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SUMMARY

The gene encoding a human 5-hydroxytryptamine (5-HT)1 recep-
tor subtype was isolated from a human placental genomic library
by using oligonucleotide probes derived from transmembrane
regions of the cloned human 5-HTlD� receptor. The deduced
amino acid sequence of the genomic clone hp75d is identical to
that of the recently isolated, but uncharacterized, novel serotonin
receptor gene 531 . Transmembrane domain sequence compar-
ison of clone hp75d with other guanine nucleotide-binding pro-
tein-coupled receptors revealed the highest degree of homology
(64%) to the 5-HTlD� and 5-HTlD� subtypes and lower degrees
of homology (35-52%) to other serotonergic and catecholamin-
ergic receptors. A stable cell line expressing this gene was
established, using munne fibroblasts as the host cell, for phar-
macological evaluation. High affinity (Kd = 9.7 nM), saturable
(Bmax = 2.4 pmol/mg of protein) [3H]5-HT binding was detected

using membranes derived from stable transfectants. Most com-
pounds displayed low affinity (K, > 200 nM) for the expressed
gene, with the exception of 5-HT (K, = 1 0 nM). The rank order of
potency of ligands to compete for the [3H]5-HT-labeled site best
matched the binding profile of the pharmacologically defined 5-
HT1E binding site, 5-HT > methysergide > ergotamine > 8-
hydroxy-2-(di-n-propylamino)tetralin > 5-carboxyamidotryptam-
ne > ketanserin. 5’-Guanylylimidodiphosphate decreased high

affinity agonist ([3H]5-HT) binding in a dose-dependent manner.
5-HT produced a dose-dependent inhibition of forskolin-stimu-
lated cAMP accumulation in intact cells stably expressing the 5-
HT1E gene. The response was blocked by the nonselective 5-
HT1 receptor antagonist methiothepin. The molecular biological
and pharmacological data are consistent with the designation
that clone hp75d encodes a functional 5-HT1E receptor.

The classification of serotonin receptors into four major types

(5-HT1, 5-HT2, 5-HT3, and 5-HT4) is based upon pharmacolog-

ical, biochemical, electrophysiological, and molecular biological

criteria (1-4). The 5-HT1 receptors are the most heterogeneous,

containing three accepted members, 5-HTIA, 5-HT1�, and 5-
HT1[) (the 5-HT1� receptor represents a 5-HT2 subtype) (3-6).
Previous studies have demonstrated that these receptors me-

diate similar cellular responses, including negative coupling to

adenylate cyclase and inhibition of 5-HT release via somato-

dendritic (5-HTIA) and presynaptic (5-HT1� and 5-HT10) au-
toreceptors (2, 7). For the 5-HTIA receptor, some of the cellular

responses evoked by this subtype have been attributed to po-

tassium channel activation, resulting in neuronal hyperpolari-

zation (8). The genes encoding these 5-HT1 receptors have been

This research was funded in part by Grant 1R43NS27789 from the National

Institutes of Health and in part by Eli Lilly and Company. The sequence of the
5-HT,� receptor has been deposited in GenBank (Accession Number M92826).

cloned and functionally expressed and include the 5-HTIA (9,

10), 5-HT15 (the rat homolog of the human 5-HT10� receptor)

(11, 12), and two closely related 5-HTLD subtypes, designated

5HT10a (13, 14) and 5-HTlD� (14). These receptors are mem-

bers of the large GPCR superfamily, which are characterized

by a structural motif with seven a-helical membrane-spanning

regions and which functionally couple to G proteins, resulting

in the activation of signal transduction mechanisms (3, 4).

Heterogeneity of the pharmacologically defined 5-HT1D sub-
type was suggested previously by radioligand binding studies.

