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Abstract 

 

Muscarinic receptors (M-Rs) for acetylcholine (ACh) belong to the class A of G protein–coupled recep-

tors. M-Rs are activated by orthosteric agonists that bind to a specific site buried in the M-R 

transmembrane helix bundle. In the active conformation, receptor function can be modulated either by 

allosteric modulators, which bind to the extracellular receptor surface or by the membrane potential via an 

unknown mechanism. Here, we compared the modulation of M1-Rs and M3-Rs induced by changes in 

voltage to their allosteric modulation by chemical compounds. We quantified changes in receptor signal-

ing in single HEK 293 cells with a FRET biosensor for the Gq protein cycle. In the presence of ACh, M1-

R signaling was potentiated by voltage, similarly to positive allosteric modulation by benzyl quinolone 

carboxylic acid. Conversely, signaling of M3-R was attenuated by voltage or the negative allosteric modu-

lator gallamine. Because the orthosteric site is highly conserved among M-Rs, but allosteric sites vary, we 

constructed “allosteric site” M3/M1-R chimeras and analyzed their voltage dependencies. Exchanging the 

entire allosteric sites eliminated the voltage sensitivity of ACh responses for both recepotrs, but did not 

affect their modulation by allosteric compounds. Furthermore, a point mutation in M3-Rs caused func-

tional uncoupling of the allosteric and orthosteric sites and abolished voltage dependence. Molecular dy-

namics simulations of the receptor variants indicated a subtype-specific crosstalk between both sites, in-

volving the conserved tyrosine lid structure of the orthosteric site. This molecular crosstalk leads to recep-

tor subtype-specific voltage effects. 

Keywords 

GPCRs, Muscarinic Receptors, voltage dependence, allosteric regulation 
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1. Introduction 

Muscarinic receptors for acetylcholine belong to the class A of the family of seven transmembrane 

(TM) or G protein-coupled receptors (GPCRs). The activation of these receptors is induced by ligands 

that bind to an orthosteric site that is accessible from the extracellular milieu and lies buried inside the 

seven transmembrane helices. Binding of agonists to this site favors active receptor conformations, which 

transmit signals through interaction with intracellular G proteins (Kruse et al., 2012). In addition to the 

activation elicited by orthosteric agonists, other ligands can modulate receptor function by binding to 

allosteric binding sites located at the extracellular receptor surface (allosteric modulators [AMs]). In par-

ticular, the extracellular loops (ECL) 2 and 3 as well as amino acid residues in TM 7 are involved in bind-

ing of AMs (this site is termed “allosteric site” in this paper) (Conn et al., 2009; Thal et al., 2016). AMs 

either potentiate (positive allosteric modulators, PAMs) or attenuate (negative allosteric modulators, 

NAMs) receptor signaling. Binding of an AM induces a conformational change of the allosteric site, 

which transduces to the orthosteric binding site, modifying agonist binding (ligand affinity) and/or the 

receptor’s ability to activate G proteins (signaling efficacy) (Bock et al., 2012; Shivnaraine et al., 2016).  

In addition, the activity of some GPCRs depends on the membrane potential. For muscarinic re-

ceptors (M-Rs) such a voltage dependence was initially discovered in M2-Rs, which showed reduced ago-

nist binding and activation at positive membrane potentials (Ben-Chaim et al., 2003; Ben-Chaim et al., 

2006). This has motivated further studies and we now know that the properties of voltage sensitivity de-

pend also on the interaction pattern of the orthosteric ligand with the receptor. For example, a depolariza-

tion of the membrane increased the function of M2-Rs, if choline or pilocarpine were used as agonists, but 

caused deactivation of M2-Rs following ACh exposure (Navarro-Polanco et al., 2011; Moreno-Galindo et 

al., 2016). At the same time, the direction (or polarity) of the voltage effect for a given agonist differs 

with the receptor subtype: Whereas depolarization caused activation of M1-Rs, structurally related M3-Rs 

were deactivated in the presence of ACh or carbachol (Rinne et al., 2015). The observation that the differ-

ent interaction capacity of allosteric compounds determines whether they act as PAM or NAM ("probe 
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dependency") is a hallmark of allostery in GPCRs (Wootten et al., 2013). This led us to hypothesize that 

voltage can be regarded as an allosteric modulator of receptor function. To test this experimentally, we 

compared the effect that voltage has on signaling of M1-Rs, M3-Rs and M3-R/M1-R chimeras to the modu-

lation of receptor function by allosteric compounds. We used fluorescence resonance energy transfer 

(FRET) to monitor activation of unlabeled receptors with a Gq protein biosensor and whole cell voltage 

clamp to quantify their voltage sensitivity. Modifications of the allosteric site of M3-Rs, either by ex-

change of extracellular M3-R regions with corresponding M1-R regions or by a point mutation that causes 

functional uncoupling of the allosteric site, eliminated the voltage sensitivity in the presence of ACh. 

Furthermore, mutations of the conserved orthosteric tyrosine lid of M3-Rs turned receptor inactivation by 

voltage into activation. To analyze the molecular contribution of both receptor regions to the mechanism 

of voltage dependence, we assessed the behavior of wild type receptors, chimeras and mutant receptors 

with molecular dynamics (MD) simulations. Collectively, our experimental data and MD simulations 

demonstrate for the first time that the allosteric site has a significant contribution to voltage dependence in 

M-Rs. In particular, a receptor subtype-specific crosstalk of the allosteric site with the orthosteric tyrosine 

lid controls voltage dependence of M-Rs. 

 

2. Materials and methods 

2.1 Molecular Biology and cell culture 

To generate synthetic chimeras of muscarinic receptors, cDNA fragments of M1-R were generated by 

PCR and inserted into the cDNA of M3-R using the In-Fusion cloning method (Clontech) with pcDNA3 

(Invitrogen) as a plasmid backbone. The following receptor constructs were generated: M1/M3-R chimera: 

The amino acids (aa) 1 to 164 of M1-R, encoding for the N terminus and TM 1 to TM 4, were fused to aa 

208 to 590 of M3-R, encoding for ECL 2, TM 5 to TM 7 and the C terminus. M3-BQCA-R: The frag-

ments aa 208 to 229 (ECL 2), aa 514 to 527 (ECL 3) and aa 528 to 547 (TM 7) of M3-R were substituted 

with aa 165 to 186 (ECL 2), aa 388 to 401 (ECL 3) and aa 402 to 421 (TM 7) of M1-R, respectively. Oth-

er chimeras: Single substitutions of ECL 2, ECL 3 and TM 7 of M3-R to the corresponding cDNA frag-
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ments of M1-R, or combinations of two fragments, as indicated in the text. The mutant receptors M3-R 

(W
7.35

A) and M3-R (FFF) were generated by PCR.  FFF refers to the triple mutation Y
333

F, Y
6.51

F and 

Y
7.39

F. The aa positions refer to entries NP_000729 (human M1-R) and NP_000731 (human M3-R) of the 

NCBI protein data base. All constructs were verified by DNA-sequencing. 

