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The adenylate cyclase system, which consists of a catalytic moiety
and regulatory guanine nucleotide-binding proteins, provides the
effector mechanism for the intracellular actions of many hormones
and drugs'. The tissue specificity of the system is determined by
the particular receptors that a cell expresses. Of the many receptors
known to modulate adenylate cyclase activity, the best character-
ized and ome of the most pharmacologically important is the
B-adrenergic receptor (8 AR). The pharmacologically distinguish-
able subtypes of the B-adrenergic receptor, 8, and f3, receptors,
stimulate adenylate cyclase on binding specific catecholamines’.
Recently, the avian erythrocyte §,, the amphibian erythrocyte 3,
and the mammalian lung B, receptors have been purified to
homogeneity and demonstrated to retain binding activity in deter-
gent-solubilized form'~. Moreover, the B-adrenergic receptor has
been reconstituted with the other components of the adenylate
cyclase system in vitro®, thus making this hormone receptor par-
ticularly attractive for studies of the mechanism of receptor action.
This situation is in contrast to that for the receptors for growth
factors and insulin, where the primary biochemical effectors of
receptor action are unknown. Here, we report the cloning of the
gene and cDNA for the mammalian 8,AR. Analysis of the amino-
acid sequence predicted for the BAR indicates significant amino-
acid homology with bovine rhodopsin and suggests that, like
rhodopsin’, BAR possesses multiple membrane-spanning regions.

Hamster lung BAR was purified to homogeneity by sequential
affinity chromatography and molecular-sieve HPLC as described
previously?”. The purified receptor bound ligand with theoreti-
cal specific activity and migrated on SDS-polyacrylamide gel
electrophoresis as a single broad band at a relative molecular
mass ( M,) of 64,000 (64K). Initial attempts to obtain N-terminal
sequence data on intact BAR failed, presumably because the
N-terminus of this protein was blocked. Therefore, peptide
fragments generated by CNBr cleavage of pure SBAR were
isolated by reverse-phase HPLC.

Figure 1a (solid line) shows a peptide map generated from
1 nmol of pure receptor; the broken line shows the HPLC profile
resulting from CNBr treatment of the detergent alone. The
BAR-derived peptides produced at least nine specific absorb-
ance peaks which were reproducibly observed in five separate
BAR preparations. The most prominent of these peptides
(marked with arrows in Fig. 1) were subjected to N-terminal
sequence analysis, yielding the amino-acid sequences in Fig. 1b.

To confirm that the determined amino-acid sequences were
those of the BAR polypeptide, we raised anti-peptide antibodies
against peptide 7. Peptide 7 was expressed in Escherichia coli
as a C-terminal peptide fused to the N-terminal domain of the
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Peptide 2 GPPGXXSXFLLTTXGS

Peptide 5§ GLAVVPFGAS

Peptide 7 VFVYSRVFQVAKRQLQKIDKSEGRF
HSPNLGQVE

Peptide7a GEASGSQLG

Peptide 8 VWIVSGLTSFLPI

Fig. 1 Amino-acid sequence of peptides derived from CNBr-
treated B-adrenergic receptor. a, Absorbance profiles represent
CNBr treatment of pure SAR (solid line) or digitonin (dashed
line). The arrows indicate the peptides that were sequenced. b,
Amino-acid sequences identified by HPLC following each cycle
of the sequenator. Two of the four blank cycles (X) in the amino-
acid sequence for peptide 2 are presumed to be due to N-linked
glycosylation. Peptides 7 and 7a were located within the same peak.
Methods. BAR was purified to homogeneity from hamster lung
membranes by the method of Benovic et al’, using affinity
chromatography followed by molecular-sieve HPLC. Binding of
I251.CYP to intact cells or to solubilized BAR was determined
according to Caron and Lefkowitz?2. For peptide preparation,
~1nmol of pure BAR was treated with CNBr (0.4 mM) in 70%
formic acid at 23 °C for 20 h. After lyophilization, the sample was
resuspended in 20 mM trifluoroacetic acid (TFA) and the peptides
separated by reverse-phase HPLC on a Synchropak C-4 column,
eluted with a 10-70% acetonitrile gradient containing 20 mM TFA.
The N-terminal sequence analysis was performed by the method
of Hewick et al.?®, using a gas-phase sequenator (Applied Biosys-
tems). The phenylthiohydantoin (PTH) amino acids produced at
each step were separated and quantitated by HPLC?*,

