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a  b  s  t  r  a  c  t

We  mutated  key  amino  acids  of  the  human  variant  of the  M1 muscarinic  receptor  that  target  ligand  bind-
ing,  receptor  activation,  and  receptor-G  protein  interaction.  We  compared  the  effects  of  these  mutations
on  the  action  of  two  atypical  M1 functionally  preferring  agonists  (N-desmethylclozapine  and  xanomeline)
and  two  classical  non-selective  orthosteric  agonists  (carbachol  and  oxotremorine).  Mutations  of  D105
in the  orthosteric  binding  site and  mutation  of  D99  located  out of  the  orthosteric  binding  site  decreased
affinity  of  all  tested  agonists  that  was translated  as a decrease  in potency  in accumulation  of inositol
phosphates  and intracellular  calcium  mobilization.  Mutation  of  D105  decreased  the  potency  of  the  atyp-
ical agonist  xanomeline  more  than  that of  the  classical  agonists  carbachol  and  oxotremorine.  Mutation
of  the  residues  involved  in  receptor  activation  (D71)  and  coupling  to G-proteins  (R123)  completely  abol-
ished  the  functional  responses  to  both  classical  and atypical  agonists.  Our  data  show  that  both  classical
hemical compounds studied in this article:
arbachol (PubChem CID: 5831)
-desmethylclozapine (PubChem CID:
820)
xotremorine (PubChem CID: 4630)
anomeline (PubChem CID: 60809)

and  atypical  agonists  activate  hM1 receptors  by the same  molecular  switch  that  involves  D71  in the  sec-
ond  transmembrane  helix.  The  principal  difference  among  the studied  agonists  is  rather  in  the  way  they
interact  with  D105  in the  orthosteric  binding  site.  Furthermore,  our data  demonstrate  a  key role  of  D105
in  xanomeline  wash-resistant  binding  and  persistent  activation  of  hM1 by  wash-resistant  xanomeline.

© 2015  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction

Muscarinic acetylcholine receptors are abundantly expressed
n the central and peripheral nervous system and innervated tis-
ues. They serve a wide array of physiological roles ranging from
egetative functions up to cognition [1]. Damage of cerebral cholin-
rgic transmission either due to injury, neurodegeneration, toxins
r aging manifests itself as neurological or psychiatric diseases
ncluding Alzheimer’s disease [2,3] and schizophrenia [4]. Thus

uscarinic receptors represent an obvious target for pharmacolog-
cal interventions. Muscarinic ligands that are selective for certain

ubtypes of muscarinic receptors are needed for this purpose. How-
ver, all five muscarinic receptor subtypes share high sequence
omology, especially in the orthosteric binding site. Current

Abbreviations: CHO, Chinese hamster ovary; KHB, Krebs-HEPES buffer; NDMC,
-desmethylclozapine; NMS, N-methylscopolamine; TCA, trichloracetic acid.
∗ Corresponding author at: Institute of Physiology CAS, v.v.i., Vídeňská 1083, 142
0  Prague, Czech Republic. Tel.: +420 2 4106 2620; fax: +420 2 4106 2488.

E-mail address: jakubik@biomed.cas.cz (J. Jakubík).

ttp://dx.doi.org/10.1016/j.phrs.2015.04.002
043-6618/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article 

/).
crystallographic structures of M2 and M3 receptors [5,6] show that
homology in the secondary and tertiary structure extends even
beyond the orthosteric binding site. This high homology hindered
the discovery of ligands that bind selectively to specific receptor
subtypes. However, it has recently been discovered that certain
agonists that do not differentiate in their binding affinity to various
muscarinic receptors display functional selectivity.

Xanomeline was among the first agonists of this class
[7] followed by AC-42 (4-[3-(4-butylpiperidin-1-yl)-propyl]-7-
fluoro-4H-benzo[1,4]oxazin-3-one) [8]. Subsequently, new M1
selective agonists based on TBPB ([1-(1–2-methylbenzyl)-1,4-
bipiperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one]) [9] as well as
ones structurally related to AC-42 [10] and xanomeline [11,12]
were identified. Interestingly, all these M1 selective compounds
display deviations from competitive binding and can be considered
atypical agonists.

A particular feature of xanomeline binding to muscarinic recep-

tors is its resistance to extensive washing [7]. Wash-resistant
xanomeline affects binding of orthosteric ligands both compet-
itively and allosterically [13]. Xanomeline may  thus be labeled
as a dual-steric or bitopic agonist. Its functional but not binding
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electivity makes it an attractive ligand for research of the
echanisms of receptor activation. During the past decade, the
echanisms of xanomeline binding have been partly identified

13] but the conundrum of xanomeline functional selectivity has
et to be satisfactorily untangled, especially in regard to its long-
erm antagonism of M5 receptors [14] and prolonged activation of
he remaining four muscarinic receptor subtypes that is preferen-
ial to M1 and M4 receptors [15]. Differential kinetics of receptor
ctivation [16,17], the ability of xanomeline to induce specific con-
ormations of muscarinic receptors [18,19] and multiple activation
witches in muscarinic receptors specific for allosteric ligands [20]
ay  explain its functional selectivity. Another interesting atyp-

cal M1 preferential muscarinic agonist is N-desmethylclozapine
NDMC), a pharmacologically active metabolite of clozapine, a
rug used in treatment of schizophrenia. Allosteric properties and
nique activation mode by NDMC have been described [21,22].

Besides its pure scientific interest, understanding the molecular
echanisms of functional agonist selectivity is key to knowledge-

ased development of functionally selective muscarinic agonists
ith potential therapeutic use. To address this question we
utated key amino acids of the human variant of the M1 muscarinic

eceptor that participate in ligand binding, receptor activation, and
eceptor-G protein interaction and compared how these mutations
ffect signal transduction by two atypical M1-preferring agonists
NDMC and xanomeline) and two classical non-selective orthos-
eric agonists (carbachol and oxotremorine).

. Materials and methods

.1. Receptor mutagenesis and generation of cell lines

New stable CHO cells lines expressing wild-type and mutant
1 receptors have been prepared. The mammalian expression vec-

or pcDNA3.1 (Invitrogen) containing the coding sequence of the
uman variant of M1 mAChR subtype was obtained from Missouri
&T cDNA Resource Center (Rolla, MO,  USA). This plasmid was  used
o generate hM1 mAChR sequences with the desired amino acid
ubstitution using Quick Change II Site-directed Mutagenesis Kit
Stratagene). Chinese hamster ovary (CHO-K1) cells were trans-
ected with either original hM1-pcDNA or mutated plasmid using
ipofectamine 2000 (Invitrogen). Subconfluent cells were washed
ith phosphate-buffered saline and Opti-MEM (Life Technologies)

ontaining Lipofectamine at final concentration of 5 �L/mL and
lasmid DNA at final concentration of 1 �g/mL was applied to the
ells for 6 h. After 48 h cells were diluted 10 times by subcultur-
ng and geneticin (Life Technologies) was added to the cultivation

edium to a final concentration of 1000 ng/mL. Expression of
ew constructs was checked by reverse transcription quantitative
CR. Mediator RNA was isolated from CHO cell lines using TriPure
solation Reagent (Roche). Reverse transcription was done using M-

LV  Reverse Transcriptase (Promega), Oligo (dT) anchored primers
nd quantified using LightCycler® 480 SYBR Green I Master in
ightCycler® 480 Instrument II system (Roche) and analyzed by
ightCycler® 480 Software 1.5.0. Cell lines expressing wild-type
wt) or mutated M1 receptors with comparable receptor expres-
ion level were used for functional experiments. The numbering of
esidues of the hM1 receptor is used in this manuscript.

.2. Cell culture and membrane preparation

Chinese hamster ovary cells stably transfected with wild-type

wt) human M1 or mutated receptors were grown to confluence
n 75 cm2 flasks in Dulbecco’s modified Eagle’s medium supple-

ented with 10% fetal bovine serum. Two million cells were
ubcultured to 100-mm Petri dishes. Medium was supplemented
al Research 97 (2015) 27–39

with 5 mM sodium butyrate for the last 24 h of cultivation to
increase receptor expression. Cells were washed with phosphate-
buffered saline and manually harvested on day 5 after subculture.
Cells were centrifuged for 3 min  at 250 × g. Pellet was suspended in
10 mL  of ice cold homogenization medium (100 mM NaCl, 20 mM
Na-HEPES, 10 mM EDTA, pH 7.4) and homogenized on ice by
two 30 s strokes using Polytron homogenizer (Ultra-Turrax; Janke
& Kunkel GmbH & Co. KG, IKA-Labortechnik, Staufen, Germany)
with a 30-s pause between strokes. Cell homogenates were cen-
trifuged for 5 min  at 1000 × g. The supernatant was  collected and
centrifuged for 30 min  at 30,000 × g. Pellets were suspended in
incubation medium (100 mM NaCl, 10 mM MgCl2, 20 mM Na-
HEPES, pH 7.4), left for 30 min  at 4 ◦C, and then centrifuged again
for 30 min  at 30,000 × g. Resulting membrane pellets were kept at
−80 ◦C until assayed.

2.3. Radioligand binding experiments

Membranes (10–30 �g of membrane proteins per sample) were
incubated in 96-well plates for 3 h at 30 ◦C in 400 �L of incuba-
tion medium. In saturation experiments of binding of [3H]NMS six
concentrations of the radioligand (ranging from 63 to 2000 pM)
were used. Alternatively, saturation binding was measured using
[3H]QNB in concentrations ranging from 12.5 to 400 pM at the M1
wt and ranging from 1.25 to 40 nM at the D105N mutant. Agonist
binding was  determined in competition experiments with 1 nM
[3H]NMS. Nonspecific binding was determined in the presence of
10 �M atropine. In case of [3H]QNB saturation binding at D105N
mutant the concentration of atropine was increased to 40 �M.  Incu-
bation was terminated by filtration through Whatman GF/B glass
fiber filters (Whatman) using a Brandel harvestor (Brandel, USA).
Filters were dried in a microwave oven (3 min, 800 W)  then solid
scintillator meltilex A was melted on filters (105 ◦C, 60 s) using a
hot plate. The filters were cooled and counted in a Wallac Microbeta
scintillation counter (Wallac, Finland).

To determine xanomeline wash-resistant binding prior to incu-
bation with [3H]NMS membranes were either sham treated or
treated with xanomeline as follows. Membranes were resuspended
in incubation buffer (1 mg  of proteins per mL)  supplemented with
xanomeline in final concentrations ranging from 100 nM to 1 mM
and incubated for 20 min  at 37 ◦C. Then membranes were washed
3-times in 10-fold volume of incubation buffer by recentrifugation
(30 min at 30,000 × g). Membranes were then resuspended in 10-
fold volume of incubation buffer and incubated for 1 h and again
washed 3-times by recentrifugation.

2.4. Accumulation of inositol phosphates (IPX)

Accumulation of inositol phosphates (IPX) was  assayed in
attached cells grown in 24-well plates. Cells were prelabeled over
night by 100 nM [3H]myo-inositol (ARC, USA) in 0.3 mL  of DMEM
at 37 ◦C. Cells were then washed with fresh medium and preincu-
bated in 0.4 mL  of DMEM containing 10 mM LiCl for 15 min at 37 ◦C.
The indicated concentrations of agonists were added and samples
were incubated for additional 20 min  in a final incubation volume
of 0.5 mL. The reaction was stopped by adding 0.2 mL  of cold 20%
trichloroacetic acid (TCA). TCA precipitates were dissolved in 0.2 mL
of 1 M NaOH. Aliquots of TCA supernatants and lysates of sediments
were used for determination of IPX formation and incorporation of
radioactivity, respectively, by liquid scintillation counting.

Alternatively, accumulation of IPX was  determined after sepa-
ration on ion-exchange columns (Dowex 1X8-200, Sigma, USA). In

such case cells were harvested by mild trypsinization and resus-
penden in Krebs-HEPES buffer (KHB; final concentrations in mM:
NaCl 138; KCl 4; CaCl2 1.3; MgCl2 1; NaH2PO4 1.2; Hepes 20;
glucose 10; pH adjusted to 7.4). First, cells were treated with
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anomeline or sham treated: Cells were incubated for 20 min  at
7 ◦C with xanomeline, washed 3 times with KHB, incubated in
xcess of KHB for 1 h at 37 ◦C and then washed 3 times with KHB.
fter treatment, cells were resuspended in KHB supplemented
ith 500 nM [3H]myo-inositol (ARC, USA) and incubated at 37 ◦C

or 1 h. Then cells were washed once with excess of KHB, resus-
ended in KHB containing 10 mM LiCl and incubated for 1 h at 37 ◦C.

ncubation was ended by addition of 0.5 mL  of stop solution (chlo-
oform:methanol:HCl; 2:1:0.1) and placed on ice for 20 min. An
liquot (0.65 mL)  of upper (aqueous) phase was  taken and loaded
nto ion-exchange columns. Columns were washed with 10 mL  of
eionized water and 20 mL  of 60 mM ammonium formate – 5 mM
odium borate solution. IPX were collectively eluted from columns
y 4 mL  of 1 M ammonium formate – 0.1 M formic acid buffer.

.5. Microfluorometry of intracellular calcium

Cells were washed twice with KHB and then pre-labeled with
 �M Fura 2-AM in KHB enriched with 1 mM Pluronic® F-68 for
ne hour at 37 ◦C. After pre-labeling cells were washed twice with
HB, mounted to a superfusion chamber, placed on a stage of
lympus IX-90 inverted fluorescent microscope, and continuously

uperfused at a flow rate 0.5 mL/min. Images were recorded using
CD camera connected to a computer equipped with MetaFluor
.0 software (Visitron Systems GmBH, Germany) for image acqui-
ition and analysis. During the measurements images of the whole
isual field containing about 40 cells were saved and analyzed off-
ine after the measurements. Two pairs of images per second were
ecorded. Only cells responding to the first (control) carbachol or
xotremorine stimulation were selected (by exclusion of weakly
nd/or slow responding cells or cells with abnormal response; the
utliers in peak value, time to peak or fall time were identified by
nterquartile range (IQR) where data below Q1 − 1.5*IQR and above
3 + 1.5*IQR were considered outliers) for further analysis. Calcium

ignals of selected cells were averaged, normalized to basal calcium
evel and further analyzed by means of array oriented program
race [23].

Two general schemes of calcium measurements were employed.
n the first scheme dependency of calcium response on the concen-
ration of agonist was measured. Cells expressing wild-type (wt)
nd mutant M1 receptors and naive CHO-K1 cells were exposed
or 10 s to increasing concentrations of tested agonists (carbachol,
xotremorine, NDMC or xanomeline) separated by 3–6 min  perfu-
ion with agonist free KHB medium. In the second scheme, effects
f prolonged exposure to xanomeline were tested. Initially, control
timulation with 10 �M oxotremorine lasting 10 s was  performed.
fter 6 min  of perfusing with KHB cells were stimulated with 10 �M
anomeline for 40 s. Calcium levels in the absence of xanomeline
ere measured for the subsequent 6 min.

.6. Data analysis

Data from experiments were processed in Libre Office and then
nalyzed and plotted using program Grace [23]. Statistical analy-
is was performed using statistical package R [24]. For non-linear
egression analysis, the following equations were used:

[3H]NMS saturation binding

 = BMAX ∗ x

x + KD
(1)

here y is specific binding at free concentration x, BMAX is maxi-
um binding capacity, and K is equilibrium dissociation constant.
D
Competition binding

 = 100 − (100 − flow) ∗ x

x + IC50 high
− flow ∗ x

x + IC50 low
(2)
al Research 97 (2015) 27–39 29

where y is specific radioligand binding at concentration x of
competitor expressed as per cent of binding in the absence of com-
petitor, IC50 is concentration causing 50% inhibition of radioligand
binding, flow is fraction of low affinity binding sites expressed in per
cents. Inhibition constant KI was calculated as:

KI = IC50

1 + [D] /KD
(3)

where [D] is concentration of radioligand used and KD is its equi-
librium dissociation constant.

Concentration response curve

y = 1 + (EMAX − 1) ∗ xnH

xnH + EC50
(4)

where y is response normalized to basal at concentration x, EMAX is
maximal effect, EC50 is concentration causing half-maximal effect,
and nH is Hill coefficient.

To compare efficacies at receptors with different expression
level, the apparent affinity constant KG of the G protein for the
agonist-receptor complex was calculated according to Lu and
Hulme [25] using the following equation:

KG = EMAX FR

(1 − EMAX FR)/BMAX
(5)

where EMAX FR is maximal response calculated according to Eq.
(4) and expressed as a fraction of EMAX of carbachol (EMAX

agonist − 1)/(EMAX carbachol − 1) at M1 wt CHO cells with high expres-
sion and BMAX is maximum binding capacity of cell membranes
calculated according to Eq. (1).

2.7. Molecular modeling

2.7.1. Construction of homology models
Homology models of the human M1 receptor in active and

inactive states were constructed using YASARA software [26] as
described earlier [27]. For construction of the hM1 receptor in inac-
tive state structures, 3UON (M2 receptor with bound antagonist
quinuclidinyl bezilate (QNB)) and 4DAJ (M3 receptor with bound
antagonist tiotropium) were used as multiple templates. The result-
ing homology model of inactive hM1 receptor contains QNB bound
to the orthosteric binding site. For construction of hM1 receptor
in an active state, the structure 4MQS (M2 receptor in active state
stabilized by nanobody and bound agonist iperoxo) was used as a
single template. The resulting homology model of an active hM1
receptor contains iperoxo bound to the orthosteric binding site.

2.7.2. Agonist docking
Docking of agonists was done using Schrodinger Software Suit

(Schrödinger LLC, New York, NY). Homology model of the hM1
receptor in an active state was prepared for docking in Maestro
using Protein Preparation Wizard according to Sastry et al. [28]
guidelines. Structures of agonists were downloaded from PubChem
database (pubchem.ncbi.nlm.nih.gov) and prepared for docking in
Maestro using LigPrep. Individual agonists were docked to the
receptor using Induced Fit Docking procedure. Iperoxo was  set to
define the binding site. Size of binding site was  increased to con-
tain vestibule at the extracellular edge of transmembrane domain
to allow additional binding sites/modes to be identified. Initial Glide
docking step was  set to “Standard Precision” without explicit con-
strains. In Prime refinement step amino acid residues within 5 Å
form ligand were refined in single pass. Residues N382 and D105

were excluded from refinement. Glide re-docking step was set to
“Extra Precision”. For every ligand top 20 poses according to Glid-
eXP score were saved. Top poses were then reevaluated using Prime
MM-GB/SA.
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.7.3. Simulation of molecular dynamics
Prime MM-GB/SA top poses were taken for simulation of

olecular dynamics. Molecular dynamics was simulated using
esmond/GPU ver. 3.4. The simulated system consisted of

eceptor–ligand complex in 1-palmitoyl-2-oleoyl-sn-glycero-3-
hosphocholine (POPC) membrane set to receptor helices in water
nd 0.15 NaCl. The system was first relaxed by standard Desmond
rotocol for membrane proteins and then 1.2 ns NPT (Noose–Hover
hain thermostat at 300 K, Martyna–Tobias–Klein barostat at
.01325 bar, isotropic coupling, Coulombic cutoff at 0.9 nm)  fol-

owed by 120 ns NVE molecular dynamics without restrains was
imulated. In Maestro the quality of molecular dynamics simula-
ion was assessed by Simulation Quality Analysis tools, analyzed
y Simulation Event Analysis tool and ligand–receptor interactions
ere identified using Simulation Interaction Diagram tool.

. Results

.1. Effects of mutations on muscarinic ligand binding

Amino acids in the orthosteric binding site (D105), vestibule
o binding pocket (D99), activation switch (D71) and receptor-G
rotein interface (D122 and R123) were mutated (Fig. 1). Binding
f the radiolabeled antagonist N-methylscopolamine ([3H]NMS) to
embranes from CHO cells expressing wild-type and mutant hM1

eceptor was measured directly in saturation binding experiments.
ffinities of [3H]NMS at individual receptors are summarized in
able 1. Mutations D71N, D99N and D105E slightly decreased the
ffinity for [3H]NMS whereas mutations D122N and R123N had no

ffect on [3H]NMS binding affinity. Expression level in membranes
aried from 3.3 ± 0.4 to 15.8 ± 0.8 fmol of binding sites per �g of
rotein at R123N and D105E, respectively (Table 2). No specific
inding of [3H]NMS was detected at the D105N mutant of hM1

ig. 1. Amino acids targeted by mutagenesis. Homology models of the hM1 receptor in a
onformation with bound iperoxo (right). Orientation: extracellular – top, TM VI and V
radient. Atoms: cyan – receptor carbon, blue – nitrogen, red – oxygen; yellow – hydrog
omains: blue – orthosteric binding site, green – transmission switch, yellow – tyrosine-t
nd  N382 in the orthosteric binding site. At inactive conformation D71 forms hydrogen b
orms  hydrogen bond with S112 in TM III. D122 and R123 are free in inactive conformatio
al Research 97 (2015) 27–39

receptor at radioligand concentrations as high as 10-fold of its KD.
In sharp contrast, the radiolabeled antagonist quinuclidinyl benzi-
late ([3H]QNB) exhibited maximal binding of 5.8 ± 0.2 fmol binding
sites per �g of protein in membranes of cells expressing the D105N
mutant, with pKD of 7.68 ± 0.03, while wild-type hM1 exhibited 7.9
± 0.3 fmol of [3H]QNB binding sites per �g of protein, with pKD
of 9.82 ± 0.02 (means ± SEM, n = 3). According to quantitative RT-
PCR, mRNA level of CHO cell line stably transfected with the D105N
mutant was the same as mRNA levels of newly generated CHO cell
lines expressing mutants (D71N, D99N, D122N and R123N) and
wild-type human variant of M1 receptor.

Affinities of agonists were measured indirectly in com-
petition binding experiments with 1 nM [3H]NMS. Carbachol,
oxotremorine, and xanomeline displayed two-site competition
binding while NDMC displayed only low affinity binding at the
wild-type hM1 receptor (Fig. 2, Table 1). The proportion of low-
affinity binding of oxotremorine and xanomeline was higher than
that of carbachol.

In general, mutations D71N, D99N, D105E, D122N and R123N
increased the proportion of low-affinity sites with the exception of
xanomeline binding at D71N, D99N and D105E, and oxotremorine
at D99N and D122N. Mutant D122N bound xanomeline only with
low affinity. All agonists bound to the R123N mutant with low
affinity.

Mutation D71N increased the affinity of low-affinity binding of
carbachol, lowered affinity of low-affinity binding of oxotremorine
and had no effect on low-affinity binding of xanomeline and
NMDC. In contrast, this mutation increased the affinity of high-
affinity binding of oxotremorine and xanomeline. Mutation D99N

decreased the affinity of both high- and low-affinity sites for
all tested agonists. Mutation D105E increased the affinity of the
high-affinity sites for xanomeline while high-affinity binding of
carbachol and oxotremorine was  not detected at this mutant.

n inactive conformation with bound quinuclidinyl benzilate (left) and in an active
II – front. Backbone of the receptor is colored by position in red to white to blue
en bonds. D99 forms hydrogen bond with Q165 in o2 loop at both conformations.
oggle switch, red – ionic-lock switch. Both ligands form hydrogen bonds with D105
ond with N414 in TM VII that is part of tyrosine-toggle switch. Upon activation it
n and form hydrogen bonds with N60 in TM II upon receptor activation.
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Table 1
Affinities of muscarinic ligands. Affinities of muscarinic antagonist N-methylscopolamine (NMS) and agonists carbachol, N-desmethylclozapine (NDMC), oxotremorine and xanomline are expressed as negative logarithms of
equilibrium dissociation constant KD (NMS) or inhibition constant KI (agonists). KD was  obtained by fitting Eq. (1) to the data from saturation experiments. KIs were computed from IC50s using Eq. (3). IC50s and flows were obtained
by  fitting Eq. (2) to the data from competition experiments. Data are means ± S.E.M. from 3 to 8 independent experiments performed in quadruplicates.

NMS Carbachol NDMC Oxotremorine Xanomeline

pKD pKI high pKI low flow pKI low pKI high pKI low flow pKI high pKI low flow

wt  9.76 ± 0.03 6.45 ± 0.09 3.80 ± 0.04 70 ± 2 7.10 ± 0.02 8.96 ± 0.02 6.04 ± 0.03 83 ± 3a 10.12 ± 0.09 7.19 ± 0.04 82 ± 3a

D71N 9.29 ± 0.02* 6.49 ± 0.02 4.28 ± 0.04* 85 ± 3* 7.3 ± 0.1 9.7 ± 0.2* 5.50 ± 0.02* 91 ± 2* 10.59 ± 0.02* 7.32 ± 0.04 78 ± 3
D99N  9.41 ± 0.02* 5.7 ± 0.2* 3.31 ± 0.06* 85 ± 1* 6.86 ± 0.04* 8.56 ± 0.01* 5.51 ± 0.08* 86 ± 4 9.2 ± 0.2* 6.4 ± 0.1* 85 ± 4
D105N  n.b.
D105E 9.15 ± 0.05* n.c. 2.96 ± 0.03* 100* 6.59 ± 0.04* n.c. 6.01 ± 0.07 100* 11.36 ± 0.05* 6.50 ± 0.06* 70 ± 4a

D122N 9.65 ± 0.05 6.75 ± 0.01* 3.83 ± 0.04 82 ± 1* 6.94 ± 0.09 8.83 ± 0.01 5.83 ± 0.04* 89 ± 2 n.c. 6.85 ± 0.03* 100*

R123N 9.9 ± 0.1 n.c. 3.40 ± 0.1* 100* 7.17 ± 0.02 n.c. 5.80 ± 0.03* 100* n.c. 6.95 ± 0.01* 100*

n.b., no binding; n.c., not calculated; *, different from wt; a, flow different from flow of carbachol, P < 0.05, ANOVA and Dunnett’s post-test

Table  2
Parameters of accumulation inositol phospahtes stimulated by agonists. Half-efficient concentration (EC50) and maximum of stimulation (EMAX)  were calculated by fitting Eq. (4) to the data from measurements of inositol
phospahtes. Maximum biding capacities (BMAX) were calculated by fitting Eq. (1) to the data from saturation binding experiments and are expressed in pmol per mg of protein. Efficacies (KG) were calculated from EMAX and BMAX

values according to Eq. (5) and data from cell line with high expression of M1 wt  (BMAX = 11.3 ± 0.5; carbachol pEC50 = 5.90 ± 0.05; EMAX = 5.2 ± 0.3). Data are means ± S.E.M. from 3 to 8 independent experiments performed in
triplicates.

Carbachol NDMC Oxotremorine Xanomeline

BMAX pEC50 EMAX KG pEC50 EMAX KG pEC50 EMAX KG pEC50 EMAX KG

wt  7.6 ± 0.6 6.02 ± 0.04 3.5 ± 0.2 0.19 ± 0.01 6.5 ± 0.2 2.0 ± 0.3a 0.041 ± 0.006a 6.81 ± 0.08a 2.65 ± 0.03a 0.085 ± 0.001a 7.39 ± 0.09a 4.1 ± 0.2a 0.37 ± 0.02
D71N  6.9 ± 0.5 n.r. n.r. n.r. n.r.
D99N 10.6 ± 0.5 5.53 ± 0.08* 2.6 ± 0.2* 0.058 ± 0.004* 6.0 ± 0.1* 1.8 ± 0.2 0.022 ± 0.002* 6.22 ± 0.05* 2.98 ± 0.09* 0.084 ± 0.003 6.92 ± 0.08* 3.9 ± 0.2 0.21 ± 0.01*

D105N 5.8 ± 0.2 n.r. n.r. 5.8 ± 0.1* 2.4 ± 0.3* 0.086 ± 0.009 n.r.
D105E 15.8 ± 0.8 3.7 ± 0.1* 2.63 ± 0.03* 0.040 ± 0.01* 5.9 ± 0.2 1.14 ± 0.02* 0.0022 ± 0.0001* 5.73 ± 0.08* 1.35 ± 0.05* 0.0058 ± 0.0002* 5.6 ± 0.1* 1.8 ± 0.1* 0.015 ± 0.001*

D122N 4.1 ± 0.3 5.82 ± 0.03 2.5 ± 0.2* 0.14 ± 0.01 6.33 ± 0.08 1.63 ± 0.07* 0.043 ± 0.002 6.94 ± 0.07 2.7 ± 0.1 0.166 ± 0.006* 7.11 ± 0.09 3.3 ± 0.1* 0.30 ± 0.01
R123N  3.3 ± 0.2 n.r. n.r. n.r. n.r.

n.r., no response; *, different from wt; a, different from carbachol at wt,  P < 0.05 by ANOVA and Dunnett’s post-test.
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utation D122N increased the affinity of high-affinity binding
f carbachol and decreased the affinity of low-affinity sites for
xotremorine and xanomeline. Mutation R123N decreased the
ffinity of low-affinity sites for all agonists except NDMC.

.2. Effects of mutations on agonist-stimulated accumulation of
nositol phosphates

The rank order of potencies in stimulating accumulation
f inositol phosphates at the wild-type hM1 was: xanome-
ine > oxotremorine ∼= NDMC > carbachol (Fig. 3, Table 2). To
ompare efficacies at receptors with different expression level
he apparent affinity constant KG of the G protein for the
gonist–receptor complex was calculated according to Lu and
ulme [25]. In concert with our previous findings, xanomeline
emonstrated twofold higher efficacy than the classical full ago-
ist carbachol [15,16]. Efficacies of NDMC and oxotremorine were
2% and 45% of carbachol efficacy, respectively. None of the tested
gonists induced accumulation of inositol phosphates at the D71N
r R123N mutants. Mutation D99N decreased potency of all tested
gonists about three times. It also decreased the efficacy of all tested
gonists except oxotremorine. Only oxotremorine stimulated accu-
ulation of inositol phosphates at the D105N mutant. Efficacy of

xotremorine was the same but potency was 10-times lower than
t the wild-type. In contrast, all agonists stimulated accumula-
ion of inositol phosphates at the D105E mutant. Mutation D105E
ecreased potency of all agonists except NDMC. This mutation
aused about twofold decrease in efficacy of NDMC and xanome-

ine, about fivefold decrease in the efficacy of carbachol and 15-fold
ecrease in the efficacy of oxotremorine. Mutation D122N had no
ffect on the potency or efficacy of agonists except an increase in
fficacy of oxotremorine.
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High concentrations (30 �M and higher) of NDMC decreased
accumulation of inositol phosphates in CHO cells expressing D71N,
D105N or R123N (mutants that do not show response at lower con-
centrations of NDMC) (Supplementary Fig. 1). However, the same
decrease in accumulation of inositol phosphates was detected in
non-transfected CHO-K1 cells. In contrast, high concentrations of
xanomeline (≥300 �M)  increased accumulation of inositol phos-
phates in CHO cells expressing D71N, D105N or R123N mutants
while 1 mM xanomeline had no effect on accumulation of inos-
itol phosphates in non-transfected CHO-K1 cells (Supplementary
File 1).

3.3. Effects of mutations on agonist-evoked release of
intracellular calcium

Dependence of intracellular calcium mobilization on the con-
centration of the agonists carbachol, NDMC, oxotremorine and
xanomeline was  measured by fluorescent microscopy of FURA-2
in perfused CHO cells expressing D105N, D105E or wild-type hM1
receptors (Fig. 4). As reported previously, the signal in our sys-
tem is very stable and independent from extracellular calcium [10].
At wild-type hM1 receptors the agonists carbachol, oxotremorine
and xanomeline produced transient increase in intracellular cal-
cium with a fast rise followed by a slow polyphasic decline (Fig. 4
left column). Time to peak ranged from 6.3 ± 0.3 s for carbachol
to 13.1 ± 0.5 s for xanomeline (mean ± S.E.M., n = 3). The fall time
ranged from 143 ± 6 s for oxotremorine to more than 360 s (length
of perfusion after stimulation) for xanomeline. In general, higher
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response as at the wild-type hM1 receptor (Fig. 4 middle col-
umn). The rise of intracellular calcium was slower (time to peak
was 9.1 ± 0.3 s for carbachol and 16 ± 1 s for xanomeline) but the
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Fig. 3. Effects of agonists on accumulation of inositol phosphates. Accumulation of inositol phosphates in CHO cells expressing wild-type (wt) and mutant M1 receptors
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ollowing decline was faster (fall time was  127 ± 6 s for
xotremorine and 320 ± 15 s for xanomeline) than at wild-type
M1 receptors. In general, the D105E mutation had smaller impact
n potency of agonists than D105N. However, its impact on EMAX
alues was greater than at D105N. The rise times at D105E were
ven longer and fall times even shorter than at D105N (e.g. for
anomeline the time to peak was 23 ± 2 s and fall time was
50 ± 10 s).

Maximal changes in intracellular calcium concentration (EMAX)
rom Fig. 4 are plotted against agonist concentration in Fig. 5. The
xpression level of wild-type M1 receptor did not affect EMAX of
arbachol stimulation. Thus it is not possible to calculate KG val-
es. Xanomeline was the most potent in increasing intracellular
alcium level with pEC50 of 7.76 ± 0.04 followed by oxotremorine
7.43 ± 0.04) and carbachol (6.99 ± 0.03) (mean ± S.E.M., n = 3).

utation D105N decreased the potency of all tested agonists. The
trongest effect was on the potency of xanomeline, which showed

 decrease in potency of almost three thousand fold (to pEC50 of
.3 ± 0.04.) The decrease in potency of carbachol was  about one
undred times (to 4.89 ± 0.04) and was less than 10 times for
xotremorine (to 6.50 ± 0.03). Mutation D105N slightly decreased
aximal response values of carbachol and xanomeline. The max-

mal response of oxotremorine remained unchanged. In contrast,
utation D105E decreased the maximal response of carbachol,

anomeline and oxotremorine to 58 ± 3, 36 ± 2 and 24 ± 1% of

he value at the wild-type receptor, respectively. In comparison
o D105N, at D105E mutant decrease in potency was  the same
or oxotremorine (about 10-fold) but smaller for carbachol and
anomeline (less than 30-fold).
ylclozapine (upper right), oxotremorine (lower left) and xanomeline (lower right) is
a are means ± S.E.M. from 3 to 7 independent experiments performed in triplicates.

NDMC increased intracellular calcium levels in non-transfected
CHO-K1 cells at concentrations as low as 10 nM and higher (Supple-
mentary File 1) rendering measurements of NDMC action at cells
expressing hM1 receptor variants unfeasible. Thus, this assay was
unsuitable for analysis of the effects of D105N mutation on the
action of NDMC. None of the tested agonists changed calcium level
at the D71N and R123N mutants (data not shown).

3.4. Effects of mutations on extended exposure to xanomeline

In these measurements the effects of mutations D99N, D105N,
D105E and D122N on calcium responses evoked by prolonged
exposure to xanomeline were estimated. After 10-s initial period,
control stimulation with 10 �M oxotremorine was  performed for
10 s. Control stimulation was followed by 6-min washing with
buffer, 40-s stimulation with 10 �M xanomeline and another 6-
min  washing with buffer (Fig. 7). In comparison to the wild-type
receptor, mutations D99N and D122N had no effect and muta-
tions D105N and D105E decreased the maximal calcium response
induced by control oxotremorine stimulation. Exposure of cells
expressing the wild-type receptor to 10 �M xanomeline for 40 s
led to transient increase (peak of 1.93 ± 0.02; mean ± S.E.M., n = 3)
in intracellular calcium followed by a plateau (1.31 ± 0.02 of basal).
All tested mutations decreased both peak and plateau values com-

pared to wild-type hM1 receptors (P < 0.05, paired t-test). The effect
of D99N mutation was the weakest (1.88 ± 0.02 and 1.26 ± 0.02 for
peak and plateau values, respectively) and that of D105N mutation
was the strongest (1.12 ± 0.02 and 1.03 ± 0.02, respectively). The
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he  concentrations indicated in legend are shown. Intacellular calcium level (ordin
ime  in seconds. Traces are averages from 8 to 12 cells from representative experim

lateau at D105N as well as D105E was significantly higher than
asal (P < 0.05, one-tail t-test).

