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Based on the recently developed approach to generate fluorescence resonance energy transfer (FRET)-
based sensors to measure GPCR activation, we generated sensor constructs for the human M1-, M3-,
and M5-acetylcholine receptor. The receptors were labeled with cyan fluorescent protein (CFP) at their
C-terminus, and with fluorescein arsenical hairpin binder (FlAsH) via tetra-cysteine tags inserted in
the third intracellular loop. We then measured FRET between the donor CFP and the acceptor FlAsH in
living cells and real time. Agonists like acetylcholine, carbachol, or muscarine activate each receptor con-
struct with half-maximal activation times between 60 and 70 ms. Removal of the agonist caused the
reversal of the signal. Compared with all other agonists, oxotremorine M differed in two major aspects:
it caused significantly slower signals at M1- and M5-acetylcholine receptors and the amplitude of these
signals was larger at the M1-acetylcholine receptor. Concentration–response curves for the agonists
reveal that all agonists tested, with the mentioned exception of oxotremorine M, caused similar maximal
FRET-changes as acetylcholine for the M1-, M3- and M5-acetylcholine receptor constructs. Taken together
our data support the notion that orthosteric agonists behave similar at different muscarinic receptor sub-
types but that kinetic differences can be observed for receptor activation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The G protein-coupled receptor (GPCR) superfamily is a major
target for current drug treatment1 and the family of muscarinic ace-
tylcholine receptors (mACh) holds great promise for novel treat-
ments of diseases like Alzheimer’s disease, schizophrenia,
obstructive pulmonary disease, diabetes as well as drug addiction
and withdrawal.2 Muscarinic ACh receptors are activated by the
endogenous ligand acetylcholine and can be divided into two
groups. The first group consists of the M1-, M3-, and M5-ACh recep-
tors that couple mainly to Gq-proteins, whereas the second group
consists of the M2-, and M4-ACh receptors which mainly couple to
Gi-proteins.3 However, given the high sequence similarity of mAch
receptors it has proven difficult to develop sub-type selective li-
gands for these receptors.4 During the search for selective ligands
it was discovered that modulators of these receptors can bind to
allosteric binding sites in extracellular receptor parts5 with less se-
quence conservation and this lead to the development of allosteric
modulators with some receptor sub-type selectivity.6–10 Most of
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these analyses were done using assays like receptor radioligand
binding or kinetic binding and/or dissociation experiments.11

We have recently developed an approach for the study of recep-
tor activation and signaling that is based on fluorescence reso-
nance energy transfer (FRET) between two fluorophores and
allows to monitor conformational changes in GPCRs in living
cells.12–14 FRET is the radiation free energy transfer from an exited
donor to an acceptor molecule via long range dipole–dipole cou-
pling mechanisms. The initially developed approach for GPCRs uti-
lized the fluorescent proteins CFP and YFP.12 However, the
insertion of the relatively large fluorescent proteins into an intra-
cellular receptor loop may reduce their ability to couple to G-pro-
teins. Thus, the approach was further developed by replacing the
large YFP protein with the spectrally similar small fluoresceine
arsenical hairpin binder (FlAsH).15 This exchange improved the
receptor coupling to G-proteins and CFP/FlAsH constructs often re-
vealed larger agonist induced FRET-changes.13,14,16,17 FlAsH can be
used to covalently label a specific motif (CCPGCC) which can be in-
serted into the 3rd intracellular loop (IL) of receptors.13 We have
successfully applied this approach to the adenosine A2A receptor,13

the a2A-adrenergic receptor,13,14,16 and the M2-Ach receptor.17

Here, we report the development of CFP/FlAsH-based receptor
sensors for the human M1-, M3-, and M5-ACh receptors. These sen-
sors were used to monitor concentration-dependent effects of
receptor modulation by orthosteric ligands in real time. Analysis
of receptor kinetics induced by orthosteric ligands in living cells
supports the view that receptor modulation results in a very rapid
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manner, and also revealed differences of orthosteric ligands at the
different receptor subtypes.

