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SUMMARY

The cloning and expression of five mammalian muscarinic recep-
tor genes (m1-m5) have shown that the individual receptor
subtypes differ in their functional and ligand-binding properties.
To study the role of the carboxyl terminal receptor domains in
this pharmacological diversity, we constructed chimeric m2/m3
receptors in which a region comprising part of transmembrane
domain VI, the third extracellular loop, transmembrane region
VI, and the cytoplasmic tail (collectively referred to as C-terminal
domains) was exchanged between the human m2 and the rat
m3 receptor. The ability of the cloned receptors to mediate
stimulation of phosphoinositide hydrolysis and to bind subtype-
selective muscarinic ligands was studied after their transient
expression in COS-7 cells. Whereas wild-type m3 strongly stim-
ulated phosphoinositide breakdown, wild-type m2 gave only a
poor response. Exchange of the C-terminal domains between
m2 and m3 had no significant effect on the magnitude of these
responses. In N-[*H]methylscopolamine competition binding

studies, the muscarinic antagonists AF-DX 116 and methoctra-
mine showed 11- and 23-fold higher affinities, respectively, for
m2 than for m3, whereas hexahydro-silad-ifenidol (HHSID) and
4-d|phenylaoetoxy-N-methylp|pend|ne methiodide (4-DAMP) dis-
played the reverse profile, having approximately 10-
fold higher affinities for m3. In comparison with wild-type m3, the
mutant m3 receptor containing the C-terminal domains of m2
displayed 2.5- and 8-fold higher affinities for AF-DX 116 and
methoctramine but 7- and 3-fold lower affinities for HHSID and
4-DAMP, respectively. The mutant m2 receptor with the C-
terminal domains of m3 showed 2-3-fold lower affinities for AF-
DX 116 and methoctramine but 2-3-fold higher affinities for
HHSID and 4-DAMP, as compared with wild-type m2. These
data suggest that the C-terminal domains of the muscarinic
receptors are not involved in conferring selectuv:ty of coupling to
phosphoinositide hydrolysis but contain major structural deter-
minants of antagonist binding selectivity.

Muscarinic receptors share a high degree of structural ho-
mology with all other G protein-coupled hormone and neuro-
transmitter receptors (1). All of these receptors are thought to
be composed of seven hydrophobic membrane-spanning do-
mains (I-VII) connected by alternating cytoplasmic and extra-
cellular loops, a glycosylated extracellular N-terminal sequence,
and an intracellular C-terminal tail. Whereas the ligand bind-
ing site of these receptors appears to be formed by the hydro-
phobic transmembrane domains, various intracellular regions
are thought to be involved in the coupling of the activated
receptors to distinct G proteins and signal transduction path-
ways (for a review, see Ref. 2).

Molecular cloning studies have revealed the existence of five
mammalian muscarinic receptors (m1-m5) (3-7), which can be
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subdivided into two distinct functional classes. Whereas m1,
m3, and m5 preferentially couple to stimulation of PI metabo-
lism (7-11), m2 and m4 strongly inhibit adenylate cyclase (11,
12) but only weakly stimulate PI breakdown (11, 13). Studies
involving the use of chimeric muscarinic receptors suggest that
the putative third cytoplasmic loop is sufficient to determine
the coupling selectivity of the individual receptor subtypes (13-
15). We have recently shown, for example, that exchange of
the third cytoplasmic loop between m2 and m3 caused a reversal
in the ability of the resulting hybrid receptors to couple to
specific second messenger pathways (15). However, the maxi-
mum responses to stimulation of these chimeric receptors were
smaller than the corresponding wild-type responses. We have,
therefore, speculated that other intracellular domains, besides
the third cytoplasmic loop, may be involved in conferring
optimum coupling efficiency (15).