5-CT, ergotamine, and sumatriptan competition curves of high
affinity [3HJ5-HT binding, using 5-HTII) assay conditions, were

biphasic, indicating binding site heterogeneity (15-17). The low

affinity binding component has been termed both a 5-HT10

subtype (17) and a novel 5-HTLE receptor (15). The 5-HT1E

binding site has been described in human cortical membranes

and was defined as high affinity [3H]5HT binding in the

ABBREVIATIONS: 5-HT, 5-hydroxytryptammne; DOl, 1 -(2,5-dimethoxy-4-iodophenyl)-2-ammnopropane; DPAT, 8-hydroxy-2-(di-n-propylammno)tetralin;
5-CT, 5-carboxyamidotryptammne; a-Me-5-HT, a-methyl-5-hydroxytryptamine; 2-Me-5-HT, 2-methyl-5-hydroxytryptamine; 5-MeO-DMT, 5-methoxy-
N,N-dimethyltryptamine; GPCR, guanine nucleotide-bmnding protein-coupled receptor; Gpp(NH)p, 5’-guanylylimidodiphosphate; PAPP, 1-[2-(4-
aminophenyl)ethyl]-4-(3-trmfluoromethylphenyl)piperazmne; TFMPP, N-(m-trmfluoromethylphenyl)piperazmne; TM, transmembrane; G protein, guanmne
nucleotide-binding protein; 5-MeOT, 5-methoxytryptammne; Imax, maximal inhibition; E�, maximal effect; DP-5-CT, N,N-dipropyl-S-carboxamidotrpyp-
tamine.
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presence of 100 nM 5-CT and 100 nM mesulergine, to block all

other high affinity [3H]5-HT sites (5-HTIA, 5-HT1B, 5-HT1(-,

and 5-HTID). The endogenous ligand 5-HT displayed the high-
est affinity for this site. With the exception of methysergide

(K, = 59 nM), all other compounds bound with low affinity (K,
> 150 nM). The low affinity of 5-CT and ergotamine clearly

discriminated (100-1000-fold) between the pharmacologically

defined 5-HT10 and 5-HT1E receptor subtypes (15). High affin-
ity [3H]5-HT binding to the 5-HTLE site was sensitive to

guanine nucleotides, a property characteristic of members of
the GPCR superfamily. However, the functional coupling of

the 5-HT1E site to signal transduction mechanism(s) has not
been established.

A homology cloning strategy was implemented to isolate
additional 5-HT1 receptors. Using oligonucleotide probes tar-

geted to the TM region of the human 5-HT10� receptor, a

GPCR gene was isolated with relatively high (64%) TM ho-
mology to the 5-HT1D subtypes (14). During the preparation of
this manuscript, a preliminary report describing the isolation

of a novel serotonin receptor gene (531) with the exact deduced
amino acid sequence of clone hp75d was published; however,

the identity of this clone was not determined (18). Functional

expression of clone hp75d yielded pharmacological properties

that match the binding profile of the pharmacologically defined
5-HTIE binding site (15).

Materials and Methods

Cloning and sequencing. A human placental genomic library
(Stratagene) was screened by using oligonucleotides derived from the

human 5-HT1De receptor gene as probes (14). Overlapping oligomers

complementary to the 5-HT10� sequence in TM domains III, V, and VI
were labeled with [32P]dATP and [32P]dCTP by synthesis with the
large fragment of DNA polymerase (19). Hybridization and Southern

blot analysis were performed as previously described (20). For subclon-

ing and further Southern blot analysis, DNA was inserted into pUC18

(Pharmacia, Piscataway, NJ). Nucleotide sequence analysis was done

by the Sanger dideoxy nucleotide chain-termination method (21), on

denatured double-stranded plasmid templates, using Sequenase

(United States Biochemical Corp., Cleveland, OH).
Expression. The entire coding region of clone hp75d was cloned

into the eukaryotic expression vector pcEXV-3 (22). Stable cell lines

were obtained by co-transfection with the plasmid pcEXV-3 (contain-

ing the 5-HT,� receptor gene) and the plasmid pGCcos3neo (containing

the aminoglycoside phosphotransferase gene) into LM(tki cells, using
calcium phosphate (reagents obtained from Specialty Media, Lavel-
lette, NJ). The cells were grown in a controlled environment (3T, 5%

CO2), as monolayers, in Dulbecco’s modified Eagle medium (GIBCO,
Grand Island, NY) (23). Stable clones were then selected for resistance
to the antibiotic G-418, and harvested membranes were screened for
their ability to bind [3H]5-HT; one clone, hp75d, was used for phar-
macological evaluation.

Membrane preparation. Stably transfected LM(tki cells were

grown to 100% confluency, and membranes were prepared by standard
techniques (23). Membrane preparations were kept on ice and used
within 2 hr for radioligand binding assays. Protein concentrations were

determined by the method of Bradford (24), using bovine serum albu-

mm as the standard.

