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Primary Structure and Biochemical Properties of an

M, Muscarinic Receptor

ERNEST G. PERALTA, JOHN W. WINSLOW, GARY L. PETERSON,
Dovuaras H. SMITH, Avi ASHKENAZI, J]. RAMACHANDRAN,
MicHAEL 1. SCHIMERLIK, DANIEL J. CAPON

A partial amino acid sequence obtained for porcine atrial muscarinic acetylcholine
receptor was used to isolate complementary DNA clones containing the complete
receptor coding region. The deduced 466—amino acid polypeptide exhibits extensive
structural and sequence homology with other receptors coupled to guanine nucleotide
binding (G) proteins (for example, the B-adrenergic receptor and rhodopsins); this
similarity predicts a structure of seven membrane-spanning regions distinguished by
the disposition of a large cytoplasmic domain. Stable transfection of the Chinese
hamster ovary cell line with the atrial receptor complementary DNA leads to the
binding of muscarinic antagonists in these cells with affinities characteristic of the M,
receptor subtype. The atrial muscarinic receptor is encoded by a unique gene consisting
of a single coding exon and multiple, alternatively spliced 5’ noncoding regions. The
atrial receptor is distinct from the cerebral muscarinic receptor gene product, sharing
only 38% overall amino acid homology and possessing a completely nonhomologous
large cytoplasmic domain, suggesting a role for the latter region in differential effector

coupling.

HE MUSCARINIC ACETYLCHOLINE

receptor is the predominant cholin-

ergic receptor of the central nervous
system, where it is involved in both the
excitation and inhibition of neurons, and of
the parasympathetic nervous system, where
it regulates autonomic responses such as the
contraction of cardiac and smooth muscle
and the secretory activity of exocrine glands
(1). Muscarinic receptors belong to a class of
integral membrane glycoproteins that in-
cludes visual rhodopsins as well as numerous
hormone and neurotransmitter receptors,
which transduce a light or agonist-binding
stimulus to a specific effector through the
activation of a guanine nucleotide—binding
(G) protein (2). The diverse cellular effects
elicited by muscarinic agonists via activation
of G proteins include the inhibition of aden-
ylyl cyclase activity, the stimulation of phos-
phoinositide (PI) breakdown (3), and the
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regulation of the inward K* current in
myocardium (4). The distinct pharmacolog-
ical and biochemical properties of muscarin-
ic receptors in various tissues had led to the
concept of different receptor subtypes, but
the molecular basis of this diversity has
remained obscure. The heterogeneous bind-
ing of muscarinic agonists suggests the exis-
tence of multiple binding states, and the
ability to alter the proportion of each popu-
lation with guanine nucleotides suggests
that receptor subtypes may represent dis-
tinct conformations of a single protein regu-
lated by effector coupling (5). Muscarinic
subtypes have also been distinguished on the
basis of tissue specific antagonists. The mus-
carinic antagonist pirenzepine is more effec-
tive in inhibiting gastric secretion than in
regulating heart and smooth muscle contrac-
tion and thus discriminates between high
affinity (M) receptors of cerebral cortex,

hippocampus, and sympathetic ganglia and
low affinity (M;) receptors of myocardium,
cerebellum, and medulla pons (5). Studies
with purified M; and M, receptors from
porcine cerebrum and myocardium (6) have
revealed differences in their molecular mass
and composition, suggesting that muscarin-
ic subtypes may also differ in structure or
posttranslational modification. To provide a
structural basis for the study of muscarinic
receptor function, receptor subtypes, and
signal transduction coupling, we have uti-
lized amino acid sequence peptides derived
from the atrial receptor to isolate comple-
mentary DNA (cDNA) and genomic clones,
and have expressed and characterized the
cloned receptor in heterologous cells.

To obtain protein sequence data for the
design of hybridization probes, we used the
native atrial receptor purified by ligand at-
finity chromatography (7). Receptor prepa-
rations displayed high affinity for the musca-
rinic antagonist L-[*H]quinuclidiny! benzi-
late (QNB), with a binding capacity of 12.4
nmol per milligram of protein. Analysis on
SDS-polyacrylamide gels revealed a broad
silver staining band with a peak mobility
corresponding to an AM; of 80,000; this
band had been previously identified as the
muscarinic receptor by covalent affinity la-
beling with [*H]propylbenzilylcholine mus-
tard (Fig. 1A, lane 1) (7). Amino-terminal
sequencing attempts suggested that the re-
ceptor was blocked to Edman degradation.
Treatment of the native A4, 80,000 protein
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with trypsin, however, released a large poly-
peptide of M; 50,000 to 55,000, as well as a
number of smaller peptides with A less
than 6000 that were amenable to amino-
terminal sequence analysis (Fig. 1A, lane 2).
The products obtained from two indepen-
dent digests were separated by reversed-
phase high-performance liquid chromatog-
raphy (HPLC) (Fig. 1B) and subjected to
Edman degradation; the procedure repro-
ducibly yielded four peptides (Fig. 1C). To
verify that these peptide sequences were
derived from the muscarinic receptor, a syn-
thetic peptide containing the sequence of
peptide 1 was conjugated to soybean trypsin

D 1234
—
95—'%
or- B
a5
30-
21-
B
£ ‘ !‘ “ =
| ;| _‘|!r//
W/
‘ | llﬂw”' /
| 1LV
"l-‘ ‘.‘||I Gr
£ 2 J /
5 .04 ‘ ! /
<' 1\ | f J’b/l‘/
1N B
1 i
“‘J.‘ l‘"v‘HL 'J.J
B
| v
:_:Jpnwu.d_ﬂ
0
0 25 50
c Minutes
1 I VKPNNNNMPGSDEALTEHNEK
2 EPVANGEPVEPSESLYO OGS
3 DKKEPYANQEPNVSPSLYDG
4 xmie R T P A XV Vs g

