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SUMMARY

Using the polymerase chain reaction amplification technique in
conjunction with conventional cloning techniques, we have iso-
lated a novel member of the serotonin [5-hydroxytryptamine (5-
HT)] 1 C/2 receptor subfamily (designated 5-HT2F) from rat stom-
ach fundus. Two DNA fragments were amplified from cDNA
synthesized from rat stomach fundus poly(A)� RNA using the
polymerase chain reaction technique with degenerate oligonucle-
otide primers derived from sequence comparisons of the second,
third, and sixth putative transmembrane domains of known 5-
HT receptors. These fragments were used as hybridization
probes to isolate full length cDNA clones from rat stomach fundus
cDNA libraries. Full length cDNA clones contained one open
reading frame encoding a 479-amino acid protein with seven
hydrophobic domains, characteristic of members of the guanine
nucleotide-binding protein-coupled receptor superfamily. Within
these seven putative transmembrane domains, the 5-HT2F recep-

tor shared greatest homology with the rat 5-HT1� and 5-HT2
receptor subtypes (70% and 68%, respectively). Cell lines stably
expressing the 5-HT2F receptor were established and demon-
strated functional coupling to phosphatidylinositol hydrolysis
upon 5-HT stimulation analagous to that observed for the 5-HT1�
and 5-HT2 receptors. Membranes from the stably transfected
cell lines (but not the untransfected parental lines) exhibited high
affinity (Kd 7.9 nM), saturable binding of [3H]5-HT. Maximum
binding ranged from 0.1 to 2.4 pmol/mg of protein, depending
on the clonal isolate. Using [3H]5-HT as the basis for a radioligand
binding assay, the relative affinities of several tryptamine and
piperazine derivatives for the cloned 5-HT2F receptor correlated
with their relative potencies to contract the rat stomach fundus.
These data suggest a probable relationship between this novel
5-HT2F receptor and the serotonin contractile receptor of the rat
stomach fundus.

Because of its exquisite sensitivity to serotonin, the rat

stomach fundus was used as a bioassay for serotonin (1) before

the development of more quantitative analytical assays for this

biogenic amine. Although the potency for the contractile effects

of serotonin has been known for some time, the receptors

mediating such a response have eluded definitive characteriza-

tion. Pharmacological studies attempting to characterize the

contractile serotonergic receptor in the rat stomach fundus

documented the lack of similarity to the 5-HT2 receptor (2-4).

The use of agonists and antagonists further demonstrated that

the serotonin contractile receptor in the rat stomach fundus

was not similar to the 5-HT:3, 5HT1A, 5HT1H, or 5-HTII)

receptors (5). The similarity, but nonidentity, of the contractile

serotonergic receptor in the rat stomach fundus to the 5-HT1(-

receptor was recognized, yet mRNA for the 5-HT1� receptor

was found to be absent (6). Based on the pharmacological
similarity to the 5-HT1c receptor and the absence of 5-HT1c

receptor mRNA in the rat stomach fundus, efforts were initi-
ated to clone the serotonin receptor from the rat stomach

fundus.

Experimental Procedures

Chemicals. TFMPP, 5-CT, 2-Me-5-HT, 8-OH-DPAT, and quipa-
zine were purchased from Research Biochemicals, Inc. (Natick, MA).

Serotonin creatinine sulfate complex and most other chemicals were

obtained from Sigma Chemical Co. (St. Louis, MO). [HjSerotonin
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Transmembrane Region III

(A)

Rat la - III

Human la-Ill

Drosophila 1 - III

DogRDC4- III

Rat ic-Ill

Rat 2-Ill

Hamster 2 - III

Mouse ic - III

CGTCCATCCTGCACCTGTGCGCCAT

CATCCATCTFGCACCTGTGCGCCAT

CCTCGATTCTGAATCTGTGTGCCAT

CCTCCATCCTGCATCTCTGTGTCAT

CGTCCATCATGCACCTCTGCGCCAT

CATCCATCATGCACCTCTGCGCCAT

CCTCCATCATGCACCTCTGCGCCAT

CGTCCATCATGCACCTCTGCGCCAT

Consensus:
A A C

CGTCCATCCTGCACCTGTGCGCCAT

Transmembrane Region VI

(B)

