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Lutropin-Choriogonadotropin Receptor: An
Unusual Member of the G Protein—Coupled
Receptor Family

K. C. McFARLAND, ROLF SPRENGEL, HEIDI S. PHILLIPS, MARTIN KOHLER,
NorA RoseMBLIT, KAROLY NIKOLICS, DEBORAH L. SEGALOFFE,* PETER H. SEEBURG

A complementary DNA (cDNA) for the rat luteal lutro-
pin-choriogonadotropin receptor (LH-CG-R) was isolat-
ed with the use of a DNA probe generated in a polymerase
chain reaction with oligonucleotide primers based on
peptide sequences of purified receptor protein. As would
be predicted from the cDNA sequence, the LH-CG-R
consists of a 26-residue signal peptide, a 341-residue
extracellular domain displaying an internal repeat struc-
ture characteristic of members of the leucine-rich glyco-
protein (LRG) family, and a 333-residue region contain-
ing seven transmembrane segments. This membrane-
spanning region displays sequence similarity with all
members of the G protein—coupled receptor family.
Hence, the LH-CG-R gene may have evolved by recombi-
nation of LRG and G protein—coupled receptor genes.
Cells engineered to express LH-CG-R ¢cDNA bind hu-
man choriogonadotropin with high affinity and show an
increase in cyclic adenosine monophosphate when ex-
posed to hormone. As revealed by RNA blot analysis and
in situ hybridization, the 4.4-kilobase cognate messenger
RNA is prominently localized in the rat ovary.

CG-R), which is present on testicular Leydig cells and on

ovarian theca, granulosa, luteal, and interstitial cells, plays a
pivotal role in reproductive physiology. In the male and the
nonpregnant female the LH-CG-R is exposed only to lutropin
(LH), produced and secreted by the anterior pituitary. In the
pregnant female, however, the ovarian LH-CG-R is also exposed to
human choriogonadotropin (hCG), made by the placenta.

LH and hCG are members of a family of glycoprotein hormones
which also includes thyroid-stimulating hormone (TSH) and folli-
cle-stimulating hormone (FSH). All four are 28- to 38-kD heterodi-
meric glycoproteins composed of a common o subunit combined
with distinct B subunits that confer receptor binding specificity ().
The carbohydrate moieties of these hormones appear to play an
important role in signal transduction (2). The B subunits of LH and
hCG are closely related in sequence, and these two hormones bind
to the same receptor and elicit identical biological responses (1). The
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immediate response of target cells to the binding of LH and hCG is
an increase in adenylyl ¢yclase activity mediated by intracellular,
membrane-associated G proteins. The resulting increase in adeno-
sine 3',5’-monophosphate (cyclic AMP) ultimately leads to an
increase in steroid synthesis and secretion (3). A family of G
protein—coupled receptors has been identified whose members are
characterized by the common structural feature of seven transmem-
brane domains known to be involved in signal transduction and in
binding small ligands (4). In contrast, the LH-CG-R binds large,
complex glycoproteins apparently via a large extracellular domain (5).

Progress toward the elucidation of the structure of the LH-CG-R
has been hampered by the low abundance of this receptor and its
susceptibility to proteolysis (6). Purification of the LH-CG-R from
ovaries of pseudopregnant rats indicates that the purified receptor is
a single glycoprotein with a molecular mass of 93 kD (7). Although
this conclusion is in agreement with our earlier results (8) and those
of several others (6), some data have suggested that the LH-CG-R
may be composed of multiple subunits (6).

For a clear understanding of the structure and function of the LH-
CG-R, cloning of the receptor cDNA is necessary. We now describe
the molecular cloning and expression of a full-length cDNA for the
rat luteal LH-CG-R, which encodes a single polypeptide that binds
hormone and stimulates adenylyl cyclase. Localization of the recep-
tor mRNA in the ovary corresponds to that of hormone binding.
The deduced amino acid sequence suggests that the LH-CG-R is
related to other G protein—coupled receptors in that it contains
seven transmembrane regions. However, unlike other such recep-
tors, the LH-CG-R contains a large extracellular domain that is
presumably involved in ligand binding.

Protein sequencing, molecular cloning, and structure of the
LH-CG-R. LH-CG-R purified by lectin and hCG affinity chroma-
tography (7) was further purified by SDS—polyacrylamide gel
electrophoresis (PAGE) and used to obtain the NH,-terminal
amino acid sequence. Several internal sequences were also obtained
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from peptide fragments generated by chemical and enzymatic
cleavages (Table 1 and Fig. 1). Oligonucleotides based on the NH,-
terminal peptide and one internal peptide were used successfully as
primers in a polymerase chain reaction (PCR) (9) with rat luteal
cDNA as a template. A distinct and prominent DNA product of 622
base pairs was generated; it contained an open reading frame
encoding additional peptide sequences that had been determined
previously from receptor fragments. This PCR product was used as
a probe for screening a rat luteal cDNA library (10).

