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SUMMARY

The canine RDC4 gene was used to isolate two distinct human
serotonin receptor genes. The receptor encoded by clone RH-6
was the species homolog of RDC4 and was identical to a human
serotonin 5-hydroxytryptaminep (5-HT,p) receptor that was re-
cently reported [Mol. Pharmacol. 40:143-148 (1991)]. The re-
ceptor encoded by RH-2 was a novel 5-HT receptor that was
61% identical to RH-6 and showed the greatest homology with
the rat 5-HT,g receptor sequence (94%). The RH-2 gene con-
tained an intronless, 1170-base pair, open reading frame that
encoded a 390-amino acid protein that contained all of the
hallimarks of a guanine nucleotide-binding protein-linked recep-
tor. Heterologous expression of the RH-2 gene in Chinese ham-
ster ovary cells led to the appearance of high affinity binding
sites for 5-HT (K; = 2.6 nM, Bmax = 2.9 pmol/mg of membrane

protein), and the receptor expressed in Chinese hamster ovary
cells was coupled to inhibition of adenylyl cyclase. Competition
binding experiments using compounds that are selective for
various 5-HT receptor subtypes showed the highest correlation
with a 5-HT,pme receptor (r = 0.89) and a low correlation with
5-HT1s%e receptors. Examples of the 5-HTpu, pharmacology
displayed by RH-2 include high affinity for the 5-HT,o-selective
compound sumatriptan (K, = 9.4 nm) and for the a--adrenergic
receptor antagonist rauwolscine (K, = 47 nm). Therefore, despite
the close genetic relationship between RH-2 and the rat 5-HT,g
receptor, our results indicate that the receptor encoded by RH-
2 is best classified as a human 5-HT,p receptor subtype and
defines a second member of the human 5-HT,, receptor family.

Serotonin (5-HT) is involved in numerous physiological proc-
esses in both the central and peripheral nervous systems and
in the cardiovascular and gastrointestinal systems (reviewed in
Refs. 1-3). 5-HT exerts its physiological effects by interacting
with cellular receptors, and a minimum of seven distinct sub-
types have been distinguished (4). Based on binding properties,
effector coupling mechanisms, and anatomical distribution, 5-
HT receptors have been classified into four distinct families,
referred to as 5-HT,, 5-HT;, 5-HT3, and 5-HT, (5). Receptor
subtypes within these various families have also been identified
(5). Additional information that is useful in classifying 5-HT
receptors has been derived from the molecular cloning of these
receptor genes. Nucleotide and deduced amino acid sequences
are now available for human and rat 5-HT), (6, 7), rat 5-HTs
(8), human, rat, and mouse 5-HT,¢ (9-11), human 5-HT,p (12),
human, rat, and hamster 5-HT (9, 13, 14), and rat 5-HT; (15)
receptor subtypes. In addition to these mammalian receptors,
three distinct 5-HT receptor subtypes have been cloned and
partially characterized from Drosophila (16, 17). These studies
have shown that the 5-HT, and 5-HT, families are members
of the superfamily of receptors that couple to intracellular

effector systems via G proteins, whereas the 5-HT; receptor is
a serotonin-gated ion channel.

In addition to these characterized 5-HT receptor subtypes,
two orphan receptors, which are genetically most related to the
5-HT, receptor family, have been cloned (RDC4 and S31) (18,
19). The canine RDC4 receptor was originally noted to exhibit
the highest homology with the human 5-HT;, receptor (18);
however, a recent report defines it as a 5-HT,p subtype (20).
S31 is known to be negatively coupled to adenylyl cyclase, but
the details of its pharmacology are not yet known (19). In the
present work, we report the cloning of two related human 5-
HT,p receptors, which were isolated based on their homology
to RDC4, and the pharmacological characterization of one of
these receptor clones, RH-2. This receptor binds 5-HT with
high affinity and is coupled to inhibition of adenylyl cyclase.
Based on its homology to the recently reported rat 5-HT,s
receptor (8), this receptor is classified as the species homolog
of the rat 5-HT,p receptor. However, despite the close genetic
relationship between RH-2 and the rat 5-HT,s receptor, its
pharmacological profile correlates best with that of a 5-HT)p
receptor. Thus, although the receptor encoded by RH-2 is the

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; G protein, guanine nucleotide-binding protein; PCR, polymerase chain reaction; 8-OH-DPAT, 8-
hydroxy-2-(di-n-propylamino)tetralin; 5-methoxy-DMT 5-methoxy-N, N-dimethylitryptamine; 5-CT, 5-carboxyamidotryptamine; HEPES, 4-(2-hydrox-
-piperazineethanesuifonic

yethyi)-1

TM, transmembrane; bp, base pairs; Kb, kilobases; RIA, radioimmunoassay; EGTA, ethylene glycol bis(s-
aminoethyl ether)—N,N,N'.N'-tetraaeeticaad CHO, Chinese hamster ovary.

