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Letter

Molecular Cloning, Genomic Organization,
Developmental Regulation, and a Knock-out

Mutant of a Novel Leu-rich Repeats-containing
G Protein-coupled Receptor (DLGR-2)

from Drosophila melanogaster

Kathrine Krageskov Eriksen,' Frank Hauser,'* Morten Schigtt,?
Karen-Marie Pedersen,? Leif Sendergaard,” and Cornelis J.P. Grimmelikhuijzen'*

Departments of ' Cell Biology, Zoological Institute and 2Genetics, Institute of Molecular Biology, University of Copenhagen,

DK-2100 Copenhagen &, Denmark

After screening the Berkeley Drosophila Genome Project database with sequences from a recently characterized
Leu-rich repeats-containing G protein-coupled receptor (LGR) from Drosophila (DLGR-1), we identified a second
gene for a different LGR (DLGR-2) and cloned its cDNA. DLGR-2 is 1360 amino acid residues long and shows a
striking structural homology with members of the glycoprotein hormone [thyroid-stimulating hormone (TSH);
follicle-stimulating hormone (FSH); luteinizing hormone/choriogonadotropin (LH/CG)] receptor family from
mammals and with two additional, recently identified mammalian orphan LGRs (LGR-4 and LGR-5). This
homology includes the seven transmembrane region (e.g., 49% amino acid identity with the human TSH
receptor) and the very large extracellular amino terminus. This amino terminus contains 18 Leu-rich repeats—in
contrast with the 3 mammalian glycoprotein hormone receptors and DLGR-I that contain 9 Leu-rich repeats, but
resembling the mammalian LGR-4 and LGR-5 that each have 17 Leu-rich repeats in their amino termini. The
DLGR-2 gene is >18.6 kb pairs long and contains 15 exons and 14 introns. Four intron positions coincide with the
intron positions of the three mammalian glycoprotein hormone receptors and have the same intron phasing,
showing that DLGR-2 is evolutionarily related to these mammalian receptors. The DLGR-2 gene is located at
position 34E-F on the left arm of the second chromosome and is expressed in embryos and pupae but not in
larvae and adult flies. Homozygous knock-out mutants, where the DLGR-2 gene is interrupted by a P element
insertion, die around the time of hatching. This finding, together with the expression data, strongly suggests that
DLGR-2 is exclusively involved in development.

[The nucleotide sequence(s) reported in this paper has been submitted to the GenBank/EMBL database with

accession no. AF142343.]

Insects, which comprise 75% of all animal species, are
of extreme ecological and economical importance, be-
cause 70% of all flowering plants depend on insects for
their pollination and because insects can be severe
pests, destroying about 30% of our potential annual
harvest and transmitting major diseases such as ma-
laria.

Despite the importance of insects, however, the
molecular mechanisms controlling their reproduction
are largely unknown. This is in contrast to the situa-
tion in mammals, where reproduction is known to be
controlled by the hypothalamic neuropeptide GnRH
(gonadotropin-releasing hormone), the pituitary gly-
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coprotein hormones LH (luteinizing hormone) and
FSH (follicle-stimulating hormone), and the gonadal
steroid hormones.

Recently, using homology screening, we found
that Drosophila produces a receptor that was structur-
ally and evolutionarily related to the LH/FSH receptors
from mammals (Hauser et al. 1997). This was an excit-
ing finding, because it opened the possibility that in-
sects use the same hormonal mechanisms as mam-
mals to steer their reproduction. Subsequently, we
cloned a receptor from Drosophila that was structurally
and evolutionarily related to the GnRH receptors from
mammals (Hauser et al. 1998), making the finding of a
glycoprotein hormone receptor in Drosophila even
more interesting.

Mammals have at least four glycoprotein hor-
mones [LH, FSH, choriogonadotropin (CG), and thy-

10:924-938 ©2000 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/00 $5.00; www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Drosophila G Protein-coupled Receptor

roid-stimulating hormone (TSH)] and at least three
glycoprotein hormone receptors (the LH/CG, FSH,
and TSH receptors) that are all closely related, form-
ing a subfamily of the large family of G protein-
coupled (seven transmembrane) receptors. A character-
istic of these glycoprotein hormone receptors is the
presence of a very large, extracellular amino terminus
that constitutes about half of the receptor protein
and that contains 9 Leu-rich repeats, each measuring
about 24 amino acid residues. These nine Leu-rich
repeats probably form a horseshoe-like structure to
which the glycoprotein hormone ligand binds (Jiang
et al. 1995; Kajava et al. 1995). Similar Leu-rich
repeats have been found in the Drosophila receptor
(which is called Drosophila Leu-rich repeats-containing
G protein-coupled receptor, or DLGR-1) (Hauser et al.
1997).

In addition to the three mammalian glycoprotein
hormone receptors and DLGR-1, other LGRs have been
cloned from sea anemones (Nothacker and Grimme-
likhuijzen 1993), nematodes, and snails (Tensen et al.
1994). Based on the conserved sequences between the
sea anemone and the Drosophila LGRs, two other LGRs
(LGR-4 and LGR-5) were recently cloned from rat and
man (Hsu et al. 1998). Similar receptors have been
found by other groups (McDonald et al. 1998; Hermey
et al. 1999). All of these novel invertebrate and mam-
malian LGRs are orphan receptors, that is, receptors for
which the ligands are unknown.

