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ABSTRACT Two cDNA clones, A\ RHM-MF and A RHB-
DAR, encoding the muscarinic cholinergic receptor and the
B-adrenergic receptor, respectively, have been isolated from a
rat heart cDNA library. The cDNA clones were characterized
by restriction mapping and automated DNA sequence analysis
utilizing fluorescent dye primers. The rat heart muscarinic
receptor consists of 466 amino acids and has a calculated
molecular weight of 51,543. The rat heart B-adrenergic recep-
tor consists of 418 amino acids and has a calculated molecular
weight of 46,890. The two cardiac receptors have substantial
amino acid homology (27.2% identity, 50.6% with favored
substitutions). The rat cardiac B receptor has 88.0% homeology
(92.5% with favored substitutions) with the human brain
receptor and the rat cardiac muscarinic receptor has 94.6%
homology (97.6% with favored substitutions) with the porcine
cardiac muscarinic receptor. The muscarinic cholinergic and
PB-adrenergic receptors appear to be as conserved as hemoglo-
bin and cytochrome c but less conserved than histones and are
clearly members of a multigene family. These data support our
hypothesis, based upon biochemical and immunological evi-
dence, that suggests considerable structural homology and
evolutionary conservation between adrenergic and muscarinic
cholinergic receptors. To our knowledge, this is the first report
utilizing automated DNA sequence analysis to determine the
structure of a gene.

Pharmacological and physiological classification of receptors
has grouped muscarinic and nicotinic cholinergic receptors
together in a class distinctly separate from the adrenergic
receptors. Our studies over the past several years have
yielded immunological and biochemical data suggesting sub-
stantial structural similarity among B;-, B, a;- and a,-
adrenergic receptors and muscarinic cholinergic receptors
(1-3). The extent of structural homology among these pro-
teins became more apparent with the cloning and sequence
analysis of genes encoding B-adrenergic receptors from
human brain (4), hamster lung (5), and turkey erythrocytes (6)
and muscarinic cholinergic receptors from porcine heart (7,
8) and brain (9) (for review see ref. 10).

In a comprehensive review (11) concerning the evolution of
adrenergic and cholinergic receptors, we postulated that the
muscarinic cholinergic receptor has existed for >600 million
years. Pharmacological and biochemical evidence suggests
that the B-adrenergic receptor may have appeared later in
evolution raising the possibility that it evolved as a result of
gene duplication.
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We have cloned and determined the primary structure of
the genes encoding B-adrenergic and muscarinic cholinergic
receptors from rat heart.T To our knowledge, this is the first
report on the cloning of a cardiac B-adrenergic receptor, and
these sequences have allowed the first direct sequence
comparison between an adrenergic and a muscarinic cholin-
ergic receptor from the same species and tissue. For these
studies we utilized automated DNA sequence analysis (12,
13), a technique that will have a considerable impact on DNA
sequencing.

MATERIALS AND METHODS

Screening of the Rat Heart ¢cDNA Library. A rat heart
cDNA library constructed in Agtl1 (Clontech, Palo Alto, CA)
was screened for the cardiac B-receptor gene using the
bacterial host strain Y1090r~ and a nick-translated human
brain B-receptor cDNA clone (CLFV-108) as described by
Chung et al. (4). A 3'-end-labeled oligonucleotide probe
(RB32) derived from the porcine heart muscarinic receptor
sequence (7, 8) (nucleotides 1254-1313) was used to screen
the same library for the cardiac muscarinic receptor gene.
Two cDNA clones, A RHB-DAR (B receptor) and A RHM-
MF (muscarinic receptor), were isolated from >10° recom-
binants. The inserts were purified, digested, and subcloned
into M13mp18/19 for sequence analysis.

