and 1.02 kb in size as determined by comparison with comigrating
DNA size markers (Fig. 6A, lanes 3 and 6).

Significance of triple helix formation in large DNA. Although
triple-stranded structures of polynucleotides were discovered dec-
ades ago, the biological significance has remained obscure. Such
triplexes were proposed to be involved in processes like regulation of
gene expression, maintenance of folded chromosome conforma-
tions, chromosome condensation during mitosis, and induction of
local conformational changes in B-DNA (35-37). The work report-
ed here demonstrates that homopurine-homopyrimidine double
helical tracts can be recognized within large DNA by triple helix
formation under physiological conditions. Homopyrimidine oligo-
nucleotides and their analogs equipped with efficient DNA cleaving
moieties at the 5" end could become useful tools in chromosome
analysis, gene mapping, and isolation. Moreover, as molecular
biology defines specific disease states at the DNA level, a chemother-
apeutic strategy of “artificial repressors” based on triple helix—
forming DNA analogs becomes a possibility.
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Cloning, Sequencing,

and Expression of the

Gene Coding for the Human Platelet
a,-Adrenergic Receptor

B. K. KoBiLkA, H. MaTtsul, T. S. KoBILKA, T. L. YANG-FENG, U. FRANCKE,
M. G. Caron, R. J. LEFkowrTz, J. W. REGAN

The gene for the human platelet «,-adrenergic receptor
has been cloned with oligonucleotides corresponding to
the partial amino acid sequence of the purified receptor.
The identity of this gene has been confirmed by the
binding of a,-adrenergic ligands to the cloned receptor
expressed in Xenopus laevis oocytes. The deduced amino
acid sequence is most similar to the recently cloned
human {3 ;- and By-adrenergic receptors; however, simi-
larities to the muscarinic cholinergic receptors are also
evident. Two related genes have been identified by low
stringency Southern blot analysis. These genes may repre-
sent additional a,-adrenergic receptor subtypes.
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VARIETY OF NEUROTRANSMITTER AND HORMONE RECEP-
tors elicit their responses via biochemical pathways that
involve transduction elements known as guanine nucleotide
regulatory (G) proteins (I). Among these are several types of
receptors for epinephrine (adrenaline) which are termed adrenergic
receptors. These adrenergic receptor subtypes are of particular
interest because they are coupled to each of the major second
messenger pathways that are known to be linked through G
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proteins. Thus the B;- and B,-adrenergic receptors stimulate adenyl-
ate cyclase, the aj-adrenergic receptors stimulate breakdown of
polyphosphoinositides, and the a,-adrenergic receptors inhibit ade-
nylate cyclase (2).

Understanding ligand binding and the coupling of these receptors
to specific biochemical pathways depends on determining the
structures of the members of this family of related receptors. To this
end we recently reported the molecular cloning of the gene and
complementary DNA (cDNA) for the hamster (3) and human (4, 5)
B2-adrenergic receptors and the cDNA for the human B;-adrenergic
receptor (6), all of which stimulate adenylate cyclase. An avian B-
adrenergic receptor, which also stimulates adenylate cyclase (7), and
two subtypes of muscarinic cholinergic receptors, which are coupled
to stimulation of polyphosphoinositide turnover and the inhibition
of adenylate cyclase, have also been cloned (8-10). The deduced
structures of these receptors reveal that they are homologous to each
other and to the visual light pigment rhodopsin (11).

We now report the molecular cloning, sequencing, and expression
of the gene for the human platelet a,-adrenergic receptor. It is now
possible to compare the structures of receptors that bind the same
endogenous ligands but are known to be coupled to different G
proteins and that have opposite effects on the adenylate cyclase
system.,

Cloning strategy. Our approach to cloning the ap-adrenergic
receptor gene entailed the synthesis of oligonucleotide probes
corresponding to amino acid sequences obtained from the purified
protein. These probes were then used to screen a human genomic
DNA library. The decision to use a genomic library was influenced
by several factors. Chief among them is that introns do not interrupt
the coding sequences of the genes for the ,-adrenergic receptor (3,
4), the M2 muscarinic receptor (10), and G-21 (12), another as yet
functionally unassigned member of this gene family. Thus the
likelihood of obtaining the complete coding sequence from a

genomic library appeared good.

