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SUMMARY
The first step in the transmembrane signal mediated by G
protein-coupled receptors is binding of agonist to receptors at
the cell surface. The mechanism of the resulting receptor acti-
vation is not clear, but models based on the ternary complex
model are capable of explaining most of the observations that
have been reported in G protein-coupled receptors. This model
suggests that a single agonist/receptor/G protein complex ca-
pable of activating G protein is formed as the result of agonist
binding. Extensions of this basic model differ primarily in
whether an equilibrium between active and inactive conforma-
tions is required to explain experimental results. We report
results on ligand binding and coupling to physiological effector
systems of the m2 muscarinic acetylcholine receptor site-di-
rected mutant Y403F (residue 403 mutated from tyrosine to
phenylalanine) expressed in Chinese hamster ovary cells and
compare our results with results reported for the homologous
Y506F mutation in the m3 muscarinic receptor [J. Biol. Chem.
267:19313–19319 (1992)]. The mutation in the m2 muscarinic

receptor reduced absolute agonist affinities more dramatically
than in the m3 muscarinic receptor. Unlike the results reported
for the m3 subtype mutant, in which coupling to physiological
effector systems was reduced, coupling to effector systems for
the mutant in the m2 subtype was robust. In the Y403F m2
muscarinic receptor, the difference between the two agonist
binding affinities was greater than in the wild-type receptor,
whereas in the m3 subtype, the effect of the mutation was to
decrease this difference. A prediction of the ternary complex
model is that relative binding affinities will affect the steady
state concentration of the agonist/receptor/G protein complex
and, as the result, the extent of G protein coupling. These
results can best be rationalized by this model, which suggests
that the activation of G protein-coupled receptors is achieved
by the relative affinity of agonist for two receptor states and
does not require the existence of multiple states in conforma-
tional equilibrium.

Muscarinic acetylcholine receptors are members of a di-
verse group of receptors and sensory proteins that are char-
acterized structurally by a pattern of hydrophobic residues
suggesting seven transmembrane domains and functionally
by coupling the binding of an extracellular activator to inter-
cellular effector via G proteins. Five muscarinic receptor
subtypes (m1–m5) have been cloned and expressed (1–5). The
odd-numbered subtypes couple preferentially to the stimula-
tion of phospholipid metabolism, and the even-numbered
subtypes couple preferentially to the inhibition of cAMP for-
mation. The m2 subtype is widely distributed in mammalian
tissue and is the only subtype found in mammalian heart (3),
where it acts via the cardiac pacemaker cells to activate
inwardly rectifying potassium channels in addition to inhib-
iting adenylyl cyclase and stimulating phospholipid metabo-

lism (6). Two results of agonist binding to the cardiac m2
muscarinic receptor are a decrease in heart rate, due to the
activation of inwardly rectifying potassium channels, and a
decrease in the force of contraction, due to the reduction in
voltage-gated calcium currents regulated indirectly via
cAMP levels (7).

The agonist binding site of G protein-coupled receptors is
thought to lie in the transmembrane bundle of amphipathic
a-helices. Photochemical cross-linking with an analog of 11-
cis-retinal predominantly labeled the third and sixth trans-
membrane helices, suggesting that they make up part of the
retinal binding site of rhodopsin (8). Among G protein-cou-
pled receptors that bind biogenic amines, a conserved aspar-
tate residue in the third transmembrane helix is critical for
the binding of ligand (9–11). We report results from the
site-directed mutant Y403F (residue 403 mutated from ty-
rosine to phenylalanine) in the m2 muscarinic receptor,
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which is located in the sixth transmembrane helix one resi-
due beyond a highly conserved proline. Results from studies
in the b-adrenergic (12) and bradykinin (13) receptors in
which the homologous residue is a phenylalanine and from
studies in the m3 muscarinic receptor (14, 15), rhodopsin
(16), and the neurokinin-2 receptor (17) in which the homol-
ogous residue is a tyrosine suggest that these residues are
part of or near the agonist/retinal binding sites of these G
protein-coupled receptors.