.5. Effects of mutations on xanomeline wash-resistant binding
nd associated persistent receptor activation
The apparent affinity of xanomeline wash-resistant binding at
ild-type hM1 receptors was 260 �M.  Mutations, except D99N

nd D105E, had no effect on the apparent affinity of xanomeline
 the agonists carbachol (top), oxotremorine (middle) and xanomeline (bottom) at
 expressed as 340 nm to 380 nm emission ratio normalized to basal level. Abscissa,
nfirmed by 2 additional independent experiments.

wash-resistant binding. Mutation D99N caused about threefold and
mutation D105E more than 10-fold decrease in affinity (Table 3).
Wash-resistant xanomeline stimulated accumulation of inosi-
tol phosphates with half-maximal response at 1 �M.  Mutations
D71N, D105N and R123N abolished accumulation of inositol phos-

phates induced by wash-resistant xanomeline. Mutations D99N,
D105E and D122N had no effect on the potency of wash-resistant
xanomeline. Only mutation D105E caused a twofold decrease in
efficacy.
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.6. Molecular modeling of agonist binding

The agonists carbachol, NDMC, oxotremorine and xanomeline
ere docked to the homology model of the hM1 receptor in an

ctive state. Generated poses were re-scored using Prime MM-
B/SA. Top poses of all tested agonists interact with key amino
cids (D105 in TM III and N382 in TM VI) of the orthosteric binding
ite (Fig. 6). Molecular dynamics (MD) of top poses was simulated.
gonist–receptor interactions were inferred from MD  trajectories
sing Ligand Interaction Diagram in Maestro (Fig. 8). The principal
ifference found by analysis of ligand receptor interactions over
D trajectory is in interaction of agonists with key amino acids

t the orthosteric binding site, namely D105 and N382. The ioniz-
ble nitrogen of carbachol, NDMC and xanomeline binds strongly
o D105 via ionic bond. Further, the ionizable nitrogen forms
ydrogen bonds and water bridges with D105 (NDMC, xanome-

ine) or Y106 (carbachol). In contrast, oxotremorine binds only

eakly to D105 via water bridges. The classical agonists carba-

hol and oxotremorine form hydrogen bonds and water bridges
ith N382. As for atypical agonists hydrogen bonding to N382 is
uch less abundant (NDMC) or negligible (xanomeline). Another

able 3
arameters of wash-resistant xanomeline binding and stimulation of accumulation
f inositol phosphates. Apparent affinity of xanomeline wash-resistant binding is
xpressed as negative logarithms of inhibition constant KI that was computed from
C50 using Eq. (3). IC50s and flows were obtained by fitting Eq. (2) to the data from
ompetition experiments. Data fit to single population of low affinity sites. Half
fficient concentration (EC50) and maximum of stimulation (EMAX) were calculated
y  fitting Eq. (4) to the data from measurements of inositol phosphates. Efficacy
KG) was calculated from EMAX and BMAX values according to Eq. (5) and data from
ell line with high expression of M1 wt (BMAX = 11.3 ± 0.5; wash-resistant xanome-
ine pEC50 = 6.2 ± 0.1; EMAX = 5.5 ± 0.2). Data are means ± S.E.M. from 3 independent
xperiments performed in quadruplicates.

Wash-resistant xanomeline

pKI pEC50 EMAX KG

wt  4.34 ± 0.06 6.0 ± 0.1 3.8 ± 0.3 0.22 ± 0.02
D71N 4.37 ± 0.08 n.r.
D99N 3.81 ± 0.05* 6.08 ± 0.06 4.3 ± 0.3 0.26 ± 0.02
D105E 3.20 ± 0.1* 6.0 ± 0.1 1.6 ± 0.1 0.010 ± 0.001*

D122N 4.17 ± 0.06 5.9 ± 0.1 2.9 ± 0.1 0.18 ± 0.01
R123N 4.39 ± 0.06 n.r.

.r., no response; *, different from wt; P < 0.05 by ANOVA and Dunnett’s post-test.
confirmed by two  additional independent experiments. Abscissa, time in seconds.

marked difference is in the interaction with Y381. While carbachol,
oxotremorine and xanomeline exhibit hydrophobic interactions
with Y381, the nitrogen in atomic position 4 of NDMC forms a
hydrogen bond with this amino acid. Importantly, xanomeline
binds to D105 strongly via ionic or hydrogen bonds 100% of the
time during MD simulation while carbachol binds to D105 via ionic
bond in less than 20% of the time and oxotremorine binds to D105
only weakly via water bridges. Changes in binding energy due
to repulsion between N105 in the reverse-charge mutant D105N
and agonist nitrogen is much greater than needed for rearrange-
ment of water bridges. Thus, the decrease in affinity and potency
is greatest for xanomeline, medium for carbachol and smallest for
oxotremorine.

4. Discussion

The main finding of this work is that classical as well as atypical
agonists activate M1 muscarinic receptors by the same mechanism
involving the D71 activation switch. Further crucial role of the
orthosteric binding site in activation by atypical agonists was
demonstrated. This is in contrast to studies that suggested that
N-desmethylclozapine (NDMC) induces a specific mode of M1
receptor activation [22] and preferentially activates this recep-
tor by interacting with a site that does not fully overlap with
the acetylcholine orthosteric site [21], and other studies that
suggested the existence of multiple activation switches specific
for allosteric ligands at muscarinic receptors [20]. Several lines
of evidence suggest that atypical agonists may induce different
receptor conformations and possibly utilize different activation
mechanisms at the molecular level. These include differential
kinetics of receptor activation by xanomeline [16] (and other
agonists [17]) and the existence of agonist-specific conformations
of muscarinic receptors [18,19]. To test whether there are principal

differences in the action of atypical and classical agonists, we
mutated key amino acids of the human variant of the M1 receptor
targeting ligand binding, receptor activation, and receptor-G pro-
tein interaction (Fig. 1) and compared effects of these mutations
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Fig. 7. Top poses of agonists. Top docking poses of carbachol (upper left), NDMC (upper right), oxotremorine (lower left) and xanomeline (lower right) according Prime
MM-GB/SA are shown from the extracellular view. Orientation, TM III up and TM VI down. Helices TM II to TM VII are shown in purple. Ligands and displayed amino acids
(D105, Y106, S109, W378, Y381, N382 and Y404) are colored according elements: cyan – carbon, white – hydrogen, blue – nitrogen, red – oxygen, yellow – sulfur. Yellow
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n the action of two atypical M1 preferring agonists (NDMC and
anomeline) and two classical non-selective orthosteric agonists
the full agonist carbachol and the partial agonist oxotremorine).

Aspartate in the middle of TM III (D3.32, numbering accord-
ng Ballesteros and Weinstein [29]) is conserved among aminergic
PCRs (subclass A17 through A19) and is essential for ligand bind-

ng. Opsin receptors (subclass A16) have glutamate in this position
hat interacts with opsins. On the other hand, chemokine recep-
ors have basic amino acids in this position. D3.32 of muscarinic
eceptors (D105 in the hM1 sequence; Fig. 1) has been identi-
ed to be essential for binding of classical muscarinic agonists
nd antagonists and it has been proven that it interacts with the
ositively charged nitrogen moiety of muscarinic ligands [30,31].
utation of D105 to asparagine completely ablated binding of

he tritiated antagonist N-methylscopolamine ([3H]NMS) (Table 1)
nd decreased the affinity of quinuclidinyl benzilate more than
00-times. Deteriorating effects of D105N and D105E mutations
n binding were projected to functional assays (Fig. 3, Table 2).
urprisingly, the mutations D105N and D105E in the orthosteric

inding site decreased potency of xanomeline (an atypical agonist
ith allosteric properties) more than the potency of carbachol and

xotremorine (classical agonists believed to bind primarily to the
rthosteric binding site) (Figs. 4 and 5).
Effects of mutations of D105 on ligand binding may  be explained
by molecular modeling that shows that while all tested agonists
bind to the orthosteric binding site (Fig. 7), agonists differ in the
way they interact with individual amino acids within this site, espe-
cially D105 (Fig. 8). This is in accordance with current findings [32].
Specifically, xanomeline binds to D105 strongly via ionic or hydro-
gen bonds 100% of the time during MD simulation. Carbachol binds
to D105 via ionic bond in less than 20% of the time of MD simula-
tion. Oxotremorine binds to D105 only weakly via water bridges.
Change in binding energy due to repulsion between N105 in the
reverse-charge mutant D105N and agonist’s charged quaternary
nitrogen is much greater than the change in binding energy due
to rearrangement of water bridges. Thus, the decrease in affinity
and potency is greatest for xanomeline, medium for carbachol and
smallest for oxotremorine. Analogously, affinity of antagonist con-
taining charged quaternary nitrogen (NMS) is affected more than
affinity of antagonist containing ternary nitrogen (QNB). Conserved
mutant D105E only changes geometry of the orthosteric binding
site. Thus its effects on agonist affinity and potency are smaller in

comparison to the reverse-charge mutant D105N. Thanks to flexi-
bility of oxotremorine binding to E105 via water bridges, affinity
of this agonist is not affected by the D105E mutation (Table 1).
However, proper conformational change upon agonist binding is a



A. Randáková et al. / Pharmacological Research 97 (2015) 27–39 37

Fig. 8. Interaction of agonists with receptor. Histograms of carbachol (upper left), NDMC (upper right), oxotremorine (lower left) and xanomeline (lower right) interactions
with  the receptor were calculated from MD trajectories using Ligand Interaction Diagram in Maestro. Ligand-receptor interactions are categorized into four types: Hydrogen
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onds  (green), hydrophobic (purple), ionic (red) and water bridges (blue). The stacke
s  some protein residues may  make multiple contacts of the same type with the lig

rerequisite for receptor activation and thus oxotremorine potency
s severely affected by this mutation (Table 2).

Aspartate at the junction of the third transmembrane helix (TM
II) and the second extracellular (o2) loop D3.26 (D99 in the hM1
equence; Fig. 1) is not conserved among GPCRs. Adrenergic recep-
ors have glutamate in this position and mutation of this glutamate
o alanine had no effects on affinity of agonists and antagonists
33]. However it has been shown that mutation of D99 at M1

uscarinic receptors decreases affinity and accelerates kinetics of
inding of muscarinic ligands [34,35]. A tandem two-site binding
odel for muscarinic ligands was proposed to explain the role

f this aspartate [36]. The model was confirmed by simulation
f molecular dynamics of ligand binding to M2 and M3 receptors
hat showed metastable binding state in the extracellular domain
vestibule to the orthosteric site) [6]. Mutation of this aspartate
D99N) decreased the affinity of the antagonist NMS  as well as
ll tested agonists (Table 1). The decrease in agonist affinity was
ranslated as decreased potency of all agonists in functional assays
Table 2). Taken together both D105 within the orthosteric binding
ite as well as D99 out of the orthosteric binding site participate in
inding of all tested agonists.

Network transducing conformational change upon ligand
inding that is common among aminergic GPCRs includes a “trans-
ission switch” (WXP motif in TM VI), a “tyrosine-toggle switch”

NPXXY motif in TM VII) and “ionic-lock switch” (DRY motif in
M III interacting with glutamate 6.30) [37,38] (Fig. 1). The aspar-
ate D2.50 in the middle of TM II is conserved throughout GPCRs
nd its reverse-charge mutation to asparagine ablates functional
esponse of many GPCRs including serotonin, adrenergic, cannabi-
oid, thyrotropin-releasing hormone, etc. (GPCR database; www.
pcr.org/7tm). Specifically, D2.50 of muscarinic receptors (D71 in
he hM1 sequence) interacts with N7.49 (N414 in the hM1 sequence)

n tyrosine-toggle switch and transfers the conformational change
pon agonist binding to the receptor-G protein interface [38,39].
dditional mechanisms of receptor activation were identified
mong Class A of GPCRs [40–43] including muscarinic receptors
 charts are normalized over the course of the trajectory. Values over 1.0 are possible
ithin one time-frame.

[20]. Interestingly, irreversible agonist of �2-adrenergic receptors
activates them through an activation switch that contains I3.40, P5.50

and F6.44 [44] and is parallel to the common network of activation
switches. However, mutation D71N completely abolished the abil-
ity of all tested agonists to activate the receptor (Table 2; Fig. 3)
and renders the possibility that tested atypical agonists utilize
activation mechanisms that parallel common activation network
unlikely. Thus, atypical agonists activate the hM1 receptor by the
same molecular switch as classical agonists.

Arginine R3.50 at the intracellular end of TM III is conserved
within all GPCRs. It has been shown to interact directly with the
�-subunit of G-proteins [45]. Although in the majority of cases,
mutation of R3.50 leads to complete loss of functional response
to agonists (GPCR database; www.gpcr.org/7tm/mutant), non-
conservative mutations of this amino acid do not abolish signaling
via G-proteins in some cases [46,47]. In accordance with previous
findings [34], mutation of R3.50 (R123N) completely abolished the
ability of carbachol to activate the receptor as it failed to stimu-
late accumulation of inositol phosphates (Table 2) and release of
calcium from intracellular stores. This mutation also abolished the
functional response to tested atypical agonists. Unlike the D71N
mutation, R123N decreased the affinity of agonists at the low-
affinity binding site (Table 1, Fig. 2 left triangles), demonstrating
that inactive (D71N) and un-coupled (R123N) represent different
states of the receptor [48].

The role of the aspartate/glutamate in the conserved E/DRY
motif (position 3.49) is to stabilize the interaction of TM III and
TM VI of the inactive receptor and thus stabilizes the inactive
conformation of the receptor [49]. Similar to adrenergic [50] and 5-
hydroxytryptamine [51] receptors, mutation of D3.49 to asparagine
(D122N) in muscarinic receptors results in an increase in receptor
constitutive activity [18] by destabilization of the inactive confor-

mation. The most profound effect of D122N was  an increase in the
proportion of low-affinity binding sites (Table 1, Fig. 2 squares). The
increase in low-affinity sites is probably a consequence of increased
basal activity of the receptor.

http://www.gpcr.org/7tm
http://www.gpcr.org/7tm
http://www.gpcr.org/7tm
http://www.gpcr.org/7tm
http://www.gpcr.org/7tm/mutant
http://www.gpcr.org/7tm/mutant
http://www.gpcr.org/7tm/mutant
http://www.gpcr.org/7tm/mutant
http://www.gpcr.org/7tm/mutant
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Part of xanomeline binding is resistant to washing and leads
o long-term receptor activation [7]. Exposure of the wild-type
M1 to a high concentration of xanomeline led to sustained acti-
ation (Fig. 6, black trace). The ratio between peak and plateau
evels of intracellular calcium at D105N and D105E is similar to
hat at the wild-type receptor, indicating that xanomeline bind-
ng to the orthosteric binding site is a prerequisite for formation of
anomeline wash-resistant binding and activation. The apparent
quilibrium dissociation constant of xanomeline wash-resistant
inding is the same for wild-type and mutants with the exception of

 decrease at D105E (Table 3). Also only D105E among functional
utants decreased the efficacy of wash-resistant xanomeline to

timulate accumulation of inositol phosphates. These data suggest
he importance of D105 in the orthosteric binding site for long-
erm activation by wash-resistant xanomeline. This is in concert
ith the finding that blocking of the orthosteric site by the antago-
ist NMS  transiently diminishes activation of muscarinic receptors
y wash-resistant xanomeline [15].

In summary, our data show that the principal difference
etween classical and atypical agonists is in the way  they interact
ith the orthosteric binding site. However, the atypical agonists
DMC and xanomeline activate M1 muscarinic receptor via the

ame molecular switch as the classical agonists carbachol and
xotremorine that involves D71 in TM II. Data also demonstrate

 key role of the orthosteric binding site in long-term receptor
ctivation by wash-resistant xanomeline.
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ABSTRACT
Methoctramine (N,N’-bis[6-[[(2-methoxyphenyl)-methyl]hexyl]-1,8-
octane] diamine) is an M2-selective competitive antagonist of
muscarinic acetylcholine receptors and exhibits allosteric properties
at high concentrations. To reveal the molecular mechanisms of
methoctramine binding and selectivity we took advantage of
reciprocal mutations of the M2 and M3 receptors in the second
and third extracellular loops that are involved in the binding of
allosteric ligands. To this end we performed measurements of
kinetics of the radiolabeled antagonists N-methylscopolamine
(NMS) in the presence of methoctramine and its precursors, fluo-
rescence energy transfer between green fluorescent protein–fused
receptors and an Alexa-555–conjugated precursor of methoctr-
amine, and simulation of molecular dynamics of methoctramine
association with the receptor. We confirm the hypothesis that

methoctramine high-affinity binding to the M2 receptors involves
simultaneous interaction with both the orthosteric binding site and
the allosteric binding site located between the second and third
extracellular loops. Methoctramine can bind solely with low affinity
to the allosteric binding site on the extracellular domain of NMS-
occupied M2 receptors by interacting primarily with glutamate 175
in the second extracellular loop. In this mode, methoctramine phy-
sically prevents dissociation of NMS from the orthosteric binding
site. Our results also demonstrate that lysine 523 in the third
extracellular loop of the M3 receptors forms a hydrogen bond with
glutamate 219 of the second extracellular loop that hinders
methoctramine binding to the allosteric site at this receptor subtype.
Impaired interaction with the allosteric binding site manifests as
low-affinity binding of methoctramine at the M3 receptor.

Introduction
Five muscarinic receptor subtypes have been cloned (Bonner

et al., 1987; Bonner, 1989). They all belong to the family of
G-protein–coupled receptorswith seven transmembrane helices.
The binding site of acetylcholine and competitive agonists and
antagonists is located deep in a pocket formed by transmem-
brane helices (Wess, 1996). All subtypes of muscarinic receptors
share high homology in the transmembrane domains, making it
difficult to discover competitive ligands that are selective for
different receptor subtypes. However, a few such selective com-
pounds have been identified. One example is methoctramine
(N,N’-bis[6-[[(2-methoxyphenyl)-methyl]hexyl]-1,8-octane] diamine),
which binds to the M2 subtype of muscarinic receptors with
high affinity (Melchiorre et al., 1987) and to the M3 subtype
with low affinity (Caulfield, 1993). However, deviations from

competitive behavior (slowdown of dissociation of orthosteric
antagonists) at high concentrations of methoctramine were
revealed soon after the discovery of its selectivity (Giraldo et al.,
1988; Lee et al., 1989). Additional investigations have con-
cluded that methoctramine interacts with muscarinic receptors
both competitively and allosterically (Waelbroeck, 1994; Boselli
and Grana, 1995), and the concept that methoctramine binds
simultaneously to the orthosteric and allosteric receptor do-
mains was proposed (Melchiorre et al., 1989). In the present
work, we provide experimental support for this concept.
A large number of allosteric modulators selectively affect

binding of the competitive ligands to M2 receptors (Tu�cek and
Pro�ska, 1995). Several lines of evidence suggest thatmuscarinic
allosteric ligands (e.g., gallamine and alcuronium) bind to the
extracellular domain of muscarinic receptors (Jakubík and
Tu�cek, 1994; Leppik et al., 1994; Pro�ska and Tu�cek, 1994), and
that amino acid residues in the second and third extracellular
loops are important for thismode of binding (Leppik et al., 1994;
Matsui et al., 1995; Gnagey et al., 1999; Krejcí and Tu�cek, 2001;
Jakubík et al., 2005). In contrast, virtually nothing is known on
the nature of the selectivity of orthosteric muscarinic ligands.

This work was supported by the Academy of Sciences of the Czech Republic
project [AV0Z 50110509] and support [RVO:67985823], and the Grant Agency
of the Czech Republic [Grants 305/09/0681 and P304/12/G069].
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ABBREVIATIONS: AF-DX 116, 11-2[[2-[(diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-pyrido[2,3-b][1,4] benzodiazepine-6-on; 4-DAMP,
4-difenylacetoxy-N-methylpiperidine; FRET, fluorescence resonance energy transfer; GFP, green fluorescent protein; hM2, human muscarinic M2; hM3,
human muscarinic M3; KD, equilibrium dissociation constant; Ki, inhibition constants; Koff(obs), observed dissociation rate constant; LMP, long
methoctramine precursor; NMS, N-methylscopolamine; o2, second extracellular loop; o3, third extracellular loop; SMP, short methoctramine precursor,
(6-aminohexyl)[(2-methoxyphenyl)methyl]amine; TM, transmembrane a-helix; wt, wild type.
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In this study, we investigated whether the extracellular
domains of muscarinic receptors are also involved in putative
allosteric properties of methoctramine binding, and if they take
part in high affinity of the M2 receptor for methoctramine. To
achieve this aim, we availed differences of methoctramine
binding between theM3 andM2 receptor subtypes. Wemodified
the gene of theM3 receptor in parts that encode the extracellular
domains so that the resulting amino acid sequence resembles
that in the M2 receptor. Using this approach, we demonstrate
that methoctramine selectivity for the M2 receptor arises from
its binding to glutamate residues in the second extracellular
loop. A similar interaction at the M3 receptor is prevented by
interaction with K523 in the third extracellular loop.

Materials and Methods
Chemicals

N-[methyl-3H]scopolamine ([3H]NMS) was from New England
Nuclear Corporation (Boston, MA); 4-difenylacetoxy-N-methylpiperi-
dine (4-DAMP), 11-2[[2-[(diethylamino)methyl]-1-piperidinyl]acetyl]-5,
11-dihydro-6H-pyrido[2,3-b][1,4] benzodiazepine-6-on (AF-DX 116),
and methoctramine were from Tocris Cookson Ltd. (Avonmouth, UK);
and 4-[2-(1,6-dimethyl-piperidine-2-yl)-vinyl]-3-methyl-decahydro-naphto
[2,3-c]furan-1-on (himbacine) and N-methylscopolamine were from
Sigma-Aldrich (Prague, Czech Republic). Succinimidyl ester of Alexa-
555 carboxylic acid was from Life Technologies (Prague, Czech Republic).
Synthesis of methoctramine precursors (6-aminohexyl)[(2-methoxy-
phenyl)methyl]amine and 8-amino-N-(6-{[(2-methoxyphenyl)methyl]
amino}hexyl)octanamide and their conjugation with fluorescent label
Alexa-555 is described in Supplemental Figs. 1 and 2.

Mutagenesis and Expression

For the sake of brevity, names of mutants consist of receptor subtype
followed by a list of mutated amino acids in the third extracellular (o3)
loop. Amino acids in either the M2 or M3 receptors were always mutated
to the corresponding residue in the other receptor subtype (Supplemen-
tal Fig. 3). For example, M2 P means that proline 415 of the M2 receptor
was mutated to the corresponding serine in the M3 sequence, and M3

DSKFN means that five amino acids in the o3 loop of the M3 receptor
were mutated to their corresponding residues in the M2 sequence.

The mammalian expression vector pcDNA3.1 (Invitrogen, Carlsbad,
CA) containing the coding sequence of the human variants of M2 and
M3 subtype of muscarinic acetylcholine receptors was obtained from
Missouri S&T cDNAResource Center (Rolla, MO). Construction of M3

receptors with the substituted second extracellular (o2) loop and
mutations (K523N, KFN, and DSKFN) in the o3 loop were previously
described in Krejcí and Tu�cek (2001). Additional mutants were
generated using the QuikChange II Site-Directed Mutagenesis Kit
(Agilent Technologies Company, Santa Clara, CA). To replace serine
519 with proline, a plasmid containing wild-type M3 receptor as
template and 59-TGA ACA CCT TTT GTG ACC CCT GCA TAC CCA
AAA CCT TTT GG-39 primer were used. To obtain DKFN mutant,
plasmid containing KFN mutant as template and 59-GTG AAC ACC
TTT TGT GCC AGC TGC ATA CCC AAT ACC-39 primer were used.
To obtain SK mutant plasmid containing K523N mutant as template
and 59- TGA ACA CCT TTT GTG ACCCCT GCA TAC CCAATA CCT
TTT GG -39 primer were used. To obtain SKFN mutant, plasmid
containing KFN mutant and 59-TGA ACA CCT TTT GTG ACC CCT
GCA TAC CCA ATA CCG TTT GG-39 primer were used. To replace
proline 415 of the M2 receptor with serine, a plasmid containing wild-
type M2 receptor as template and 59- AAC ACC TTT TGT GCA TCT
TGC ATC CCC AAC ACT GTG-39 primer were used.

Chimeric proteins used in this study consist of three parts: chicken
a 7 nicotinic signal peptide, emerald green fluorescent protein (GFP),
and human muscarinic M2 (hM2) or M3 (hM3) receptor. The DNA

sequence of chicken a 7 nicotinic signal peptide (a peptide 31 amino acids
long with extracellular protease cleavage site included; Ilien et al., 2003)
was fused directly to stop-codon-free GFP (Invitrogen) at its 59 end to
ensure extracellular localization of fluorescent protein. cDNA for the hM2

receptor (cloned into pcDNA3.11 vector) were mutated (QuikChange II
Site-Directed Mutagenesis Kit) to obtain AgeI restriction site at the
59 cDNA end. EcoRI and AgeI (New England Biolabs, Ipswitch, MA)
double digestion opened the vector and created two cohesive ends for
ligation. T4 ligation (New England Biolabs) reaction included opened
hM2 receptor vector, signal peptide–GFP complex, and short linker. hM2

cDNA was substituted with hM3 cDNA to obtain GFP-tagged hM3

chimeric protein. All constructs were sequenced before use. Chimeric
protein expression in eukaryotic cell lineswas verified under a fluorescent
microscope and via [3H]NMS binding (described later). All mutated
DNAs were sequenced with the dideoxy method by Dr. J. Felsberg
(Academy of Sciences, Institute ofMicrobiology, Prague, Czech Republic).

COS-7 cells were transfected using the DEAE-dextran method.
They were grown in 10-cm Petri dishes in Iscove’s modified Dulbecco’s
medium (Sigma-Aldrich) with 10% fetal calf serum. On day 1, 2�106
cells were seeded per dish. On day 3, after washing with phosphate-
buffered saline, the transfection mix (2 mg of plasmid DNA and
0.27 mg of DEAE-dextran in 1 ml of phosphate-buffered saline) was
applied for 2 hours. Serum-free Iscove’s modified Dulbecco’s medium
with chloroquine (80 mM in 7 ml of medium) was then added for an
additional 3 hours. Transfection mediumwas then removed and fresh
medium supplemented with 10% fetal calf serum was applied. Cells
were harvested 72 hours after transfection.

Radioligand Binding Experiments

Radioligand binding experiments were performed onmembranes of
COS-7 cells. Membranes were obtained by dilution of freshly harvested
COS-7 cells in a medium composed of 136 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 10 mM EDTA, and 10 mM Na-HEPES (pH 5 7.4) to a final
concentration of 107 cells/ml. Cell suspension was homogenized using
an Ultra-Turrax homogenizer (Janke & Kunkel IKA-Labortechnik,
Staufen,Germany) by two 30-second strokes.Homogenatewas centrifuged
for 5 minutes at 1000 � g. The resulting supernatant was centrifuged for
30 minutes at 30,000 � g and the supernatant was discarded. Pellet was
resuspended in 10 times the original volume (before centrifugation), left at
4°C for 30 minutes, and then the latter centrifugation step was repeated.
Membranes were kept frozen at 220°C for a maximum of 1 month.
Binding experiments to membranes from 1 to 2million cells per tube were
performed as described earlier (Jakubík et al., 1995). Themediumused for
incubation was the same as described earlier without EDTA, and the
incubation volume was 0.8 ml. Incubations performed at 25°C were
terminated by filtration through Whatman GF/C glass fiber filters in
a Brandel filtration apparatus (Sensat, Herts, UK). Nonspecific binding
was determined in the presence of 1 mM NMS.

The affinity of wild-type and mutated muscarinic receptors for
[3H]NMS was measured in saturation binding experiments (1-hour
incubation with [3H]NMS at concentrations ranging from 32 pM to
1 nM) and expressed as Kd(NMS) (equilibrium dissociation constant for
the binding of [3H]NMS). The inhibition constants Ki of receptors for
methoctramine, 4-DAMP, AF-DX 116, and himbacine were determined
in competition experiments in which membranes were incubated in the
presence of a fixed 200 pM concentration of [3H]NMS and increasing
concentrations of the competitor. The incubation lasted 5 hours to
achieve full equilibrium. In dissociation experiments, membranes were
preincubated for 1 hour with 750 pM [3H]NMS. Dissociation was
induced by adding 50 ml of NMS to a final concentration of 1 mM. NMS
was added either alone or in mixture with methoctramine or methoctr-
amine precursors at final concentrations ranging from 10 pM to 1 mM.

Fluorescence Resonance Energy Transfer

Fluorescence resonance energy transfer (FRET) between GFP-M2

or GFP-M3 receptors and conjugate of long methoctramine precursor
(LMP) and Alexa-555 (Alexa-555–LMP) was measured in 96-well
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plates using a PerkinElmer Victor X4 plate reader (PerkinElmer,
Waltham, MA). The following set of filters from Knight Optical
(Harrietsham, UK) was used: excitation 470/10 nm, GFP emission
532/10 nm, and Alexa-555 emission 590/10 nm. Acquisition time was
0.1 second. Membranes prepared from COS-7 cells transiently trans-
fected with GFP-M2 or GFP-M3 genes (about 50 mg of protein per well)
were used. Association was initiated by the addition of Alexa-555–LMP
to final concentrations ranging from 30 nM to 1 mM. Dissociation
was started by addition of methoctramine to a final concentration of
1 mM. The final sample volume was 0.2 ml. Besides samples con-
taining both fluorescent probes, wells with only GFP-labeled re-
ceptors and Alexa-555–LMP (with an added comparable amount of
nontransfected COS-7 membranes) were measured to check for
fluorescence bleaching. Up to 15% of bleaching was observed for GFP
during the 6-hour experiment. No bleaching was observed for Alexa-
555–LMP.

Data Treatment

Data were processed and analyzed with open-source software
OpenOffice 3.4 (OpenOffice Foundation, www.openoffice.org) and
Grace 5.1.12 (Grace Development Team, plasma-gate.weizmann.ac.il/
Grace) on Scientific Linux (www.scientificlinux.org).

The equations for nonlinear regression analysis were as follows:
For Saturation Binding Experiments. After subtraction of

nonspecific binding, eq. 1 was fitted to the data:

Y5BMAX *X=ðKD 1XÞ (1)

where Y is [3H]NMS binding at concentration X of free [3H]NMS,
KD is the equilibrium dissociation constant, and BMAX is the number
of binding sites.

For Competition Experiments. After subtraction of nonspecific
binding and normalization (to express the binding of [3H]NMS in the
presence of competitor [methoctramine, 4-DAMP, AF-DX 116, or
himbacine) as a percentage of the binding in the absence of competitor),
eq. 2 was fitted to the data:

Y5100� 100=ð1110ðX�logIC50ÞÞ (2)

where Y is [3H]NMS binding at logarithm of concentration of
competitor X, and IC50 is the concentration of competitor that results
in 50% of maximal inhibition. Inhibition constant Ki was calculated
from the IC50 value according to Cheng and Prussof (1973):

Ki 5 IC50=ð11 ½NMS�=KDÞ

where [NMS] is the actual concentration of [3H]NMS used in
the experiment, and KD is the equilibrium dissociation constant of
[3H]NMS.

Dissociation Experiments. After subtraction of nonspecific
binding, eq. 4 was fitted to the data:

Y5 100*eð�KoffðobsÞ*XÞ (4)

where Y is [3H]NMS binding at time X, and koff(obs) is the observed
dissociation rate constant. Apparent equilibrium dissociation con-
stant KD for methoctramine based on dissociation experiments was
obtained according to Lazareno and Birdsall (1995):

Y5k0*KD=ðX1KDÞ (5)

where Y is the observed rate of dissociation koff(obs) at concentra-
tion X of the allosteric ligand [methoctramine or (6-aminohexyl)[(2-
methoxyphenyl)methyl]amine, short methoctramine precursor (SMP)],
and k0 is the observed dissociation rate in the absence of the allosteric
ligand.

The error distributions for individual constantswere verified according
to Christopoulos (1998). IC50 (eq. 2), and consequently Ki (eq. 3), and KD

(eq. 5) have log-normal error distribution. Error distributions forNMSKD

(eq. 1) and koff(obs) (eq. 4) conform to normal Gaussian distribution.
Parameters of binding kinetics from FRET measurements were

obtained by fitting a tandem two-site model (Jakubík et al., 2000) to

TABLE 1
Inhibition constants of selective muscarinic ligands for wild-type M2 and M3, and hybrid M3 (o2M2) and
M3(o3M2) receptors
Negative logarithms of inhibition constants (pKi) were obtained by nonlinear regression of data from competition
experiments of antagonist versus [3H]NMS. Equation 2 was fitted to the data to obtain IC50. Ki was computed according
eq. 3. Data are means 6 S.E.M. from four independent experiments.

M2 M3 M3(o2M2) M3(o3M2)

4-DAMP 7.72 6 0.06 8.50 6 0.09 6.84 6 0.05* 8.35 6 0.07
AF-DX 116 7.18 6 0.04 5.68 6 0.05 5.54 6 0.05 5.68 6 0.06
Himbacine 7.56 6 0.08 6.93 6 0.03 6.83 6 0.08 6.91 6 0.06
Methoctramine 7.29 6 0.04 5.69 6 0.12 5.89 6 0.11 7.17 6 0.04*

*Significantly different from wild-type M3 (P , 0.01 by Student’s two-tailed t test).

Fig. 1. Structures of methoctramine and its precursors. (Top panel)
Methoctramine, 1,26-bis(2-methoxyphenyl)-2,9,18,25-tetraazahexacosane.
(Middle panel) SMP, 6-aminohexyl)[(2-methoxyphenyl)methyl]amine. (Bot-
tom panel) LMP, 8-amino-N-(6-{[(2-methoxyphenyl)methyl]amino}hexyl)
octanamide. For the synthesis of precursors, see Supplemental Fig. 1.
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the pooled data with subtracted background values using the program
COPASI (www.copasi.org) (Hoops et al., 2006). Initial parameter es-
timates and background values were obtained by fitting two exponential
growth and two exponential decay functions, respectively, to the in-
dividual data sets using the program Grace.

Molecular Modeling

Preparation of Structures and Systems. The structure of
methoctramine (CID 4108) was downloaded from the PubChem database
(pubchem.ncbi.nlm.nih.gov) andprocessedwithSchrödinger’s (Schrödinger
LLC, New Portland, OR) LigPrep. Crystal structures of M2 (Haga et al.,
2012) (PDB code 3UON) and M3 (Kruse et al., 2012) (PDB code 4DAJ)
receptors were downloaded from the RCSB Protein Data Bank (www.
rcsb.org), and were preprocessed with Schrödinger’s Protein Prepara-
tion Wizard to remove nonreceptor parts, fill missing side chains, and

energy minimize structures in the OPLSA 2005 force field. A system
consisting of receptor, 1,2-dipalmitoylphosphatidylcholine membrane,
water, and 0.15MNaCl with or withoutmethoctramine randomly placed
close to the receptor extracellular domain was built with the Desmond
System Builder (Bowers et al., 2006).

Simulation of Molecular Dynamics. Molecular dynamics of full
membrane systemswas simulated using Desmond (Bowers et al., 2006).
First, systems were relaxed to 300 K using standard Desmond protocol
for membrane systems and subsequently 120 ns of free (without
restraints) molecular dynamics (MD) (ensemble class NVE, Coulombic
short-range method: cutoff with radius 9 Å, long-range method: smooth
particle mesh Ewald) was simulated using Desmond-GPU.

Six systemswithmethoctramine were built and used for simulation
of methoctramine association. After system relaxation prior to free
MDsimulation, 25 ps of steeredMDwas run, during which acceleration
of 500 pm×ps22 toward the center of the orthosteric binding site (defined
by D103 and N404) was applied to one anisole group of methoctramine.
SteeredMD and free MDwere repeated until the distance between the
centers of the anisole group and the orthosteric binding site reached
5 Å. Then 500 ns of free MD was simulated.

