3-(Hexyloxy)-4-(pyridin-3-yl)-1,2,5-thiadiazole (13) 

A suspension of 60% NaH (1,48 g, 61.47 mmol) in anhydrous THF (3mL) was added dropwise to a 

solution of 1-hexanol (2.09 g, 20.49 mmol) in anhydrous THF (6mL) at 0 °C. The suspension was kept 

under stirring at room temperature for 2 h. A solution of 12 (1.35 g, 6.83 mmol) in anhydrous THF (5mL) 

was added dropwise to the suspension. The reaction was kept under reflux for 3h and then quenched 

with 10 mL of a saturated aqueous solution of NaHCO3. The aqueous phase was extracted with DCM 

(3 × 10 mL), the pooled organic phases were dried over anhydrous Na2SO4 and then concentrated under 

reduced pressure. The crude was purified through silica gel column chromatography, using as eluent 

cyclohexane/AcOEt 9:1. The desired product 13 was obtained as a white solid (1.53 g, 85%): Rf = 0.41 

(cyclohexane/AcOEt 4:1). mp = 49‒51 °C. 1H NMR (300 MHz, CDCl3): δ 9.41 (dd, J = 2.2, 0.7 Hz, 1H; 

H2′), 8.66 (dd, J = 4.8, 1.6 Hz, 1H; H6′), 8.46 (dt, J = 8.1, 1.9 Hz, 1H; H4′), 7.42 (ddd, J = 8.1, 4.9, 0.7 

Hz, 1H; H5′), 4.53 (t, J = 6.7 Hz, 2H; CH2−O), 1.89 (quint, J = 6.9 Hz, 2H; CH2−CH2−O), 1.67‒0.89 (m, 

6H; CH3−CH2−CH2−CH2−(CH2)2−O), 0.91 (t, J = 5.6 Hz, 3H; CH3−(CH2)5−O). 13C NMR (75 MHz, CDCl3): 

δ 162.85, 150.12, 148.65, 144.95, 134.66, 127.67, 123.37, 71.45, 31.44, 28.88, 25.69, 22.54, 14.00. 
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4.4.4.  1-Methyl-3-(4-(pentyloxy)-1,2,5-thiadiazol-3-yl)pyridin-1-ium iodide (14) 

Iodomethane (1.08 g, 7.59 mmol) was added dropwise to a solution of 13 (500 mg, 1.90 mmol) in 4 mL 

of acetone. The reaction proceeded for 26 h at room temperature, then the solution was concentrated 

under reduced pressure, and washed with Et2O (10 mL). The desired product 14 was obtained as a 

yellow oil (733 mg, 95%): Rf = 0.30 (DCM/MeOH 4:1). 1H NMR (300 MHz, CDCl3): δ 9.60 (d, J = 5.4 Hz, 

1H; H2′), 9.45 (s, 1H; H6′), 9.11 (d, J = 8.2 Hz, 1H; H4′), 8.28 (dd, J = 8.3, 5.4 Hz, 1H; H5′), 4.79 (s, 3H; 

CH3−N+), 4.57 (t, J = 6.9 Hz, 2H; CH2−O), 1.91 (quint, J = 6.9 Hz, 2H; CH2−CH2−O), 1.59‒1.13 (m, 6H; 

CH3−CH2−CH2−CH2−(CH2)2−O), 0.88 (t, J = 6.3 Hz, 3H; CH3−(CH2)5−O). 13C NMR (75 MHz, CDCl3): δ 

163.13, 145.73, 142.86, 141.88, 139.45, 131.47, 128.65, 72.49, 50.67, 31.34, 28.72, 25.54, 22.52, 

13.99. 

 

4.4.5. 3-(Hexyloxy)-4-(1-methyl-1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-thiadiazole (3) 

A solution of NaBH4 (273 mg, 7.20 mmol) in 3 mL of MeOH was added dropwise to a solution of 14 (730 

mg, 1.80 mmol) in 5 mL of MeOH. The reaction was kept under stirring at room temperature for 2.5 

days. After quenching with 10 mL of water, the aqueous phase was extracted with DCM (3 × 10 mL). 

The pooled organic phases were dried over anhydrous Na2SO4 and then concentrated under reduced 

pressure. The crude was purified through silica gel column chromatography, using as eluent 

DCM/MeOH 95:5. Xanomeline 3 was obtained as a yellow-orange oil (383 mg, 75%): Rf = 0.30 

(DCM/MeOH 95:5). 1H NMR (300 MHz, CDCl3): δ 7.16‒6.96 (m, 1H; H4′), 4.44 (t, J = 6.6 Hz, 2H; 

CH2−O), 3.51 (d, J = 2.0 Hz, 2H; H2′), 2.63 (t, J = 5.7 Hz, 2H; H6′), 2.50 (s, 5H; CH3−N, 2×H5′), 1.83 

(quint, J = 6.9 Hz, 2H; CH2−CH2−O), 1.58‒1.12 (m, 6H; CH3−CH2−CH2−CH2−(CH2)2−O), 0.90 (t, J = 6.6 

Hz, 3H; CH3−(CH2)5−O). 13C NMR (75 MHz, CDCl3): δ 162.49, 146.55, 128.86, 128.18, 70.93, 54.74, 

51.08, 45.68, 31.34, 28.76, 26.28, 25.60, 22.48, 13.94. 
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4.5. Preparation of Tacrine-Xanomeline hybrid compounds: General procedure for the synthesis of 

intermediates 15a-c 

A solution of compound 13 (1 equiv) in DMF (0.1 M) was added to a solution of functionalized tacrine-

incorporating bromide (9a-c) (1 equiv) in DMF (0.1 M). The mixture was stirred in a sealed reaction tube 

for 36 h at 100 °C. The crude reaction mixture was passed through a silica plug, eluting with DCM/MeOH 

100:0 → 4:1. The isolated desired compound was used without any further purification. 

 

4.5.1. 3-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-1-(8-((1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)pyridin-

1-ium bromide (15a) 

The title compound was prepared by reacting 13 (300 mg, 1,14 mmol) and 9a (443 mg, 1.14 mmol) in 

DMF (20 mL). After standard workup, 15a was obtained as a yellow oil  (159 mg , 21%): Rf = 0.20 

(DCM/MeOH 9:1). 1H NMR (400 MHz,  CD3OD): δ 9.61 (s, 1H; H2′), 9.23 (dt, J = 8.3, 1.3 Hz, 1H; H4′), 

9.10 (d, J = 6.1 Hz, 1H; H6′), 8.39 (d, J = 8.6 Hz, 1H; H5′), 8.26 (dd, J = 8.2, 6.1 Hz, 1H; H9), 7.84 (ddd, 

J = 6.8, 3.1, 1.5 Hz, 1H; H6), 7.79 (dd, J = 8.5, 1.2 Hz, 1H; H7), 7.58 (ddd, J = 7.1, 3.3, 1.5 Hz, 1H; H8), 

4.77 (t, J = 7.6 Hz, 2H; CH2−N+), 4.62 (t, J = 6.7 Hz, 2H; CH2−O), 3.95 (t, J = 7.4 Hz, 2H; HN−CH2), 3.03 

(t, J = 5.6 Hz, 2H; H4), 2.71 (t, J = 5.4 Hz, 2H; H1), 2.09 (quint, J = 7.2 Hz, 2H; CH2−CH2−O), 2.00‒1.91 

(m, 6H; CH2−CH2−N+, 2×H2, 2×H3), 1.89‒1.78 (m, 2H; HN−CH2−CH2), 1.54‒1.28 (m, 14H; 

HN−(CH2)2−CH2−CH2−CH2−CH2−(CH2)2−N+, CH3−CH2−CH2−CH2−(CH2)2−O), 0.91 (t, J = 7.1 Hz, 3H; 

CH3−(CH2)5−O). 13C NMR (101 MHz, CD3OD): δ 164.47, 157.91, 151.70, 145.57, 144.21, 143.81, 

141.87, 139.77, 134.04, 133.22, 129.67, 126.46, 126.31, 120.15, 117.03, 112.82, 73.32, 63.60, 49.10, 

32.64, 32.45, 31.52, 30.08, 30.00, 29.85, 29.30, 27.63, 27.12, 26.74, 24.93, 23.62, 22.98, 21.83, 14.38. 

 

4.5.2. 3-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-1-(10-((1,2,3,4-tetrahydroacridin-9-

yl)amino)decyl)pyridin-1-ium bromide (15b) 

The title compound was prepared by reacting 13 (250 mg, 0.949 mmol) and 9b (396 mg, 0.949 mmol) 

in DMF (20 mL). After standard workup, 15b was obtained as a yellow oil (148 mg, 23%): Rf = 0.24 

(DCM/MeOH 9:1). 1H NMR (400 MHz,  CDCl3): δ 10.36 (d, J = 6.0 Hz, 1H; H2′), 9.38 (s, 1H; H4′), 9.07 

(dd, J = 9.7, 1.3 Hz, 1H; H6′), 8.25 (dd, J = 8.2, 6.1 Hz, 1H; H5′), 7.94 (dd, J = 23.1, 8.3 Hz, 2H; H9, H6), 
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7.51 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H; H7), 7.31 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H; H8), 5.14 (t, J = 7.5 Hz, 2H; 

CH2−N+), 4.57 (t, J = 6.8 Hz, 2H; CH2−O), 3.55–3.42 (m, 2H; HN−CH2), 3.05 (s, 2H; H4), 2.70 (s, 2H; 

H1), 2.06 (dd, J = 14.6, 7.5 Hz, 2H; CH2−CH2−O), 1.95–1.84 (m, 6H CH2−CH2−N+, 2×H2, 2×H3), 1.63 

(dd, J = 14.0, 7.1 Hz, 2H; HN−CH2−CH2), 1.51–1.09 (m, 18H; 

HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−(CH2)2−N+, CH3−CH2−CH2−CH2−(CH2)2−O), 0.89 (t, J = 

7.1 Hz, 3H; CH3−(CH2)5−O) 13C NMR (101 MHz, CD3OD): δ 164.46, 157.91, 151.75, 145.57, 144.16, 

143.84, 141.85, 139.82, 134.00, 133.23, 129.68, 126.41, 126.26, 120.22, 117.05, 112.81, 73.32, 63.63, 

49.13, 32.64, 32.48, 31.55, 30.50, 30.41, 30.29, 30.13, 29.86, 29.28, 27.72, 27.20, 26.75, 24.88, 23.62, 

22.98, 21.84, 14.39. 

 

4.5.3. 3-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-1-(12-((1,2,3,4-tetrahydroacridin-9-

yl)amino)dodecyl)pyridin-1-ium bromide (15c) 

The title compound was prepared by reacting 13 (100 mg, 0.380 mmol) and 9c (200 mg, 0.449 mmol) 

in DMF (10 mL). After standard workup, 15c was obtained as a yellow oil  (60 mg , 22%): Rf = 0.26 

(DCM/MeOH 9:1). 1H NMR (400 MHz,  CD3OD): δ 9.61 (s, 1H; H2′), 9.24 (dt, J = 8.3, 1.3, 1.2 Hz, 1H; 

H4′), 9.07 (d, J = 6.1 Hz, 1H; H6′), 8.39 (d, J = 8.3 Hz, 1H; H5′), 8.25 (dd, J = 8.1, 6.2 Hz, 1H; H9), 7.85 

(ddd, J = 8.1, 6.9, 1.1 Hz, 1H; H6), 7.77 (dd, J = 8.5, 0.9 Hz, 1H; H7), 7.58 (ddd, J = 8.4, 6.9, 1.3 Hz, 

1H; H8), 4.75 (t, J = 7.6 Hz, 2H; CH2−N+), 4.63 (t, J = 6.7 Hz, 2H; CH2−O), 3.95 (t, J = 7.4 Hz, 2H; 

HN−CH2), 3.02 (t, J = 5.6 Hz, 2H; H4), 2.71 (t, J = 5.4 Hz, 2H; H1), 2.09 (quint, J = 7.9 Hz, 2H; 

CH2−CH2−O), 2.01‒1.92 (m, 6H; CH2−CH2−N+, 2×H2, 2×H3), 1.83 (quint, J = 7.7 Hz, 2H; 

HN−CH2−CH2), 1.57‒1.25 (m, 22H; HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−(CH2)2−N+, 

CH3−CH2−CH2−CH2−(CH2)2−O), 0.93 (t, J = 7.1 Hz, 3H; CH3−(CH2)5−O). 13C NMR (101 MHz,  CD3OD): 

δ 178.08, 164.50, 158.04, 151.69, 145.55, 144.15, 143.90, 141.86, 139.80, 134.12, 133.30, 129.67, 

126.52, 126.31, 120.11, 117.07, 112.86, 73.35, 63.67, 49.07, 32.68, 32.50, 31.56, 30.64, 30.54, 30.35, 

30.19, 29.90, 29.31, 27.75, 27.24, 26.79, 24.89, 23.65, 22.99, 22.95, 21.86, 14.38. 
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4.6. General procedure for the synthesis of target compounds 7-Cn 

To a solution of intermediate pyridinium salt (15) (1 equiv) in MeOH (0.03 M), a solution of NaBH4 (5 - 8 

equiv) in MeOH (0.5 M) was added dropwise at 0°C, and the reaction was stirred for 5 h at room 

temperature. After quenching with a saturated solution of NaHCO3, the aqueous phase was extracted 

with DCM. The pooled organic phases were dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude reaction mixtures were submitted to silica gel column chromatography 

(eluent: DCM/MeOH 95:5), providing the pure target derivatives 7-C8, 7-C10 and 7-C12. 

 

4.6.1. N-(8-(5-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-3,6-dihydropyridin-1(2H)-yl)octyl)-1,2,3,4-

tetrahydroacridin-9-amine (7-C8) 

The title compound was prepared by reacting 15a (100 mg, 0.153 mmol), and NaBH4 (35 mg, 0.919 

mmol) in 7 mL of MeOH. After standard workup, 7-C8 was obtained as a brown oil (21 mg, 24%): Rf = 

0.31 (DCM/MeOH 95:5). 1H NMR (400 MHz,  CD3OD): δ 8.38 (d, J = 8.7 Hz, 1H; H9), 7.81 (dt, J = 18.7, 

7.9 Hz, 2H; H6, H7), 7.57 (dd, J = 11.2, 4.3 Hz, 1H; H8), 7.14 (s, 1H; H4′), 4.47 (t, J = 6.5 Hz, 2H; 

CH2−O), 3.94 (t, J = 7.3 Hz, 2H; HN−CH2), 3.65 (s, 2H; H2′), 3.02 (d, J = 5.7 Hz, 2H; H4), 2.83 (t, J = 

5.8 Hz, 2H; H1), 2.68 (dd, J = 9.6, 6.4 Hz, 4H; 2×H6′, CH2−N), 2.51 (d, J = 3.7 Hz, 2H; H5′), 2.03–1.91 

(m, 4H; 2×H2, 2×H3), 1.84 (dt, J = 13.2, 6.5 Hz, 4H; CH2−CH2−O, HN−CH2−CH2), 1.65 (s, 2H; 

CH2−CH2−CH2−O), 1.50–1.30 (m, 14H; HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−N, 

CH3−CH2−CH2−(CH2)3−O), 0.92 (t, J = 7.0 Hz, 3H; CH3−(CH2)5−O). 13C NMR (101 MHz, CD3OD): δ 

163.81, 155.88, 154.84, 147.84, 143.32, 132.15, 129.90, 129.85, 127.30, 125.57, 123.55, 118.89, 

114.49, 72.19, 59.46, 54.06, 50.35, 49.39, 32.56, 31.82, 31.44, 30.76, 30.42, 30.19, 29.89, 28.50, 27.71, 

27.51, 26.82, 25.44, 23.61, 23.48, 22.67, 14.35. MS (ESI) m/z [M+H]+ calcd for C34H50BrN5OS+: 575.37, 

found: 576.25. HPLC analysis: retention time = 8.275 min, purity 96.91%. 
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4.6.2. N-(10-(5-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-3,6-dihydropyridin-1(2H)-yl)decyl)-1,2,3,4-

tetrahydroacridin-9-amine (7-C10) 

The title compound was prepared by reacting 15b (140 mg, 0.206 mmol), and NaBH4 (474 mg, 1.066 

mmol) in 9 mL of MeOH. After standard workup, 7-C10 was obtained as a brown oil  (20 mg, 16%): Rf 

= 0.41 (DCM/MeOH 95:5). 1H NMR (400 MHz, CD3OD): δ 8.09 (d, J = 8.6 Hz, 1H; H9), 7.66 (d, J = 8.4 

Hz, 1H; H6), 7.55 (t, J = 7.6 Hz, 1H; H7), 7.33 (t, J = 7.7 Hz, 1H; H8), 6.99 (t, J = 3.8 Hz, 1H; H4′), 4.36 

(t, J = 6.4 Hz, 2H; CH2−O), 3.57 (t, J = 7.1 Hz, 2H; HN−CH2), 3.38 (s, 2H; H2′), 2.89 (s, 2H; H4), 2.63 

(s, 2H; H1), 2.55 (t, J = 5.7 Hz, 2H; H6′), 2.45‒2.37 (m, 2H; CH2−N), 2.37‒2.30 (m, 2H; H5′), 1.87‒1.80 

(m, 4H; 2×H2, 2×H3), 1.73 (quint, J = 7.0 Hz, 2H; HN−CH2−CH2), 1.60 (d, J = 7.2 Hz, 2H; CH2−CH2−O), 

1.54‒1.44 (m, 2H; CH2−CH2−CH2−O), 1.43‒1.12 (m, 18H; 

HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−N, CH3−CH2−CH2−(CH2)3−O), 0.82 (t, J = 7.0 

Hz, 3H; CH3−(CH2)5−O). 13C NMR (101 MHz, CD3OD): δ 163.86, 156.60, 154.94, 147.93, 139.81, 

133.93, 131.23, 130.00, 129.88, 125.24, 125.14, 119.91, 115.45, 72.20, 59.55, 54.09, 50.39, 49.56, 

32.57, 32.01, 30.79, 30.75, 30.52, 30.45, 30.44, 30.25, 29.91, 28.63, 27.78, 27.58, 26.83, 25.72, 23.75, 

23.61, 23.10, 14.32. MS (ESI) m/z [M+H]+ calcd for C36H54BrN5OS+: 603.40, found: 604.25. HPLC 

analysis: retention time = 8.3 min, purity 96.7%. 

 

4.6.3. N-(12-(5-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-3,6-dihydropyridin-1(2H)-yl)dodecyl)-1,2,3,4-

tetrahydroacridin-9-amine (7-C12) 

The title compound was prepared by reacting 15c (200 mg, 0.282 mmol), and NaBH4 (86 mg, 2.26 

mmol) in 12 mL of MeOH. After standard workup, 7-C12 was obtained as a brown oil (84 mg, 47%): Rf 

= 0.46 (DCM/MeOH 95:5). 1H NMR (400 MHz,  CD3OD): δ 8.35 (d, J = 8.7 Hz, 1H; H9), 7.86‒7.73 (m, 

2H; H6, H7), 7.55 (ddd, J = 8.5, 6.6, 1.6 Hz, 1H; H8), 7.11 (dd, J = 3.7, 2.0 Hz, 1H; H4′), 4.46 (t, J = 6.5 

Hz, 2H; CH2−O), 3.90 (t, J = 7.2 Hz, 2H; HN−CH2), 3.66‒3.53 (m, 2H; H2′), 3.01 (s, 2H; H4), 2.78‒2.65 

(m, 4H; 2×H1, 2×H6′), 2.65‒2.55 (m, 2H; CH2−N), 2.48 (s, 2H; H5′), 1.96 (s, 4H; H2), 1.90‒1.71 (m, 4H; 

2×H3, HN−CH2−CH2), 1.69‒156 (m, 2H; CH2−CH2−O), 1.56‒1.14 (m, 24H; 

HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−N, CH3−CH2−CH2−CH2−(CH2)2−O), 

0.92 (t, J = 7.0 Hz, 3H; CH3−(CH2)5−O). 13C NMR (101 MHz,  CD3OD): δ 163.84, 157.47, 152.49, 147.66, 
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133.59, 129.75, 129.50, 127.33, 126.27, 126.11, 121.02, 117.55, 113.28, 72.24, 59.38, 53.83, 50.28, 

49.24, 32.57, 31.59, 30.63, 30.60, 30.56, 30.53, 30.25, 29.90, 29.88, 28.57, 27.70, 27.36, 27.24, 26.82, 

26.51, 25.01, 23.61, 23.13, 22.08, 14.34. MS (ESI) m/z [M+H]+ calcd for C38H58BrN5OS+: 631.43, found: 

632.35. HPLC analysis: retention time = 8.9 min, purity 95.7%. 

 

4.7. General procedure for the synthesis of target compounds 8-Cn 

The reaction was conducted under Argon atmosphere. To a solution of Xanomeline 3 (1 equiv) in dry 

CH3CN (0.1 M) a solution of functionalized tacrine bromide (9) (1 equiv) in dry CH3CN (0.1 M) was 

added. The mixture was reacted for 10 h at 80 °C in a microwave apparatus (pressure: 19 atm, power 

of 500 W). The crude reaction mixtures were submitted to silica gel column chromatography (eluent: 

DCM/MeOH 99:1 → 9:1), providing the pure target derivatives 8-C8, 8-C10 and 8-C12. 

 

4.7.1. 5-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-1-methyl-1-(8-((1,2,3,4-tetrahydroacridin-9-

yl)amino)octyl)-1,2,3,6-tetrahydropyridin-1-ium bromide (8-C8)  

The title compound was prepared by reacting 3 (150 mg, 0.533 mmol) and 9a (228 mg, 0.586 mmol) in 

CH3CN (10 mL). After standard workup, 8-C8 was obtained as a beige solid (90 mg , 25%): Rf = 0.36 

(DCM/MeOH 9:1). mp = 96‒98 °C. 1H NMR (400 MHz,  CD3OD): δ 8.43 (d, J = 8.7 Hz, 1H; H9), 7.87 

(ddd, J = 8.5, 7.0, 1.1 Hz, 1H; H6), 7.81 (dd, J = 8.5, 1.2 Hz, 1H; H7), 7.61 (ddd, J = 8.4, 6.8, 1.4 Hz, 

1H; H8), 7.32 (dd, J = 4.8, 3.3 Hz, 1H; H4′), 4.56‒4.48 (m, 4H; CH2−O, 2×H2′), 3.99 (d, J = 7.3 Hz, 2H; 

HN−CH2), 3.72‒3.62 (m, 2H; CH2−N+), 3.52 (t, J = 8.3 Hz, 2H; H6′), 3.21 (s, 3H; CH3−N+), 3.05 (t, J = 

5.6 Hz, 2H; H4), 2.83 (s, 2H; H1), 2.74 (t, J = 5.4 Hz, 2H; H5′), 2.05‒1.80 (m, 10H; 2×H2, 2×H3, 

CH2CH2O, CH2CH2N+, NHCH2CH2), 1.56‒1.33 (m, 14H; HN−(CH2)2−CH2−CH2−CH2−CH2−(CH2)2−N+, 

CH3−CH2−CH2−CH2−(CH2)2−O), 0.95 (t, J = 7.1 Hz, 3H; CH3−(CH2)5−O). 13C NMR (101 MHz, CD3OD): 

δ 163.94, 157.91, 151.69, 145.53, 139.82, 134.03, 127.67, 126.50, 126.29, 124.34, 120.17, 117.07, 

112.87, 72.63, 65.60, 60.25, 57.26, 49,14, 48.37, 32.58, 31.53, 30.57, 30.28, 29.86, 29.38, 27.70, 27.42, 

26.75, 24.97, 23.59, 23.12, 23.00, 22.60, 21.87, 14.37. MS (ESI) m/z [M+H]+ calcd for C35H53BrN5OS+: 

590,39, found: 590.25. HPLC analysis: retention time = 8.2 min, purity 97.8%.  
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4.7.2. 5-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-1-methyl-1-(10-((1,2,3,4-tetrahydroacridin-9-

yl)amino)decyl)-1,2,3,6-tetrahydropyridin-1-ium bromide (8-C10)  

The title compound was prepared by reacting 3 (140 mg, 0.497 mmol) and 9b (270 mg, 0.647 mmol) in 

CH3CN (10 mL). After standard workup, 8-C10 was obtained as a yellow oil (135 mg, 39%): Rf = 0.42 

(DCM/MeOH 9:1). 1H NMR (400 MHz, CD3OD): δ 8.40 (d, J = 8.7 Hz, 1H; H9), 7.85 (ddd, J = 8.4, 7.0, 

1.1 Hz, 1H; H6), 7.79 (d, J = 7.6 Hz, 1H; H7), 7.59 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H; H8), 7.30 (t, J = 4.0 

Hz, 1H; H4′), 4.53‒4.48 (m, 4H; CH2−O, 2×H2′), 3.96 (t, J = 7.3 Hz, 2H; HN−CH2), 3.71‒3.61 (m, 2H; 

CH2−N+), 3.49 (t, J = 8.0 Hz, 2H; H6′), 3.19 (s, 3H; CH3−N+), 3.03 (t, J = 5.5 Hz, 2H; H4), 2.81 (s, 2H; 

H1), 2.72 (t, J = 5.3 Hz, 2H; H5′), 2.01‒1.80 (m, 10H; 2×H2, 2×H3, CH2CH2O, CH2CH2N+, NHCH2CH2), 

1.53‒1.28 (m, 18H HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−(CH2)2−N+, 

CH3−CH2−CH2−CH2−(CH2)2−O), 0.93 (t, J = 7.1 Hz, 3H; CH3−(CH2)5−O). 13C NMR (101 MHz, CD3OD): 

δ 163.97, 158.00, 151.67, 145.54, 139.79, 134.09, 127.67, 126.54, 126.33, 124.36, 120.10, 117.07, 

112.86, 72.65, 65.63, 60.27, 57.28, 49.28, 49.14, 32.58, 31.54, 30.44, 30.39, 30.26, 30.15, 29.86, 29.34, 

27.71, 27.41, 26.75, 24.95, 23.59, 23.12, 22.99, 22.59, 21.86, 14.34. MS (ESI) m/z [M+H]+ calcd for 

C37H57BrN5OS+: 618.42, found: 618.30. HPLC analysis: retention time = 8.6 min, purity 97.3%. 