All experiments were performed using HEK 293 cells that were grown in Dulbecco’s modified 

eagle medium (DMEM), supplemented with glutamine, with fetal calf serum and with penicil-

lin/streptomycin using standard cell culture protocols. Cell culture medium and supplements were pur-

chased from Gibco. HEK 293 cells were transiently transfected using Effectene reagent (Qiagen) accord-

ing to the manufacturer’s instructions and the following cDNAs (amount in µg per 3 cm culture-dish): 

M1-R, M3-R, mutant receptors or chimeras (1.0), Gαq-YFP (1.0), Gβ1-Cerulean (0.5), G2 (0.2) and GPCR 

kinase 2 (0.5). All cDNAs were subcloned into pcDNA1 or into pcDNA3 plasmids (Invitrogen). Experi-

ments were performed 48 to 72 hours after transfections. 

 

2.2 Fluorescence microscopy  

Fluorescence was measured using single HEK 293 cells seeded on Poly-L-lysine-coated glass cover 

slips. The cells were mounted on an inverted microscope (Zeiss Axiovert 200, oil immersion objective 

100x/1.4), equipped with a Polychrome V monochromatic illumination source and a photodiode-based 

dual emission photometry system suitable for collecting CFP and YFP emissions (TILL Photonics). Cells 

were excited at λ = 435 nm (excitation filter: D420/20, beam splitter DCLP 460) with short light pulses to 

minimize photo bleaching (pulse duration 10 ms to 50 ms, the frequency of illumination was 5 Hz). Cor-

responding emitted fluorescence stemming either from CFP (FCFP, emission filter: D480/40) or from YFP 

(FYFP, emission filter LP 515) were acquired simultaneously (beam splitter: DCLP 505). FRET was de-

fined as ratio FYFP/FCFP. All optical filters and beamsplitters were from Chroma or Semrock. Fluorescent 

signals were digitized and stored using a hardware/software package from HEKA (EPC10 amplifier and 

Patchmaster software).  
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To obtain concentration-response relationships of the different receptor constructs for the agonists 

used (Figure S1), the FRET responses at test concentrations were normalized to the maximal response at 

a saturating concentration (i.e. FRET/FRET100 µM for ACh and FRET/FRET1mM for Pilocarpine). To ob-

tain EC50 values, these data were plotted against the agonist concentrations. Curve fitting and calculations 

of EC50 values were performed using an implemented function of Graphpad Prism software (version 5.0). 

For other experiments, traces were normalized to the initial ratio value before agonists were applied 

(FRET/FRET0, denoted as FRET normalized).  

To quantify the voltage dependencies of different receptor constructs, we tried to reach compara-

ble levels of pre-activation of the receptor/Gq signal by applying an agonist concentration that reflects the 

corresponding EC50 value for each chimera or mutant receptor (Figure S1).  

Data to quantify the magnitude of the voltage effect are shown as normalized changes of FRET 

(FRET, normalized). For normalization, the base line was defined as the FRET signal before agonist 

application ( FRET = 0) and the FRET level at -90 mV was defined as 100 % ( FRET = 1), just before 

the voltage step was applied. 

To obtain function-voltage curves (F-V curves, Figure 7), each receptor or chimera was pre-

activated to a level of 50 % with ACh and subjected to several test potentials. To obtain F-V curves, sub-

sequent changes in FRET were normalized to the FRET response at -90 mV (FRET/FRET-90mV) and plot-

ted against VM. The data were fitted to a sigmoidal Boltzmann function implemented in Graphpad Prism 

software (version 5.0) to obtain V50 values. V50 is defined as the membrane potential VM that causes 50 % 

change in receptor signaling. 
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2.3 Solutions and Chemicals 

During all experiments, cells were superfused with Hepes-buffered solution (HBS) or with HBS con-

taining agonists. The solutions were rapidly exchanged using a customized, gravity-driven superfusion 

system that was operated by solenoid valves. The extracellular HBS contained (in mM): NaCl 137; KCl 

5.4; CaCl2 0.5; MgCl2 1.0; Hepes 10.0, pH 7.3. The intracellular HBS contained (in mM): K-aspartate 

100; KCl 40; NaCl 5.0, MgCl2 5.0; ATP 5.0; EGTA 2.0; GTP 0.025; HEPES/KOH 20.0, pH 7.3. Stand-

ard chemicals were from Merck. ACh, BQCA, gallamine and pilocarpine were from Sigma-Aldrich. 

 

2.4 Whole cell voltage clamp 

The membrane potential (VM) was controlled using whole-cell voltage clamp. Patch pipettes were 

fabricated from borosilicate glass and were filled with intracellular HBS (final resistance 5-10 MΩ). VM 

was clamped using a patch clamp amplifier (List LM/EPC 7) and controlled by a commercial 

hardware/software package (ISO2, MFK, Frankfurt/Main, Germany). FRET was recorded simultaneously 

as described above. 

 

2.5 Molecular Dynamics (MD) Simulations 

In order to generate the different systems used for MD simulations, the sequences of the human M1-R 

(P11229) and the human M3-R (P20309) were retrieved from Uniprot and used to build an activated re-

ceptor model based on the crystallized structure of the nanobody-stabilized M2-R in complex with the 

agonist iperoxo (PDB ID 4MQS) (Kruse et al., 2013) using the MOE software and default conditions 

(Molecular Operating Environment (MOE) software, http://www.chemcomp.com/software.htm). We also 

produced a chimeric receptor variant corresponding to M3-BQCA-R using the mutate function present in 

MOE. The same function was used to introduce the W
7.35

A point mutation in the activated M3-R model. 