Results
Equilibrium Experiments: Methoctramine. In prelim-

inary experiments, we measured the effects of replacement of
the entire o2 or o3 loop of theM3 receptor with the corresponding
M2 sequence on the binding of the muscarinic M2-selective
ligands AF-DX 116, himbacine, and methoctramine (Fig. 1) and
the M3-selective ligand 4-DAMP. Replacement of the o2 loop of
the M3 receptor with that of the M2 receptor did not change the
affinity of the tested ligands except for 4-DAMP, where affinity of
the hybrid receptor fell far below the value of the M2 wild-type
receptor (Table 1). Replacement of the o3 loop of the M3 receptor
with that of the M2 receptor did not change the affinity of
4-DAMP, AF-DX 116, or himbacine but increased the affinity of
methoctramine to a value close to that at theM2 receptor. (Fig. 2)
In subsequent experiments, wemeasured binding of methoctr-

amine to the seven mutant receptors with mutations in the o3
loop. Mutation of serine 519 (M3 numbering) to corresponding

TABLE 2
Binding parameters of wild-type M2 and M3 and mutated M3 receptors
Values of equilibrium dissociation constants (Kd) were obtained by nonlinear regression analysis of saturation binding
experiments. Values of negative logarithms of methoctramine inhibition constants (pKi) were obtained by nonlinear
regression of data shown in Figs. 2 and 5. Equation 2 was fitted to the data to obtain IC50. Ki was computed according
eq. 3. Data are means 6 S.E.M. from four to six independent experiments performed in quadruplicates.

Receptora [3H]NMS KD Methoctramine pKi SMP pKi LMP pKi

nM

M3 wt 0.32 6 0.01 5.69 6 0.12 4.41 6 0.15 5.43 6 0.13
M2 wt 0.78 6 0.04 7.29 6 0.04 5.25 6 0.12 6.78 6 0.08
Mutations in o3 of M3

M3 S 0.32 6 0.02b 5.95 6 0.15b,c 4.58 6 0.14b 5.64 6 0.12
M3 K 0.34 6 0.02b 6.49 6 0.11b,d 4.96 6 0.15b,d 6.15 6 0.11b,d

M3 KFN 0.51 6 0.03b,d 6.51 6 0.09b,d n.d. n.d.
M3 DKFN 0.49 6 0.03b,d 6.51 6 0.16b,d n.d. n.d.
M3 SK 0.34 6 0.02b 7.02 6 0.19c,d 5.33 6 0.09d 6.65 6 0.09d

M3 SKFN 0.68 6 0.05d 7.04 6 0.15c,d n.d. n.d.
M3 DSKFN 0.76 6 0.05d 7.17 6 0.04c,d 5.20 6 0.11d 6.68 6 0.08d

Mutations in o3 of M2
M2 P 0.62 6 0.05b 6.31 6 0.12b n.d. n.d.

n.d., not determined.
aFor the mutants nomenclature, see Materials and Methods and Supplemental Fig. 3.
bSignificantly different from M2 wt (P , 0.01, multiparametric one-way analysis of variance with Tukey-Kramer

post-test).
cSignificantly different from M3 K (P , 0.01, multiparametric one-way analysis of variance with Tukey-Kramer post-

test).
dSignificantly different from M3 wt (P , 0.01, multiparametric one-way analysis of variance with Tukey-Kramer post-

test).

Fig. 2. Inhibition of [3H]NMS binding toM2,M3, andmutantM3 receptors
by methoctramine. Binding of [3H]NMS to membranes expressing wild-
type M2 or M3 or mutant M3 receptors was measured at increasing
concentrations of methoctramine. Binding is expressed as the percentage
of [3H]NMS binding to the membranes incubated in the absence of
methoctramine (950–2300 dpm). Data are means 6 S.E.M. of four to six
independent experiments performed in quadruplicates. For the mutants
nomenclature, see Materials and Methods and Supplemental Fig. 3.
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proline (M3 S) only slightly increased the affinity of methoctr-
amine. Mutation of lysine 523 (M3 numbering) to corresponding
asparagine (M3 K) increased the affinity of methoctramine more
than six times. Combination of the M3 K mutation with the
mutation of phenylalanine 525 to valine, asparagine 527 to
threonine, and aspartate 518 to alanine, i.e., M3 KFN and M3

DKFN, respectively, did not further change the affinity of
methoctramine. Double-mutation M3 SK increased the affinity
of methoctramine to a value close to that at the wild-type M2

receptor. Combination of the double-mutation M3 SK with mu-
tation of F525, N527, and D518, i.e., M3 SKFN andM3 DSKFN,
did not further change the affinity of methoctramine (Table 2).
Taken together, only the M3 S and M3 K mutations increased
affinity of methoctramine. Mutation M3 K contributed most to
affinity increase. In accordance with these observations, mu-
tation of proline 415 (M2 numbering) in o3 loop of the M2

receptor to serine, i.e., M2 P, brought about a 10-fold decrease in
affinity of methoctramine (Table 2).
Kinetic Experiments: Methoctramine. Kinetic binding

experiments were performed to ascertain putative allosteric pro-
perties of methoctramine. Membranes were first preincubated
with [3H]NMS for 1 hour, then dissociation was started by the
addition of unlabeledNMS to a final concentration of 1mM, either
alone or in mixture with various concentrations of methoctr-
amine. In the absence ofmethoctramine, dissociation of [3H]NMS
from the M2 receptors is about six times faster than that from
the M3 receptors (Fig. 3; Table 3). In the presence of 100 mM
methoctramine, the dissociation from theM2 receptor was slowed
down .50-fold (Fig. 3, top panel; Table 3). In contrast, the
observed dissociation rate of [3H]NMS from the M3 receptor did
not significantly differ in the presence of 100 mMmethoctramine
(Fig. 3, bottom panel; Table 3).
Interestingly, all tested mutations in the o3 loop of the M3

receptor, except M3 S, accelerated [3H]NMS dissociation in the
absence of methoctramine (second column of Table 3). The rate
of [3H]NMS dissociation at M3 KFN,M3 SKFN, andM3 DSKFN
receptors was the same as that at the wild-type M2 receptor.
Moreover, there was a significant difference in [3H]NMS
dissociation rate at M3 KFN and M3 DKFN versus M3 K. Also,
[3H]NMS dissociation fromM3 SKFN andM3 DSKFNmutants
was significantly faster than from M3 SK, but there was no
difference in dissociation from M3 KFN, M3 SKFN, and M3

DSKFN as well as from M3 K and M3 SK. Taken together,
although all mutations except M3 S accelerate [3H]NMS dis-
sociation, mutations of F525 to valine and N527 to threonine
have the most profound effect on dissociation of [3H]NMS.
[3H]NMS dissociation in the presence of 100 mM methoctr-

amine was slower at all mutants (except for M3 S) than at the
M3 wild type. In fact, the rate of radioligand dissociation atM3

DKFN, M3 SK, M3 SKFN, and M3 DSKFN mutants was the
same as at the M2 wild type (wt; third column of Table 3). In
other words, mutation of only a single residue, K523 to
asparagine, elicited allosteric interaction betweenmethoctramine
and [3H]NMS on theM3 receptor, inferred from accelerating the
speed of dissociation. In accordance with these observations,
mutation of P415 in the o3 loop of the M2 receptor to serine,
i.e., M2 P, did not change [3H]NMS dissociation significantly,
either in the absence or in the presence of methoctramine
(Table 3). Only mutations of K523, F525, and N527 (i.e., M3

KFN, M3 DKFN, M3 SKFN, and M3 DSKFN) significantly
altered the ratio of Koff(obs) in the absence of methoctramine to
Koff(obs) in the presence of 100 mM methoctramine (fourth

column of Table 3). Again, this parameter was the same for the
M3 SKFN, M3 DSKFN, and the M2 wt receptor.
In the next set of experiments, we measured the effects of

various concentrations of methoctramine on [3H]NMS disso-
ciation on wild-type receptors and all mutants. The observed
dissociation rate constants [Koff(obs)] were calculated accord-
ing to eq. 4. Calculated Koff(obs) were plotted as a function of
methoctramine concentration (Fig. 4). Values of apparent
equilibrium dissociation constants (KD) for methoctramine
binding to [3H]NMS-occupied receptors were obtained by fitting
eq. 5 to the data in Fig. 4 (top panel) and are shown in Table 3.
Except for the M3 S mutant, the calculated KD values are close
to the KD of M2 wt. In other words, mutation of K523 (M3 K) is
crucial for allosteric properties of methoctramine binding.
To gain deeper insight into the mechanisms underlying

methoctramine slowing down of [3H]NMS dissociation, we
measured [3H]NMS dissociation from M2 receptors in the
presence of concentrations of methoctramine that saturate its

Fig. 3. Effects of methoctramine on the dissociation of [3H]NMS from M2
(top panel) or M3 (bottom panel) receptors. Membranes expressing wild-
type M2 (top panel) or M3 (bottom panel) receptors were preincubated for
1 hour with 750 pM [3H]NMS. The dissociation was started at time 0 on
the x-axis by the addition of unlabeled NMS to a final concentration of
1 mM. Unlabeled NMS was added either alone (closed squares) or in
mixture with methoctramine. The final concentration of methoctramine
was either 10 mM (hatched squares) or 100 mM (open squares). Data are
means 6 S.E.M. of three to four independent experiments performed in
quadruplicates. Parameters of fits are listed in Table 3.
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binding to [3H]NMS-occupied receptors (Fig. 4, bottom panel).
Dependence of Koff(obs) on the concentration of methoctramine
fits eq. 5 well [negative logarithm of equilibrium dissociation
constant (pKD)5 5.26 0.2 (mean6 S.E.M., n5 3)]. A good fit
to eq. 5 even at high methoctramine concentrations means
that dissociation limits to 0, i.e., methoctramine prevents
radioligand dissociation completely.
Equilibrium Experiments: Methoctramine Precur-

sors. To gain insight into substuctures of methoctramine
responsible for interaction with the receptor, we synthesized
a short and a long methoctramine precursor—namely, SMP and
8-amino-N-(6-{[(2-methoxyphenyl)methyl]amino}hexyl)octanamide
(LMP) (Fig. 1). Binding of these precursors was measured at M2

and M3 wild-type receptors and M3 S, M3 K, M3 SK, and M3

DSKFN mutants. Affinity of SMP was lower than the affinity of
methoctramine at both M2 and M3 wild-type receptors, whereas
affinity of LMP was lower than affinity of methoctramine only
at the M2 receptor (Fig. 5). Moreover, at the M2 receptor, SMP
affinity was lower by 100-fold, whereas LMP affinity was only
three times lower than affinity of methoctramine (Table 2).
Both single mutations in the o3 loop of the M3 receptor, S519P
(M3 S) and K523N (M3 K), increased the affinity of both
precursors. Similar to methoctramine, the increase in affinity
was greater at M3 K than at M3 S. Mutants M3 SK and M3

DSKFN displayed the same affinity for both precursors as at
M2 wt.
Kinetic Experiments: SMP. To test the allosteric prop-

erties of SMP, we tested its effects on [3H]NMS dissociation as
described earlier for methoctramine. In the presence of 100
mM SMP, radioligand dissociation from the M2 wt receptor
was slowed down by more than 30-fold (Fig. 6; Table 3). In
contrast, similar to methoctramine, effects of 100 mM SMP on
[3H]NMS dissociation fromM3 wt receptor was marginal (Fig.
6; Table 3). Similar to methoctramine, [3H]NMS dissociation
in the presence of 100 mM SMP was slower at all mutants
than at the M3 wt receptor, with the exception of M3 S. At M3

SK and M3 DSKFN mutants, [3H]NMS dissociation was
as slow as at the M2 wt receptor. Values of apparent
equilibrium dissociation constants (KD) for SMP binding to

[3H]NMS-occupied receptors were obtained by fitting eq. 5 to
the data in Fig. 6 (top panel) and are shown in Table 3. Except
for the M3 S mutant, the calculated KD values are close to the
KD at theM2 wt receptor. Importantly, KD values of SMPwere
the same as those of methoctramine. As in the case of
methoctramine, dependence of Koff(obs) of dissociation from the
M2 wt receptor at concentrations of SMP that saturate
binding to [3H]NMS-occupied receptors (Fig. 6, bottom panel)
fits eq. 5 well [pKD 5 5.5 6 0.2 (mean 6 S.E.M., n 5 3)].
Kinetics Experiments: FRET. For FRET measurements,

we constructed emerald GFP attached to the N terminus of
either M2 wt or M3 wt receptors as donors. As an acceptor,
LMP was conjugated with Alexa-555 (Supplemental Methods).
Attachment of GFP to the N termini of the receptors did not
change their binding properties as assessed in [3H]NMS
saturation and competition experiments (Supplemental Ta-
ble 1). The affinity of LMP–Alexa-555 in competition experi-
ments with [3H]NMS at M2 wt and M3 wt receptors was the
same as that of LMP (Supplemental Table 1). Measurements of
FRET allowed direct assessment of binding kinetics of LMP–
Alexa-555 (Figs. 7 and 8). LMP–Alexa-555 was added to
membranes from COS-7 cells transiently expressing GFP–M2

receptors (Fig. 7) at final concentrations of 30 (top panel), 100
(middle panel), and 300 nM (bottom panel), and FRET signal
was followed for 4 hours (black). Dissociation was initiated by
the addition of methoctramine at a final concentration of 1 mM
after 5 (red), 60 (green), or 120 minutes (blue) of association.
Association was biphasic with a very rapid initial phase fol-
lowed by a phase with an observed association rate around 0.02
minute-1 (analytical data are in Supplemental Table 2). Non-
specific signal was very strong, being about two-thirds of the
total signal under equilibrium even at the lowest concentra-
tion. With increasing concentrations, specific signal increased
as well as the proportion of fast association that rose from 15%
at 30 nM to 53% at 300 nM. The observed association rate of the
slower phase remained the same. Dissociation of LMP–Alexa-
555 from M2 receptors was also biphasic. The rate of the fast
dissociation phase could not be determined as it was below
assay resolution. The rate of slow dissociation was around

TABLE 3
Effect of methoctramine on [3H]NMS dissociation
Observed rate dissociation constants [koff(obs)] of [

3H]NMS binding in the absence or presence of 100 mM methoctramine were obtained by nonlinear regression analysis of
dissociation experiments shown in Fig. 3 using eq. 4. Values of apparent equilibrium dissociation constant (KD) for methoctramine and SMP were obtained by fitting eq. 5 to
the data in Figs. 4 and 6, respectively. Data are means 6 S.E.M. from three to five independent experiments.

Receptora
NMS Koff(obs) Methoctramine SMP

Control Methoctramine SMP Ratio pKD Ratio pKD

min21 min21 min21

M3 wt 0.053 6 0.002 0.046 6 0.003 0.046 6 0.004 1.1 6 0.2 n.c. 1.1 6 0.2 n.c.
M2 wt 0.33 6 0.01 0.0062 6 0.0002 0.0096 6 0.0005 53 6 4 5.55 6 0.05 34 6 2 5.52 6 0.04
Mutations in o3 of M3

M3 S 0.070 6 0.004b 0.047 6 0.004b 0.047 6 0.005 1.5 6 0.2b ,4b 1.5 6 0.2 ,4b

M3 K 0.12 6 0.01b,c 0.016 6 0.001b,c 0.017 6 0.002 7.5 6 0.9b 5.11 6 0.09 7.1 6 0.4 5.0 6 0.1
M3 KFN 0.32 6 0.01c 0.018 6 0.003b,c n.d. 17 6 3b,c 5.12 6 0.03 n.c. n.c.
M3 DKFN 0.26 6 0.01b,c 0.013 6 0.003c n.d. 20 6 4b,c 5.14 6 0.06 n.c. n.c.
M3 SK 0.15 6 0.01b,c 0.012 6 0.002c 0.013 6 0.002 13 6 3b 5.23 6 0.09 12 6 2 5.13 6 0.08
M3 SKFN 0.31 6 0.02c 0.0097 6 0.0005c n.d. 32 6 4c 5.24 6 0.05 n.c. n.c.
M3 DSKFN 0.32 6 0.01c 0.0084 6 0.0003c 0.0085 6 0.0007 38 6 3c 5.29 6 0.04 38 6 2 5.29 6 0.03

Mutations in o3 of M2
M2 P 0.27 6 0.02c 0.012 6 0.002c n.d. 23 6 6b,c 5.49 6 0.05 n.c. n.c.

n.c., not calculated; n.d., not determined.
aFor the mutants nomenclature, see Materials and Methods and Supplemental Fig. 3.
bSignificantly different from M2 wt (P , 0.01 by multiparametric one-way analysis of variance with Tukey-Kramer post-test). For more statistical analysis, see Results.
cSignificantly different from M3 wt (P , 0.01 by multiparametric one-way analysis of variance with Tukey-Kramer post-test). For more statistical analysis, see Results.
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0.007 minute-1. The proportion of slow dissociation increased
with both concentration of LMP and the length of associa-
tion. The rate of slow dissociation was independent of both
the duration of association and concentration used. Fitting
a receptor-antagonist complex isomerization model (Järv
et al., 1979) to the kinetic data in Fig. 7 using program
COPASI provided the following results: k11 5 2 �
108 M-1×min-1; k-1 5 100 minute-1; k12 5 0.07 minute-1; k-2 5
0.008 minute-1.
Higher concentrations of LMP–Alexa-555 were used in FRET

measurements at GFP–M3 receptors because of the lower
affinity ofmethoctramine and its precursors at thewild-typeM3

receptor (Fig. 8). Even still, higher concentrations of LMP–
Alexa-555 would be required to achieve comparable occupancy
at theM3 receptors. However, at a 3 mM concentration of LMP–
Alexa-555, the background signal was already too strong and
background noise obscured a specific signal. Due to slower
kinetics of LMP–Alexa-555 at M3 than M2 receptors, dissocia-
tion was initiated after 60 minutes (green), 2 hours (blue), and
4 hours (yellow) of association. Association was biphasic with
a very rapid initial phase followed by a phase with an observed
association rate around 0.01 minute-1 (analytical data are in

Supplemental Table 3). Dissociation of LMP–Alexa-555 from
M3 receptors was also biphasic. The rate of the fast dissociation
cannot be determined as it is below assay resolution. The rate of
slow dissociation was around 0.004minute-1. Fitting a receptor-
antagonist complex isomerization model (Järv et al., 1979) to
the kinetic data in Fig. 8 using program COPASI gave the
following results: k11 5 2� 108 M-1.min-1; k-15 2000minute-1;
k12 5 0.02 minute-1; k-2 5 0.004 minute-1.
Molecular Modeling. Molecular dynamics of membrane

systemswith either theM2 orM3 receptor were run as described
in Materials and Methods and analyzed with Desmond
Simulation Interactions Diagram. In analysis of free molecular
dynamics without methoctramine, we focused on the o2 and o3
loops. Although in the crystal structure of the M3 receptor
(4DAJ) K523 forms a hydrogen bond with Y127 in the trans-
membrane a-helix (TM) II (Fig. 9, top-left panel), simulation of
molecular dynamics shows that, at 59% of time, K523 forms a
hydrogen bond with the conserved glutamate E219 (Fig. 9, top-
right panel). In addition, K523 binds to E219 by ionic interaction
at 18% of time and bywater bridge at 21% of time (Supplemental

Fig. 4. Dependence of the dissociation rate of [3H]NMS from M2 and M3
wild-type and mutated M3 receptors on the concentration of methoctr-
amine. Observed rate dissociation constants [koff(obs)] obtained by non-
linear regression analysis of dissociation curves similar to those shown in
Fig. 3 are plotted against the concentrations of methoctramine. Curves are
the result of fitting eq. 5 to the data. Fitting parameters are shown in
Table 3. Data are means 6 S.E.M. of three to four independent
experiments performed in quadruplicates. For the mutants nomenclature,
see Materials and Methods and Supplemental Fig. 3.

Fig. 5. Inhibition of [3H]NMS binding toM2,M3, andmutantM3 receptors
by short and long methoctramine precursors. Binding of [3H]NMS to
membranes expressing wild-type M2 or M3 or mutant M3 receptors was
measured at increasing concentrations of SMP (top panel) and LMP
(bottom panel). Binding is expressed as the percentage of [3H]NMS
binding to the membranes incubated in the absence of methoctramine
precursors (1100–2200 dpm). Data are means 6 S.E.M. of four in-
dependent experiments performed in quadruplicates. Parameters of fits
are listed in Table 2. For the mutants nomenclature, see Materials and
Methods and Supplemental Fig. 3.
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Figs. 4 and 5). N419 at the M2 receptor corresponds to K523 of
the M3 receptor. The side chain of N419 is free in the M2 crystal
structure (Fig. 9, bottom-left panel). Simulation of molecular
dynamics indicated that N419 is free most of the time. This also
applies to E175 (corresponding residue to E219 in the M3 se-
quence) (Fig. 9, bottom-right panel; Supplemental Figs. 6 and 7).
In simulations of molecular dynamics of association of

methoctramine with the M2 receptor, methoctramine was
placed into the extracellular vestibule by steered molecular
dynamics. In continuing molecular dynamics simulations,
methoctramine nitrogen in atom position 10 forms a hydrogen
bondwith E175 at the o2 loop within the first 30 ns (Fig. 10, left
panel; Fig. 11, top panel; Supplemental Figs. 8 and 11). After
four cycles of alternating free and steered molecular dynamics
(480 ns), the anisole group of methoctramine reached the
orthosteric binding site defined by D103 and N404. During
subsequent free molecular dynamics, methoctramine nitrogen
in atom position 10 forms a hydrogen bond with D103, the
anisole ring interacts with Y104 in the orthosteric site by p-p
stacking interaction, and methoctramine nitrogen in atom
position 33 forms a hydrogen bond with E175 in o2 loop (Figs.
10 and 11, middle panel; Supplemental Figs. 9 and 12). Two
cycles of free molecular dynamics (total 240 ns) showed the

methoctramine anisole groupmoving toward TMVI to interact
with Y403 by p-p stacking interaction, and that the methoctr-
amine oxygen in atom position 7 forms a hydrogen bond with
N404 (Fig. 10, right panel; Fig. 11, bottom panel; Supplemental
Figs. 10 and 13). Additionally, methoctramine nitrogen in atom
position 17 forms a hydrogen bond with D103 in the orthosteric
binding site, and nitrogen in atom position 33 forms a hydrogen
bond with either E172 or E175 in the o2 loop (E172 59% and
E175 35% of the time).

Fig. 6. Dependence of the dissociation rate of [3H]NMS from M2 and M3
wild-type and mutated M3 receptors on the concentration of the SMP.
Observed rate dissociation constants [koff(obs)] obtained by nonlinear
regression analysis of dissociation curves as in Fig. 3 are plotted against
concentration of SMP. Curves are the result of fitting eq. 5 to the data.
Parameters are shown in Table 3. Data are means 6 S.E.M. of three
independent experiments performed in quadruplicates. For the mutants
nomenclature, see Materials and Methods and Supplemental Fig. 3.

Fig. 7. Kinetics of FRET signal between GFP–M2 receptor and Alexa-
555–LMP. Time course of association (black) and dissociation initiated
after 5 (red), 60 (green), and 120 minutes (blue) of association of 30 (top
panel), 100 (middle panel), and 300 nM (bottom panel) Alexa-555–LMP
with GFP–M2 receptors. Emission of Alexa-555–LMP at 590 nm after
excitation of GFP–M2 receptors at 470 nm is expressed in arbitrary units
after correction for bleaching. Data are means 6 S.E.M. of three inde-
pendent experiments performed in duplicates. Parameters of fits are listed
in Supplemental Table 2.
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Discussion
In this study, we delineated the molecular mechanism of

methoctramine (Fig. 1) binding and selectivity toward M2

muscarinic receptors. We show that interaction of methoctr-
amine with both the orthosteric and allosteric binding sites is
responsible for its high affinity at the M2 receptor. Further, we
show that K523 in the third extracellular (o3) loop of the M3

receptor interacts with E219 in the second extracellular (o2)
loop and hinders interaction of methoctramine with the allo-
steric site, which results in low affinity at the M3 receptor.

Our results confirm earlier findings that, in addition to the
high-affinity competitive interaction with [3H]NMS at the M2

muscarinic receptors, methoctramine also binds to an allosteric
domain on the M2 muscarinic receptor. It has been noted that
methoctramine slows down [3H]NMS dissociation from cardiac
membranes (Giraldo et al., 1988; Waelbroeck, 1994), and that
methoctramine noncompetitively inhibits carbachol-induced
phosphoinositide hydrolysis (Lee et al., 1989) and left atria
functional response to carbachol (Boselli and Grana, 1995). Our
results directly demonstrate an allosteric feature of methoctr-
amine binding at the M2 receptor and its lack at M3 receptors
(Fig. 3).
To elucidate the amino acid residues involved in high-affinity

orthosteric and allosteric binding of methoctramine, we genet-
ically modified the M3 receptors to resemble the M2 receptors.
We focused on the extracellular domains where allosteric ligands
such as alcuronium or gallamine (Krejcí and Tu�cek, 2001) have
been proposed to bind. We found that replacement of the whole
o3 loop of theM3 receptor with the corresponding sequence of the
M2 receptor increases the affinity of methoctramine and is thus
responsible for high-affinity methoctramine binding. On the
other hand, finding that this modification of the M3 receptor
does not influence the affinity of two other M2-selective ligands,
AF-DX 116 and himbacine, and the M3-selective ligand 4-DAMP
(Table 1) proves that the o3 loop is not involved in M2 selectivity
in a general sense, and means that different ligands gain their
selectivity by interacting with different regions on the receptor.
Replacement of the o2 loop of theM3 receptor by the o2 loop of the
M2 receptor does not influence the affinity of methoctramine.
This mutation causes a decrease in affinity of the M3-selective
4-DAMP, indicating involvement of the o2 loop in its high affinity
for theM3 receptor. These observations demonstrate that at least
two additional domains exist which can determine ligand affinity
besides the orthosteric site.
Sequence of the o3 loop of theM2 andM3 receptors differs in

five positions (Supplemental Fig. 3). Mutation of just K523 of
theM3 receptor to asparagine increases the affinity of methoctr-
amine (Fig. 2) and uncovers allosteric properties of methoctr-
amine, similar to those observed at the M2 receptor (Fig. 4).
Mutation K523N is thus sufficient for methoctramine binding to
an allosteric site from which it slows down [3H]NMS dissocia-
tion. We deduce that methoctramine interacts directly with the
extracellular domain of the M2 receptor, and that this inter-
action is contingent on the presence of N419 in the o3 loop. This
notion is further supported by the observation that themutation
M2 P decreases affinity of theM2 receptor for both [3H]NMS and
methoctramine (Table 2).
Equilibrium binding experiments on the M3 receptor mu-

tated at individual positions to corresponding amino acids of the
M2 sequence indicate that the double mutation of K523N and
S519P is virtually sufficient to equalize the affinity of methoctr-
amine at the mutated M3 and the wild-type M2 receptors (Fig.
2). The mutation S519P at the o3 loop of the M3 receptor does
not change affinity for methoctramine and does not reveal
allosteric binding properties of methoctramine. These observa-
tions show that N419 of the M2 receptor is solely required for
methoctramine binding to the extracellular domain. However,
N419 as well as P415 in the o3 loop of the M2 receptor are
required for high-affinity binding (Table 2).
Analysis of [3H]NMS dissociation from the M2 receptors

in the presence of methoctramine shows that the rate of
[3H]NMS dissociation concentration-dependently decreases

Fig. 8. Kinetics of FRET between GFP–M3 receptor and Alexa-555–LMP.
Time course of association (black) and dissociation initiated after 60
(green), 120 (blue), and 240 minutes (yellow) of association of 100 (top
panel), 300 (middle panel) and 1000 nM (bottom panel) Alexa-555–LMP
with GFP–M3 receptors. Emission of Alexa-555–LMP at 590 nm after
excitation of GFP–M3 receptors at 470 nm is expressed in arbitrary units
after correction for bleaching. Data are means 6 S.E.M. of three inde-
pendent experiments performed in duplicates. Parameters of fits are listed
in Supplemental Table 3.
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and approaches a limit of zero at concentrations above those
necessary to saturate binding of methoctramine to its secondary
allosteric binding site (Fig. 4). This demonstrates that, similar to
other allosteric modulators (Pro�ska and Tu�cek, 1994), methoctr-
amine sterically prevents [3H]NMS dissociation.

To gain insight into substructures involved in methoctr-
amine high- and low-affinity binding, we tested interactions of
twomethoctramine precursors, the short and the longmethoctr-
amine precursors (SMP and LMP) (Fig. 1). Both precursors
have lower affinity than methoctramine at the M2 receptor,

Fig. 9. Interaction of K522 at the M3 receptor and lack of interaction of corresponding N419 in the M2 receptor. Extracellular view of initial structures
(left panel) and average structures (right panels) of simulation of free molecular dynamics of the M3 (top panels) and M2 (bottom panels) receptors. Red,
TM II; white, o2 loop; blue, o3 loop and TM VII; yellow, hydrogen bond. Elements: cyan, carbon; red, oxygen; blue, nitrogen; white, hydrogen.

Fig. 10. Simulation of molecular dynamic of methoctr-
amine association with M2 receptors. Three stages of
molecular dynamics are displayed: initial (left panel),
transient (middle panel), and final (right panel). The
extracellular part of the M2 receptor is up and TM IV
and V are in front. The backbone of the receptor is
colored by position in red to white to blue gradient. Side
chains of D103, E172, E175, N404, and Y430 are
displayed. Cyan, carbon; blue, nitrogen; green, carbon
of methoctramine; red, oxygen; yellow, hydrogen bonds.
For high-resolution graphics, see Supplemental Figs. 8,
9, and 10.
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Fig. 11. Ligand interaction diagrams of molecular dynamic simulation of methoctramine association with the M2 receptor. Ligand interaction diagrams
of initial (top panel), transient (middle panel), and final (bottom panel) stage of association are shown. Gray, solvent exposure; red, charged; blue, polar;
green, hydrophobic; dotted arrow, H-bond to side chain; full arrow, H-bond to backbone; green connector, p-p stacking. For high-resolution graphics, see
Supplemental Figs. 11, 12, and 13.
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whereas only SMP affinity was lower at the M3 receptor
(Table 2). Mutations in the o3 loop of the M3 receptor affected
the affinity of both methoctramine precursors in the same way
as it modified the affinity of methoctramine. SMP possesses
allosteric properties as evidenced by the slowing down of [3H]NMS
dissociation from the M2 receptor and from the M3 K, M3 SK,
and M3 DSKF mutants (Fig. 6; Table 3). The equilibrium
dissociation constant of SMP binding to [3H]NMS-occupied M2

receptors is the same as that of methoctramine, indicating that
this part of the methoctraminemolecule is sufficient for binding
to the allosteric domain. The observed lower affinity of SMP
than that of methoctramine under equilibrium binding to the
M2 receptor indicates that both parts of the methoctramine
molecule are involved in (needed for) methoctramine high-
affinity binding.
FRET of binding kinetics of LMP at theM2 receptors (Fig. 7)

showed biphasic association as well as biphasic dissociation
with the proportion of slow dissociation increasing with time
of association. These results are compatible with at least two
receptor-ligand interaction models: 1) isomerization of the
receptor-antagonist complex (Järv et al., 1979) and 2) the
tandem two-sitemodel (Jakubík et al., 2000). The same pattern
of binding kinetics of LMP at the M3 receptors (Fig. 8) can be
observed. Much higher concentrations of LMPwere required at
M3 receptors for the same effect as at M2 receptors, indicating
dramatically lower affinity of LMP for the allosteric binding
site at the M3 than the M2 receptors.
Simulations of molecular dynamics of methoctramine asso-

ciation with theM2 receptor showed that binding is initiated by
interaction with E175 at the o2 loop (Fig. 10, left panel)
followed by slow translocation to the orthosteric binding site
(Fig. 10,middle panel) andmethoctramine binding equilibration
(Fig. 10, right panel). Thus, initial interaction with E175 (Fig.
11, top panel) represents the fast association step observed in
FRET measurements (Fig. 7) and results in methoctramine
low-affinity binding that prevents NMS dissociation. Slow
translocation then represents the slow association step in
FRET measurements (Fig. 7) and manifests itself as slowly
dissociating sites whose proportion increases with time of
association (proportion of occupied binding sites). Methoctr-
amine interacts with both the orthosteric (D103, Y403, N404)
and allosteric (E172, E175) sites (Fig. 11, bottompanel), and this
dual interaction results in methoctramine high-affinity binding.
As is evident from the molecular model (Fig. 10, middle and
right panels; Fig. 11, middle and bottom panels), SMP is too
short to interact with both sites and therefore has lower affinity
than methoctramine. At the M3 receptors, methoctramine
competes with K523 for interaction with E219, which is, unlike
at the M2 receptor, the only glutamate in the middle of the o2
loop, and thus its binding to the allosteric site is impaired and
contributes to low affinity of methoctramine binding at the M3

receptors under equilibrium.
This work has practical implications. Themajor difficulty in

producing muscarinic subtype-selective ligands is due to the
structurally conserved orthosteric binding site. Understand-
ing the molecular mechanisms of methoctramine binding may
be useful for designing a novel family of selective compounds
that combine elements of known high-affinity orthosteric
ligands with known selective allosteric ligands in onemolecule.
Interaction of such hybrids with the orthosteric binding site
would endow them with high affinity, whereas binding to the
less conserved extracellular domain would give them subtype

selectivity (Mohr et al., 2004; Antony et al., 2009). Modern
methods using fluorescent ligands to detect ligand binding
have been described (Ilien et. al., 2003; Daval et al., 2012). A
common problem with fluorescent labeling of ligands is that
fluorescent probe alters ligand affinity. Presented results show
that ligand affinity need not be affected by fluorescent probe.
In summary, we demonstrate that the high-affinitymethoctr-

amine binding to the M2 receptors is due to the simultaneous
interaction with both the orthosteric and the allosteric binding
sites. At the orthosteric binding site, methoctramine forms
hydrogen bonds with D103 and N404, and interacts with Y403
via p-p stacking interaction. At the allosteric binding site,
methoctramine forms a hydrogen bond alternating between
E172 and E175. Methoctramine can bind to the NMS-occupied
receptor with low affinity by interaction solely with the
allosteric binding site. Although in such cases the interaction
between methoctramine and NMS is allosteric (is not
mutually exclusive), NMS cannot leave the complex in the
presence of methoctramine, which physically prevents its
dissociation. Lysine 523 in the o3 loop of the M3 receptor
interacts with E219 in the o2 loop and hinders methoctr-
amine binding to the allosteric site. It results in low affinity
of methoctramine binding and lack of allosteric properties at
the M3 receptors.
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Summary 

Muscarinc receptor-mediated signaling takes part in many 

physiological functions ranging from complex higher nervous 

activity to vegetative responses. Specificity of action of the 

natural muscarinic agonist acetylcholine is effected by action on 

five muscarinic receptor subtypes with particular tissue and 

cellular localization, and coupling preference with different  

G-proteins and their signaling pathways. In addition to 

physiological roles it is also implicated in pathologic events like 

promotion of carcinoma cells growth, early pathogenesis of 

neurodegenerative diseases in the central nervous system like 

Alzheimer´s disease and Parkinson´s disease, schizophrenia, 

intoxications resulting in drug addiction, or overactive bladder in 

the periphery. All of these disturbances demonstrate involvement 

of specific muscarinic receptor subtypes and point to 

the importance to develop selective pharmacotherapeutic 

interventions. Because of the high homology of the orthosteric 

binding site of muscarinic receptor subtypes there is virtually no 

subtype selective agonist that binds to this site. Activation of 

specific receptor subtypes may be achieved by developing 

allosteric modulators of acetylcholine binding, since ectopic 

binding domains on the receptor are less conserved compared to 

the orthosteric site. Potentiation of the effects of acetylcholine by 

allosteric modulators would be beneficial in cases where 

acetylcholine release is reduced due to pathological conditions. 