2. Results

2.1. Design of the FRET-based muscaric ACh receptor sensors

We created receptor constructs in which the whole amino acid
sequence of the M1-, M3-, or M5-ACh receptor was directly fused to
the N-terminus of CFP using the additional amino acid sequence
Ser/Arg encoding for an XbaI site. Unlike for the recently published
M2-ACh receptor FRET-sensor,17 expression of these constructs
M1-ACh receptor
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Figure 1. Generation and expression of the muscarinic M1-, M3-, and M5-ACh receptor se
protein was fused to the C-terminus of the respective human muscarinic ACh receptor sub
ACh receptor the FlAsH binding motif CCPGCC was introduced into the shortened IL
LAALQG228CCPGCCSGK350PRGKE. In the M3-ACh receptor the FlAsH binding motif CCPGCC
thus the novel sequence reads LAGLQA271CCPGCCEF465ALKTRS. In the M5-ACh receptor
amino acid position G233 and N422, thus the novel sequence reads KDLADLQ233GCCPGCCS
with the corresponding sensor construct and analyzed by laser scanning microscopy. C
sensor as indicated by localization of CFP and selective labeling of receptor proteins wit
was at the cells surface and no further export signal at the N-termi-
nus was needed. To improve FRET efficiency we truncated the third
intracellular loop (IL3) as described in detail for each construct in
Section 5.1 and inserted instead the short tetra-cysteine motif
CCPGCC for specific binding of FlAsH.15 It has previously been de-
scribed that the third loop of mACh receptors can be deleted with-
out loss of function,18,19 and we made sure that the described
interaction sites for G-protein coupling were left intact.18 A sche-
matic representation of the constructs is shown in Figure 1A. Next,
all three receptor constructs were transfected in HEK-293 cells and
expression at the plasma membrane was verified by means of con-
focal microscopy (Fig. 1B). As previously shown for several other
h receptor
nsor

M5-ACh receptor
sensor

nsors. (A) General schematic structure of the receptor sensors. The cyan fluorescent
type via a Ser/Arg amino acid sequence coding for an XbaI restriction site. In the M1-

3 between amino acid position G228 and K350, thus the novel sequence reads
was introduced into the shortened IL 3 between amino acid position A271 and A465,

the FlAsH binding motif CCPGCC was introduced into the shortened IL 3 between
GN422PNPSH as described in detail in Section 5. (B) HEK-293 cells were transfected

onfocal pictures show a distinct membrane expression of each respective receptor
h FlAsH. White scale bars represent 10 lm.
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GPCRs, like the adenosine A2A receptor,13 the a2A-adrenergic recep-
tor,14,16 the b1 adrenergic receptor,20 or the M2-ACh receptor,17

receptor binding and signaling to G-proteins remained intact in
our new constructs (data not shown).

2.2. The mACh receptor sensors report conformational changes
in response to orthosteric ligands

For FRET experiments we used single HEK-293 cells, which
showed clear membrane localization and FlAsH labeling of the
receptor sensor as depicted in Figure 1B. To stimulate cells we used
acetylcholine, carbachol, oxotremorine M, and muscarine, thus four
well-characterized agonists for mACh receptors. The chemical
structures of these compounds are shown in Figure 2. For each
receptor construct stimulation of fluorescent cells with the receptor
agonists resulted in a fast, reversible increase in FlAsH and a con-
comitant decrease in CFP fluorescence, indicative of an increase in
FRET (Figs. 3A, 4A and 5A). The changes in CFP and FlAsH fluores-
cence were clearly agonist-dependent and had maximal amplitudes
of �8–10%, for each construct, which can be easily measured with-
out visible desensitization of the FRET signals even after multiple
stimulations. Next, we used various concentrations of four mACh
receptor agonists to establish concentration–response curves for
each agonist at each receptor construct. In Figure 3A representative
traces of an individual experiment using increasing concentrations
of acetylcholine at the M1-ACh receptor construct are shown. From
these data concentration–response curves were calculated by using
maximal saturating concentrations of acetylcholine as the refer-
ence. The detected changes in FRET ratio for each concentration
were normalized to the maximal change observed for acetylcholine
and plotted against the agonist concentration. As shown in Figure
3B, we observed a concentration-dependent increase in FRET-
changes for the different agonists used. From these curves, EC50-
values between 1 and 30 lM, respectively (Fig. 3B) were obtained.
These data are in good agreement with published data for low affin-
ity binding,21–25 at the muscarinic receptor subtypes. However,
these values are high compared to potencies determined from func-
tional experiments, but it must be kept in mind that in the FRET
experiments there is no receptor reserve and they are measured un-
der non-equilibrium conditions.