Radioligand binding studies. [3HJ5-HT binding was performed

using the 5-HT1E assay conditions reported by Leonhardt et al. (15),

with the omission of masking ligands. Radioligand binding studies were

performed as previously described (23). Saturation studies were con-

ducted using [3H]5-HT at nine different concentrations, ranging from
0.5 nM to 100 nM. Competition experiments were performed using 12

concentrations ofunlabeled compound and 5 nM [‘H]5-HT. Incubation

times were 30 mm for both saturation and displacement studies, based

upon initial investigations that determined equilibrium binding condi-
tions. Nonspecific binding was defined in the presence of 10 MM 5-HT.

Binding data were analyzed by nonlinear regression analysis (ACCU-
FIT and ACCUCOMP; Lundon Software, Chagrin Falls, OH). IC5)
values were converted to K, values by using the Cheng-Prusoff equation

(25). All experiments were performed in triplicate.

Functional studies. The functional coupling of clone hp75d to

adenylate cyclase was determined in Y-1 cells stably expressing this

gene. The functional assay was performed according to the method

described by Zgombick et al. (23). Intracellular cAMP was determined

by radioimmunoassay (Advanced Magnetics, Cambridge, MA). Func-
tional data were fitted to a four-parameter logistic equation, to obtain

response parameters (EC50, Emax, and flH) (GRAPHpad Software, San
Diego, CA).

Drugs. Drugs were obtained from the following companies: [‘H15-

HT (specific activity, 20.4-28.0 Ci/mmol), New England Nuclear (Bos-
ton, MA); 5-HT, ergotamine, ergonovine, oxymetazoline, (±)-pindolol,

and Gpp(NH)p, Sigma (St. Louis, MO); 5-CT, DP-5-CT, 5-MeOT, 5-

MeO-DMT, (±)-a-Me-5-HT, 2-Me-5-HT, tryptamine, DPAT, DOl,
ketanserin, methysergide, 1-naphthylpiperazine, PAPP, spiperone,

TFMPP, yohimbine, and zacopride, Research Biochemical Inc. (Na-
tick, MA); lysergol and methylergonovine, Aldrich Chemicals (Milwau-

kee, WI); rauwolscine, Accurate Chemicals, (Westbury, NY); and
methiothepin, Biomol Research Laboratories (Plymouth Meeting, PA).

All other chemicals were the highest purity available commercially.

Results

We have screened a human genomic placental library, at low
stringency, with oligonucleotide probes derived from TM do-

mains III, V, and VI of the 5-HTl1J� receptor gene. Several

hundred clones were isolated, subjected to Southern blot and

sequence analysis, and subsequently characterized as either

previously cloned GPCRs, novel receptors, or irrelevant DNA

sequences. One of these clones, hp75d, encoded what appeared

to be a novel serotonin receptor, based upon its deduced amino

acid sequence. A comparison of this protein sequence with all
previously characterized neurotransmitter receptors indicates
that hp75d encodes a new 5-HT1 receptor subtype. The deduced

amino acid sequence of clone hp75d is identical to the primary
structure of the recently cloned serotonin receptor gene S31
(18).

The primary amino acid sequence of this receptor and a

comparison with other cloned serotonin receptors are shown in

Fig. 1. The amino acid sequence identity, within the TM

domains, between hp75d and the 5-HTLI),) receptor, its closet
relative, was 64%. The relationship between hp75d and a sec-
ond 5-HT10 subtype (5-HTj),) was also 64%, in contrast to the

75% TM identity between the 5-HTI[),, and 5-HT11,,� receptors

(14). The TM relationship between hp75d and the other cloned

serotonin receptors exhibited the following order of identity: 5-

HT1A, 52%; 5-HT1(�, 40%; and 5-HT2, 39%. Similar to what has

been observed with the 5-HTIA receptor (3, 4), hp75d is more

closely related to the adrenergic receptors than to the phos-

phoinositide-coupled 5-HT receptors (5-HT1(. and 5-HT2).

These analyses also revealed a conserved aspartate residue in

TM III and a single conserved serine residue in TM V, key

residues characteristic of the serotonin receptor family (3, 4).