Phage Amplification. M13 phage were eluted from agar
plugs in TE [0.5 ml of 0.01 M Tris-HC1/0.001 M EDTA, pH
8.0] containing 1% CHCl; at 4°C for 6-16 hr. Phage stock (250
pl) in TE was added to 0.2 ml of an 8-hr TG1 bacterial culture
(Amersham), then shaken at 37°C for 20 min. The culture was
then brought to 2 ml with 2x TY [2X TY = 1.6% (wt/vol)
tryptone, 1.0% yeast extract, 0.5% NaCl]. Cultures were
incubated with shaking for 16 hr at 37°C. Bacteria were
removed from the culture by centrifugation at 9500 x g for 10
min. M13 phage were precipitated by incubation with ¥s vol
of 20% (wt/vol) polyethylene glycol (PEG 8000, Fisher) in 2
M NaCl for 30 min at 0°C followed by centrifugation at 9500
X g for 10 min at 4°C. Phage pellets were resuspended in 0.5
ml of TE, pH 8.0/1% CHCls.

Large-Scale Culture of M13 Phage. Amplified phage stock
(250 wl) were added to 2 ml of an 8-hr TG1 bacterial culture
and incubated for 1 hr at 37°C with shaking. Cultures were
brought to 20 ml with 2x TY. Cultures were incubated by
shaking for 16 hr at 37°C. Bacterial debris was removed from

*To whom reprint requests should be addressed.

TThese sequences are being deposited in the EMBL/GenBank data
base (Bolt, Beranek, and Newman Laboratories, Cambridge, MA,
and Eur. Mol. Biol. Lab., Heidelberg) [accession no. J03024 (for the
B-adrenergic receptor) and accession no. J03025 (for the muscarinic
cholinergic receptor)].
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the culture by centrifugation at 9500 x g for 10 min. M13
phage were precipitated as detailed above. Phage pellets were
resuspended in 0.5 ml of TE.

Single-Stranded DNA Preparation. Phage pellets were ex-
tracted twice with an equal volume of Tris-saturated phenol
followed by one extraction with an equal volume of CHCl;.
DNA was precipitated with a mixture of %10 vol of 3 M sodium
acetate (pH 5.2) and of an equal volume of isopropanol for 1
hr at —70°C, followed by centrifugation at 12,500 x g for 10
min. DNA pellets were washed once with 1 ml of 95% ethanol
and dried under vacuum for 5 min. Single-stranded DNA
from this preparation was used as the DNA template for
sequencing.

Automated DNA Sequencing. DNA sequence analysis was
performed using the dideoxy-sequencing method of Sanger et
al. (14) and an Applied Biosystems (Foster City, CA) 370A
DNA sequencer. This instrumentation is based on fluores-
cence rather than autoradiographic detection of electropho-
retically separated DN A fragments. M13 dideoxy sequencing
utilizing dye-linked universal M13 primers was performed as
detailed in a review of automated DNA sequencing (13).
Basically, 2.4 pmol of purified DNA template (6 ng), 2 ug for
the guanosine or thymidine reaction mixtures and 1 ug for the
adenosine or cytidine reaction mixtures, were annealed with
specific dye primers at a 1:1 molar ratio in a heating block at
55-60°C for S min. The samples were cooled to 19°C over 40
min. The dye primers are light sensitive; therefore, light
exposure was minimized. Extension reactions were carried
out by the addition of deoxy/dideoxy nucleotide mixture with
3-5 units of Klenow fragment (International Biotechnologies,
New Haven, CT) in adenosine and cytidine reaction mixtures
and 6-10 units in guanosine and thymidine reaction mixtures.
The sample tubes were quick-spun in a microfuge and
incubated at 16-19°C for 30 min. Reactions were terminated
by incubation at 65°C for 10 min. Samples can be stored
at—20°C for several months at this point. Half of each
reaction mixture (adenosine, guanosine, thymidine, and cy-
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tidine) was combined, and samples were precipitated with
ethanol and resuspended in 5 ul of deionized formamide and
1 ul of 50 mM EDTA, pH 8. Immediately prior to gel-loading,
samples were denatured by heating at 90°C for 2 min.
Samples were then loaded onto a preelectrophoresed (30-
min) gel. Samples were electrophoresed for 14 hr at 20 W (6%
acrylamide gel) or at 25 W (8% acrylamide gel), and data
points were collected and analyzed using a Hewlett-Packard
Vectra computer as described (13).