439

2102 ‘€ Jaqwaosag uo Alsianiun pesewwey] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet..

440 Veldman and Bienkowski
human homolog of the rat 5-HTs receptor, it defines a novel
subtype of the human 5-HT,p receptor family.

Materials and Methods

A human genomic library in the vector A FIX II was obtained from
Stratagene (La Jolla, CA). Oligonucleotides used for PCR and sequenc-
ing were from Oligo’s Etc (Gullford, CT) or from D. Riley (Upjohn
Laboratories, Kalamazoo, MI). [a-**P]dATP (3000 Ci/mmol) and [*H]
§5-HT (11 Ci/mmol) were from Amersham (Arlington Heights, IL). The
GeneAmp DNA amplification kit was from Perkin-Elmer-Cetus (Nor-
walk, CT), the Sequenase DNA sequencing kit was from United States
Biochemicals (Cleveland, OH), and the cAMP RIA kit was from
Biomedical Technologies (Stoughton, MA). Plasmid vectors were from
Promega \pGEM?7) or were a gift from F. Homa (p3CL-Neo) of Upjohn
Laboratories. Frozen competent DH5qa cells were from Bethesda Re-
search Laboratories (Gaithersburg, MD). All enzymes used in cloning
were from New England Biolabs (Beverly, MA). CHO-K1 cells were
from the American Type Culture Collection (Rockville, MD). Geneticin
(G418) was from GIBCO (Grand Island, NY). Reagents for cell culture
were from Irvine Scientific (Santa Ana, CA). 3-Isobutyl-1-methylxan-
thine, forskolin, unlabeled 5-HT, and dihydroergotamine were obtained
from Sigma (St. Louis, MO). The following compounds were obtained
from Research Biochemicals Inc. (Natick, MA): 8-OH-DPAT, ritan-
serin, spiperone hydrochloride, LY-53,857 maleate, pindolol hydrochlo-
ride, methysergide maleate, yohimbine hydrochloride, (—)-propanolol
hydrochloride, CGS-12066B dimaleate, 5-methoxy-DMT oxalate, qui-
pazine dimaleate, ketanserin (+)-tartrate, (+)-2-methyl-5-HT maleate,
5-CT maleate, and rauwolscine hydrochloride. Sumatriptan was a gift
from Glaxo, UK.

Isolation of RH-2. The canine RDC4 gene (1.2 kb) was amplified
directly from dog genomic DNA, using two primers that flanked the
coding sequence and contained unique HindlIII sites for cloning pur-
poses (CGCTTTAAGCTTGGAAGAGAGAGCCACCTAGA and
CGCTTTAAGCTTCCAGAGTCACCAGCAAATCAGA). The PCR
amplification was performed as recommended by the manufacturer,
using the primers at 1 uM and 1 ug of canine genomic DNA/reaction.
The reactions were heated to 94° before addition of the Thermus
aquaticus polymerase (5 units), and the denaturing (1 min at 94°),
annealing (2 min at 60°), and extension (3 min at 74°) reactions were
run for 25 cycles. The product of the PCR amplification was digested
to completion with Hindlll, cloned into the plasmid vector pPGEM7,
and verified to be RDC4 by DNA sequence analysis. The 1.2-kb HindIII
fragment containing the entire coding sequence of RDC4 was labeled
by random priming to a specific activity of 1 X 10° dpm/ug, using
Klenow DNA polymerase and [«-3?P]dATP. Five genomic equivalents
of a human genomic AFix II library were screened with the **P-labeled
RDC4 probe. Replicate Nytran plaque lifts were prehybridized for 2 hr
at 65° in 5X sodium phosphate/EDTA (0.75 M sodium chloride, 50 mM
sodium phosphate, 5 mM EDTA, pH 7.4), 5% Denhardt’s, 0.5% sodium
dodecyl sulfate, 0.1 mg/ml salmon sperm DNA. Hybridization was
performed overnight in the same buffer, containing 4 X 10° dpm/ml
32P.RDC4, at 65°. After hybridization, the filters were washed twice in
2x standard saline citrate/0.1% sodium dodecyl sulfate for 1 hr at 65°
and then autoradiographed for 2.5 days at —70°, with intensifying
screens. Replicate positive clones were cloned by limiting dilution,
followed by rescreening. Individual A clones were grouped by restriction
mapping with HindlII and hybridization to RDC4, as described above.
The 3.0-kb Hindlll fragment from clone RH-2 and the 1.3-kb HindIII
fragment of RH-6 were subcloned into pGEM-7 and completely se-
quenced on both strands by using the dideoxy chain termination
method, with Sequenase (United States Biochemical), using various
universal and specific oligonucleotide primers.

