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ABSTRACT: FLAG- and HA-tagged M2 muscarinic receptors from coinfectedSf9 cells have been purified
in digitonin-cholate and reconstituted into phospholipid vesicles. The purified receptor was predominantly
monomeric: it showed no detectable coimmunoprecipitation; it migrated as a monomer during
electrophoresis before or after cross-linking withbis(sulfosuccinimidyl)suberate; and it bound agonists
and antagonists in a manner indicative of identical and mutually independent sites. Receptor cross-linked
after reconstitution or after reconstitution and subsequent solubilization in digitonin-cholate migrated
almost exclusively as a tetramer. The binding properties of the reconstituted receptor mimicked those
reported previously for cardiac muscarinic receptors. The apparent capacity forN-[3H]methylscopolamine
(NMS) was only 60% of that for [3H]quinuclidinylbenzilate (QNB), yet binding at saturating concentrations
of [3H]QNB was inhibited fully and in a noncompetitive manner at comparatively low concentrations of
unlabeled NMS. Reconstitution of the receptor with a saturating quantity of functional G proteins led to
the appearance of three classes of sites for the agonist oxotremorine-M in assays with [3H]QNB; GMP-
PNP caused an apparent interconversion from highest to lowest affinity and the concomitant emergence
of a fourth class of intermediate affinity. All of the data can be described quantitatively in terms of
cooperativity among four interacting sites, presumably within a tetramer; the effect of GMP-PNP can be
accommodated as a shift in the distribution of tetramers between two states that differ in their cooperative
properties. Monomers of the M2 receptor therefore can be assembled into tetramers with binding properties
that closely resemble those of the muscarinic receptor in myocardial preparations.

Signaling via G protein-coupled receptors is controlled by
an allosteric interaction between agonists and guanyl nucle-
otides (1, 2). The underlying mechanism remains obscure,
but two observations may offer some insight. First, many G
protein-coupled receptors have been shown to occur as
oligomers, both on living cells and following extraction from
the membrane (reviewed in3-5); second, at least some have
been found to exhibit cooperative effects in the binding of
agonists and antagonists. The latter observation implies the
former and has implications for our understanding of the
mechanistically ambiguous, GTP-sensitive dispersion of
affinities seen almost universally in the binding of agonists
(6). Those effects are linked to efficacy (e.g., refs7-9), and
they can be described in terms of cooperativity between two
or more interacting sites (6, 10).

For many years, the common view of G protein-mediated
signaling was based on the notion of a ligand-regulated,
transient complex between one holo-G protein (G) and one
receptor (R) (1, 11). As articulated in the ternary complex
model (12), the receptor interconverts spontaneously between

G protein-coupled (RG) and uncoupled states. Agonists bind
with higher affinity to RG than to R, thereby favoring the
coupled state; in contrast, guanyl nucleotides bind with higher
affinity to G than to RG, thereby favoring the uncoupled
state. The model therefore implies that the heterogeneity
revealed by agonists is induced by the G protein in an
otherwise homogeneous population of mutually independent
sites. Such schemes have been used extensively to rationalize
the biochemical and pharmacological properties of G protein-
coupled receptors (2, 13and refs cited therein), but they have
failed to account quantitatively for the binding of agonists
(13-16). They also are at variance with evidence that the
RG complex is neither transient nor destabilized by guanyl
nucleotides (17-21).

An alternative view is based on the notion of an oligomeric
receptor that interconverts spontaneously between two states
that differ in their cooperative properties (6). According to
that view, the signaling complex comprises multiple equiva-
lents of both the receptor and the G protein. The different
states of affinity revealed by agonists derive from cooper-
ativity in the binding of ligands to interacting receptors (6,
17); similarly, the different states of affinity revealed by
GDP1 in similar studies with [35S]GTPγS derive from
cooperativity in the binding of guanyl nucleotides to interact-
ing G proteins (22). Guanyl nucleotides act allosterically to
modulate cooperativity in the binding of agonists, and
agonists are allosteric modulators of cooperativity in the
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binding of guanyl nucleotides (6). Questions that arise from
such a scheme relate to the nature and determinants of
oligomerization, the size and composition of the signaling
complex, the existence and role of monomers, the evidence
for cooperative effects, and the implied link between
cooperativity and response.

Interest in the structural basis of oligomerization has
focused on two modes of association, generally within
dimers: domain-swapping and contact between contiguous
but structurally autonomous partners. Early studies on
complementary chimeras of theR2C-adrenergic and M3
muscarinic receptors suggested that a site of adrenergic or
muscarinic specificity could be formed from the N- and
C-terminal segments of two coexpressed chimeras (i.e.,R2/
M3 and M3/R2) (23). Later data from evolutionary compari-
sons (24), molecular dynamics simulations (24), site-directed
mutagenesis (25), atomic force microscopy (26), and X-ray
crystallography (27) are more consistent with contacts
between preformed monomers. The latter possibility is
supported by the observation that monomers of the M2

muscarinic receptor purified fromSf9 cells retain their
characteristic affinity for muscarinic antagonists (28).

Although the size of the oligomer remains unclear, studies
into the mechanism of binding have suggested that the M2

muscarinic receptor is tetrameric or larger. At least four
interacting sites were required for cooperativity to account
for the binding properties of a complex of muscarinic
receptors and G proteins purified from porcine atria, where
the effect of oxotremorine-M on the antagonist [3H]AF-DX
384 was bell shaped in the presence of GMP-PNP (17). At
least four interacting sites also were required to account for
the nucleotide-sensitive binding of agonists to muscarinic
receptors in membranes from hamster heart (6). Conversely,
at least two interacting sites were required for cooperativity
to account for the bell-shaped effect of GDP on the binding
of [35S]GTPγS to G proteins linked to cardiac muscarinic
receptors, also in membranes from hamster heart (22). The
signaling complex therefore appears to be multimeric in both
receptor and G protein.

Further evidence for cooperativity at cardiac muscarinic
receptors has emerged in the binding of antagonists, which
have revealed noncompetitive effects under some conditions.
Receptors that copurify with G proteins in digitonin-cholate
or that are extracted from porcine atria in either cholate-
NaCl or Lubrol-PX exhibit a shortfall in the apparent capacity
for N-[3H]methylscopolamine relative to that for [3H]-
quinuclidinylbenzilate (17, 29). Some receptors are therefore
of anomalously weak affinity forN-methylscopolamine, yet

comparatively low concentrations of that ligand inhibit the
binding of [3H]quinuclidinylbenzilate at saturating concentra-
tions of the latter. Essentially the same pattern has been
described for the binding of antagonists to D2 dopamine
receptors in membranes from CHO andSf9 cells (30, 31).
Such effects at the cardiac muscarinic receptor can be
described quantitatively in terms of cooperativity among four
interacting sites (17, 29); in accord with that interpretation,
those effects disappear when the M2 muscarinic receptor is
purified as a monomer (28). Evidence that speaks more
directly to the size of oligomers formed by G protein-coupled
receptors is inconclusive, with different studies pointing to
two, four, or more components (32).

In the present investigation, we have sought to reassemble
the multimeric heteromer that has been suggested to mediate
signaling. Monomers of the M2 muscarinic receptor have
been purified fromSf9 cells and incorporated into phospho-
lipid vesicles, both alone and together with G proteins.
Receptors in the reconstituted preparation closely resemble
those in myocardial preparations with respect to the non-
competitive binding of antagonists and the guanyl nucleotide-
sensitive dispersion of affinities characteristic of agonists.
The data can be described quantitatively and consistently in
terms of cooperativity among four interacting sites. After
chemical cross-linking, most of the reconstituted receptors
exhibit the electrophoretic mobility expected of tetramers.

MATERIALS AND METHODS

Ligands, Antibodies, and Other Materials. (-)-[3H]Qui-
nuclidinylbenzilate andN-[3H]methylscopolamine were pur-
chased either from PerkinElmer Life Sciences ([3H]QNB,
lot 3499844, 42 Ci/mmol; [3H]NMS, lots 3499213 and
3538031, 81 Ci/mmol) or from Amersham Biosciences ([3H]-
QNB, lot B49, 49 Ci/mmol; [3H]NMS, lot B32A, 84 Ci/
mmol). UnlabeledN-methylscopolamine hydrobromide, car-
bamoycholine chloride (carbachol), and oxotremorine-M
were purchased from Sigma-Aldrich.

Holo-G proteins were purchased from Calbiochem as a
mixture of functional heterotrimers (i.e.,Roâγ andRi1-3âγ)
solubilized in HEPES buffer. Digitonin used for solubiliza-
tion and purification of the receptor was purchased from
Wako Bioproducts at a purity near 100%. Digitonin for the
buffers used to pre-equilibrate and to elute the columns of
Sephadex G-50 in binding assays was from Calbiochem.
Sephadex G-50 (fine) was purchased from Sigma-Aldrich,
and Fast-Flow DEAE-Sepharose was from Amersham Bio-
sciences. Suppliers of other chemicals were as follows: ACP
Chemicals (magnesium sulfate, sodium phosphate, and
chloroform), BDH (magnesium chloride and sodium chlo-
ride), Bioshop Canada (EDTA and DTT), Caledon Labora-
tories (glycerol), EM Science (Glycine, SDS, and potassium
phosphate), EMD Chemicals (methanol), Pierce (BS3), Roche
Diagnostics (HEPES), and Sigma-Aldrich (sodium cholate,
Tween-20, PMSF, and Trizma base).

Econo-Pacs and Econo-Columns were purchased from
Bio-Rad Laboratories, and receptor was concentrated using
Centricon and Centriprep concentrators (Amicon) from
Millipore. Protein concentration was estimated by means of
bicinchoninic acid using the BCA Protein Assay Kit and
bovine serum albumin, taken as the standard, purchased from
Pierce.

1 Abbreviations: 4-NMPB,N-methyl-4-piperidylbenzilate; ABT,
3-(2′-aminobenzhydryloxy)tropane; AICC, second-order Akaike’s in-
formation criterion; BASED,bis[â-(4-azidosalicylamido)ethyl]disulfide;
BS3, bis(sulfosuccinimidyl)suberate; CHO, Chinese hamster ovary; CuP,
copper phenanthroline; DEAE, diethylaminoethyl; DSP, dithiobis-
(succinimidyl)propionate; DTT, dithiothreitol; EDTA, ethylenediamine-
tetraacetic acid; GDP, guanosine diphosphate; GMP-PNP, guanylylim-
idodiphosphate; GTPγS, guanosine 5′-O-[3-(γ-thio)triphosphate]; HA,
influenza hemagglutin; HEK, human embryonic kidney; HEPES,
sodiumN-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonate; IB, immu-
noblot; IP, immunoprecipitation; M2R, M2 muscarinic acetylcholine
receptor; NK1, neurokinin-1; NMS,N-methylscopolamine; oxo, ox-
otremorine-M; PMSF, phenylmethylsulfonylfluoride; QNB, (-)-qui-
nuclidinylbenzilate;Sf9, Spodoptera frugiperda; Tris, Tris(hydroxym-
ethyl)aminomethine.
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Peroxidase-conjugated anti-HA antibody (goat) was pur-
chased from Roche Diagnostics. Agarose-conjugated anti-
FLAG (M2, mouse) and anti-HA (goat) antibodies were
obtained from Sigma-Aldrich. Ascites fluid (mouse) contain-
ing a monoclonal antibody directed against the M2 muscarinic
receptor was purchased from Affinity Bioreagents, and a
polyclonal antibody (rabbit) directed against the third intra-
cellular loop was from Chemicon.

Epitope-Tagged M2 Muscarinic Receptor from Sf9 Cells.
Human M2 muscarinic receptor bearing the HA or FLAG
epitope at the amino terminus was expressed inSf9 cells as
described previously (33). The cells were cultured at 27°C
in Ex-Cell 400 insect media (JRH Biosciences) containing
2% fetal bovine serum, 1% Fungizone, and 0.1% gentamycin
(all from Gibco-BRL). Cells growing at a density of 2×
106 cells/mL were infected with baculovirus for one or both
epitope-tagged receptors at a total multiplicity of infection
of 5. Cells were collected by centrifugation (1000g) 48 h
after infection, resuspended in Buffer A (20 mM KH2PO4,
20 mM NaCl, and 1 Complete Protease Inhibitor Cocktail
Tablet (Roche Diagnostics)), and solubilized in digitonin-
cholate (0.86% digitonin and 0.17% cholate) as described
previously (33). The solubilized receptor was purified by
successive passage on DEAE-Sepharose, ABT-Sepharose,
and hydroxyapatite. The final concentrations of digitonin and
cholate were 0.1% and 0.02%, respectively. Further details
regarding the purification have been described previously
(17). Purified receptor was stored at-75 °C.