Rat la - VI

Human la-VI

Drosophila 1 - VT

Dog RDC4 - VI

Rat lc - VI

Rat 2 - VI

Hamster 2 - VT

Mouse ic-VI

TTCATCCTCTGCTGGCTGCCGTTTT

TrCATCCTCTGCTGGCTGCCCTTCT

T1’TACCGTCTGCTGGCTGCCATFCT

�ATCGTCTGCTGGCTGCCC�FCT

TTTCTGATCATGTGGTGCCCGTTTT

#{182}TFGTFGTAATGTGGTGCCCATTCT

�FTGTCGTAATGTGGTGCCCNI1�CT

�ITFCTGATCATGTGGTGCCCGTrTF

ia!RDC4

1c12-like

C CC
TTCATCGTCTGCTGGCTGCCGTVFT

C A AC
TI’TGTGGTCATGTGGTGCCCGTTFT

550 Kursaretal.
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Fig. 1. Strategy for PCR primer design. A and B, Nucleic acid sequences for the third and sixth transmembrane regions of cloned serotonin receptors
were aligned and compared. Consensus sequences were identified for each transmembrane region (two for transmembrane region VI) and

degeneracy was incorporated at nonconsensus positions. The primer for TM-Ill represents a pool of eight different 25-mers, whereas the primers

for TM-Vl represent pools of eight and 1 6 different 25-mers, respectively. C, Amplification of rat stomach fundus cDNA using the TM-lIl/TM-Vl 1 a/
RDC4-like primer combination (lanes A and C) and the TM-IIl/TM-VI lc/2-like primer combination (lanes B and D). The TM-IIl/TM-VI 1C/2-like
combination amplified a 600-base pair-long DNA fragment not of a size predicted from either 5-HT1� or 5-HT2 receptor sequences. M1 represents a
123 base pair DNA ladder and M2 a #{231}b�174/HacIll DNA digest for size standards.

(27.4-38.1 Ci/mmol) and all other radionuclides were obtained from

DuPont-NEN (Wilmington, DE).

PCR amplification and subcloning of Initial 5-HT2F receptor

eDNA fragments. Total RNA was isolated from rat stomach fundus

according to the guanidinium isothiocyanate/CsCl method of Chirgwin

(‘t a!. (7). Poly(A)� RNA was selected using oligo(dT)-cellulose columns

(Collaborative Research, Bedford MA) and the method of Aviv and

Leder (8). First-strand eDNA was synthesized from poly(A)� RNA

using the Copy Kit cDNA synthesis kit (Invitrogen, San Diego, CA).

For PCR amplification of the initial 5-HT2F receptor fragments, degen-

erate oligonucleotide primers were designed to the second, third, and

sixth putative transmemhrane domains based on cloned serotonin

receptor sequence information. PCR amplification was carried out

under the following conditions: 10 mM Tris.HC1, pH 8.3, 50 mM KC1,

1.5 mM MgCl2, 0.01% gelatin, 0.2 mM levels of each deoxynucleoside

triphosphate, 0.2 �sM levels of each primer, and 2.5 units of Amplitaq

I)NA polymerase (Perkin Elmer-Cetus, Norwalk, CT), in a total volume

of 100 Ml� as described for the GeneAmp kit (Perkin Elmer-Cetus). The

profile of 95� for 1 mm, 50� for 1 mm, and 72� for 2 mm for 35 cycles

was programmed into a model 480 Thermocycler (Perkin Elmer-Cetus).

All PCR-derived fragments were separated on a 1.2% low-melting

temperature agarose/Tris-acetate-EDTA gel, extracted, and ligated

into the PCR-1000 vector using the T/A cloning kit (Invitrogen, San

Diego, CA).

cDNA library construction, screening, and DNA sequencing.

Two rat stomach fundus cDNA libraries were constructed using 10 �zg

of poly(A)� RNA and the Superscript lambda system (BRL, Gaithers-

burg, MD) for cDNA synthesis and X cloning. Both libraries contained

>2 x 10� independent clones, with an average insert size of >1.5 kb. A

pool of 1.5 X 10’s independent clones from the two libraries was screened

by hybridization under conditions of high stringency [50% formamide,

5X SSPE (lx SSPE = 0.15 M NaC1, 0.015 M sodium citrate, pH 7.0,

0.01 M NaH2PO4.H20, and 0.001 M EDTA), 5x Denhardt’s (lx Den-

hardt’s = 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin,

and 0.02% Ficoll 400), 0.1% SDS, 0.1 mg/ml denatured salmon sperm

DNA, for 48 hr at 50�]. A 708-base pair PCR fragment was labeled

with [�2P]dCTP by random priming and was used as a probe at a

concentration of 2 x 10* cpm/ml. Filters were washed in 2x SSC (lx

SSC = 0.15 M NaC1, 0.015 M sodium citrate, pH 7.0)/0.l% SDS three

times for 10 mm each at 55� and in 0.lx SSC/0.1% SDS three times

for 30 mm each at 55� . Twenty-one clones were selected and purified

to homogeneity for further characterization. PCR amplification was
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B F

-28S

�2.3 Kb
-18S

Fig. 2. Northern blot analysis of rat stomach fundus and rat brain tissues.
Each lane contains 15 ,�g of poly(A)� RNA from either brain (B) or

stomach fundus (F). The blot was probed with the 708-base pair PCR
fragment labeled with [32P]dCTP.

then used to identify those plaques harboring the longest cDNA inserts.