 

4.7.3. 5-(4-(Hexyloxy)-1,2,5-thiadiazol-3-yl)-1-methyl-1-(12-((1,2,3,4-tetrahydroacridin-9-

yl)amino)dodecyl)-1,2,3,6-tetrahydropyridin-1-ium bromide (8-C12)  

The title compound was prepared by reacting 3 (150 mg, 0.533 mmol) and 9c (237 mg, 0.533 mmol) in 

CH3CN (10 mL).   After standard workup, 8-C12 was obtained as a beige solid (115 mg , 30%): Rf = 

0.54 (DCM/MeOH 9:1). mp = 93‒96 °C. 1H NMR (400 MHz, CD3OD): δ 8.40 (d, J = 8.7 Hz, 1H; H9), 

7.88‒7.78 (m, 2H; H6, H7), 7.58 (ddd, J = 8.4, 6.6, 1.5 Hz, 1H; H8), 7.29 (t, J = 3.9 Hz, 1H; H4′), 4.56‒

4.45 (m, 4H; CH2−O, 2×H2′), 3.95 (t, J = 7.3 Hz, 2H; HN−CH2), 3.74‒3.59 (m, 2H; CH2−N+), 3.51 (t, J = 

7.8 Hz, 2H; H6′), 3.20 (s, 3H; CH3−N+), 3.03 (t, J = 5.6 Hz, 2H; H4), 2.82 (s, 2H; H1), 2.71 (t, J = 5.4 Hz, 

2H; H5′), 2.04‒1.78 (m, 10H; 2×H2, 2×H3, CH2CH2O, CH2CH2N+, NHCH2CH2), 1.54‒1.22 (m, 22H 

HN−(CH2)2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−CH2−(CH2)2−N+, CH3−CH2−CH2−CH2−(CH2)2−O), 

0.92 (t, J = 7.0 Hz, 3H; CH3−(CH2)5−O). 13C NMR (101 MHz, CD3OD): δ 163.94, 157.90, 151.69, 145.54, 

139.80, 134.03, 127.69, 126.50, 126.30, 124.34, 120.16, 117.06, 112.86, 72.63, 65.61, 60.25, 57.27, 
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49,27, 49.13, 32.57, 31.52, 30.55, 30.48, 30.26, 30.18, 29.85, 29.38, 27.68, 27.41, 26.74, 24.98, 23.57, 

23.12, 22.99, 22.60, 21.86, 14.35. MS (ESI) m/z [M+H]+ calcd for C40H62BrN5OS+: 646.45, found: 646.30. 

HPLC analysis: retention time = 8.9 min, purity 96.8%.  

 

4.8. Biology  

The Chinese hamster ovary (CHO) cell line stably expressing hM1 receptor was obtained from Wyeth 

Research (Princeton, NJ). 384-well microplates and white 96-well plates were purchased from Thermo 

Fisher and Greiner Bio One, Germany, respectively. Dulbecco’s modified Eagle’s medium (DMEM) and 

phosphate-buffered saline (PBS) were from Sigma (Germany). Leibovitz’s L-15 medium (L-15) and 

Hank’s balanced salt solution (HBSS) were from Gibco (Germany). Fetal calf serum (FCS), trypsin and 

geneticin (G418) were from Merck Biochrom (Germany). D-Luciferin was purchased as potassium salt 

from Pierce (Germany) and was dissolved in HBSS at a 400 mM concentration. Puromycin was obtained 

from Invivogen (France).  

 

4.8.1. Inhibition of Acetylcholinesterase 

AChE (E.C. 3.1.1.7, from electric eel) was purchased from Sigma Aldrich (Steinheim, Germany). 5,5'-

Dithiobis-(2-nitrobenzoic acid) (DTNB or Ellman's reagent) and acetylthiocholine iodide (ATC) were 

obtained from Fluka (Buchs, Switzerland). For buffer preparation, 2.40 g of potassium dihydrogen 

phosphate were dissolved in 500 mL of water and adjusted to pH 8.0 with a NaOH solution (0.1 M). 

Enzyme solutions were prepared with buffer to give 2.5 units per mL and stabilized with 2 mg bovine 

serum albumin (SERVA, Heidelberg, Germany) per mL of enzyme solution. 396 mg of DTNB were 

dissolved in 100 mL of buffer to give a 10 mM solution (0.3 mM in assay). The stock solutions of the test 

compounds were prepared either in pure buffer or, if insoluble, in pure ethanol with a concentration of 

33.3 mM (1 mM in assay) and diluted stepwise with ethanol to a concentration of 33.3 nM (1 nM in 

assay). The highest concentration of the test compounds applied in the assay was 10−3 M (the amount 

of EtOH in the stock solution did not influence the enzyme activity in the assay). The assay was 

performed at 25 °C according to a previously described protocol3 . Spectrophotometric measurements 

were performed on a Shimadzu UVmini-1240 spectrophotometer (Duisburg, Germany) at 412 nm. 
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4.8.2. Cell cultures 

Chinese hamster ovary (CHO) cells stably expressing the hM1 receptor (CHO-hM1 cells) were cultured 

in Ham’s nutrient mixture F-12 (HAM- F12) supplemented with 10 % (v/v) FCS, 100 U/mL penicillin, 100 

µg/mL streptomycin, 0.2 mg/mL G418 and 2 mM L-glutamine at 37°C in a 5 % CO2 humidified 

atmosphere. The HEK293T cells stably co-transfected with the human M1 receptor and the Gαq-PLC-

β3 sensor were kindly provided by Timo Littmann (University of Regensburg). Cells were cultivated in 

DMEM containing 10% FCS (full medium) at 37 °C in a water-saturated atmosphere containing 5% CO2 

as previously reported35. 

 

4.8.3. Split Luciferase bioluminescence assay 

In brief, cells were detached from a 75-cm2 flask by trypsinization and centrifuged (700 × g for 5 min). 

The pellet was resuspended in the assay medium consisting of L-15 with 5% FCS and the density of 

the suspension was adjusted to 1.25 · 106 cells/mL. Then, 80 µL of this suspension were seeded into 

each well of a 96-well plate, and the plate was incubated at 37 °C in a humidified atmosphere (without 

additional CO2) overnight. On the next day, 10 µL of 10 mM D-Luciferin were added to the cells, and the 

plate was transferred into a pre-warmed microplate luminescence reader (Mithras LB 940 Multimode 

Microplate Reader, Berthold Technologies). The cells were allowed to equilibrate inside the reader for 

10 min before the basal luminescence was determined by recording the luminescence for the entire 

plate ten times with an integration time of 0.5 s per well. In the meantime, serial dilutions of agonists 

were prepared. The resulting solutions were also pre-warmed to 37 °C and subsequently added to the 

cells. Thereafter, luminescence was recorded for 15 plate repeats amounting to a time period of 20 min. 

Negative controls (solvent) and positive controls (reference full agonist, carbachol (hM1R), eliciting a 

maximal 100 % response) were included for subsequent normalization of the data. When the antagonist 

mode was evaluated, antagonists were added 15 min prior to the initial thermal equilibration period, to 

ensure their equilibrium with the receptors before adding the agonists. The pKb values of antagonists 

were determined according to the Cheng-Prusoff equation44. After data acquisition, the peak 

luminescence intensities obtained after stimulation were used for quantitative analysis using the Graph 
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Pad Software, San Diego, CA. The hM1R construct was kindly provided by Timo Littmann (University of 

Regensburg). 

 

4.8.4. IP-One accumulation assay 

In brief, CHO-hM1 cells were grown to a confluence of about 80%, were detached from the culture dish, 

resuspended in assay buffer (HEPES, 10 mM, CaCl2, 1 mM, MgCl2, 0.5 mM, KCl, 4.2 mM, NaCl, 146 

mM, glucose, 5.5 mM, LiCl, 50 mM, pH 7.4), counted using the Neubauer counting chamber and 

dispensed in 384-well microplates at a density of 1×107cells/mL. After incubation with the test 

compounds dissolved in stimulation buffer at 37 °C for 30 min, the detection reagents were added (IP1-

d2 conjugate and Anti-IP1cryptate TB conjugate, each dissolved in lysis buffer), and incubation was 

maintained at room temperature for 60 min. Time-resolved fluorescence resonance energy transfer 

(HTRF) was determined after excitation at 320 nm using the Wallac EnVision 2104 Multilabel plate 

reader. Data analysis was based on the fluorescence ratio emitted by labeled IP1 (665 ± 10 nm) over 

the light emitted by the europium cryptate-labeled anti-IP1 (615 ± 10 nm). Levels of IP1 were normalized 

to the amount generated in the presence of 100 µM ACh. All compounds were tested in triplicate in at 

least three individual experiments. 

 

4.8.5. Data processing 

Data are shown as means ± S.E.M. for n independent experiments. Statistical analysis and curve fitting 

were performed using Prism 5.01 (GraphPad Software, San Diego, CA). In the Ellman’s assay, the 

percentage of enzyme activity was plotted against the logarithm of the compound concentrations from 

which the IC50 values were calculated. Data of the IP1 accumulation assay were processed by plotting 

the ratios (emission at 665 nm/emission at 615 nm) of the HTRF measurements against log 

(concentration of compounds) and analyzed by a four-parameter logistic equation (log(agonist) vs. 

response - variable slope) (GraphPad Software, San Diego, CA), followed by normalization using CCh 

as reference compound. 
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4.9. Computational analysis 

The docking studies followed a previously developed protocol for tacrine-based bivalent compounds45, 

with slight adaptation of search parameters to improve convergence in the present case. The protein 

structure was prepared from the high-resolution crystal structure of Torpedo californica AChE (TcAChE) 

complexed with a bis-tacrine compound (PDB 2CKM)46. The continuously resolved polypeptide chain 

from Ser4 to Pro485 of this PDB structure was used for docking after removing two N-acetyl-

glucosamine residues and all water molecules and adding missing side chain atoms. Protein and ligand 

preparations were carried out with the Molecular Operating Environment (MOE) 2018.0147. Protonation 

states were set according to the expected ionization at pH 8 (corresponding to Ellman assay conditions), 

which resulted in a protonated tacrine moiety. The ligand structures were built in MOE (using the S-

configuration for the methylated 8-Cn hybrids) and energy minimized with the MMFF94x force field to 

an rms-gradient of 0.001 kcal/(mol·Å). 

Docking calculations were carried out with GOLD v5.2.248,49, using the Astex Statistical Potentials (ASP) 

as scoring function. Each ligand was subjected to 50 independent runs, with the number of operations 

set to 4.000.000 per run. Due to the large conformational flexibility of the compounds, the search 

parameters of the genetic algorithm were adjusted with respect to population size (500), crossover 

frequency (90) and migration frequency (20). Following the previous approach of Chen et al.45 and 

Messerer et al.3, a scaffold match constraint was applied to place the tacrine moiety in the catalytic active 

site as observed in the crystal structures. Unconstrained docking supported the feasibility of the 

placement of the tacrine moiety (results not shown). The 50 docking poses obtained from GOLD were 

clustered with respect to binding-mode similarity, using a root-mean-square-deviation (RMSD) of 2 Å as 

cutoff, and re-scored with DrugScoreX (DSX) based on CSD potentials50. The before discussed 

representative docking solutions were obtained from the best-ranked cluster containing at least 10 poses 

by selecting the pose with the best consensus score from DSX and ASP. The PyMOL Molecular 

Graphics System v2.2.3 was used for visual analysis and figure preparation51. 
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Compound 3        
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Compound 15a         
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Compound 15b         
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Compound 15c         
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LC−MS analysis: 

ESI m/z [M+H]+ calculated is 575.37.  It was found 288.70 as [M+2H]++ and 576.25 as [M+H]+ 

Retention time: 8.275 

Purity: 96.91%  
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Compound 7-C10         
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LC−MS analysis: 

ESI m/z [M+H]+ calculated is 603.40  It was found 302.70 as [M+2H]++ and 604.25 as [M+H]+ 

Retention time: 8.334 

Purity: 96.68%  
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LC−MS analysis: 

ESI m/z [M]+ calculated is 631.42.  It was found 316.75 as [M+H]++ and 632.35 as [M+H]+ 

Retention time: 8.884 

Purity: 95.66%  
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Compound 8-C8       
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LC−MS analysis: 

ESI m/z [M]+ calculated is 590,39.  It was found 295.65 as [M+H]++ and 590.25 as [M+H]+ 

Retention time: 8.225 

Purity: 97.76%  
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Compound 8-C10       
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LC−MS analysis: 

ESI m/z [M+H]+ calculated is 618.42  It was found 309.70 as [M+2H]++ and 618.30 as [M+H]+ 

Retention time: 8.626 

Purity: 97.28%  
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Compound 8-C12      
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LC−MS analysis: 

ESI m/z [M+H]+ calculated is 646.45  It was found 323.70 as [M+2H]++ and 646.30 as [M+H]+ 

Retention time: 8.874 

Purity: 96.78% 
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6. Synthesis and pharmacological investigation at M1 receptor of 

the BQCAd-(Iperoxo)2 derivative 

Introduction 

Most of the body cells functions are mediated by transmembrane receptors.  The majority of these 

receptors belong to the superfamily of G-protein-coupled receptors (GPCRs), which comprises the 

largest family of proteins in mammalian genomes234,235. Agonists, antagonists and interfering agents of 

GPCRs regulating these receptors are largely used as medications. GPCRs have their name because 

of their interaction with the heterotrimeric guanine-nucleotidebinding regulatory proteins (G proteins), 

and thereby regulate diverse intracellular processes through interaction with various effector systems. 

Numerous studies describing the interaction of GPCRs with their G proteins classically assume the 

receptors as monomeric entities that function by binding to both, ligand and downstream signaling 

proteins, in a 1:1 stoichiometric ratio236. However, these classical models of receptor-G-protein coupling 

might be oversimplified237 and in recent years, a growing number of studies has supported the 

hypothesis that these receptors can interact to form dimers and higher order oligomers238–240. Even M1 

muscarinic acetylcholine receptors, which are often considered as monomeric structures, have been 

identified as dimers. Hern et al.241  observed the transient formation and disruption of M1 receptor dimers 

in real time by analyzing fluorescent spot intensities and spatial trajectories. Ligand-induced receptor 

dimerization was examined by fluorescence correlation spectroscopy upon pirenzepine binding at the 

M1 receptors by Ilien et al.242. The assembly status of GPCRs on the cell surface is of interest because 

the receptors’ multimerization could have pivotal roles in new cellular functions exploration and 

consequently in drug discovery243. Biochemical, biophysical and functional complementation techniques 

have been broadly used to examine GPCR dimerization237. An emerging and promising approach, used 

for the first time by Portoghese, for the study of receptor association at the plasma membrane targeting 

opioid receptor subtypes is the concept of bivalent ligands244–247. A bivalent ligand is a single chemical 

entity composed of two pharmacophores, covalently tethered by a linker. Homobivalent ligands are 

molecules containing two identical pharmacophoric units, whereas heterobivalent ligands contain two 

different pharmacophores245,248,249. In order to achieve improvements in affinity and selectivity, several 

heterobivalent/bitopic muscarinic ligands have been developed in recent years52,81,92, such as the 
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hybrids composed of the superagonist iperoxo183,189 and a phthalimid moiety related to W84250,251 

addressing the orthosteric and the allosteric site, respectively. In addition to heterobivalent molecules, 

several muscarinic homobivalent ligands, containing two entities of the same pharmacophore units have 

been explored such as the dimers of the M1 mAChR agonist NNC 11-131410, of xanomeline11 or 

carbachol252 as well as of the M2 selective antagonist methoctramine253,254. Depending on the 

pharmacophoric moieties and the spacer these compounds showed diverse pharmacological profiles 

and did not always improve in comparison to the respective monomer units alone. Carbachol 

homodimers linked through a methylene chain of variable length, for example, lost agonistic properties 

on hM1, hM2, and hM3 receptors252. Bitopic ligands composed of two identical pharmacophores have 

also been used for the discovery of a new additional GPCR transient binding pocket, termed metastable 

binding sites, which was revealed by computational studies85. This metastable site acts as a selectivity 

filter: molecules that do not have the required features are rejected. 

Recently, homobivalent ligands of iperoxo (iperoxo-4,6,8,10-iperoxo) with different chain lengths were 

synthesized and pharmacologically investigated at the M1 receptor. All compounds were characterized 

as full agonists and a longer spacer proved to be advantageous for M1 efficacy255. The compounds were 

also tested on the muscarinic M2 receptor in [35S] GTPγS binding, cAMP-formation measurements and 

characterization of the signaling pathway activation induced by Gi- and Gs-proteins.  The iperoxo 

derivative iper-6-iper was found to activate the Gi pathway, whereas only weak Gs activation in similar 

way to the heterodimeric compound iper-6-phth was caused. (unpublished results from Regina 

Messerer’s Thesis)132. To confirm the molecular dynamics simulation demonstrating that iperoxo is able 

to fluctuate in the 7TM receptor, escaping from the orthosteric pocket and visiting the extracellular 

allosteric vestibule256, further radio ligand binding studies and molecular docking simulations are 

necessary. 

Understanding the kind of interaction occurring between the heterodimeric/homodimer compounds, the 

receptor and the resulting pharmacological response, in a highly dynamic and complex environment, 

like that of GPCR is not trivial. Ligands must be studied in depth and different assumptions must be 

taken into consideration. The enhanced potencies, affinities and intrinsic selectivity observed for some 

bivalent GPCR ligands can be explained by different hypotheses. Firstly, the binding of the first 
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pharmacophoric unit increases the probability of a productive binding event of the second active moiety 

with another nearby receptor, increasing the local concentration of free pharmacophore. (Figure 1A). 

Secondly, the homodimeric ligand simultaneously interacts with two orthosteric binding sites of a dimeric 

or oligomeric complex of GPCRs, inducing receptor multimerization (Figure 1B); thirdly, an increased 

selectivity or improved functional selectivity is obtained with bitopic ligand which occupy the orthosteric 

and an allosteric binding site of the same receptor (Figure 1C). The last hypothesis suggests the 

presence of a metastable site at the entrance of the orthosteric site to which ligands bind transiently 

causing a conformational change of the receptor protein itself that allows the ligand to move further into 

the receptor cavity.85–91 The homodimeric ligand initially binds at the metastable site providing an entry 

point for the second molecular portion at the orthosteric site in a thermodynamically more favorable 

binding interaction (Figure 1D).   

 

Figure 1. Purple circle: orthosteric binding site; green circle: metastable binding site; yellow triangle: 
allosteric binding site. Possible binding modes of bivalent ligands. (A) Increased local concentration of 
free pharmacophore. (B) Dimeric ligands target two separate receptors/protomers simultaneously 
inducing GPCR dimerization. (C) Simultaneous binding to an orthosteric and allosteric binding site of 
the same receptor molecule (bitopic or dualsteric binding mode, heterobivalent molecules). (D) 
Metastable binding sites may provide a new source of allosteric binding sites that could be targeted by 
homobivalent bitopic ligands. Modified from the literature.17,8517,85 

 

Currently, the relationships between the dualsteric compounds’ binding possibilities, GPCR activation 

and their dimerization states have not been analyzed well. A further contribution to study the possible 

form of multimerization and the most recent hypothesis of a metastable site is given with a new medicinal 

chemistry design strategy. Here the synthesis and some preliminary pharmacological results of a new 





 

 
173 

 

Material and Methods 

Materials 

Chinese hamster ovary (CHO) cell line stably expressing hM1 was obtained from Wyeth Research 

(Princeton, NJ). 384-well microplates, 96-well round bottom plates and white 96-well plates were 

purchased from Thermo Fisher and Greiner Bio One, Germany. Dulbecco’s modified Eagle’s medium 

(DMEM) and phosphate-buffered saline (PBS) were from Sigma (Germany). Leibovitz’ L-15 medium 

(L-15) and Hank’s balanced salt solution (HBSS) were from Gibco (Germany). Fetal calf serum (FCS), 

trypsin and geneticin (G418) were from Merck Biochrom (Germany). D-Luciferin was purchased as 

potassium salt from Pierce (Germany) and was dissolved in HBSS at a concentration of 400 mM. 

Puromycin was obtained from Invivogen (France). Scopolamine Methyl Chloride, [N-methyl-3H]-, 

250 µCi (9.25MBq) was purchased from PerkinElmer (Rodgau, Germany) and Polyethylenimine solution 

(1%, PEI) from Sigma. For chromatographic applications (HPLC, LC-MS) ultrapure water produced by 

a Milli-Q® system (Merck, Darmstadt, Germany) was used.  HPLC grade and LC-MS grade solvents 

were from Sigma-Aldrich (Munich, Germany). All other chemicals were purchased from Sigma-Aldrich 

(Schnelldorf, Germany), VWR (Darmstadt, Germany) and TCI (Eschborn, Germany) and were used 

without prior purification.  

 

General Medicinal Chemistry Methods 

1H (400.132 MHz) and 13C (100.613 MHz) NMR spectra were recorded using a Bruker AV  400 NMR 

spectrometer (Bruker Biospin, Ettlingen, Germany). As an internal standard, the signals of the 

deuterated solvents were used (DMSO-d6: 1H 2.5 ppm, 13C 39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 

77.16 ppm). Abbreviations for data quoted are s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, 

broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; and tq, triplet of quartets. 

Coupling constants (J) are given in Hertz. The specific NMR assignments were determined by using 

typical techniques including polarization transfer experiments (DEPT) and two-dimensional 

experiments, such as 1H-1H correlation (COSY) and 1H-13C-proton-carbon heteronuclear correlation 

(HMQC, HMBC).  TLC analyses were performed on commercial precoated plates, silica gel 60 F254, 

C18 silica-coated aluminum panels ALUGRAM® RP-18W / UV254 and on pre-coated TLC-plates 



 

 
174 

 

Alox-25/UV254 (Macherey-Nagel); detection was performed using UV spectrometry at 254 nm, intrinsic 

fluorescence at 366 nm or with ethanolic KMnO4, Dragendorff reagent or phosphomolybdic 

acid ethanolic solution. For classical purification, gravity column chromatography was carried out. Silica 

gel with a grain size of 63-200 μm (Merck, Darmstadt, Germany) was used as stationary phase. Flash 

chromatography on a puriFlash®430 system (Interchim, Montlucon, France) was performed using 

prepacked columns (Interchim, Montluçon, France) with silica gel filling (Particle size 30  µm or 50 µm) 

for normal phase or with C18-silica gel filling (Particle size 15  µm) for the reverse phase. The detection 

was carried out by means of a UV detector and Evaporative Light Scattering Detector (ELSD). 

Microwave assisted reactions were carried out using either MLS-rota PREP or synthWAVE instruments 

(Milestone, Leutkirch, Germany).  

The LC-MS analyses of all the test compounds were performed using a Shimadzu LC-MS-2020 mass 

spectrometer (Shimadzu Deutschland GmbH, Duisburg, Germany) consisting of a DGU-20A3R 

degassing unit, a LC20AB liquid chromatograph and a SPD-20A UV/Vis detector or a LC / MSD ion trap 

(Agilent Technologies, Waldbronn, Germany) connected to an Agilent 1100 modular system. A Synergi 

Fusion-RP (150 mm x 4.6 mm i.d., 4 µm; Phenomenex Ltd., Aschaffenburg, Germany) column and a 

mobile phase gradient using MeOH and water were utilized. Parameters of the HPLC method: solvent 

A: water with 0.1% formic acid; solvent B: MeOH with 0.1% formic acid. Solvent B linearly increased 

from 0% to 90% in 13 min, was kept at 90% for 5 min, decreased linearly from 90% to 5% in 1 min, and 

was kept at 5% for 4 min before the next injection. The method was run with a flow rate of 1.0 mL/min. 