Human platelet a,-adrenergic receptors were purified, and pep-
tides were obtained with either cyanogen bromide or cyanogen
bromide plus enzymatic cleavage (13). Peptides were isolated by a
combination of gel filtration and reversed phase liquid chromatogra-
phy, and their amino acid sequences were determined (Fig. 1). On
the basis of the sequence of peptide 1, two overlapping oligonucleo-
tide probes (39 nucleotides in length) were constructed with the use
of codon bias data for humans (14) (Fig. 2). These probes were
labeled and then used to screen 10° recombinants from a commer-
cially available human genomic library (Clonetech) by plaque
hybridization analysis. Three clones that strongly hybridized to both
probes [stringency 0.5X standard sodium citrate (SSC) at 65°C]
were isolated. The three clones, each of which contained an insert of
genomic DNA of approximately 15 kb, were identical and con-
tained, on the basis of Southern blot analysis, a 5.5-kb Bam HI
fragment that also hybridized to both probes. (Fig. 3A). The
sequences of the oligonucleotide probes matched the sequence of
the gene in 36 out of 39 and in 33 out of 39 positions for probes 1
and 2, respectively. The deduced amino acid sequence (Fig. 3B)
beginning with the first ATG (methionine) in this open reading
frame and extending to the termination codon codes for a protein
that is 450 amino acids in length. Hydrophobicity analysis (15)
revealed seven clusters of hydrophobic residues of more than 20
amino acids in length that could represent membrane spanning
regions of the receptor (Fig. 4, brackets). The presence of the
deduced amino acid sequences of the four peptides isolated from the
purified receptor protein (Fig. 3B) supports the conclusion that this
gene codes for the human platelet a,-adrenergic receptor.

Structural comparisons. Comparison of the deduced amino acid
sequence of the a,-adrenergic receptor with that of the human B,-
adrenergic receptor (5), the human B,-adrenergic receptor (6), the
human G-21 protein (12), and the porcine cerebral M1 (8) and

A

0.06

Fig. 1. Isolation of peptide 1 by gel filtration and by reversed-phase liquid
chromatography. Approximately 900 pmol of «,-adrenergic receptors were
purified to a specific activity of ~8 nmol per milligram of protein from about
1400 units of outdated human platelets by a combination of affinity (32),
heparin-agarose, and wheat germ—agarose chromatography (33). The receptors
were covalently labeled with the aj-adrenergic photoaffinity probe [*H|SKF
102229 (34) and were then dialyzed in an Amicon stirred cell by repeated
concentration and dilution with 30 percent acetonitrile in 0.1 percent trifluoroa-
cetic acid (TFA) over a YM-30 membrane. The final concentrate was lyophilized
and then redissolved in 300 pl of 88 percent formic acid. Solid cyanogen
bromide was added in three 100-pmol amounts over a period of 3 days, and the
entire sample was then fractionated by gel filtration liquid chromatography with
a TSK 4000 column (7.5 by 600 mm) and a mobile phase of 10 percent formic
acid in water (A). Pooled material in the cross-hatched area was then fractionat-
ed by reversed-phase liquid chromatography with a Phenomenex (5 wm, W-
Porex) C-18 column (4.6 by 250 mm) and a gradient of 8 to 80 percent
acetonitrile in 0.1 percent TFA, at a flow of 2 ml/min (B). A blank run is shown
by the dotted line. Material eluting between 49 and 54.5 minutes was subjected
to amino acid sequence analysis on an Applied Biosystems 470A gas-phase
sequenator in combination with an Applied Biosystems 120A phenylthiohydan-
toin analyzer. One peptide (145 pmol) was present that yielded 27 amino acid
residues before the signal was lost. Material eluting in earlier and later fractions
from the gel filtration step was also fractionated by reversed-phase liquid
chromatography, but no other peptides were obtained. In a second purification,
the a,-adrenergic receptor was first treated with 2-mercaptoethanol, and it was
then carboxymethylated with iodoacetamide. The receptor preparation was
concentrated and diluted as above to remove reactants but with a buffer
containing digitonin (10 mM tris-HCI, 1 mA 2-mercaptoethanol, 0.02 percent
digitonin, pH 8.5). The receptor preparation was then cleaved by successive
treatments with cyanogen bromide, 1 percent (w/w) pepsin, and 1 percent
(w/w) thermolysin. Reversed-phase liquid chromatography yielded three addi-
tional peptides, which were isolated and sequenced. The amino acid sequences
of all the peptides are shown in Fig. 3B.
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cardiac M2 (9) muscarinic cholinergic receptors are presented in
Fig. 4. Clearly the a,-adrenergic receptor has all the features of these
other G protein—coupled receptors. They are all similar in length
and range from 413 amino acids (B;) to 477 amino acids (B,). Like
the other receptors, the a,-adrenergic receptor has two sites for N-
linked glycosylation near the amino terminus (at asparagine residues
10 and 14). The greatest homology between the a-adrenergic
receptor and the other receptors occurs in the putative transmem-
brane spanning domains. Each of these seven domains has been
demarcated on the basis of the hydrophobicity index (15), and each
consists of 26 predominantly hydrophobic amino acids that are

M ILVYVRIVYQTIAKRRTRVYVPP
ATG ATC CTG GTC TAT GTG CGG ATC TAC CAG ATT GCC AAG
(probe 1)

ATC TAC CAG ATT GCC AAG CGG CGG' ACC CGG GTG CCC CCA'
( probe 2)

Fig. 2. Partial amino acid sequence of peptide 1 and corresponding
nucleotide sequences of the probes used for plaque hybridization analysis.
Two overlapping 39-nucleotide probes were designed in accordance with
most frequent codon usage (14). Incorrect choices based upon the actual
nucleotide sequence of the gene are indicated by asterisks. Abbreviations for
the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; 1, 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.

