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Conformational changes in the M2 muscarinic receptor
induced by membrane voltage and agonist binding

Ricardo A. Navarro-Polanco!, Eloy G. Moreno Galindo', Tania Ferrer-Villada?, Marcelo Arias?,
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Non-technical summary Muscarinic receptors were recently shown to be modulated by
membrane potential. Here, we show that membrane potential alters the binding of agonists in
an agonist-specific manner. Moreover, agonist binding results in agonist-specific conformational
changes in the muscarinic receptor, as measured by changes in the receptor’s response to voltage.
Voltage-dependent modulation of muscarinic receptors has important consequences for cellular
signalling in excitable tissues and implications for cardiovascular drug development.

Abstract The ability to sense transmembrane voltage is a central feature of many membrane
proteins, most notably voltage-gated ion channels. Gating current measurements provide valuable
information on protein conformational changes induced by voltage. The recent observation
that muscarinic G-protein-coupled receptors (GPCRs) generate gating currents confirms their
intrinsic capacity to sense the membrane electrical field. Here, we studied the effect of voltage
on agonist activation of M2 muscarinic receptors (M2R) in atrial myocytes and how agonist
binding alters M2R gating currents. Membrane depolarization decreased the potency of acetyl-
choline (ACh), but increased the potency and efficacy of pilocarpine (Pilo), as measured by
ACh-activated K current, Ixach. Voltage-induced conformational changes in M2R were modified
in a ligand-selective manner: ACh reduced gating charge displacement while Pilo increased the
amount of charge displaced. Thus, these ligands manifest opposite voltage-dependent Ixach
modulation and exert opposite effects on M2R gating charge displacement. Finally, mutations
in the putative ligand binding site perturbed the movement of the M2R voltage sensor. Our
data suggest that changes in voltage induce conformational changes in the ligand binding site
that alter the agonist-receptor interaction in a ligand-dependent manner. Voltage-dependent
GPCR modulation has important implications for cellular signalling in excitable tissues. Gating
current measurement allows for the tracking of subtle conformational changes in the receptor
that accompany agonist binding and changes in membrane voltage.
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Introduction

The ability to sense transmembrane potential is an
inherent feature of all proteins that harness the energy
of the membrane electrical field to perform a cellular
function. Voltage-gated ion channels are prototypical
proteins that undergo voltage-induced conformational
changes that open or close the channel pore. Gating
current measurements provide valuable information on
conformational changes that precede opening of the pore
(Bezanilla, 2000). Recent studies have uncovered voltage
regulation of other membrane proteins not previously
considered to be voltage sensitive. Membrane voltage was
reported to modulate several G-protein-coupled receptors
(GPCRs) (Itoh et al. 1992; Ben-Chaim et al. 2003;
Martinez-Pinna et al. 2005; Ohana et al. 2006). GPCRs
constitute the largest family of signalling proteins in the
human genome and are classically activated by external
stimuli including photons, hormones, neurotransmitters,
odorants and chemokines. The observation that voltage
regulates GPCR activity suggests an additional capacity to
fine-tune cellular signalling in excitable tissues.

Voltage-dependent GPCR  modulation is best
characterized in muscarinic receptors where the affinity
for acetylcholine (ACh) varies in a voltage-dependent
manner. For example, membrane depolarization
decreases the affinity of M2 muscarinic receptors (M2R)
for ACh, while increasing that of M1 receptors (M1R)
(Ben-Chaim et al. 2003). Voltage sensitivity was noted
to be a property of the receptor itself and not of the
downstream effectors (Ben-Chaim et al. 2003). The
intrinsic capacity of muscarinic receptors to ‘sense’
transmembrane potential was confirmed by the recording
of gating currents (Ben-Chaim et al. 2006) that reflect
reorientation of charges within the receptor in response
to changes in voltage. The voltage dependence of charge
movement correlated with a calculated measure of
the ‘low’-affinity M2R state. These authors concluded
that depolarization-induced conformational changes in
the receptor reduce coupling to downstream trimeric
G-proteins, which promotes the low-affinity receptor
state (Ben-Chaim et al. 2006; Parnas & Parnas, 2007). The
rapid kinetics of gating charge displacement suggests that
dynamic conformational changes in M2R may be induced
during the time course of neuronal firing.

In the heart, parasympathetic (vagal) stimulation
releases ACh which binds to M2R to trigger
G-protein-mediated activation of the acetylcholine-
activated Kt current (Ixacn). Cardiac Kac, channels are
heteromultimers composed of two homologous G-protein
inward rectifier K™ channel subunits, Kir 3.1 and Kir 3.4
(Corey et al. 1998). These subunits are highly expressed
in sinoatrial (SA) node, atrium, atrioventricular node
and purkinje fibres; however, the primary effect of ACh
is exerted at the level of the SA node and atrium. As
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such, M2R activation of Igacy plays a crucial role in
regulating heart rate variability and vulnerability to atrial
arrhythmias (Wickman et al. 1998; Kovoor et al. 2001).

In this study, we characterized the effect of voltage
on M2R activation of Ixac, in atrial myocytes and on
conformational changes in M2R measured by gating
currents. The muscarinic cholinergic agonists ACh and
pilocarpine (Pilo) manifested opposite voltage-dependent
Ixach modulation and exerted distinct effects on gating
charge displacement. Mutations in the putative ligand
binding site perturbed the movement of the M2R voltage
sensor. The observation that the affinity and/or efficacy
of muscarinic agonists are differentially modulated
by voltage has important implications for the design
of therapeutic agents that target M2R. Analysis of
gating currents provides a sensitive measure of receptor
conformations induced by voltage and ligand binding that
can be exploited to study novel therapeutic pathways.

