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ABSTRACT Degenerate primers, suitable for polymerase
chain reaction studies and based on the conserved structure of
G protein-coupled receptors, were used to isolate cDNA clones
encoding putative G protein-coupled receptors from a human
hippocampal cDNA library. One clone isolated by this ap-
proach (AC1) encoded a putative receptor with 39% amino acid
sequence identity to the serotonin 5HT1A receptor and 47%
identity to the 5HT1D receptor. When expressed transiently in
the human embryonic kidney cell line 293, ACi cDNA-encoded
receptor displayed high affinity (Kd = 15 nM) and saturability
for [3H]serotonin, suggesting that ACi encodes a 5HT1-like
receptor. However, 5-carboxamidotryptamine demonstrated
low affinity (pK1 = 5.15) compared with serotonin (pK& = 8.14),
consistent with the observed binding of the putative 5HT1E
receptor. The excellent correlation observed between the phar-
macology of the expressed receptor encoded by ACi and the
human brain 5HT1E binding site confirms that ACi encodes a
5HT1E receptor and establishes a fifth 5HT1-like receptor
subtype.

Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter
thought to play a role in various cognitive and behavioral
functions including feeding, sleep, pain, depression, and
learning (reviewed in ref. 1). Serotonin receptors have been
divided into four classes designated 5HT1-like, 5HT2, 5HT3
(2), and 5HT4 (3), depending on their ligand binding and
effector-coupling properties. The 5HT1 receptor family can
be further subdivided into four subtypes, 5HT1A-5HT1D (4).
A putative 5HT1E subtype has been described (5). 5HT1-like
receptors demonstrate high-affinity binding of5-HT (K, < 100
nM) and functionally couple via guanine nucleotide-binding
proteins (G proteins). This plethora of 5-HT receptors, par-
ticularly the 5-HT1-like subtypes, makes it difficult to deter-
mine specific functional and behavioral correlates for each
member of this family. Some receptor-selective agonist com-
pounds do exist, but as yet there are no selective antagonists
available for 5HT1-like receptors. The availability of cloned
5HT1 subtypes, expressed in cell lines as pure populations,
should greatly facilitate the development of subtype-specific
drugs.

In this work we have exploited the fact that the G protein-
coupled receptor gene family members share similar struc-
tural features. The most obvious common feature is the
presence of seven putative transmembrane regions (6, 7).
Several groups have now used this structural and sequence
conservation to make degenerate oligonucleotide primers
corresponding to the most highly conserved transmembrane
regions (8, 9). Such primers can then be used to amplify
cDNAs from suitable sources and identify novel G protein-
coupled receptors. We have synthesized degenerate primers
devised from transmembrane regions III and VI of the
5HT1A receptor (10), substance K receptor (11), and the a2-,

f3l-, and f2-adrenergic receptors (12-14). Here we describe
the cloning and characterization of a 5HT1E receptor with
these techniques.t

MATERIALS AND METHODS
cDNA Cloning. Two degenerate oligonucleotides [5'-

GGAATTC(C/A)TG(T/A)(G/C)TG(C/T)CAT(T/C)G(G/
C)NNT(G/T)GAC(C/A)G(C/G)TAC-3' and 5'-AAAGCT-
TA(T/G)G(A/T)(A/G)G(A/T)AGGGCAGCCAGCAGA(G/
C/T)G(G/A)(T/C)(G/A)AA-3'] were synthesized on an
Applied Biosystems 380B instrument. The two primers were
employed in a polymerase chain reaction (920C, 1 min; 550C,
2 min; 720C, 4 min; 30 cycles) using cDNA synthesized from
monkey cortex poly(A)+ RNA as a template. Reaction prod-
ucts (=500 base pairs long) were restriction digested (EcoRI/
HindflI) and subcloned into the pBluescript II SK(-) vector
(Stratagene) for subsequent analysis. Following preliminary
DNA sequencing (15), one such cloned product (M3) ap-
peared likely to encode a G protein-coupled receptor. M3
insert cDNA was radiolabeled (16) and used to screen a
human hippocampal cDNA library (Stratagene) constructed
in AZAP. The 32P-labeled insert was hybridized [5 X SSPE
(1 x is 0.18 M NaCl/0.01 M sodium phosphate, pH 7.4/1 mM
EDTA)/30%o formamide/5 x Denhardt's solution/0.5% SDS
plus denatured salmon testes DNA at 250 pug/ml] at 420C
overnight to filters containing -5 x 105 plaques from the
phage library. Filters were subsequently washed thrice in 5 x
SSPE/0.1% SDS for 20 min and exposed to autoradiographic
film. Of four positive clones isolated, one (AC1) was fully
sequenced (15) and further characterized.

