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ABSTRACT A functional cDNA clone for the hiamine H,
receptor was isolated from a cDNA library of bovine adrenal
medulla by a combination ofmolecular cloning in an expression
vector and electrophysiological assay in Xenopus oocytes. The
H, receptor cDNA encodes a protein of 491 amino acids (Mr
55,954) with seven putative transmembrane domains, llustrat-
ing the similarity to other receptors that couple with guanine
nucleotide-binding regulatory proteins (G protein-coupled re-
ceptors). The sequence homology between the HI and H2
receptors is not higher than that between the histamine HI and
ml-muscarinic receptors. The cloned receptor protein ex-
pressed in COS-7 cells bound specifically to [3Hjmepyramine,
an HI receptor antagonist, and this binding was displaced by
H, receptor antagonists and histamine with afinities compa-
rable with those in membranes of bovine adrenal medulla. Hi
receptor mRNA was shown to be expressed in brain and in
peripheral tissues, including lung, small intestine, and adrenal
medulla. This investigation discloses the molecular nature of
the H, receptor-a receptor that mediates diverse neuronal and
peripheral actions of histami and that may be of therapeutic
importance in allergy.

Since Dale and Laidlaw (1) first reported the contraction of
smooth muscle by histamine, the pharmacological signifi-
cance of this phenomenon has been extensively investigated.
Three subtypes of histamine receptor (H1, H2, and H3) are
known. The H1 receptor was identified by Ash and Schild (2)
and H1 receptor antagonists have been used in the therapy of
many allergic diseases, including urticaria, allergic rhinitis,
pollenosis, and bronchial asthma. In peripheral tissues, the
histamine H1 receptor mediates the contraction of smooth
muscles, increase in capillary permeability due to contraction
of terminal venules, and catecholamine release from adrenal
medulla (3), as well as mediating neurotransmission in the
central nervous system (4). Although signal transduction of
the H1 receptor through Ca2l mobilization via an increase in
the intracellular inositol 1,4,5-trisphosphate level has been
extensively investigated (5, 6), little is known about the
molecular structure of the histamine H1 receptor. Recently,
another method for cDNA cloning of Ca2+-mobilizing recep-
tors through their expression in Xenopus oocytes has been
developed (7). Meyerhof et al. (8) and Sugama et al. (9) have
reported that the injection of poly(A)+ RNA prepared from
bovine adrenal medulla into Xenopus oocytes resulted in
functional expression of the histamine H1 receptor in
oocytes. The present study describes the cloning and se-
quencing of a cDNA encoding histamine H1 receptor§ from
acDNA library ofbovine adrenal medulla using in vitro RNA

transcription and electrophysiological assay with Xenopus
oocytes.

MATERIALS AND METHODS
Materials. [3H]Mepyramine (1073 GBq/mmol) and [a-32P]-

dCTP (=111 TBq/mmol) were purchased from DuPont/
NEN). Histamine and (+)-chlorpheniramine were purchased
from Wako Pure Chemical (Osaka) and Tokyo Kasei (To-
kyo), respectively. Mepyramine and doxepin were purchased
from Sigma. (-)-Chlorpheniramine and famotidine were gifts
from Smith Kline & French and Yamanouchi Pharmaceutical
(Tokyo), respectively. A mammalian expression vector pEF-
BOS (10) was donated by S. Nagata of the Osaka Bioscience
Institute.

Isolation ofPoly(A)+ RNA. TotalRNA was extracted by the
acid guanidinium isothiocyanate/phenol/chloroform method
(11). Poly(A)+ RNA was isolated by chromatography on
oligo(dT)-cellulose (12).

Expression Cloning of Histamine HI Receptor cDNA. Bo-
vine adrenal medullary poly(A)+ RNA ('180 ug) was size-
fractionated on a 5-25% (wt/vol) sucrose-density gradient.
An aliquot (1 p1L) of each poly(A)+ RNA fraction (20,ul) was
injected into Xenopus oocytes, and electrophysiological as-
say by measuring Ca2+-dependent inward Cl- currents was
done as described (9). The fraction that showed the highest
histamine-induced inward Cl- currents was used for oli-
go(dT)-primed cDNA synthesis. Double-stranded cDNAs of
>2-kilobase (kb) pairs were size-selected by agarose gel
electrophoresis followed by elution with Geneclean II (Bio
101, La Jolla, CA) and were ligated into AZAPII (Stratagene)
at the EcoRI site. The library was divided and amplified in 65
pools of "'-20,000 independent clones each. In vitro transcrip-
tion was done essentially according to the procedure ofJulius
et al. (13). RNA transcripts (=5 ng) from each pool were
individually injected into Xenopus oocytes. After incubation
for 1-2 days, the oocytes were tested for inward Cl- currents
induced by 100 ,uM histamine under a voltage clamp at -60
mV. The single positive pool of 20,000 clones was progres-
sively subdivided into smaller pools of 8000, 4000, 400, and
15 clones until finally a single clone was obtained. cDNA
encoding the histamine H1 receptor was sequenced by the
M13 chain-termination method (14) using a DNA sequencer
(model 370A, Applied Biosystems). The sequence homology
search was done by using DNASIS (Hitachi Software Engi-
neering, Yokohama, Japan).