Fig. 1. Immunoreactivity of muscarinic receptor
with antisera directed against peptide sequences
obtained from trypsin cleavage products of puri-
fied myocardial muscarinic receptor. (A) SDS-
polyacrylamide gel of muscarinic receptor from
porcine atria before (lane a) and after (lane b)
treatment with TPCK-trypsin. Arrows indicate
the positions of the large proteolytic fragment of
M, 50,000 and of smaller tryptic polypeptides of
M, < 6,000. (B) Reversed phase HPLC separa-
tion of muscarinic receptor tryptic peptides (up-
per tracing) and a trypsin buffer blank (lower
tracing). Arrows indicate the four peptides that
were purified and sequenced (29). (C) Amino
terminal amino acid sequence of the muscarinic
receptor tryptic peptides 1 to 4 identified from
their phenylthiohydantoin derivatives. (D) Immu-
noprecipitation of '**I-labeled M, 80,000 musca-
rinic receptor polypeptide with antisera generated
against pc(ftidc 1 sequences (29). Precipitation
was carried out with antisera to peptide 1 (lanes 1
to 3) or preimmune sera (lane 4) in the absence
(lanes 1, 3, and 4) or presence of 1 mM of
the specific muscarinic receptor peptide
(IVKPNNNNMPGSDEALEC) (lane 2) or an
unrelated peptide from the human insulin recep-
tor (ASSNPEYLSASD) (lane 3). Abbreviations
for the amino acid residues are: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K,
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R,
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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inhibitor and used to immunize rabbits.
Sera from rabbits immunized with this con-
jugate immunoprecipitated the radioiodi-
nated M; 80,000 polypeptide while preim-
mune sera did not (Fig. 1D). Furthermore,
precipitation of receptor with the immune
sera could be specifically blocked with the
peptide used for immunization, but not
with an unrelated peptide (Fig. 1D).

Unique oligodeoxynucleotides  corre-
sponding to the sequences of tryptic pep-
tides 1 and 3 were synthesized and used as
hybridization probes for the identification
of receptor clones. Screening of a porcine
genomic library under nonstringent hybrid-
ization conditions led to the identification of
two overlapping genomic clones hybridiz-
ing with the peptide 1 and peptide 3 probes
(Fig. 2). Nucleotide sequence analysis of the
hybridizing region revealed an open reading
frame encoding all four tryptic peptides
(Fig. 2). To obtain complete coding se-
quences for the M, 80,000 polypeptide, a
cDNA library prepared from porcine atrial
polyadenylylated RNA primed with oli-
go(dT) was screened with a probe prepared
from the genomic sequence. Analysis of the
three longest cDNA clones Mc.7, Mc.25,
and Mc.52 (Fig. 2) revealed an open reading
frame of 466 amino acids, followed by 561
bp of 3" untranslated sequence terminating
in a stretch of adenylyl residues (Fig. 3). An
AATAAA hexanucleotide was found 17 bp
5' of the polyadenylyl tract, as expected for
the 3’ terminus of an RNA polymerase II
transcript.

— Bam Hi

1kb

The assignment of the receptor initiation
codon was based upon an upstream in-frame
termination codon at position —99 (Fig. 3).
The molecular mass of 51,700 predicted for
this polypeptide agrees well with previous
protein composition estimates suggesting
that the porcine atrial receptor contains 473
residues with a molecular mass of 50,000 to
52,000 (6). The 168 bp of 5’ untranslated
region within clone Mc.52 includes two
upstream ATG triplets in other frames (po-
sitions —86 and —41), which conform to
the consensus for initiation codons (8). The
reading frames corresponding to these up-
stream ATGs terminate within the 5’ leader
(positions —44 and —17). Previous studies
have shown that initiation of translation in
eukaryotic messenger RNA (mRNA) occurs
at internal ATG codons, if upstream reading
frames terminate before reaching the inter-
nal ATG (9). Initation at such internal
ATGs may occur with impaired efficiency,
however, suggesting that the presence of
upstream ATGs in muscarinic receptor
mRNA may play a role in the regulation of
its expression.

The atrial receptor sequence exhibits 30%
amino acid identity with the turkey erythro-
cyte and hamster lung B-adrenergic recep-
tors and 19% identity with bovine and
Drosophila rhodopsins within the predicted
transmembrane domains of these proteins
(Fig. 4). Evidence from electron diffraction
studies and limited proteolysis of mem-
brane-bound bacteriorhodopsin  has  re-
vealed a structure consisting of seven hydro-
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2

Fig. 2. cDNA clones encoding the complete porcine muscarinic receptor and partial genomic restriction
map. The top line indicates a map of a portion of the DNA insert contained within genomic clone
Mg.10 (30). The open reading frame encoding the receptor is indicated as a shaded box. Mc.7, Mc.25,
and Mc.52 represent cDNA clones isolated from an oligo(dT)-primed porcine atrial cDNA library;
Mc.15, Mc.18, and Mc.29 represent cDNA clones isolated from a specifically primed porcine atrial
library (31); an arrow indicates the position of the specific primer used to construct the library. SA
(splice acceptor) refers to the point of divergence between the genomic nucleotide sequence and
sequences derived from cDNA clones; broken lines indicate alternative splicing pathways; solid and
crosshatched boxes indicate alternative 5’ exons. The order of exons 1A and 1B with respect to the

genomic map is not known.
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phobic membrane-spanning domains with
an extracellular amino terminus and a cyto-
plasmic carboxyl terminus orientation (10).
Hydropathicity analysis of mammalian visu-
al rhodopsins and B-adrenergic receptors
indicates that these proteins adopt a mem-
brane topology similar to bacteriorhodopsin
(11). Similarly, hydropathicity analysis with

the method of Kyte and Doolittle (12)
suggests that the predicted atrial muscarinic
receptor has six transmembrane domains of
20 to 27 amino acids. A seventh membrane-
spanning region with less pronounced hy-
drophobicity is suggested by sequence ho-
mology with the B-adrenergic receptor.
Based on these structural similarities, a mod-
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exon 1A

