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DMEM, Dulbecco ś modified Eagle´s medium;  

EDT, 1,2-ethane dithiol;  

FCS, fetal calf serum;   

FlAsH, fluorescein arsenical hairpin binder;  

FRET, fluorescence resonance energy transfer;  

GPCR, G protein-coupled receptor;  

HBSS, Hank´s balanced salt solution;  

HEK293, human embryonic kidney cells 293; 

M3-ACh-R, M3 acetylcholine receptor;   

PH-domain, plecktsrin homology-domain;  

PLC, Phospholipase C;  

YFP, yellow fluorescent protein;  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 7, 2012 as DOI: 10.1124/mol.112.077578

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #077578 

 

 3

ABSTRACT 
 

Activation of G-protein coupled receptors is the first step of the signaling cascade triggered 

by binding of an agonist. Here we compare the activation kinetics of the Gq-coupled M3 

acetylcholine receptor (M3-AChR) with that of a constitutively active mutant receptor (M3-

AChR-N514Y) using M3-AChR constructs that report receptor activation by changes in the 

FRET-signal. We observed a leftward shift in the concentration dependent FRET-response for 

acetylcholine and carbachol with M3-AChR-N514Y. Consistent with this, at sub-maximal 

agonist concentrations the activation kinetics of M3-AChR-N514Y were significantly faster, 

while at maximal agonist concentrations the kinetics of receptor activation were identical. 

Receptor deactivation was significantly faster with carbachol than acetylcholine and 

significantly delayed by the N514Y mutation. Receptor–G-protein interaction was measured 

by FRET between M3-AChR-YFP and CFP-Gγ2. Agonist induced receptor–G-protein 

coupling was of a similar time scale as receptor activation. As observed for receptor 

deactivation, receptor–G-protein dissociation was slower for acetylcholine compared to 

carbachol. Acetylcholine-stimulated increases in receptor-G-protein coupling of M3-AChR-

N514Y reached only 12 % of that of M3-AChR and thus cannot be kinetically analyzed. G-

protein activation was measured using YFP-tagged Gαq and CFP-Gγ2. Activation of Gq was 

significantly slower than receptor activation and indistinguishable for the two agonists. 

However, Gq deactivation was significantly prolonged for acetylcholine compared to 

carbachol. Consistent with decreased agonist-stimulated coupling to Gq, agonist-stimulated Gq 

activation by M3-AChR-N514Y was not detected. Collectively, these results indicate that the 

N514Y mutation produces constitutive activation of M3-AChR by decreasing the rate of 

receptor deactivation, while having minimal effect on receptor activation.    
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INTRODUCTION 

Almost two decades after its initial description by Costa and Herz (Costa and Herz, 1989), 

constitutive receptor activity of G-protein-coupled receptors (GPCRs) is well established as a 

basic concept in receptor pharmacology (Costa and Cotecchia, 2005). Soon after the initial 

description of this phenomenon for delta opiod peptide receptors (Costa and Herz, 1989), it 

was demonstrated that constitutive receptor activity could be artificially generated by 

mutations within the G-protein coupling region of the β2-adrenergic receptor (Samama et al., 

1993). Today it is well know that mutations in many different regions of a GPCR can lead to 

constitutive receptor activity (Pauwels and Wurch, 1998; Seifert and Wenzel-Seifert, 2002; 

Spalding and Burstein, 2006; Smit et al., 2007). Such mutations also occur naturally and are 

the cause of diseases such as precocious puberty (LH-receptor mutations), congenital 

stationary night blindness (rhodopsin) and hyperthyroidism (TSH-receptor) (Smit et al., 2007; 

Adan, 2006). The phenomenon of constitutive receptor activity was rapidly introduced into 

theoretical receptor concepts (Leff, 1995), which describe receptor activity as an equilibrium 

between an inactive (R) and an active state (R*) of the receptor. This theoretical framework 

explained observations such as increased basal receptor activity and increased agonist affinity 

as well as ligands that reduce basal receptor activity (termed inverse agonists) (Kenakin, 

2001; Strange, 2002). The use of inverse agonists in a clinical setting has also been discussed 

(Milligan, 2003; Bond and Ijzerman, 2006) and the physiological relevance of inverse 

agonism in control of body weight has been demonstrated clearly (Adan and Kas, 2003).  

Constitutive receptor activity has been mostly studied by use of quantitative second 

messenger determination or GTP-γ-S binding assays (Seifert and Wenzel-Seifert, 2002), but 

not at the receptor level itself. Several different mutations have been demonstrated to cause 

constitutive receptor activity for the muscarinic acetylcholine receptor family (mAChR) 

(Spalding and Burstein, 2006). Particularly the amino acid in position 6.58 (according to the 

Ballesteros/Weinstein numbering scheme (Ballesteros and Weinstein, 1995)) at the interface 
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of transmembrane domain (TM) 6 and the extracellular loop (EL) 3 was shown to cause 

constitutive activity in all five mAChR subtypes (Spalding et al., 1997; Ford et al., 2002; 

Nelson et al., 2006; Dowling et al., 2006), whereas alternative mutations in the E/DRY motif 

in TM3 or the NPXXY motif in TM7 close to the cytoplasmic side (Spalding and Burstein, 

2006; Smit et al., 2007) did not cause constitutive activity at the M1-AChR. This particular 

position corresponds to amino acid 514 in the human M3-AChR and the mutation N514Y 

within the human M3-AChR, has been thoroughly characterized for its effects on basal 

receptor activity, agonist affinity and inverse agonist effects (Dowling et al., 2006). 

