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1 Introduction  

In human physiology, muscarinic acetylcholine receptors (mAChR) play a crucial role as part 

of the parasympathetic nervous system. Muscarinic receptors regulate functions ranging from 

cardiac rate or smooth muscle contraction in the peripheral nervous system to cognition or 

motor control in the central nervous system (CNS). Drugs acting as agonists at mAChRs are 

classified as direct parasympathomimetic drugs and are used for the treatment of glaucoma or 

to reduce postoperative urinary retention. In contrary, mAChR antagonists belong to the 

parasympatholytic agents. These are applied, for example, as antispasmodics for smooth muscle 

relaxation in tubular organs of the gastrointestinal tract, for the treatment of chronic obstructive 

pulmonary disease, or to reduce secretion of gastric acid.[1] Besides, the utilization of 

muscarinic ligands has been discussed for cancer therapy, diabetes, schizophrenia, or pain 

management.[2, 3, 4] To avoid side effects due to this broad field of mAChR-related 

pharmacological actions, highly selective ligands for the different mAChR subtypes are needed. 

In the last decade, the determination of several mAChRs crystal structures allowed to gain a 

better insight on the molecular level of the receptors.[5, 6, 7, 8] Furthermore, the generation and 

phenotypic analysis of different muscarinic receptor knockout mice has improved the biological 

understanding of mAChRs.[9, 10] 

 

1.1 Classification and structural characterization of muscarinic receptors 

Muscarinic receptors belong to the superfamily of G-protein-coupled receptors (GPCRs). 

Mainly located at the cell surface, GPCRs translate extracellular signals delivered by, for 

example, light energy, neurotransmitters, or peptides into intracellular signaling cascades. Even 

though the GPCR superfamily is very diverse in structure and function, all GPCRs consist of 

an unbranched protein chain with an extracellular N-terminal domain, an intracellular 

C-terminal domain, and seven transmembrane-spanning Ŭ-helical domains (TM1ïTM7). The 

seven domains are linked by three extracellular loops (ECL) and three intracellular loops (ICL). 

On the cytosolic side of the membrane, a guanine nucleotide binding protein (G-protein), 

comprised of an Ŭ-, ɓ-, and ɔ-subunit, is bound to the receptor.[11] Among the five main families 

of GPCRs, the rhodopsin-like receptors (class A) constitute the largest class, including 

mAChRs.[12] The binding pocket of the respective endogenous ligand in class A GPCRs is 

typically located in a cavity that is formed by the seven TMs. Depending on the ligand, the 

different receptors bear specific amino acid residues within the cavity. In mAChRs, the binding 
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site of the natural agonist acetylcholine (ACh) can be found in a depth of 15 Å near the 

extracellular domain.[13, 14] 

Together with nicotinic acetylcholine receptors (nAChRs), mAChRs form the cholinergic 

system. The activation of this network by ACh leads to stimulation of the parasympathetic 

nervous system. The latter is a division of the autonomic nervous system and controls ñrest and 

digestò activities, such as a reduced heart rate, contraction of the urinary bladder wall, or 

secretion in salivary glands. Within this system, nAChRs transfer signals from preganglionic 

to postganglionic neurons, whereas mAChRs are located at the target organs.[1] 

 

1.2 Muscarinic receptor subtypes 

The intronless genes CHRM1 to CHRM5 encode for the five distinct subtypes of muscarinic 

receptors. Despite having a similar ACh-binding affinity, the subtypes differ in appearance as 

well as in physiological function and location.[15, 16, 17] At the molecular level, the five subtypes 

show a significant divergence in the amino acid sequence of the third internal loop. This 

deviation in the G-protein binding area contributes to a preferred signaling through GŬi/o-

proteins for the M2/M4-subtypes, whereas the M1/M3/M5-group predominantly couples G-

proteins of the GŬq/11-type.[18, 19, 20, 21] By favoring the recruitment of GŬi/o-proteins, adenylate 

cyclase (AC) activity is reduced upon receptor activation in the M2/M4-group, thus lowering 

the intra-cellular cyclic adenosine monophosphate (cAMP) level. Furthermore, down regulation 

of AC enhances blockage of voltage-gated calcium channels. In the M1/M3/M5-group, GŬq/11-

proteins mediate phospholipase C (PLC) activation. Subsequent formation of inositol 1,4,5-

trisphosphate (IP3) by hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) increases the 

intracellular calcium concentration. Diacylglycerol (DAG) is also formed by PIP2-cleavage and 

serves as activator of protein kinase C (PKC) (Figure 1).[22] 