When presynaptic function is severly compromised, the utilization 

of ectopic agonists can be a thinkable solution. 
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Physiology of muscarinic receptors 

 
Muscarinic receptors belong to the family of  

G-protein coupled receptors (GPCR) that are the most 
abundant and pharmacologically targeted plasma 
membrane receptors (Lander et al. 2001, Fredriksson et 
al. 2003). A common structural feature of GPCR is the 
extracellular N-terminus, seven membrane spanning 
domains, three extracellular and three intracellular loops, 
and an intracellular C-terminus. Stimulation of various 
GPCRs leads to activation of particular G-proteins and 
their intracellular signaling pathways that play important 
regulatory roles in virtually all physiological functions. In 
addition to these well-established pathways, it has also 
been demonstrated that receptors also transduce  
non-G-protein-mediated signaling via arrestins and  
G-protein receptor kinases (Lefkowitz 1998, Lefkowitz 
and Shenoy 2005, Reiter and Lefkowitz 2006). 

To date five subtypes of muscarinic receptors 
denoted as M1-M5 and encoded by five different genes 
have been discovered (Kubo et al. 1986a,b, Bonner  
et al. 1987, 1988, Peralta et al. 1987, Bonner 1989a,b). 
Muscarinic receptors are widely expressed in both the 
central and peripheral nervous system, with distinct 
cellular as well as tissue localization of individual 
subtypes. They mediate various physiological functions 
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of their natural agonist acetylcholine ranging from 
complex higher nervous functions such as arousal, 
memory and alertness to vegetative processes such as 
regulation of heart rate and cardiac output, blood 
pressure, temperature regulation, perspiration, secretion 
of exocrine and endocrine glands, and motility of the 
gastrointestinal tract (Eglen 2006, 2012). In addition to 
these functions mediated by neuronal acetylcholine, 
muscarinic receptors also play a role in mediating local 
responses of non-neuronally derived acetylcholine, e.g. 
modulation of immune responses or regulation of local 
circulation (Kawashima and Fujii 2004, 2008, Wessler 
and Kirkpatrick 2012). Non-neuronal acetylcholine has 
also been implicated in paracrine control influencing lung 
cancer growth through both nicotinic and muscarinic 
receptors signaling (Song et al. 2003a,b, Proskocil et al. 
2004, Song et al. 2007, Schuller 2009). 

 
Pharmacology of muscarinic receptors 

 
Individual muscarinic receptor subtypes share a 

high degree of homology in the transmembrane domains 
while extracellular and intracellular loops are less 
well conserved (Hulme et al. 1990, 1991, 2003). The 
intracellular C-terminus may form the fourth intracellular 
loop by means of a glycosyl anchor. The N-terminal part 
of the third intracellular loop represents the contact 
domain for interaction with G-proteins (Wess et al. 1995, 
Hu et al. 2010). Higher variability of this domain enables 
selectivity of interaction with different G-proteins. The 
M1, M3, and M5 receptor subtypes preferentially activate 
Gq/11 G-protein intracellular signaling while the M2 and 
M4 subtypes prefer Gi/o G-proteins and activate their 
signaling pathways (Jones et al. 1991).  

Muscarinic receptors have a classical 
(orthosteric) binding site for natural or exogenous 
agonists located deep in a pocket created by the 
transmembrane segments of the protein that are highly 
conserved among individual receptor subtypes (Hulme et 
al. 2003). Due to high conservation of the orthosteric site 
there are virtually no known selective orthosteric 
agonists. It is thus of prime importance to find out a way 
to influence selectively signaling pathways of individual 
muscarinic receptors. Apart from the orthosteric binding 
site that is naturally occupied by the endogenous agonist 
acetylcholine muscarinic receptors have allosteric binding 
sites located on less conserved extracellular loops. 
Allosteric ligands bind to an allosteric site on the receptor 
and may either activate the receptor by themselves or 

modulate receptor activation by acetylcholine. They 
exhibit subtype selectivity because they bind to less 
conserved receptor domains. Binding of allosteric ligands 
results in remarkable subtype selective influencing of 
orthosteric ligand binding that depends on the receptor 
subtype and the specific pair of orthosteric-allosteric 
ligands (Jakubik et al. 1995, 1997, 2005). Allosteric 
ligands (modulators) change receptor conformation and 
in this way increase, decrease, or have no influence 
(positive, negative, or neutral cooperativity) on the 
binding affinity of given orthosteric agonists, including 
the natural agonist acetylcholine (Jakubik and  
El-Fakahany 2010). The advantage of allosteric 
modulators is that their effect, with respect to the specific 
receptor-activated pathway, is given by the factor of 
cooperativity with orthosteric ligand that dictates a 
maximal degree of interaction of binding of both agents. 
This results in eliminating a danger of overdosing.  

There are also so called ectopic ligands (Fig. 1 
and 2) that attach to more distal parts of the receptor 
binding site pocket that is less conserved. Unlike 
allosteric modulators they prevent binding of orthosteric 
ligands to the orthosteric site. However, the selectivity of 
known ectopic ligands in terms of binding affinity to 
different receptor subtypes is generally poor. On the other 
hand, some of these compounds exhibit significant 
functional selectivity (e.g. N-desmethylclozapine,  
AC-42), which makes them good candidates for 
pharmacotherapy. 

The next type of compounds that bind to 
muscarinic receptors are so called bitopic ligands. These 
agents can bind to two sites on a single receptor. An 
example is 77-LH-28-1 that was identified from a series 
of AC-42 analogs (Langmead et al. 2008) and shown to 
have selectivity for M1 receptors (Heinrich et al. 2009). 
In vitro studies indicated competitive interaction between 
the orthosteric antagonist scopolamine and 77-LH-28-1 
(Langmead et al. 2008). Further functional and site-
directed mutagenesis studies have demonstrated an 
allosteric mode of agonist action for this ligand. Another 
example of ligand that binds both to orthosteric and 
allosteric sites and can be labeled as bitopic is 
xanomeline (Jakubík et al. 2002). Xanomeline is one of 
few functionally selective muscarinic agonists. It 
preferentially activates M1 and M4 receptors while it has 
long-term antagonistic effects at M5 receptors (Grant and 
El-Fakahany 2005, Grant et al. 2010). In addition, part of 
xanomeline binding that depends on the O-hexyl group of 
the molecule (Jakubik et al. 2004) is resistant to washing 
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(Christopoulos et al. 1998, Jakubik et al. 2002, 2006). 
Interestingly, wash-resistant xanomeline itself acts on the 
receptor both competitively and allosterically (Jakubik et 
al. 2002, Machová et al. 2007). 

There is accumulating evidence that muscarinic 
receptors can be activated via several different allosteric 
sites (Jakubík et al. 1996, Lebois et al. 2010) and ectopic 

sites (Langmead et al. 2008). Thus regardless of the 
binding mode (orthosteric, ectopic, allosteric or bitopic; 
Fig. 1 and 2) ligands can act as agonists (induce response 
like natural neurotransmitter) or neutral antagonists 
(produce no response on their own but block activation 
by agonists) or inverse agonists (induce response 
opposite to the natural neurotransmitter).  

 
 

 
Fig. 1. Schematic representation of ligand binding modes. Binding of the orthosteric ligand (blue rectangle) to the othosteric site (A), 
binding of the ectopic ligand (red circle) to the ectopic site that is different from the orthosteric site but prevents binding of the 
othosteric ligands (B), allosteric ligand (green triangle) binds to the allosteric binding site concurrently with the orthosteric ligand (C), 
bitopic ligand (yellow diamod) can bind to the allosteric binding site (D) as well as to the orthosteric binding site (E). 
 

 
Fig. 2. Structures of atypical 
muscarinic ligands. A, ectopic 
ligands N-desmethylclozapine 
and AC-42; B, allosteric 
agonists VU0152099 and 
VU0152100; C, bitopic 
agonists 77-LH-28-1 and 
xanomeline. 
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Alzheimer's disease 

 
Alzheimer´s disease (AD) is the most 

widespread dementing neurodegenerative disease. It was 
described in 1907 by Alois Alzheimer and since then 
enormous efforts have been exerted to find out how it 
originates and explore possibilities of an efficient 
treatment. Original pathological findings of amyloid 
plaques, neurofibrillary tangles, and impairments of the 
brain cholinergic system led to the formulation of the 
“cholinergic hypothesis” of AD (Bartus et al. 1982). 
Later on fragments of the amyloid precursor protein 
(APP), a major protein isolated from amyloid plaques 
(Masters et al. 1985a,b), were discovered (Kang et al. 
1987). Proof of increased accumulation of these 
fragments in Alzheimer’s brains gave rise to the 
“amyloid cascade hypothesis” (Hardy and Higgins 1992). 
Overproduction of Aβ fragments in hereditary cases 
of the disease is due to known defects of genes for 
APP localized on chromosome 21, presenilin 1 on 
chromosome 14 (Sherrington et al. 1995), and presenilin 
2 on chromosome 1 (Levy-Lahad et al. 1995a,b). 
However, the reason for their increased production in 
sporadic cases representing the majority (up to 98 %) of 
cases is largely unknown. Allelic polymorphism of the 
ApoE gene is a major genetic risk factor in sporadic early 
onset AD that can nonetheless account for no more than 
5-15 % of cases. By far the major risk factor of the 
disease is increasing age yet it is not known how it 
contributes to development of the disease. It has been 
suggested that exposure to a variety of insults during life 
cycle may lead to the gradual accumulation of native  
β-amyloid (Aβ) fragments and finally to the common 
clinical and pathological picture of Alzheimer´s disease 
(Mesulam 1999, Selkoe 2001, 2002, Kukar et al. 2005, 
Turner and Nalivaeva 2007, Karran et al. 2011). 

The amyloid cascade hypothesis postulates that 
the primary event in the pathogenesis of AD is the 
overproduction of Aβ fragments as a result of known 
genetic defects in hereditary cases of the disease (Hardy 
1997). It is now generally accepted that the causal agent 
that triggers and drives the disease progression is 
increased concentration of small soluble oligomers of Aβ, 
mainly fragment Aβ1-42 (Selkoe 2002, Lesne et al. 2006, 
2008, Maezawa et al. 2011, Shankar et al. 2011). 
However, familial AD disease represents only about 1 % 
of all cases. This has urged for investigations of the 
physiological function of Aβ that should help to explain 
the high prevalence of the disease in sporadic cases. The 

fragments of Aβ that are generated by sequential cleavage 
at the β and γ sites of APP have been reported to have 
both neuroprotective and neurotoxic effects (Whitson et 
al. 1989, 1990, Yankner et al. 1990, Pike et al. 1991). 
More recently, the specific physiological role of 
major Aβ fragments connecting APP and lipid 
metabolism has been demonstrated. Fragment Aβ1-40 
downregulates cholesterol synthesis by inhibiting 
hydroxymethylglutaryl-CoA synthase whereas fragment 
Aβ1-42 decreases sphingomyeline levels by activating 
neutral sphingomyelinase (Grimm et al. 2005, 2007). In 
turn, changes in membrane lipid composition influence 
APP processing (Kojro et al. 2001, Grimm et al. 2008, 
2011). The amyloid precursor protein is a receptor-like 
membrane protein. Tuning of proteolytic amyloidogenic/ 
nonamyloidogenic processing depends on plasma 
membrane properties and localization in membrane 
domains (Schneider et al. 2006, 2008, Hicks et al. 2012) 
and the same may be true for other transmembrane 
proteins including G-protein-coupled receptors (Rudajev 
et al. 2005, Michal et al. 2007, 2009). 

Original neurochemical findings in Alzheimer´s 
disease brains pointed out disturbances of acetylcholine 
metabolism (Bowen et al. 1976, Davies and Maloney 
1976, Perry et al. 1977a,b, Sims et al. 1981, Francis et al. 
1985, 1999). Since then a large body of evidence 
supporting as well as questioning this hypothesis has 
accumulated (Bartus and Emerich 1999, Bartus 2000). 
Several lines of evidence argue for viability of the 
cholinergic hypothesis. Cholinergic muscarinic 
transmission plays an important role in mental functions 
like attention, learning, and memory (Peralta et al. 1988, 
Ehlert et al. 1994, Lahiri et al. 2004, Koch et al. 2005). 
These functions decline in the course of natural aging and 
more so in AD. In primates such a decline correlates with 
a decrease in the number of cholinergic neurons in the 
basal forebrain and treatments that rescue these neurons 
lead to improvement of cognitive performance (Smith et 
al. 1999, Conner et al. 2001). Cholinergic neurons are 
very sensitive to changes in homeostasis and disturbances 
of cognitive performance also accompany various insults 
like head trauma, intoxications, and hypoxia. Up to now 
the major therapeutic interventions that demonstrate 
certain benefits target the cholinergic system (e.g. 
clinically approved cholinesterase inhibitors). 
Conversely, it has been shown that application of 
antimuscarinic treatment in patients with Parkinson´s 
disease results in a significant increase in the probability 
to develop Alzheimer´s disease (Perry et al. 2003). In line 
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with this finding is an enhancement of amyloid pathology 
in transgenic APPswe/ind mice that express low levels of 
M1 muscarinic acetylcholine receptors (Davis et al. 
2010). 

Aging is by far the most imporatant risk factor in 
sporadic Alzheimer´s disease. A decline of cholinergic 
transmission naturally occurring during aging is 
dramatically accentuated in Alzheimer´s disease and 
underlies cognitive symptoms of this devastating 
disorder. Up to now the only treatment of this disease that 
shows certain benefit is the use of cholinesterase 
inhibitors (Wilkinson et al. 2004). These drugs prevent 
hydrolysis of the endogenous muscarinic agonist 
acetylcholine and can thus be effective only when the 
presynaptic component of cholinergic synapses is 
operating. This is often not the case in clinically 
manifested stages of Alzheimer’s disease. Moreover, 
preservation of synaptic acetylcholine by these 
compounds results not only in beneficial memory 
enhancing effects (through M1 muscarinic receptors), but 
also significant side effects (mediated by other subtypes 
of muscarinic receptors). Muscarinic receptors are rather 
well preserved even in the late state of the disease 
although their activation appears somewhat compromised 
in the course of healthy aging and more so during disease 
progression (Tsang et al. 2006, Machová et al. 2008, 
2010, Janickova et al. 2013). Thus M1 selective agonists 
bear therapeutic potential for treatment of Alzheimer's 
disease. Recently, systemically active M1 allosteric 
agonists VU0152099 and VU0152100, were synthesized 
at the Vanderbilt Center for Neuroscience Drug 
Discovery (Lebois et al. 2010). 

The cholinergic and amyloid hypotheses are not 
mutually exclusive (Isacson et al. 2002). As mentioned 
above, the increase in Aβ concentration in hereditary 
cases is due to known gene defects. The link between 
cholinergic neurotransmission and increase in Aβ 
concentration has been demonstrated in vitro. Stimulation 
of Gq/11 G-protein coupled M1 and M3 muscarinic 
receptors increases non-amyloidogenic cleavage of APP 
at the α site by α-secretase and in this way prevents 
amyloidogenic processing of APP (Buxbaum et al. 1992, 
Nitsch et al. 1992). Weakening of cholinergic muscarinic 
signal transduction may thus lead to an increase in Aβ 
production and consequently to the acceleration of 
disease progression (Doležal and Kašparová 2003). 
Indeed, inhibition of Gq/11 G-protein function has been 
demonstrated in rodent primary cultures as a reduction of 
muscarinic receptor-induced GTPase activity (Kelly et al. 

1996), and as a decrease in Gq/11 G-protein concentration 
(Kelly et al. 2005) and attenuation of muscarinic 
receptor-stimulated phosphatidylinositol hydrolysis in 
plasma membranes prepared from post mortem brain 
samples of Alzheimer‘s patients (Jope et al. 1997, 
Thathiah and De Strooper 2009). 

  
Schizophrenia 

 
Schizophrenia is a diagnosis that covers a set of 

disorders of different etiologies with the same symptoms. 
This disorder can be divided based on the presence or 
absence of negative symptoms or according to DSM-IV 
(The Diagnostic and Statistical Manual of Mental 
Disorders) to paranoid, disorganized, catatonic, 
undifferentiated, and residual types. Schizophrenia is 
characterized by faint pathology and has both sporadic 
and hereditary forms. The common pathologic aspect of 
schizophrenia is excessive dopaminergic transmission in 
striatal and mesolimbic areas that can be abated by 
dopamine D2 receptor antagonists, and deficit of 
dopamine signaling in prefrontal cortex (Karam et al. 
2010). An alternative hypothesis for the development of 
schizophrenia symptoms involves muscarinic receptors. 
Clinical trials provided evidence that muscarinic agonists 
are moderately effective as antipsychotic agents (Biel et 
al. 1962, Mego et al. 1988). Moreover, it has been shown 
that the levels of both M1 and M4 receptors are reduced in 
the prefrontal cortex, hippocampus, caudate and putamen 
in post mortem samples from schizophrenic patients 
(Dean et al. 1999, 2002, Crook et al. 1999, 2000, 2001). 
From studies in knockout mice, the M1 receptor subtype 
has been viewed as the most likely candidate for 
mediating effects on cognition, attention mechanisms, 
and sensory processing so reduction in M1 receptors may 
be the cause of cognitive symptoms of schizophrenia. The 
M4 receptor is localized in dopamine rich brain regions 
(the mesolimbic dopaminergic pathway), and regulates 
dopamine levels in this region (Tzavara et al. 2004). Thus 
the “dopamine hyperfunction hypothesis” and the 
“cholinergic hypothesis” of schizophrenia are compatible. 

The importance of the cholinergic system in 
schizophrenia has been further validated clinically by the 
use of clozapine, one of the most clinically useful 
atypical antipsychotics (Kane et al. 1988, Hagger et al. 
1993, Goldberg and Winberger 1994). Numerous studies 
suggest that the unique efficacy of clozapine is due to its 
major circulating metabolite, N-desmethylclozapine 
(NDMC) acting as an M1 ectopic agonist (Weiner et al. 



S182   Jakubík et al.  Vol. 63 
 
 
2004, Burstein et al. 2005, Davies et al. 2005) in 
combination with its inhibition of D2 receptors. Taken 
together M1 and M4 selective agonists have a potential to 
alleviate cognitive deficits and positive symptoms of 
schizophrenia. The studies with positive allosteric 
modulators of acetylcholine at M4 receptors VU0152099 
and VU0152100 (Brady et al. 2008, Shierey et al. 2008, 
Byun et al. 2011) provide further support for the 
“cholinergic hypothesis” of shizophrenia. 

 
Overactive bladder 

 
Current therapy of overactive bladder relies on 

inhibition of M3 (and M2) receptors of lower urinary tract 
smooth muscles by long acting muscarinic antagonists 
(LAMAs) (Smith and Wein 2010). LAMAs produce 
symptomatic improvement by decreasing detrusor 
overactivity, increasing bladder capacity, and reducing 
urgency and urge of urinary incontinence and frequency 
(Smith and Wein 2010). LAMAs, however, exert adverse 
effects, mainly dry mouth and constipation, probably due 
to the lack of binding selectivity. Their effect is primarily 
based on slower kinetics at M3 receptors (Hegde 2006, 
Sykes et al. 2012). Thus, there is room for improvement 
of LAMAs in binding selectivity that would be beneficial 
in dose lowering and diminution of side effects. 
Importantly, currently available LAMAs do not possess 
the O-hexyl group that is responsible for xanomeline 
wash-resistant binding (Jakubík et al. 2004). 
Combination of potential M3 selective antagonists with 
O-hexyl groups may thus open an avenue to synthesize 
new classes of LAMAs. 

 
Drug addiction 

 
Drug addiction is a disease that is not primarily 

caused by cell damage. Addictive drugs impact regular 
learning to reinforce their own intake. In general, 
addictive drugs increase dopaminergic transmission in the 
striatum (Sulzer 2011). Blocking of M5 receptors has 
been shown to reduce reinforcement and withdrawal 
symptoms of morphine (Basile et al. 2002) as well as 
cocaine addiction (Lester et al. 2010). Occurrence of M5 
receptors in the body is limited to cerebral blood vessels 
(Yamada et al. 2001) and neurons of specific regions 
of brain-ventral tegmental area of substantia nigra, 
hippocampus, and striatum (Yamada et al. 2003, Raffa 
2009). In the striatum M5 receptors located on 
dopaminergic nerve terminals facilitate muscarinic 

agonist-induced dopamine release, a key process of drug 
addiction events of reward, reinforcement and withdrawal 
(Koob and Volkow 2010, Morales and Pickel 2012). 
Moreover, striatum innervating dopaminergic neurons 
almost exclusively express the M5 receptor subtype 
(Yamada et al. 2001). Therefore M5 antagonists have 
potential therapeutic use for treatment of drug addiction 
and abuse with minimum side effects. No M5 selective 
antagonists are known so far (Eglen et al. 2006, Raffa 
2009, Stahl et al. 2010). Search for ectopic antagonists 
that bind to the less conserved parts of the receptor but 
still effectively block the receptor by interaction with the 
orthosteric site may be a way to obtain potent M5 
selective antagonists. 

 
Conclusions 

 
The major problem of muscarinic 

pharmacotherapy is the paucity of targets influencing of 
muscarinic neurotransmission. The use of 
anticholinesterases to strengthen transmission, e.g. in 
treatment of Alzheimer´s disease, by prolonging the 
presence of the natural agonist acetylcholine in the 
synaptic cleft does not discriminate among various 
signaling pathways activated by various muscarinic 
receptor subtypes and consequently suffers of many side-
effects and a peril of overdosing. Despite this disadvantage 
cholinesterases inhibitors are up to now the only approved 
drugs for Alzheimer´s disease that demonstrate marked 
therapeutic benefits. Provided that presynaptic function is 
at least partially preserved, allosteric modulators of 
acetylcholine binding provide unusual selectivity and may 
serve as a drug for selective activation (e.g. in Alzheimer´s 
disease) or attenuation (e.g. in Parkinson´s disease) of 
neurotransmission mediated by different muscarinic 
receptors. When presynaptic function is severly 
compromised, the utilization of ectopic agonists can be a 
thinkable solution. Unfortunately, in either case, no 
clinically exploitable drugs have been generated yet. 
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Several heterocyclic N-piperidine substituted salts were synthesized that were found to inhibit the specific
binding of the antagonist [3H] quinuclidinyl benzilate in radioligand muscarinic binding assays (3H-QNB) in
bioassays. One of the heterocyclic salts, compound 7, met the significance criteria in these assays (>50%
inhibition) at 10mM of the nonselective muscarinic antagonist (3H-QNB) in cells of the Wistar rat cerebral
cortex. Furthermore, this compound displayed 61% inhibition at 10mM of the antagonist (3H-QNB) for the
M5 receptor (IC50 6.34mM, Ki 3.93mM, nH = 0.996) in human recombinant CHO cell lines. These data
obtained from Ricerca Biosciences suggested that compound 7 was selective for the M5 receptor. Another
study from the Czech Academy of Sciences demonstrated that compound 7 was 3 to 8 times more potent
at M2 than other subtypes of muscarinic receptors in competition with antagonist N-methylscopolamine
and selective for the M1 receptors over M3 and M5 in antagonizing accumulation of inositol phosphates
induced by muscarinic agonist carbachol.
J. Heterocyclic Chem, 50, 1363 (2013).
INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by loss of memory, judgment, and language
functions and by the loss of specific neurons that project from
the basal forebrain to the hippocampus and cerebral cortex
[1]. Degeneration of these nerve cells results in a decrease
of neuronal markers such as the universal neurotransmitter
acetylcholine and the enzymes choline acetyltransferase
and esterase. The cholinergic hypothesis is based on the fact
that while basal forebrain neurons that express the M2

muscarinic receptor are at risk of degenerating, the cortical
neurons expressing theM1 subtype which synapse with them
are not altered [2]. In theory, one could design and synthesize
muscarinic selective M1 agonists that would activate the
cortical neurons. Such an approach has proven very difficult
to achieve because of lack of three-dimensional structural
information about the muscarinic binding site(s). To date,
three pharmacologically distinct muscarinic receptors and
five cloned muscarinic receptors (M1–M5) have been identi-
fied [3]. These receptors share high amino acid homology,
specifically at the transmembrane regions where agonist
binding is believed to occur. Therefore, it appears difficult
to design selective agonists that can differentiate between
these subtypes. Efficacious agonists would have to activate
specific neurons expressing the M1-subtype while having lit-
tle effect on neurons expressing other types of receptors. To
date, only a few compounds have shown sufficient promise
to proceed to clinical trials, and these have produced only
marginal stimulating responses. Xanomeline, compound 1,
© 2013 HeteroC
is a functionally selectiveM1/M4 receptor agonist with prom-
ising in vivo antidementia properties [4]. This drug was ini-
tially targeted for the treatment of AD, but clinical trials
revealed peripheral side effects that were not consistent with
M1 selectivity. More recent behavioral studies indicate, how-
ever, that the compound may decrease psychotic behaviors
in patients with AD suggesting that it might be useful in
the treatment of psychotic symptoms in patients with schizo-
phrenia. Xanomeline was shown to exhibit a novel mode of
interaction with the M1 receptor different from that used by
conventional agonists. There is evidence that the persistent at-
tachment of Xanomeline takes place away from the classical
binding site, whereas the active group interacts reversibly with
the primary receptor activation site. Other data have shown
that Xanomeline binds in a wash-resistant manner as an antag-
onist at the M5 receptor [5]. The ability of Xanomeline to
activate some subtypes of muscarinic receptors while antag-
onizing others in a wash-resistant manner represents a unique
and complex pharmacological profile. There is an obvious
need for more M1-selective receptor activators because of
unwanted side effects with compounds like Xanomeline.
orporation
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Our research group is currently working on the synthesis
of heterocyclic compounds with structural features similar
to Xanomeline that conform to Schulman’s [6] model of
the muscarinic pharmacophore. This model is based on de-
tailed conformational analyses of acetylcholine and other
known muscarinic agonists. In this model, the ammonium
head group of muscarinic agonists is shown to interact with
an aspartic acid residue, whereas a region of negative electro-
static potential interacts with a positive receptor residue or
forms a hydrogen bond at point Q (Fig. 1). Schulman’s
model is based on the following assumptions:
(1) The distance |PQ| varies by no more than 0.03 nm over

a set of agonists. (2) The interaction dihedral angle “PNOQ”
and the distance |PQ| define the backbone of the drug, and the
range of accessible PNOQ values is 100� to 117�, with pos-
itive signs according to the Prelog convention. (3) The dis-
tance |PCt| defines the chain length requirements with full
agonists having |PCt| values around 0.85 nm.
Compounds 4, 7, and 11 were synthesized and all contain

the classical NCCO backbone required by Schulman’s
model for muscarinic binding and similar chemical moieties
present in Xanomeline. For example, all three compounds
Scheme

Figure 1. Schulman’s model of the muscarinic pharmacophore.

Journal of Heterocyclic Chemi
have a piperidinyl group. In addition, compound 7 contains
a hydrophobic butoxy group.
REACTION SCHEMES AND STRATEGIES

The furfuryl ester N-substituted piperidinium salt 4
(Scheme 1) was first synthesized by reacting furfuryl
chloride with 2-bromoethanol to form 2 that was then
coupled with piperidine to yield the piperidine base 3. The
base was then treated with iodomethane to form the salt.

The p-butoxy benzoyl esterN-substituted piperidinium salt
7 (Scheme 2) was first synthesized by reacting 2-bromoetha-
nol with p-butoxybenzoylchloride to form 5 that was then
coupled with piperidine to yield the piperidine base 6. The
base was then treated with iodomethane to form the salt.

The thiophene N-substituted piperidinium salt 11
(Scheme 3) was synthesized by reducing 5-methyl
thiophenecarboxaldehyde with sodium borohydride to
form the alcohol 8 that was then converted to the
corresponding chloride 9. The chloride was then coupled
with piperidine to form the base 10 that was then
converted to the salt 11 by the addition of iodomethane.
EXPERIMENTAL

Reagents were purchased from Aldrich Chemical Company
(St. Louis, MO) unless otherwise noted, and all starting liquid
materials were distilled before use. NMR spectra were recorded
on a Varian 300MHz spectrometer (Varian NMR Systems, Palo
Alto, CA) housed at Barry University. Mass spectra were
recorded on a Clarus 560 S GC/MS system (Perkin Elmer,
Shelton, CT). Elemental analyses were carried out by Galbraith
Laboratories (Knoxville, TN), and biological assays were
conducted at Ricerca Biosciences (Taiwan) and the Institute of
Physiology of the Czech Academy of Sciences as described
previously [7]. Melting points were recorded on a MEL-TEMP II
purchased from Laboratory Devices and are uncorrected.
1
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2-(2-Bromoethyl) furfuryl ester (2). To a 100-mL round
bottom flask were added 2-bromoethanol (6.25 g, 0.05mol),
triethylamine (5.06 g, 0.05mol), and 10mL of anhydrous ether.
The flask was cooled in an ice bath, and 2-furfuryl chloride
(6.52 g, 0.05mol) was added dropwise. The mixture was then
refluxed for 30min. The solution was filtered, and 15mL of
1M HCl was added to the filtrate. The mixture was extracted
several times with H2O. The ether layer was then dried over
anhydrous magnesium sulfate, filtered, and concentrated under
vacuum to yield compound 2 (3.35 g, 30%). 1H NMR
300MHz, CDCl3) d 7.65 (1H), 7.3 (1H), 6.55 (1H), 4.7–4.6
(t, 2H), 3.7–3.6 (t, 2H). MS: m/z 219 (M+), 112, 95 (base peak).

2-(N-Piperidine ethyl) furfuryl ester (3). Compound 2
(2 g, 0.009mol), 20mL of acetonitrile, 1 g sodium carbonate,
and piperidine (0.77 g, 0.009mol) were added to a 100-mL
boiling flask and left to stir overnight. The solution was
filtered and concentrated under vacuum to yield 1.05 g of crude
compound 3. The crude material was chromatographed over silica
Journal of Heterocyclic Chemi
with a 10:1 mixture of CH2Cl2/MeOH to yield pure compound 3
(0.70 g, 35%). 1H NMR (300MHz, CD3COCD3) d7.4 (1H), 7.0
(1H), 6.4 (1H), 4.6 (2H), 4.2 (2H), 3.6 (4H), 2.4 (4H), 1.2 (2H).
MS: m/z 223 (M+), 111, 98 (base peak).

2-(N-Piperidine ethyl) furfuryl ester N-methyl iodide (4).
Compound 3 (0.60 g, 0.0027mol) and 1mL of iodomethane were
added to a 25-mL boiling flask and stirred overnight. The mixture
was concentrated, and the crude salt was recrystallized from hexanol
to yield compound 4 (0.65 g, 67%), mp 165–167�C. 1H NMR
(300MHz, D2O) d 7.7 (1H), 7.3 (1H), 6.6 (1H), 4.9 (2H), 3.8
(2H), 3.5–3.3 (4H), 3.1 (3H), 1.9–1.8 (4H), 1.65-1.55 (2H). Anal.
Calcd For C13H20NO3I: C 42.75%, H 5.52%, N 3.82%, I 34.75%.
Found: C 42.65%, H 5.38%, N 3.78%, I 36.19%.

2-Bromo ethyl p-butoxybenzoate (5). To a 100-mL
round bottom flask were added 2-bromoethanol (0.625 g,
0.005mol), triethylamine (0.505 g, 0.005mol), and 5mL of
dry anhydrous ether. The flask was cooled in an ice bath,
and p-butoxybenzoylchloride (1.06 g, 0.005mol) was added
dropwise. The mixture was then refluxed for 30min. The
solution was filtered, and 15mL of 1M HCl was added to
the filtrate. The mixture was extracted several times with
H2O. The ether layer was dried over anhydrous magnesium
sulfate, filtered, and concentrated under vacuum to yield
compound 5 (0.41 g, 27%). 1H NMR (300MHz, CDCl3) d 8.0
(2H), 7.0 (2H), 4.6 (2H), 4.2 (2H), 3.6 (2H), 1.8 (2H),1.6 (2H),
1.0 (3H). MS: m/z 300 (M+), 121, 138 (base peak).

2-(N-Piperidine ethyl) p-butoxybenzoate (6). Compound 5
(0.41 g, 0.00113mol), 20mL of acetonitrile, 1 g sodium carbonate,
and piperidine (0.116 g, 0.00113mol) were added to a 100-mL
boiling flask and left to stir overnight. The solution was filtered
and concentrated under vacuum to yield 0.39 g of crude
compound 6. The crude material was chromatographed over silica
with a 10:1 mixture of CH2Cl2/ MeOH to give compound 6
(0.36 g, 88%). 1H NMR (300MHz, CD3COCD3) d 8.0 (2H), 7.1
(2H), 4.5 (2H), 4.2 (2H), 2.8 (2H), 2.6 (4H), 1.8 (2H), 1.6 (4H),
1.5 (2H), 1.0 (5H). MS: m/z 305 (M+), 165, 98, 138 (base peak).

2-(N-Piperidine ethyl) p-butoxy benzoylester N-methyl
iodide (7). Compound 6 (0.36 g, 0.00118mol) and 1mL of
iodomethane were added to a 25-mL boiling flask and stirred
overnight. The mixture was concentrated to yield crude salt 7
stry DOI 10.1002/jhet
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(0.50 g, 63%). The salt was recrystallized from n-butanol, mp
111–113�C. 1H NMR (300MHz, D2O) d 7.9 (2H), 7.0 (2H),
4.6 (2H), 4.1(2H), 3.8 (2H), 3.5–3.3 (4H), 3.1 (3H), 1.9–1.8
(4H), 1.7–1.5 (4H), 1.45–1.35 (2H), 0.9–0.8 (3H). Anal. Calcd
For C19H30NO3I: C 51.03%, H 6.71%, N 3.13%, I 28.38%.
Found: C 50.48%, H 6.59%, N 3.19%, I 30.29%.

5-Methyl-2-thiophene methanol (8). A solution containing
sodium methylate (3 g, 0.056mol), sodium borohydride
(6 g, 0.16mol), and 25mL of methanol was slowly added to
a mixture containing 5-methyl thiophene carboxaldehyde
(26.39 g, 0.08mol) and 50ml of methanol with stirring and
cooling. After addition, the reaction mixture was then allowed to
warm to room temperature, poured over 200mL of crushed ice,
and acidified with 6M HCl. The mixture was then extracted with
ether, and the combined ether layers was dried over anhydrous
magnesium sulfate, filtered, and concentrated to yield 8 (17.90 g,
76.63%), 1H NMR (300MHz, CDCl3) d 6.85 (d,1H), 6.65 (d,1H),
4.75 (s,2H), 2.5 (s,3H), 2.0 (bs, 1H).

5-Methyl-2-thiophene methyl chloride (9). Compound
8 (8.95g, 0.0698mol) was added to a mixture of carbon
tetrachloride (50mL) and triphenyl phosphine (21.0 g, 0.0801mol)
and refluxed for 1 h. The mixture was allowed to cool to room
temperature, and 160mL of anhydrous pentane was added with
stirring. The solution was filtered, and filtrate was concentrated to
yield 9 (7.13 g, 68.56%). 1H NMR (300MHz, CDCl3) d 6.9 (d,
1H), 6.6 (d, 1H), 4.8 (s,2H), 2.5 (s,3H).