The nucleotide and predicted amino acid sequence of the rat LH-
CG-R ¢DNA with 43 nucleotides of 5’ flanking and 759 nucleotides
of 3’ flanking sequence are shown in Fig. 1. The translation
initiation codon at position 1 defines the start of a 2100-nucleotide
long open reading frame that encodes all independently determined

=43 ATACTGGCTCAACCTCGGGAGCTCACACTCAGGCTGGCGGGCC

peptide sequences. A putative signal peptide (1) of 26 residues
precedes the peptide determined from the uncleaved LH-CG-R
polypeptide. Hence, we predict that the mature LH-CG-R begins
with arginine and is composed of 674 amino acid residues (75 kD).

The NH,-terminal half of the polypeptide sequence (residues 1 to
341) is hydrophilic and presumably constitutes the extracellular
domain (Fig. 2). Consonant with the glycoprotein nature of the
LH-CG-R, there are six potential sites for N-linked glycosylation
within this domain. Initial evidence suggests that most of these sites
are indeed glycosylated (12) and this may account for the difference
in molecular size between the natural LH-CG-R (93 kD) and the
predicted mature unglycosylated polypeptide (75 kD).

The COOH-terminal half of the polypeptide (residues 342 to
674) contains seven hydrophobic segments of membrane-spanning

~26 Met Gly Arg Arg Val Pro Ala Leu Arg Gln Leu Leu Val Leu Ala Val Leu Leu Leu Lys Pro Ser Gln Leu Gln
1 ATG GGG CGG CGA GTC CCA GCT CTG AGA CAG CTG CTG GTG CTG GCA GTG CTG CTG CTG AAG CCT TCA CAG CTG CAG

-1 Ser Arg Glu Leu Ser Gly Ser Arg Cys Pro Glu Pro Cys Asp Cys Ala Pro Asp Gly Ala Leu Arg Cys Pro Gly
76 TCC CGA GAG CTG TCA GGG TCG CGC TGC CCC GAG CCC TGC GAC TGC GCA CCG GAT GGC GCC CTG CGC TGT CCT GGC

25 Bro Arg Ala Gly Leu Ala Arg Leu Ser Leu Thr Tyr Leu Pro Val Lys Val Ile Pro Ser Gln Ala Phe Arg Gly
151 CCT CGA GCC GGC CTC GCC AGA CTA TCT CTC ACC TAT CTC CCT GTC AAA GTA ATT CCA TCA CAA GCT TTC AGG GGA

50 Leu Asn Glu Val Val Lys Ile Glu Ile Ser Gln Ser Asp Ser Leu Glu Arg Ile Glu Ala Asn Ala Phe Asp Asn
226 CTT AAT GAG GTC GTA AAA ATT GAA ATC TCT CAG AGT GAT TCC CTG GAA AGG ATA GAA GCT AAT GCC TTT GAC AAC

v

Fig. 1. The ¢cDNA and predicted amino acid
sequence of rat ovarian LH-CG-R. Chemically
determined peptide sequences (Table 1) are indi-
cated by bars above corresponding sequences,
with residues differing from those predicted indi-
cated by white bars. Amino acid numbering be-

75 Leu Leu Asn Leu Ser Glu Leu Leu Ile Gln Asn Thr Lys Asn Leu Leu Tyr Ile Glu Pro Gly Ala Phe Thr Asn
301 CTC CTC AAT TTG TCT GAA CTA CTG ATC CAG AAC ACC AAA AAC CTG CTA TAC ATT GAA CCT GGT GCT TTT ACA AAC

100 Leu Pro Arg Leu Lys Tyr Leu Ser Ile Cys Asn Thr Gly Ile Arg Thr Leu Pro Asp Val Thr Lys Ile Ser Ser
376 CTC CCT CGG TTA AAA TAC CTG AGC ATC TGT AAC ACA GGC ATC CGA ACC CTT CCA GAT GTT ACG AAG ATC TCC TCC

125 Ser Glu Phe Asn Phe Ile Leu Glu Ile Cys Asp Asn Leu His Ile Thr Thr Ile Pro Gly Asn Ala Phe Gln Gly
451 TCT GAA TTT AAT TTC ATT CTG GAA ATC TGT GAT AAC TTA CAC ATA ACC ACC ATA CCC GGG AAT GCT TTC CAA GGG

v

v
150 Met Asn Asn Glu Ser Val Thr Leu Lys Leu Tyr Gly Asn Gly Phe Glu Glu Val Gln Ser His Ala Phe Asn Gly
526 ATG AAT AAC GAG TCT GTC ACA CTA AAA CTG TAT GGA AAT GGA TTT GAA GAA GTA CAA AGC CAT GCA TTC AAT GGG

175 Thr Thr Leu Ile Ser Leu Glu Leu Lys Glu Asn Ile Tyr Leu Glu Lys Met His Ser Gly Ala Phe Gln Gly Ala
601 ACG ACT CTA ATC TCG CTG GAG CTA AAA GAA AAC ATC TAC CTG GAG AAG ATG CAC AGT GGA GCC TTC CAG GGG GCC

L I~ en]
200 Thr Gly Pro Ser Ile Leu Asp Ile Ser Ser Thr Lys Leu Gln Ala Leu Pro Ser His Gly Leu Glu Ser Ile Gln
676 ACG GGG CCC AGC ATC CTG GAT ATT TCT TCC ACC AAA TTG CAG GCC CTG CCG AGC CAC GGG CTG GAG TCC ATT CAG