In this paper we describe a second Drosophila re-
ceptor (DLGR-2) that is closely related to the three
mammalian glycoprotein hormone receptors. Instead
of 9 Leu-rich repeats, however, its amino terminus con-
tains 18 Leu-rich sequences. We also describe the de-
velopmental expression of the DLGR-2 gene and the

isolation of a knock-out mutant. These data suggest
that DLGR-2 is exclusively involved in development.

RESULTS

Identification of the Drosophila Receptor Protein

In an attempt to find a second Drosophila LGR, we
screened (Spring 1997) the database of the Berkeley
Drosophila Genome Project with the sequences of vari-
ous transmembrane helices of the first Drosophila LGR,
using the tblastn program provided by the National
Center for Biotechnology Information (NCBI). This re-
sulted in the identification of two overlapping ge-
nomic clones, P1 DS00180 (GenBank accession no.
AC001660) and P1 DS01514 (GenBank accession no.
ACO002515), containing open reading frames resem-
bling the genes of the three mammalian glycoprotein
hormone receptors (McFarland et al. 1989; Sprengel et
al. 1990; Heckert et al. 1992; Koo et al. 1991; Tsai-
Morris et al. 1991). Using GENESCAN software, we pre-
dicted the exons of this presumed Drosophila receptor
gene and designed oligonucleotide probes that could
be used in PCR to amplify the Drosophila receptor
cDNA. After PCR and 5’- and 3'-RACE, we obtained the
composite cDNA coding for the Drosophila receptor,
which we named DLGR-2 (Fig. 1A,B). Subsequently,
the presence of the actual full-length transcript was
confirmed with several long-range PCR experiments
(Fig. 1A).

The receptor cDNA is 5399 bp long and is shown
in Figure 2. Its transcription start site was determined
by 5’-RACE to be at nucleotide position — 628 relative
to the start codon, although some 5'-RACE products
indicated an additional transcription start site at posi-
tion —624. Similarly, the 3'-RACE experiments indi-
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Figure 1 Schematic representation of the DLGR-2 ¢cDNA and genomic clones and the organization of the DLGR-2 gene. (A) Positions
of the PCR clones. (B) Schematic drawing of the composite cDNA (top) and the organization of the receptor gene (bottom). The exons
are given as bars and numbered 1-15. We named the introns after the preceeding exons(e.g., intron 1 follows exon 1). The narrow and
broad bars represent noncoding and coding regions, respectively. The DNA region coding for the transmembrane domain is black and
that coding for the Leu-rich repeats are gray. (C) The positions of the genomic P1 clones, DS00180 and DS01514, from the Berkeley
Drosophila Genome Project.
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CTTTAGTICGCTTTETGCCTTCGACGCETGLG

GTTGGCTCTGACGGATARRAMACAR AR OGTAGARACATA TATETGCAGTTEEECEEE TEATTEGGCAG TALACCEAT TAGTAAGC TECCACOGAGA TTIG TAGGOGCETGARC TOSTT

ACGCATATATTR T_-‘il'l‘:‘[! TGEECECTEACCEOGATTTTAMCGEAATCCANCEETGECAGCANC TTECEECARGGACTOGECAC TRCCECC TETGCTC TCTTC TG TEGAEOGEEE TTTTE
1

TEECCECTETTTIGACAGCATC AN TCACCCOGA TAR A CCGAGA A TTCCC TG CATTTEAGCCACATTGAGCCTA TR A AR C U TR ECAA TCACAGTERATGCCATTTGCCETCGTGCRATR
TATATCTAAGACTGCRAAARAAA A AL CCAAAARACRA TAANLCTGCAAC TGAGEOGCAMNG TGAAN TG AR LG TCAA TCRAN TAR M TTCGAAC TCOGECAGRAGARCTGAG TGAGCTGAGTTT
AAGGAACCECAAOGECAGCCGAGAATCATGAGCGAGA AL CAR TOGCACACAA AAC TETCATCA A TCACAA A TGC T TEACAGTATCAR TCAACARA ACCCACGACAGCGACATCGALCE

ATG GCA &CA OGT TGC CGG TSG ASC TGG CEC CTS GOG CTC TGC COCT CTG CTG TG CAA TIG CTT CTG CAA COTG CTC C TG CO5 OCA TCG
Met Ala BAla Arg Cys Arg Trp Ser Trp Arg Leu Ala Leu Cys Pro Leu Leu Leu Gln Leu Leu Leu Gln Leu Leu Leu Leu Pro Pro Ser

GCR ATG GEC CAT GAT G ACOC A2 GAR AAT COOC GCT OCG GAT ATG CAM AAT AGC CAGC GAS CAM GRS COCA TAT GTC CAC CTG CRA CAT CTCG
Ala Met Gly His asp Glu Thr Lys Glu Asn Pro &la Pro &sp Met Gln &sn Ser Gln Glu Gln Glu Pro Tyr Wal His Leuw Gln His Leu