Expression. The entire coding sequence of RH-2 contained on the
3.0-kb HindlIl fragment of genomic DNA was subcloned into the
mammalian expression vector p3CLNeo, which contains the neomycin
resistance gene, under the control of simian virus 40 promoter, and a
unique HindlIl site flanked by the cytomeglovirus immediate early

promoter and bovine growth hormone polyadenylation signal. The RH-
2 HindlIl fragment contains approximately 500 bp of 5’ untranslated
DNA and 1300 bp of 3’ untranslated sequence. Stable cell lines were
generated by transfection of the p3CL-RH-2 construct into CHO K1
cells, using calcium phosphate. CHO K1 cells were maintained in a-
modified Eagle’s medium, 10% heat-inactivated fetal calf serum, 1000
units/ml penicillin G, 100 ug/ml streptomycin, in 5% CO;. The p3CL-
RH-2 plasmid (20 ug) was precipitated with calcium phosphate in the
presence of HEPES-buffered saline and incubated with the cells over-
night. Stable transfectants were selected by growth in the presence of
G418, and clonal cell lines were isolated by limiting dilution, followed
by receptor binding assays using [*H]5-HT. A clone designated CHO7
had the highest receptor density and was chosen for further analysis.

Ligand binding. [*H]5-HT was used as a radioligand to detect the
expression of RH-2 in membranes prepared from the transfected CHO
cells. The cells were grown to approximately 90% confluence, scraped
into cold 1x phosphate-buffered saline (137 mM sodium chloride, 2.7
mM potassium chloride, 5.4 mM sodium phosphate, 1.8 mM potassium
phosphate), and recovered by centrifugation (600 X g, 10 min at 4°).
Cell pellets were resuspended in lysis buffer (50 mM Tris- HCI, pH 7.5,
1 mM EDTA, 1 mM EGTA) and homogenized with a Polytron (2 X 15
sec at full speed), and the membranes were pelleted by centrifugation
(20,000 X g, 20 min at 4°). The membrane pellets were washed with
lysis buffer and repelleted by centrifugation (20,000 X g, 20 min at 4°).
The final membrane pellet was resuspended to approximately 1 mg of
membrane protein/ml, in binding buffer (50 mMm Tris-HCI, pH 7.5, 10
mM MgCl,, 1 mM EDTA). Binding reactions contained binding buffer,
50 ug of membrane protein, 5 mM ascorbate, and 2.5 nM [*H]5-HT, in
a final volume of 1.0 ml. Nonspecific binding was determined in the
presence of a 1000-fold molar excess of unlabeled 5-HT. The reactions
were incubated at 30° for 60 min and terminated by addition of 5 ml
of cold 50 mM Tris-HCI (pH 7.5), followed by rapid vacuum filtration
through Whatman GF/C filters that had been pretreated with 0.05%
polvethyleneimine. After two 10-ml washes with cold 50 mM Tris- HC1
(pH 7.5), the filter-bound *H was quantified by liquid scintillation
counting. For competition experiments, the unlabeled competitors were
added from 100X stocks prepared in either binding buffer or dimeth-
ylsulfoxide. K; and IC;s, values were calculated from the binding data
by using nonlinear least squares analysis, and ICs values were con-
verted to K; values by using the Cheng-Prusoff relation (21).

Functional studies. Coupling of the RH-2 receptor to adenylyl
cyclase was measured in intact cells. CHO7 cells were plated in six-
well plates, at 5 X 10* cells/well, and were grown for 5 days. The cells
were washed twice with 3 ml of prewarmed a-modified Eagle’s medium
containing 10 mM HEPES and were preincubated in the same medium
containing 200 uM 3-isobutyl-1-methylxanthine, with or without 1 uM
5-HT, for 5 min at room temperature. Medium containing 100 uM
forskolin or control medium (1.0 ml) was then added, and the incuba-
tion was continued for an additional 15 min at room temperature.
Reactions were terminated by the addition of 1.0 ml of 25% trichloro-
acetic acid, and the cAMP content of the various extracts was quanti-
fied by RIA, as recommended by the manufacturer.