Methods
Ethical approval

All animal studies were performed in accordance with the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996) and after securing approval by the
University of Utah and University of Colima Institutional
Animal Care and Use Committees. All animal studies
conform to the principles of UK regulations, as described
in Drummond (2009). The experiments presented in this
manuscript involved the isolation of left atrial myocytes
from adult cats. The experimental protocol, including
the use of sodium pentobarbitone as the anaesthetic
agent, was approved by the Institutional Animal Care
and Use Committee of the University of Colima. Animals
were killed by excision of the heart en bloc while under
anaesthesia.

Cell isolation, heterologous expression
and molecular biology

Single feline left atrial myocytes were isolated using an
enzymatic perfusion protocol as described previously
(Navarro-Polanco & Sanchez-Chapula, 1997) and in
accordance with the Public Health Service Policy on the
Humane Care and Use of Laboratory Animals. Oocytes
were isolated, maintained and injected with cRNA as per
standard protocolsin thislab (Ferrer et al. 2006). For gating
current analysis, oocytes were injected with 10 ng M2R
cRNA. HEK-293 cells were transiently transfected with
M2R (2 ug), Kir 3.1 (0.5 ng), Kir 3.4 (0.5 ng) and green
fluorescent protein (GFP, 0.6 ug) using Lipofectamine
(Invitrogen, Carlsbad, CA, USA) according to the
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manufacturer’s instructions. Mutations were introduced
into M2R using the QuikChange site-directed mutagenesis
kit and manufacturer’s protocol (Stratagene, La Jolla, CA,
USA).

Cut-open oocyte voltage-clamp

Gating currents were measured using a CA-1B amplifier
(Dagan Corp, Minneapolis, MN, USA) at room
temperature (22-24°C) as described previously (Piper
et al. 2003, 2005; Ferrer et al. 2006). Voltage commands
were generated using pCLAMP 9.0 software (Molecular
Devices, Sunnyvale, CA, USA), a personal computer
and a Digidata 1320 interface (Molecular Devices).
Signals were digitized at 50 kHz and filtered at 10 kHz
with an eight-pole Bessel filter. Microelectrodes were
pulled from borosilicate glass capillary tubes to obtain
resistances of 0.2 MQ when filled with 3m KCl. The
extracellular solution consisted of (in mm): 120 NMG
(N-methyl-D-glucamine)-MES, 2 Ca-MES, 10 Hepes,
pH 7.6; and the intracellular solution was the same but
without Ca-MES. Electrical internal access to the oocyte
was obtained by permeabilization with 0.1-0.3% saponin
for 2 min. Linear leak and capacitance currents were
compensated by analog circuitry and subtracted on-line
using a P/8 protocol from a holding potential (V}) of
+60mV. In preliminary experiments, no differences in
gating charge displacement were observed using a V}, of
+60 or +80 mV. In general, a P/8 protocol from a V
of +60 mV was better tolerated by the oocytes. For the
W99A M2R mutant, a P/-8 leak subtraction protocol from
Vi —120 mV was performed. Qualitatively similar gating
currents were recorded in NMG- and TEA-containing
solutions, although NMG was most effective at eliminating
residual endogenous currents.

Ixach recording in isolated myocytes
and transfected cells

Macroscopic currents were recorded in the whole-cell
configuration of the patch-clamp technique by means
of an Axopatch-200B amplifier (Molecular Devices). All
electrophysiological experiments were performed at room
temperature (22-24°C) using a rapid perfusion system
(Warner Instruments, Hamden, CT, USA) for application
and removal of agonists. Data acquisition and command
potentials were controlled by pCLAMP 10.0 software
(Molecular Devices). Cells were voltage-clamped to a
negative (—100mV) and positive (+50mV) holding
potential, resulting in inward and outward currents,
respectively. Patch pipettes with a resistance of 1.5-3 MQ2
were made from borosilicate capillary glass (WP,
Sarasota, FL, USA). The bath was grounded using an
agar—KCl bridge. The external solution contained (in mm):
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120 NaCl, 20 KCl, 1.0 MgCl,, 10 Hepes-Na™, 0.5 CaCl,,
2.0 CoCl, and 11 glucose; pH 7.4. The internal solution
contained (in mM): 80 potassium aspartate, 10 KH,POy,
1.0 MgSQy, 20 KCl, 5 Hepes, 5 K,;BAPTA, 0.2 GTP-Na
and 3 ATP-Na,; pH 7.25. Recordings from atrial myocytes
were performed in the presence of 3 uM E-4031, 50 uM
chromanol 293B and 10 pM glibenclamide to block I, Ik
and Igarp, respectively. External cobalt (2 mm) and inter-
nal BAPTA (5 mM) were included to block L-type calcium
and calcium-activated currents, respectively.

