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ABSTRACT Thyrotropin-releasing hormone (TRH) is an
important extracellular regulatory molecule that functions as a
releasing factor in the anterior pituitary gland and as a
neurotransmitter/neuromodulator in the central and periph-
eral nervous systems. Binding sites for TRH are present in
these tissues, but the TRH receptor (TRH-R) has not been
purified from any source. Using Xenopus laevis oocytes in an
expression cloning strategy, we have isolated a cDNA clone that
encodes the mouse pituitary TRH-R. This conclusion is based
on the following evidence. Injection of sense RNA transcribed
in vitro from this cDNA into Xenopus oocytes leads to expres-
sion of cell-surface receptors that bind TRH and the compet-
itive antagonist chlordiazepoxide with appropriate affinities
and that elicit electrophysiological responses to TRH with the
appropriate concentration dependency. Antisense RNA inhib-
its the TRH response in Xenopus oocytes ijected with RNA
isolated from normal rat anterior pituitary glands. Finally,
transfection of COS-1 cells with this cDNA leads to expression
of receptors that-bind TRH and chlordiazepoxide with appro-
priate affinities and that transduce TRH stimulation of inositol
phosphate formation. The 3.8-kilobase mouse TRH-R cDNA
encodes a protein of 393 amino acids that shows similarities to
other guanine nucleotide-binding regulatory protein-coupled
receptors.

Thyrotropin-releasing hormone (TRH), which was initially
isolated from the hypothalamus and thought to function
solely as a releasing factor for the anterior pituitary gland, has
been shown to be distributed widely throughout the central
and peripheral nervous systems as well as in extraneural
tissues (1, 2). TRH receptors (TRH-R) are present in the
pituitary (3) and brain (4). Binding sites for TRH, which
probably represent receptors that serve as transmembrane
signaling proteins, have also been found in other tissues.
Pharmacological evidence suggests that the pituitary and
brain receptors are similar but that they exhibit different
isoelectric points (5). The question of whether there are
TRH-R subtypes, as is the case for other guanine nucleotide-
binding regulatory protein (G protein)-coupled receptors (6),
remains open.
Transmembrane signaling by the pituitary TRH-R has been

studied intensively, and it has been shown that TRH acts via
the inositol phospholipid-calcium-protein kinase C transduc-
tion pathway (7). Indirect evidence (8, 9) is consistent with
the hypothesis that a G protein couples the TRH-R to a
phospholipase C that hydrolyzes phosphatidylinositol 4,5-
bisphosphate. Therefore, it has been assumed that the
TRH-R is a member of the large family of G protein-coupled
receptors. However, attempts to purify the TRH-R protein
by conventional biochemical techniques have not been suc-
cessful (10, 11). To study in detail the molecular mechanisms

of TRH-R signaling, the regulation of TRH-R number and
mRNA levels under different physiological conditions, and
whether different subtypes exist for the TRH-R, we isolated
a cDNA encoding the mouse pituitary TRH-R. In this report
we describe the isolation and sequence$ of this cDNA and
present ligand binding and response characteristics of the
receptor expressed in Xenopus oocytes and in transfected
mammalian cells that show that it encodes the pituitary
TRH-R.

MATERIALS AND METHODS
Expression Cloning of the Mouse TRH-R cDNA. A direc-

tional, size-selected cDNA library was constructed by using
our previously reported method (12). Poly(A)+ RNA was
isolated from a mouse pituitary thyrotropic TtT tumor (13) and
fractionated on a sucrose gradient. The fraction that gave the
highest specific TRH-R mRNA activity when injected into
stage 5 or 6 Xenopus laevis oocytes (14, 15) was used for
preparative cDNA synthesis. To find an enzyme that would
generate the highest yield of long cDNAs, we compared seven
lots of murine leukemia virus reverse transcriptase from four
manufacturers using as test templates RNA fractions from the
sucrose gradient adjacent to the one with the highest specific
TRH-R mRNA activity. cDNAs of between 3 and 5 kilobases
(kb) were purified by agarose gel electrophoresis and electro-
elution. The size-selected cDNAs were ligated directionally
into AZAP (Stratagene) such that transcription using T7 RNA
polymerase would yield sense RNA. A library of 1.2 x 106
clones was constructed that was >95% recombinant. The
primary library was immediately divided and amplified indi-
vidually in 60 sublibraries of approximately 20,000 clones
each. Phage A DNA was prepared by the cetylmethylammo-
nium bromide DNA precipitation method (16). The DNA was
digested with Not I, proteinase K-treated, extracted, and
precipitated. In vitro transcription of sense RNA was carried
out by a modification of the procedure used in cloning the
serotonin type 1c receptor (17). Transcripts from 20 pools of
20,000 clones each were injected individually into Xenopus
oocytes (18). Two or 3 days later the oocytes were placed
under voltage clamp, and 1 uM TRH was administered in the
bath. One pool gave a clear TRH-evoked current response in
the oocyte, while the other 19 pools were negative. The
positive pool of20,000 clones was reduced by division to pools
of 2000, 200, 30, 10, and finally a single "positive" clone was
isolated that contained a 3.8-kb insert.