Similar experiments were performed for the M3- and M5-ACh
receptor constructs and representative data of individual experi-
ments are shown in Figures 4A and 5A. Likewise, concentration-
dependent effects were determined as described for the M1-ACh
receptor sensor and FRET-changes were normalized to maximal ef-
fects of acetylcholine and plotted the against agonist concentra-
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Figure 2. Chemical structures of the agonists used in this study. Acetylcholine (1),
carbachol (2), oxotremorine M (3), muscarine (4). These numbers are used
throughout the manuscript for the substances as indicated.

Figure 3. Effects of agonists on the FRET-response of the M1-ACh receptor sensor.
Fluorescence emission was measured at 480 nm (CFP, cyan color) and at 535 nm
(FlAsH, yellow color) from cells expressing the M1-ACh receptor sensor and
superfused for the indicated period of time with agonist. (A) Individual recording
from a single cell shows that acetylcholine induced a rapid decrease in CFP and a
corresponding increase in FlAsH fluorescence intensity (lower panel), resulting in
an increased ratio F535/F480, representing FRET (upper panel). Upon wash-out of
acetylcholine all traces reverted to their original values. (B) Concentration–response
curves for the FRET-changes evoked by acetylcholine, carbachol, oxotremorine M,
and muscarine revealed EC50-values of 0.77 ± 0.07 lM, 33.5 ± 9.6 lM, 7.4 ± 2.4 lM,
and 5.3 ± 1.9 lM, respectively (means ± SE, n = 10–14).
tions. The resulting data are shown in Figures 4B and 5B,
respectively. The observed EC50-values for the M3-ACh receptor
sensor or the M5-ACh receptor sensor were between 0.5 and
3 lM, and 1 and 5 lM respectively (Fig 4B and 5B). Again these



Figure 4. Effects of agonists on the FRET-response of the M3-ACh receptor sensor.
Fluorescence emission was measured at 480 nm (CFP, cyan color) and at 535 nm
(FlAsH, yellow color) from cells expressing the M3-ACh receptor sensor and
superfused for the indicated period of time with agonist. (A) Individual recording
from a single cell shows that acetylcholine induced a rapid decrease in CFP and a
corresponding increase in FlAsH fluorescence intensity (lower panel), resulting in
an increased ratio F535/F480, representing FRET (upper panel). Upon wash-out of
acetylcholine all traces reverted to their original values. (B) Concentration–response
curves for the FRET-changes evoked by acetylcholine, carbachol, oxotremorine M,
and muscarine revealed EC50-values of 0.22 ± 0.04 lM, 1.9 ± 0.1 lM, 1.8 ± 0.3 lM,
and 1.0 ± 0.2 lM, respectively (means ± SE, n = 12–15).

Figure 5. Effects of agonists on the FRET-response of the M5-ACh receptor sensor.
Fluorescence emission was measured at 480 nm (CFP, cyan color) and at 535 nm
(FlAsH, yellow color) from cells expressing the M5-ACh receptor sensor and
superfused for the indicated period of time with agonist. (A) Individual recording
from a single cell shows that acetylcholine induced a rapid decrease in CFP and a
corresponding increase in FlAsH fluorescence intensity (lower panel), resulting in
an increased ratio F535/F480, representing FRET (upper panel). Upon wash-out of
acetylcholine all traces reverted to their original values. (B) Concentration–response
curves for the FRET-changes evoked by acetylcholine, carbachol, oxotremorine M,
and muscarine revealed EC50-values of 0.79 ± 0.12 lM, 2.8 ± 0.9 lM, 2.3 ± 1.0 lM,
and 1.3 ± 0.2 lM respectively (means ± SE, n = 11–13).
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data are in good agreement with published data for low affinity
binding.21–25 When the data for the individual muscarinic recep-
tors were compared, we observed the following relative potencies;

M1-ACh receptor: ACh > Muscarine = OxoM > Carb
M3-ACh receptor: ACh > Muscarine > OxoM = Carb
M5-ACh receptor: ACh = Muscarine > OxoM = Carb

Thus, each receptor subtype revealed its own slightly different
agonist profile.