— e — —— ——
225 Thr Leu Ile Ala Leu Ser Ser Tyr Ser Leu Lys Thr Leu Pro Ser Lys Glu Lys Phe Thr Ser Leu Leu Val Ala
751 ACG CTC ATC GCC CTG TCT TCC TAC TCA CTG AAA ACA CTG CCC TCC AAA GAA AAA TTC ACG AGC CTC CTG GTC GCC

— — —— v
250 Thr Leu Thr Tyr Pro Ser His Cys Cys Ala Phe Arg Asn Leu Pro Lys Lys Glu Gln Asn Phe Ser Phe Ser Ile
826 ACG CTG ACC TAC CCC AGC CAC TGC TGC GCC TTC AGG AAT TTG CCG AAG AAA GAA CAG AAT TTT TCA TTT TCC ATT

v v
275 Phe Glu Asn Phe Ser Lys Gln Cys Glu Ser Thr Val Arg Lys Ala Asp Asn Glu Thr Leu Tyr Ser Ala Ile Phe
901 TTT GAA AAC TTC TCC AAA CAA TGC GAA AGC ACA GTT AGA AAA GCA GAT AAC GAG ACG CTT TAT TCC GCC ATC TTT

300 Glu Glu Asn Glu Leu Ser Gly Trp Asp Tyr Asp Tyr Gly Phe Cys Ser Pro Lys Thr Leu Gln Cys Ala Pro Glu
976 GAG GAG AAT GAA CTC AGT GGC TGG GAT TAT GAT TAT GGC TTC TGT TCA CCC AAG ACA CTC CAA TGT GCT CCA GAA

325 Pro Asp Ala Phe Asn Pro Cys Glu Asp Ile Met Gly Tyr Ala Phe Leu Arg|Val Leu Ile Trp Leu Ile Asn Ile
1051 CCA GAT GCT TTC AAC CCC TGT GAA GAT ATT ATG GGC TAT GCC TTC CTT AGG|{GTC CTG ATT TGG CTG ATT AAT ATA

gins at the NH,-terminal sequence for the mature
intact receptor, with negative numbers for the
encoded signal sequence. Putative sites for N-
linked glycosylation are marked by inverted trian-
gles, and the proposed membrane-spanning hy-
drophobic sequences are enclosed in boxes. Thin
lines above residues show location of similarity to

soybean lectin (20). The LH-CG receptor was
purified from the ovaries of pseudopregnant rats
as described (7), except that the wheat germ
agglutinin chromatography was performed before
the hCG-affinity chromatography. Lectin and af-
finity purified receptor was concentrated by Cen-
tricon-30 (Amicon) and resolved by PAGE under
nonreducing conditions. The resolved 93-kD re-
ceptor band was electroblotted onto PVDF (Mil-
lipore) membranes (26), and the mature NH,-
terminal sequence was determined by gas-phase
microsequencing (27). The 93-kD receptor was
also electroeluted and was cleaved by cyanogen

350 Leu Ala Ile Phe Gly Asn Leu Thr Val Leu Phe Val Leu Leu|Thr Ser Arg Tyr Lys Leu Thr Val Pro Arg| Phe
1126 CTA GCC ATC TTT GGC AAC CTG ACA GTC CTC TTT GTT CTC CTG|ACC AGT CGT TAT AAA CTG ACA GTG CCC CGC| TTC

bromide or lysyl-C endopeptidase. The fragments
were subjected to high-performance liquid chro-

375 Leu Met Cys Asn Leu Ser Phe Ala Asp Phe Cys Met Gly Leu Tyr Leu Leu Leu Ile Ala Ser val Asp Ser Gln
1201 CTC ATG TGT AAT CTC TCC TTT GCA GAC TTT TGC ATG GGG CTC TAC CTG CTG CTC ATT GCC TCC GTG|GAC TCC CAA

matography (HPLC) or tricine gels (28), elec-
troblotted, and analyzed by gas-phase microse-

400 Thr Lys Gly Gln Tyr Tyr Asn His Ala Ile Asp Trp Gln Thr Gly Ser Gly Cys|Gly Ala Ala Gly Phe Phe Thr
1276 ACA AAA GGC CAG TAC TAT AAC CAC GCC ATA GAC TGG CAG ACA GGG AGT GGC TGC|GGT GCA GCT GGC TTC TTT ACT

quencing. The oligonucleotides constructed from
these peptide sequences were as follows: ks (from

425 Val Phe Ala Ser Glu Leu Ser Val Tyr Thr Leu Thr Val Ile Thr Leu|Glu Arg Trp His Thr Ile Thr Tyr Ala
1351 GIG T _GAA CTC TCT G ACC CTG ACG GT CC_CTGJGAA AGG TGG CAC ACC ATC ACC TAT GCT

peptide  lhrk), AAGGAGCTG(AG/TC)TGGC-
(AG/TC)C(C/A)GGAAGCCTGAGCCCAA-

450 val Gln Leu Asp Gln Lys Leu Arg Leu Arg His|Ala Ile Pro Ile Met Leu Gly Gly Trp Leu Phe Ser Thr Leu
1426 GTA CAG CTA GAC CAA AAG CTA AGA CTG AGG CAT|GCC ATC CCA ATT ATG CTC GGA GGA TGG CTC TTT TCT ACG CTG