ABBREVIATIONS: G protein, guanine nucleotide-binding protein; AF-DX 116, 11-{[2-[(diethylamino)methyl]-1-piperidinyl]acetyi}-5,11-dihydro-6H-
pyrido[2,3-b][1,4]benzodiazepine-6-one; 4-DAMP, 4-diphenylacetoxy-N-methyipiperidine methiodide; HHSID, hexahydro-sila-difenidol; NMS, N-
methyiscopolamine; Gpp(NH)p, 5’-guanylyl imidodiphosphate; Pl, phosphoinositide; IP,, inositol monophosphate; kb, kilobases; HEPES, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid.
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Fig. 1. Structure of the chimeric muscarinc receptors m2N3 and m3N2,
composed of human m2 (open bars) and rat m3 (black bars) sequences.
The seven transmembrane regions are numbered I-VII, from the NH,
terminus (extraceliular) to the COOH terminus (intracellular). The fact that
m3 differs from m2 in the lengths of the N-terminal portion preceding
transmembrane segment | (+44 amino acids), the third cytoplasmic loop
(+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 two chimeric receptors are composed as follows (amino acid num-
bers are given in parentheses): m2N3, m2 (1-400) and m3 (504-589);
m3N2, m3 (1-503) and m2 (401-466).

m2N3

N

m3N2

Whereas the first two intracellular loops are relatively well
conserved among all five muscarinic receptors, considerable
sequence divergence is found in the C-terminal receptor portion
following transmembrane region VII (3-7). Moreover, this re-
gion is considerably longer in m1, m3, and m5 (34-43 amino
acids) than in m2 and m4 (23 amino acids). To study the
potential functional importance of this receptor domain, we
have constructed cDNAs encoding the chimeric receptors
m2N3 and m3N2 (N refers to the Nhel site used to create these
receptors), in which the last 66 amino acids of human m2 and
the last 86 amino acids of rat m3 were exchanged between these
two receptors (Figs. 1 and 2). Following transient expression of
these receptors in COS-7 cells, their ability to mediate agonist-
induced PI hydrolysis was examined.

Besides their functional profiles, m1-m5 also differ in their
agonist- (13, 16, 17) and antagonist-binding properties (5, 18,
19). Studies with chimeric a,/8.- (20) and B,/B.-adrenergic
receptors (21) have shown that transmembrane domains VI
and VII contain major structural determinants of antagonist
binding specificity. To investigate whether this is also true for
muscarinic receptors, the ligand-binding properties of m2N3
and m3N2 were examined by using several subtype-selective
muscarinic antagonists.
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Experimental Procedures

Materials. Tissue culture reagents were from GIBCO Laboratories.
COS-7 cells were from the American Type Culture Collection. [*H]
NMS (71 Ci/mmol) and myo-[*H]inositiol (23 Ci/mmol) were pur-
chased from New England Nuclear and American Radiolabeled Chem-
icals Inc., respectively. Methoctramine and 4-DAMP were obtained
from Research Biochemicals Inc., AF-DX 116 and HHSID were kindly
donated by Thomae (Biberach, FRG) and Dr. G. Lambrecht (Univer-
sity of Frankfurt, FRG), respectively. All other reagents were from
Sigma unless otherwise noted.

Construction of expression plasmids and transfections. An
Nhel site homologous to the one at amino acids 496-498 in transmem-
brane region VI of the rat m3 receptor was created at amino acids 393-
395 in the human m2 expression clone previously described (6). This
mutation was introduced by oligonucleotide-directed mutagenesis (22)
without changing the amino acid sequence. To obtain plasmid m2N3,
the 1.5-kb Sall-Sacl and the 0.33-kb Sacl-Nhel fragments from the
mutated m2 clone were ligated with the 4.7-kb Nhel-Sall fragment
from the rat m3 expression plasmid (6). Plasmid m3N2 was created by
ligating the 4.1-kb Nhel-Sall fragment from the mutated m2 clone with
the 2.1-kb Nhel-Sall fragment from the m3 expression plasmid. The
identity of the constructs was confirmed by sequencing (23) of the
regions derived from the synthetic oligodeoxyribonucleotides and by
restriction endonuclease analysis.

For transfections, COS-7 cells were seeded into 10-cm plates at a
density of 7.5 X 10° cells/ plate. Twenty-four hours later, cells were
transfected with 20 ug of plasmid DNA by calcium phosphate precipi-
tation (24).

Binding studies. Cells were harvested 72 hr after transfections,
and membrane preparations were obtained as described previously (19).
Binding buffer consisted of 25 mM sodium phosphate (pH 7.4) contain-
ing 5 mM MgCl,. Assays were conducted in 1-ml total volume. Final
membrane protein concentrations (in ug/ml) were: m2, 4; m3, 4; m2N3,
3; and m3N2, 6. In the [*'H]NMS saturation experiments, six or seven
different concentrations of the radioligand (12.5 to 800 pM) were used.
In the [*H]NMS displacement studies, 10 different concentrations of
the unlabeled inhibitors were employed. The [*H]NMS concentration
used in the inhibition experiments was 200 pM. Specific binding was
defined as the difference in [PHJNMS binding in the absence and
presence of 1 uM atropine. Incubations were carried out at 22° for 3 hr.
Binding was terminated by filtration, using a Brandel cell harvester,
onto Whatman GF/C filters. Membranes were washed three times with
ice-cold binding buffer, transferred to 10 ml of scintillation fluid (NEN
Aquasol), and counted in an LKB Beta counter.