Expression of Histamine H, Receptor in COS-7 Cells and Its
Determination by [3H]Mepyramine-Binding Assay. An EcoRI
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§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. D90430).
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FIG. 1. (A) Current trace recorded from a Xenopus oocyte
injected with in vitro synthesized histamine H1 receptor mRNA. (B)
Mepyramine (10 AM) was administered 30 sec before histamine
application. Recordings were obtained at a voltage-clamped mem-
brane potential of -60 mV. Concentration of histamine applied was
100 p.M; horizontal bar indicates duration of application. Data were
reproducible (n = 5), and representative tracings are shown.
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fragment (2.7 kb) of the H1 receptor cDNA was subcloned
into the mammalian expression vectorpEF-BOS at the BstXI
site. COS-7 cells 'were transfected by the DEAE-dextran
method and were harvested after 60 hr (15). Preparation of
membranes from COS-7 cells and [3Hjmepyraniine-binding
assay were done by a described method (16). Nonspecific
bindings of [3H]mepyramine to both transfected and'non-
transfected cells at 2.6 nM radioligand were <10%6 of total
binding to nontransfected cells. Specific binding of [3H~me-
pyramine to the' nontransfected cells 'was observed (basal
control), but that from the transfected cells assayed with 2.6
nM (3H]mepyramine (3.4 pmol/mg of protein) was =30 times
the basal control (0.1 pmol/mg of protein). Specific binding
of [3H]mepyramine to the expressed binding site was calcu-
lated by subtracting specific (3Hlmepyramine binding to the
nontransfected cells from that to the transfected cells.
RNA Blot Analysis. Poly(A)M RNA prepared from various

bovine tissues was separated (7 ,.g per lane) by formalde-
hyde/1% agarose gel electrophoresis (17) and transferred to
a nylon membrane (Schleicher & Schuell). A 2.7-kb EcoR
fragment of the histamine H1 receptor cDNA was labeled
with [a-32P]dCTP by the random-priming method and was

-107 CCATTGTCCTCTTGA¢GGGACGTTTC:TGCTGTTTCTATTCCTGGCTATTCAATAAGACTGCT¢TGAACTCTTCGAQGTGAGCCGTACCTGG~aCCTACACTTGTGCCA
1 ATO ACC TGT CCC AAC TCC TCC TGC GTC TTC GAA GAC AAG ATG TGT CAM G00 AAT AAM ACT GCC CCT GCC AAC GAT GCC CAG CTS ACO CCC CTG TGS
1 Mot Thr Cys Pro An S-r Ser Cys Val Phe Glu Asp Lys Not Cys Gln Gly A Lys Thr Ala Pro Ala Aan Asp Ala Cln Lou Thr Pro LUv

97 GTG GTC CTG AGC ACC ATC TCC TTG GTC ACA GTG GCA CTC AAC CTG CTG GTC CTO TAT GCT GTC CGC AGC GAG CGG AAA CTA CAC ACC CTC G0G AAC
33 V Lou ftT- . LAn Vat ThX VaI Lo L a Lmn Tyr Ala Val Arq Ser Glu Arg Lys Lou His Thr Val Gly Asn

193 CTC TAC ATC GTC AGC CTC TCA GTG GCC GAC CTG ATC GTC 0G0 CTG CTC CTC ATC CCC ATG AAC ATC CTC TAC CTC CTC AT0 TCT AGO TGG TCC CTG
65 uTyTyr Vat1 a Lan* -r Vat Al& Aim T-u rl- Va 1 ItVat VMi VA 1 t Prat Asn Ii1 Lou Tyr Lou Lou Not Ser Arg Trp Ser Lou

289 G0G CGT CCT CTC TGC CTC TTC TOG CTT TCC ATG GAC TAT CTC GCC AGC ACG GCA TCC ATT TTC AGC GTC TTC ATC TTG TGC ATT GAC CGC TAC CGT
97 Gly Arg Pro Lou Cys Lou Ph. Trp M Ur Val Ala Mar l.V Lon Cys Ile Asp Arq Tyr Arg

385 TCT GTG CAG CAG CCC CTC AAG TAC CTG CGO TAT CGT AAC AAG ACC CGA CCA TCC ATC ACC ATC CTA GCC 0CC TOG TTT CTC TCC TTC CTC TGC ATT
129 S3r Val Gln Gln Pro Lou Lys Tyr Lou Arq Tyr Arq Thr Lys Thr Arg Ala Ser .A Ph M Trp IT.