However, the evidence of GŬq/11- and GŬs-protein recruitment by M2-receptors demonstrates 

that despite showing coupling preferences, the different subtypes do not solely bind their 

preferred G-proteins.[23] The five subtypes of mAChRs are distributed in distinct areas of the 

central and peripheral nervous system as well as in non-neuronal tissues. M1 receptors are 

abundantly expressed in the forebrain, especially in regions of the hippocampus, striatum, and 

prefrontal cortex.[24, 25, 26] Both M2 and M3 mAChRs are distributed in different brain regions, 

such as the basal forebrain, thalamus, and hippocampus. In peripheral tissues, M2 receptors are 

found in the heart and, along with M3 receptors, in smooth muscle tissues.[16, 17, 24, 25, 26, 27, 28] M4 

and M5 receptors have predominantly been tracked down in the CNS. The M4 subtype has 
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mainly been detected co-localized with dopamine receptors in the striatum, whereas the M5 

mAChRs are expressed in the substantia nigra.[24, 29]  

 

 

Figure 1: Signal transduction pathways of the M1/M3/M5- and M2/M4-group. 

 

Despite these differences, the binding pocket of the endogenous ligand acetylcholine, the so-

called orthosteric binding site, shows a high level of homologous sequence regions among 

mAChR subtypes.[9, 19] This explains why drugs targeting the orthosteric binding site of 

mAChRs usually show insufficient subtype selectivity and thus often cause intolerable side 

effects. 

 

1.3 Activation and deactivation of muscarinic receptors 

Even though no crystal structure of an mAChR in combination with its endogenous transmitter 

acetylcholine has been obtained so far, the involvement of several amino acids in receptor 

stimulation at the orthosteric binding site can be assumed due to point mutation studies or 

structural characterization of agonist-bound muscarinic receptors. An ionic interaction between 

a negatively charged aspartate (D103) in TM3 and the quaternary amine of ACh is supposed to 

be crucial for the binding process.[30] The choline group is presumably enclosed in an aromatic 

cage which is formed by a hydrogen bond network between three tyrosine residues (Y104, 

Y403, and Y426), often referred to as tyrosine lid.[31] Moreover, the carbonyl function of ACh 
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is likely to interact with an asparagine residue (N404) of TM6 (Figure 2).[6] Due to these 

interactions, extensive conformational changes are induced within the receptor upon ligand 

binding, whereby the formation of a hydrogen bond between the intracellular domains TM5 

and TM7 and an outward tilting of the cytoplasmic end of TM6 are most notably.[32, 33, 34]  

 

Figure 2: Model of acetylcholine docked into the orthosteric binding site of the M2 receptor. Reprinted with 

permission of Springer Nature; Copyright © 2012.[6]  

 

Such rearrangements of Ŭ-transmembrane helices promote interactions of the receptor with 

heterotrimeric G-proteins, thereby inducing an exchange of GDP (guanosine diphosphate) 

against GTP (guanosine triphosphate). This causes dissociation of the G-protein into an 

Ŭ subunit and a ɓɔ dimeric subunit, followed by activation of the already mentioned effector 

systems. The leisurely hydrolyzation of GTP by GTPase activity of the GŬ-subunit and the thus 

initiated reassociation of the heterotrimeric G-protein terminate the activation cycle 

