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SUMMARY

The cloning and functional expression of five mammalian mus-
carinic acetyicholine receptor genes (m1-mb5) has revealed that
m1, m3, and m5 primarily couple to stimulation of phosphoino-
sitide (Pl) turnover, whereas m2 and m4 are strongly linked to
inhibition of adenylate cyclase, albeit not exclusively. To identify
the structural domains responsible for this functional specificity,
cDNAs encoding chimeric m2/m3 receptors were constructed.
The abilities of these receptors to mediate stimulation of Pl
hydrolysis and inhibition of prostaglandin E.-stimulated cAMP
accumulation, as well as the pertussis toxin (PTX) sensitivity of
these responses, were examined after stable expression in
mouse A9 L cells. Substitution of the putative third cytoplasmic
loop (i3) of m2 with the corresponding m3 sequence resulted in
a chimeric receptor that, similar to m3, stimulated Pl breakdown
by a PTX-insensitive mechanism but did not inhibit adenylate
cyclase. Conversely, a chimeric m3 receptor containing the i3
domain of m2 showed the same functional profile as m2 (i.e.,

inhibition of adenylate cyclase and weak stimulation of Pl tum-
over by a PTX-sensitive mechanism), indicating that the i3 loop
is sufficient to determine coupling selectivity. Similarly, exchange
of a short N-terminal segment of i3 (16 or 17 amino acids)
between m2 and m3 resulted in chimeric receptors that gained
the ability to mediate the functional responses of the wild-type
receptor from which the segment was derived, although with
substantially reduced efficiency. However, the chimeric m2 re-
ceptor containing the 17-amino acid m3 sequence in the N-
terminal portion of i3 retained its ability to inhibit adenylate
cyclase. Carbachol binding studies involving the use of the GTP
analog 5’-guanylyl imidodiphosphate and PTX-pretreated cells
generally correlated well with the functional findings. Our data
indicate that the N-terminal portion of i3 is a sufficient but not
the exclusive determinant of coupling selectivity displayed by the
various muscarinic receptors.

Muscarinic receptors are coupled via G proteins to a variety
of second messengers and ion channels (1). The cloning of five
muscarinic receptor genes (m1-m5) from various mammalian
species (2-9) has revealed that the muscarinic receptor family
exhibits substantial structural homology with all G protein-
coupled neurotransmitter receptors that have been cloned so
far. Hydrophobicity analysis of the deduced amino acid se-
quences predicts that all of these receptors have similar struc-
tures, composed of seven hydrophobic membrane-spanning do-
mains connected by alternating cytoplasmic and extracellular
loops (10).

The functional expression of the different muscarinic recep-
tor genes in mammalian cells and Xenopus oocytes has shown
that the individual receptor subtypes preferentially couple to
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distinct signal transduction pathways (11-20). m1, m3, and m5
mediate a pronounced stimulation of PI hydrolysis (7-9, 13, 16,
17), an increase in intracellular calcium (15, 18), arachidonic
acid release (13), and cAMP levels (17, 19), and the activation
of calcium-dependent ion channels (11, 12, 15, 16, 18, 20).
Usually, these effects are not (8, 16, 18, 19) or are only partially
(21) sensitive to blockade by PTX. In contrast, m2 and m4 are
linked to inhibition of adenylate cyclase (17, 19) and a weak
stimulation of PI breakdown (17) via PTX-sensitive G proteins
(19, 21, 22).

A recent electrophysiological study has found that the puta-
tive third cytoplasmic loop (i3) located between the fifth and
the sixth transmembrane regions is sufficient to determine the
specificity of the functional response mediated by the individual
muscarinic receptors (23). This conclusion is based on the
observation that exchanging the i3 domain between m1 and m2
caused a reversal in the ability of the resulting hybrid receptors

ABBREVIATIONS: G protein, guanine nucleotide-binding protein; NMS, N-methylscopolamine; PTX, pertussis toxin; Gpp(NH)p, 5’-guanylyl imido-
diphosphate; Pl, phosphoinositide; IP;, inositol monophosphate; i3, the putative third cytoplasmic loop of guanine nucleotide-binding protein-coupled
receptors; PGE, prostaglandin E.; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IBMX, 3-isobutyl-1-methyixanthine.
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to couple to specific ion channels when expressed in Xenopus
oocytes (23).