Over the past few years, we have reported the generation of conformational sensors based on 

fluorescence resonance energy transfer (FRET) for different GPCRs (Vilardaga et al., 2003; 

Hoffmann et al., 2005; Maier-Peuschel et al., 2010; Ziegler et al. 2011; Zürn et al. 2009; 

Alvarez-Curto et al. 2011). Such conformational sensors are usually modified with CFP at the 

C-terminus and a second fluorophore (YFP or a tetracysteine-motif capable of binding a small 

soluble fluorophore called FlAsH) within the third intracellular loop (IL3) of the receptor 

(Hoffmann et al., 2008; Vilardaga et al., 2009). Upon agonist binding a change in receptor 

conformation occurs and, hence, these receptor sensors respond with an alteration in the 

observed FRET-signal. Thereby, receptor activation can be monitored in real time and in 

intact cells (Vilardaga et al., 2009; Lohse et al. 2012).  

Here we studied the effects of the N514Y mutation within such a sensor for the M3-AChR. 

Unlike potential alternative mutations in the E/DRY motif in TM3 or the NPXXY motif in 

TM7 close to the cytoplasmic side (Spalding and Burstein, 2006; Smit et al., 2007), this 

mutation is located far away from both fluorophore attachment sides, and thus is supposed to 

be best suited to study constitutive receptor activity without possible interference with the 

fluorescent groups on the cytoplasmic side. With these techniques we investigated the 

activation and inactivation behavior of wild-type vs. constitutively active mutant receptors in 
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intact cells. Furthermore, we investigated dynamic receptor-G-protein coupling, receptor 

mediated G-protein activation, and receptor mediated PLC activity stimulated by 

acetylcholine and carbachol in living cells. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 7, 2012 as DOI: 10.1124/mol.112.077578

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #077578 

 

 7

MATERIALS AND METHODS 

 

Materials - Acetylcholine and atropine were purchased from Sigma (Steinheim, Germany). 

Carbachol was purchased from Alfa Aesar (Karlsruhe, Germany). [3H]-N-methyl-scopolamin 

(NMS) was purchased form GE-Healthcare (Buckinghamshire, UK). Cell culture reagents 

were supplied from PAN-Biotech GmbH (Aidenbach, Germany). Effectene was purchased 

from Quiagen (Hilden, Germany). The cDNA for the human M3-AChR was purchased from 

the cDNA Resource Center (University of Missouri-Rolla, USA) at cDNA.org. All PCR 

primers were synthesized by MWG-Biotech GmbH (Ebersberg, Germany). Sequencing 

reactions were done by Eurofins Medigenomix GmbH (Martinsried, Germany). All other 

chemicals were provided from commercial suppliers at the highest purity grade available. 

 

Molecular biology - The enhanced variants of cyan (CFP) or yellow (YFP) fluorescent 

proteins (BD Bioscience Clontech, Heidelberg, Germany) were fused to the human M3-AChR 

by standard PCR extension overlap technique (Ho et al., 1989). In each case the C-terminal 

stop codon of the receptor and the initial codon for methionine of the fluorescent protein were 

deleted. All resulting constructs were cloned into pcDNA3 (Invitrogen) and confirmed by 

sequencing.  

The generation of the M3-ACh-Flash3-CFP receptor construct has been previously described 

in detail (Ziegler et al., 2011). In brief, the IL3 was truncated (Δ271-465) and the tetracysteine 

motif for specific FlAsH-binding was inserted instead using an EcoRI site. Thus the modified 

sequence of the third loop reads LQACCPGCCEFAL. Additionally, the construct was C-

terminally fused with CFP. The M3-ACh-Flash3-CFP-N514Y mutant receptor construct was 

generated by further addition of a point mutation. To generate YFP-tagged receptor 

constructs, the human M3-AChR was C-terminally fused with YFP by insertion of an XbaI 

site. Thus, the fusing sequence between the M3-AChR and YFP reads EQALSRVSK. The 
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M3-AChR-YFP-N514Y mutant receptor construct was generated by further addition of a point 

mutation. The construction of CFP-Gγ2, Gβ1 (Hein et al., 2005) and Gαq-YFP have been 

described previously (Hughes et al., 2001). The YFP-PLC-δ1-PH probe was described 

previously (Stauffer et al., 1998) and kindly provided by Tobias Meyer. 

 

Cell culture - HEK293 cells were maintained in DMEM with 4.5 g/l glucose, 10 % FCS, 

100 U/ml penicillin G and 100 µg/ml streptomycin sulfate at 37 °C, 7 % CO2. Cells were 

routinely passaged every 2-3 days. Culture medium for cells stably expressing the receptor 

constructs were additionally supplemented with 200 μg/ml G-418. 

 

Transfection of HEK293 cells for microscopic analysis – HEK cells were seeded onto Poly-D-

lysine (1 mg/ml) coated 24 mm glass cover slips to approximately 50 % confluence. 4 to 6 

hours after attachment the cells were transfected using Effectene according to the 

manufacturer´s instructions. The following amounts of DNA were used per well: 0.5 μg M3-

ACh-Flash3-CFP (receptor activation); 0.4 μg M3-ACh-YFP, 2 μg Gαq, 0.5 μg Gβ1, 0.2 μg 

CFP-Gγ2 (receptor – G-protein coupling); 0.4 μg M3-ACh, 1.2 μg Gαq-YFP, 0.35 μg Gβ1, 

0.1 μg CFP-Gγ2, (G-protein activation); 0.3 μg of respective receptor DNA, 0.2 μg YFP-PLC-

δ1-PH (PLC activity). The amount of DNA was adjusted to transfect equal amounts of DNA 

per well using empty pcDNA3 vector. Medium was exchanged 12-16 hours later, and cells 

were analyzed 48 hours after transfection.  

