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ABSTRACT The cDNA for the Syrian hamster al-adre-
nergic receptor has been cloned with oligonucleotides corre-
sponding to the partial amino acid sequence of the receptor
protein purified from DDTMF-2 smooth muscle cells. The
deduced amino acid sequence encodes a 515-residue polypep-
tide that shows the most sequence identity with the other
adrenergic receptors and the putative protein product of the
related clone G-21. Similarities with the muscarinic cholinergic
receptors are also evident. Expression studies in COS-7 cells
confirm that we have cloned the a!1-adrenergic receptor that
couples to inositol phospholipid metabolism.

Catecholamines such as adrenaline and noradrenaline mediate
their effects by binding to different subtypes of adrenergic
receptors. These receptors, termed a,, a2, 131, and P2, are
distinguished by their different pharmacological specificities
and physiological effects (1). The adrenergic receptors are
members of the much larger family of receptors coupled to
guanine nucleotide regulatory proteins (G proteins) (2). These
receptor systems generally contain three components, a re-
ceptor, a transducing element represented by the G protein,
and a biochemical effector that generates intracellular second
messengers.
The a1-adrenergic receptor has been identified in different

tissues as an -80-kDa membrane glycoprotein (3). After
a1-adrenergic receptor stimulation, membrane inositol phos-
pholipids are hydrolyzed to diacylglycerol and inositol phos-
phates, leading to the mobilization of intracellular Ca2+ (4).
a1-Adrenergic receptors have been implicated in a variety of
functions, including smooth muscle contraction (1), regulation
of hepatic glycogen metabolism (5, 6), and mitogenesis in
certain tissues (7, 8).
Our laboratory has cloned the genes and/or cDNAs for

both subtypes of,-adrenergic receptor, 81 and /2(9-11), and
for two different subtypes of the a2-adrenergic receptor (12,
13). Here we report the cloning and sequencinglI ofthe cDNA
for the hamster a1-adrenergic receptor and its expression.
This study brings to completion the cloning of the major
subtypes of the adrenergic receptor family.

METHODS

Purification of the ar-Adrenergic Receptor. DDT1MF-2
cells were grown in 10 liters of suspension cultures as
described (14). Cell membranes were prepared from about
1600 liters of cultured cells in 100-liter batches. From these
membranes about 1 nmol of a1-adrenergic receptor was

purified by affinity chromatography, wheat-germ agarose
chromatography, and gel-permeation HPLC as reported (15).

Peptide Purification and Amino Acid Sequencing. Purified
a1-adrenergic receptor (1 nmol) was treated with 0.5 M
CNBr/70% formic acid for 24 hr at 25°C. The digest was
fractionated by reverse-phase HPLC with a Phenomenex (5
,um, W-Porex) C4 column (4.6 x 250 mm) with a 10-80%
acetonitrile gradient in 0.1% trifluoroacetic acid at a flow rate
of 1 ml/min. Amino acid sequence analysis was performed by
using an Applied Biosystems (Foster City, CA) 470A gas-
phase sequencer in combination with an Applied Biosystems
120A phenylthiohydantoin analyzer.
Genomic and cDNA Library Screening. A hamster genomic

DNA library in AEMBL3A was constructed as described (10).
A hamster cDNA library was prepared from DDT1MF-2
poly(A)+ RNA. cDNA larger than 1.7 kilobases (kb) was
purified by preparative agarose electrophoresis, ligated to the
vector AgtlO (Stratagene, La Jolla, CA), and packaged in vitro
(Gigapack Plus, Stratagene). Standard recombinant DNA and
microbiological procedures were used (16). The oligonucleo-
tides synthesized on Applied Biosystems 380 B DNA synthe-
sizer were purified on a 16% denaturing polyacrylamide gel
and were labeled with [y-32P]ATP at the 5'-hydroxyl group by
phage T4 polynucleotide kinase. DNA fragments used as
hybridization probes were labeled with [a-32P]dATP by ran-
dom priming. Duplicate filters were hybridized in 0.90 M
NaCI/0.09 M sodium citrate, pH 7/0.2% polyvinylpyr-
rolidone/0.2% Ficoll/0.2% bovine serum albumin/0.1% so-
dium pyrophosphate/0.1% SDS/100 ,ug of sheared salmon
sperm DNA per ml/106 cpm of 32P-labeled probes per ml at
42°C for 36 hr.
DNA Sequencing. Sequencing of both DNA strands was