(Figure 3).[35, 36] The switch from an inactive to an active receptor state also enables G-protein 

coupled receptor kinases (GRKs) to phosphorylate serine or threonine residues of the 

intracellular loops and the C-terminal ending.[37, 38] Subsequently, ɓ-arrestin proteins bind to the 

phosphorylated receptor. Since so-called clathrin proteins can cause internalization of ɓ-arrestin 

bound mAChRs, this represents an endogenous mechanism for down regulation of mAChR 

activity.[39] Thereby, the amplification of GRK activity by the released Gɓɔ dimer prompts a 

negative feedback loop.[40] Unlike class B GPCRs, class A GPCRs  release ɓ-arrestin proteins 

after receptor internalization and return to the plasma membrane after dephosphorylation.[41] 

M1, M3 and M4 receptors have shown to internalize clathrin-mediated. In contrast, the 

internalization pathway of M2 receptors is independent of ɓ-arrestin.[42, 43] 
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Figure 3: Activation cycle of muscarinic receptors. The cycle starts on the left side with agonist (A) binding. This 

leads to the exchange of GDP by GTP at the GŬ-subunit and a subsequent dissociation of the heterotrimeric G 

protein, thereby causing different downstream effects. GRKs phosphorylate intracellular domains of the receptor, 

thus enabling the binding of ɓ-arrestin (ɓ-arr) and subsequent receptor internalization. The hydrolysis of GTP at 

the GŬ subunit allows anew formation of the heterotrimeric G protein and returns the receptor to the original state. 

 

Due to the hydrolytic instability of the ester group, the endogenous ligand acetylcholine bears 

almost no therapeutic relevance. Besides acetylcholine, several orthosteric agonists have been 

identified so far (Figure 4). The alkaloid muscarine binds nonselectively to all mAChR 

subtypes and is basically known for its toxic effects upon mushroom consumption.[44] 

Pilocarpine is used in eye drops for the treatment of glaucoma and preferentially stimulates M2 

and M3 subtypes.[45, 46] 

 

Figure 4: Structures of selected orthosteric agonists at muscarinic receptors. 
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The so-called superagonist iperoxo actually causes a higher activation of M2 receptors than 

acetylcholine.[47] However, the lack of subtype selectivity prevents its application as a drug. 

The M1/M4-preferring agonist xanomeline is under discussion for the treatment of 

schizophrenia and neurodegeneration.[48, 49, 50, 51] In clinical trials, xanomeline improved 

symptoms in schizophrenic patients. Unfortunately, a range of peripheral side effects still 

hampers an application in therapeutics. In a recent study, xanomeline was combined with the 

tropin-type mAChR antagonist trospium. The latter exclusively acts in the body periphery. The 

results of this phase IIb clinical trial showed that unwanted xanomeline-related secondary 

effects were reduced.[52, 53] 

 

1.4 Allosteric modulation of muscarinic receptors 

To enhance subtype selectivity at mAChRs, newly developed drug candidates often address 

binding sites distinct to the highly conserved orthosteric site. The stimulation of mAChRs by 

so-called allosteric ligands in combination with an orthosteric agonist leads to the formation of 

a ternary complex. Depending on the nature of the allosteric ligand, the binding affinity of the 

orthosteric agonist and the receptor activation can thus be influenced (Figure 5).[54, 55, 56] Direct 

activation of muscarinic receptors by allosteric agonists has also been reported.[57] 

 

Figure 5: Influence of positive (blue curves) and negative (blue dashed curves) allosteric ligands on a) binding 

affinity of orthosteric ligands and b) receptor activation. The red curve represents receptor activation in absence 

of any allosteric modulator. Reprinted with permission of John Wiley and Sons; Copyright © 2012.[55] 

 

The ternary complex model according to Ehlert describes the cooperative interactions between 

orthosteric and allosteric ligands (Figure 6).[54] Both ligands can bind separately to the free 

receptor (Figure 6, I) with their respective dissociation constants Ka (Figure 6, II) and Kb 

(Figure 6, IV). When a ternary complex is formed (Figure 6, III), the reciprocal effect of 

orthosteric and allosteric unit is referred to as cooperativity factor Ŭ.  
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Figure 6: Illustration of binding cooperativity between orthosteric and allosteric ligands based on the ternary 

complex model according to Ehlert.[54] 