Abbreviations: TRH, thyrotropin-releasing hormone; TRH-R, TRH
receptor; G protein, guanine nucleotide-binding regulatory protein.
tPresent address: Molecular Genetics Laboratory, College of Phy-
sicians and Surgeons at Columbia University, Box 58, 722 West
168th St., New York, NY 10032.
§To whom reprint requests should be addressed at: Room A328,
Cornell University Medical College, 1300 York Ave., New York,
NY 10021.
9The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M37490).
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DNA Sequencing. The plasmid Bluescript (pBSmTRHR)
was excision-rescued from the TRH-R AZAP clone by coin-
fection with helper phage R408. Restriction fragments of the
cDNA were subcloned into M13mpl9 and sequenced by the
dideoxy chain-termination method of Sanger et al. (19).

Expression and Phanmacological Characterization in Oocytes.
Xenopus oocytes were injected with 5 ng of sense RNA
transcripts and were assayed for specific binding ofTRH and
electrophysiological responses to TRH. Binding to intact
oocytes was performed as described (20) with 2 nM [3H]meth-
ylTRH as the labeled ligand and unlabeled TRH and chlor-
diazepoxide as competitive inhibitors. In separate experi-
ments, the electrophysiological response to TRH was mea-
sured.

Antisense Inhibition of the Oocyte TRH Response. For use
in inhibition-of-expression experiments, a 1.8-kb Bgl II/
HindIII fragment was subcloned into the BamHI site of
pBluescript. After linearization with Sac II, antisense RNA
was transcribed by using T7 RNA polymerase. Antisense
RNA (5 ng) was mixed with total RNA (300 ng) isolated from
normal rat anterior pituitary glands and kept on ice for 1 hr
prior to injection into oocytes (21). Responses to TRH and
carbachol were assayed 48-72 hr after injection.

Expression in COS-1 Cells. The entire TRH-R cDNA con-
tained in a Not I/HindIII fragment was cloned directionally
into the eukaryotic expression vector pCDM8 (22) (pCDM8m-
TRHR), and COS-1 cells were transfected by using the DEAE
dextran method (23). After 48-72 hr, the cells were assayed for
[3H]methylTRH binding and TRH-stimulated inositol phos-
phate formation (24).

RESULTS AND DISCUSSION
Expression Cloning. Poly(A)+ RNA isolated from a mouse

pituitary thyrotropic (TtT) tumor was size-fractionated, and
the fractions were assayed for mRNA activity for the TRH-R
in Xenopus oocytes. A typical response evoked by a maxi-
mally effective dose of TRH (1 ,.M) in voltage-clamped
oocytes after injection of 20 ng of size-fractionated TtT
poly(A)+ RNA is illustrated in Fig. 1, left trace. A directional
cDNA library of 1.2 x 106 clones was constructed in AZAP
by using response-selected RNA. RNA transcribed in vitro
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FIG. 1. Electrophysiological responses to TRH in Xenopus
oocytes injected 48 hr previously with 20 ng of sucrose gradient
fractionated TtT poly(A)' RNA (left trace), 2 ng ofRNA transcribed
in vitro from the TRH-R cDNA (pBSmTRHR) (center trace), or 20
ng of RNA transcribed from a different clone from the same cDNA
library (right trace).

from a single clone isolated by serial division of this library
conferred responsiveness to TRH (Fig. 1, center trace).
Responses can be obtained by injection of as little as 1 pg of
RNA transcripts. RNA transcribed from any other individual
clone isolated from the same library did not confer TRH
responsiveness (e.g., Fig. 1, right trace).
Expression and Pharmacological Characterization in