TGACTTCGCCCCTGATGGTGCCCT; rsrc

475 Ile Ala Thr Met Pro Leu Val Gly Ile|Ser Asn Tyr Met Lys Val Ser Ile Cys Leu Pro Met Asp Val Glu Ser
1501 ATC GCC ACG ATG CCC CTT GTG GGT ATC]AGC AAT TAC ATG AAG GTC AGC ATC TGC CTC CCC ATG GAT GTG GAA TCC

(from lhrr, reverse complement), TGCACCTCC-
TCGAAGCAGTTGCCATACAGCTTCAG-
GGTCACA(CT/GA)CTC and fsrc (from lhrf, re-

500 Thr Leu Ser Gln{val Tyr Ile Leu Ser Ile Leu Ile Leu Asn Val Val Ala Phe Val Val Ile Cys Ala Cys Tyr
1576 ACT CTG TCC CAA|GTC TAC ATA TTA TCC ATC TTA ATC CTC AAC GTG GTG GCC TTC GTC GTC ATC TGT GCT TGC TAC

verse complement), ACG(GG/AT)GTCCAGGA-

1651

525 Ile| Arg Ile Tyr Phe Ala Val Gln Asn Pro Glu Leu Thr Ala Pro Asn Lys Asp Thr Lys Ile Ala Lys Lys
AGG ATC TAC TTT GCA GTT CAA AAT CCA GAG CTG ACA GCT CCT AAC AAG GAC ACA AAA ATT GCT AAG AAG |ATG

o TG(CT/GA)AGGGCC(T/A)GTGGCACCC-
E TGGAAGGC(T/C)CC. Oligonucleotide mix-

550 Ala Ile Leu Ile Phe Thr Asp Phe Thr Cys Met Ala Pro Ile Ser Phe Phe Ala Ile Ser Ala Ala Phe|Lys Val
1726 GCC ATC CTC ATC TTC ACA GAC TTC ACG TGC ATG GCG CCC ATC TCT TTC TTT GCC ATC TCG GCT GCC TTC|AAA GTG

tures of ks with rsrc and of ks with fsrc (500 ng
each) were used for priming polymerase chain

575 Pro Leu Ile Thr Val Thr Asn Ser LysjIle Leu Leu Val Leu Phe Tyr Pro Val Asn Ser Cys Ala Asn Pro Phe
1801 CCC CTT ATC ACT GTC ACC AAC TCG AAA|ATC TTA CTG GTC CTT TTT TAT CCT GTC AAT TCT TGT GCC AAT CCA TTT

reactions (PCR) with cDNA (25 ng) synthesized

600 Leu Tyr Ala Ile Phe ThriLys Ala Phe Gln Arg Asp Phe Leu Leu Leu Leu Ser Arg Phe Gly Cys Cys Lys Arg
1876 _CTG TAT GCG ATC TTC ACGJAAG GCG TTT CAG AGA GAT TTC CTT CTG CTG CTG AGC CGA TTC GGC TGC TGT AAA CGC

625 Arg Ala Glu Leu Tyr Arg Arg Lys Glu Phe Ser Ala Tyr Thr Ser Asn Cys Lys Asn Gly Phe Pro Gly Ala Ser
1951 CGG GCG GAG CTT TAC AGA AGG AAG GAA TTT TCT GCA TAT ACT TCC AAC TGC AAA AAT GGC TTC CCA GGA GCA AGT

650 Lys Pro Ser Gln Ala Thr Leu Lys Leu Ser Thr Val His Cys Gln Gln Pro Ile Pro Pro Arg Ala Leu Thr His
2026 AAG CCG TCC CAG GCT ACC CTG AAG TTG TCC ACA GTG CAC TGT CAA CAG CCC ATA CCA CCG AGA GCG TTA ACT CAC

2101 TAGCATTACAAAATTGTGCCTAAATATGTTTTTTAAAAAGTGTTTTAGAAAAATATTTATCCTTAGGCACTTCAGGAGAATTGTACCTGCTTCAGAGGAC
2201 GGCCTATAACACTTGGTCACATAAGTTTCAGGAAGGTTTAGAAATTTTTATAGTAATTTAGGCATAATAATTTTTTGTTGAATCTAATACTAAGGAAATC
2301 TAAGTTGTCATTTTTCACGTCTCTGACATTTTTCATTTCAATCTTGTGATTTACATTGTAATCTCCAAATATATTACTTCATAGCAGAT TGAAAATTTAA
2401 ACTGGTCTTTGTCCTCAGATAGTTTGATAAATATATTCAAGAGATGCACTGTGCAGTGTGACTGCTAGCCTTGCATGGTAAATAGAAGTTTCTTAGCCAT
2501 ATTCCAAGTGCTTCACATGTCACACTAGGAGGCACAGATGCAAACTGTTTACATCAGTGAATTCTATTAGCCAGCTCTATTCTAGAGACTTCTATTTCCC
2601 ATTGACACTCTGCTTAACTTTCCATCTGAAGGCACATGCTGCATATTTGTTTGGCTTACAGATCATGAGTACCTCATGGCCAGGAGCCCATCTCAGCCCA
2701 TCTTGTTCCTCGTCTATCTCAGGATCTTGGAAATGCTACACAGCAAGCATGCCTAGCCAGT TAAACTCCCTAAATCTACACAGGAAAATATTTCTACCAC