yeast RAS*! protein SCIN (ref. 8). Rabbits injected with the
isolated fusion protein produced antibodies which reacted with
125T_labelled immunogen as well as pure '**I-labelled BAR or
pure '*’I-cyanopindolol-labelied (***I-CYP) BAR. Figure 2a
shows an immunoprecipitation titration curve of this antibody
against *’I-CYP-labelled solubilized BAR from hamster lung,
hamster heart, A431 epidermoid carcinoma cells and turkey
erythrocytes. No immunoprecipitation of counts above back-
ground was observed in control experiments when '*I-CYP was
incubated with the antibody in the absence of receptor.
Antibody to the hamster lung BAR-derived peptide was
capable of recognizing the human BAR from the A431 line,
albeit with a slightly lower sensitivity (50%) (Fig. 2a). The
antibody also cross-reacted slightly with hamster heart BAR, a
tissue containing a B, subtype of receptor, but did not
immunoprecipitate the B;AR of turkey erythrocytes. These
differences in antibody sensitivity could reflect differences in
either primary sequence or the conformation of this region of
the protein within the various receptor subtypes and receptors
from different species. To confirm that the antibody was recog-
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Fig. 2 Immunoreactivity of B-adrenergic receptor. a, Immuno-
precipitation of '**I-CYP-BAR from hamster lung (®), hamster
heart (A), A431 cells (M) or turkey erythrocytes (O) by serum
from rabbits immunized with BAR peptide 7. 0, Im-
munoprecipitation of hamster lung receptor by preimmune serum.
b, Immunoprecipitation of '**I-CYP-labelled hamster lung SAR
with anti-BAR peptide 7 antibody following preincubation with a
synthetic peptide containing a portion of the sequence for peptide
7 (@), or with an unrelated peptide, atrial natriuretic factor (O).
¢, Protein immunoblotting of the BAR. Protein samples were
separated on a 10% polyacrylamide gel®®, transferred to nitrocel-
lulose and treated sequentially with antibodies and '**I-protein A
(10°c.p.m. per 25ml) as described elsewhere’®?’. Lane 1, pure
hamster lung BAR (5 pmol); lane 2, A431 cell lysate from 4 x 10°
cells; lane 3, RPMI 1846 lysate from 10° cells.

Methods. The immunogen for induction of anti-peptide antibodies
was expressed in E. coli. Two oligonucleotides encoding the 19
amino acids of peptide 7 (QVAKRQLQKIDKSEGRFHS) were
synthesized (see Fig. 1 legend), annealed and ligated®® into the
Accl and Hindl11I sites of plasmid pSCIN® to give the plasmid
pBP1. E. coli transformed with pBP1 overexpresses a protein of
apparent M, 23K, while E coli containing pSC1N overexpresses
a protein of apparent M, 21K (data not shown). This observed
difference in relative molecular mass of the two proteins is con-
sistent with the encoded fusion protein containing 19 additional
amino acids. To prepare antigen, plasmid-containing cells were
grown in L-broth containing ampicillin and isopropylthiogalacto-
side at 37 °C for 16 h, harvested by centrifugation, lysed by sonica-
tion and the soluble proteins removed by centrifugation at 40,000g.
The cell pellet was seqentially extracted with 1 M NaCl, 1% Triton
X-100 and 1.75 M guanidinium-HCI. The SCIN BAR fusion pro-
tein was extracted from the cells with 3.25 M guanidinium-HCI,
dialysed against phosphate-buffered saline and used directly as an
immunogen. Approximately 100 mg of fusion protein of 90% purity
was obtained from 1 litre of starting culture. Antibodies were
detected in serum from injected rabbits by incubation of the serum
with '**I-CYP-labelled soluble BAR in 10 mM Tris-HCI, 0.1 M
NaCl, 0.1% digitonin, 0.5% bovine serum albumin (BSA) pH 7.4.
After 2h at 25 °C, the antibody was precipitated by addition of
either (NH,),SO, to 50% or Staphylococcus aureus protein A,
followed by incubation in ice for 30 min. The precipitated protein
was collected by centrifugation, and the radioactivity contained in
the antibody pellet measured. For the peptide blocking experiment,
the peptide YAKRQLQKIDKSEGR was synthesized®® using a
SAM II peptide synthesizer (Biosearch), and purified on a What-
man C-18 Magnum column in a H,O/acetonitrile gradient contain-
ing 0.2% TFA. The resuiting product was judged to be pure by
amino-acid sequencing and mass spectral analysis. Increasing con-
centrations of this peptide were added to a 1:100 dilution of
anti-peptide 7 antiserum and incubated for 2 h at 23 °C. The treated
antiserum was then mixed with '*[-CYP-labelled BAR and