IV
481 ATC CCC ATT CTG GCC TGG CGT CAC TTC CAG CCA A&AG ACC CCA GAG CCC CGG GAO GAC AAG TGT MG ACG GAC TTC TAC AAC GTC ACC TOG TTC AAA
161 IT. Pro Arq His Phe Gln Pro Lys Thr Pro Glu Pro Arg Glu Asp Lys Cys Glu Thr Asp Phe Tyr Atn Val Thr Trp Zha.LU
577 GTC ATG ACC GCC ATC ATC AAC TTC TAC TTG CCC ACC TTG CTC ATG CTC TGC TTC TAT GCC AAG ATC TAC AAC GCT GTG COG CAG CAC TCC CAG CAC
193 Vat Mt hrh Aa I1. IT. A-n Ph- yrt *-uPonTP r L-u t-u at Lou Trp Pb. Tyr Ala Lys Ile Tyr Lys Ala Va1 Arg Gln His Cys Gln His

673 CGG GAG CTC ATC AAC GGG TCC TTC CCC TCC TTC TCT GAC ATC AAG ATG AAG CCG GAG AAC CTC CAG CTG GGC OCT AAC AAA CCG 000 AAG GAG TCC
225 Arg Glu Lou Ile Ann Gly S-r Phe Pro Ser Ph. S3r Asp Mat Lys Not Lys Pro Clu Ann Lou Gln Va1 Gly Ala Lys Lys Pro Gly Lys Glu 3cr

769 CCC TGG GAG GTT CTG AAA AGG AAG CCA AAA GAC ACC GGG GGT CGA CCT GTC TTG AMC CCA CCA TCT CAA GAG CCA AAA GAG CTG ACA TCT CCA GOT
257 Pro Trp Glu Va1 Lou Lys Arg Lys Pro Lys Asp Thr Gly Gly Gly Pro Val Lou Lys Pro Pro S-r Gln Glu Pro Lys Glu Val Thr Ser Pro Gly

865 GTC TTC AGC CAA GAG AAG GAA GAG AAG GAT CGA GAA CTG GaC AAA TTC TAC TOC TTC CCa CTT GAC ACT GTG CAM GCG CAG CCG GAG OCA GAG 000
289 Val Phe Ser Gln Glu Lys Gliu Glu Lys Asp Gly Glu Lou Gly Lys Phe Tyr Cys Ph. Pro Lou Asp Thr Val Gln Ala Gln Pro GIu Ala Glu Gly

961 ACT GGC AGG GGC TAC GCA ACC ATC AAC CAG AGC CAG AAC CAG CTT GAG ATC GGT GAG CAM GaC CTG AGC ATG CCT GGG GCT AAG GAG aCC TTA GAG
321 3cr Gly Arg Gly Tyr Ala Thr Ili Asn Gln s-r Gln Asn Gln Lou Clu Mat Gly Gu Gln Gly Loti Sr Met Pro Gly Ala Lys Clu Ala Lou Glu

1OS7 GAT CAG ATC CTA GGT GAC AGC CAG TCC TTC TCC CGG ACA GAC TCG GAC ACC CCC GCA GAG CCG GCA CCA GCG AAA GC GAA TCC CGA AGC GMG TCT
353 Asp Gln Ile Lou Gly Asp Ser Gln S3r Ph. Sr Arq Thr Asp S3r Asp Thr Pro Ala Glu Pro Ala Pro Ala Lys Gly Lys 3Sr Arg $er Glu S3r

1153 AGC ACA GGC CTG GAG TAC ATC AAG TTC ACT TOG AM AGG CTC CGC TCG CAT TCG AGA CAG TAC GTC TCT CGC TTC CAC ATG AAC CGA GAM C00 AAG
385 S3r Thr Gly Lou Glu Tyr Ile Lys Ph* Thr Trp Lys Arg Lou Arq Scr His Scr Arq Gln Tyr Val Sr Gly Lou His Met Asn Arq Clu Arg Lys

1249 GCC 0CC AAG CAG TTG GOT TTT ATC ATG GCG 0CC TTC ATC ATC TGC TGG ATT CCT TAC TTC ATC TTC TTC ATG GTC ATT GCC TTC TGT GAG AGC TGC
417 Ala Ala Lys Gln Lou GlyPh It. Pm Ur P VaI TI. Ala Phe Cys Gu Ser Cys

VI
1345 TGC AAC CAG CAT GTG CAC ATG TTC ACC ATC TGG CTG GGC TAC ATC AAC TCC ACG CTG AAC CCC CTC ATC TAC CCC TTG TGC AAT GAG MC TTC AAG
449 Cys Asn GIn His Val His Not Ph. a. Clv Uyr I.e r Pm Lou Cys Asn Glu Ann Phe Lys