Results

A canine orphan G protein-linked receptor gene (RDC4) that
exhibits the greatest nucleotide sequence homology with the
human 5-HT,, receptor (456% identity) was used as a hybridi-
zation probe, to isolate the corresponding human gene. The
coding sequence of RDC4 was amplified directly from canine
genomic DNA, using the PCR, and the amplification product
was the same size predicted by the cDNA. This result was
consistent with the absence of introns in the canine coding
sequence, so this probe was used to screen a human genomic
library under low stringency. Thirty replicate positive clones
were obtained from screening of approximately 5 genomic
equivalents, suggesting either that the genes are present in
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multiple copies and/or that multiple related genes were repre-
sented. Clones derived from this screening were grouped by
restriction mapping, followed by hybridization to RDC4, and
two distinct clones, designated RH-2 and RH-6, were selected
for sequence analysis. Genomic clone RH-6 contained a single,
intronless, open reading frame (1131 bp), encoding a 377-
residue G protein-linked receptor protein that was 88% iden-
tical to RDC4 and that was identical to the 5-HT,p receptor
sequence recently reported by Hamblin and Metcalf (12) (data
not shown). Thus, the RH-6 clone encodes a human 5-HT,p
receptor subtype and represents the species homolog of RDC4.
The sequence of RH-2 was novel, and its nucleotide sequence
and predicted translation are shown in Fig. 1. This clone
contained a single, intronless, open reading frame (1170 bp)
that predicted a 390-amino acid protein with 61% identity to
RH-6. The sequence surrounding the predicted translation start
site of RH-2 (agagccATGg) conforms to the consensus start
site (gcca/gecATGg) reported by Kozak (22) to be important
for initiation. The deduced amino acid sequence encoded by
RH-2 contained all of the hallmarks of G protein-linked recep-
tors, including seven hydrophobic domains (predicted mem-
brane-spanning domains), canonical acceptor sites for aspara-
gine-linked glycosylation (residues 24 and 32) near the amino
terminus, and acceptor sites for serine/threonine phosphoryl-

-S54 TCTCCT TCCA' AACTCGC TGGA S
L I 4
6 GGA) TGCTCAGTGCGCTC TGGGTTCCTCA 65

E P G A QC AP PPUPAGSZETW UV P Q

66 AGCCAACTTATCCTCTGCTCCCTCCC. \CTGCAGCGCCAAGGACTACATTTACCAGGA 125
A L S S AP S Q C S A XKD VYTI YO QD

126 CTCCATCTCCCTACCCTGGAAAGTACTGCTGGTTATGCTATTGGCGCTCATCACCTTGGC 185
$ I S L P W K|V L L V ML LATLTITTLA

186 CACCACGCTCTCCAATOCCTTTGTCATTGCCAC! Mﬂ‘ﬂ'l’m AAACTGCACAC 245
T T L S N A P V I ATV R T R K L H T

246 cgccgﬂuc;ulcgm:fcecmmacamuccmcmcmrﬂccncmw 308
N

306 GATGCCCATCAGC 'CTACACTG 'GGTCTG 365
NPISTNY‘I‘]VTGN“'I‘LOQVV'

366 TOACTTCTGGCTGTCGTCCGACATCACTTGTTGCACTGCCTCCATCCTGCACCTCTGTGT 425
D F W L S S DI TCOCTASTITULUHTLTCUV

426 ATCA 'ACTCAGCTAAAAGGAC 485
IAL'D!Y"AITD&V!YSAKRT

486 TCCCMOAOOOCOOCQOTCANA‘I’C GCTGGTGTGGGTCTTCTCCATCTCTATCTCGCT 545
P K|R A AV A L VWV ZES IS I S L

546 GCCGCCCTTCTTCTGGCGTCAGGCTAAGGCC A TGCGTGGTCAA 605
PPPPHI'OAKASIIVSICVVI

606 CACCGACCACATCCTCTACACGGTCTACTCCACGOTGGGTGCTTTCTACTTCCCCACCCT 665
T D H|I L Y T V ¥ S T V G A P Y P P T L

666 GCTCCTCA' >TCTA' ~CGCTC TTTTGAAACA 725
L L I A l. Y G|R x Y V E AR S R I L K Q

726 ACAGG, TGAT CCOAC‘I‘CCCCCOC 785
T P N R ¢ K R L R A QL I TOD STUP

786 GTCCA ACCTCTATTAA

CGTCCTCGGTC. CTCOCWCCOAWCAOCGMTCCOO 845
8 T S S V T 8 I N S RV P DV ]

846 ATCTCC‘I'OTG‘PA‘I'ONMCCMO‘I‘CMAQ‘I‘GCOA 'GACGCCCTCCTGGAAAAGAA 905
S PV Y V N QV R V D ALLTEKK

906 GAAACTCATGGCCGCTAGGGAGCGCAAACCCACCA CATTTT GC 965
K L M A A RERIKA K TIL G I I L G A

966 MAWACWAWAWMAWAWAWCMAGA 1025
F I v Cc W L P I I L Ijc

1026 TOGCCTGCTGGTTCCACCTAGCCATCTTTGACTTCTTCA A'rccmaocrnc‘rcuc'rc 1085
A C W P HL|A I PDP P T WL Y L N S

1086 CCTCATCAACCCCATAATCTATACCATGTCCAATGAGGACTTTAAACAAGCATTCCATAA 1145
L I ¥ P I I Y T M S|IN B D P XK Q A P H K

1146 ACTGAT Accﬁﬂumcncncmmmmuoccmm 1205
L I R P XK C

1206 TGGGGACCAAGTTGTGTCTCCTTCCACAGCTAGGTCCGAATCTTCTTTCCCCGTTTCTCCG 1268
1266 TCCCAGCGAGGCTCTCTCTCCTGGG 1290

Fig1Nudeotideanddeducedarrunoaud for clone RH-2.

