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ABSTRACT We have tested the hypothesis that guanine-
nucleotide-binding-protein-coupled receptors may be able to
interact with each other at a molecular level. To address this
question, we have initially created two chimeric receptors,
az/m3 and m3/ @, in which the C-terminal receptor portions
(containing transmembrane domains VI and VII) were ex-
changed between the a,c-adrenergic and the m3 muscarinic
receptor. Transfection of COS-7 cells with either of the two
chimeric constructs alone did not result in any detectable
binding activity for the muscarinic ligand N-[*H)methylscopol-
amine or the adrenergic ligand [*H]rauwolscine. However,
cotransfection with «/m3 and m3/ «; resulted in the appear-
ance of specific binding sites (30-35 fmol/mg of membrane
protein) for both radioligands. These sites displayed ligand
binding properties similar to those of the two wild-type recep-
tors. Furthermore, COS-7 cells cotransfected with a;/m3 and
m3/a; were able to mediate a pronounced stimulation of
phosphatidylinesitol hydrolysis upon stimulation with the mus-
carinic agonist carbachol (E .« = 40-50% of wild-type m3). A
mutant m3 receptor (containing 16 amino acids of m2 receptor
sequence at the N terminus of the third cytoplasmic loop) that
was capable of binding muscarinic ligands but was virtually
unable to stimulate phosphatidylinositol hydrolysis was also
used in various cotransfection experiments. Coexpression of
this chimeric receptor with other functionally impaired mutant
muscarinic receptors (e.g., with an m3 receptor containing a
Pro — Ala point mutation in transmembrane region VII)
resulted in a considerable stimulation of phosphatidylinositol
breakdown after carbachol treatment (Ep.x =~ 40-50% of
wild-type m3). Thus, these data suggest that guanine-
nucleotide-binding-protein-coupled receptors can interact with
each other at a molecular level. One may speculate that the
formation of receptor dimers involving the intermolecular
exchange of N- and C-terminal receptor domains (containing
transmembrane domains I-V and VI and VII, respectively)
may underlie this phenomenon.

Muscarinic acetylcholine receptors (ml-m5) are integral
membrane proteins that, upon agonist stimulation, interact
with guanine nucleotide binding proteins (G proteins) to
induce a variety of intracellular responses (1, 2). Like all
other G-protein-coupled receptors, the muscarinic receptors
are predicted to be composed of seven hydrophobic trans-
membrane domains (TMD I-VII), connected by alternating
intra- and extracellular loops. Whereas several of the trans-
membrane regions have been shown to be involved in ligand
binding (2-4), the specificity of G-protein coupling is primar-
ily determined by the membrane-proximal portions of the
third cytoplasmic loop (i3; refs. 5-8).
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We have shown (9) that muscarinic receptors behave
structurally in a fashion analogous to two-subunit receptors.
When truncated m2 or m3 receptors (containing TMD I-V)
were coexpressed in COS-7 cells with gene fragments coding
for the corresponding C-terminal receptor portions (contain-
ing TMD VI and VII), functional muscarinic receptors with
ligand binding properties similar to those of the two wild-type
receptors were obtained. Similar findings have also been
described for “‘split’’ B,-adrenergic receptors coexpressed in
Xenopus oocytes (10). Based on these results, we have
speculated that the association of N- (containing TMD I-V)
and C-terminal receptor domains (containing TMD VI and
VII) may occur not only intra- but also intermolecularly, thus
providing a molecular basis for receptor dimerization.

To test the hypothesis that G-protein-coupled receptors are
in fact able to interact with each other at a molecular level,
we initially created two chimeric receptor molecules, a;/m3
and m3/a; (Fig. 1), in which the C-terminal receptor domains
(including TMD VI and VII) were exchanged between the
a;c-adrenergic (in the following referred to as a») and the m3
muscarinic receptor. The two mutant receptors were ex-
pressed in COS-7 cells, either alone or in combination, and
studied for their ability to bind muscarinic and adrenergic
ligands and to stimulate phosphatidylinositol (PI) hydrolysis.
Furthermore, coexpression studies were performed with
various mutant m3 muscarinic receptors that functionally
were severely impaired or completely inactive (Fig. 1). The
results of these studies suggest that muscarinic receptors can
functionally interact with each other at the protein level.