assayed as above.

nizing the amino-acid sequence of peptide 7, a chemically
synthesized peptide was used as a specific inhibitor of antibody-
receptor interactions. At concentrations =100 wM, this synthetic
peptide completely prevented the immunoprecipitation of '*I-
CYP-labelled BAR by the antibody (Fig. 2b). An unrelated
peptide, atrial natriuretic factor’, had no effect on the immuno-
precipitation.

The specificity of the antibody for the BAR was demonstrated
further by protein immunoblotting. As shown in Fig. 2¢ (lane
1), the antibody reacted specifically with pure hamster lung
BAR; a single protein of the same relative molecular mass (64K)
was also observed in human A431 and hamster melanoma RPMI
1846 cells (Fig. 2¢, lanes 2, 3), both of which were found to
contain BAR on the basis of 'I-CYP binding'® (data not
shown). This specific immunoreactive band was not observed
on prior treatment of the antibody with the synthetic peptide
and was not present when normal rabbit serum was substituted
for the anti-peptide 7 antibody (data not shown).

To facilitate cloning of the BAR gene, oligonucleotides com-
plementary to the DNA encoding the amino-acid sequence of
peptide 7 were synthesized for use as hybridization probes (see
Fig. 3 legend). In hybridization experiments performed at high
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stringency on blots of hamster genomic DNA, a single hybridiz-
ing band of 5.2 kilobases (kb) was observed in EcoRI digests
and a band of 1.3 kb was observed in HindIII digests (data not
shown). When a complete hamster genomic library was screened
under the same conditions, five clones were isolated. Restriction
analysis of the phage DNA revealed that all these clones con-
tained a 1.3-kb HindIIl and a 5.2-kb EcoRI fragment which
hybridized to the probes (data not shown). Mapping of the
phage DNA indicated that these clones overlap to give a total
of 30kb of contiguous genomic DNA. Figure 3 shows the
restriction map of the genomic DNA containing the 8 AR-related
sequences. Sequencing of the 1.3-kb HindIII fragment revealed
a continuous open reading frame encoding 435 amino acids;
the sequences of all the CNBr peptides shown in Fig. 1 were
contained within this putative polypeptide.