&y

T AGA ACC TOG Al TCA GCC AGT GTC ACT CCT

CAG CAG CAS CAG CMGC CRR RAT COCA CAA ACT GTC Chr ChM COTT RGC CAM ATT ACC
1 Arg Thr Ssr Lys Ser Ala Ser Val Thr Pro

Gln Gln Gln Gln Glo Gln &Asn Pro Gln Thr Val Gln Gln Leu Ser Glm Ile Thr

ACG GEC ATC RGG GAG ARC GTG ATG CTG CCR TOS GOC GAT COCC GAG AMG GAG GCC CAG ATC CTG TAC GAG AAG TCC TTG CAG GRA TAC CA
Thr Gly Ile Arg Glu Asn Val Mst Leu Pro Ser &la Asp Pro Glu Lys Glu &la Gln Ile Leu Tyr Glu Lys Ssr Leu Gln Glu Tyr His

Gly
GEC AGT CAZ COTC TCC ACC BCC TCR ACC GOC ACT GAT GTC ATC GCA GGC AARE OGA ACE CTG CAC TCC ATT TGT GAG CGG TGS TIG CAG AMG
Gly Ser Gln Leu Ser Thr Zla Ser Thr Ala Thr &Asp Val Ile Ala Gly Lys Arg Thr Leu His Ser Ile Cys Glu Arg Trp Leu Gln Lys
TET

Ccac |

His Cys His C:Ts Thr Gly S=r Leu GL
2

G GTC GTC CTAR GAT TTG GGT AAC ARC AAC TTA ACC Lan TTG GAA G0G AAC & TTT TTT ATG ECA OOC RAAT CTG GAG GAT CTA ACT TTG

Wal Val Val Leu asp Leu Gly Asn Asn Asn Leuw Thr Lys Leu Glu &la isn Ser Phe Phe Met 2la Pro &sn Leu Glu Asp Leu Thr Leu

CRC TGC ACC GGC RGC CTE GRG GTC CTG G CTC AGT TGT OG5 GGC ATA GGG ATC CTS GOC GIG OCC GTC AAT CTT COC RAC GAG
u Val Leu &rg Leu Ser Cys Arg Gly Ile Gly Ile Leu &la Wal Pro Wal Asn Leuw Fro Asn Glu
TCA

3

paited
Lys

C CTG GOC RAMN TTG AAR CGA TTG AGC CTG

TCC GAC RAT BGC LTC ATT RAT ATE GAT CCC AAT
I Gly Leu Ala Lys Leu ILys Arg Leu Ser Leu

Ser Asp Asn Ser Ile Ile Asn Met Asp Pro Asn

zfe
5

he
7]
H
4
0
=
%]
4
8
B

TGT

TCC TTG CCA OOG CAG TCG TTC CAM GGA CTC GCT CAG CTG ACC AGC CTA CRG CTG AAT GEC AAC GOC CTG GTC G
F Leu Asp Gly asp Cys

Ser Leu Pro Pro Gln Ser FPhe Gln Gly Leu Ala Gln Leu Thr Ser Leu Gln Leu Asn Gly Asn Ala Leu WVal Ser

CTG GGEC CAC CTG CAG ARR CTG C RCC TTG CGR TTG GRAG GGC RAT CTC TIC TAT C ATT CCC A ART ECC TDG GCC GGA CTC AGR ACC
Leu Gly His Leun Gln Iys Leu Rrg Thr Leu Arg Leu Glu Gly &sn Leu Fhe Tyr Arg Ile Pro Thr Asn Ala Leu Ala Gly Leu Arg Thr

5 &
CTR GRE GCA CTC RAT TTG GGC RGC RAAT TTC TTG ACHR ATR ATA AXC GAC GG GRAC TTT O0G CGEA A CCA AAC TG ATC GTG CTT TTG CIG
Leu Glu Ala Leu Asn Leu Gly Ser Asn Leuw Leuw Thr Ile Ile Asn &sp Glu Asp Fhe Pro Arg Met Fro &sn Leu Ile Wal Leu Leu Leu
T
ARG CGR AAT CAM ATC ATG ARR ATC TCC GCG GGRA GCT CTT AARM RAT TTA ACA GOC TTA ARA G A GRAG CTG GAC ATA AGC
Lys Arg Asn Gln Ile Met Lys Ile Ser Ala Gly Ala Leu Lys Asn Leu Thr Ala Leu Lys Val u Glu Leu Rsp 1 Ile Ser
2
MGC CTR COC GAG GEA CTC AGC nAr TTG TCG CRR CTG CRG GRG CTT TOC BTC RCOC AGC AAT CGR CTG CGC TGG ATAR AAC GAC ACG GRA CTG
Sar Leu Pro &lu Gly Leu Ser Lys Leu Ser Glon Leu Gln Glu Leu Ser Ile Thr Ser Asn Arg Leu Arg Trp Ile Asn &sp Thr Glu Leu
-