WII
1441 AAG ACC TTC AAG AAA ATT CTG CAC ATT CGT TCC TAG GAGAACTCCCAGGGGATGCAGCCMAGCGACGCTTACTGATGTCCC TCMGGAATGMAGGACWCCTGTTGCGTTG
481 Lys Thr Phc Lys Lys Ile Lou His Ile Arq S3r *

1556
1683
1810
1937
2b64
2191
2318
2445
2572
2699
2826

CCAGGCACCTGCCTTCTGGMTCGGMGMTGGTCTTAG(WCTGGGMTTTGGAGGTTCGTAGCGCCAGTGM AO TGGTGTAGCAGAGA0ATT IACTCTGGAGCC
A TGTTT CMACTCATCTTCCMACTCTCCT0TTTCTCGMTQTSCCTCAG0CTCCCTACCMCTACTCMATI000COACC8ACCTT
A iAGTTCCAGTOGACTCTGGAGCCTTCTTCAAAT0GMCTCCA( CGTCT0AT h0G icTGcAT0CA0ATAGATOCTGTCCCTGACC0GG0TCACCTTGAMOCM4ACAGCTACTCCAC
I 0CSTOCCAOATCSTCA0TCACCTCTCTTCTGAOTCTTTCSCCAGC ITGIC CMTCMTCTGACAC0T0TATCCGUCAGT0TATI CT"A~T&OAA AC CTTATTTTGTGCrCACTTMCCCTCTCCTTCTCS~ MCAI
ATGGGAAMTGATGCAGTCTOCAATCCATCATTTTCAMCCCAAAT C CTATTAAAGAN3GIAAT0CCTC _ T
C AAAAMATGAOACCTTCTTAO0 T CAGGMATOT(ATTTACCCTCACCAC T T
AGGT4CMGMCACCTGAGATCACACCTATTA 0ACA OCATCCTT TT TTTAC ATTATACACA
CACACACAACACACCACACATTATMXCCTGACA 0 CCAATATATTAOAGCACCATA AGTC TA
GTATACTTTTTCATCTG0OMTTCT0CTGTGTTTATCCMGM1 CATCPTCAT(ACTTTTATMGTCAAATTGAMOAAI M C CT1GIOTYT
GTTGCAMTCTGGTTGTOATTTAATGCTAAAACTGGGT0TAAACTrTATACIAGTAGCCMTGOGMACTGTTGTACAAGCTGGTGTTTTAtCCTCTTTCCT0TITGC A0TCTGTTAAMT
GAGAGATTTTTACCTACTIAAIATATGT 2853

FIG. 2. Nucleotide and deduced amino acid sequences of the histamine H1 receptor cDNA clone. Sequences of both strands ofcDNA were
determined. Positions of the putative transmembrane segments I-VII of the H1 receptor are indicated below amino acid sequence; the terminal
of each segment is tentatively assigned from a hydropathy profile. Triangles indicate potential N-glycosylation sites.
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used as a probe (18). Hybridization was done at 420C in 5 x
standard saline citrate/20mM sodium phosphate, pH 7.0/1 x
Denhardt's solution/50% (vol/vol) formamide/0.1% SDS/
10%o (wt/vol) dextran sulfate/salmon sperm DNA at 100
,ug/ml. The membrane was washed with 0. 1 x standard saline
citrate and 0.1% SDS at 420C.

RESULTS
Isolation of aH smne H Receptor cDNA. Poly(A)+ RNA

isolated from bovine adrenal medulla was size-fractionated in
a sucrose-density gradient. Two peaks giving histamine-
evoked inward currents in oocytes were observed in the size
range of2.5- to 3.5-kb nucleotides and above 5-kb nucleotides
(data not shown). A cDNA library was constructed from
poly(A)+ RNA in the fraction of 2.5- to 3.5-kb nucleotides
giving the highest response. Of 65 pools tested only one pool
gave small inward currents in response to 100 ,.M histamine.
After several subdivisions of the positive pool, a single clone
encoding for a functional histamine HI receptor was isolated;
histamine induced inward Cl- currents in oocytes injected
with in vitro-transcribed mRNA from the cloned histamine
H1 receptor cDNA (Fig. 1), and mepyramine, an H1 receptor
antagonist, at 10-6 M completely blocked the histamine-
induced response in oocytes.
Primary Structure of the Histamine H1 Receptor. The

nucleotide and deduced amino acid sequences of the bovine
histamine H1 receptor are shown in Fig. 2. The clone (2960
nucleotides long) consisted of 107 nucleotides of the 5'
untranslated region, 1473 nucleotides of the coding region,
and 1380 nucleotides of the- 3-untranslated region. The
histamine H1 receptor cDNA encodes a protein of 491 amino
acids with a Mr of 55,954.
Pharmacological Characterization of [3H]Mepyramine-