Figure 6. Kinetics of agonist mediated changes in the FRET ratio. HEK-293 cells
transfected with the corresponding mAChR receptor sensor were superfused with
saturating agonist concentrations (100 lM or 1 mM). Recordings were done on
single cells with 20–50 Hz and the kinetics of the change in FRET were analyzed by
exponential fitting. Individual signal traces for maximal stimulation with acetyl-
choline or oxotremorine M were normalized to 100 percent signal strength and an
overlay of these signal traces is shown. Figure A shows a representative data sample
and exponential fit for the M1-ACh receptor construct superfused with acetylcho-
line (black squares and solid line) or oxotremorine M (black triangle and dashed
line). Figure B shows a representative data sample and exponential fit for the M3-
ACh receptor construct superfused with acetylcholine (black squares and solid line)
or oxotremorine M (black triangle and dashed line). Figure C shows a representative
data sample and exponential fit for the M5-ACh receptor construct superfused with
acetylcholine (black squares and solid line) or oxotremorine M (black triangle and
dashed line).
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2.3. Kinetics of agonist induced conformational changes

Since our FRET-based approach represents a unique tool to
monitor changes in receptor conformation in real time, we ana-
lyzed the kinetics of the different orthosteric ligands used in this
study. As in the preceding experiments, single cells were super-
fused with an agonist, acetylcholine, carbachol, oxotremorine M,
or muscarine, at saturating concentrations of 100 lM or in some
cases 1 mM. Saturating concentrations are necessary for these
experiments since we have previously shown that the speed of
the conformational change is concentration-dependent12–14 and
thus maximal only when the receptor is fully activated. The data
were recorded at a frequency of 20–50 Hz, thus allowing a good ki-
netic resolution of the signal change. In Figure 6A–C sample data
are shown for the M1-ACh receptor, M3-ACh receptor, and the
M5-ACh receptor stimulated with Ach or OxoM. When comparing
the data for the three individual receptor subtypes it can be seen
that all receptors are activated with s-values of 90 ms, which re-
flect half-maximal activation times of 60 ms for the receptor con-
structs. Interestingly, when comparing the kinetic data for each
receptor (see Fig. 6 and Table 1), significant inter-individual differ-
ences can be seen between the different receptor subtypes for
OxoM, while the other agonists behaved very similar at each recep-
tor tested. In Table 1 kinetic data for each ligand are summarized
as half-maximal activation times and corresponding rate constants
at the three receptors tested.

3. Discussion

In this paper, we describe the generation of three FRET-sensor
constructs for the Gq-coupled muscarinic acetylcholine receptor
subtypes M1-, M3-, and M5-AChR. We chose FlAsH as the acceptor
fluorophore since earlier studies with other receptors, had shown
that FlAsH, compared to YFP, provided higher signal amplitudes
and preserved the receptor functionality in terms of activation of
downstream signaling.13,16,17 The constructs were designed in
accordance to the recently published M2-ACh receptor sensor17

