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SUPPLEMENTARY FIGURES AND FIGURE LEGENDS 

 

Supplementary figure S1: 

 

Supplementary figure S1: Sketch of ligand structure-function-relationships in the 

muscarinic M2 receptor. Upper panel: According to crystal-structures (Kruse et al., 2013), 

the inactive-to-active-transition of the muscarinic M2 receptor by acetylcholine-like agonists 

includes unfolding of the receptor’s intracellular Gi protein binding site and corresponding 

narrowing of the extracellular entrance (vestibule) of the ligand binding pocket. Fusion of an 
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orthosteric agonist through a hydrocarbon linker chain with an appropriate inactive allosteric 

ligand (gray rectangle) yields a dualsteric (orthosteric/allosteric) hybrid with reduced 

signaling efficiency (Bock et al., 2012). Lower panel (chemical structures): The dualsteric 

agonists iper-6-phth (I-6-p; (Antony et al., 2009)) and iper-8-phth (I-8-p; (Bock et al., 2012)) 

consist of the orthosteric moiety iperoxo and a fragment of W84 as an allosteric building 

block linked via a hydrocarbon middle chain of either six or eight carbon atoms, respectively. 

With this hybrid design, only the dualsteric binding mode leads to receptor activation and 

downstream signaling. 
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Supplementary figure S2: 

 

Supplementary figure S2: Muscarinic agonist-induced cellular sarcomere shortening in 

mouse adult ventricular cardiomyocytes. Sarcomere shortening was measured on individual, 

field-stimulated (2 Hz, 36 °C) cardiomyocytes under control conditions and in the presence of 

1 µM ISO, because muscarinic agonists have little or no effect on ventricular function without 

adrenergic pre-stimulation (for reviews (Brodde and Michel, 1999; Harvey and Belevych, 

2003)). Afterwards, the orthosteric agonist OxoM and the dualsteric agonist I-6-p were 

applied in a concentration of 10 µM in the continued presence of ISO. The applied agonist 

concentration of 10 µM provides maximum M2 receptor activation in case of both, I-6-p and 

OxoM (Antony et al., 2009; Schrage et al., 2013). (A, B): Representative real-time recordings 

of sarcomere shortening in the steady-state for OxoM (A) and I-6-p (B). (C, D): Mean values 

of sarcomere shortening normalized to the shortening observed under ISO for OxoM (C) and 

I-6-p (D). In the presence of ISO, I-6-p induced significantly less negative inotropism than the 
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orthosteric agonist OxoM (Student's unpaired t-test, * p < 0.05). Upon "wash-out", sarcomere 

shortening did not completely recover from muscarinic agonist suppression. However, the 

effect was statistically significant (Student's paired t-test, # p < 0.05). Data are mean values ± 

SEM. The effect of OxoM was tested on 21 isolated cell obtained from 6 independent 

isolations. The effect of I-6-p was tested on 20 isolated cell obtained from 4 independent 

isolations. 

 

Supplementary figure S3: 

 

Supplementary figure S3: FSK-induced increase of intracellular cAMP in CHO-hM2. 

Indicated are mean values ± SEM, n=2 (A), n=3 (B) and n=3-4 (C). Experiments were 

performed in triplicate. (A): The cAMP standard curve defines the measurement window of 

the cAMP assay. (B): The cell density of 50,000 cells/well was selected to check the effect of 

increasing concentrations of FSK. FSK increased the intracellular cAMP in a concentration-

dependent manner and induced half maximal activation of the adenylyl cyclases at about 4 

µM (pEC50: -5.37 ± 0.18). (C): Comparison of different cell types was performed with 25,000 

cells/well. Application of 10 µM FSK increased intracellular cAMP of CHO-hM2 to the level 

detected in MRC-5. 
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Supplementary figure S4: 

 

Supplementary figure S4: Inhibition of [3H]NMS dissociation by W84 at different cell- and 

tissue-based homogenates. The allosteric modulator W84 had far higher affinity for 

[3H]NMS-bound CHO-hM2 (pEC50diss: 7.76 ± 0.05, n=4) than CHO-hM3 (pEC50diss: 5.90 ± 

0.06, n=4). As sensitivity for W84 of muscarinic receptors in MRC-5 cells (pEC50diss: 7.77 ± 

0.10, n=4) and murine ventricular tissue of C57BL/6 mice (pEC50diss: 7.45 ± 0.11, n=5) 

matched sensitivity for CHO-hM2, we conclude that the dominant receptor in the former is the 

M2 subtype. Ordinate: Apparent rate constant (k-1) of [3H]NMS dissociation expressed as 

percentage of the control value in absence of W84. Abscissa: log concentration of W84. 

pEC50diss: minus log concentration of W84 causing a half-maximal reduction of the rate 

constant of [3H]NMS dissociation without allosteric compound. Indicated are mean values ± 

SEM; experiments were performed in duplicate on n independent experimental days. 
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Supplementary figure S5: 

 

Supplementary figure S5: Dynamic mass redistribution (DMR) analysis of MRC-5 cells and 

deduction of concentration-effect curves from DMR signals. (A): Representative real-time 

recordings in MRC-5 (12,500 cells per well) stimulated with the indicated concentrations of 

the muscarinic agonist OxoM. (B): Concentration-effect curves resulting from different read-

out parameters (time of read-out: “value 1200, 2400, 3600 s”; maximum value within 

recording period “MAX 1800, 3600 s”; area under curve, “AUC 1800, 3600 s”; steepness of 

a tangent to the origin of the signal, “slope”) and the corresponding pEC50-values (the –log 

concentrations at which agonists cause half-maximal responses). ** (p < 0.01), *** (p < 