Sequential concentration-response curves

After obtaining the whole-cell configuration, the cell was
clamped to —100 or +50 mV (randomly) and perfused
with increasing concentrations of agonist to activate Ixach
and a washout period between each concentration. As it is
well described, repeated application of muscarinic agonists
can result in either decreased current (desensitization)
or increased current (potentiation) depending upon
the duration of agonist exposure and the experimental
protocol (Honjo et al. 1992; Wang & Lipsius, 1995).
Using a rapid switcher device, the duration of agonist
exposure in our experiments was 8-12s for low and
intermediate agonist concentrations and 46 s for highest
agonist concentrations (1 mm Piloand 10 uM ACh), which
was sufficiently brief that neither desensitization nor
potentiation was observed with repetitive applications
of agonist (Supplemental Fig. S1). After assaying several
agonist concentrations at a given voltage, the cell was
maintained in a resting condition (I =0) for 2-3 min,
before performing the same agonist application procedure
at the other testing voltage. In all concentration-response
experiments, the Ixsc, amplitude, measured as the peak
response, was normalized to that obtained with a maximal
ACh concentration (10 um).

Single oocyte chemiluminescence assay

Hemagglutinin (HA) tag was inserted into the extracellular
portion of the M2R N-terminus. This construct generated
gating currents and activated Ixacn similar to wild-type
(WT) M2R (data not shown). Cell surface expression of
HA-tagged M2R WT and various mutants were estimated
using the single oocyte chemiluminescence technique
as described previously (Chen et al. 2000). Briefly,
oocytes were blocked with ND96 and 1% bovine serum
albumin, labelled with anti-HA antibody and horseradish
peroxidase-conjugated secondary antibody, then washed
with ND96 solution. Oocytes were immersed in 80 ul of
SuperSignal enzyme-linked immunosorbent assay sub-
strate (Thermo Scientific, Rockford, IL, USA). Relative
light units (RLU) were counted for 4 s with an MLX micro-
titre plate luminometer.
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Drugs

ACh and Pilo (Sigma-Aldrich, St Louis, MO, USA) were
dissolved directly in the external solution at the desired
concentrations and prepared fresh daily. Tertiapin Q and
chromanol 293B were obtained from Tocris Bioscience
(Ellisville, MO, USA). E-4031, glibenclamide, atropine and
all other reagents employed were from Sigma-Aldrich.

Data analysis

Concentration-response curve fitting. Concentration—
response curves, performed as the normalized Ixacy, versus
agonist concentration, were fitted according to the Hill
equation:

E = EpmaxckX™ /[ [(ECs50)™ + X™] (1)

where X represents agonist concentration, Ep. the
maximal asymptotic value, ECs, the half-maximal effect
and ny the Hill coefficient.

Affinity and efficacy estimates of pilocarpine. The
comparative method (Barlow et al. 1967) was used
to analyse the partial agonist Pilo according to the
operational model-fitting methodology described by Leff
et al. (1990). This method compares the partial agonist
(Pilo) with a reference full agonist (ACh) assayed in the
same study tissue (in our case in the same myocyte) such
that an estimate of affinity (K, ) and efficacy (z) of Pilo can
be obtained. The equation describing drug action through
the operational model (Black & Leff, 1983) is given as:

E =Ent"X"/[(Kx+ X)" + "X"] (2)

in which Ky, 7, E;, and n are the equilibrium dissociation
constant, efficacy, the maximum possible effect and the
slope factor parameter in the receptor system, respectively.
For agonist of high efficacy (such as ACh), eqn (2) reduces
to an equation of the logistic form:

E = EnX"/ [(ECs5)" + X"] (3)

E,, and n were estimated by fitting eqn (3) to the ACh (full
agonist) concentration—response curve data. The values of
E,, and n were used to calculate K, and 7 for Pilo using
eqn (2) and Pilo concentration—-response data.

Gating currents. The voltage dependence of charge
movement was determined by integrating Igon or Igorr
at each test potential and plotting the values of Q versus
test potential. The resulting data were normalized to the
maximum charge moved by fitting the data to a Boltzmann
function:

Qnormalized = Q/Qmax
= 1/[1+exp(zF/RT(V; = Vi2))l,  (4)
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where Qp.x is the maximum charge moved, V, is the
test potential, V', is the half activation voltage, z is the
effective valence, F is Faraday’s constant, R is the ideal gas
constant, and T is temperature in degrees Kelvin.

Statistics

All data are expressed as mean 4+ SEM. When appropriate,
Student’s paired or unpaired ftests were used for
evaluating statistical difference. Significance was assumed
for P < 0.05.

Results

Opposite voltage-dependent activation
of atrial Ixach by ACh and Pilo

Consistent with a previous study of heterologously
expressed M2R—Kir3.1/3.4 in oocytes (Ben-Chaim et al.
2003), we found that ACh activation of Igach in
single, isolated feline atrial myocytes was modified by
membrane voltage (Fig. 1A and B). The ECs for Ixach
activation by ACh was ~4-fold less when measured at
Vi —100 mV compared to +50 mV (ECsq 45+ 10 nm
and 176 = 39 nM, respectively). Unexpectedly, we found
the opposite effect of voltage for Ixschn activation by
the muscarinic agonist (Pilo). The ECs, for Ixach
activation by Pilo was 3-fold greater when measured at
Vi —100mV compared to +50mV (ECsy 1243 um
and 4 £ 1 um, respectively; Fig. 1A and B). Additionally,
membrane potential modified the maximal asymptote of
the response induced by Pilo from 0.68 & 0.04 at —100 mV
to 0.84 +0.03 at +50 mV, suggesting an increase in the
efficacy.