ATTCCTACTGGGCTCCGTCA/SXEATGGAACCTGCCTCCCGGGGAACAGGAAAGGTTAAAGCCTATCATT
T"r'/ECTCAGTTGGAATGAGAGATCTGATTTGTCCGTGTTTGGAGAGTCTGAAGv

exons 1B

sD GTGTGGGTTAGCC

AGAGCCGTGAAACCGCAGATCCTAC%GAAATCGCCAGGGACACAGACCTAATT!GTAATTAGTTGTCCCTACGCTGATTACTACTTCngAAGCACTT

TGGTGAAGGAATGAATCCCGCCCAGCTCGCCGGTCCAGCCAGGTCTCGGTTCGGTTTTGCTCTCCAGACTCATCTTCCTTAEF'G—AAGGCCAGKTCAAGGGA

GAAAGCAAGCCGGCGCCTGGCCTCGGACTCTGAACAGCGCGCAGCTCGCTCCg%GGAGGATCAGCCCCGAACCTGCGAAGGGCTCCCCACTCCTGCCAGC
CCACACCAAGCTTCTTGCAGCCCGGGGAGCAAGTGGAACTAAACCTGCGGCA?

exon 2
SA

CCCAAAGCATGCTTATATTATATATTTGTTAATTTTATTTTATTTCCCTGCA%TTTAAATGTGTATTTGGCTACTTGGCTACTGAGTAGAGAACACAAA

ATG AAT AAC TCC ACC AAC TCC TCT AAC AGT GGC CTG GCT CTG ACC AGT CCT TAT AAG ACA TTT GAA GTG GTT TTT
Met Asn Asn Ser Thr Asn Ser Ser Asn Ser Gly Leu Ala Leu Thr Ser Pro Tyr Lys Thr Phe Glu Val Val Phe

ATT GTC CTT GTC GCC GGA TCC CTC AGT TTG GTG ACC ATT ATT GGG AAC ATC CTG GTC ATG GTC TCC ATC AAA GTC
ITe Val Leu Val Ala Gly Ser Leu Ser Leu Val Thr Ile Ile Gly Asn Ile Leu Val Met Val Ser ITle Lys Val

AAC CGA CAC CTC CAG ACA GTC AAC AAT TAC TTT TTG TTC AGC TTG GCC TGT GCT GAC CTC ATC ATT GGT GTT TTC
Asn Arg His Leu GIn Thr Val Asn Asn Tyr Phe Leu Phe Ser Leu Ala Cys Ala Asp Leu Ile Ile Gly Val Phe

TCC ATG AAC CTG TAC ACT CTT TAC ACT GTG ATT GGC TAC TGG CCT TTG GGC CCC GTG GTG TGT GAC CTT TGG CTA
Ser Met Asn Leu Tyr Thr Leu Tyr Thr Val Ile Gly Tyr Trp Pro Leu Gly Pro Val Val Cys Asp Leu Trp Leu

GCT CTG GAC TAC GTG GTC AGT AAT GCC TCA GTA ATG AAT CTG CTC ATC ATC AGC TTT GAC AGG TAC TTC TGT GTC
Ala Leu Asp Tyr Val Vval Ser A_s_n_ Ala Ser Val Met Asn Leu Leu ITe Ile Ser Phe Asp Arg Tyr Phe Cys Val

ACG AAG CCG CTC ACC TAC CCC GTC AAG CGG ACC ACA AAA ATG GCA GGT ATG ATG ATT GCT GCT GCG TGG GTC CTC
Thr Lys Pro Leu Thr Tyr Pro Val Lys Arg Thr Thr Lys Met Ala Gly Met Met ITe Ala Ala Ala Trp Val Leu

TCC TTC ATC CTC TGG GCT CCG GCC ATT CTC TTC TGG CAG TTC ATT GTA GGG GTG AGA ACT GTG GAG GAT GGT GAA
Ser Phe Ile Leu Trp Ala Pro Ala Ile Leu Phe Trp GIn Phe Ile Val Gly Val Arg Thr Val Glu Asp Gly Glu

TGC TAT ATA CAG TTT TTT TCC AAC GCT GCT GTC ACC TTT GGC ACT GCC ATT GCA GCC TTC TAT TTG CCT GTG ATC
Cys Tyr Ile GIn Phe Phe Ser Asn Ala Ala Val Thr Phe Gly Thr Ala Ile Ala Ala Phe Tyr Leu Pro Val Ile

ATC ATG ACT GTA TTA TAC TGG CAC ATA TCC CGA GCC AGT AAG AGC AGG ATT AAG AAG GAC AAG AAG GAG CCT GTG
Ile Met Thr Val Leu Tyr Trp His Ile Ser Arg Ala Ser Lys Ser Arg Ile Lys Lys Asp Lys Lys Glu Pro Val

GCC AAC CAA GAA CCA GTT TCT CCA AGT TTG GTA CAA GGA AGA ATA GTG AAG CCG AAC AAC AAT AAT ATG CCT GGC
Ala Asn GIn Glu Pro Valsser Pro Ser Leu Val GIn Gly Arg Ile Val Lys Pro Asn As/r|1\Asn Asn Met Pro Gly

2/ =
AGT GAT GAA GCC CTG GAG CAC AAC AAA ATC CAG AAT GGC AAA GCT CCC AGG GAT GCT GTG ACT GAG AAC TGT GTC
Ser Asp Glu Ala Leu Glu His Asn Lys Ile GIn Asn Gly Lys Ala Pro Arg Asp Ala Val Thr Glu Asn Cys Val

CAG GGA GAG GAG AAA GAA AGC TCC AAC GAT TCC ACC TCA GTC AGT GCT GTT GCC TCT AAT ATG AGA GAT GAT GAA
GIn Gly Glu Glu Lys Glu Ser Ser é_s_q Asp Ser Thr Ser Val Ser Ala Val Ala Ser Asn Met Arg Asp Asp Glu