RESULTS

Automated DNA Sequence Analysis. Sequence analysis of

the rat heart muscarinic cholinergic and B-adrenergic recep-
tor cDNA clones was performed using an Applied Biosys-
tems 370A DNA sequencer. Initial verification of sequencer
accuracy was performed by direct comparison of automated
analyzed sequence to that obtained with standard sequencing
gels. The automated DNA sequencer proved to be a rapid,
highly reproducible method of obtaining DNA sequence with
consistent accuracy. The quality of the M13 DNA prepara-
tions is crucial to obtaining clean, accurate DNA sequence.
With 16 lanes per sequencing gel (6% acrylamide) and routine
reading of 400-420 bases per template, a sequencing yields
over 6500 nucleotides. One sequencer operator can routinely
obtain >30,000 bases per week with five overnight sequenc-
ings.
The raw and computer-processed data of a Sau3A restric-
tion fragment containing the start codon for the muscarinic
cholinergic receptor from rat heart are illustrated in Fig. 1.
The computer-generated base identification is 100% accu-
rate. This high level of accuracy can be routinely obtained
when an adequate amount of purified template (2.4 pmol) is
utilized.

The raw and computer-processed data for sequence anal-
ysis of an Alu I restriction fragment from the 3'-nontranslated
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FiG. 1. Automated sequence analysis of a Sau3A restriction fragment from cDNA clone RHM-MF encoding the cardiac muscarinic
cholinergic receptor. A Sau3A restriction fragment from cDNA clone RHM-MF (nucleotides —84 to 95 from Fig. 4B) was subcloned into
M13mp18 and analyzed using an Applied Biosystems 370A automated DNA sequencer. Lines 1A and 2A represent the raw sequencing data
for nucleotides —84 to 95. Computer enhancement of the raw data yields the final sequence data as illustrated in lines 1 and 2. Accuracy of base
identification is 100%. Adenosine, green; guanosine, orange; cytidine, blue; thymidine, red.
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Fi1G.2. Automated sequence analysis of an Alu I restriction fragment from cDNA clone RHB-DAR encoding a cardiac B-adrenergic receptor.
An Alu 1 restriction fragment from cDNA clone RHB-DAR (nucleotides 1408-1638 from Fig. 4A) was subcloned into M13mp19 and analyzed
as in Fig. 1. Lines 1A-3A represent the raw sequencing data. Computer enhancement of raw data yields the corresponding final sequence data
as illustrated in lines 1-3. Accuracy of base identification is 99.0%, representing three errors out of 300 bases. Colors are as in Fig. 1.

region of the rat heart B-adrenergic receptor are illustrated in of repetitive adenosine and guanosine sequence with stan-
Fig. 2. The computer-generated base identification is 99.0% dard sequncing methods. . ) )
accurate. Difficulty was experienced reading the same region In addition to the M13 universal primer, template-specific

FiG.3. Comparison of manual and automated DNA sequence analysis using template-specific primers. (4) Manual DNA sequence analysis.
Purified cDNA clone RHB-DAR was sequenced using dATP[**S], a GemSeq K/RT System double-stranded sequencing kit (Promega Biotec,
Madison, WI), and the template-specific primer TACCTCACTGGTCAAGTATT (nucleotides 1591-1610). The resulting autoradiogram was used
for sequence determination as illustrated. (B) Automated DNA sequence analysis. cDNA clone RHB-DAR was subcloned into M13mp18 and
purified for use as a template in DNA sequencing. The same oligonucleotide sequence as above was linked to fluorescent sequencing dyes by
Applied Biosystems and utilized for automated DNA sequence analysis. Computer-enhanced raw sequencing data are illustrated. Sequence data
shown in A and B represent nucleotides 1624-1763 from RHB-DAR. Colors are as in Fig. 1.
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primers can be utilized with the automated sequencer. A
direct comparison of template-specific sequence analysis
using manual and automated sequencing is illustrated in Fig.
3. A slight degree of data-peak compression was observed in
the first few bases adjacent to the primer; however, the
automated base identification was 100% accurate for the
remainder of the gel.