Except for the first and the last 15-20 amino acids, there is
no apparent sequence homology in the i3 regions of m1-m5.
Whereas the C-terminal sequences of i3 are relatively well
conserved among all five receptors, the N-terminal portions are
highly conserved only within the two functional classes (m1,
m3, and m5 versus m2 and m4) (2-9). In agreement with this
pattern, there exists considerable sequence similarity in the N-
terminus of i3 between a cloned Drosophila muscarinic receptor
that strongly couples to stimulation of PI metabolism and m1,
m3, and m5 (24). On the other hand, a cloned chick muscarinic
receptor that preferentially couples to inhibition of adenylate
cyclase shares a high degree of sequence homology with m2 and
m4 in this receptor domain (25).

To study the potential role of the N-terminal portion of i3
in conferring coupling selectivity, we have constructed cDNAs
encoding chimeric m2/m3 receptors in which the whole i3 loop
or a 16- or 17-amino acid segment located at the N-terminus
of i3 has been exchanged between the human m2 and the rat
m3 receptor (Fig. 1). Following stable expression of these
receptors in mouse A9 L cells, their ability to mediate agonist-
induced stimulation of PI hydrolysis and inhibition of PGE.-
stimulated adenylate cyclase activity has been investigated. In
addition, the sensitivity of these responses to blockade by PTX
has been examined, to allow a better characterization of the G
proteins involved. Moreover, we have studied the agonist-bind-
ing properties of the various receptors involving the use of the
GTP analog Gpp(NH)p and PTX-pretreated cells. Our data
indicate that the N-terminal portion of i3 is a major but not
the exclusive determinant of G protein coupling selectivity.

Experimental Procedures

Materials. Tissue culture reagents were from GIBCO Laboratories.
[PH]NMS (71-85 Ci/mmol) was purchased from New England Nuclear,
and myo-[*H]inositol (23 Ci/mmol) from American Radiolabeled
Chemicals Inc. PTX and Gpp(NH)p were from List and Boehringer
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Fig. 1. Structure of chimeric muscarinic receptors composed of human
m2 (OJ) and rat m3 sequences (ll). The seven putative transmembrane
domains are numbered I-VII from the NH-terminus (extracellular) to the
COOH-terminus (intracellular). The putative third cytoplasmic loop is
designated i3. The fact that m3 differs from m2 in the lengths of the N-
terminal portion preceding transmembrane segment | (+44 amino acids),
the i3 domain (+59 amino acids), and the C-terminal sequence following
segment VIl (+20 amino acids) is ignored. In total, the human m2 and
the rat m3 receptors are composed of 466 and 589 amino acids,
respectively (6). The individual chimeric receptors are composed as
follows (amino acid numbers are given in parentheses): m2/m3-i3, m2
(1-207), m3 (252-491), and m2 (389-466); m3/m2-i3, m3 (1-251), m2
(208-388), and m3 (492-589); m2/m3-17aa, m2 (1-207), m3 (252-268),
and m2 (225-466); m3/m2-16aa, m3 (1-251), m2 (208-223), and m3
(268-589).

Mannheim, respectively. A9 L cells were obtained from the American
Type Culture Collection and are a fibroblast-like subclone of the mouse
cell line ATCC CCL 1. Reagents for the determination of cAMP by
radioimmunoassay were supplied by Dr. Gary Brooker (Georgetown
University, Washington, DC). All other reagents were from Sigma,
unless otherwise noted.

Expression plasmid constructs. The construction of the expres-
sion plasmids coding for the human m2, the rat m3, and the various
chimeric receptors examined in this study has been described previously
(6, 26). To create mutant receptors m2/m3-i3 and m3/m2-i3, amino
acids 208-388 from human m2 and amino acids 252-491 from rat m3
(i.e., the whole i3 domains) were exchanged (for sequences, see Ref. 7).
Chimeric receptors m2/m3-17aa and m3/m2-16aa were constructed by
substituting the amino acid sequences HISRASKSRIKKDKKE (m2)
and RIYKETEKRTKELAGLQ (m3) located in the N-terminal portion
of i3 for the corresponding 16 or 17 amino acids of m2 and m3. To
create m2/m3-17aa, a Hpal site was introduced at amino acids 225-
226 in the i3 region of m2, changing amino acid 226 from alanine to
asparagine (26).