We considered several possible sources of error that
could complicate the results obtained above. First, Pilo
might activate a cardiac current other than Ixsch. However,
the experiments were performed in the presence of
blockers of L-type calcium current, I, Ix, and Ixarp, as
well as chelation of intracellular calcium (see Methods).
To further characterize the nature of current activated
by Pilo in atrial myocytes, a voltage ramp was applied
during brief applications of Pilo and ACh. Pilo (10
and 100 uM) activated an inwardly rectifying K* current
that was similar in magnitude to current activated by
ACh (30nM and 3 uM, Fig.2). Next, we repeated the
experimental protocol in Fig. 1 in a heterologous system.
In untransfected HEK-293 cells, no current was activated
by the application of ACh or Pilo (data not shown).
However, in HEK-293 cells transfected with components
of the muscarinic/Ixacp pathway (M2R, Kir3.1 and Kir3.4),
ACh and Pilo activated current with opposite voltage
dependence, similar to that obtained in atrial myocytes
(Supplemental Fig. S2).

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Changes in the ECsy induced by voltage may be a
consequence of alterations in the affinity and/or the
efficacy of the response. Depolarization was previously
shown to reduce M2R affinity for ACh wusing a
radio-labelled binding assay (Ben-Chaim et al. 2003). To
obtain an estimate of the affinity and efficacy values of
Pilo relative to voltage, the data were analysed using the
comparative method (Barlow ef al. 1967) (see Methods
and Supplemental Fig. S3). Average estimates from several
individual analyses confirmed a greater efficacy (t) for
Pilo at +50 mV (3.9 £ 0.8) than at —100 mV (2.0 &= 0.3).
Moreover, membrane depolarization increased the affinity
(K,) of Pilo (28.6 &= 5.4 and 15.2 & 4.6 uM at —100 and
+50 mV, respectively; n=10). These findings are not
compatible with the notion that depolarization favours a
low-affinity receptor state by reduced G-protein coupling,
as one would expect the affinity for all agonists to decrease
with depolarization. Instead, we propose that membrane
voltage induces a conformational change within the
ligand binding site to influence agonist affinity in a
ligand-selective fashion.

ACh and Pilo exert distinct effects on M2R gating
charge displacement

To address the disparate ligand-specific M2R voltage
dependency, we measured M2R gating charge
displacement using the cut-open voltage-clamp technique
(COVC) (Stefani & Bezanilla, 1998). Robust gating
currents were generated by test voltages of 20 ms duration
between —200 mV and +60 mV from a V}, of =70 mV
(Fig. 3). Depolarization and hyperpolarization from a
Vi, of =70 mV elicited gating currents that decayed with
single or bi-exponential kinetics, qualitatively similar to
that reported by Ben-Chaim et al. (2006). Membrane
repolarization to —70 mV elicited return gating currents
that also showed bi-exponential kinetics. The complex
kinetic behaviour of M2R gating currents implies that the
receptor undergoes multiple transitions in response to
changes in membrane potential. The integral of charge
moved during the test pulse (Qon) provides a measure of
the charge moved for a given step in voltage. M2R charge
displacement occurred over a wide range of voltages and
saturated at voltages near —200 and +60 mV (Fig. 3B).
The half-point of maximal charge movement (V,,,) was
—67 £ 3mV with a valence (z, the amount of charge
moved per receptor) of 0.55+0.02e, (n=10). The
V1,2 was more negative than that reported (—44 mV) by
Ben-Chaim et al. (2006), probably because we assayed
charge movement over a wider range of voltages. In
voltage-gated ion channels, prolonged depolarization
induces conformational changes in the voltage-sensing
domain that shift the voltage dependence of charge
movement, the so-called gating charge conversion (Olcese
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et al. 1997). By contrast, varying the V}, did not markedly
influence the voltage dependence of gating charge
displacement in M2R. The Qon—V relationship obtained
from a V}, of 460 mV was similar to V, —70mV (V;),
—69 mV; z0.6). Likewise, V1, and z were not appreciably
altered by measuring the Qon—V relationship at V;, of
—140 mV and —120 mV (data not shown). Since V}, did
not markedly influence M2R gating charge displacement,
we selected a V}, of =70 mV to perform all subsequent
experiments as the potential was well-tolerated by the
cells and allowed us to perform step hyperpolarizations
as negative as —200 mV.

A ACh Pilo ACh
0.003 00303 3 10 (uM) 1 3 10 100 10 (uM)
S -3
3 s
208 0s
V,, +50 mV
3 Vp-100mv
[ =] =T
= 8
20s 20s
B s ACh Pilo
+50 mV/
&
=2
N 054 TR
[1:]
E
G
[
0.0

1E-3 001 01 1 10 100 1000

[Agonist] (uM)

Figure 1. Opposite voltage-dependent effects of acetylcholine
(ACh) and pilocarpine (Pilo) on M2R activation of Iiach
recorded in atrial myocytes