Binding to the Histamine H1 Receptor Expressed in COS-7
Cells. For determination ofpharmacological characters ofthe
receptor, the EcoRI fragment (2.7 kb) of the H1 receptor
cDNA was subcloned into the mammalian expression vector
pEF-BOS, and the vector was introduced into monkey kid-
ney COS-7 cells. After 60-hr incubation, the binding of
[3H]mepyramine to the membranes from the cells was mea-
sured. Specific binding of [3H]mepyramine to the expressed
binding site was saturable, and Scatchard plot analysis indi-
cated the presence of a single binding site with a Kd value of
3.2 nM and a Bm,, value of 6.6 pmol/mg of protein (Fig. 3A).
K, values of mepyramine, and (+)- and (-)-chlorphenir-
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amines were determined to be 2.6 x 10-9 M, 8.0 x 10-9 M,
and 7.6 x i0- M, respectively (Fig. 3B). These Kd and K1
values and the stereoselectivity of (+)- and (-)-chlorphen-
iramines for the binding site expressed in COS-7 cells were
comparable with those for adrenal medullary membranes.
The Kd value was 1.5 x 10-9 M; Ki values were 1.8 x 10-9
M (mepyramine), 4.3 x 10-9M [(+)-chlorpheniramine], and
4.6'x 10- M U-)-chlorpheniramine], as described (19).

Tissue Distribution of Histamine HI Receptor mRNA. Tis-
sue distribution of receptor mRNA was determined by RNA
blot analysis (Fig. 4). A band of 3.0-kb nucleotides corre-
sponding to a histamine H1 receptor mRNA was detected in
various bovine tissues. The level of H1 receptor mRNA was
high in the lung and small intestine, moderate in the adrenal
medulla and' uterus, and lower in the cerebral cortex and
spleen. No H1 receptor mRNA was detectable in the cardiac
atrium or liver.

DISCUSSION
In the present study, we isolated and sequenced a cDNA
clone for the bovine histamine H1 receptor by using an oocyte
expression system and also examined the pharmacological
properties of this receptor and the tissue distribution of its
mRNA.
The cloned cDNA had no poly(A)+, but its size [2960 base

pairs (bp)] was comparable with that ofhistamine H1 receptor
mRNA determined by RNA blot analysis. The Mr ofencoded
H1 receptor (55,954) was also consistent with the values
estimated by photoaffinity labeling ofbovine adrenal medulla
(Mr 53,000-58,000) (19) and in guinea pig tissues (Mr 56,000-
57,000) (20). Hydropathy-profile analysis (21) of the hista-
mine HI receptor revealed the existence of seven putative
transmembrane domains, indicating a similar topology to
those proposed for other G protein-coupled receptors. The
histamine H1 receptor also possesses a characteristic large
third cytoplasmic loop and short carboxyl terminus (22), as
do the ml-muscarnnic (23) and dopamine-D2 (24) receptors.
We observed anotherATG codon 39 bp downstream from the
presumed initiation codon. Comparison with Kozak consen-
sus sequence (25) indicated that neither of the two ATG
codons had any advantage as an initiation codon. However,
as receptors for biogenic amines and acetylcholine possess
conservative aspartate residues at position 108 as putative
binding sites for their monoamine and tertiary-amine residues
(26), we presume that the upstream ATG codon is the
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FIG. 3. Binding of [3H]mepyramine to transfected COS-7 cell membranes. (A) Saturation isotherm of specific binding of [3H]mepyramine

to membranes from COS-7 cells transfected with the receptor cDNA (o). (Inset) Scatchard plot of this data. B/F, bound/free. (B) Inhibition
of [3H]mepyramine-binding to transfected COS-7 cell membranes by various drugs. Membranes were incubated with 4 nM [3Hjmepyramine and
various concentrations of doxepin (A), mepyramine (o), (+)-chlorpheniramine (o), (-)-chlorpheniramine (m), famotidine (A), or histamine (0).
Data points are means of triplicate experiments.
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FIG. 4. RNA blot analysis ofmRNA isolated from various bovine
tissues. Lanes contain 7-jzg samples of poly(A)+IRNA from cerebral
cortex (lane 1), lung (lane 2), liver (lane 3), cardiac atrium (lane 4),
small intestine (lane 5), adrenal medulla (lane 6), spleen (lane 7), and
uterus (lane 8). Arrow indicates H1 receptor mRNA.

initiation codon because it would give a histamine H1 recep-
tor with the conservative aspartate residue at position 108.
The histamine H1 receptor is highly similar to other G
protein-coupled receptors. The sequence of the histamine H1
receptor is compared with those of some other G protein-
coupled receptors -in Fig. 5. Sequence homology of trans-
membrane domains betWeen H1 and H2 receptors (40.7%)
(27) is not higher than that between H1 and ml-muscarinic
receptors (44.3%) (23).
There are two potential N-glycosylation sites (Asn-5, Asn-