done by the dideoxy chain-termination method (17) with
overlapping restriction fragments and by primer extension in
pTZ18R (Pharmacia), with either the Klenow fragment of
DNA polymerase I or avian reverse transcriptase (Promega
Biotec, Madison, WI).

Expression of a,-Adrenergic Receptor Transcripts. The
2-kb insert of the cDNA clone was isolated and ligated into
the Rous sarcoma virus promoter-driven vector pBC12BI
(18). The DNA was then transfected into COS-7 cells by the
DEAE-dextran method (18), and cells were harvested 48-72
hr after the transfection. Binding of the a1-adrenergic antag-
onist 2-{J3-(4-hydroxy-3-['251]iodophenyl)ethylaminomethyl}-
tetralone ([1251I]HEAT) and 32P-labeling of phospholipids
were measured as described (19).

Abbreviations: G proteins, guanine nucleotide regulatory proteins;
[1251]HEAT, 2-{L-(4-hydroxy-3-[125I]iodophenyl)ethylaminomethyl}
tetralone.
'The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J04084).
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RESULTS AND DISCUSSION

Approximately 1 nmol of a1-adrenergic receptor was purified
to apparent homogeneity from a hamster smooth muscle cell
line, DDT1MF-2. Fig. lA shows the autoradiogram after
SDS/urea/PAGE of the iodinated purified receptor protein
of about 80 kDa. The purified receptor was chemically
cleaved with CNBr, leading to the formation of several
peptides (Fig. 1A), and these peptides were resolved by
reverse-phase HPLC (Fig. 1B). A partial amino acid se-
quence was obtained from three HPLC fractions correspond-
ing to major absorbance peaks in the HPLC profile shown in
Fig. 1B.
On the basis of the sequence of peptide 1, an oligonucle-

otide probe (Fig. 2 legend) was constructed with the use of
human codon bias data (21). This probe was labeled and used
to screen 106 recombinants from a hamster genomic library,
resulting in the identification of one clone under high-
stringency conditions (0.03 M NaCl/0.003 M sodium citrate
at 600C). This clone contained a 1.6-kb Sma I-HindIII
restriction fragment with an open reading frame encoding two
of the three peptide sequences previously obtained (peptides
1 and 2). To obtain the complete coding sequence, the
genomic restriction fragment was used to screen a cDNA
library constructed from DDT1MF-2 cell mRNA. The ge-
nomic Sma I-HindIII fragment hybridized to a 2.2-kb mRNA
on blots prepared from DDT1MF-2 cell mRNA (data not
shown). Therefore, the cDNA library was size-selected for
>1.7 kb. A single clone containing an insert of 2 kb was
isolated and sequenced (Fig. 2). The restriction map and
sequence of the 2-kb cDNA is shown in Fig. 2. After a short
5' untranslated sequence, an initiator methionine started a
1545-base-pair (bp) open reading frame, followed by a 3'
untranslated region of 543 bp, ending in the poly(A) tail. The
deduced amino acid sequence obtained (Fig. 2) codes for a
polypeptide of 515 amino acids with a molecular weight (56
kDa) in close agreement with the apparent molecular mass of
the deglycosylated a1-adrenergic receptor (22). The presence
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of all three peptide sequences obtained from the purified
protein supports the conclusion that the cDNA isolated codes
for the hamster a1-adrenergic receptor.