The nature of the relationship between agonist binding to
G protein-coupled receptors and the activation of G proteins
is poorly understood. Models of G protein activation differ in
the number of states of the receptor. The simplest models
rely on two receptor states with respect to agonist and G
protein binding (scheme given in Fig. 1). Agonist binds free
receptor and G protein-complexed receptor that have differ-
ent agonist affinities, and G protein binds free receptor and
agonist-complexed receptor that have different G protein af-
finities. This ternary complex model results in two G protein-
complexed states: the receptor/G protein binary complex and
the agonist/receptor/G protein ternary complex. G protein
activation occurs via the ternary complex (18, 19) or via both
the binary and the ternary complexes at different rates (20).
The basic model was extended to explain a constitutively
active b-adrenergic receptor mutant (21), negative antago-
nism (22), and inverse agonist activity (23), and these exten-
sions have been generalized into the cubic ternary complex
model in which each state represented in the scheme in Fig.
1 is proposed to exist in an active and inactive conformation.
These models describe G protein-coupled receptors as exist-
ing in multiple states of activity in which agonists promote
the more active state and inverse agonists promote the less
active state by mass action. The simpler model suggests that
agonists activate G protein-coupled receptors by occupancy.
The binding of agonist to the two linked states of the receptor
results in greater concentrations of the agonist/receptor/G
protein complex as the ratio of agonist affinities increases
and is a measure of intrinsic efficacy of an agonist in a given
receptor/G protein system (19). Here, efficacy is defined as
the ability of an agonist to promote a physiological response
independent of the absolute affinity of the agonist for the
receptor.

The difference between the above models is whether recep-
tor occupancy, and therefore the maintenance of a steady
state concentration of agonist/receptor/G protein complex, is
the primary mode of receptor activation. The alternative is
that a conformational equilibrium between active and inac-

tive receptor states plays the primary role and receptor oc-
cupancy plays a secondary role. The choice of model has a
practical consideration in the drug design process in the
attention paid to agonist-receptor binding characteristics.

The m2 muscarinic receptor expressed at high levels in
CHO cells is a system especially well suited for the evalua-
tion of models of G protein-coupled receptors because the
agonist affinities are well separated and clearly defined in
competition binding assays. A relationship between the ratio
of agonist affinities in muscarinic receptors and apparent
efficacy was first reported by Birdsall et al. (24). Our results
identify a specific tyrosine residue that is important for ag-
onist binding in the m2 muscarinic receptor. Similar but less
dramatic effects on agonist binding were reported for the
homologous mutation in the m3 muscarinic receptor (14, 15).
Unlike the results in the m3 subtype, in which mutation of
this tyrosine resulted in diminished coupling to effector sys-
tems, this mutation in the m2 subtype resulted in increased
coupling. The effects of these mutations correlate with
changes in the ratio of agonist affinities for RG compared
with R (scheme in Fig. 1) that increase in the m2 subtype but
decrease in the m3 subtype. The correlation of decreased
agonist affinity with decreased coupling to an effector system
led Wess et al. (15) to conclude that this tyrosine is part of a
binding and trigger mechanism in the m3 subtype serving in
both agonist binding and activation of G proteins. We argue
against this explanation of the results for the m3 mutation
and suggest that the ternary complex model provides an
adequate explanation of the results from both subtypes.

Experimental Procedures
The procedures used to produce stably transfected clonal CHO cell

lines overexpressing wild-type and mutant receptor (2) and enriched
membrane preparations (25, 26) were described previously.

Materials. [3H]QNB, [3H]NMS, and [14C]cAMP were purchased
from DuPont New England Nuclear Research Products (Boston,
MA). [3H]Adenine and myo-[3H]inositol were from American Radio-
labeled Chemicals (St. Louis, MO). Acetylcholine was from Sigma
Chemical (St. Louis, MO). Carbachol and pilocarpine were from
Aldrich Chemical (Milwaukee, WI). Oxotremorine M was from Re-
search Biochemicals (Natick, MA). Ro 20–1724 was from BIOMOL
Research Laboratories (Plymouth Meeting, PA). Guanylyl-imido-
diphosphate was from Boehringer-Mannheim Biochemicals (India-
napolis, IN).

Site-Directed Mutagenesis. The Y403F mutant porcine m2
muscarinic receptor was produced by oligonucleotide-directed mu-
tagenesis according to the method of Vandeyar et al. (27) except that
Escherichia coli ER1451 was used. The mutation was introduced by
priming second strand synthesis with the antisense oligonucleotide:
59-ATGACGTTGAACGGGGCCCAA-39 (the base change is under-
lined). The wild-type coding region was ligated into M13mp18 as a
HindIII/EcoRI fragment derived from the pSVE expression vector (2)
kindly provided by Dr. Daniel Capon (Genentech, South San Fran-
cisco, CA). The sequence of the Y403F was confirmed by dideoxy
sequencing (28). The mutated coding region was ligated into the
pSVE expression vector and used to transfect CHO cells.