Transient and Stable Expression of ACL. A Xho I-Not I
restriction fragment ofclone AC1 containing the entire cDNA
insert (=2 kilobases) was inserted between Xho I and Not I
sites ofthe expression vectorpCDM8 (17). This pCDM8-AC1
plasmid was used to transfect (18) the human embryonic
kidney (HEK) cell line 293 and give transient expression of
the AC1-encoded receptor. Binding assays (see below) were
performed on crude membrane suspensions prepared from
cells 48 hr after transfection.

Stably transfected cell lines were obtained by cotransfect-
ing the ACi-containing pCDM8 vector with pcDNAneo
(Invitrogen) into HEK 293 cells by the calcium phosphate
method (19). Transformed cells were selected for their resis-
tance to the antibiotic G418 (1 mg/ml) and assayed for their
ability to bind [3H]5-HT. Cells that demonstrated binding
were then subjected to single-cell dilution cloning and one
clone (IV-1) was used for subsequent studies.

[3HJ5-HT Binding. Radioligand binding assays with [3H]5-
HT (2-3 nM) (-10 Ci/mmol; New England Nuclear; 1 Ci =
37 GBq) were performed on crude membrane preparations

Abbreviations: 5-HT, 5-hydroxytryptamine; 5-CT, 5-carboxamido-
tryptamine; HEK, human embryonic kidney.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M91467).
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from HEK 293 cells. Nonspecific binding was determined in
the presence of 10 ,uM 5-HT and typically represented 5-10%o
of total binding. Incubations were terminated by vacuum
filtration. Competition assay data are average values of
duplicate determinations from representative experiments
and were modeled by nonlinear regression analysis by com-
puter using a one-site model (20). [3H]5-HT binding studies
on the 5HT1E binding site in human frontal cortex were
carried out in the presence of 100 nM 5-carboxamido-
tryptamine (5-CT) and 100 nM mesulergine (5). Nonspecific
binding represented 45-55% of total binding.

Adenylate Cyclase Activity. The formation of [32P]cAMP
from [32P]ATP by crude membrane preparations was moni-
tored essentially as described (21). The incubation medium

Proc. Natl. Acad. Sci. USA 89 (1992)

(50 ,ul per tube) was 50 mM Tris-HCI (pH 7.6 at room
temperature) containing 100 mM NaCl, 0.03 mM GTP, 0.05
mM cAMP, 0.5 mM ATP, 1 mM dithiothreitol, 5 mM MgCl2,
3.5 mM creatine phosphate, 0.2 mg of creatine kinase per ml,
1 ,uCi of [32P]ATP, 1 nCi of [3H]cAMP, 10 ,uM forskolin, 0.5
mM EGTA, 0.5 mM 3-isobutyl-1-methylxanthine, and test
drugs or vehicle (0.1% ascorbate). The reaction was initiated
by the addition of membrane (5 ,ug of protein per tube). After
14 min at 30°C, the reaction was terminated by addition of 100
,ul of2% SDS/45 mM ATP/1.3 mM cAMP. The [32P]ATP and
[32P]cAMP were separated through the double column sys-
tem [Dowex exchange resin AGSOWx4 (Bio-Rad) and neutral
alumina] (22). Dose-response curves were plotted and ago-
nist potencies were calculated as pEC5o values (-log EC50).