A, the effects of increasing concentrations of ACh and Pilo on lkach
recorded from feline atrial myocytes at a holding potential (V},) of
+50 mV (top traces) and —100 mV (bottom traces). Horizontal bars
indicate the duration of ligand application. The dashed line indicates
the zero current level. B, concentration—response curves for ACh
(open symbols) and Pilo (filled symbols) activation of /xach at Vj,
+50 mV (circles) and —100 mV (squares). Data were normalized to
current elicited by a saturating concentration of ACh (10 um) and
plotted as a function of ligand concentration. The lines represent
data fits to a Hill equation. The ECsg and Hill coefficient for ACh
were 45 £+ 10 nm and 0.8 £ 0.1 (V;, =100 mV) and 176 & 39 nm
and 1.0 4+ 0.2 (V}, +50 mV). The ECsq and Hill coefficient for Pilo
were 12 +£3 umand 0.9 £0.2 (V, =100 mV) and 4 + 1 uM and
0.8 £0.1 (Vy, +50 mV). n = 8-10 cells.
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Given the opposite effects of voltage on Ixacy activation
by ACh and Pilo, we wondered whether these ligands
might selectively alter the conformation of the receptor,
as measured by gating charge displacement. Indeed, ACh
and Pilo exerted disparate effects on M2R gating currents.
ACh caused a dose-dependent decrease in M2R gating
current magnitude (Figs4 and 5). Application of 1 um
ACh decreased peak M2R gating to 0.52 = 0.06 of control
values at +60 mV, while 10 uM ACh nearly eliminated
M2R gating current (Figs 4 and 5). By contrast, Pilo slowed
the kinetics of gating current decay and overall increased
the total amount of charge displaced (1.47 & 0.09-fold
increase compared to control values at +60 mV, Fig. 4).
The rate of I, on decay in the presence of Pilo was
1.9+ 0.2 ms at +60 mV, compared to 0.60 &= 0.04 ms in
control conditions and 0.89 & 0.05 ms in ACh.

Mutations in the ligand binding site perturb
M2R gating charge displacement

Given that membrane voltage influences the potency of
specific ligands for M2R and that ligand binding, in

A Vi, -100 mV
10 uM Pilo

e Ts

0 nM ACh

200 pA

200

voltage (mV)

-120 - 40

1 10 uM Pilo

IKAChH (pA)
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turn, influences gating charge displacement, we wondered
whether mutations in the putative ligand binding site
might also affect gating currents. The agonist binding site
of rhodopsin-like GPCRs is located within the outer third
of a helical bundle formed by the seven transmembrane
(TM) helices (Fig. 6). In muscarinic receptors, the binding
pocketis formed by a highly conserved Asp residue (D103)
and W99, Y104, S107 in TM3, plus Y403 in TM6 (Lu
et al. 2002; Pedretti et al. 2006). Mutation of D103 to Ala
(D103A) resulted in receptors that exhibited robust gating
currents, but the voltage dependence of gating charge
displacement was shifted —67 mV compared to WT M2R
(Vi —134+4mV, n=5; Fig. 7A). Y104A and Y403A
mutant receptors also shifted the voltage dependence of
charge displacement in the hyperpolarizing direction to
variable degrees (Fig.7A). By contrast, W99A caused a
+82mV depolarizing shift in the V,,, of the Qon—V
relationship (Fig. 7A) and increased the steepness of the
relationship (V;, =415+ 1mV, z=10.8 £ 0.02; n=38).
Finally, mutation of the putative binding site residue
(S§107A) did not appreciably alter the voltage dependence
of gating charge displacement (Fig.7A). In summary,

B Vi, +50 mV
' 100 uM Pilo

500 -
voltage(m\f}(ﬁ
f T T T T X T .
-120 -804 -40 40
5004 2 EMAChH
100 uM Pilo
IKACh (PA) 4000 -

Figure 2. Inward rectifying nature of Ixach activated by Pilo and ACh in feline atrial myocytes

Ikach activation by Pilo and ACh at V}, of —100 (4, top panel) and +50 mV (B, top panel). Rapid vertical deflections
represent changes in membrane current induced by 50 ms voltage ramps from —120 to + 50 mV. Current-voltage
curves of ACh- and Pilo-induced currents at Vi, —100 mV (A, bottom) and +50 mV (B, bottom). [~V relationships
were determined by subtracting currents recorded in the absence of agonist from currents in the presence of
agonist in response to linear voltage ramps from —120 mV to +50 mV. Note that for all /~V curves the reversal
potential is close to Ex ~ —50 mV in external K* concentration of 20 mm.
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Figure 3. M2R gating charge displacement as measured by the cut-open oocyte voltage-clamp technique
A, representative M2R gating currents elicited by 20 ms voltage steps between —180 and +60 mV from a V}, of
—70 mV. Capacitive currents were subtracted using a P/8 subtraction protocol from a V}, of +60 mV. B, the integral
of gating currents elicited during the variable voltage pulses (Qon) and following return to V}, —70 mV (Qofr) were
plotted versus voltage and fitted to a Boltzmann function. For clarity of presentation, the extrapolated charge at
the most hyperpolarized potential was assigned the value 0, such that the range of normalized charge (y-axis) was
between 0 and 1. The V4, and z for the Qon—V relationship was —67 £ 3 mV and 0.54 + 0.02 e,, respectively
(n=10). The V1,2 and z for the Qorr—V relationship was —73 &= 3 mV and 0.53 + 0.03 ey, respectively (n = 10).
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mutation of 4 of 5 residues within the putative binding
pocket perturbed M2R charge movement by shifting the
voltage dependence of the Q—V relationship, but did not
appreciably alter the effective valence (Table 1). Thus, these
charge-perturbing residues do not function as the primary

voltage sensor, but rather allosterically influence voltage
sensor movement.