Using the 1.3-kb HindIll gene fragment as a probe, seven
clones were obtained from an unamplified hamster cDNA
library (2 x 10° recombinants). Two of these cDNAs hybridized
to oligonucleotide probes specific for the N-terminal, middle
and C-terminal portions of the BAR gene. The nucleotide
sequence of these two cDNA clones (Fig. 4) extends from 210
nucleotides (nt) 5’ to the open reading frame encoding the AR
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Fig. 3 Restriction map of the hamster SAR gene. A portion of 10
the hamster DNA iS ShOWn. The 1.3'kb HlndIII fragment Whlch CAGCGTTCAA GCTGCTGTTA GCAGGCACCG CGAGCCCCGG GCACCCCACG AGCTGAGTGT GCAGGACGCG
hy.brldlzes to olllgonu?le()tldes Aspec.lﬁc for peptlde 7’ 15 underllned CCCCCAGCAC AGCCACCTAC AGCCGCYGA&SAAGCYTCC AGGAGTCTGC CTCCGGCCGG CYGCGCCC‘;‘:}
with an arrow indicating the direction of transcription of the BAR 210
gene. The restriction enzyme sites are: B, BamHI; E’ ECORI; H’ TCGGAGGTGC ACCCGCIGAG AGCGCCAGGG CACCAGAAAG CCGGTGCGCT CACCTGCTCG TCTGCCAGCG
HdeH; K’ KP{’II; S’ Sall. Those sites shown in parentheses have ATG GGG CCA CCC GGG AAC GAC AGT GAC TTC TTG CTG ACA ACC AAC GGA AGC éi‘v
not been unequivocally ordered. MET Gy Pre Pre Gy Am Asp Ser Asp Pne lev Lew Tw Th Am_ Gy Ser e
B . . R £ 22
Methods. All restriction enzymes, E. coli DNA polymerase I, T, 2 18
. . . GTG CCA GAC CAC GAT GTC ACT GAG GAA CGG GAC GAA GCA TGG GTG GTA GGC ATG
DNA hgase and T4 polynucleotlde kinase were purchased from val Pro Asp HMis Asp Val Thr Glu Glu Arg Asp Glu Ala Trp Val Val Gly MET
New England Biolabs. Radiolabelled nucleotides were purchased * 2
- . C TC CTT ATG TCG GTT ATC GT GCC GTG T GGC C GTG C
from Amersham. A EMBL3A phage arms*® and A in vitro DNA GA‘I:a o Lev MET Ser val (e v:f CLIS Ala A||Tec VYal PII Giy ‘A:n val L:uG c:/:f
packaging extracts were purchased from Vector Cloning Systems. ¥ .
Standard recombinant DNA and microbiological procedures were R A A e S A S Ay v foe s e e
used throughout®®. Genomic libraries were constructed using high- s o
M, genomic DNA isolated from hamster lung cells in the vector Ao e T e o S e T T MET Gy _tee s v v ow pne oy
A EMBL3 (refs 6, 30). Probes for peptide 7 coding sequences, 7 5 a0
oligonuc]eotides ON225(5' pCTCCACCTGGCCCAGG'ITGGG. GCC AGT CAC ATC CTT ATG AAA ATG TGG AAT TTT GGC AAC TTC TGG TGC GAG TTC
’ Ala  Ser His He Leu MET Lys MET Trp Asn Phe Gly Asn Phe Trp Cys Glu Phe
AGAGTGGAACCTGCCCTCAGACTTGTCGAT) and ON229(5 E e "
T AA AA GG ACT € T G TTA TGC GTC ACA GCC GC TT GAG ACC CTG TGC GTG
pA,GGCAGC GCAG GATCGAC GTCTGAG) and ON168 Y1’rp The Ts:f AIlreT i:p GV:I Lew Cys Vval The  Ala ASer A|Ie Glu Thr Leu Cys Vval
(5' pTTCCAGGTGGCCAAGCGGCAGCTGCAGAAGATCGA- 108
842
CAA) aI'ld 0N169(5, pATGGTCI I IGTCTACTCCCGGGTCT‘ ATA GCA GTG GAT CGC TAC ATT GCT ATC ACA TCG CCA YTC AAG TAC CAG AGC CTG
. . . h{
TCCAGGTGGCC! !)’ were Syntheslzed on an Apphed B]osys- ‘II;7 Ala Val Asp Arg Tyr e Ala Ite Thr Ser Pra Phe Lys 'yt Gin  Ser Leu
tems Model 3A DNA synthesizer. The oligonucleotides were label- CTG ACC AAG AAT AAG GCC CGA ATG GTC ATC CTA ATG GYG TGG ATT GTA TCC aoe
led by either a fill-in reaction (ON225, ON229) using Klenow DNA Er e T T w Se o
32 31 : 7%
pollymerase and all four [a- P]dNTPS or by phosphorylatlon CTT ACC TCC TTC TTG CCC ATT CAG ATG CAC TGG TAC CGT GCC ACC CAC CAG AAA
using T4 polynucleotlde kinase and [‘)’-32P]ATP28. Phage libraries t;.; Thr Ser Phe Leu Pro lle Gin MET Mis Trp Tyr Arg Ala Thr His  Gin  Lys
L35 .
were. Screened by the methOd Of Bent§)3n and DaVI.S uSlng the GCC ATC GAC TGC TAT CAC AAG GAG ACT TGC TGC GAC TTC TTC ACG AAC CAG G'g‘C
hybridization conditions of Ullrich et al.”>. DNA was isolated from Ma lle Asp Gy Tyr s Ly Gl Th Oy Cys A Phe Phe Thr s Gin Au
. 28 1
C,SCI-banded pha_ge as desc_rlbed elSCWhere . : For reStrl(:tlon analy- TAC GCC ATT GCT TCC TCC ATT GTA TCT TTC TAC GTG CCT CTA GTG GTC ATG (::.C
sis, DNA was digested with the appropriate enzyme and elec- o le Ala Ser Ser lle Vval Ser Phe Tyr Val Pro Leu Val Val MET Val
trophoresed on 0.8% agarose gels. DNA was transferred to 912
: 34 . ge TTT GTC TAT TCC AGG GTC TTC CAG GTG GCC AAA AGG CAG CTC CAG AAG ATA GAC
nitrocellulose by the procedure of Southern®™ and hybridized as Phe Val Ty Ser Arg Val Phe Gin Val Ala_iys Arg Gin_Lleu Gin_Lys lle Asp
kit
above. 7 966