27801 CTTAGCATATTGTTTTCGATGATTACATGCTTTCTGTATTTTGCCCTCCTCCTAGTATC

4 AUGUST 1989

from pseudopregnant rat ovarian poly(A)* RNA
(29). Upon sequence analysis (30), a 622-bp
fragment amplified by ks with fsrc was found to
contain part of the LH-CG-R coding sequence,
including the sequences for additional peptides
lhrr, hr26, and 1hr28. This fragment was used to
probe a cDNA library (10° recombinant phage)
constructed in Agtl0 (37) from pseudopregnant
rat ovarian RNA. Of 20 hybridizing phage, 13
were further analyzed by DNA sequencing and
used to determine the nucleotide sequence of the
LH-CG-R cDNA.
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length and displays sequence homology to all members of the G
protein—coupled receptor family (see below). If the transmembrane
topology is identical to that suggested for rhodopsin (13), the
COOH-terminal 68 residues of the LH-CG-R would be intracellu-
lar. This COOH-terminal domain contains potential phosphory-
lation sites (serine, threonine, and tyrosine residues) where cellular
control of receptor activity may occur (14). This domain also
contains two clusters of basic amino acids (at positions 623 to 625
and 630 to 632) that represent potential sites for proteolytic
cleavage (15). However, it is not known whether the mature
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receptor may be post-translationally cleaved to terminate at one of
these positions.

The homology of the COOH-terminal half of the LH-CG-R to
other members of the G protein—coupled receptor family is superfi-
cially revealed by a hydropathy plot (Fig. 2). This homology is
revealed in more detal in the seven putative transmembrane regions
by an alignment with several members of this family (Fig. 3) (16).
This domain of the LH-CG-R shows a low but significant sequence
similarity to other members. Similarity in the regions shown in Fig.
3 is higher to the B2 adrenergic receptor (26 percent identity) and
lower to other receptors in this famly (18 to 24 percent) (17).
However, comparison of the full-length sequences shows greater
overall identity with rhodopsin and substance K receptor (SKR) (22
percent) than with B2 adrenergic receptor or the other neurotrans-
mitter receptors (18 to 21 percent) (Fig. 3).

A number of short sequences are highly conserved in all members
and occur within the putative transmembrane helices and intracellu-
lar loop regions. However, no functional role can be assigned to
these conserved structures. One of the conserved sites spans six or
seven residues located on the COOH-terminal end of the third
cytoplasmic loop. This loop varies in its length between different
receptors, being shortest in LH-CG-R. On the basis of analysis of
mutant and chimeric receptors, the COOH-terminal region of this
loop has been implicated in G protein—coupling (18). However, this
site is not more conserved in sequence between LH-CG-R and other
receptors that couple to Gy than between LH-CG-R and receptors
known to interact with other G proteins.

The extracellular domain displays several significant sequence
features. Sequence comparison reveals that the protein most similar
to the extracellular domain of the LH-CG-R is PG40, a proteogly-