The resulting four activated receptor structures were used to dock the agonist ACh using the binding 

mode generated by a previously established protocol (Rinne et al., 2015). The protonation state of 

titratable groups was predicted for a pH value at 7.4 based on PROPKA (Li et al., 2005) and, in order to 
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preserve the active conformation of the receptors, residue D
2.50 

was kept in its protonated neutral form and 

a 10-amino acid C-terminal Gq protein fragment was modeled in the intracellular receptor region based on 

the crystal structure of the β2-adrenergic receptor in complex with Gs (PDB ID 3SN6). The resulting sys-

tems were embedded in a hydrated (water phase containing 0.15 M NaCl) 80 x 80 POPC bilayer using the 

CHARMM-GUI system builder (Wu et al., 2014), which was also used to generate ACh parameters with 

Antechamber. Three replicates of each of the resulting ≈35000 atom systems were then independently 

equilibrated using the six step Namd protocol for membrane proteins provided by the CHARMM-GUI 

system builder and later run under NVT conditions using the ACEMD software (Harvey et al., 2009). 

These production runs were run at 300K with a time-step of 4 fs and a hydrogen-scaling factor of 4. Non-

bonded interactions had a cutoff at 9 Å and a smooth switching function of 7.5 Å. The long-range electro-

statics used the PME methodology with a grid spacing of 1 Å. For all four different receptor systems, the 

three independently generated replicates were run for 400 ns each reaching an accumulated simulation 

time of 1.6 μs. In order to confirm the stability of the systems, protein RMSDs over the simulation time – 

excluding hydrogen atoms – were calculated using the RMSD Trajectory Tool plugin present in VMD 

1.9.2 (Figure S2). 

 

2.6 Statistical Analysis 

Data are presented as individual observations or as summarized data (mean ± SEM of n individual 

cells). Statistical analysis was performed using Student’s t-test and differences at the level of P < 0.05 

were considered significant. 

 

3. Results  

3.1 Changes of M-R function by voltage or by allosteric modulation 

We analyzed the voltage sensitivities of M1-Rs and M3-Rs in single voltage-clamped HEK 239 cells 

expressing a biosensor, which reports receptor signaling based on the dissociation of fluorescently labeled 

subunits of heterotrimeric Gq proteins (termed Gq biosensor) (Hoffmann et al., 2012; Rinne et al., 2015). 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

    

  

9  

  

As depicted in Figure 1A, application of 20 nM ACh to HEK 293 cells expressing the M1-R and the Gq 

biosensor caused a rapid decrease in the FRET ratio (FYFP/FCFP), indicating an activation of M1-R and Gq. 

A depolarization step from -90 mV to +40 mV potentiated M1-R activity, although the concentration of 

ACh was kept constant. This effect was reversible as VM returned to -90 mV (Figure 1A, upper panel). To 

compare this effect to allosteric modulation, we used benzyl quinolone carboxylic acid (BQCA), which 

increases the receptor’s affinity for ACh (Shirey et al., 2009). The PAM BQCA potentiated M1-R/Gq sig-

naling in cells that were exposed to ACh, but not voltage-clamped (Figure 1B, upper panel). When 

BQCA was applied for 60 s, the activity change of M1R was similar to the one induced by voltage. Fig-

ures 1C and 1D show the corresponding experiments for the M3-R. An application of 20 nM ACh to HEK 

293 cells expressing M3-Rs induced an activation of M3-R/Gq at -90 mV. In sharp contrast to M1-R, depo-

larization to +40 mV caused deactivation of M3-R and Gq (Figure 1C, upper panel). To compare this ef-

fect to negative allosteric modulation, we used the NAM gallamine, which reduces the receptor’s affinity 

for ACh (Ehlert and Griffin, 2008). Indeed, a co-application of gallamine (100 µM) for 60 s reduced M3-

R signaling in the presence of 20 nM ACh (Figure 1D, upper panel). Again, this inhibitory effect was 

similar to the one induced by voltage. These effects were not restricted to ACh and also observed for the 

agonists carbachol and iperoxo (Figure S3). For both receptor subtypes, neither a depolarization of the 

membrane nor the corresponding allosteric compounds altered receptor signaling in the absence of ACh 

(Figure 1 A through D, lower panels). These data suggest that voltage and allosteric modulators can have 

the same effect on receptor function. We were then interested to test, if binding of an AM to the allosteric 

site competes with voltage dependence. To test this, we pre-activated the M1-R with ACh and BQCA and 

subjected the cells to a depolarization of the membrane. As shown in Figure 2, binding of BQCA did not 

affect the voltage dependence of the receptor at two different concentrations of the PAM, suggesting that 

occupancy of the allosteric site does not interfere with voltage sensitivity of M-Rs. 
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3.2 Pharmacological characterization of allosteric M3/M1 receptor chimeras 

Because voltage and the studied AMs have the same effect on receptor function (Figure 1), we were inter-

ested to test if the extracellular allosteric site itself would influence the voltage dependence of M-Rs. The 

orthosteric binding site for ACh is highly conserved among all five muscarinic receptor subtypes, but 

extracellular regions, including the allosteric site, are more variable and specific for each receptor subtype 

(Kruse et al., 2012; Thal et al., 2016). This has allowed the develop allosteric compounds that are specific 

for a particular muscarinic receptor subtype: for example, the PAM BQCA is highly selective for M1-Rs, 

because it interacts with amino acid residues of the extracellular allosteric site, which are not present in 

other M-R subtypes (Abdul-Ridha et al., 2014b). In line with this binding preference, we observed a po-

tentiation of ACh/Gq-signaling by BQCA only for the M1-R (Figure 3A), but not for the M3-R (Figure 

3B). To test if the extracellular allosteric site is involved in voltage sensitivity, we generated an allosteric 

M3-R receptor chimera that binds BQCA, termed M3-BQCA-R. This chimera contains ECL 2, ECL 3 and 

TM 7 stemming from M1-R (cartoon in Figure 3C). The chimera acquired sensitivity to BQCA and 

showed a clearly detectable potentiation of ACh/Gq signaling (Figure 3C). This response indicated that 

the chimera was functional in terms of orthosteric activation by ACh and allosteric modulation by a PAM. 

The subsequent analysis of "partial allosteric" chimeras revealed that only constructs that had received 

ECL 3  were sensitive to BQCA (Figure 4A through 4D).  