Sequence of the Rat Heart B-Adrenergic and Muscarinic
Cholinergic Receptors. Cardiac B-adrenergic receptor. The
B-receptor DNA sequence (Fig. 44) was obtained from a
cDNA clone (1878 base pairs), which begins at base 20 in the
coding region and extends 621 bases on the 3’ side of the
termination codon. The 5’ sequence derives from a HindIII-
Tagq I restriction fragment from a rat genomic clone RGB-JL
that encodes the entire rat heart B-adrenergic receptor
(D.A.R,, J.L., and J.C.V., unpublished data).

The open reading frame defined by the initiation codon
ATG (nucleotides 1-3) to the translation termination codon
TAG (nucleotides 1255-1257) codes for a protein of 418
amino acids with a calculated molecular weight of 46,890.
These values are similar to those that we reported for the
human brain B,-adrenergic receptor (413 amino acids; M,,
46,480) (4) and to those reported for the hamster lung B,-
adrenergic receptor (418 amino acids; M,, 46,860) (5). The
difference between the calculated molecular weight and the
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91 GcGTGGGM‘I‘GGGCM‘GGCCM‘CCTcATGTcGG‘n‘ATcG'rccTGGCCATCGTGT‘H‘GGCMcGTGCTGGTCATCACAGCCATTGCCMG
70

PhoGluAthnuGlnTh(ValTh(A:nrerhallorhrsorLouAlaCysAlaAspL‘uVaXMQLGlyLouAlaVa1ValPrePhoGly
181 TTCGAGCGACTACAAACCGTCACCAACTACTTCATAACCTCCTTGGCGTGTGCTGATCTAGTCATGGGCCTAGCGGTGGTGCCTTITGSS

AlaSerHislleLeuMetLysMetTrpAsnPheGlyAsnPheTrpCysGluPheTrpThrSerlleAspValLleuCysValThrAlaser
271 GCCAGTCATATCCTTATGAAAATGTGGAATTTTGGCAATTTCTGGTGCGAGTTCTGGACTTCCATTGATGTGTTGTGCGTCACAGCCAGC

130 14 150
1leGluThrieuCysvVallleAlavalAspArgTyrValAlalleThrSerProPhelysTyrGlnSerLeuleuThrLysAsnlysAla

361 ATCGAGA( TGTGCGTGAT GCTATGTTGC 'CTTCAAGTACCAC TGC AGAATAAGGCC
170 180

ArgvalvallleLeuMetValTrplleValSerGlyleuThrSerPheLeuProlleGlnMetHisTrpTyrArgAlaThrHisLysGln
451 CGAGTGGTCATCCTAATGGTGTGGATTGTGTCGGGCCTTACCTCCTTCTTGCCTATCCAGATGCACTGGTACCGTSCCACCCACAAGCAA
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AlaIlaAsprsTyrAlaLysGluThrCysCysAspPhePheThrAsnGlnAlaTyzAlaI10A1as.r$.rlleValSerPhoTy(Val
541 GCCATCGACTGTTATGCCAAGGAGACTTGCTGTGACTTtTTCACGAACCAGGCCTATGCTATCGcTTCCTCTATCGTATCTTTCTACGTG
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TTT

AAAGGCAGCTGCAG,

631 CCCCTGGTGGTCATGGTCTTTGTCTAT u.umu\-u.x
270

HAsAlaGlnAsnLauso:GanalGluGlnAspGlyArqsexGlyHisGlyLnuArchrSorse:LysPhoCysLouLysGlqusLys
TCCGAAGTTCCTCCAAGTTCTGCTTGAAAGAGCACAAA
300