Oligonucleotide primers flanking the Not! and Sail cloning sites of

Xgt22 arms were designed and inserts were amplified using the PCR

reaction conditions described above and the following profile: 95� for

1.5 mm, 50� for 1 mm, and 72� for 4 mm for 35 cycles. Large scale

phage cultures for DNA isolation were prepared for the three clones
harboring the largest cDNA inserts, using standard methods (9). The

purified cDNA inserts were subcloned into the plasmid vector
pSPORT-1 (BRL) for sequencing by the Sanger dideoxynucleotide

chain termination method (10) and with the Taqtrack DNA sequencing

kit (Promega, Madison, WI). All sequence analysis and manipulations

were performed using the University of Wisconsin GCG software

package and the MacVector (IBI) sequence analysis package.

Northern and Southern blot analyses. Total RNA and poly(A)�

RNA were isolated from rat stomach fundus and rat whole brain, as

described above. Samples of 15 j�g of denatured poly(A)� RNA from

each tissue were separated on a 1.0% agarose gel containing 2.2 M

formaldehyde and 20 mM MOPS. The RNAs were transferred to a
Nytran (Schleicher and Schuell, Keene, NH) nylon membrane using

standard capillary blotting technique (9) and were prehybridized over-

night at 45* in a solution containing 50% formamide, 5x SSPE, 5x

Denhardt’s, 0.1% SDS, and 0.1 mg/ml denatured salmon sperm DNA.
Hybridization was performed overnight at 45� in fresh buffer to which

a randomly primed, [2P]dCTP-labeled probe (708-base pair PCR frag-

ment) was added at a concentration of 2 x 106 cpm/ml. The filter was

washed three times for 10 mm each in 2x SSC/0.1% SDS at 50� and

three times for 30 mm each in 0.lx SSC/0.1% SDS at 50�.

Samples of rat genomic DNA (10 �zg) were digested with various

restriction enzymes and separated on a 0.8% agarose/Tris-borate-

EDTA gel according to standard Southern techniques (9). The samples
were denatured and transferred to a nylon membrane as described

above. Prehybridization, hybridization, and washing conditions were

identical to those described for Northern analysis except that all were

carried out at 3T.

Transfection and eukaryotic expression. A full length 5-HT2F

receptor cDNA was modified by the addition of Sal! linkers to the ends

and was ligated into the Sail site of the eukaryotic expression vector

p-hd (11) and designated PX5HT2F. High levels of RNA transcription
from this expression vector were achieved by the use of a hybrid

regulatory element consisting of the BK virus enhancer and the adeno-
virus-2 major late promoter. AV-12 cells (ATCC no. CRL 9595) were

transfected with linearized DNA using CaPO4 co-precipitation (12).

After 72 hr, stable transformants were selected by the addition of

hygromycin B to the medium at a concentration of 200 �tg/ml. After 3

weeks, 200 clones were selected, propagated, and assessed for levels of

5-HT2F mRNA expression by the “cytodot” technique (13). All cells

were cultured with Dulbecco’s modified Eagle medium (no. 380-2430;

GIBCO, Gaithersburg, MD) supplemented with 10% fetal calf serum,

50 units/mI penicillin G, 50 �sg/ml streptomycin sulfate, and 0.25 �g/

ml amphotericin B, in a humidified atmosphere of 95% air/5% CO2 at

3T . Two cell lines were established, one cell line expressing low levels
of receptors for functional studies and one cell line expressing high

levels of receptors for binding studies. To achieve high receptor levels

in the second cell line, methotrexate was added to the medium to a

final concentration of 1 pM, thereby inducing amplification of the

integrated PX5HT2F DNA and consequently higher levels of RNA and

protein expression.

Measurement of P1 hydrolysis. Stable cell lines expressing the

5-HT2F receptors were labeled with 4.0 �sCi of myo-[H]inositol/ml of

cell culture medium, in 12-well plates, for 48 hr. Drugs were added to

wells in 1 ml of serum-free medium containing 10 mM LiCI and 10 mM

myo-inositol, and plates were incubated at 3T for 1 hr. The medium

was aspirated and the inositol phosphates were extracted from the cells

with ice-cold acetone/methanol (1:1), followed by a water wash, for

analysis by ion exchange chromatography as previously described (14,

15).

Preparation of membranes from cloned cells. Suspension cells

stably expressing the cloned rat 5-HT2F receptor were harvested by

centrifugation at 2200 x g for 15 mm at 4�. Membranes for the binding

assays were prepared by vortexing the pellet in 50 mM Tris . HC1, pH
7.4 (0.5 x 10� cells/30 ml). The tissue suspension was then centrifuged

at 39,800 x g for 10 mm at 4� . This procedure was repeated for a total

of three washes, with a 10-mm incubation at 3T between the second

and third washes. The final pellet was homogenized in 67 mM Tris.

HC1, pH 7.4, at 12.5 x 10� cells/ml (original cell number) using a

Tissumizer (Tekmar, Cincinnati, OH) at setting 65 for 15 sec.