Oocytes. Analysis of the ligand binding and dose-response
characteristics of the receptor expressed in oocytes after
injection of RNA transcribed in vitro from pBSmTRHR
demonstrated that this cDNA encodes a functional TRH-R.
Inhibition of the binding of [3H]methylTRH, an analog with
10-fold higher affinity than TRH for the pituitary TRH-R (25),
by TRH and by chlordiazepoxide, a competitive antagonist of
TRH binding in the pituitary (26), is illustrated in Fig. 2
Upper. The apparent inhibition constants (Ki) for TRH and
chlordiazepoxide were calculated to be approximately 30 nM
and 3 /iM, respectively, values close to those obtained for
TRH receptors in GH3 pituitary cells (26).
The concentration dependency of the TRH-induced oocyte

electrophysiological response is shown in Fig. 2 Lower. As
little as 1 nM TRH evoked a response, 10 nM TRH evoked
half-maximal responses and 100 nM TRH evoked the maxi-
mal response. This dose dependency is the same as that
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FIG. 2. Expression of TRH-Rs in Xenopus oocytes injected with
RNA transcribed in vitro from the plasmid containing the TRH-R
cDNA (pBSmTRHR). (Upper) TRH (m) and chlordiazepoxide (CDE)
(v) competition for the binding of [3H]methylTRH to oocytes ex-
pressing TRH-Rs 3 days after injection of 5 ng of in vitro transcribed
RNA. Results are presented as means + SEM of duplicate deter-
minations in two experiments. In Upper, only half of the error bars
are shown; the error for 1000 nM TRH (not shown) is + 10. (Lower)
Concentration-response relationship of oocytes 3 days after injec-
tion of 5 ng of in vitro transcribed RNA. Results are presented from
two experiments with n - 6.
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observed in GH3 cells when rapid effects of TRH, such as
generation of inositol 1,4,5-trisphosphate or elevation of
cytoplasmic calcium, were measured (9, 27).

Antisense RNA Inhibition of the Oocyte TRH Response. To
ascertain if the cloned mouse TRH-R sequence is similar to
endogenous rat pituitary TRH-R mRNA, we determined
whether antisense RNA transcribed in vitro from a portion of
the TRH-R cDNA in pBluescript (pBSmTRHR1.8) would
inhibit TRH-R expression in oocytes injected with RNA
isolated from normal rat anterior pituitary glands. Injection of
RNA isolated from normal rat pituitaries led to acquisition of
responses to TRH and carbachol, a muscarinic agonist (Fig.
3 Upper, left trace); there were no intrinsic responses to TRH
or carbachol in uninjected collagenase-treated oocytes. In
Fig. 3 Upper, right trace, are responses from an oocyte
injected with RNA from normal rat pituitaries that had been
incubated with antisense TRH-R RNA. The TRH response in
the oocyte was abolished, but the carbachol response was
unaffected. As shown in the compilation of data in Fig. 3
Lower, when antisense RNA was allowed to hybridize to rat
pituitary RNA prior to injection, the response to TRH was
inhibited by 87%, whereas the response to carbachol was not
significantly inhibited.

Expression in COS-1 Cells. To examine both ligand binding
and response characteristics of the cloned receptor in a
mammalian system, we transfected COS-1 cells transiently
with the TRH-R cDNA subcloned into the eukaryotic expres-
sion vector pCDM8 that contains the cytomegalovirus pro-
moter (22) (pCDM8mTRHR). No specific binding or TRH-
stimulated inositol phosphate formation was detectable in
untransfected COS-1 cells or cells transfected with pCDM8
alone (data not shown). [3H]methylTRH binding and dis-
placement by TRH and chlordiazepoxide were measured
(Fig. 4 Upper). The Ki values for TRH (10 nM) and for
chlordiazepoxide (20 ,uM) agree with those found in both
oocytes injected with RNA transcribed in vitro from

pBSmTRHR (Fig. 2 Upper) and in GH3 cells (26). TRH-
stimulated inositol phosphate formation is shown in Fig. 4
Lower. TRH exhibited an EC50 of approximately 10 nM,
which is similar to the EC50 found in oocytes injected with
RNA transcribed in vitro from pBSmTRHR (Fig. 2 Lower)
and in GH3 cells (9, 27).
Primary Structure of the TRH-R. The nucleotide sequence