Table 1. [*H]Yohimbine binding to membranes prepared from RNA-
injected X. laevis oocytes and competition by adrenergic agonists and
antagonists. Experiments were conducted as described in Fig. 6. Apparent
equilibrium dissociation constants (K;) were determined by computer with a
nonlinear regression program describing the interaction of ligands with a
single class of binding sites (31).

. K i . K i
Antagonists (nd) Agonists (nd)
Rauwolscine 35 p-Aminoclonidine 140
Yohimbine 44 (—)Epinephrine 1,900
Idazoxan 18 (—)Norepinephrine 7,500
Phentolamine 27 (+)Epinephrine 16,000
Prazosin 880 (—)Isoproterenol 480,000

Corynanthine 2,200

capable of forming an « helix. Separating these hydrophobic
domains are variable stretches of polar or charged amino acids. It is
proposed that each hydrophobic domain spans the plasma mem-
brane once with the amino terminus being extracellular and the
carboxyl terminus being intracellular (2). This model predicts that
the hydrophilic regions connecting the hydrophobic domains would
form loops projecting out of the membrane. Thus, along with the
carboxyl terminus, three loops would extend into the cytoplasm of
the cell, while the remaining three loops, as well as the amino
terminus, would project into extracellular space. Although this
structural organization is based primarily on analogy with the
apparent structure of rhodopsin (11), it provides a useful working
model for the study of the family of G protein—coupled receptors.

Of the 182 amino acids comprising all of the membrane spanning
domains for any of the given receptors (Fig. 4), in the ay-adrenergic
receptor 45 percent are homologous with the human f;-adrenergic
receptor, 42 percent are homologous with G-21, 39 percent are
homologous with the human B,-adrenergic receptor, 31 percent are
homologous with the M1 receptor, and 28 percent are homologous
with the M2 receptor. The single region of greatest homology
occurs between amino acids residues 111 to 136 (third transmem-
brane and second cytoplasmic loop) where the ay-adrenergic recep-
tor shares 22 out of 26 amino acid identities (85 percent), with G-
21. It is possible, therefore, that the protein coded for by G-21
might be an adrenergic receptor.

There is much less homology between the ay-adrenergic receptor
and the other receptors in the putative intracellular and extracellular
domains. Although the carboxyl terminus of the oj-adrenergic
receptor is comparable in length to that of G-21 and the M1 and M2
receptors, it shows significant homology with the initial segments of
the longer carboxyl terminal regions of the - and By-adrenergic
receptors. The greatest homology in the carboxyl terminal regions,
however, is found between the a,-adrenergic receptor and G-21.
The third cytoplasmic loop of the a,-adrenergic receptor (amino
acid residues 219 to 374) is 156 amino acids in length. Although
comparable in size to the corresponding loops in the M1 receptor
(155 residues), the M2 receptor (179 residues), and G-21 (128
residues), significant amino acid homology in this region is practi-

Table 2. Human chromosome content and presence of human platelet a,-adrenergic receptor sequences in Chinese hamster X human somatic cell hybrids.
Data for chromosomes involved in rearrangements or present at a frequency of 0.1 or less were excluded. Somatic cell hybrid analysis was carried out with 13
hybrids of series XII, XIII, XVII, XXI, and 31. The derivation and human chromosome content of these hybrids have recently been summarized (24).
Southern blot analyses of Pst I~ and Pvu II-digested genomic DNA from these hybrids and their parental controls were done with the **P-labeled 0.95-kb

Pst I genomic fragment as a probe.

Human chromosomes

Enzyme/ Hybrid./

fragment size chrom. ;5 3 4 5 ¢ 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X
Pst1/5.9kb +/+ 2 1 2 3 0 2 1 2 2 0 0 2 2 3 3 2 0 3 3 0 2 21
Pvull/ 3.7 kb —/- 8 9 4 7 7 5 7 6 8 8 4 7 6 4 5 7 8 4 7 5 4 4 2
+/— 1 1.1 0 3 1 2 1 1 3 3 1 1 0 0 1 3 0 0 3 1 00

—/+ 2 1 5 0 2 5 1 4 1 2 4 3 4 4 5 2 2 4 3 5 5 6 3

Discordant hybrids 3 2 6 0 5 6 3 5 2 5 7 4 5 4 5 3 5 4 3 8 6 6 3
Informative hybrids 13 12 12 10 12 13 11 13 12 13 11 13 13 11 13 12 13 11 13 13 12 12 6
Pst1/1.8 kb +/+ 1 2 2 2 0 2 1 1 2 o0 1 2 2 3 2 1 0 2 2 0 2 1 2
Pvull/ 1.8 kb —/- 7 10 4 6 7 5 7 5 8 8 5 7 6 4 4 6 8 4 6 6 4 3 2
+/— 2 0o 1 1 3 1 2 2 1 3 2 1 1 0 1 2 3 0 1 3 1 10