The UV signal was recorded at 254 nm. All compounds were found to have a purity ≥ 95%. Mass spectra 

were recorded in ESI-positive mode and the data is reported as mass-to-charge ratio (m/z) of the 

corresponding positively charged molecular ions. 

Cell culture 

Chinese hamster ovary cells (CHO) stably expressing the hM1 receptor (CHO-hM1 cells) were cultured 

in Ham’s nutrient mixture F-12 (HAM- F12) supplemented with 10 % (v/v) FCS (FCS), 100 U/mL 

penicillin, 100 µg/ml streptomycin, 0.2 mg/ml G418 and 2 mM L-glutamine at 37 °C in a 5 % CO2 

humidified atmosphere. The HEK293T cells stably co-transfected with the human M1 receptor and the 

Gαq-PLC-β3 sensor were kindly provided by Timo Littmann (University of Regensburg). Cells were 
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cultivated in DMEM containing 10% FCS (full medium) at 37 °C in a water-saturated atmosphere 

containing 5% CO2 as previously reported.192  

Membrane Preparation 

Stably transfected CHO cells overexpressing the human M1 mAChR subtype were grown adherently to 

a confluence of approx. 80%. The cells were harvested by gently scraping in ice-cold harvesting buffer 

(20 mM HEPES, 10 mM Na2EDTA, pH= 7.4). The collected cells were homogenized on ice twice for 

25 seconds using a polytron homogenizer at level 6 and the resulting cell fragments were centrifuged 

using the rotor JA25.50 at 40 000 g for 10 minutes (4 °C). The supernatant was aspirated and the pellet 

resuspended in ice-cold storage buffer (20 mM HEPES, 0.1 mM Na2EDTA, pH= 7.4). This step was 

repeated twice, and finally the pellets were resuspended in ice-cold assay buffer (10 mM HEPES, 10 mM 

MgCl2, 100 mM NaCl, pH= 7.4). Aliquots were filled in eppendorf tubes, quickly frozen and stored 

at -80 °C. The protein concentration was approximately 2 mg protein/ml, determined using the Pierce™ 

BCA Protein Assay Kit. The absorbance of the bicinchoninic acid BCA/copper complex, after completion 

of the biuret reaction was measured at 562 nm using a UV-Photometer (Synergy™ Neo2 Multi-Mode 

Microplate Reader). The obtained values were plotted in a linear calibration curve, whereby the protein 

content then was determined. 

 

Radioligand Binding Experiments 

Radioligand binding experiments using CHO-hM1 membranes were performed in round bottom 96-well 

microtiter plates applying 20 μg protein/well. Experiments were conducted at room temperature using 

[3H]NMS as the radioactive probe (2 nM for [3H]NMS dissociation and 0.2 nM for equilibrium binding 

experiments). The plate was incubated at room temperature using a microplate shaker (Titramax 101 

Platform Shaker, Heidolph) with an incubation time ranging from 1 h for the dissociation to 24 h for the 

equilibrium experiments. Homologous competition assays were utilized to determine pKd at hM1 for 

NMS 8.88 and conformed to homologous binding assumptions.207 Nonspecific binding was determined 

in the presence of atropine excess. Incubation performed in the assay buffer was terminated by filtration 

through glass fiber mats previously coated with a 1% polyethylenimine solution, in a cell harvester 
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filtration device. After filtration, the filter mats were washed with ice-cold wash water, covered with 

melt-on scintillator sheets on a heating block and the radioactivity was counted in a Perkin Elmer 

MicroBeta 2450 Microplate Counter. The inhibition constants Ki of receptors for the studied compounds 

were determined in competition experiments in which membranes were incubated in the presence of a 

fixed 0.2 nM concentration of [3H]NMS and increasing concentrations of the competitor. The incubation 

lasted 24 h to achieve full equilibrium. Two-point kinetic experiments with measurements of [3H]NMS 

binding at t= 0 and t= 20 min were performed. By means of two-point dissociation experiments, the 

dissociation rate constant k-1 can be determined by measuring the specific binding just before the start 

of the dissociation reaction (t= 0, adding a competitive antagonist in excess) and at a predetermined 

time t during the dissociation process (t= 20 min), as previously described.208  

Split-Luciferase Bioluminescence Assay 

Cells, expressing the developed Gαq-PLC-β3 sensor in combination with hM1R, were detached from a 

75-cm2 flask by trypsinization and centrifuged (700 g for 5 min). The pellet was resuspended in assay 

medium consisting of L-15 with 5% FCS and the density of the suspension was adjusted to 

1.25 · 106 cells/mL. Then, 80 µL of this suspension were seeded into each well of a 96-well plate, and 

the plate was incubated at 37 °C in a humidified atmosphere (without additional CO2) overnight. On the 

next day, 10 µL of 10 mM D-Luciferin (Pierce) were added to the cells, and the plate was transferred 

into a pre-heated microplate luminescence reader (Mithras LB 940 Multimode Microplate Reader, 

Berthold Technologies, Bad Wildbad, Germany). The cells were then allowed to equilibrate inside the 

reader for 10 min, before the basal luminescence was determined by recording the luminescence for 

the entire plate ten times with an integration time of 0.5 s per well. In the meantime, serial dilutions of 

agonists were prepared. The resulting solutions were also pre-heated to 37 °C and subsequently added 

to the cells. Afterwards, the luminescence was recorded for 15 plate repetitions amounting to a time 

period of 20 min. Negative controls (solvent) and positive controls (reference full agonist, carbachol 

(hM1R), eliciting a maximal response (100%) were included for subsequent normalization of the data. In 

case of the antagonist mode, the antagonists were added 15 min prior to the initial thermal equilibration 

period to ensure full equilibrium between antagonists and receptors, before addition of the agonists. The 

pKb values of the antagonists were determined according to the Cheng-Prusoff equation215. After 
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acquisition of the data, the peak luminescence intensities obtained after stimulation were used for 

quantitative analysis using GraphPad Software, San Diego, CA. 

Data Treatment 

The binding data from individual experiments were analyzed by computer-aided nonlinear regression 

analysis using Prism 5 (GraphPad Software, San Diego, CA). [3H]NMS dissociation data were analyzed 

assuming a monoexponential decay as described previously216216. All sigmoidal concentration-response 

curves were obtained by fitting three-parameter (Hill slope constrained to 1) nonlinear regression curves 

(GraphPad Prism, San Diego, CA). 

Results and discussion 

Chemistry 

The first synthetic step is the creation of the desired quinolone scaffold through the reaction of the 

4-fluoroaniline with diethyl ethoxymethylenemalonate (DEEMM) to give the diethyl malonate molecule 

(4), as depicted in Scheme 1. The isolated diethyl malonate 4 was cyclized to the 

ethyl-4-hydroxyquinoline-3-carboxylate (5). As the ring cyclisation requires high temperature conditions, 

diphenyl ether with its high boiling point was used as solvent.184,227,228 The N-1 position of compounds 5 

was brought to reaction with methyl 4-(bromomethyl)benzoate in presence of K2CO3. The two amides 

of derivative 7 were formed simultaneously by conversion of the ester functions through reaction with a 

large excess of 6-amino-1-hexanol. The alcohol functions were then substituted with a bromine atom 

using HBr/H2SO4 and a subsequent reaction with iperoxo base at 80 °C led to the monoquaternary 

ammonium salts hybrids 3 in 42% yield. The schematic representation and the synthetic steps involved 

in the preparation of the BQCAd-(Iperoxo)2 hybrid and its intermediates are shown in Scheme 1. Detailed 

syntheses and spectral data of target compounds are reported below. 
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6-fluoro-N-(6-hydroxyhexyl)-1-(4-((6-hydroxyhexyl)carbamoyl)benzyl)-4-oxo-1,4-dihydroquinoline-3-

carboxamide 7 

1.3 mmol of derivative (6) are suspended in 6.5 mmol of 6-amino-1-hexanol and the mixture heated to 

150 °C. The mixture is first liquid and finally solid again. After cooling to RT, the solid is recrystallized 

from ethanol and the resulting solid dried in vacuo. 

White solid; 48% yield; mp 175-177 °C; Rf = 0.35 (CH2Cl2/MeOH= 9:1); 1H NMR (CDCl3): 0.89-0.95 (m, 

4H, Alkyl), 1.27-1.51 (m, 4H, Alkyl), 1.55-1.65 (m, 4H, Alkyl), 1.65-1.71 (m, 4H, Alkyl) 3.44-3.52 (m, 4H, 

NHCH2), 3.62-3.69 (m, 4H,CH2-OH), 5.32 (s, 2H, CH2benzyl), 5.52 (s, 2H,OH), 7.21 (d, 2H, J=8.3, Bn-

CHaromat), 7.36-7.34 (m, 2H, Bn-CHaromat), 7.78 (d, 1H, J=8.3, H8), 8.06-8.00 (m, 1H, H7), 8.18 (m, 1H, H5) 

8.93 (s, 1H H2), 9.96 (t, 1H, J=5.7, NH).   

13C NMR (CDCl3): 25.82, 25.87, 25.93, 26.99, 27.17, 27.18, 30.16, 30.19, 31.57, 33.11, 33.21, 39.69, 

51.48, 54.06, 63.19, 63.24, 112.51, 113.08, 126.96, 127.42, 127.71, 128.73, 137.83, 148.94, 165.31, 

167.33.  MS (ESI) m/z [M]+ Calcd for C30H38FN3O5: 539.28. Found: 540.35. HPLC purity 96.7%. 

 

N-(6-bromohexyl)-1-(4-((6-bromohexyl)carbamoyl)benzyl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-

carboxamide 8 

0.95 mmol of the hydroxyl derivative (7) are dissolved in a large excess of HBr (conc.). Carefully, about 

one-tenth of H2SO4 (conc.) amount was added and the reaction solution was heated for 6 hours under 

reflux. After cooling down, the reaction mixture is poured into water and extracted several times with 

chloroform. The combined organic phases were neutralized with K2CO3. The remaining K2CO3 was 

filtered off and the solvent was removed in vacuo, finally the crude product was recrystallized from EtOH 

affording compound 8. 

 

Ochre solid; 41% yield; mp 178-180 °C; Rf = 0.84 (CH2Cl2/MeOH = 20:1); 1H NMR (CDCl3): 1.39-1.52 

(m, 8H, Alkyl), 1.60-1.70 (m, 4H, NH-CH2-CH2), 1.82-1.92 (m, 4H, CH2-CH2-Br), 3.38-3.51 (m, 8H, CH2-
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Br, NH-CH2), 5.49 (s, 2H, CH2benzyl), 7.20 (d, 2H, J=8.1, CHphenyl), 7.32 (d, 2H, J=4.6, Bn-CHaromat.), 7.74 

(d, 2H, J=8.4, Bn-CHaromat.), 8.17 (d, 1H, J=8.8, J=1.4, H8), 8.93 (s, 1H, H2), 9.93 (t, 1H, J=5.2, NH). 

13C NMR (CDCl3): 26.08, 26.30, 27.77, 27.93, 29.49, 32.54, 32.70, 33.82, 39.21, 40.00, 54.18, 112.52, 

117.75, 121.67, 126.29, 128.01, 132.88, 135.61, 138.58, 148.34, 159.37, 162.53, 166.80, 177.14. MS 

(ESI) m/z [M]+ Calcd for C30H36Br2FN3O3: 665.11. Found: 665.98. HPLC purity 94.7%. 

 

N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-6-(4-((3-((6-((4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-

yn-1-yl)dimethylammonio)hexyl)carbamoyl)-6-fluoro-4-oxoquinolin-1(4H)-yl)methyl)benzamido)-N,N-

dimethylhexan-1-aminium bromide 3 

0.40 mmol of the compound 7 are dissolved in 20 ml of abs. acetonitrile, 3 equivalents of iperoxo base 

(2), and a catalytic amount of KI/K2CO3 were added. The mixture was heated to 70 °C using MW 

assistance. After completion of the reaction, the mixture is added dropwise in Et2O and the resulting 

white precipitate is filtered through a glass frit. The resulting oily crude product is washed several times 

with Et2O and dried in vacuo. The subsequent column chromatography (basic alumina stationary phase; 

CH2Cl2/MeOH= 98:2) yielded the solid product 3. 

 

Ochre solid; 42% yield; mp 205-208 °C; Rf = 0.32 (CH2Cl2/MeOH = 85:15); 1H NMR (MeOD): 1.44-1.51 

(m, 8H, Alkyl), 1.68-1.62 (m, 4H, NH-CH2-CH2), 1.85-1.80 (m, 4H, CH2-CH2-N+, CH2-CH2-N+), 3.00 (dt, 

4H, J=3.5, J=9.6, H4-Iperoxo), 3.19 (s, 6H, N+(CH3)2), 3.21 (s, 6H, N+(CH3)2), 3.48-3.34 (m, 8H, NH-

CH2/CH2-N+), 4.37 (dt, 4H, J=3.1, J=9.6, H5-Iperoxo), 4.45 (4H, N-CH2-C≡), 4.89 (4H, ≡C-CH2-O),  5.80 (s, 

2H, CH2benzyl), 7.34 (m, 2H, Bn-CHaromat), 7.52 (m, 2H, Bn-CHaromat), 7.77 (dd, 1H, J=4.2, J=9.4, H8), 7.84 

(d, 1H, J=8.4, H7), 8.02 (dd, 1H, J=3.0, JHF=8.9, H5), 9.03 (s, 1H, H2), 10.18 (t, 2H, J=5.7, NH). 

13C NMR (MeOD): 23.53, 23.55, 26.87, 27.37, 30.13, 30.27, 33.65, 39.95,  40.07, 40.71, 48.41, 48.62, 

48.83, 49.05, 49.26, 49.47, 49.69, 51.20, 51.27, 55.08, 55.11, 58.20, 58.30, 58.32, 65.31, 65.35, 76.71, 

76.73, 87.61, 87.65, 111.99, 112.11, 112.13, 112.22, 121.90, 121.98, 122-66, 122.93, 127.81, 129.21, 
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130.69, 130.76, 135.81, 137.43, 140.05, 150.14, 160.18, 162.63, 166.62, 168.68, 169.19, 177.22. MS 

(ESI) m/z [M]+ Calcd for C48H64FN7O7+: 434.74. Found: 434.85. HPLC purity 97.6%. 

 

Pharmacology 

Firstly, the compound was investigated for its ligand-receptor interactions in membrane hM1 

homogenates in equilibrium as well as in dissociation studies. Afterwards, the G protein activation was 

measured by means of a bioluminescence split-luciferase assay. Figure 5 and Table 2 report on the 

Split-Luc assay investigation of the heterobivalent derivative BQCAd-iperoxo with a rigid spacer (Figure 

5), which was never reported previously. 

 

Figure 3. Effect of increasing concentrations of the hybrid compound (3) on specific percent equilibrium 
binding of [3H]NMS in CHO-hM1 membranes. B. Allosteric effects of the hybrid (3) as reflected by the 
inhibition of [3H]NMS dissociation from M1 receptors in CHO hM1 membranes. The allosteric effect is 
expressed as the ratio of the rate of [3H]NMS dissociation in the presence of compound relative to the 
rate of dissociation of [3H]NMS in the absence of test compound expressed in percent k -1. Data points 
represent the mean ± S.E.M. from three to four independent two-point kinetic experiments, conducted 
in quadruplicate. 

 

In the equilibrium binding studies, the presence of two iperoxo moieties results in compound 3 having 

an exceptional pKi value of 7.34 (Table 1). Interestingly despite the considerable steric effect in the case 

the two iperoxo moiety ligands, the compound binds to the orthosteric site with an affinity even higher 

than iperoxo itself. It can be assumed that the ligand binds to the M1 muscarinic receptor through a 
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“tritopic” interaction, involving all three binding sites: metastable, orthosteric and allosteric. The 

accommodation of the first orthosteric portion in the metastable binding site could provide a favorable 

entry to the second orthosteric fragment in the orthosteric pocket. The conformational rearrangement of 

the receptor due to this simultaneous binding could be the cause of the extremely high affinity of 

compound 3. 

A second hypothesis could instead propose the dimerization event. The ligand could bind to a first 

receptor unit with a bitopic interaction (allo/ortho) and the second orthosteric portion protruding outside 

of the 7TM receptor, favoring the connection with a second receptor unit. The ligand would therefore 

increase the possibility of receptor dimerization. 

Loss of binding at the allosteric site was measured. It seems that compound 3 prefers the active multi-

topic binding pose over the purely allosteric inactive mode. This is also confirmed by functional 

bioluminescence studies with the derivative having a particularly high pEC50 value of 8.01 (Table 1). For 

a confirmation of the binding mode, further pharmacological studies and molecular docking simulations 

are needed. Yet, the trivalent ligand proves itself to be capable of receptor activation, in addition to its 

binding properties to the M1 receptor. The maximum efficacy of the ligand 3 is 89%. Hence, it is a partial 

agonist, not being able to give full receptor activation. 

Table 1. Pharmacological parameters of compound 3 and the reference compounds Iperoxo and 
BQCAd measured by Split-Luc assay and radioligand binding assay. Affinity constants are expressed 
as pKi for hM1 mAChRs, expressed in CHO membranes. 
 

Compound 

Split-Luc Assay 
 

Radioligand Binding 
Assay 

Equilibrium 

Radioligand Binding 
Assay  

Dissociation 

pEC50 %Emax pIC50 pKi pIC50 

Iperoxo 8.90 ± 0.01 104.60 ± 
0.85 5.93±0.06 6.13 n.d. 

BQCAd n.d. n.d. n.d. n.d. 5.47 ± 0.20 
BQCA-(Iperoxo)2 8.01 ± 0.07 89.44 ± 1.87 6.96 ± 0.14 7.34 5.23± 1.10 
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Table 2. Split-Luc assay pEC50 and %Emax values; RLB affinity constants of compounds 3 and, for 
comparison, of additional Iperoxo-Hybrids previously reported in literature.255 The split-luc dose-
response curve of the previously synthesized BQCA-rigid-Iperoxo derivative111 is reported for the first 
time below. 
 

Compound 

Split-Luc Assay 
 

Radioligand Binding 
Assay 

Equilibrium 

Radioligand 
Binding  
Assay  

Dissociation 

pEC50 %Emax pIC50 pKi pIC50 

BQCA-(Iperoxo)2 8.01 ± 0.07 89.44 ± 1.87 6.96 ± 0.14 7.34 5.23± 1.10 
Iperoxo-4-Iperoxo 6.49 ± 0.01255 103.6 ± 0.6255 n.d. n.d. n.d. 
Iperoxo-6-Iperoxo 6.77 ± 0.01255 92.2 ± 0.6255,255 n.d. n.d. n.d. 
Iperoxo-8-Iperoxo 6.89 ± 0.01255 101.1 ± 0.8255 n.d. n.d. n.d. 
Iperoxo-10-Iperoxo 7.86 ± 0.02255 103.7 ± 0.7255 n.d. n.d. n.d. 
BQCAd-4-Iperoxo 7.40 ± 0.08 105.10 ± 2.45 n.d. n.d. n.d. 
BQCAd-6-Iperoxo 6.92 ± 0.13 71.23 ± 3.27 5.52 ± 0.06 5.93 5.89 ± 0.09 
BQCAd-8-Iperoxo 8.09 ± 0.08 112.00 ± 2.39 n.d. n.d. n.d. 
BQCAd-10-Iperoxo 6.01 ± 0.16 62.59 ± 4.43 5.59±0.06 6.34 6.22 ± 0.08 

BQCAd-rigid-Iperoxo 7.40 ± 0.12 78.46 ± 3.25 n.d. n.d. n.d. 
 
 

Chain linker influence in G-protein Activation of hM1 receptor 

Moreover, the ligands were evaluated for an in-depth examination of the spacer chain characteristics in 

terms of geometry, length and physical-chemical properties with regard to the activation of the M1 

receptor. A gradual increase in the pEC50 value occurs among the homovalent derivatives with a 

progressive extension of the spacer length. In the BQCAd/ iperoxo bivalent ligand series, the chain 

length has a considerable influence on the pEC50 values with a maximum value of 8.09 obtained with 

the 8-chain compound. By insertion of rigid spacer between the allosteric and the orthosteric portion, 

the pEC50 becomes 7.40.  

Moreover, M1 receptor FRET studies on a dualsteric compound with a steric hindrance linker (in this 

case the  azobenzene linker) showed reduced receptor activation kinetics in comparison to the related 

dualsteric ligands bearing a polymethylene linker. Probably the slower activation results from 

interactions between the voluminous linker and the aromatic lid, formed by Tyr-1043.33, Tyr-4036.51, and 

Tyr-4267.39, located between the orthosteric and allosteric binding site.111  

Exactly the same rigidified linker was introduced between the allosteric naphmethonium moiety and 

iperoxo, in the bitopic ligands of the M2 muscarinic receptor105.105 Introducing a longer (16.0 Å) and more 
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rigid linker in the iper-rigid-naph compound instead of the hexamethylene and octamethylene spacers 

led to a loss of binding in the M2 allosteric binding pocket. Due to multiple clashes with allosteric 

residues, iper-rigid-naph does not assume the purely allosteric conformation, but is forced in the purely 

active binding pose109. Computational studies and pharmacological results confirm full receptor 

activation. 

This seems not to be the case in the corresponding M1 rigidified ligand. The ligand, despite its complete 

rigidification, is only able to partially activate the G protein with a maximum efficacy of 78%. 

Kruse et al.101 described the orthosteric agonist iperoxo being bound to the active state of the M2 

muscarinic acetylcholine receptor. Here, the so-called tyrosine lid closes over the agonist, separating 

the orthosteric from the allosteric site, resulting in full receptor activation. However, the side chain 

conformations of these tyrosine residues appears to be very  flexible in MD simulations, and the M2 

receptor tolerates agonist binding within an orthosteric binding site that is not completely closed.
105

 It is 

conceivable, that the muscarinic M1 receptor does not have the same degree of tolerance as the M2 

receptor and that the rigid linker connecting the orthosteric portion to the BQCAd scaffold, oriented 

towards the allosteric binding pocket, hinders the closure of the tyrosine lid. The result is a restricted 

receptor conformational change and therefore partial agonism (Emax 78%). 
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Figure 5. Dose response curve of Split-Luc assay. Data points represent the mean ± S.E.M. from 
three to four independent two-point kinetic experiments, conducted in triplicate. 

 

Conclusion 

Further molecular docking simulation studies are needed to elucidate the binding mode of the “tritopic” 

molecular-tool and its influence on the multimerization states of hM1 receptors. It could also be of 

interest in further studies to characterize the subtype selectivity as well as the functional selectivity of 

the hybrid compound. Taken together this multimer-ligand tool compound could contribute to the further 

exploration of the therapeutically important M1 receptor through the understanding of the fundamental 

interactions in the binding pocket (metastable binding site or induced multimerization), which are the 

key to unlocking the secrets of receptor activation. The findings concerning the influence of the spacer 

chain in the activation of the G protein pathway suggest that the receptor binding pose of a dualsteric 

ligand, the receptor activation kinetics and the structure of the connecting chain are closely related to 

each other. A bitopic binding mode of the rigidified M1 hybrid is presumed, but needs further studies to 

be confirmed. 
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7. Iperoxo derivatives: alkane, bis(ammonio)alkane-type and 

rigidified chain compounds for the study of muscarinic receptors 

 

Introduction 
 

Muscarinic acetylcholine receptors (mAChRs or MRs) belong to the class A GPCRs, which constitute a 

large superfamily of cell surface receptors. A common structural property of GPCRs is the serpentine 

transmembrane topology, which is composed of seven alpha-helical domains connected by intra and 

extracellular loops of variable structure. The GPCRs’ highly dynamic structures, assuming a spectrum 

of conformational states257–259, reflect the complexity of the resulting signaling mechanisms, which are 

not restricted to G protein binding.260 The development of orthosteric subtype selective ligands for one 

of the five subtypes of muscarinic acetylcholine receptors (M1-M5) is a highly challenging task due to 

the high conservation of the orthosteric binding site across the subtypes of a given GPCR subfamily. 

Since receptor activation is strongly influenced by the extracellular configuration of GPRCs some 

iperoxo derivatives with N-Alkyl residues of different lenght were synthtized and recently investigated.  

Recently GPCR fluorescence resonance energy transfer (FRET) sensors were investigated as reliable 

detectors for conformational changes upon agonist binding261,262. In the research group of Carsten 

Hoffmann, ours collaborators use muscarinic acetylcholine receptors (MR) as model systems to study 

GPCR activation dynamics and created FRET-sensors for each family member. They created FRET 

sensors for each MR subtype were used to study activation characteristics of rationally designed iperoxo 

derivatives, which influence receptor activation in a subtype-specific manner. (unpublished results from 

Michael Kauk and Marcel Bermudez). The different size of the substituents allow a systematic 

exploration of steric limitations caused by an interference with the closure of the so-called tyrosine lid 

(aromatic lid) formed by the residues Y3.33, Y6.51 and Y7.38. 