[3HjSerotonin binding. Binding assays were performed in tripli-

cate in 0.8-ml total volume. Volumes of 200 �zl of membrane suspension

(0.07-0.10 mg of protein) and 200 �sl of drug dilution in water were

added to 400 �sl ofG7 mM Tris.HC1, pH 7.4, containing [3H]serotonin,

pargyline, CaC12, and L-ascorbic acid. Final concentrations of pargyline,

CaCl2, and L-ascorbic acid were 10 tiM, 3 mM, and 0.1%, respectively.
Tubes were incubated at 3T for 15 mm and then rapidly filtered, using

a Brandel cell harvester (model MB-48R; Brandel, Gaithersburg, MD),

over Whatman GF/B filters that had been presoaked in 0.5% poly-

ethylenimine and precooled with ice-cold 50 mM Tris.HC1, pH 7.4.

The filters were then washed rapidly four times with 1 ml of ice-cold

50 mM Tris.HC1, pH 7.4. The amount of [3H]serotonin trapped on the

filters was determined by liquid scintillation counting (Ready Protein

and Beckman LS G000IC; Beckman Instruments, Fullerton, CA). For

the saturation experiments, actual free [�H]serotonin concentrations

were determined by sampling the supernatant of parallel saturation

experiments in which bound radioactivity had been separated by cen-

trifugation. Serotonin (10 MM) or l-naphthylpiperazine (10 �M) defined

nonspecific binding. For competition experiments, six concentrations

of displacing drugs were used, ranging from 10� to i0’ M, and the
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Fig. 3. Deduced amino acid sequence and putative structural model of 5-HT2F receptor. A, The amino acid sequence was deduced from the one

open reading frame found in the nucleic acid sequence. B, Hydropathy analysis of the sequence predicted seven putative transmembrane regions,

as indicated in the model diagram.

linal concentration of [H]serotonin was 2 nM. The amount of protein

was determined by the method of Bradford (16), using bovine serum

albumin as the standard. The Kd and B,,,% values from the saturation

assays and the ICr values from the competition assays were determined

by nonlinear regression analysis (Systat; Systat Inc., Evanston, IL).

The IC:, values were converted to K values using the Cheng-Prusoff

equation (17).

Contraction of rat stomach fundus. Several tryptamine and

piperazine analogues were examined for contractile efficacy in the rat

stomach fundus, according to previously published procedures (3, 18).

BC: values were the agonist concentrations resulting in half-maximal

contraction. This was determined by least squares regression analysis

of the linear portion of the concentration-response curve and expressed

as the negative logarithm of the EC5( (pEC5).

Results

Cloning of the 5-HT receptor. It was reasonable to pos-

tulate that the contractile serotonin receptor of the rat stomach

fundus represented a novel member of the 5-HT receptor

family, based on two important pieces of information. The first

piece of information was the excellent correlation (r = 0.927)

(5) exhibited between contraction of smooth muscle in the rat

stomach fundus and binding affinities at the 5-HT1� receptor,

using 10 different agonists. This established that this receptor

was most likely a member of the 5-HT1�12 receptor subfamily.

The second piece of information indicated by both PCR and

Northern blot analysis was that 5-HT1� mRNA was not present

in rat stomach fundus. So, although the correlation with the 5-

HT1� receptor was very high, the receptor was not of the 5-

HT1� receptor subtype. As a consequence, we designed a strat-

egy using PCR amplification as a means of initially obtaining

a portion of the 5-HT2F receptor cDNA that could be subse-

quently used in more conventional techniques to isolate full

length cDNAs. This strategy made the assumption that this

novel receptor was a member of the G protein-coupled receptor

superfamily.

The nucleic acid sequences of the putative transmembrane
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Rat 5-NT2

Rat 5-HT1C

Rat 5-HT2F

xPP HEB
V S

251 V

Rat 5-HT2 IPLTIMVITY

Rat 5-HT1C IPLTIMVITY

Rat 5-HT2F APL?IMIV’�

300

PLTIKSLQKE ATLC VSDLSTR AKLA. .SFSF

FLTIYVLRRQ TLML LRG.HTE EELANMSLNF

FLTIHALRKK AYLVRNRPPQ RLTRWTVSTV LQREDSSFSS -2.3
-2.0

Rat 5-NT2

Rat 5-HTi�

Rat S-HT2F
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1 50
MEILCEDNIS LSSIPNSLNQ CGDCPRLYHN DFNSRDANTS EASNWTIDAE