1-(5-Methyl-2-thiophene methyl)-1-methyl piperidinium
iodide (11). A 4.0 g of anhydrous sodium carbonate was
added to a solution of compound 9 (7.13 g, 0.0487mol) in
40mL of acetonitrile. Piperidine (4.15 g, 0.0487mol) was then
Figure 2. Carbachol-induced accumulation of inositol phosphate. [Color figure ca

Journal of Heterocyclic Chemi
added with stirring. The reaction mixture was allowed to stir
overnight, filtered, and concentrated on a rotary evaporator to
yield crude base 10 (9.12 g, 96%). To a solution containing
compound 10 (5.0 g, 0.0256mol) in 20mL of acetonitrile was
added methyl iodide (4 g, 0.028mol). The solution was allowed
to stir overnight and concentrated. The crude salt 11 was
recrystallized from 1-butanol (8.16 g 52.85%), mp144–145�C.
1H NMR (300MHz, CDCl3) d 7.1 (d,1H), 6.8 (d,1H), 4.55
(s, 2H), 3.35–3.2 (m, 4H), 2.9 (s, 3H), 2.4 (s, 3H), 1.95–1.8
(m, 4H), 1.7–1.5 (m, 2H). Anal. Calcd For C12H20SNI: C
42.73%, H 5.98%, N 4.15%, I 37.62%, S 9.51%. Found: C
42.62%, H 5.77%, N 4.14%, I 38.68%, S 9.92%.

RADIOLIGAND ASSAYS AND DISCUSSIONS

Compounds 4, 7, and 11 were assayed at Ricerca
Biosciences for muscarinic binding affinity on Wistar rat
cerebral cortex at 10 mM in 1% DMSO. Incubation time/
temperature: 60min at 25�C. Incubation buffer: 50mM
phosphate buffer, pH 7.4. All compounds were tested in
the presence of 0.15 nM [3H] quinuclidinyl benzilate (a
muscarinic antagonist). These compounds were found to
significantly displace the antagonist from the muscarinic
receptor sites. Compounds 7, 11, and 4 displayed 81%,
61%, and 55% inhibition of the antagonist, respectively.
Although compounds 4 and 11 were able to bind signifi-
cantly, neither one had any significant binding selectivity
for any particular receptor. Compound 7, however, was
n be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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found to be more selective for the M5 receptor. This
compound displayed 61% inhibition at 10 mM of the antag-
onist (3H-QNB) for the M5 receptor (IC50 6.34 mM, Ki

3.93 mM, nH = 0.996) in human recombinant CHO cell
lines. Incubation time/temperature: 2 h at 25�C; buffer:
50mM Tris–HCl, pH 7.4 10mM MgCl2, 1 nM EDTA;
Ligand: 0.8 nM [3H] N-methylscopolamine; KD 1.3 nM,
BMAX 5.8 pmol/mg protein. Percent inhibitions at 10 mM
for the M1, M2, M3, and M4 were 47, 36, 23, and 16,
respectively. A significant antagonistic response (70% at
20 mM) was also noted with compound 7 in the muscarinic
M1 functional assay (muscarinic M1, GTPgS binding) with
an IC50 of 8.9 mM in human CHO-K1 cell lines. Another
study was carried on compound 7 at the Institute of
Physiology of the Czech Academy of Sciences on similar
cell lines and set ups. KI values were measured: M1

(2.88� 0.13mM, nH 1.00); M2 (0.91� 0.02mM, nH 0.802);
M3 (3.16� 0.06 mM, nH 0.837); M4 (7.54� 0.31 mM,
nH 1.05); M5 (2.88� 0.29 mM, nH 1.189) (mean�SD
from three independent experiments performed in quadrupli-
cates). In these assays, compound 7 was found to have
highest potency at the M2 receptor and lowest at the M4.
Competition of 100 mM on carbachol-induced accumu-

lation of inositol phosphates confirmed greater potency of
compound 7 at M1 and M3 than at M5 receptors (Fig. 2).
Journal of Heterocyclic Chemi
Effects of compound 7 to inhibit carbachol-induced inhibition
of cAMP synthesis were insignificant. More analogs of
compound 7 are being synthesized to increase both receptor
functional selectivity and affinity. Compound 7 is currently
being evaluated for its bitopic antagonist properties at all
M1–M5 receptors.
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Abstract Twelve homology models of the human M2

muscarinic receptor using different sets of templates have

been designed using the Prime program or the modeller

program and compared to crystallographic structure

(PDB:3UON). The best models were obtained using single

template of the closest published structure, the M3 mus-

carinic receptor (PDB:4DAJ). Adding more (structurally

distant) templates led to worse models. Data document a

key role of the template in homology modeling. The

models differ substantially. The quality checks built into

the programs do not correlate with the RMSDs to the

crystallographic structure and cannot be used to select the

best model. Re-docking of the antagonists present in

crystallographic structure and relative binding energy

estimation by calculating MM/GBSA in Prime and the

binding energy function in YASARA suggested it could be

possible to evaluate the quality of the orthosteric binding

site based on the prediction of relative binding energies.

Although estimation of relative binding energies distin-

guishes between relatively good and bad models it does not

indicate the best one. On the other hand, visual inspection

of the models for known features and knowledge-based

analysis of the intramolecular interactions allows an

experimenter to select overall best models manually.

Keywords Muscarinic acetylcholine receptor � G-protein

coupled receptor � Homology modeling � Binding energy

estimation � MM-GBSA

Abbreviations

CHO Chinese hamster ovary

NMS N-methylscopolamine

NMQNB N-methylquinuclidinyl benzilate

QNB Quinuclidinyl benzilate

Introduction

Muscarinic acetylcholine receptors are present throughout

the body, particularly in the central and peripheral nervous

systems, and on innervated tissues, e.g. smooth muscles,

salivary glands, etc. Muscarinic receptors are involved in a

number of physiological processes, and muscarinic trans-

mission malfunctions are manifested as a wide array of

pathological conditions. Muscarinic receptors are therefore

target for pharmacological intervention for disorders and

diseases ranging from vegetative dysfunctions to complex

neurological and psychiatric disorders, such as schizo-

phrenia and Alzheimer’s disease [1].

Over the last two decades, intensive research in the field

of muscarinic receptors has resulted in the discovery of

new compounds that interact with muscarinic receptors in a

novel manner [2]. Several of them exhibit unusual behav-

iors that do not mimic known orthosteric competitive

agonists and antagonists. For example, the agonist

xanomeline binds to muscarinic receptors in a wash-resis-

tant manner and influences the receptor orthosteric binding

site allosterically [3]. The behavior of these compounds is

hard to elucidate without an appropriate molecular model.

Like other membrane proteins, muscarinic acetylcholine

receptors are difficult to crystallize due to low expression

levels and difficulties in the crystallization process itself

[4]. The crystallographic structure of muscarinic receptors

was not available until recently [5, 6]. Several homology
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models of muscarinic receptors based on the crystal

structure of rhodopsin [7, 8] expressed naturally in high

levels have been published [9–13]. With the newly avail-

able templates of class A of the G-protein-coupled recep-

tors [8, 14–16] it has become possible to design more

reliable homology models. In recent years we have

developed several homology models of the M2 muscarinic

receptor based on these templates, using either the Prime

program [17] or the YASARA program [18]. An inherent

problem of homology models is the way in which their

quality is evaluated. The application of internal checks and

scores does not enable the experimenter to decide which of

the models is better; the only way is to compare model

predictions with experimental results. In this study we

present 12 homology models of the M2 muscarinic recep-

tor, demonstrate a crucial role of the templates and show

insufficiency of the available tests to evaluate model

accuracy.

Results

Homology modeling of muscarinic acetylcholine

receptors

Like other membrane proteins, muscarinic acetylcholine

receptors are difficult to crystallize due to low expression

levels and difficulties in the crystallization process itself

[4], and until recently the crystallographic structure of

muscarinic receptors was not available [5]. The only

G-protein coupled receptors (GPCR) that is naturally

expressed in high levels is rhodopsin. Several homology

models of muscarinic receptors based on the high-resolu-

tion crystal structure of rhodopsin [7, 8] were designed to

help explain particular experimental results [9–13]. Thanks

to the continuous growth of computing power and

improvements in available molecular modeling software,

new homology models can now be generated quickly. In

recent years, we have designed 12 homology models of M2

muscarinic acetylcholine receptors (ver01–ver12) that we

present in this study.

Building the models

The best templates (available in the beginning of this

study) of class A of G-protein-coupled receptors in an

inactive conformation [8, 14–16] were aligned to the

shortened sequence of the human M2 muscarinic acetyl-

choline receptor (Fig. 1) and several homology models

were built (Fig. 2). Three of the models (ver01–ver03)

were built on a single template structure using Prime 2.1

[17] (Table 1). Models ver04 and ver05 were built using

Modeller [19] or the YASARA [18] implementation of

Modeller on 4 template structures (1U19, 2RH1, 3D4S,

2VT4). After publication of the crystallographic structure

of the M3 muscarinic receptor (4DAJ) additional 6 models

were built using this structure as template either as single

template (ver07 and ver08) or with additional 5 or 10

structures of GPCRs as templates (ver09 through ver12)

using Prime 3.1 or YASARA (Table 1).

Templates used for first six models (ver01–ver06) share

from 24 to 31 % of sequence homology and from 74 to

91 % of secondary structure homology, have 2.8 Å or

better resolution. Templates for the last six models (ver07–

ver12) have up to 71 % sequence homology and up to

97 % secondary structure homology with the target

sequence. Quality checks of the templates are summarized

in the Table 2.

Evaluation of basic models

None of the models contained obvious errors (cis-prolines,

side-chain clashes), and according to the Ramachandran

plots contained no more than 4 residues in the disallowed

region, none of which was in a part of the receptor that is

deemed important for binding or activation. All receptor

models were stable according to simulation of short 50-ns

molecular dynamics. The receptors equilibrated within

10–20 ns from the initial conformation to a conformation

with lower energy within 3.5–4.5 Å RMSD of protein

heavy atoms and remained as such for the rest of the

simulation. A helical bundle was minimally affected by

molecular dynamics but the second extracellular loop

underwent major rearrangement flipping out of the recep-

tor. Also the second extracellular loop of the target struc-

ture flips out during molecular dynamics simulation.

The superposition of homology models on the crystal

structure of the M2 muscarinic receptor (Fig. 2) shows that

these models are correct in the bundle of transmembrane

segments, except for the tilt of TM V (plus TM I and

TM IV of model ver01). Despite exhaustive loop sampling

and refinement, the most obvious divergence from the

crystal structure is in the flanking N- and C-termini and the

long second extracellular loop (o2) with a marked imprint

of the secondary structure of the templates (b-sheet of

rhodopsin, a-helix of b-adrenergic receptors). Individual

amino acids have correct orientation within the orthosteric

binding site and almost all ([98 %) TMs. RMSDs of

models ver01 and ver12 differ most from the crystallo-

graphic structure of the M2 receptor, while models ver07–

ver10 differ least (Table 3). This correlation applies to the

whole models and structurally aligned residues, and is most

eminent for the orthosteric binding site. Disulfide bonds of

Cys96–Cys176 were present and the orientation of key amino

acids was correct (Ser76, Trp99, Asp103, Tyr104, Thr187,

Thr190, Tyr403, Asn404, Tyr426 and Tyr430 at the orthosteric
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site; Tyr83, Thr84, Asn410, Thr411, Trp422 and Thr423 at the

opening of orthosteric site to the extracellular space; Asp69,

Ser433 and Asp436 at the activation site; and Asp120, Arg121,

Tyr122 and Glu382 at the signal transduction site).

Analysis of major interhelical interactions is summa-

rized in Table 4. In muscarinic receptors the interaction

between TM II and TM IV is mediated by hydrogen bonds

between Ser64 of TM II and Asn113 and Trp148 in TM IV.

This interaction is present in models ver01–ver03, ver07

and ver08, is partial in models ver04–ver06 and absent in

models ver09–ver12. Interaction between TM II and TM

VII is mediated by hydrogen bonds between Asp69 of TM

II and Ser433 and Asn436 of TM VII. This interaction is

absent only in model ver12, is partial in models ver04 and

ver11. In models ver01, ver06, ver07 and ver10 Asp69

binds to Tyr440 instead of Ser433 or Asn436. A unique

interaction between the TM III and o2 loops of muscarinic

receptors that affects affinity of orthosteric ligands is

mediated by hydrogen bonds between Asp97 at the edge of

the TM III and Gln163 and Arg169 of the o2 loop. This

interaction is present at models ver07–ver09 and partially

at model ver03. At model ver06 Asp97 makes hydrogen

bond to Gln179 with substantially altered conformation of

the o2 loop. Interaction between TM III and TM IV is

mediated by hydrogen bonds between Asn108 of TM III

and Ser151 and Trp155 of TM IV. This interaction is

present only in model ver07 and partially in models ver03,

ver05, ver08, ver11 and ver12. Interaction between TM III

and TM VI that keeps the receptor in an inactive confor-

mation is present in models ver03, ver04, ver06–ver08. It

should be noted, however, that this interaction is missing in

the target structure 3UON. Based on the evaluation of

intramolecular interactions none of the models is perfect,

however, models ver07 and ver08 seem to be the best ones.

Indeed model ver08 has the lowest RMSD to target

structure among the 12 models (Table 3).

Fig. 1 Alignments of templates

to target structure. Alignment of

templates for homology

modeling labeled by their PDB

entry code to the target

sequence of the human M2

muscarinic acetylcholine

receptor. Stars denote conserved

and dots consensual residues.

Colors denote secondary

structure: red—helix; white—

coil; yellow—strand; green—

turn. Secondary structure of the

target was predicted by PsiPred

(http://bioinf.cs.ucl.ac.uk/

psipred/) and secondary struc-

tures of templates were taken

from respective crystal struc-

tures. For orientation trans-

membrane (TM) helices, inner

(i) and outer (o) loops are

indicated

J Comput Aided Mol Des (2013) 27:525–538 527
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The models differ substantially: the calculated RMSDs

varied from 2.8 to 5.6 Å for whole models and from 0.8 to

3.0 Å for an orthosteric binding site (Table 3). The models

differ substantially in structurally aligned residues (resi-

dues sharing the same secondary structure): RMSDs varied

from 1.1 to 2.0 Å (Table 5). Not surprisingly, the varia-

tions in the RMSDs show major impact of the template on

the model. The structurally most distant template (rho-

dopsin, 1U19) results in the model with the highest RMSD

(ver01, 5.6 Å) while the structurally closest template (M3

muscarinic receptor, PDB:4DAJ) results in the lowest

RMSD (ver08, 2.8 Å). Quality of the models was assessed

by internal quality checks scoring model geometry and by

calculation of model energies implemented in the modeling

programs Prime, YASARA and Modeller (Table 4). None

of the quality checks correlated with model RMSD to

target structure. The orthosteric binding site for muscarinic

agonists and antagonists is located approximately in the

middle of the membrane lipid bilayer, among the receptor

transmembrane helices. There is a higher chance of a more

accurate model as it is approximately in the center of the

templates. However, like the quality checks of whole

models, the scores of individual built-in quality checks did

not correlate with RMSD of the orthosteric binding site of

the model to target structure.

The quality of the orthosteric binding site was further

probed by docking the muscarinic antagonist N-methyl-

scopolamine (NMS), using either Glide [20] or Autodock

[21]. Docking NMS produced reasonable poses with

hydrogen bonding to Asn404 (except ver01 and ver02, data

Fig. 2 Twelve homology models of the M2 receptor superposed on

the 3UON crystal structure. Homology models (color) of the M2

receptor based on the templates listed in Table 1 are superposed using

MUSTANG [27] implemented in YASARA on the crystal

structure 3UON (gray). Orientation: extracellular site up, TM VI

and TM VII front. Colors: purple—a-helix; yellow—b-sheet; cyan—

turn; white—coil. RMSDs of the models to the target structure

(3UON) are listed in Table 4
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not shown). NMS docking to ver04 produced better

hydrogen bonding of NMS to Asp103, while NMS docking

to model ver05 produced better hydrogen bonding to

Asn404.

Re-docking of QNB to 3UON

Because quality checks fail in evaluation and ranking of the

models some other approach for model evaluation would

be helpful. Fortunately, the crystallographic structure of M2

muscarinic receptor (3UON) contains the antagonist qui-

nuclidinyl bezilate (QNB). We re-docked QNB to the

original structure using either Prime or Autodock. Result-

ing poses from re-docking by both procedures were eval-

uated by Prime MMGB/SA and YASARA binding energy

function and these estimates were compared with RMSD of

the resulting pose. There is good correlation between Prime

relative binding energy estimation and pose RMSD but

YASARA binding energy function lacks this correlation

(Fig. 3 right). However, if only poses with RMSD lower

than 3 Å are taken situation is completely opposite. YA-

SARA binding energy function correlates well with pose

RMSD but Prime binding energy estimation does not

(Fig. 3 left). This suggests that a pose with a best estimate

according YASARA chosen among poses well scoring

according Prime is likely to be one of the best poses. If this

approach works for other ligands than relative binding

affinities of correct poses of docked ligands may be com-

pared. It has been shown that MMGB/SA predicts the

correct relative binding energies of ligands for known

structures [22, 23], so if the MMGB/SA based relative

binding energies for a given model are correct, then the

model itself is correct, at least in regard to the binding site.

Induced fit docking and binding energy estimation

It is obvious that structurally different ligands should

induce different conformations of the binding site, and that

the conformation induced by a given ligand accommodates

this ligand best. As a preliminary test of the concept,

induced fit docking of the antagonists NMS to homology

models produced better results than mere docking using

Glide or Autodock. Therefore, induced fit docking was

implemented using either Schrödinger’s ‘‘Induced Fit

Docking Workflow’’ or according to the procedure of

Naburs et al. [24] of four non-selective antagonists of

muscarinic acetylcholine receptors: QNB, N-methylqui-

nuclidinyl benzilate (NMQNB), NMS, and Atropine

(Atrop) with known affinities of 74, 120, 260, and 490 pM,

respectively, to all homology models. The resulting top

poses from both docking procedures were pooled and

inspected visually. All poses bound to the receptor with at

least one hydrogen bond. No steric clashes or other obvious

errors were detected.

Poses were labeled either ‘‘bad’’ or ‘‘good’’. According

to Schulman’s model of the muscarinic pharmacophore

[25] two interactions are essential for muscarinic orthos-

teric ligands. The nitrogen head-group interacts with an

Table 1 List of models, their templates and the modeling programs

that were used

Model Procedure Template (s) [PDB codes]

ver01 Prime 1U19

ver02 Prime 2RH1

ver03 Prime 2VT4

ver04 YASARA 1U19, 2RH1, 2VT4, 3D4S

ver05 Modeller 1U19, 2RH1, 2VT4, 3D4S

ver06 YASARA Hybrid model of ver07 and ver08

ver07 Prime 4DAJ

ver08 YASARA 4DAJ

ver09 YASARA 1U19, 2RH1, 2VT4, 3D4S, 4DAJ

ver10 YASARA 1U19, 2RH1, 2VT4, 3D4S, 3ODU,

3PBL, 3RFM, 3RZE, 3V2Y,

4DAJ, 4DJH

ver11 Prime 1U19, 2RH1, 2VT4, 3D4S, 4DAJ

ver12 Prime 1U19, 2RH1, 2VT4, 3D4S, 3ODU,

3PBL, 3RFM, 3RZE, 3V2Y,

4DAJ, 4DJH

Table 2 Quality checks of templates and target structure

Homology Homology Resolution Prime YASARA

1D [%] 2D [%] [Å] G-factor

(?)

Z-score

(?)

Templates

1U19 24 74 2.2 -7.935 -0.733

2RH1 31 89 2.4 -7.313 0.589

2VT4 31 91 2.7 -7.154 0.413

3D4S 31 86 2.8 -7.436 0.788

3ODU 25 73 2.5 -7.808 0.236

3PBL 34 85 2.9 -7.299 0.044

3RFM 29 84 3.6 -7.246 0.086

3RZE 39 89 3.1 -8.043 -0.472

3V2Y 29 73 2.8 -7.365 -0.262

4DAJ 71 97 3.4 -7.778 -0.156

4DJH 31 78 2.9 -7.309 0.118

Target

3UON 100 100 3.0 -7.585 0.052

Qualities of the templates per cent of sequence (1D) and secondary

structure (2D) homology of the templates to the target structure (3UON),

resolution of the crystalographic structures in Å, Prime geometry factor

(G-factor), and YASARA quality check score (Z-score) are shown. Except

for resolution higher is better
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aspartic acid residue while a region of negative electro-

static potential interacts with a positive receptor residue

and forms a hydrogen bond with it. It was confirmed

experimentally that the nitrogen group of muscarinic or-

thosteric ligands interacts with an aspartate in TM III

(D3.32) [26–29] and part of the ligand with negative

electrostatic potential of antagonists interacts with an

asparagine in TM VI (N6.52) [30, 31]. Formation of

hydrogen bond with an asparagine in TM VI (N6.52) was

confirmed by crystallography [5, 6]. Although contribution

of individual amino acids to binding varies among indi-

vidual ligands [26, 31] the orientation of all ligands in the

respect to these two key amino acids is the same for all

ligands [32]. These two major interactions define the or-

thosteric binding site and ligand orientation. Poses that

have the ligand fully or partially outside the expected

binding site, or poses where the ligand is in the expected

binding site but in the wrong orientation (e.g. the nitrogen

group oriented towards TM VI, region of negative elec-

trostatic potential interacting with tyrosine in TM III

(Y3.33), etc.) were labeled as bad. The binding energies

were calculated for all top poses using both Schrödinger’s

Prime MMGB/SA and the YASARA binding energy

function, and are plotted in Fig. 4. The poses with highest

YASARA energy among top-scoring poses in Prime

MMGB/SA were labeled ‘‘the best’’. The worst binding

Table 3 RMSDs and quality checks of homology models

RMSD (Å) Prime

G-factor (?)

Prime

energy (-)

YASARA

Z-score (?)

YASARA

energy (-)

Modeller DOPE-

score (-)

RMSDs and quality checks of whole models

ver01 5.611 -8.161 -10,858 -1.602 -101,125 -40,964

ver02 4.366 -7.599 -11,284 -0.487 -115,209 -43,018

ver03 3.799 -7.823 -9,055 -0.836 -109,204 -41,671

ver04 3.538 -7.355 -8,913 0.284 -121,882 -42,550

ver05 3.861 -7.936 -8,252 -1.580 -100,605 -40,929

ver06 3.504 -7.574 -10,213 -0.397 -115,606 -41,124

ver07 2.985 -8.219 -10,842 -0.521 -111,144 -41,559

ver08 2.824 -6.558 -10,494 0.285 -124,144 -42,602

ver09 2.948 -7.425 -10,572 0.193 -124,519 -42,994

ver10 2.958 -7.362 -10,515 0.236 -124,578 -42,883

ver11 3.141 -7.952 -9,693 -1.212 -100,836 -38,448

ver12 5.581 -8.057 -10,094 -1.792 -94,563 -38,189

R 1.00 -0.55 0.06 -0.74 0.71 0.45

P value 0.466 1.00 0.058 0.083 0.756

RMSDs and quality checks of orthosteric binding site

ver01 2.998 -9.323 -733 -0.771 -5,438 -5.99

ver02 2.277 -9.357 -669 -0.132 -6,294 -6.32

ver03 1.803 -9.561 -657 -0.090 -6,372 -6.36

ver04 1.314 -10.02 -506 -0.304 -5,426 -6.52

ver05 1.305 -9.391 -439 -0.458 -5,433 -6.49

ver06 1.318 -9.142 -492 -0.584 -5,700 -6.53

ver07 1.036 -8.249 -528 -0.034 -6,261 -6.44

ver08 0.785 -8.883 -547 0.005 -6,706 -6.73

ver09 1.585 -7.954 -533 0.086 -6,781 -6.79

ver10 1.504 -8.561 -529 0.182 -6,883 -6.81

ver11 1.942 -10.67 -484 -0.980 -5,009 -6.37

ver12 2.602 -10.00 -505 -1.065 -4,588 -6.18

R 1.00 -0.36 -0.32 -0.50 0.27 0.68

P value 1.00 1.00 0.666 1.00 0.169

RMSD of homology models to target structure (3UON) is in Å and the results of the quality checks built into the modeling programs are in

arbitrary units (G-factor, Z-score, DOPE-score) or in kcal/mol (Prime Energy, YASARA Energy). Prime energy, YASARA energy and DOPE-

score—more negative is better (-); G-factor and Z-score—more positive is better (?). R, correlation coefficient of the quality test values to the

RMSD values; P value, P values from Sperman correlation analysis adjusted by Holm’s method
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energy calculation results were obtained for single template

model ver01 based on rhodopsin structure and multiple

template model ver12 (Fig. 4A upper left, B lower right).

The estimates of the binding energies do not discriminate

between good and bad. Their calculated binding energies

are the same or similar, and the ‘‘best’’ poses do not follow

the correct order of the relative binding energies. Inter-

estingly, the same applies for the single template model

ver02 (Fig. 2 upper right), which is based on the human

b2-adrenergic receptor structure (2RH1), though the

b2-adrenergic receptor is structurally closer to the musca-

rinic receptor than to rhodopsin. Better results were

obtained for a single template model ver03 based on the

turkey b1-adrenergic receptor structure (2VT4). In this

model good and bad poses were separated in the binding

energy estimates. However, the estimated relative binding

energies of the best poses did not correspond to the

experimental data. The better scores of model ver03 (in

comparison to ver02) may be due to receptor stabilizing

interactions present in the crystal structure of the template

(namely R 3.50–E 6.30) that organize a bundle of helices in

the correct way. Slightly better scores than those for model

ver03 were obtained for multi-template models ver04 and

ver05 and ver09–ver11. In comparison with model ver03,

they provided better separation of good and bad poses on

the basis of an estimation of the binding energies, and a

slightly better order of the relative binding energies of the

best poses. The better scores of models ver04 and ver05 in

comparison with the scores for models ver01 through ver03

may be attributed to multiple templates. The multiple

template-based model ver06 (Fig. 4A lower right) and

single template models ver07 and ver08 (Fig. 4B middle)

based on the closest structure of M3 muscarinic receptor

are the best according to the estimated binding energies. In

this model, good and bad poses are well separated by the

binding energy estimates, and the estimated relative bind-

ing energies of the best poses are in good agreement with

the experimental data.

Importantly, the worst-scoring models according to

binding energy estimation analysis (ver01 and ver12) show

the largest deviations from the crystallographic structure,

while the best-scoring models (ver07–ver10) show the

Table 4 Analysis of homology models for major intramolecular interactions stabilizing muscarinic receptors

ver01 ver02 ver03 ver04 ver05 ver06 ver07 ver08 ver09 ver10 ver11 ver12

TM II–TM IV

Ser64–Asn113 Y Y Y N Y N Y Y N N N N

Ser64–Trp148 Y Y Y Y N Y Y Y N N N N

TM II–TM VII

Asp69–Ser433 Tyr440 Y Y N Y Tyr440 Y Y N N N N

Asp69–Asn436 Y Y Y Y Y Y Tyr440 Y Y Tyr440 Y N

TM III–o2

Asp97–Gln163 N N N N N Y Y Y Y N N N

Asp97–Arg169 N N Y N N Gln179 Y Y Y N N N

TM III–TM IV

Asn108–Ser151 Thr190 N Y N Y N Y Y N N Y Y

Asn108–Trp155 N N N N N N Y N N N N N

TM III–TM VI

Arg121–Glu382 Ser118 Asp120 Y Y Asp120 Y Y Y N N N Asp120

Existence of the hydrogen bond between amino acid pair shown in row at model shown in column is indicated as yes (Y), no (N) or interaction

with alternative amino acid

Table 5 RMSDs of individual homology models and the best

docking poses of QNB versus the target structure

Whole

models

Structurally

aligned residues

Binding

site free

Binding

site docked

QNB

ver01 5.611 1.957 (183) 2.998 2.777 4.772

ver02 4.366 1.668 (238) 2.277 2.036 4.879

ver03 3.799 1.684 (238) 1.803 2.024 3.043

ver04 3.538 1.471 (237) 1.314 0.983 1.890

ver05 3.861 1.462 (238) 1.305 0.918 1.549

ver06 3.504 1.455 (238) 1.318 0.978 1.135

ver07 2.985 1.354 (244) 1.036 0.446 0.481

ver08 2.824 1.080 (254) 0.785 0.402 0.523

ver09 2.948 1.220 (250) 1.585 0.856 1.269

ver10 2.958 1.208 (253) 1.597 1.593 1.197

ver11 3.141 1.451 (229) 1.942 1.268 3.502

ver12 5.581 1.579 (199) 2.602 1.992 5.293

The values are the RMSDs in Å. The value in parenthesis represents

the number of structurally aligned residues by MUSTANG. The

binding site is Ser76, Trp99, Asp103, Tyr104, Thr187, Thr190, Tyr

403, Asn404, Tyr 426, and Tyr430 (M2 sequence)
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smallest deviations. The estimate of the binding energies

thus can roughly distinguish bad models from relatively

good ones, is beneficial in excluding bad models but is not

sufficient for the identification of the best model.

The binding energy calculations of Prime and YASARA

ignore entropic components, and thus are not suitable for

absolute energy estimations. Indeed, the absolute binding

energy values of the best poses in the range from 140 to

60 kcal/mol are overestimated by 5–10 times (Fig. 4). The

binding energy values for QNB, NMQNB, NMS and atro-

pine derived from the experimental data are 13.8, 13.5,

13.1, and 12.7 kcal/mol, respectively. Autodock adds an

entropic component to mechanistic terms of binding energy

and estimates the binding energies more accurately:

12.9–12.1, 12.4–11.5, 11.6–10.8 and 11.1–10.2 kcal/mol

for top 10 poses of QNB, NMQNB, NMS and atropine,

respectively. However, AutoDock does not discriminate

between correct and wrong poses (the estimates of binding

energies are the same for correct and wrong poses) and

relative affinities are overlapping and thus cannot be taken

for model evaluation. It seems that the contribution of the

entropic component ‘‘masks’’ differences in the mechanistic

component that is important for correct estimation of rela-

tive binding energies and subsequently model evaluation.

When compared to ligand-free models induced fit

docking of QNB (Fig. 5) itself further lowered the RMSDs

of the orthosteric site of the models, with the exception of

model ver03 (Table 5). The RMSDs of the docked QNB to

the target structure 3UON are highest (over 5 Å) in model

ver12, relatively high (3.0–4.9 Å) in models ver01–ver03

and ver11, markedly lower (1.2–1.9 Å) in models ver04–

ver06, ver09 and ver10 and lowest (about 0.5 Å) in models

ver07 and ver08 (Table 5, last column). The models with

overall lowest RMSD to target structure (ver07 and ver08)

have also the ligand with the lowest RMSD to the target

structure.

Simulation of molecular dynamics of homology models

with bound QNB (in the best pose) shows that models are

stable and as expected more rigid than models without

ligand. The ligand–receptor complex equilibrates more

slowly (about 20 ns) and the equilibrium conformation is

closer to the initial structure (RMSDs of protein heavy

atoms \3.0 Å) than models of empty receptors. Although

the model improves during simulation (total energy of the

system decreases) there is no decrease in RMSD to the

3UON structure.

Summary

The data clearly show that: (1) Accuracy of homology

models is determined by the template. The best model was

based on single template with the highest homology to the

target structure. Including additional templates worsened

the results. (2) The influence of the template on the

resulting model is most marked in parts that differ in the

secondary structure, and these differences cannot be

overcome by computing. (3) The model quality checks

built into the programs are only approximate, and cannot

be used for choosing the best model. (4) The only way to
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Fig. 3 Correlation of calculated

binding energies and RMSD of

redocked QNB to 3UON.

Calculated YASARA binding

energies (top), AutoDock

energies (middle) and Prime

MMGB/SA energies (bottom) of

poses from QNB re-docking to

3UON are plotted against their

RMSDs. Detail with poses of

RMSD of ligand smaller than

3 Å is on left and all poses are

on right. Correlation coefficients

are indicated in the graphs
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select an overall good model is visual inspection for known

structural features, intramolecular interactions, hydrogen

bond networks, etc.

The analysis of the estimated binding energies may help

in judging the quality of the model biding site by excluding

bad models, albeit with some precautions. First precaution

is that this analysis applies only to the ligand binding site

and its immediate vicinity. The second caveat of this

approach is the conformational change effected by induced

fit docking. While it is obvious that an induced fit of the

binding site is essential to accommodate structurally dif-

ferent ligands, excessively large conformational changes in

the receptor structure may flaw the binding energy calcu-

lations by the contribution of the conformational change to

the binding energy. This contribution is certainly large, but

its exact size is unknown. Thus only structurally similar

ligands should be compared, and conformation changes

induced by ligand docking should be kept to a minimum.
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AFig. 4 Calculated binding

energies of muscarinic

antagonists docked to homology

models. Calculated binding

energies of the antagonists QNB

(squares), NMQNB (downward

triangles), NMS (circles) and

atropine (upward triangles) in

YASARA (y-axis) are plotted

against the binding energies

calculated in Prime MMGB/SA

(x-axis). Good poses are black,

and bad poses are red. Closed

symbols denote the best poses
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The recently published crystallographic structures of the

M2 and M3 receptor are practically identical in the sec-

ondary structure [5, 6]. Data suggest that modeling the

remaining three muscarinic receptor subtypes or mutant

receptors based on these two structures will very likely

result in good models and other templates should not be

included in modeling procedure. However, simple homol-

ogy modeling is with high probability unsuitable for mod-

eling of ligand binding that induce large conformational

change (e.g. muscarinic allosteic modulators; for a review

see [2]). As noted above success or failure of simple

homology modeling is determined by the suitability of

the template(s). A suitable template for this task (e.g.

crystal structure of muscarinic receptor with bound

allosteric ligand) has not been published so far. Fur-

thermore, large conformational changes impede utiliza-

tion of binding energy calculations in evaluation of

potential models.
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Methods

Preparation of templates

The high-resolution structures of closely related GPCR in

the inactive conformation available in the beginning of this

study were downloaded from the RCSB Protein Data Bank.

Eleven homology modeling templates were chosen due to

the high resolution and high homology with the M2

muscarinic receptor: bovine rhodopsin (PDB:1U19) [8],

human b2-adrenergic receptor T4-lysozyme chimera

(PDB:2RH1 and PDB:3D4S) [14, 15], turkey b1-adrenergic

receptor with stabilizing mutations (PDB:2VT4) [16],

CXCR4 chemokine receptor (PDB:3ODU) [33], human

dopamine D3 receptor (PDB:3PBL) [34], adenosine A2A

receptor (PDB:3RFM) [35], human histamine H1 receptor

(PDB:3RZE) [36], sphingosine 1-phosphate receptor 1

(PDB:3V2Y) [37], M3 muscarinic receptor (PDB:4DAJ)

Fig. 5 The best QNB docking poses of 12 homology models

superposed on the 3UON crystal structure. View from the extracel-

lular site, TM II down, TM VI and TM VII up, of the best docking

poses, according to the binding energy estimates (Fig. 4), of QNB

(green carbons) and residues of the orthosteric binding site (color)

superposed on the crystal structure of 3UON (gray). Colors: Cyan—

carbon; red—oxygen; blue—nitrogen; white—hydrogen; yellow—

hydrogen bonds. The residue labels correspond to the M2 sequence.

The calculated RMSDs of QNB and residues of the orthosteric

binding site of the models to the target structure (3UON) are shown in

Table 5

J Comput Aided Mol Des (2013) 27:525–538 535

123



[6], and human j-opioid receptor (PDB:4DJH) [38]. In

case of multimers single chains with the best resolution

were chosen and the rest (water, lipids, ions, fusion protein,

etc.) were deleted. Templates were processed with the

Schrodinger Suite protein preparation wizard. Then the

templates were inspected for major intramolecular inter-

actions that stabilize the receptor structure [10]: 2.45–4.50,

2.50–7.49 and 3.50–6.30 (numbering according to Bal-

lesteros and Weinstein [39]).

Building the models

A human M2 muscarinic receptor with truncated N- and

C-termini and an i3 loop was modeled. For single template

models built by Prime or the multiple template model built

by Modeller the modeled sequence was manually aligned to

the templates according to so-called pin-points [40] (Fig. 1).

For multiple template models built by Prime or YASARA the

modeled sequence was aligned by modeling programs.

Several models were built using Prime [17], Modeller

[19] and/or YASARA [18] (Table 1). The initial crude

models were checked for major intramolecular interactions

that stabilize the receptor structure, and were subjected to

the basic quality checks built into the modeling programs.