 

For Ŭ < 1, the dissociation constant is decreased which leads to an enhanced binding affinity 

and is related to positive cooperativity. Furthermore, a negative cooperative effect is induced 

for Ŭ > 1, causing a reduced binding affinity of the orthosteric ligand. When no binding 

cooperativity is induced (Ŭ = 1), the ligands are classified as neutral allosteric ligands.[58, 59] 

However, this model solely describes binding cooperativity and neglects activation 

cooperativity. 

A comparison of the amino acid sequence of the five muscarinic subtypes reveals significant 

variability within the extracellular vestibule. Additionally, crystal structures of M1ïM5 

receptors show differences of the tertiary structure in this region.[8, 60, 61] Since such deviations 

are crucial for the implementation of subtype selective mAChR activation, several allosteric 

ligands targeting this part of the receptor have been investigated (Figure 7). In 1968, the alkane 

bis-ammonium compound W84 was the first substance that showed interactions between an 

allosteric and an orthosteric binding site at mAChRs. While trying to improve the therapy of 

organophosphate intoxications, Lüllmann and coworkers observed a cooperative effect when 

the muscarinic antagonist atropine was combined with W84.[62, 63] Later, the alkaloid brucine 

was shown to selectively enhance the binding affinity of acetylcholine at M1 receptors, thus 

also proofing the feasibility of subtype selective mAChR activation.[64, 65] Subsequently, 

investigations of the binding mode of M1 selective ligand AC-42 by mutation studies confirmed 

the existence of an allosteric binding site. The results demonstrated that AC-42 definitely 

addresses a receptor region aside from the orthosteric site.[66] In the 2000s, a series of 

thienopyridine derivatives was identified by Eli Lilly scientists as powerful positive allosteric 
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modulators from a small molecule screening at M4 receptors and a following hit expansion.[67] 

Within this series, the compound LY2033298 was extensively examined due to its high M4 

selectivity.[68, 69, 70] Furthermore, the M2/M4 selective compound LY2119620 had a huge impact 

on mAChRs research as it allowed the crystallization and structural characterization of an 

agonist-bound M2 receptor.
[7, 71]

 However, allosterism at mAChRs is not limited to interactions 

between two small molecules at the extracellular part and the transmembrane core. G-protein 

binding at the intracellular receptor surface also generates binding cooperativity with the 

orthosteric ligand.[72] A positive allosteric effect of Na+ ions towards ACh recruitment has 

further been detected at the M2 receptor.[73] 

 

Figure 7: Selection of allosteric modulators. 

 

Two different mechanisms contribute to cooperativity between allosteric modulators in the 

extracellular vestibule and orthosteric ligands. On the one hand, the conformations of both 

binding sites are associated. Therefore, ligand stimulation of one binding site induces a 

structural shift at the other. On the other hand, direct charge-charge interactions between the 

two ligands also affect binding cooperativity, such that the combination of two positively 

charged molecules reduces the mutual effect through electrostatic repulsion.[74] 

Besides the improvement of subtype selectivity, allosteric ligands have shown several 

beneficial characteristics. While orthosteric agonists stimulate a receptor for as long as they are 

available, the effect of allosteric modulators is mostly saturable. Due to the cooperative 

mechanism, an upper limit for receptor response is reached when the allosteric site is entirely 

occupied.[55] Moreover, the scope and the direction of an allosteric effect released by the same 

modulator at the same receptor subtype varies as a function of the utilized orthosteric ligand.[75] 
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This correlation is called probe dependence and has been extensively studied for the allosteric 

modulator LY2033298. When applied in combination with acetylcholine at rodent M4 

receptors, LY2033298 strongly potentiated the action of ACh, whereas alongside with the 

orthosteric ligand xanomeline only a weak positive allosteric effect was detected.[76] 

Interestingly, an investigation of cooperativity between LY2033298 and xanomeline at human 

M2 receptors revealed that augmenting concentrations of the modulator led to an amplification 

of agonist affinity on the one hand, but to a reduction of receptor response on the other. These 

findings indicate a stabilization of an inactive receptor state by the formed ternary complex. 