721 CATGCCCAAAACCTC

AlaLeulysThrLeuGlyIleIleMetGlyThrPheThrLeuCysTrpLeuProPhePhellevalAsnllevallisVallleArgAla
811 GCCCTCAAGACTTTAGGCATCATCATGGGCACCTTCACCCTCTGCTGGCTGCCCTTCTTCATTGTCAATATTGTCCACGTCATCCGGGCC
310 330

AsnLeulleProlysGluValTyrlleLeuleuAsnTrpleuGlyTyrValAsnserAlaPheAsnProleulleTyrCysArgSerPro
AACCTCATCCCTAAGGAAGTTTACATCCTCCTTAACTGGTTGGGCTATGTCAACTCTGCCTTCAATCCTCTTATCTACTGTCGGAGTCCA

AspPheArglleAlaPheGlnGluLeuLeuCysLeuArgArgserserserLysThrTyrGlyAsnGlyTyrSerSerAsnSerAsnGly
991 GATTTCAGGATTGCCTTCCAGGAGCTTCTGTGCCTTCGCCGGTCTTCTTCGARAACCTATGGGAACGGCTACTCTAGCAACAGCAACGGT
370

AthhrAspTerthlyGluGlnsorAlaTnylnL.uGlyGlnGluLysGluAsnGluL.uLouCysG)uGluAlachGlyM.tGlu
AA TGGCATGGAA

1081 ATCAGC AATGAACTGCTT
00 410

GlyPheValAsnCysGlnGlyThrValProSerLeuSerIleAspSerGlnGlyArgAsnCysAsnThrAsnAspSerProleu

1171

GGCTTTGTGAACTGTCAAGGTACTGTGCCTAGCCTTAGCATTGACTCTCAAGSGAGGAACTGTAACACAAACGACTCGCCACTGTAGTGT

1261 AGGCTTTCTACTCTTTAAGA TCCC ACCAGACTATTTTACTTGAGT ATAACTTTAGAATAAAATTGT
1351 ATAGAGATTT CTTCTGCCTTTTTTATTTTAGGTTTTTAAGCTGCAAG' AGA
1441 A ATTTCAGTGCTTAATGTTTTCCTTGTACAGTTCAGTTCCTCTTTGCCATGGAACT
1531 TAAAAGTTTCTGTCTGAAGTGTTTGTTGGTCTGTCTGTTTGGACGGTGTTTCCATGTATCTACCTCACTGGTCAAGTATTAAGGATAATA

1621 TATATATATATTGCTGCTGGAAATTCA' T TTTTCT

1711 TTCTGC TCTCTCTCACTCCACTTATTCGC

AAAAAAAAAAA AAAA 1878

1801 TTTC AAAGTCTAAAGTT AAATAAATTGTT TTCAT

TTGGACTTGAAATATCCTGTGTCTTGGACCT

AATGGAGTGTTGAAGGCAGGGATTTGAGGGACAACATCAGTTGTT

991

1081

1171

1261

1351
1441
1531
1621
1711
1801
1891

1981

Proc. Natl. Acad. Sci. USA 84 (1987) 8299

reported 62,000 apparent molecular weight for the rat heart
B-adrenergic receptor (15) can be accounted for by glycosyla-
tion to an extent of 25-35% by weight. The rat heart 8
receptor has four potential glycosylation sites (Asn-Xaa-Ser
or -Thr) at Asn-6, -15, -244, and -414. All but Asn-414 are
conserved in the human B-adrenergic receptor (4). The extent
of sequence homology of rat heart B receptors with those
from human brain, hamster lung, and turkey erythrocytes is
88.4%, 91.9%, and 53.5%, respectively. When favored amino
acid substitutions (22) are considered, the homologies in-
crease to 92.7%, 95.7%, and 70.7%, respectively.