AAA TCT GAG GGA AGA TTC CAC TCC CCA AAC CTC GGC CAG GTG GAG CAG GAT GGG
Lys Ser Glu_ Gly Arg Phe His Ser Pro Asn leu Gly Gin Val Glu Gin Asp Gly

35
1020
CGG AGT GGG CAC GGA CTC CGA AGG TCC TCC AAG TTC TGC TTG AAG GAG CAC AAA
Fig. 4 (Right) Nucleotide and deduced amino-acid sequence of A9 Ser Gy His Gy lev A Arg [Ser) [Ber) e ehe Cps lew Ly G Me Ly
. . 074
tl_le BAR CDN_A' ’Ihe_ nl{CICOt];des are numbered _On the rlght-hand GCC CTC AAG ACT TTA GGC ATC ATC ATG GGC ACA TTC ACC CTC TGC TGG CTG éCC
side of each line beginning with the first nucleotide of the most 5’ Ma Lew Ly Thr Lew Gly e lle MET Gy Th Phe Thr les Crs T Leu Pro
1 1 1 1128
CDNA CIOne. T!le tranSIate.d aman-aCld Seqll'ence 18 Shown beneath TTC TTC AYT GTC AAC ATC GTG CAC GTG ATC CAG GAC AAC CTC ATC CCT AAG GAA
the corresponding nucleotide sequence and is numbered to the left Pre Phe s al s dle Vel Me val lle GinoAs Aw Le Mo Pro Ly Gl
of each line. Underlined amino acids represent the CNBr peptides nsz
. . . . . . GTT TAC ATC CTC CTT AAC TGG TTG GGC TAT GTC AAT TCT GCT TTC AAT CCC CTC
whose sequences are given in Fig. 1. All predicted amino acids Vil Tyr e Lew Lew Asn Tp Lew Gy Ty Val Asn Ser Ala Phe Asn Pro Leu
. . . . . . 307

agree with those determined by peptide sequencing, with the single 1238
. . . . . . . ATC TAC TGT CGG AGT CCA GAT TTC AGG ATT GCC TTC CAG GAG CTT CTA TGC CTC
exception of a cysteine for serine substitution in peptide 7a. All Wle Ty Cys Arg Ser Pro Asp Phe Ag tle Ala Phe Gin Glu Lew Leu Cys Leu
derived peptide sequences are preceded by a methionine, consistent s 129
. . . . T GGC
with CNBr cleavage. The underlined nucleotides preceding the R M E T o m S rwwmSaNS
BAR sequences denote the first methionine codon and an in-frame 3 1300
termination codon. The boxed nucleotides at the 3" end of the R e o S e A o o a ama r
sequence represent the polyadenylation signal. Postulated glycosy- %61 7a 1398
Iatioq sites (Asn-X-Ser/ Thr) are in'dicated by asterisks. Putative AT A O TG T G A e e o e 5o Tne S aan Gyr o
protein kinase A phosphorylation sites are boxed. e 1s2
1 H CA  AAT
Methods. Reverse transcriptase was purchased from Seikagaku- AU AR A S M L ol vl i i
America. RNase H was from Pharmacia and A gtl0 arms were as7 bt b
i i - 1517
rrom VCCtor Clonlng. TOtal ceIIUIar RNA was. ISOIated from grow GAC TCA CCG CTG TAA TGCAGGCTTT CTGCTTTTTA AGACCCCTCC CTGACAGGAC ACTAACCAGA