For the initial crude models that scored the best in the

quality checks, alternative N and C termini and intra- and

extracellular loops were modeled. The best models were

then combined to final models that were refined and energy

minimized (Table 1).

Evaluation and comparison of the models

The final models were examined for possible errors, for

disallowed conformation of residues using the Ramachan-

dran plot, and the presence of conserved receptor stabi-

lizing interactions was checked again. All final models

were cross-evaluated by the built-in quality check proce-

dures of all three modeling programs: Prime G-factor and

total energy, YASARA Z-score and Potential energy and

Modeller DOPE-score. The models were either evaluated

as a whole, or only the orthosteric binding site was eval-

uated. In the case of the orthosteric binding site, scores for

residues Ser76 (2.57), Trp99 (3.46), Asp103 (3.32), Tyr104

(3.33), Thr187 (5.43), Thr190 (5.46), Tyr403 (6.51),

Asn404 (6.52), Tyr426 (7.39), and Tyr430 (7.43) were

calculated (the M2 sequence, in parenthesis is numbering

according Ballesteros and Weinstein [39]).

The stability of the final models was checked by 50-ns

molecular dynamics simulation in an explicit DPPC

membrane/water/0.15 M NaCl environment, using Des-

mond [41] (version 2.4) and newest (2005) version of

OPLS-AA force field. The models were inserted into a

DPPC bilayer, the charges were neutralized, the simulation

box with periodic boundaries was filled with water, and the

concentration of Na? and Cl- ions increased to 0.15 M.

The models were first relaxed with the Desmond procedure

for membrane proteins, which prevents water entering the

membrane, and then 50 ns of molecular dynamics were

simulated. The simulations were performed in NPT

ensemble. A temperature of 325 K and a pressure of

1.01325 bar were kept constant by coupling to a Berendsen

thermostat and barostat. Integration step was 2.0 fs. The

cutoff radius for Coulombic interactions was 9.0 Å. Long-

range electrostatic interactions were calculated using the

smooth particle mesh Ewald method.

For comparison the models were structurally aligned by

MUSTANG [42], and then the RMSDs of whole models

and structurally common parts were calculated. Alterna-

tively, the models were aligned according their orthosteric

binding sites, and the RMSDs of the residues (see the list

above) in the orthosteric binding site were calculated.

Docking of antagonists

Three-dimensional structures of antagonists of the musca-

rinic receptors QNB, N-methyl-quinuclidinyl benzilate

(NMQNB), N-methyl-scopolamine (NMS) and atropine

(Atrop) were downloaded from Pubchem database, pre-

processed by Schrödinger LigPrep or YASARA, and

docked to the orthosteric binding site (residues Ser76,

Trp99, Asp103, Tyr104, Thr187, Thr190, Tyr403, Asn404,

Tyr426, Tyr430, M2 sequence) of the homology models,

using either Schrödiger Glide [20, 43] or YASARA

implementation of Autodock [44]. Glide grid was set to

residues of orthosteric binding site or in case of QNB-re-

docking to the QNB of crystal structure and size of binding

site was set to ‘‘Auto’’ and size of the ligand was set to

‘‘similar size’’. Serine, tyrosine and threonine hydroxyl

groups were alloved to rotate. Glide docking was set to

extra precision (XP) and constrained to poses having

H-bond between ligand and residue Asp103 or Asn404. The

best 10 poses according to the Glide XP score or the best

poses within a 10 kcal/mol (Glide energy function) range

were further evaluated. In the YASARA implementation of

AutoDock 500 runs were made for each ligand and model

combination, with the following parameters: rmsdmin for

clusters was set to 2.0 Å, the force field was AMBER03,

and AutoDock method was Lamarckian Genetic Algorithm

(LGA) [21]. The best 10 complexes according to the

AutoDock score or within 1 kcal/mol (AutoDock energy

function) were taken for further analysis.

Induced fit docking of antagonists

QNB, NMQNB, NMS and atropine were docked to

homology models using either the Schrödinger Induced Fit
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Docking procedure or the protocol according to Nabuurs

et al. [24], implemented to YASARA/Autodock. In the

Schrödinger Induced Fit Docking procedure the same res-

idues as in simple docking were chosen to define the or-

thosteric binding site, docking was constrained to the

H-bond between ligand and residue Asn404, initial docking

was with standard precision (SP), Prime optimization was a

double pass for residues within 5 Å distance, and the final

docking was with XP. Alternatively, ligands were docked

to models using Autodock LGA (version 4.2) with residues

in the binding site marked as flexible. The top 10 com-

plexes or complexes within 1 kcal/mol range were further

refined by the steepest descent energy minimization in

vacuo Yamber 2 force field [45], followed by simulated

annealing. Refined complexes were re-docked to rigid

protein using the AutoDock Local Search method.

Estimation of relative binding energies

The ligand/receptor binding energies were calculated either

using Prime implementation of MM/GBSA (version 1.41)

or YASARA. In Prime MM/GBSA, the protein was kept

rigid in implicit membrane, and the strain energies were

included in the calculations. The solvent model was

vbgs2.0. In Prime the binding energy is calculated as the

difference between MM/GBSA energy of the complex and

the sum of MM/GBSA energies of the unliganded receptor

and the free ligand. Thus more negative energy (difference)

means higher affinity. In the YASARA binding energy

function, the energy is calculated as the difference between

the sum of potential and solvatation energies of the sepa-

rated compounds and the sum of potential and solvatation

energies of the complex in the YAMBER3 force field. Thus

more positive energy (difference) means higher affinity.

Experimental measurement of binding affinities

Affinities of QNB, NMQNB, NMS and atropine were

determined in saturation binding experiments of mem-

branes from CHO cells stably expressing M2 receptors by

tritiated ligands (Amersham). CHO cells were harvested by

mild trypsinization, washed in phosphate buffered saline

(pH = 7.4) by centrifugation 3 min at 2509g, cooled on

ice, homogenized by two 30 s strokes in thurrax homoge-

nizer in ice cold homogenization medium (100 mM NaCl,

10 mM MgCl2, 10 mM EDTA, 20 mM Na-HEPES buffer

pH = 7.4), centrifuged 5 min at 1,0009g, supernatant was

taken and centrifuged for 30 min at 30,0009g, pellets were

resuspended in incubation medium (100 mM NaCl, 10 mM

MgCl2, 20 mM Na-HEPES buffer pH = 7.4), incubated on

ice for 30 min, centrifuged for 30 min at 30,0009g. Pellets

were stored at -80 �C until binding experiment. Saturation

binding experiments were carried out on 96-well plates at

final volume of 0.8 ml of incubation medium at 25 �C.

Non-specific binding was determined in the presence of

10 lM atropine. Incubation lasted 3 h. Incubation was

terminated by fast filtration (lasting 6 s) through Whatman

filtration GF/C plates on Brandell cell harvester. After

drying 50 ll of liquid scintillating cocktail (Rotiszint) was

added to each sample on filtration plate. Retained radio-

activity was measured on Wallac Microbeta counter.
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1 Department of Neurochemistry, Institute of Physiology Academy of Sciences of the Czech Republic v.v.i., Prague, Czech Republic, 2 Department of Experimental and

Clinical Pharmacology, University of Minnesota College of Pharmacy, Minneapolis, Minnesota, United States of America

Abstract

Based on the kinetics of interaction between a receptor and G-protein, a myriad of possibilities may result. Two extreme
cases are represented by: 1/Collision coupling, where an agonist binds to the free receptor and then the agonist-receptor
complex ‘‘collides’’ with the free G-protein. 2/Pre-coupling, where stable receptor/G-protein complexes exist in the absence
of agonist. Pre-coupling plays an important role in the kinetics of signal transduction. Odd-numbered muscarinic
acetylcholine receptors preferentially couple to Gq/11, while even-numbered receptors prefer coupling to Gi/o. We analyzed
the coupling status of the various subtypes of muscarinic receptors with preferential and non-preferential G-proteins. The
magnitude of receptor-G-protein coupling was determined by the proportion of receptors existing in the agonist high-
affinity binding conformation. Antibodies directed against the C-terminus of the a-subunits of the individual G-proteins
were used to interfere with receptor-G-protein coupling. Effects of mutations and expression level on receptor-G-protein
coupling were also investigated. Tested agonists displayed biphasic competition curves with the antagonist [3H]-N-
methylscopolamine. Antibodies directed against the C-terminus of the a-subunits of the preferential G-protein decreased
the proportion of high-affinity sites, and mutations at the receptor-G-protein interface abolished agonist high-affinity
binding. In contrast, mutations that prevent receptor activation had no effect. Expression level of preferential G-proteins
had no effect on pre-coupling to non-preferential G-proteins. Our data show that all subtypes of muscarinic receptors pre-
couple with their preferential classes of G-proteins, but only M1 and M3 receptors also pre-couple with non-preferential Gi/o

G-proteins. Pre-coupling is not dependent on agonist efficacy nor on receptor activation. The ultimate mode of coupling is
therefore dictated by a combination of the receptor subtype and the class of G-protein.
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Introduction

G-protein coupled receptors (GPCR) represent the largest

family of receptors, with more than 900 encoding genes [1]. They

process and transduce a multitude of signals elicited by hormones,

neurotransmitter and odorants and are thus involved in a very

wide array of physiological and pathological processes. This makes

this class of receptors a major pharmacological target for drug

development [2].

Agonist-stimulated GPCRs in turn activate heterotrimeric

GTP-binding proteins (G-proteins) that activate various signaling

pathways. Two distinctive types of interaction between a receptor

and G-protein exist: collision coupling and pre-coupling. In the

former case, an agonist binds to the free receptor, activates it and

then the receptor with bound agonist ‘‘collides’’ with free G-

protein and activates it. In the latter case, stable receptor-G-

protein complexes exist in the absence of agonist, agonist binds to

this complex, induces change in the receptor conformation that

leads to G-protein activation and dissociation of the complex [3].

It should, however, be noted that the distinction between collision

coupling and pre-coupling is rather a matter of kinetics of

receptor-G-protein interaction, activation state and receptor to G-

protein stoichiometry [4]. Additional modes of interaction

intermediate between pure collision coupling and pre-coupling,

like transient receptor to G-protein complexing (‘‘dynamic

scaffolding’’), have been observed [5].

There is accumulating evidence for both collision coupling and

pre-coupling of GPCRs. Interestingly, coimmunoprecipitation

studies showed pre-coupling of a2A-adrenergic receptors [6] with

Gi/o G-proteins and b2-adrenergic receptors with Gs/olf G-proteins

[7]. In contrast, rapid collision coupling of G-proteins with a2A-

adrenergic receptors has been demonstrated in resonance energy

transfer studies [8] and with b2-adrenergic receptors in living cell

imaging studies [9]. Overall, current data on GPCR coupling

suggest that the mode of receptor to G-protein coupling may differ

depending on the receptor type, cell type and membrane

composition [3,10]. Thus, understanding the dynamic behavior of

GPCR systems including receptor-G-protein coupling is important

in discovery and development of more organ-specific drugs.

Muscarinic acetylcholine receptors are GPCRs present at

synapses of the central and peripheral nervous systems but also

exist in non-innervated cells and tissues. There are five subtypes of

PLoS ONE | www.plosone.org 1 November 2011 | Volume 6 | Issue 11 | e27732



muscarinic receptors encoded by distinct genes without splicing

variants [11]. Development of selective ligands for muscarinic

receptors thus represents an enormous challenge due to their

omnipresence, with only a few types of tissues being endowed by a

single or predominant subtype of these receptors. So far very little

is known about the nature of coupling of muscarinic receptors to

G-proteins [12]. We have demonstrated that the M2 receptor can

directly activate all three classes of G-proteins [13], and that it

probably pre-couple to Gi/o but not to Gs/olf G-proteins [14]. To

further clarify the mechanisms of muscarinic receptor subtypes

signaling we analyzed the mode of coupling of M1 through M4

muscarinic receptors with Gi/o, Gs/olf and Gq/11 G-proteins in

membranes from Chinese hamster ovary cells expressing individ-

ual receptor subtypes. We show that while M1 and M3 receptors

pre-couple both with their preferential Gq/11 and non-preferential

Gi/o G-proteins, M2 and M4 receptors pre-couple only to

preferential Gi/o G-proteins.

Results

Stimulation of [35S]GTPcS binding to Gi/o, Gs/olf and Gq/11

G-proteins
Membranes from CHO cells containing from 1.4 to 2.5 fmol of

M1 through M4 muscarinic receptors per mg of protein were

exposed to carbachol in concentrations ranging from 0.1 mM to

1 mM and binding of [35S]GTPcS to G-protein classes was

determined using a scintillation proximity assay (SPA) (Fig. 1).

Carbachol stimulated [35S]GTPcS binding to all three major classes

of G-proteins via all four receptors, with highest potency (EC50

about 1 mM) and efficacy (more than 3-fold increase over basal) for

preferential G-proteins (Gq/11 for M1 and M3 and Gi/o for M2 and

M4 receptors) (Table 1). The potency of carbachol in stimulating

[35S]GTPcS binding to non-preferential G-proteins was 2- (M3

Gs/olf) to 10-fold (M2 Gs/olf) lower than to preferential G-proteins.

Competition of carbachol with [3H]NMS binding at M1

through M4 receptors
Binding of the tritiated antagonist N-metylscopolamine

([3H]NMS) in the presence of agonist carbachol concentrations

ranging from 10 nM to 10 mM (Fig. 2) was best described by

competition for two sites (Eq. 3) at all four receptor subtypes. The

equilibrium inhibition constant (KI) of carbachol was similar

among receptor subtypes, both for high and low affinity sites

(Table 2). At M1 and M3 receptors that preferentially couple to

Gq/11 G-proteins carbachol displayed more low affinity binding

sites than at M2 and M4 receptors that preferentially couple to Gi/o

G-proteins. In some cases preincubation of membranes with

antibodies directed against the C-termini of a-subunits of

individual classes of G-proteins led to an increase in the proportion

of low affinity sites. The proportion of low affinity sites was

increased by anti-Gi/o and anti-Gq/11 antibodies at M1 and M3

receptors but only by anti-Gi/o antibodies at M2 and M4 receptors.

The anti-Gs/olf antibody did not change the proportion of low

affinity sites at any receptor subtype. None of the antibodies

affected KI of either the low or high affinity sites.

Competition of agonists with [3H]NMS binding at M1 and
M2 receptors

All tested agonists at M1 receptors (carbachol, furmethide,

oxotremorine, and pilocarpine) bound to two binding sites (Fig. 3,

Figure 1. Stimulation of [35S]GTPcS binding by carbachol. [35S]GTPcS binding to Gi/o (circles), Gs/olf (squares) and Gq/11 G-proteins (diamonds)
via M1 (upper left), M2 (upper right), M3 (lower left) and M4 (lower right) receptors by increasing concentrations (abscissa, log M) of carbachol is
expressed as fold over basal (ordinate). Data are means 6 S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted using
equation 2 and results of fits are shown in Table 1.
doi:10.1371/journal.pone.0027732.g001
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full circles). Although they bound with different affinities they

recognized the same proportion of low-affinity sites (Table 3).

Anti-Gi/o and anti-Gq/11 antibodies increased the proportion of

low affinity sites to a comparable extent for all tested agonists

(Fig. 3, open circles and open diamonds). The anti-Gs/olf antibody

did not change the proportion of the low-affinity binding sites for

any of the agonists tested (Fig. 3, open squares). None of the

antibodies affected KI values.

Similarly, all tested agonists bound to two binding sites at M2

receptors (Fig. 4, full circles). As in the case of the M1 receptor they

bound with different affinities but they recognized the same

proportion of low-affinity sites (Table 4). Similar to carbachol, the

proportion of low-affinity sites was lower at M2 than at M1

receptors for all tested agonists (Table 4 vs. Table 3) and only the

anti-Gi/o antibody increased the proportion of low affinity sites

(Fig. 4, open circles). The anti-Gs/olf and anti Gq/11 antibodies did

not change either the proportion of low-affinity binding sites or

KIs for any of the agonists tested (Fig. 4, open squares and open

diamonds).

Effects of mutations of M1 receptors that affect receptor
activation

To further investigate the role of receptor activation in

receptor-G-protein pre-coupling we prepared cell lines expressing

mutant M1 receptor with mutations known to interfere with

receptor signaling. Mutation of aspartate 71 in the middle of the

second transmembrane domain to asparagine (D71N) has been

shown to abolish receptor activation [15]. Mutation of aspartate

122 in the conserved E/DRY-motif at the intracellular edge of

the third transmembrane domain to asparagine (D122N) has

been shown to reduce the potency of muscarinic agonists [16].

Opsin arginine in the conserved E/DRY-motif at the intracel-

lular edge of the third transmembrane domain of has been shown

to directly interact with the C-terminal cysteine of the a-subunit

of G-protein [16]. At M1 muscarinic receptors mutation of

corresponding arginine 123 asparagine (R123N) blocks activation

of G-proteins [17]. The appropriate control CHO cell line

expressing the wild-type receptor was also generated using the

same expression vector. Expression levels of receptor mutants

Figure 2. Effects of anti-G-protein antibodies on competition between carbachol and [3H]NMS binding at M1 to M4 receptors.
Binding of 1 nM [3H]NMS to membranes from CHO cells expressing M1 (upper left), M2 (upper right), M3 (lower left) and M4 (lower right) receptors in
the presence of increasing concentrations (abscissa, log M) of carbachol is expressed as per cent of control binding in the absence of carbachol. Filled
circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gi/o (circles), anti-Gs/olf (squares), and anti-Gq/11

(diamonds) antibodies. Data are means 6 S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted using equation 3 and
results of fits are shown in the Table 2.
doi:10.1371/journal.pone.0027732.g002

Table 1. Stimulation of [35S]GTPcS binding by carbachol to
Gi/o, Gs/olf and Gq/11 subtypes of G-proteins via M1 through M4

receptors.

Gi/o Gs/olf Gq/11

pEC50 EMAX pEC50 EMAX pEC50 EMAX

M1 5.3160.05 2.0160.05 5.4460.05 1.9260.05 5.9660.05 3.9060.08

M2 6.0160.06 3.4460.07 5.0160.06 1.9360.05 5.2460.02 1.63 60.02

M3 5.3260.05 2.1660.06 5.5460.05 2.1660.05 5.8360.04 3.3160.06

M4 5.8960.05 3.1560.08 5.1860.06 2.1860.06 5.4960.05 1.5960.04

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates. EMAX

is expressed as fold increase of basal binding.
doi:10.1371/journal.pone.0027732.t001
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(0.42 to 0.87 pmol per mg of protein) were the same as expression

level of the wild-type receptor (0.63 to 0.71 pmol per mg of

protein).

Association of 0.5 nM [35S]GTPcS with membranes from the

newly prepared CHO cell line expressing M1 receptors occurred

with observed association rate kobs = 0.036 min-1 (Fig. 5 upper

left, full circles, and Table 5). One hundred mM carbachol (Fig. 5,

open circles) accelerated association of [35S]GTPcS two-times and

increased equilibrium binding (Beq) by one third. Mutations D71N

(Fig. 5 upper right) and R123N (Fig. 5 lower right) did not change

basal (in the absence of carbachol) association of [35S]GTPcS but

they both abolished acceleration induced by carbachol. Mutation

D122N accelerated basal association of [35S]GTPcS by 50%. One

hundred mM carbachol further accelerated association of

[35S]GTPcS. The rate of association as well as Beq in the presence

of carbachol at R123N receptors was the same as at control (M1

wt) (Fig. 5 and Table 5).

On the newly prepared cell line expressing M1 wt receptors

carbachol displayed binding to two binding sites in competition

with [3H]NMS with the same proportion of low affinity sites and

similar affinities (Fig. 6, full circles) as in Fig. 2. While mutation

D71N did not change the binding parameters of carbachol,

mutation D122N brought about an increase in low affinity sites

and mutation R123N completely abolished high-affinity binding

(Fig. 6 and Table 6).

Figure 3. Effects of anti-G-protein antibodies on competition between different agonists and [3H]NMS binding at M1 receptors.
Binding of 1 nM [3H]NMS to membranes from CHO cells expressing M1 receptors in the presence of increasing concentrations (abscissa, log M) of the
agonists carbachol (upper left), furmethide (upper right), oxotremorine (lower left) and pilocarpine (lower right) is expressed as per cent of control
binding in the absence of agonist. Filled circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gi/o

(circles), anti-Gs/olf (squares) and anti-Gq/11 (diamonds) antibodies. Data are means 6 S.E.M of values from 3 experiments performed in quadruplicates.
Curves were fitted using equation 3 and results of fits are shown in Table 3.
doi:10.1371/journal.pone.0027732.g003

Table 2. Effects of IgG antibodies directed against the a-
subunits of individual subtypes of G-proteins on binding
parameters of carbachol in membranes of CHO cells
expressing individual subtypes of muscarinic receptors.

control anti-Gi/o anti-Gs/olf anti-Gq/11

M1 pKi high 7.0160.08 6.9360.09 7.0960.08 7.1460.08

pKi low 5.2160.07 5.2560.06 5.2760.07 5.3060.07

f low 6967 8468* 7467 9268*

M2 pKi high 6.8160.08 6.7060.07 6.9360.08 6.8860.07

pKi low 5.0160.07 5.1360.07 5.0660.07 5.0160.08

f low 5668 8968* 6169 5469

M3 pKi high 7.0360.08 7.1560.09 7.2360.08 7.1460.09

pKi low 5.1560.09 5.2060.09 5.2360.08 5.2760.09

f low 7267 8969* 7667 9268*

M4 pKi high 6.9160.09 7.0360.08 7.0960.09 6.9460.08

pKi low 5.0160.09 4.9560.08 5.0860.09 5.00 60.08

f low 6267 8268* 6667 5867

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates. flow,
fraction of low-affinity sites in percent;
*, significantly different from control by t-test (P,0.05).
doi:10.1371/journal.pone.0027732.t002
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Effects of attenuation of expression of Gi/o G-proteins in
M2-CHO cells

Total binding capacity of (saturating) 500 nM [35S]GTPcS in

control M2-CHO membranes (in the absence of GDP) showed

prevalence of Gi/o G-proteins over Gs/olf and Gq/11 (37.563.9,

22.062.3 and 25.462.8 pmol/mg prot., respectively; mean 6

S.E.M., n = 3). Treatment of M2-CHO cells with siRNA directed

to Gi/o G-proteins resulted in more than a 70% decrease in the

[35S]GTPcS binding capacity of Gi/o (10.161.8 pmol/mg prot.;

mean 6 S.E.M., n = 3) without a change in the binding capacity

of Gs/olf and Gq/11 G-proteins (24.162.2, 23.862.5 pmol/mg

prot., respectively; mean 6 S.E.M., n = 3). This treatment

resulted in a 10-fold decrease in the potency of carbachol in

stimulation of [35S]GTPcS binding to Gi/o G-proteins (Fig. 7 vs.

Fig. 1 upper right, open circles; Table 7 vs. Table 1) and

decreased its efficacy more than 5-times. The efficacy of

carbachol in stimulation of [35S]GTPcS binding to Gs/olf or

Gq/11 G-proteins was unchanged while its potency increased

about 3-times in both cases.

Based on competition binding of agonists and [3H]NMS (Fig. 8;

Table 8), attenuation of Gi/o expression led to an increase in the

proportion of low-affinity sites for all tested agonists (see controls in

Table 4 and Table 8) without change in KI values. The anti-Gi/o

antibody further increased the proportion of low-affinity sites in

Gi/o G-proteins-depleted membranes only for the full agonists

carbachol and furmethide. In contrast to control M2-CHO cells,

the proportion of low-affinity sites of the partial agonists

oxotremorine and pilocarpine in Gi/o G-proteins-depleted mem-

Table 3. Effects of IgG antibodies directed against a-subunits
of individual subtypes of G-proteins on binding parameters of
different muscarinic agonists in membranes of M1 CHO cells.

Control anti-Gi/o anti-Gs/olf anti-Gq/1

carbachol pKi high 7.0160.08 6.9360.09 7.0960.08 7.1460.08

pKi low 5.2160.07 5.2560.06 5.2760.07 5.3060.07

f low 6967 8668* 7467 9268*

furmethide pKi high 6.7060.07 6.5960.08 6.6660.07 6.6360.08

pKi low 4.8260.07 4.7860.07 4.8160.07 4.8760.07

f low 6267 8468* 6266 9268*

oxotremorine pKi high 8.1260.08 8.0460.8 7.9660.06 8.1460.08

pKi low 6.5360.06 6.4760.07 6.4660.06 6.4960.06

f low 6966 9068* 6966 9565*

pilocarpine pKi high 7.7260.07 7.6460.07 7.6160.07 7.6660.07

pKi low 5.8460.06 5.8160.06 5.8060.06 5.7160.06

f low 7567 9268* 7367 9068*

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates. flow,
fraction of low-affinity sites in percent;
*, significantly different from control by t-test (P,0.05).
doi:10.1371/journal.pone.0027732.t003

Figure 4. Effects of anti-G-protein antibodies on competition between different agonists and [3H]NMS binding at M2 receptors.
Binding of 1 nM [3H]NMS to membranes from CHO cells expressing M2 receptors in the presence of increasing concentrations (abscissa, log M) of the
agonists carbachol (upper left), furmethide (upper right), oxotremorine (lower left) and pilocarpine (lower right) is expressed as per cent of control
binding in the absence of agonist. Filled circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gi/o

(circles), anti-Gs/olf (squares) and anti-Gq/11 (diamonds) antibodies. Data are means 6 S.E.M of values from 3 experiments performed in quadruplicates.
Curves were fitted using equation 3 and results of fits are shown in Table 4.
doi:10.1371/journal.pone.0027732.g004
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branes was not changed by the anti-Gi/o antibody. Similar to

untreated M2-CHO cells, the anti-Gs/olf and anti-Gq/11 antibodies

had no effect on either the proportion of low affinity sites or KI

values in membranes with attenuated expression of Gi/o G-

proteins.

Discussion

Binding of an agonist to a G-protein-coupled receptor (GPCR)

results in transforming the receptor to an active state that

facilitates guanosine diphosphate (GDP) dissociation from the a-

subunit of interacting heterotrimeric G-proteins and its exchange

for guanosine trisphosphate (GTP) [18]. In principle there are

many possible ways for receptor-G-protein interactions to take

effect, with two extreme possibilities. In one scenario receptors and

G-proteins diffuse freely within the plasma membrane, agonist

binds to the free receptor that then randomly ‘‘collides’’ with G-

proteins and activates them. Alternatively, receptors and G-

proteins form stable complexes regardless of the receptor

activation state and agonist binding, the agonist binds to this

complex and induces conformational changes in the receptor

protein that leads to G-protein activation and dissipation of the

receptor-G-protein complex. We will refer to the former situation

as ‘‘collision coupling’’ and the latter one as ‘‘pre-coupling’’ [3]. It

should, however, be noted that even if receptors are partially pre-

coupled to G-proteins, an agonist can also bind to free receptors

and then ‘‘collide’’ with G-protein. Also the distinction between

collision coupling and pre-coupling is rather a matter of kinetics of

Table 4. Effects of IgG antibodies directed against a-subunits
of individual subtypes of G-proteins on binding parameters of
different muscarinic agonists in membranes of M2 CHO cells.

Control anti-Gi/o anti-Gs/olf anti-Gq/1

carbachol pKi high 6.8160.08 6.7060.07 6.9360.08 6.8860.07

pKi low 5.0160.07 5.1360.07 5.0660.07 5.0160.08

f low 5668 8968* 6169 5469

furmethide pKi high 6.9960.08 6.9860.07 7.1960.07 7.0860.08

pKi low 4.7060.08 4.7960.07 4.8460.08 4.7360.07

f low 4868 8067* 4968 5369

oxotremorine pKi high 7.7460.09 7.7660.08 7.8360.08 7.9360.08

pKi low 6.1760.08 5.7860.08 6.2260.09 6.2760.08

f low 6068 8467* 6568 6167

pilocarpine pKi high 7.1060.09 7.0560.11 7.2260.09 7.0060.10

pKi low 5.5860.09 5.6760.09 5.6260.09 5.6060.09

f low 53610 76611* 53610 57611

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates. flow,
fraction of low-affinity sites in percent;
*, significantly different from control by t-test (P,0.05).
doi:10.1371/journal.pone.0027732.t004

Figure 5. Effects of point mutations of the M1 receptor on carbachol-induced stimulation of of [35S]GTPcS. Binding of 0.5 nM
[35S]GTPcS to all G-proteins in the presence of 50 mM GDP was measured in membranes from newly prepared CHO cell lines expressing either wild-
type (M1 wt) or mutant (D71N, D122N, R123N) M1 receptors in the absence (full circles) or in the presence (open circles) of 100 mM carbachol. Data are
means 6 S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted using equation 4 and results of fits are shown in Table 5.
doi:10.1371/journal.pone.0027732.g005
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receptor-G-protein interaction and activation and receptor to G-

protein stoichiometry [4]. Thus a myriad of possible ways for

interaction among receptor, G-protein and agonist exist, e.g.,

transient receptor to G-protein complexing (‘‘dynamic scaffold-

ing’’) [5]. Receptor G-protein pre-coupling plays an important role

in signaling. It may accelerate kinetics of signal transduction. If

receptor G-protein complexes pre-exist, instantaneous activation

of G-protein takes place upon agonist binding to the receptor [4].

As shown repeatedly [10,13,19,20] and also in Fig. 1,

muscarinic acetylcholine receptors couple with all 3 major classes

of G-proteins (Gi/o, Gs/olf and Gq/11). Our recent data show that

at M2 receptors the agonist carbachol slows down the association

of GDP with Gi/o but not Gs/olf G-proteins [14]. This finding may

evidence the pre-existence of a receptor/G-protein complex prior

to carbachol binding. Data thus suggest that muscarinic M2

receptors pre-couple to Gi/o but not to Gs/olf G-proteins.

Alternatively, M2 receptors may precouple with Gs/olf but

carbachol has no effect on GDP association. To exclude this

possibility we analyzed in detail pre-coupling of all 3 major classes

of G-proteins with M2 receptors and compared it with pre-

coupling at other Gi/o preferring (M4) and Gq/11 preferring (M1

and M3) muscarinic receptors.

At all receptor subtypes carbachol displays a ‘‘two site’’ binding

curve with high affinity binding in the nanomolar range and low

affinity binding in the micromolar range (Fig. 2, Table 2).

According to the ternary complex model of GPCRs [21] agonists

bind with high affinity to the receptor-G-protein complex and with

low-affinity to receptors uncoupled from G-proteins. The interface

of interaction between the receptor and G-protein consists of the

intracellular edge of the third, fifth and sixth transmembrane

domains and adjacent parts of the third and fourth intracellular

loops of the receptor and the C-terminus of the G-protein a-

subunit [16,22]. Antibodies directed against the C-terminus of G-

protein should prevent receptor-G-protein interaction (or break

existing receptor G-protein complex) and lower the affinity of the

receptor for agonists. Indeed, IgG antibodies directed against the

C-terminus of the Gi/o class of G-proteins increased the fraction of

low-affinity sites at all receptor subtypes including the Gi/o non-

preferring M1 and M3 receptors. Similarly, IgG antibodies

directed against the C-terminus of Gq/11 class of G-proteins

increased the fraction of low-affinity sites only at their preferring

M1 and M3 receptors, but IgG antibodies directed against the C-

terminus of Gs/olf class of G-proteins had no effect. Antibodies

only changed the proportion of low-affinity sites without an effect

on receptor affinity. Our data also show that all receptors pre-

couple with their preferential G-proteins (M1 and M3 with Gq/11

and M2 and M4 with Gi/o) and that M1 and M3 receptors also pre-

couple with non-preferential Gi/o G-proteins. In contrast, pre-

coupling of Gs/olf G-proteins was not detected at any subtype of

muscarinic receptors. In other words, the interaction between

receptor and Gs/olf is so short-lived that cannot be detected by

antibodies. This is in agreement with our kinetic measurements at

Gs/olf and M2 receptors [14].

Table 5. Rates of basal and carbachol-stimulated association of [35S]GTPcS in CHO membranes expressing wild type and mutant
M1 receptors.

M1 wt D71N D122N R123N

control kobs [min-1] 0.03660.007 0.03460.007 0.05460.005# 0.03860.007

Beq

[fmol/:g prot.]
10166 107612 10368 10566

+100 mM carbachol kobs [min-1] 0.07560.006* 0.03360.006# 0.07760.005* 0.03660.007#

Beq

[fmol/mg prot.]
13368* 10569# 12666* 10065#

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates.
*, Significantly different from control;
#, significantly different from wild type (M1 wt), t-test (P,0.05).
doi:10.1371/journal.pone.0027732.t005

Figure 6. Effects of point mutations of the M1 receptor on
competition between carbachol and [3H]NMS binding. Binding
of 1 nM [3H]NMS to membranes from newly prepared CHO cell lines
expressing wild type and mutant M1 receptors in the presence of
increasing concentrations carbachol is expressed as per cent of control
binding in the absence of agonist. Filled circles, binding to wild-type M1

receptors. Open symbols, binding to D71N (circles), D122N (squares)
and R123N (triangles) mutatant M1 receptors. Data are means 6 S.E.M
of values from 3 experiments performed in quadruplicates. Curves were
fitted using equation 3 and results of fits are shown in Table 6.
doi:10.1371/journal.pone.0027732.g006

Table 6. Effects of single amino acid mutations of M1

receptor on the binding parameters of carbachol.

M1 control D71N D122N R123N

pKi high 7.1360.08 7.0160.08 7.0760.09

pKi low 4.9160.06 4.8560.05 4.9260.05 4.8060.07

f low 7266 7467 8667* 9961*

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates. flow,
fraction of low-affinity sites in percent;
*, significantly different from control by t-test (P,0.05).
doi:10.1371/journal.pone.0027732.t006
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We tested binding of four structurally different agonists

(carbachol, furmethide, oxotremorine and pilocarpine) that also

differ in potency and efficacy in activating muscarinic receptors

[14] and binding kinetics [23]. Importantly, all tested agonists

recognize the same proportion of low-affinity binding sites (Figs 3

and 4; Tables 3 and 4). It is very unlikely that these agonists induce

the same proportion of transient high-affinity states (in collision

coupling, dynamic scaffolding or a similar scenario). Rather

receptor G-protein complexes preexist prior to agonists binding

and their proportion is given by stoichiometry of receptors and G-

proteins. Moreover, the antibodies have the same effect on binding

of all agonists, further excluding the role of agonists in the

formation of receptor-G-protein complexes.

To further investigate the role of receptor activation in receptor-

G-protein pre-coupling we prepared cell lines expressing mutant

M1 receptor with mutations known to interfere with receptor

signaling. Mutation of aspartate 71 in the middle of the second

transmembrane domain to asparagine (D71N) has been shown to

prevent activation of the M1 receptor [15]. This residue is neither

part of the agonist binding site nor the receptor-G-protein

interface. It is supposed that the D71N mutation disrupts

intramolecular hydrogen bond network and prevents the receptor

from gaining an active conformation. Its effect on suppressing

receptor activation is confirmed in Fig. 5 (upper right). Although

D71N receptors cannot be activated by carbachol they still display

both high- and low-affinity sites for carbachol with the same

proportion as control wild-type M1 receptors (Fig. 6, full and open

circles). Thus, an active conformation of the receptor is not a

prerequisite for receptor-G protein pre-coupling. These data are in

perfect fit with a report by Quin et al. [24] published during

completion of this manuscript that M3 receptors form inactive

complexes with Gq G-proteins.