Reconstitution of Purified M2 Muscarinic Receptor into
Phospholipid Vesicles. Reconstitution was carried out es-
sentially as described previously (34). Phosphatidylcholine
(0.6 mg), phosphatidylserine (0.6 mg), and cholesterol (0.06
mg) (all from Sigma-Aldrich) were dissolved in chloroform
and dried uniformly under argon to a thin film. The dried
film was suspended in 1 mL of Buffer B (20 mM HEPES,
160 mM NaCl, 0.8 mM EDTA, and NaOH to pH 8.0)
containing 0.18% deoxycholate (Sigma-Aldrich) and 0.04%
sodium cholate. Purified receptor (6 pmol in 60µL) was
incubated with carbachol (10 mM in 40µL of Buffer B) for
15 min at 4°C, mixed with the lipid suspension (100µL),
and applied to a column of Sephadex G-50 (0.8× 5.0 cm)
preequilibrated with Buffer B. To disrupt the phospholipid
vesicles and resolubilize the receptor after reconstitution, the
mixture was supplemented with 0.86% digitonin and incu-
bated for 2 h at 4°C.

To reconstitute the receptor together with holo-G proteins,
Buffer B was supplemented with 1 mM DTT and 6 mM
MgCl2. An aliquot of G proteins was added to the receptor
following incubation of the latter with carbachol. The mixture
was incubated for an additional 5 min at 4°C and then was
incorporated with the lipids as described above. Unless
otherwise stated, G proteins were added in the ratio of 10
R-subunits per receptor.

Cross-Linking. Solubilized or reconstituted receptor was
incubated with BS3 (2 mM) for 30 min at room temperature.
Controls were prepared in the same manner except that BS3

was omitted. The reaction was terminated by adding Tris-
HCl (pH 7.50) at a final concentration of 20 mM and placing
the sample in an ice bath.

Immunoprecipitation, Electrophoresis, Western Blotting,
and SilVer Staining. Most procedures were carried out
essentially as described previously (28, 33). Samples were

prepared for electrophoresis by heating for 5 min at 65°C,
which has been shown not to induce aggregation (28). Gels
destined for western blotting were loaded with 3-5 ng of
receptor, except in the case of immunoprecipitates as
described below. The amount of receptor was estimated from
the binding of [3H]quinuclidinylbenzilate at a concentration
of about 100 nM. The separation was carried out on precast
polyacrylamide gels from Bio-Rad (Ready Gel Tris-HCl,
10%). Molecular weight standards (Bio-Rad or Amersham
Biosciences) were processed in parallel under the same
conditions. The relative molecular mass of bands and
standards has been divided by 1000 throughout.

To test for coimmunoprecipitation, an aliquot of tagged
receptor from coinfected cells (500µL) was supplemented
with a 50% slurry of the agarose-conjugated anti-FLAG or
anti-HA antibody (20µL) and shaken overnight at 4°C.
Immunoadsorbed receptor was collected by centrifugation
for 5 min at 4 °C and 1000g, and the precipitated beads
were washed four times by resuspension in 1 mL of
washing buffer (9.1 mM Na2HPO4, 1.7 mM NaH2PO4, 150
mM NaCl, and NaOH to pH 7.40) and subsequent cen-
trifugation. The entire precipitate then was applied to the
gel. The amount of receptor taken for immunoprecipitation
was 20-fold greater than that taken from the same sample
and applied directly to the same gel for purposes of
comparison.

For identification by western blotting, resolved proteins
were transferred onto nitrocellulose membranes (Bio-Rad,
0.45µm) in a Mini Trans-Blot Transfer Cell (Bio-Rad). The
membranes then were treated for 2 h with the appropriate
antibody at a dilution of 1:1000 and, when necessary, for 1
h with a horseradish peroxidase-conjugated secondary an-
tibody (Amersham Biosciences) at a dilution of 1:3000.
Proteins were visualized by chemiluminescence using re-
agents and film purchased from Amersham Biosciences
(ECL, Hyperfilm MP).

Silver staining was carried out using the ProteoSilver kit
from Sigma-Aldrich. Stained gels were photographed in a
Transilluminator Gel Documentation System (UVP, Model
M-20) equipped with an 8-bit camera. The density was
quantified using ImageJ (35), recording across the entire
width of the lane. A baseline was subtracted, and the areas
of the peaks were estimated by Gaussian deconvolution using
PeakFit (Systat). The peaks obtained in an initial fit were
adjusted to ensure maximum overlap between the fitted trace
and the densitometric scan; the intensity of each band was
taken as the sum of the major peak and any minor or hidden
peaks that were required to obtain a good description of the
data. Densities are expressed as a percentage of the total
signal from all of the bands within each lane.

Protein Identification by Mass Spectrometry. Bands were
excised from silver-stained SDS-polyacrylamide gels,
destained, and digested in the gel using sequencing-grade
trypsin (Promega). Digested samples were pressure-loaded
onto a fused silica microcapillary column packed in-house
with C12 reverse-phase Jupiter material (Phenomenex). The
peptides were eluted from the column using HPLC, ionized
by electrospray ionization, and analyzed in an LTQ-XL ion-
trap mass spectrometer (Thermo Electron Corporation).
Peptide ions were selected dynamically using data-dependent
acquisition by the operating software for fragmentation. The
fragmentation spectra were searched against the NCBI
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nonredundant protein database using SEQUEST on a Sor-
cerer platform (Sage-N Research).

Binding Assays. The radioligand and any unlabeled ligand
were dissolved in Buffer C (20 mM HEPES, 20 mM NaCl,
5 mM MgSO4, 1 mM EDTA, 0.1 mM PMSF, and NaOH to
pH 7.40); for assays of solubilized receptor, Buffer C was
supplemented with 0.1% digitonin and 0.02% cholate. An
aliquot of the ligand-containing solution (50µL) was added
to the solubilized or reconstituted receptor (3µL) in
polypropylene microcentrifuge tubes. The reaction mixture
was incubated at 30°C for 2 h in the case of [3H]-
quinuclidinylbenzilate and for 45 min in the case ofN-[3H]-
methylscopolamine. Nonspecific binding was taken through-
out as total binding in the presence of 1 mM unlabeled
N-methylscopolamine. Bound radioligand was separated by
applying an aliquot of the sample (50µL) to a column of
Sephadex G-50 fine (0.8× 6.5 cm) pre-equilibrated with
Buffer D (20 mM HEPES, 20 mM NaCl, 5 mM MgSO4, 1
mM EDTA, and NaOH to pH 7.40) supplemented with
0.017% digitonin. All of the eluant up to and including the
void volume was collected (1.60 mL) and assayed for
radioactivity (29).

Analysis of Data and Statistical Procedures. All data were
analyzed with total binding taken as the dependent variable
(Bobsd) and with the total concentrations of all ligands taken
as the independent variables. The values listed for total
receptor ([R]t or [RT]t), maximal specific binding (Bmax), and
the concentrations of ligands are the concentrations in the
binding assays.

Data acquired at graded concentrations of [3H]quinuclidi-
nylbenzilate orN-[3H]methylscopolamine were analyzed
empirically according to the Hill equation, formulated as
shown in eq 1.

The parameterBmax represents maximal specific binding of
the radioligand (P), andBsp represents specific binding at
the total concentration [P]t. The parameter EC50 represents
the concentration of unbound radioligand that corresponds
to half-maximal specific binding, andnH is the Hill coef-
ficient. The parameter NS represents the fraction of unbound
radioligand that appears as nonspecific binding, which was
found to increase linearly with the concentration of unbound
[3H]quinuclidinylbenzilate orN-[3H]methylscopolamine. Equa-
tion 1 was solved numerically (36).

For data acquired at a single concentration of [3H]-
quinuclidinylbenzilate and graded concentrations of unlabeled
N-methylscopolamine or oxotremorine-M, the Hill equation
was formulated asBobsd ) (B[A] )0 - B[A] f∞)EC50

nH/(EC50
nH +

[A] t
nH) + B[A] f∞. The variable [A]t is the total concentration

of unlabeled ligand, and the parametersB[A] )0 and B[A] f∞
represent the asymptotic levels of binding when [A]t ) 0
and as [A]t f ∞.

Mechanistic analyses were performed in terms of intrinsic
heterogeneity (Scheme 1) and cooperativity (Schemes 2 and

3). Estimates of total binding were fitted by the equation
Bobsd ) Bsp + NS([P]t - Bsp), in which the variables and
parameters are as described above for eq 1. The value of
Bsp was computed according to Scheme 1, 2, or 3, as
described below.

Scheme 1 represents an intrinsically heterogeneous system
in which the radioligand (P) and an unlabeled ligand (A)
compete for distinct and mutually independent sites (Rj, j )
1, 2, ...,n). Sites of typej bind P and A with equilibrium
dissociation constantsKPj andKAj, respectively, and constitute
the fractionFj of all sites (i.e.,Fj ) [Rj]t/[R]t, where [Rj]t )
[Rj] + [AR j] + [PRj], and [R]t ) ∑j)1

n [Rj]t). Total specific
binding of the probe was calculated according to eq 2, and
the required values of [PRj] were obtained as described
below.

Cooperativity was modeled according to Scheme 2 or
Scheme 3, in which a multivalent receptor can bind up ton

Scheme 1

Bobsd) Bmax

([P]t - Bsp)
nH

EC50
nH + ([P]t - Bsp)

nH
+ NS ([P]t - Bsp) (1)

Scheme 2

Scheme 3

Bsp ) ∑
j)1

n

[PRj] (2)
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equivalents of either A or P. The receptor presumably is an
oligomer, and it is assumed in each case that the oligomeric
status remains unchanged under the conditions of the binding
assays. There can be no exchange of subunits within the
system, although the models can accommodate processes in
which dissociated monomers regroup without exchanging
partners.

In the case of Scheme 2, the vacant receptor exists in a
single state designated R. Asymmetry cannot be detected with
the present data, and all of the sites are assumed to bind P
or A with the microscopic dissociation constantKP or KA,
respectively (e.g.,KP ) [P][R]/[PR]). Similarly, the micro-
scopic dissociation constant was taken to be the same for
all vacant sites on the partially liganded receptor (e.g.,
[P][POOA]/[PPOA] ) [P][POOA]/[POPA], where O rep-
resents a vacant site on a tetravalent receptor). The param-
eters fi0 and f0j represent the cooperativity factors for the
binding of theith equivalent of A (i g 2) or thejth equivalent
of P (j g 2) to form AiR or RPj, respectively (e.g., [RPj-1]-
[P]/[RPj] ) Πk)2

j f0kKP). The parametersfij represent coop-
erativity factors in the formation of mixed complexes (i.e.,
A iRPj). Either form of cooperativity may be positive (f < 1)
or negative (f >1). The value off00, f10, andf01 is defined as
1 in each case. Total specific binding of the probe was
calculated according to eq 3.

Scheme 3 is an extension of Scheme 2 in which the
receptor interconverts spontaneously between two states
designated R and T. The distribution of the vacant receptor
between the two states at equilibrium is given byKRT (i.e.,
R h T, where [R]/[T] ) KRT). The total concentration of
receptor is the sum of the vacant and all liganded forms in
both states, and that quantity is represented as [RT]t (i.e.,
[RT]t ) [R]t + [T] t). The parameters associated with the
binding of P or A are analogous to those of Scheme 2, with
a separate set for each state (i.e.,KPR, KPT, KAR, KAT, fRi0,
fTi0, fR0j, fT0j, fRij, andfTij). Similarly, assumptions regarding
symmetry are the same as those in Scheme 2. Total specific
binding was calculated according to eq 4.

The values of [PRj] in eq 2, [AiRPj] in eq 3, and [AiRPj]
and [AiTPj] in eq 4 were calculated from the expansions in
terms of the free concentrations of A and P (i.e., [A], [P])
and the total concentrations of receptor (i.e., [Rj]t in Scheme
1, [R]t in Scheme 2, and [R]t and [T]t in Scheme 3). The
values of [A] and [P] were computed numerically from the
corresponding implicit equations for [A]t and [P]t. This latter
process requires intermediate estimates of the concentration
of vacant receptor, which were calculated from the equation
of state for the receptor expanded in terms of [A] and [P].
In the case of Scheme 3, those values were calculated from
the equations [R]) [RT]t KRT/(æRKRT + æT) and [T] )

[RT]t/(æRKRT + æT), whereæR and æT represent the first
derivatives with respect to [R] and [T] of the expanded
equations of state for [R]t and [T]t, respectively. Further
details regarding the numerical procedures have been de-
scribed elsewhere (6, 36).