Cardiac muscarinic cholinergic receptor. The cDNA \
RHM-MF sequence (Fig. 4B) begins at position —451 in the
5’-nontranslated region and continues at least 633 bases at the
3’ end. No polyadenylylation signal is contained in the
sequenced portion of the cDNA clone that continues for at
least 1.5 kilobases downstream of the sequence shown
(M.G.F., unpublished data). The open reading frame defined
by the initiating ATG (nucleotides 1-3) to the translation
termination codon TGA (nucleotides 1399-1401) codes for a
protein of 466 amino acids (Fig. 4B). The calculated molec-
ular weight of this polypeptide is 51,543, essentially identical
to that of the porcine heart muscarinic receptor (466 amino
acids; M,, 51,700). The difference between the calculated
molecular weight and the observed value of 80,000 (16) may
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ACACTTTGGAGGCCAGGATTCATTGTCTATCTCTGTTTGCTTGAAGCCCA
TGTCAAGTTC:

TAGTACTTTTTTCCTTGGTTCCTTCTGTGCCTGGTAATTTCCGCAGCGGCCACAACTTCATT:
AAGTGAAGTTGGTCTAACATACCACAGAAATTTTTCTCAAAAGAATCAGAAAAAAGGGAAGTACATCGGCATGTTTGGAAGGGGGATGCC
TTCAAAGATCTTTCTTTACTGTTGCTGTCTTTGCCGGAATTCCGCGACAGGTTTAAATGTTTC TTTGGCCACTTGACTACTGAACACAAR

10 20 3c

Met Th lyleuAlalleThrSerProTyrLysThrPheGluvalvalPhellevValLeuvalAla
ATGAATAACTCAACAAACTCCTCGAACAATGGC TTGGCTATTACCAGTCCTTACAAGACATTTGAAGTGGTATTTATTGTCCTTGTGGCT
40 50 60

GlySerLeuSerLeuValThrIlelleGlyAsnIleLeuvalMetValSerIleLysValSerArgHisLeuGlnThrvalAsnAsnTyr
GGATCCCTCAGTCTGGTGACCATCATTGGGAACATTCTGGTCATGGTTTCCATTAAAGTCAGCCGCCACCTTCAGACTGTCAACAATTAC
80 0

PheLeuPheSerLeuAlaCysAlaAspleullelleGlyValPheSerMetAsnLeuTyrThrleuTyrThrVallleGlyTyrTrpPro
'XTCTTGTTCAGCC‘I‘GGCCTGTGCTGACCTCATCATAGGTGTTTTCTCCATGMCTTGTATACCCTCTACACTGTGATTGGCTACTGGCCT
10 120

LeuGlyProvalvalCysAspLeuTrpLeuAlaLeuAspTyrvalvalSerAsnAlaservalMetAsnLeuLeullelleSerPheAsp
TTGGGACCTGTAGTATGTGACCTATGGCTAGCATTGGACTATGTTGTCAGCAATGCCTCCGTTATGAATCTCCTCATCATCAGCTTTGAT
150

qu'l’yzPh.CysVllThtLysP!oLeuTh(Tyr?ton lLysquThrTh KLysH'r.AlaGl yH.[HQ{ IleAlaAlaAlaTrpValleu
C

AGATACTTCTGTGTCACGAA, 'GATGATTGCAGCTGCGTGGGTCCTT
160 180
SerPhelleLeuTrpAlaProAlalleLeuPheTrpGlnPhellevVa lGlyValquThrVa 1GluAspGlyGluCysTyrIleGlnPhe
ATGCTATATTCAGTTC

TCCTTCATCCTC! CATTCTCTTCTGGCAGTTCA TGAGGACTG
190 o

PheSerAsnAlaAlavalThrPheGlyThrAlalleAlaAlaPheTyrLeuProvValllelIleMetThrvalleuTyrTrpHisIleSer