AGT GAG AAA CCT TCG AGG CTA CAT AGT TTT CAG CCA AAG GAA AAT AAC CAA CAG

CTT CTC CAC AGT GTA GAC TGA AAC AAG GGA AAC ATG AAC ATC ACA AAC TGT ACC
MET Asn Ile Thr Asn Cys Thr

A A
ACA GAG GCC AGC ATG GCT ATA AGA CCC AAG ACC ATC ACT GAG AAG ATG CTC ATT
Thr Glu Ala Ser MET Ala Ile Arg Pro Lys Thr Ile Thr Glu Lys MET Leu Ile

TGC ATG ACT CTG GTG GTC ATC ACC ACC CTC ACC ACG TTG CTG AAC TTG GCT GTG
Cys MET Thr Leu Val Val Ile Thr Thr Leu Thr Thr Leu Leu Asn Leu Ala Val

ATC ATG GCT ATT GGC ACC ACC AAG AAG CTC CAC CAG CCT GCC AAC TAC CTA ATC
Ile MET Ala Ile Gly Thr Thr Lys Lye Leu His Gln Pro Ala Asn Tyr Leu Ile

TGT TCT CTG GCC GTG ACG GAC CTC CTG GTG GCA GTG CTC GTC ATG CCC CTG AGC
Cvs Ser Leu Ala Val Thr Asp Leu Leu Val Ala Val Leu Val MET Pro Leu Ser

ATC ATC TAC ATT GTC ATG GAT CGC TGG AAG CTT GGG TAC TTC CTC TGT GAG GTG
Ile Ile Tyr Ile Val MET Asp Arg Trp Lye Leu Gly Tyr Phe Leu Cys Glu Val

TGG CTG AGT GTG GAC ATG ACC TGC TGC ACC TGC TCC ATC CTC CAC CTC TGT GTC
Trp Leu Ser Val Asp MET Thr Cys Cys Thr Cys Ser Ile Leu His Leu Cys Val

ATT GCC CTG GAC AGG TAC TGG GCC ATC ACC AAT GCT ATT GAA TAC GCC AGG AAG
Ile Ala Leu Asp Arg Tyr Trp Ala Ile Thr Asn Ala Ile Glu Tyr Ala Arg Lys

AGG ACG GCC AAG AGG GCC GCG CTG ATG ATC CTT ACC GTC TGG ACC ATC TCC ATT
Arg Thr Ala Lys Arg Ala Ala Leu MET Ile Leu Thr Val Trp Thr Ile Ser Ile

TTC ATC TCC ATG CCC CCT CTG TTC TGG AGA AGC CAC CGC CGC CTA AGC CCT CCC
Phe Ile Ser MET Pro Pro Leu Phe Trp Arg Ser His Arg Arg Leu Ser Pro Pro

CCT AGT CAG TGC ACC ATC CAG CAC GAC CAT GTT ATC TAC ACC ATT TAC TCC ACG
Pro Ser Gln Cys Thr Ile Gln His Asp His Val Ile Tyr Thr Ile Tyr Ser Thr

CTG GGT GCG TTT TAT ATC CCC TTG ACT TTG ATA CTG ATT CTC TAT TAC CGG ATT
Leu Gly Ala Phe Tyr Ile Pro Leu Thr Leu Ile Leu Ile Leu Tyr Tyr Arg Ile

TAC CAC GCG GCC AAG AGC CTT TAC CAG AAA AGG GGA TCA AGT CGG CAC TTA AGC
Tyr His Ala Ala Lys Ser Leu Tyr Gln Lys Arg Gly Ser Ser Arg His Leu Ser

AAC AGA AGC ACA GAT AGC CAG AAT TCT TTT GCA AGT TGT AAA CTT ACA CAG ACT
Asn Arg Ser Thr Asp Ser Gln Asn Ser Phe Ala Ser Cys Lys Leu Thr Gln Thr

TTC TGT GTG TCT GAC TTC TCC ACC TCA GAC CCT ACC ACA GAG TTT GAA AAG TTC
Phe Cys Val Ser Asp Phe Ser Thr Ser Asp Pro Thr Thr Glu Phe Glu Lys Phe

CAT GCC TCC ATC AGG ATC CCC CCC TTC GAC AAT GAT CTA GAT CAC CCA GGA GAA
His Ala Ser Ile Arg Ile Pro Pro Phe Asp Asn Asp Leu Asp His Pro Gly Glu