Tissue culture and stable expression of cloned receptors. A9
cells were grown as monolayers in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum and 100 units/ml penicillin
and streptomycin, in §% CO, at 37°. For transfections, cells were
seeded into six-well plates at a density of 10° cells/well; 24 hr later, 4
ug of plasmid DNA [containing the muscarinic constructs inserted into
the pCD expression vector, (27)] were cotransfected with 0.2 ug of
pCDneo into A9 L cells by calcium phosphate precipitation, according
to the procedure described by Chen and Okayama (28). Selection with
the neomycin analog G418 (400 ug/ml) was started 72 hr after trans-
fection and continued for 2-3 weeks. Clonal cell lines were obtained by
single-cell cloning and assayed for [°"H]NMS binding capacity as de-
scribed previously (29).

Binding assays. Cell membranes were obtained and binding assays
were performed essentially as described previously (29). Binding buffer
consisted of 25 mM sodium phosphate (pH 7.4) containing 5 mM MgCl,.
In order to determine [PH)NMS affinities and maximum binding ca-
pacities for the various receptors and cell lines studied, six or seven
different concentrations of the radioligand, ranging from 12.5 to 800
pM, were used. In the carbachol displacement experiments, 10-13
different carbachol concentrations, ranging from 0.63 nM to 3 mM,
were employed. The [*H]NMS concentration used in these experiments
was 200 pM. Nonspecific binding was defined by 1 uM atropine. Incu-
bations were carried out at room temperature for 3 hr. Binding data
were analyzed by a nonlinear least squares curve-fitting procedure, as
detailed in Ref. 29, using the program DATAPLOT run on a VAX II
computer.

Protein concentrations were determined according to the method of
Bradford (30), using a Bio-Rad protein assay kit.

PI metabolism. A9 L cells were incubated in 24-well plates (plating
density, 10° cells/well) with 1 xCi/ml myo-[*H]inositol for 48 hr.
Immediately before an experiment, the cells were washed twice with
phosphate-buffered saline and incubated for 15 min in Eagle’s medium
containing 10 mM LiCl and 20 mM HEPES. The medium was then
replaced by 0.25 ml of the same medium containing the experimental
agents. After a 1-hr incubation at room temperature, the reaction was
stopped by the addition of 0.75 ml of 7.5% (w/v) ice-cold trichloroacetic
acid, followed by a 30-min incubation on ice. The trichloroacetic acid
was extracted with water-saturated diethyl ether (3 X 4 ml), and levels
of IP, were determined by anion exchange chromatography (31) and
an LKB liquid scintillation counter.

Measurement of cAMP levels. A9 L cells were plated at a density
of 10° cells/well in 24-well plates. After 24 hr, the growth medium was
replaced with 0.25 ml of Eagle’s medium containing 1 mM IBMX, 20
mM HEPES, and the various carbachol concentrations to be tested.
The reaction was stopped after a 10-min incubation at room tempera-
ture by addition of 0.25 ml of an ice-cold solution containing 0.1 N HCI
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and 1 mM CaCl,. cAMP levels were determined usinga GAMMAFLOW
automated radioimmunoassay for acetylated cAMP ('*I-acetyl-cAMP).

Results

[PHINMS binding studies. Transfected A9 L cells were
examined for their ability to specifically bind the muscarinic
antagonist [*H)NMS. Whereas no detectable binding was found
in nontransfected cells, specific [FTH]NMS binding could be
demonstrated in A9 L cell lines transfected with m2, m3, and
the various mutant receptor genes. In Table 1, dissociation
constants (Kp) for [F[HJNMS as well as levels of expression
(fmol/mg of membrane protein) are given for the individual
receptors. Whereas m2/m3-i3 and m2/m3-17aa bound the ra-
dioligand with affinities similar to that of m2 (Kp approxi-
mately 90 pM), m3, m3/m2-i3, and m3/m2-16aa displayed an
approximately 2-3-fold higher [P(H]NMS affinity (K, approxi-
mately 40 pM). Thus, the [FH]NMS binding profile of m2 and
m3 remained essentially unaltered by substitutions in the i3
region.