—/+ 3 0 5 1 2 5 1 5 1 2 3 3 4 4 6 3 2 5 4 4 5 7 2

Discordant hybrids 5 0 6 2 5 6 3 7 2 5 5 4 5 4 7 5 5 5 5 7 6 8 2
Informative hybrids 13 12 12 10 12 13 11 13 12 13 11 13 13 11 13 12 13 11 13 13 12 12 6
Pst1/0.95 kb +/+ o 0 2 0o 1 2 1 0 o0 2 1 1 0 1 1 0o O 0 0 1 1 21
Pvull/2.2kb —/- 7 8 5 7 9 6 8 5 711 6 7 5 3 4 7 9 2 5 8 4 4 2
+/— 2 2 0 0 1 0 1 2 2 o0 1 1 2 1 1 2 2 2 2 1 1 0wo

—/+ 4 2 5 3 1 5 1 6 3 0 3 4 6 6 7 3 2 7 6 3 6 6 3

Discordant hybrids 6 4 5 3 2 5 2 8 5 0 4 5 8 7 8 5 4 9 8 4 6 6 3
Informative hybrids 13 12 12 10 12 13 11 13 12 13 11 13 13 11 13 12 13 11 13 13 12 12 6
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-50, <40, -30. -20. ~10. 1 15
CCCGCGTTCATGTTCCGCCAGGAGGCCAAGGCCGTTGGCCGAGGGCAGCTTTGCGCCC ATG GGC TCC CTG CAG
Met Gly Ser Leu Gln

15

CCG GAC GCG GGC AAC GCG AGC TGG AAC GGG ACC GAG GCG CCG GGG GGC GGC GCC CGG GCC

Pro Asp Ala Gly Asn Ala Ser Trp Asn Gly Thr Glu Ala Pro Gly Gly Gly Ala Arg Ala
* *

135

ACC CCT TAC TCC CTG CAG GTG ACG CTG ACG CTG GTG TGC CTG GCC GGC CTG CTC ATG CTG
Thr Pro Tyr Ser Leu Gln Val Thr Leu Thr Leu Val Cys Leu Ala Gly Leu Leu Met Leu

195
CTC ACC GTG TTC GGC AAC GTG CTC GTC ATC ATC GCC GTG TTC ACG AGC CGC GCG CTC AAG
Leu Thr Val Phe Gly Asn Vsl Leu Val Ile Ile Ala Val Phe Thr Ser Arg Ala leu Lys

255
GCG CCGC CAA AAC CTC TTC CTG GTG TCT CTG GCC TCG GCC GAC ATC CTG GTG GCC ACG CTC
Ala Pro Gln Asn Leu Phe Leu Val Ser Leu Ala Ser Ala Asp Ile Leu Val Ala Thr leu

315
GTC ATC CCT TTC TCG CTG GCC AAC GAG GTC ATG GGC TAC TGG TAC TTC GGC AAG ACT TGG
Val Ile Pro Phe Ser Leu Ala Asn Glu Val Met Gly Tyr Trp Tyr Phe Gly Lys Thr Trp

375
TGC GAG ATC TAC CTG GCG CTC GAC GTG CTC TTC TGC ACG TCG TCC ATC GTG CAC CTG TGC
Cys Glu Ile Tyr Leu Ala Leu Asp Val Leu Phe Cys Thr Ser Ser Ile Val His Leu Cys

435
GCC ATC AGC CTG GAC CGC TAC TGG TCC ATC ACA CAG GCC ATC GAG TAC AAC CTG AAG CGC
Ala Ile Ser Leu Asp Arg Tyr Trp Ser Ile Thr Gln Ala Ile Glu Tyr Asn Leu Lys Arg

495
ACG CCG CGC CGC ATC AAG GCC ATC ATC ATC ACC TGT TGG GTC ATC TCG GCC GTC ATC TCC
Thr Pro Arg Arg Ile Lys Ala Ile Ile Ile Thr Val Trp Val Ile Ser Ala Val Ile Ser

555
TTC CCG CCG CTC ATC TCC ATC GAG AAG AAG GGC GGC GGC GGC GGC CCG CAG CCG GCC GAG
Phe Pro Pro Leu Ile Ser Ile Glu Lys Lys Gly Gly Gly Gly Gly Pro Glmn Pro Ala Glu

Fig. 3. Restriction map (A) and nucleotide and deduced amino acid
sequence (B) of the human platelet a,-adrenergic receptor genomic clone.
Three identical clones containing about 15 kb of human genomic DNA were
obtained by screening 10° recombinants from a A EMBL 3 human genomic
library (Clonetech) with two synthetic oligonucleotide probes (Fig. 2). The
probes, synthesized on an Applied Biosystems model 380B DNA synthesiz-
er, were purified on a 16 percent denaturing polyacrylamide gel and were
labeled with **P at the 5’ hydroxyl group by T4 polynucleotide kinase.
Duplicate filters were hybridized in 6X SSC, 10X Denhardt’s, sodium
pyrophosphate (0.1 percent), 0.1 percent SDS, sheared salmon sperm DNA
(50 pg/ml), and 3*P-labeled oligonucleotide (2 x 10° cpm/ml) at 45°C for
36 hours. Filters were washed at 60°C in 2x SSC. The A DNA, isolated from

cally nonexistent. The B;- and B;-adrenergic receptors have relative-
ly short third loops of 78 and 52 amino acids, respectively. Three
regions of the third loop of the PBj-adrenergic receptor share
significant amino acid homology with comparable, although more
widely separated, regions of the ap-adrenergic receptor (Fig. 4).