To determine if alterations in gating charge
displacement are associated with changes in the voltage
dependence of Ixach activation, we studied the effect of

A 1 uM ACh 100 uM Pilo B
+80 'll F’-
V’“
g 154 O Pile
0 rk—-w— [ O CTRL
& O ACh
2 1.0-
60— — Al ittt 5
® 05
go
120 -!’——J Sp— £
2 0.0-peew®E="" . ; .
L 200 -150 -100 -50 O 50
-180 voltage (mV)
0.1 uA v 0.1 A

10 ms 10 ms

Figure 4. Opposite effects of ACh and Pilo on M2R gating charge displacement

A, effect of ACh and Pilo on M2R gating currents at various membrane potentials. 20 ms step depolarizations or
hyperpolarizations were performed from a V|, of =70 mV, followed by return to —70 mV (P/8 leak subtraction
at +60 mV). Gating currents in the presence of indicated concentration of agonist (red, ACh; blue, Pilo) are
superimposed on control gating currents (black) at the indicated membrane potential. B, M2R Qon—V relationships
under control conditions (black) and after external application of 100 um Pilo (blue) or 1 um ACh (red). n = 4-10
cells. The V1,5 and z for the Qon—V relationship during ACh was —55 + 3mV and 0.58 + 0.03 e, respectively,
and —63 3 mV and 0.69 + 0.02 e,, respectively, during Pilo.
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Figure 5. Concentration-response for ACh-induced reduction in M2R gating current

A, effect of indicated ACh concentration on M2R gating currents elicited by 20 ms step to +60 mV from V},
—70 mV, recorded in the cut-open oocyte voltage-clamp system. For clarity, only /goy is shown. B, normalized Qon
versus ACh concentration. Line represents data fit to Hill equation (concentration that caused 50% reduction in

Qon = 1.3 uMm, Hill coefficient 0.8).

the charge-perturbing mutation W99A on M2R activation
of Ixach. In HEK-293 cells heterologously expressing M2R
and Kir3.1/3.4 channels, depolarization caused a 4-fold
increase in the EC5;, of WT M2R activation of Ixach
(Supplemental Fig. S2 and Fig. 7B), similar to our findings
in native atrial tissue. By contrast, the effect of ACh
on W99A M2R activation of Ixach did not vary with
depolarization (ECsy 3.0 0.4 uM and 3.2 £ 0.5 uMm for
Vi —100 mV and 430 mV, respectively) (Fig. 7B). Unlike
WO99A, S107A M2R (a binding pocket mutant that did not
alter the Q—V relationship for gating charge displacement)
demonstrated a 4-fold decrease in the potency for ACh
with depolarization (Fig.7C). These findings suggest
that perturbations in gating charge displacement are

Figure 6. M2R structure and topology

accompanied by changes in the voltage dependence of
Ixach activation.

Effect of charge neutralization on M2R gating
currents and cell surface expression

Unlike the S4 domain of voltage-gated ion channels, there
is a paucity of charged amino acids within the M2R TM
helices. D69 and D103 constitute the only charged amino
acids predicted to lie within the membrane electrical
field and both residues are highly conserved across the
rhodopsin-like GPCR family. We already excluded D103
as a voltage-sensing residue as neutralization of this amino

Left, homology model of M2R based on the rhodopsin crystal structure (Pedretti et al. 2006) showing the helical
bundle formed by the 7 transmembrane helices. Border of cell membrane is delineated by the yellow lines.
Orthosteric binding site is depicted by transparent circle. Right, topology of M2R showing positions of key amino
acid residues that were mutated in this study.
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Table 1. Voltage-dependent parameters for Q-V relationships
of WT and mutant M2R

V12 (mV) SEM z SEM n
WT —67.0 3.0 0.55 0.02 10
D103A —133.9 4.1 0.50 0.01 5
W99A +15 1 0.8 0.02 8
Y104A —119.8 1.4 0.54 0.02 4
S107A —66.1 8.2 0.49 0.02 4
Y403 —99.2 2.9 0.57 0.02 5
D120N-R121N —100.0 4.1 0.52 0.04 3

acid generated gating currents with a similar effective
valence as WT (Fig. 7A). Injection of D69A RNA failed
to elicit measurable gating currents, even with extreme
voltage steps to +200 or —200 mV (data not shown).
To determine whether the absence of detectable gating
current was a consequence of reduced protein expression,
we estimated surface expression of HA epitope-tagged WT
and mutant M2R using single oocyte chemiluminescence.
The HA epitope was inserted into the M2R extracellular
N-terminus (M2R-HA) as described in Methods. The
insertion of the HA epitope at this location did not alter
M2R gating current properties or Ixach activation (data
not shown). The chemiluminescence signal (in RLU)
of oocytes expressing WT M2R-HA was approximately
150-fold greater than the signal from H,O-injected
oocytes (Fig.8A). By contrast, the chemiluminescence

Voltage sensing in the M2 muscarinic receptor
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signal of D69A M2R-HA was only 7-fold greater than
that of H,O-injected oocytes (Fig.8A). The magnitude
of D69A M2R-HA chemiluminescence represented only
5% of the signal generated by WT M2R-HA (14 42 x 10°
versus310 = 58 x 10° RLU for D69A and WT, respectively;
n=16 each). Thus, the inability to measure D69A M2R
gating current is probably a consequence of markedly
reduced protein surface expression.