Carbachol binding experiments. The ability of the ago-
nist carbachol to displace specific ['H]NMS binding to the
various wild-type and chimeric receptors was studied in the
absence and presence of the hydrolytically stable GTP analog
Gpp(NH)p (100 uM). In the absence of Gpp(NH)p, all carbachol
inhibition curves were characterized by Hill coefficients sub-
stantially smaller than 1 (Table 2). In the presence of
Gpp(NH)p, all curves were steepened and shifted to the right,
consistent with each of the receptors being coupled to G pro-
teins endogenous to A9 L cells (Fig. 2, Table 2). To further
characterize the G proteins involved, the effect of pretreatment
of transfected cells with PTX (100 ng/ml, 14 hr) on carbachol
binding was also investigated. As illustrated in Fig. 2, PTX had
no significant effect on carbachol binding to m3, m2/m3-i3,
and m3/m2-16aa (Table 2). In the case of m2, m3/m2-i3, and
m2/m3-17aa, PTX pretreatment led to a steepening and a
rightward shift of the agonist binding curves. The PTX effects
on carbachol binding were quantitatively similar to those of
Gpp(NH)p in the case of m2 and m3/m2-i3 but did not reach
the magnitude of the Gpp(NH)p shift in the case of m2/m3-
17aa.

As observed previously (26), carbachol inhibited [PH]NMS
binding to m2 with substantially higher potency, compared
with m3 (Table 2). This potency difference was reversed when

TABLE 1
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the i3 loops were exchanged between the two wild-type recep-
tors. In contrast, m2/m3-17aa and m3/m2-16aa showed ICs
values similar to those of m2 and m3, respectively (Table 2).

PI metabolism. The ability of m2, m3, and the chimeric
m2/m3 receptors to mediate stimulation of PI hydrolysis was
determined by studying carbachol-induced increases in intra-
cellular IP, levels. Cells were incubated with carbachol for 60
min, because IP, levels were found to be maximally elevated
after this period of time (data not shown). Untransfected A9 L
cells did not exhibit any increase in IP, production above basal
levels following addition of the agonist. Upon stimulation by
carbachol, wild-type m3 mediated a strong increase in IP,
production (maximum response, 572 + 69%; Table 1), which
was not inhibited by pretreatment of cells with PTX (14 hr,
100 ng/ml) (Fig. 3). In contrast, agonist stimulation of m2-
expressing cells resulted in a moderate PI response (maximum
IP, elevation, 61 + 7%; Table 1), which proved to be highly
sensitive to blockade by PTX (Fig. 3).

Likewise, all chimeric receptors studied, except m3/m2-16aa,
reliably mediated carbachol-induced increases in IP, accumu-
lation, albeit with considerably lower efficiency than wild-type
m3 (Fig. 3, Table 1). Whereas PTX pretreatment had no
inhibitory effect on the responses evoked by stimulation of m2/
m3-i3 and m2/m3-17aa, it blocked IP, production induced by
activation of m3/m2-i3 (Fig. 3). All carbachol effects on PI
turnover could be completely antagonized by 10 uM atropine.

cAMP levels. The ability of m2, m3, and the various mutant
receptors to mediate inhibition of PGE,-stimulated cAMP ac-
cumulation was investigated. Transfected cells were incubated
with carbachol for 10 min, after which time maximal cAMP
responses were observed. PGE, treatment (100 uM) of A9 L
cells resulted in a 6-8-fold increase in cAMP over basal levels.
This response was inhibited by 42 + 2% after stimulation of
m2-expressing cells with carbachol (Fig. 4, Table 1). The car-
bachol ECg for this effect (0.049 + 0.005 uM) was approxi-
mately 50-fold lower than that obtained for m2-mediated stim-
ulation of PI breakdown (2.5 + 0.8 uM) (Table 1). Likewise,
three of the four chimeric receptors studied, m3/m2-i3, m2/
m3-17aa, and m3/m2-16aa, mediated a decrease in PGE,-in-
duced cAMP production, although with lower efficiency than
m2 (Fig. 4, Table 1). These effects, as well as the m2-induced
decrease in CAMP levels, were completely prevented by pre-
treatment with PTX (Table 3). In contrast, carbachol concen-