 

3.3 Voltage dependence of allosteric M3/M1 receptor chimeras 

To compare the extent of the voltage effect between M3-R and the chimeras,  we applied ACh in nominal 

concentrations corresponding to the EC50-value for each construct (see Figure S1) and normalized the 

data to the activation level at -90 mV, right before the depolarizing step was applied. The voltage re-

sponse of wild type M3-Rs is given as a reference (dashed line, mean values taken from Figure 1C). Our 

experiments revealed that M3-BQCA-R, which contained the entire allosteric site from M1-R, was almost 

insensitive to voltage (Figure 5A). All other chimeras showed a pronounced voltage sensitivity (Figures 

5B through E). However,  those chimeras that were sensitive to BQCA (see above) displayed a significant 
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reduction in voltage dependence (summarized data in Figure 5F). These data demonstrate that the allo-

steric site affects the voltage sensitivity of M3-Rs. The fact that M3-BQCA-R did not show the original 

M1-R phenotype (activation) shows that voltage also affects different receptor regions in addition to the 

allosteric site. 

 

The influence of the allosteric site on voltage sensitivity was underscored by a “reversed chimera”, 

which was based on TM 1 to TM  4 of M1-R and TM 5 to TM 7 of M3-R, thus representing an M1-R that 

contains the entire allosteric site of the M3-R (Figure 6A). The functional transfer of the allosteric site 

stemming from M3-R was evident by a modified gallamine response (Figure 6B). In comparison to the 

M1-R, which has a higher affinity for gallamine than M3- or M5-R subtypes (Gnagey et al., 1999), the 

chimera was less sensitive and the extent of the gallamine response was similar to M3-Rs (summary data 

in Figure 6C). The M1/M3-R chimera did not show any detectable voltage sensitivity during depolariza-

tion to +40 mV (Figure 6D and F-V curve in Figure 8). These data demonstrate that the allosteric site 

modulates the voltage dependence of M-Rs in a receptor subtype-specific fashion.  

 

3.4 Functional uncoupling of the allosteric site disrupts the voltage dependence of ACh-activated M3-Rs 

Analysis of the allosteric epitope of M2-Rs has identified a conserved tryptophan residue (W
7.35

) at 

the ECL 3/TM 7 interface that is essential for binding of allosteric modulators (Prilla et al., 2006). For 

M2-Rs, the point mutation W
7.35

A prevented binding of allosteric modulators and, more important for the 

present study, disrupted the cooperativity of allosteric and orthosteric binding sites. To analyze the impact 

of this cooperativity on voltage dependence, we introduced the corresponding mutation in the M3-R 

(W
7.35

A). As depicted in Figure 7A, the mutant receptor responded to ACh and showed activation of Gq, 

but was almost insensitive to gallamine. When the membrane potential was changed from -90 mV to +40 

mV, there was no detectable change in activity during depolarization (Figure 7B). This result confirms 

that the mechanism of voltage dependence in ACh-activated M-Rs requires a crosstalk of allosteric and 

orthosteric sites. To further analyze chimeras or mutant receptors that displayed reduced voltage sensitivi-
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ty, we generated receptor function-voltage (F-V) curves. As depicted in Figure 8A and 8B, the F-V 

curves of both parental receptors had a sigmoidal shape following a Boltzmann distribution. The V50-

values derived from these curves were in the physiological range of membrane potential changes (M1-R: -

51 mV, M3-R: -42 mV) and z-values were around 1 (M1-R: z = 1.07, M3-R: z = 0.65). In contrast, the 

properties of M3-BQCA-R were altered: Voltage dependence was detectable but strongly reduced as 

shown by a flat sigmoidal curve with V50 shifted to -89 mV (Figure 8B). In the two remaining constructs, 

the M1/M3 allosteric chimera (Figure 8A) and M3-R (W7.35A) (Figure 8B), voltage dependence was 

completely lost. The corresponding F-V-curves were linear with no detectable activity changes. These 

data show that the allosteric site affects the voltage sensitivity of M-Rs over a wide range of VM. The two 

remaining open questions are (i) How does the allosteric site interact with the orthosteric site and (ii) 

Does the allosteric site contain a voltage sensor in M-Rs? 

 

3.5 Structural analysis of M1-R and M3-R activation  

To address the first question, we focused on those regions of the orthosteric site that are in close 

proximity to the extracellular allosteric site. A comparison of crystal structures obtained from inactive 

and active M-Rs has revealed the orthosteric site residues responsible for interactions with agonists dur-

ing receptor activation (Kruse et al., 2013). Among them, the authors have identified three conserved 

tyrosines (Y
3.33

, Y
6.51 

and Y
7.39

), which are located at the interface between the orthosteric and the alloster-

ic sites. During receptor activation, the tyrosine residues form a lid-like structure right above the 

orthosteric site. The resulting closure of the orthosteric site by this tyrosine lid appears to be crucial for 

agonist binding and subsequent activation of M-Rs. Interestingly, this tyrosine lid has also been implicat-

ed in a putative mechanism to sense voltage in the M2-R (Barchad-Avitzur et al., 2016). To analyze how 

the different allosteric regions of M1-R and M3-R may affect receptor conformations, we performed MD 

simulations and focused on the communication between the allosteric site and the tyrosine lid region. To 

do so, we generated 3D structural models of M1-R, M3-R, M3-BQCA-R and M3-R (W
7.35

A) in active-like 

conformations based on the crystal structure of the nanobody-stabilized M2-R in complex with the agonist 
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iperoxo (4MQS). The resulting four receptor structures in an activated conformation were then used to 

dock the agonist ACh to the orthosteric binding site using a previously established protocol (Rinne et al., 

2015) and later embedded in a hydrated and ionized POPC bilayer using the CHARMM-GUI system 

builder (Wu et al., 2014). The resulting systems were run in three replicates of 400 ns each using the 

ACEMD software (Harvey et al., 2009), reaching an accumulated simulation time of 1.6 μs.  