CCC AGE MEC ATG CAM ATG CTG GAC ATG AGGE GOC AAT COT CTG TOC ACAR ATT TOG GCA GEG GOG CE5 GGEC ATG TCC ARG TTG CEG AMG
Pro Arg Ser Met Gln Met Leu Asp Mek Arg Ala Msn Pro Leuw Ser Thr Ile Ser Ala Gly Ala Phe Arg Gly Met Ser Lys Leu Arg Lys

CTE ATT TTR TOS GAT GTS CGRA ACT TTG OGC TCG TTT COC GRA CTT GRS GOC TGC CAT GUG CTG GRA ATA CTG Add CTG GAT CGT GOC C
Leu Tle Leu Ser Asp Val Arg Thr Leu Arg Ser Phe Pro Glu Leuw Glu Ala Cys His Ala Leuw Glu Ile Leu Lys Leu Asp Arg MAla Gly
ATT CAG GAG GTG OCA

Calk ACG CCR AGR CTG ARG AGT TTA GRA CTA ARM ACC AAT TCOC CTA AAx OGC ATC CCA RAT
Ile Glon Glu Val Pro Thr a1

Gln Fro Arg Leu Lys Ser Leu Glu Leu Lys Thr Asn Ser Leu Lys Arg Ile Fro &sn

TTA AGT AEC C LGA
Leu Ser Ser Cys Arg

L GAT CTR TOG AGC BAT CRAR ATT GRA RRG ATT CAG GGA ARG CCC TTC
1 Asp Leu Ser Ser Asn Gln Ile Glu Lys Ile Gln GEly Lys Pro Phe

TTG AAC GAT CTG TTG A

L ATC ARG ECA CTG OCA CAA GAT GCC TTT CRG GEC ATT COO0G ARG CTC
Leu Asn Asp Leu Leu 2

Ile Lys #la Leu Fro Gln Asp &la Phe Gln Gly Ile Fro Lys Leu

GRR GOC TTT TOC GGT TTC ACA B0C CTC GAG GAT CTC ALT TTG C AAC AMT ATT TT CA

GME GEC AAC GAG ATC T
Glu Ala Phe Ser Gly FPhe Thr Ala Leu Glu Asp Leu Asn Leu Gly Asn Asn Ile Phe Pro

Glu GLy M=n Glu Ile

GAG TTG COC GAM TCG

G CTA CRC CTA RRG BRCOC TTC RRC RAT OCA RAL CTT AGG GAG TIC COG CCA CCGE GAC ACOC TIT
Glu Leu Pro Glu Ser Lex

Lew His Leu Lys Thr Phe Asn &sn Pro Lys Leu Arg Glu Phe Pro Pro Pro Asp Thr P];E

ATC Chd BRCT C ATA CTC TCT TAT GCOC TRC CRC TGC TGC E0G TTT CTC COCA CTG GTT GOC ATG TOS TCC CAG ARG ARD ACC TCC
Il= Gln Thr Leu Ile Leu Ser Tyr Ala Tyr His Cys Cys Rla FPhe Leu Pro Leu WVal 2la Met Ser Ser Gln Lys ILys Thr Ssr
TIT

CAG GAG GCT GTA CTC CCC TOC GAT GCOC GAG TTC GAT ATS ACT
Gln Glu &la Val Leu Phe Pro Ser Asp Ala Glu Phe Lsp Met Thr

AGC ATG ATG AAT ATT TEE OO ChA ATG
Ser Met Met Asn Ile Trp Fro Gln Met

CTC RAGC AMS CAG TTG GGT GCT TCC ATG CAT GAT OCT TGS GAG ACG GCT ATT mAl TTC ARC GAM GRG CAG CTG CRAR ACHR CAR ACG
Leu Ser Lys Gln Leu Gly Ala Ser Met His Asp Pro Trp Glu Thr Ala Ile Asn Phe Asn Glu Glu Gln Leu Gl Thr Gln Thr

GET OCT BC0C ADG GGA TAC GGC TTT GGET ACT GGA

GGRA GEC Chl ATC GCC ACC BGC TAC ATG GAG GAG TAC TTC GAG GAG CAC GAT
5 Gly Pro &la Thr Gly Tyr Gly Fhe Gly Thr GLy

Gly Gly Gln Ile &la Thr Ser Tyr Met Glu Glu Tyvr Fhe Glu Glu His &sp

CTR TTC TCT GGT ATG TOC RCHR GARE GAC TTT CRA COOG GET TCG
Leu Phe Ser Gly Met Ser Thr Glu Asp Phe Gln Pro Gly Ser

CAG TGC CTE COCA BTG COCA GGA COCT TTIT CTR COC TEC GCC GAT CTC
Gln Cys Leu Pro Mst Pro Gly Pro Phe Leu Pro Cys Ala Asp Leu

2160
Ti0

=)