and complete deduced amino acid sequence of the mouse
TRH-R are shown in Fig. 5. The AZAP clone isolated con-
tained a cDNA insert of approximately 3.8 kb, and we se-
quenced both strands ofthe 5'-most 1752 bp. The open reading
frame of 1179 bp from nucleotides 259 to 1437 encodes a
protein of 393 amino acids with a predicted molecular weight
of44.5 kDa. Hydropathy analysis using the Kyte and Doolittle
(28) and Eisenberg (29) algorithms predicts seven transmem-
brane domains, in agreement with the topology proposed for
other G protein-coupled receptors (6). Two potential N-linked
glycosylation sites with the Asn-Xaa-(Thr or Ser) consensus
sequence are present in the N terminus at positions 3 and 10.
Two cysteines homologous to those in the 82 receptor that
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FIG. 3. Effect of antisense TRH-R RNA on the acquired TRH
and carbachol responses in Xenopus oocytes. Antisense RNA (5 ng)
transcribed in vitro from pBluescript containing a portion of the
TRH-R cDNA (pBSmTRHR1.8) was incubated for 1 hr with 300 ng
of RNA isolated from normal rat pituitary glands. The mixture was

injected into oocytes, and electrophysiological responses to 1 ,uM
TRH were assayed 3 days later. (Upper) Representative responses
in the absence (left trace) or presence (right trace) of antisense
TRH-R RNA. (Lower) Antisense inhibition of the TRH response but
not the carbachol response. Results are presented from two similar
experiments with n 6.
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FIG. 4. Expression of TRH-Rs in COS-1 cells transfected with
pCDM8mTRHR. COS-1 cells were transfected with the TRH-R
cDNA in the mammalian expression vector pCDM8 (pCDM8m-
TRHR) and assayed for binding and responses 48 hr later. (Upper)
TRH (i) and chlordiazepoxide (CDE) (v) competition for the binding
of [3H]methylTRH. COS-1 cells transfected with pCDM8mTRHR
were assayed for the binding of [3H]methylTRH in the presence of
increasing amounts of either unlabeled TRH or chlordiazepoxide.
Results are presented as means ± range of data (only half of range
shown) from duplicate determinations in one of two similar experi-
ments. (Lower) Stimulation of inositol phosphate formation by TRH.
COS-1 cells transfected with pCDM8mTRHR were labeled with
myo-[3H]inositol for 48 hr, washed, and tested for dose-dependent
stimulation of inositol phosphate production by TRH. Results are
presented as means ± SD of triplicate determinations from one of
two similar experiments.
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1 GAATTCCGGAGGGTTTAGAGGAACTGCCGCTCTGAAGACTGAGCCTCTGCTAAGTGATCTTCCTGCCAGACAGACTGGACAAGATTTCTTCTGCAG
97 GATTGGAAACTTGGACCTATTAGCACTTCATCTACCAGAGAAACAGGCAGCGTGACAGAGTGAAGAGGGGAAAGAACTACTGCAAAAACAAACAGACAGAAAGGTGAAGGCTGGAAAGA

216 TGTTTTAGAGTCCCCGTGTCAGAGAAGCTTCAAGCCACTGAAG ATG GAG AAT GAT ACT GTC AGT GAA ATG AAC CAA ACC GAG CTC CAG CCA CAA GCA GCT
1 Met Glu Asn Asp Thr Vat Ser Glu Met Asn Gtn Thr Glu Leu Gtn Pro Gln Ala Ala

316 GTG GCC CTC GAG TAC CAG GTG GTT ACC ATC TTA CTT GTG GTC ATT ATT TGT GGA CTG GGC ATT GTG GGC AAC ATC ATG GTA GTC CTG GTG
20 Vat Ala Leu Gtu Tyr Gin Vat Vat Thr Ile Leu Leu Vat Vat Ite Ite Cys Gly Leu GLy Ile Vat Gty Asn lle Met Vat Vat Leu Vat

406 GTC ATG AGA ACA MG CAC ATG AGA ACC CCT ACA MC TGT TAC CTG GTA AGT CTG GCT GTG GCA GAT CTC ATG GTT CTG GTG GCT GCA GGA
50 Vat Met Arg Thr Lys His Met Arg Thr Pro Thr Asn Cys Tyr Leu Vat Ser Leu Ala Vat Ata Asp Leu Met Vat Leu Vat Ala Ala Gty