The results of these simulations are presented in Figure 9, with Figure 9A showing the location of 

the analyzed region connecting ECL 2 and the orthosteric ACh-binding site. A detailed analysis of this 

region (Figures 9B through 9E) showed that the tyrosine lid can adopt a different set of conformations 

depending on the receptor species: Simulations for the M1-R showed that the tyrosine lid remained in the 

closed state with Y
3.33

, Y
6.51

 and Y
7.39

 stabilized by hydrogen bonds (Figure 9B). In contrast, the tyrosine 

lid of the M3-R was less stable, alternating between a closed conformation and a more unstable, partially 

open conformation (Figure 9C). This instability seemed to be correlated to a different rotameric state of 

residue W
7.35

, which is found directly on top of Y
7.39

. In the M1-R, W
7.35 

adopted a conformation parallel 

to the membrane plane (Figure 9B), while in case of the M3-R we observed an alternative orientation of 

W
7.35

,
 
perpendicular to the membrane (Figure 9C). Each particular orientation of W

7.35 
had a direct effect 

on the closed or open state of the tyrosine lid. Interestingly, the orientation of the tryptophan itself was 

directly influenced by equivalent residues of ECL 2 belonging to the allosteric site, namely Y179 for the 

M1-R and F222 for the M3-R (Figures 9B and 9C, respectively). Remarkably, this particular position of 

ECL 2 has been described as key for the allosteric effects of BQCA (Abdul-Ridha et al., 2014a) and for 

the subtype selectivity of gallamine among M-R species (Huang et al., 2005). In the case of the M1-R, we 

found that Y179 could adopt two different conformations: In the most frequent one, it pointed up towards 

the extracellular milieu, while in an alternative conformation it established an edge-to-face orientation 

with W
7.35 

(Figure 9B). In both cases, W
7.35

 adopted the aforementioned orientation parallel to the mem-

brane that stabilized the closed conformation of the tyrosine lid (Figure 9B). In the M3-R the correspond-

ing residue F222 showed an entirely different orientation, pointing downwards to the helix bundle of the 

receptor (Figure 9C). This resulted in F222 alternating between two orientations. The first one was an 
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edge-to-face orientation with W
7.35

, in which the “edge” of W
7.35 

contacts the “face” of F222. This con-

formation was similar to the one observed for Y179 in the M1-R, therefore stabilizing the tyrosine lid. The 

alternative orientation established an interaction with W
7.35

, in which the F222 “edge” interacts with the 

W
7.35 

“face”. This second interaction stabilized W
7.35 

in an orientation perpendicular to the membrane 

surface, which resulted in a destabilized tyrosine lid with a partially open conformation (Figure 9C). This 

was reflected by a drop in interaction frequency of Y
3.33 

and Y
7.39

 over the simulated time – measured as 

distance between OH-groups lower than 4.5 Å- from 79 % in the M1-R to 58 % in the M3-R.  

The remaining two systems – the chimera M3-BQCA-R and the mutant M3-R (W
7.35

A) – con-

firmed the observations made in the two wild type receptors. M3-BQCA-R contained the allosteric site of 

the M1-R and therefore introduced a tyrosine residue equivalent to Y179 in ECL 2. The presence of Y179 

had a similar effect on the orientation of W
7.35 

as the one seen for the M1-R and stabilized the tyrosine lid 

in its closed conformation (compare Figures 9B and 9D). This changed orientation resulted in an interme-

diate frequency in Y
3.33 

-Y
7.39

 interactions of 62 %. In the fourth system, we analyzed the effect of the 

mutation W
7.35

A on the tyrosine lid of the M3-R (Figure 9E). MD simulations using the mutant M3-R 

clearly showed that F222 in ECL 2 had higher flexibility, alternating between multiple orientations. Con-

sequently, the stabilization of the tyrosine lid was lost, with a Y
3.33

- Y
7.39

 interaction frequency of only 

0.19 %, effectively causing the uncoupling of orthosteric and allosteric binding sites. 

 

3.6 The role of the tyrosine lid in the voltage dependence of M3-Rs.  

Our MD simulations revealed that the allosteric site may interfere with the orthosteric tyrosine lid. A 

recent study has linked the tyrosine residues to voltage dependence and proposed that the tyrosine lid 

serves as a voltage sensor within the orthosteric site of M-Rs (shown for the M2-R in (21)). This concept 

appears reasonable, because the tyrosine residues are exposed to the electrical field across the membrane 

and represent dipole moments that are sensitive to potential changes. Therefore, we were interested in 

assessing whether the tyrosine lid would also serve as a voltage sensor in the M3-R. To address this, we 

generated a triple mutant, in which the three tyrosine residues of the lid structure at positions 3.33, 6.52 
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and 7.39 were mutated to phenylalanine, termed M3-R (FFF). This particular substitution removes the 

largest part of the voltage sensing dipole moments and the possibility to interact via hydrogen bonds 

while preserving the structure of the lid (Barchad-Avitzur et al., 2016). When subjected to ACh and 

membrane depolarization, M3-R (FFF) displayed a clearly detectable voltage sensitivity (Figure 10A). 

Interestingly, it responded to depolarization of the membrane with activation. This change in polarity of 

the voltage effect has been only observed in M3-Rs that were activated by the partial agonist pilocarpine 

instead of ACh (Figure 10B). Such a probe dependency of the voltage effect was demonstrated previously 

for pilocarpine-activated M2-Rs (Navarro-Polanco et al., 2011) and M3-Rs (Rinne et al., 2015) and has 

been attributed to divergent agonist binding modes capable of stabilizing agonist-specific receptor con-

formations with varying voltage sensitivities (Rinne et al., 2015). To analyze whether the voltage depend-

ence of the pilocarpine-bound M3-R conformation was affected by the allosteric site, we exposed M3-

BQCA-R and M3-R (W
7.35

A) to pilocarpine. The mutant receptor M3-R (W
7.35

A) and the chimera M3-

BQCA-R, which were voltage insensitive in the ACh-bound conformation, showed a clearly detectable 

voltage dependence at +40 mV, comparable to wild type M3-Rs (Figures 10C and 10D). Taken together, 

these data show that regulation of voltage dependence by the allosteric site is agonist-dependent. Moreo-

ver, neutralization of the dipole moments of the tyrosine lid does not abolish the voltage sensitivity, but 

reverses the polarity of the voltage effect. Therefore, it is unlikely that the allosteric site contributes to 

voltage sensitivity by directly acting as a voltage sensor, as the pilocarpine experiments suggest. This 

indicates that additional, still unknown receptor regions can contribute to the voltage sensitivity of M-Rs.  