CGT CAG CAG ATC TCT AGC ACC AGG GAA CGG AAG GCA GCA CGC ATC CTG GGG CTG
Arg Gln Gln Ile Ser Ser Thr Arg Glu Arg Lys Ala Ala Arg Ile Leu Gly Leu

ATT CTG GGT GCA TTC ATT TTA TCC TGG CTG CCA TTT TTC ATC AAA GAG TTG ATT
Ile Leu Gly Ala Phe Ile Leu Ser Trp Leu Pro Phe Phe Ile Lys Glu Leu Ile

GTG GGT CTG AGC ATC TAC ACC GTG TCC TCG GAA GTG GCC GAC TTT CTG ACG TGG
Val Gly Leu Ser Ile Tyr Thr Val Ser Ser Glu Val Ala Asp Phe Leu Thr Trp

CTC GGT TAT GTG AAT TCT CTG ATC AAC CCT CTG CTC TAT ACG AGT TTT AAT GAA
Leu Gly Tyr Val Asn Ser Leu Ile Asn Pro Leu Leu Tyr Thr Ser Phe Asn Glu

GAC TTT AAG CTG GCT TTT AAA AAG CTC ATT AGA TGC CGA GAG CAT ACT TAG ACT
Asp Phe Lys Leu Ala Phe Lys Lys Leu Ile Arg Cys Arg Glu His Thr

GTA AAA AGC TAA AAG GCA CGA CTT TTT CCA GAG CCT CAT GAG TGG ATG GGG GTA
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FIG. 1. Nucleotide and deduced amino acid sequence of AC1 cDNA. Nucleotide numbers are given above amino acid numbers. The first
nucleotide of the initiating methionine codon is designated + 1. This initiation site was chosen because it fits best the Kozak translation initiation
consensus sequence (24). Potential transmembrane domains are underlined. Two potential N-linked glycosylation sites (A) are indicated.
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RESULTS AND DISCUSSION

Degenerate oligonucleotide primers corresponding to puta-
tive G protein-coupled receptor transmembrane domains III
and VI were synthesized and used in a polymerase chain
reaction (23) with monkey cortex cDNA as a template.
Reaction products of =500 base pairs were observed upon
agarose gel electrophoresis and these were subcloned into
pBluescript. Sequencing of individual subclones suggested
that one of these (M3) was likely to encode a G protein-
coupled receptor (data not shown). M3 insert cDNA was
radiolabeled (16) and used to screen a human hippocampal
cDNA library. Several positive clones were identified. Char-
acterization of one such clone (AC1) is described in this
work. Clone AC1 contained an insert of z2 kilobases and the
longest open reading frame encoded a 365-amino acid poly-
peptide (Fig. 1). Hydrophobicity analysis of AC1 demon-
strated the seven putative transmembrane domains (data not
shown) characteristic of G protein-coupled receptors. Com-
parison of the deduced amino acid sequence ofACi with the
sequence of other G protein-linked receptors revealed that it
was most similar with the putative dog 5HT1D receptor
RDC4 (8) and the human 5HT1A receptor (10, 25). In fact,
during the course of these studies, the probable human
analogue ofRDC4 was cloned and shown to encode a human
5HT1D receptor (26). Therefore, cDNA ACi encodes a
putative receptor with considerable similarity to the 5HT1D
(47% identity) and 5HT1A (39o identity) receptors (Fig. 2),
suggesting that AC1 encodes a 5HT1-like receptor (2). This
putative receptor is, however, distinct from the two other
subtypes of 5-HT1-like receptor so far identified [5HT1B (27)
and 5HT1C (28)] and the 5HT2 receptor (29), with which it
displays only low homology (data not shown).

E0 3-

= 2-0C

BowMd

20 30 40 50 60
[3'H5-HT (nM

x1o2

FIG. 3. Saturation and Scatchard (Inset) analyses were carried
out by incubating cell membranes from ACl-transfected HEK 293
cells with various concentrations of [3H]5-HT. A representative
experiment is shown here. Kd = 15 ± 0.86 nM (mean ± SEM, n =
3). B. values varied from 15 to 40 pmol/mg of protein in different
experiments.