In some analyses with Scheme 1, the model was applied
in an empirical manner to obtain a good approximation of
the data at the expense of mechanistic consistency (Tables
2 and 4, and Figures 4 and 10). In such cases, P and A
represent the radioligand (i.e., [3H]quinuclidinylbenzilate or
N-[3H]methylscopolamine) and the unlabeled ligand (N-
methylscopolamine), respectively. Schemes 1-3 otherwise
were applied in a mechanistically consistent manner, as
enforced through the assignment of parameters among the
different sets of data (Tables 3 and 5, and Figures 6, 7, and
11). In those cases,KPj (Scheme 1),KP (Scheme 2), andKPR

(Scheme 3) denote the affinity of [3H]quinuclidinylbenzilate,
andKAj, KA, andKAR denote the affinity of both labeled and
unlabeledN-methylscopolamine. The factorf0j in Scheme 2
denotes cooperativity between successive equivalents of [3H]-
quinuclidinylbenzilate, andfi0 denotes cooperativity between
successive equivalents of either labeled or unlabeledN-
methylscopolamine; the factorfij (i * 0, j * 0) refers to the
interaction between [3H]quinuclidinylbenzilate andN-meth-
ylscopolamine. Likewise, the factorsfRi0, fTi0, fR0j, fT0j, fRij,
andfTij denote the corresponding modes of cooperativity in
Scheme 3.

Equilibrium dissociation constants and cooperativity fac-
tors were optimized throughout on a logarithmic scale (i.e.,
log KPj, log KAj, log KRT, log fij, etc.). Some values off were
undefined in Scheme 3 and at higher values ofn in Scheme
2, and the number of parameters therefore was reduced to
achieve a minimum in the sum of squares. In some cases,
two or more cooperativity factors shared a single parametric
value; in others, an unknown parameter was fixed at a value
determined by mapping. Nonspecific binding was close to
zero in assays at graded concentrations ofN-methylscopo-
lamine or oxotremorine-M, and the fitted estimates of NS
tended to be below the precision of a floating point variable.
Those values of NS therefore were determined from empiri-
cal analyses in terms of Scheme 1 and were fixed accordingly
in all subsequent analyses in terms of Schemes 1-3 when
the model was applied in a mechanistically consistent
manner.

Most analyses involved multiple sets of data, and specific
details regarding the assignment of shared parameters are
described where appropriate. Values of NS and either [R]t

or [RT]t were assigned separately to data from separate
experiments. Except where stated otherwise, a single value
of [R]t was assigned toN-[3H]methylscopolamine and [3H]-
quinuclidinylbenzilate when the data were acquired in
parallel; similarly, a single value was assigned to all of the
data acquired at two concentrations of [3H]quinuclidinyl-
benzilate and graded concentrations of an unlabeled ligand.
The results of analyses involving multiple sets of data from
replicated experiments have been presented in each case with
reference to a single fitted curve. To obtain the values plotted
on the y-axis, estimates ofBobsd were adjusted according
to the equationB′obsd ) Bobsdf (xji,aj)/f (xi,a) as described
previously (22).

Parametric values were estimated throughout by nonlinear
regression. Fits of Schemes 2 and 3 at different values ofn

Bsp ) ∑
j)1

n

∑
i)0

n-j

j(nj )(n-j
i )[A iRPj] (3)

Bsp ) ∑
j)1

n

∑
i)0

n-j

j(nj )(n-j
i )[A iRPj] +

∑
j)1

n

∑
i)0

n-j

j(nj )(n-j
i )[A iTPj] (4)
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were compared by means of Akaike’s Information Criterion
(AICC), which can be used to assess the benefit of additional
parameters in nested and non-nested models (37). Further
details regarding the analyses and related procedures have
been described elsewhere (6, 22, 36).

RESULTS

Direct Identification of Oligomers. HA- and FLAG-tagged
M2 muscarinic receptors were coexpressed inSf9 cells and
purified by successive passage on DEAE-Sepharose, ABT-
Sepharose, and hydroxyapatite. The major band detected after
electrophoresis and silver staining migrated as expected for
a monomer of the M2 receptor (Figure 1A, long arrow) and
represented 60-70% of the total signal from the gel (Figure
1B). Two of the minor bands migrated as a dimer (Mr ∼105)
and what may be an unglycosylated monomer (Mr ∼48) (38)
(Figure 1A, short arrows), and each accounted for 5-10%
of the total signal (Figure 1B). The electrophoretic pattern
was essentially the same over a 2-fold range of receptor
applied to the gel. The three bands identified by arrows in
Figure 1 therefore represent at least 70% of the protein, as
revealed by silver staining, and all were shown by mass
spectrometry to yield tryptic fragments of the M2 muscarinic
receptor. Other bands generally were of lower mass, includ-
ing one that may be a proteolytic fragment of the receptor
(Mr ∼32), and each accounted for less than 10% of the total
signal (Figure 1B).

The receptor was recovered primarily in monomeric form,
as described previously (28). Immunoreactive material
identified on western blots generally migrated either as a
single band (Mr ) 60( 1, N ) 4) (Figure 2A, lane 1; Figure
2D, lane 2) or as a doublet (Mr ) 49 ( 1, 59( 2, N ) 9);
some preparations also showed a comparatively faint band
with the mobility of a dimer. There was a close cor-
respondence between the bands on western blots and those
identified by the arrows in Figure 1. The monomeric status
implied by the electrophoretic mobility of the purified
receptor was confirmed by the failure of the cross-linking
reagent BS3 to slow the migration of more than a minor

fraction of the immunoreactive material (Figure 2A, lane 2)
and by the absence of coimmunoprecipitation (Figure 2D,
lane 3).

Receptor that was reconstituted into phospholipid vesicles
and applied directly to the polyacrylamide gel migrated as a
monomer (singlet,Mr ) 68 ( 3, N ) 4; doublet,Mr ) 51
( 1 and 61( 1, N ) 18) (Figure 2B, lane 1; Figure 2E,
lane 2). In contrast, receptor that was reconstituted and then
cross-linked with BS3 migrated almost exclusively as an
oligomer equivalent in size to about four of the monomeric
units (Mr ) 271 ( 8, N ) 7) (Figure 2B, lane 2). The
reconstituted receptor gave a positive signal when immuno-
precipitated with an anti-FLAG antibody and blotted with

FIGURE 1: Purity of M2 receptor recovered from DEAE-Sepharose,
ABT-Sepharose, and hydroxyapatite. Aliquots of the purified
preparation were concentrated and applied to the polyacrylamide
gel, where the resolved bands were detected by silver staining (A)
and quantified by densitometry (B). The left- and right-hand lanes
in panel A received 29 and 58 ng of receptor, respectively, to yield
the corresponding traces in panel B. The amount of receptor was
estimated from the binding of [3H]QNB at a concentration of 117
nM. The data are representative of the results from three different
preparations of purified receptor.

FIGURE 2: Cross-linking and coimmunoprecipitation of the purified
M2 muscarinic receptor. Samples of the tagged receptor purified
from coinfectedSf9 cells (HA-M2 and FLAG-M2) were taken after
recovery from hydroxyapatite (A and D), after subsequent recon-
stitution (B and E), and after dissolution of the reconstituted material
in 0.86% digitonin (C and F). The samples shown in panels A-C
were incubated in the absence of cross-linker (lanes 1) and in the
presence of 2 mM BS3 (lanes 2) before being applied to the gel,
and the transferred material was blotted with the monoclonal anti-
M2 antibody. Those shown in panels D-F were mixed with the
immobilized anti-FLAG antibody, and the precipitate was applied
to the gel; the transferred material was blotted with the anti-HA
antibody (lanes 3). Samples lacking the receptor but otherwise
identical to those described above were processed in parallel (lanes
1). A sample of the purified receptor was applied directly to the
gel and blotted subsequently with the anti-HA antibody (lanes 2).
The sample in lane 1 of panel F and those in lanes 2 and 3 are
from different experiments; the former result is typical of several
such blots with the same batch of antibody. Bands corresponding
to a relative molecular mass of less than 40 were observed on some
occasions (e.g., panel F, lanes 2 and 3) and likely correspond to
receptor that had been cleaved within the third intracellular loop.
Such bands generally were avoided by using a sufficient amount
of Complete Protease Inhibitor at the time of harvest (1 tablet per
50 mL of Sf9 cells).
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an anti-HA antibody (Figure 2E, lane 3), a result that is
consistent with the existence of oligomers but could
derive from colocalization of monomers within the same
vesicle.

No coimmunoprecipitation was detected with reconstituted
M2 receptor that had been treated with BS3 (Figure 3A, lane
3), which appears to block the interaction with the anti-FLAG
antibody. Untreated receptor in solution was precipitated by
antibodies to either the HA or the FLAG epitope; in contrast,
treatment with BS3 eliminated precipitation by the anti-FLAG
antibody without affecting that by the anti-HA antibody
(Figure 3B).

Phospholipid vesicles containing the reconstituted receptor
were solubilized in 0.86% digitonin to recreate the conditions
of purified receptor in solution. Disruption of the vesicles
was confirmed by electron microscopy. The receptor recov-
ered from this procedure migrated largely as a tetramer if
the resolubilized material was treated with BS3 (Mr ) 232
( 5, N ) 3) (Figure 2C, lane 2). It migrated as a monomer
if BS3 was omitted (singlet,Mr ) 62 ( 2, N ) 3; doublet,
Mr ) 53 ( 1 and 63( 2, N ) 3) (Figure 2C, lane 1; Figure
2F, lane 2), but the HA- and FLAG-tagged forms were found

to undergo coimmunoprecipitation nonetheless (Figure 2F,
lane 3). Thus, oligomers of the M2 receptor that are formed
from monomers upon reconstitution are sufficiently stable
to survive solubilization in digitonin-cholate.

Effect of Reconstitution on the Binding of Antagonists,
Assessed Empirically in Terms of the Hill Equation and
Scheme 1. In accord with previous results (28), purified M2

receptor solubilized in digitonin-cholate bound antagonists
in a manner typical of a homogeneous population of
monomers. The capacity for [3H]quinuclidinylbenzilate and
N-[3H]methylscopolamine was the same, and the Hill coef-
ficient in each case was near 1 (Table 1, Figure 4A).
Similarly, the specific binding of [3H]quinuclidinylbenzilate
at saturating and subsaturating concentrations of the radio-
ligand was inhibited fully by unlabeledN-methylscopola-
mine, and the Hill coefficient in each case was indistin-
guishable from 1 (Table 1, Figure 4B).

Upon reconstitution of the purified receptor into phos-
pholipid vesicles, the apparent capacity forN-[3H]meth-
ylscopolamine was only 60% of that for [3H]quinuclidinyl-
benzilate, as estimated in terms of the Hill equation (Table
1; cf. Figure 4C). The shortfall was the same withN-[3H]-
methylscopolamine purchased from either PerkinElmer Life
Sciences or Amersham Biosciences (cf. ref39), and it has
been shown previously not to arise from the dissociation of
N-[3H]methylscopolamine during separation of the complex
on Sephadex G-50 (29). Although a reduced capacity for
N-[3H]methylscopolamine can arise from a thermally unstable
state of the unliganded receptor (40), there was no such loss
in the present investigation: with the reconstituted receptor,
the binding pattern obtained forN-[3H]methylscopolamine
was superimposable after incubation of the reaction mixture
for 15 and 45 min. Reconstitution therefore prevented the
time-dependent loss of sites forN-[3H]methylscopolamine
that otherwise can occur under some conditions. The specific
binding of [3H]quinuclidinylbenzilate at saturating concentra-
tions of the radioligand was inhibited by unlabeledN-
methylscopolamine in a monophasic manner at comparatively
low concentrations of the latter (Figure 4D). Reconstitution
therefore introduced heterogeneity into an otherwise homo-
geneous population of receptors, and unlabeledN-meth-
ylscopolamine appeared to inhibit the binding of [3H]-
quinuclidinylbenzilate at sites that were inaccessible to the
former.

To examine the implications of the binding properties, the
data represented in Figure 4 were analyzed in terms of
Scheme 1. The fitted curves are shown in the figure, and
the parametric values are listed in Table 2. In each case, the
analysis included all of the data represented in the corre-
sponding left- and right-hand panels of Figure 4. The affinity
of N-methylscopolamine was estimated separately for the
radioligand (left-hand panels) and for the unlabeled analogue
at each concentration of [3H]quinuclidinylbenzilate (right-
hand panels). If Scheme 1 indeed describes the system, then
the three estimates of logKLj for N-methylscopolamine at
each class of sites are expected to be the same. The affinity
of [3H]quinuclidinylbenzilate was taken to be the same for
all of the data, although values of logKLj are defined
independently by the data in each panel. This constraint is
consistent with the model and facilitates a comparison of
the different estimates ofKLj for N-methylscopolamine. It
had no discernible effect on the fitted curves.