ATA ACC CAG GAT GAA AAC ACA GTT TCC ACT TCC CTG GGC CAT TCC AAA GAT GAG AAC TCA AAG CAA ACA TGC ATC
Ile Thr GIn Asp Glu Asn Thr Val Ser Thr Ser Leu Gly His Ser Lys Asp Glu Asn Ser Lys GIn Thr Cys Ile
G
AAA ATT GTC ACC AAT ACC CAA AAA AGT GAC TCA TGC ACC CCA GCT AAT ACC ACT GTG GAG CTT GTT GGT TCT TCA
Lys Ile Val Thr Asn Thr GIn Lys Ser Asp Ser Cys Thr Pro Ala Asn Thr4Thr Val Glu Leu Val Gly Ser Ser
Lys m— —
GGT CAG AAT GGA GAT GAA AAA CAG AAC ATT GTC GCT CGC AAG ATT GTG AAG ATG ACC AAG CAG CCT GCA AAA AAG
Gly GIn Asn Gly Asp Glu Lys GIn Asn Ile Val Ala Arg Lys Ile Val Lys Met Thr Lys GIn Pro Ala Lys Lys

AAG CCG CCT CCT TCC CGG GAA AAG AAA GTG ACC AGG ACG ATC TTG GCT ATT CTG TTG GCT TTC ATC ATC ACT TGG
Lys Pro Pro Pro Ser Arg Glu Lys Lys Val Thr Arg Thr Ile Leu Ala Ile Leu Leu Ala Phe Ile Ile Thr Trp

GCC CCG TAC AAC GTC ATG GTG CTC ATT AAT ACC TTC TGT GCA CCC TGC ATC CCC AAC ACA GTG TGG ACA ATT GGT
Ala Pro Tyr Asn Val Met Val Leu Ile Asn Thr Phe Cys Ala Pro Cys Ile Pro Asn Thr Val Trp Thr Ile Gly

TAT TGG CTC TGT TAC ATC AAC AGC ACT ATC AAC CCT GCC TGC TAT GCA CTT TGT AAT GCC ACC TTC AAG AAG ACC
Tyr Trp Leu Cys Tyr Ile Asn Ser Thr Ile Asn Pro Ala Cys Tyr Ala Leu Cys Asn Ala Thr Phe Lys Lys Thr

TTT AAA CAC CTT CTT ATG TGT CAT TAT AAG AAC ATA GGC GCT ACA AGG TAA
Phe Lys His Leu Leu Met Cys His Tyr Lys Asn Ile Gly Ala Thr Arg

AACATCTTTGTAAAGAAGGAAGGTAGTCAAG

AGGAGCTTGAGGAACAGAAAAAGAATGAAAGAGCTCCTAGTTTTAAAATCTCTGCCATTGCACTTTATAGTCTTATTAATGGAATGTGCAATTAAGGAGC

CCTACAGTGACACTTACTGTGCCTCTGCTCCAATTTGAGAAACTTGCACCTTATAAACCCTGCCAGTTTAGGAGCAATGAGACCATAAAAGAGACGTGTT

GGAATTGTGGATTTAAGGAACGATCTGTAGTTTCTCATACTCTCTTGAAGAAGGGCTTCTGAATATATAATTTTATCTCTGCACACAAAAATAATAACCT
CTTTTCTTTTTTGTTCACATTTTTGTTACCATGTGTCCATATGAGGATGAAATGCCACAATTACAACCTAACCTCGAGACTTAAACATAAAGAAAGCCGT
TATACAATGAAGAAGTGAAGAAAGAAGATCAAAAAAGGGTGTAGAAGTGGACTCGAGTGTTAATATATATTATAATTTTATTACGGTTTGTGGGGAATTG
CAACCGTTTATCTTTCTTTGCEATACCTTTTCCCACCATCAAAAGAGAGCAAAGCAAAACAAACAAAACAAAAA

el for the disposition of the atrial receptor in
the plasma membrane is shown in Fig. 4.
Two charged amino acids present in the
transmembrane regions of the atrial receptor
(Asp® and Asp'®) are conserved in both
the turkey erythrocyte and hamster lung B-
adrenergic receptors (11). Such conserved
charged residues may reflect similar tertiary
interactions important for the alignment of
multiple amphipathic segments in the bi-
layer or may be directly involved in ligand
binding.

Significantly, the atrial receptor sequence
reported here is distinct from, but related to,
that found for the cerebral muscarinic recep-
tor (13). Overall, these receptors share only
38% of their residues, with extensive local
identities found in the transmembrane do-
mains (50 to 91%), as well as the small
connecting loop regions (44 to 67%) (Fig.
4). To determine whether the atrial receptor
indeed binds muscarinic compounds, Chi-
nese hamster ovary (CHO) cells were trans-
fected with a vector capable of directing the
expression of the atrial receptor cDNA, with
the mouse dihydrofolate reductase gene
(DHFR) as a selectable marker (Fig. 5A).
To increase expression of the atrial receptor
through coamplification of DHFR se-
quences, a population of transfected cells
was selected for resistance to the DHFR
inhibitor methotrexate (5 X 1077M) and
tested for muscarinic antagonist binding.
Homogenates prepared from transfected
cells exhibited saturable, homogeneous,
high affinity [*H]JQNB binding (10-pmol
sites per milligram of protein) (Fig. 5B).
Homogenates from nontransfected CHO
cells did not bind [*H]QNB (<5-fmol sites
per milligram of protein), even at high