MATERIALS AND METHODS

Preparation of Mutant Receptor Constructs. Rm3pcD (12)
and Ra;pRc/CMV (ref. 13; kindly provided by H. Chin,
National Institutes of Health, Bethesda, MD), two mamma-
lian expression vectors containing the entire coding sequence
of the rat m3 muscarinic and the rat a,c-adrenergic receptor,
respectively, were used to construct @;/m3 and m3/a; (Fig.
1). Expression plasmids coding for these two chimeric re-
ceptors (pcDa,/m3 and pcDm3/a;) were created as follows.

pcDaz/m3. A 0.67-kb Hinfl-Acc I fragment (containing the
coding sequence for TMD I-V of the a,-adrenergic receptor)
was removed from Ra;pRc/CMYV and ligated, via a synthetic
DNA linker sequence (encoding the last amino acid of TMD
V of the as-adrenergic receptor and the first 10 amino acids
of the i3 loop of the m3 muscarinic receptor), with the 5.7-kb
PpuMI-BstXI1 restriction fragment from Rm3pcD. The re-
sulting construct encoded a chimeric receptor (a;/m3) con-

Abbreviations: G protein, guanine nucleotide binding protein;
4-DAMP, 4-diphenylacetoxy-N-methylpiperidine methiodide; i3, the
third cytoplasmic loop of G-protein-coupled receptors; PI, phospha-
tidylinositol; IP;, inositol monophosphate; NMS, N-methylscopola-
mine; TMD, transmembrane domain of G-protein-coupled receptors.
*To whom reprint requests should be addressed.
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Fi1G. 1. Structure of chimeric a-adrenergic/m3 muscarinic re-
ceptors (a2/m3 and m3/a3) and various other mutant m3 receptors.
The N terminus is predicted to be located extracellularly, whereas
the C terminus is thought to reside on the cytoplasmic side of the
plasma membrane (shaded area). In m3/m2(16aa), the first 16 amino
acids of the i3 loop of the m3 receptor have been replaced with the
corresponding segment of the m2 muscarinic receptor (5, 6). In
m3(P540—A), Pro-540 (located in TMD VII) has been replaced with
Ala (11). m3-trunc represents an m3 receptor that has been truncated
at the beginning of the i3 loop (containing only the first 21 amino acids
of i3).

sisting of the first 187 amino acids of the a,-adrenergic
receptor and the last 338 amino acids of the m3 muscarinic
receptor (Fig. 1).

pcDm3/a;. An Nhe 1 site was created at the C terminus of
the i3 loop in Rm3pcD by a PCR procedure, leaving un-
changed the amino acid sequence of the i3 loop. A 0.95-kb
Dra III-Nhe 1 restriction fragment was removed from this
construct and replaced with a 0.23-kb PCR fragment encod-
ing the C-terminal domains of the a,-adrenergic receptor
(including TMD VI and VII). The encoded chimeric receptor
(m3/ay) consisted of the first 491 amino acids of the m3
muscarinic receptor and the last 75 amino acids of the
aj-adrenergic receptor (Fig. 1).

pcDm3-trunc. A 0.70-kb BstXI-Nhe 1 restriction fragment
was removed from Rm3pcD and replaced with a synthetic
linker containing an in-frame stop codon after amino acid
codon 272 of the rat m3 receptor sequence (Fig. 1). The
encoded truncated receptor (m3-trunc) contained only the
first 21 amino acids of the i3 loop.

pcDm2-trunc. A 5.3-kb Sst I restriction fragment was
removed from Hm2pcD (an expression plasmid coding for the
human m2 muscarinic receptor, see ref. 12) and subjected to
self-ligation, resulting in the creation of a stop codon after
amino acid codon 283 (located in the middle of the i3 loop) of
the m2 receptor sequence.