of the nucleotides is shown on the left and right of each
llno Boxed amino acids, potential N-linked glycosylation sites; circles,
potential phosphorylation sites for protein kinase A and protein kinase
C. The seven predicted membrane-spanning domains are underlined.
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ation in predicted intracellular loop III (residues 247, 252, 315,
and 333). The deduced amino acid sequence of RH-2 was
compared with the sequences of other 5-HT), ., receptors by
using the CLUSTAL program (23), and the results are shown
in Fig. 2. The RH-2 sequence showed the greatest amino acid
identity with the recently reported rat 5-HT,s receptor (94%)
and the human 5-HT,p receptor (61%) and lower homology
with the human 5HT}, receptor (53%) and the orphan receptor
S31 (59%). Based on these homologies, the receptor encoded
by RH-2 appears to be best classified as a species homolog of
the rat 5-HT,g receptor and possibly a subtype of the human
5-HT,p receptor.

In order to determine the pharmacology of the receptor
encoded by RH-2, a 3.0-kb HindlIII fragment containing the
entire coding sequence was cloned into the mammalian expres-
sion vector p3CL-Neo, and this construct was used to transfect
wild-type CHO-K1 cells (which are devoid of 5-HT receptors).
Stable transfectants were isolated by selection in G418, and
membranes were prepared from pooled transfectants that ex-
hibited specific binding with [*H]5-HT. Individual cell lines
cloned by limiting dilution were selected based on binding of
[*H])5-HT, and the cell line exhibiting the highest receptor
density (CHO7) was characterized further. A saturation binding
isotherm was generated by incubation of washed membranes
prepared from CHO7 cells with increasing amounts of [*H]5-
HT, in the absence or presence of a 1000-fold molar excess of
unlabeled 5-HT, and these results are shown in Fig. 3. Nonlin-
ear least squares curve-fitting of the saturation binding iso-

SHT1A MDVLS====== PGOGNNTTSPPAPFETGGNTTGISD~-~~--~~-VTVSYQVITSLLLGTLI
SHT1B m!m?PPATWWB----wmx!'ws!mmv“m!?
SHT1Da MSP. LNATETSEA-~===~=ce=-| MDPRTLOALKISLAVVLSVIT
5“1D’ WP?PmmmwmmY!Yobslsummmxf
s31 ”nl?mxmﬁwi
) A i
SHT1A FCAVLGNACVVAAIALERSLONVANYLIGSLAVTDLMVSVLVLPMAALYQVLNKWTLGQV
SHT1B LATTLSNAFVIATVYRTRKLHTPANYLIASLAVTDLLVS ILVNP ISTMY TVTGRNTLGQV
SHT1DQ LATVLSNAFVLTTILLTRKLHTPANYLIGSLATTDLLVSILVMPISIAYTITHTWNFGQI
gl;{ln’ LATTLSNAFVIATVYRTRKLHTPANYLIASLAVTDLLVS ILVMPISTMYTVTGRNTLGQV
TL"LUUVI.“XG"KKWMYLI LLVA' lxxlm“ YF
T W ST Bis
SHT1A TCOLFIALDVLCCTSSILHLCAIALDRYWAITDPIDYVNKRTP-RPRALISLTWLIGFLI
SHT1B VCDFULSSDITCCTASIMALCVIALDRYMAITDAVDYSAKRTPKRAAIMIVLVWVISISI
SHT1DG LCDINLSSDITCCTASILELCVIALDRYNAITDALEYSKRRTAGHAATMIAIVMAISICI
5?10“ VQWSDITCCTASIummmxmlmmwwl“mslst
s31 LCVIALDRYW:
RO e e i
SHT1A SIPPMLGWRTPED-RSDPDACTISKDHG~YTIYSTFGAFYIPLLLMLVLYGRIFRAARFR
SHT1B SLPPFF-WR-QAKAEEEVLDCFVNTDHVLYTVYSTVGAFYLPTLLLIALYGRIYVEARSR
SHT1DG sIPPU'“'OMEWDCLMSQIS“IYSWIYPSWL!!LYGRIYMR
SHTID’ SLPPFF-WR-QAKAEEEVSECVVNTDHILYTVYSTVGAFYFPTLLLIALYGRIYVEARSR
31 SMPPLF~! mm??’sﬁ'!oﬂﬁmnle?lﬁ‘x LTLILILYYRIYHAAKSL
BRI | i i1
SHT1A IRKTVKKVEKTGADTREGASP.
SHT1B I---LKQTPNKT-GKRLTRAQL~==~--ITDSPGSTSSVTS INSRVPE~~=~ ===~ VPSES
SHT1DQ I-=-=LNP-PSLY~GKRFTTAHL~~=~==ITGSAG--SSLCSLNSSLHE~~=-=== GHSHS
SR'{ID’ I---LKQTPNRT-GXRLTRAQL~~==~=ITDSPGSTSSVTS INSRVPD-~=====' VPSES
Y---QKRGS NRS' a1 4 TQTFCVSDFSTSD=======| PTTEF
o 1 1 b Pt
SHT1A Wlmwﬂsmuusmﬂmunmmmﬂm
SHT1B ~GSPVYVNQ KKKLMAARERKATK
Sn'rlba AGSPLFFNHV-KIKLADSAL : RKRISAARERKATK
SHT1D| ~GSPVYVNQ' E KKKLMAARERKATK
s31 EK"-’PmI’R‘PPPme”a ?KSSYREN(MR
T 01t 10
SHTI1A TLGIIMGTFILCWLPFFIVALVLPFCESSCHMPTLLGAI INWLGYSNSLLNPVIYAYFNK
SHT1B TLGIILGAFIVCWLPFFIISLVMPICKDACNFHMAIFDFFNNLGYLNSLINPIIYTMSNE
SHT1Da ILGIILGAFIICWLPFFVVSLVLPICRDSCHIHPALFDFFTWLGYLNSLINPIIYTVFNE
SWID’ Twllm!m"!lsl‘mlmﬂu nrmwsblﬂll"lﬂsﬁt
s31 LGLILGAFILSWLPFFIKELIV( erWSLI“PL "sm
T i O L T W 11 0
SHT1A DFQNAFKKIIKCNLCRQ
SHT1B DFKQAFHKLIRFK-CTG
SHT1DG EFRQAFQKIVPFR-KAS
SHT1DP DFKQAFHKLIRFK~CTS
s31 DPRLAPKKL{RCR-ER‘R
(P TT T)