496 CTC CCC MC ATA ACC GAC AGT ATC TAT GGT TCC TGG GTC TAT GGC TAT GTT GGC TGC CTC TGC ATT ACA TAT CTC CAG TAC CTA GGC ATT
80 Leu Pro Asn Ite Thr Asp Ser Ile Tyr Gty Ser Trp Vat Tyr Gty Tyr Vat Gly Cys Leu Cys lte Thr Tyr Leu Gtn Tyr Leu Gly lie

586 MT GCA TCT TCA TGT TCA ATA ACG GCC TTT ACC ATT GM AGG TAC ATA GCA ATC TGT CAC CCC ATC AM GCC CAG TTT CTC TGC ACG TTT
110 Asn Ala Ser Ser Cys Ser Ite Thr Ala Phe Thr lte Gtu Arg Tyr lte Ala lte Cys His Pro lte Lys ALa Gtn Phe Leu Cys Thr Phe

676 TCC AGA GCC AAA AAA ATC ATC ATC TTT GTC TGG GCC TTC ACA TCC ATT TAC TGT ATG CTC TGG TTC TTC CTG CTG GAT CTC MC ATC AGC
140 Ser Arg Ata Lys Lys lie lIe lIte Phe Vat Trp Ata Phe Thr Ser Ile Tyr Cys Met Leu Trp Phe Phe Leu Leu Asp Leu Asn ILe Ser

766 ACC TAC AAA AAC GCT GTT GTG GTT TCC TGT GGC TAC MG ATC TCC AGG MC TAC TAC TCA CCT ATT TAC CTA ATG GAC TTT GGT GTC TTT
170 Thr Tyr Lys Asn Ala Vat Vat Vat Ser Cys Gly Tyr Lys lie Ser Arg Asn Tyr Tyr Ser Pro lte Tyr Leu Met Asp Phe GLy Vat Phe

856 TAT GTT GTG CCA ATG ATC CTG GCC ACT GTG CTT TAT GGA TTT ATA GCT AGA ATC CTC TTC TTA MC CCC ATT CCT TCA GAC CCT AM GAA
200 Tyr Vat Vat Pro Met Ite Leu Ala Thr Vat Leu Tyr Gly Phe Ite Ala Arg lie Leu Phe Leu Asn Pro lIe Pro Ser Asp Pro Lys Gtu

946 AAC TCT MG ATG TGG AM MT GAC TCA ATC CAT CAG MC MG MT TTG MT TTA AAT GCC ACC MC AGA TGC TTC MC AGC ACT GTA TCT
230 Asn Ser Lys Met Trp Lys Asn Asp Ser lIe His Gtn Asn Lys Asn Leu Asn Leu Asn ALa Thr Asn Arg Cys Phe Asn Ser Thr Vat Ser

1036 TCC AGG MG CAG GTC ACC MG ATG CTC GCA GTG GTT GTA ATT CTG TTT GCC CTT TTA TGG ATG CCC TAC AGG ACT CTT GTG GTT GTC MC
260 Ser Arg Lys Gtn Vat Thr Lys Met Leu Ata Vat Vat Vat lie Leu Phe Ala Leu Leu Trp Met Pro Tyr Arg Thr Leu Vat Vat Vat Asn

1126 TCA TTT CTC TCC AGC CCT TTC CAG GM MT TGG TTC TTG CTC TTT TGC AGA ATT TGC ATT TAT CTC MC AGT GCC ATC MC CCA GTG ATT
290 Ser Phe Leu Ser Ser Pro Phe Gtn GLu Asn Trp Phe Leu Leu Phe Cys Arg lIe Cys Ile Tyr Leu Asn Ser Ala lie Asn Pro Vat lie

1216 TAC MC CTC ATG TCT CAG AM TTT CGT GCA GCC TTC AGG MG CTC TGC MT TGC MG CAG MG CCC ACA GM AM GCT GCT MC TAC AGT
320 Tyr Asn Leu Met Ser Gtn Lys Phe Arg Ala Ala Phe Arg Lys Leu Cys Asn Cys Lys Gin Lys Pro Thr Glu Lys Ala Ala Asn Tyr Ser

1306 GTG GCC CTA MT TAC AGT GTC ATC MG GAG TCA GAC CGC TTC AGC ACA GAG CTA GAA GAT ATC ACC GTC ACC GAT ACG TAT GTG TCA ACC
350 Vat Ala Leu Asn Tyr Ser Vat Ile Lys Glu Ser Asp Arg Phe Ser Thr Glu Leu Glu Asp Ile Thr Vat Thr Asp Thr Tyr Vat Ser Thr