Neutralization of two charged residues located outside
the membrane electrical field (D120N-R121N) was
reported to abolish M2R gating currents, suggesting
that these residues may contribute to the voltage
sensor (Ben-Chaim et al. 2006). However, in our
hands D120N-R121N M2R generated measurable gating
currents (Fig. 8 B). While the voltage dependence of gating
charge displacement was shifted —33 mV compared to WT
M2R (V,, =100 £ 4 mV, n = 3), the effective valence was
similar to WT (z 0.52 = 0.04, n = 3). Thus, these residues
do not function as the principal M2R voltage sensor.

Discussion

GPCRs are classically activated by external stimuli, such
as photons, hormones, neurotransmitters and odorants.
The recent observation that membrane voltage modulates
GPCR activity (Itoh et al. 1992; Ben-Chaim et al. 2003;
Martinez-Pinna et al. 2005; Ohana et al. 2006) was
surprising and implied an intrinsic capacity to sense
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Figure 7. Mutations in residues forming the putative ligand binding pocket alter the voltage
dependence of M2R gating charge displacement

A, Qon-V relationships for M2R mutants heterologously expressed in oocytes. Red line denotes WT M2R Qon—V
relationship. B, concentration—response for lxach activation in HEK-293 cells heterologously expressing WT or
mutant M2R and Kir3.1/3.4 channels. Concentration-response curves for WT M2R-mediated /gacp activation
at V;, =100 mV (open squares) and +50 mV (open circles). The ECso and Hill coefficient were 14 £ 3 nm and
0.8+ 0.1 (V, =100 mV) and 62 + 6 nm and 0.9 + 0.1 (V, +50 mV). Concentration—response curves for \W99A
M2R-mediated /kacp activation at V, —100 mV (hatched squares) and +30 mV (hatched circles). The ECso and
Hill coefficient were 3.0 + 0.4 um and 0.8 + 0.1 (V, =100 mV) and 3.2 &+ 0.5 um and 0.9 + 0.1 (V}, +30 mV).
Data points represent mean £ SEM of 4-8 cells. C, the potency of S107 M2R for ACh varies with membrane
voltage. Concentration—response curves for S107A M2R-mediated /xacp, activation in HEK-293 cells heterologously
expressing S107A mutant M2R and Kir3.1/3.4 channels at V;, —100 mV (squares) and +50 mV (circles). The
ECsp and Hill coefficient were 5.4 &+ 1.0 um and 0.7 £+ 0.2 (V, —100 mV) and 20.6 + 4.6 um and 0.7 + 0.2 (V,
+50 mV). Data points represent mean =+ SEM of 4-7 cells.
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membrane potential. Indeed, the inherent ability to sense
membrane potential was confirmed by the recording of
M2R gating currents (Ben-Chaim et al. 2006), which
reflect rearrangement of dipoles within the receptor in
response to changes in voltage. In this study, we used gating
current measurements to probe conformational changes
in the receptor induced by voltage and ligand binding.
Ben-Chaim and colleagues (2003) demonstrated that
voltage directly influenced the affinity of M2R for ACh,
with depolarization decreasing ACh affinity. Interestingly,
MIR and M2R manifest opposite voltage-dependent
changes in ACh affinity (Ben-Chaim et al. 2003).
Analysis of M1IR-M2R chimeric receptors revealed that
the intracellular loop between helices V and VI was

R. A. Navarro-Polanco and others
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critical for imparting receptor-specific voltage-dependent
ACh affinity (Ben-Chaim et al. 2006). While this
finding explains the muscarinic receptor-specific voltage
sensitivity, we discovered that a single muscarinic receptor
displayed opposite voltage sensitivity in a ligand-specific
manner. That is, depolarization decreased the potency of
M2R for ACh while increasing that of Pilo (by increasing
the affinity and efficacy of the latter), as measured by Ixacp
in atrial myocytes.

How does voltage induce opposite changes in
agonist-receptor interaction (affinity and/or efficacy)?
The agonist binding pocket is probably formed by the
principal binding residue D103 in TM3, together with a
series of aromatic residues in neighbouring helices that
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Figure 8. Membrane surface expression of WT and mutant M2R as measured by oocyte

chemiluminescence

A, relative chemiluminescence of HA-tagged M2R (relative light units) expressed in oocytes. H,O represents signal
from water-injected oocytes. The signal of oocytes expressing WT M2R-HA was approximately 150-fold greater
than that of water-injected oocytes. The magnitude of D69A M2R-HA chemiluminescence represented only 5%
of the signal generated by WT M2R-HA, indicating a marked reduction in mutant receptor cell surface expression.
Data represent mean 4 SEM, n = 10-16 oocytes. B, representative family of D120N-R121N M2R gating currents
elicited by 20 ms voltage steps between —180 and +60 mV from a V/}, of —70 mV using a P/-8 leak subtraction
protocol at +60 mV. C, Qon-V relationship for D120N-R121N M2R:V1,, —100 & 4 mV, z 0.52 & 0.04, n = 3. For
comparison, the Boltzmann fit of the Qon—V relationship for WT M2R is shown as a grey line.
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form a cage surrounding the ligand (Hibert ef al. 1991;
Lu et al. 2001; Goodwin et al. 2007). According to classic
receptor theory, receptors exist in low- and high-affinity
states and the equilibrium between these states is
modulated by association with trimeric G-proteins. Thus,
voltage-induced conformational changes in the receptor
might alter the association with G-proteins, thereby
favouring the high-affinity state (Ben-Chaim et al. 2006;
Parnas & Parnas, 2007). If true, one would expect that
the affinity for ACh and Pilo would vary in the same
direction (e.g. hyperpolarization increasing the affinity
for both agonists). Based on our findings that voltage
exerts opposite effects on M2R affinity for Pilo compared
to that found for ACh, we propose that voltage-induced
conformational changes are transmitted directly to the
agonist binding pocket, independent of coupling to down-
stream proteins. In this scenario, rearrangements in
the voltage sensor induce subtle reorientations of the
binding site side chains, thereby favouring binding of
one agonist over the other. Alternatively, voltage sensor
rearrangements might influence the accessibility of the
agonist to the binding site. Either hypothesis is consistent
with a recent study demonstrating that agonist-specific
voltage sensitivity in the D2 dopamine receptor was related
to agonist—receptor interactions and not to downstream
effectors (Sahlholm et al. 2008).