To further investigate the iperoxo derivatives among the different receptor subtypes some additional 

derivatives have been synthesized: 

- a further extension of the iperoxo N-alkyl chain (2-C11, 2-C12) was provided; 
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- a new rigid linker iperoxo compound (3) was designed and synthesized to study the role of chain 

flexibility or stiffness in receptor activation 

- and additional bis(ammonium) alkane-type iperoxo derivatives were designed (4-Cn) with focus on the 

key role of the second quaternary ammonia head. 

 

Figure 1: Structures of Iperoxo and of the new iperoxo-chain derivatives. 

 

Material and Methods 
 

Materials 

For chromatographic applications (HPLC-MS) deionized water produced by means of a Milli-Q® system 

(Merck, Darmstadt, Germany) was used.  HPLC grade and LC-MS grade solvents were from Sigma-

Aldrich (Munich, Germany). All chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany), 

VWR (Darmstadt, Germany) and TCI (Eschborn, Germany) and were used without prior purification.  

 

General Medicinal Chemistry Methods 

1H (400.132 MHz) and 13C (100.613 MHz) NMR spectra were recorded using a Bruker AV  400 NMR 

spectrometer (Bruker Biospin, Ettlingen, Germany). As an internal standard, the signals of the 

deuterated solvents were used (DMSO-d6: 1H 2.5 ppm, 13C 39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 77.16 

ppm). Abbreviations for data quoted are s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, broad; 

dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; and tq, triplet of quartets. Coupling 

constants (J) are given in Hertz. The specific NMR assignments were determined by using typical 
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techniques including polarization transfer experiments (DEPT) and two-dimensional experiments, such 

as 1H-1H correlation (COSY) and 1H-13C-proton-carbon heteronuclear correlation (HMQC, HMBC).  TLC 

analyses were performed on commercial precoated plates, silica gel 60 F254, C18 silica-coated 

aluminum panels ALUGRAM® RP-18W / UV254 and on pre-coated TLC-plates Alox-25/UV254 

(Macherey-Nagel); the detection was made using UV light at 254 nm, intrinsic fluorescence at 366 nm 

or with ethanolic KMnO4, Dragendorff reagent or phosphomolybdic acid ethanolic solution. For classical 

purification, gravity column chromatography was carried out. Silica gel with a grain size of 63-200 μm 

(Merck, Darmstadt, Germany) was used as stationary phase. Flash chromatography on a 

puriFlash®430 system (Interchim, Montlucon, France) was performed using prepacked columns 

(Interchim, Montluçon, France) with silica gel filling (Particle size 30 microns or 50 microns) for normal 

phase or with C18-silica gel filling (Particle size 15 μm) for the reverse phase. The detection was carried 

out by means of a UV detector and Evaporative Light Scattering Detector (ELSD). Microwave assisted 

reactions were carried out by use of MLS-rota PREP or synthWAVE instruments (Milestone, Leutkirch, 

Germany). 

The LC-MS analyses of all the test compounds were performed using a Shimadzu LC-MS-2020 mass 

spectrometer (Shimadzu Deutschland GmbH, Duisburg, Germany) containing a DGU-20A3R degassing 

unit, a LC20AB liquid chromatograph and a SPD-20A UV/Vis detector and a LC / MSD ion trap (Agilent 

Technologies, Waldbronn, Germany) connected to an Agilent 1100 modular system. A Synergi Fusion-

RP (150 mm x 4.6 mm i.d., 4 µm; Phenomenex Ltd., Aschaffenburg, Germany) column and a gradient 

of MeOH/water, as a mobile phase, were used. Parameters of the HPLC method: solvent A, water with 

0.1% formic acid; solvent B, MeOH with 0.1% formic acid. Solvent B was increased from 0% to 90% in 

13 min, then decreased from 90% for 5 min, from 90% to 5% in 1 min, and then 5% for 4 min. The 

method was performed with a flow rate of 1.0 mL/min. UV detection was measured at 254 nm. All 

compounds were found to have a purity ≥ 95%. Mass spectrum were recorded in ESI-positive mode and 

the data are reported as mass-to-charge ratio (m/z) of the corresponding positively charged molecular 

ions. Where not possible using chromatographic methods, the purities of the final compounds 

individually indicated for each compound were determined by qNMR. 1,2,4,5-Tetrachloro-3-

nitrobenzene or maleic acid (Sigma Aldrich, Steinheim, Germany) was chosen as internal standard. 
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qNMR data were acquired at 90° pulse tip angles with recovery delays of 60 s and acquisition time of 

3.7 s in a non-spinning mode at a calibrated probe temperature of 300 K. Sixteen scans of 64 K data 

points for FID were acquired with a spectral width of 8012 Hz (16 ppm). Manuel phase and baseline 

correction were performed prior to integration. Preliminary data processing was carried out with Bruker 

software, TOPSPIN 3.0. 

Integrations of the substance and the IS are used in the following formula for purity determination: 

P[%] = PIC ·  𝑛IC · In𝑡t · MWt · mIC𝑛t · IntIC · MWIC · ms 

where Int is the integral, MW is the molecular weight, m is the mass, n is the number of protons, P is the 

purity (in %), IC is the internal calibrant, s is the sample, and t is the target molecule.263 

Results  
 

Chemistry 

The reaction sequences of the iperoxo derivatives 2-C11 and 2-C12 are illustrated in Schema 1. Iperoxo-

base was reacted with the corresponding bromoalkane in acetonitrile, affording the final 

monoquaternary ammonium salts 1-C11 and 1-C12 in 49-78% yield.  

 

Scheme 1. Synthesis of orthosteric Iperoxo Derivatives 2-Cn. Reagents and conditions: (i) KI/K2CO3, 

CH3CN, 70 °C. 

The reaction sequences for the synthesis of the iperoxo-rigid linker 3 are illustrated in Schema 2. For 

the synthesis of hybrid 3 the base of iperoxo was connected with the rigid spacer. Compound 6 was 

synthesized by coupling of 1,4-dibromobenzene and propargylic alcohol in a Sonogashira like reaction, 

followed by Appel reaction.111 Iperoxo, was reacted with the rigid spacer in acetonitrile, affording the 

final monoquaternary ammonium salts 3 in 15% yield.  
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Scheme 2. Reagents and conditions: (i) propargyl alcohol, Pd(PPh3)4, propylamine, 60 °C; (ii) CBr4, 
PPh3, CH2Cl2, 0 °C, rt; (iii) iperoxo base, KI/K2CO3, CH3CN, 80 °C, MW. 

 

Scheme 3. Reagents and conditions: (i) trimethylammonium hydrochloride, EtOH, KOH, rt; (ii) iperoxo 
base, KI/K2CO3, CH3CN, 80 °C, MW. 

 

Synthesis of the Iperoxo Derivatives 2-C11, 2-C12 

To a solution of iperoxo base 2.47 mmol in 10 mL of acetonitril, 10 equivalents of the corresponding 1-

bromoalkane (1-Bromoundecane, 1-Bromododecane) and a catalytic amount of KI/K2CO3 (1:1) were 

added. The mixture was stirred in a sealed container at a temperature between 55 and 70 °C. The 

precipitate obtained was filtered and Et2O was added to complete the precipitation. The solid was 

collected and washed several times with Et2O and dried in vacuo.  

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethylundecan-1-aminium bromide 2-C11  

Yellow oil; 49% yield; Rf = 0.58 (CH2Cl2/MeOH = 8:2); 1H NMR (CD3OD): 0.90 (t, 3H, CH2-CH3, J = 6.9), 

1.34 (br, 16H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3), 1.78 (br, 2H, CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH3), 3.03 (t, 2H, H-42-isox, J=9.6), 3.16 (s, 6H, +N(CH3)2), 3.43 (br, 2H, N+-

CH2-CH2), 4.37 (s, 2H, ≡C-CH2-N+), 4.40 (t, 2H, H-52-isox, J=9.6), 4.91 (s, 2H, O-CH2-C≡).13C NMR 

(CD3OD): 14.25, 23.50, 23.56, 27.13, 30.02, 30.28, 30.35, 30.46, 30.52, 32.89, 33.50, 50.95, 54.89, 

58.06, 65.36, 71.00, 76.43, 87.55, 166.65. MS (ESI) m/z [M]+ Calcd for C20H37N2O2+: 337.28. Found: 

337.15. qNMR purity 95.0%. 

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyldodecan-1-aminium bromide 2-C12  
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White, viscose oil; 78% yield; Rf = 0.41 (CH2Cl2/MeOH = 85:15); 1H NMR (CD3OD): 0.90 (t, 3H, CH2-

CH3, J = 6.9), 1.28-1.38 (m, 18H, CH2-CH2-(CH2)9-CH3), 1.78 (br, 2H, CH2-CH2-(CH2)9-CH3), 3.03 (t, 2H, 

H-42-isox, J=9.6), 3.17 (s, 6H, +N(CH3)2), 3.43 (br, 2H, N+-CH2-CH2), 4.38 (s, 2H, ≡C-CH2-N+), 4.40 (t, 2H, 

H-52-isox, J=9.6), 4.91 (s, 2H, O-CH2-C≡).13C NMR (MeOD): 14.89, 24.14, 24.19, 27.77, 30.63, 30.93, 

31.09, 31.20, 33.53, 34.13, 51.63, 55.54, 58.07, 65.99, 71.63, 77.07, 87.17, 169.15. MS (ESI) m/z [M]+ 

Calcd for C21H39N2O2+: 351.30. Found: 351.15. qNMR purity 95.6%. 

Synthesis of the Iperoxo rigid linker 3 

3,3'-(1,4-Phenylene)bis(prop-2-yn-1-ol) 5  

17.0 mmol of 1,4-dibromobenzene and 0.44 mmol of Pd(PPh3)4 were dissolved in 60 mL of propylamine. 

After addition of 2-propyn-1-ol (100 mmol), the reaction mixture was heated at 60 °C under nitrogen. 

The reaction was monitored via silica gel TLC (cyclohexane:ethyl acetate = 4:6, Rf = 0.48). After 

completion of the reaction (2 days), the mixture was quenched with 40 mL of conc. HCl. The aqueous 

layer was extracted three times with diethyl ether. The combined organic layers were dried over Na2SO4 

and the solvent was removed in vacuo. The product was purified using column chromatography 

(cyclohexane:EtOAc = 7:3 to 4:6). 

Yellow solid. 92%. mp 120-123 °C; Rf = 0.48 (cyclohexane/ethyl acetate = 4:6); 1H NMR (CDCl3): 1.64 

(s, 2H, CH2-OH), 4.50 (s, 4H, CH2-OH), 7.37 (s, 4H, CHarom.). 13C NMR (CDCl3): 51.95, 86.36, 89.57, 

98.74, 122.45, 131.90. 

3-(4-(3-Bromoprop-1-yn-1-yl)phenyl)prop-2-yn-1-ol 6  

3.40 mmol of 3,3'-(1,4-phenylene)bis(prop-2-yn-1-ol) 5 and 3.40 mmol of tetrabromomethane were 

dissolved in 20 mL dichloromethane dry under argon. 3.40 mmol of triphenylphosphine were added at 

0 °C. The reaction mixture was then allowed to warm up to room temperature, stirred overnight and 

monitored by means of silica gel TLC (cyclohexane/ethyl acetate = 4:6, Rf = 0.73). The solvent was 

removed in vacuo and the product was purified using column chromatography (cyclohexane/EtOAc = 

4:6). 
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Yellow solid. 20%. mp 84-86 °C; Rf = 0.73 (cyclohexane/ethyl acetate = 4:6); 1H NMR (CDCl3): 4.16 (s, 

2H, CH2-Br), 4.50 (s, 2H, CH2-OH), 7.38 (s, 4H CHarom.). 13C NMR (CDCl3): 15.0, 51.95, 85.47, 86.36, 

89.57, 98.74, 122.55, 123.36, 131.88, 132.08. 

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N-(3-(4-(3-hydroxyprop-1-yn-1-yl)phenyl)prop-2-yn-1-yl)-N,N-

dimethylbut-2-yn-1-aminium bromide 3  

Yellow oil; 15% yield; Rf = 0.45 (CH2Cl2/MeOH = 85:15); 1H NMR (CDCl3): 3.02 (t, 2H, H-42-isox), 3.31 (s, 

6H, +N(CH3)2), 4.37 (s, 2H, ≡C-CH2-N+), 4.40 (t, 2H, H-52-isox, J=9.6), 4.52 (s, 2H, ≡C-CH2-N+),  4.65 (s, 

2H, CH2-OH), 4.93 (s, 2H, O-CH2-C≡), 7.45 (d, 2H, CHphenyl, J=8.5), 7.55 (d, 2H, CHphenyl, J=8.5), 8.25 

(s, 1H, OH) 13C NMR (CDCl3): 33.47, 50.85, 50.96, 55.06, 56.72, 58.08, 71.04, 76.15, 78.25, 84.32, 

88.21, 91.73, 92.35, 121.31, 126.03, 132.63, 133.10, 168.60. MS (ESI) m/z [M]+ Calcd 

for C21H23BrN2O3+: 351.17. Found: 351.05. HPLC purity 96.55%. 

Synthesis of the Bromo-alkane-ammonium Bromide 7-C8, 7-C10 

50 mmol Trimethylammonium hydrochloride and 80 mmol dibromoalkane derivatives were dissolved in 

ethanol. A solution of 65 mmol potassium hydroxide was added slowly dropwise and the mixture was 

left for three days at room temperature. The white precipitate was filtered off and the filtrate was poured 

into ice-cold diethyl ether. The mixture was cooled to 4 °C and the white precipitate extracted with 

acetone using a Soxhlet extractor. The extract was poured into diethyl ether and the precipitate filtered 

off and dried in vacuo to give 7-C8 and 7-C10.103 

8-Bromo-N,N,N-trimethyloctan-1-aminium bromide 7-C8 

White powder; 39% yield;  mp 109-113 °C; yield; Rf = 0.45 (CH2Cl2/MeOH = 85:15); 1H NMR (DMSO): 

1.29 (br, 6H, Alkyl), 1.38 (s, 2H, CH2-CH2-Br), 1.80 (t, 2H, J=6.9, CH2-CH2-Br), 3.05 (s, 9H, N+(CH3)3), 

3.32 (s, 2H, N+-CH2),  3.53 (t, 2H, J=6.9, CH2-Br). 13C NMR (DMSO): 21.71, 25.36, 27.11, 27.69, 27.98, 

31.84, 34.85, 51.81, 64.95.  

10-Bromo-N,N,N-trimethyldecan-1-aminium bromide 7-C10  

White powder; 51% yield; mp 112-115 °C; Rf = 0.38 (CH2Cl2/MeOH = 9:1); 1H NMR (DMSO-d6): 1.28 

(m, 10H, Alkyl), 1.38 (s, 2H, CH2-CH2-CH2-Br), 1.67 (m, 2H, N+-CH2-CH2), 1.79 (t, 2H, J=6.9, CH2-CH2-
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Br),  3.05 (s, 9H, N+(CH3)3), 3.27 (s, 2H, N+-CH2),  3.52 (t, 2H, J=6.9, CH2-Br). 13C NMR (DMSO-d6): 

21.68, 25.31, 27.21, 27.66, 27.99, 28.44, 28.49, 31.94, 34.81, 51.89, 65.15.  

Synthesis of the Diammonium Compounds 4-C8, 4-C10 

1 mmol of 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 1 and 1 mmol of 

monoquaternary bromide 7-Cn were dissolved in acetonitrile (30 ml) and heated at 80 °C making use 

of the microwave assistance in the presence of a catalytic amount of KI/K2CO3. After the reaction was 

completed (TLC monitoring, eluent: 0.2 M aqueous KNO3/CH3OH 2:3), about one half of the solvent 

was evaporated and the obtained colorless solid was collected by filtration and recrystallized. The 

precipitate was filtered, washed with diethylether, and dried in vacuo to give the desired products.103 

 

N1-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N8,N8,N8-pentamethyloctane-1,8-

diammonium dibromide 4-C8  

Cream-colored powder; 40% yield; mp 125-129 °C; Rf = 0.47 (CH2Cl2/MeOH = 9:1); 1H NMR (DMSO-

d6): 1.27-1.32 (m, 10H, Alkyl), 1.65-1.69 (m, 2H, Alkyl), 3.05 (t, 2H, J=11, H-42-isox), 3.12 (s, 9H, 

N+(CH3)3), 3.16 (s, 6H, N+(CH3), 3.30-3.25 (m, 4H, CH2-N+), 4.33 (t, 2H, J=9.6, H-52-isox), 4.46 (s, 2H, 

N+CH2C≡) 4.93 (s, 2H, OCH2C≡). 13C NMR (DMSO-d6): 21.97, 25.58, 28.19, 28.22, 32.27, 45.49, 48.74, 

52.08, 59.47, 63.87, 65.55, 77.47, 85.77, 164.17. MS (ESI) m/z [M]+ Calcd for C20H39N3O2+: 176.65. 

Found:  176.55. qNMR purity 97.39%. 

N1-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N10,N10,N10-pentamethyldecan-1,10-

diammonium dibromide 4-C10  

Beige powder; 37% yield; mp 127-132 °C; Rf = 0.41 (CH2Cl2/MeOH = 85:15); 1H NMR (CD3OD): 1.30 

(m, 10H, Alkyl), 1.65-1.68 (m, 4H, Alkyl), 3.05 (t, 2H, J=11, H-42-isox), 3.12 (s, 9H, N+(CH3)3), 3.16 (s, 6H, 

N+(CH3), 3.30-3.25 (m, 4H, CH2-N+), 4.33 (t, 2H, J=9.6, H-52-isox), 4.46 (s, 2H, N+CH2C≡), 4.94 (s, 2H, 

OCH2C≡). 13C NMR (CD3OD): 23.97, 27.25, 27.33, 30.07, 30.13, 30.32, 30.35, 33.73, 48.41, 48.62, 

48.83, 49.05, 49.26, 49.48, 49.68, 51.23, 52.34, 53.59, 53.66, 53.67, 55.16, 58.36, 67.90, 71.22, 76.73, 

87.63, 168.73. MS (ESI) m/z [M]+ Calcd for C22H43N3O2+: 190.67. Found: 190.60. qNMR purity 96.11%. 
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Discussion 
 

Despite the high structural conservation of the muscarinic orthosteric binding site, a subtype-specific 

behavior of some elongated iperoxo derivatives was already observed (Unpublished results from 

Michael Kauk and Marcel Bermudez). Differences in the shape of the orthosteric pocket and in the 

dynamic activation of the receptor will be investigated upon application of the new synthetized ligands. 

The pharmacological investigations (performed in the working group of Carsten Hoffmann, Institute for 

Molecular Cell Biology, CMB-Center for Molecular Biomedicine, University Hospital Jena, Germany) 

concerning their subtype-selectivity and bias agonism at the muscarinic receptors are still in process. 
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Abstract: Aiming to design partial agonists as well as allosteric modulators for the M1 muscarinic 

acetylcholine receptor, two different series of bipharmacophoric ligands and their derivatives were 

designed and synthesized. The hybrids were composed of the BQCA-derived subtype selective 

allosteric modulator 3 and the orthosteric building block iperoxo 1 or the endogenous ligand 

acetylcholine 2, respectively. The two pharmacophores were linked via alkylene chains of different 

lengths (C4, C6, C8 and C10; 5-Cn and 6-Cn). Furthermore, the corresponding derivatives of 

acetylcholine 2, iperoxo 1 and of modified BQCA 3 with varying alkyl chain length between C2 and C10 

were investigated (1-Cn, 2-Cn, and 4-Cn). To develop an understanding how these compounds interact 

with a GPCR on a molecular level and how the single moieties contribute to ligand receptor interaction, 

FRET was the method of choice in a living single cell system. The characterization of the modified 

orthosteric ligands indicated that a linker attached to an orthoster rapidly attenuates the receptor 

response (1-Cn and 2-Cn). With longer linker lengths the receptor response of bitopic ligands (5-Cn and 

6-Cn) increases, until reaching a maximum, followed by a gradual decrease. The optimal linker length 

was found to be six methylene groups (5-C6) at the M1AChR. Additionally, to our knowledge a new 

conformational change is described that is not of inverse agonistic origin for long linker bitopic ligands. 

For validating the differences and for a better understanding an exceptional fragment based screening 

approach was developed. 

Introduction 

Muscarinic ACh receptors (mAChRs) belong to Class A of G-Protein-coupled receptors (GPCRs) and 

are divided in five M receptor subtypes (M1-M5). These subtypes regulate the activity of many important 

functions of the peripheral and central nervous system. They differ in their appearance and physiological 

function; e.g. the M1 muscarinic acetylcholine receptor is mostly expressed in the central nervous system 

(cortex, hippocampus and striatum) and is therefore an interesting therapeutic target for the treatment 

of Alzheimer`s disease and schizophrenia.1, 2  

The orthosteric binding pocket appears to be homolog among the five receptor subtypes.3 This issue is 

challenging for developing subtype selective therapeutics. To our knowledge Spalding et al.4 described 

for the first time an alternative - allosteric binding region at M1 receptors. This region does not show a 

high sequence identity and is thus, a promising target for developing subtype selective allosteric 

modulators. Allosteric modulators can influence the affinity of ligands bound to the topographically 

distinct orthosteric site, either in a positive (PAM), neutral (SAM) or negative (NAM) manner.5 The benzyl 
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quinolone carboxylic acids (BQCAs) were found to be M1 selective positive allosteric modulators (PAMs) 

with respect to agonist binding, including the endogenous neurotransmitter acetylcholine 2, and function 

in M1 receptors.6, 7, 8 These M1-selective properties are interesting for drug research due to the 

avoidance of side effects associated with indiscriminate activity at other mAChRs. To combine the 

advantages of the two binding sites, the concept of bitopic ligands was developed.9 These ligands 

address the allosteric and orthosteric site simultaneously. Recently, bipharmacophoric ligands 

consisting of the superagonist iperoxo 110, 11 and a benzyl quinolone carboxylic acid moiety 3 were 

designed, and found to act as partial hM1 receptor agonists.12 

For the last two decades a series of different receptor sensors, based on fluorescence resonance energy 

transfer (FRET), were generated for different GPCRs.13, 14, 15 Usually, such sensors are tagged 

C-terminally with CFP and in the third intracellular loop (IL) region with a YFP or a tetracysteine motif 

capable of binding a small soluble fluorophore called FlAsH. These receptor sensors proved to be 

valuable tools for pharmacological characterizations in intact cells, especially for monitoring receptor 

activation in real time and to investigate receptor ligand interaction on a molecular level.16, 17  

In this study derivatives of the superagonist iperoxo 1, orthosteric agonist acetylcholine 2, and of the 

subtype selective allosteric modulator BQCA 3 were rationally designed, synthesized and characterized, 

resulting in modified derivatives with varying alkyl chain length between C2 and C10 (1-Cn, 2-Cn, and 

4-Cn, where n give the length of the linker, i.e. the number of C-atoms, Scheme 1 and Scheme 2). 

Furthermore, the fluoro-substituted allosteric BQCA moieties were linked to the othosteric agonists 

iperoxo and acetylcholine, aiming to design bipharmacophoric M1 receptor agonists (5-C and 6-C, 

Scheme 2). For the pharmacological characterization of these ligands a novel M1 FRET sensor was 

used. This study provides an insight into M1 receptor activation, movement and signaling behavior. 