Fig. 3. Nucleotide and deduced amino acid se-
quences of the porcine myocardial muscarinic
receptor. Exon 1A sequences were derived from
¢DNA clones Mc.52 and Mc.15; exon 1B se-
quences were derived from cDNA clones Mc.18
and Mc.29; the sequence of exon 2 was derived
from genomic clone Mg.10 (Fig. 2). The nucleo-
tide sequence is numbered with +1 correspond-
ing to the first base of the predicted initiating
ATG codon. The deduced amino acid sequence is
shown beneath the nucleotide sequence and is
numbered at the left of each line. The nucleotide
sequences of cDNA clones Mc.7 and Mc.25 are
identical to the genomic sequence with the excep-
tion of a G residue at position +990; the resulting
amino acid change is shown below the amino acid
encoded by the genomic sequence. Sequences
corresponding to tryptic peptides 1, 3, and 4 are
underlined and numbered. Splice donor (SD) and
splice acceptor (SA) sites are indicated by arrow-
heads. Horizontal bars indicate upstream in-frame
termination codons. Dashed horizontal lines indi-
cate potential sites of N-linked glycosylation. The
polyadenylylation signal is boxed; an asterisk indi-
cates the start of polyadenylylation within cDNA
clone Mc.25.
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protein concentrations (0.6 mg per assay).
An apparent dissociation constant (Kp) for
[P'HJQNB of 63.1 pM was determined by
Scatchard analysis (Fig. 5B). This value is
comparable to that obtained for [*HJQNB
binding by heart membranes (Kp = 122
pM) (I14) or purified atrial receptor
(Kp =61 pM) (7). Binding of [’ HJQNB to
intact cells yielded essentially identical re-
sults. To determine whether the cloned mus-
carinic receptor has the characteristics ex-
pected for an atrial M, receptor, competi-
tion binding experiments were carried out
with the nonselective antagonist atropine
and the selective antagonist pirenzepine.
Each ligand displaced [’H]QNB binding in
a homogeneous manner with apparent in-
hibitory constants (K;) for atropine and
pirenzepine of 4.1 nM and 1.1 pM, respec-
tively (Fig. 5C). These values are in general
agreement with those reported for the atrial
muscarinic receptor [K; for atropine =1
nM; K; for pirenzepine = 0.35 pM (14)].
The CHO transfectants thus bind pirenze-
pine with 20 to 30 times lower affinity than
the M; muscarinic receptor in cerebral cor-
tex (Kp = 51 nM) (5), supporting the con-
clusion that the cloned atrial receptor repre-
sents the M, muscarinic receptor subtype.
The most striking difference between the
atrial and cerebral muscarinic receptor se-
quences is the complete absence of sequence
homology in their large cytoplasmic loops of
180 and 156 amino acids, respectively, join-
ing the fifth and sixth transmembrane seg-
ments, despite similarities in size and hydro-
philic character (Fig. 4). The location of
conserved residues suggests that muscarinic
ligands are bound within a cavity created by
the insertion of transmembrane regions into
the plasma bilayer, reminiscent of the trans-
verse location of the retinal chromophore in
rhodopsin within the hydrophobic core of
the rod outer segment disc membrane (15).
Thus, muscarinic ligand binding may in-
volve similar or identical amino acid con-
tacts in each subtype resulting in equivalent
binding of most antagonists, with subtle
differences in the binding pockets account-
ing for selective binding of certain antago-
nists such as pirenzepine. The ability of
pirenzepine to differentially antagonize mus-
carinic-induced effects has led to correlations
between receptor subtype and the coupling
of specific effectors. For example, in mouse
anterior pituitary cells pirenzepine has a 40
times greater potency in inhibiting carba-
chol-stimulated PI breakdown than in inhib-
iting  adenosine  3’,5’-monophosphate
(cAMP) formation, whereas atropine was
equally effective in inhibiting each response
(16). The substantial differences in myocar-
dial and cerebral muscarinic receptor pri-
mary structures, notably the large cytoplas-
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Fig. 4. Predicted transmembrane domain structure of the myocardial muscarinic receptor and
homology with the cerebral muscarinic receptor and the avian and hamster B-adrenergic receptors.
Membrane-spanning sequences and connecting loops of the muscarinic receptor were chosen by
inclusion of sequences representing maxima and minima in the Kyte and Doolittle hydropathicity (12)
and by alignment of the hydrophobicity maxima of the myocardial muscarinic receptor with those of the
avian and hamster B-adrenergic receptors and bovine rhodopsin. Adjustments were made based on the
primary sequence homology between these four proteins, aligned according to the method of Dayhoff
et al. (32). The membrane-spanning sequences are assumed to be a-helical with 3.5 residues per helical
turn. The arrangement of the hydrophilic sequences is arbitrary. Identities between the sequences of the
myocardial and cerebral (13) muscarinic receptors are indicated by shaded circles. Identities between the
sequences of both muscarinic receptors and either turkey or hamster B-adrenergic receptors (11) are
indicated by a solid circle around each residue. Identities between the myocardial muscarinic receptor
and either avian or hamster B-adrenergic receptor are indicated by squares around each residue. The
shaded triangles at the amino terminal region indicate potential N-linked glycosylation sites. The solid
triangles in loop 5-6 indicate the native trypsin cleavage sites determined from peptide sequencing.
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Fig. 5. Expression of atrial muscarinic receptor cDNA in transfected CHO cells. (A) Plasmid
PSVE.MAR contains the entire coding region of the muscarinic receptor derived from cDNA clone
Mc.7 (base pairs —51 to +1463, Fig. 3) under constituitive control of an SV40 early promoter (SV40
ori); a mouse dihydrofolate reductase gene (DHFR) is under transcriptional control of the human
immunodeficiency virus 1 long terminal repeat (HIV LTR) and is terminated within the polyadenylyla-
tion sequences of the hepatitis B virus surface antigen gene (HBV poly A) (33); cells were transfected by
the calcium phosphate method (34). (B) [*’H]QNB binding to pSVE.MAR-transfected CHO cell
homogenate. Binding was performed with 16 pg of homogenate protein per assay tube and increasing
concentrations of [*H]JQNB (specific activity, 45.9 Ci/mmol) (35). Specific binding of [*’H]QNB was
determined from the difference between total binding of labeled antagonist and binding in the presence
of 10 pM atropine. The open squares depict the binding isotherm for the pSVE.MAR-transfected
CHO cells and the line defined by the solid circle depicts the binding of [*H]JQNB by nontransfected
CHO cells. The binding isotherm represents the theoretical isotherm predicted by the Kp, calculated by
Scatchard analysis (inset). The line drawn in the Scatchard analysis of the binding data is the best fit as
determined by unweighted least-squares linear regression and gives a Kp of 63.1 pM and a maximum
binding intercept of 930 pM. (C) Inhibition of [*’H]QNB binding by atropine (A) and pirenzepine (P)
with intact pSVE.MAR-transfected CHO cells. The concentration of [>H]QNB binding sites was 640
pM at a [P H]QNB concentration of 650 pM. Specific [*’H]QNB binding was determined as described
above. The Kp, for [°’H]QNB was determined to be 74.1 pM by an independent Scatchard analysis. The
Ky’s of the inhibitors atropine and pirenzepine were 4.1 nM and 1.1 pM, respectively. The K; values
were determined from a linear rcjgrcssion fit of the j function when plotted as a function of the ratio of
the free and specifically bound ["H]QNB.
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mic 5-6 loop, may therefore play a role in
specifying effector coupling.