 

FlAsH-labeling – The labeling was done as described (Hoffmann et al., 2005; Hoffmann et 

al., 2010). In brief, transfected cells were washed twice on the coverslips with HBSS 

containing 1 g/l glucose and then incubated at 37 °C for 1 h with HBSS/500 nM FlAsH 

supplemented with 12.5 µM 1,2-ethane dithiol (EDT). Subsequently, to reduce nonspecific 
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labeling, the cells were washed twice with HBSS, incubated for 10 min with HBSS/250 µM 

EDT and again washed twice with HBSS before being used for fluorescence measurements. 

 

Confocal Microscopy - Confocal microscopy experiments were performed on a Leica TCS 

SP2 system. Cover slips with transfected HEK293 cells were mounted using an “Attofluor” 

holder (Molecular Probes, Leiden, The Netherlands). Images were taken with a 63× objective. 

CFP was excited with a 430 nm diode laser using a DCLP455 dichroic mirror. Fluorescence 

intensities were recorded from 470-550 nm. YFP was excited with the 514 nm line of an 

argon laser and a dual beamsplitter (458/514 nm). Fluorescence intensities were recorded 

from 525-600 nm. Settings for recording images were kept constant: 512*512 pixel format, 

line average 4, 400 Hz, resulting in an image acquisition time of 4 sec. 

Quantification of YFP-PLC-δ1-PH translocation was done with the Leica software package 

(version 2.5.). Regions of interest were defined in the cytosol and quantified over the time 

recorded. Care was taken that slight movements of the cells did not result in misplacement of 

the defined region of interest either onto the membrane or into the nuclear region. To correct 

for possible photobleaching, control regions were defined that included whole cells and were 

used to correct the images in the cytosolic regions of interest. The resulting fluorescence 

intensity values were then normalized to the initial value and plotted against time to quantify 

YFP-PLC-δ1-PH translocation into the cytosol.  

Solely for display reasons, but not for quantitative analyzes, individual images were corrected 

for auto-contrast using photoshop software version 6.0.  

 

FRET measurements - FRET measurements were performed as described previously 

(Vilardaga et al., 2003; Hoffmann et al., 2005; Hein et al., 2005). Cells transfected as 

described above were washed with HBSS and maintained in buffer A (140 mM NaCl, 5 mM 
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KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.3) at room temperature. Cover slips 

were mounted on an “Attofluor” holder and placed on a Zeiss inverted microscope 

(Axiovert135) equipped with an oil immersion 63x objective and a dual emission photometric 

system (Till Photonics). Samples were excited with light from a polychrome IV (Till 

Photonics). In order to minimize photobleaching, the illumination time was set to 10-40 msec, 

applied with a frequency of 10 Hz. Kinetic experiments were performed using an illumination 

time of 10 msec, applied with a frequency of 20 or 50 Hz. The fluorescence signal was 

recorded from a single cell. FRET was monitored from the emission ratio of YFP to CFP, 

F535/F480 (emission intensities at 535 ± 15 nm and 480 ± 20 nm, beam splitter DCLP 505 nm) 

upon excitation at 436 ± 10 nm (beam splitter DCLP 460 nm). The YFP or FlAsH emission 

upon excitation at 480 nm was recorded at the beginning of each experiment to subtract direct 

excitation of YFP or FlAsH (YFP or FlAsH emission at 436 nm excitation / YFP or FlAsH 

emission at 480 nm excitation was 0.065). The emission ratio was corrected by the spill-over 

of CFP into the 535 nm channel (spill-over of YFP into the 480 nm channel was negligible) to 

give a corrected ratio F*
535/F

*
480. To determine agonist-induced changes in FRET, cells were 

continuously superfused with buffer A and agonist was applied using a computer-assisted 

solenoid valve controlled rapid superfusion device ALA-VM8 (ALA Scientific Instruments; 

solution exchange 5-10 ms). Signals detected by photodiodes were digitized using an AD 

converter (Digidata1322A, Axon Instruments) and stored using Clampex 8.1 software (Axon 

Instruments).  
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RESULTS 

 

FRET-based muscarinic M3-AChR sensor - The generated M3-ACh-Flash3-CFP receptor 

construct was expressed on the cell surface of HEK-293 cells and responded with an increase 

in the FRET ratio upon superfusion with the agonist acetylcholine or carbachol 

(Supplementary Figure 1). Into this receptor construct we introduced an additional point 

mutation N514Y (M3-ACh-Flash3-CFP-N514Y) at the extracellular portion of TM6 that had 

been described previously to cause constitutive receptor activity for the M3-AChR (Dowling 

et al., 2006).  We particularly chose that mutation over others described to cause constitutive 

activity at muscarinic receptors (Spalding and Burstein, 2006) since it is well out of reach 

from the intracellular site of the receptor where the fluorophores had been attached. The 

additional mutation did not alter receptor expression on the cell surface as shown in 

supplementary figure 1. Comparable to the wild-type M3-ACh-Flash3-CFP receptor construct, 

the constitutively active receptor construct responded with an increase in the FRET ratio upon 

superfusion with acetylcholine or carbachol (Supplementary Figure 1).  