Fig. 2. Alignment of the deduced amino acid sequence of 5-HTp, With
those of other members of the 5-HT, family, human 5-HT,,, rat 5-HT g,
human 5-HTp,, and human S31. Solid bars, identical residues between
5-HT,0s and the other four receptors; double lines, conservative substi-
tution between these receptors. The sequences of 5-HT,a, 5-HTyg, 5-
HT;0., and S31 were from Refs. 6, 8, 12, and 19, respectively.
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Fig. 3. Determination of the K, of [*H]5-HT for CHO7 cells. Saturation
binding analysis was performed using increasing concentrations of [°H)
5-HT in the presence of a 1000-fold excess of uniabeled 5-HT, and the
data were fitted to a single-site model. The x-axis represents the con-
centration of [*H]5-HT used in the assay, and the y-axis represents the
dpm of [*H]5-HT specifically bound to membranes.

therm data best fit a one-site model, with a K, of 2.6 nM and a
By of 2.9 pmol/mg of membrane protein.

The pharmacology of the RH-2 site was investigated further,
with competitive binding assays using compounds that are
selective for various serotonin receptor subtypes. These results
are summarized in Table 1, where the K; values obtained for
CHO?7 cells are compared with values for various 5-HT receptor
subtypes derived from binding experiments performed using
mammalian tissues (24-26). Membranes prepared from CHO7
cells were incubated with [*H]5-HT in the presence of increas-
ing concentrations of the unlabeled competitors, and binding
was quantified by liquid scintillation counting. Competition
curves were fitted by using nonlinear least squares analysis,
and IC;, values were converted to K; values by using the Cheng-
Prusoff equation (21). The relatively nonselective 5-HT, com-
pounds 5-HT and 5-CT showed high affinity for the RH-2 site,
with K; values of 1.1 and 0.26 nM, respectively. The 5-HTa-
selective compound 8-OH-DPAT and the 5-HT./5-HTs/8-
adrenergic-selective compounds propranolol and pindolol
showed low affinity for the RH-2 site, with K; values of >2000
nM. In contrast, the 5-HT,p-selective compounds sumatriptan,
CGS-12066B, and 5-methoxy-DMT all showed high affinity for
the RH-2 site, with K; values of 9.4, 9.9, and 23.2 nM, respec-
tively. Furthermore, the a,-adrenergic receptor antagonist rau-
wolscine bound RH-2 with relatively high affinity (K; = 47
nM). Finally, compounds specific for 5-HT,c/5-HT. receptors
(ketanserin, ritanserin, spiperone, and LY-53,857) or for 5-HT,
receptors (2-methyl-5-HT) all had K; values of >500 nM. The
results presented in Table 1 demonstrate that the pharmacology
of RH-2 shows the highest correlation with that of 5-HT,p
receptors (r = 0.89, compared with human brain) and, taken
together with the sequence homology with the 5-HTp receptor,
suggest that RH-2 is best classified as a 5-HT,p receptor
subtype.