The 5HT1-like nature of the receptor encoded by AC1
cDNA was confirmed by expression studies in which AC1
cDNA was subcloned into the eukaryotic expression vector
pCDM8 (14) and transiently expressed in HEK 293 cells.
Membranes prepared from AC1-transfected HEK 293 cells
were found to express specific, high-affinity [3H]5-HT binding
sites, whereas membranes from mock-transfected or wild-type
cells exhibited no specific binding (data not shown). In AC1-
transfected HEK 293 cells, nonlinear regression analysis of
[3H]5-HT saturation isotherms (Fig. 3) was consistent with the

ACi 1 MnitN-----cTTEASmairpkTiTe-----------KmlicmtLvVITtlUtLlN
5-HT1D 1 MspLNqsaeglpnEASnrslnaTeTseawDprtlqalKiSLavvLsVITlaTVLsN
5-HT1A 1 MdvLspgqgNnTTsppapfetggnTtgisDvtvsyqvitSL--lLgtlifcaVLgN

II
AC1 41 laVimAIgtTkKLHqPANYLIcSLAVTDLLVaVLVMPlSiYiVmdrWkLGyfLCe

5-HT1D 57 AfVlttIlLTRKLHtPANYLIGSLAtTDLLVSiLVMPiSIaYtithtWnfGQiLCD
5-HT1A 55 AcVvaAIaLeRsLqnvANYLIGSLAVTDLmVSVLVlPmaalYqVlnkwtLGQvtCD

III IV
AC1 97 vWLSvDmTCCTcSILHLCVIALDRYWAITnAIEYarKRTAkRAAlMIltVWtISIf

5-HT1D 113 iWLSsDiTCCTaSILHLCVIALDRYWAITDAlEYskrRTAghAAtMIaiVWaISIc
5-HT1A 111 lfialDvlCCTsSILHLCaIALDRYWAITDpIdYvnKRT-pRpralIsltwlIgfl

V
AC1 153 ISmPPLFWRshrrlspppSqCTIqhDHviYTIYSTlGAFYIPLtLiLILYyRIYhA

5-HT1D 169 ISIPPLFWR-qakaqeemSdClvntsqisYTIYSTcGAFYIPsvLliILYGRIYRA
5-HT1A 166 ISIPPilgwrtpedrsdpdaCTIskDH-gYTIYSTfGAFYIPLlLmLvLYGRIfRA

AC1 209 AkslyqKrgSsrhlsnrsTdsqnSfAscklTqtfcv---------------------
5-HT1D 224 ARnRIlnppSlygKrfttahlitgsAgsslc--------------------------
5-HT1A 221 ARfRIrKtvkkveKtgadTrhgaSpAapqpkksvngesgsrnwrlgveskaggalca

AC1 245 ------------SdfStsdpttefekfhasirippfdndlDhpgERq---------
5-HT1D 255 ------------SlnSslHeghshsagsPLffnhvkiklADsalERK---------
5-HT1A 277 ngavrqgddgaalevievHrvgnskehlPLpseagptpcApasfERKnernaeakr

VI
ACl 280 qISstRERKAarILGlILGAFILsWLPFFIkeLivgls--iytvssevaDFlTWLG

5-HT1D 290 rISaARERKAtKILGIILGAFIiCWLPFFvVsLVLPiCrdSCwihpaLfDFfTWLG
5-HT1A 333 kmalARERKtvKtLGIImGtFILCWLPFFIVaLVLPfCesSChmptlLgaiinWLG

VII
AC1 334 YvNSLINP11YTsFNEDFklAFKKlIrCReht

5-HT1D 346 YlNSLINPiIYTvFNEeFrqAFqKIvpfRkas
5-HT1A 389 YsNSLlNPvIYayFNkDFqnAFKKIIkCnfcrq

FIG. 2. Alignment of the deduced AC1 amino acid sequence with those of the human 5HT1D (26) and 5HT1A (25) receptors. Amino acids
conserved between subtypes are shown by uppercase letters. Gaps in the sequences (-) are indicated, and putative transmembrane regions are
overlined.
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presence ofa single class ofbinding sites with a Kd of 15 ± 0.86
nM (mean ± SEM, n = 3). B. values in the various
transfections ranged from 15 to 40 pmol/mg of protein.