Atropine has been reported to act as a neutral antagonist at the M3-AChR and as an inverse 

agonist at the M3-AChR-N514Y variant (Dowling et al., 2006). Therefore, we tested both 

receptor constructs with respect to their response to atropine. The receptor constructs were 

first superfused with carbachol and after a short washout period exposed to 1 μM atropine. As 

shown in figure 1A, the wild-type M3-ACh-Flash3-CFP receptor construct did not respond to 

atropine, whereas the constitutively active receptor construct responded with a decrease in the 

FRET ratio upon superfusion with 1 μM atropine (Figure 1B). As for several constitutively 

active receptors, the N514Y mutation has been described to shift the agonist binding curve to 

higher affinity (Dowling et al., 2006). Since we had previously shown that the change in the 

FRET signal corresponds well with agonist binding (Hoffmann et al., 2005; Ziegler et al., 

2011), we investigated the concentration-dependent change in the FRET signal evoked by 
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acetylcholine or carbachol for both receptor constructs. The maximally obtained change in 

FRET was set as 100 %, and the change observed for each agonist concentration was 

normalized to this value. The obtained data were plotted against the ligand concentration as 

depicted in figure 1C for acetylcholine or figure 1D for carbachol. A clear and approximately 

10-fold left shift was observed for acetylcholine and carbachol at the constitutively active 

mutant receptor (1C and 1D). Furthermore, in figure 1 (A and B) and supplementary figure 1 

it can also be seen that the constitutively active mutant receptor exhibited only 6 % maximal 

change compared to 10 % maximal change for the wild-type construct. Thus, we conclude 

that we generated tools that would enable us to study receptor dynamics of the M3-AChR and 

a constitutive receptor variant in more detail.  

 

Receptor activation and deactivation kinetics -   The maximal activation kinetics for the M3-

ACh-FlAsH3-CFP receptor construct are consistent with kinetics that were observed for other 

small molecule binding receptors (Hoffmann et al., 2005; Ziegler et al., 2011; Zürn et al., 

2009; Nikolaev et al., 2006). Therefore, we wanted to compare the kinetics of wild type 

receptor activation to those for the constitutively active receptor variant. For both receptor 

constructs and each agonist concentration, the agonist-induced changes in FRET were 

analyzed by an exponential fit as described (Vilardaga et al., 2003; Hoffmann et al., 2005, 

Ziegler et al., 2011). The obtained values are τ-values (time constants), equal to t1/2-values 

divided by ln2. The same kinetic analysis was also performed for receptor deactivation by 

fitting the decline of the agonist induced changes in FRET-signal after changing the agonist 

solution back to superfusion with buffer. The results are presented in figure 2.  

As previously observed, receptor activation occurs increasingly faster with higher agonist 

concentrations (indicated by lower τ-values) (Vilardaga et al., 2003; Hoffmann et al., 2005) 

and reaches a maximum at saturating agonist concentrations (figure 2A and B). However, 

comparison of M3-ACh-Flash3-CFP and M3-ACh-FlAsH3-CFP-N514Y shows that at sub-
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saturating agonist concentrations, the constitutively active mutant switches significantly 

faster. However, both receptor constructs reached the same maximal activation kinetics. 

Furthermore, maximal activation kinetics for acetylcholine and carbachol were equally fast. 

When receptor deactivation kinetics were analyzed, a different picture emerged. First, for both 

receptor constructs, the change in FRET signal declined significantly slower compared to 

receptor activation and slower for acetylcholine compared to carbachol (figure 2 C and D). 

Second, the FRET-signal declined significantly slower for the constitutively active receptor as 

indicated by much larger τ-values (compare figure 2C and D, please note the different time 

scale in panel D). Furthermore, receptor deactivation kinetics were found to be independent of 

agonist concentrations (data not shown). 

 

Receptor/G-protein interaction - The next step in the signaling cascade of GPCRs is the 

interaction between receptor and G-proteins. We examined receptor/G-protein coupling by 

measuring FRET between the YFP-tagged M3-AChR and Gq-proteins, whose Gγ-subunits 

were labeled with CFP. The basic approach has been described previously (Hein et al., 2005; 

Hein et al., 2006; Jensen et al., 2009). Again, fluorescence of a single cell was measured 

while the cell was superfused with buffer or agonist solution. Figures 3A and B show 

representative traces of an individual experiment. Upon agonist application a rapid increase in 

the FRET-ratio was observed (Figure 3A). The individual trace for CFP decreased (Figure 3B 

upper trace), whereas the YFP intensity increased (Figure 3B lower trace). This is consistent 

with previously published observations for receptor/G-protein coupling (Hein et al., 2005; 

Hein et al., 2006; Jensen et al., 2009). Upon agonist application the signal quickly reached a 

plateau, but rapidly decreased if superfusion was again changed to buffer. This behaviour 

allowed us to analyze the kinetics of receptor/G-protein interaction in a ligand-dependent 

manner. The kinetics of receptor/G-protein interaction were fast (Figure 3C) and similar to the 

maximal activation kinetics of receptor activation (Figure 2C). Interaction kinetics were 
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identical for acetylcholine or carbachol. Dissociation of receptor and G-protein was delayed 

and took significantly longer for acetylcholine than for carbachol. Since the signal amplitude 

was stable at 4 % increase, we measured FRET between the tagged M3-AChR and tagged Gγ-

subunits in an agonist concentration-dependent manner for both ligands. The change in the 

FRET-signal at saturating ligand concentrations was set as 100 % and all values were 

calculated accordingly. The corresponding concentration response curves are shown in Figure 

3D. It can be seen that acetylcholine has a roughly 10-fold higher potency for receptor-G-

protein coupling compared to carbachol. This is in very good agreement with the difference in 

receptor activation for both ligands (Figure 1C and D).  