In vitro reconstitution studies have pro-
vided several examples of receptors able to
interact with more than one type of G
protein (17). For example, the B-adrenergic
receptor, which normally exerts its stimula-
tory effect on adenylyl cyclase through G,
also stimulates the guanosine triphosphatase
(GTPase) activity of G; and transducin,
while rhodopsin, which normally couples to
phosphodiesterase via transducin, is also ca-
pable of stimulating the GTPase activity of
G;. Given the recent finding that GTP bind-
ing subunits of G proteins comprise a family
of highly related proteins (18), G protein
coupling may involve conserved sequences
in the corresponding receptors. The largest
stretch of homology between the atrial mus-
carinic receptor and other receptors occurs
in cytoplasmic loop 1-2 (Lew* to Leu™)
(Fig. 4). Fourteen and ten residues in this
region are conserved between the atrial re-
ceptor and the hamster B-adrenergic recep-
tor and bovine rhodopsin, respectively. Sig-
nificant identity is also observed with the B-
adrenergic receptors within cytoplasmic
loop 3-4 (7 out of 19 residues) and in the
predicted cytoplasmic region after the sev-
enth transmembrane domain (7 out of 14
residues).

The myocardial muscarinic receptor is ex-
tensively glycosylated, containing 20 to
30% carbohydrate by mass (6). Eight poten-
tial N-linked glycosylation sites are found in
the atrial receptor sequence (Fig. 3). Five of
these sites are in transmembrane or cytoplas-
mic regions, suggesting that N-linked glyco-
sylation is restricted to the three predicted
extracellular sites located at the amino termi-
nus (Fig. 4). The B-adrenergic receptor and
bovine rhodopsin appear to be similarly N-
glycosylated near their amino termini (11).
It has been reported that chick heart musca-
rinic receptor is phosphorylated in an ago-
nist-dependent fashion, which may account
for desensitization of the receptor (19). The
B-adrenergic receptor and rhodopsin are
regulated by phosphorylation on serine or
threonine near their carboxyl terminus by
protein kinases specific for the agonist-occu-
pied (or photoactivated) form of receptor
(20). Only one of seven serine and threonine
residues (Thr*?) is conserved between the
carboxyl-terminal cytoplasmic regions of the
atrial and cerebral receptors. Potential
cAMP-dependent protein kinase sites (21)
in the myocardial receptor (Thr'* and
Thr®) are also distinct from those in the
cerebral receptor (Thr**®, Thr**4, Ser®*, and
Ser®™). Thus structural differences deter-
mining protein kinase specificity may play a
role in the differential regulation of receptor
subtypes.
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Fig. 6. Southern analysis of porcine and human
muscarinic receptor genomic sequences. High
molecular weight DNA from porcine atria (lanes
a to d) and human peripheral blood lymphocytes
(lanes e to h) (26) was digested with Bam HI
(lanes a and e), Eco RI (lanes b and f), Bgl II
(lanes c and g), or Pst I (lanes d and h), separated
by agarose gel electrophoresis, transferred to ni-
trocellulose (26), and hlbridizcd under stringent
conditions (31) with a 32P-labeled probe (2 x 10®
cpm/pug) prepared from the Eco Rl insert of clone
Mc.7. Positions of marker fragments from Hind
ITI-digested A DNA and Hae I1I-digested 0X174
DNA are indicated.

To establish the structure of the atrial
muscarinic receptor gene, we determined
the nucleotide sequence of the hybridizing
region in genomic clone Mg.10. This analy-
sis revealed that cDNA sequences extending
from 46 bp 5’ of the ATG start codon to the
polyadenylyl tract are contiguous within the
gene (Fig. 3). A consensus splice acceptor
site is found within the gene at the point of
divergence with cDNA clone Mc.52 (Fig.
3). To confirm that sequences at the 5’ end
of clone Mc.52 actually represent a 5’ un-
translated exon, a second porcine atrial
cDNA library was prepared employing a
specific primer positioned near the 5’ end of
the existing cDNA sequence (Fig. 2). Of
nine cDNA clones isolated extending 5’ of
the splice acceptor site, one clone, Mc.15,
contained the same 5’ untranslated leader
(exon 1A) found in Mc.52 (Fig. 2). The
remaining eight cDNAs, represented by
Mc.18, contained a different 5’ leader exon
(exon 1B), which diverged from the gene
sequence at the same splice acceptor used by
clone Mc.52 (Fig. 2). Exon 1B, like exon
1A, contains an in-frame upstream stop
codon (position —219), demonstrating that
the same ATG triplet is utilized for transla-
tion initiation of the receptor (Fig. 3). Simi-
larly, exon 1B also contains two upstream
ATG rtriplets flanked by favorable nucleo-