T™-2

384
| LLINLA|VIADL 84

SKR 35LWTAAYLALV|L[vAVY GNATWIILA---HQRMR I viNLAlLlaDL] 80
B-2AR 35GMGI VMSLI V[LJAI VFIGN|VLIVI|TAI AK- - - FERJ|L|Q| | TS|LACADL 80
5HT-2R 53WSALTTVVIITIAGNILVIMAVSL---EK&QNA Lms[LalilabM 99
™3
LH/CGR MGLYLLLIASVDSQTKGQYYNHAID@QTG-SGCGAAGF TVFASELElVY 433
RHO VEGGFTTTLYTS[-------- HGYFVFGPTGCNLEGF ATGGEIALW 126
SKR CIMAAFNAAFNFVYAS- - -« -« - - HNI[WYFGRAF|C/YFQNL[EPI TAMFY 122
8-2AR VMGLAVVPFGAAHI -------- MKMWT|F GINF CEFWTSID.CVTA 122
5HT-2R LLGGFLVMPVSMLTI|Lj- - -~ - - YGYR PLPSKL[C/IAI WI YLDIVLIFSTA 142
LH/CGR TLe[RwHT[JTYAvaLDQKLRLRH[AI PI MLGG LF@TU MPlLVGI 483
RHO I EJRY][vVVCK[P/MSNFRF- GENH|All MGVAFT VMALAC APPLVGW 175
SKR lVHPFQPRLSAPGTRA--V AGIWLVALALIAIF-|PIQCFY 169
B-2AR AIITS|PIFKYQSLLTKNKARVI|I{LMV |v GLTSFLPl QMH 172
5HT-2R AIQNPIHHSRFNSRTKAFLK I AV TI VGl sM-[P[l PVF 1o
™5 Fig. 3. Alignment of the transmembrane regions
— of LH-CG-R. The transmembrane regions of
LH/CGR ”Y"'MK"S'CLPMD"ESTL"'SQ:'ms';'Né:’f‘;”’“g:gi;g 522 selected G protein—coupled receptors were
RHO RY| PEGMQCS|C/GI DYYTPHEETNNESEVI YMFV[VH 22 f
SKR TITTDEGATKCVVAWPEDSGGKMLLLHIVIALIYFLPLVV FVAlY[sv 219 ahgnedbyfastp_(ﬂ)andhpmglobal(ﬁ)comput-
B-2AR WYRATHQEAINCYANETCCDF-FTNQAYAIASSIS vvlpLy[i|MVFvlY|sr 221 er programs, with final adjustment made by hand
5HT2R GLQDDSKVFKEGSCLLAD- - - - - - - pNF V[l asFlv FilpUT i MviI TlY[FL 234 to maximize positional identity with minimal
insertions. Numbers denote residue number;
™6 numbers in parentheses show the number of
residues deleted in the five-to-six loop region.
LHICGR | YFAVQNPELTAPNKDT IZIKIKIMAlLlFTDFT I SFFAlISAAFKVP 575 Boxed regions show matches of three or more
RHO LVETVKEAAA (8 QKA EVTRMVI [dmvi alFlLilcWLPlYAGVAFYI FTHQG 280 : 4 .
SKR I GLTLWRRSV (12) LQAK KTMVLVVVTFAI CWLP[YHLYF[I|LGTFQED 278 rc51duc§gtcachposmop.Numbcredbarsmdlcat—
B2AR  VFQEAKRQLQ (33) CLK LKTLG I MGT|F|TLICWLPFFI VNI[VHVI QDN 301 cd.posmons ofput?.nvc transmcltmbranc (TM)
5HT-2R T1 KSLQKEAT (48) | sn CKVLG VFFLFVV FFI TNUIMAVI CKE 320 regions. RHO, bovine rhodopsin; SKR, sub-
stance K receptor; B-2AR, B2 adrenergic recep-
™7 tor; and S5HT-2R, 5HT-2 (serotonin) receptor
LHICGR LI TVTNS--- ki L[JvLryprvunN[slcalNPlFLv|al FT AFQRDElLLL snpec 621/674 (16).Thcs'1mllar!tybetweenspchdlstantrclat.wcs
RHO SDFGPIF~--MTIPAFFAKT avY[NPV[i v[Il MMNKaQ|F RIN cmvrr GKN 326/348 ofap;otemfamﬂyare.somc:‘nmcsbsstdcscrlbed
SKR I YCHKFI QQ- YLA LAMS T MY[NP[I ccL|NHR|F RS RLAFR clc P w 327/384 by their homglobal-derived “z-score” (17). Over-
B2AR LI RKEV- - - - Yl |.|. |va GF{NP|L ‘CRSPDFRIA QEL[]cL RRS 345413 all scores for these receptors: Rhodopsin, 15.05;
SHT-2R SCNENVI GALLNVFV IGYL AVINPILVY|TLF T Y[RlS sRY!I o[dayk 378449 SKR,12.95;B-ZAR,7.84;and5HT-2R,3.53.
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Fig. 4. Structure of the repetitive motif in the extracellular domain of the
LH-CG-R. (A) Alignment of the 14 imperfect repeat structures. Identical or
conserved residues among the segments I-XIV have been boxed. Dashes
indicate the placement of gaps to optimize the periodicity. (B) Consensus
sequences for the leucine-rich repetitive motifs observed in the leucine-rich
ay-glycoprotein of human serum (LRG), the a chain of human platelet
glycoprotein Ib (GP1B), the Toll developmental gene product of Drosophila
(Toll), and the yeast adenylyl cyclase (ACY) (19). The letter a indicates one
of three aliphatic amino acids valine, leucine, or isoleucine.

can abundant in extracellular matrices of connective tissues that
binds collagen (19). The most striking feature of the extracellular
domain of LH-CG-R is a 14-fold imperfectly repeated sequence of
approximately 25 residues (Fig. 4A). Of these, the COOH-terminal
six repeats are the least conserved in length and sequence. Similar
motifs, which have been termed leucine-rich repeats, have been
recognized in various proteins comprising the family of leucine-rich
glycoproteins (LRG) (Fig. 4B) (19). The LRG family includes such
widely divergent polypeptides as yeast adenylyl cyclase, the a-
serum glycoprotein, the Drosophila Toll developmental gene prod-
uct, and platelet glycoprotein 1b. The latter is interesting because it
is a glycosylated membrane protein that binds two glycosylated
polypeptides, von Willebrand factor and thrombin. It is now
recognized that PG40 is also a member of the LRG family (19).

Members of the LRG family have been postulated to interact with
both hydrophobic and hydrophilic surfaces, possibly mediated by
amphipathic helices formed by the repeat structures. Since the large
extracellular domain of the LH-CG-R is apparently responsible for
binding LH and hCG (5, 8), this domain may be responsible both
for binding of hormone and for interacting with the transmembrane
domains to mediate signal transduction.

Another feature within the extracellular domain constitutes a site
defined by ten residues that are identical to a sequence present in
soybean lectin (20) (Fig. 1). Although deglycosylated LH and hCG
bind to the receptor with high affinity, this interaction results in
little or no stimulation of adenylyl cyclase (2). Thus, this site may be
involved in the recognition of the glycosylated hormone and the
functional coupling of the receptor to G,, maximally achieved only
with the glycosylated forms of LH and hCG.