There are 41 amino acid residues in the a,-adrenergic receptor
that are conserved among all of these receptor proteins (Fig. 4).
Thirty of these are located in the 182 amino acid residues assigned
to the membrane spanning domains, while 11 are found in the
remaining 268 residues. Because the a-, Bi-, and B,-adrenergic
receptors can all bind epinephrine, we examined structural features
shared by these receptors that are not present, for example, in the
muscarinic receptors. There are 29 amino acid residues in the ap-
adrenergic receptor that are also found in the B;- and B,-adrenergic
receptors but not in the M1 or M2 receptors. All but two of these
(93 percent) are in the membrane spanning domains. Thus, the
membrane spanning domains of such receptors may collectively
determine the ligand binding site (3, 16).
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615
CCG CGC TGC GAG ATC AAC GAC CAG AAG TGG TAC GTC ATC TCG TCG TGC ATC GGC TCC TTC
Pro Arg Cys Glu Ile Asn Asp Gln Lys Trp Tyr Val Ile Ser Ser Cys Ile Gly Ser Phe

675

TTIC GCT CCC TGC CTC ATC ATG ATC CTG GTC TAC GTG CGC ATC TAC CAG ATC GCC AAG CGT
Phe Ala Pro Cys Leu Ile Met Ile Leu Val Tyr Val Arg Ile Tyr Gln Ile Ala lys Arg
peptide 1 735

CGC ACC CGC GTG CCA CCC AGC CGC CGG GGT CCG GAC GCC GTC GCC GCG CCG CCG GGG GGC
Arg Thr Arg Val Pro Pro Ser Arg Arg Gly Pro Asp Ala Val Ala Ala Pro Pro Gyl Gly

peptide ¢ 795
ACC GAG CGC AGG CCC AAC GGT CTG GGC CCC GAG CGC AGC GCG GGC CCG GGG GGC GCA GAG

Thr Glu Arg Arg Pro Asn Gly Leu Gly Pro Glu Arg Ser Ala Gly Pro Gly Gly Ala Glu
peptide
855

GCC GAA CCG CTG CCC ACC CAG CTC AAC GGC GCC CCT GGC GAG CCC GCG CCG GCC GGG CCG
Ala Glu Pro Leu Pro Thr Gln Leu Asn Gly Ala Pro Gly Glu Pro Ala Pro Ala Gly Pro

915
CGC GAC ACC GAC GCG CTG GAC CTG GAG GAG AGC TCG TCT TCC GAC CAC GCC GAG CGG CCT
Arg Asp Thr Asp Ala Leu Asp Leu Glu Glu Ser Ser Ser Ser Asp His Ala Glu Arg Pro

975
CCA GGG CCC CGC AGA CCC GAG CGC GGT CCC CGG GGC AAA GGC AAG GCC CGA GCG AGC CAG
Pro Gly Pro Arg Arg Pro Glu Arg Gly Pro Arg Gly Lys Gly Lys Ala Arg Ala Ser Gln

1035
GTG AAG CCG GGC GAC AGC CTG CGC GGC GCG GGC CGG GGG CGA CGG GGA TCG GGA CGC CGG

Val Lys Pro Gly Asp Ser Leu Arg Gly Ala Gly Arg Gly Arg Arg Gly Ser Gly Arg Arg
peptide

1095
CTG CAG GGC CGG GGG AGG AGC GCG TCG GGG CTG CCA AGG CGT CGC GCT GGC GCG GGC GGG
Leu Gln Gly Arg Gly Arg Ser Ala Ser Gly Leu Pro Arg Arg Arg Ala Gly Ala Gly Gly

1155
CAG AAC CTC GAG AAG CGC TTC ACG TTC GTG CTG GCC GTG GTC ATC GGA GTG TTC GTG GTG
Gln Asn Arg Glu Lys Arg Phe Thr Phe Val Leu Ala Val Val Ile Gly Val Phe Val Val

1215
TGC TGG TTC CCC TTC TTC TTC ACC TAC ACG CTC ACG GCC GTC GGG TGC TCC GTG CCA CGC
Cys Trp Phe Pro Phe Phe Phe Thr Tyr Thr Leu Thr Ala Val Gly Cys Ser Val Pro Arg

1275
ACG CTC TTC AAA TTC TTC TTC TGG TTC GGC TAC TGC AAC AGC TCG TIG AAC CCG GTC ATC
Thr Leu Phe Lys Phe Phe Phe Trp Phe Gly Tyr Cys Asn Ser Ser Leu Asn Pro Val Ille

1335
TAC ACC ATC TIC AAC CAC GAT TTC CGC CGC GCC TTC AAG AAG ATC CIC TGT CGG GGG GAC
Tyr Thr Ile Phe Asn His Asp Phe Arg Arg Als Phe Lys Lys Ile Leu Cys Arg Gly Asp