The gene encoding the human 5-HTIE receptor was stably

expressed in murine fibroblasts for pharmacological evaluation.
High affinity, saturable [1H]5-HT binding was detected using
membranes harvested from a clonal cell line (Fig. 2). The

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


2.55-HI, 0

5-VT� NSPL955AEGLPOEV 15

SHIM NIEPGVQCAPPPPAGSITWVPOA 23

5-HT_ NDVLSP606N 10

5-HT,� NVNIGNAVNSLLNML I GILVU0IDIS I SPVAA. 32

5-HI, N I I I C I 0 555 1 S S I P �jj H 0 4 6 0 C P � I I H N 0 F N S N 0 A 5jj I V S 5_5j I 0 V I 50

5-MI,, N 5�_j_5 5_c_I I I A S N A I � P K 1 1 1

5-#I,.� S 5_5�_5 I � � I S I A A 0 P I I I A 8

5-HI,,, �_4j S A P 5 0 5_C_S A I 0 I I 9 0 0 5 I S I P

5-HT,_ (j.j S P P A P 8 I I 6 6 5jj C I S 0 V I V S

5-HT� NRI N_4__5 C I C 9 PP 1 C I S I I H I 0 1 -
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5-HI, IA
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5-HI,,,� A I A 0 1 1 N S 0 C I V N I S 0 I S V I I I S I C 8 A F 9 1 P S 210

5-HI,� A I A I I I V S I C 9 V N I S N I I I I V V S I V A V F S F P 1 221

5-HI,� P 1 0 N S 0 P 0 A C I I S I S N - S I I I 1 S 1 F S V F I I P 4 207

5-HI 0 1 5 1 V F V N N I I C V I N 0 P N F V I I C S F V 8 F F I P 4 228

S-HI, 0 0 5 (V F . I I 6 5 C I I ADO N F V I I 0 S F VAF F I CL 247

S-HI, I I I I I I. V I’l I V H*V I 8 1 101 N 0 5 5 8 N I 8 N I S I 0 SQ N S F A . - - 234

S-HI, V I I I I I I C I I I N A A 8 N N I I - N P P 8 1 1 6 1 8 F I I A N I I I - - , C S A C S S I C - - 254

S-HI� I I I I A L 8 6 N 0 1 V I A 8 5 N I I I 0 1 P N N I 6 1 N I I N A A I I I 0 S P 6 S I S S V I . - - 268

S-HI,_ I I. N I V I I 6 N I P N A V N F N I N I I V I I V I K I C A 0 1 N N C A S P A P 0 P K K I V N 6 1 S 257

S-HI,( I I N V I I 1 1 1 1 I 8 V I N N 0 1 I N I I N 6 , H I I I I I A N H a � N F I A 267

S-HI, T I N V I I V F I I I I S I 0 1 I A I I C V S 0 6 S I I A I I A - - S F S F I P 285

S-HI S C I I I 0 1 F C V S S F S I S 0 P 1 1 1 F I I F - - H A S I N I P P 8 8 N 0 L 0 H P 275

S-HI,, S I N S S I V I 6 H I H S A 6 8 P 1 F - - P N H V K I K I 8 0 S A I - - - 286

S-VI,,� , I N S N V P 0 V P S I S - 6 S P V � I - - V 8 0 V I V N V S 5 A I I - - - 299

S-HI,_ 6 5 N N U N I C V I S K A C 6 H I C A N C H V N 0 C 0 0 C A A I E V I I V H I V C N S I I H I. P 1 P 307

S-HI( C C C I I N 6 6 1 1 1 N A P N P N P 8 0 1 P N N I I K I K N P N 6 1 N 0 A I 305
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S-HI,,,, - I (K(LNAANIN(AI I I 16 1 lOAF IVCA 327
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S-HI,� N N I K C A S I V I. V I V F F V N I I N A 326
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Fig. 2. Determination of the equilibrium dissociation constant (l(�) of [3H}
5-HT for the cloned human 5-HT1E receptor. Membranes harvested from
stable transfectants were incubated with nine concentrations of [3H]5-
HT (0.50-1 00 nM), in the absence and presence of 10 �tM 5-HT, for 30
mm at 37#{176},in the dark. Each data point is the mean of triplicate
determinations, and standard deviations averaged <5%. Kd and B�
values were determined by nonlinear regression analysis, and these
values are illustrated in the form of a Scatchard plot (inset).

-LOG (Gpp(NH)pJ (M)
equilibrium dissociation constant (Kd) of [9H}5-HT derived
from nonlinear analysis of saturation studies was 9.7 ± 1.5 nM.