MVN LGNAVRSLLM HLICLLVWQ FDISIS

MASSYKMSEQ STISEHILQ KTC DHLILTDRSG

51 I 100

Rat 5-HT2 NRTNLSCEGY LPP’FCLSILH LQE. . KNWSA LLTTVVIILT IAGNILVIMA

Rat 5-HT1C PVAAIVTDTF NSSDGGRLFQ FPDGVQNWPA LSIVVIIIMT IGGNILVIMA

Rat 5-HT2F LKAESAAEEM KQTA E NQGNTVIIWAA LLIFAVIIPT IGGNILVILA

101 II 150
Rat 5-HT2 VSLEKKLQNA TNYFLMSLAI AEScLLGFLVM PVSMLTILYG YRWPLPSKLC

Rat 5-HTi� VSMEKKLHNA TNYPLMSLAI ADMLVGLLVH PLSLLAILYD YVWPLPRYLC

Rat 5-HT2F VSLEKRLQYA TNYFLMSLAV ADLLVOLPVM PIALLTIMFE ATWPLPLALC

151 III 200
Rat 5-HT2 AIWIYLDVLP STASIMHLCA ISLDRYVAIQ NPIHHSRFNS RTKAPLKIIA

Rat 5-HT1C PVWISLEIVLP STASIMHLCA ISLDRYVAIR NPIEHSRFNS RTKAIMKIAI

Rat 5-HT2F �AWLFLDVLF STASIMHLCA ISLDRYIAIK KPIQANQCNS RTTAFVKITV

201 IV 250

Rat 5-NT2 VWTISVGISM PIPVPGLQDD SKVF.KEGSC LLADD. . .NF VLIGSFVAFP

Rat 5-HTi� VWAISIGVSV PIPVIGLRDE SKVFVNNTTC VLNDP. . . NF VLIGSFVAFF

Rat 5-HT2F VWLISIGIAI PVPIKGIEAD V.VNAHNITC ELTKDRFGSF MLFGSLAAFF

301 350

Rat 5-NT2 LPQSSLSSEK LFQRSIHREP GSYAGRR TMQSI SNEQKACKVL

Rat 5-HTi� LNCCCKKNGG EEENAPNPNP DQKPRRKKKE KRPRGTMQAI NNEKKASKVL

Rat 5-HT2F PEKMAMLDGS HKDKILPNSI DETLMRRMSS AGKKPA.QTI SNEQRASKVL

351 VI VII 400
Rat 5-NT2 GXVFPLFVVM WCPFFITNID( AVICKESCNE NVIGALLNVP VWIGYLSSAV

Rat 5-HTi� GIVFPVFLIM WCPFFITNIL SVLCGKACNQ KLMEKLLNVF VWIGYVCSGI

Rat 5-HT2F G�VLFFLIM 1�PPFITNVT LALC.DSCNQ TTLK?LLQIF VWVGYVSSGV

401 450

Rat 5-HT2 NPL�Ii�LPNK TYRSAFSRYI QCQYKENRKP LQLILVNTIP ALAYKSSQLQ

Rat 5-HTi� NP�Y?L�PNK IYRRAFSKYL RCDYKPDKKP .PVRQIPRVA ATALSGRELN

Rat 5-HT2F NPt.IYTLFNK TFREAFGRYI TCNYQATKS. . .VKVLRKCS STLYFGNSMV

451 500

VGQKKNSQED AEQTVDDCSM VTLGKQQSEE NCTDNIET

VNIYRNTNER VARXANDPEP GID4QVENLE LPVNPSNV

ENSKFFTKHG IRNGINPAMY QSPVRLRSST IQSSSIILLN TFLTENDCDK

501

Rat 5-H?2 VNEKVSCV

Rat 5-HTi� VSERISSV

Rat 5-HT2F VEDQVSYI

Fig. 4. Comparison of 5-HT2F amino acid sequence with 5-HT1� and 5-
HT2 sequences. The putative transmembrane domains have been
shaded and indicated. Sequences were aligned using the University of
Wisconsin GCG Software Package.

regions of the cloned serotonin receptors (19-25) as well as

RDC4 (26), recently identified to be the 5-HT11),, receptor (27),

were compared and aligned. Transmembrane domains III and
VI were found to be the most highly homologous. A degenerate
oligonucleotide primer representing a partial consensus se-

quence and consisting of eight different individual sequences
was designed for transmembrane region III (designated TM-
III), where 22 of 25 positions were found to be strongly con-

served (Fig. 1A). Because of the greater degree of degeneracy

in transmembrane region VI, two degenerate oligonucleotide

primers were designed (Fig. 1B), one of which was more 1C/2-
like (designated TM-VI 1C/2-like) and represented a pool of
16 different sequences and one of which was more 1A/RDC4-

like (designated TM-VI 1A/RDC4-like) and represented a pool
of eight different sequences. Again, these primers represented
partial consensus sequences in strongly conserved positions.