Thus, the allosteric modulator LY2033298 changes the agonistic nature of xanomeline at the 

M2 receptor.[77] In consequence, an allosteric modulator can only be classified in context to a 

specific orthosteric ligand. A closely related property of some allosteric ligands is the release 

of an affinity shift towards specific signaling pathways by preserving a receptor conformation 

that initiates the respective signal cascade (Figure 8a). This effect is referred to as biased 

modulation [78] 

 

Figure 8: Pathway selective receptor activation through (a) biased modulation or (b) biased agonism. Reprinted 

with permission of Springer Nature; Copyright © 2012.[78] 

 

Biased modulation has been described exemplarily for the M1 selective positive allosteric 

modulator VU0029767. Marlo and coworkers reported an enhancement of phospholipase C 

activity but not phospholipase D activity when VU0029767 was applied in combination with 

ACh.[79] Biased modulation at mAChRs may allow a more selective addressing of 

therapeutically relevant signaling cascades, whereas other pathways that are related to 

unwanted on-target side effects stay unaffected. Noteworthy, orthosteric ligands can also 

exhibit a pathway bias (Figure 8b). For example, the muscarinic agonist pilocarpine does not 

activate GŬq/11-proteins at the M3 receptor but mediates the recruitment of ɓ-arrestin.[80] 
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1.5 Dualsteric targeting of muscarinic receptors 

A further approach in the design of highly selective ligands for muscarinic receptors is the 

combination of an orthosteric unit and an allosteric modulator within one molecule (Figure 9a). 

The resulting hybrids are called dualsteric or bitopic ligands.[55, 81, 82] This idea derives from the 

so-called ñmessage-address conceptò established by Schwyzer in 1977.[83] In this context, the 

orthosteric moiety delivers the desired message by stimulation of the receptor and the release 

of appropriate downstream effects. The allosteric part of the molecule interacts with less 

conserved receptor sites and thus contains the recipient address. The two parts of the molecule 

need to be connected by a linker of adequate chain length at the appropriate connection points. 

In this way, the dualsteric strategy aims to unite high affinity with high subtype-selectivity. A 

pathway-selective receptor activation through biased agonism is also a desirable property of 

bitopic ligands. 

Disingrini and coworkers followed this approach by combining the orthosteric agonist iperoxo 

with a phthalimide or a naphthalimide moiety as M2-selective allosteric modulator (Figure 

9c).[84] The resulting hybrid compounds showed the expected subtype selectivity towards M2 

receptors as well as an affinity and efficacy comparable to the endogenous transmitter 

acetylcholine. Moreover, preferential activation of the Gi signaling pathway was observed. 

However, the negative binding cooperativity of the investigated bis(ammonio)alkane-type 

modulators towards orthosteric agonists did not result in an additive affinity gain.[85] Following 

binding studies of these compounds revealed that the same ligand can stabilize the M2 receptor 

in two distinct orientations.[86] The preservation of a conformation with a reduced efficacy for 

downstream signaling leads to partial agonism. The proportion between the occupied active and 

inactive receptor states thereby dictates the activity of a partial agonist (Figure 9b).[87, 88] Hence, 

rational design of partial agonists may allow to control the extent of muscarinic receptor 

activation, paving the way for drugs with an improved side effect profile. Moreover, the 

receptor response upon partial agonist binding is context-dependent. Distinct pharmacological 

phenotypes of one and the same receptor subtype arise in different cell populations. The 

released downstream effect is therefore not only depending on agonist activity and 

concentration, but also on parameters such as the intracellular cAMP level and the number of 

receptors within the membrane.[89] Recently, a Naph-iper hybrid ligand was shown to increase 

cytotoxicity and apoptosis in glioblastoma cancer stem cells. M2 receptor activation by the 

hybrid ligand generated DNA damage within the cancer cells and reduced their survival rate. 