Since the phenomenon of constitutive receptor activity has been described mainly by 

determining accumulation of second messengers (Seifert and Wenzel-Seifert, 2002; Smit et 

al., 2007), we wanted to investigate what influence constitutive receptor activity had on the 

dynamics of receptor/G-protein coupling. Therefore, we measured FRET between the YFP-

tagged M3-AChR-N514Y and Gq, using the CFP-tagged Gγ2. Experiments were performed in 

parallel to those for the YFP-tagged wild-type M3-AChR. In Figure 4A receptor expression 

was verified by confocal microscopy, demonstrating cell surface localization of receptors by 

YFP excitation, whereas Gγ2 subunits were visualized by excitation of CFP. For both receptor 

constructs, a clear expression at the cell surface together with Gγ2 was verified. However, we 

observed only a very small increase in ACh-stimulated receptor/G-protein coupling for M3-

AChR-N514Y compared to the wild-type M3-AChR. The increase in the signal could only be 

analyzed with respect to the maximal amplitude, which was found to be 0.5 % and thus only 

12 ± 7 % of the wild-type M3-AChR signal amplitude (Figure 4A, right panel). This small 

increase did not permit reliable recordings of interaction kinetics or measurements of 

concentration-response curves for receptor/G-protein interaction of M3-AChR-N514Y. 
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To investigate whether this small agonist-dependent increase in G-protein coupling could be 

detected downstream in the signaling cascade in intact cells, we utilized a fluorescent probe 

that consists of the PLC-δ1 PH-domain, which was tagged with YFP (Stauffer et al., 1998). 

The PH-domain binds to PtdIns(4,5)P2 and thus localizes to the plasma membrane and can be 

visualized by localization of YFP at the membrane. Upon Gq-coupled receptor activation, 

PLC is activated and PtdIns(4,5)P2 is converted to DAG and IP3. Thus, the fluorescent probe 

relocates into the cytosol, which can be measured by an increase in cytosolic fluorescence 

intensity (Varani and Balla, 2006).  This response was utilized to investigate the activity of 

wild-type M3-AChR and the constitutively active mutant. Figure 4B summarizes the results. 

HEK293 cells had been transfected with YFP-PLC-δ1-PH alone or with either wild-type M3-

AChR or the constitutively active mutant receptor. Confocal images were recorded every 20 

seconds for a period of 10 min.  After 1 min the agonist was added manually at 100 μM final 

concentration and the images were recorded till the end of the 10 min period. In cells that had 

not been co-transfected with the M3-AChR, ligand addition did not result in an increase in 

intracellular fluorescence (Figure 4B left column and quantification in right panels). In 

contrast, HEK293 cells that had been co-transfected with wild-type M3-AChR-CFP showed a 

clear increase in intracellular fluorescence upon ligand addition (Figure 4B, second column 

from the left and quantification in right panels). However, HEK293 cells that had been co-

transfected with M3-AChR-CFP-N514Y showed a very small increase in intracellular 

fluorescence upon ligand addition (Figure 4B, right column and quantification in right 

panels), although the CFP image of receptor transfection clearly indicates that dually 

transfected cells were analyzed. It is unlikely that this smaller response was due to impaired 

receptor signaling caused by the CFP modification of the receptor, since the wild-type 

receptor was also modified with CFP and functioned well. Second, for control reasons we 

created the M3-AChR with N514Y mutation but without fluorescent protein. This construct 
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behaved very much like the CFP-tagged receptor as can be seen in the quantification of probe 

translocation in the right panels of Figure 4B. Thus the smaller increase in PLC activity is 

consistent with the small agonist-dependent increase in receptor-G-protein coupling.  

 

G-Protein activation - Finally, we analyzed the activation and deactivation kinetics of the Gq-

protein. To do so, we employed a previously published strategy (Hein et al., 2005; Hein et al., 

2006; Jensen et al., 2009; Adjobo-Hermans et al., 2011) using Gq-, with Gγ2 labeled with CFP 

and Gαq labeled with YFP (Hughes et al., 2001). HEK293 cells were transfected as described 

and analyzed as depicted in the previous sections for receptor activation or receptor/G-protein 

coupling. Upon superfusion with agonist solution a clear decrease in the FRET-ratio could be 

observed (Figure 5A). The fluorescence intensity for CFP increased (Figure 5B, upper trace), 

while the fluorescence intensity for YFP decreased simultaneously (figure 5B, lower trace). 

Thus, we were able to analyze the kinetics of agonist-dependent activation and deactivation of 

Gq. Both, acetylcholine and carbachol induced a rapid decrease in the FRET-signal, but the 

observed signal was significantly delayed with respect to receptor activation or receptor/G-

protein coupling, with approximate time constants of 450 msec. This is consistent with data 

observed for other G-protein subtypes (Hein et al., 2005; Hein et al., 2006; Jensen et al., 2009; 

Adjobo-Hermans et al., 2011; Goedhard et al., 2011). In Figure 5 (A and B) it can be seen that 

upon agonist washout by perfusion with buffer, the signal returns almost to its original level. 

When we analyzed the kinetics of G-protein deactivation, we observed that it was strongly 

delayed compared to receptor/G-protein coupling deactivation. Even more interestingly than 

the absolute delay, was the relative difference between acetylcholine and carbachol. As for 

receptor deactivation or receptor/G-protein coupling deactivation, the signal induced by 

carbachol decayed significantly faster than for acetylcholine (figure 5C). We were unable to 

detect agonist-dependent changes in Gq activation for the M3-AChR-N514Y mutant. This was 
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consistent with the very small agonist-dependent receptor/G-protein coupling signal as 

described in Figure 4A.   
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DISCUSSION 

 

Constitutive receptor activity has been observed to occur in many different GPCRs (Seifert 

and Seifert-Wenzel, 2002). Recent models of receptor activation discuss several 

microdomains or microswitches to explain the conformational changes observed during 

receptor activation (Hofmann et al. 2009; Rosenbaum et al., 2009; Ahuja and Smith, 2009; 

Nygaard et al., 2009; Tate and Schertler, 2009). Interestingly, some of the conserved receptor 

domains, like the E/DRY motif or NPXXY-motif appear as hotspots for constitutively 

activating mutations (Smit et al., 2007). This observation was discussed with respect to 

current models of receptor activation (Smit et al., 2007), but surprisingly little is known about 

this phenomenon at the receptor level itself with respect to receptor activation dynamics. 