Data from direct binding experiments were fitted to the equation a
= (Bmax x*/Kp)/(1 + x*/Kp) to derive the Hill number n and to a =
(Bmax x/Kp)/(1 + x/Kp) to obtain the dissociation constant Kp and the
binding capacity Bu. (a = [FHJNMS specifically bound and x = [°*H]
NMS concentration). Data from inhibition experiments were fitted to
the equation percentage of ["H]NMS bound = 100 — [100 x*/k/(1 +
x"/k)] to obtain the Hill number n and to percentage of ["H]NMS
bound = 100 — [100 x/ICs/(1 + x/ICs)] to derive the ICy, value (x =
concentration of the unlabeled inhibitor). ICs values were converted
to K; values according to the method of Cheng and Prusoff (25). Data

Fig. 2. comparison of the amino acid se-
quences of the C-terminal domains of the
human m2 and the rat m3 receptor. The
sequences shown were exchanged be-
tween the two receptors to give chimeric
receptors m2N3 and m3N2 (Fig. 1). Se-
quences were taken from Refs. 6 and 7.
Numbers in front and at the end of the
sequences, amino acid positions. Trans-
membrane domains (V/, VIl) and the cyto-
plasmic tail (i4) are indicated above the
sequences. *, amino acid identities.
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TABLE 1

Ligand-binding properties of chimeric muscarinic receptors transiently expressed in COS-7 cells
Affinity constants (K,) for the radioligand [*H]NMS, inhibition constants (K,), and IC,, values were determined as described in Experimental Procedures. Hill coefficients
are given in parentheses. B... values indicate maximum number of binding sites/mg of membrane protein. Data are presented as means + standard errors of three

independent experiments, each performed in duplicate.

Direct binding studies [PHINMS competition experiments
Carbachol, ICy
Receptor !
Brex PHINMS K, +Gop(NH)p AF-DX 116, K, Methoctramine, K, HHSID, K, 4-DAMP, K,
Control
(100 pw)
fmol/mg oM um w v v nw
m2 1270+ 190 79 +9 12 +0.1 13 +0.2 80 +10 95 +1.8 56 +5 39 +0.1
(0.91 £0.11) (0.68 + 0.03 (0.62 + 0.04)" (0.89 £ 0.12) (1.09 £ 0.19) (1.04 £0.03) (0.99 + 0.02)
m3 1200+60 28 1 35 +3 36 4 917 +64 217 1 44 +03 0.50 + 0.02
(1.04+0.13) (0.76 +0.02f (0.75+0.03 (1.00+003) (1.05+0.05) (1.09+0.04) (0.99 + 0.04)
m2N3 2170 £ 490 41 +5 17 x2 15 =5 174 +12 27 =5 2 +3 22 +0.1
(1.00£0.06) (0.77 +£0.03* (0.78 + 0.03)" (0.92 £ 0.02) (1.08 £0.02) (1.02 +0.05) (0.95 + 0.03)
m3N2 710+60 95 3 42 =5 45 7 360 +32 26 *11 29 <5 15 +0.1
(1.01 £0.07) (0.74 £0.05 (0.77 £ 0.07) (0.95 + 0.02) (1.01 £0.07) (0.98 +0.04) (1.05 + 0.03)

* Hill number significantly different from unity (o < 0.05 in an unpaired, one-talled Student's ¢ test).

were analyzed by a nonlinear least squares curve-fitting procedure,
using the program DATAPLOT run on a VAX II computer.

Protein concentrations were determined according to the method of
Bradford (26), using a Bio-Rad protein assay kit.