Competition studies were performed to examine the phar-
macological characteristics of the AC1 encoded receptors.
First, specific [3H]5-HT binding was investigated in the
presence of saturating concentrations of drugs that bind to
the 5HT1A and SHT1B (cyanopindolol), 5HT1C (me-
sulergine), 5HT1D (5-CT), 5HT2 (ketanserin), and SHT3 and
5HT4 (ICS 205,930) receptors as well as drugs that would
block the 5-HT uptake site (imipramine, paroxetine) and the
5-HT binding site on storage granules within the nerve
terminal (reserpine). None of these drugs abolished specific
[3H]5-HT binding (Fig. 4), suggesting that AC1 encodes a
novel 5HT1-like receptor. High-affinity 5-HT binding is char-
acteristic of SHT1-like receptor subtypes but not 5-HT2 or
5-HT3 receptors. These data, together with the homology of
AC1 with 5HT1A and 5HT1D receptors, strongly suggest that
ACi encodes a SHT1-like receptor subtype. This was con-
firmed by further radioligand binding studies. [3H]5-HT bind-
ing to membranes from ACi-transfected HEK 293 cells was
displaced by a range ofdrugs yielding data consistent with the
presence of a single class of binding site (Table 1). A typical
experiment is shown in Fig. 5. The striking feature of these
studies is the very low affinity of 5-CT (pKi = 5.15 ± 0.03,
mean ± SEM, n = 3) for AC1-encoded receptors. This
pharmacological profile is not consistent with any known
5HT receptor subtype but it is consistent with a [3H]5-HT
binding site putatively identified as a SHT1E receptor by
Leonhardt et al. (5). Using binding studies on human brain
membranes, they identified a high-affinity [3H]5-HT binding
site in cortex with low affinity for 5-CT and proposed this site
as a putative SHT1E receptor. Assays were carried out in the
presence of 100 nM 5-CT and 100 nM mesulergine to block
the other 5HT1-like receptors. We have also examined the
pharmacological profile of this site on human cortical mem-
branes in parallel with membranes from HEK 293 cells
transiently and stably transfected with AC1 cDNA (Table 1).
Comparison of the pK; values ofboth cloned and native sites
yields a correlation coefficient of r = 0.86, P < 0.02 (Table
1), strongly suggesting that AC1 encodes a human 5HT1E
receptor.
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FIG. 4. Competition of specific [3H]5-HT binding to membranes
from AC1-transfected HEK 293 cells. 5-HT (10 PM) was used to
define nonspecific binding. Data are presented as percentages of
control specific [3H]5-HT binding and represent the means ± SEM
of three separate experiments performed in triplicate. [3H]5-HT (2
nM) binding assays were carried out in the presence ofcyanopindolol
(100 nM), mesulergine (100 nM), 5-CT (100 nM), ketanserin (10 pM),
ICS 205,930 (10 pM), paroxetine (10 pM), imipramine (10 PM), and
reserpine (50 pM). Details of the selectivity of these drugs are given
in the text.

Table 1. Competition for [3H]5-HT binding sites

pKi (mean ± SEM, n > 3)

Drug Transient Stable Frontal cortex
5-HT 8.14 ± 0.02 8.21 ± 0.08 8.23 ± 0.19
5-CT 5.15 ± 0.03 5.48 ± 0.05 5.67 + 0.09
Methysergide 6.49 ± 0.04 6.66 ± 0.02 6.76 ± 0.09
Sumatriptan 5.63 + 0.02 5.68 + 0.08 5.89 ± 0.05
Metergoline 5.95 ± 0.03 6.11 ± 0.05 6.37 ± 0.11
Methiothepin 6.68 ± 0.02 6.92 ± 0.16 5.81 + 0.09
Ergotamine 6.24 + 0.02 6.27 ± 0.09 6.10 ± 0.19

Values indicate affinities of selected drugs for [3H]5-HT (2-3 nM)
binding sites on membranes prepared from HEK 293 cells, either
transiently (transient) or stably (stable) transfected with ACM cDNA,
or from human frontal cortex. n is the number of independent
determinations. All curves were best fit to a single class of binding
sites by nonlinear regression analysis. pKd values for [3H]5-HT
binding were 7.82 ± 0.02 (mean ± SEM, n = 3), 8.15 ± 0.09 (n = 4),
and 8.17 (n = 2) for transiently transfected cell membranes, human
frontal cortex membranes, and stably transfected cell membranes,
respectively. B. values in transiently transfected cells ranged from
15 to 40 pmol/mg of protein compared with 170 fmol/mg of protein
in frontal cortex and 8.4 pmol/mg of protein in stably transfected
cells.