Gating current measurement in voltage-gated ion
channels has provided important insight into protein
conformational changes that precede channel opening
(Bezanilla & Stefani, 1998; Bezanilla, 2008). Likewise,
analysis of M2R gating currents offers insight into
receptor conformational changes induced by voltage and
ligand binding. Different ligands produced markedly
distinct changes in the magnitude and kinetics of M2R
gating charge displacement. Binding of ACh appears
to immobilize or ‘lock’ the voltage sensor, while Pilo
binding augments translocation of gating charge. It is
possible that ACh directly screens a voltage-sensing charge,
while Pilo does not. Alternatively, protein rearrangements
induced by ACh binding could move voltage-sensing
residues outside of the membrane electrical field, restrict
the movement of the voltage sensor or alter the local
electrical field. Protein rearrangements associated with
Pilo binding might recruit voltage-sensing residues
into the electrical field or augment their movement
across the electrical field. In any case, our data reveal
that binding of distinct ligands uniquely alters the
conformation of the muscarinic receptor and that
gating current measurements offer a window into these
conformational changes. The notion that agonists induce
distinct receptor conformational changes is supported
by fluorescent lifetime experiments in the 82-adrenergic
receptor (Ghanouni et al. 2001). There is an increasing
consensus that ligands induce unique, ligand-specific
receptor conformations that can differentially activate

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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signalling pathways associated with a particular receptor
(Kenakin, 2002). Various terminologies have been used
to describe this phenomenon: functional selectivity,
agonist-directed trafficking and biased agonism. Our data
indicate that membrane voltage, per se, is able to evoke
distinct receptor conformations to influence not only how
tightly an agonist binds to its receptor (affinity), but also
the subsequent molecular rearrangements that occur after
binding (efficacy). These findings add a new dimension
to the phenomenon of functional selectivity, suggesting
that the membrane voltage might dynamically modulate
a signalling pathway.

This study does not define the fundamental nature of
the voltage sensor in GPCRs. GPCRs are unique among
voltage-sensing proteins in that robust gating currents
are measurable and yet there is a paucity of charged
amino acids located within the transmembrane domains.
Neutralization of the highly conserved binding site residue
D103 did not reduce the effective valence of charge
movement. Neutralization of another charged and highly
conserved residue (D69A) markedly reduced cell surface
protein expression. The absence of measurable gating
currents is probably a consequence of decreased protein
expression; however, we cannot exclude the possibility
that D69 senses voltage. While mutation of two charged
residues located outside the membrane electrical field
(D120N-R121N) was reported to abolish gating currents
(Ben-Chaim et al. 2006), it now appears that these residues
do not function as the primary voltage sensor. Mutation
of several residues that form the ligand binding pocket
influenced movement of the voltage sensor, causing hyper-
or depolarizing shifts in the voltage dependence of charge
movement, but did not affect the effective valence. Thus,
the precise nature of the M2R voltage sensor remains
elusive.

In the heart, voltage-dependent M2R modulation
has important implications for understanding the role
of parasympathetic regulation of basal heart rate. For
decades, the contribution of Ixacn to the modest
chronotropic effects of ‘physiological’ or low-dose ACh
has been debated (Shibata et al. 1985; DiFrancesco et al.
1989; Boyett et al. 1995). While low concentrations of
ACh exert a negative chronotropic effect, membrane
hyperpolarization (as would be expected from Ixacp
activation) was not observed (Bywater et al. 1989;
Campbell et al. 1989). However, subsequent experiments
by Boyett and colleagues demonstrated an important
role for Ixacn in mediating the chronotropic response of
low-dose ACh (Boyett et al. 1995). Our experiments and
those of Ben-Chaim et al. (2003) imply that low ACh
concentrations will exert a greater effect during diastolic
(hyperpolarized) membrane potentials, compared to the
plateau (depolarized) potentials. These findings predict
that weak vagal stimulation preferentially slows the
pacemaker rate with minimal effect on action potential
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duration. Thus, voltage-dependent M2R modulation
provides a mechanistic basis to explain the participation of
Ixacn in the modest chronotropic effects induced by resting
vagal tone. Moreover, the observation that the affinity
and efficacy of muscarinic agonists are differentially
modulated by voltage has important implications for the
design of therapeutic agents that target GPCRs in excitable
tissues, such as the nervous system and heart.
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