Effector Coupling. Phosphatidylinositol stimulation was deter-
mined in attached CHO cells expressing Y403F muscarinic receptor
plated at 2 3 104 cells/mm2 and incubated in 4 mCi/ml myo-[3H]-
inositol for 72 hr. Agonists were added, and inositol 1-phosphate
accumulation was measured after 30 min at 37° as described by Lee
et al. (29). Inhibition of forskolin-stimulated adenylyl cyclase activity
was determined in attached confluent CHO cells in the presence of
100 mM isobutylmethylxanthine, 50 mM Ro 20–1724, and agonist

Fig. 1. Ternary complex model describing the binding of agonist and
G protein to G protein-coupled receptors. A, agonist; G, G protein; R,
free receptor; AR, agonist-bound receptor; RG, G protein-bound re-
ceptor; ARG, agonist/G protein/receptor ternary complex.
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after exposure of the cells to 8 mCi/ml [3H]adenine for 2–3 hr. The
20-min assay at 37° was started by the addition of 40 mM forskolin,
and [3H]cAMP was determined according to the method of Salomon
(30). Results for Y403F mutant and wild-type were compared at
similar levels of expression in cloned cells lines.

Ligand Binding. Ligand binding to enriched membrane prepa-
rations was assessed in 10 mM HEPES, 5 mM MgCl2, 1 mM EDTA,
and 1 mM EGTA, pH 7.4 at 25°. After 4–6 hr, samples were filtered
through Schleicher & Schuell (Keene, NH) No. 32 glass-fiber filter
membranes pretreated with 0.1% (w/v) polyethylenimine on a Bran-
del Harvester (Gaithersburg, MD) and washed with ;10 ml of ice-
cold 50 mM sodium phosphate and 1 mM EDTA, pH 7.4. Nonspecific
binding was assessed in the presence of 1–4 3 104-fold excess unla-
beled ligand. In direct binding experiments on the Y403F mutant,
the receptor site concentrations were 140–350 pM ([3H]NMS) and
60–110 pM ([3H]QNB). In competition binding experiments with
[3H]NMS (2.5–6.5 nM), the receptor site concentration was 60–390
pM.

Protein Stability. Resistance to thermal inactivation was as-
sessed in enriched membrane preparations in the presence and ab-
sence of saturating [3H]QNB. Membranes were exposed to different
temperatures for 1 hr and quenched on ice, and residual [3H]QNB
binding was determined.

Data Analysis. Functional assays were fit to eq. 1, where max1

and max2 are the maxima of the inhibitory and stimulatory portions
of the curve, min is the minimum of the curve, [x] is the agonist
concentration, and p1 and p2 are the respective slope factors. For
adenylyl cyclase assays that showed only an inhibitory phase, the
first two terms were used, and for assays of phosphatidylinositol
metabolism stimulation, the first and last terms were used.

CPM 5 min 1
max1 2 min

1 1 S @x#

~EC50i!
Dp1 1

max2 2 min

1 1 S~EC50s!

@x# Dp2 (1)

In direct saturation binding experiments, total bound radioligand
was analyzed as the sum of specifically, [RL], and nonspecifically,
N[L], bound ligand according to the quadratic solution of eqs. 2 and
3, where [R0] and [L0] are the total receptor and ligand concentra-
tions, respectively; K is the equilibrium dissociation constant; and N
is the proportionality constant of nonspecifically bound ligand to free
ligand concentration.

@RL# 5
~@R0# 2 @RL#!~@L0# 2 @RL#!

K~N 1 1!
(2)

N@L# 5
N~@L0# 2 @RL#!

N 1 1 (3)

Agonist binding was assessed in competition with radiolabeled
antagonist. Agonist binding data were fit to two or three noninter-
acting classes of sites that bound antagonist with the same dissoci-
ation constant. Total labeled antagonist specifically bound, [RL], is
the sum of that bound at each subclass of agonist binding sites
according to the polynomial solutions of eq. 4, as follows:

@RL# 5 O
i51

n
Fi@R0#~@L0# 2 @RL#!