(Fig. 1A). All constructs were well expressed in HEK-293 cells
and were located at the plasma membrane (Fig. 1B) and specific la-
beled with FlAsH. Unlike the M2-ACh receptor sensor, which
showed a decrease in the FRET signal upon agonist exposure, all
three Gq-coupled sensors exhibited a strong and rapid increase in
the FRET signal (Fig. 3–5) when stimulated with agonists. This is
a striking difference given the high sequence homology of the mus-
carinic acetylcholine receptors.26 This difference might rather be
due to different orientation factors between the two fluorophores
rather than different movements of the helices upon receptor acti-
vation. The general activation mechanism within the GPCR family
appears rather conserved27–30 and thus makes it unlikely that a dif-
ferent mechanism of activation has evolved within the receptor
family. Furthermore, two recently published M1-ACh receptor sen-
sors based on CFP/YFP fluorophore combinations were character-
ized by an increase31 or decrease in FRET upon agonist
application.32 These reports thus strengthen the notion of a possi-
ble influence of orientation factors in the observed change of the
FRET signals. Similar to previous reports,13 the combination of
FlAsH and CFP at the M1-ACh receptor provides much higher signal
amplitudes compared to CFP/YFP (approximately 8% agonist in-
duced FRET-change versus 1.5%31).

Receptor activation for the muscarinic M1-, M3-, and M5-ACh
receptor sensors occurred rapidly at saturating agonist concentra-
tion and in the millisecond time range. The three sensors described
here exhibit half-maximal activation times of 60–70 ms and hence
rate constants of 15–17 s�1 (Fig. 6 and Table 1). Thus, for stimula-
tion with the endogenous receptor agonist the data are in excellent
agreement with previously published values for activation of other
GPCRs.13,14,16,17,31 A concentration-dependent change in the ampli-
tude of the FRET signal was observed for all agonist tested and the
data were normalized to the maximal signal observed with acetyl-
choline for each receptor. The obtained data are given in Figures
3B, 4B and 5B for each individual receptor sensor. From these
curves EC50-values were calculated and the obtained data are in
good agreement with previously published binding affinities of
the corresponding muscarinic receptor subtype in the presence of



Table 1
Kinetics of agonist mediated changes in the FRET ratio

Ligand M1-ACh receptor M3-ACh receptor M5-Ach receptor

Activation time t1/2 [ms] Rate constant [s�1] Activation time t1/2 [ms] Rate constant [s�1] Activation time t1/2 [ms] Rate constant [s�1]

ACh 59.4 ± 4.1 16.8 62.4 ± 5.8 16.0 65.0 ± 7.6 15.4
Carbachol 58.7 ± 4.3 17.0 62.7 ± 5.6 15.9 68.0 ± 6.9 14.7
Oxo M 74.4 ± 6.4* 13.4 64.4 ± 7.1 15.5 104.0 ± 9.9** 9.6
Muscarine 70.1 ± 8.2 14.3 66.8 ± 5.8 15.0 72.1 ± 10.1 13.9

HEK-293 cells transfected with the corresponding mAChR receptor sensor were superfused with saturating agonist concentrations (100 lM or 1 mM). Recordings were done
on single cells with 20–50 Hz and the kinetics of the change in FRET were analyzed by exponential fitting. Half-maximal activation times for each ligand were analyzed at
maximal receptor stimulation and full receptor occupancy. The given rate constants were calculated using the corresponding half-maximal activation times as 1/activation
time. M1-ACh receptor construct: n = 12–15 for each ligand; M3-ACh receptor construct: n = 16–24 for each ligand; M5-ACh receptor construct: n = 12–17 for each ligand. The
results represent the mean ± s.e.m. of the indicated number of independent experiments.
* p <0.05.
** p <0.01 independent t-test).
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GTP.21,25 These values may appear high when compared to poten-
cies determined from functional experiments. However, as men-
tioned earlier, one needs to keep in mind that there is no
receptor reserve in the FRET experiments and that they are mea-
sured under non-equilibrium conditions. From previous studies
we know that partial agonists induce smaller signal amplitudes
than full agonists.16,17 Consistent with that observation, all four
compounds tested here induced similar changes in FRET signal
amplitudes, and have previously been described as full agonists
for the stimulation of inositol phosphate production33 or MAP-ki-
nase pathway activation34 for all three receptor subtypes. How-
ever, as an exception we observed that Oxo M induced a
significantly larger change in FRET at the M1-ACh receptor sensor
compared to the endogenous agonist acetylcholine (p <0.01, Stu-
dent t-test, Fig. 3b). However, the receptor activation with Oxo
M, even at maximally saturating conditions of 1 mM, occurred sig-
nificantly slower compared to acetylcholine (p <0.05, Student t-
test, Fig. 6). Unlike the M1-ACh receptor, at the M3- and M5-ACh
receptor sensors Oxo M induced the same change in FRET ampli-
tude as compared to acetylcholine (Figs. 4B and 5B). Most interest-
ingly, the kinetics of signal change were different at both receptors
with OxoM being as fast as acetylcholine at the M3-ACh receptor
but being the slowest compound tested at the M5-ACh receptor
(p <0.01, Student t-test, Fig. 6 and Table 1). A larger but slower
change in FRET has not been observed previously, but slower con-
formational changes have so far been consistent with differential
conformational changes upon ligand stimulation.14,16,35,36