The construction of expression plasmids coding for m3/
m2(16aa) (a receptor in which the first 16 amino acids of the
i3 loop of the rat m3 receptor have been replaced with the
corresponding segment of the human m2 receptor) and
m3(P540— A) (an m3 receptor in which Pro-540 was replaced
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with Ala) has been described (5, 11). The identity of all
mutations and the correctness of all PCR-derived coding
sequences were confirmed by dideoxynucleotide sequencing
of the mutant plasmids (14).

Transfections and Binding Assays. COS-7 cells were trans-
fected in 100-mm plates with a total amount of 20 ug of
plasmid DNA by calcium phosphate precipitation as de-
scribed (15). Cells were harvested =72 hr after transfection,
and radioligand binding studies were carried out with mem-
brane homogenates as described (16). In competition binding
experiments, the muscarinic antagonist N-[>H]methylscopol-
amine([*HINMS; 200 pM) and the adrenergic antagonist
[*H]rauwolscine (2 nM) were used. Nonspecific binding was
determined in the presence of 1 uM atropine (for muscarinic
ligands) or 100 uM noradrenaline (for adrenergic ligands).

PI Assays. Transfected COS-7 cells were incubated with
myo-[*Hlinositol (3 uCi/ml; 23 Ci/mmol; 1 Ci = 37 GBgq;
American Radiolabeled Chemicals, St. Louis) for 48 hr.
Carbachol-induced increases in intracellular inositol mono-
phosphate (IP;) levels were determined as described (17).

Ligands. [PHINMS (78.9 Ci/mmol) and [*H]rauwolscine
(77.9 Ci/mmol) were purchased from DuPont/NEN.
4-Diphenylacetoxy-N-methylpiperidine methiodide (4-
DAMP) was obtained from Research Biochemicals (Natick,
MA). All other ligands were from Sigma.

RESULTS

Ligand Binding Properties of Chimeric a;-Adrenergic/m3
Muscarinic Receptors Expressed in COS-7 Cells. Two chi-
meric a,-adrenergic/m3 muscarinic receptors, a,/m3 and
m3/a; (Fig. 1), were expressed in COS-7 cells, either alone
or in combination, and tested for their ability to bind mus-
carinic and adrenergic ligands. Untransfected COS-7 cells or
cells transfected with either of the two chimeric constructs
alone did not display any specific binding for the muscarinic
antagonist [PHJNMS or the adrenergic antagonist [*H]rau-
wolscine. In contrast, cotransfection of COS-7 cells with
a,/m3 and m3/a; resulted in the appearance of specific
binding sites for both radioligands. Except for an =5-fold
decrease in their affinity for acetylcholine (Table 1), these
sites displayed ligand binding properties similar to those of
the two wild-type receptors (Table 1 and Fig. 2). The max-
imum number of binding sites (Bmax) detected with either of
the two radioligands amounted to 30-35 fmol/mg of protein.
In comparison, transfection of COS-7 cells with plasmid
DNA (20 ug) coding for either of the two wild-type receptors
resulted in Bpax levels of =1 pmol/mg of protein.

Stimulation of PI Hydrolysis After Coexpression of Chimeric
az-Adrenergic/m3 Muscarinic Receptors. The ability of
a,/m3 and m3/a; to mediate stimulation of PI hydrolysis was
also examined. Carbachol stimulation of nontransfected
COS-7 cells or of cells transfected with either of the two
chimeric constructs alone did not result in any significant
activation of PI metabolism (Fig. 3A and Table 2). On the
other hand, carbachol treatment of cells cotransfected with
ay/m3 and m3/a; resulted in a pronounced increase in
intracellular IP; levels [83 + 15% (mean * SEM) above
basal], although this effect did not reach the magnitude of the
wild-type response (191 = 29%; Fig. 3A and Table 2). The
carbachol ECs determined for this response (4.3 = 2.9 uM)
was only =3-fold higher than that found with the wild-type
m3 receptor (1.5 = 0.4 uM) (Table 2).