K~N 1 1!S1 1
@A#

Ki
D1 @L0# 2 @RL#

(4)

where [R0] is the total concentration of receptor, Fi is the fraction of
[R0] in site i, [L0] is the total labeled antagonist concentration, [A] is
the total agonist concentration (equal to the free concentration be-
cause no displacement occurs until [A] . [R0], K is the dissociation
constant for radiolabeled antagonist, and Ki the dissociation con-
stant for the agonist at site i (referred to as KH, KM, and KL, the high,
medium, and low affinity equilibrium dissociation constants, respec-
tively). Data were fit by nonlinear least-squares procedures using

Marquardt’s algorithm (31), and parameter values are reported as
the mean and 95% confidence interval of several determinations.

Ligand binding energetics. The difference in ligand binding
energy between Y403F mutant and wild-type muscarinic receptor
was calculated with eq. 5, as follows:

D~DG°! 5 DG°Mutant 2 DG°Wild-type 5 RT ln~KMutant/KWild-type! (5)

where DG° is the standard Gibbs free-energy change, R is the gas
constant, T is the absolute temperature, and K is the equilibrium
dissociation constant. D(DG°) is the apparent binding energy contrib-
uted by the tyrosine hydroxyl (32); it does not take into account the
changes in solvation of the mutant receptor or potential changes in
receptor stability. D(DG°) is defined such that positive values indi-
cate that the mutant binds ligand less strongly.

Results
Ligand binding properties of Y403F m2 muscarinic recep-

tor were assessed in sucrose gradient enriched membrane
preparations. Antagonists [3H]NMS and [3H]QNB bound to a
single class of sites with affinities that were 2.5- and 1.7-fold
lower than those for wild-type receptor, respectively. Ago-
nists seemed to bind to two classes of sites compared with
three for wild-type, with affinities (KM values) that were
200–300-fold lower for acetylcholine and carbachol than for
wild-type. The binding affinities for the agonists oxotremo-
rine M and pilocarpine were less dramatically affected, being
reduced by ,100-fold (Table 1). Competition binding assays
were conducted in the presence and absence of guanylyl-
imidodiphosphate, a nonhydrolyzable analog of GTP; results
for carbachol are shown in Fig. 2. Data in the presence and
absence of guanine nucleotide were fit so that values for KH

and KM were shared in the analysis of a given experiment
(20). The highest affinity site, KH, was sensitive to the pres-
ence of guanine nucleotide, which is consistent with binding
to the G protein/receptor complex.

Among G protein-coupled receptors, agonists can be char-
acterized by their affinity for free receptor and their ability to
promote the formation of the agonist/receptor/G protein ter-
nary complex over the agonist/receptor binary complex. Ag-
onist affinity for free receptor is quantified by KM values,
whereas the ability to promote the ternary complex is de-
scribed by the parameter a (19, 20), which is calculated as the
quotient of KM and KH values (Table 1). The a values for
Y403F were ;4, ;2, ;3, and ;0.6 times greater than those
for wild-type receptor for acetylcholine, carbachol, oxotremo-
rine M, and pilocarpine, respectively.

When comparing a mutant and wild-type protein, it is
difficult to attribute differences in ligand affinity to a specific
interaction between the mutated residue and ligand if the
mutation also results in altered protein structure. Resistance
to irreversible thermal inactivation in the presence and ab-
sence of the antagonist QNB was used to assess the effects of
the mutation on m2 muscarinic receptor structure. Y403F
was indistinguishable from wild-type receptor in its resis-
tance to thermal inactivation, suggesting that loss of the
tyrosine hydroxyl did not significantly destabilize receptor
structure (Fig. 3).

Functional coupling of the mutant receptor was assessed in
attached tissue culture cells, and the results were compared
with data for wild-type receptor at similar expression levels
(20). Acetylcholine, carbachol, and oxotremorine M stimu-
lated phosphatidylinositol metabolism to a slightly greater
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extent than wild-type, whereas the EC50 values were greater
than wild-type by 150, 120, and 40, respectively (Table 2).
These increases in EC50 values are similar to the increase in
KM values: 290, 180, and 65 for acetylcholine, carbachol, and
oxotremorine M, respectively (Table 1). The values of KM and
the EC50 for stimulation of phosphatidylinositol metabolism
were found to be approximately equal for the wild-type re-
ceptor, and this was rationalized as coupling via a G protein
that has a relatively low affinity for the receptor (20). The
mutant receptor seemed to stimulate phosphatidylinositol
metabolism to a greater extent than wild-type with acetyl-TA
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Fig. 2. [3H]NMS displacement by carbachol in Y403F CHO cell mem-
branes. Data were fit to two independent classes of sites, as described
in Experimental Procedures. The parameter values for the fitted lines
are shown 6 asymptotic standard errors. KH 5 0.64 6 0.14 mM, KM 5
238 6 9 mM, and FH 5 39.9 6 1.4% in the absence of guanylyl-
imidodiphosphate (F) and 13.6 6 2.0% in the presence of 200 mM