Coupling of the RH-2 receptor to intracellular effector sys-
tems was investigated in CHO7 cells, and the results are shown
in Fig. 4. Cells were treated with 5-HT, forskolin, or 5-HT plus
forskolin, and total cellular cAMP was quantified by RIA.
Treatment with 5-HT alone did not increase basal levels of
cAMP, indicating that the receptor is not positively coupled to
adenylyl cyclase. Forskolin stimulation resulted in a 17-fold
elevation of cCAMP levels, and treatment with 5-HT inhibited

forskolin-stimulated adenylyl cyclase activity by 76%, demon-
strating that the RH-2 receptor is negatively coupled to aden-
ylyl cyclase in CHO cells.

Discussion

The 5-HT,p receptor was originally identified, in bovine
brain, as being distinct from 5HT,,, 5-HT)s, and 5-HT,c sub-
types and was operationally defined as a population of binding
sites that bound [*H]5-HT in the presence of 100 nM 8-OH-
DPAT and 100 nM mesulergine (27). 5-HT;p binding sites have
been shown to be widely distributed in brain, as measured by
both radioligand binding (27) and receptor autoradiography
(28). 5-HT),p sites in human brain are enriched in the substantia
nigra, the basal ganglia, and the dorsal subiculum and show a
distribution very similar to that of the 5-HT,p sites in rat brain
(29). Based on their similar distribution and pharmacology, the
rodent 5-HT,g and 5-HTp receptor subtypes have long been
considered species homologs. The results presented here pro-
vide a molecular basis for such a classification and also further
subdivide the human 5-HT,p subtype. The deduced amino acid
sequence of RH-2 is 94% identical to the rat 5-HT,;s sequence.
The amino acid sequence identity is highest in the predicted
membrane-spanning domains but also occurs over the remain-
der of the sequence, indicating that these receptors are species
homologs. Further, 5-HT,p and 5-HT,g have been shown to be
negatively coupled to adenylyl cyclase in bovine (30) and rat
(31) substantia nigra, respectively, and the RH-2 receptor ex-
pressed in CHO cells was coupled to inhibition of adenylyl
cyclase.

The distinction between these two receptor subtypes is ap-
parent when the binding specificities of compounds that distin-
guish between 5-HT,p and 5-HT,ps are compared. Although
there are no ligands that specifically bind to either the 5-HT,p
or 5-HT; receptor subtype, several trends have been docu-
mented in the literature. 5-HT,s receptors exhibit relatively
high affinity for the 8.-adrenergic receptor antagonists pindolol
and propranolol, with approximately 1000- and 100-fold selec-
tivity for 5-HT,s over 5-HT\p, respectively (24, 32). Conversely,
5-HTp receptors bind the a,-adrenergic receptor antagonist
rauwolscine with relatively high affinity, with approximately a
250-fold selectivity for 5-HT,p receptors, compared with 5-
HT,p receptors (24, 32). Consistent with these trends, the
binding affinity of rauwolscine for the receptor encoded by RH-
2 is 106-fold higher than the reported values for 5-HTp recep-
tors, whereas pindolol and propranolol have affinities that are
522- and 54-fold lower, respectively, than the values reported
for 5-HTp receptors (Table 1). These results, taken together
with the current dogma that 5-HTp receptors are rodent spe-
cific, indicate that the RH-2 gene encodes a human 5-HT,p
subtype, and we refer to it as 5-HTpg, because it was the second
human 5-HT,p receptor to be cloned and characterized. The
receptor encoded by the RH-6 gene is identical to the human
5-HT,p receptor recently described by Hamblin and Metcalf
(12) and has been designated the 5-HT\p, receptor. Comparison
of the binding affinities of compounds at the 5-HT,p, versus
the 5-HT,ps receptor site (Table 1 and Ref. 12) reveals that,
despite their relatively low degree of sequence homology, these
receptors exhibit very similar pharmacological profiles and
should be classified as 5-HTp receptor subtypes. Additional
evidence in support of the classification of the receptor encoded
by RH-2 as a 5-HT,p receptor is its high affinity for sumatrip-
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TABLE 1

Summary of drug affinities for cloned human RH-2 receptor
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Apparent dissociation constants (K; values) of serotonergic ligands for the cloned human RH-2 receptor are shown in comparison with K, values for other 5-HT, receptors,
determined in mammalian tissue (24-26). Competition binding was performed using [>H}5-HT in the presence of increasing amounts of uniabeled competitors. ICso values
were generated using computer-assisted linear least squares analysis and were fit to a single class of binding sites. ICs, values obtained in this fashion were converted
to K, values by using the Cheng-Prussoff equation (21).