1396 ACA AM GTG TCC TTT GAT GAC ACC TGC TTG GCC TCT GAG MC TM AGMGGCCATAMGMCCCTATMTGTTCTTCATGTATATTTATTTCATMTTATGATC
380 Thr Lys Vat Ser Phe Asp Asp Thr Cys Leu Ala Ser Gtu Asn ***

1500 TCAMTMTTCAGCMCAGATGTCTTCAGGCMGTTACATACTGGGAAGCAGTTCACTATTMGATTTTCAGCMCTTACGGACTACATCMGTGACMGTTTMCCTATGGTGTGCTT
1619 MTTCMAACTCAMTMTCTTCTTTGACMGAGTGATCATGGATMAAATGGACTCAGTTCTTGTGCATATAGCTTTTCTTTGACTGCCACAMGAGCGMATATGMCTTCTTCMG
1738 MCATCTTGMCTGG ----- 3'

FIG. 5. Nucleotide and deduced amino acid sequences of the mouse TRH-R cDNA.

have been proposed to engage in a disulfide bond (30) are acylated by palmitic acid in the P2 receptor (32). Fifteen of the
present in extracellular loops 1 (Cys-98) and 2 (Cys-179). last 52 amino acids are either serine or threonine, potential
These residues also may form a disulfide bond in the TRH-R sites for regulatory phosphorylation (6). Candidates for phos-
because it has been shown that TRH binding is markedly phorylation by protein kinase C (33) include three residues in
reduced when disulfide bonds are disrupted (31). A cysteine intracellular loop 3 (Thr-250, Ser-259, and Ser-260) and four in
present in the C terminus close to transmembrane domain the C terminus (Ser-324, Thr-342, Ser-360, and Thr-379). The
M-VII (Cys-335) is homologous to the cysteine that may be third intracellular loop has been shown to be important in

M-I M-II M-III
* * * *---.-**-** *-**--** - *-

M TRH-R ME NDTVSEM NOTELO PQMVALEYQVVT ILLWIVICGLG IVGNIMVVLVVMRTKHMRTPT NCYLVSLAVADLMVLVAAGLPNITDSIYGS WVYGYVG CLCITYLQYLGINASSCSITAFTI
R SPR MDMVLPMDSDLFP NIST NTSESMQFVQPTWQI VLWMAYTVIVVTSW GMVVVIWIILAHKRMRTVT NYFLVMLAFAEACMMFMTVVNFTYAVHNV WYYGLFY CKFHNFFPIMLFASIYSMTAVAF
0 RHOD MVESTTLV NQTWUY NPTVDIH PHWACKFDPIPDA VYYSVGIFIGWGIIGILGNGWIYLFSKTKSLQ TPANMFI INLAMSDLSFSAINGFPLKTISAFMKK WIFGKVA CGLYGLLGGIFGFMSINTMAMISI
R 5HT2 MEILCED NISLSSIPNSLMQLGDG PRLYHNDFN 43 EKNWSALLTTWI ILTI AGNILVIMAVSLEKKLQNAT NYFLMSLAIADMLLGFLVMPVSMLTILYGYR WPLPSKL CAIWIYLDVLFSTASIMHLCAISL
T BAR MGDGWLPPDCGPH NRSGGGGA TM PTGSRQVSA 3 QWEAGMSLLMALWLL IVAGNVLVIAAIGRTQRLQTLT NLFITSLACADLVMGLLVVPFGATLVVRGT WLWGSFL CEDWTSLDVLCVTASIETLCVIAI
D RDC8 MSTMGSW VYITVELAIVLA IL GNVLVCWAVWLNSNLQNVT NYFWSLAMDIAVGVLAIPFAITISTGFCMCHNCLFFACFVLVLTQSSIF SLLA IAI
R D2 MDPLNLSWYDDDLERQNWSRPF NGSEGKADR PHYNYY AMILTLLIFI IVFGNVLVCMAVSREKALQTTT NYLIVSLAVADLLVATLVMPWVVYLEVVGE UKFSRIH CDIFVTLDVMMCTASILNLCAISI
R M5 MEGESY NESTV NGT PVNHQALERHGLUE VITIAVVTAVVSLMTIV GNVLVMISF KVNS QLKTVNNYYLLSLACADLIIGIFSMNLYTTYILMGR WVLGSLA CDLWLALDYVASNASVMNLLVISF