250
750

Figure 2 ¢DNA and deduced amino acid sequence of DLGR-2. This figure is compiled from the sequences of the overlapping cDNA
clones 5'C-2, 5B, and 3'4-] (Fig. TA). Nucleotides are numbered from 5’ to 3’ end, and the amino acid residues are numbered starting
with the first ATG in the open reading frame. Introns are indicated by arrows and numbered 1-14. The seven membrane-spanning
domains are boxed and labeled TM I—VII. The proposed signal sequence is shaded. Spades indicate potential amino-glycosylation sites.
The inframe stop codon in the 5’ region, upstream of the assigned start codon is underlined twice; the translation termination codon is

indicated by an asterisk (*). Putative polyadenylylation sites at the 3’ end are underlined.
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™ I
TTC GAT TGG TGG ACT CTG CGC|TGC GGA GTG TGG GTG GTT TTT CTG TTG TCT CTC CTG GGC AAT GGA ACG GTG GTG TTT GTG CTG CTT|TGC 2340
Phe Asp Trp Trp Thr Leu Arg|Cys Gly Val Trp Val Val Phe Leu Leu Ser Leu Leu Gly Asn Gly Thr Val Val Phe Val Leu Leu Cys 780
™ II
TCG CGA TCT AAG ATG GAT GTG CCC CGAITTT CTA GTC TGT AAT CTG GCC GCG GCC GAC TTC TTC ATG GGC ATC TAC CTC GGT ATC CTG GCC 2430
Ser Arg Ser Lys Met Asp Val Pro Arg|Phe Leu Val Cys Asn Leu Ala Ala Ala Asp Phe Phe Met Gly Tle Tyr Leu Gly Tle Leu Ala 810
ATT GTG|GAT GCG GCG ACG TTA GGC GAA TTT CGC ATG TTT GCC ATT CCT TGG CAG ATG TCC GTG CTC TGC CAG |TTG TCC GGT TTT CTG GCC 2520
Ile VallAsp Ala Ala Thr Leu Gly Glu Phe Arg Met Phe Ala Ile Pro Trp Gln Met Ser Val Leu Cys Gln|Leu Ser Gly Phe Leu Ala 840
™ III
GTA CTC AGC TCA GAA TTA TCC GTT TAC ACG TTG GCT GTG ATC ACT TTG|GAG CGC AAT TAC GCC ATC ACT CAT GCC ATT CAC CTG AAC AAG 2610
Val Leu Ser Ser Glu Leu Ser Val Tyr Thr TLeu Ala Val Ile Thr Leu]Glu Arg Asn Tyr Ala Ile Thr His Ala Ile His Leu Asn Lys 870
™ IV
AGG CTC TCC TTG AAG CAG|GCG GGA TAT ATA ATG AGT GTA GGA TGG GTT TTT GCC CTG ATC ATG GCT TTG ATG CCT TTG GTT GGT GTI| TCG 2700
Arg Leu Ser Leu Lys Gln|Ala Gly Tyr Ile Met Ser Val Gly Trp Val Phe Ala Leu Ile Met Ala Leu Met Pro Leu Val Gly Val| Ser 900
GAC TAC AGG AAG TTT GCC GTG TGT TTG CCA TTC GAG ACC ACC ACT GGA CCG GCC AGT|TTG ACC TAT GTA ATC TCA CTG ATG TTC ATC AAC 2790
Asp Tyr Arg Lys Phe Ala Val Cys Leu Pro Phe Glu Thr Thr Thr Gly Pro Ala Ser|Leu Thr Tyr Val Ile Ser Leu Met Phe Ile Asn 930
™ V
GGA TGC GCA TTT CTC ACT CTG ATG GGT TGC TAC CTG|AAG ATG TAC TGG GCC ATA AGG GGC AGC CAG GCA TGG AAC ACG AAT GAT TCG CGA 2880
Gly Cys Ala Phe Leu Thr Leu Met Gly Cys Tyr Leu|Lys Met Tyr Trp Ala Ile Arg Gly Ser Gln Ala Trp Asn Thr Asn Asp Ser Arg 960
™ VI
ATT GCC AAG CGA|ATG GCT CTG TTG GTC TTT ACT GAC TTC CTC TGC TGG TCA CCT ATC GCC TTC TTC TCG ATC ACT GCC ATC TTT|GGC CTG 2970
Ile Ala Lys Arg|Met Ala Leu Leu Val Phe Thr Asp Phe Leu Cys Trp Ser Pro Ile Ala Phe Phe Ser Ile Thr Ala Ile Phe|Gly Leu 990
™ VII
CAA CTG ATT TCG CTG GAG CAG GCC AAG|ATC TTT ACG GTA TTT GTG CTG CCC TTG AAT AGT TGC TGC AAT CCC TTT CTC TAC GCC ATA ATG 3060
Gln Leu Ile Ser Leu Glu Gln Ala Lys|Ile Phe Thr Val Phe Val Leu Pro Leu Asn Ser Cys Cys Asn Pro Phe Leu Tyr Ala Ile Met 1020
ACC AAG CAG TTC AAG AAG GAC TGT GTG ACG TTG TGC AAA CAT TTC GAA GAA TCC CGC GTT GTG GGA GGC GGT GGT CCG GGT GGA CGT GGT 3150
Thr Lys Gln Phe Lys Lys Asp Cys Val Thr Leu Cys Lys His Phe Glu Glu Ser Arg Val Val Gly Gly Gly Gly Pro Gly Gly Arg Gly 1050
GCA GTG GCA AGA ACC AAG AGG GGT GAT CTC CCG CCA CCA CTC TTA CCC GCT GCA GCG GTG GCA CAT CCG CCA GGC TGT CGA TGT CTA CGG 3240
Ala Val Ala Arg Thr Lys Arg Gly Asp Leu Pro Pro Pro Leu Leu Pro Ala Ala Ala Val Ala His Pro Pro Gly Cys Arg Cys Leu Arg 1080
ATG CTG CCC AGC GAA ATG CCC AAC TGG CAT AAA ATG GAG CAG ACG CCG AGC ATG TGG CAG AGA TTG AGA ACA TTC TGC TGC GGG GAG AAC 3330
Met Leu Pro Ser Glu Met Pro Asn Trp His Lys Met Glu Gln Thr Pro Ser Met Trp Gln Arg Leu Arg Thr Phe Cys Cys Gly Glu Asn 1110
CGA AGG CGT CGC AAA CAG CGA CGG CAA CCG CAA CAG CGA CGC CAG AGA GCC TAT ACT GCC GCA GCC GCA AAT CCG TAT CAG TAT CAG TTT 3420
Arg Arg Arg Arg Lys Gln Arg Arg Gln Pro Gln Gln Arg Arg Gln Arg Ala Tyr Thr Ala Ala Ala Ala Asn Pro Tyr Gln Tyr Gln Phe 1140
GCT GAA CTG CGT CAG CAA CGC CAG AAT CGA GCC AGT TCC ATT TCC AGC GAG AAC TTC TGC AGC TCA AGA TCA TCC AGC TGG CGA CAT GGT 3510
Ala Glu Leu Arg Gln Gln Arg Gln Asn Arg Ala Ser Ser Ile Ser Ser Glu Asn Phe Cys Ser Ser Arg Ser Ser Ser Trp Arg His Gly 1170
CCA CCA TCC TCA GCA CCC GTG CCG CCG GGT AAC TGC AGC ATG CCG CTG AAG ATG CTG GAG CCA CAT GCT CAT CCG CAC GGT CAT GGG CGC 3600
Pro Pro Ser Ser Ala Pro Val Pro Pro Gly Asn Cys Ser Met Pro Leu Lys Met Leu Glu Pro His Ala His Pro His Gly His Gly Arg 1200
AGA CGA CAC TCC GCC TGG CTG ATC ACG CGG AAA ACG TCG CAG GAC TCG AAC TTG TCC AGC TCG CGC AAT GAC TCC TCC GCC TCG GCG ACC 3690
Arg Arg His Ser Ala Trp Leu Ile Thr Arg Lys Thr Ser Gln Asp Ser Asn Leu Ser Ser Ser Arg Asn Asp i;ar Ser Ala Ser Ala Thr 1230
14