Functional expression of the LH-CG-R. To confirm that the
cloned cDNA indeed encodes the LH-CG-R, we constructed the
expression vector pCLHR in which the putative receptor coding
sequence is under the transcriptional control of the cytomegalovirus
promoter (21). Cells from human embryonic kidney, termed 293
cells, were transiently transfected (22) with pCLHR and tested for
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of the LH-CG-R ¢cDNA. Spe-
cific '?*I-labeled hCG binding
(A) and hCG-stimulated cy-
clic AMP accumulation (B) in
293 cells transiently transfect-
ed with (@) or without (0)
expression vector pCLHR.
The  expression  vector
pCLHR was constructed by
introduci?gth the dcnucl;; cclsdlilng T p py.es
region of the cloned cDNA 12

an%ll additional flanking re- *heG (ng/mi
gions contained on an Eco RI
fragment (nucleotides —43 to
2559; see Fig. 1) into the
pCIS vector (21). Exponen-
tially growing 293 cells (in
60-mm dishes) were transfect-
ed (22) with this expression
vector; 42 hours later intact
cells were assayed for '%I-la-
beled hCG binding (A) or )
hCG-stimulated cyclic AMP

production (B). (A) Each dish

was washed four times with 3

ml of warm Waymouth

MB752/1 medium lacking sodium bicarbonate and containing 20 mM
Hepes and bovine serum albumin (BSA) at 1 mg/ml and then placed in 2 ml
of the same medium. After 2 hours at 4°C, portions of highly purified hCG
(CR-123, 12,780 IU/mg) that had been iodinated as described (8) were
added alone or together with 50 IU of crude hCG (for the determination of
nonspecific binding). After 24 hours at 4°C, the binding medium and cells
were transferred to plastic tubes on ice. The cells were centrifuged, washed
once with 2 ml of cold 150 mM NaCl, 20 mM Hepes containing BSA at 1
mg/ml, and centrifuged again. The radioactivity in the pellet was counted in
a gamma counter. Results shown are corrected for nonspecific binding and
represent the mean * the range of duplicate determinations. (B) Each dish
was washed four times with 3 ml of warm Waymouth MB752/1 medium
containing BSA at 1 mg/ml and placed in 2 ml of the same containing 0.5
mM 3-isobutyl-1-methylxanthine. After a 15-minute incubation period at
37°C, highly purified hCG was added and the incubation was continued for
30 minutes at 37°C. After the assay medium was removed, the cells were
collected into 1.5 ml of cold 1N perchloric acid containing theophylline at 1
mg/ml. Cells were lysed by rapid freezing and thawing and then centrifuged.
The supernatants were neutralized (34) and then assayed for cyclic AMP
(35). Each data point represents the mean + the range of duplicate determi-
nations.
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Fig. 6. RNA analysis of the hybrid- A B
ization of LH-CG-R ¢DNA in dif- B HbENbE G Rd e
ferent tissues. Each lane contained - ;

10 pg of total RNA. Numbers on
the left indicate DNA size markers
in kilobase. Samples shown are
from the ovaries of pseudopregnant |,
rats (lane a), and adult rat ovaries
(lane b), testes (lane c), lung (lane
d), liver (lane ¢), and kidney (lane
f). (A) and (B), respectively, are 6-
hour and overnight exposures of
the same blot. Lane a is shown only
as a 6-hour exposure, since the overnight exposure of this lane was
overexposed. Total RNA was prepared (36) from the ovaries of immature
rats rendered pseudopregnant (7) or from tissues of 60-day-old rats. The
RNA was resolved on 1 percent agarose gels containing formaldehyde and
blotted onto a nylon membrane (ICN). Manufacturer’s procedures were
followed: a preliminary hybridization preceded hybridization overnight at
42°C with a nick-translated ”P-labelcg pGEM-3Z vector (Promega) con-
taining the 622-bp PCR-gencrated LH-CG-R DNA fragment. The blot was
washed four times in 2xS8SC (saline sodium citrate) and 0.1 percent SDS at
room temperature (5 minutes per wash) and then two times in 0.1xSSC and
0.1 percent SDS at 65°C (30 minutes per washing). The resulting blot was
exposed for 6 hours (A) or overnight (B) to x-ray film at —70°C with
intensifying screens.

4.4 »
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Fig. 7. Dark-field microscopy of in situ hybridization in rat ovary. (A) A 10-
pm section from an ovary of a 9-day pregnant rat was hybridized with a 3S-
labeled probe that was sense to the 622-bp PCR-generated LH-CG-R DNA
fragment. (B) The adjacent section was hybridized with a labeled antisense
strand. The tissue was fixed and hybridized in situ by the method of Wilcox
et al. (37) with the following modifications. Prior to hybridization, the
sections were treated with 4 percent paraformaldehyde for 10 minutes and
then with proteinase K at 5 to 10 pg/ml for 5 to 10 minutes. A preliminary
hybridization was performed for 1 hour at 42°C in 100 pl of hybridization
buffer containing 50 percent formamide, 0.1M NaCl, 20 mM tris, pH 8.0, 5
mM EDTA, 1x Denhardt’s solution, 10 percent dextran sulfate, and 10 mM
dithiothreitol. Hybridization was initiated by the addition of a 33S-labeled
probe (6 X 10° cpm) in 20 pl of buffer and proceeded overnight at 55°C.
The 3°S-labeled sense and antisense probes were obtained from the 622-bp
PCR-generated LHR-CG-R DNA fragment cloned into pGEM-3Z vector
(Promega). The specific activity of the probes was approximately 100
Ci/mmol. Exposure times were 1 to 3 weeks (micrographs displayed are 2-
week exposures).

their ability to bind hCG and respond to hCG with an increase in
cyclic AMP.