M-IV M-V
* -*~--*- * **- *--- -

M TRH-R ERYIAICHPIKAQFLCTFSRAKKI I IFV WAFTSIYCM LWFFLLDLNISTYKNAVVVSCGYKISRNYYSPIYL MDFGVFYVVPMILATVLYGFIARILFLNPIPSDPKENSKMKWNDSSIHQNKNLNLNATNRCFNSTVSSRKQVTK
R SPR DRYMAI INPLQPRLSATATK WI FVIUVLALLLAF PQGYYS TTETMPSRWICMIEUPEHPMRTYEKAYHICVTVLIYFL PLLVIAYAYTWGITLUASE IPGDSSD RYHEQVSAKRKVVKM
0 RHOD DRYNVIGRPMMSKKMSHRRAFLMIIFV WMWSIVWSVGPVFNWGAYVPEGILTS CSFDYLSTDPSTRSFILCMY FCGFML PIIIIAFCYFNIVMSVSNHEKEMMAAK RLNAKELRKAQAGASAEMKLAK
R 5HT2 DRYVAIONPI HHSRFNSRTKAFLKI IAV UTISVGISM PIPVFGL QDDSKVFKEGSCLLADDN FVL IGSFVAFFI PLTIMVITYFLTIKSLQKEATLCVSDLS 24 KLFQRSI HREPGSYAGRKTMQSISNEQKACKV
TBAR DRYLAITSPFRYQSLMT RARAKVIICTVWAISALVSFLPIMMHW RDEDPQALK CYQDPGCCDFVTNR AYAIASSIIS FYI PLLIMIFVYLRVYREAKEQIRKIDRCEG 15 LPQHQPILGNGRASKRKTSRVAMREHKALK
D RDC8 DRYIAIRIPLRYNGLVTGTRAK GI IAVCWVLSFAIGLTPMLGWNNCSQPKEGRNYSQGCGEGQVACLFEDWPMNYMVYYNFFAFVLVPLLLMLGVYLRI FLMRRQLKQMESQP LPGERARSTLQKEVHMKS
R D2 DRYTAVAMPMLYNTRYSSKRRVTVMIAIVWVLSFTISC PLLFGL NNTDQNECI IAN PAFVVYSSIVSFYV PFIVTLLVYIKIYIVLRKRRKRVNTKR 86 EIQTMPNGKTRTSLKTMSRRKLSQQKEKKATQ
R M5 DRYFSITRPLTYRAKRTPKRAG IMIGLAWLVSFI LUA PAILCUQYLV GKRTVPPDECQIQFLSEPTIT FGTAIAAFYI PVSVMTI LYCRIYRETEKRTKDLADLQ 186 KDPSTKGPDPNLSHQMTKRKRMVLVKERKAAQ

M-VI M-VII
-* ** -**- * * * *

M TRH-R MLAVVVILFALLWMPYRTLVVVNSFLSSPF QENWFLLFCRICIYLNSAINPVIY NLMSQKFRMFRKL CNCKQKPTEKMNYSVALNYSVIKESDRFSTELEDITVTDTYVSTTKVSFDDTCLASEN
R SPR MIVVVCT FAICWLPFHVFFLLPYINPDLYLKKFIQQVYLASMWLAMS STMYNPI IYCCLNDRFRLGFKHAFR CCPF I SAGDYEGLEMKSTRYLQTQSSV 30 SLDLTSMGSSRSMSKTMTESSSFYSNMLA
0 RHOD ISSMVIITQFMLSWSPYAIIDAARRAQELE MEMLSSPVLFAKASAIH NPIVYSVSHPK FREAIQTTFPWLLTCCQFDEKECEDANDAEEEWASERGGE 60 PPQGYPPOGAPPQVEAPQGAPPQGVDNQAYQA
R 5HT2 LGIVFFL FVVMWCPFFI TNIMAVICKESCNENVIGALLNVFVWIGYLSSAV NPLVYTLFNKTYRSAFSRY 10 CQYKENRKPLQLI LVNTIPALAYKSSQ 16 DDCSMVTLGKQQSEENCTDNIETVNEKVSCV
T BAR TLGI IMGVFTLCWLPFFLVNIVNVFNRDLVP DWLFVFFNWLGYANSAFNPI IYCRSPD FRKAFKRLL CFPRKADRRLHAGGQPAPLPGGFISTL 70 IVKLFEDATCTCPHTHKLKMKWRFKQHQA
D RDC8 LAI IVGL FALCWLPLHI INCFTFFCPECSHAP LWLMYLTIVLSHTNSVVNPFIYAYRIRE FRQTFRKI IRSHVLRRREPFKAGGTSARALMHGSDGEQI 51 LSHELKGACPESPGLEGPLAQDGAGV
R D2 MLAIVLGVFIICWLPFFITHILNIHCDCNIPP VLYSAFTWLGYVNSAV NPIIYTTFNIE FRKAFMKILH C
R M5 TLSAILLAFIITWTPYNIMVLVSTFcDKCVPVTLWH LGYWLCYVNSTI NPICYALCN RTFRKTFKLLLL CRWKKKKVEEKLYUQGNSKLP