Hydrophobicity analysis (not shown) (23) revealed seven
clusters of 20-25 hydrophobic residues separated by
stretches of hydrophilic residues. These features are shared
by rhodopsin (24) and other G protein-coupled receptors
cloned thus far (25). The hydrophobic regions are thought to
represent seven membrane-spanning domains connected by
three extracellular and three cytoplasmic loops, with the NH2
terminus being extracellular and the COOH terminus pro-
jecting into the cytoplasm. As observed for the other recep-
tors, potential sites for N-linked glycosylation are present in
the NH2 terminus (asparagine residues 10, 23, 28, 33 in Fig.
2), in agreement with the observation that the a1-adrenergic
receptor is glycosylated with complex type N-linked oligo-
saccharides (ref. 22 and our unpublished observations).
Comparison of the a1-adrenergic receptor-deduced amino

acid sequence with that of the other adrenergic receptors
(Fig. 3) shows that the largest concentration of identical
residues is found in the putative transmembrane domains
where the identities with each of the human adrenergic
receptors are as follows: a2, 44%; P1, 45%; and P2, 42%. The
similarity is even higher with the human G-21 protein (47%),
recently identified as the serotonin receptor 1A (27, 28).
Thirty percent identity was observed with both porcine
muscarinic 1 and 2 cholinergic receptors (29-31). The NH2
terminus, the COOH terminus, and the third cytoplasmic
loop represent the most divergent domains. These regions are
also the ones that differ the most in length among the different
adrenergic and other G protein-coupled receptors. The
COOH terminus is longest in the a1-adrenergic receptor,
while the third cytoplasmic loop is longest in the a2-
adrenergic receptor and the muscarinic receptors. Since
these different receptors couple to different effector systems,
it is possible to speculate that the differences in these
structural domains are involved in determining the different
effectors to which each receptor is coupled.
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FIG. 1. Isolation of a1-adrenergic receptor-derived peptides. (A) About 10 pmol of purified a1-adrenergic receptor (1% of the preparation)
was radioiodinated with 1251-labeled Bolton-Hunter reagent (20) and processed in parallel with the unlabeled receptor protein. The iodinated
receptor before (control) and after CNBr treatment was electrophoresed on a 10% SDS/polyacrylamide/8 M urea gel. The molecular weight
standards are shown x 10 - 3. (B) Reverse phase HPLC of CNBr-treated a1-adrenergic receptor (solid line) was performed as described. A blank
run containing digitonin buffer is shown by the dotted line. The amino acid sequence was obtained from the three peptides indicated and their
sequences are shown in Fig. 2. The yield of phenylthiohydantoin-amino acids at the first cycle of Edman degradation was 27 pmol for peptide
1, 30 pmol for peptide 2, and 300 pmol for peptide 3.

Proc. Natl. Acad. Sci. USA 85 (1988)
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0.2kb