tides (8) (positions —290 and —220), which
are followed by in-frame termination co-
dons (positions —170 and —61) (Fig. 3). A
third class of 5’ leader exon was revealed by
clone Mc.29, in which utilization of a con-
sensus splice donor and acceptor at positions
—344 and —209 removes 135 nucleotides
within exon 1B (Fig. 3). In Mc.29 an in-
frame stop codon at nucleotide —375 pre-
cedes the same designated ATG initiator
triplet. Thus despite alternative RNA proc-
essing, each type of cDNA encodes an iden-
tical muscarinic receptor. The prevalence of
exon 1A over exon 1B sequences in atrial
derived cDNAs suggests the preferential
expression of exon 1B in atrial tissue. The
presence of alternative 5’ exons for the
myocardial muscarinic receptor may reflect
differential splicing of a single primary tran-
script, as observed for the nerve growth
factor gene; but differing from the latter in
that the resulting mRNAs do not encode
proteins with distinct amino-terminal se-
quences (22). Alternatively, exon 1A and
exon 1B could arise by transcriptional initia-
tion at distinct promoters within the atrial
muscarinic receptor gene. The atrial musca-
rinic receptor, like the B-adrenergic receptor
(11), is thus encoded by a single exon, but is
distinguished by having an intron within the
5’ untranslated region of its mRNAs.

To determine the number of genes encod-
ing the atrial muscarinic receptor, restriction
digests of porcine and human genomic
DNAs were probed with clone Mc.7 under
stringent conditions. In Bam HI, Eco RI,
Bgl II, and Pst I digests of porcine DNA,
the major DNA fragments detected by hy-
bridization were those predicted by the
structure of genomic clones (Fig. 6). The
pattern of hybridization detected for human
DNA digests similarly suggested that a sin-
gle gene encodes the receptor and revealed a
high degree of conservation between the
porcine and human gene products. Notably,
in Pst I and Bgl II digests of both porcine
and human DNA, one to three additional
weakly hybridizing bands were detected by
the atrial cDNA probe; these fragments may
correspond to other muscarinic subtypes or
novel receptors related to the atrial musca-
rinic receptor (Fig. 6). Probes derived from
exon 1A and 1B did not detectably hybrid-
ize with human DNA digests under strin-
gent conditions, suggesting significantly less
homology in the 5’ noncoding region than
in the coding exons of the porcine and
human genes.

In summary, significant differences in pri-
mary structure of two muscarinic receptors
isolated from the same species, the distribu-
tion of these amino acid differences
throughout the polypeptides, and the orga-
nization of the myocardial receptor coding
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region on a single exon together indicate
that the predominant muscarinic subtypes of
myocardium and cerebral cortex are' en-
coded by different genes. Thus primary
structure differences can form the molecular
basis of receptor subtypes, and subtypes of
other G protein—coupled receptors may also
correspond to distinct polypeptides. Studies
with novel selective muscarinic antagonists
such as the cardiospecific compound AF-
DX116 suggest an additional muscarinic
receptor subtype that is preferendally ex-
pressed in exocrine glands and ileal tissue
(23). Given the substantial similarity be-
tween myocardial and cerebral receptors, it
is possible that additional muscarinic sub-
types will be identified as homologous pro-
teins encoded by evolutionarily related
genes.

Note added in proof: Following submission

of this manuscript, the sequence of the
porcine atrial muscarinic receptor was re-
ported by another group (24).
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Muscarinic receptor was purified to homogeneity
from porcine atria as described (7), concentrated by
batch adsorption onto DEAE-Biogel and elution
with 25 mM imidazole, pH 7.4, 1 mM EDTA,
0.08% (weight to volume) digitonin, 0.016%
(wcifht to volume) cholate, and 250 mAM NaCl. The
M, 14,000 polypeptide previously observed to co-
purify with receptor was not detected in this prepa-
ration. Receptor was treated with TPCK (1-tosyla-
mide-2-phenylethylchloromethyl ketone) trypsin
(5% weight to volume) in 50 mM NH,HCO;, pH
8.0, 1 mM CaCl,, 0.05% Tween-20 for 16 hours at
37°C, and 0.2 pg of the receptor protein was
electrophoresed on an 8 to 18% polyacrylamide
gradient gel. TPCK-treated muscarinic receptor (60
pmol) was made 41 in guanidinium hydrochloride
and separated on a small bore (100 by 2.1 mm, 7-
wm particle size) Aquapore-butyl (C-4) column
(Brownlee Labs) with elution by a gradient of 0.1%
trifluoroacetic acid (TFA) in water to 0.085% TFA
in 50% #-propanol. Amino-terminal sequence anal-
ysis was performed by automated Edman degrada-
tion with an Applied Biosystems 470A Sequencer
interfaced with a 120 PTH analyzer. To obtain
antibodies to peptide 1, the synthetic peptide
IVKPNNNNMPGSDEALEC (see Fig. 1 for amino
acid abbreviations) was synthesized by the solid-
phase method (25), purified by reversed-phase
HPLC on a Vydac C-18 column (Separations
Group), coupled on the cysteine residue to soybean
trypsin inhibitor with maleimidobenzoyl-N-hydrox-
ysuccinimide ester, and injected into rabbits subcu-
taneously in complete Freund’s adjuvant. Purified
muscarinic receptor was iodinated with Iodogen
(Pierce) and Na'®T in 10 maM tris-HCL, pH 7.5,
0.1% Triton X-100 for 30 minutes at 23°C, dena-
tured with 0.2% SDS and 1 mM dithiothreitol
(DTT), and desalted on Sephadex G-50 in 10 mM
NH,HCOs, pH 8.0, 0.1% SDS, and 1 mM DTT.
Immunoprecipitation was carried out by incubating
30,000 cpm of '**I-labeled muscarinic receptor and
10 pl of rabbit serum in 100 pl of 20 milf Hepes,
H 7.5, 0.1% Triton X-100, and 10% glycerol for 2
ours at 23°C, followed by collection o%the immune
complex on protein A-Sepharose. Precipitates were
washed three times in this buffer, resolved on an
SDS-[;lolyacrylamidc gel, and visualized by autoradi-
ogrtﬁ y.
Synthetic oligonucleotides corresponding to -
tic peptide "1 (5-TTTGTTGTGIT CAGtgg-
CTTCGTCGGAGCCGGGCATGTTGTTGTTG-
TTGGGTTTCACGAT-3') and peptide 3 (5'-
CAGGTGGGGGGACACGGGTTCC-
TGGTTGGCCACGGGTTCTTTTTTGTC-3")
were end-labeled with T4 polynucleotide kinase and
[**Pladenosine triphosphate (26), pooled, and used
to probe a Sau 3A porcine genomic library, provid-
ed by G. Cachianes and D. Leung, under low
stringency hybridization conditions: 20% forma-
mide, 5X SSC (20x SSCis 3 NaCl, 0.3M sodium
citrate), 50 mA sodium phosphate (pH 6.8), 0.1%
sodium cf)yrophosphatc:, 5X Denhardt’s solution,
sonicated salmon sperm DNA (50 pg/ml), 0.1%
SDS, and 10% dextran sulfate at 37°C. Low strin-
ency washes were carried out in 0.5x SSC and
.1% SDS at 37°C. Two clones, Mg.10 and Mg.21,
hybridized weakly with the peptide 3 probe and
strongly with the peptide 1 probe. Restriction frag-
ments from clone Mg.10 that hybridized with both
probes were subcloned into M13 vectors and se-
quenced by the chain-termination method (27).
To obtain muscarinic receptor cDNA clones, total
cellular RNA was isolated grom porcine atrial tissue
and polyadenylylated RNA was purified by oli-
go(dT) ~ chromatography (26); double-stranded
cDNA was prepared with oligo(dT),.15 as the first
strand synthesis primer; syntl%ctic Eco RI adaptors
were added; size-fractionated cDNAs of greater than
600 bp were ligated into lambda vector gtl0 and