In contrast, mutations that interfere with receptor signaling by

being directed against the receptor G-protein interface do affect

pre-coupling. Mutation of aspartate 122 in the conserved E/DRY-

motif at the intracellular edge of the third transmembrane domain

to asparagine (D122N) has been shown to reduce the potency of

muscarinic agonists [13]. Measurements of the association rate of

GTPcS shows that at D122N receptors GTPcS binding under

basal conditions (in the absence of agonist) is accelerated and that

carbachol has smaller effect on GTPcS association rate than at

wild-type M1 receptors (Fig. 5, lower left). Meanwhile, the

proportion of low-affinity sites for carbachol is increased in

D122N receptors in comparison with control (Fig. 6). Most likely,

increased basal activity of D122N results in more activated G-

proteins and thus more uncoupled receptors in membrane

preparations. Crystal structure of complex of opsin and C-

terminus of G-protein a-subunit revealed that arginine in the

conserved E/DRY-motif at the intracellular edge of the third

transmembrane domain interacts directly with the a-subunit C-

terminal cysteine [16]. At M1 muscarinic receptors mutation of

arginine 123 to asparagine (R123N) blocks activation of G-

proteins (Fig. 5, lower right). In accordance with the ternary

complex model of GPCRs [21], R123N receptors (uncoupled from

G-proteins) display only low-affinity for carbachol (Fig. 6,

triangles).

It is worth noting that carbachol can activate all three classes of

G-proteins at both M1 and M2 receptors (Fig. 1) and M1 receptors

pre-couple both to preferential Gq/11 and non-preferential Gi/o G-

proteins. In contrast, M2 receptors pre-couple only to preferential

Gi/o G-proteins. Gi/o are the major class of G-proteins in

membranes from CHO cells, representing almost half of all G-

proteins. To exclude the possibility that M2 receptors do not pre-

couple with Gq/11 G-proteins due to competition with preferential

Gi/o G-proteins, we attenuated the expression of Gi/o a-subunits

by siRNA to one quarter, making Gi/o G-proteins the least

abundant class in CHO membranes. Such reduction in expression

of Gi/o G-proteins diminishes the efficacy of carbachol in

activating these preferential G-proteins to a level lower than at

any of non-preferential G-proteins (Fig. 7). It also reduced its

potency (Table 7 vs. Table 1). On the other hand, the potency of

carbachol to stimulate GTPcS binding increases at non-preferen-

tial Gs/olf and Gq/11 G-proteins, demonstrating competition

among G-proteins for M2 receptors [25]. In concert, the

proportion of low-affinity sites increases and the effect of the

anti-Gi/o antibody is reduced (Fig. 8, cf. Table 4 and Table 8).

Again, these findings indicate the presence of a lower proportion of

high-affinity receptor/G-protein complexes. However, the anti-

Gq/11 antibody has no effect on the proportion of low-affinity sites

even after such reduction in the expression of Gi/o G-proteins.

This suggests that the lack of pre-coupling of Gq/11 G-proteins

with M2 receptors is not due to competition with Gi/o G-proteins.

In summary, we show that muscarinic receptors pre-couple with

their preferential class of G-proteins in the absence of an agonist.

In contrast to the M1 and M3 receptors that pre-couple both with

preferential Gq/11 and non-preferential Gi/o G-proteins, the M2

and M4 receptors pre-couple only with their preferential Gi/o G-

Figure 7. Stimulation of [35S]GTPcS binding by carbachol at the
M2 receptor after suppression of expression of Gi/o G-proteins.
M2 receptor-mediated stimulation of [35S]GTPcS binding to Gi/o (circles),
Gs/olf (squares) and Gq/11 G-proteins (diamonds) after suppression of
expression of Gi/o G-proteins by siRNA was stimulated by increasing
concentrations of carbachol (abscissa, log M). Response is expressed as
fold over basal (ordinate). Data are means 6 S.E.M of values from 3
experiments performed in quadruplicates. Curves were fitted using
equation 2 and results of fits are shown in Table 5.
doi:10.1371/journal.pone.0027732.g007

Table 7. Stimulation of [35S]GTPcS binding by carbachol via
M2 receptors to Gi/o, Gs/olf and Gq/11 subtypes of G-proteins in
membranes with reduced expression of the Gi/o subclass of G-
proteins.

pEC50 EMAX

Gi/o 5.0160.06 1.4360.08

Gs/olf 5.5460.05 1.8260.06

Gq/11 5.6560.05 1.6360.04

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates. EMAX

is expressed as fold increase of basal binding.
doi:10.1371/journal.pone.0027732.t007
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proteins. Lack of pre-coupling of the M2 and M4 receptors to

Gq/11 G-proteins is not due to competition with preferential Gi/o

G-proteins. None of the four subtypes of muscarinic receptors pre-

couples to Gs/olf G-proteins. Thus, the mode of coupling of a given

subtype of muscarinic receptors is governed by a combination of

the receptor subtype and the class of G-protein. Advanced

instrumental methods like fluorescence resonance energy transfer

(FRET) between receptor and G-protein [7] and plasmon surface

resonance [5] were developed to monitor kinetics of receptor G-

protein interactions. Although these methods give better picture of

receptor G-protein interaction, our simple method, that can only

detect pre-coupling, does not require recombinant systems like

FRET-based methods nor reconstituted systems like plasmon

surface resonance methods and can be easily applied ex vivo, e.g. to

tissues of experimental animals.

Materials and Methods

Materials
The radioligands [3H]-N-methylscopolamine chloride ([3H]NMS),

guanosine-59-c[35S]thiotriphosphate ([35S]GTPcS), and anti-rabbit

IgG-coated scintillation proximity beads were from Amersham (UK).

Rabbit polyclonal antibodies against C-terminus of G-protein (Gi/o,

C-10, and Gs/olf, C-18) were from Santa Cruz Biotechnology (Santa

Cruz, CA). Carbamoylcholine chloride (carbachol), dithiotreitol,

ethylendiaminotetraacetic acid (EDTA), guanosine-59-biphosphate

Figure 8. Effects of anti-G-protein antibodies on competition between agonists and [3H]NMS binding at M2 receptors after
suppression of Gi/o G-proteins expression. Binding of 1 nM [3H]NMS to membranes from CHO cells expressing M2 receptors after suppression of
expression of Gi/o G-proteins by siRNA was determined in the presence of increasing concentrations (abscissa, log M) of the agonists carbachol (upper
left), furmethide (upper right), oxotremorine (lower left), and pilocarpine (lower right). Binding is expressed as per cent of control binding in the
absence of agonist. Filled circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gi/o (circles), anti-Gs/olf

(squares) and anti-Gq/11 (diamonds) antibodies. Data are means 6 S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted
using equation 3 and results of fits are shown in Table 6.
doi:10.1371/journal.pone.0027732.g008

Table 8. Effects of IgG antibodies directed against a-subunits
of individual subtypes of G-proteins on binding parameters of
muscarinic agonists in membranes of M2 CHO cells with
reduced expression of Gi/o G-proteins by siRNA.

control anti-Gi/o anti-Gs/olf anti-Gq/11

carbachol pKi high 6.8560.08 6.8960.07 6.9460.08 6.7760.07

pKi low 5.0360.07 4.8860.07 4.9860.07 4.9560.08

f low 7368 9068* 7569 7269

furmethide pKi high 7.0760.08 6.7260.07 7.9160.07 6.9760.08

pKi low 4.7260.08 4.6860.07 4.6960.08 4.7160.07

f low 7267 8667* 6968 7269

oxotremorine pKi high 7.5560.09 7.5460.08 7.7660.08 7.6360.08

pKi low 6.0960.08 6.1560.08 6.1760.09 6.2560.08

f low 7868 8967 8468 7967

pilocarpine pKi high 7.0060.09 6.9160.11 7.0660.09 7.3160.10

pKi low 5.5560.09 5.5860.09 5.5460.09 5.6260.09

f low 72611 87612 76610 73611

Data are means 6 S.E.M. From 3 experiments performed in quadruplicates. flow,
fraction of low-affinity sites in percent;
*, significantly different from control by t-test (P,0.05).
doi:10.1371/journal.pone.0027732.t008
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sodium salt (GDP), guanosine-59-[c-thio]triphosphate tetralithium

salt (GTPcS), N-methylscopolamine bromide (NMS), and pilocar-

pine hydrochloride were from Sigma (St. Louis, MO). Oxotremorine

sesquifumarate was from RBI (Natick, MA) and Nonidet P-40 was

from USB Corporation (Cleveland, OH). Furfuryltrimethylammo-

nium bromide (furmethide) was kindly donated by Dr. Shelkovnikov

(University of St. Petersburg). Small interfering RNA (siRNA) was

designed and synthesized by Ambion/Applied Biosystems, Czech

Republic.

Cell culture and membrane preparation
Chinese hamster ovary cells stably transfected with the human

M1 to M4 muscarinic receptor genes (CHO cells) were kindly

donated by Prof. T.I.Bonner (National Institutes of Health,

Bethesda, MD). Cell cultures and crude membranes were prepared

as described previously [18]. Briefly, cells were grown to confluency

in 75 cm2 flasks in Dulbecco’s modified Eagle’s medium supple-

mented with 10% fetal bovine serum. Two million of cells were

subcultured to 100 mm Petri dishes. Medium was supplemented

with 5 mM butyrate for the last 24 hours of cultivation to increase

receptor expression. Cells were detached by mild trypsinization on

day 5 after subculture. Detached cells were washed twice in 50 ml of

phosphate-buffered saline and 3 min centrifugation at 250 x g.

Washed cells were suspended in 20 ml of ice-cold incubation

medium (100 mM NaCl, 20 mM Na-HEPES, 10 mM MgCl2;

pH = 7.4) supplemented with 10 mM EDTA and homogenized on

ice by two 30 sec strokes using Polytron homogenizer (Ultra-

Turrax; Janke & Kunkel GmbH & Co. KG, IKA-Labortechnik,

Staufen, Germany) with a 30-sec pause between strokes. Cell

homogenates were centrifuged for 30 min at 30,000 x g. Superna-

tants were discarded, pellets resuspended in fresh incubation

medium and centrifuged again. Resulting membrane pellets were

kept at 220uC until assayed within 10 weeks at a maximum.

Attenuation of expression of Gi/o G-proteins
Expression of Gi/o G-proteins a-subunits was attenuated by si-

RNAs of following sequences (59-.39 sense): Go, GGC UCC AAC

ACC UAU GAA Gtt; Gi1, CCU CAA CAA AAG AAA GGA Ctt;

Gi2, CCU CCA UCA UCC UCU UCC Utt; Gi3, GGG AGU

GAC AGC AAU UAU Ctt. Cells were treated with complexes of

all 4 siRNAs and lipofectamine 48 hours prior to experiment.

Final concentrations were 50 nM for each siRNA and 0.5 vol. %

for lipofectamine.

Preparation of new stable cell lines
New stable CHO cell lines expressing wild-type M1 and mutant M1

receptors have been prepared. Coding sequence of wild-type human

M1 muscarinic receptor (in expression vector pcDNA ver. 3.2, cDNA

resource center, University of Missouri-Rolla, MO, USA) was

mutated by PCR and mismatch primers using Qiagene QuickChange

kit. Mutations were verified by sequencing of complete receptor

coding sequence. Then CHO-K1 cells were transfected with either

original M1-pcDNA or mutated plasmid using Lipofectamine 2000

(Lipofectamie 10 ml/ml, DNA 0.5 mg/ml). After 48 hours geneticine

was added to cultivation medium to final concentration of 800 mg/ml.

After selection, the concentration of geneticine was lowered to 50 mg/

ml and maintained during cultivation.

Equilibrium radioligand binding experiments
All radioligand binding experiments were optimized and carried

out as described earlier [20]. Briefly, membranes were incubated

in 96-well plates at 30 oC in the incubation medium described

above that was supplemented with freshly prepared dithiothreitol

at a final concentration of 1 mM. Incubation volume was 200 ml

or 800 ml for [3H]NMS saturation experiments. Approximately 30

and 10 mg of membrane proteins per sample were used for

[3H]NMS and [35S]GTPcS binding, respectively. N-methylsco-

polamine binding was measured directly in saturation experiments

using six concentrations (30 pM to 1000 pM) of [3H]NMS for 1

hour. Depletion of radioligand was smaller than 20% for the

lowest concentration. For calculations, radioligand concentrations

were corrected for depletion. Agonist binding was determined in

competition experiments with 1 nM [3H]NMS. Membranes were

first preincubated 60 min with agonists and IgG antibodies against

C-terminus of a-subunits of G-proteins, if applicable, and then

incubated with [3H]NMS for additional 180 min. Final dilution of

antibodies was 1:200 for Gi/o and Gs/olf and 1:500 for Gq/11.

Nonspecific binding was determined in the presence of 10 mM

NMS. Agonist stimulated [35S]GTPcS binding was measured in a

final volume of 200 ml of incubation medium with 200 pM (M1 or

M3 receptors) or 500 pM (M2 or M4 receptors) of [35S]GTPcS and

5 mM (M1 or M3 receptors) or 50 mM (M2 or M4 receptors) GDP

for 20 min at 30uC after 60 min preincubation with GDP and

agonist. Nonspecific binding was determined in the presence of

1 mM unlabeled GTPcS. Incubations were terminated by filtration

through Whatman GF/F glass fiber filters (Whatman) using a

Tomtech Mach III cell harvester (Perkin Elmer, USA). Filters were

dried in vacuum for 1 h while heated at 60uC and then solid

scintillator Meltilex A was melted on filters (105uC, 90 s) using a

hot plate. The filters were cooled and counted in Wallac

Microbeta scintillation counter.

Scintillation proximity assay
In case of scintillation proximity assay, incubation with

[35S]GTPcS as described above was terminated by membrane

solubilization by the addition of 20 ml of 10% Nonidet P-40. After

20 min 10 ml of individual primary antibodies against C-termini of

G-protein a-subunits were added and incubation was continued

for 1 h. The final dilution was 1:500 in case of anti-Gi/o-a and

anti-Gs/olf-a antibodies and 1:1000 in case of the anti-Gq/11-a
antibody. One batch of anti-rabbit IgG-coated scintillation beads

was diluted in 20 ml of incubation medium and 50 ml of the

suspension was added to each well for 3 h. Then plates were spun

for 15 min at 1,000 x g and counted using the scintillation

proximity assay protocol in a Wallac Microbeta scintillation

counter.

Data analysis
In general binding data were analyzed as described previously

[20]. Data were preprocessed by Open Office version 3.2 (www.

openoffice.org) and subsequently analyzed by Grace version 5.1

(plazma-gate.weizman.ac.il) and statistic package R version 2.13

(www.r-project.org) on Scientific Linux version 6 distribution of

GNU/Linux.

The following equations were fitted to data:

Saturation of radioligand binding

y~BMAX � x=(xzKD) ð1Þ

y, binding of radioligand at free concentration of radioligand x;

BMAX, maximum binding capacity; KD, equilibrium dissociation

constant.

Concentration-response

y~1z(EMAX-1)=(1z(EC50=x)nH) ð2Þ
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y, radioactivity in the presence of agonist at concentration x

normalized to radioactivity in the absence of agonist; EMAX,

maximal increase by agonist; EC50, concentration of agonist

producing 50% of maximal effect; nH, Hill coefficient.

Interference of agonist with [3H]NMS

y~(100-f low) � (1-x=(IC50highzx))zf low�(1-x=(IC50lowzx)) ð3Þ

y, binding of radioligand at a concentration of displacer x

normalized to binding in the absence of displacer; flow, percentage

of low affinity sites; IC50high, concentration causing 50% decrease

in binding to high affinity sites; IC50low, concentration causing

50% decrease in binding to low affinity sites. Equilibrium

dissociation constant of displacer (KI) was calculated according

to Cheng and Prusoff [26].

Rate of association

y~Beq � (1-e-kobs�x) ð4Þ

y, binding of radioligand at a time x; Beq, equilibrium binding;

kobs, observed rate of association.
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Abstract
Background: Many neuromuscular blockers act as negative allosteric modulators of muscarinic
acetylcholine receptors by decreasing affinity and potency of acetylcholine. The neuromuscular
blocker rapacuronium has been shown to have facilitatory effects at muscarinic receptors leading
to bronchospasm. We examined the influence of rapacuronium on acetylcholine (ACh) binding to
and activation of individual subtypes of muscarinic receptors expressed in Chinese hamster ovary
cells to determine its receptor selectivity.

Results: At equilibrium rapacuronium bound to all subtypes of muscarinic receptors with
micromolar affinity (2.7-17 μM) and displayed negative cooperativity with both high- and low-
affinity ACh binding states. Rapacuronium accelerated [3H]ACh association with and dissociation
from odd-numbered receptor subtypes. With respect to [35S]GTPγS binding rapacuronium alone
behaved as an inverse agonist at all subtypes. Rapacuronium concentration-dependently decreased
the potency of ACh-induced [35S]GTPγS binding at M2 and M4 receptors. In contrast, 0.1 μM
rapacuronium significantly increased ACh potency at M1, M3, and M5 receptors. Kinetic
measurements at M3 receptors showed acceleration of the rate of ACh-induced [35S]GTPγS binding
by rapacuronium.

Conclusions: Our data demonstrate a novel dichotomy in rapacuronium effects at odd-numbered
muscarinic receptors. Rapacuronium accelerates the rate of ACh binding but decreases its affinity
under equilibrium conditions. This results in potentiation of receptor activation at low
concentrations of rapacuronium (1 μM) but not at high concentrations (10 μM). These
observations highlight the relevance and necessity of performing physiological tests under non-
equilibrium conditions in evaluating the functional effects of allosteric modulators at muscarinic
receptors. They also provide molecular basis for potentiating M3 receptor-mediated
bronchoconstriction.
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Background
Five subtypes of muscarinic acetylcholine receptors that
belong to class A of G-protein coupled receptors have
been identified [1]. The primary response of stimulation
of the M2 and M4 subtypes of muscarinic receptors is acti-
vation of the Gi/o class of G-proteins resulting in inhibi-
tion of adenylyl cyclase, whereas stimulation of M1, M3,
and M5 receptors leads to activation of the Gq/11 class of G-
proteins and stimulation of phospholipase C[2]. Mus-
carinic receptors mediate many diverse physiological
functions that are selectively mediated by different recep-
tor subtypes [3]. This is why discovery of selective ligands
is of prime importance for clinical practice. However, due
to the very conserved nature of the orthosteric binding site
of muscarinic acetylcholine receptors the selectivity of
orthosteric agonists is very poor [4]. Orthosteric antago-
nists that bind to less conserved amino acids located close
to the orthosteric binding site display better selectivity
than orthosteric agonists. Muscarinic allosteric ligands
exhibit remarkable selectivity among receptor subtypes
[5]. They interact mainly with the second and the third
extracellular loops that are much less conserved than
transmembrane segments creating the orthosteric binding
site [6-10].

The extraordinary selectivity of allosteric modulators that
is due to differences in both affinity and cooperativity [11]
has attracted attention of pharmacologists in the past dec-
ade. Somewhat paradoxically, most of originally discov-
ered and probably best studied allosteric compounds of
muscarinic receptors are neuromuscular blockers [12-14].
By definition, these are competitive nicotinic acetylcho-
line receptor antagonists but many of them have high
affinities and strong allosteric interactions, particularly at
the M2 subtype of muscarinic receptors.

In clinical practice, different competitive (nondepolariz-
ing) neuromuscular blockers are employed to induce
muscle relaxation to facilitate intubation during surgery.
The neuromuscular blocker rapacuronium was with-
drawn from clinical use due to high incidence of bron-
chospasm resulting in death [15]. Parasympathetic
innervation of airways transmits signal via postsynaptic
M3 receptors that mediate acetylcholine-induced contrac-
tion and M2 receptors that inhibit with high potency
smooth muscle relaxation mediated by increase in cyto-
plasmic cAMP [16]. M2 receptors are also located at para-
sympathetic cholinergic nerve terminals innervating
smooth muscle and their stimulation inhibits acetylcho-
line (ACh) release [17]. In functional experiments on the
guinea pig trachea preparation it was demonstrated that
rapacuronium preferentially antagonizes M2 over M3 mus-
carinic receptors [18]. In addition, involvement of allos-
teric potentiation of ACh binding to muscarinic M3
receptors in bronchospasm induced by rapacuronium was

suggested, but not proven [19]. A very recent paper con-
firmed a unique behavior of rapacuronium compared to
other skeletal muscle relaxants in vivo and demonstrated
that rapacuronium potentiates bronchoconstriction
evoked by both naturally released and exogenous acetyl-
choline, indicating an important role of postsynaptic M3
receptors [20].

Because we have been interested in investigations of posi-
tive cooperativity of allosteric ligands with ACh binding
[11,21] and allosteric agonists [22] these findings led us
to analyze in detail the interactions of rapacuronium with
acetylcholine binding and receptor activation of all sub-
types of muscarinic receptors heterologously expressed in
membranes of Chinese hamster ovary (CHO) cells. We
demonstrate that rapacuronium binds to and exhibits
negative cooperativity with ACh binding at all subtypes of
muscarinic receptors. Surprisingly, low concentrations of
rapacuronium potentiate ACh-induced signaling at the
M1, M3, and M5 receptor subtypes and accelerate ACh
binding. This striking behavior is unparallel at other neu-
romuscular blockers.

Results
Saturation binding experiments (Figure 1; Table 1) with
68 pM to 2 nM [3H]NMS in cell membranes showed sim-
ilar binding capacity (1 to 2 pmol of binding sites per mg
of protein) and affinity (equilibrium dissociation con-
stant (KD) ranging from 205 pM at M4 to 320 pM at M2
receptors) for all receptor subtypes (Figure. 1; Table 1).
Significant depletion (up to 34% at M1 for 68 pM
[3H]NMS) occurred despite the use of 0.8 ml incubation
volume in the binding assays. Thus, free concentrations of
[3H]NMS were calculated and used in Eq. 1. Saturation
binding experiments with 3.4 nM to 100 nM [3H]ACh
showed similar high affinity binding among all subtypes
with KD around 20 nM. Rapacuronium concentration
dependently decreased affinity for [3H]NMS and [3H]ACh
at all subtypes without change in maximum binding
capacity (BMAX). Competition experiments of unlabeled
ACh vs. [3H]NMS displayed high and low binding sites for
ACh at all subtypes with higher proportion of high affinity
binding sites at even-numbered subtypes (Figure 2). Equi-
librium dissociation constants (KI) of ACh high-affinity
binding derived from competition experiments with
[3H]NMS (pKD = 7.32 ± 0.06, 7.59 ± 0.03, 7.79 ± 0.05,
7.69 ± 0.04, 7.68 ± 0.05, mean ± SE for M1 to M5 receptor)
correspond to those measured in [3H]ACh saturation
experiments (Table 1). In the presence of 10 μM GTPγS to
uncouple receptors and G-proteins ACh low affinity bind-
ing was similar at all five subtypes with equilibrium disso-
ciation constant (KI) ranging from 25.5 μM at M4 to 46.8
μM at M1.
Page 2 of 20
(page number not for citation purposes)



BMC Pharmacology 2009, 9:15 http://www.biomedcentral.com/1471-2210/9/15

Page 3 of 20
(page number not for citation purposes)

Saturation binding of [3H]NMS and [3H]AchFigure 1
Saturation binding of [3H]NMS and [3H]Ach. Specific binding of [3H]NMS (circles) and [3H]ACh (squares) to mem-
branes from CHO cells expressing individual subtypes of muscarinic receptors is plotted against the concentration of free radi-
oligand. Binding of radioligand in the absence (closed symbols) and presence of 10 μM (open symbols) or 100 μM (hatched 
symbols) rapacuronium, respectively. Data are means ± SE from 3 independent experiments performed in quadruplicates. 
Curves are fits of Eq. 1 to data. Binding parameters are summarized in Table 1.
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Effects of 10 μM GTPγS on ACh competition with [3H]NMS bindingFigure 2
Effects of 10 μM GTPγS on ACh competition with [3H]NMS binding. Binding of 1 nM [3H]NMS to the membranes 
from CHO cells expressing individual subtypes of muscarinic receptors in the absence (closed circles) or presence (open cir-
cles) of 1 μM GTPγS is expressed as per cent of control binding and are plotted against concentration of ACh. Data are means 
± SE of 3 independent experiments performed in quadruplicates. Binding parameters are described in the Results.
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Effects of 100 μM rapacuronium on the rate of ([3H]NMS)
dissociation were measured in membranes from CHO cell
expressing individual subtypes of muscarinic receptors
after 60 min preincubation with 1 nM [3H]NMS. Dissoci-
ation was evoked by addition of 10 μM unlabeled NMS.
Rapacuronium slowed dissociation of [3H]NMS from all
subtypes of muscarinic ACh receptors (Figure 3, Table 2).
This is an established hallmark of allosteric receptor mod-
ulation. It had the strongest effect at M2 receptors (7-fold
decrease in rate of dissociation) and weakest effect at M3
and M5 receptors (40% decrease). While dissociation
evoked by NMS was monophasic (Figure 3 closed sym-
bols) it became biphasic in the presence of 100 μM rapa-
curonium with the exception of the M5 subtype.

Displacement radioligand binding experiments with
either 20 nM [3H]ACh (Figure 4) or 1 nM [3H]NMS (Fig-
ure 5, circles) and increasing concentrations of rapacuro-
nium showed that rapacuronium binds equally well to all
five muscarinic receptor subtypes. Equilibrium dissocia-
tion constants (pKA; Table 3) for rapacuronium derived
from experiments with [3H]NMS and [3H]ACh were virtu-
ally the same with a rank order of affinity of
M2>M4>M1>M5>M3 (range from 2.6-17.8 μM). Rapacuro-
nium displayed negative cooperativity with [3H]NMS in
binding to all subtypes, as evidenced by a maximal limit
to its effects on the affinity of the radioligand that differed
as a function of radioligand concentration. These effects
were strongest at the M5 subtype (35-fold decrease in
affinity) and weakest at the M2 subtype (6.8-fold decrease
in affinity; Figure 5, closed circles). While cooperativity of
rapacuronium with high- (pα) and low-affinity (pβ) ACh
binding was essentially the same at individual subtypes
(Table 3, row-wise comparison) it was slightly different
among subtypes (e.g. 16-fold decrease in ACh low-affinity
binding at M3 receptors vs. 36-times decrease at M4 recep-
tors; Table 3, column-wise comparison).

Rapacuronium alone concentration dependently lowered
[35S]GTPγS binding to membranes (Figure 6, closed
squares; Table 4) with a maximal effect of approximately
25% at odd-numbered subtypes and 15% at even-num-
bered subtypes, with similar half-effective concentrations
(EC50) ranging from 28 μM at M2 receptors to 76 μM at M3
receptors. While the EC50 values of rapacuronium in
inhibiting [35S]GTPγS binding at individual subtypes cor-
related with affinities measured in binding experiments
with [3H]ACh (R2 = 0.76) they were lower (4- to 12-fold)

Table 1: Effects of rapacuronium on [3H]NMS and [3H]ACh saturation binding

pKD BMAX pKD' BMAX pKD' BMAX

[3H]NMS + 10 μM rapacuronium + 100 μM rapacuronium

M1 9.60 ± 0.04 1.98 ± 0.20 9.14 ± 0.03* 2.03 ± 0.15 8.73 ± 0.03* 1.85 ± 0.17
M2 9.49 ± 0.03 1.56 ± 0.16 8.92 ± 0.04* 1.62 ± 0.14 8.64 ± 0.03* 1.66 ± 0.14
M3 9.64 ± 0.05 1.64 ± 0.17 9.44 ± 0.03* 1.67 ± 0.14 8.96 ± 0.03* 1.59 ± 0.16
M4 9.69 ± 0.04 1.19 ± 0.14 9.19 ± 0.02* 1.17 ± 0.13 8.52 ± 0.06* 1.06 ± 0.10
M5 9.59 ± 0.03 1.49 ± 0.16 9.31 ± 0.02* 1.53 ± 0.15 8.46 ± 0.06* 1.33 ± 0.13

[3H]Ach + 10 μM rapacuronium + 100 μM rapacuronium

M1 7.58 ± 0.05 0.33 ± 0.05 7.12 ± 0.03* 0.33 ± 0.05 6.43 ± 0.05* 0.32 ± 0.05
M2 7.63 ± 0.03 0.80 ± 0.08 7.09 ± 0.05* 0.74 ± 0.07 6.30 ± 0.06* 0.77 ± 0.08
M3 7.67 ± 0.05 0.39 ± 0.05 7.43 ± 0.04* 0.40 ± 0.04 6.85 ± 0.03* 0.37 ± 0.05
M4 7.69 ± 0.04 0.55 ± 0.04 7.17 ± 0.03* 0.54 ± 0.05 6.41 ± 0.05* 0.47 ± 0.04
M5 7.68 ± 0.03 0.33 ± 0.06 7.43 ± 0.02* 0.33 ± 0.03 6.64 ± 0.04* 0.34 ± 0.06

Negative logarithms of equilibrium dissociation constants (pKD) and maximum binding capacities (BMAX in fmol/μg of protein) of radioligands were 
obtained from saturation experiments shown in Figure 1 by fitting Eq. 1 to the data. Values are means ± SE of fits to 3 independent experiments 
performed in quadruplicates.
*P < 0.05; significantly different from control (radioligand alone) by ANOVA and Tukey-Kramer post-test.

Table 2: Effects of rapacuronium on the rate of [3H]NMS 
dissociation.

Control + 100 μM rapacuronium
koff [min-1] koff1 [min-1] f2 [%] koff2 [min-1]

M1 0.063 ± 0.004 0.014 ± 0.001* 14 ± 3 0.34 ± 0.05
M2 0.18 ± 0.01 0.026 ± 0.002* 23 ± 5 0.76 ± 0.11
M3 0.048 ± 0.003 0.031 ± 0.002* 20 ± 4 0.058 ± 0.009
M4 0.041 ± 0.002 0.017 ± 0.001* 6.0 ± 2.0 0.75 ± 0.11
M5 0.013 ± 0.001 0.0078 ± 0.0004*

Observed rates of [3H]NMS dissociation (koff, koff1 and koff2) and 
fraction of sites (f2) with faster dissociation (koff2) from individual 
subtypes of muscarinic receptors were obtained by fitting Eq. 7a and 
7b to data in Figure 3. Results of better fit are shown. Values are 
means ± SE of fits to 3 independent experiments performed in 
quadruplicates. *P < 0.05; significantly different from control 
([3H]NMS alone) by t-test
Page 5 of 20
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Effects of 100 μM rapacuronium on dissociation of [3H]NMS bindingFigure 3
Effects of 100 μM rapacuronium on dissociation of [3H]NMS binding. Binding of [3H]NMS to membranes from CHO 
cells expressing individual subtypes of muscarinic receptors at different times after the addition of 10 μM NMS (closed circles) 
or a mixture of 10 μM NMS and 100 μM rapacuronium (open circles). Specific binding is expressed as percent of binding at 
time 0. Data are means ± SE from 3 independent experiments performed in quadruplicates. Binding parameters are summa-
rized in Table 2.
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at all subtypes. We could not test the involvement of mus-
carinic receptors in the effects of rapacuronium on
[35S]GTPγS binding using orthosteric antagonists, since 10
μM NMS or 10 μM atropine by themselves decreased
[35S]GTPγS binding by more than 30% at all receptor sub-
types. Inhibitory effects of rapacuronium were not addi-

tive to those of NMS or atropine (not shown). However,
rapacuronium did not decrease [35S]GTPγS binding in
membranes from nontransfected CHO cells (Figure 6,
bottom row right).

As expected, ACh concentration-dependently stimulated
[35S]GTPγS binding to membranes from cells expressing
all individual subtypes of muscarinic receptors (Table 4
and Figure 6, closed circles). The maximal effect of ACh
(EMAX) was about two-fold increase in basal binding at
odd-numbered receptors and three-fold increase at even-
numbered receptors with a rank order of efficacy of
M2>M4>M1>M5>M3 (range from 3.12 to 1.99-fold
increase). In control conditions ACh EC50 values were
lower at even-numbered subtypes than at odd-numbered
subtypes with a rank order of potency of
M2>M4>M3>M5>M1 (range from 0.25 to 6.31 μM) (Table
5). While the EC50 of ACh-stimulated [35S]GTPγS binding
was less than that of its low-affinity binding conformation
by 178-times at M2 and 23-times at M4 receptors it was
only 7.4-, 5.4-, and 4.7-times lower at M1, M3, and M5
receptors, respectively. In comparison with its high-affin-
ity binding, the EC50 of ACh-stimulated [35S]GTPγS bind-
ing was only 10-times higher at M2 and 55-times at M4
receptors but 130-260- and 300-times higher at M1, M5
and M3 receptors, respectively. EMAX was about two-fold
increase in basal binding at odd-numbered receptors and
three-fold increase at even-numbered receptors with a
rank order of efficacy of M2>M4>M1>M5>M3 (range from
3.12 to 1.99-fold increase) (Table 5).

Measurements of ACh-stimulated [35S]GTPγS binding in
the presence of 0.1, 1 and 10 μM rapacuronium showed
differential effects of rapacuronium on receptor activation
by an orthosteric agonist at individual receptor subtypes
(Figure 6 open symbols). At even-numbered subtypes 1
μM and 10 μM rapacuronium significantly increased ACh
EC50, with lowering of EMAX at 10 μM rapacuronium.
These results are in line with the effects of rapacuronium

Table 3: Binding parameters of NMS, ACh and rapacuronium to membranes from CHO cells expressing M1 through M5 receptor 
subtypes.

[3H]NMS [3H]Ach Ach
high affinity binding low affinity binding

pKA pα pKA pα pKA pβ

M1 5.37 ± 0.03 -1.08 ± 0.05 5.37 ± 0.04 -1.30 ± 0.07 5.33 ± 0.03 -1.32 ± 0.06
M2 5.59 ± 0.03 -0.83 ± 0.07 5.55 ± 0.05 -1.46 ± 0.08 5.56 ± 0.04 -1.52 ± 0.06
M3 4.75 ± 0.04 -1.11 ± 0.05 4.80 ± 0.04 -1.26 ± 0.05 4.77 ± 0.05 -1.20 ± 0.07
M4 5.42 ± 0.04 -1.40 ± 0.04 5.41 ± 0.05 -1.51 ± 0.05 5.49 ± 0.04 -1.56 ± 0.07
M5 4.97 ± 0.04 -1.54 ± 0.05 4.92 ± 0.03 -1.34 ± 0.07 4.95 ± 0.04 -1.28 ± 0.07

Negative logarithm of equilibrium dissociation constant of rapacuronium (pKA) and factor of cooperativity (α ) between rapacuronium and 
radioligand ([3H]NMS or [3H]ACh, respectively) binding were obtained by fitting Eq. 3 to the data in Figures 4 and 5. Negative logarithm of 
equilibrium dissociation constant of rapacuronium (pKA) and factors of cooperativity (β) between rapacuronium and acetylcholine low affinity 
binding were obtained by fitting Eq. 4 to the data in Figure 5. Factors of cooperativity α and β are expressed as negative logarithms so that negative 
values represent negative cooperativity. Values are means ± SE of fits to 3 independent experiments performed in quadruplicates.