-12 1 39
GG GCG GAC TCT AAA ATG MT CCC GAT CTG GAC ACC GGC CAC MC ACA TCA GCA

M N P D L D T G H N T S A
4 93

CCT GCC CAA TGG GGA GAG TTG AAA GAT GCC MC TTC ACT GGC CCC MC CAG ACC
P A a W G E L K D A N F T G P N 0 T

4 4 147
TCG AGC MC TCC ACA CTG CCC CAG CTG GAC GTT ACC AGG GCC ATC TCT GTG GGC
S S N S T L P G L D V T R A S V G

4 201
CTG GTG CTG GGC GCC TTC ATC CTC TTT GCC ATT GTG GGC MC ATC CTG GTC ATC
L V L G A F L F A V G N L V

255
CTG TCA GTG GCC TGC MT CGG CAC CTG CGG ACG CCC ACC MC TAC TTC ATT GTC
L S V A C N R H L R T P T N Y F V

309
MC CTG GCC ATT GCT GAC CTG CTG TTG AGT TTC ACA GTC CTG CCC TTC TCC GCT
N L A I A D L L L S F T V L P F S A

363
ACC CTA GAA GTG CTT GGC TAC TGG GTT CTG GGG CGC ATC TTC TGT GAC ATC TGG

T L E V L G Y W V L G R F C D W
417

GCA GCG GTG GAC GTC CTG TGC TGT ACG GCC TCC ATC CTG AGC CTA TGT GCC ATC
A A V D V L C C T A S L S L C A

471
TCC ATT GAT CGC TAC ATT GGG GTG CGC TAC TCT CTG CAG TAC CCC ACT CTG GTC
S D R Y G V R Y S L Q Y P T L V

525
ACC CGC AGG MG GCC ATC TTG GCA CTC CTC AGT GTG TGG GTT TTG TCC ACG GTC

T R R K A L A L L S V W V L S T V
579

ATC TCC ATC GGG CCT CTC CTT GGA TGG AAM GM CCA GCG COO MC GAC GAC MG

S G P L L G W K E P A P N D D K
633

GAA TGC GGA GTC ACC GAA GAA CCC TTC TAT GCC CTC TTT TCC TCC CTG GGC TCC
E C G V T E E P F Y A L F S S L G S

687
TTC TAC ATC CCA CTC GCG GTC ATT CTG GTC ATG TAC TGC CGG GTC TAC ATC GTG

F Y P L A V L V M Y C R V Y V
741

GCC AAG AGG ACC ACC MG AAC CTG GAG GCT GGA GTC ATG MG GAG ATG TCC AAC
A K R T T K N L E A G V M K E M S N

795
TCC MG GAG CTG ACC CTG AGG ATC CAC TCC MG MC TTT CAT GAG GAC ACC CTC
S K E L T L R H S K N F H E D T L

peptide 1 849
AGC AGT ACC MG GCC MG GGC CAC MC CCC AGG AGT TCC ATA GCT GTC AAA CTT
S S T K A K G H N P R S S A V K L
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903
TTT MG TTC TCC AGG GAA MG AAA GCA GCC AAA ACC TTG GGC ATT GTG GTC GGA

F K F S R E K K A A K T L G V V G
957

ATG TTC ATC TTG TGT TGG CTC CCC TTC TTC ATC GCT CTC CCA CTT GGC TCC CTG
M F L C W L P F F I A L P L G S L

peptide 2 1011
TTC TCC ACT CTC MG CCC CCG GAC GCC GTG TTC AAG GTG GTA TTC TGG CTG GGC

F S T L K P P D A V F K V V F W L G
1065

TAC TTC AAC AGC TGC cTc AAC CC0 ATC ATC TAC CCG TGC TCC AGC AAG GAG TTC
Y F N S C L N P Y P C S S K E F

1119
MG CGC GCC TTC ATG CGT ATC CTT GGG TGC CAG TGC CGT AGT GGC CGT CGC OGC
K R A F M R L G C O C R S G R R R

1173
CGC CGC CGC CGT CGT CTG GGC GCG TGC GCT TAC ACC TAT CGG CCG TGG ACG CGC
R R R R R L G A C A Y T Y R P W T R

1227
GGC GGC TCG CTG GAG CGA TCG CAG TCG CGG AAG GAC TCC CTG GAC GAC AGC GGC
G G S L E R S 0 S R K D S L D D S G 1281

AGC TGC ATG AGT GGC AGC CAG AGG ACC CTG CCC TCG GCG TCG CCC AGC CCG GGC
S C M S G S 0 R T L P S A S P S P G

1335
TAC CTG GGT CGC GGA GCG CAG CCA CCA CTG GAG CTG TGC GCC TAC CCC GAA TGG
Y L G R G A 0 P P L E L C A Y P E W

1389
AAA TCC GGG GCT CTG CTC AGT CTG CCA GAG CCT CCG GGT CGC CGC GGT CGC CTC
K S G A L L S L P E P P G R R G R L 14LEP ~~~~~1443