 

4. Discussion  

4.1 The allosteric site affects voltage dependence of M-Rs 

This study was motivated by comparing the modulation of receptor function by VM with classical 

AMs (Figures 1 and 2). The membrane potential modulates pre-activated M-Rs to alter receptor function, 

a property that is shared with most chemical AMs (Wootten et al., 2013). The modulation of ACh-

activated M-Rs by VM was affected by the same extracellular receptor region that binds AMs: We identi-
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fied ECL 2, ECL 3 and TM 7 as important structures affecting voltage dependence of M-Rs (Figures 3 

through 6). The modulation of M-Rs by AMs relies on the same structures, as compounds for M1-Rs (Ab-

dul-Ridha et al., 2014a), M2-Rs and M5-Rs (Prilla et al., 2006) are highly effective when interacting with 

residues of ECL 2 and the ECL 3/TM 7-interface simultaneously. The role of the allosteric site for voltage 

dependence was underscored by a mutation of W
7.35

, which disrupts allosteric modulation (Prilla et al., 

2006).  Indeed, the mutation W
7.35

A in Me-R caused a loss in gallamine binding (Figure 7) and the ex-

pected uncoupling effect was evident during our voltage-clamp experiments, as M3-R (W
7.35

A) was en-

tirely insensitive to voltage (F-V curve in Figure 8B). Our MD simulations related this uncoupling effect 

to a loss of communication between F222 of ECL 2, a key residue for allosteric modulation of the M3-R 

(Huang et al., 2005), and the receptor tyrosine lid (Figure 9). The localization of the tyrosines at the inter-

face between the orthosteric site and the allosteric site might also explain why the voltage dependence of 

ACh-activated receptors was affected by the W
7.35

A mutation. For the M3-R, W
7.35 

is close to Y
7.39 

and 

mutation of the tryptophan clearly affected the orientation of Y
7.39

. Our MD simulations point to a differ-

ential coupling between residues in ECL 2 and the tyrosine lid through W
7.35

, which was lost in M3-R 

(W
7.35

A) (Figure 9). Because these residues in ECL2 are not conserved, there were different W
7.35

/tyrosine 

lid-interactions in M1-R compared to M3-R (Figure 9), which may also explain the different behaviors in 

response to voltage. These observations open new questions on the mechanistic basis of the observed 

crosstalk between allosteric and orthosteric muscarinic receptor regions. The simulations presented in this 

study were run with activated receptor models of the M2-R structure. Therefore, future studies will greatly 

benefit from additional structural information on activated M1-Rs and M3-Rs to further evaluate the pro-

posed crosstalk mechanism for other M-R subtypes. In addition, the use of simulated electrical fields ca-

pable of mimicking membrane depolarizations in the physiological range, as used in our live cell experi-

ments, will help to add more structural details to the molecular mechanism of voltage dependence in M-

Rs. This could help to clarify why an exchange of ECL 2 alone was not sufficient to affect voltage sensi-

tivity, but the entire allosteric site was required for a full effect (Figure 5F). Thus, for allostery to occur, 

ECL 2, ECL 3 and TM 7 require functional coupling. This is compatible with the observation that follow-
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ing binding of an AM, the entire allosteric vestibule of M-Rs closes and all three structures are involved 

in this conformational change (Kruse et al., 2013). Notably, all modifications of allosteric receptor re-

gions of the M3-R caused a strong reduction in voltage dependence (Figure 5), but never induced an M1-R 

response. This indicates that there are additional receptor regions that define the specific response of each 

M-R subtype to voltage changes. This hypothesis was confirmed by experiments that utilized pilocarpine 

to activate M-Rs. The M3-R, but also M3-BQCA-R and M3-R (W
7.35

A), which were both insensitive to 

voltage in the ACh-activated conformation, displayed a clearly detectable voltage dependence with an 

opposite polarity (Figure 10 B through D). This pilocarpine-effect on the voltage dependence has been 

described before for M2-Rs (Navarro-Polanco et al., 2011; Moreno-Galindo et al., 2016) and M3-Rs 

(Rinne et al., 2015). The observed turn from deactivation (ACh/M3-R) into activation (pilocarpine/M3R) 

during membrane depolarization was attributed to different ligand interaction patterns (Rinne et al., 

2015), which may induce different populations of active receptor conformations. One molecular element 

that discerns both binding modes and linked them to differences in receptor activation was a well pro-

nounced (ACh) or weak (pilocarpine) interaction with TM 6, which is crucial for M-R activation (Kruse 

et al., 2012). These findings imply the following things: (i) The allosteric site controls voltage sensitivity 

and receptor signaling in M-Rs by direct communication with the orthosteric tyrosine lid. It may not con-

tain a voltage sensing structure. This novel route of communication between the allosteric site, the tyro-

sine lid, ACh and the orthosteric site may explain the observed different voltage dependencies of M1-Rs 

and M3-Rs. The probe dependency of the voltage effect between ACh and pilocarpine allows us to specu-

late that the unique binding mode of pilocarpine may not require the same degree of interaction with the 

tyrosine lid. (ii) It appears that additional residues of the orthosteric site and elsewhere may contribute to 

voltage sensitivity in M-Rs. Putative voltage sensing structures in M-Rs are discussed below. (iii) Modu-

lation of M-Rs by voltage shares important properties of allostery. However, additional studies will be 

required to reveal whether the precise intramolecular pathways for both types of modulations are coinci-

dent in M-Rs.  
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4.2 Voltage sensors in GPCRs  

Recently, two alternative voltage sensors have been described for class A GPCRs: The first sensor is 

an “internal” sodium ion that has been detected in several crystal structures of inactive class A GPCRs. 

The Na
+
 ion binds to a conserved aspartate of TM 2 (D

2.50
) below the orthosteric site and stabilizes the 

inactive receptor conformation (Liu et al., 2012). Conversely, in receptors with an orthosteric agonist 

bound, the Na
+
 binding pocket collapses as Na

+
 is released from D

2.50
 during receptor activation 

(Gutiérrez-de-Terán et al., 2013; Katritch et al., 2014; Massink et al., 2015; Miao et al., 2015). A Na
+
 ion 

represents the ideal voltage sensor: It carries a charge of +1, which is in agreement with previously re-

ported charges in GPCRs that move during depolarization (Ben-Chaim et al., 2006; Navarro-Polanco et 

al., 2011; Rinne et al., 2013; Birk et al., 2015; Rinne et al., 2015), and its binding site is exposed to the 

electrical field across the membrane. A depolarization of the membrane would then cause the release of 

the Na
+
 ion from D

2.50
, inducing a change in receptor conformation. However, even though this mecha-

nism has been analyzed and observed in  MD-simulations of inactive states of M2-Rs and δ-Opioid-Rs 

(Vickery et al., 2016), experimental data from live cell experiments are less conclusive: While mutations 

of D
2.50 

eliminated gating currents in M2-Rs (shown for D
2.50

A) (Navarro-Polanco et al., 2011), voltage 

sensitivities for agonist binding and conformational changes of the receptor were still present (shown for 

D
2.50

N) (Barchad-Avitzur et al., 2016). This is in line with our experimental obervations and confirms the 

presence of multiple voltage sensing receptor structures in M-Rs (see below). 