Effects of rapacuronium on high-affinity [3H]ACh bindingFigure 4
Effects of rapacuronium on high-affinity [3H]ACh 
binding. Binding of 20 nM [3H]ACh to membranes from 
CHO cells expressing individual subtypes of muscarinic 
receptors (circles, M1; squares, M2; diamonds, M3; up-trian-
gles, M4; down-triangles, M5) was determined in the presence 
of rapacuronium at the concentrations indicated on the x-
axis and is expressed as percent of specific binding in the 
absence of rapacuronium. Data are means ± SE from 3 inde-
pendent experiments performed in quadruplicates. Curves 
are fits of Eq. 3 to data. Binding parameters are summarized 
in Table 3.
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Effects of rapacuronium on low-affinity ACh binding and [3H]NMS bindingFigure 5
Effects of rapacuronium on low-affinity ACh binding and [3H]NMS binding. Binding of 1 nM [3H]NMS to membranes 
from CHO cells expressing individual subtypes of muscarinic receptors was measured in the presence of rapacuronium at the 
concentrations indicated on the x-axis. Data are expressed as percent of specific binding in the absence of rapacuronium. Sym-
bols represent binding of [3H]NMS (circles), and [3H]NMS in the presence of 10 μM GTPγS and 100 μM (squares) or 200 μM 
(triangles) ACh. Binding of [3H]NMS was decreased by 100 μM ACh to 71, 64, 59, 60 and 56% and by 200 μM ACh to 55, 47, 
42, 43 and 39% at M1 to M5 receptors, respectively. Bigger divergence of curves denotes stronger negative cooperativity 
between ACh and rapacuronium binding. Data are means ± SE from 3 independent experiments performed in quadruplicates. 
Curves are fits of Eq. 3 (circles) and Eq. 4 (squares and triangles) to data prior to normalization. Binding parameters are sum-
marized in Table 3.
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on ACh binding. In contrast, the effects of rapacuronium
on activation of odd-numbered subtypes were more com-
plex. At these subtypes rapacuronium had the strongest
effect on activation of the M3 subtype. At this subtype 0.1
and 1 μM rapacuronium caused a significant 2-fold
decrease in ACh EC50 and approximately 60% and 35%
increase in EMAX, respectively. Rapacuronium at 10 μM
increased ACh EC50 by about 3-fold without a significant
change in EMAX. Rapacuronium (0.1 - 10 μM) had no
effect on ACh efficacy at the M1 and M5 subtypes but
decreased the EC50 of ACh in stimulating [35S]GTPγS
binding by 1.5- and 4-fold, respectively, at concentrations
of 0.1 and 1 μM. However, this effect was not evident at
10 μM rapacuronium (Figure 6).

Kinetics of [35S]GTPγS binding to membranes from CHO-
M3 cells (where rapacuronium has the most pronounced
effects) were measured after 5 min preincubation with 5
μM GDP and 60 min with 1 μM rapacuronium followed
by simultaneous addition of [35S]GTPγS and ACh, with or
without rapacuronium (Figure 7). Under basal conditions
([35S]GTPγS + buffer, Figure 7, closed circles) [35S]GTPγS
bound to membranes with an observed rate constant
(kobs) of 0.0269 ± 0.0022 min-1. Ten μM ACh accelerated
the rate of [35S]GTPγS binding to 0.0583 ± 0.047 min-1

(Figure 7, closed squares) and 1 μM rapacuronium further
increased the rate to 0.166 ± 0.013 min-1 (Figure 7, open
squares). While 10 μM ACh alone produced only 2-fold
increase in [35S]GTPγS binding at 5 min incubation it
caused nearly 5-fold increase in the presence of 1 μM rapa-
curonium. Estimated [35S]GTPγS equilibrium binding
(Beq) was the same for all 3 treatments (10,000 ± 300,
10,100 ± 100, and 9,980 ± 120 cpm per well for basal,
ACh and ACh with rapacuronium, respectively; mean ±
SE, n = 3). Rapacuronium alone slightly decreased the rate
of [35S]GTPγS binding (Figure 7, open circles).

Effects of rapacuronium on the association rate of high-
affinity (40 nM) [3H]ACh binding were measured after 60
min preincubation of membranes with rapacuronium.
Association of [3H]ACh is complex and consists of an ini-
tial very fast step in the range of seconds followed by a
slower phase (Figure 8, first time point is 5 s). Under con-
trol conditions (Figure 8, closed circles) the slower phase
of [3H]ACh association was characterized by an observed

rate (kobs) in the range of 1.43 (M3) to 3.5 (M5) min-1.
While the presence of 1 μM rapacuronium had marginal
effects on [3H]ACh association (Figure 8, open circles) the
association binding curve became more complex and
showed a peak in the presence of 10 μM rapacuronium
(Figure 8, hatched circles). This peak occurred at 15 to 20
seconds at odd-numbered receptors and at 30 to 50 sec-
onds at the M4 and around 90 seconds at the M2 receptor.
Peak binding was higher than control binding at odd-
numbered receptors, the same as control binding at M4
and lower than control binding at M2 receptor. An
increase in [3H]ACh binding after extended incubation
(hours) occurred at M3, M4, and M5 receptors.

Effects of 10 μM rapacuronium on the dissociation rate of
high-affinity [3H]ACh binding were measured after 60
min preincubation of membranes with 40 nM [3H]ACh.
Dissociation was evoked by the addition of unlabeled
ACh at a final concentration of 40 μM, either alone or
mixed with 10 μM rapacuronium (Figure 9, Table 6).
[3H]ACh dissociation curves consisted of a very rapid
phase followed by a slow one, both in the absence (Figure
9, closed circles) and in the presence (Figure 9, open and
hatched circles) of rapacuronium. The slower phase of
[3H]ACh dissociation displayed a rate (koff) in the range of
0.112 (M5) to 0.507 (M2) min-1 (Figure 9, closed circles).
While effects of 1 μM rapacuronium on [3H]ACh dissoci-
ation were marginal, 10 μM rapacuronium either acceler-
ated (odd-numbered), did not change (M4) or slowed
(M2) the rate of [3H]ACh dissociation (Figure 9, hatched
circles).

The effects of rapacuronium and the two prototypic allos-
teric modulators alcuronium and gallamine on ACh-stim-
ulated [35S]GTPγS binding and kinetics of [3H]ACh
binding were compared at M3 receptors where the effects
of rapacuronium were most pronounced. Measurements
of ACh-stimulated [35S]GTPγS binding in the presence of
1 and 10 μM alcuronium or 1 and 10 μM gallamine,
showed a small concentration-dependent increase in the
EC50 of ACh without change in EMAX values (Figure 10,
Table 7). Both alcuronium and gallamine concentration
dependently slowed [35S]GTPγS association stimulated by
10 μM ACh. At 10 μM concentrations they also decreased
[35S]GTPγS equilibrium binding (Figure 10, Table 7).

Table 4: Direct effects of rapacuronium on [35S]GTPγS binding

M1 M2 M3 M4 M5

pEC50 4.30 ± 0.04 4.55 ± 0.04 4.12 ± 0.03 4.44 ± 0.04 4.21 ± 0.04
EMAX 0.76 ± 0.08 0.84 ± 0.06 0.75 ± 0.07 0.86 ± 0.06 0.75 ± 0.07

Negative logarithms of half effective concentrations (pEC50) and EMAX of rapacuronium on [35S]GTPγS binding were obtained by fitting Eq. 5 to the 
data from the measurements of [35S]GTPγS binding in the presence of rapacuronium in concentrations ranging from 10-8 to 10-3 M normalized to 
the absence of rapacuronium (Figure 6, open squares). Values are means ± SE of fits to 3 independent experiments performed in quadruplicates.
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Effects of rapacuronium on ACh-induced [35S]GTPγS binding to membranesFigure 6
Effects of rapacuronium on ACh-induced [35S]GTPγS binding to membranes. Membranes from CHO cells express-
ing individual subtypes of muscarinic receptors or nontransfected CHO-K1 cells were preincubated for 60 min with buffer 
(closed symbols) or with rapacuronium (open symbols). [35S]GTPγS binding was induced by rapacuronium alone (closed 
squares), ACh alone (closed circles), or by ACh in the presence of rapacuronium (0.1 μM (open circles), 1 μM (open squares), 
or 10 μM (open triangles)). Data are expressed as fold increase of basal [35S]GTPγS binding and are presented as means ± SE 
from 3 independent experiments performed in quadruplicates. Curves are fits of Eq. 5 to data. Parameters are summarized in 
Tables 4 and 5.
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Alcuronium and gallamine slowed down association of
40 nM [3H]ACh and decreased its equilibrium binding at
M3 receptors (Figure 10, Table 7).

Discussion
Our results clearly demonstrate that the neuromuscular
blocker rapacuronium binds to all muscarinic receptor
subtypes at physiologically relevant concentrations [18]
and displays micromolar affinity and slight selectivity
towards M2 receptor. This selectivity is smaller than that of
other neuromuscular blockers such as alcuronium,
gallamine and pancuronium [23, 24, Jakubík, unpub-
lished data]. Like the majority of this class of compounds,

rapacuronium acts as a negative allosteric modulator
(alters dissociation kinetics and incompletely inhibits
binding of orthosteric ligands) with respect to binding of
both the natural agonist ACh (Figures 1, 4, 5, 8 and 9) and
the classical antagonist NMS (Figures 1, 3, and 5). Rapa-
curonium exhibits complex effects on the kinetics of ACh
binding (Figures 8 and 9) and subsequent receptor activa-
tion estimated from stimulation of [35S]GTPγS binding
(Figures 6 and 7). Functional effects differ from those of
the prototypic negative allosteric modulators alcuronium
and gallamine (Figure 10, Table 7).

Table 5: Effects of rapacuronium on ACh-stimulated [35S]GTPγS binding

Acetylcholine + 0.1 μM rapacuronium + 1 μM rapacuronium + 10 μM rapacuronium
pEC50 EMAX pEC50 EMAX pEC50 EMAX pEC50 EMAX

M1 5.20 ± 0.05 2.23 ± 0.08 5.41 ± 0.04* 2.35 ± 0.12 5.78 ± 0.04* 2.28 ± 0.12 5.22 ± 0.05 2.27 ± 0.11
M2 6.61 ± 0.03 3.12 ± 0.12 6.65 ± 0.03 3.10 ± 0.15 5.92 ± 0.05* 2.93 ± 0.13 5.67 ± 0.07* 2.46 ± 0.18*
M3 5.31 ± 0.05 2.12 ± 0.08 5.65 ± 0.04* 2.78 ± 0.11* 5.66 ± 0.04* 2.52 ± 0.08* 4.83 ± 0.05* 2.12 ± 0.09
M4 5.95 ± 0.04 2.93 ± 0.15 5.93 ± 0.04 2.95 ± 0.11 5.59 ± 0.05* 2.80 ± 0.12 5.12 ± 0.05* 2.32 ± 0.16*
M5 5.26 ± 0.05 1.99 ± 0.08 5.45 ± 0.04* 2.10 ± 0.09 5.82 ± 0.04* 2.04 ± 0.09 5.29 ± 0.05 2.22 ± 0.09

Negative logarithms of half effective concentrations (pEC50) and maximum stimulatory effect (EMAX) of acetylcholine on [35S]GTPγS binding in the 
absence or presence of the indicated concentrations of rapacuronium were obtained by fitting Eq. 5 to the data in Figure 6. Values are means ± SE 
of fits to 3 independent experiments performed in quadruplicates. *P < 0.05; significantly different from control (Ach alone) by ANOVA and Tukey-
Kramer post-test.

Effects of rapacuronium on kinetics of [35S]GTPγS bindingFigure 7
Effects of rapacuronium on kinetics of [35S]GTPγS binding. Membranes were preincubated for 60 min in the presence 
(open symbols) or absence (closed symbols) of 1 μM rapacuronium. Then [35S]GTPγS was added simultaneously with buffer 
(circles) or 10 μM ACh (squares). Incubations were terminated at the times indicated on the x-axis. The increase of specific 
[35S]GTPγS binding is expressed as fmol per μg of protein (left) and as fold increase of specific binding under basal conditions 
(right). Data are means ± SE of values from 3 independent experiments performed in quadruplicates.
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Effects of rapacuronium on [3H]ACh associationFigure 8
Effects of rapacuronium on [3H]ACh association. Membranes from CHO cells expressing individual subtypes of mus-
carinic receptors were preincubated 60 min with buffer (closed circles) or 1 μM (open circles) or 10 μM (hatched circles) rapa-
curonium and then [3H]ACh was added to a final concentration of 40 nM at time 0. Incubations were terminated at the times 
indicated on the x-axis. Specific [3H]ACh binding is expressed as fmol per mg of proteins. Data are means ± SE of values from 
3 independent experiments performed in quadruplicates. Binding parameters are shown in Table 6.
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Our observation of an allosteric mode of interaction
between rapacuronium and muscarinic receptors is in
agreement with reported slowing-down of NMS dissocia-
tion from M2 and M3 receptors by this drug [19]. The
observed biphasic dissociation of NMS under non-equi-
librium conditions in the presence of an allosteric modu-
lator such as rapacuronium was described earlier [24].

Inverse receptor agonism by rapacuronium
Rapacuronium alone decreases [35S]GTPγS binding. This
effect is mediated by muscarinic receptors because it is not
observed in membranes prepared from a native CHO cell
line that does not express muscarinic receptors and thus
cannot be explained by nonspecific effects on cell mem-
branes. Instead, this effect can be related to an inverse ago-
nistic effect of rapacuronium itself on constitutive
receptor activity. This view is supported by previous dem-
onstration of constitutive activity of muscarinic receptors
[25,26] and by finding that the orthosteric antagonists
NMS and atropine also decrease [35S]GTPγS binding when
applied alone [22,27]. In addition, both agonistic and
inverse agonistic effects of allosteric modulators have
already been observed [27,28].

Allosteric modulation of receptor activation by 
rapacuronium
Both [3H]ACh saturation binding experiments (Figure 1)
and ACh vs. [3H]NMS competition experiments (Figure 2)
show ACh high affinity binding in the nanomolar range
without selectivity towards any of muscarinic receptor
subtypes. The affinities of ACh at M2 and M4 receptors
reported in this study are within the range of published
values, being lower than those published by Lazareno et
al. [11] but higher than the values reported by Haga et al.
[29] or Gurwitz et al. [30]. This divergence is likely due to
the dependence of the affinity of acetylcholine at its high-
affinity site on many factors (e.g. receptor source, prepara-
tion, concentration of ions (mainly Mg2+, Na+), residual
concentration of GDP, temperature, etc.). Similarly, we

found no subtype differences in ACh low affinity binding,
which is in accordance with our previous studies [21].
Despite lack of binding selectivity, the potency and effi-
cacy of ACh in stimulating [35S]GTPγS binding are signif-
icantly higher at even-numbered than at odd-numbered
subtypes. In other words, the M2 and M4 subtypes that
preferentially couple with Gi/o G-proteins display better
coupling and larger receptor reserve than the M1, M3, and
M5 subtypes that preferentially couple with Gq/11 G-pro-
teins. Despite accumulating evidence for the existence of
agonist-specific conformations of muscarinic and other
G-protein-coupled receptors [31-33] it is generally
accepted that the change in agonist potency in receptor
activation follows a change in the affinity of its binding
induced by an allosteric modulator. Thus, negative coop-
erativity between the allosteric modulator and the bind-
ing of an orthosteric agonist would lead to lower potency
of agonist (e.g. pioneering experiments with gallamine of
Clark and Mitchelson [12]) and positive cooperativity
would result in higher potency of agonist [11,34]. Rapa-
curonium behaves in accordance with this view in case of
the M2 and M4 subtypes. However, at the M1, M3 and M5
receptor subtypes, rapacuronium up to a concentration of
10 μM either increases or does not alter ACh potency or
efficacy in inducing [35S]GTPγS binding (Figure 6),
despite clear negative cooperativity with ACh binding
(Figures 4 and 5). Although this observation may appear
surprising at first glance it is perfectly in agreement with
the hypothesis of multiple receptor conformations
induced by orthosteric and allosteric ligands, and with the
existence of conformations that exhibit low affinity for
agonist binding but nevertheless activate second messen-
ger pathways [26,31,35,36].

Kinetics of functional response
Analysis of the kinetics of [35S]GTPγS binding shows that
the facilitatory effects of rapacuronium on ACh-induced
responses are evident after brief incubations (lasting min-
utes, Figure 7). This suggests that the facilitating effects of
rapacuronium on ACh-induced response are a conse-
quence of altered receptor kinetics rather than a change in
agonist affinity at equilibrium. Extended time of incuba-
tion during which binding of ligands equilibrates may
thus obscure the initial transient potentiation. Analysis of
kinetics of ACh binding (Figures 8 and 9) showed that
rapacuronium affects ACh kinetics differently than those
of NMS. While rapacuronium slows down NMS associa-
tion and dissociation at all receptor subtypes (Figure 3) it
accelerates ACh association and dissociation at odd-num-
bered subtypes (Figures 8 and 9). Thus, rapacuronium
doubles the magnitude of ACh binding at 15 seconds at
these receptors such that association after 15 seconds is
twice as much in the presence of rapacuronium. This
effect, however, is counterbalanced by accelerated dissoci-
ation, resulting in an overall decrease in ACh affinity (neg-

Table 6: Effects of rapacuronium on the rate of [3H]ACh 
association and dissociation

40 nM [3H]ACh + 10 μM rapacuronium
kobs [min-1] koff [min-1] koff [min-1]

M1 2.74 ± 0.25 0.294 ± 0.015 0.917 ± 0.046*
M2 1.58 ± 0.14 0.507 ± 0.025 0.245 ± 0.012*
M3 1.43 ± 0.13 0.226 ± 0.011 0.923 ± 0.046*
M4 2.01 ± 0.18 0.373 ± 0.019 0.355 ± 0.018
M5 3.50 ± 0.31 0.112 ± 0.006 0.378 ± 0.019*

Observed rates of association (kobs) of 40 nM [3H]ACh with and 
dissociation (koff) from individual subtypes of muscarinic receptors 
were obtained by fitting Eq. 6 to data in Figure 8 and Eq. 7c to data in 
Figure 9. Values are means ± SE of fits to 3 independent experiments 
performed in quadruplicates. *P < 0.05; significantly different from 
control ([3H]ACh alone) by t-test.
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Effect of rapacuronium on the time course of [3H]ACh dissociationFigure 9
Effect of rapacuronium on the time course of [3H]ACh dissociation. Membranes from CHO cells expressing individ-
ual subtypes of muscarinic receptors were prelabeled with 40 nM [3H]ACh for 60 min. At time zero 40 μM unlabeled ACh was 
added alone (closed circles) or as a mixture with 1 μM rapacuronium (open circles) or 10 μM rapacuronium (hatched circles). 
Incubations were terminated at the times indicated on the x-axis. Specific [3H]ACh binding is expressed as percent of specific 
binding at time 0 on x-axis. Data are means ± SE of values from 3 independent experiments performed in quadruplicates. Bind-
ing parameters are shown in Table 6.
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ative cooperativity). Although combination of negative
binding cooperativity on the one hand and acceleration of
binding on the other could in principle be interpreted
within the frame of the ternary receptor model. However,
data of association and dissociation of ACh in the absence
of rapacuronium do not conform to a simple bi-molecu-
lar interaction. As a result, the interaction between ACh
and rapacuronium at muscarinic receptors is more com-
plex and may involve allosteric extension of the tandem
two-site model [37,38]. Theoretically, this extension of
the model allows for coexistence of positive cooperativity
between rapacuronium and the initial step of ACh bind-
ing and overall negative binding cooperativity under equi-
librium. An enigmatic feature of our data, however, is that
low concentrations of rapacuronium (0.1 and 1 μM) that
do not affect the the rate of binding of ACh or its affinity
at equilibrium at odd numbered subtypes leads to an
increase in both potency and efficacy of ACh in receptor
activation. Theoreticaly, allosteric extension of tandem
two-site model allows for positive cooperativity between
rapacuronium and ACh initial binding step in overall neg-
ative binding cooperativity under equilibrium and tran-
sient binding of these sub-threshold concentrations.
However, these concentrations of rapacuronium had no
effect on ACh association in binding experiments (Figure
8, open circles). One possible explanation is that ACh
bound to a peripheral site (of tandem two-site binding) is
lost during filtration but is well reflected and amplified in
GTPγS binding that is pseudo-irreversible. A more specu-
lative explanation assumes that rapacuronium at sub-
micromolar concentrations binds to another site on the
receptor and facilitates receptor activation by ACh without
significant interference with radioligand binding. This
facilitatory effect is overcome at high concentrations of
rapacuronium by negative cooperativity in binding of
ACh induced by binding of rapacuronium to an allosteric
binding site. A latent further increase in ACh binding after
5 min in the presence of 10 μM rapacuronium (Figure 8,

hatched circles) suggests an even more complex mecha-
nism of interaction of rapacuronium wih the receptor.

Modeling of such complex kinetics would require a model
even more sophisticated than ternary extension of the tan-
dem-two site model [38]. Additionally, differential effects
of low concentrations of rapacuronium (1 μM and lower)
on receptor binding and function would require inclusion
of receptor activation (probably with several ligand-spe-
cific activation states) in the model and therefore renders
modeling unachievable.

Comparison of the effects of rapacuronium with those of
the prototypic allosteric modulators alcuronium and
gallamine (Figures eleven and twelve) on M3 receptors
shows that acceleration of ACh kinetics is unique to rapa-
curonium among negative allosteric modulators. To our
knowledge this is the first report of acceleration of binding
of an orthosteric ligand by a negative allosteric modula-
tor. This highlights unpredictability of kinetics of allos-
teric modulation based on compounds with similar
behavior observed under equilibrium.

Physiological implications
Our observations are consistent with functional ex vivo
and in vivo physiological experiments demonstrating an
increase of acetylcholine-evoked muscle contraction of
guinea pig trachea rings by rapacuronium [18-20].
Although they confirm proposed allostetic interaction
between rapacuronium and ACh [19] they do not con-
form to the proposed positive binding cooperativity at the
M3 receptor subtype. Although rapacuronium at concen-
trations below 10 μM binds to and decreases the affinity
of acetylcholine at equilibrium at all subtypes of mus-
carinic receptors, it accelerates association of ACh and
enhances its potency and efficacy in functional responses
at the M3 receptor as evident from [35S]GTPγS binding.
The initial acceleration of the rate of association of ACh

Table 7: Effects of alcuronium and gallamine on ACh-stimulated [35S]GTPγS binding at M3 receptors.

40 nM [3H]ACh binding [35S]GTPγS binding
kobs [min-1] Beq [fmol/mg prot.] kobs [min-1] Beq [fmol/μg prot.] pEC50 EMAX [fold over 

basal]

Control 1.28 ± 0.06 357 ± 17 0.0579 ± 0.0013 530 ± 37 5.18 ± 0.03 2.94 ± 0.12
+ 1 μM alcuronium 1.00 ± 0.02* 262 ± 10* 0. 0509 ± 0.0017* 496 ± 33 5.03 ± 0.02* 2.90 ± 0.14
+ 10 μM alcuronium 0.888 ± 0.012* 199 ± 12* 0.0481 ± 0.0021* 428 ± 39* 4.82 ± 0.02* 2.87 ± 0.12

+ 1 μM gallamine 1.06 ± 0.02* 246 ± 10* 0.0525 ± 0.0015* 479 ± 29 5.01 ± 0.04* 2.83 ± 0.12
+ 10 μM gallamine 0.783 ± 0.009* 191 ± 8* 0.0492 ± 0.0015* 442 ± 27* 4.82 ± 0.01* 2.73 ± 0.15

Values of observed rates of association (kobs) and equilibrium binding (Beq) of 40 nM [3H]ACh with M3 receptors were obtained by fitting Eq. 6 to 
data in Figure 10 (top). Values of kobs and Beq of 200 pM [35S]GTPγS with M3 receptors were obtained by fitting Eq. 6 to data in Figure 10 (middle). 
Negative logarithms of half effective concentrations (pEC50) and maximum stimulatory effect (EMAX) of acetylcholine on [35S]GTPγS binding in the 
absence or presence of the indicated concentrations of alcuronium or gallamine were obtained by fitting Eq. 5 to the data in Figure 10 (bottom). 
Values are means ± SE of fits to 3 to 6 independent experiments performed in quadruplicates. *P < 0.05; significantly different from control (ACh 
alone) by ANOVA and Tukey-Kramer post-test.
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Effects of alcuronium and gallamine on [3H]ACh binding and ACh-stimulated [35S]GTPγS binding to M3 membranesFigure 10
Effects of alcuronium and gallamine on [3H]ACh binding and ACh-stimulated [35S]GTPγS binding to M3 mem-
branes. Effects of the reference allosteric modulators alcuronium (left) and gallamine (right) on kinetics of [3H]ACh binding 
(top) and ACh-stimulated [35S]GTPγS binding (middle) and concentration response of [35S]GTPγS binding to ACh stimulation 
(bottom) at M3 receptors were measured after preincubation of membranes for 60 min with buffer (closed circles) or with 1 
μM (open squares) or 10 μM (open triangles) rapacuronium. Then either [3H]ACh (top) or [35S]GTPγS simultaneously with 10 
μM ACh (middle and bottom) was added. Incubation was terminated at the times indicated on the x-axis (top and middle) or 
after 20 min (bottom). Binding is expressed as fmol per μg of protein of specific [3H]ACh (top) or [35S]GTPγS (middle) binding 
or as fold increase of basal [35S]GTPγS binding (bottom). Data are means ± SE from 3 to 6 independent experiments per-
formed in quadruplicates. Parameters are summarized in Table 7.
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would potentiate fast responses such as bronchial smooth
muscle contractions mediated by transient actions of ace-
tylcholine at M3 receptors [16]. In contrast, rapacuronium
at clinically relevant concentrations strongly reduces the
affinity of binding of ACh and also its potency and effi-
cacy in activating M2 receptors. This pattern of effects
should lead to an increase in ACh release by interrupting
its M2 receptor-mediated presynaptic autoinhibition [17]
and to the inhibition of postsynaptic M2 receptor-medi-
ated muscle relaxation. In contrast, the decrease of ACh
affinity at the M2 and M4 subtypes is accompanied by a
decrease in both potency and efficacy of stimulating
[35S]GTPγS binding. The synergistic effects of negative
functional modulation of pre- and postsynaptic M2 recep-
tors and positive functional modulation of postsynaptic
M3 receptors can explain the fatal bronchospasm caused
by rapacuronium in human.

Conclusions
Although rapacuronium exerts negative cooperativity
with binding of ACh to all muscarinic receptor subtypes at
equilibrium it accelerates the rate of ACh binding at odd
numbered subtypes. At concentrations below 10 μM, it
increases the potency and efficacy of ACh in increasing the
rate of [35S]GTPγS binding at odd-numbered subtypes.
The time between acetylcholine release and termination
of its action by acetylcholinesterase is in the range of a
fraction of a second. Therefore, the effects of allosteric
modulators in the early non-equilibrium stage of receptor
signaling are therapeutically more important than effects
on acetylcholine equilibrium binding, as the latter condi-
tions do not occur in vivo. Our study demonstrates a case
of dichotomous effects of the allosteric modulator rapa-
curonium on ACh equilibrium binding on the one hand
and on the kinetics of ACh binding on the other. Our
observations emphasize the necessity to employ fast func-
tional assays in screening for potential allosteric modula-
tors of neurotransmission that much better simulate
physiological conditions than long-lasting equilibrium
binding experiments.

Methods
Materials
The radioligands [3H]-N-methylscopolamine chloride
([3H]NMS) and guanosine-5'-γ[35S]thiotrisphosphate
([35S]GTPγS) were from Amersham (UK), [methyl-
3H]acetylcholine iodide ([3H]ACh) was from ARC (St.
Louis, MO). Carbachol, dithiotreitol, gallamine triethio-
dide (TLC >98%), guanosine-5'-bis-phosphate (GDP),
guanosine-5'-γS-thiotrisphosphate (GTPγS), and N-meth-
ylscopolamine chloride (NMS) were from Sigma (St.
Louis, MO). Rapacuronium (Organon, West Range, NJ)
was kindly provided by Prof. Emala, Columbia Univer-
sity, New York, NY. Alcuronium was kindly provided by F.
Hoffmann-la Roche Ltd., Basle, Switzerland. CHO cells

stably expressing individual subtypes of muscarinic recep-
tors were provided by Dr. T.I. Bonner (National Institutes
of Health, Bethesda, MD).

Cell culture and membrane preparation
Chinese hamster ovary cells stably transfected with the
human M1 to M5 muscarinic receptor genes were grown to
confluence in 75 cm2 flasks in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine
serum and 2 million cells were subcultured to 100 mm
Petri dishes. Medium was supplemented with 5 mM
butyrate for last 24 hours of cultivation. Cells were
detached by mild trypsinization on day 5 after subculture.
Detached cells were washed twice in 50 ml of phosphate-
buffered saline and 3 min centrifugation at 250 × g.
Washed cells were diluted in ice cold homogenization
medium (100 mM NaCl, 20 mM Na-HEPES, 10 mM
EDTA; pH = 7.4) and homogenized on ice by two 30 s
strokes using Polytron homogenizer (Ultra-Turrax; Janke
& Kunkel GmbH & Co. KG, IKA-Labortechnik, Staufen,
Germany) with a 30 s pause between strokes. Cell
homogenates were centrifuged for 30 min at 30,000 × g.
Supernatants were discarded, pellets resuspended in fresh
incubation medium (100 mM NaCl, 20 mM Na-HEPES,
10 mM MgCl2; pH = 7.4) and centrifuged again. Resulting
membrane pellets were kept at -20°C until assayed, for 10
weeks at maximum.

Radioligand binding
All radioligand binding experiments were carried out on
membranes in 96-well plates at 30°C in the incubation
medium described above supplemented with freshly pre-
pared dithiothreitol at a final concentration of 1 mM,
essentially as described by Jakubík et al. [23]. Membranes
at concentrations 4, 50 and 100 μg of protein per well
were used for [35S]GTPγS, [3H]NMS and [3H]ACh bind-
ing, respectively. Final volume was 200 μl, except for
[3H]NMS saturation binding that was done in 0.8 ml vol-
ume. High affinity acetylcholine and NMS binding was
measured directly using [3H]ACh and [3H]NMS, respec-
tively. Low affinity acetylcholine binding to muscarinic
receptors was determined by the ability of unlabeled ACh
to decrease binding of 1 nM [3H]NMS in the presence of
10 μM GTPγS. Nonspecific binding was determined in the
presence of 10 μM NMS. Incubation with [3H]ACh or
[3H]NMS lasted 60 min and was terminated by fast filtra-
tion and washing with ice cold water through Whatman
GF/F glass-fiber filters (Whatman) using a Tomtech Mach
III cell harvester (Perkin Elmer, USA). Filtration and wash-
ing lasted 4 s for [3H]ACh and 9 s for [3H]NMS (wash-
aspirate button times). Six concentrations of [3H]NMS
were used in saturation experiments (68 pM to 2000 pM
[3H]NMS in the absence of rapacuronium and 189 pM to
5000 pM [3H]NMS in its presence). Corresponding con-
centrations of [3H]ACh were 3.4 nM to 100 nM [3H]ACh
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in the absence of paracuronium and 7 nM to 200 nM
[3H]ACh in its presence. Effects of rapacuronium on ace-
tylcholine high affinity binding was measured as a change
in [3H]acetylcholine binding after 60 min prelabeling
with 20 nM [3H]ACh followed by addition of rapacuro-
nium and incubation for additional 3 hours. Effects of
rapacuronium on ACh low affinity binding was deter-
mined as a change in [3H]NMS binding in the presence of
10 μM GTPγS after 60 min prelabeling of membranes with
1 nM [3H]NMS followed by addition of ACh with or with-
out rapacuronium and additional 3 hours of incubation.
Effects of rapacuronium on [3H]ACh association was
measured after 60 min preincubation with 10 μM rapa-
curonium. When kinetics of association were measured
Bio-Tek μFill (Bio-Tek Instruments, Winooski, VT) was
programmed for addition of hot ligand at appropriate
times before filtration. Effects of rapacuronium on disso-
ciation of [3H]NMS or [3H]ACh binding was measured by
addition of 10 or 100 μM rapacuronium to a mixture with
unlabeled ligand (10 μM NMS or 40 μM ACh) to initiate
dissociation.

For determination of [35S]GTPγS binding to G-proteins in
membranes a final concentration of 200 pM (M1, M3 and
M5 receptors) or 500 pM (M2 and M4 receptors) of
[35S]GTPγS was used. Incubation medium was supple-
mented with 5 μM (M1, M3 and M5 receptors) or 50 μM
(M2 and M4 receptors) GDP. Nonspecific binding was
determined in the presence of 1 μM unlabeled GTPγS.
When effects of rapacuronium on ACh-stimulated
[35S]GTPγS binding was measured rapacuronium was
added to membranes 60 min prior to ACh and
[35S]GTPγS. Incubation with [35S]GTPγS was carried out
for 20 min and free ligand was removed by filtration as
described above. Filtration and washing with ice-cold
water lasted for 9 s (wash-aspirate button time).

After filtration filters were dried in vacuum for 1 h while
heated at 80°C and then solid scintillator Meltilex A was
melted on filters (105°C, 90 s) using a hot plate. After
cooling the filters were counted using a Wallac Microbeta
scintillation counter.

Data analysis
In general binding data were analyzed as described in
Jakubík et al. [21]. Data were preprocessed by Open Office
3.0 http://www.openoffice.org and subsequently ana-
lyzed by Grace 5.1.18 http://plazma-gate.weizman.ac.il/
and statistics package R http://www.r-project.org on Man-
driva distribution of Linux.

The following equations were fitted to data:

Saturation of radioligand binding

y, binding of radioligand ([3H]NMS or [3H]acetylcholine)
at free radioligand (after correction for depletion) concen-
tration x; BMAX, maximum binding capacity; KD, equilib-
rium dissociation constant.

Competition with [3H]NMS binding

y, binding of [3H]NMS at a concentration of displacer x
normalized to binding in the absence of displacer; IC50,
concentration causing 50% decrease in binding.

Equilibrium dissociation constant of displacer (Ki) was
calculated according Cheng and Prusoff [39].

Allosteric interaction between rapacuronium and
[3H]NMS or [3H]acetylcholine high affinity binding

y, binding of radioligand ([3H]NMS or [3H]acetylcholine)
in the presence of rapacuronium at concentration x nor-
malized to the absence of rapacuronium; [L] concentra-
tion of radioligand; KD, equilibrium dissociation constant
of radioligand; KA; equilibrium dissociation constant of
rapacuronium; α, factor of cooperativity between radioli-
gand and rapacuronium [40]. Cooperativity factor greater
than 1 denotes negative cooperativity and less than 1 pos-
itive cooperativity. Due to its log-normal error distribu-
tion factors of cooperativity are expressed as negative
logarithms (pα) through the manuscript so negative val-
ues denotes negative cooperativity and positive value
denotes positive cooperativity.

Allosteric interaction between rapacuronium and acetyl-
choline low affinity binding

y, binding of [3H]NMS in the presence of rapacuronium at
concentration x normalized to the absence of rapacuro-
nium; [N] concentration of [3H]NMS; KD, equilibrium
dissociation constant of [3H]NMS; [A], concentration of
acetylcholine; KI, equilibrium dissociation constant form
Eq. 2; KA; equilibrium dissociation constant of rapacuro-
nium from Eq. 3; α, factor of cooperativity between

y B x x KMAX D= ∗ +/ ( ) (1)

y -x IC x= ∗ +100 1 50( / ( )) (2)

y
L K D
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K D K A x

K A x

= +

+ ∗ +
+

[ ]

[ ]
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[3H]NMS and rapacuronium from Eq. 3; β, factor of coop-
erativity between rapacuronium and acetylcholine [21].

Concentration-response

y, radioactivity in the presence of agonist at concentration
x normalized to radioactivity in the absence of agonist;
EMAX, maximal increase by agonist; EC50, concentration of
agonist producing 50% of maximal effect; nH, Hill coeffi-
cient.

Time course of association

y, radioligand binding at time x; kobs, observed rate of
association; equilibrium binding Beq = Bottom + Span.

Time course of dissociation

or

or

y, radioligand binding at time x normalized to binding at
time 0; koff1 and koff2, dissociation rate constants; f2, frac-
tion of binding site with dissociation rate constant koff2.
When both Eq. 7a and 7b were fitted to data the better fit
was chosen based on sum of squares F-test and runs test.

For fitting parameter estimates close to one expected were
entered manually, parameters were constrained to reason-
able range, the tolerance value was set to 0.01 and itera-
tion steps to 30. Initial values of slope factors were always
1 constrained to 0.8 to 1.2 range.

List of abbreviations
Ach: acetylcholine; ANOVA: analysis of variance; CHO:
Chinese hamster ovary; GTPγS: guanosine 5'-O-(3-
thio)triphosphate; NMS: N-methylscopolamine; TCM:
ternary complex model.
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