1350, . . . . .
AGG AAG CGG ATC GTG TGA GGTTTCCGCTGGCGCCCGCGTAGACTCACGCTGACTGCAGGCAGCGGGGGGCAT
Arg Lys Arg Ile Val ---

CGAGGGGTGCTTAGCCCC-AGGC-CACTCAGMA&CCGGGCGCT&CTGCTCTGC&’I‘IT

positive clones, contained a 5.5-kb Bam HI fragment, which hybridized on
Southern blots to both probes at high stringency (0.5X SSC at 65°C). The
restriction map of this 5.5-kb Bam-HI fragment is shown above (A). The
heavy line indicates the coding region, and the arrows indicate the sequenc-
ing strategy. Nucleotide sequencing was done by the Sanger dideoxy method
(35) with both the Klenow fragment of DNA polymerase I (Pharmacia) and
avian reverse transcriptase (Promega) on M13 and PUC templates. The
nucleotide sequence and the deduced amino acid sequence are shown in (B).
Potential sites of N-linked glycosylation are indicated by asterisks. o,-
Adrenergic receptor peptides that were isolated and sequenced (Fig. 1) are
underlined.

The amino acids involved with the effector functions of the as-
adrenergic receptor would be expected to be more closely related to
those of the cardiac muscarinic receptor which can inhibit adenylate
cyclase, rather than to the B-adrenergic receptors which stimulate
adenylate cyclase. In fact, 44 residues in the a,-adrenergic receptor
are also found in the cardiac M2 receptor but not in the ;- or B,-
adrenergic receptors. In contrast to the previous comparison of
shared amino acids that might be involved in ligand binding, only
14 (32 percent) of the shared residues that might be involved with
effector functions are in the membrane spanning domains. Howev-
er, 25 of the shared amino acids (57 percent) are in the putative
intracellular domains where they could be involved in coupling to G
proteins.

Phosphorylation of serine or threonine residues by various pro-
tein kinases has been implicated as a mechanism for regulating
receptor function (17). In the third cytoplasmic loop of the -
adrenergic receptor, there is a consensus sequence for protein kinase
A (residues 244 to 227); however, whether or not the ay-adrenergic
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receptor is actually a substrate for this enzyme has not been tested.
In contrast, the ay-adrenergic receptor can be phosphorylated in an
agonist-dependent fashion by the B-adrenergic receptor kinase (18).
This enzyme and the related enzyme rhodopsin kinase are believed
to phosphorylate clusters of serine residues present in the carboxyl
terminal regions of the B-adrenergic receptor (19) and of rhodopsin
(20), respectively. In the carboxyl terminus of the o,-adrenergic
receptor, however, there are no serine or threonine residues. This
leaves as possibilities the cytoplasmic loops of the a,-adrenergic
receptor, which all contain potential phosphorylation sites. Of
particular interest is the third cytoplasmic loop, which contains a
total of 19 serine and threonine residues including one stretch of
four contiguous serines (residues 296 to 299).

Expression. To prove that the gene we have cloned and se-
quenced codes for a functional human platelet a,-adrenergic recep-
tor, RNA was prepared and used for in vivo translation in Xenopus
laevis oocytes. The Nco I-Hind III fragment of the ap-adrenergic
receptor gene was ligated into the Nco I-Eco RV site of the human
B2-adrenergic receptor RNA expression vector pSPNar (21), effec-
tively replacing the coding sequence of the B,-adrenergic receptor
with that of the ay-adrenergic receptor (Fig. 5). This new construct,
pSPhpa,, retained the 5’ and 3’ untranslated regions of the B,-
adrenergic receptor expression vector to enhance the stability of
transcribed RNA. RNA transcribed with SP6 RNA polymerase
from the o,-adrenergic expression vector (pSPhpay) was injected
into X. laevis oocytes, and 2 to 3 days later binding of the ay-
adrenergic antagonist [*’H]yohimbine was performed to test for de
novo synthesis of a,-adrenergic receptors. Specific [*H]yohimbine
binding was not observed in membranes prepared from uninjected
oocytes and from oocytes injected with RNA coding for B,-
adrenergic receptors. In contrast, after the injection of RNA coding
for human platelet o,-adrenergic receptors, [3H]yoh1mb1nc binding
was saturable (Fig. 6A) and was competed for by various adrenergic
antagonists (Fig. 6B) and agonists (Fig. 6C). Computer analysis of
the saturation curve data yielded an apparent equilibrium dissocia-
tion constant (Ky) for [*H]yohimbine of 2.5 n, which is in good
agreement with results obtained from the binding of [*H]yohim-
bine to intact human platelets and platelet membranes (22). Analysis
of the antagonist competition curve data (Fig. 6B and Table 1)
shows that the a-adrenergic antagonist phentolamine is significantly
more potent than the selective a;-adrenergic antagonist prazosin,
which is also consistent with results obtained in intact human
platelets (22). In addition, the antagonist diastereomers rauwolscine
and corynanthine, which are selective for ap- and a;-adrenergic
receptors, respectively (23), also showed the expected order of
potency in competition for the binding of [*H]yohimbine to the
oocyte membranes. The a,-selective ligand p-aminoclonidine was
the most potent agonist followed in order of potency by the
endogenous catecholamines (—)epinephrine and (—)norepineph-
rine and the B-adrenergic selective agonist (—)isoproterenol (Fig.
6C and Table 1). These results, together with the evidence that
agonist stereoselectivity was also obtained [(—)epinephrine was
eight times more potent than (+)epinephrine], indicate that the
gene that we have isolated codes for the human platelet ap-
adrenergic receptor.