Since the Naph-iper ligand also prevented drug-resistance, this hybrid may allow the 

application of lower doses of chemotherapeutic agents.[90, 91] 
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A promising application of bitopic ligands was investigated by Keller and coworkers. Through 

combination of dibenzodiazepinone derivatives with a fluorescence-labeled unit, M2 preferring 

antagonists were designed which bind the receptor in a dualsteric fashion. These ligands can 

serve as tools to map M2 receptors in cells and may be helpful to determine binding affinities 

of allosteric or orthosteric ligands.[92] Furthermore, the M2 selectivity of dibenzodiazepinone 

type hybrids was modulated by addition of different peptide conjugates.[93, 94] 

 

 

Figure 9: a) Schematic depiction of bitopic ligands. b) Dynamic ligand binding of dualsteric compounds in an 

active and an inactive binding mode. Kactive and Kinactive represent the respective equilibrium dissociation constants. 

Cell signaling can only be triggered in the active conformation. c) Structures of bitopic ligands based on iperoxo 

as orthosteric unit (yellow) and phthalimide (Phth-Iper-hybrids), naphthalimide (Naph-Iper-hybrids), or BQCA 

(BQCA-Iper-hybrids) as allosteric modulators (blue). 

 

Another attempt to apply the dualsteric concept to muscarinic receptors was undertaken with a 

highly M1 selective benzyl quinolone carboxylic acid (BQCA) derivative as positive allosteric 
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modulator (Figure 9c). Hybrids composed of BQCA and iperoxo were found to act as partial 

agonists at human M1 receptors, activating both G-protein and ɓ-arrestin signaling pathways. 

Remarkably, when the orthosteric moiety was minimized to an ammonium ion (TMA), only G-

protein stimulation was observed. These findings strongly suggest that a positively charged 

ammonium ion as orthosteric unit is sufficient for G-protein activation, whereas ɓ-arrestin 

binding requires further interactions within the orthosteric site.[95, 96] Instead of applying an 

alkane chain as linker, BQCA and iperoxo were further combined by a photoswitchable 

azobenzene unit. The activity of the thus formed hybrids can be controlled by light.[97] 

 

1.6 Structural insights into allosteric modulation of LY2119620 and LY2033298 at M2 

and M4 receptors 

In 2013, nobel prize laureate Brian Kobilka and coworkers reported the X-ray crystal structure 

of the M2 receptor bound to the agonist iperoxo and, additionally, as ternary complex with the 

allosteric modulator LY2119620 (Figure 10a+b). The high degree of similarity between the two 

structures indicated that binding of an orthosteric agonist pre-forms the binding site of the 

modulator to a great extent.[7] By comparing the conformation of the ternary complex with a 

former published crystal structure of an inactive M2 receptor, important insights into structural 

changes that occur upon receptor stimulation were obtained. The agonist-induced movements 

of transmembrane domains lead to the formation of a ñslot-likeò allosteric vestibule which can 

subsequently interact with the planar molecule LY2119620 (Figure 10d+e).[6, 7, 61] Moreover, a 

closure of the tyrosine lid was observed, thus separating the orthosteric from the allosteric site.[7] 

LY2119620 sits above the closed lid and stabilizes the active conformation by several 

interactions with the receptor (Figure 10c). 



Introduction 

13 

 

 

Figure 10: a) Structure of LY2119620. b) Ternary complex of LY2119620 (purple) and iperoxo (yellow) at the 

M2 receptor. c) Interactions of LY2119620 in the allosteric vestibule. d) Comparison of the extracellular site 

between an inactive and an active M2 receptor. Red arrows indicate movements of the transmembrane domains 

upon ligand binding. e) Contraction of the allosteric binding site upon receptor activation indicated by red lines. 