GAC TCT GGG CCC CTC TTC ACT TTC MG CTC TTG GGA GAG CCG GAG AGC CCG GGC
D S G P L F T F K L L G E P E S P G 1497

ACC GAG GGC GAT GOC AGC AAT GGG GGC TGC GAC GCA ACG ACC GAC CTG GCC AAT
T E G D A S N G G C D A T T D L A N

1551
GGG CAG CCC GGT TTC MG AGC MC ATG CCT CTG GCA CCC GGG CAC TTT TAG GGT
G OQ P G F K S N M P L A P G N F

peptide 3 1605
CCC TTT TCT TTC CCC CAC ACA CAC CCC AGG GGG GAG GAC ACC ATT GTG GGG GGC

1659
GGG GGC ATG GGG GGG AGT GTC AGC CCC GGG TAG ACA CAG GGT CGC AAG GGT ACA

1713
AGG GGG GAG GGG GGC 3GG GAG AGG GGC AGC TGC TTT TCT GGC AGG GGC ATG GGT

1767
GCC AGG TAC AGC GGA GAG CTG GCT GCG CAT GCT GAG AGC CTG GGG ACC CAC CCC

1821
CAA CGC TGG CCG GGA CTT MG TCT CTC TCT TCT CTC TCT CTG TAT ATA TAT AAA

1875
GAG TCC CTC TAT ACG TAT TTA TCT GTG GGT ACA CGT GCG TGT GTC TGT GCG GTG 1929

MC GTG TGG GCT GCA TGG ATG TGT GTT GGG GGC CTG CCC ACT TGC GCG TGC TGG
1983

GGC AGA GCG AGT GTG TGC CCT GGC MT GTC AGG TTT GTT GTT TGT CTC TTG ACT
2037

TGT ACC TCT CAA GCC CCT CCT TGT TCT CTG GTC MT GCT GGC ATT TTG ATG GGG
2091

TTG GAA ACC MG TCA GAT ATT AAA MT CAT TTC TCG TGA AAA AAA AAA AAA ...

FIG. 2. Restriction map (Upper) and nucleotide sequence and deduced amino acid sequence (Lower) of the 2-kb cDNA clone. The
arrowheads indicate potential N-linked glycosylation sites. Amino acid sequences obtained from the a1-adrenergic receptor-derived peptides
are underlined. The oligonucleotide probe derived from peptide 1 was: ACC CTG CGG ATC CAC TCC AAG AAC TTC CAT GAG GAC ACC
CAG. The asterisks indicate mismatches. The mismatch in the last codon was due to an ambiguity in protein sequencing.

Several threonines and serines are present in the second
and third cytoplasmic loops, representing potential sites for
protein kinase C phosphorylation. In the third cytoplasmic
loop, there is a consensus site for protein kinase A phospho-
rylation (residues 230-234) conserved in the same position in
the a2-adrenergic receptor sequence. Phosphorylation of
a1-adrenergic receptor at serine and threonine residues by
protein kinases C and A has been reported (32, 33) and may
represent a regulatory mechanism for controlling a1-adrener-
gic receptor function.
To further assess the identity of the gene isolated, the 2-kb

cDNA was inserted into the expression vector pBC12BI and
used to transiently transfect COS-7 cells. COS-7 cells trans-
fected with the vector containing the a1-adrenergic receptor
sequence were able to bind the a1-adrenergic receptor
antagonist [1251I]HEAT with high specific activity (15
pmol/mg of protein) and with an affinity (50-100 pM) in good
agreement with that found in DDT1MF-2 cells (15). No
binding activity was detected in COS-7 cells that had not been
transfected or that had been transfected with pBC12BI,
which lacks the a1-adrenergic receptor sequence. Analysis of
adrenergic agonist and antagonist competition curves (Fig. 4)

showed the appropriate pharmacology for a1-adrenergic
receptor binding. The selective a1-adrenergic receptor an-
tagonist prazosin is much more potent than the selective
a2-adrenergic receptor antagonist yohimbine, while the 13-
adrenergic agonist isoproterenol was able to compete only at
millimolar concentrations (data not shown). The affinity
constants of both agonists and antagonists shown in Fig. 4 are
in good agreement with the values found in smooth muscle
cell DDT1MF-2 membranes (15).