Related genes. When human genomic DNA was digested with
Pst I and subjected to Southern blot analysis with the 0.95-kb Pst I
restriction fragment from the ap-adrenergic receptor gene as a probe
(Fig. 3A), three separate hybridizing bands are observed after
washings at low stringency (Fig. 7). The two higher molecular
weight bands at 1.8 kb and 5.9 kb were substantially reduced after a
high stringency wash (0.2x SSC at 65°C), but the 0.95-kb band,
which represents hybridization of the probe to itself, remained
unchanged. These results indicate that the 1.8- and 5.9-kb Pst I
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Fig. 4. Homology comparison of the human platelet a,-adrenergic receptor
with other G protein—coupled receptors. Amino acid sequences (single letter
code) are aligned to optimize homology with the a,-adrenergic receptor by
the ALIGN computer program (36). The optimal alignment is based on a
match score of 1, a mismatch score of 0, and a gap penalty of —2. Homology
is indicated by shading. The putative transmembrane domains are indicated
by brackets identified by roman numerals.
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fragments share significant homology with the gene for the platelet
ap-adrenergic receptor. Somatic cell hybridization analysis (24)
indicates that the 0.95-, 1.8- and 5.9-kb Pst I fragments are located
on different chromosomes (Table 2). Thus, the 0.95-kb Pst I
fragment, representing the gene for the platelet ap-adrenergic
receptor, was present only in those somatic cell hybrids containing
human chromosome 10. Likewise the 1.8- and 5.9-kb Pst I frag-
ments were present only in those hybrids containing human chro-
mosomes 2 and 4, respectively. Further evidence for the location of
the human platelet a;-adrenergic receptor gene on chromosome 10
comes from studies done with a probe made from its 5’ untranslated
region. This 2-kb probe (Bam HI to PST I, Fig. 3A) hybridized to
only one band on Southern blot analysis and it also segregated with
human chromosome 10. In situ hybridization revealed that the
regional location of the human platelet a,-adrenergic receptor gene
is the long arm of chromosome 10 (q24-q26). Although confirma-
tion of the chromosomal assignments of the 1.8- and 5.6-kb PST I
fragments awaits the cloning of their genes, our results show that
they are located on separate chromosomes and do not represent the

Fig. 5. RNA expression vector
(pSPhpa,) for the human platelet
ap-adrenergic receptor. The Nco I- v
Hind III fragment (Fig. 3A) con- L—-———-:m
taining the coding sequence of the
ap-adrenergic receptor was ligated
into the Pj-adrenergic receptor
expression vector pSPNar (21) after
removing the B,-adrenergic recep-
tor coding sequence contained in
the Nco I-Eco RV fragment. The
resulting vector contains the 5’ and
3’ untranslated regions of the B,-.
adrenergic receptor and the coding
sequence of the a,-adrenergic re-
ceptor. This vector was linearized
with Hind III, and RNA was pre-
pared with SP6 RNA polymerase
according to the method of Melton ez al. (37). RNA prepared from 25 pg of
DNA template was dissolved in 50 ul of water to yield a final RNA
concentration of about 0.4 pg/ul.

Nar [
Nco I

pSPhpo2

s 2 coding
) o2 untranslated
S 2 untranslated
—— pSP65

250 bp
i

genes for either the B,-adrenergic receptor (5) or G-21 (12), which
are both located on chromosome 5.

Conclusions. The structural organization of the a,-adrenergic
receptor with its large third cytoplasmic loop and short carboxyl
terminus resembles that of the muscarinic receptors to which the
effector functions of the a,-adrenergic receptor may be more closely
related. However, sequence homology within the membrane span-
ning regions is actually greater with the B-adrenergic receptors,
which have ligand binding properties closer to those of the a,-
adrenergic receptor than to those of the muscarinic receptors. These
findings are consistent with the hypothesis that the membrane
spanning regions may form a ligand binding pocket, whereas the
cytoplasmic regions may be involved in effector coupling functions.

A striking feature of the ap-adrenergic receptor gene is that the
coding block is contained within a single exon. This is also true of
the genes coding for the human and hamster B,-adrenergic receptors
(3, 4), the porcine M2 muscarinic receptor (10), and G-21 (12).
Thus, in every case where information is thus far available, G
protein—coupled receptors are coded for by single exons. The only
exception is the visual pigment rhodopsin, which contains five exons
and four introns (25). Whether introns were lost at some point in
the evolution of this gene family or whether the rhodopsin gene
acquired them from a common precursor without introns remains to
be discovered.