4. Conclusion

In conclusion, the receptor sensors described in this manuscript
reveal novel insights into muscarinic receptor activation and the
observed agonist activation patterns are consistent with previously
published pharmacological characteristics of the corresponding
wild-type muscarinic receptor subtypes. Thus, these novel receptor
sensors may provide useful tools to study receptor activation in
real time and with high kinetic resolutions, which could previously
not be accessed by other techniques and may help to further devel-
op selective compounds for muscarinic receptor modulation.

5. Materials and methods

5.1. Materials

Acetylcholine, muscarine, and poly-D-lysine were purchased
from Sigma (Steinheim, Germany). Oxotremorine M was obtained
from Tocris (Bristol, UK). Carbachol was purchased from Alfa Aesar
(Karlsruhe, Germany). Cell culture reagents were supplied by PAN-
Biotech GmbH (Aidenbach, Germany). Effectene was purchased
from Quiagen (Hilden, Germany). cDNA for the human muscarinic
M1-, M3-, and M5-acetylcholine receptors was obtained from the
cDNA resource center, University of Missouri-Rolla (Rolla, MO,
USA). All PCR primers were synthesized by MWG-Biotech GmbH
(Ebersberg, Germany). All other chemicals were purchased from
commercial suppliers at the highest purity grade available.

5.2. Construction of the muscarinic FRET-sensor constructs

Muscarinic ACh receptor constructs were fused to the enhanced
variants of cyan fluorescent protein (eCFP) (BD Bioscience Clon-
tech, Heidelberg, Germany) by standard PCR extension overlap
technique.37 All constructs were verified by sequencing and
sequencing was done by Eurofins Medigenomix GmbH (Martins-
ried, Germany). In each case, the C-terminal stop-codon of the
receptor and the initial codon for methionine of the fluorescent
protein were deleted. The amino acid sequence SR, coding for an
Xba I restriction site, was inserted as a linker sequence between
the receptor and the fluorescent protein. For each individual mus-
carinic receptor construct an additional modification was made to
the third intracellular loop (IL3) by deleting a large portion of the
loop and replacing it with a short amino acid motif CCPGCC which
specifically binds the fluoresceine arsenical hairpin binder (FlAsH).
The IL3 of the M1-ACh receptor was deleted between amino acids
228 and 350, and the novel sequence of this part reads:
LAALQG228CCPGCCSGK350PRGKE. In case of the M3-ACh receptor,
the IL3 was deleted between amino acids 271 and 465, and the no-
vel sequence of this part reads: LAGLQA271CCPGCCEF465ALKTRS. Fi-
nally, the IL3 of the M5-ACh receptor was deleted between amino
acids 233 and 422, and the novel sequence of this part reads:
KDLADLQ233GCCPGCCSGN422PNPSH. All resulting constructs were
cloned into pcDNA3 (Invitrogen) and confirmed by sequencing.

5.3. Cell culture

HEK-293 cells were maintained in DMEM with 4.5 g/l glucose,
10% FCS, 100 U/ml penicillin G and 100 lg/ml streptomycin sulfate
at 37 �C, 7% CO2. All cells were routinely passaged every two to
three days. Culture medium for cells stably expressing the individ-
ual mACh receptor constructs was additionally supplemented with
200 lg/ml G-418.