TTTTCCMTGCGGCCGTCACCT‘I‘CGGCACTGCCA‘n‘GCAGCGﬂCTATCTGCCTGTCATCATCATGACTGTGCTCTATTGGCATA‘!'ATCC
220

30
A(quaSQrLnyotAzqIloLysLysGluLysLy:GluProValAlaAsnGlnAspProansarProsoanuValGlnGlyAqulo
CGGGCAAGCAAGAGTAGAA TATCTCCAAGTCTGG

260 270
ValLysProAsnAsnAsnAsnMoLP(oG1yGlyAspGlyGlyLauGluHxsAsnLysIIQGLnAsnGIyLysAlaP(oArqupGlyVal
GTAAAGCCAAACAATAACAATATGCCTGGTGGT AACAAGATCCAGAATGGCAAGGC TCCACGGGACGGCGTG

300

ThrGluThrCysValGlnGlyGluGluLysGluSerserAsnAspSerThrserSerAlaAlavalAlaSerAsnMetArgAspAspGlu
ACTGAAACCTGTG! GTCATCAGCTGCTGTGGCC! TGATGAG
310 320 330
I1eThrGlnAspGluAsnThrValSerThrSerLeuAspHisSerArgAspAspAsnSerLysGlnThrCysIleLysIleValThrLys
ATAACCCAGGATGAAAACACAGTTTCCACTTCGC TGGACCACTCCAGAGATGACAACTCTAAGCAAACATGCATCAARATTGTCACCAAG
350 360
AlaGlnLysGlyAspValTyrThrProThrserThrThrValGluLeuvalGlySerSerGlyGlnSerGlyAspGluLysGlnAsnVal
GCCCAAAAAGGTGATGTCTACACCCCAACGAGTACCACTGTAGAACTAGTTGGGTCGTCGGGTCAGAGTGGGGATGAAAAGCAGAACGTT

370 80
ValAlanqusl1eVA1LysHotPxoLysGlnProAlaLysLysLy:ProProPresaxquGluLysLysValThrAquhrIl.Lou
AAATCGTGAAGA' AAGCCTCCACCAT AGAAAGTGACCAGGACAATCTTG
400 420
AlalleLeuleuAlaPhellelleThrTrpAlaProTyrAsnValMetValleulleAsnThrPheCysAlaProCysIleProAsnThr
GCTATCCTGTTGGCTTTCATCATAACGTGGGCGCCATACAATGTCATGGTGCTCATCAATACTTTCTGTGCACCCTGCATCCCCAATACA
450

430 440
ValTrpThrIleGlyTyrTrpLeuCysTyrIleAsnSerThrIleAsnProAlaCysTyrAlaLeuCysAsnAlaThrPheLlysLysThr
AATTGGCTACTGGCTCTGT TCAATCCGGCCTGCTATGCGCTTTGTAATGCCACCTTCAAAARGACT
466

PheLysHisLeuLeuMetCysHisTyrLysAsnIleGlyAlaThrArg

AAAAGAAGAA. TGTGTCTT

TTTAAGCACCTCCTCATGTGTCATTACAAGAACATAGGCGCTACACGGTGAAA
GGGGAAGAACAGCGACCAGAAAGCTGTGTTTATAGTGACCTGCCATTTCACTTTACAGTCTTACTGCAACATGAAAGTAAGGAGTTTTAG
AGAGA! TATCAT 'GCCCATGCTCCGTTT AAGACTACCTTATTAAACTCTCACCTTATAAACCCTGTCAGTTTAGGAGCACCG
AGAAATTY TGCTGAAAC TCTCTACTGTCTCCTGCTCTCT G TCAGAGTCTACA
ATTTCATGTCTCTGCACAAGAAGAATAACCTAGTCTATTTGTTGTTTCTTTCTGTTGTTCCCC AAGAAATGACAC
ATTCCATGC TACA’ A AATCAA.