guanylyl-imidodiphosphate (E). Inset, [3H]NMS binding to the same
membrane preparation presented as a Scatchard plot (33) (K 5 813 6
29 pM). The concentration of [3H]NMS for the carbachol competition
was 5.7 nM, and the receptor site concentration for both the competi-
tion and direct binding of [3H]NMS was 190 pM.

Fig. 3. Irreversible thermal inactivation of Y403F m2 muscarinic recep-
tor. Experiments were done in the absence (E, M, ‚) and presence (F,
f, Œ) of saturating antagonist [3H]QNB. The T0.5 values were 51.8 6
1.0° (three experiments) in the absence and 59.1 6 1.8° (three exper-
iments) in the presence of saturating QNB. Horizontal bars, mean and
95% confidence interval of results from wild-type receptor, 54.1 6 1.6°
(15 experiments) in the absence and 60.2 6 1.3° (16 experiments) in the
presence of saturating QNB. These differences were not significantly
less than wild-type (p 5 0.05). QNB stabilized the receptor by 7.3 6
1.3° in a paired sample analysis, a value not significantly different from
wild-type (6.2 6 0.9°).
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choline, carbachol, and oxotremorine M, but in six experi-
ments, pilocarpine failed to stimulate phosphatidylinositol
metabolism significantly (Table 2).

Acetylcholine, carbachol, and oxotremorine M inhibited
cAMP formation to an extent indistinguishable from wild-
type, whereas pilocarpine inhibited cAMP formation less
than wild-type at comparable receptor densities. The EC50

value for adenylyl cyclase inhibition was inversely dependent
on the receptor density, as was found for wild-type (20), and
the slope of this relationship was greater than that for wild-
type, which is consistent with the observed 2 orders of mag-
nitude lower affinity of agonists for the receptor (Table 3).
The relationship between the EC50 for adenylyl cyclase inhi-
bition and the affinity of agonists for the receptor is more
complicated than the relationship between EC50 for stimula-
tion of phosphatidylinositol metabolism and agonist affinity
(20), making a comparison of EC50 differences and affinity
differences more difficult. The limiting slope and intercept of
these plots are interpretable in terms of simple relationships,
as was done with wild-type (20); however, the lower agonist
affinity observed with the Y403F mutant requires that re-
ceptor sites density be greater for the mutant than for wild-
type to allow a similar analysis. The experimentally accessi-
ble range of receptor concentrations was less than that
available for wild-type, and this type of analysis was not
possible.

Discussion
Substitution of phenylalanine for the conserved tyrosine in

the sixth transmembrane helix seems to meet the general
criteria of a nondisruptive deletion (34). The mutation re-
moves a side chain functional group that is involved in a
specific interaction and replaces it with a smaller group that
does not seem to be involved in overall structural stability.
The calculated D(DG°) values of ;0.5 Kcal/mol for antago-
nists and ;2.5 Kcal/mol for agonists are consistent with the

elimination of a hydrogen bond in the ligand bound mutant
receptor state that exists in the wild-type receptor (Table 1)
(32). An alternative explanation for the role for this tyrosine
is as part of an aromatic cation-p binding site for the ligand
amine, as was proposed on the basis of molecular modeling
(35). Because tyrosine is predicted to be a stronger locus of
cation-p binding potential than phenylalanine due to the
negative electrostatic potential of the hydroxyl oxygen (36),
the distinction between the tyrosine hydroxyl being involved
in a hydrogen bond or contributing negative electrostatic
potential to a cation-p site cannot be made with the available
data. The absence of high resolution structures of the recep-
tor and receptor/ligand complexes necessarily limits any in-
terpretation. A reasonable explanation of these data is that
the tyrosine hydroxyl in muscarinic receptors forms a hydro-
gen bond, of which the strength is important to the binding of
the native agonist acetylcholine.