Reprinted with permission of Springer Nature; Copyright © 2013.[7] 

 

The contribution of each allosteric contact was evaluated by molecular dynamics simulations 

(Figure 11).[98] The amino acids Asn4106.58, Tyr802.61, and Asn4197.32 form direct polar contacts 

with the allosteric modulator, whereas the piperazine ring of LY2119620 is presumably 

involved in an interaction with the residues Glu172 and Tyr177 of ECL2 and the backbone of 

ECL2 and ECL3. Furthermore, the thienopyridine ring system lays in a three-way ˊ- -́stacking 

complex between Trp4227.35 and Tyr177. Remarkably, Trp4227.35 possesses different 

orientations in the presence or absence of LY2119620. Since Trp4227.35 also influences the 

position of amino acids within the tyrosine lid, these findings suggest a direct impact of 

LY2119620 on the orthosteric binding site.[7, 98]  
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Figure 11: Polar (red) and hydrophobic (green) interactions between LY2119620 and the iperoxo-bound M2 

receptor based on molecular dynamics simulations. The percentages indicate how often the respective interaction 

occurs in a simulation of a LY211960-iperoxo receptor complex (first line) or a simulation with an additionally 

bound ñG-protein mimeticò nanobody (second line). Reprinted with permission of American Chemical Society; 

Copyright © 2018.[98] 

 

Several amino acids surrounding LY2119620 in the allosteric binding pocket of the human M2 

receptor are nonconserved within the five subtypes.[61] Firstly, Asn4197.32 is solely present at 

the M2 receptor. It is noteworthy that at the M4 receptor, this residue is exchanged by aspartic 

acid which likely forms a similar polar interaction with LY2119620. Secondly, Tyr802.61 is 

exchanged by phenylalanine at the M3 subtype. Hence, the M3 receptor is not able to build up a 

polar interaction at this position. Moreover, the M2 receptor exclusively contains both residues 

Glu172 and Tyr177 and is consequently the only subtype that can interact effectively with the 

piperazine ring. In combination with two adjacent acidic residues, Glu172 forms the so-called 

EDGE sequence. This motif is uniquely present at the M2 receptor and has earlier been shown 

to interact with allosteric modulators.[99, 100] 

The dissociation of iperoxo from the M2 receptor was simulated in silicio by metadynamics 

simulations, leading to the identification of two distinct dissociation pathways. The modulator 

LY2119620 was shown to inhibit ligand dissociation for both escape routes and thus extends 

the unbinding process.[101] 
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Due to the lack of active state M4 crystal structures, the binding of allosteric modulator 

LY2033298 at the M4 receptor was investigated by mutagenesis studies.[60, 102] Thereby, alanine 

mutation of Trp4227.35 led to a complete loss in affinity of the modulator. Furthermore, 

mutations of the tyrosine-lid forming residues also caused a significant decrease in 

cooperativity. Taken together, M4 mutation studies allowed the identification of an allosteric 

network that mediates interactions between the allosteric and the orthosteric site. This network 

involves residues of TMs 2, 3, 6 and 7 as well as some residues of the second extracellular loop. 

Based on the previously discussed active M2 crystal structure, a homology model of the M4 

receptor bound to acetylcholine and LY2033298 was developed (Figure 12).[60, 61]  

 

Figure 12: Homology model of the active M4 receptor bound to acetylcholine and LY2033298. An allosteric 

network mediates interactions between the allosteric and the orthosteric site. Residues that are involved in this 

network are shown in violet. The receptor is displayed from side view (A) and as seen from the extracellular site 

(B). Reprinted with permission of Rockefeller University Press; Copyright © 2018.[61] 

 

A comparison of this model with the inactive state crystal structure of the M4 receptor indicated 

that the residues of the allosteric network within TMs 2, 3, and 7 remain largely unmoved. 

However, residues that are situated closer to the extracellular vestibule show a noticeable 

rearrangement. The residues of TMs 2, 3, and 7 may thus serve as a hinge which mediates 

movements within the extracellular loops upon receptor activation. In this context, the allosteric 

modulator acts as a stabilizer of the hinge and helps to switch the receptor from a dynamic state 

to a more fixed position.[60, 61]






























































































































































































































































































































































