As outlined in the introduction the position corresponding to amino acid 514 in the human 

M3-AChR was shown to generate constitutive activity in all muscarinic receptor subtypes 

(Nelson et al., 2006; Dowling et al., 2006). In particular, the mutation N514Y was reported to 

cause constitutive activity in the M3-AChR and analyzed in detail (Dowling et al., 2006). 

Therefore, we introduced the N514Y mutation into the recently published M3-ACh-FlAsH3-

CFP receptor (Ziegler et al., 2011) and tested these receptor constructs for receptor activation. 

Individual signal traces for the recorded FlAsH- and CFP-channel demonstrated an opposite 

change in intensity (supplementary Figure 1), which is characteristic for FRET. Interestingly, 

the amplitude of the change in the FRET-signal was much smaller for the M3-ACh-FlAsH3-

CFP-N514Y mutant compared to the wild-type M3-ACh-FlAsH3-CFP receptor. Such 

behaviour would be consistent with the postulate that the constitutively active receptor has a 

higher propensity to be in the active R* state (Leff, 1995). Thus, the equilibrium between R 

and R* would be altered and in our receptor system this would correspond to an increased 

basal FRET signal and, hence, smaller signal amplitudes for agonist stimulation. Consistent 
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with this, the inverse agonist atropine did not have an effect at the wild-type M3-ACh-

FlAsH3-CFP receptor (Figure 1A), whereas atropine clearly induced a decrease in the FRET-

signal for the M3-ACh-FlAsH3-CFP-N514Y receptor (Figure 1B). The signal for the inverse 

agonist was opposite to the signal of an agonist, consistent with previous observations for an 

α2A-receptor sensor (Vilardage et al, 2005). 

 Since concentration response curves of the induced changes in the FRET-signal for 

acetylcholine and carbachol were approximately 10-fold left shifted for the M3-ACh-FlAsH3-

CFP-N514Y receptor (compare Figure 1C and 1D), we observed a similar increase in agonist 

affinity as was described for the N514Y mutation (Dowling et al., 2006). Since increased 

agonist affinity is a well known feature of constitutive receptor activity, we conclude that the 

N514Y mutation produced constitutive receptor activity in the sensor construct.  

In accordance with basic receptor theory, it had been demonstrated previously that receptor 

activation kinetics depend on the ligand concentrations and reach a maximum at saturating 

ligand concentration (Vilardaga et al., 2003; Hoffmann et al., 2005). Figure 2 shows that 

acetylcholine (2A) and carbachol (2B) stimulate the M3-ACh-FlAsH3-CFP-N514Y receptor 

significantly faster at sub-saturating ligand concentrations compared to the wild-type M3-

ACh-FlAsH3-CFP receptor. However, at maximal receptor occupancy both receptor 

constructs are equally fast for both ligands. Interestingly, if one compares kinetic data for sub-

saturating ligand concentrations but similar receptor occupancy, both receptors switch with 

similar kinetics. This can be seen in Figure 2A, where the kinetics for 0.1 μM acetylcoline at 

the constitutively active receptor and 1 μM acetylcoline at the wild-type receptor are 

equivalent. Thus from the kinetic data we cannot conclude that the wild-type or constitutively 

active mutant receptor induce different active receptor conformations. This is in agreement 

with the recently solved x-ray structure of a constitutively active mutant of rhodopsin 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 7, 2012 as DOI: 10.1124/mol.112.077578

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #077578 

 

 20

(Standfuss et al., 2011), which showed high similarity with the active opsin structure in the 

GαCT-complex (Scheerer et al., 2008).  

Analysis of receptor deactivation times was also informative. Although receptor deactivation 

is independent of the ligand concentration, it was not independent of the ligand used. As 

shown in Figure 2C and 2D, acetylcholine stimulated receptor activation needed significantly 

longer time to decline compared to carbachol. Interestingly the differences between 

deactivation time for wild-type receptor and the constitutively active receptor mutant were 

approximately 10-fold for both ligands. This indicates that the observed difference in ligand 

affinity between the wild-type and constitutively active mutant receptors is mostly based on 

differences in receptor deactivation and thus, most likely, ligand receptor dissociation rates. 

Therefore, the observed differences in kinetics might give important insights to further 

evaluate the concept of ligand residence time and its effects on ligand efficacy in biological 

systems (Turmino and Copeland, 2008; Copeland et al., 2006).   

The next step in the signaling cascade following receptor activation is receptor-G-protein 

coupling. To investigate the kinetics we expressed M3-AChR-YFP together with CFP-Gγ2, 

and followed the basic approach published for other receptors (Hein et al., 2005; Hein et al., 

2006; Jensen et al., 2009). Figure 3 shows that ligand stimulation caused a moderate but 

significant increase in receptor-G-protein coupling. At saturating ligand concentration the 

coupling occurred with τ-values of 90 msec, similar to receptor activation kinetics for both 

ligands (Figure 3C). This is in good agreement with previously published data for receptor-G-

protein coupling of other G-protein subtypes (Hein et al., 2005; Hein et al., 2006; Jensen et 

al., 2009).  

When agonist superfusion was terminated, receptor-G-protein coupling rapidly reversed. 