Although the predicted amino acid sequence of AC1 is
characteristic of G protein-coupled receptors, guanine nu-
cleotide sensitivity of[3H]5-HT receptor binding could not be
demonstrated in transiently or stably transfected HEK 293
cells (data not shown). However, a functional response of
adenylate cyclase activity was observed in HEK 293 cells
stably transfected with AC1 cDNA (Fig. 6). In agreement
with the observed pharmacology (i.e., high affinity for 5-HT
and low affinity for 5-CT), 5-HT was =500-fold more potent
than 5-CT in producing an =20% decrease in forskolin-
stimulated adenylate cyclase activity (pEC5o for 5-HT, 6.97 ±
0.14; pEC50 for 5-CT, 4.26 ± 0.11, mean ± SEM, n = 3). The
lack of guanine nucleotide sensitivity of [3H]5-HT binding
and the relatively small magnitude of the adenylate cyclase
response would be explained if HEK 293 cells possess only
low levels of the appropriate G protein required to couple to
the receptor. However, these results demonstrated that the
ACM receptor is functionally coupled and, like the 5HT1A,
SHT1B, and SHT1D receptors (30), can mediate the inhibi-
tion of adenylate cyclase activity.
These data strongly suggest that AC1 encodes a function-

ally coupled human 5HT1E receptor and confirm the exis-
tence of a fifth 5HT1-like receptor subtype. It is unclear what
the functional significance of these subtypes is, but agents
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FIG. 5. Typical profiles of the ability of various compounds to
compete with [3H]S-HT (2 nM) for binding to membranes from
AC1-transfected HEK 293 cells. Mean pK; values are given in Table
1. The compounds used were 5-HT (e), methiothepin (m), methy-
sergide (v), ergotamine (A), metergoline (A), sumatriptan (o), and
5-CT (o.
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FIG. 6. Inhibition of forskolin-stimulated adenylate cyclase ac-
tivity by 5-HT (e) and 5-CT (-). Formation of P2P]cAMP from
[32P]ATP was measured (22) in a crude membrane preparation from
a stably transfected cell line (HEK clone IV-1). Results shown are the
means + SEM of three experiments.

that interact with 5HT1-like receptors have been used in the
treatment of various neuropsychiatric disorders (reviewed in
refs. 31 and 32). For example, selective 5HT1A agents have
been developed as potential anxiolytics and have also been
shown to possess antidepressant properties in various animal
models. Sumatriptan, a 5HTlD-selective receptor agonist,
has been reported to be an effective treatment for migraine.
The existence of molecular probes for these 5HT1-like sub-
types will enable the regional distribution of the receptors to
be determined, thus yielding some insight into their function.
This, and the availability of stable cell lines expressing the
various human receptors, will facilitate studies of their reg-
ulatory properties and should greatly assist in the identifica-
tion of subtype-selective compounds to investigate the func-
tions of these receptors in vivo. In particular, for the previ-
ously uncharacterized 5HT1E receptor, the low affinity for
5-CT suggests that the binding site of this subtype differs
significantly from those of other 5HT1-like receptors. These
further studies should determine whether the 5HT1E recep-
tor will be an important drug target in the treatment of
neuropsychiatric disorders.

Note Added in Proof. After submission of this manuscript we became
aware of a paper by Levy et al. (33) describing the cloning of a novel
serotonin receptor gene (S31). The sequence of this gene is identical
to that of AC1 reported here. However, the receptor binding phar-
macology of S31 was not determined and, therefore, S31 was not
identified as a SHT1E receptor.
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