The density of binding sites (Bmax) averaged 2.3 ± 0.4 pmol/mg

of protein. Specific binding was >85% of total binding at the

Kd value. No specific [3H]5HT binding was observed in Un-
transfected host cells. Guanine nucleotide sensitivity of high

affinity E:)H]5HT binding was tested using membranes pre-

pared from stable transfectants. Gpp(NH)p, a nonhydrolyzable
analog of GTP, produced a dose-dependent decrease (IC50 =

2.4 ± 0.5 �zM, ‘max 21 ± 2%) ofhigh affinity [9H]5-HT binding

(Fig. 3).

Pharmacological characterization of clone hp75d was deter-
mined from nonlinear analysis of competition of high affinity

[9H]5-HT binding. Specific [3H}5-HT binding was displaced,

in a monophasic manner, by a collection of structurally diverse

serotonergic ligands (Fig. 4). The rank order ofpotency of these

compounds to displace specific [3H15-HT binding (Table 1)

best matches the binding profile of the pharmacologically de-

fined 5-HTIF binding site (5-HT > methysergide > ergotamine

> sumatriptan > spiperone > 5-CT > ketanserin = zacopride).
The endogenous ligand 5-HT, of all the compounds tested,
displayed the highest affinity at this receptor. With the possible

Fig. 3. Guanine nucleotide sensitivity of [3H]5-HT binding to the cloned
human 5-HT1E receptor. Membranes harvested from stable transfectants
were incubated with 5 nM [3H]5-HT, in the absence and presence of
eight concentrations of Gpp(NH)p, for 30 mm at 37#{176},in the dark.
Unlabeled 5-HT (10 toM) was used to define nonspecific binding. Data
were normalized to 100%, relative to specific [3H]5-HT binding obtained
with 100 �oM Gpp(NH)p. Each data point is the mean of triplicate deter-
minations, and standard deviations averaged <5%.

exception of three ergot alkaloids, lysergol, ergonovine, and

methylergonovine (K, = 43-89 nM), all other drugs exhibited

low affinity (K, > 120 nM) (Table 1). Serotonergic compounds

that exhibit subtype selectivity and low affinity for clone hp75d

include sumatriptan (5-HT31)), DPAT (5-HT1A), spiperone (5-

HT1A and 5-HT2), ketanserin (5-HT2), and zacopride (5HT:8).
A high correlation coefficient (r = 0.85) was calculated between

the binding affinities (p1<1 values) of ligands at the pharmaco-

logically defined 5-HTIE binding site (15) and clone hp75d (Fig.

5). Lower correlation coefficients were obtained with the other

cloned and pharmacologically defined 5-HT1 subtypes (r <

0.50; data not shown).

The functional coupling of clone hp75d to adenylate cyclase

was tested in intact cells stably expressing the 5-HTIE receptor

182 Zgombick et a!.
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Fig. 1. Comparison of the 5-HT1E receptor deduced amino acid se-
quences with those of other serotonin receptors. Solid bars, the seven
putative membrane-spanning domains (TM 1-VIl). Shading, homologies
between the 5-HTlD� receptor and other receptors. In the amino-terminal
region, consensus sequences for N-linked glycosylation sites are under-
lined.
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-LOG (COMPETiTOR) (M)

5 6 7 8

pKi, 5-HTIE Clone

9

#{149}1.00(5..H77 (M,�

gene. 5-HT produced a dose-dependent (EC50 = 20 ± 8 nM)

inhibition (Emax 30 ± 3%) of forskolin-stimulated cAMP

accumulation (Fig. 6). This response was significantly dimin-

ished by the nonselective antagonist methiothepin (Fig. 6,

inset). The failure of methiothepin to antagonize completely
the 5-HT response can be attributed to both its low affinity (K,
= 194 nM) (Table 1) and the equiactive concentration of

methiothepin used (1 � 5 X K,) to block the 5-HT response

(100 nM, 5 X EC50). A saturating concentration of methiothepin

(i.e., 10 �M, 50 x K,) would be required for complete antagonism
of this inhibitory response. 5-HT did not stimulate adenylate

cyclase or phospholipase C in transfected cells. No functional

5-HT responses were observed in untransfected cells (data not

shown).