ing cultures of DDT1-MF2 cells by the guanidinium isothiocyan- Asp Ser Pro Leu

a1s

ate-CsCl method*’. Poly(A)* RNA was purified by chromatogra-
phy on oligo(dT)-cellulose. Double-stranded cDNA was synthe-

1587
CTATTTAACT TGAGTGTAAT AACTTTAGAA TAAAACTGTA TAGAGATTTG CAGAAGGGGA GCATCCTTCT

1657

sized by oligo(dT)—primed reverse transcription of the pOly(A)+ GCCCTTTTTT  ATTTTATTTT TTTAAGCCGC AAAAATAGAG AGGGAGAGAA ACTGTACTTG AGTGCTTGTT

RNA, followed by treatment with E. coli DNA polymerase and 1727

RNase48 The ends of the cDNA were blunted with T, DNA YGTTTCTTGT GCAATTCAGT TCCTCTTTGC GTGGAACTTA AAAGTTTCTG TCTGAAGTAT GTTGGGTTCT

M 4

. . - . 1797

p°lymerase28- FOHOWlng protection of the EcoRI sites with EcoRI AGAGGACTGT CTGTATGTTT AGATGATTTT CCATGCATCT ACCTCACTCG TCAAGTGTTA GGGGATACGC

methylase, EcoR1 linkers were added”®. EcoRI-digested cDNA 1067

was size-fractionated by agarose ge] electrophoresis to obtain TGCTAGTAAT TTGTACCTGA AGGAAATTTT CCTTCCTGTA CCCTTACACT TGTCAATCCT GTGTCTTGGA

. 1937

c¢DNAs between 2 and 7 kb ]Ol’lg. The cDNA was hgated to the CCTTTCTGCT GTGAATATAT ACTCTCTCCC GCTCCACTTA TTTGCTCAAA TGGAGTGTGT AGACAGGGAT

vector A gtl0 (ref. 49) and packaged in vitro. The resulting library 2007

was screened unamplified as described in Fig. 3 legend. The 1.3-kb CTTGAGGGAC AGCTTCAGTT GGTTTTTTIT TTTTTTTTGA GCAAAGTCTA AAGTTTACAG TARATAARIT
HindIlI fragment was labelled using [ a-**P]JdCTP by nick-transla- 2026

GTTTGACCAC GAAAAAAAAA

tion for use as a hybridization probe®®. The cDNA inserts contained

in the positive phage were subcloned into pUC13 or M13 mp19

for DNA sequence analysis®>>~*’. Both strands of the clones were
sequenced with no discrepancies.
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peptides to 560 nt 3’ to the termination codon. A hexanucleotide
AATAAA occurs near the 3’ end, followed by a poly(A) stretch.
The nucleotide sequence of the genomic clones is identical to
that of the cDNA clones up to but not including the poly(A)
tail. These data demonstrate an absence of introns within the
coding and 3'-untranslated regions of the BAR gene but the
possibility of introns in the untranslated region 5’ to the sequence
isolated cannot be ruled out. While the lack of introns is unusual,
it is not unprecedented in that sea urchin histone genes®* and
mammalian a- and B-interferon genes®**° are also uninterrup-
ted. Previous studies with simian virus 40 and B-globin indicate
that introns are necessary for efficient expression of those
genes*"*?, so the lack of introns within the hamster BAR gene
may account in part for its low level of expression.