18) in the amino-terminal region with a consensus sequence
Asn-Xaa-Ser/Thr (Fig. 2) (29). Mitsuhashi and Payan (30)
reported regulation of the affinity of the histamine H1 recep-
tor by its glycosylation. An additional N-glycosylation site
(Asn-187) was observed in the second extracellular loop of
the cloned receptor.
The third cytoplasmic loop of the histamine H1 receptor,

which, by analogy, is thought to interact with aG protein, has

many serine and threonine residues that may serve as sites for
phosphorylation by protein kinases (Fig. 2). Signal transduc-
tion through the histamine H1 receptor is depressed by
activation of protein kinase C in various cells (31-33). Thus,
the potential sites ofphosphorylation in the third cytoplasmic
loop may play an important role in regulating signal trans-
duction through the receptor molecule.
Amino acid residues that are conserved in G protein-

coupled receptors were also seen in the H1 receptor: (i) Two
cysteines (Cys-101 and Cys-181) that have been proposed to
form a disulfide bond appear in the first and the second
extracellular loops (34). (ii) An aspartate residue (Asp-74) is
present in the second transmembrane domain. (iii) An anionic
and cationic amino acid pair (Asp-125 and Arg-126) occurs at
the cytoplasmic border of the third transmembrane domain.
(iv) A conservative sequence of 10 amino acids (Leu-460-
Pro469) is observed in the seventh transmembrane domain.
The H1 receptor mRNA was visualized by RNA blot

analysis in various bovine tissues in which the existence ofH1
receptors was reported (3). The presence of the H1 receptor
mRNA in bovine uterus was clearly demonstrated, whereas
only H2 receptors (35) and both H1 and H2 receptors (36) were
reported present in the uterus from pharmacological studies.
The band ofH1 receptor mRNA from brain was unexpectedly
faint (Fig. 4); this observation was surprising because the
[3H]mepyramine-binding capacities ofbrain membranes from
various species are reported comparable to those of mem-
branes from geripheral tissues (6). Doxepin is a potent
displacer of [Himepyramine bound to the histamine H1
receptor from bovine adrenal medulla (Fig. 3). A doxepin-
insensitive subtype of histamine H1 receptor has been pro-
posed to be present in brain because the binding capacity of
P3H]doxepin to rat brain membranes is =40% that of [3H]me-
pyramine (37).

Cardiac atrium and liver did not give detectable bands ofH1
receptor mRNA (Fig. 4). Pharmacological studies indicate
the presence ofH1 receptors in heart (3). However, biochem-
ical results (20) show that the Mr ofthe histamine H1 receptor
in guinea pig heart is 68,000, which is larger than the sizes (MW
56,000-57,000) of these receptors in lung, intestine, and
cerebellum, suggesting a subtype of H1 receptors in heart in
which the H1 receptor mRNA does not hybrdize with the
cloned cDNA. A relatively large amount of [eHimepyramine-
binding protein is present in liver and was recently suggested

33 l 1 11
Hi --VVLSTISLVTVGINLLVLYAVRSERKLHTVGNLYIVSLSVADLIVGVWVNPHNILYL-LMS-RWSLGRPLCLFWLSMYVASTBI FSVFILCIDRYRSVQQPLKY-
H2 --VVLTVLILITIAGNVVWVCLAVGLNRRLRSLTNCF IVSLAITDLLLGLLVLPFSAFYQ-LSC-RWSFGVFCNIYTSLDVMLCTBILNLFMISLDRYCAVTDPLRY-
M1 --STTGLLSLATVTGNLLVLISIKXVNTELKVNYFLLSLACADLI IGTFSMNLYTTYL-LMG-HWALGTLACDLALDYVASNAVNLLLI SFDRYFSV;"LSY-
al --VILGGLILFGVLGRILVILSVACHRHLHSVTBYYIVNLAVADLLLTSTVLPFSAI FE-ILG-YRAFGRVFCWAAVDVLCCTASIMGLC IISIDRYIGVSYPLRY-
5HT-lc
D2