The two combinations of primers were used to probe, by

PCR, cDNA synthesized from rat stomach fundus poly(A)�
RNA. The TM-III/TM-VI 1C/2-like primer combination am-

plified a very intense 600-base pair DNA band (Fig. 1C), as

23.1

-9.4

-6.6

-4.4

-0.6
Fig. 5. Southern blot analysis of rat genomic DNA. The 708-base pair
PCR fragment was used as a probe as in Northern analysis. The 1 0-pg

samples of rat genomic DNA were digested with the following enzymes:
B, BamHl; E, EcoRl; H, Hindlll; P�, Pstl; P�, Pvull; and X, Xbal.

visualized by ethidium bromide staining, not expected of either

5-HT1(- or 5-HT3 receptor sequences and a less intense 540-

base pair DNA band suggestive in size of the 5-HT2 receptor

sequence. Previous studies with the rat stomach fundus had

documented the presence of the 5-HT2 receptor (28). The TM-

III/TM-VI 1A/RDC4-like primer combination did not result

in the amplification of any consistently reproducible DNA
bands. The 600-base pair fragment (designated 600-K) was

subcloned, sequenced, and translated in all three reading frames

to determine whether it was related to serotonin receptors or

any G protein-coupled receptors in general. One open reading
frame was identified whose amino acid sequence shared highest

homology with the serotonin receptor family.

Using another degenerate oligonucleotide primer based on

transmembrane region II sequences [5’ -CTGATATGCTG(G/

C)TGGG(A/T)(T/C)T(A/C)CTTGTCATGCC-3 ‘] and the

TM-VI 1C/2-like primer, another DNA fragment, which was
708 base pairs long, was amplified by PCR. This fragment

represented an extension of the 600-K fragment of 100 base

pairs in the 5’ direction. This 708 base-pair fragment provided

an excellent probe with which to screen two fundus cDNA

libraries constructed in the cloning vector Agt22. A pool from

these two A libraries (1.5 x lO� independent clones) was
screened, resulting in the identification of 21 positively hybrid-

izing plaques. PCR amplification allowed the identification of

those positive clones with the longest cDNA inserts. The long-
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Fig. 6. Assay of phospholipase C activity in the cell line
expressing the 5-HT2F receptor. The clonal cell line

A600K-2-35, expressing 99-229 fmol of receptor/mg
of protein, was labeled with myo-[3H]inositol for 48 hr
and stimulated with various doses of 5-HT for 1 hr at
370� Inositol phosphates (3H-1P) were extracted and
quantitated as described in Experimental Procedures.
The dose-response curve is from a representative ex-
periment in which each drug dose was assayed in

triplicate.

10 i�12 io’� io-�� io� io-� io�I �- I I I I i�6 �-5

[5.HT], M

0 5 10 15 20 25 30 35 40

[3H]5-HT Concentration, nM

Fig. 7. Representative saturation curve for [3HJ5-HT binding to the 5-
HT2F receptor. The curve for specific binding was fitted to the points by
nonlinear regression, and the line for nonspecific binding was fitted to
the points by linear regression. Bmw, values for a series of curves ranged
from 0.1 to 2.4 pmol/mg of protein, depending on the clonal isolate. The
Kd 7.9 ± 0.6 nM (mean ± standard error from seven separate experi-

ments).

est inserts were 2.3 kb in length, which when compared with

the 2.2-2.4-kb signal observed by Northern blot analysis of rat

stomach fundus poly(A)� RNA (Fig. 2) suggested that these

were full length cDNAs. The inserts from each of three clones

were isolated and subcloned into the vector pSPORT-1 (BRL)
for sequencing and further analysis. Sequence analysis using

the University of Wisconsin GCG software package identified
one open reading frame of 479 amino acids in all three clones

(Fig. 3A). A hydrophobicity plot (Fig. 3B) revealed seven ag-

gregations of hydrophobic amino acids large enough to span a

plasma membrane, which is a definitive feature of G protein-

coupled receptors. Because of the presence of two ATG codons

within the first 21 nucleotides of the open reading frame,

neither of which fit exactly the Kozak consensus sequence (29)

for translational initiation, we could not determine precisely
the translational start site.

Comparison of the amino acid sequence of this open reading

frame with the Swiss-Protein Database demonstrated highest

homology being shared with 5-HT receptors. Among this fam-

ily, the 5-HT2F receptor exhibited greatest homology with 5-

HT receptor subtypes 1C and 2 (70% and 68%, respectively,

within the transmembrane domains and 44% and 48%, respec-

tively, overall) (Fig. 4). The high homology in the putative

transmembrane regions of these three receptors strongly sug-

gests a distinct subfamily of 5-HT receptors. One potential N-

linked glycosylation site was identified in the second extracel-

lular loop at residue Asn203. Numerous potential phosphoryla-

tion sites for various protein kinases were also noted in the
third intracellular loop and the carboxyl-terminal tail. Several

other features generally characteristic of G protein-coupled
receptors were also identified in the 5-HT2F receptor. These

included the DRY motif found at the end of transmembrane

region III, a potential palmitoylation site at residue Cys396 in

the carboxyl tail, aspartate residues 99 and 134 in the second

and third transmembrane regions, and proline residues 188,

228, 338, and 376 in transmembrane regions IV, V, VI, and VII,

respectively (30). Southern blot analysis of rat genomic DNA

using the 708-base pair PCR fragment as a probe under con-

ditions of high stringency revealed a pattern consistent with a

single-copy gene (Fig. 5). These Southern data coupled with

PCR data using 5-HT2F receptor-specific primers and rat gen-

omic DNA (data not shown) indicated that, unlike most mem-

hers of the G protein-coupled receptor superfamily, the 5-HT2F

receptor gene contains introns within its coding sequence.