FIGURE 3: Effect of cross-linking on binding of the FLAG-tagged
receptor to the immobilized anti-FLAG antibody. (A) Tagged M2
receptor purified from coinfected cells was reconstituted into
phospholipid vesicles and treated with BS3. One aliquot was applied
directly to the gel (lane 2); another was incubated first with the
immobilized anti-FLAG antibody, and the precipitate was applied
to the gel (lane 3). A sample lacking the receptor was incubated
with the immobilized antibody in the same manner and applied to
the gel (lane 1). The transferred material was blotted with the anti-
HA antibody. (B) Tagged receptors purified from coinfected cells
were incubated in solution in the absence of cross-linker (upper
panel) or in the presence of BS3 (lower panel). One aliquot of each
sample was applied directly to the gel (lane 1); two others were
mixed with either the immobilized anti-FLAG antibody (lane 2)
or the immobilized anti-HA antibody (lane 3), and the precipitates
were applied to the gel. The transferred material was blotted with
the polyclonal anti-M2 antibody. Both parts of panel B are from
the same gel, but the exposure was longer for the cross-linked
receptor.

Reconstituted Oligomers of the M2 Muscarinic Receptor Biochemistry, Vol. 46, No. 26, 20077913



One class of sites is sufficient to describe binding to the
purified receptor in solution (Figure 4A and B), and the
affinity estimated for radiolabeledN-methylscopolamine (log
KP1) is in good agreement with that inferred for the unlabeled
analogue (logKA1) at either concentration of [3H]quinuclidi-
nylbenzilate (Table 2). This consistency is confirmed by the
negligible effect on the weighted sum of squares when
N-methylscopolamine is assigned a single value ofKL rather
than separate values for the radiolabeled form of the ligand
and for the unlabeled form at each concentration of [3H]-
quinuclidinylbenzilate (P ) 0.09). It follows thatN-meth-
ylscopolamine and quinuclidinylbenzilate bind in an appar-
ently competitive manner to a homogeneous population of
mutually independent sites.

Two classes of sites are required to describe the binding
properties of the reconstituted receptor (P < 0.00001) (Figure
4C and D). About 50% of the sites were of anomalously
weak affinity for N-[3H]methylscopolamine (logKP2 )
-6.07, Table 2), whereas the affinity of unlabeledN-
methylscopolamine for the same sites was about 30-fold
higher (logKA2 ) -7.60, Table 2). At the sites of higher
affinity, the two values of logKA1 estimated for unlabeled
N-methylscopolamine differ almost 10-fold from each other
and bracket the corresponding value estimated for the
radioligand. Such differences are inconsistent with the notion
of a competition for mutually independent sites.

The difference in the affinity of reconstituted receptor for
labeled and unlabeledN-methylscopolamine is illustrated by
the dotted lines in Figure 4. The line in panel C depicts the
predicted binding ofN-[3H]methylscopolamine based on the
values of KAj inferred from the inhibitory effect of the
unlabeled analogue at the higher concentration of [3H]-
quinuclidinylbenzilate (i.e., logKA1 ) -7.60 and logKA2

) -7.60). Likewise, the dotted lines in panel D depict the
predicted effect of unlabeledN-methylscopolamine based on
the values ofKLj estimated for the radiolabeled analogue (i.e.,

log KP1 ) -8.05 and logKP2 ) -6.07) and on the
concentration of [3H]quinuclidinylbenzilate.

The discrepancies in affinity are confirmed by an increase
of more than 2-fold in the global sum of squares when the
data represented in panels C and D are reanalyzed with the
parameters assigned in a mechanistically consistent manner
(P < 0.00001): that is, with a single value ofKLj rather than
three forN-methylscopolamine at each class of sites. The
sum of squares from such an analysis is not reduced with
three or four classes of sites rather than two, as illustrated
by the solid bars in Figure 5. It follows that Scheme 1 is
inconsistent with the data regardless of the degree of
heterogeneity assumed in the model. The reconstituted
receptor therefore appears to bind antagonists in a noncom-
petitive manner.

Effect of Reconstitution on the Binding of Antagonists,
Assessed in Terms of Scheme 2. Noncompetitive interactions
imply cooperativity, presumably within an oligomeric array.
Data obtained with the reconstituted receptor therefore were
examined in terms of Scheme 2, in which the low apparent
capacity forN-[3H]methylscopolamine can be attributed to
a high degree of negative cooperativity between two suc-
cessive equivalents of the radioligand. If the value offi0 is
sufficiently large, then the macroscopic dissociation constant
for the ith equivalent ofN-[3H]methylscopolamine will
exceed the highest concentration used in the assays. Binding
therefore will be precluded, both to theith site and to
additional sites. The inhibitory effect of unlabeledN-
methylscopolamine will derive in part from competition for
the vacant receptor and in part from cooperativity between
the unlabeled ligand and [3H]quinuclidinylbenzilate (i.e., log
fij * 0).

All parameters were assigned to enforce mechanistic
consistency, and the number of interacting sites (n) was
incremented by 1 or 2 in successive analyses until any further
improvement in the fit was negligible. It is assumed in

Table 1: Empirical Characterization of Specific Binding to the Purified M2 Receptora

preparation
ligands G protein GMP-PNP

[[ 3H]QNB]
(nM)

log EC50

or
log IC50 nH

Bmax,[3H]NMS/
Bmax,[3H]QNB

solution
[3H]NMS (3) - - -7.69( 0.05 0.86( 0.07 } 1.02( 0.01
[3H]QNB (3) - - -8.72( 0.06 0.97( 0.20
NMS/[3H]QNB (3) - - 0.88( 0.03 -7.78( 0.10 1.34( 0.18
NMS/[3H]QNB (3) - - 26 ( 1 -6.46( 0.04 1.07( 0.23
oxo/[3H]QNB (3) - - 2.41( 0.03 -3.13( 0.12 1.03( 0.13
oxo/[3H]QNB (3) + - 2.4( 0.3 -3.23( 0.09 0.88( 0.09
oxo/[3H]QNB (3) + + 2.4( 0.3 -3.26( 0.13 1.03( 0.04

reconstitution
[3H]NMS (3) - - -7.81( 0.06 0.91( 0.03 } 0.63( 0.04
[3H]QNB (3) - - -9.16( 0.04 1.08( 0.07
NMS/[3H]QNB (3) - - 0.86( 0.03 -7.44( 0.10 0.97( 0.10
NMS/[3H]QNB (3) - - 27 ( 1 -6.03( 0.01 1.32( 0.11
oxo/[3H]QNB (3) - - 2.1( 0.2 -3.38( 0.07 1.45( 0.31
oxo/[3H]QNB (7) + - 2.1( 0.2 -4.40( 0.26 0.42( 0.04
oxo/[3H]QNB (3) + + 2.4( 0.3 -3.33( 0.05 0.66( 0.13

a Total binding was measured at graded concentrations of [3H]NMS and [3H]QNB, taken in parallel, and at graded concentrations of unlabeled
NMS or oxo at a constant concentration of [3H]QNB (NMS/[3H]QNB, oxo/[3H]QNB). Assays were performed on the receptor alone and supplemented
with G proteins. Binding in the presence of G proteins was measured in the absence of guanyl nucleotide and in the presence of 0.1 mM GMP-PNP.
The number of sets of data is shown in parentheses. Each set of data was analyzed independently in terms of the Hill equation, and the individual
estimates of log EC50, log IC50, andnH were averaged to obtained the means ((S.E.M.) listed in the table. The relative capacity for [3H]NMS and
[3H]QNB was calculated from parallel estimates ofBmax (i.e.,Bmax,[3H]NMS/Bmax,[3H]QNB), and the individual values were averaged to obtain the means
((S.E.M.) listed in the table.
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Scheme 2 that the receptor exists exclusively in the oligo-
meric state implied by the value ofn. To investigate the
possibility that those oligomers coexist with monomers,
Scheme 2 was expanded to include a separate population of
mutually independent sites. Oligomers and monomers were
assumed not to interconvert under the conditions of the
assays. The weighted sums of squares from all analyses are
compared in Figure 5. The fitted curves for dimers with and

without monomers are illustrated in Figure 6; those for
tetramers and octamers are illustrated in Figure 7.

Each successive increase in the number of interacting sites
is accompanied by a decrease in the weighted sum of squares
(Figure 5). Eight interacting sites yield a fit that approximates
the fit obtained from an empirical application of Scheme 1.
The latter is taken here as a measure of the fit that would be
obtained with the true model, were it known. Scheme 2

FIGURE 4: Binding of antagonists to M2 muscarinic receptor before and after reconstitution, analyzed empirically in terms of Scheme 1.
Purified receptor was assayed in solution (A and B) and after reconstitution into phospholipid vesicles (C and D). (A and C) Total binding
was measured at graded concentrations of [3H]QNB (2,1,() and [3H]NMS (4,3,)), either alone (upper curves) or in the presence of 1 mM
unlabeled NMS (baseline). Each experiment included assays with both radioligands taken in parallel, and different symbols denote data
from different experiments (2,4;1,3;(,)). (B and D) Total binding was measured at near-saturating (0) and subsaturating (O) concentrations
of [3H]QNB (B, 26 ( 1 nM and 0.88( 0.03 nM; D, 27( 1 nM and 0.86( 0.03 nM) and graded concentrations of unlabeled NMS (N
) 3). The solid lines represent the best fits of Scheme 1 (A and B,n ) 1; C and D,n ) 2) to the pooled data from the six experiments
represented in panels A and B and, in a separate analysis, to the pooled data from the six experiments represented in panels C and D. The
value of [R]t was estimated separately for [3H]QNB and [3H]NMS in each experiment represented in panel A. The parametric values and
further details regarding the analyses are given in Table 2. The mean values of [R]t used to obtain the adjusted values ofBobsd plotted on
they-axis are as follows: A and B ([3H]QNB), 474( 21 pM, N ) 9; C and D, 514( 61 pM, N ) 7. The mean ratio of [R]t for the two
radioligands in panel A is 0.94( 0.08 ([3H]NMS/[3H]QNB) (N ) 3). Points shown at the lower end of thex-axis in panels B and D
indicate binding in the absence of NMS. The dotted lines were simulated as described in the text and illustrate discrepancies in the affinity
of NMS as estimated under different conditions.

Table 2: Parametric Values for the Binding of Quinuclidinylbenzilate andN-Methylscopolamine, Estimated Empirically in Terms of Scheme 1a

quinuclidinylbenzilate N-methylscopolamine

preparation L
[[ 3H]QNB]

(nM) log KP1 log KP2 log KL1 log KL2 F2

solutionb P (3) } -7.83( 0.02
A (3) 0.88( 0.03 -8.77( 0.02 -8.01( 0.10
A (3) 26 ( 1 -7.67( 0.05

reconstitution P (3) } -8.05( 0.06 -6.07( 0.16 } 0.51( 0.04A (3)c 0.86( 0.03 -9.08( 0.60 -9.12( 0.58 -8.54( 0.21 -7.57( 0.66
A (3)c,d 27 ( 1 -7.60( 0.04 -7.60( 0.04

a The data illustrated in the paired left- and right-hand panels of Figure 4 were pooled (A and B, C and D) and analyzed according to eq 2 (n
) 1 or 2) to obtain the parametric values listed in the table. QNB was present only as the radioligand (L≡ P, both panels), whereas NMS was
present either as the radioligand (L≡ P, left-hand panel) or as the unlabeled analogue (L≡ A, right-hand panel). The number of experiments is
shown in parentheses. A single class of sites was sufficient for receptor in solution (n ) 1); two classes were required after reconstitution (n ) 2),
and a single value ofF2 was common to all of the data. In both analyses, single values ofKPj for [3H]QNB were common to all of the relevant data
in both panels. The model was applied empirically with respect to the treatment ofKPj andKAj for labeled and unlabeled NMS; that is, separate
values ofKAj were assigned to the data acquired at each concentration of [3H]QNB (right-hand panels), and a value ofKPj was assigned to the data
acquired at graded concentrations of [3H]NMS (left-hand panels).b There is no appreciable decrease in the sum of squares with two classes of sites
rather than one (P ) 0.06). c The data acquired at different concentrations of [3H]QNB in one experiment yielded appreciably different values of
[R]t, which therefore were optimized separately.d At the higher concentration of [3H]QNB, the value ofKAj for [3H]NMS was the same at both
classes of sites (i.e.,KA1 ) KA2).
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therefore differs from Scheme 1 when both models are
applied in a mechanistically consistent manner: although
Scheme 1 yields a marked decrease in the sum of squares
when n is incremented from 1 to 2, there is no further
improvement at higher values. It follows that Scheme 2 is
tenable as a mechanistic description of the data, whereas
Scheme 1 is not.