ACC GCC AGC ACC TCC ACG TTT CGG TTA TCC CGG TCA AGT GCC GGC AGC AGC ACA CCC CTG CCC TCG ATC ATA GCC CAC AAT GGG AAG GCC 3780
Thr Ala Ser Thr Ser Thr Phe Arg Leu Ser Arg Ser Ser Ala Gly Ser Ser Thr Pro Leu Pro Ser Ile Ile Ala His Asn Gly Lys Ala 1260
CAG TTG GAT GCA GTT AAA CCA CGA TTG GTC CGC CAG GAA GCA GTC CAG GAG GAA GAG GAC TCA TCA CCA CCT CGG CTG GGA GTC CGT TTC 3870
Gln Leu Asp Ala Val Lys Pro Arg Leu Val Arg Gln Glu Ala Val Gln Glu Glu Glu Asp Ser Ser Pro Pro Arg Leu Gly Val Arg Phe 1290
CTG CCC ACC ATA CCC TCG GCT GCC GAC AGT TCT GTC GTC ATG GAA GAT GGC GAC TCG GCC AAC ACG GGA GTA GCC AGT TTT CTA GGC ATG 3960
Leu Pro Thr Ile Pro Ser Ala Ala Asp Ser Ser Val Val Met Glu Asp Gly Asp Ser Ala Asn Thr Gly Val Ala Ser Phe Leu Gly Met 1320
CCA CTT CCT GGG GCG TCC AGC GGC TTC CTT ATA GCT CCA ACC ACC GCT GCC ACC ACC TCC CCA CCC CCG GTG GTC CTG CAG CCG GCA AAG 4050
Pro Leu Pro Gly Ala Ser Ser Gly Phe Leu Ile Ala Pro Thr Thr Ala Ala Thr Thr Ser Pro Pro Pro Val Val Leu Gln Pro Ala Lys 1350
CCA CCT CCT GAT CCC AAC GAC GCA CCA CTA TGA TGGTGGGACTGGCGCTGGCGAAGATTGGGTGGGGCCAACCAGGAGACCTTTCTATAAAAGTAATGGGGAACAGGA 4158
Pro Pro Pro Asp Pro Asn Asp Ala Pro Leu * 1360
CAAAAGCTGACTGTGTTCATAGATTGTATTGTGGGGTGGGC TGGGGGAGGTGATGAGGGC TGTTCGATTGGGTTGGCACTTAGGCTAAGTAAGACACAAATTAATAAAATTCACATTAG 4277
GCATATACAAAATATAATGTATTTGTAGCATTAAGTAGCCAATTTGTTAAGTAAGAACAACTGAAGATCCGGATCCCATTAAATCAACAAAACAAACCAAAAGGATAACAACGTTGAAA 4396
GGATCAGTCATAACTCCAGTTTCTCAAATGATTGTTACATTTCTCAGATGTTGTGCATCAACATAAAATTGTATTGATCATTGTTTAGATAAATACTTTAAGTGAACTAGATCTGGTAT 4515
ATGAACAACACTTTGAGAAACTGAAGCCGACAATGAATATTAAGTATTACCTAATTTATTACGGTAGATTATGTTTTTAACTTTAAACCATAAATGTTTAGCTTAACTATATATATATA 4634
TATTTATATACGTGTGTGTTATTTTCGATGCCAAGCATCCTTCTGTGTAAAACTTAATCGAACGAGAAGATTGTAAAGGAAACCAAGCCATAAAAATTGAAATTAAAATATTTCCACAG 4753