Transfection and stable expression. A full length cDNA

was subcloned into the p-hd eukaryotic expression vector and

subsequently transfected into the AV-12 cell line. After selec-

tion with the antibiotic hygromycin B, a number of stable

transformants were expanded and assessed for levels of 5-HT2F

receptor mRNA expression by cytodot hybridization. Those
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TABLE 1

Comparison of the affinity of agonists and partial agonists at the 5-HT2F receptor with their potency in the rat stomach fundus

Compound 5-HTSF receptor p1(7
Rat stomach fundus

pECsob
5-HT,� receptor

�(,C

5-HT2 (agonist-
labeled) pk/

5-HT2
(antagonist-labeled) pK,�

5-HT 8.02±0.10(4) 8.07±0.06(11) 7.48e 8.12’ 5.53#{176}

TFMPP 7.07 ± 0.09 (4) 7.54 ± 0.09 (6) 7.21#{176} 7.79’ 6.57#{176}
5-CT 6.88±0.07(3) 7.64±0.14(5) 6.21#{176} 7.06#{176} 4.66#{176}

Quipazine 6.90±0.12(3) 7.46±0.16(6) 6.73e 7.78’ 6.19#{176}

2-Me-5-HT 6.55 ± 0.02 (3) 7.03 ± 0.07 (4) 6.1 � >5’
8-OH-DPAT 5.39±0.03(3) 5.64±0.06(4)

r2 0.917’
p<0.003

5.14#{176}
r2 = 0.889
p<0.005

6.20’
r2 = 0.859
p<0.02

5.15#{176}
r2 = 0.091

p<0.561
8 Values are expressed as the mean ± standard error from the number of separate experiments given in parentheses. pK, is the negative logarithm of the dissociation

constant.
b Values are expressed as the mean ± standard error from the number of separate tissues given in parentheses. pEc� is the negative logarithm of the concentration

of compound required to produce 50% of its maximal response.
C pK, values were calculated against antagonist radioligands.
d � values were calculated against agonist radioligands.

I Taken from Ref. 36.
I Taken from Ref. 38.
S Taken from Ref. 33.
P Taken from Ref. 39.
‘ Taken from Ref. 37.
I �2 = correlation coefficient from the linear regression with the 5-HT2F receptor.

clones expressing the highest levels of mRNA were expanded

further and used for functional and binding studies.
Functional coupling to P1 hydrolysis. Due to its struc-

tural homology to the 5-HT1� and 5-HT2 receptors, functional

coupling of the 5-HT2F receptor to phospholipase C was also

investigated. The expressed 5-HT2F receptor elicited dose-de-

pendent increases of P1 hydrolysis when stimulated with 5-HT

and had an apparent EC50 of 1.6 nM (Fig. 6). A maximum

stimulation of P1 hydrolysis of 10-fold over basal (where basal

P1 turnover yields approximately 3500 cpm of [1H]inositol

phosphates) was noted with 100 nM 5-HT. Similar dose re-

sponses were also noted in subsequent assays (data not shown).

Ligand-binding studies. Using membranes from cells sta-

bly transformed with 5-HT2F receptor cDNA, it was found that

[�1H]5HT bound in a saturable fashion and with high affinity

(Fig. 7). Nonlinear regression analysis of the saturation curves

was consistent with binding to a single class of sites. No specific

[:IH]5HT binding was found in the untransfected parental cell

line (data not shown). The high affinity for [1H]5-HT (Kd

7.9 ± 0.6 nM) was consistent with the structural data suggesting

that this was indeed a 5-HT receptor. A series of full and partial

agonists were examined at the rat stomach fundus receptor and

at the 5-HT2F receptor (Table 1). The affinities of these com-

pounds were in agreement with the molecular data placing this

receptor in the 5-HT2 receptor subfamily. As shown in Table
1, there were statistically significant correlations between the

pK� values for the compounds at the 5-HT2F receptor and values

previously reported for both the antagonist-labeled 5-HT1�

receptor and the agonist-labeled 5-HT2 receptor. There was,

however, no correlation between pI< values at the 5-HT2F

receptor and at the antagonist-labeled 5-HT2 receptor. The

finding that the profile for the antagonist-labeled 5-HTI(- re-

ceptor correlated well with that for the agonist-labeled 5-HT2F
receptor is consistent with previous work showing little differ-

ence between agonist affinities regardless of whether the 5-

HT1� receptor was labeled by an agonist or an antagonist (31).