Two interacting sites reduce the sum of squares by almost
50% relative to that obtained for a single site, and the model
provides at least a first approximation of the data (Figure
6A and B). Although the fit is significantly better at higher
values ofn, as described below, the parametric values for
two interacting sites are well defined and offer some insight
into the way in which such a model accounts for the data
(Table 3). [3H]Quinuclidinylbenzilate bound to all of the sites
with a Hill coefficient of 1.08 (Table 1), which emerged as
a comparatively small degree of positive homotropic coop-
erativity between the first equivalent of the radioligand and
the second (i.e., logf02 ) -0.44). In contrast,N-[3H]-
methylscopolamine was restricted to 50% of the sites at lower
concentrations of the radioligand (<0.1 µM) owing to
negative homotropic cooperativity and a resulting 7-fold
decrease in affinity between the first equivalent and the
second (i.e., logf20 ) 0.83). The noncompetitive, inhibitory
effect of N-methylscopolamine on the binding of [3H]-
quinuclidinylbenzilate derived from negative heterotropic
cooperativity between the two ligands (i.e., logf11 ) 0.45).

Higher values ofn improve the fit, as illustrated for a
tetramer and an octamer in Figure 7. Although correlations
emerge among the parameters, some of which are undefined,
the overall pattern resembles that found with two interacting
sites. There was little or no homotropic cooperativity between
successive equivalents of [3H]quinuclidinylbenzilate at any
level of occupancy (i.e., logf0j ∼0), whereas negative
cooperativity reduced the affinity ofN-[3H]methylscopola-

mine for 50% of the sites. In the case of a tetramer, there
was no discernible effect of the first equivalent ofN-
methylscopolamine on the binding of the second (logf20 )
0.11( 0.15) or of the third equivalent on the binding of the
fourth (logf40 ) 0.05( 0.6), but the microscopic dissociation
constant differed 7-fold between the second equivalent and
the third (log f30 ) 0.85 ( 0.30). The noncompetitive
interaction betweenN-methylscopolamine and [3H]quinu-
clidinylbenzilate arose from a blend of negative and positive
heterotropic cooperativity, depending upon the overall level
of occupancy and the composition of the complex at each
level (e.g., A3R, A2RP1, A1RP2, or RP3). The individual
values offij tend to be correlated, however, and a unique set
is not defined by the present data.

The results presented in Figures 5-7 indicate that Scheme
2 can reconcile the shortfall in the apparent capacity for
N-[3H]methylscopolamine with the inhibitory effect of
unlabeledN-methylscopolamine on the binding of [3H]-
quinuclidinylbenzilate. To determine the most probable size
of the oligomer, the value of AICC was calculated for each
value ofn. There is a minimum at four interacting sites if
the receptors are assumed to be exclusively oligomeric
(Figure 8), and a tetrameric receptor therefore affords the
most efficient description of the data. A dimer and perhaps
a trimer appear to have too few parameters, whereas the
additional complexity of a pentamer or a larger oligomer is
not justified by the further decrease in the sum of squares.
The likelihood thatn is 4 rather than 3 or 5 is 73:27 in each
case.

Since the reconstituted oligomers are assembled from
monomers, some of the latter may have been incorporated
as such into vesicles. The inclusion of a subclass of
monomers significantly improved the fit of a dimer, as
indicated by theF-statistic for the decrease in the sum of
squares (P ) 0.00005) and by the marked decrease in the
value of AICC (Figure 8). The fitted curves for dimers alone
and for dimers plus monomers are shown in Figure 6, and
the parametric values are compared in Table 3. Monomers
emerge as a minor component, however, accounting for only
6% of all sites in the augmented model. Their inclusion had
little effect on the values of parameters pertaining to the
dimers.

A subclass of monomers offered no improvement to the
fits obtained with either a trimer or a tetramer. There was
no appreciable reduction in the sum of squares (P > 0.56),
and the value of AICC increased in each case (Figure 8).
The value of AICC also was significantly lower with
tetramers alone than with a mixture of dimers and monomers
(90:10) (Figure 8). Taken together, the data suggest that the
binding properties can be described in terms of cooperativity
within a homogeneous population of tetramers.

Effect of Reconstitution on the Binding of Oxotremorine-
M, Assessed Empirically in Terms of the Hill Equation and
Scheme 1. The binding of oxotremorine-M was examined
via its inhibitory effect on the specific binding of [3H]-
quinuclidinylbenzilate. Receptor in solution bound oxotremo-
rine-M with a Hill coefficient indistinguishable from 1 (P
) 0.93) (Table 1, Figure 9A), consistent with the notion of
a homogeneous population of mutually independent sites.
The Hill coefficient was somewhat higher with reconstituted
receptor (Table 1, Figure 9B), but again the value was
indistinguishable from 1 (P ) 0.32).

FIGURE 5: Comparison of Schemes 1 and 2 for goodness of fit to
data on the binding of antagonists to reconstituted M2 receptor.
The data represented in panels C and D of Figure 4 were pooled
and analyzed in terms of Schemes 1 and 2 to obtain the global
sum of squares at different values ofn (gray bars, Scheme 1;
hatched bars, Scheme 2; white bars, Scheme 2 plus a separate
population of mutually independent sites). The value from each
analysis is plotted as a percentage of the value obtained whenn
was taken to be 1. All parameters were assigned throughout in a
mechanistically consistent manner, in contrast to the empirical
assignment depicted in Figure 4; thus, all relevant data shared single
values ofKPj, KAj, andFj (Scheme 1), and ofKP, KA, KP(M), KA(M),
f0j, fi0, and fij (Scheme 2). The dashed line indicates the relative
sum of squares from an unconstrained, empirical analysis in terms
of Scheme 1 (n ) 2). The fitted curves from Scheme 2 with two,
four, and eight interacting sites are shown in Figures 6 and 7.
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To assess the binding patterns in terms of Scheme 1, the
data obtained at graded concentrations of oxotremorine-M
(i.e., Figure 9A and B) were pooled with those obtained at
graded concentrations of [3H]quinuclidinylbenzilate (i.e.,
Figure 4A and C) and analyzed in concert. A single class of
sites was sufficient for receptors before and after reconstitu-
tion, and the fitted curves for the agonist are shown in Figure
9 (A and B). Both oxotremorine-M and [3H]quinuclidinyl-

benzilate bound more weakly to receptor in solution (log
KA ) -3.44 ( 0.07 and logKP ) -8.71 ( 0.03) than to
the reconstituted receptor (logKA ) -3.93( 0.06 and log
KP ) -9.16 ( 0.02).

Functional G proteins were essentially without effect on
the binding of oxotremorine-M to the purified receptor in
solution (Figure 9A and C). The Hill coefficient was
marginally less than 1 (P ) 0.04), and the inhibitory potency

FIGURE 6: Binding of antagonists to reconstituted M2 muscarinic receptor, analyzed in terms of Scheme 2 (n ) 2). The data represented
in panels C and D of Figure 4 were analyzed in terms of a dimer alone (A and B) and a mixture of noninterconverting dimers (R) and
monomers (M) (C and D). The lines in panels A and B represent the best fit of Scheme 2 (n ) 2) to the pooled data. The lines in panels
C and D represent the best fit of a composite model that comprised Scheme 2 (n ) 2) and the simplest variant of Scheme 1 (n ) 1). All
parameters were assigned to enforce mechanistic consistency, and the fitted values are listed in Table 3. The mean values ofn[R]t and of
n[R]t + [M] t used to obtain the adjusted values ofBobsd plotted on they-axis are 500( 64 pM (A and B) and 512( 65 pM (C and D),
respectively (N ) 7). Further details are described in the legends to Figure 4 and Table 3.

FIGURE 7: Binding of antagonists to reconstituted M2 muscarinic receptor, analyzed in terms of Scheme 2 (n ) 4 or 8). The data represented
in panels C and D of Figure 4 were analyzed in terms of a tetramer (A and B) or an octamer (C and D). The lines represent the best fits
of Scheme 2 to the pooled data withn taken to be 4 (A and B) and, in a separate analysis, withn taken to be 8 (C and D). All parameters
were assigned to enforce mechanistic consistency. The mean values ofn[R]t used to obtain the adjusted values ofBobsdplotted on they-axis
are 509( 64 pM (A and B) and 522( 64 pM (C and D) (N ) 7). Further details are described in the legend to Figure 4.
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was unchanged (Table 1). Likewise, the binding of ox-
otremorine-M to receptor supplemented with G proteins was
unaffected by GMP-PNP (Figure 9C). Taken together, the
data suggest that there was no interaction between receptor
monomers and G proteins in solution.

In contrast, G proteins markedly decreased the Hill
coefficient for oxotremorine-M when included with the
receptor during reconstitution into phospholipid vesicles
(Table 1, Figure 9D). G proteins generally were added at a
ratio of 10R-subunits per [3H]quinuclidinylbenzilate-binding
site, which was sufficient to saturate the receptor under the
conditions of the assays. The binding patterns were super-
imposable when the ratio was increased to 20:1 and 30:1
(Figure 9D). The effect of G proteins on binding to the
reconstituted receptor was partially reversed by GMP-PNP
(Figure 10B), which increased the Hill coefficient for
oxotremorine-M from 0.42 to 0.66 (Table 1).

To facilitate a comparison with previous results on the
cardiac muscarinic receptor (6) and to obtain a baseline sum
of squares, the binding of oxotremorine-M and [3H]quinu-
clidinylbenzilate to the reconstituted mixture of receptor and
G proteins was described empirically in terms of Scheme 1.
The model was fitted to the data acquired with both ligands
with and without GMP-PNP taken in concert. In a series of
analyses, the different estimates ofKAj (oxotremorine-M),
KPj ([3H]quinuclidinylbenzilate), andFj were combined,
where possible, to reduce the number of parameters without
appreciably affecting the sum of squares (P > 0.05). The
fitted curves from the final analysis are illustrated in Figure
10, and the parametric values are listed in Table 4.

Three classes of sites are required for oxotremorine-M in
the absence of nucleotide (KA1, KA2, andKA3), two of which
were indistinguishable by [3H]quinuclidinylbenzilate (i.e.,
KP1 ) KP2). GMP-PNP is seen to promote a net intercon-
version of sites from the state of highest affinity for the
agonist (KA1) to that of lowest affinity (KA3), virtually
eliminating the former, while having no appreciable effect

on the affinityper sefor either state. The number of sites in
the state of intermediate affinity was unchanged, but there
was a 6-fold increase in the value ofKA2. Four classes
therefore are required to describe the system as a whole. The
net effect of GMP-PNP was to decrease the overall affinity
of the agonist (Figure 10B). GMP-PNP had a smaller but
opposite effect on the binding of [3H]quinuclidinylbenzilate,
in that the overall affinity was higher in the presence of the
nucleotide (Figure 10A).

Binding to Receptor Reconstituted with G Proteins,
Assessed in Terms of Scheme 3. To account mechanistically
for the effects of all ligands, the data represented in Figure
10 were reanalyzed using an extended version of Scheme 2
in which the vacant receptor interconverts spontaneously
between two states (i.e., R and T). All parameters were
assigned to enforce mechanistic consistency. The specific
version implemented here includes four interacting sites, as
shown in Scheme 3, in conformity with the level of
complexity required to describe the binding of quinuclidi-
nylbenzilate andN-methylscopolamine in terms of Scheme
2. An analogous scheme based on two interconverting states
and only two interacting sites failed to describe the data:
the sum of squares from that analysis was 1.6-fold higher
than the value obtained with four interacting sites.

Scheme 3 accommodates the effects of GMP-PNP as a
change in the value ofKRT, which defines the distribution
of sites between the two states at thermodynamic equilibrium
(i.e.,KRT ) [R]/[T]); accordingly, changes in the binding of
agonists and antagonists are attributed to differences between
R and T in the affinity of the ligand for the vacant receptor
or in the cooperativity factors (i.e.,KPR * KPT, KAR * KAT,

fR0j * fT0j, fRi0 * fTi0, or fRij * fTij). In the present
implementation, R and T represent the supposed tetramer in
the absence of nucleotide and in the presence of a saturating
concentration of GMP-PNP, respectively. The presence of
the G protein is implicit, and the nature of its interaction
with the guanyl nucleotide is undefined. The simplest
assumption is that R and T denote a heterooligomer compris-

Table 3: Parametric Values for the Binding of Antagonists to
Reconstituted Receptor, Estimated in Terms of Scheme 2 (n ) 2)a

ligand parameter dimer
dimer plus
monomer

[3H]QNB log KP -8.86( 0.06 -8.99( 0.10
NMS, [3H]NMS log KA -7.79( 0.03 -7.86( 0.06
[3H]QNB log f02 -0.44( 0.14 -0.13( 0.14
NMS, [3H]NMS log f20 0.83( 0.08 0.98( 0.15
NMS/[3H]QNB log f11 0.45( 0.13 1.36( 0.67
[3H]QNB log KP(M) -9.18( 0.90
NMS, [3H]NMS log KA(M) -6.54( 0.94

FD 0.94b

a The data illustrated in the paired left- and right-hand panels of
Figure 6 were pooled (A and B, C and D) and analyzed according to
eq 3 (n ) 2) to obtain the parametric values listed in the table. For the
analysis illustrated in panels C and D, the model was expanded to
include a population of mutually independent sites (M), possibly
monomers; the affinities of the ligands for the monomer areKP(M)

andKA(M), and the supposed dimers (R) account for the fractionFD of
all sites [i.e.,FD ) 2[R]t/(2[R]t + [M] t)]. All parameters were assigned
to enforce mechanistic consistency. [3H]QNB was taken as ligand P,
and both labeled and unlabeled NMS were taken as ligand A. Single
values forKP and f0j ([3H]QNB), KA and fi0 (NMS, [3H]NMS), andfij
(NMS/[3H]QNB) were common to all relevant data in both panels.b The
value ofFD was defined by a shallow minimum in the sum of squares.
It therefore was identified by mapping and fixed accordingly to obtain
the fitted values listed for other parameters.