Another study has identified the tyrosine lid of the orthosteric binding site as an alternative voltage 

sensor for the M2-R (Barchad-Avitzur et al., 2016). The voltage sensitivity was attributed to dipole mo-

ments of the tyrosine residues and gating currents were clearly affected by mutations that neutralized the 

dipoles. Again, the single mutations Y
3.33

A or Y
3.33

F, which had the strongest effect on repressing gating 

currents, did not fully eliminate the voltage dependence of agonist binding or voltage sensitive changes in 

receptor conformation (Barchad-Avitzur et al., 2016). As shown in Figure 10A, a neutralization of all 

three tyrosines also failed to abolish the voltage dependence in M3-Rs. Instead, the ACh/mutant receptor 

complex was voltage sensitive and displayed activation in response to depolarization. One of the key el-
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ements for the activation of M-Rs is the flexibility of TM 6 (Kruse et al., 2013). In the light of the 

pilocarpine results described above, the observed activation of ACh-bound M3-R (FFF) by voltage can be 

interpreted as follows: Mutations of the tyrosine lid may influence the architecture of the orthosteric site, 

causing ACh to bind in a “pilocarpine-like” mode (see (Rinne et al., 2015) and the ligand may directly 

affect the position or flexibility of TM 6. Alternatively, because Y
6.51 

contributes to the lid structure, it 

seems plausible that the assembly of all three tyrosine residues may directly affect the orientation and/or 

flexibility of TM 6. These properties are altered in the mutant receptor. Consequently, M3-R (FFF) 

switches to a different conformation than wild type M3-R before and during depolarization. This interpre-

tation may also explain why our allosteric chimeras, which may have a more indirect effect on the con-

formation of the tyrosine lid (Figure 9), displayed only an intermediate phenotype in response to voltage 

(Figures 5 and 6). In conclusion, our results with M-R constructs that carry a non-functional tyrosine lid 

uncover independent receptor regions that also contribute to voltage effects. 

 

5. Conclusion and implications for the future  

Our study has identified an intramolecular pathway for the modulation of M-R function by voltage, 

which involves a direct communication between structures of the orthosteric site with the allosteric site. 

Our MD simulations provide evidence that this crosstalk between both sites is different in M1-Rs and M3-

Rs, which may explain previously observed receptor subtype- and agonist-specific responses to voltage. 

One of the major findings is that regulation of M-R function by the membrane potential shares features of 

allosteric modulation, such as probe dependency, and can therefore be regarded as an additional type of 

AM for receptor function. There is increasing experimental evidence that this type of receptor regulation 

occurs under physiological conditions. Biophysical properties of M1-Rs (Ben-Chaim et al., 2006), M2-Rs 

(Navarro-Polanco et al., 2011) and M3-Rs (Rinne et al., 2015)  lead to V50 values that lie in a range be-

tween - 70 mV and -40 mV, which is compatible with physiological VM changes and in agreement with 

our data (Figure 8). One may be concerned about the fact that some M-Rs, such as the M1-R that is ex-

pressed in neurons, are rather exposed to short trains of action potentials than to long lasting 
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depolarizations. However, the M1-R also responded to “neuronal stimulation patterns” and showed an 

increase in activation at higher depolarization frequencies (Figure S4). This positive modulation of 

GPCRs by VM may sensitize receptor signaling at given agonist concentrations and has been shown to 

control IP3-mediated Ca
2+

 release (Gurung et al., 2008; Rinne et al., 2015).  Furthermore, the voltage de-

pendence of endogenous M2-Rs controls neurotransmitter release at synapses (Kupchik et al., 2011) or 

shapes GIRK channel currents in adult cardiac myocytes (Navarro-Polanco et al., 2013). Of note, some of 

the synthetic receptor constructs identified in this study, which are insensitive to voltage but bind ACh 

with high affinity (Figure S1), may be useful for future animal studies to identify more signaling path-

ways that are regulated by the voltage-sensitivity of these receptors. 
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Figure Captions 

 

Figure 1: Modulation of M-R function by voltage or by allosteric modulators. A: Application of ACh 

to single HEK 293 cells expressing M1-R and the Gq biosensor caused a reduction in the FRET ratio 

(FYFP/FCFP), reflecting activation of M1-R and Gq. A depolarization of the membrane from -90 mV to +40 

mV resulted in a further decrease in FRET (upper panel, n = 5). Lower panel: Depolarization in the ab-

sence of ACh had no effect on receptor signaling (n = 8). B: Co-application of the positive allosteric 

modulator BQCA and 20 nM ACh to cells expressing M1-R and the Gq biosensor caused a further de-

crease in FRET (upper panel, n = 10). Lower panel: Application of BQCA alone had no effect on recep-

tor signaling (n = 6). C: Application of ACh to cells expressing M3-R caused activation of Gq at -90 mV, 

but the voltage step caused deactivation of Gq and M3-R at +40 mV (upper panel, n = 6) Lower panel: 

Depolarization in the absence of ACh had no effect on receptor signaling (n = 8). D: Application of the 

negative allosteric modulator Gallamine to cells expressing M3-R inhibited Gq signaling in the presence 

of ACh (n = 8). Lower panel: The application of Gallamine alone did not change receptor signaling (n = 

6). Data are presented as mean (black) ± sem (grey). 

 

Figure 2: Voltage dependence of the M1-R in the presence of BQCA. BQCA did not affect the voltage 

dependence of M1-R at moderate (500 nM, A) or higher concentrations (B, 2 µM, n = 5). Data are pre-

sented as mean (black) ± sem (grey). 

 

Figure 3: Pharmacology of the allosteric chimera M3-BQCA-R A: Cartoon of the M1-R (red, left pan-

el). The positive allosteric modulator BQCA facilitated receptor signaling of M1-R in the presence of 10 

nM ACh (n = 10) to reach full activation of Gq (reference: 100 µM ACh, right panel)) B: Cartoon of M3-R 

(grey, left panel). This receptor subtype was insensitive to the same concentrations of BQCA in the pres-

ence of ACh (n = 7). C: Cartoon of the chimera M3-BQCA-R (left panel). M3-BQCA-R acquired sensitiv-
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ity to BQCA, which potentiated the activation of Gq in the presence of ACh (50 nM) in a concentration-

dependent manner (n = 6). Data are presented as mean (black) ± sem (grey). 