Table 1 also shows the high degree of correlation between

the pK, values for the 5-HT2F receptor and the pEC� values

for agonists in contracting the rat stomach fundus. The agonists

and partial agonists chosen for this preliminary profile were

not sufficiently selective to differentiate the 5-HT2F receptor

from either the 5-HT1(- or the 5-HT2 receptor. However, the

very low affinity of ketanserin for the 5-HT2F receptor (pK, =

5.45 ± 0.02) clearly differentiates this receptor from the 5-HT2

receptor (pI(, = 9.4) (32). Pharmacological differentiation could

also be seen between the 5-HT2F and 5-HT1� receptors. Thus,

ketanserin had much higher affinity for the 5-HT11- receptor

(pK = 7.01) (33) than it did for the 5-HT2F receptor. Mesuler-

gine also showed higher affinity for the 5-HT1(- receptor (pK

= 8.79) (33) than it did for the 5-HT2F receptor (pK, = 7.45 ±

0.05).

Discussion

The presence in rat stomach fundus of a contractile receptor

with extreme sensitivity to serotonin has been well documented

for over 30 years. A large body of data accumulated over the

last few years has defined more precisely the relationship of

the contractile 5-HT receptor in the rat stomach fundus to the

better known and more thoroughly characterized serotonin

receptors. These data have established a close relationship, but

nonidentity, with the 5-HT1r receptor. By taking advantage of

the power of the PCR amplification technique and the high

degree of evolutionary conservation of the nucleic acid se-

quences of the cloned serotonin receptors, we have successfully

cloned and characterized a new member of the serotonin recep-

tor family.

Northern analysis has revealed that this receptor is expressed

at low levels in rat stomach fundus but is absent in rat whole

brain. Its absence in brain may simply reflect the limited

sensitivity of this particular assay and does not exclude the

possibility of its presence at the level of protein expression on

neuronal processes that form synapses in the brain but whose

cell bodies lie outside the brain. In addition, the receptor may

be expressed in discrete nuclei within the brain, which would

require more thorough and precise dissection. Current experi-

ments are addressing all of these possibilities.

The rat 5-HT2F receptor has 96% homology, at the amino

acid level, to a partial amino acid sequence recently reported
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to have been cloned from mouse stomach fundus (34). No data

regarding the binding and/or second messenger-coupling char-

acteristics of this receptor were available for more extensive

comparisons with the 5-HT2F receptor. Analysis of the primary

structure of the 5-HT2F receptor provides very strong evidence

for a close evolutionary relationship between the 5-HT2F recep-

tor and the 5-HT2 receptor subfamily. The presence of introns
within the coding sequence of 5-HT2F receptor and the ability

of the receptor to couple functionally in vitro to P1 hydrolysis

in a heterologous cell line also support this evolutionary rela-

tionship. The human 5-HT2 (35) and mouse 5-HT1� receptors

(34) have recently been reported to contain introns within their

coding regions, which is consistent with our Southern and PCR
data using rat genomic DNA.

The pharmacological characterization of the 5-HT2F receptor
is consistent with the molecular data that classified this recep-

tor as a member of the 5-HT2 receptor subfamily. The nano-
molar affinity of the receptor for 5-HT makes it highly unlikely

that this receptor is anything but a 5-HT receptor. The signif-

icant pharmacological correlations with both the 5-HT1� and

5-HT2 receptors (Table 1), as well as its coupling to P1 hydrol-

ysis, argue for its inclusion into the 5-HT2 receptor subfamily.

The low affinity of the 5-HT2F receptor for both 8-OH-DPAT

and 5-CT rules out a close relationship with the 5-HT1A recep-
tor, and the low affinity for 5-CT also excludes other 5-HT1
receptor subtypes, such as the 5-HT1H and 5-HTID receptors,
as close relatives. Although the structural and pharmacological

data illustrate the similarity of the 5-HT2F receptor to both the

5-HT2 and 5-HT1� receptors, these data also emphasize that
the 5-HT2F receptor is distinct from these other two members

of the 5-HT2 receptor subfamily. The only other known 5-HT
receptor that shows a close pharmacological correlation with

the 5-HT2F receptor is the 5-HT receptor that mediates con-

tractions in the rat stomach fundus (Table 1). The current data

do not constitute proof that the 5-HT2F receptor is identical to

the contractile serotonin receptor in the rat stomach fundus,

nor is there one single piece of overwhelming evidence that
these two receptors are likely to be one and the same. However,

the combination of evidence from several different sources is
at least suggestive that these two receptors may be equivalent.
This is based on 1) the presence of mRNA for the 5-HT2F

receptor in the rat stomach fundus, and 2) the highly significant

pharmacological correlation between agonist affinities at the 5-

HT2F receptor and at the fundus receptor. In addition, the 5-

HT2F receptor can couple to P1 hydrolysis, a primary mecha-

nism by which G protein-coupled receptors can stimulate

smooth muscle contraction. Thus, the 5-HT2F receptor appears

to be a likely candidate for mediating 5-HT-induced contrac-

tion of the rat stomach fundus.
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