Fig. 4. Determination of affinity constants of serotonergic ligands for the
cloned human 5-HT1E receptor. Membranes harvested from stable trans-
fectants were incubated with 5 n� [3H15-HT, in the absence and presence
of unlabeled competitor, for 30 mm at 37#{176},in the dark. Unlabeled 5-HT
(10 �sM) was used to define nonspecific binding. Each data point is the
mean of triplicate determinations, and standard deviations averaged
<5%. S, 5-HT; #{149},lysergol; U, methiothepin; 0, ergotamine; & sumatrip-
tan; 0, 5-CT.

TABLE I

Apparent dissociation constants (K, values) and Hill coefficients
(flH) of serotonergic ligands for the cloned human 5-HTIE receptor
Membranes were incubated with 5 n� (3H15-HT in the presence of 12 concentra-
tions of unlabeled competitors for 30 mm at 37#{176}.Nonspecific binding was defined
with 10 sM unlabeled 5-HT. Affinity constants (K values) were determined from
Ic� values by computer-assisted nonlinear curve analysis, using the cheng-Pwsoff
equation (25). K, values and Hill coefficients are expressed as mean values ±
standard errors from three to seven determinations.

compound K Hillcoefficient

flM

5-HT 1 1 ± 1 0.92 ± 0.01
Lysergol 43 ± 5 0.92 ± 0.13
Ergonovine 88 ± 8 0.87 ± 0.05
Methylergonovine 89 ± 4 0.92 ± 0.04
a-Me-5-HT 121 ± 13 0.84 ± 0.04
Methiothepin 194 ± 4 0.87 ± 0.03
1-Naphthylpiperazine 207 ± 69 1 .1 1 ± 0.08
Methysergide 228 ± 1 6 0.91 ± 0.07
Oxymetazoline 41 9 ± 49 0.80 ± 0.08
5-MeO-DMT 528 ± 32 1 .05 ± 0.10
Ergotamine 599 ± 39 1 .02 ± 0.04
2-Me-5-HT 817 ± 203 0.86 ± 0.06
Yohimbine 1270 ± 233 0.93 ± 0.11
Sumatnptan 2520 ± 135 0.92 ± 0.02
Tryptamine 2559 ± 827 1 .19 ± 0.18
DOI 2970 ± 592 0.89 ± 0.06
5-Me-OT 31 51 ± 1041 1 .02 ± 0.06
DPAT 3333±310 0.99 ±0.11
Rauwolscine 3434 ± 102 0.85 ± 0.03
Spiperone 5051 ± 689 0.93 ± 0.04
TFMPP 6293 ± 259 0.90 ± 0.07
5-CT 7875 ± 284 0.82 ± 0.03
Ketanserin >10,000 NIY
Pindolol >1 0,000 ND
Zacopnde >1 0,000 ND
LY-1 651 63 (PAPP) >1 0,000 ND
DP-5-CT >10,000 ND

a ND, not determined.

l:.0

�#{149} ?�

Fig. 5. Correlations between affinity constants (pK values) of serotoner-
gic ligands for the cloned human 5-HT1E receptor and for the pharma-
cologically defined 5-HT1E binding site. Values correspond to compounds
listed in Table 1 . Affinity constants of the same compounds at the
pharmacologically defined 5-HT1E binding site were taken from Leonhardt
et a!. (1 5). The correlation coefficient (r) is shown.

Fig. 6. Concentration-response curve for the inhibition of forskolin-
stimulated cAMP production by 5-HT and antagonism of the 5-HT
response by the nonselective 5-HT1 antagonist methiothepin (inset) in

stable transfectants expressing the cloned human 5-HT1E receptor. For-
skolin (10 �M)stimuIated cAMP 3-5-fold over basallevels. Concentration-
response curve data were normalized to 100%, relative to forskolin-
stimulated values in the absence of agonist. Inset, data were normalized
to 100%, relative to the response obtained with 100 nM 5-HT (0).
Methiothepin (1 �zM) (�) had no effect on either basal or forskolin-
stimulated cAMP levels in these cells. Data represent mean values ±

standard error from triplicate determinations from a representative ex-
periment. The experiment was replicated an additional two times, with
similar results.
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Discussion