Results and Discussion 

Chemistry 

The reaction sequences of the iperoxo derivatives 1-C2 to 1-C10 and of the acetylcholine derivatives 2-

C4, 2-C6, 2-C8, and 2-C10 are illustrated in Scheme 1. Iperoxo-base10 1 and acetylcholine-base 2, 

respectively, were reacted with the corresponding bromoalkane in acetonitrile, affording the final 
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Pharmacology/Fret measurements 

1.1.1) Receptor sensor and ligand characterization 

In comparison to the previously reported M1-, M3-, M5-23 and M2-ACh receptor FRET-sensor 24, we 

created a novel full length FRET sensor of the human M1-ACh receptor which was not truncated in the 

3rd intracellular loop (IL3). This novel sensor consists of the native amino acid sequence fused at the 

receptor C-terminus to CFP by adding the amino acids Ser/Arg encoding for an XbaI site. Additionally, 

a FlAsH binding motif CCPGCC was inserted between Gly227 and Ser228 (Fig. 1a) at the N-terminal part 

of IL3 shortly underneath transmembrane domain 5 outside of the G-protein coupling region.25 The 

receptor construct M1-I3N-CFP expressed well at the cell surface as analyzed by confocal scanning 

laser microscopy (Fig. S1). Since the previously published truncated sensors were not different from 

wild-type receptors in radioligand binding,16 we characterized only functional response of the novel 

sensor. To evaluate the effect of the six amino acid insertion into the M1-CFP receptor we used a dual 

fluorescence probe, which responds with an increase in red fluorescence intensity upon increase in Ca2+ 

and a decrease in green fluorescence upon binding to diacylglycerol (DAG). Therefore, the probe can 

specifically report on the activation of Gq-signalling.26 The dual fluorescent probe was transfected in 

HEK293 cells either alone or co-expressed with the M1-CFP or the novel M1-I3N-CFP sensor and 

analyzed by confocal microscopy (see supplementary information for details). The dual probe did not 

respond to carbachol if no receptor was co-transfected. As shown in Figure S2 the carbachol stimulated 

response was indistinguishable for the M1-CFP receptor or the M1-I3N-CFP sensor. In combination with 

previous binding experiments on a truncated sensor version16 it was concluded that this sensor is not 

disturbed in its signaling properties by insertion of the CCPGCC sequence. For further FRET 

experiments the M1-I3N-CFP was stably expressed in HEK293 cells and single cells were used for 

further analysis. To study dynamic conformational changes in real time the M1-I3n-CFP sensor was 

exposed to the endogenous agonist acetylcholine 2 and the synthetic full agonist iperoxo 1. To eliminate 

potential artefacts from changes in flow rates, the cells were constantly superfused with buffer. Under 

these conditions the receptor sensor shows a constant baseline. Upon ligand addition a sharp 

antiparallel movement of the CFP and FlAsH signal was observed (Fig. S3), resulting in a concentration 

dependent change in the FRET signal of 8-12% for iperoxo (Fig. 1b). When the superfusion solution 



 

 
203 

 

was switched back from agonist to buffer, the signal returned to the baseline. A slight reduction of the 

FRET signal over time was detectable and could be due to photobleaching. To prevent artificial 

underestimation of ligand efficacy reference and ligand was measured in an alternating exposure 

regime. Thus it was able to generate concentration dependent response (Fig. 1c) curves for the 

endogenous agonist acetylcholine 2 (EC50 = 2.91 µM) and the synthetic full agonist iperoxo 1 

(EC50 = 0.57 µM). The observed EC50 value for 2 is in very good agreements with previously obtained 

value using the truncated receptor sensor.16 Due to a fivefold higher potency of 1 compared to 2, iperoxo 

was chosen as the orthosteric building block for the studied bitopic ligands to ensure high receptor 

activation via the orthosteric binding site. 

As allosteric building block a derivative of benzyl quinolone carboxylic acid (BQCA) origin was chosen. 

In 2009, BQCA was reported to be a M1 selective positive allosteric modulator (PAM)8 whose binding 

region was studied in detail.27 However, an essential property of allosteric modulators is probe 

dependency. Thus, an experimental approach to show this cooperative effect of BQCA derivative (3) 

combined with 1 (Fig. 1d) was designed. To study positive modulation, a concentration of 1 which results 

in approximately 20% of the maximal observed signal (EC20) was chosen. This way a clear signal was 

observed and still a large detection range to observe positive allosteric modulation was available. As 

seen in Figure 1d by applying the allosteric modulator 3 alone, a small conformational change was 

found. This small response was not clearly detectable for all cells measured. This might be explained 

by the very small signal that could not always be distinguished from noise. When applying saturating 

concentrations of 1, a significant signal was monitored. Next 1 at 0.1 µM concentration was applied 

which results in 25% signal compared to saturating ligand concentrations. Now the superfusion was 

changed to a mix of 1 and 3 and again back to 1 alone. A clear enhanced receptor response was 

observed by applying 3 and 1 at the same time, compared with the appropriate iperoxo response. This 

enhanced response is higher than a theoretical additive effect of the conformational changes induced 

by 3 and 1 alone and can be described as positive allosteric modulation. 

1.1.2) Linker elongation attenuates orthosteric properties 

Besides their orthosteric and allosteric moieties, bitopic ligands consist of a linker region that is often 

not investigated in a systematic way and hence, the linker is often inappropriately treated. Until yet the 
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molecular effects of additional carbon atoms at an orthosteric ligand for muscarinic receptors are still 

unknown. Therefore, nine different derivatives of iperoxo 1 with a linker attached to the amine group 

were synthesized (Scheme 1, 1-C2 to 1-C10). These compounds were investigated via FRET for their 

ability to induce a conformational change at the M1 receptor. The results are summarized in Figure 2. 

Figure 2a shows a single FRET experiment comparing the effect of 1 and different concentrations of 1-

C2 and 1-C3. Even saturating concentrations of 1-C2 exhibit a much reduced FRET signal compared to 

the reference compound 1. From these data it can be concluded, that additional carbon atoms 

significantly reduce the efficacy to 65% compared to iperoxo. Nontheless it was possible to generate a 

concentration response curve for 1-C2. Besides the reduced efficacy a 3-fold lower affinity 

(EC50 (1-C2) = 1.65 µM) to the receptor sensor became evident (Fig. 2b). For 1-C3 a more than 80% 

reduced conformational change was found. These signals were too small to establish a reliable 

concentration response curve. The iperoxo derivatives (1-C4 to 1-C10) did not induce any 

conformational change at the receptor sensor (Fig. 2c). In order to test, whether the linker extended 

ligands were able to bind the receptor sensor at the orthosteric binding site, competition experiment 

were performed shown in Figure 2d. To test for binding of 1-C6 first 10 µM of 1 as a concentration which 

induces 80% of the maximal signal response (EC80) was applied. In the first case as a single ligand to 

the receptor sensor (Fig 2d). Next, a 10 µM solution of 1 with 100 µM of the linker derivative 1-C6 was 

added. As can be seen in Figure 2d, the receptor response induced by the ligand mix was significantly 

reduced compared to the signal induced by 1 alone, indicating, that the two ligands compete for the 

orthosteric binding site and that the 1-C6 derivative shows affinity to the orthosteric binding site but does 

not exhibit efficacy as shown by the lack of conformational changes in Figure 2c. In Figure 2e the results 

for a corresponding set of ligands of ACh origin (Scheme 1) is displayed. The given FRET trace proves, 

that a distinct linker elongation at an orthosteric ligand attenuates orthosteric efficacy. This phenomenon 

could be due to a steric hindrance within the binding pocket or due to preventing an essential receptor 

movement like closing the aromatic lid, which was proposed before to be essential for receptor 

activation.28 
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1.1.3) Evaluation of Bitopic ligands 

Bitopic ligands are thought to interact with both orthosteric and the allosteric binding site at the same 

time.9 They are also thought to interact with the receptor in a dynamic binding mode, which consist at 

least of two different states.29, 30 Abdul-Ridha et al.27 investigated both binding sites in great detail by 

mutational analysis. Using this approach, it was possible to restrict the relative position of both moieties 

to a certain area of the receptor.27 In combination with the crystal structure of iperoxo bound to the M2-

receptor subtype28 and the recently published crystal structure of the M1-receptor subtype3, we focused 

on bitopic ligands with different linker length consisting of either four, six, eight or ten carbon atoms. 

Thus, these ligands cover a relative distance of 6 Å to 15 Å between both pharmacophore moieties and 

hence representing the seven transmembrane helical core. 

A series of bitopic ligands consisting of iperoxo (1) and the BQCA derivative (3) were synthesized 

(Scheme 2). Correspondingly these ligands are called 5-Cn with n reflecting the linker length (4, 6, 8, 

10) (Scheme 2). As can be seen in Figure 3a, showing a representative FRET trace of 5-C6, clear 

concentration dependent increase in conformational change has taken place. This is the largest 

conformational change at this FRET sensor compared to all other derivatives in this series. All other 

ligands were also able to induce a conformational change at the M1 receptor sensor. Figure 3b shows 

the maximal ligand induced chances in comparison to 1. The dashed line indicates the maximal 

observed signal for the allosteric moiety 3 when tested alone. Since all corresponding iperoxo linker 

derivatives (1-C4 to 1-C10) alone did not induce a conformational change (cf. Fig. 2c), the difference in 

conformational changes of the hybrids above the dashed line should result from the positive 

cooperativity between the orthosteric and allosteric moieties. Moreover, for the M1 receptor the optimal 

linker length for the combination of 1 and 3 is in the range of six methylene groups (see Fig. 3b), whereas 

for the M2-receptor subtype longer linker lengths are necessary to improve bitopic ligand efficacy.29 

Thus, the optimal linker length for every receptor subtype might be different for each receptor subtype, 

depending on their tertiary structure.  

Furthermore, after reaching an optimal linker length, the efficacy of bitopic ligands decline by further 

linker elongation (Fig. 3b). Surprisingly, when investigating compound 5-C10 a concentration dependent 

signal with opposite signal direction compared to iperoxo (1) was found (Fig. 3C). Since changes in 
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FRET signals in general represent a relative distance change this property was used as a readout for 

conformational changes at GPCRs. The opposite FRET signal induced by 5-C10 was not observed 

before for any bitopic ligand at M-receptors. Comparable inverse FRET signals were reported for inverse 

agonistic responses at constitutively active mutants of the α2a adrenergic receptor31 and the M3 mutant32. 

At constitutively active M3 receptors, atropine behaves as an inverse agonist. Hence, to compare the 

effect found for 5-C10 at the M1-I3N-CFP with eventual constitutive activity, the effect of atropine at this 

construct was studied. However, atropine does not induce any conformational change (see Fig. 3d), 

arguing against constitutive activity as an explanation for the behavior of 5-C10. Of note, the high 

receptor affinity of atropine becomes visible by the fact, that it was almost impossible to induce a second 

signal for 1 after the first application of 10 µM atropine. To further study the surprising effect of 5-C10, 

a series of bitopic ligands based on acetylcholine as orthosteric building block 6-C4 to 6-C10 (Scheme 

2) was investigated. Figure 3e displays a representative FRET trace of acetylcholine based bitopic 

ligands and the bar graph in Figure 3f summarizes the measured FRET-signals. Again a linker length 

dependent receptor response was found. Moreover, again inverse FRET-signals for bitopic ligands of 

longer chain length were detected. Interestingly, for this compound series a FRET-signal with similar 

direction as observed for ACh (2) was never detected. 

1.1.4) Linker fusion at the allosteric building block 

In order to find out, why bitopic ligands with longer linkers produce an inverse FRET signal it was of 

interest to unravel the moiety of the ligands contributing to the observed signals. Additionally, the 

question arised whether it would be possible to reconstruct the signal derived by different bitopic ligands 

by combining the individual components in a fragment-based screening approach in a single cell. 

Therefore, the ligands 5-C6 and 5-C10 who showed the most extreme signals were studied. As shown 

in Figure 1d the BQCA derivative (3) induces a small conformational change but the corresponding 

linker extended iperoxo derivative (1-C6) did not exhibit a detectable effect at our receptor sensor (Fig. 

2c), but 1-C6 binds to the receptor (Fig. 2d). Both effects are shown in Figure 4a, this time measured at 

the same cell. By applying both compounds (3 and 1-C6) at the same time a receptor response was 

observed that was on the one hand significantly different to the BQCA response but on the other hand 

similar in the maximal signal intensity as reported before for the bitopic ligand 5-C6 (Fig. 3a), indicating 
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first that it is possible to reconstruct the effect of a bitopic ligand interacting with a receptor by applying 

the fragments at the same time to the receptor sensor, and second that there is cooperativity between 

the allosteric modulator BQCA (3) and the orthosteric ligand 1-C6.  

Comparable experiments were performed with the ligand 5-C10 and its respective building blocks 

(Fig. 4b). Interestingly in this case it was impossible to reconstruct the signal of the bitopic ligand by 

applying the single fragments, suggesting, that the inverse signal is likely mechanistically different to the 

agonistic signal. Interestingly at the M2 mAChR, iperoxo-based bitopic ligands have been shown to bind 

in at least two different binding poses30 and one of them was shown to be purely allosteric. This has 

recently been further investigated by molecular modeling.33 In an attempt to further investigate the 

inverse FRET signal mechanistically, the set of compounds 4-C4 to 4-C10, consisting of the allosteric 

moiety, was investigated. Here a linker moiety of different length and a tertiary amine are combined to 

imitate the positively charged amine of the orthosteric ligand (Scheme 2) in the presence of the allosteric 

moiety. Figure 4c displays a representative FRET trace recorded for a single cell that was super-fused 

with the indicated ligands. Increasing linker length lead to the appearance of an inverse signal for 

compound 4-C8 and 4-C10 even in the absence of the orthosteric moiety similar to the signal observed 

for compound 5-C10 or 6-C10. This result supports the notion of an alternative second binding pose for 

the linker extended bitopic ligands at the M1 receptor, as recently described for the M2 receptor.33 

 

Concluding remarks 

Bitopic ligands are molecular entities, which bind to more than one pharmacological interesting region 

of membrane proteins and are thought to have an impact on further drug development. This study 

provides a molecular insight of the interactions between GPCRs and bitopic ligands for a better 

understanding of ligand receptor interactions on a molecular level. Here, linker dependent responses of 

bitopic ligands at a M1 receptor FRET sensor were investigated. The findings indicate an optimal linker 

length of the bitopic ligands for conformational changes at the M1 mAChR. This optimal linker length is 

probably different for each receptor subtype and is likely dependent on the individual receptor 

architecture. Furthermore, a previously unknown conformational change for GPCRs induced by bitopic 
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ligands of long linker length was observed. Furthermore, an understanding of the origin of different 

conformational changes of GPCRs is provided. The influences of the reported movements on the 

downstream signaling of GPCRs are subjects of current studies. Bitopic ligands were discussed critically 

due to the fact, whether the lipophilic linker can pass the aromatic lid of muscarinic receptors. Here, it 

could be shown that an increased linker first hampers the orthoster to induce a conformational change 

although there is a distinct affinity to the orthosteric binding region. This phenomenon might be due to a 

steric clash with the aromatic lid structure in muscarinic acetylcholine receptors. Moreover, the findings 

indicate, that this fact is no longer true for the bitopic derivatives indicating that here the linker is able to 

pass through this lid like structure. 

Methods 

Chemistry 

Melting points were determined with a Stuart melting point apparatus SMP3 (Bibby Scientific, UK) and 

are uncorrected. 1H (400.132 MHz) and 13C (100.613 MHz) NMR spectra were recorded on a Bruker 

AV 400 instrument (Bruker Biospin, Ettlingen, Germany). As internal standard, the signals of the 

deuterated solvents were used (DMSO-d6: 1H 2.5 ppm, 13C 39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 

77.16 ppm). Abbreviation for data quoted are: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, 

broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; tq, triplet of quartets. Coupling 

constants (J) are given in Hz. TLC analyses were performed on commercial pre-coated plates, silica gel 

60 F254 (Macherey-Nagel, Düren, Germany); spots were further evidenced by spraying with Dragendorff 

reagent, 35 for amines. ESI mass spectra of the compounds were obtained on an Agilent LC/MSD Trap 

G2445D instrument (Waldbronn, Germany). Data are reported as mass-to-charge ratio (m/z) of the 

corresponding positively charged molecular ions. Microwave assisted reactions were carried out on a 

MLS-rotaPREP instrument (Milestone, Leutkirch, Germany). Chemicals were of analytical grade and 

purchased from Aldrich (Steinheim, Germany) and Merck (Darmstadt, Germany).  

The purities of the compounds (2-C4, 2-C6, 2-C8, and 2-C10) were determined using qNMR and were 

found to be >95% (method see supporting information). Purity of compounds 1-C2, 1-C6, 1-C7, 1-C8, 

1-C9, 1-C10, 5-C4, and 6-C6 were determined using capillary electrophoresis and were found to be 
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>95% (method see supporting information). Compounds 1-C4 and 6-C4 (confirming purity >95%) and 

compounds 5-C8 and 5-C10 (confirming purity >90%) were measured on a HPLC system (Agilent 1100 

series system with UV detector, Waldbronn, Germany) using a C18 reversed-phase (Knauer, Germany) 

(150 x 4.6 mm) column. The mobile phase (MeOH/phosphate buffer = 70/30) was used at a flow rate of 

1.5 mL/min, detecting at 254 nm. The HPLC analyses of compounds 4-C4 (confirming purity >90%) 4-

C6, 4-C8, 4-C10, 6-C8, and 6-C10 (confirming purity >95%) were performed on a LCMS 2020 Shimadzu 

(Duisburg, Germany). The LCMS-system from Shimadzu Products, contained a DGU-20A3R degassing 

unit, a LC20AB liquid chromatograph and a SPD-20A UV/Vis detector. Mass spectra were obtained by 

a LCMS 2020. As stationary phase a Synergi 4U fusion-RP (150 * 4.6 mm) column and as mobile phase 

a gradient of MeOH/water was used. Parameters for method:  Solvent A: water with 0.1% formic acid, 

solvent B: MeOH with 0.1% formic acid.  Solvent B from 0% to 90% in 13 min, then 90% for 5 min, from 

90% to 5% in 1 min, then 5% for 4 min. The method was performed with a flow rate of 1.0 mL/min. UV 

detection was measured at 254 nm. 

The compounds 1-C3, 1-C5,11 and 322 as well as 9, 10-C6, 11-C6, and 5-C612 were prepared according 

to previously reported procedures. The synthesis of the 4-oxo-quinoline skeleton 836, 37 was performed 

in analogy to the Gould-Jacobs procedure, using diethyl 2-(ethoxymethylene)-malonate for the 

condensation with 4-fluoroaniline followed by microwave assisted cyclization in diphenyl ether.19, 20, 21 

3.1.1)   General Procedure for the Synthesis of the Iperoxo Derivatives 1-C2, 1-C4, 1-C6, 1-C7, 1-

C8, 1-C9, and 1-C10 

To a solution of iperoxo base10 0.45 g (2.47 mmol) in 10 mL of acetonitril or chloroform, 5 - 10 

equivalents of the corresponding 1-bromoalkane 7-C2 to 7-C10 and a catalytic amount of KI/K2CO3 (1:1) 

were added. The mixture was stirred in a sealed container at a temperature between 55 and 70 °C. The 

precipitate obtained was filtered and Et2O was added to complete the precipitation. The solid was 

washed several times with Et2O, and dried over P2O5 in vacuo.  

3.1.2)   General Procedure for the Synthesis of the Acetylcholine Derivatives 2-C4, 2-C6, 2-C8, and 2-

C10 

To a solution of acetylcholine base 0.50 g (3.81 mmol) in acetonitrile (10 mL), 2 equiv. of the 

corresponding bromoalkane 7-C4, 7-C6, 7-C8, and 7-C10 and a catalytic amount of KI/K2CO3 (1:1) were 
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added. The reaction mixture was heated in the microwave (500 W, 70 °C) for 4 h. After cooling to room 

temperature the surplus of KI/K2CO3 was filtered and the filtrate was evaporated to the half of the 

volume. After addition of Et2O, a viscose oil was formed. The solvent was decanted and the product 

obtained was dried in vacuo. 

3.1.3)   General Procedure for the Synthesis of the Quinolone Derivatives 4-C4, 4-C6, 4-C8, and 4-

C10 

To a solution of bromoalkyl 4-oxo-quinoline-3-carboxamides 11-C4, 11-C6, 11-C8, and 11-C10 (0.11 

mmol) in acetonitrile (5 mL), trimethylamine (45% in H2O, 0.22 mmol) was added. The reaction was 

heated at 40 °C. After completion of the reaction (5 h) controlled by TLC (CH2Cl2/MeOH = 85:15, 

Rf = 0.10 – 0.45), the mixture was cooled to room temperature. The solvent was distilled off. The so 

obtained solid was crystallized from acetonitrile, filtered and dried in vacuo. 

3.1.4)   General Procedure for the Synthesis of the Quinolone-Iperoxo Hybrids 5-C4, 5-C8, and 5-C10 

To a solution of 1 equiv. of the bromoalkyl 4-oxo-quinoline-3-carboxamides 11-C4, 11-C8, and 11-C10 

in 20 mL acetonitrile, 2 equiv. iperoxo base10 and a catalytic amount of KI/K2CO3 (1:1) were added. The 

reaction mixture was heated in the microwave (500 W, 80 °C) for 4 h. The reaction was monitored by 

TLC (MeOH/NH4NO2 (0.2 M) = 3:2, Rf = 0.54 – 0.68). After cooling to room temperature the surplus of 

KI/K2CO3 was filtered. Et2O was added to the filtrate to obtain a precipitation. The solid was filtered, 

washed with Et2O and dried in vacuo.  

3.1.5)   General Procedure for the Synthesis of the Quinolone-Acetylcholine Hybrids 6-C4, 6-C6, 6-C8, 
and 6-C10 

To a solution of 1 equiv. of the bromoalkyl 4-oxo-quinoline-3-carboxamides 11-C4, 11-C8, and 11-C10 

in 15 mL acetonitrile, 2 equiv. acetylcholine base and a catalytic amount of KI/K2CO3 (1:1) were added. 

The reaction mixture was heated in the microwave (500 W, 80 °C) for 4.0 – 6.5 h. After cooling to room 

temperature the surplus of KI/K2CO3 was filtered and Et2O was added to the filtrate. The solid obtained 

was filtered, washed with Et2O and dried in vacuo. 
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Pharmacology 

3.2.1)   Construction of the hM1 receptor FRET sensor 

Muscarinic ACh receptor construct was C-terminally fused to the enhanced variants of cyan fluorescent 

protein (eCFP) (BD Bioscience Clontech, Heidelberg, Germany) by standard PCR extension overlap 

technique.38 The amino acid sequence SR, coding for an Xba I restriction site, was inserted as a linker 

sequence between receptor and fluorescent protein. In the third intracellular loop (IL3) an amino acid 

motif was introduced, thus the novel sequence reads QG227CCPGCCSGS228E. It specifically binds 

the fluorescein arsenical hairpin binder (FlAsH) and codes for a restriction site. The construct was cloned 

into pcDNA3 (Invitrogen) and verified by sequencing, done by Eurofins Genomics (Ebersberg, 

Germany). 

3.2.2)   Stable cell line generation 

Cells were seeded into a culture dish with a confluency of 30% three hours before transfecting the cells 

with the Effectene® reagent ordered from Quiagene. Reagent concentration and incubation times were 

applied in accordance with the manufacturer’s instructions. 24 hours after transfecting the normal culture 

medium was replaced by culture medium supplemented with 400 µg/mL G-418. After that the medium 

was refreshed every day until all untransfected cells died. Now the cells were counted, diluted and 

applied to 48-well plates resulting in a one cell to well distribution. This homogenous cell population 

were characterized with fluorescence microscopy and were investigated concerning their cDNA content. 

3.2.3)   Cell culture 

HEK293 cells stably expressing the hM1 receptor FRET sensor were maintained in DMEM with 4.5 g l 1, 

10% (v/v) FCS, 100 U mL-1 penicillin, 100 µg mL-1 streptomycin sulfate and 2 mM L-glutamine and 200 

µg mL 1 G-418. The cells were kept at 37 °C in a humidified 7% CO2 atmosphere and were routinely 

passaged every two to three days. Untransfected HEK cells maintained in cell culture medium without 

G-418. 

3.2.4)   FlAsH labeling 

A labeling protocol was applied as described previously.14, 39, 40 In brief, cells were grown to near 

confluency on Poly-D-lysin coated glass coverslips. Initially cells were washed with labeling buffer 



 

 
212 

 

(150 mM NaCl, 10 mM HEPES, 2.5 mM KCl, 4 mM CaCl2, 2mM MgCl2 supplemented with 10 mM 

glucose (pH 7.3)). After that cells were incubated with labeling buffer containing 500 nM FlAsH and 12.5 

µM 1,2-ethanedithiol (EDT) for 1 h at 37 °C followed by flushing with labeling buffer. To reduce non-

specific FlAsH binding, the cells were incubated for 10 min with labeling buffer containing 250 µM EDT. 

After flushing with labeling buffer the cells were held in cell culture medium. 

3.2.5)   Ligand application 

The reference ligands were prepared from 1 mM stock solutions that were stored at -20 °C, taking into 

consideration, that at least acetylcholine remains instable in solution.41 Used stock solutions have not 

been older than a couple of weeks. Bitopic ligands or derivatives were stored at 4 °C and were weighed 

out directly before the experiment. Than the ligands were solubilized in measuring buffer (140 mM NaCl, 

10 mM HEPES, 5.4 mM KCl, 2 mM CaCl2, 1 mM MgCl2 (pH 7.3)) to a final concentration of 100 µM. 