4772

ACAAAAATTTTCCTGCCTT (A) 16

Figure 2 (Continued.)

cated various transcription termination points. The
longest identified transcript extended 689 bp beyond
the stop codon and the transcription stop at this point
indicated the use of an imperfect polyadenylylation
signal (Proudfoot 1991), AATTAA, at nucleotide posi-
tions 4735-4740 of Figure 2, that is, 32 bp upstream of
the poly(A)* tail. Other 3'-RACE experiments indicated
additional transcription termination points at nucleo-
tide positions 4753 and 4623 of Figure 2 and, hence,
twice the use of another imperfect polyadenylylation
signal, CATAAA. All putative polyadenylylation signals
are underlined in Figure 2.

Although the flanking regions of the ATG codon at
nucleotide positions 1-3 of Figure 2 do not fully match
the Drosophila consensus sequence for a translation
start site (Cavener 1987), it is probably the start codon,
because there is an in-frame stop codon shortly up-
stream of this codon (at position —42 to — 40 of Fig. 2).
Furthermore, this potential start codon is followed by a
series of nucleotides that code for the signal sequence,
which probably is cleaved-off between amino acid po-
sitions 33 and 34 of Figure 2 (von Heijne 1986, 1990).

The cDNA of Figure 2 codes for a protein of 1360
amino acid residues, which corresponds to a molecular
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Figure 3 (See facing page for legend.)
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Figure 3 Amino acid sequence comparison between DLGR-2, LGR-5, LGR-4, DLGR-1, the human TSH receptor (TSHR), and the LGR
from the sea anemone Anthopleura elegantissima (ALGR). Broken lines represent spaces introduced to optimize alignment. The Gly-rich
repeats of ALGR (Nothacker and Grimmelikhuijzen 1993) were omitted to facilitate alignment. Amino acid residues that are identical
between DLGR-2 and at least one of the other receptors are boxed. Known intron—exon transitions in the genes coding for the receptors
are shaded at the corresponding amino acid residues. The positons of the aliphatic and aromatic residues characteristic for the Leu-rich
repeats in DGLR-2 are marked by asterisks (*) or solid circles (@). The solid circles also mark intron-exon transitions in the DGLR-2 gene
that occur at the same positions and have the same intron phasing as in the DLGR-1, TSHR, and ALGR genes. The seven membrane-
spanning domains are indicated by I-VII. The open circles (O) mark conserved cystein residues, flanking the region containing the Leu-rich
repeats. The amino acid residue positions are given at right. The amino acid sequences of DLGR-1 and the mammalian and sea anemone
receptors as well as the intron—exon positions in their genes are from Misrahi et al. (1990); Gross et al. (1991); Nothacker and Grim-
melikhuijzen (1993); Hauser et al. (1997); Hsu et al. (1998); and Vibede et al. (1998).

mass of 150.8 kD. Several potential amino glycosyla-
tion sites on the extracellular portion of the protein
(seven on the amino terminus, but none on the extra-
cellular loops; Fig. 2) suggest that the true mass might
be considerably higher, although removal of the signal
sequence will, of course, somewhat reduce the molecu-
lar mass of the mature protein.

The receptor protein has seven putative trans-
membrane domains (Fig. 2) characteristic for G pro-
tein-coupled receptors. The intracellular loops in be-
tween these transmembrane domains and the carboxy-
terminal intracellular part of the protein, contain
multiple serine and threonine residues, which are po-

tential phosphorylation sites (e.g., Ser-1204 is part of
the consensus sequence RRHS for A-kinase phosphory-
lation; see Kemp and Pearson 1990).