0.001) significantly different to the read-out “slope” according to One-way ANOVA with 
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Tukey's post test. Indicated are mean values ± SEM, n = 9. Experiments were performed in 

triplicate. 
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SUPPLEMENTARY TABLES 

 

Supplementary table S1 

Cell system Surface receptors 

(fmol/mg protein) 

Intracellular cAMP 

(pmol/mg protein) 

CHO-hM2 1071 ± 130 

(n=11) 

7 ± 1 

(n=4) 

CHO-hM2 +FSK 892 ± 107 

(n=11) 

113 ± 40## 

(n=3) 

MRC-5 346 ± 59***, ++ 

(n=8) 

88 ± 3# 

(n=4) 

 

Supplementary table S1: Cell surface receptors and intracellular cAMP content of CHO-

hM2, CHO-hM2 +FSK and MRC-5. Surface receptor numbers were significantly different 

between MRC-5 compared with both, CHO-hM2 (*** p < 0.001) and CHO-hM2 +FSK (++ p < 

0.01), but not between CHO-hM2 and CHO-hM2 + FSK. Intracellular cAMP levels were 

significantly different between MRC-5 and CHO-hM2 (# p < 0.05), as well as between CHO-

hM2 + FSK and CHO-hM2 (## p < 0.01), but not between MRC-5 and CHO-hM2 + FSK. Data 

were tested according to one-way ANOVA and Tukey's multiple comparison test. Indicated 

data are means ± SEM of n independent experiments. Surface receptor determination and 

cAMP measurements were performed in duplicate and triplicate, respectively. 
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Supplementary table S2 

Compound Binding affinities (pKA) Potencies (pEC50) 

 CHO-hM2 CHO-hM2 

(+FSK) 

MRC-5 CHO-hM2 CHO-hM2 

(+FSK) 

MRC-5 

OxoM 5.65 ± 0.03 

(n=8) 

5.71 ± 0.15 

(n=4) 

5.47 ± 0.09 

(n=6) 

7.27 ± 0.11 

(n=8) 

7.13 ± 0.11 

(n=5) 

6.29 ± 0.09 

(n=9) 

I-6-p 6.31 ± 0.06 

(n=4) 

6.39 ± 0.08 

(n=4) 

6.29 ± 0.05 

(n=4) 

6.67 ± 0.04 

(n=3) 

6.47 ± 0.07 

(n=3) 

6.15 ± 0.14 

(n=4) 

I-8-p 6.79 ± 0.21a N.D. N.D. 8.06 ± 0.07 

(n=4) 

7.77 ± 0.17 

(n=3) 

7.19 ± 0.11 

(n=4) 

Pilo 4.89 ± 0.11 

(n=6) 

4.77 ± 0.06 

(n=4) 

4.90 ± 0.07 

(n=4) 

5.51 ± 0.17 

(n=4) 

5.50 ± 0.22 

(n=5) 

5.10 ± 0.03 

(n=3) 

 

Supplementary table S2: Binding affinities (pKA from whole cell binding experiments) and potencies (pEC50 from DMR experiments) of the 

muscarinic agonists. Data were obtained with CHO-hM2 cells in absence and presence of forskolin (+FSK), and human lung fibroblasts (MRC-
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5). Values represent the mean ± SEM of n independent experiments. Binding experiments were performed in duplicate and DMR experiments in 

triplicate or quadruplicate. 

a value taken from Bock et al. (Bock et al., 2012). This value was also used to determine the coupling efficiency (τ) according to equation 1 

 for CHO-hM2 + FSK and MRC-5, as binding affinities of OxoM, I-6-p and Pilo did not differ significantly in the different systems. 

N.D. not determined 
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Supplementary table S3 

log τ (Gi/o) CHO-hM2 
CHO-hM2 

(+FSK) 
MRC-5 

OxoM 
1.65 ±0.05 

(n=5) 

1.45 ±0.05 

(n=5) 

0.91 ±0.03 

(n=9) 

I-6-p 
0.54 ± 0.05** 

(n=3) 

0.34 ± 0.03** 

(n=3) 

-0.10 ± 0.05** 

(n=4) 

I-8-p 
1.38 ± 0.05* 

(n=4) 

0.83 ± 0.05** 

(n=3) 

0.26 ± 0.04** 

(n=4) 

Pilo 
0.67 ± 0.08** 

(n=4) 

0.11 ± 0.08** 

(n=5) 

-0.16 ± 0.08** 

(n=3) 

 

Supplementary table S3: Coupling efficiencies (log tau; τ) of selected muscarinic agonists 

from DMR experiments. Log τ-values were calculated for CHO-hM2 cells under control 

conditions and after forskolin-pretreatment (+FSK) as well as for human lung fibroblasts 

(MRC-5) according to equation 1 with KA fixed to the agonist’s dissociation binding constant 

(supplementary Tab. S2). ** (p < 0.01), * (p < 0.05) significantly different to OxoM 

according to One-way ANOVA with Dunett‘s post test. Data are mean values  ± SEM of n 

independent experiments. 