Antagonist binding and functional profile of chimeric m2/m3 muscarinic receptors stably expressed in A9 L cells
In the [*H]NMS binding studies, Hill coefficients were not significantly different from unity for any of the receptors studied. ECs, values for carbachol were determined

graphically from plots of log carbachol concentration versus

Carbachol concentrations used ranged from 0.1 um to 1 mm (P! assays) and from 1.52

percentage response.
nm to 3.33 um (CAMP assays), respectively. Basal IP, levels as well as background and PGE-stimulated CAMP levels are given in the legends to Figs. 3 and 4,
respectively. Data are presented as means + standard errors of two or three (binding studies) or three to eight independent experiments (functional studies), each
performed

in duplicate.

PHINMS binding Stimulation of IP, accumuation Inhibition of PGE-stimuated CAMP production
: Ko, PHINMS Brax Maxmum PTXsersitvly  ECo catachl  paro  PTX sansitvy ECso, carbichol
M fmol/mg of protein % uM % um

m2 9114 746 + 2 617 + 25+08 42+2 + 0.049 + 0.005
m3 3B+1 618 £ 59 572 + 69 - 44 +07 11
m2/m3-i3 885 444 £ 16 7315 - 165+ 4.2 121
m3/m2-i3 445 11327 265 + ND* 18+2 + 0.12 + 0.01
m2/m3-17aa 95 + 10 1023+ 9 26+ 2 - 204 +128 17 1 + 0.22 + 0.07
m3/m2-16aa 38 3 471 £1 64 1M1+2 + 0.053 + 0.018

* ND, not determinable with sufficient accuracy, due to the flatness of the dose-response curves.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

520 Wessetal

TABLE 2

Parameters of carbachol binding to chimeric m2/m3 muscarinic receptors
Several different concentrations of the agonist carbachol (0.63 nm to 3 mm) were incubated at room temperature for 3 h with 200 pm [°H]NMS. Membrane homogenates

from transfected A9 L cells were assayed in the absence (control) or presence of Gpp(NH)p (100 um). In addition, membrane

tes from PTX-pretreated cells

(100 ng/ml, 14 hr) were assayed in the absence of Gpp(NH)p. ICs, values and Hill coefficients (n,) were obtained by computer fit, as described (29). Data are presented
as means + standard errors of three independent experiments, each performed in duplicate.

Control +Gpp(NH)p +PTX
Receptor ICso Ny 1Cso Ny ICso Ny
uM uM UM

m2 0.064 + 0.009 0.28 + 0.02 428 +0.13 0.72 + 0.02 320 + 0.44 0.91 + 0.05
m3 50.5 + 0.9 0.70 + 0.03 135 + 10 0.97 + 0.05 55.4 + 3.7 0.69 + 0.05
m2/m3-i3 178+ 6.9 0.64 + 0.17 572+ 6.4 1.02 £ 0.07 186+28 0.56 + 0.05
m3/m2-i3 0.33 + 0.04 0.53 + 0.03 2.59 + 0.05 0.62 + 0.01 2.69 + 0.26 0.62 + 0.01
m2/m3-17aa 0.13 + 0.04 0.48 + 0.03 2.33 + 0.51 0.80 + 0.06 122+ 024 0.62 + 0.05
m3/m2-16aa 39217 0.59 + 0.03 73752 0.83 + 0.06 432+ 46 0.56 + 0.03

m3 L] a m2/m3-i3

L1 2t 1 1 1 1

©
c
3
1 L L T T LI L} 1 ] T
g 4 -7 € 5 -4 3 29 8 7 6 5 -4 3
4
T b m2/m3-17aa |
(A ] i
2 ] ]
] ] i
20.1 . -
J i J