Kinetic analysis showed that stimulation with acetylcholine caused a prolonged deactivation 

time compared to carbachol (Figure 3C), a pattern similar to receptor deactivation (Figure 
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2C). Since G-proteins couple to the agonist occupied receptor, delayed agonist dissociation 

from the receptors should transfer into delayed receptor-G-protein deactivation. Measuring 

FRET-responses in a concentration dependent manner revealed the same 10-fold left shift for 

acetylcholine compared to carbachol for receptor-G-protein coupling (Figure 3D) as was 

observed at the receptor itself. Additionally, a leftward shift compared to receptor activation 

itself was observed, which is indicative of receptor reserve. We performed the same set of 

experiments with M3-AChR-YFP-N514Y. However, when we co-expressed M3-AChR-YFP-

N514Y with CFP-Gγ2, we did not observe coupling at an amplitude that could be analyzed 

reliably with respect to activation kinetics, although co-expression was verified (Figure 4A). 

Thus, the reduced signal amplitude, of ~ 0.5 % total signal corresponding to only 12 ± 7 % of 

the wild-type M3-AChR signal, cannot be due to expression problems (Figure 4A). It has 

previously been shown that only a small proportion of G-proteins couple to a receptor at any 

given time (Hein et al., 2005; Azpiazu and Gautam, 2004). Since the N514Y mutation 

increases basal accumulation of inositol phosphates in HEK293 cells by 300 % compared to 

wild-type M3-AChR (Dowling et al., 2006), this significantly increased basal receptor activity 

may be enough to minimize further dynamic coupling. To test this hypothesis, we used the 

fluorescently labelled probe YFP-PLC-δ1-PH (Stauffer et al., 1998). The PH-domain of this 

probe binds to PtdIns(4,5)P2 and localizes to the plasma membrane, but relocates to the 

cytosol upon Gq-coupled receptor activation. This translocation can be quantified (Jensen et 

al., 2009; Varnai and Balla, 2006) and was utilized to investigate the receptor activity. As 

shown in Figure 4B, control experiments did not cause a detectable increase in PLC activity, 

whereas we observed a dynamic increase in PLC activity for acetylcholine and carbachol 

when HEK293 cells were co-transfected with M3-AChR-CFP. However, co-transfection of 

M3-AChR-CFP-N514Y resulted in a significantly smaller, although clearly detectable 

increase in PLC activity. This is consistent with a smaller increase in dynamic receptor-G-
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protein coupling, as seen in Figure 4A. Similar data were observed for the M3-AChR-N514Y 

mutant without CFP (Figure 4B) confirming the observation that the CFP modification of the 

M3-AChR does not alter the receptor properties (Li et al., 2007).  

Due to the limited dynamic change in coupling between the constitutively active receptor and 

Gq we could only analyze Gq activation for the wild-type M3-AChR. As shown in Figure 5 

both acetylcholine and carbachol induced a rapid decrease in the FRET-signal with time 

constants of 450 msec. The observed signal was significantly delayed with respect to receptor 

activation or receptor-G-protein coupling. This is consistent with data observed for other G-

protein subtypes (Hein et al., 2005; Hein et al., 2006; Jensen et al., 2009) and further 

strengthens the notion that G-protein activation is the rate limiting step in the signaling 

cascade (Lohse et al., 2012), and that the time delay may be due to a common mechanism in 

G-protein activation (Oldham and Hamm, 2008; Johnston and Siderovski, 2007). 

Interestingly, similar to receptor-G-protein coupling, G-protein deactivation also depended on 

the ligand used (Figure 5C). For isolated G-proteins, deactivation would primarily depend on 

the rate of GTP-hydrolysis. However, in living cells, likely due to the effect of receptor 

reserve, G-protein deactivation could become dependent on a small portion of still agonist 

occupied receptors capable of activating G-proteins.   

In summary, we have shown that mutations causing constitutive receptor activity can be 

studied in real time using FRET-based GPCR sensors in living cells. The described effects of 

inverse agonism and increased agonist affinity were confirmed in our system. The dynamic 

studies revealed a major effect of the mutation on receptor deactivation, whereas receptor 

activation was mostly unaffected.  
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 LEGENDS FOR FIGURES  

 

Figure 1: 

Effects of ligands on the FRET-response of the M3-ACh receptor sensors. HEK293 cells were 

transfected with M3-AChR-Flash3-CFP or M3-AChR-Flash3-CFP-N514Y and labelled with 

FlAsH as described. (A) The depicted trace represents the recording of a FRET-ratio of an 

individual cell expressing the M3-ACh-Flash3-CFP receptor construct when superfused with 

agonist carbachol (Carb) or antagonist (atropine) as indicated. (B) FRET-ratio of an individual 

cell expressing the M3-ACh-Flash3-CFP-N514Y receptor construct when superfused with 

Carb or atropine. Data in A) and B) are representative for at least 10 different recordings on 3 

different experimental days. (C) Concentration response-curves for the FRET-changes evoked 

by ACh at the M3-ACh-Flash3-CFP (open squares) or M3-ACh-Flash3-CFP-N514Y (closed 

squares). EC50-values were 0.22 ± 0.04 µM or 0.029 ± 0.003 µM respectively, (means ± SE, n 

= 12-15). (D) Concentration response-curves for the FRET-changes evoked by Carb at the 

M3-ACh-Flash3-CFP (open circles) or M3-ACh-Flash3-CFP-N514Y receptor (closed circles). 

EC50-values were 1.9 ± 0.1 µM or 0.20 ± 0.07 µM respectively, (means ± SE, n = 12-15). 

Data for the M3-ACh-Flash3-CFP receptor construct were previously published [Ziegler et al. 

2011]. 