Figure 4: Pharmacology of other allosteric M3-R/M1-R chimeras. Chimeras were based on M3-R (car-

toon: grey) and contained selected fragments of the M1-R allosteric site (cartoon: red). A: An M3-R with 

ECL 2 from M1-R did not respond to BQCA (n = 9). B: Incorporation of ECL 3 and TM 7 resulted in a 

BQCA-sensitive M3-R (n = 8). C: The transfer of TM 7 alone did not mediate BQCA-selectivity (n = 7). 

D: The transfer of ECL 2 and ECL3 resulted in BQCA-selectivity (n = 5). Data are presented as mean 

(black) ± sem (grey). 

Figure 5: Voltage dependence of M3-R/M1-R chimeras. A: The chimera M3-BQCA-R was almost in-

sensitive to depolarization in the presence of ACh (n = 7). B: Substitution of extracellular loop 2 (ECL 2) 

alone had no affect on the voltage dependence of M3-R (n = 7). C: Substitutions of ECL 2 and ECL 3 

caused a mild reduction in voltage dependence (n = 7). D: Replacing ECL 3 and TM 7 caused a stronger 

reduction in voltage dependence (n = 5). E: The single substitution of TM 7 had only a modest effect on 

the voltage dependence (n = 6). The nominal concentrations of ACh represent the EC50-values for each 

construct (Supplemental Figure 2). The dashed line indicates the magnitude of deactivation by voltage for 

the parental M3-R (EC50: 20 nM ACh, data from Figure 1C). F: Statistical analysis of the inhibitory effect 

that depolarization had on various M3-R chimeras at their given EC50-values for ACh. The columns high-

lighted in grey represent chimeras that acquired sensitivity to BQCA (see Figure 3). ** denotes p < 0.01, 

*** denotes p < 0.001, n.s.: not significant. Data are presented as mean ± sem of n individual cells. In the 

cartoons M3-R is depicted in grey and fragments of M1-R are depicted in red. 

 

Figure 6: Voltage dependence of a M1/M3-R chimera. A: Cartoon of a M1/M3-R chimera consisting of 

TM 1-4 of M1-R (grey) and TM 5-7 of M3-R (red). B: Application of 10 nM ACh to cells expressing the 

chimera and the Gq biosensor resulted in activation of the chimera. Co-application of gallamine caused 

deactivation of the chimera (n = 10). C: Summarized data comparing the extend of deactivation by 100 
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µM gallamine at the level of 50 % receptor activation (EC50-values for ACh are given in Figure 10). D: 

The chimera was insensitive to a depolarization of the membrane (n = 6). Data are presented as mean 

(black) ± sem (grey). * denotes p < 0.05, n.s.: not significant. 

Figure 7: The mutation W
7.35

A eliminated the voltage dependence of ACh-activated M3-R. A: The 

mutant receptor M3-R (W
7.35

A) responded to an application of ACh with Gq-activation, but was almost 

insensitive to gallamine (n = 8). The dashed line represents the response of wild type M3-R to the same 

concentration of gallamine (mean value from Figure 1D). B: The mutant receptor did not show any de-

tectable voltage sensitivity (n = 7). The dashed line represents the response of wild type M3-R to the same 

voltage step (mean value taken from Figure 1C). Data are presented as mean (black) ± sem (grey). 

Figure 8: F-V curves of M1-R, M3-R, M3-BQCA-R and M3-R (W7.35A). A: The F-V curve of the M1-

R showed a sigmoidal shape and activation at positive membrane potentials. B: The M3R displayed volt-

age sensitivity in the shape of a sigmoidal F-V curve with decreasing activity at positive membrane poten-

tials. The z-values derived from these curves were 1.07 for the M1-R and 0.65 for the M3-R. The potential 

V50 refers to the value of VM at 50 % receptor activation and was calculated as -51 mV for the M1-R and -

42 mV for the M3-R. In contrast to the parental receptor, the F-V curve of the M1/M3-R chimera was line-

ar with no detectable voltage sensitivity (A). The chimera M3-BQCA-R displayed a strongly reduced 

voltage sensitivity with a V50-value that was shifted to -84 mV. The allosteric receptor mutant M3-R 

(W
7.35

A) was voltage insensitive (linear F-V relationship). n = 5 to 14 cells per data point. Data are pre-

sented as mean ± sem. 

Figure 9: Molecular dynamics (MD) simulations of active muscarinic receptor structures. A: Car-

toon representation of an active receptor model with the analyzed receptor region connecting the extracel-

lular allosteric site and the tyrosine lid, highlighted as a grey box. The tyrosine lid belongs to the orthos-

teric ACh-binding site and contains Y
3.33

, Y
6.51 

and Y
7.39

. B through E: Different conformations of the 

residues of interest can be observed for the M1-R (B), the M3-R (C), the M3-BQCA-R (D) and M3-R 

(W
7.35

A) (E). Receptor regions from the M1-R are coloured in red, regions from the M3-R are depicted in 
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white. Two alternative conformations of the residues of interest are shown per receptor. Part of the ECL 2 

is shown as cartoon and the ACh binding site is depicted in lime in CPK representation for reference. See 

text for further details on MD simulations. 

 

Figure 10: Voltage dependence of a tyrosine lid mutant and pilocarpine-activated M3-Rs. A: A mu-

tant M3-R, in which the three tyrosines of the tyrosine lid structure were replaced with phenylalanine, was 

voltage sensitive and activated by depolarization (n = 10). B: Wild type M3-R was activated by depolari-

zation in the presence of the partial agonist pilocarpine (n = 8). C, D: The pilocarpine-activated receptor 

mutant M3-R (W
7.35

A) (n = 5) and the chimera M3-BQCA-R (n = 9) displayed a clearly detectable voltage 

sensitivity. The nominal concentrations of ACh and pilocarpine reflect the corresponding EC50-values for 

each construct. Data are presented as mean (black) ± sem (grey). 
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Figures 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5   
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Figure 6 
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Figure 7 
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Figure 8: 

 

 

 

 

 

 

 

 

 

  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

    

  

38  

  

Figure 9 
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Figure 10 
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Highlights 

 

 The allosteric site regulates voltage dependence of muscarinic receptors 

 MD simulations identified a crosstalk between orthosteric and allosteric sites 

 This crosstalk was specific for each muscarinic receptor subtype 

 Our results explain differences in the voltage dependencies among muscarinic 

receptors 
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