Hi
H2

--MLLTLLIFI IVFGNVLVCMAVSREKALQTTTNYLIVSLAVADLLVATLVMP-WVVYLI

137 Iv
T.lDVDPTlQ CT 'T T.lRIkWTAZ-T.iT-T DT-T.--Uv+oDTqD .

V

PVLITPVRVAVSLVLIWEVI 8ITLSF-LS IHLGWNSRNETSSFNHTI PKCKVQV-NLV-YGLVDGLVTrYLP-LLVMCI TYYRIFKIARRIHDQAKHMGSWK- (4

Ml RAKRTPRRAALMIGLAWLVSFVLWA-PAI-LFW-QYLVGER-TVLAGQCYIQFLSQPIITFGTAMAAYLP-VTVMCTLYWRIYRETENRARELAALQGSE- (129 a. a. ) -

al PTIVTQKR~GLMALLcv8ABLVISI-GPL-FGWR--QP-AP-E-DETICQIN--EEPGYVLFSALGStP-LTIILVMYCRVYvAKRESRGLKSGLKTD- (54 a.a. ) -

5HT-lc SRFNSRTKAIMKIAIVWAISIGVSVPIPV-IGLR -ESKV--FVNNTTC --VLNDPNFVLIGSFVATFIPLTIMVITYFLTIYVLRRTLMLLRGHTEEE-(49a .a.) -

D2 TRYSSKRRVTVMIAIVWVLSF-TIS-CPL-L----FGLNNT-D--QNEC--- IIANPAFVVYSSIVSFP-FIVTLLVYIKIYIVLRKRRKRVNTKRSSR- (107 a. a. ) -

412 \V VI
Hi NRZRP.AKQLGFIMAAFIICWIPYFIFFMVIA-F-CESCCNQ-----HVHMFTIWLGYIN8TLNPLIYPLCNENFKKTFKKILHIRS
H2 IGZHUhTVTLAAVMGAIIICWFPYFTVFVYRG-LKGDDAINE-----AFEAVVLWLGYANSAI.UPILYATLNRDFRTAYQQLFRCRP---
M1 VKZKXAARTLSAILLA1ILTWTPYNIHVLVST-F-CKDCVPE----TLWELGYWLCYVNSTVNPMCYASCNKAFRDHFRLLLLCRW--
al SRZKUhAKTLGIVVGCFYLCWLFFLVMPIGSFF-PDFRPSE-----TVFKIAFWLGYLNSCIUPIIYPCSSQEFKKAFQNVLRIQC--
SHT-ic NNZKKSKVLGIVFFV7LIMWCPFFITNILSV-L-CGKACNQKLMEKLLNVF-VWIGYVCSGINPLVYTLFNKIYRRAFSKYLRCDY--
D2 QKlK~TQMLAIVLGVII ICWLPFFITHILNI-H-CD--CNI ---PPVLYSAFTWL<.YVNSAVINPI IYTTFNIEFRKAFMKILHC

FIG. 5. Alignment of amino acid sequences of bovine histamine H1 receptor (Hi) and some representative G protein-coupled receptors. H2,
canine histamine H2 receptor (27); Ml, mouse ml-muscarinic receptor (23); al, bovine alc-adrenergic receptor (28); 5HT-lc, rat scrotonin lc
receptor (13); and D2, rat dopamine D2 receptor (24). Amino acid residues shown by boldfaced type in sequences are identical; residues
nonhomologous with H1 receptor sequence in the loop between transmembrane segments V-VI are summed in parentheses. Positions ofputative
transmembrane segments I-VII of Hl receptor are indicated.
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to be a member of the family of debrisoquine-type cyto-
chrome P450s (38).
The receptor cDNA clone for the classical histamine

receptor (3), the H1 receptor, isolated in this study, will be
useful for molecular studies of function and regulation of
activities mediated through the H1 receptor molecule and for
molecular analysis of possible H1 receptor subclasses. In situ
and immunocytochemical studies on localization of the H1
receptor will also be helpful in analyzing physiological func-
tions of histamine in the central nervous system and in
peripheral tissues.

We are grateful to Drs. S. Nakanishi, K. Mori, and S. Nagata for
valuable advice and encouragement and to Drs. I. Imamura and H.
Hayashi for help in sequence-homology analysis of receptors and
hydropathy-profile analysis of the H1 receptor, respectively. We are
also grateful to Drs. 0. Hayaishi, R. Yoshida, and M. Nishizawa for
valuable discussions and encouragement. This work was supported
by Grants-in-Aid 63065004 and 03670102 from the Ministry of Edu-
cation, Science and Culture of Japan.

1. Dale, H. H. & Laidlaw, P. P. (1910) J. Physiol. (London) 41,
318-344.

2. Ash, A. S. F. & Schild, H. 0. (1966) Br. J. Pharmacol. 27,
427-439.

3. Douglas, W. W. (1985) in Goodman and Gilman's: The Phar-
macological Basis of Therapeutics, eds. Gilman, A. G., Good-
man, L. S., Rall, T. W. & Murad, F. (MacMillan, New York),
7th Ed., pp. 605-638.

4. Schwartz, J.-C., Arrang, J. M., Garbarg, M., Pollard, H. &
Ruat, M. (1991) Physiol. Rev. 71, 1-51.

5. Hill, S. J. (1990) Pharmacol. Rev. 42, 45-83.
6. Fukui, H. (1991) in Histaminergic Neurons: Morphology and

Function, eds. Watanabe, T. & Wada, H. (CRC, Boca Raton,
FL), pp. 61-83.