Whereas most eukaryotic genes are translated using the first
AUG encountered in the messenger RNA*?, the open reading
frame (ORF) encoding the BAR peptides begins at the second
AUG. The first AUG is followed by a termination codon after
only 19 amino acids. This open reading frame is in-frame with
the AUG codon beginning the BAR polypeptide. A similar
situation has recently been reported for the oestrogen receptor,
where the reading frame of that receptor is preceded by a short
20-amino-acid ORF*. Note that the DNA sequence around the
AUG codon for the second ORF agrees well with the consensus
eukaryotic translation initiation sequence*® (CAGCGAUGG
compared with CCGCCAUGG), whereas the sequence sur-
rounding the first AUG does not.

Translation beginning with the second AUG as the initiation
site would produce a polypeptide of 418 amino acids, with a
M, (46K) in close agreement with the apparent M, of the
deglycosylated BAR (49K)''. The protein sequence immediately
following the initiator methionine residue is identical to the
sequence determined for peptide 2. Apparently, like several
other integral membrane proteins—for example, bovine
opsin**—the BAR does not contain a cleavable signal sequence
and may use internal signals for the insertion of the protein into
the membrane. The receptor has been shown to have two sites
of N-linked glycosylation (R.J.L. et al, in preparation). Both
sites are present in peptide 2, consistent with the resuits of
peptide sequencing. The presence of two consensus protein
kinase A and C sites*® within the coding region (Fig. 4) agrees
with in vitro phosphorylation results®’.

Hydropathicity profiles of the predicted BAR amino-acid
sequence were produced using the analyses of Hopp and
Woods!? and of Kyte and Doolittle"’, with similar results. As
shown in Fig. 5a, the BAR sequence should encode a largely
hydrophobic polypeptide, with the N-terminal region of the
receptor being predominantly hydrophobic and the C-terminal
region of the molecule being hydrophilic. The BAR hydro-
pathicity profile is remarkably similar to that of the rhodopsins
(Fig. 5b), of which bacteriorhodopsin’ is known to contain seven
membrane-spanning helices. Not only does a similar pattern of
repeating hydrophobic sequences 20-25 residues long occur in
the predicted BAR sequence, but also the amino-acid composi-
tion of these postulated helices is similar to that of the rhodop-
sins, having a high proportion of proline and aromatic amino
acids. The exact number of transmembrane regions remains to
be determined. Amino-acid homology was apparent when the
sequences corresponding to the postulated helices V, VI and
VII of bovine opsin'®, which comprise the retinal binding site'®,
were aligned with those for the analogous regions of BAR (Fig.
5¢).

The sequence homology between BAR and rhodopsin
parallels similarities in their function: both rhodopsin and BAR
are involved in signal transduction mechanisms that involve
interaction with the guanine nucleotide regulatory proteins
transducin'® and G, (ref. 17), respectively. Moreover, it seems
that phosphorylation has an important role in the regulation of
both rhodopsin and BAR'"™'Y, Rhodopsin is multiply
phosphorylated at its C-terminus, which contains seven serine

NATURE VOL. 321 1 MAY 1986
2.0 a
o 41 (22 || = | bt
i
o
S
£ -20 .
® 1 100 200 300 400
Q
© 20 ;
s b
>
T
o LA B B
1 f
-2.0 —— : — t
1 100 200 300 400
Residue

BAR 199 YAIASSIVSFYVPLVVMVFVYSR-VFQV

OPS 203 FVIYMFVVHFIIPLIVIFFCYGQLVFTYV
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BAR 275 LGIIMGT-FTLCWLPFFIVNIVHVIQD
OPS 253 MV I IMVIAFLICWLPYAGVAFYIFTHQ

PAR 318 N-SA-FNPLIYCRS-PDFRIAFQELLC
OPS 296 KTSAVYNPVIYIMMNKQFRNCMVTTLC

Fig. 5 Structure and sequence homology for hamster BAR and
bovine opsin . Hydropathicity profiles are shown for hamster BAR
(a) and bovine opsin'* (b). Values were calculated by the method
of Hopp and Woods'?. Hydrophobicity increases with decreasing
values. Horizontal lines indicate hydrophobic peptide regions 20-
25 residues long. The putative transmembrane helices of bovine
opsin are numbered as in ref. 14. We have designated the proposed
transmembrane helices of BAR based on the analogous hydro-
pathicity patterns of BAR and opsin. ¢, Amino-acid sequence
homologies between the hamster BAR and bovine opsin (OPS).
Positions of amino-acid identities are designated by asterisks. The
underlined lysine residue (296) of bovine rhodopsin is involved in
a Schiff base with retinal’®,

and threonine residues'®. The C-terminus of the postulated
sequence for BAR contains several serine and threonine residues
that could serve as sites for phosphorylation'®.