FIGURE 8: Optimal number of interacting sites for Scheme 2 to
describe the binding of antagonists to reconstituted M2 receptor.
The value of AICC was calculated from the weighted sum of squares
and the degrees of freedom at each value ofn (hatched bars,
oligomers alone; white bars, oligomers plus monomers). When a
cooperativity factor was fixed at a specific value or when two or
more cooperativity factors shared a single parametric value, the
restriction was disregarded when calculating the degrees of freedom.
The probability that one of two models is correct was calculated
from the difference in AICC, and complementary estimates ofP
(%) are shown joined by a horizontal line above the corresponding
bars.
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ing multiple equivalents of receptor and G protein and that
the interconversion affects the conformational status of the
complex but not the composition.

Preliminary analyses in terms of Scheme 3 indicated that
GMP-PNP was without appreciable effect on the affinity of
either [3H]quinuclidinylbenzilate or oxotremorine-M for the
vacant receptor. A single value of each parameter therefore
was assigned to all of the data (i.e.,KPR ) KPT andKAR )
KAT). This constraint had no appreciable effect on the
goodness of fit or the corresponding sum of squares (P )
0.08). Similar agreement emerged forf02 andf04, which also
could be common to both states (i.e.,fR02 ) fT02, P ) 0.07;
fR04 ) fT04, P > 0.95). In either state of the receptor, the
parametersf30, f21, and f12 could be optimized as a single
value without increasing the sum of squares (P ) 0.09). The
parametersf31, f22, and f13 were highly correlated in both
states, and all six parameters could be optimized as a single
value (P ) 0.07). The value offT40 was undefined; it therefore
was mapped to identify a range of optimal values and fixed
accordingly. A similar examination ofKRT indicated that the
value was defined only by a lower bound in the absence of
nucleotide and only by an upper bound in the presence of
GMP-PNP. The value of logKRT therefore was fixed at+3
and-3, respectively. Larger or smaller values were without
effect on either the sum of squares or the values of other

parameters. The best fit of Scheme 3 to the combined data
is illustrated in Figure 11, and the parametric values are listed
in Table 5. The weighted sum of squares is 86% of that
obtained from the empirical analysis in terms of Scheme 1
(cf. Figure 10).

In terms of the model, the multiple affinities revealed by
oxotremorine-M in the absence of nucleotide arise from
pronounced negative cooperativity between the second and
third equivalents of the agonist (i.e., logfR30 ) 2.07) and a
complex blend of negative and positive cooperativity between
the agonist and [3H]quinuclidinylbenzilate at different levels
of occupancy. The nature of the latter effect has been
examined previously (6). Owing to the high value offR30,
the third equivalent of oxotremorine binds with a microscopic
dissociation constant of 0.1 mM (i.e., log (fR20fR30KAR) )
-3.98). Since there is comparatively little effect of the first
equivalent on the binding of the second (i.e., logKAR )
-6.32 and log (fR20KAR) ) -6.05), occupancy of the receptor
by oxotremorine-M in the absence of an antagonist is
restricted to one-half of the sites at lower concentrations of
the agonist (i.e.,< ∼5 µM).

GMP-PNP acts to redistribute receptors from the R state
to the T state, which results in the introduction of negative
cooperativity between the first equivalent of oxotremorine-M
and the second (i.e., logfT20 ) 2.62). Occupancy of the

FIGURE 9: Binding of oxotremorine-M to M2 muscarinic receptor before and after reconstitution. Purified receptor was assayed in solution
(A and C) and after reconstitution into phospholipid vesicles (B and D) in the absence (A and B) and presence (C and D) of heterotrimeric
G proteins. Total binding was measured at a half-saturating concentration of [3H]QNB (A, 2.41 ( 0.03 nM,N ) 3; B, 2.1( 0.2 nM, N
) 3; C, 2.4( 0.3 nM, N ) 3; D, 2.00( 0.03 nM,N ) 3) and graded concentrations of the agonist oxo. (A and B) The lines represent
the best fits of Scheme 1 (n ) 1) to the data represented in the figure taken together with those obtained at graded concentrations of
[3H]QNB under the same conditions (i.e., Figure 4A and C, respectively). The fitted parametric values (i.e.,KA andKP) are listed in the
text, and the mean values of [R]t used to obtain the adjusted values ofBobsd plotted on they-axis are as follows: A, 425( 44 pM, N )
6; B, 391( 76 pM, N ) 6. (C) Purified receptor was mixed in solution with holo-G proteins at a ratio of 10R-subunits per receptor, and
binding was measured in the absence of guanyl nucleotide (2) and in the presence of 0.1 mM GMP-PNP (9). The lines represent the best
fits of the Hill equation with single values of EC50 andnH for the three sets of data included in each analysis; values ofB[A] )0 andB[A] f∞
were assigned separately to each set of data. The value ofnH was indistinguishable from 1 in each case and was fixed accordingly. The
fitted values of EC50 are as follows: no GMP-PNP, log IC50 ) -3.35( 0.05; 0.1 mM GMP-PNP, log IC50 ) -3.45( 0.64. (D) Purified
receptor was reconstituted with G proteins at different ratios ofR-subunits to receptor (2, 10:1;9, 20:1;1, 30:1), and the results are from
one of two such experiments. The line represents the best fit of a sum of two hyperbolic terms with single values of IC50(1), IC50(2), andF2
for the three sets of data taken together (i.e.,Bobsd ) (B[A] )0 - B[A] f∞){IC50(1)(1 - F2)/([A] + IC50(1)) + IC50(2)F2/([A] + IC50(2))} +
B[A] f∞). The fitted estimates are as follows: log IC50(1) ) -4.54 ( 0.08, log IC50(2) ) -2.39 ( 0.12,F2 ) 0.39 ( 0.03. There was no
significant decrease in the sum of squares with three values of each parameter rather than one (P > 0.05). The mean parametric values
obtained from fitting the Hill equation to each set of data represented in panels A-D are listed in Table 1.
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receptor by oxotremorine-M in the absence of an antagonist
therefore is restricted to one-quarter of the sites at lower
concentrations of the agonist (i.e., log (fT20KAT) ) -3.70).

DISCUSSION

Assembly of Tetramers from Monomers. Whereas M2

receptors are extracted fromSf9 membranes as oligomers,
at least in part (33, 41), they emerge primarily as monomers
from affinity chromatography on ABT-Sepharose. Silver
staining of gels loaded with the purified M2 receptor revealed
a major band at the position expected for a monomer and a
minor band corresponding to a dimer (42). Western blots
also have shown that the purified receptor migrates wholly
or largely as a monomer (33). Although oligomers may tend
to dissociate under the conditions of electrophoresis, the
monomeric status after purification was confirmed by the
failure of differently tagged mutants to coprecipitate when
purified from coinfectedSf9 cells (28).

M2 receptors purified fromSf9 cells also were predomi-
nantly monomeric in the present investigation. They migrated
almost exclusively as monomers during electrophoresis, as
revealed by silver staining and immunoblots, and they
underwent little or no coprecipitation when the FLAG- and
HA-tagged adducts were purified from coinfected cells.

Immunoreactive bands of higher molecular mass that ap-
peared following cross-linking with BS3 were comparatively
faint, indicating that the monomers were accompanied by
only minor populations of dimers and tetramers.

The largely monomeric status is consistent with binding
properties that are indicative of identical and mutually
independent sites. The capacity was the same for both [3H]-
quinuclidinylbenzilate andN-[3H]methylscopolamine, and the
Hill coefficient in each case was near or indistinguishable
from 1; moreover, analyses in terms of Scheme 1 indicated
that the two antagonists interact in a competitive manner.
The Hill coefficient also was indistinguishable from 1 for
the inhibitory effect of the agonist oxotremorine-M on the
binding of [3H]quinuclidinylbenzilate.

Reconstitution of the purified monomers into phospholipid
vesicles led to the formation of oligomers, most of which
appeared to be tetramers. FLAG- and HA-tagged receptors
were found to coprecipitate after reconstitution and after the
reconstituted material had been resolubilized in digitonin-
cholate. Similarly, the effect of BS3 on electrophoretic
mobility was essentially the same regardless of whether the
reagent was added to the reconstituted preparation or to the
receptor after resolubilization: monomers were virtually
eliminated, and the major immunopositive band corresponded
in size to a homotetramer. The homomeric nature of the
cross-linked complex is supported by the purity of the initial
preparation, in which at least 70% of the protein identified
by silver staining was M2 receptor. The survival of recon-
stituted tetramers upon subsequent dispersal of the phos-

FIGURE 10: Binding of oxotremorine-M and [3H]quinuclidinyl-
benzilate to M2 receptor reconstituted with G proteins, analyzed in
terms of Scheme 1. (A) Total binding was measured at graded
concentrations of [3H]QNB in the absence of guanyl nucleotide
(4,3) and in the presence of 0.1 mM GMP-PNP (2,1), either alone
(upper curves) or in the presence of 1 mM unlabeled NMS
(baseline). The different symbols denote data from two independent
experiments (2,4;1,3). (B) Total binding was measured at a half-
saturating concentration of [3H]QNB (1.93 ( 0.17 nM, N ) 7)
and graded concentrations of oxo. Most experiments included
parallel assays in the absence of guanyl nucleotide (0) and in the
presence of 0.1 mM GMP-PNP (9). The lines represent the best
fit of Scheme 1 (n ) 3) to the data represented in panels A and B
taken together. The parametric values and further details regarding
the analyses are given in Table 4. The mean value of [R]t used to
obtain the adjusted values ofBobsd plotted on they-axis is 197(
23 pM (N ) 11). Points shown at the lower end of thex-axis in
panel B indicate binding in the absence of oxo.

Table 4: Parametric Values for the Binding of Oxotremorine-M to
Receptor Reconstituted with G Proteins, Estimated Empirically in
Terms of Scheme 1a

parameter
no

GMP-PNP
0.1 mM

GMP-PNP

log KA1 -7.87( 0.37
log KA2 -5.88( 0.28 -5.09( 0.30
log KA3 -3.46( 0.08
log KP1 } -9.56( 0.12 } -9.16( 0.03log KP2

log KP3 -8.64( 0.08
F1 0.18b 0.01b

F2 0.31( 0.04
F3 0.51( 0.05 0.68( 0.06

a The data illustrated in both panels of Figure 10 were pooled and
analyzed empirically according to eq 2 (n ) 3) to obtain the parametric
values listed in the table. The parametersKAj andKPj denote the affinities
of oxo and [3H]QNB, respectively. Those values and the values ofFj

were shared where possible between data acquired in the absence and
presence of GMP-PNP in order to minimize the number of parameters
without appreciably affecting the sum of squares (P > 0.05). At least
three classes of sites are required to describe the system in terms of
the model, but four classes can be observed overall. Single values of
KA1 andKA3 were assigned to all of the data, whereas separate values
of KA2 were assigned to data acquired in the absence of guanyl
nucleotide and in the presence of 0.1 mM GMP-PNP. There was a
significant increase in the sum of squares over that from an uncon-
strained fit if KA2 was assumed to be unaffected by GMP-PNP (P <
0.03). In the case of [3H]QNB, values ofKPj were assigned separately
to data acquired with and without GMP-PNP. Two classes of sites were
sufficient in the absence of nucleotide (i.e.,KP1 ) KP2), and one class
was sufficient in the presence of GMP-PNP (i.e.,KP1 ) KP2 ) KP3). A
single value ofF2 was common to all of the data, whereas separate
values ofF3 were assigned to data acquired with and without GMP-
PNP. Values of [R]t were assigned separately to data acquired with
and without the nucleotide to accommodate small differences in the
apparent capacity in some experiments.b F1 ) 1 - F2 - F3.
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pholipid is consistent with the observation that oligomers of
the M2 receptor can be extracted fromSf9 cells, as identified
by coimmunoprecipitation (33, 41), and from myocardial
membranes, as inferred from noncompetitive effects in the
binding of muscarinic ligands (29).