The deduced amino acid sequence of the 5-HTIE receptor

was analyzed to uncover relationships between it and other

cloned serotonin receptor sequences. The sequence within the

membrane-spanning domains was most closely related to that

of the two 5-HTII) receptor subtypes (64%), 5-HT11),, and 5-

HTIL),l (14). Closely related members of a “subfamily” of sero-

tonin receptors (i.e., “subtypes”) generally share a common

transmitter, display similar pharmacological profiles, and acti-

vate similar effector systems (for example, 5-HT2 and 5-HT1�

or 5-HT11),, and 5-HT11)1). Such subtypes display an amino acid

identity of -75-80% in their TM domains. Serotonin receptors

that are not members of the same subfamily but are members

of the serotonin “family” (in which the receptors use the same

neurotransmitter, i.e., 5-HT2 and 5-HTOD,) generally exhibit

much lower TM homology (�-45%). Such TM amino acid ho-

mologies, therefore, can give insight into the relationship be-

tween receptors and can be used as predictors of receptor
pharmacology. Based upon these molecular analyses, the 5-

HTIE receptor may be viewed as a more distantly related
member of the 5-HTOI) subfamily.

The pharmacological binding profile (Table 1) obtained with

clone hp75d best matches the binding properties of the phar-

macologically defined 5-HTIE binding site (15). The high affin-

ity of [3H]5-HT for clone hp75d (Fig. 2) is a pharmacological
property common to 5-HT1 subtypes (1). The natural ligand 5-

HT exhibited the highest affinity (K, = 10 nM) for the cloned

receptor (Table 1). The low affinity of a collection of structur-

ally diverse serotonergic compounds for clone hp75d (Table 1)

is consistent with a previous report on the pharmacology of the

5-HTIE site (15). The lack of high affinity ligands is unique to

the 5-HTOE receptor and contrasts with the pharmacological

profiles observed with other serotonergic receptors. Compounds

that effectively discriminate (100-1000-fold selectivity) be-

tween 5-HTOI) receptors and the 5-HTOE site are ergotamine

and the 5-HT analogs 5-CT and sumatriptan (14-17) (Table
1). These three ligands exhibited very low affinity (>600 nM)

for clone hp75d. In contrast, these compounds displayed high

affinity (K, < 10 nM) for the cloned human 5-HTOD subtypes

(14). The binding properties of clone hp75d support the molec-

ular biological evidence, suggesting that this human clone rep-

resents a 5-HTIE receptor, rather than another 5-HTID subtype.

The signal transduction pathway(s) activated by the endog-
enous 5-HTIE receptor in vivo is not presently known; investi-

gation is hampered by the lack of selective ligands and of a

model system expressing only this receptor. In the present

study, the cloned human 5-HTOE receptor stably expressed in

Y-1 cells coupled to the inhibition of adenylate cyclase (Fig. 6),

congruent with the functional response observed with the trans-

fected 531 gene in murine fibroblasts (18). This second mes-

senger coupling is consistent with responses obtained with the

other cloned 5-HT1 receptors, including the 5-HT1A receptor
(26), the 5-HTIH receptor (12), and two 5-HTID subtypes (14).

These cloned 5-HT1 receptors inhibited forskolin-stimulated

cAMP accumulation in intact cells transfected with the appro-

priate gene, mimicking their accepted functional responses in

model tissue preparations (27-29). The modest inhibition elic-

ited by clone hp75d (Emax 35%) (Fig. 6) may reflect a less

efficacious coupling between receptor and the native G protein

a1 subunit(s) present in Y-1 cell membranes. A similar response

was also obtained in a LM(tk) cell line stably expressing the

5-HT1E receptor gene (data not shown). Further studies are

required to establish the signal transduction mechanism(s)

activated by the 5-HT1E receptor in vivo.

The pharmacologically defined 5-HT1E binding site (15) may

still represent a heterogeneous population of 5-HT1 sites. A 5-

HT1-like receptor has been described in several isolated tissue

preparations (30-32). The pharmacological properties of the 5-

HT1-like receptor(s) mediating these functional responses are
similar, but not identical, to the 5-HT1D receptors. Diversity of

the 5-HT1 receptor subfamily is also suggested, based upon

recent radioligand binding studies (33, 34). The current recep-

tor classification scheme cannot adequately describe this 5-

HT1-like receptor, even when the 5-HTOE receptor is included

in these analyses. These data are suggestive of additional

heterogeneity of the 5-HT3 receptors. The identification of

additional 5-HT1 receptors by molecular cloning techniques
will be instrumental in the resolution of this question.
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