Measurement of PI hydrolysis. Twenty-four hours after trans-
fection, COS-7 cells were incubated with 3 u Ci/ml myo-[*H]inositol
for 48 hr. The cells were then washed twice with phosphate-buffered
saline and lifted from the dish bottoms with 2 ml of divalent cation-
free Dulbecco’s modified Eagle’s medium containing 1 mmM EDTA.
After centrifugation, cells were resuspended in 8 ml of Dulbecco’s
modified Eagle’s medium containing 25 mmM HEPES and 10 mM LiCI
and were incubated at room temperature for 15 min. Aliquots (0.5 ml)
of the cell suspension were then transferred into 13 X 100-mm glass
tubes and, following the addition of different concentrations of car-
bachol, incubated for 1 hr at 37°. The reaction was then stopped by the
addition of 0.5 ml of 156% (w/v) ice-cold trichloroacetic acid, followed
by 30-min incubation on ice. The trichloroacetic acid was extracted
with water-saturated diethyl ether (3 X 4 ml), and levels of IP, were

40

% 3H-NMS bound
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-log M conc. carbachol

Fig. 3. Displacement of specific [*H]NMS binding to m2 ([@), m3 (W),
m2N3 (A), and m3N2 (A) by carbachol in COS-7 cells. The [PHINMS
concentration used was 200 pM™. Binding assays were performed as
described in Experimental Procedures. Each curve is representative of
three independent experiments, each done in duplicate. Gpp(NH)p (100
um) had no significant effect on the carbachol binding parameters (see
Table 1). Curves were generated by computer fit, assuming a variable
Hill number (for binding parameters, see Table 1).

determined by anion exchange chromatography (27) and an LKB liquid
scintillation counter.

Binding studies. The muscarinic antagonist [PH]NMS
bound specifically to membranes prepared from COS-7 cells
that had been transfected with the various wild-type and chi-
meric muscarinic receptor genes (Table 1). No specific [*H]
NMS binding could be detected in nontransfected cells. As
observed previously (13, 15), m3 bound [*H]NMS with approx-
imately 3-fold higher affinity than did m2. The [*H]NMS
affinities for m2N3 and m3N2 approximated those for m3 and
m2, respectively.

The agonist carbachol inhibited [*H]NMS binding to m2
with approximately 30-fold higher potency, compared with m3
(Fig. 3, Table 1). The carbachol ICs, values obtained for m2N3
and m3N2 were 14- and 35-fold higher, respectively, than the
corresponding m2 value. Gpp(NH)p (100 x M) had no signifi-
cant effect on the carbachol binding parameters (Table 1).

All four of the tested muscarinic antagonists displaced [*H]
NMS binding to the different receptors with Hill coefficients
that were close to unity (Table 1). AF-DX 116 and methoctra-
mine displayed a considerably higher affinity (11-and 23-fold,
respectively) for m2 than for m3. HHSiD and 4-DAMP showed
the reverse selectivity profile, exhibiting a 13- and 8-fold higher
affinity, respectively, for m3 than for m2 (Table 1, Fig. 4). AF-
DX 116 and methoctramine displayed 2.5- and 8-fold higher
affinities, respectively, for m3N2 than for m3 but approxi-
mately 2-3-fold lower affinities for m2N3 than for m2. HHSiD
and 4-DAMP showed the reverse affinity pattern; both antag-
onists exhibited 2-3-fold higher affinities for m2N3 than for
m2 but 7- and 3-fold lower affinities, respectively, for m3N2
than for m3.

Measurement of PI hydrolysis. The ability of m2, m3,
m2N3, and m3N2 to mediate stimulation of PI hydrolysis upon
incubation with carbachol was determined by studying in-
creases in intracellular IP, levels. Whereas nontransfected
COS-17 cells did not give a significant PI response (data not
shown), carbachol-induced increases in IP, production were
observed with cells expressing the different wild-type and chi-
meric muscarinic receptors (Fig. 5). As previously observed (11,
13, 15), the PI response following m3 stimulation was consid-
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Fig. 4. Displacement of specific [*HJNMS
binding to m2 @), m3 (W), m2N3 (A), and
m3N2 (A) by several selective muscarinic

antagonists in COS-7 cells. The [PHINMS
concentration used was 200 pm. Binding
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Fig. 5. Carbachol-induced stimulation of Pl hydrotysis in COS-7 celis
transiently expressing m2, m3, and m2/m3 hybrid receptors. Transfected
celis were incubated with increasing concentrations of carbachol for 1 hr
at 37°, and the production of IP, was determined as described in
Experimental Procedures. The responses are shown as percentage of
increase in IP, above basal leveis measured in the absence of carbachol.
Basal IP, levels were (in cpm/sample): m2, 805 + 67; m3, 782 + 71;
m2N3, 923 + 109; m3N2, 734 + 45. Data are presented as means +
standard errors of two or three independent experiments, each per-
formed in duplicate.

erably more pronounced than that mediated by m2 (maximum
increases in IP, above basal levels, 131 + 3 and 37 + 9%,
respectively). The chimeric receptors m2N3 and m3N2 stimu-
lated IP, production to similar maximum levels (35 + 4 and
156 + 18%, respectively) and with dose-response curves vir-
tually identical to those of wild-type m2 and m3, respectively
(Fig. 5). All responses could be completely blocked by 10 uM
atropine.