Results presented here and elsewhere (14) confirm the
importance of tyrosine residues in the binding of agonists,
especially the native agonist acetylcholine and its close ana-
log carbachol, and their relative unimportance in the binding
of antagonists. The contrast between the importance of this
tyrosine residue in agonist and antagonist binding suggests a
role for this residue in the mechanism of receptor activation
of G proteins because its absence in m3 muscarinic receptor
was coincident with a negative effect on receptor activation.
Wess et al. (15) proposed such a role for the conserved ty-
rosine in the sixth transmembrane helix of the m3 musca-
rinic receptor, whereas results presented here suggest little
or no role in receptor activation of G proteins for this residue
in the m2 muscarinic receptor.

Site-directed mutagenesis of each of four transmembrane
tyrosine residues in the m3 muscarinic receptor resulted in
receptors with decreased affinity for acetylcholine and car-
bachol. The largest decrease in agonist affinity among these
tyrosine mutants occurred at residue 506 (58- and 27-fold for

TABLE 2
Effect of Y403F mutation on phosphatidylinositol stimulation in whole-cell assays
Values for EC50 and fold maximal stimulation of phosphatidylinositol metabolism are shown for the indicated receptor site densities. These values are compared with
the wild-type values for the same range of receptor site densities observed in wild-type-expressing CHO cells from data previously reported (20). Results with
pilocarpine were not significant. EC50 values are presented 6 standard deviation.

Agonist n EC50 Stimulationa [R] Wild-type EC50
Wild-type

stimulation

mM fold pmol z dm22 mM fold
Acetylcholine 2 60 6 4 1.6–2.6 1.3–5.0 0.4 6 0.2 1.2–1.4
Carbachol 4 140 6 70 2.4–3.0 5.0–33 1.2 6 0.5 1.6–2.4
Oxotremorine M 2 40 6 3 1.6–2.6 1.3–5.0 1.0 6 0.5 1.4–1.5
Pilocarpine 6 N.S. N.S. 0.7–10.8 10 6 4 1.1–1.3

a Maximal stimulation increased with increasing [R] as in wild-type.

TABLE 3
Effect of Y403F mutation on adenylyl cyclase inhibition in whole-cell assays
EC50 values for the inhibition of adenylyl cyclase activity are reported as a range that varies inversely with [R]. Maximal inhibition is reported as mean 6 standard
deviation except for pilocarpine, for which inhibition was variable and increased with increasing [R] as in wild-type. These values are compared with the wild-type values
for the same range of receptor site densities observed in wild-type-expressing CHO cells from data previously reported (20).

Agonist n EC50 Inhibition [R] Wild-type EC50
Wild-type
inhibition

mM % pmol z dm22 mM %
Acetylcholine 3 1.7–4.9 71.3 6 4.9 5.0–17 0.014–0.07 80.0 6 3.6
Carbachol 6 1.3–37 70.8 6 5.1 5.0–33 0.036–0.5 65.4 6 5.1
Oxotremorine M 5 0.6–4.9 74.4 6 3.7 5.0–23 0.0087–0.28 76.2 6 2.5
Pilocarpine 4 10–110 19 –43 5.0–23 3.4–15 37–62
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acetylcholine and carbachol, respectively), whereas antago-
nist affinities were reduced only a few-fold (15). We mutated
the homologous residue in the m2 muscarinic receptor,
Tyr403, and found that antagonist affinities decreased by
2-fold but agonist affinities decreased by ;280- and ;180-
fold for acetylcholine and carbachol, respectively. In contrast
to the results from the m3 muscarinic receptor functional
coupling, the inhibition of adenylyl cyclase did not seem to be
affected beyond that expected from the decrease in receptor
affinity for acetylcholine and carbachol. Stimulation of phos-
phatidylinositol metabolism was affected, consistent with the
decreased agonist affinity, whereas the maximal response
was greater than wild-type at comparable receptor densities.