Stimulation of the a1-adrenergic receptor in different
tissues activates inositol phospholipid metabolism via phos-
pholipase C. This enzymatic process can be followed by
monitoring the incorporation of 32p into phosphatidylinositol
in the presence of the a1-adrenergic receptor agonist norep-
inephrine. Phospholipid 32p labeling experiments (Fig. 5)
showed that, in COS-7 cells transfected with the a1-
adrenergic receptor cDNA, norepinephrine was able to
dramatically increase 32p incorporation into phosphatidyl-
inositol, whereas no change was observed in the other
phospholipid species. The effect of norepinephrine was
blocked by the a-adrenergic antagonist phentolamine (0.1
mM) (data not shown).
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FIG. 3. Comparison of the hamster a -adrenergic receptor primary structure with that of the other adrenergic receptors. Sequences of the
a2-, 81-, and /32-adrenergic receptors are human (9, 11, 12). Amino acid sequences were aligned to optimize the homology with the a5-adrenergic
receptor sequence by the ALIGN computer program (26). Amino acid identities between the a1-adrenergic receptor and at least one other
adrenergic receptor are indicated by shading. The putative transmembrane domains are indicated by brackets identified by roman numerals.

Recent studies (6, 35-37) have suggested that there might
be two subtypes of a1-adrenergic receptor (ala and a1b).
These appear to have different affinities for WB4101 and
phentolamine and to be linked to different signal-transduction
mechanisms. The properties of the a1-adrenergic receptor

that we have cloned resemble those of the a1b subtype,
because of its relatively low affinity for WB4101 and phen-
tolamine and its coupling to inositol phospholipid metabo-
lism. The availability of the cDNA for the hamster DDT1MF-
2 cell a1-adrenergic receptor should greatly facilitate deter-
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FIG. 4. Expression of the a5-adrenergic receptor in COS-7 cells assayed by specific [525I]HEAT binding to cell membranes. COS-7 cells

were transfected with the expression vector pBC12BI containing the a5-adrenergic receptor sequence as described. [5"I]HEAT (100 pM) was
incubated with increasing concentrations of adrenergic receptor agonists (A) and antagonists (B); 100% of [5251]HEAT bound was 5-10 pM.
Curves represent the computer-generated best fit for the data (34). Each compound was tested at least twice.
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FIG. 5. Norepinephrine-stimulated phosphatidylinositol turn-
over in COS-7 cells. COS-7 cells transfected with the expression
vector pBC12BI alone (control) and with the same vector containing
the a1-adrenergic receptor coding sequence (a1AR) were prelabeled
for 30 min with 32p, (25 ttCi/ml; 1 Ci = 37 GBq) in Dulbecco's
modified Eagle's phosphate-free medium. The incubation was con-

tinued for an additional 30 min in the absence (open bars) and
presence (hatched bars) of 0.1 mM norepinephrine; 1 tM propran-
olol, 1 ,uM pargyline, and 0.1 mM ascorbic acid were included in the
incubation. Phosphatidylinositol was separated by thin-layer chro-
matography on silica gel plates and quantified by liquid scintillation
counting as described (19). Results, expressed as cpm per culture
dish, are the means ± SEM of three experiments performed in
triplicate.

mination of whether previously observed pharmacological
heterogeneity of a1-adrenergic receptors is in fact due to the
existence of distinct a1-adrenergic receptor subtype genes.
Moreover, expression studies of this cloned receptor should
enable the assessment of whether the a1-adrenergic receptor
can couple to more than one signal-transduction mechanism.

In conclusion, the availability of clones for each of the
members of the adrenergic receptor gene family, all of which
bind adrenaline but which couple to distinct effectors, should
permit the analysis of the structural basis for the ligand
binding function of these receptors as well as their ability to
activate distinct effector systems through a variety of G
proteins.
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