Stimulation of PI Hydrolysis After Coexpression of Func-
tionally Impaired Mutant m3 Receptors. Additional coexpres-
sion experiments were performed with mutant m3 muscarinic
receptors that were unable or severely impaired in their
ability to mediate stimulation of PI hydrolysis. m3/m2(16aa),
an m3 receptor in which the N-terminal portion of the i3 loop
has been replaced with the corresponding m2 receptor se-
quence (Fig. 1), has been shown to bind muscarinic ligands
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Table 1. Ligand binding properties of chimeric a>-adrenergic/m3 muscarinic receptors coexpressed in COS-7 cells

Muscarinic ligand Adrenergic ligand
[*HINMS 4-DAMP Acetylcholine Carbachol [*H]Rauwolscine Yohimbine
Receptor K4, pM Ki, nM ICso, uM ICso, uM K4, nM K;, nM
m3 wild type 23+3 29 +0.1 8.8 x1.2 52+7 —
(0.91 = 0.06) (0.89 = 0.02) (0.75 = 0.04) 0.77 = 0.07)
a3 wild type — 1.8 +£0.2 41 +0.3
0.94 = 0.10) (1.02 = 0.06)
az/m3 + m3/a> 18 +2 3.0+ 0.3 47 £ 6 65 = 12 19 +0.5 4.2 + 0.6
(1.03 = 0.12) (0.87 = 0.07) (0.81 = 0.07) 0.64 = 0.04) (1.08 = 0.13) (0.96 + 0.13)

No specific PHINMS or [*Hlrauwolscine binding sites could be detected after transfection of COS-7 cells with a2/m3 or m3/a; alone. Affinity
constants (Kq) for [PBHINMS and [*H]rauwolscine were determined in direct binding assays. Inhibition constants (K;) and ICso values were
obtained in competition binding experiments as described (16). Hill coefficients are given in parentheses. Data are presented as means + SEM

of two or three experiments, each carried out in duplicate.

with wild-type affinities (5, 6) but is virtually unable to
mediate stimulation of PI hydrolysis (refs. 5 and 6; Fig. 3B).
m3-Trunc (Fig. 1) represents a truncated m3 receptor that
was unable to bind muscarinic ligands or to mediate a
functional response (Fig. 3B and Table 2). However, when
m3/m2(16aa) and m3-trunc were coexpressed in COS-7 cells,
a considerable increase in intracellular IP, levels (84 = 15%
above basal) was observed after carbachol stimulation.

In another set of experiments, m3/m2(16aa) was coex-
pressed with a mutant m3 receptor (m3[P540—A]; Fig. 1)
containing a point mutation in TMD VII. m3(P540—A) has
been shown to bind muscarinic agonists and antagonists with
high affinity but is functionally severely impaired (ref. 11;

T T T T
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%[3H]NMS bound

T T T
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FiG. 2. Ligand binding properties of chimeric a;-adrenergic/m3
muscarinic receptors (a2/m3 and m3/a3) coexpressed in COS-7
cells. The muscarinic antagonist 4-DAMP (A) and the muscarinic
agonist carbachol (B) were tested for their ability to compete for the
binding of the radioligand [BH]NMS (200 pM), by using membranes
prepared from transfected COS-7 cells. m, Wild-type m3; 0, a3/m3
coexpressed with m3/as. Curves were generated by computer fit as
described (16). Actual binding parameters are given in Table 1.

Fig. 3C). Interestingly, m3/m2(16aa) and m3(P540—A) were
able to induce a significant stimulation of PI breakdown (89
+ 4%) when the two mutant receptors were coexpressed in
COS-7 cells (Fig. 3C and Table 2).