L4
9 8 7 £ 5 -4 39 8 7

14 T L

L] -5 -4 S 8 7 € 5 -4 -3 2

Carbachol, log M

Fig. 2. Effect of Gpp(NH)p and PTX on carbachol binding to m2, m3, and chimeric m2/m3 receptors. The displacement of [*H]NMS (200 pm) binding
by carbachol was studied in membrane homogenates (10-40 ng of protein) from transfected A9 L cells. Assays were performed in the absence
(control) (M) or presence of 100 um Gpp(NH)p ([@). In addition, membrane homogenates from PTX-pretreated cells (100 ng/ml; 14 hr) (A) were
assayed in the absence of Gpp(NH)p. Lines were generated by computer fit, as described (29). Curves shown are representative of three independent
experiments, each performed in duplicate. Computer-fitted binding parameters are summarized in Table 2.

trations of up to 1 mM did not inhibit adenylate cyclase activity
in cells expressing m3 and m2/m3-i3; instead, cAMP levels
were slightly increased over PGE,-stimulated levels (maximum
increases, 38 + 11 and 12 + 8%, respectively; three experiments)
at higher carbachol concentrations (3 uM to 1 mM). As shown
with m1-expressing A9 L cells, this effect is most likely second-
ary to the carbachol-induced inositol phosphate release (32).
All carbachol-induced changes in intracellular cAMP levels
could be completely blocked by incubation with 10 uM atropine.

Discussion

To study the structural determinants underlying the func-
tional diversity of muscarinic receptors, chimeric m2/m3 recep-
tors were stably expressed in A9 L cells and examined for their
ability to mediate stimulation of PI metabolism and inhibition
of adenylate cyclase. All chimeric receptors studied bound the
antagonist [°"H]NMS and the agonist carbachol in an affinity
range comparable to that of the wild-type receptors. As has

been observed in other cell lines (21, 22), we have shown that
m2 receptors couple to two PTX-sensitive responses in A9 L
cells, strong inhibition of adenylate cyclase and weak stimula-
tion of PI metabolism. On the other hand, m3 receptors strongly
stimulate PI turnover by a PTX-insensitive mechanism and do
not irhibit adenylate cyclase.

When the i3 loops were exchanged between m2 and m3, the
resulting chimeric receptors, m2/m3-i3 and m3/m2-i3, dis-
played the same functional profile as m3 and m2, respectively.
These data confirm at a biochemical level that the i3 domain
contains all of the information required to confer coupling
selectivity, as observed in a recent electrophysiological analysis
of m1/m2 receptor chimeras expressed in Xenopus oocytes (23).
In that case, exchange of the i3 loops between m1 and m2
caused a reversal in the ability of the resulting mutant receptors
to couple to calcium-dependent versus calcium-independent ion
channels (23). Similar findings have been obtained with a,/8;
hybrid receptors (33), indicating that the i3 region may gener-
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Fig. 3. Effect of PTX on receptor-mediated stimulation of Pl hydrolysis. ®, Control responses (no pretreatment); O, effects after incubation with PTX
(100 ng/ml; 14 hr). A9 L cells expressing m2, m3, or the indicated chimeric receptors were incubated with increasing concentrations of carbachol

for 60 min at room temperature, and the production of IP, was determined as described. The results are presented as percentage

of increase in IP,

above basal levels measured in the absence of carbachol. Basal IP, levels (in cpm/well) in nonpretreated cells were: 231 + 9 (m2), 228 + 23 (m3),
323 + 15 (M2/m3-i3), 210 + 18 (M3/m2-i3), 257 + 20 (m2/m3-17aa), and 232 + 21 (m3/m2-16aa). Basal IP, levels in PTX-pretreated cells were not
significantly different from these values. No PTX experiments were carried out with m3/m2-16aa, because this mutant receptor did not mediate an
appreciable Pl response. Data are presented as means + standard errors of three or four independent experiments, each performed in duplicate.

ally determine the effector coupling specificity of G protein-
linked receptors.

It should be noted that the maximum functional responses
mediated by m2/m3-i3 and m3/m2-i3 were weaker than the
corresponding wild-type m2 and m3 effects, particularly as far
as stimulation of PI hydrolysis is concerned. One possible
explanation for this phenomenon is that other cytoplasmic
domains, besides the i3 loop, which have little effect on coupling
selectivity, may be required for full coupling efficiency. Alter-
natively, it is also conceivable that the chimeric receptors adopt
a conformation that does not couple efficiently to the respective
G proteins.