Although the reconstituted receptor appeared to be mostly
tetrameric, the major band after treatment with BS3 was
accompanied by a weaker and somewhat broader band
indicative of larger aggregates. A minor band corresponding
to a dimer also was observed in some experiments. Dimers
may be formed during the process of reconstitution, perhaps
as an intermediate during the assembly of tetramers, or they
may derive from tetramers that escape alkylation by BS3.

Little if any of the coprecipitation found with reconstituted
receptors derived from the sequestration of otherwise inde-
pendent monomers within the same vesicles. Such co-
localization can be ruled out by the effect of cross-linking
on electrophoretic mobility, which was the same before and
after resolubilization. Measurements of resonance energy
transfer within oligomers of rhodopsin in liposomes (43) and
of the NK1 receptor in HEK293 cells (44) indicated that the
distance between donor and acceptor fluorophores was
approximately 50 Å. Similar values have been obtained from
molecular modeling of rhodopsin, which suggested that the
distance between two monomers within a dimer is 35 Å,
and the distance between dimers is 45 Å (26). Since the
spacer arm of BS3 is 11 Å long, cross-linking will occur

only between receptors that are closely associated within the
vesicle. Collisional cross-linking may occur when proteins
are reconstituted at a high ratio of protein to lipid (45), but
it can be prevented at lower ratios. The ratio of phospholipid
to M2 receptor in the current study was over 4,000:1 (w/w),
which is 5-fold greater than the ratio that has been shown to
prevent the oligomerization of Ca2+-ATPase (46) and 10-
fold greater than the ratio that prevents the oligomerization
of rhodopsin (47).

Cross-linked FLAG- and HA-tagged receptors failed to
undergo coimmunoprecipitation when incubated with an
immobilized anti-FLAG antibody. Moreover, treatment with
BS3 largely precluded immunoprecipitation by an anti-FLAG
antibody but had little if any effect on immunoprecipitation
by an anti-HA antibody. Cross-linking therefore occurs at
least partly at theε-amino group of lysyl residues in the
FLAG extension, thereby blocking the interaction with the
antibody. There is no lysyl residue within the c-Myc
extension, however, and tetramers were the major band
detected when BS3 was added to reconstituted receptors
purified from Sf9 cells expressing only the c-Myc-tagged
receptor. Cross-linked oligomers therefore were not stabilized
exclusively via residues in the FLAG sequence.

The formation of tetramers from purified monomers
suggests that a vesicular structure is a necessary and sufficient
condition for self-assembly. Within the cell, oligomers of G

FIGURE 11: Binding of oxotremorine-M and [3H]quinuclidinyl-
benzilate to M2 receptor reconstituted with G proteins, analyzed in
terms of Scheme 3. The data are the same as those represented in
Figure 10, and the lines represent the best fit of Scheme 3 (n ) 4)
to the data in both panels taken together. All parameters were
assigned to enforce mechanistic consistency; the fitted values and
further details regarding the analyses are given in Table 5. The
mean value of 4[R]t used to obtain the adjusted values ofBobsd
plotted on they-axis is 201( 23 pM (N ) 11). Differences in the
relative positions of the fitted curves and corresponding data in
Figures 10 and 11 arise from the different constraints imposed by
the assignment of parameters in the two models and from the
normalization of the data in both panels to a single value of [R]t.
Further details are described in the legend to Figure 10.

Table 5: Parametric Values for the Binding of Oxotremorine-M and
[3H]Quinuclidinylbenzilate to Receptor Reconstituted with G
Proteins, Estimated in Terms of Scheme 3 (n ) 4)a

a The data illustrated in both panels of Figure 11 were pooled and
analyzed according to eq 4 (n ) 4) to obtain the parametric values
listed in the table. [3H]QNB and oxo were designated as ligands P and
A, respectively. All parameters were assigned to enforce mechanistic
consistency; therefore, single values ofKPR, KPT, fR0j, andfT0j ([3H]QNB),
KAR, KAT, fRi0, andfTi0 (oxo), andfRij andfTij ([3H]QNB and oxo) were
common to all relevant data acquired with or without GMP-PNP in
both panels. Separate values ofKRT were assigned to all data acquired
in the absence of nucleotide on the one hand and in the presence of
GMP-PNP on the other. Some values ofK andf were combined further,
as described in the text, in order to minimize the number of parameters
without appreciably affecting the sum of squares.b The value of log
f40 in the presence of GMP-PNP (i.e.,fT40) was defined only by a lower
bound (i.e., logf40 > 2.0), as determined by mapping. Larger values
were without appreciable effect on the sum of squares (P > 0.05) or
on the values of other parameters. The parameter therefore was fixed
as shown in the table.c The values of logKRT were fixed during the
analysis, as described in the text. The effect is to place the receptors
wholly in the R state in the absence of nucleotide (logKRT ) +3) or
wholly in the T state in the presence of GMP-PNP (logKRT ) -3).
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protein-coupled receptors appear to form prior to their
insertion in the plasma membrane. Resonance energy transfer
has been detected with various receptors in membranes
enriched in endoplasmic reticulum, including the CCR5
receptor (48), the oxytocin and vasopressin V1a and V2
receptors (49), the R-factor receptor (50), and the C5a
receptor (51). Also, the GB1 and GB2 subunits of the
GABAB receptor both are required for expression of a
functional oligomer at the cell surface (52, 53). Similarly,
trafficking of the platelet activating factor receptor and the
vasopressin V2 receptor from the endoplasmic reticulum to
the plasma membrane was shown to be impaired upon co-
expression of mutants (54, 55). The assembly of oligomers
may be assisted by molecular chaperones (51, 56), although
the nature of their involvement remains unclear. An optional
role for chaperones is consistent with the observation that
oligomers of the C5a receptor form in yeast, which lacks
the accessory proteins found in mammalian cells (51). In
any event, the formation of tetramers from functional
monomers in phospholipid vesicles implies that the process
of oligomerization is intrinsic to the receptor and not
absolutely dependent upon ancillary proteins or the endo-
plasmic reticulum.

CooperatiVe Interactions within a Tetramer. Whereas M2

receptors recovered from ABT-Sepharose behaved as mutu-
ally independent monomers, their reconstitution in vesicles
led to noncompetitive effects indicative of cooperativity
among four interacting sites. The apparent capacity of the
reconstituted receptor forN-[3H]methylscopolamine was
about 50% of that for [3H]quinuclidinylbenzilate, implying
that some of the sites were of anomalously weak affinity
for N-[3H]methylscopolamine; paradoxically, however, the
apparent affinity ofN-methylscopolamine for those sites was
significantly higher when inferred from its inhibitory effect
on the binding of [3H]quinuclidinylbenzilate. Such a dis-
crepancy is inconsistent with Scheme 1, in which all ligands
compete for mutually independent sites.N-Methylscopola-
mine therefore appears to inhibit at sites to which it cannot
bind, a noncompetitive effect that cannot be accommodated
by Scheme 1 at any value ofn.

The failure of Scheme 1 rules out any arrangement that
can be described in those terms. Formation of an oligomer
might introduce a static heterogeneity discerned byN-[3H]-
methylscopolamine within an otherwise homogeneous popu-
lation of receptors, but such asymmetry is a special case of
Scheme 1 in which each class of sites constitutes the fraction
1/n of the total receptor (i.e.,Fj ) 1/n for all j). Some
receptors also might be oriented within the vesicles such
that they are accessible to [3H]quinuclidinylbenzilate but
not to hydrophilic compounds such asN-[3H]methylscopo-
lamine, but that also is a specific case of Scheme 1. Such
proposals can account for a difference in the apparent
capacity for two radioligands, but they cannot reconcile that
difference with the noncompetitive effect of unlabeled
N-methylscopolamine.

Several considerations suggest that the binding properties
are independent of the orientation of receptors within the
vesicles, which remains unclear. A subpopulation of inwardly
facing sites will lead to a shortfall in capacity only if the
vesicles are impermeable toN-[3H]methylscopolamine on
the time-scale of a binding assay. Since the apparent capacity
for N-[3H]methylscopolamine was the same after incubation

of the reaction mixture for 15 min or 45 min, sequestration
can be ruled out by the failure of Scheme 1. Some degree
of permeability is implied, however, by the observed effect
of GMP-PNP on the binding of oxotremorine-M; G proteins
were mixed with the receptor prior to reconstitution and
presumably were sequestered within the vesicles as they
formed. Moreover, the coimmunoprecipitation of HA- and
FLAG-tagged receptors by the anti-FLAG antibody was
virtually eliminated by the membrane-impermeable cross-
linker BS3. It therefore appears that the vesicles were
permeable to GMP-PNP and presumably to other hydrophilic
compounds such as BS3 andN-methylscopolamine.

Effects that appear as discrepancies in terms of Scheme 1
can be accommodated as cooperative interactions in terms
of Scheme 2, which provides a satisfactory and mechanisti-
cally consistent description of the data taken together. The
shortfall in the capacity forN-[3H]methylscopolamine can
be rationalized as negative homotropic cooperativity that
effects a 7-fold reduction in the microscopic dissociation
constant of the radioligand after 50% of the sites have been
occupied. No comparable effect occurs in the binding of [3H]-
quinuclidinylbenzilate, which therefore labels all of the sites
at the higher concentrations of radioligand used in the assays.
The noncompetitive effect of unlabeledN-methylscopolamine
arises from heterotropic cooperativity betweenN-methylsco-
polamine and [3H]quinuclidinylbenzilate.

In the present application of Scheme 2, the system is
assumed to be symmetric in the sense that all of the sites on
the vacant oligomer are of equal affinity for the ligand. It
follows that both the latent sites forN-[3H]methylscopola-
mine and the attendant noncompetitive interaction with [3H]-
quinuclidinylbenzilate have been attributed exclusively to
cooperativity. That assignment is arbitrary, however, because
the possibility that the system is both asymmetric and
cooperative cannot be ruled out.

The data are described better by Scheme 2 than by Scheme
1 whenn is as low as 2, and the fit of Scheme 2 improves
progressively asn is increased to 8. At any value ofn greater
than 4, however, the AICC scores indicate that the additional
parameters are redundant. A tetramer therefore emerges as
the oligomeric state corresponding to the most efficient form
of Scheme 2, in agreement with the electrophoretic mobility
of the major band after reconstitution and cross-linking.
Although reconstitution might be expected to yield a mixed
population of monomers and oligomers, a contingent of
monomers is without significant effect on the fit of the model
whenn exceeds 2; whenn is 4, such an analysis indicates
that monomers would account for only about 6% of all sites.
The absence of any requirement for a subpopulation of
mutually independent sites is consistent with the failure to
detect monomers on western blots of the receptor after
reconstitution and cross-linking. Cross-linkedâ2-adrenergic
receptors also have been shown to migrate predominantly
as multimers (57).

In the absence of G protein, reconstituted M2 receptors
bound oxotremorine-M in a featureless manner that points
either to monomers or to oligomers that exhibit little or no
cooperativity. The latter possibility is favored by the
cooperative effects seen in the binding ofN-methylscopo-
lamine and [3H]quinuclidinylbenzilate under the same condi-
tions and by the electrophoretic mobility of the major band
after reconstitution and cross-linking. The inclusion of G
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protein led to a GMP-PNP-sensitive dispersion of affinities
similar to that observed previously upon purification and
subsequent reconstitution of muscarinic and other G protein-
coupled receptors (e.g.,34, 58-60). Scheme 1 affords a good
empirical description of such data, including those presented
here, but it offers little insight into the underlying molecular
events; moreover, it is at variance with the characteristic
binding patterns revealed by agonists at G protein-coupled
receptors when the model is applied in a mechanistically
consistent manner (e.g., refs8, 16, 61-63).

The binding of oxotremorine-M and [3H]quinuclidinyl-
benzilate to receptor reconstituted with G proteins can be
described in a mechanistically explicit and consistent manner
by Scheme 3, which was introduced previously to account
for the binding of agonists to muscarinic receptors in
myocardial membranes (6). The fit to the present data is
comparable to that obtained from empirical analyses in terms
of Scheme 1, which can be taken as a measure of the
agreement that would be obtained with the true model if it
were known. Cooperativity among four interacting sites
therefore can account for the inhibitory effect of oxotremo-
rine-M on the binding of [3H]quinuclidinylbenzilate and for
the modulation of that effect by GMP-PNP. The required
value of n was confirmed by reducing the number of
interacting sites in Scheme 3 from four to two, which resulted
in a 1.6-fold increase in the sum of squares and marked
deviations between the fitted curves and the data.