32.

33.
34.

35.

36.

ackaged in vitro (28) to yield a cDNA library of
5.5 x10° clones. From sequence data obtained
from genomic clone Mg. 10, two overlapping oligo-
nucleotides comprising base pairs +607 and +709
were synthesized, labeled by fill-in reaction with
Klenow DNA polymerase and [a-*2P]de-
oxynucleotide triphosphates (26), and used to probe
the cDNA library under stringent hybridization
conditions: 50% formamide, 5% SSC, 50 mM
sodium phosphate (pH 6.8), 0.1% sodium pyro-
phosphate, 5x Denhardt’s solution, sonicated salm-
on sperm DNA (50 pg/mi), 0.1% SDS, and 10%
dextran sulfate at 42°C. Washes were carried out at
42°C in 0.2x SSC and 0.1% SDS. Five positive
clones were isolated and the three longest, Mc.7,
Mc.25, and Mc.52, were subcloned into M13 vec-
tors and sequenced by the chain termination method
(27). To obtain cDNA clones that contained se-
$1cnccs corresponding to the 5’ end of the myocar-
ial receptor mRNA, a second atrial cDNA library
was constructed with a synthetic oligonucleotide
(5'-GCATTCACCATCCTC-3', positions +528 to
+514 of the noncoding strand) to specifically prime
synthesis of the first strand. Twenty-three positive
clones were identified by hYbridization with a probe
prepared from two overlapping oligonucleotides
corresponding to positions +273 and +376 as
described above; nine clones extended 5’ of exon 2
and were subjected to DNA sequence analysis.
The sequence homology alignment [M. Dayhoff ez
al., Methods Enzymol. 91, 524 (1983)] begins just
prior to membrane-spanning region 1 (Glu*) and
extends over five membrane-spanning regions and
loops, ending in loop 5-6 at Lys*2. It is necessary to
introduce only four gaps in the muscarinic receptor
sequence (one at Ile™®, three at GIn'”®) and one gap
each for avian (Arg”’) and hamster (Arg?) adrener-
gic receptors to maintain the alignment. No gaps are
necessary to maintain homology between this same
region of the myocaridial and cerebral muscarinic
receptors. Since loop 5-6 is much larger in the
muscarinic rec(eiptor than either the B-adrenergic
receptor or rhodopsin, and little homology occurs in
this region, the remaining sequence of the muscarin-
ic receptor was aligned separately. This identifies
homology starting at Arg**! and ending with Cys*".
This homology includes part of loops 5-6 andy 6-7,
the sixth and seventh membrane-spanning regions,
and the carboxyl terminus. To maintain homology,
single gaps in the muscarinic receptor sequence were
introduced at Leuw’™ and Ile*, and Ehrcc single
gaps were placed for avian (Glyi97 Leu’®, Asp™®)
and hamster (Gly?™, Tle®!, Asp®) receptors. No
gaps are necessary to maintain homology between
the two muscarinic receptors in transmembrane
regions six and seven.
M. A. Muesing et al., Cell, in press.
M. Wigler et al., Proc. Natl. Acad. Sci. USA. 76,
1373 (1979).
CHO cells were harvested in Buffer A [10 mad
Na,HPO,, pH 7.2, 0.25M sucrose, 10 mM EDTA,
1 mM phenylmethylsulfonyl fluoride, pepstatin
(2p.g/ml), and 1 mM benzamidine]. To obtain intact
cells for binding studies, confluent cells were incu-
bated for 10 minutes at 37°C in Buffer A, lifted and
suspended by repeated rinses in the same buffer, and
centrifuged and washed in Buffer A containing 1
mAM EDTA. Cell homogenates were produced simi-
larly except that confluent cells were harvested with
a rubber policeman after incubation, frozen and
thawed twice and homogenized and centrifuged at
20,000y for 30 minutes. The pellet was resuspended
in Buffer A containing 1 mAf EDTA at a final
grotein concentration of 0.5 mg/ml. [*H]QNB
inding assays and competition displacement assays
were performed for 1 ﬁf)ur at 18 to 20°C as de-
scribed (14). Independent binding time-course ex-
gcrimcnts showed that binding was complete within
0 to 40 minutes. The j function, used to calculate
the inhibitor dissociation constants, is described in
detail elsewhere (14).
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