FIG. 6. Alignment of the deduced amino acid sequence ofthe mouse TRH-R with the rat substance P receptor (R SPR) (43), octopus rhodopsin
(O RHOD) (44), rat serotonin type 2 receptor (R 5HT2) (45), turkey ,1 receptor (T BAR) (46), putative dog thyroid receptor RDC8 (D RDC8)
(47), rat dopamine D2 receptor (R D2) (48), and rat muscarinic M5 receptor (R M5) (49). Sequences were chosen for alignment based on searches
of the Genpept (GenBank) and Swiss-Prot (EMBL) data bases using the program FASTA (42). An initial alignment was produced by using the
program GENALIGN (50) and adjusted manually to align the conserved residues indicated by asterisks. Putative membrane spanning domains
for the TRH-R were assigned based on hydrophobicity analysis (28, 29). Numbers present in the sequences indicate the number of residues not
shown within each gap.
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coupling toG proteins (6). In the TRH-R, amino acids 227-235
of this region can be predicted (34) to form an amphipathic
helix, a secondary structure that may be necessary for G-pro-
tein activation (35).

Prolines, which in bacteriorhodopsin impart bends to the
transmembrane helices (36), are present in transmembrane
domains M-V, M-VI, and M-VII, but there is no proline in
M-IV. While most receptors in this family have prolines in all
four final transmembrane domains, some receptors, includ-
ing the thyrotropin receptor (37), luteinizing hormone-
chorionic gonadotropin (LH-CG) receptor (38), and mas-
encoded protein (39) do not. M-III does not contain aspartic
acid which has been shown to be necessary for agonist
binding to the p receptor (40) and is present in all adrenergic,
muscarinic, serotonin, and dopamine receptors but is absent
in the visual opsins, mas-encoded proteins, and receptors for
thyrotropin, LH-CG, substance K, and substance P. Like-
wise, the TRH-R does not contain the serines in M-V that
have been proposed to interact with the hydroxyl groups of
ligands that contain a catechol moiety (41).

Sequence Identity with Other Receptors. When the mouse
TRH-R amino acid sequence was used to search (42) the
Genpept (GenBank) and Swiss-Prot (EMBL) data bases, the
results indicated significant sequence identity with only some of
those receptors proposed to couple to G proteins. The align-
ment of the TRH-R with these members of the family of G
protein-coupled receptors is shown in Fig. 6. When the trans-
membrane domains only are compared, the percent identity is
as follows: rat substance P receptor (43), 21.5%; octopus
rhodopsin (44), 24.1%; rat serotonin type 2 receptor (45), 29.4%;
turkey 31 receptor (46), 28.9o; putative dog thyroid receptor
RDC8 (47), 28%; rat dopamine D2 receptor (48), 32.5%; rat
muscarinic M5 receptor (49), 28.8%; and human a2 receptor
(51), 29.5%. Analysis of the significance of these sequence
identities with the Pearson program RDF2 (42) confirmed that
these receptors share common ancestry and also that the mouse
TRH-R is much less related to other receptors such as the dog
thyrotropin receptor (37), pig LH-CG receptor (38), rat mas-
encoded protein (39), yeast A factor (52), Dictyostelium cAMP
receptor (53), and pHS1-2 (54).

In conclusion, we have cloned the mouse pituitary TRH-R.
This isolation of a cDNA encoding the TRH-R, which may be
the initial cloning of a cDNA for any hypothalamic releasing
factor receptor, will permit analysis of the structure, func-
tion, and regulation of the receptor to proceed at the molec-
ular level.
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