In terms of Scheme 3, the multiple affinities revealed by
oxotremorine-M arise from negative homotropic cooperat-
ivity in the binding of the agonist and from a blend of
positive and negative heterotropic cooperativity between the
agonist and [3H]quinuclidinylbenzilate. The effect of GMP-
PNP is accommodated as a shift in the distribution of vacant
receptors from the R state to the T state (i.e.,KRT ) [R]/[T]),
which are found to differ only in the degree of homo- and
heterotropic cooperativity at various levels of occupancy.
GMP-PNP was without discernible effect on the affinity of
either oxotremorine-M or quinuclidinylbenzilate for the
vacant receptor. The same arrangement has been described
previously for the effect of GMP-PNP on the binding of
agonists to muscarinic receptors in myocardial membranes
(6) and to a purified complex of receptor and G protein from
porcine atria (17). A reciprocal arrangement has been
described for the binding of GDP to G proteins labeled by
[35S]GTPγS, also in myocardial membranes, where carbachol
was found to regulate the distribution of at least two
interacting G proteins between two states that differ in their
cooperative properties with respect to guanyl nucleotides (22).

The foregoing considerations suggest that GMP-PNP acts
by regulating the conformational status of a multimeric
complex comprising four equivalents of receptor (R) and at
least two G proteins (i.e., R4G2). Two states are shown in
Scheme 3, corresponding to the complex with and without
GMP-PNP. If there were two or more equivalents of G
protein, the model would require three or more states to
accommodate intermediate concentrations of the nucleotide
(N) (e.g., R4G2 h R4G2N h R4G2N2). The allosteric
interaction between GMP-PNP and the agonistin ViVo
presumably occurs in the absence of an antagonist, in
contrast to the present experiments. Under those conditions,
the effect of the nucleotide in terms of Scheme 3 is to
reduce binding of the agonist by shifting negative homotropic

cooperativity from the second and third equivalents of the
agonist (f30, Table 5) to the first and second equivalents
(f20).

Scheme 2 and the extended version depicted by Scheme
3 allow the cooperative effects revealed in the binding
of antagonists and the multiphasic, nucleotide-sensitive
patterns characteristic of agonists to be interpreted within
a single mechanistic framework. The assumption of oligo-
meric homogeneity, which is implicit throughout, is sup-
ported by the observation that reconstituted, cross-linked
receptors migrated primarily as tetramers. Since G proteins
were added at a level sufficient to saturate the receptor, the
complement of the resulting heteromer also is likely to be
the same throughout the preparation of vesicles and among
different preparations. The number of equivalents of G
protein within the heteromer is unclear, however, apart from
the earlier suggestion that there are at least two.

Restoration of the NatiVe Complex. The binding properties
of the reconstituted receptor bear a striking resemblance to
those of the muscarinic receptor from mammalian heart. The
pattern of latent sites and noncompetitive effects exhibited
by N-methylscopolamine and quinuclidinylbenzilate is es-
sentially the same as that found previously in two different
preparations from porcine atria: a solubilized extract in
cholate-NaCl (29) and an affinity-purified complex of
receptor and G protein (17). Similarly, the GMP-PNP-
sensitive dispersion of affinities revealed by oxotremorine-M
mimics in some detail the pattern described previously for
agonists at the muscarinic receptor in myocardial membranes
from dog (10), rat (64), and hamster (6, 16). In common
with the receptor in membranes from hamster heart (6), at
least four classes of sites are required to account empirically
for the present data in terms of Scheme 1: three classes are
observed in the absence of GMP-PNP (KA1, KA2, KA3); a
fourth class arises from a nucleotide-dependent increase in
the value ofKA2, and the effect is accompanied by a net
interconversion of sites from the state of highest affinity (KA1)
to that of lowest affinity (KA3). Reconstitution therefore yields
a cooperative, tetrameric system that is functionally indis-
tinguishable from the muscarinic receptor in the heart,
suggesting that the native arrangement of receptors and G
proteins has been recoveredin Vitro.

The shortfall in capacity forN-[3H]methylscopolamine is
attributed in Scheme 2 to negative homotropic cooperativity
between the second and third equivalents of the radioligand
(i.e., logf30 ) 0.85). A similar effect emerges for oxotremo-
rine-M in Scheme 3, where the multiphasic binding profile
in the absence of GMP-PNP derives in part from negative
homotropic cooperativity between the second and third
equivalent of the agonist (i.e., logfR30 ) 2.07). The apparent
capacity for oxotremorine-M therefore is predicted to be
about 50% of that for [3H]quinuclidinylbenzilate in assays
analogous to those involvingN-methylscopolamine and [3H]-
quinuclidinylbenzilate.

In accord with this expectation, the apparent capacity for
[3H]oxotremorine-M was found to be 48% of that for [3H]-
quinuclidinylbenzilate in a preparation of membranes from
whole rat heart (65). Similarly, the capacity for [3H]-
oxotremorine-M was 44% of that forN-[3H]methylscopo-
lamine in a digitonin-solubilized preparation from rat heart
(66). Although the capacity for [3H]quinuclidinylbenzilate
exceeds that forN-[3H]methylscopolamine in some detergents
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and after reconstitution, there is no difference with receptor
extracted in digitonin (29). In studies with [3H]acetylcholine,
the apparent capacity of rat atrial membranes for the agonist
was 71% of that for the antagonist [3H]4-NMPB (67). The
apparent capacity for the agonistcis-[3H]methyldioxolane
was 17% of that for [3H]quinuclidinylbenzilate in homoge-
nates of whole rat heart. Values greater or less than 50%
may derive from the expression of negative cooperativity at
different levels of occupancy.

Guanyl nucleotides generally have been found to reduce
the apparent capacity for radiolabeled agonists with little or
no change in their apparent affinity (e.g., refs67, 68), in
accord with their effect on the inhibition of radiolabeled
antagonists by unlabeled agonists. Similarly, GMP-PNP was
without discernible effect on the affinity of oxotremorine-M
for the vacant tetramer as inferred from Scheme 3. With the
cardiac muscarinic receptor, however, the apparent capacity
for a radiolabeled agonist in the presence of the nucleotide
generally was below the value that would be consistent with
a tetramer (i.e.,<25%) (65-68). Such values imply that the
receptor is larger than a tetramer if the nucleotide acts in
the manner described here in the context of Scheme 3.
Alternatively, the assumption that there are two states
differing only in their cooperative properties may be overly
restrictive under some conditions.

Size and Composition of the NatiVe Complex. The recovery
of native functionality in reconstituted tetramers suggests that
the cardiac muscarinic receptor is tetramericin ViVo. In other
studies, G protein-coupled receptors have appeared in a range
of oligomeric sizes, both smaller and larger. Electrophoresis
on reducing and nonreducing gels has revealed bands
corresponding to both monomers and dimers for several
members of the rhodopsin-like family, including theδ-opioid
receptor from CHO and COS cells (69), the D3 dopamine
receptor from mammalian brain (70), the D2 dopamine
receptor fromSf9 cells (71), the M3 muscarinic receptor from
COS cells (72), the â2-adrenergic receptor fromSf9 and
HEK293 cells (57), the somatostatin receptor from CHO and
HEK293 cells (73), and rhodopsin from bovine retinal rod
outer segment membranes (74, 75). In addition, trimers and
tetramers have been reported for the D2 dopamine receptor
(71), and tetramers have been reported for the D3 dopamine
receptor (70) and theâ2-adrenergic receptor (57).

The effects of cross-linking suggest that monomers may
form from dimers or that both may form from larger
oligomers during solubilization or under the conditions of
electrophoresis. Treatment with BS3 in the present investiga-
tion resulted in the disappearance of monomers and the
appearance of oligomers, which were mostly tetramers
accompanied by some larger aggregates. Similarly, treatment
of rod outer segment membranes with DSP led to the
appearance of tetramers and larger oligomers of rhodopsin
(75). The ratio of dimers to monomers was increased by
BASED in the case of theâ2-adrenergic receptor (76), by
DSP in the case of theδ-opioid receptor (69), by CuP in the
case of the D2 dopamine receptor (25), and by BS3 in the
case of the somatostatin receptor (73).

Studies into the oligomeric status of G protein-coupled
receptors in whole cells and native membranes have sug-
gested that the basic structural unit may be a dimer in at
least some cases. Measurements of fluorescence resonance
energy transfer have pointed to dimers of theâ-adrenergic

receptor (77) and the sterile 2R-factor receptor (78). Atomic
force microscopy of native mouse disc membranes has
revealed that rhodopsin forms extensive paracrystalline arrays
that appear to be rows of dimers (26, 79). A dimeric structure
for both active and inactive rhodopsin also has been
suggested on the basis of hydrodynamic studies (74).

Several lines of evidence suggest that the overall comple-
ment is an even number of receptors. There is a recurring
observation that agonists and antagonists detect a 50:50
mixture of high- and low-affinity sites in preparations of
muscarinic and other G protein-coupled receptors (e.g., refs
17, 29, 30, 58, 80-82). Western blots of theâ2-adrenergic
receptor have revealed bands corresponding to dimers,
tetramers, and possibly larger multiples thereof (57). As noted
above, atomic force microscopy of rhodopsin has revealed
an array apparently composed of dimers (26). Both a trimer
and a pentamer are difficult to reconcile with an emerging
view that the ratio of receptor toR-subunit within the
receptor-G protein complex is 2 to 1 (26, 79, 83-85).
Similarly, measurements of surface plasmon resonance have
shown that the binding of transducin to rhodopsin saturates
at a ratio of 0.6 G protein to 1 receptor (86). If oligomers
are assembled from dimers, then tetramers of the reconsti-
tuted M2 receptor may form as a dimer of dimers.

The pattern of paired receptors is not universal, however,
and electrophoretic bands corresponding to trimers have been
identified along with monomers and tetramers of the purified
muscarinic receptor (17). Bands corresponding to trimers also
have been identified on western blots of the D2 dopamine
receptor (71) and rhodopsin (74, 75). The AICC scores
indicate that the fit of Scheme 2 to the present data is optimal
with four interacting sites, but comparable agreement is
obtained withn taken as either three or five.

The reconstituted M2 receptor shows no evidence of
monomers after cross-linking. On the basis of resonance
energy transfer, it has been concluded that theâ1- andâ2-
adrenergic receptor and the A2A adenosine receptor also exist
only as dimers or larger aggregates (77, 87). The prevalence
of oligomers in recent studies questions the role and existence
of monomersin ViVo. In early studies, however, biophysical
and biochemical evidence supported the notion that rhodopsin
exists in monomeric form (reviewed in45). More recently,
it has been suggested on the basis of fluorescence resonance
energy transfer that the NK1 receptor is purely monomeric
at physiological concentrations in living cells (44). The M2

muscarinic receptor and possibly the M1 muscarinic andâ2-
adrenergic receptors can be purified as ligand-binding
monomers fromSf9 cells (28, 42); similarly, the M2 receptor
purified from heart has been found to behave as a monomer
in hydrodynamic studies (88). The recovery of tetramers upon
reconstitution of the M2 receptor suggests, however, that the
monomeric form may be an artifact of purification. If the
GR-subunit associates with a dimeric receptor (26, 79, 83-
85), the physiological role of monomers, if it exists, may
not involve a direct interaction with G proteins.

Although monomers bind antagonists with characteristic
affinity, at least in the case of the M2 receptor (28), various
studies have suggested that oligomers are required for a
response (e.g., refs20, 89-91). Coexpression of wild-type
and mutantR-factor receptors led to proper binding of ligands
but no response (56), and similar results have been reported
for the 5-HT2C receptor (85). It is not always clear, however,
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whether the lack of a response derives from a malfunctioning
oligomer or from its failure to appear on the plasma
membrane. Oligomers also may be required for the proper
interaction with the G protein. Finally, the functional unit
that elicits a response may correspond to the basic structural
unit, or it may be larger. The degree of amplification that
has been reported for the activation of transducin by
rhodopsin (92) and for the activation of a chemoreceptor-
regulated kinase (93) suggests that cooperative interactions
may propagate through an array that is considerably larger
than a dimer or a tetramer. The existence of such aggregates
may account for the slowest moving bands observed with
cross-linked M2 receptors on western blots.

The cooperative models examined here provide a mecha-
nistically consistent description of effects in a reconstituted
system that closely resembles the M2 muscarinic receptor in
myocardial preparations. Their success, taken with the
limitations of alternative schemes, is consistent with the
notion that cooperativity in the binding of agonists on the
one hand and guanyl nucleotides on the other is a determinant
of signaling at the level of the receptor and the G protein
(6, 17). It follows that oligomers of G protein-coupled
receptors may exist to host such effects, thereby creating
the mechanistic pathway for transduction. An explicit
mechanistic model is likely to prove useful in further work
on G protein-mediated signaling and its dysfunction in
disease.
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