Coexpression of a Truncated m2 Receptor With a,/m3. To
exclude the possibility that, in the coexpression experiments
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Fi1G. 3. Carbachol-induced PI hydrolysis after coexpression of
chimeric a»-adrenergic/m3 muscarinic receptors (4) and various
other mutant m3 receptors (B and C). Transfected COS-7 cells were
incubated with increasing concentrations of carbachol for 1 hrat 37°C,
and the resultant increases in intracellular IP; levels were determined
as described (17). Responses are expressed as percent increase in IP;
above basal levels determined in the absence of carbachol. Basal IP,
levels were similar in all experiments. Each curve is representative of
two to four experiments, each carried out in duplicate.
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Table 2. Carbachol-induced stimulation of PI hydrolysis after coexpression of chimeric a»-adrenergic/m3 muscarinic
receptors and other mutant m3 receptors in COS-7 cells

PI hydrolysis

Amount of transfected Bax, Maximum increase in IP, Carbachol ECsy,

Receptor DNA, ug fmol/mg levels above basal, % M
m3 wild type 2 225 + 32 191 = 29 1.5+ 0.4
m3/az 20 — NS —
az/m3 20 — NS —_
az/m3 + m3/az 10 + 10 32+4 83 + 15 43+29
m3/m2(16aa) 20 203 + 13 15+3 ND
m3(P540—A) 20 42 +8 44 + 8 0.37 £ 0.17
m3/m2(16aa) + m3(P540—A) 10 + 10 147 £ 24 89 + 4 3.7+0.8
m3-trunc 20 — NS —_
m3/m2(16aa) + m3-trunc 10 + 10 107 + 2 84 + 15 0.16 = 0.03

Buax values (binding sites per mg of membrane protein) were determined in PH]NMS saturation binding experiments.
The amount of transfected wild-type m3 plasmid DNA was reduced to 2 ug to obtain Bnax values similar to those found
for the various mutant receptors. Basal IP; levels, determined in the absence of carbachol, were not significantly different
for wild-type m3 and the various mutant receptors (expressed either alone or in different combinations). Data are presented
as means = SEM of two to four independent experiments. NS, no statistically significant stimulation of PI hydrolysis; ND,

not determinable with sufficient accuracy.

described above, homologous recombination events may
have led to the recreation of wild-type receptor plasmid
DNA, the following experiment was designed: An m2 mus-
carinic receptor was truncated in the middle of the i3 loop
(m2-trunc) and was coexpressed in COS-7 cells with a,/m3.
Transfection of COS-7 cells with either m2-trunc or a/m3
alone did not result in any detectable [PHINMS binding
activity, whereas cotransfection with these two mutant con-
structs gave a considerable number of specific [PHINMS
binding sites (=50 fmol/mg of protein). Since m2-trunc
shares virtually no sequence homology with the m3 receptor
sequence present in a>/m3 (18), the appearance of functional
muscarinic receptors in the various cotransfection experi-
ments appears to be due to protein—protein interactions
rather than to homologous recombination events.

DISCUSSION

To test the hypothesis that G-protein-coupled receptors are
able to interact with each other at a molecular level, two
chimeric receptors, az/m3 and m3/a, (Fig. 1), in which a
region including TMD VI and VII was exchanged between
the as-adrenergic and the m3 muscarinic receptor, were
created. Expression in COS-7 cells of either of the two
chimeric proteins alone did not result in functional receptors.
However, coexpression of a;/m3 and m3/a, resulted in a
significant number of specific binding sites for the muscarinic
ligand [*H]NMS and the adrenergic ligand [*H]rauwolscine.
In general, these sites displayed a pharmacology similar to
that of the two wild-type receptors. In addition, carbachol
stimulation of COS-7 cells coexpressing a,/m3 and m3/a;
resulted in a considerable stimulation of PI hydrolysis (Emnax

. = 40-50% of wild-type m3). These data suggest that the two
chimeric proteins must be able to physically interact with
each other to create functional receptors.