Intact transfected cells exposed to increasing concentrations of
125].labeled hCG specifically bound hormone in a concentration-
dependent and saturable manner (Fig. 5A). No specific binding was
observed to untransfected cells at any concentration of '2I-labeled
hCG tested. A parallel group of cells was incubated with varying
concentrations of hCG in the presence of the phosphodiesterase
inhibitor 3-isobutyl-1-methylxanthine. In contrast to untransfected
cells, which showed no elevation of cyclic AMP in response to hCG,
transfected cells displayed a concentration-dependent and saturable
increase in intracellular cyclic AMP when exposed to hCG (Fig. 5B).

The concentrations of hCG required to elicit half-maximal bind-
ing (about 8 ng/ml, or 208 pM) and half-maximal stimulation of
cyclic AMP accumulation (about 2.5 ng/ml, or 65 pM) in cells
transfected with pCLHR are comparable to those reported in LH-
CG-R-bearing gonadal cells (23). The above results demonstrate
that the cloned cDNA encodes for a functional LH-CG-R protein.

498

Fig. 8. A postulated model
for the LH-CG-R in the
plasma membrane. Above
the membrane bilayer is
extracellular space; below is
cytoplasmic.

HN-

Table 1. Sequences

determined from puri-  Peptide s%?::'ln&?a:\fa"gv: d
fied LH-CG-R pep- From CNBr
tides. Sequence lhrk |hrk KELSGSRKEPEPNDFAPDGALXXPGP
was determined from a
CNBr fragment aswell  |hrr MXXESVTLKLYGNCFEEVQ
as from the intact re-
ceptor. Residues  |Dff MX (S) GAFQGATGPSILD (R)V
shown in parentheses (E) 0
are ambiguously iden-  |prg M(D) YA (G) LXVLI (G) LINILDXF
tified residues. Unde- (G) (F) (F)
termined residues are (A)
marked by an X. The (N)
sequences used for
primers in the success-
ful PCR are under- From lysyl C-endopeptidase
lined. Ihr26 KXYGNXFEXVQ
lhr28 KNLLYIEPGSF

Tissue and cell specific expression of LH-CG-R mRNA. RNA
blots prepared from the RNA’s of different rat tissues demonstrated
tissue specificity of LH-CG-R mRNA expression (Fig. 6). A distinct
band corresponding to a 4.4-kb mRNA was observed in RNA
prepared from the ovaries of pseudopregnant rats as well as from
ovaries and testes of adult rats. Smaller hybridizing species at 1.8-
and 1.2-kb were also observed during longer exposure times. The
relative abundance of the 4.4-kb mRNA species was greater in the
ovaries of pseudopregnant rats than in the ovaries of nonpregnant
adult female rats or the testes of adult rats. This finding is consistent
with relative levels of '*’I-labeled hCG binding in these tissues (6).
No LH-CG mRNA was observed in RNA prepared from rat lung,
liver, or kidney.

To analyze cell specific expression of LH-CG-R mRNA, we
performed in situ hybridization of the LH-CG-R cDNA to tissue
slices prepared from ovaries of 9-day pregnant rats. Prominent
hybridization of the labeled antisense strand was observed to the
corpora lutea and to the theca and interstitial cells (Fig. 7). No
hybridization to the granulosa cells was seen, consistent with the
immature state of the nonluteinized follicles. The observed distribu-
tion and relative intensities of hybridizing mRNA (such as intense
staining of the corpora lutea and less intense staining of theca and
interstitial cells) are consistent with the localization of *I-labeled
hCG binding in the rat ovary as determined by autoradiography
(24). These findings provide further evidence that the cloned cDNA
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encodes the functional LH-CG-R expressed in specific subsets of
ovarian cells.

In summary, we have presented functional and morphological
evidence that the protein sequence encoded by the cloned cDNA
represents the rat ovarian LH-CG-R (Fig. 8). This protein displays
the structural features of both a leucine-rich proteoglycan (extracel-
lular domain) and of a G protein—oupled receptor. The other
members of the G protein—oupled receptor family bind small
ligands (such as serotonin or acetylcholine). Whereas binding of
such ligands is thought to occur at sites formed by the assembly of
the seven transmembrane helices (25), LH and hCG are thought to
bind to a site on the extracellular part of this receptor (5, 8). Thus,
the large extracellular domain and the specific mechanism of hor-
mone-mediated signal transduction set the LH-CG-R apart from
other G protein—coupled receptors. This receptor may have origi-
nated by recombination of genes encoding a hormone-binding
glycoprotein and a seven-transmembrane proto-receptor.
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