3.2.6)   Single cell FRET experiments 

FRET measurements were performed using a Zeiss Axiovert 200 inverted microscope endued with a 

PLAN-Neoflar oil immersion 100-objective, a dual emission photometric system and a Polychrome IV 

light source (Till Photonica, Gräfelfig, Germany) as described previously.14, 13 Experiments were 

conducted at 25 °C using live HEK293 cells stably expressing the hM1 receptor FRET-sensor that were 

maintained in assay buffer. Single cells were excited at 436 nm (dichroic 460 nm) with a frequency of 

10 Hz. Emitted light was recorded using 535/30 nm and 480/40 nm emission filters and a DCLP 505 nm 

beam splitter for FlAsH and CFP, respectively. FRET was observed as the ratio of FlAsH/CFP, which 

was corrected offline for bleed through, direct FlAsH excitation and photo bleaching using the 2015 

version of the Origin software as described recently. To investigate changes in FRET on ligand addition, 

cells were continuously super fused with FRET buffer complemented with various ligands in saturating 

concentrations as indicated. Superfusion was done using the ALA-VM8 (ALA Scientifi Instruments). 

3.2.7)   Data processing 

Data are shown as means ± s.e.m. for n independent observations. Fluorescence intensities were 

acquired using Clampex (Axon Instruments). Statistical analysis and curve fitting were performed using 

Origin (OriginLab). 
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Supporting Information 

More detailed syntheses, elemental analyses data and spectral data of intermediate and target 

compounds as well as calcium measurement procedure description and supporting figures. 
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Methods, syntheses, elemental analyses data and spectral data of intermediate and target compounds 

Description of Calcium/DAG determination using confocal microscopy 

Methods 

The purities of the compounds (2-C4, 2-C6, 2-C8, and 2-C10) were determined using qNMR and were 

found to be >95%. 1,2,4,5-Tetrachloro-3-nitrobenzene (Sigma Aldrich, Steinheim, Germany) was 

chosen as internal standard. qNMR data were acquired at 90° pulse tip angles with recovery delays of 

60 s and acquisition time of 3.7 s in a non-spinning mode at a calibrated probe temperature of 300 K. 

Sixteen scans of 64 K data points for FID were acquired with a spectral width of 8012 Hz (16 ppm). 

Manuel phase and baseline correction were performed prior to integration. Preliminary data processing 

was carried out with Bruker software, TOPSPIN 3.0. Purity of compounds 1-C2, 1-C6, 1-C7, 1-C8, 1-

C9, 1-C10, 5-C4, and 6-C6 were determined using capillary electrophoresis and were found to be >95%. 

The CE measurements were performed by means of a Beckman Coulter P/ACE System MDQ 
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(Fullerton, CA, USA), equipped with a diode array detector measuring at wavelengths of 210 nm and 

254 nm. A fused silica capillary (effective length 50.0 cm, total length 60.2 cm, inner diameter 50 µm) 

was used for the separation. A new capillary was conditioned by rinsing for 30 min with 0.1 mol/L NaOH, 

2 min with H2O, 10 min with 0.1 mol/L HCl and 2 min with H2O. Before each run the capillary was rinsed 

for 2 min with H2O and 5 min with the running buffer. All rinsing steps were performed with a pressure 

of 30.0 psi. The samples were injected with a pressure of 0.5 psi for 5.0 s at the anodic side of the 

capillary. The capillary was kept at 25 °C and a voltage of +25 kV was applied. A 50 mM aqueous sodium 

borate, pH 10.5, was prepared as running buffer, using ultrapure Milli-Q water (Millipore, Milford, MA, 

USA). The aqueous solutions were filtered through a 0.22 µm pore-size CME (cellulose mix ester) filter 

(Carl Roth GmbH, Karlsruhe, Germany). Purity of all other target compounds were determined on two 

HPLC systems.  

Chemistry 

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N-ethyl-N,N-dimethylbut-2-yn-1-aminium bromide 1-C2 

Beige powder; 89% yield; mp 108-110 °C; 1H NMR (DMSO): 1.26 (t, 3H, CH2-CH3, J = 7.2), 3.02 (t, 2H, 

H-42-isox, J = 9.6), 3.08 (s, 6H, +N(CH3)2), 3.45 (m, 2H, N+-CH2-CH3), 4.32 (t, 2H, H-52-isox, J = 9.6), 4.50 

(s, 2H, ≡C-CH2-N+), 4.93 (s, 2H, O-CH2-C≡). 13C NMR (DMSO): 7.8, 32.1, 49.1, 52.8, 57.1, 58.7, 69.5, 

76.1, 85.7, 166.6. MS (ESI) m/z [M]+ Calcd for C11H20BrN2O2+ 211.3. Found: 221.2. CE purity 99.1%. 

 
N-Butyl-4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-aminium bromide 1-C4 

White solid; 65% yield; mp 110-112 °C; 1H NMR (DMSO): 0.93 (t, 3H, CH2-CH3, J = 7.5), 1.27-1.36 (m, 

2H, CH2-CH2-CH2-CH3), 1.62-1.70  (m, 2H, CH2-CH2-CH2-CH3), 3.02 (t, 2H, H-42-isox, J = 9.5), 3.09 (s, 

6H, +N(CH3)2), 3.36-3.39 (m, 2H, N+-CH2-CH2), 4.32 (t, 2H, H-52-isox, J = 9.47), 4.49 (s, 2H, ≡C-CH2-N+), 

4.93 (s, 2H, O-CH2-C≡). 13C NMR (DMSO): 13.4, 19.1, 23.8, 32.2, 49.8, 53.3, 57.2, 63.0, 69.6, 76.2, 

86.0, 166.7. MS (ESI) m/z [M]+ Calcd for C13H23N2O2+: 239.2. Found: 239.2. HPLC purity 96.1%. 

 

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethylhexan-1-aminium bromide 1-C6 

White solid, 85% yield; mp 121-122 °C; 1H NMR (DMSO): 0.88 (t, 3H, CH2-CH3, J = 6.6), 1.30 (br, 6H, 

CH2-CH2-CH2-CH2-CH2-CH3), 1.62-1.73 (m, 2H, CH2-CH2-CH2-CH2-CH2-CH3), 3.01 (t, 2H, H-42-isox, J = 

9.6), 3.09 (s, 6H, +N(CH3)2), 3.33-3.38 (m, 2H, N+-CH2-CH2), 4.32 (t, 2H, H-52-isox, J = 9.6), 4.48 (s, 2H, 

≡C-CH2-N+), 4.93 (s, 2H, O-CH2-C≡). 13C NMR (DMSO): 13.7, 21.6, 21.7, 25.2, 30.5, 32.1, 49.7, 53.1, 

57.1, 63.1, 69.5, 76.1, 85.8, 166.6. MS (ESI) m/z [M]+ Calcd for C15H27N2O2+: 267.2. Found: 267.3. CE 

purity 99.5%. 
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N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethylheptan-1-aminium bromide 1-C7 

White solid; 74% yield; mp 121-122 °C; 1H NMR (DMSO): 0.87 (t, 3H, CH2-CH3,  J = 6.8), 1.25-1.33 (br, 

8H, CH2-CH2-CH2-CH2-CH2-CH2-CH3), 1.63-1.72 (m, 2H, CH2-CH2-CH2-CH2-CH2-CH2-CH3), 3.01 (t, 2H, 

H-42-isox, J = 9.6), 3.07 (s, 6H, +N(CH3)2), 3.34-3.37 (m, 2H, N+-CH2-CH2), 4.32 (t, 2H, H-52-isox, J = 9.6), 

4.45 (s, 2H, ≡C-CH2-N+), 4.93 (s, 2H, O-CH2-C≡). 13C NMR (DMSO): 13.8, 20.8, 21.7, 21.9, 25.5, 28.0, 

32.2, 49.7, 53.2, 57.1, 63.1, 69.5, 76.1, 85.9, 166.6. MS (ESI) m/z [M]+ Calcd for C16H29N2O2+: 281.2. 

Found: 281.3. CE purity 99.5%. 

 

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyloctan-1-aminium bromide 1-C8 

White solid; 48% yield; mp 130-133 °C; 1H NMR (DMSO): 0.87 (t, 3H, CH2-CH3,  J = 6.9) , 1.23-1.33 (br, 

10H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3), 1.63-1.71 (m, 2H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3), 

3.01 (t, 2H, H-42-isox, J = 9.6), 3.07 (s, 6H, +N(CH3)2), 3.33-3.37 (m, 2H, N+-CH2-CH2), 4.32 (t, 2H, H-52-isox, 

J = 9.6), 4.45 (s, 2H, ≡C-CH2-N+), 4.93 (s, 2H, O-CH2-C≡). 13C NMR (DMSO): 13.8, 21.7, 21.9, 25.6, 

28.3, 31.0, 32.1, 49.7, 53.2, 57.1, 63.1, 69.5, 76.1, 85.9, 166.6. MS (ESI) m/z [M]+ Calcd for C17H31N2O2+: 

295,2. Found: 295.3. CE purity 99.1%. 

 
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethylnonan-1-aminium bromide 1-C9 

White solid; 80% yield; mp 130-132 °C; 1H NMR (DMSO): 0.86 (t, 3H, CH2-CH3, J = 6.7), 1.26 (br, 12H, 

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3), 1.62-1.71 (m, 2H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH3), 3.01 (t, 2H, H-42-isox, J = 9.6), 3.08 (s, 6H, +N(CH3)2), 3.33-3.37 (m, 2H, N+-CH2-CH2), 4.32 (t, 2H, 

H-52-isox, J = 9.6), 4.48 (s, 2H, ≡C-CH2-N+), 4.93 (s, 2H, O-CH2-C≡). 13C NMR (DMSO): 13.8, 21.7, 22.0, 

25.6, 28.3, 28.6, 31.1, 32.1, 49.7, 53.2, 57.1, 63.1, 69.5, 76.1, 85.8, 166.6. MS (ESI) m/z [M]+ Calcd for 

C18H33N2O2+: 309.3. Found: 309.4. CE purity 98.8%. 

 
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyldecan-1-aminium bromide 1-C10 

White solid; 83% yield; mp 135-137 °C; 1H NMR (DMSO): 0.86 (t, 3H, CH2-CH3, J = 6.9), 1.26 (br, 14H, 

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3), 1.67 (br, 2H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH3), 3.01 (t, 2H, H-42-isox, J = 9.6), 3.08 (s, 6H, +N(CH3)2), 3.33-3.37(m, 2H, N+-CH2-CH2), 4.32 (t, 

2H, H-52-isox, J = 9.6), 4.47 (s, 2H, ≡C-CH2-N+), 4.93 (s, 2H, O-CH2-C≡). 13C NMR (DMSO): 13.8, 21.7, 

22.0, 25.6, 28.3, 28.5, 28.6, 28.7, 31.2, 32.1, 49.7, 53.1, 57.1, 63.1, 69.5, 76.1, 85.8, 166.6. MS (ESI) 

m/z [M]+ Calcd for C19H35N2O2+: 323.3. Found: 323.3 CE purity 99.8%. 

N-(2-Acetoxyethyl)-N,N-dimethylbutan-1-aminium bromide 2-C4 

White, viscose oil; yield 71%; 1H NMR (DMSO): 0.93 (t, 3H, CH2-CH3, J = 7.2), 1.26-1.35 (m, 2H, CH2-

CH2-CH2-CH3), 1.62-1.70 (m, 2H, CH2-CH2-CH2-CH3), 2.06 (s, 3H, CO-CH3), 3.08 (s, 6H, +N(CH3)2), 
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3.33-3.37 (m, 2H, +N-CH2-CH2), 3.63-3.65 (m, 2H, CH2-N+), 4.42 (t, 2H, O-CH2, J = 4.4). 13C NMR 

(DMSO): 13.4, 19.1, 20.6, 23.6, 50.5, 57.4, 61.2, 63.6, 169.7. MS (ESI) m/z [M]+ Calcd for C10H22NO2+: 

188.2. Found: 188.2. qNMR purity 98.0%. 

N-(2-Acetoxyethyl)-N,N-dimethylhexan-1-aminium bromide 2-C6 

Transparent, viscose oil; yield 65%; 1H NMR (DMSO): 0.88 (t, 3H, CH2-CH3, J = 6.8), 1.25-1.32 (m, 6H, 

CH2-CH2-CH2-CH2-CH2-CH3), 1.63-1.70 (m, 2H, CH2-CH2-CH2-CH2-CH2-CH3), 2.06 (s, 3H, CO-CH3), 

3.07 (s, 6H, +N(CH3)2), 3.34-3.39 (m, 2H, +N-CH2-CH2), 3.62-3.65 (m, 2H, CH2-N+), 4.41 (t, 2H, O-CH2, 

J = 4,6). 13C NMR (DMSO): 13.7, 20.6, 21.6, 21.7, 25.3, 30.6, 50.5, 57.4, 61.2, 63.8, 169.7. MS (ESI) 

m/z [M]+ Calcd for C12H26NO2+: 216.2. Found: 216.2. qNMR purity 96.0%. 

N-(2-Acetoxyethyl)-N,N-dimethyloctan-1-aminium bromide 2-C8 

White, viscose oil; yield 91%; 1H NMR (DMSO): 0.86 (t, 3H, CH2-CH3, J = 6.8), 1.26-1.29 (m, 10H, CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH3), 1.63-1.70 (m, 2H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3), 2.05 (s, 

3H, CO-CH3), 3.08 (s, 6H, +N(CH3)2), 3.33-3.37 (m, 2H, +N-CH2-CH2), 3.63-3.66 (m, 2H, CH2-N+), 4.41 

(t, 2H, O-CH2, J = 4,6 Hz). 13C NMR (DMSO): 13.8, 20.6, 21.6, 21.9, 25.6, 28.3, 31.0, 50.5, 57.4, 61.2, 

63.8, 169.7. MS (ESI) m/z [M]+ Calcd for C14H30NO2+: 244.2. Found: 244.3. qNMR purity 96.0%. 

N-(2-Acetoxyethyl)-N,N-dimethyldecan-1-aminium bromide 2-C10 

White, viscose oil; yield 88%; 1H NMR (DMSO): 0.86 (t, 3H, CH2-CH3, J = 6.8), 1.26-1.28 (m, 14H, CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3), 1.63-1.70 (m, 2H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH3), 2.05 (s, 3H, CO-CH3), 3.07 (s, 6H, +N(CH3)2), 3.32-3.35 (m, 2H, +N-CH2-CH2), 3.62-3.64 (m, 

2H, CH2-N+), 4.41 (t, 2H, O-CH2, J = 4.6). 13C NMR (DMSO): 13.8, 20.5, 21.6, 22.0, 25.6, 28.4, 28.5, 

28.7, 28.8, 31.2, 50.5, 57.4, 61.2, 63.8, 169.7. MS (ESI) m/z [M]+ Calcd for C16H34NO2+: 272.3. Found: 

272.3. qNMR purity 96.0%. 

General Procedure for the Amidation of 10-C4, 10-C8, and 10-C10 

1 equiv. of ethyl 1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate 91 was reacted with 

3 equiv. of 4-aminobutanol, 8-aminooctanol and 10-aminodecanol, respectively, and heated to 150 °C 

to melt the ester. The reaction was followed up by TLC (CH2Cl2/MeOH = 20:1, Rf = 0.35 – 0.54). After 

completion of the reaction (1.0 – 3.5 h), the mixture was cooled to room temperature. The so obtained 

solid was crystallized in ethanol and recrystallized from methanol. 

1-Benzyl-6-fluoro-N-(4-hydroxybutyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide 10-C4 

White solid; yield 28%; mp 163-165 °C; Rf = 0.35 (CH2Cl2/MeOH = 20:1); 1H NMR (DMSO):  1.47-1.61 

(m, 4H, NH-CH2-CH2-CH2), 3.34-3.46 (m, 4H, NH-CH2/CH2-OH), 4.42 (t, 1H, OH, J = 5.2), 5.80 (s, 2H, 

CH2benzyl), 7.21-7.24 (m, 2H, CHphenyl), 7.27-7.37 (m, 3H, CHphenyl), 7.67 (ddd, 1H, H-7, J = 3.1, JHF = 8.0, 

J = 9.4), 7.84 (dd, 1H, H-8, JHF = 4.3, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, JHF = 9.1), 9.08 (s, 1H, H-2), 
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9.88 (t, 1H, NH, J = 5.7). 13C NMR (DMSO): 25.9, 29.9, 38.2, 56.0, 60.3, 110.5 (d, JCF = 22.7), 110.7, 

120.9 (d, JCF = 8.4), 121.3 (d, JCF = 25.0), 126.4, 127.9, 128.9, 128.9 (d, JCF = 6.9), 135.7, 135.9, 148.7, 

159.1 (d, JCF = 245.3), 163.6, 174.7 (d, JCF = 2.6). 

1-Benzyl-6-fluoro-N-(8-hydroxyoctyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide 10-C8 

White solid; yield 28%; mp 154-156 °C; Rf = 0.54 (CH2Cl2/MeOH = 20:1); 1H NMR (DMSO): 1.28-1.37 

(m, 8H, NH-CH2-CH2-CH2-CH2-CH2-CH2), 1.39-1.42 (m, 2H, NH-CH2-CH2), 1.50-1.57 (m, 2H, CH2-CH2-

OH), 3.33-3.39 (m, 4H, NH-CH2/CH2-OH), 4.30 (t, 1H, OH, J = 5.0), 5.80 (s, 2H, CH2benzyl), 7.21-7.23 

(m, 2H, CHphenyl), 7.27-7.37 (m, 3H, CHphenyl), 7.67 (ddd, 1H, H-7, J = 3.1, JHF = 8.0, J = 9.4), 7.84 (dd, 

1H, H-8, JHF = 4.4, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, JHF = 9.05), 9.08 (s, 1H, H-2), 9.87 (t, 1H, NH, 3J 

= 5.6). 13C NMR (DMSO): 25.4, 26.4, 28.7, 28.8, 29.2, 32.4, 38.3, 56.0, 60.6, 110.5 (d, JCF = 22.4), 

110.7, 120.9 (d, JCF = 8.4), 121.3 (d, JCF = 24.8), 126.4, 127.8, 128.9, 128.9 (d, JCF = 7.2), 135.7, 135.8, 

148.7, 159.1 (d, JCF = 245.0), 163.6, 174.7 (d, JCF = 2.5). 

1-Benzyl-6-fluoro-N-(10-hydroxydecyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide 10-C10 

White solid; yield 31%; mp 152-154 °C; Rf = 0.37 (CH2Cl2/MeOH = 20:1); 1H NMR (DMSO): 1.25-1.40 

(m, 14H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 1.50-1.55 (m, 2H, CH2-CH2-OH), 3.35-3.38 (m, 

4H, NH-CH2/CH2-OH), 4.30 (t, 1H, OH, J = 5.0), 5.80 (s, 2H, CH2benzyl), 7.21-7.23 (m, 2H, CHphenyl), 7.27-

7.37 (m, 3H, CHphenyl), 7.66 (ddd, 1H, H-7, J = 3.1, JHF = 8.0, J = 9.4), 7.84 (dd, 1H, H-8, JHF = 4.4, J = 

9.4), 7.99 (dd, 1H, H-5, J = 3.1, JHF = 9.05), 9.08 (s, 1H, H-2), 9.87 (t, 1H, NH, J = 5.6). 13C NMR (DMSO): 

25.4, 26.4, 28.6, 28.8, 28.9, 29.0, 29.1, 32.4, 38.3, 56.0, 60.6, 110.5 (d, JCF = 22.9), 110.7, 120.9 (d, JCF 

= 8.0), 121.3 (d, JCF = 25.3), 126.4, 127.8, 128.9, 128.9 (d, JCF = 6.8), 135.7, 135.8, 148.7, 159.1 (d, JCF 

= 245.1), 163.6, 174.7 (d, JCF = 2.6). 

General Procedure for the Substitution of the Alcohol group with a Bromine group, Compounds 11-

C4, 11-C8, and 11-C10 

1 equiv. of hydroxyalkyl fluoro substituted 4-oxo-quinolinecarboxamides 10-C4, 10-C8, and 10-C10, 

respectively, were dissolved in 10 equiv. of aqueous HBr (48%). Then, 4.2 equiv. of conc. sulfuric acid 

was carefully added, and the reaction mixture was heated to reflux. The reaction was followed up by 

TLC (CH2Cl2/MeOH = 20:1, Rf = 0.81 – 0.95). After completion of the reaction (3.0 – 6.0 h), the solution 

was poured into water and extracted several times with chloroform. The combined organic phases were 

neutralized with K2CO3 and the solvent was evaporated to obtain the desired products.  

1-Benzyl-N-(4-bromobutyl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 11-C4 

White solid; yield 93%; mp 165-167 °C; Rf = 0.84 (CH2Cl2/MeOH = 20:1); 1H NMR (DMSO): 1.64-1.71 

(m, 2H, NH-CH2-CH2), 1.85-1.92 (m, 2H, NH-CH2-CH2-CH2), 3.39 (dd, 2H, NH-CH2, J = 6.9,  J = 12.9), 

3.59 (t, 2H, CH2-Br, J = 6.7), 5.80 (s, 2H, CH2benzyl), 7.21-7.37 (m, 5H, CHphenyl), 7.67 (ddd, 1H, H-7, J = 

3.1, JHF = 7.9, J = 9.4), 7.84 (dd, 1H, H-8, JHF = 4.4, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, JHF = 9.1), 9.08 
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(s, 1H, H-2), 9.90 (t, 1H, NH, J = 5.8). 13C NMR (DMSO): 28.0, 29.8, 34.7, 37.4, 56.0, 110.5 (d, JCF = 

22.7), 110.7, 120.9 (d, JCF = 7.6), 121.3 (d, JCF = 24.5), 126.4, 127.9, 128.9, 128.9 (d, JCF = 7.0), 135.7, 

135.9, 148.8, 159.1 (d, JCF = 245.2), 163.8, 174.7 (d, JCF = 2.5 Hz). 

1-Benzyl-N-(8-bromooctyl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 11-C8 

White solid; yield 88%; mp 168-171 °C; Rf = 0.81 (CH2Cl2/MeOH = 20:1); 1H NMR (DMSO): 1.28-1.41 

(m, 8H, NH-CH2-CH2-CH2-CH2-CH2-CH2), 1.51-1.57 (m, 2H, NH-CH2-CH2), 1.75-1.82 (m, 2H, CH2-CH2-

Br ), 3.33-3.37 (m, 2H, NH-CH2), 3.51 (t, 2H, CH2-Br, J = 6.8), 5.80 (s, 2H, CH2benzyl), 7.21-7.37 (m, 5H, 

CHphenyl), 7.66 (ddd, 1H, H-7, J = 3.1, JHF = 8.0, J = 9.4), 7.84 (dd, 1H, H-8, JHF = 4.4, J = 9.4), 7.99 (dd, 

1H, H-5, J = 3.1, JHF = 9.1), 9.08 (s, 1H, H-2), 9.87 (t, 1H, NH, J = 5.6 Hz). 13C NMR (DMSO): 26.3, 27.4, 

27.9, 28.4, 29.1, 33.1, 35.1, 38.2, 56.0, 110.4 (d, JCF = 22.6), 110.7, 120.9 (d, JCF = 8.4), 121.3 (d, JCF = 

24.9), 126.4, 127.8, 128.8, 128.9 (d, JCF = 7.0), 135.7, 135.8, 148.7, 159.1 (d, JCF = 245.2), 163.6, 174.7 

(d, JCF = 2.6). 

 

1-Benzyl-N-(10-bromodecyl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 11-C10 

White solid; yield 73%; mp 147-150 °C; Rf = 0.95 (CH2Cl2/MeOH = 20:1); 1H NMR (DMSO): 1.26-1.35 

(m, 12H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 1.50-1.57 (m, 2H, NH-CH2-CH2), 1.73-1.80 (m, 

2H, CH2-CH2-Br), 3.35-3.37 (m, 2H, NH-CH2), 3.49 (t, 2H, CH2-Br, J = 6.8), 5.80 (s, 2H, CH2benzyl), 7.21-

7.37 (m, 5H, CHphenyl), 7.66 (ddd, 1H, H-7, J = 3.1, JHF = 8.0, J = 9.4), 7.84 (dd, 1H, H-8, JHF = 4.4, J = 

9.4), 7.99 (dd, 1H, H-5, J = 3.1, JHF = 9.1), 9.08 (s, 1H, H-2), 9.87 (t, 1H, NH, J = 5.6). 13C NMR (DMSO): 

26.4, 27.4, 28.0, 28.5, 28.7, 28.7, 29.1, 32.1, 35.0, 38.3, 56.0, 110.5 (d, JCF = 22.8), 110.7, 120.9 (d, JCF 

= 8.4), 121.3 (d, JCF = 25.2), 126.4, 127.8, 128.8, 128.9 (d, JCF = 6.9), 135.7, 135.8, 148.7, 159.1 (d, JCF 

= 244.9), 163.6, 174.7 (d, JCF = 2.7). 