7. Masu, Y., Nakayama, K., Tamaki, H., Harada, Y., Kuno, M.
& Nakanishi, S. (1987) Nature (London) 329, 836-838.

8. Meyerhof, W., Schwartz, J. R., Hollt, V. & Richter, D. (1990)
J. Neuroendocrinol. 2, 547-553.

9. Sugama, K., Yamashita, M., Fukui, H., Ito, S. & Wada, H.
(1991) Jpn. J. Pharmacol. 55, 287-290.

10. Mizushima, S. & Nagata, S. (1990) Nucleic Acids Res. 18, 5322.
11. Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 152,

156-160.
12. Aviv, H. & Leder, P. (1972) Proc. Natl. Acad. Sci. USA 69,

1408-1412.
13. Julius, D., MacDermott, A. B., Axel, R. & Jassell, T. M. (1988)

Science 241, 558-564.
14. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. NatI.

Acad. Sci. USA 74, 5463-5467.
15. Cullen, B. R. (1987) Methods Enzymol. 152, 684-704.

16. Inagaki, N., Fukui, H., Taguchi, Y., Wang, N. P., Yama-
todani, A. & Wada, H. (1989) Eur. J. Pharmacol. 173, 43-51.

17. Lehrach, H., Diamond, D., Wezney, J. M. & Boldtkew, H.
(1977) Biochemistry 16, 4743-4751.

18. Vogelstein, R. & Feinberg, A. P. (1983) Anal. Biochem. 132,
6-13.

19. Yamashita, M., Ito, S., Sugama, K., Fukui, H., Smith, B.,
Nakanishi, K. & Wada, H. (1991) Biochem. Biophys. Res.
Commun. 177, 1233-1239.

20. Ruat, M., Bouthenet, M. L., Schwartz, J.-C. & Ganellin, C. R.
(1990) J. Neurochem. 55, 378-385.

21. Kyte, J. & Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132.
22. Lefkowitz, R. J. & Caron, M. G. (1988) J. Biol. Chem. 263,

4993-4996.
23. Shapiro, R. A., Scherer, N. M., Habecker, B. A., Subers,

E. M. & Nathanson, N. M. (1988) J. Biol. Chem. 263, 18397-
18403.

24. Bunzow, J. R., Van Tol, H. H. M., Grandy, D. K., Albert, P.,
Salon, J., Christie, M., Machida, C. A., Neve, K. A. & Civelli,
0. (1988) Nature (London) 336, 783-787.

25. Kozak, M. (1984) Nucleic Acids Res. 12, 857-872.
26. Strader, C. D., Sigal, I. S., Candelore, M. R., Rands, E., Hill,

W. S. & Dixon, R. A. F. (1988) J. Biol. Chem. 263, 10267-
10271.

27. Gantz, I., Schaffer, M., DelValle, J., Logsdon, C., Campbell,
V., Uhler, M. & Yamada, T. (1991) Proc. Natl. Acad. Sci. USA
88, 429-433.

28. Schwinn, D. A., Lomasney, J. W., Lorenz, W., Szklut, P. J.,
Fremeau, R. Y., Jr., Yang-Feng, T. L., Caron, M. G.,
Lefkowitz, R. J. & Cotecchia, S. (1990) J. Biol. Chem. 265,
8183-8189.

29. Kornfeld, R. & Kornfeld, S. (1985) Annu. Rev. Biochem. 54,
631-664.

30. Mitsuhashi, M. & Payan, D. G. (1989) Mol. Pharmacol. 35,
311-318.

31. Volpi, M. & Berlin, R. D. (1988) J. Cell Biol. 107, 1533-1539.
32. Dillon-Carter, 0. & Chuang, D.-M. (1989) J. Neurochem. 52,

598-603.
33. Fukui, H., Inagaki, N., Ito, S., Kubo, H., Kondoh, A.,

Yamatodani, A. & Wada, H. (1991) in New Perspectives in
Histamine Research, eds. Timmerman, H. & van der Goot, H.
(Birkhauser, Basel), pp. 161-180.

34. Strader, C. D., Sigal, I. S. & Dixon, R. A. F. (1989) FASEB J.
3, 1825-1832.

35. Reihardt, D. & Borchard, U. (1982) Klin. Wochenschr. 60,
983-990.

36. Parsons, M. E. (1982) in Pharmacology of Histamine Recep-
tors, eds. Ganellin, C. R. & Parsons, M. E. (Wright, Bristol,
England), pp. 323-350.

37. Taylor, J. E. & Richelson, E. (1982) Eur. J. Pharmacol. 78,
279-285.

38. Fukui, H., Mizuguchi, H., Liu, Y. Q., Leurs, R., Kangawa, K.,
Matsuo, H. & Wada, H. (1990) Eur. J. Pharmacol. 183,
1727-1728.

Biochemistry: Yamashita et al.