Speculation about the sites of phosphorylation in the B-adrener-
gic receptor, by the enzyme B-adrenergic receptor kinase, have
focused on the serine-rich carboxyl terminus; however, the exact
sites have not yet been determined (17). The a,-adrenergic receptor
is an excellent substrate for this enzyme—indeed, it is as good as the
B-adrenergic receptor itself (18)—yet the as-adrenergic receptor
completely lacks serines in its short carboxyl terminal tail. This
suggests that the cytoplasmic loops, of not only the a,-adrenergic
receptor but of other G protein—coupled receptors as well, might be
important in regulatory phosphorylation events. Further support for
this idea comes from recent mutagenesis studies that have indicated
that agonist-promoted desensitization of B-adrenergic receptors,
believed to be a phosphorylation-mediated process, proceeds nor-
mally even in the face of deletions of the carboxyl terminus (21, 26).

Our results that there are other human genes homologous to the
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Fig. 6. De novo expression of specific [*H]yohimbine binding to mem-
branes prepared from Xenopus laevis oocytes after injection of RNA coding
for human platelet a,-adrenergic receprors. RNA was prepared as described
in Fig. 5. Xenopus laevis oocytes (stage V to VI) were obtained and were
individually injected with 50 to 80 nl of a solution of RNA (2I). After an
incubation period of 48 to 72 hours, membranes were prepared (21), and the
binding of [*H]yohimbine was determined. (A) Saturation isotherm. The
binding of [*H]yohimbine was determined in a final volume of 500 ul and
with about 100 wg of membrane protein (equivalent to about 30 oocytes).
Assays were incubated at 25°C for 30 minutes and were terminated by
filtration through Whatman GF/C filters. Nonspecific binding was deter-
mined in the presence of 10 wA{ phentolamine. Data were analyzed by
computer with the assumption that binding was to a single class of sites (38).
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The experiment was repeated and the average K4 for the binding of
[*H]yohimbine was 2.5 = 0.5 nM (% = 2, = 8.D.). The number of binding
sites in the oocyte membranes showed greater variability, but was in the
range of 300 to 600 fmol per milligram of protein or 1 to 2 fmol per oocyte.
(B) Antagonist competition. The binding of [*H]yohimbine (2 nM) was
assessed in the presence of ten competing concentrations of either phentol-
amine (PHEN) or prazosin (PRAZ). Assays were conducted as described for
the saturation i1sotherms. (C) Agonist competition. The binding of [*H]yo-
himbine (2 nM) was assessed in the presence of ten competing concentra-
tions of either p-aminoclonidine (PAC), (—)epinephrine [(—)EPI], or
(+)epinephrine [(+)EPI]. Affinity constants calculated from these data are
in Table 1.
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Fig. 7. Southern blot of human genomic DNA. A Pst HSA Chr
I digest of human genomic DNA was subjected to
agarose gel electrophoresis and was then blotted on
to Hybond-N (Amersham) and probed with the
0.95-kb Pst I fragment of the a,-adrenergic receptor
clone in Fig. 3A. The 0.95-kb Pst I fragment was
labeled with 2P by the method of random priming
(39), and the blot was hybridized in 30 percent
formamide, 5% SSC, 0.1 percent SDS, 5X Den-
hardt’s and sheared salmon sperm DNA (100 pg/ml)
at 42°C and washed in 1x SSC, 0.1 percent SDS, at
42°C. The autoradiogram was exposed for 72 hours.
The position of the molecular size standards are
indicated on the left, and the chromosomal localiza-
tion of each band is given on the right. Chromosomal
localization was accomplished by somatic cell hybrid
analysis (24). The data from Southern blot analyses of
Pst I-digested genomic DNA from somatic cell hy-
brids are summarized in Table 2.
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platelet ay-adrenergic receptor gene are significant in light of
mounting pharmacologic evidence for a;-adrenergic receptor het-
erogeneity. Thus, ap-adrenergic receptors appear to be heteroge-
neous on several grounds. These include their different affinities for
various adrenergic ligands (27), their anatomical locations (28), and
their coupling to different responses (29). Unfortunately, many of
these studies have been confounded by questions of species differ-
ences in ay-adrenergic receptors, and to date no biochemical
evidence is available to provide a structural basis for this heterogene-
ity. With regard to the existing nomenclature, the as-adrenergic
receptor gene that we have cloned is provisionally classified as an
azA-adrenergic receptor (30). This receptor, as characterized by the
results of our expression studies, has high and approximately equal
affinity for yohimbine and rauwolscine and much lower affinity for
prazosin. Other a,-adrenergic receptor subtypes might be expected
to have somewhat lower affinity for yohimbine and significantly
higher affinity for prazosin (27).

Our findings suggest that we may be entering a new era of
pharmacologic discovery. Thus with the isolation of receptor genes,
and with the ability to express a single gene product, drug develop-
ment may proceed in a system containing only one receptor subtype.
Such endeavors should lead to a more complete understanding of
receptor subtypes as well as to new drugs with more specific
therapeutic actions.
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