Discussion

Previous studies have shown that sequences within the third
cytoplasmic loop are responsible for the functional selectivity

~
9

studies were carried out as described in
4-DAMP Experimental Procedures. Each curve is

representative of three independent exper-
iments, each carried out in duplicate.
Curves were generated by computer fit,
according to a one binding site model.

v L
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of the individual muscarinic receptor subtypes (13-15). How-
ever, based on the reduced activity of chimeric muscarinic
receptors in which this intracellular loop had been exchanged
between m2 and m3, we have hypothesized that additional
receptor domains may be required for full coupling efficiency
(15). To study the potential functional role of the C-terminal
receptor regions, we have created two chimeric muscarinic
receptors, m2N3 and m3N2, in which the C-terminal domains
have been exchanged between m2 and m3, and studied their
ability to mediate stimulation of PI hydrolysis.

As previously reported (11, 13, 15), we found that m3 strongly
stimulated PI hydrolysis, whereas m2 only weakly coupled to
this second messenger response. Exchange of the C-terminal
sequences between the two receptors had no significant effect
on the magnitude of the wild-type responses. This finding
suggests that the receptor region comprising the C-terminal
portion of transmembrane region VI, the third extracellular
loop, transmembrane domain VII, and the cytoplasmic tail is
not involved in determining the coupling efficiency of musca-
rinic receptors to PI turnover. In agreement with our results,
it has been demonstrated in Xenopus oocytes that the current
responses mediated by m1 and m2 remained unaffected by
exchange of a similar region between these two receptors (14).
These data suggest that the C-terminal muscarinic receptor
domains are not involved in conferring effector coupling selec-
tivity.

In contrast to our findings, it has been reported that replace-
ment of the N-terminal portion of the cytoplasmic tail of the
a,-adrenergic receptor by the corresponding 8. sequence re-
sulted in a considerable impairment of the ability of the «,
receptor to activate PI metabolism (28). Similar results have
been obtained with chimeric a,/8,-adrenergic receptors regard-
ing stimulation of adenylyl cyclase (29). One possible explana-
tion for the discrepancy between these and our findings may
be that structure-function relationships are different for mus-
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carinic and adrenergic receptors. Alternatively, it is also con-
ceivable that the relatively small substitutions made in the case
of the chimeric adrenergic receptors may have led to unfavor-
able conformational effects, resulting in a reduced efficiency of
receptor-G protein coupling.

Whereas intracellular receptor domains are thought to be
involved in the functional coupling, the ligand binding site of
G protein-linked receptors appears to be formed by amino acids
located within the transmembrane domains. It has been dem-
onstrated, for example, that aspartic acid residues within trans-
membrane region III are essential for ligand binding to mus-
carinic (30, 31) and adrenergic receptors (32). Furthermore,
biochemical studies have shown that the visual pigment rho-
dopsin covalently binds its endogenous ligand, retinal, to a
lysine residue in transmembrane domain VII (33). Studies with
chimeric a,/B; (20) and 8,/8; receptors (21) suggest that trans-
membrane regions VI and VII are critically involved in deter-
mining the binding specificity of subtype-selective antagonists.

To study the potential role of the C-terminal muscarinic
receptor domains in the selective binding of muscarinic ligands,
the binding properties of m2N3 and m3N2 have been evaluated
by using the agonist carbachol and various subtype-selective
muscarinic antagonists. In agreement with previous findings
(13, 15), we observed that carbachol bound to m2 with consid-
erably higher affinity than to m3. Both chimeric receptors,
however, displayed relatively low affinities for carbachol, mak-
ing the data difficult to interpret. In fact, we have recently
shown that the subtype-selective binding of carbachol is mainly
dependent on sequences within the third cytoplasmic loop (15).
Because all four receptors studied were able to mediate a
functional response, the insensitivity of all carbachol binding
parameters to the presence of Gpp(NH)p is somewhat unex-
pected. At present, no clear explanation for this rather com-
monly reported phenomenon can be offered.