4-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethylbutan-1-aminium 

bromide 4-C4 

White solid; 53% yield; mp 176-179 °C; Rf = 0.18 (CH2Cl2/MeOH = 85:15); 1H NMR (DMSO): 1.58-1.60 

(m, 2H, NH-CH2-CH2), 1.74-1.78 (m, 2H, NH-CH2-CH2-CH2), 3.06 (s, 9H, +N(CH3)3), 3.33-3.45 (m, 4H, 

NH-CH2/CH2-N+), 5.81 (s, 2H, CH2benzyl), 7.23-7.21 (m, 2H, CHphenyl), 7.28-7.37 (m, 3H, CHphenyl), 7.69 

(ddd, 1H, H-7, J = 3.1, JHF = 8.0, J = 9.4), 7.86 (dd, 1H, H-8, JHF = 4.3, J = 9.4), 7.99 (dd, 1H, H-5, J = 

3.1, JHF = 9.0), 9.08 (s, 1H, H-2), 9.93 (t, 1H, NH, J = 5.8). 13C NMR: (DMSO) 19.7, 26.2, 37.7, 52.1, 

56.0, 64.8, 110.5, 110.6 (d, JCF = 22.7), 121.0 (d, JCF = 8.9), 121.5 (d, JCF = 25.5), 126.4, 127.9, 128.9, 

128.9, 135.6, 135.8, 148.7, 163.9, 169.7, 174.7 (d, JCF = 2.5). MS (ESI) m/z [M]+ Calcd for C24H29FN3O2+: 

410.2. Found: 410.1. LC purity 92.2%. 

 
6-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethylhexan-1-aminium 

bromide 4-C6 
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Ochre solid; 96% yield; mp 179-182 °C; Rf = 0.26 (CH2Cl2/MeOH = 85:15); 1H NMR (CDCl3): 1.48-1.49 

(m, 4H, NH-CH2-CH2-CH2), 1.64-1.68 (m, 2H, NH-CH2-CH2-CH2-CH2), 1.80-1.82 (m, 2H, CH2-CH2-N+), 

3.45 (s, 9H, +N(CH3)3), 3.47-3.49 (m, 2H, NH-CH2), 3.56-3.60 (m, 2H, CH2-N+), 5.51 (s, 2H, CH2benzyl), 

7.14 (dd, 2H, CHphenyl, J = 1.6, J = 7.7), 7.31-7.36 (m, 4H, CHphenyl, H-8), 7.43 (dd, 1H, H-7, J = 4.2, JHF 

= 9.4), 8.12 (dd, 1H, H-5, J = 3.0, JHF = 8.8), 8.92 (s, 1H, H-2), 9.95 (t, 1H, NH, J = 5.7).13C NMR: (CDCl3) 

22.9, 25.6, 26.3, 29.7, 38.7, 53.5, 58.1, 67.0, 111.9, 112.2 (d, JCF = 22.8), 119.3 (d, JCF = 7.9), 121.6 (d, 

JCF = 25.4), 126.1, 128.8, 129.4, 134.0, 135.9, 148.4, 164.8, 167.2, 176.0 (d, JCF = 2.7). MS (ESI) m/z 

[M]+ Calcd for  C26H33FN3O2+: 438.3. Found: 438.1. LC purity 95.5%. 

 
8-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethyloctan-1-aminium 

bromide 4-C8 

White solid; 53% yield; mp 185-187 °C; Rf = 0.10 (CH2Cl2/MeOH = 85:15); 1H NMR (DMSO): 1.29-1.39 

(m, 8H, NH-CH2-CH2-CH2-CH2-CH2-CH2), 1.55-1.58 (m, 2H, NH-CH2-CH2), 1.66-1.69 (m, 2H, CH2-CH2-

N+), 3.03 (s, 9H, N+(CH3)3), 3.25-3.27 (m, 2H, NH-CH2), 3.40-3.45 (m, 2H, CH2-N+), 5.81 (s, 2H, 

CH2benzyl), 7.20-7.24 (m, 2H, CHphenyl), 7.30-7.38 (m, 3H, CHphenyl), 7.69 (ddd, 1H, H-7, J = 3.1, JHF = 8.0, 

J = 9.4), 7.86 (dd, 1H, H-8, JHF = 4.4, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, JHF = 9.0), 9.07 (s, 1H, H-2), 

9.89 (t, 1H, NH, J = 5.7). 13C NMR (DMSO): 21.3, 25.0, 25.7, 27.7, 27.7, 28.5, 37.7, 51.5, 55.4, 64.6, 

109.9, 110.1 (d, JCF = 23.0), 120.4 (d, JCF =8.1), 120.9 (d, JCF = 24.8), 125.8, 127.3, 128.3, 128.3, 135.0, 

135.2, 148.1, 163.1, 170.4, 174.2 (d, JCF = 2.5). MS (ESI) m/z [M]+ Calcd for C28H37FN3O2+: 466.3. 

Found: 466.1. LC purity 95.5%. 

 

10-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethyldecan-1-aminium 

bromide 4-C10 

White solid; 64% yield; mp 178-180 °C; Rf = 0.45 (CH2Cl2/MeOH = 8:2); 1H NMR (CDCl3) 1.31-1.42 (m, 

12H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 1.63-1.65 (m, 2H, NH-CH2-CH2), 1.73-1.76 (m, 2H, 

CH2-CH2-N+), 3.46 (s, 9H, +N(CH3)3), 3.47-3.55 (m, 4H, NH-CH2/CH2-N+), 5.49 (s, 2H, CH2benzyl), 7.13-

7.15 (dd, 2H, CHphenyl, J = 1.7, J = 7.7), 7.31-7.35 (m, 4H, CHphenyl/H-8), 7.40-7.44 (dd, 1H, H-7, J = 4.2, 

JHF = 9.3), 8.15 (dd, 1H, H-5, J = 2.9, JHF = 8.9), 8.93 (s, 1H, H-2), 9.92 (t, 1H, NH, J = 4.5 ). 13C NMR 

(CDCl3): 23.4, 26.4, 27.3, 29.3, 29.4, 29.5, 29.9, 30.0, 39.6, 53.8, 58.4, 67.6, 112.1, 112.5 (d, JCF = 23.1), 

119.5 (d, JCF = 8.0), 121.8 (d, JCF = 24.8), 126.4, 129.1, 129.7, 134.3, 136.1, 148.7, 164.9, 169.6, 176.3 

(d, JCF = 2.8). MS (ESI) m/z [M]+ Calcd for C30H41FN3O2+: 494.3. Found: 494.2. LC purity 97.8%. 

N-(4-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)butyl)-4-((4,5-dihydroisoxazol-3-

yl)oxy)-N,N-dimethylbut-2-yn-1-aminium bromide 5-C4 

Beige solid; yield 37%; mp 94-101 °C; Rf = 0.54 (MeOH/NH4NO2 (0.2 M) = 3:2); 1H NMR (DMSO): 1.57-

1.63 (m, 2H, NH-CH2-CH2), 1.74-1.82 (m, 2H, NH-CH2-CH2-CH2), 3.01 (t, 2H, H-42-isox, J = 9.6), 3.09 (s, 

6H, +N(CH3)2), 3.36-3.45 (m, 4H, NH-CH2/CH2-N+), 4.31 (t, 2H, H-52-isox, J = 9.6), 4.45 (s, 2H, +N-CH2-

C≡), 4.94 (s, 2H, ≡C-CH2-O), 5.81 (s, 2H, CH2benzyl), 7.21-7.23 (m, 2H, CHphenyl), 7.28-7.38 (m, 3H, 
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CHphenyl), 7.69 (ddd, 1H, H-7, J = 9.3, JHF = 8.0, J = 3.1), 7.86 (dd, 1H, H-8, JHF = 4.3, J = 9.5), 7.99 (dd, 

1H, H-5, J = 3.0, JHF = 9.0), 9.07 (s, 1H, H-2), 9.93 (t, 1H, NH, J = 5.7). 13C NMR (DMSO): 19.5, 26.1, 

32.1, 37.6, 49.8, 53.3, 56.0, 57.1, 62.8, 69.5, 76.0, 86.0, 110.4 (d, JCF = 22.6), 110.6, 121.1 (d, JCF = 

8.4), 121.5 (d, JCF = 24.8), 126.4, 127.9, 128.8, 128.9, 135.6, 135.9, 148.7, 159.1 (d, JCF = 244.8), 163.9, 

166.6, 175.4. MS (ESI) m/z [M]+ Calcd for C30H34FN4O4+: 533.3. Found: 533.4. CE purity 95.0%. 

8-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N-(4-((4,5-dihydroisoxazol-3-

yl)oxy)but-2-yn-1-yl)-N,N-dimethyloctan-1-aminium bromide 5-C8 

Beige solid; yield 60%; mp 112-118 °C; Rf = 0.56 (MeOH/NH4NO2 (0.2 M) = 3:2); 1H NMR (DMSO): 

1.28-1.39 (m, 8H, NH-CH2-CH2-CH2-CH2-CH2-CH2), 1.52-1.59 (m, 2H, NH-CH2-CH2), 1.67-1.73 (m, 2H, 

CH2-CH2-N+), 3.00 (t, 2H, H-42-isox, J = 9.6), 3.08 (s, 6H, +N(CH3)2), 3.35-3.37 (m, 4H, NH-CH2/CH2-N+), 

4.31 (t, 2H, H-52-isox, J = 9.6), 4.45 (s, 2H, +N-CH2-C≡), 4.93 (s, 2H, ≡C-CH2-O), 5.81 (s, 2H, CH2benzyl), 

7.21-7.38 (m, 5H, CHphenyl), 7.68 (ddd, 1H, H-7, J = 9.3, JHF = 8.0, J = 3.1), 7.85 (dd, 1H, H-8, JHF = 4.0, 

J = 9.4), 7.98 (dd, 1H, H-5, J = 3.1, JHF = 9.0), 9.07 (s, 1H, H-2), 9.88 (t, 1H, NH, J = 5.6). 13C NMR 

(DMSO): 21.7, 25.5, 26.3, 28.2, 29.1, 32.2, 38.3, 49.7, 53.2, 56.0, 57.1, 64.8, 69.5, 76.0, 85.9, 110.4 (d, 

JCF = 22.8), 110.7, 121.0, 121.5, 126.4, 127.9, 128.9, 128.9, 135.8, 148.7, 159.1 (d, JCF = 245.3), 163.6, 

166.6, 174.7. MS (ESI) m/z [M]+ Calcd for C34H42FN4O4+: 589.7. Found: 589.6. HPLC purity 91.1%. 

10-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N-(4-((4,5-dihydroisoxazol-3-

yl)oxy)but-2-yn-1-yl)-N,N-dimethyldecan-1-aminium bromide 5-C10 

Beige solid; yield 44%; mp 107-109 °C; Rf = 0.68 (MeOH/NH4NO2 (0.2 M) = 3:2); 1H NMR (DMSO): 

1.22-1.39 (m, 12H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 1.53-1.56 (m, 2H, NH-CH2-CH2), 1.65-

1.67 (m, 2H, CH2-CH2-N+ ), 3.00 (t, 2H, H-42-isox, J = 9.6), 3.07 (s, 6H, +N(CH3)2), 3.35-3.37 (m, 4H, NH-

CH2/CH2-N+), 4.31 (t, 2H, H-52-isox, J = 9.6), 4.44 (s, 2H, +N-CH2-C≡), 4.93 (s, 2H, ≡C-CH2-O), 5.81 (s, 

2H, CH2benzyl), 7.21-7.37 (m, 5H, CHphenyl), 7.68 (ddd, 1H, H-7, J = 9.3, JHF = 8.0, J = 3.1), 7.85 (dd, 1H, 

H-8, JHF = 4.0, J = 9.4), 7.98 (dd, 1H, H-5, J = 3.1, JHF = 9.0), 9.07 (s, 1H, H-2), 9.87 (t, 1H, NH, J = 5.6). 
13C NMR (DMSO): 21.7, 25.5, 26.5, 28.3, 28.6, 28.7, 29.1, 32.2, 38.3, 49.7, 53.2, 56.0, 57.1, 63.1, 69.5, 

76.0, 85.9, 110.7, 110.8, 121.0, 121.2, 126.4, 127.9, 128.9, 128.9, 135.7, 135.8, 148.7, 160.3, 163.6, 

166.6, 174.7. MS (ESI) m/z [M]+ Calcd for C36H46FN4O4+: 617.8. Found: 617.7. HPLC purity 93.1%. 

N-(2-Acetoxyethyl)-4-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-

dimethylbutan-1-aminium bromide 6-C4 

White solid; yield 73%; mp 153-156 °C; 1H NMR (DMSO): 1.56-1.63 (m, 2H, NH-CH2-CH2), 1.73-1.81 

(m, 2H, NH-CH2-CH2-CH2), 2.06 (s, 3H, CH3), 3.09 (s, 6H, +N(CH3)2), 3.40-3.44 (m, 4H, NH-CH2/CH2-

N+), 3.63-3.66 (m, 2H, CH2-CH2-O), 4.43 (t, 2H, CH2-O, J = 4.6), 5.81 (s, 2H, CH2benzyl), 7.21-7.38 (m, 

5H, CHphenyl), 7.69 (ddd, 1H, H-7, J = 3.1, J = 8.0, J = 9.4), 7.86 (dd, 1H, H-8, J = 4.3, J = 9.4),  7.98 (dd, 

1H, H-5, J = 3.0, J = 9.0), 9.08 (s, 1H, H-2), 9.93 (t, 1H, NH, J = 5.8). 13C NMR (DMSO): 19.4, 20.5, 

26.2, 37.7, 50.6, 56.0, 57.4, 61.4, 63.4, 110.4 (d, JCF = 22.6), 110.6, 121.0 (d, JCF = 8.2), 121.5, 126.4, 
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127.9, 128.9, 128.9, 135.6, 135.8, 148.7, 159.1 (d, JCF = 245.6), 163.9, 169.7, 174.7 (d, JCF = 2.3). MS 

(ESI) m/z [M]+ Calcd for C27H33FN3O4+: 482.2. Found: 482.2. HPLC purity 95.0%. 

N-(2-Acetoxyethyl)-6-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-

dimethylhexan-1-aminium bromide 6-C6 

White solid; yield 19%; mp 184-188 °C; 1H NMR (DMSO): 1.34-1.46 (m, 4H, NH-CH2-CH2-CH2-CH2), 

1.55-1.62 (m, 2H, NH-CH2-CH2), 1.67-1.75 (m, 2H, CH2-CH2-N+), 2.05 (s, 3H, CH3), 3.08 (s, 6H, 
+N(CH3)2), 3.33-3.39 (m, 4H, NH-CH2/CH2-N+), 3.64 (t, 2H, CH2-CH2-O, J = 4.8), 4.42 (t, 2H, CH2-O, J 

= 4.4), 5.81 (s, 2H, CH2benzyl), 7.22-7.37 (m, 5H, CHphenyl), 7.68 (ddd, 1H, H-7, J = 3.1, J = 8.0, J = 9.3), 

7.86 (dd, 1H, H-8, J = 4.3, J = 9.4),  7.98 (dd, 1H, H-5, J = 3.0, J = 9.0), 9.07 (s, 1H, H-2), 9.89 (t, 1H, 

NH, J = 5.6). 13C NMR (DMSO): 20.6, 21.6, 25.4, 25.9, 28.9, 38.1, 50.5, 56.0, 57.4, 61.3, 63.8, 110.4 (d, 

JCF = 22.8), 110.7, 121.0 (d, JCF = 8.1), 121.4 (d, JCF = 24.8), 126.4, 127.9, 128.9, 128.9, 135.6, 135.8, 

148.7, 159.1 (d, JCF = 245.0), 163.7, 169.7, 174.7 (d, JCF = 2.3). MS (ESI) m/z [M]+ Calcd for 

C29H37FN3O4+: 510.3. Found: 510.4. CE purity 95.3%. 

N-(2-Acetoxyethyl)-8-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-

dimethyloctan-1-aminium bromide 6-C8 

White solid; yield 39%; mp 163-166 °C; 1H NMR (DMSO): 1.29-1.35 (m, 8H, NH-CH2-CH2-CH2-CH2-

CH2-CH2), 1.54-1.55 (m, 2H, NH-CH2-CH2), 1.65-1.72 (m, 2H, CH2-CH2-N+), 2.05 (s, 3H, CH3), 3.08 (s, 

6H, +N(CH3)2), 3.34-3.37 (m, 4H, NH-CH2/CH2-N+), 3.64 (t, 2H, CH2-CH2-O, J = 4.8), 4.42 (t, 2H, CH2-

O, J = 4.6), 5.81 (s, 2H, CH2benzyl), 7.22-7.37 (m, 5H, CHphenyl), 7.67 (ddd, 1H, H-7, J = 3.1, J = 8.0, J = 

9.4), 7.86 (dd, 1H, H-8, J = 4.4, J = 9.4),  7.98 (dd, 1H, H-5, J = 3.1, J = 9.0), 9.07 (s, 1H, H-2), 9.88 (t, 

1H, NH, J = 5.6). 13C NMR (DMSO):  20.6, 21.6, 25.6, 26.3, 28.3, 28.4, 29.1, 38.2, 50.5, 56.0, 57.4, 

61.3, 63.8, 110.4 (d, JCF = 22.8), 110.7, 121.0 (d, JCF = 7.8), 121.3 (d, JCF = 25.1), 126.4, 127.9, 128.8, 

128.9, 135.6, 135.8, 148.7, 159.1 (d, JCF = 245.2), 163.6, 169.7, 174.7 (d, JCF = 2.4). MS (ESI) m/z [M]+ 

Calcd for C31H41FN3O4+: 538.3. Found: 538.5. LC purity 97.6%. 

N-(2-Acetoxyethyl)-10-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-

dimethyldecan-1-aminium bromide 6-C10 

White solid; yield 63%; mp 122-126 °C; 1H NMR (DMSO): 1.27-1.33 (m, 12H, NH-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2), 1.51-1.58 (m, 2H, NH-CH2-CH2), 1.63-1.71 (m, 2H, CH2-CH2-N+ ), 2.05 (s, 3H, CH3), 

3.06 (s, 6H, +N(CH3)2), 3.31-3.37 (m, 4H, NH-CH2/CH2-N+), 3.60-3.63 (m, 2H, CH2-CH2-O), 4.41 (t, 2H, 

CH2-O, J = 4.6), 5.81 (s, 2H, CH2benzyl), 7.21-7.38 (m, 5H, CHphenyl), 7.68 (ddd, 1H, H-7, J = 3.1, J = 7.9, 

J = 9.4), 7.85 (dd, 1H, H-8, J = 4.4, J = 9.4),  7.98 (dd, 1H, H-5, J = 3.1, J = 9.0), 9.07 (s, 1H, H-2), 9.87 

(t, 1H, NH, J = 5.6). 13C NMR (DMSO): 20.5, 21.6, 25.6, 26.5, 28.4, 28.6, 28.6, 28.7, 29.1, 38.3, 50.5, 

56.0, 57.4, 61.2, 63.8, 110.3, 110.5 (d, JCF = 23.0), 110.7, 120.9 (d, JCF = 6.9), 121.3 (d, JCF = 24.4), 

126.4, 127.9, 128.9, 128.9, 135.6, 135.8, 148.7, 157.9 (d, JCF = 243.8), 163.7, 169.7, 174.7 (d, JCF = 

2.4). MS (ESI) m/z [M]+ Calcd for C33H45FN3O4+: 566.3. Found: 566.5. LC purity 100.0%. 
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Pharmacology 

Description of Calcium/DAG determination using confocal microscopy 

To evaluate the effect of the six amino acid insertion into the M1-CFP receptor we used a dual 

fluorescence probe from Montana Molecular (downward DAG2/R Geco). This fluorescence probe is 

composed of two sensors, fused in frame on both sides of a 2A peptide sequence: first, a DAG sensor, 

which consist of a cpGFP fused to the C1 domain of a PKC; second, the red calcium sensor R-GECO. 

This dual sensor responds with an increase in red fluorescence intensity upon increase in Ca2+ and a 

decrease in green fluorescence upon binding to diacylglycerol (DAG). Therefore, the probe can 

specifically report on the activation of the Gq-signalling pathway. The dual fluorescent probe was used 

in HEK293 cells either alone or co-expressed with the M1-CFP or the novel M1-I3N-CFP sensor. In 

brief, round 24 mm cover slips were placed in six-well plates and coated for 20 min using 200μl of poly-

d-lysine (1 mg/ml). After washing with sterile PBS, HEK293 cells stably expressing the calcium sensor 

were seeded onto these cover slips. Cells were transfected 3-4 hours later using Effectene (Quiagen), 

according to the manufacturer’s instructions. For transfection, 500 ng DNA per well of each receptor 

construct were used, and cell culture medium was exchanged 16–18 h later. Analysis of the cells was 

done 48 h after transfection.  

Confocal microscopy analysis and quantification of cell responses 

48 h after transfection cells were placed in an Attofluor holder (Molecular probes), maintained in imaging 

buffer and analyzed using LeicaSP8 microscope equipped with four detection channels. CFP was 

excited using 440 nm line and emission was detected from 470-530nm; GFP was excited using the 488 

nm line and detected from 510-560 nm; R-GECO was excited at 562 nm and detected from 610-660 

nm. Time series were taken using 512*512 resolution and sequential scan mode, leading to total image 

acquisition times of 1.290 sec. Cells were monitored for 200 frames. After 15 seconds cells were 

stimulated by addition of 100 µM carbachol and analyzed for their agonist response. The dual probe did 

not respond to carbachol if no receptor was co-transfected. Fluorescence data were acquired using the 

Leica software. Only cell expressing CFP tagged receptors were used for analysis. Off line analysis was 

performed using Origin software. To account for none homogenous cell response due to bath application 
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of carbachol, individual cell responses were manually aligned to the first time frame showing an increase 

in R-GECO and averaged after alignment.  
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Supporting Figures  

 

 
 

Supporting figure 1 Confocal microscopy analysis of the M1-I3N-CFP receptor sensor in HEK 293 

cells. Cell surface expression studies were performed with confocal scanning laser microscopy 
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Supporting figure 2 M1-I3N-CFP receptor sensor characterization was performed with a dual 

fluorescence probe from Molecular Montana. With the help of this fluorescence tool it is possible to 

monitor DAG formation and Ca2+ release. The stimulated response was indistinguishable for the M1-

CFP receptor or the M1I3N-CFP 

 

 
 

Supporting figure 3 Effect of agonist addition to the receptor sensor. Upon ligand exposure sharp 

concentration dependent, antiparallel movements of the different FRET channels were detectable. 

Constant superfusion of buffer results in a constant baseline. 
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D. Discussion 

In literature many types of multifunctional compounds are reported: merged, linked and fused ligands, 

bitopic, dualsteric, multitarget compounds, message-adress derivatives, heterobivalent or homobivalent 

hybrids.26,54,92,264 All display one common characteristic: they covalently combine multiple 

pharmacophores in a single structure. The rationales for exploiting the hybrid approach stem from the 

opportunity to increase subtype-selectivity, modulate the activity of a protein as well as to address 

several targets simultaneously, through the integration of multiple pharmacophoric units in a single 

chemical structure. These useful medicinal chemistry tools could help to promise properties for future 

therapeutic application in GPCR pharmacology and in the role of cholinergic system in AD. All the hybrid 

compounds synthetized in this work could expand, with auxiliary and significant information, the 

knowledge regarding the cholinergic system in AD, showing the importance of applying novel strategies 

and offering new pharmacological perspectives. Because of the wide range of possible interactions, the 

study of multifunctional ligands is a complicated issue which needs to interpret clues coming from a set 

of highly interdisciplinary sciences, by integrating drug design, medicinal chemistry, pharmacology, 

computational studies, molecular biology, biochemistry into the observations. The common goal is to 

understand small essential details at the biological interface of the target proteins that can open new 

approaches for future therapeutic development.  

The aim of this thesis was to investigate the molecular mechanism and the pharmacological response 

of some multifunctional or dualsteric ligands using innovative medicinal chemistry strategies, ranging 

from bitopic and tritopic ligands to their molecular fragment and abandoning the one-drug one-target 

concept for the field of multitarget hybrids. An advantage of the hybrid approach is the rationality of the 

design. With the due attention regarding the connection position between the different pharmacophores 

and the chemical nature of the spacer, a molecule that already shows activity at a target is very likely to 

reveal similar activity when it’s combined with another entity over a linker. The poor drugability is the 

direct disadvantage of such hybrids because of their physicochemical properties, which do not comply 

with Lipinski’s rule of five265, the progression of the derivatives in drug development is prevented. 

Especially for diseases of the central nervous system (CNS), the compounds should reach the brain 

through the blood brain barrier (BBB). Therefore, the permanent charge, the high molecular weight and 
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the moderate lipophilicity of the studied compounds limit their use as pharmacological tools. Further 

modification trying to overcome the physicochemical limits but maintaining the potential achieved are 

necessary for future therapeutic applications. 

The idea of combining high affinity (via orthosteric sites) with high selectivity (via allosteric sites) in 

dualsteric ligands was already studied by Chen et al.82, which investigate the ligand-receptor activation 

at the M1 muscarinic GPCR. The iperoxo/BQCAd hybrids turn out to be partial agonists. The spacer 

length has a role in controlling the probability of switch, between the inactive purely allosteric and the 

active bitopic orthosteric/allosteric binding pose, in the dynamic ligand binding model.105 FRET 

experiments were subsequently performed in order to obtain information about interactions between 

GPCRs and bitopic ligands for a better understanding of ligand receptor interactions on a molecular 

level. The studies confirmed that the linker attached to an orthoster attenuates the receptor response.   