In order to more precisely define the portion(s) within the i3
domain responsible for the described functional selectivity,
chimeric receptors (m2/m3-17aa and m3/m2-16aa) were con-
structed in which the N-terminal portion of i3 was exchanged
between m2 and m3. It has been suggested that this receptor
segment may play a critical role in selective receptor-G protein
interactions (26), because it is conserved only within the two
functional classes of muscarinic receptors (ml1l, m3, and m5
versus m2 and m4). In fact, the functional profiles of m2/m3-
17aa and m3/m2-16aa clearly support this concept. Both mu-
tant receptors gained the ability to mediate the functional
responses of the respective wild-type receptor from which the
short i3 fragment was derived, although with even lower effi-
ciency than observed with m2/m3-i3 and m3/m2-i3. One pos-
sible explanation for the further reduction in activity is that
additional domains within the i3 loop, besides the first 16 or
17 amino acids, are involved in defining the efficiency of
coupling.

The presented data are in general agreement with our earlier
study, which examined the ability of the same mutants to
mediate stimulation of PI metabolism after transient expres-
sion in COS-7 cells (26). A notable difference between the
results obtained in the two studies is that m2/m3-17aa was
able to give a PI response in COS-7 cells similar in magnitude
to that of wild-type m3, albeit with considerably reduced car-
bachol potency. The much higher levels of expression, on a per
cell basis, that are achieved in the transient expression system
may be an explanation for this discrepancy. When expressed
at high levels, the weakly coupled chimeric receptor may behave
in a fashion analogous to a partial agonist under conditions of
a high degree of receptor spareness. Under such conditions,
partial and full agonists display similar maximal responses.

Although our findings clearly demonstrate the pivotal func-
tional role of the N-terminal section of i3, the activity profile
of m2/m3-17aa indicates that this receptor domain is not the
exclusive structural determinant of G protein coupling specific-
ity. Despite the fact that m2/m3-17aa contains the m3 sequence
in the N-terminal portion of i3, this receptor still couples to
inhibition of adenylate cyclase, whereas m2/m3-i3, containing
the whole i3 loop of m3, does not. This finding suggests that
there exists an additional structural element within the i3
domain that is critically involved in conferring coupling selec-
tivity. Biochemical analysis of m1 (34) and B8; receptor (35)
deletion mutants has shown that most of the i3 loop, except
the two membrane-proximal portions, can be deleted without
affecting coupling to stimulation of PI hydrolysis and cAMP
production, respectively. It seems likely, therefore, that the C-
terminal segment of i3, in addition to the N-terminus, contains
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Fig. 4. Effect on PGE:-induced CAMP accumulation mediated by m2 and
m3 (A), as well as chimeric m2/m3 (B), receptors. Transfected A9 L celis
were incubated for 10 min with increasing concentrations of carbachol,
in the presence of PGE. (100 um) and the phosphodiesterase inhibitor
IBMX (1 mm). CAMP levels were determined by radioimmunoassay, as
described. Before addition of PGE,;, CAMP levels in IBMX-treated cells
were (in pmol/mi of assay medium; total assay volume/well, 0.5 mi): 2.10
+ 0.13 (m2), 1.82 + 0.09 (m3), 2.64 + 0.14 (M2/m3-3), 2.34 + 0.17
(m3/m2-3), 2.05 £ 0.10 (m2/m3-17aa), and 2.06 + 0.12 (M3/m2-16aa).
PGE; increased these levels to 14.1 + 2.0 (m2), 11.3 + 1.2 (m3), 19.8
+ 3.8 (M2/m3-i3), 16.6 + 2.0 (M3/m2-i3), 13.1 £ 2.2 (M2/m3-17aa), and
14.2 + 1.2 (m3/m2-16aa). Data are expressed as percentage of control
CAMP leveis in the presence of PGE, and in the absence of carbachol.
Data from a representative experiment are shown. Similar responses

were obtained in three to six independent experiments, each petformed
in duplicate.