Various observations, in addition to the significant number
of detectable receptor sites, argue against the possibility that
homologous recombination events (resulting in the creation
of wild-type plasmid DNA), rather than intermolecular in-
teractions at the protein level, are responsible for the ap-
pearance of functional receptors after coexpression of a>/m3
and m3/a;. (i) Coexpression of a truncated m2 receptor,
m2-trunc (containing TMD I-V and the N-terminal half of the
i3 loop), with a;/m3 resulted in a considerable number of
[*HINMS binding sites (=50 fmol/mg of protein), whereas
none of the two mutant proteins was able to bind muscarinic
ligands when expressed alone. Since m2-trunc shares virtu-
ally no sequence homology with the m3 receptor sequence

present in a,/m3 (18), protein—protein interactions, rather
than homologous recombination events, appear to be respon-
sible for this phenomenon. (ii) The muscarinic binding sites
detected after cotransfection of COS-7 cells with a>/m3 and
m3/a> showed an =5-fold lower affinity for acetylcholine
than the wild-type receptor, thus clearly arguing against the
‘‘accidental’’ creation of wild-type m3 receptor due to ho-
mologous recombination events.

Coexpression experiments involving fragmented musca-
rinic (9) or adrenergic (10) receptors provide a possible clue
as to the molecular basis underlying the functional interaction
between a;/m3 and m3/a,. These studies have shown that
muscarinic and B,-adrenergic receptors behave in a fashion
analogous to two-subunit receptors (Fig. 4). For example,
coexpression in COS-7 cells of a truncated m3 receptor
(containing TMD I-V) with the corresponding C-terminal
receptor fragment (containing TMD VI and VII) resulted in
the ‘‘reconstitution” of functional muscarinic receptors that
were able to stimulate PI hydrolysis to a maximum extent
similar to that of the wild-type receptor (9). One may there-
fore speculate that, in the coexpression experiments de-
scribed above, the C-terminal portion of a;/m3 is able to
interact with the N-terminal portion of m3/a; to create

Fi1G. 4. Model depicting the hypothetical subunit character of
muscarinic receptors based on coexpression studies with fragmented
m2 and m3 receptors (9). The seven cylinders represent TMD I-VII,
whereas the solid circles mark extramembranous receptor se-
quences. The third cytoplasmic loop (i3) is thought to act as a linker
sequence between two structural receptor subunits (one containing
TMD I-V and the other containing TMD VI and VII).
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functional muscarinic receptors. An analogous mechanism
may explain the appearance of a,-adrenergic binding sites
observed after coexpression of @>/m3 and m3/a;.

Further evidence supporting the concept of intermolecular
cross-talk between G-protein-coupled receptors was derived
from cotransfection experiments involving the use of two
additional mutant m3 muscarinic receptors, m3/m2(16aa)
and m3(P540—A) (for structures, see Fig. 1). In contrast to
a;/m3 and m3/a,, these two mutant receptors, when ex-
pressed alone, were able to bind muscarinic agonists and
antagonists with high affinity (5, 6, 11). However, both
mutant proteins were found to be severely impaired in their
ability to activate PI metabolism (5, 6, 11). Coexpression of
m3/m2(16aa) and m3(P540—A) in COS-7 cells, followed by
carbachol stimulation, resulted in a significant stimulation of
PI hydrolysis (Emax = 40-50% of wild-type m3). This finding
further supports the concept that muscarinic receptors are
able to interact with each other at the receptor level, possibly
in a fashion analogous to that described above for the
interaction between a,/m3 and m3/a,.

Consistent with this proposal, photoaffinity labeling stud-
ies (followed by gel electrophoresis) have shown that rat
heart and brain muscarinic receptors can exist in dimeric
forms (19, 20). A similar conclusion has been reached based
on a systematic analysis of the agonist binding properties of
muscarinic receptors in various rat tissues (21, 22). Interest-
ingly, it has been proposed that serotonin 5-HT, and 5-HT; 5
receptors, based on the presence of leucine-zipper sequences
in individual transmembrane segments, may also be capable
of dimer formation (23).

In conclusion, we have demonstrated that muscarinic
receptors are able to functionally interact with each other at
a molecular level. Moreover, we have proposed a model in
which receptor dimerization is dependent on the intermolec-
ular exchange of N- and C-terminal receptor domains (con-
taining TMD I-V and VI and VII, respectively). Based on the
high structural homology found among all G-protein-coupled
receptors, our findings should be of general importance for
the entire receptor superfamily.

We thank Prerana Sangani for skillful technical assistance.
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