In agreement with their reported selectivities, the muscarinic
antagonists AF-DX 116 (34) and methoctramine (35) showed
considerably higher affinities for m2 than for m3, whereas
HHSID (36) and 4-DAMP (37) displayed the reverse selectivity
profile. m2N3 bound AF-DX 116 and methoctramine with
significantly lower affinities than did m2, whereas the affinities
of HHSIiD and 4-DAMP for this chimeric receptor were in-
creased (in comparison with m2). Analogously, m3N2 bound
AF-DX 116 and methoctramine with substantially higher affin-
ities than did m3 but showed significantly lower affinities
(compared with m3) for HHSiD and 4-DAMP. In agreement
with this pattern, the [PH]NMS binding affinities for m2N3
and m3N2 were similar to those for m3 and m2, respectively.
However, in all cases, with the exception of [*'H]NMS binding
to m3N2, the antagonist affinities for m2N3 and m3N2 ap-
proached but never equaled those for m3 and m2, respectively.
Given the highly consistent pattern of reciprocal changes in
affinities for the chimeric receptors for the m2- versus the m3-
selective antagonists, these data suggest that the subtype-
selective binding of muscarinic antagonists is critically, al-
though not exclusively, dependent on the C-terminal receptor
domains. However, as is the case for all studies involving
mutagenesis, one cannot completely exclude the possibility that
the observed changes in binding characteristics may be due to
artifactual alterations in receptor structure that could not be
predicted.

As far as the exchanged transmembrane segments are con-

cerned, m2 and m3 differ in only six amino acids (m2-m3);
Ala*'-Thr (VI), Val‘*®-Ile (VI), lle*®-Val (VI), Ile***-Leu (VII),
Ile***-Val (VII), and Ala***-Val (VII). Assuming that the hydro-
philic receptor regions, as shown for the 8, receptor (38), are
not involved in antagonist binding, future experiments have to
show which of these six residues is (are) specifically involved
in conferring antagonist binding selectivity.

This study further underscores the value of chimeric recep-
tors in elucidation of the structural basis of receptor function
and ligand binding specificity. Given the great therapeutic
potential of subtype-selective muscarinic drugs (39), such stud-
ies should provide the basis for a more rational approach
towards the development of novel therapeutic agents.

References

1. O’'Dowd, B. F., R. J. Lefkowitz, and M. G. Caron, Structure of the adrenergic
and related receptors. Annu. Rev. Neurosci. 12:67-83 (1989).

2. Strader, C. D,, L. S. Sigal, and R. A. F. Dixon. Genetic approaches to the
determination of structure-function relationships of G protein-coupled recep-
tors. Trends Pharmacol. Sci 10(suppl.):26-30 (1989).

3. Kubo, T., K. Fukuda, A. Mikami, A. Maeda, H. Takahashi, M. Mishina, T.
Haga, K. Haga, A. Ichiyama, K. Kangawa, M. Kojima, H. Matsuo, T. Hirose,
and S. Numa. Cloning, sequencing and expression of complementary DNA
encoding the muscarinic acetylcholine receptor. Nature (Lond.). 323:411-
416 (1986).

4. Kubo, T., K. Maeda, K. Sugimoto, I. Akiba, A. Mikami, H. Takahasi, T.
Haga, K. Haga, A. Ichiyama, K. Kangawa, H. Matsuo, T. Hiroee, and S.
Numa. Primary structure of porcine cardiac muscarinic acetylcholine receptor
deduced from the cDNA sequence. FEBS Lett. 209:367-372. (1988).

5. Peralta, E. G., A. Ashkenazi, J. W. Winslow, D. H. Smith, J. Ramachandran,
and D. J. Capon. Distinct primary structures, ligand-binding properties and
tissue-specific expression of four human muscarinic acetylcholine receptors.
EMBO J. 6:3923-3929 (1987).

6. Bonner, T. L, N. J. Buckley, A. C. Young, and M. R. Brann. Identification
of a family of muscarinic acetylcholine receptor genes. Science (Washington
D. C.) 287:627-532 (1987).

7. Bonner, T. I, A. C. Young, M. R. Brann, and N. J. Buckley. Cloning and
expression of the human and rat m6 muscarinic acetylcholine receptor genes.
Neuron 1:403-410 (1988).