TABLE3

Etfect of PTX on carbachol-induced decreases in CAMP leveis
mediated by chimeric m2/m3 muscarinic receptors

Transfected A9 L cells were pretreated with PTX (100 ng/mi) for 14 hr. For CAMP
assays, celis were incubated with 1.11 um carbachol in the presence of PGE, (100
um) and the phosphodiesterase inhibitor IBMX (1 mm). CAMP levels were measured
by radioimmunoassay, as described in Experimental Procedures. Basal and PGE-
stimulated CAMP levels were similar to the values given in the legend to Fig. 4. In
PTX-pretreated cells, these levels were not significantly different from those found
in nonpretreated celis. Data are expressed as of control CAMP levels
in the presence of PGE; and in the absence of carbachol. in the case of m3 and
m2/m3-3, no significant decrease in PGE-stimulated CAMP leveis was observed,
without or after pretreatment with PTX. Data are given as means + standard errors
of two independent experiments, each performed in duplicate.

Inhibition of PGE,-stimulated CAMP
production

No pretreatment +PTX

%
m2 4114 4+3
m3/m2-i3 17+2 2+2
m2/m3-17aa 13+3 3+2
m3/m2-16aa 11+£2 2+2

a second structural determinant of G protein coupling selectiv-
ity. Interestingly, m2/m3-17aa is also exceptional among all
receptors studied in that it clearly couples to two different G
proteins, a PTX-sensitive one mediating inhibition of aden-
ylate cyclase and a PTX-insensitive one mediating stimulation
of PI metabolism.

If coupling to PI turnover and inhibition of adenylate cyclase
were governed by the same structural elements, one should
expect that m3/m2-16aa, analogous to m2/m3-17aa, should
retain its ability to induce stimulation of PI hydrolysis by a
PTX-insensitive mechanism. However, no appreciable PI re-
sponse was obtained with this mutant receptor. Given the
relatively weak cAMP response mediated by m3/m2-16aa, a
potential weak coupling of this receptor to PI hydrolysis may
remain undetected due to the generally lower efficiency of
coupling to PI turnover, as compared with the cAMP inhibition.
In agreement with this concept, maximal PI responses to the
various chimeric receptors were more strongly depressed than
the corresponding cAMP responses, and carbachol showed
considerably higher ECy, values in the PI assay. The apparent
differences between the functional profiles of m2/m3-17aa and
m3/m2-16aa can, thus, be interpreted without postulation of
different structural determinants for both functional responses.

The results of the carbachol binding studies generally corre-
lated well with the functional findings. In all cases, the GTP
analog Gpp(NH)p produced a steepening and a rightward shift
of the carbachol inhibition binding curves, consistent with all
receptors being coupled to G proteins. Pretreatment of cells
with PTX had no effect on carbachol binding to m3 and m2/
m3-i3, whereas it quantitatively mimicked the effects of
Gpp(NH)p in the case of m2 and m3/m2-i3. This finding is in
agreement with the notion that the i3 loops determine the
selectivity of G protein coupling. Interestingly, the carbachol
ICs values in the presence of Gpp(NH)p were similarly low for
m2 and m3/m2-i3, whereas they were substantially higher for
m3 and m2/m3-i3. This finding indicates that differences in
carbachol binding affinities for the individual muscarinic re-
ceptors are mainly caused by the different i3 loops.

Consistent with the finding that m2/m3-17aa coupled to both
PTX-sensitive and PTX-insensitive G proteins in the func-
tional assays, the Gpp(NH)p effect on carbachol binding to this
receptor was composed of a PTX-sensitive and a PTX-insen-
sitive component. In the case of m3/m2-16aa, PTX had no
significant effect on carbachol binding, although this receptor
mediated a weak PTX-sensitive inhibition of cAMP levels in
the functional assays. This discrepancy may be explained as
follows. If only a small receptor fraction, which is sufficient to
mediate a small cAMP response, is coupled to PTX-sensitive
G proteins, these receptors may remain undetected in the
carbachol binding assay. However, as already discussed in the
previous paragraph, the binding studies in conjunction with the
functional data suggest that m3/m2-16aa, similar to m2/m3-
17aa, may be linked to both PTX-sensitive and PTX-insensi-
tive G proteins.

It is conceivable that the large structural similarity found
among all G protein-coupled receptors reflects a similar mode
of interaction of the individual receptors with their respective
G proteins. For this reason, the findings obtained in this study
may be of general importance for the entire family of G protein-
linked receptors.
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