 

Figure 2: 

Kinetics of ligand-mediated changes in the FRET-ratio. HEK293 cells were transfected with 

the M3-ACh-Flash3-CFP or M3-ACh-Flash3-CFP-N514Y receptor and labelled with FlAsH 

as described. (A and B) Recordings were done in single cells with 10-50 Hz and the kinetics 

of the change in FRET-ratio were analyzed by exponential fitting. Time constants (τ) are 

plotted against ligand concentration. Panel A (ACh): Data for the M3-ACh-Flash3-CFP 

receptor (light gray columns ) and the M3-ACh-Flash3-CFP-N514Y receptor construct 
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(crossed pattern columns). Panel B (Carb): Data for M3-ACh-Flash3-CFP receptor (dark gray 

columns) and the M3-ACh-Flash3-CFP-N514Y receptor construct (crossed pattern columns). 

C and D: Maximal receptor activation kinetics were compared to receptor deactivation 

kinetics. Deactivation kinetics were analyzed similarly to activation kinetics. Panel C: Data 

for ACh (light gray) and Carb (dark gray) at the M3-ACh-Flash3-CFP receptor. Panel D: Data 

for ACh (light gray, crossed pattern) and Carb (dark gray, crossed pattern) at the M3-ACh-

Flash3-CFP-N514Y receptor. Columns represent data for 100 µM agonist except for maximal 

activation data for Carb (1 mM). Each column represents mean ± SE values from 12-17 

different cells recorded in 3-4 independent experiments. * p <0.05, ** p <0.01, *** p<0.001 

(independent t-test)  

 

Figure 3: 

Analysis of receptor-G-protein interaction by FRET. FRET was measured between M3-

AChR-YFP and CFP-tagged Gγ2. Excitation of CFP at 436 nm shifts the emission from 

480 nm to 535 nm when the two fluorophores are close enough to permit FRET. A) HEK293 

cells transiently expressing M3-AChR-YFP together with CFP-Gγ2 (and Gαq and β1) were 

superfused with 100 μM Carb. This resulted in a rapid increase in FRET, as seen by the 

increase in the normalized FRET-ratio (FYFP over FCFP). The increase in FRET was readily 

reversible upon agonist washout. B) Upon superfusion with 100 μM Carb, a decrease in CFP 

fluorescence and an increase in YFP fluorescence was observed. C) Maximal receptor-G-

protein interaction kinetics were compared to receptor-G-protein dissociation kinetics. 

Deactivation kinetics were analyzed similarly to activation kinetics. Panel C: Data for ACh 

(light gray) and Carb (dark gray) for M3-AChR-YFP (data represent mean ± SE values, n = 9 

for each column). D) Concentration response-curves for M3-ACh receptor-G-protein 

interaction quantified by the amplitude of the ligand evoked FRET-changes. For ACh (open 
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squares) EC50-values were 0.14 ± 0.02 µM, whereas for Carb (open circles) EC50-values were 

1.46 ± 0.26 µM respectively (means ± SE, n = 10-12 for each ligand concentration).    

** p <0.01 (independent t-test) 

 

Figure 4: 

Analysis of M3-AChR-N514Y signaling dynamics in HEK293 cells. A) In HEK293 cells 

transiently expressing M3-AChR-YFP or M3-AChR-YFP-N514Y together with CFP-Gγ2 (and 

Gαq and β1) receptor (left) and Gγ2 (right) colocalize at the cell membrane (white scale bar, 

10 µM). Upon stimulation with 100 μM Ach, the FRET-ratio increased (see also Figure 3) on 

average 4.0% for the M3-AChR-YFP receptor, whereas the average increase was only 0.5% 

for the M3-AChR-YFP-N514Y receptor (n = 7). B) In HEK293 cells transiently expressing 

YFP-PLC-δ1-PH alone or together with the M3-AChR-CFP or M3-AChR-CFP N514Y, YFP-

PLC-δ1-PH and receptor localize to the plasma membrane (top row and CFP image, middle 

and right columns). Upon addition of ACh, PtdIns(4,5)P2 is converted to DAG and IP3. Thus, 

the fluorescent probe relocates into the cytosol (middle row 0 s and bottom row 40 s). Scale 

bars = 20 μm. The dynamic increase in cytosolic fluorescence was quantified and plotted 

against time for each receptor construct tested. Upper right panel represents data for 100 μM 

ACh: (data for HEK cells without M3-AChR (diamonds), data for HEK293 cells with M3-

AChR-CFP (squares), data for HEK cells with M3-AChR-CFP-N514Y (triangles), data for 

HEK cells with M3-AChR-N514Y (circles). The lower right panel shows the same 

experiments done with 1 mM Carb (diamonds represent data for HEK293 cells without M3-

AChR, squares, data for HEK cells with M3-AChR-CFP, triangles data for HEK cells with 

M3-AChR-CFP-N514Y, and circles data for HEK cells with M3-AChR-N514Y). Each point 

represents mean ± SE values from 14-18 different cells recorded in 5-7 independent 

experiments.  
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Figure 5: 

Analysis of G-protein activation by FRET. FRET was measured between YFP-tagged Gαq 

and CFP-tagged Gγ2. Excitation of CFP at 436 nm shifts the emission from 480 nm to 535 nm 

when the two fluorophores are close enough to permit FRET. A) HEK293 cells transiently 

expressing YFP-tagged Gαq together with CFP-Gγ2 (and M3-AChR and β1) were superfused 

with 100 μM Carb or 100 μM ACh. This resulted in a rapid decrease in FRET as seen by the 

decrease in the normalized FRET-ratio (FYFP over FCFP). The decrease in FRET was readily 

reversible upon agonist washout. B) Upon superfusion with 100 μM Carb or 100 μM ACh an 

increase in CFP fluorescence and a decrease in YFP fluorescence was observed. C) Maximal 

G-protein activation kinetics for ACh (light gray) and Carb (dark gray) were compared to G-

protein deactivation kinetics. Deactivation kinetics were analyzed similarly to activation 

kinetics. (data represent mean ± SE values, n = 18 for ACh, n = 17 for Carb).  
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