The maximal positive FRET signal was reached with the 6-linker chain iperoxo/BQCAd compound. 

Interestingly, hybrids consisting of longer linker chains showed an inverse previously undiscovered 

FRET signal indicating a different receptor movement in comparison to shorter linked hybrids and to the 

reference compounds.83 For the purpose of further investigation of this new conformational change in 

the intracellular signaling cascade and to obtain a more detailed picture of the structure-functional 

selectivity relationships of the M1 muscarinic receptor agonism, seven series of BQCAd hybrid analogs 

were synthetized and further studied (Figure 1). 

 
Figure 1. Overview of the BQCAd dualsteric derivetives. 
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It was found that all the hybrids bind to the muscarinic M1 receptor and with exception of the BQCAd-

Oxotremorine derivatives all the hybrids can activate the G protein. Not only the Oxotremorine 

derivatives suppress the activation of the G protein, but they turn out to be antagonists. Exceptionally 

the mere introduction of the pyrrolidine ring, when compared to oxotremorine-hybrids, blocks the M1 

muscarinic receptor, probably due to its steric hindrance. However, β-arrestins recruitment was 

observed only for the three hybrids BQCAd-6-Iperoxo, BQCAd-8-Iperoxo and BQCAd-8-Isoxo among 

all the hybrids. The compounds are therefore characterized by functional selectivity inducing GPCR 

conformational states related to G-proteins activation sacrificing β-arrestins recruitment. Shrinking the 

orthosteric moiety down to the essential ammonium head (as TMA) the hybrids surprisingly revealed a 

very active response regarding the G protein activation, however also these bitopic ligands fail to 

stimulate β-arrestins recruitment. The fragment is composed of a quaternary ammonia head at the end 

of the flexible alkyl chain connected with the BQCAd portion and its high efficacy, supported by molecular 

modeling studies reveal that the overall binding mode is mainly determined by their allosteric building 

block, which may also lead to better subtype receptor selectivityof other bitopic ligands. In all the series 

of compounds the 4 and 8 methylenic spacer chain is tolerated best, probably the linker length plays a 

key role in positioning the interaction within the binding pocket of the M1 muscarinic receptor. Several 

muscarinic receptor agonists which have thus far been tested in AD have not proven to be 

therapeutically useful, because of a lack of selectivity at the M1 receptors. An efficacious and more 

selective M1 agonist might be expected to provide a more appropriate test of the cholinergic hypothesis 

of dementia. Therefore, the M1/M4 Xanomeline preferring receptor agonist was also incorporated in the 

dualsteric ligands by connection with the BQCAd allosteric fragment, trying to further investigate the 

bases of receptor selectivity. The Xanomeline-hybrids bind to the M1 receptor and are capable of 

delaying the dissociation of the [3H] NMS radioactive probe from the receptor indicating a dualsteric 

interaction. In literature the Xanomeline binding at the M1 receptor is described as atypical, since it does 

not fully overlap with the acetylcholine orthosteric site. The atypical binding nature seems to be 

maintained even in the dualsteric hybrids. In fact, the xanomeline-derivatives are the only series in 

which, even for the with the 10-chain compound, inositol monophosphate accumulation, a stable 
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downstream metabolite of IP3, is measured. A diverse binding orientation and a different activation 

mechanism at the molecular level it could be the cause and it will be further studied. The understanding 

of supplemental interaction of xanomeline with the M1 mAChR indeed makes the basis for the 

development of new muscarinic agonist in the treatment of AD.232 Subtype selective M1 agonists were 

found to be a beneficial therapeutic opportunity against the neurodegenerative Alzheimer diseases. The 

current treatment uses Acetylcholinesterase inhibitors since disfunction of the cholinergic system in 

distinct brain areas and reduction of ACh-mediated signal transduction was found to be the causes of 

memory deficits.220,266–268 Thus, inhibition of AChE increases the cholinergic tone relieving the cognitive 

symptoms34, without preventing the progression of the disease. By means of a multifunctional strategy 

a direct activation of the target neuronal receptors and a simultaneous indirect enhance of the ACh 

concentration in the synaptic cleft could reveal promising candidates for the treatment of AD. For this 

reason, Tacrine, a well-known AChE inhibitor withdrawn from the market due to its hepatotoxicity and 

the muscarinic agonist Xanomeline, have been combined in the two new hybrid series (Figure 2). 

 

Figure 2. Tacrine/Xanomeline multifunctional derivatives. 

 
Regarding the AChE inhibition the new Tacrine-Xanomeline hybrids show a higher (Tac/Xano Hybrids) 

or similar (Methylated-Tac/Xano Hybrids) potency compared to the reference compound Tacrine. In 

docking studies, the selected representative positions in the AChE model for the methylated and non-

methylated series are similar, hence their inhibition differences could be attributed to a higher 

desolvation cost. On the other hand, the compounds investigation in terms of both, G protein activation 

and the second messenger inositol trisphosphate using the IP1 Cisbio assay, were inactive. 

A binding pose completely shifted in favor of the inactive allosteric at the expense of the active dualsteric 

one could be hypothesized. Conversely, M1 receptor activation occurs for the hybrids connecting tacrine 

and the iperoxo moieties through an heptyl or decyl spacer chain.  
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Figure 3. Tacrine/Iperoxo bifunctional hybrids. 
 

These hybrid derivatives previously studied in terms of M1 and M2 binding and inhibition of AChE and 

BChE, result capable of binding and inhibition with subnanomolar IC50 values.131  Their ability to bind to 

the M1 muscarinic receptor was further investigated in terms of intracellular M1 signalling cascade. 

Dose-response curves were recorded with both compounds in bioluminescence assays measuring G 

protein activation and even in experiments quantifying the IP1 concentration. Additionally, their reduced 

toxicity makes these dual-targeting compounds extremely attractive for future AD drug investigations 

and development. 

Further studies open new horizons in the GPCR dynamic activation demonstrating that not only the 

helical core region of GPCRs is involved in ligand binding and stimulation, but also the extracellular 

receptor domain which contribute to ligand-specific pharmacological effects. In this regard some iperoxo 

elongated derivatives, with chains of different lengths, were used to probe the space around the 

orthosteric binding pocket. By means of FRET sensors measurements all muscarinic receptor subtypes 

were investigated. Incredibly, despite the high conservation of the orthosteric site among the five 

receptor subtypes, the heptyl, octyl and nonyl linker derivatives turn out to be selective partial agonists 

at the M3 receptor. Computational studies help in unravelling the secrets of M3-selectivity opening new 

avenues in the pharmacology of type II diabetes (unpublished results). 
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Figure 4. Iperoxo-chain derivatives 
 

Besides Iperoxo-derivatives with flexible alkyl chains, an iperoxo-compound with a rigidified linker and 

additional compounds having a quaternary ammonic head at the end of the flexible chains were 

designed and synthesized. Such ligands are still under investigation in the working group of Carsten 

Hoffmann, Institute for Molecular Cell Biology, CMB-Center for Molecular Biomedicine, University 

Hospital Jena, Germany. 

The possibility of hybrid structures to be capable of bridging independent recognition sites (i.e. two 

recognition sites on a receptor dimer or one receptor and an accessory site) has been exploited to 

design the tritopic compound BQCAd-(iperoxo)2. This may result in thermodynamically more favorable 

binding interaction than the binding of two monovalent molecules, giving enhanced activity or selectivity. 

Exists also the possibility that the binding of the first pharmacophore would increase the binding of the 

second pharmacophore to the dimer partner or to the receptor itself. Or again, that the first 

pharmacophore would help the entry of the second molecular portion in the binding pocket ones the 

molecular filter, represented by the metastable site, is exceeded. All these possibilities can be 

investigated through the study of multi-functional ligands. For now, it has been shown that, despite the 

considerable steric effect, the trivalent ligand BQCAd-(iperoxo)2 binds to the M1 receptor with an higher 

affinity iperoxo. In the activation of the protein G the compound shows partial agonism. This ligand was 

also compared with numerous other iperoxo-homobivalent ligands in order to delineate some SARs 

regarding the influence of the spacer chain on the activation of the G protein at the M1 receptor. 
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Figure 5. BQCAd/iperoxo tritopic ligand. 
 

Taken together some examples are reported here, showing how the multifunctional-ligand tool 

compound could help the development of bioactive molecules and new pharmacological tools as well 

as novel approaches for collect new information related to cellular drug targets.  
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E. Summary 

 

As population get older, diseases associated with ageing, in particular neurodegenerative diseases such 

as Alzheimer's Disease (AD) have become more common, being moreover an imminent economic 

problem for the society28,269. AD is a severe age-dependent neurodegenerative brain disorder 

associated with memory loss and a decrease of cognitive functions which starts slowly and gradually 

worsens over time270. The absence of a cure so far and the expected dramatic incidence increase in the 

coming years has led to current intensive studies aimed at preventing and treating AD. Today the 

primary goal is understanding the causes and mechanisms of these disabling disease through 

innovative basic research. AD is a complicated and interconnected network of various pathological 

hallmarks51,269. These distinguished characteristics of the disease, which occur concomitantly, must be 

investigated and targeted simultaneously for the development of powerful and selective drugs. 

Thus, this work focuses on two different targets of the AD cholinergic hypothesis: the muscarinic M1 

receptor27,83 and the AChE22 by use of the hybridization approach. Firstly, hybrid putative selective M1 

agonist molecules were designed and synthesized, resulting in enhanced cholinergic transmission, as 

an approach to increase cholinergic function in Alzheimer patients. The hybridization process in this 

case result from the covalent union in a single molecule of an allosteric portion and an orthosteric portion. 

Previously considerable efforts were made to obtain selective agonists for M1 receptor but their off-

target effects preclude the therapeutic use32,57. The M1 muscarinic receptor is a G protein coupled 

receptor predominantly expressed in the Central Nervous System (CNS), where it is responsible for 

essential cognitive functions such as memory and learning. The M1 subtype has long been identified as 

the preferred target among the five-different subtypes of muscarinic receptors for the treatment of AD. 

Unfortunately, until now the drugs on the market, only provide a symptomatic relief without preventing 

the progression of the disease28. Progress through clinical trials is limited by poor selectivity of candidate 

molecule. Thus, there is a desperate need to find selective and powerful drugs. The difficulty in obtaining 

selective molecules is due to the high conservation among the five different receptor types at the 

orthosteric active site, this is the binding site of the endogenous ligand acetylcholine which triggers the 

physiological response200. Alternative allosteric sites, whose name derives from the ancient greek word 
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“ἄλλος”, which means "other", can be regulatory sites too. The allosteric modulators fits into the 

additional sites. Its binding results in a conformational change of the protein, in particular a 

rearrangement in the shape of the active site which causes an alteration (enhancement or reduction) of 

the protein's activity itself. Allosters can modulate the receptor's activation induced by the orthosteric 

probe and can be thought to act like a dimmer switch in an electrical circuit, able to regulate the intensity 

of response. 

Hence the idea of merging the moieties of allosteric modulators and orthosteric ligands in a bitopic 

compound follows the message-address concept2,3,5. The approach may result in a subtype-selective 

full or partial agonism because the bitopic compounds occupies both binding sites. Here the BQCAd 

allosteric M1 modulator and some iperoxo-derivatives fragments were used to compose dualsteric 

ligands. Thanks to the proximity of the two binding sites in the receptor, the dualsteric hybrids can be 

addressed from the same bitopic molecule, in which the allosteric and orthosteric moieties are 

connected through an appropriate spacer.  

The system in consideration is however more complicated than a simple fixed electrical circuit. The 

second messenger activation at the M1 receptor is transient and part of a dynamic and complex 

systems. Once the signal is ‘switched on’ at the G-protein complex, further proteins and molecules 

amplify the original signal and produce a complex cascade of interactions. A series of bipharmacophoric 

ligands composed of the positive allosteric modulators (BQCA-derived compounds) linked with chain of 

various lengths to different orthosteric building blocks was synthesized and pharmacologically 

investigated in a broad spectrum of assays, in order to study different aspects of receptor activation, 

signaling cascades, receptor movement, binding affinity and dissociation rates (Results parts 1,2, 3 and 

8). 
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portion connected covalently) could occupy the metastable and the orthosteric binding sites of the same 

receptor or two orthosteric pockets of different receptors, leading to dimeric association.  

 

 

Figure 5. Structures of the new hybrid trivalent derivative. 

Interestingly despite the considerable steric effect in the case the two iperoxo moiety ligands, the 

compound binds to the orthosteric site with an affinity even higher than iperoxo itself. The compound, 

currently  only investigated on the M1 muscarinic receptor in terms of radioligand binding (equilibrium 

and dissociation) and G protein activation, could be used as molecular tool for the investigation of 

metastable binding or multimerization states of hM1 receptors.  

Furthermore, a series of iperoxo-derived alkane, bis(ammonio)alkane-type and rigidified chain ligands 

were prepared (Result part 7). The probes will be used to investigate the orthosteric pocket environment 

in terms of flexibility, physical-chemical properties and space at all muscarinic receptor subtypes. 

 

Figure 6. Structures of the new iperoxo-derivative. 

 

The multi-targeting compounds, bitopic compounds and their molecular fragments can provide new 

useful information to fully understand how the M1 receptor produce specific effects and, hopefully, 

learn to modulate its function for therapeutic intentions in ways that are currently not possible with the 

available drugs. Poor drugability is the immediate consequence of the size of these molecules, often 
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also positively charged. But this strategy provides essential information for further considerations and 

developments in the cholinergic field, since a multiple-targeting approach appears to be the right 

innovation for the multifactorial nature of the AD disease.
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F. Zusammenfassung 

Mit zunehmendem Alter der Bevölkerung  werden altersbedingte Krankheiten, insbesondere 

neurodegenerative Erkrankungen wie die Alzheimer-Krankheit (AD), häufiger und stellen darüber 

hinaus ein soziales und wirtschaftliches Problem für die Gesellschaft dar1,2. AD ist eine schwere 

altersabhängige neurodegenerative Erkrankung des Gehirns, die mit Gedächtnisverlust und einer 

Abnahme der kognitiven Funktionen verbunden ist und immer weiter fortschreitet.  Die Krankheit ist 

derzeit unheilbar und aufgrund des demographischen Wandels wird ein starker Anstieg an Betroffenen 

erwartet. Daher beschäftigt sich eine Vielzahl wissenschaftlicher Studien mit der Prävention und der 

Behandlung von AD. Derzeit besteht das Hauptziel darin, die Ursachen und Mechanismen dieser 

Krankheit durch innovative Grundlagenforschung zu verstehen. AD ist ein komplexes Zusammenspiel 

verschiedener pathologischer Merkmale2,4. Diese besonderen Merkmale der Krankheit, die gleichzeitig 

auftreten, müssen untersucht und gleichzeitig untersucht werden, um wirksame und selektive 

Medikamente zu entwickeln. 

Diese Arbeit beschäftigt sich daher mit zwei Zielstrukturen der cholinergen Hypothese zur Entstehung 

von AD: dem muskarinischen M1-Rezeptor5,6 und der AChE7 unter Verwendung des 

Hybridisierungsansatzes.  Zunächst wurden vermeintlich selektive M1 Agonisten entwickelt und 

synthetisiert. Diese sollten die cholinerge Transmission verstärken um die cholinerge Funktion in 

Alzheimer Patienten zu verbessern. Hierbei wurde die Hybridisierung durch die kovalente Verbindung 

einer allosterischen und einer orthosterischen Einheit in einem Molekül durchgeführt. 

Selektive Agonisten des M1 Rezeptors aus vorherigen Arbeiten konnten aufgrund ihrer off-target Effekte 

keine therapeutische Verwendung finden8,9. Der M1-Muskarinrezeptor ist ein G-Protein-gekoppelter 

Rezeptor, der überwiegend im Zentralnervensystem (ZNS) exprimiert wird und dort für wesentliche 

kognitive Funktionen wie Gedächtnis und Lernen verantwortlich ist. Innerhalb der fünf unterschiedlichen 

Rezeptor-Subtypen gilt der M1 Subtyp als bevorzugte Zielstruktur für die Behandlung von AD. Die 

derzeitig verfügbaren Therapien von AD sind rein symptomatisch und können den Fortschritt der 

Krankheit weder aufhalten noch verhindern.  Der Erfolg von klinische Studien wird durch eine schlechte 

Selektivität des Kandidatenmoleküls begrenzt. Es besteht daher ein dringender Bedarf, selektive und 

wirksame Medikamente zu finden. Die Schwierigkeit selektive Verbindungen für die fünf Rezeptor-



 

 
242 

 

Subtypen zu finden liegt in der hochkonservierten orthosterischen Bindestelle der Rezeptoren, an der 

der endogene Ligand Acetylcholin bindet und somit die physiologische Antwort auslöst. 10. Alternative 

allosterische Bindestellen, deren Name vom altgriechischen Wort „ἄλλος“ = „andere“ abgeleitet ist, 

können ebenfalls regulatorische Bindestellen sein für sogenannte allosterische. Modulatoren. Die 

Bindung allosterischer Modulatoren führt zu einer Konformationsänderung des Rezeptors, 

insbesondere im aktiven Zentrum,  was zu einer Veränderung der Rezeptoraktivität(Verstärkung oder 

Verringerung) führt. Allostere können die Rezpetorantwort durch die orthosterische Bindung modulieren, 

vergleichbar mit einem Dimmer in einem elektrischen Stromkreis, der die Intenstität reguliert. 

Nach dem "message-address"-Konzept sollen daher bitopische Verbindungen entwickelt werden, in der 

ein allosterischer Modulator mit einem orthosteren Liganden vereint wird. –13. Dieser Ansatz kann zu 

einem subtypselektiven, vollständigen oder partiellen Agonismus führen, da die bitopischen 

Verbindungen beide Bindestellen besetzen. Für diese Arbeit wurden der allosterische B1CAd-M1-

Modulator und einige Fragmente von Iperoxoderivaten verwendet, um dualsterische Liganden zu 

synthetisieren. Aufgrund der räumlichen Nähe der beiden Bindstellen im Rezeptor können die 

dualsterischen Hybride mit einem bitopischen Molekül adressiert werden, in dem die allosterische und 

orthosterische Einheit über einen geeigneten Linker verbunden werden. 

Das zu betrachtende System ist jedoch komplizierter als ein statischer elektrischer Stromkreis. Die 

Aktivierung des sekundären Botenstoffs am M1-Rezeptor ist transient und Teil eines dynamischen und 

komplexen Systems. Sobald das Signal am G-Protein-Komplex "eingeschaltet" ist, verstärken weitere 

Proteine und Moleküle das ursprüngliche Signal und erzeugen eine komplexe Kaskade von 

Wechselwirkungen. Daher wurde in dieser Arbeit eine Reihebipharmakophorischer Liganden 

synthetisiert. Hierzu wurden positive allosterische Modulatoren (BQCA-Derivate) über Linker 

verschiedener Kettenlängen mit orthosterischen Einheiten gekoppelt und pharmakologisch in einer 

Vielzahl von Assays untersucht um unterschiedliche Aspekte der Rezeptoraktivierung, 

Rezeptordynamik, Signalkaskaden, Bindungsaffinitäten und Dissoziationseraten zu bestimmen 

(Ergebnisse Teile 1,2, 3 und 8). 
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ist ein Beweis dafür, dass dieForschung an bitopische Liganden ein hervorragenderAusgangspunkt für 

die Arzneimittelentwicklung ist. 

Darüber hinaus wird in dieser Arbeit erstmals ein neuer tritopischer Ansatz vorgestellt, um die 

Untersuchung des M1-Muskarinrezeptors zu vertiefen (Ergebnis Teil 6). Die dreifach verzweigte 

Verbindung (zwei orthosterische Einheiten und ein kovalent gebundener allosterischer Teil) könnte die 

metastabilen und die orthosterischen Bindestellen desselben Rezeptors oder zwei orthosterische 

Taschen verschiedener Rezeptoren besetzen, was zu Dimerisierung führt. 

 

 
Abbildung 5. Strukturen des neuen dreiwertiger Hybridderivats 

 

Interessanterweise bindet die Verbindung trotz der beträchtlichen sterischen Wirkung der beiden 

Iperoxo-Ligandeneinheiten  an die orthosterische Stelle mit einer Affinität, die sogar höher ist als die 

von Iperoxo selbst. Die Verbindung, die derzeit nur am M1-Muskarinrezeptor im Hinblick auf 

Radioligandenbindung (Gleichgewicht und Dissoziation) und G-Protein-Aktivierung untersucht wird, 

könnte als molekulares Instrument zur Untersuchung metastabiler Bindungs- oder 

Multimerisierungszustände von hM1-Rezeptoren verwendet werden. 

Außerdem wurde eine Reihe von Liganden vom Iperoxo-abgeleiteten Alkan-, Bis (ammonium) alkan-

Typ und versteiften Ketten hergestellt (Ergebnisteil 7). Die Sonden werden verwendet, um die 

orthosterische Bindetasche hinsichtlich Flexibilität, physikalisch-chemischer Eigenschaften und 

räumlicher Beschaffenheitbei allen Muskarinrezeptor-Subtypen zu untersuchen. 
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Abbildung 6. Strukturen des neuen Iperoxo-derivats. 

 

Die Multi-Target-Verbindungen, die bitopischen Verbindungen und ihre molekularen Fragmente können 

wichtige Informationen liefern, um die spezifische Wirkung des M1 Rezeptors vollständig zu verstehen, 

und seine Funktion für therapeutische Anwendungen zu modulieren, was mit den derzeit verfügbaren 

Arzneimitteln nicht möglich ist. Aufgrund der Größe dieser Moleküle und die häufig positiveLadung 

haben die Verbindungen eine schlechte Arzneitauglichkeit. Die Ergebnisse dieser Arbeitliefern jedoch 

wichtige Informationen für weitere Überlegungen und Entwicklungen im cholinergen Bereich, da ein 

multi-target Ansatz die richtige Herangehensweise für die multifaktorielle Natur der AD-Krankheit zu 

sein scheint. 
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G. Appendix 

A. Abbreviations  

abs  absolute  
ACh  acetylcholine  
AChE  acetylcholinesterase  
AD  Alzheimer disease  
BBB blood brain barrier 
BChE  butyrylcholinesterase  
BQCA  benzyl quinolone carboxylic acid  
BQCAd benzyl quinolone carboxylic acid derivative 
Ca2+ intracellular calcium ion concentration  
calcd.  calculated  
cAMP  cyclic adenosine monophosphate  
CAS  catalytic active site  
CFP  cyan fluorescent protein  
CH2Cl2  dichloromethane  
CHCl3  chloroform  
CH3CN  acetonitrile  
CHO-cells  Chinese hamster ovary cells  
CNS  central nervous system  
COSY  correlated spectroscopy  
d  day(s) or doublet  
dd doublet of doublets 
dt doublet of triplets 
DAG  diacylglycerol  
DCM  dichloromethane  
dd  doublet of doublets  
DMF  dimethylformamide  
DMSO  dimethylsulfoxide  
ELSD  evaporative light scattering detector  
ESI  electrospray ionization  
EtOAc ethylacetate 
Et2O diethylether 
EtOH ethanol 
FlAsH  fluoresceine arsenical hairpin binder  
FRET  fluorescence resonance energy transfer  
GDP  guanosindiphosphat  
GTP guanosine triphosphate 
Gi  inhibitory G-protein  
Gq  G-protein activating phospholipase C  
GPCR  G protein-coupled receptor  
GTP  guanosintriphosphat  
h hour(s) or human 
HEK293 Human embryonic kidney 293 cells 
HMBC Heteronuclear Multiple Bond Correlation 
HMQC Heteronuclear Multiple-Quantum Correlation 
HPLC  high-performance liquid chromatography  
IL  intracellular loop  
IP1 inositol monophosphate 
IP3  ionositol-1,4,5-triphosphate  
J coupling constant 
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L15 Leibovitz medium without phenol red 
LCMS  liquid chromatography mass spectrometry  
m multiplet 
M1-M5  muscarininc acetylcholine subtype 1-5  
mAChR  muscarinic acetylcholine receptor  
nAChR  nicotinic acetylcholine receptor  
MW microwave 
NAL  neutral allosteric modulator  
NAM  negative allosteric modulator  
NMR  nuclear magnetic resonance  
NMS N-methylscopolamine 
PAM  positive allosteric modulator  
PAS  peripheral anionic site  
PLC  phospholipase C  
PTX  pertussis toxin  
q quartet 
t triplet 
tq triplet of quartets 
tt triplet of triplets 
TLC  thin layer chromatography  
TM transmembrane 
UV-VIS  ultraviolet-visible  
YFP  yellow fluorescent protein  
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