The scheme in Fig. 4 is an extension of the ternary complex
equilibrium binding model (Fig. 1) that takes into account
coupling via both the agonist/receptor binary complex and
the agonist/receptor/G protein ternary complex (20). The
model describes the effect of G protein-coupled receptor acti-
vation on the steady state concentration of activated G pro-
tein (G9) as a function of agonist, receptor, and G protein
concentrations; the affinities for each of these for each other;
and the rate constants for G protein activation and inactiva-
tion. If effector coupling is proportional to activated G protein
concentration, then the model describes the effect of G pro-
tein-coupled receptor activation on effector coupling. The
model predicts a pattern of behavior for the two parameters
observable in effector coupling assays, the maximal response,
and the concentration of agonist that produces a half-maxi-
mal response (EC50). As the receptor density increases, max-
imal response increases while the EC50 is unchanged and
equal to the lower affinity agonist dissociation constant, until
G protein concentration becomes limiting. When G protein
concentration is limiting, further increase in receptor concen-
tration has no effect on maximal response, but the EC50

decreases as less agonist is required for a given response.
Between the extremes of limiting receptor concentration and
limiting G protein concentration, both parameters are pre-
dicted to vary with varying receptor density. The placement,
breadth, and shape of this transition depend on the recep-
tor/G protein affinity and the ratio of the agonist/receptor/G
protein affinity and the agonist/receptor affinity (a parame-
ter referred to as a).

The scheme in Fig. 4 explains the observed effects of vari-
able cell-surface receptor density on effector coupling in m2
muscarinic receptor-expressing CHO cells (20). The EC50

value of the inhibition of adenylyl cyclase was found to be
inversely proportional to receptor density, whereas the max-
imal response was constant with varying receptor density for
full agonists acetylcholine, carbachol, and oxotremorine M.
Pilocarpine displayed the same effect of receptor density on
EC50; the maximal effect, however, was reduced relative to
the other agonists (partial agonism) at the low end of the
receptor density range examined and was indistinguishable
from the other agonist effect at the high end of receptor
density. In contrast, the EC50 value for the stimulation of
phosphatidylinositol metabolism was constant and approxi-
mately equal to the KM binding constant for each agonist,
with varying receptor density, but the maximal response
increased with receptor density. The different pattern of be-
havior of the two effector coupling systems over the same
receptor density range was rationalized as the muscarinic
receptor coupling to adenylyl cyclase via a relatively high
affinity G protein and coupling to phosphatidylinositol me-
tabolism via a relatively low affinity G protein. The model
rationalized the partial agonism observed with pilocarpine
and the negative antagonist observed with QNB, NMS, and
hyoscyamine in adenylyl cyclase assays.

Results for pilocarpine in the Y403F mutant differ from
those for the other agonists in two respects that have inter-
pretable significance on the effects of the Y403F mutation.
The a values, a measure of intrinsic efficacy, calculated from
data in Table 1 were found to be greater than wild-type for
acetylcholine, carbachol, and oxotremorine M but less than
wild-type for pilocarpine. The maximal response observed in
both physiological assays for pilocarpine was less than that
found for wild-type at comparable receptor density, whereas
the response found with acetylcholine, carbachol, and ox-
otremorine M was the same or better than that for wild-type.
The a value is related to the ability of an agonist to produce
a physiological response because it is a measure of the ability
of the agonist to promote the formation of the agonist/recep-
tor/G protein complex at the expense of the agonist/receptor
complex. The predicted effect of these changes in a values is
that the maximal response in physiological assays would be
equal to or greater than that for wild-type for acetylcholine,
carbachol, and oxotremorine M and equal to or less than that
for wild-type for pilocarpine.

Not included in the scheme in Fig. 4 are possible effects of
multiple G proteins, coupling via a and bg G protein sub-
units, or multiple active conformational states that are dif-
ferentially stabilized by agonist. In addition, differences be-
tween the wild-type and Y403F clonal cell lines in G protein
concentration or in the ratio of multiple G proteins or muta-
tional alterations in the composite rate constant for G protein
activation would be expected to affect the maximal response.
The effect of a change in a value on maximal response is
predicted to be sensitive to differences in the affinity of the
receptor for G protein such that an effect visible in one assay
may not be visible in another if it were coupled via a different
G protein. The same effect can be explained by activation of
a single G protein via a and bg G protein subunits. This
would require expansion of the model in Fig. 4 at the com-
posite activation steps to include separate activation routes
and different subunit/effector concentration dependencies.