The similarity in both the amino-acid sequence and proposed
structure for the retinal binding site of rhodopsin and the
analogous region in BAR suggests a specific mode of action for
the ligands that modulate BAR function. We propose that these
compounds interact with the BAR in a manner similar to that
by which retinal interacts with opsin®'; that is, they intercalate
among the hydrophobic transmembrane helices and thereby
determine whether the receptor is in its active or inactive confor-
mation. According to this model, agonists and antagonists would
mimic the action of photoactivated and native retinal. The
generality of this hypothesis will be tested once the genes for
similar membrane-bound receptors, such as those for leuko-
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trienes, prostaglandins, dopamine and histamine, have been
isolated. Our proposed model for the structure of BAR and its
interaction with pharmacologically important ligands should,
together with the biochemical and genetic studies now possible,
provide a rational basis for a new approach to the development
of more selective drugs.
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It is well established that the osteoclast is formed by fusion of
post-mitotic, mononuclear precursors’ derived from circulating
progenitor cells>. However, the precise haematopoietic origin of
the osteoclast is unknown. We have investigated this here by
fractionating mouse bone marrow and isolating haematopoietic
stem cells using a three-step method combining equilibrium density
centrifugation and two fluorescence-activated cell sortings
(FACS)’, and have tested the ability of each bone marrow fraction,
including highly purified haematopoietic stem cells, to generate
osteoclasts during co-culture with preosteoclast-free embryonic
long bones*®, The osteoclast-forming capacity was found to
increase with increasing stem cell purity. On the other hand, the
culture time needed for osteoclast formation also increased with
purification, suggesting the presence of progressively more
immature progenitor cells. The pluripotent haematopoietic stem
cell fractions with the highest purity needed preincubation with a
stem cell-activating factor (interleukin-3) to activate the pre-
dominantly quiescent stem cells in vitro.

Embryonic long bones stripped of the endogenous osteoclast
precursor pool (the periosteum) were used to induce the
development of osteoclasts from different bone marrow cell
populations. When stripped long bones are co-cultured with cell
populations containing osteoclast progenitors, osteoclasts
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Fig. 1 Osteoclast formation in relation to the number of bone

marrow cells (per plasma clot per bone) after 8 days of co-culture.

Means + s.d. of the number of osteoclast nuclei in five axial sections

of four to six cultures are shown. (1, Unfractionated bone marrow

cells; @, low-density bone marrow cells; E, high-density bone

marrow cells. Statistically significant (P <0.05) compared with
low-density cells.

develop which thereby give rise to the formation of a marrow
cavity. Cuiture of stripped bones alone does not lead to appear-
ance of osteoclasts*’. Total bone marrow cell population and
both high-density (1.100<p<1.078 gcm >) and low-density
(p <1.078 g cm™3) bone marrow fractions, obtained by equili-
brium density centrifugation on a discontinuous metrizamide
gradient, gave rise to osteoclast formation (Table 1).
Autoradiography using continuous *H-thymidine labelling indi-
cated that the osteoclasts were derived from progenitor cells
which had proliferated during co-culture. The osteoclasts
exhibited tartrate-resistant acid phosphatase activity, which is
specific for these cells. Some mononuclear cells and an
occasional multinucleated cell present in the plasma clot sur-
rounding the bones also displayed this osteoclastic enzyme
activity. Mature granulocytes accumulated in the developing
marrow cavity following the invasion of osteoclasts. With time,
other cell types such as megakaryocytes, macrophages and
undifferentiated cells were observed in the expanded cavity.
Dilution experiments were performed to assess the relation-
ship between the number of cells added to the bones and the
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