8. Shapiro, R. A, N. M. Scherer, B. A. Habecker, E. M. Subers, and N. M.
Nathanson. Isolation, sequence, and functional expression of the mouse M1
muscarinic acetylcholine receptor gene. J. Biol Chem. 268:18397-18403

(1988).
9. Conklin, B. R., M. R. Brann, N. J. Buckley, A. L. Ma, T. 1. Bonner, and J.
Axelrod. Stimulation of hidonic acid rel and inhibition of mitogenesis

by cloned genes for muscarinic receptor subtypes stably expressed in A9 L
cells. Proc. Natl Acad. Sci. USA 85:8698-8702 (1988).

10. Fukuda, K., H. Higashida, T. Kubo, A. Maeda, 1. Akiba, H. Bujo, M. Mishina,
and S. Numa. Selective coupling with K* currents of muscarinic acetylcholine
receptor subtypes in NG108-15 cells. Nature (Lond.) 335:355-358 (1988).

11. Peralta, E. G., A. Ashkenazi, J. W. Winslow, J. Ramachandran, and D. J.
Capon. Differential regulation of PI hydrolysis and adenylyl cyclase by
muscarinic receptor subtypes. Nature (Lond.) 334:434-437 (1988).

12. Novotny, E. A, and M. R. Brann, Agonist pharmacology of cloned muscarinic
receptors. Trends Pharmacol. Sci. 10(suppl.):116 (1989).

13. Wess, J., M. R. Brann, and T. 1. Bonner. Identification of small intracellular
region of the muscarinic m3 receptor as a determinant of selective coupling
to PI turnover. FEBS Lett. 258:133-136 (1989).

14. Kubo, T., H. Bujo, I. Akiba, J. Nakai, M. Mishina, and S. Numa. Location
of a region of the muscarinic acetylcholine receptor involved in selective
effector coupling. FEBS Lett. 241:119-125 (1988).

15. Wess, J., T. L. Bonner, F. Dorje, and M. R. Brann. Delineation of muscarinic
receptor domains conferring selectivity of coupling to G proteins and second

g Mol. Phar L, 38:517-523 (1990).

16. Bujo, H., J. Nakai, T. Kubo, K. Fukuda, I. Akiba, A. Maeda, M. Mishina,
and S. Numa. Different sensitivities to agonist of inic acetylcholine
receptor subtypes. FEBS Lett. 240:95-100 (1988).

17. Brann, M. R,, N. J. Buckley, and T. I. Bonner. The striatum and cerebral
cortex exp different rinc receptor mRNAs. FEBS Lett. 230:90-94
(1988).

18. Akiba, I., T. Kubo, A. Maeda, H. Bujo, J. Nakai, M. Mishina, and S. Numa.
Primary structure of porcine muscarinic acetylcholine receptor III and an-
tagonist binding studies. FEBS Lett. 235:257-261 (1988).

19. Buckley, N. J., T. 1. Bonner, C. M. Buckley, and M. R. Brann. Antagonist
binding properties of five cloned muscarinic receptors expressed in CHO-K1
cells. Pharmacol. 35:469-476 (1989).

20. Kobilka, B. K., T. S. Kobilka, K. Daniel, J. W. Regan, M. G. Caron, and R.
J. Lefkowitz. Chimeric ay-, 8;-ad gl ptors: delineation of domains

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


http://molpharm.aspetjournals.org/

PHARM

aspet.’

. Berridge, M. J., R. M. C. D

involved in effector coupling and ligand binding specificity. Science (Wash-
ington D. C. ) 240:1310-1316 (1988).

. Frielle, T., K. W. Daniel, M. G. Caron, and R. J. Lefkowitz. Structural basis

of f-adrenergic receptor subtype specificity studied with chimeric 8,/8,-
adrenergic receptors. Proc. Natl. Acad. Sci. USA 85:9494-9498 (1988).

. Kunkel. T. A. Rapid and efficient site-specific mutagenesis without pheno-

typic selection. Proc. Natl. Acad. Sci. USA 82:488-492 (1985).

. Sanger, F., S. Nicklen, and A. R. Coulson. DNA sequencing with chain-

terminating inhibitors. Proc. Natl Acad. Sci. USA 74:5463-5467 (1977).