The change in single G protein concentration or ratio of G
proteins that act similarly or in the composite rate constant
for G protein activation cannot account for our results be-

Fig. 4. Ternary complex model with kinetic pathways toward G protein
activation and inactivation. G9, activated G protein. See legend to Fig.
1 for explanation of receptor states.
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cause they would affect the maximal response to a similar
extent for all agonists and would affect the inhibition of
cAMP formation and stimulation of phosphatidylinositol me-
tabolism similarly. Results from a reconstituted system of
purified m2 muscarinic receptor and Gi indicated that pilo-
carpine and carbachol promoted GTPase activity similarly
(37), suggesting that if multiple active conformations that
specifically activate G protein agonist exist, they are not
significant in wild-type; however, this may not be true for the
Y403F mutant. The cell lines used for these studies contain a
mixture of Gi2 and Gi3; Gi1 and Go are not present,1 which
limits the potential for changes in G protein ratio having a
differential effect on the wild-type and mutant-expressing
cell lines. Differential effects of bg subunit stimulation of
phospholipase C seem unlikely in two respects. This effect
would require agonist-specific stimulation of G proteins in
the mutant that is not observed in wild-type. If this occurred
in our experiments, then the differential mixture of bg sub-
units that might result would have to have a differential
effect on phospholipase Cb isozymes. Recent results with
phospholipase Cb3 indicate that there is little difference in
the potencies among different bg subunits, apart from the
very low activity of b1g1 (38). Although there are many
factors, some of which are difficult to control for, that have
the potential to complicate the interpretation of the results,
the simplest explanation is that the observed agonist-specific
change in a value between wild-type and the mutant receptor
is the best explanation of the agonist-specific changes ob-
served in functional assays.

The Y403F mutation in m2 muscarinic receptor seems to
have affected only the ligand binding affinities of the recep-
tor. Our data are consistent with this tyrosine hydroxyl being
involved in a hydrogen bond that is important in the stability
of the agonist bound state. This tyrosine also seems to be
more important in the free receptor than in the G protein-
associated receptor state for acetylcholine, carbachol, and
oxotremorine M. Effects observed in physiological assays can
be explained by reductions in the absolute receptor/agonist
affinity and the relative affinity of agonists for the free re-
ceptor and the receptor/G protein complex.

These results help explain an otherwise difficult to ratio-
nalize result from mutagenesis experiments on the proline
residue in the sixth transmembrane domain of the m3 mus-
carinic receptor. This proline is one residue away from the
tyrosine and is conserved in virtually all G protein-coupled
receptors (the major exception is the olfactory receptors). If
the tyrosine is part of a binding and trigger mechanism for G
protein activation, as was suggested (15), then it seems rea-
sonable to expect that the adjacent proline, with its confor-
mational flexibility, also is an integral part of the trigger.
Support for this model can be found in the results of molec-
ular dynamics simulations on the transmembrane segments
of 5-hydroxytryptamine receptor that suggested agonist but
not antagonist binding would result in large movements in
the transmembrane helices 5 and 6 (39). A trigger mecha-
nism of receptor activation suggests that the agonist/recep-
tor/G protein complex can assume an active and inactive
conformation. However, mutation of this proline residue in
the m3 muscarinic receptor had no effect on antagonist bind-
ing, little effect on agonist binding, and no effect on its ability

to stimulate phosphatidylinositol metabolism (40). In the
Y403F m2 muscarinic receptor, agonist binding to the higher
affinity G protein-coupled receptor state was sensitive to
guanine nucleotides, and the mutant receptor was capable of
eliciting a functional response similar to that of wild-type,
whereas in the Y506F m3 muscarinic receptor (15), agonist
binding was not sensitive to guanine nucleotides, and the
mutant receptor was less capable than wild-type of eliciting a
functional response. This lack of sensitivity to guanine nu-
cleotides in the m3 subtype mutant suggests a relative de-
crease in a values for acetylcholine and carbachol, for which
values increase in the m2 subtype. An explanation of the
results from the m3 muscarinic receptor is that, as in the m2
muscarinic receptor, the conserved tyrosine residue is pri-
marily involved in an interaction that stabilizes the agonist
bound state. This reduced ability to stimulate phosphatidyl-
inositol metabolism has the same mechanistic origin as a
similar effect seen only with pilocarpine in the m2 subtype.
There is no reason to believe that a single mutation could not
have multiple effects, but the data suggest that these muta-
tions in or near the putative agonist binding site affect only
binding. The trigger mechanism, if it exists at all, lies else-
where, perhaps involving the seventh transmembrane helix,
because the proline in that helix had the most dramatic effect
on coupling in the m3 subtype (40).
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