K
Selectvy Orug RH-2 5HTyo" SHTy' 5-HT.*
nM
5-HT 1.1 6.4° 25.0 3.0
5CT 0.26 0.93° 5.0 0.32
5-HTa 8-OH-DPAT 2,800 1,260° 63,095 1.0
5-HTg Propranolol 2,720 5,500° 50.0 158.0
Pindolo! 7,842 16,200° 15.0 19.0
5-HTyp 5-Methoxy-DMT 23.2 32.0¢ 1,260°
Sumatriptan 9.4 31.0° 398° 794°
CGS-120668 9.9 2.y 130°
Methysergide 163.0 3.0 1,584 25
Rauwoilscine 47.0 759.0° 5,011 126
Dihydroergotamine 23 19.0 08 13
5-HT2/5-HT1c >10,000 50,000° 1,995 1,258
LY-53,857 >1,000 3,160 398
Ritanserin >1,000 1,584 >10,000 6,310
Spiperone >10,000 5,010 5,010 63
5-HT, 2-Methyl-5-HT 514 398° >10,000°
Quipazine >1,000 3,720° 316 3,160

* From Hoyer and Schoeffter (24).
° From Waeber et al. (26).

° From Hoyer (25).
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Fig. 4. Inhibition of CAMP accumulation by 5-HT in cells stably expressing
5-HT,ps (CHO7 cells). CAMP measurements on intact cells were per-
formed as described in Materials and Methods. Forskolin and 5-HT were
used at final concentrations of 10 um and 1 um, respectively. The reaction
conditions are indicated below each bar, and basal values reflect CAMP
accumulation in the absence of forskolin or added drug. Data represent
mean values + standard deviations from triplicate determinations derived

from a representative experiment.

tan, a compound currently regarded as a 5-HT,p-selective ag-
onist. After the completion of this work, the relationship be-
tween the rat 5-HT,p receptor sequence and a human 5-HTp
receptor subtype was reported (33). However, neither the nu-
cleotide sequence nor the pharmacology of the human 5-HT,p
receptor was presented.

A partial explanation for the difference in the binding prop-
erties between the rat 5-HT,s receptor and its human species
homolog 5-HT,ps may be predicted from a recent study con-
cerning site-specific mutagenesis of the human 5-HT),, receptor
(34). Mutation of Asn-385, which is present in TM-VII of the
human 5-HT), receptor, resulted in a mutant receptor that had
binding affinities for agonists similar to those of the wild-type
receptor but that had a 100-fold lower affinity for the antagonist

pindolol. Alignment of the sequences for TM-VII in the 5-HT,
family (Fig. 2) reveals that both the human 5-HT4 and rat 5-
HT,s sequences have asparagine at a similar position, whereas
the 5-HT,p subtypes and S-31 all have threonine at that
position. Clearly, Asn-385 is important in antagonist binding;
however, differences in agonist binding suggest that there are
other differences between these receptors. This result repre-
sents an unusual pharmacological distinction between species
homologs and underscores the importance of cloning the human
receptors if development of drugs for human use is the ultimate
goal.

The original classification of the 5-HT, receptor family was
based on high receptor affinity for 5-HT (5). Molecular cloning
of the receptors in this family has added another dimension to
this classification system. The members of this family currently
include the 5-HTa, 5-HT,g, 5-HTp., 5-HTps, and recently
reported S31 genes (19). These receptor sequences have several
features in common, and these features provide an additional
basis for inclusion of receptor sequences into the 5-HT), family.
First, all five receptors are encoded by genes that are intronless
over their coding sequence. Second, they all have relatively
large predicted intracellular loops between TM-V and TM-VI
(approximately 90 residues) and short predicted carboxyl-ter-
minal tails (approximately 18 residues). The latter features are
peculiar to receptors that couple to inhibition of adenylyl
cyclase and, indeed, all five of these 5-HT, receptors couple
negatively to adenylyl cyclase. Also, all five of these receptors
exhibit the highest degree of sequence homology with other 5-
HT, family members and significantly less homology with other
5-HT receptors, such as those defined by the 5-HT, family (5-
HT. and 5-HT,c receptors). In an effort to elucidate features
that are unique to 5-HT, receptors, we compared the amino
acid sequences of these five distinct 5-HT, receptors with those
of other members of the 5-HT family. In the comparison, we
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scored residues that are absolutely conserved in all 5-HT,
receptors but that are divergent in the 5-HT,c/5-HT, family.
Examples of residues that satisfy these criteria include a cys-
teine residue in TM-III that is changed to a phenylalanine in
both 5-HT,c and 5-HT,, two arginines, an isoleucine, and an
alanine that are found in intracellular loop III of 5-HT, recep-
tors and are deleted in both 5-HT,c and 5-HT, and an aspar-
agine residue in TM-VII that is changed to a cysteine in 5-
HT,c and to a serine in 5-HT,. The importance of these residues
in receptor function is unknown but can now be tested experi-
mentally, using the cloned receptors. The availability of uni-
form populations of appropriately coupled serotonin receptors
prepared by heterologous expression can play an important role
in the design and evaluation of subtype-specific compounds. In
addition, access to cloned receptors will allow the distinction
between 5-HT,p receptors that have been pharmacologically
characterized in both the central nervous system and cardio-
vascular systems.
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