TGGTC TATATATCC' T ACACAACAACCTGCTTATTTCTTCTCT

CTTGCCCCCTCCCCTGCCGATGGAAATCAAGAAAGCCAACAACAACCAGTCG 2032

FiG. 4. Nucleotide sequence and deduced amino acid sequence of the rat cardiac B-adrenergic (A) and muscarinic cholinergic (B) receptors.
Partial restriction endonuclease maps and nucleotide-sequencing strategies for cDNA clones RHB-DAR (4) and RHM-MF (B) are illustrated.
The protein-coding regions are marked by the stippled-hatched boxes. The extent and direction of sequence determinations are indicated by
the horizontal arrows. Nucleotide sequences and deduced amino acid sequences of cDNA clones RHB-DAR and RHM-MF are shown.
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be accounted for by the carbohydrate moiety of this protein.
This difference would indicate that the rat cardiac muscarinic
receptor is glycosylated to an extent of 25-35% by weight.
The rat heart muscarinic sequence contains seven potential
glycosylation sites at Asn-2, -3, -6, -108, -284, -432, and -444,
all of which are conserved in the porcine heart muscarinic
receptor. The rat heart muscarinic receptor has very high
homology (94.6%) with the porcine heart muscarinic receptor
and significant homology (47.7%) with the porcine brain
muscarinic receptor (7). These values increase to 97.6% and
70.3%, respectively, when favored amino acid substitutions
are considered.

DISCUSSION

The cardiac muscarinic and B-adrenergic receptor genes are
clearly evolutionarily related. The coding regions of the
receptor genes have an overall homology of 50% with regions
of >100 nucleotides displaying >60% homology. One region
of the muscarinic receptor gene sequence (nucleotides
118-216) has 62% homology with a corresponding region of
the B-receptor gene (nucleotides 148-246). These sequences
translate into peptides with 58% identity and 78% homology
when favored amino acid substitutions are considered.

The cloning and sequencing of genes encoding muscarinic
and p-adrenergic receptors and the secondary structure
analysis of their deduced protein sequences showed that
these receptors belong to a multigene family that includes the
rod and cone opsins (17, 21), bacteriorhodopsin (18), the
human transforming protein (MAS) (19), and possibly the
yeast mating-type receptors (20). When the sequences of
these proteins are analyzed for secondary-structural fea-
tures, each is shown to contain seven hydrophobic, putative
membrane-spanning regions (Fig. 5). The hydropathy plots of
these proteins are nearly superimposable over the first five
hydrophobic regions and are somewhat less similar in regions
VI and VII. The most striking difference in the structures of
these proteins is the size of the putative cytoplasmic loop

%r\
i

BACTERIORHODOPSIN

YEAST ALPHA-FACTOR RECEPTOR

HUMAN TRANSFORMING PROTEIN
(MAS)

HUMAN RHODOPSIN
RAT HEART BETA RECEPTOR

RAT HEART MUSCARINIC RECEPTOR

Fi16.5. Hydropathic analysis of members of a possible multigene
family. Hydropathy plots of Kyte and Doolittle (23) were calculated
using a window of 20 residues for bacteriorhodopsin (18), yeast
a-factor receptor (20), MAS (19), human rhodopsin (21), and rat heart
B-adrenergic and muscarinic receptors. The plots of all but the
muscarinic receptor were arbitrarily broken in the middle of the
cytoplasmic loop connecting putative membrane-spanning regions V
and VI to align all of the potential transmembrane regions.
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between hydrophobic regions V and VI. The function of this
variable loop is still unclear.

The muscarinic cholinergic and B-adrenergic receptors are
ancient proteins. Conservation of the amino acid sequence
between species indicates an extent of homology found only
in such highly conserved proteins as hemoglobin and
cytochrome c¢. As the cloning and sequence analysis of
adrenergic and muscarinic receptor genes from lower species
and from other members of this multigene family continues,
additional insight on the evolutionary relationships among
these proteins will be possible.
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