. Chen, C., and H. Okayama. High-efficiency transformation of mammalian

cells by plasmid DNA. Mol. Cell. Biol. 7:2745-2752 (1987).

. Cheng, Y.-C., and W. H. Prusoff. Relationship between the inhibition con-

stant (K;)) and the concentration of inhibitor which causes 50 per cent
inhibition (Is) of an enzymatic reaction. Biochem. Pharmacol. 22:3099-3108
(1973).

. Bradford, M. M. A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72:248-254 (1976).

, C. P. D , J. P. Heslop, and R. F.
Irvine. Changes in the levels of inositol phosphates after agonist-dependent
hydrolysis of membrane phosphoinositides. Biochem. J. 212:473-482 (1983).

. Cotecchia, S., S. Exum, M. G. Caron, and R. J. Lefkowitz. Regions of the a,-

adrenergic receptor involved in coupling to phosphatidylinositol hydrolysis
and enhanced sensitivity of biological function. Proc. Natl Acad. Sci. USA
87:2896-2900 (1990).

. O'Dowd, B. F., M. Hnatowich, J. W. Regan, W. M. Leader, M. G. Caron, and

R. J. Lefkowitz. Site-directed mutagenesis of the cytoplasmic domains of the
human B;-adrenergic receptor. J. Biol. Chem. 263:15985-15992 (1988).

. Fraser, C. M., C.-D. Wang, D. A. Robinson, J. D. Gocayne, and J. C. Venter.

Site-directed mutagenesis of m1 muscarinic acetylcholine receptors: con-
served aspartic acids play important roles in receptor function. Mol. Phar-
macol. 36: 840-847 (1989).

31.

32,

33.

37

39.

877

Curtis, C. A. M., M. Wheatley, S. Bansal, N. J. M. Birdsall, P. Eveleigh, E.
K. Pedder, D. Poyner, and E. C. Hulme. Propylbenzilylcholine mustard labels
an acidic residue in transmembrane helix 3 of the muscarinic receptor. J.
Biol Chem. 264:489-495 (1989).

Strader, C. D., I. S. Sigal, R. B. Register, M. R. Candelore, E. Rands, and R.
A. F. Dixon. Identification of residues required for ligand binding to the 8-
adrenergic receptor. Proc. Natl Acad. Sci. USA 84:4384-4388 (1987).
Findlay, J. B. C., and D. J. C. Pappin. The opsin family of proteins. Biochem.
J. 238:625-642 (1986).

Role of Carboxyl Terminal Muscarinic Receptor Domains

. Hammer, R., E. Giraldo, G. B. Schiavi, E. Monferini, H. Ladinsky. Binding

profile of a novel cardioselective muscarine receptor antagonist, AF-DX 116,
to membranes of peripheral tissues and brain in the rat. Life Sci. 38:1653-
1662 (1986).

. Melchiorre, C., P. Angeli, G. Lambrecht, E. Mutschler, M. T. Picchio, and J.

Wess. Antimuscarinic action of methoctramine, a new cardioselective M-2
muscarinic receptor antagonist, alone and in combination with atropine and
gallamine. Eur. J. Pharmacol. 144:117-124 (1987).

. Lambrecht, G., R. Feifel, M. Wagner-Roder, C. Strohmann, H. Zilch, R.

Tacke, M. Waelbroeck, J. Christophe, H. Boddeke, and E. Mutschler. Affinity
profiles of hexahydro-sila-difenidol log! at inic receptor sub-
types. Eur. J. Pharmacol. 168:71-80 (1989).
Barlow, R. B, and M. K. Shepherd. A search for selective antagonists at M,
muscarinic receptors. Br. J. Pharmacol. 85:427-435 (1985).

. Dixon, R. A. F,, L. S. Sigal, M. R. Candelore, R. B. Register, W. Scattergood,

E. Rands, and C. D. Strader. Structural features required for ligand binding
to the B-adrenergic receptor. EMBO J.8:3269-3275 (1987).

Wess, J., T. Buhl, G. Lambrecht, and E. Mutschler. Cholinergic receptors, in
Comprehensive Medicinal Chemistry, (J. C. Emmett, ed.), Vol. 3. Pergamon
Press, Oxford, UK, 423-491 (1990).

Send reprint requests to: Jirgen Wess, Laboratory of Molecular Biology,
NINDS-NIH, Bldg. 36, Room 3D-02, Bethesda, MD 20892.

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


http://molpharm.aspetjournals.org/