5.4. Transfection of HEK-293 cells for microscopic analysis

Individual 24 mm glass cover slips were placed in six-well
plates and coated for 30–60 min using 300 ll of poly-D-lysine
(1 mg/ml). Poly-D-lysine was aspirated and the glass cover slips
were washed once with sterile PBS without Ca2+. HEK-293 cells
were seeded onto these cover slips to result in approximately



1054 N. Ziegler et al. / Bioorg. Med. Chem. 19 (2011) 1048–1054
50% confluence. After attachment of the cells (3–6 h), the cells
were transfected using Effectene (Quiagen) according to the man-
ufacturer’s instructions. 250 ng DNA per well were used for trans-
fection of each receptor construct and cell culture medium was
exchanged 12–16 h later. Cells were analyzed 48 h after
transfection.
5.5. Confocal microscopy

Confocal microscopy experiments were performed on a Leica
TCS SP2 system. Cover slips with transfected HEK-293 cells were
mounted using an Attofluor holder (Molecular Probes, Leiden,
The Netherlands). Images were taken with a 63� objective as de-
scribed previously.38 In brief, CFP was excited with a 430 nm diode
laser using a DCLP455 dichroic mirror. FlAsH was excited using the
514 nm argon laser line using the manufacturers setting for YFP.
Settings for recording images were kept constant: 512 � 512 pixel
format, line average 4, 400 Hz, resulting in an image acquisition
time of 7 s.
5.6. FlAsH labeling

The labeling was performed as described previously.13,16 In
brief, transfected cells were washed twice on the cover slips with
phenol red-free Hank’s balanced salt solution containing 1 g/l glu-
cose (HBSS, 137 mM NaCl, 5.4 mM KCl, 0.3 mM Na2HPO4, 0.4 mM
KH2PO4, 4.2 mM NaHCO3, 1.3 mM CaCl2, 0.5 mM MgCl2, 0.6 mM
MgSO4, 5.6 mM glucose, pH 7.4) and then incubated at 37 �C for
1 h with HBSS containing 500 nM FlAsH and 12.5 lM 1,2-ethane
dithiol (EDT). Subsequently, to reduce non-specific labeling, the
cells were washed twice with HBSS, incubated for 10 min with
HBSS/250 lM EDT and again washed twice before being used for
fluorescence measurements.
5.7. Fluorescence resonance energy transfer (FRET) experiments

Fluorescence imaging of FlAsH labeled mACh receptor sensors
was performed as previously described12,13 on a Zeiss Axiovert
135 inverted microscope equipped with a Zeiss PlanNeofluar
100�/1.3 oil objective at room temperature. Samples were excited
at 436 nm (dichroic 450 nm) with light from a polychrome IV (Till
Photonics). The light source settings were controlled by Till pmc
Communications software version 1.0.5. The emission ratio (FlAsH
over eCFP) was measured with emission filters 480/40 nm (eCFP)
and 535/30 nm (FlAsH), beam splitter DCLP 505 nm. Signals de-
tected by photodiodes were digitized using an AD converter (Dig-
idata1322A, Axon Instruments) and stored on PC using Clampex
8.1 software (Axon Instruments).

The emission ratio was corrected offline for bleed-through of
eCFP into the FlAsH channel to give a corrected emission ratio
(bleed-through of FlAsH into the eCFP channel is negligible). FlAsH
emission after excitation with light at 490 nm was determined in
order to subtract direct excitation of FlAsH. To study ligand-in-
duced changes in FRET, cells were continuously superfused with
imaging buffer (140 mM NaCl, 5.4 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, pH 7.3) supplemented with various ligands
and concentrations thereof as indicated, applied with the help of
a computer-assisted solenoid valve-controlled rapid superfusion
device ALA-VM8 (ALA Scientific Instruments; solution exchange
in 5–10 ms).
5.8. Data processing

Fluorescence intensities were acquired using Clampex (Axon
Instruments). Values are given as mean ± s.e.m. of n independent
experiments. Statistical analysis and curve fitting were performed
using Origin (OriginLab) or Clampfit (Axon Instruments).
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