Comparison of DLGR-2 with Other Related
Receptors

Figure 3 shows a comparison of the amino acid se-
quence of DLGR-2 with that of DLGR-1, the sea
anemone LGR, the human TSH receptor, and the two
newly discovered mammalian orphan receptors, LGR-4
and LGR-5. The transmembrane region of DLGR-2
(amino acid positions 758-1021 of Fig. 2) shows a high
sequence identity with the human TSH receptor (49%),
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the sea anemone LGR (47%), and DLGR-1 (45%). Less
sequence identity is found with LGR-4 and LGR-5
(30%-31%). When the region of the amino terminus of
DLGR-2, containing the Leu-rich repeats (amino acid
positions 205-617 of Fig. 2) is compared, however,
most sequence identity is found with LGR-4 and LGR-5
(36%-37%), which is higher than when the transmem-
brane regions are compared. Less sequence identity is
found between the Leu-rich repeats of DLGR-2 (amino
acid positions 393-617 of Fig. 2) and the human TSH
receptor (27%), DLGR-1 (25%), and the sea anemone
LGR (22%). Furthermore, a long Gln-rich region of
about 100 amino acid residues that is located short-
ly after the signal sequence is only found in DLGR-2
(Fig. 2).

The amino terminus of DLGR-2 contains a region
with 18 Leu (or Ile/Val/Ala/Phe)-rich repeats (marked
by solid circles and asterisks in Fig. 3). This region is
flanked by clusters of cysteine residues, which is a typi-
cal combination also found in other Leu-rich repeats-
containing proteins (Kobe and Deisenhofer 1994,
1995). The aliphatic and aromatic residues of the Leu-

rich repeats of DLGR-2 form a pattern that strongly
resembles that of the other LGRs (Figs 3 and 4). Com-
pared with the other LGRs, however, DLGR-2 has the
largest number of these repeats, although it resembles
LGR-4 and LGR-5, which have 17 repeats (Hsu et al.
1998).

DLGR-2 is considerably larger than the other
known LGRs. This is not only due to the large amino
terminus, but also to the intracellular carboxyl termi-
nus that is 340 amino acid residues in length, which is
2-4 times longer than the carboxyl termini of the other
receptors of Figure 3. Homology screening with the
receptor carboxyl terminus did not reveal the existence
of other known proteins with resembling sequences.

Genomic Organization of the Drosophila

Receptor Gene

The genomic organization of the gene coding for

DLGR-2 is summarized in Figure 1B. Figure 1C shows

the position of the gene on the genomic P1 clones

DS00180 and DS01514 from the Berkeley Drosophila

Genome Project. The total length of the transcribed
portion of the gene is 18.6 kb.
No conventional TATA box

r[f]s c - g[T]c IF&‘JP-‘J—NLPHEF? W 183 could be recognized on the P1
L 1 plofe |- wlo|r klele 2 w s|F|F mlale - mlL|lE D 207 ion s .
L 2 Tlols ol- s|z|l:w o e walr|yelL|a - BfLlr R 231 clones within a region of 1 kb
L 3 sltjow C - G|k S[T]P P O S|F|Q G|L|A - QL|T S 255 upstream of the identified tran-
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L 16 DLEGI-EISYIHKERE_SGFT*ALED 561 receptorgenes;theDLGR_]_
L 17 Hijje wpl- 1|ele ElL(pES -7 - gln]- - Rja|L - 580 )
L 18 HILETFN-NPE|LIREFPPPDTFPRI|L|QT 605 gene; and the sea anemone
Illsvavyecceoalplopr -[Wa -MssoRRET 629 LGR gene (indicated by solid
- . - - . circles in Fig. 3), strongly sug-
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L7 Eln|k Elnlr v |u|lEx M E s calFlocla]lTe - 25T 204 (Table 1), and most of them are
L8 DESSTK—LQAPSHGLES-———QT 225 . . .
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the receptor amino terminus,

Figure 4 Leu (lle/Val/Ala/Phe)-rich repeats in the amino-terminal region of DLGR-2 and the rat
LH receptor. (A) Consecutive segments (L1-L18) within the amino terminus of DLGR-2 were
aligned and small gaps (-) were introduced to show that many of the aliphatic and aromatic
residues in one segment occur at a similar position in the other segments. These residues are
boxed. In addition, Asn residues at positions typical for Leu-rich repeats (Kobe and Deisenhofer
1994, 1995) are also marked. The shaded aliphatic residues correspond to intron-exon transi-
tions in the receptor gene and are given at the start of the repeating segments. Most of the
repeating segments, therefore, are coded for by distinct exons. Only complete segments, lying
within the cluster of Cys residues bordering the Leu-rich repeats of Leu-rich repeats-containing
proteins (Kobe and Deisenhofer 1994, 1995), are taken into account. However, 0.8 repeat
flanking L1 and 0.3 repeat flanking L18 might contribute to an additional repeat (altogether 19
Leu-rich repeats) in DLGR-2. (B) Similar alignment of the rat LH receptor. Data from Bhowmick
et al. (1996).
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in such a way that each of the
resulting exons codes for one or
more Leu-rich repeats. There
are no introns in the gene re-
gion coding for the seven-
transmembrane domain, but
there is one intron in the gene
region coding for the long in-
tracellular carboxyl terminus
(Fig. 1B).
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Table 1. Intron/Exon Boundaries of the DGLR-2 Gene

Intron
Intron 5’ Donor Intron size (bp) 3’ Acceptor phase
1 (variant1) TTT gtaaggt.... ~7 kb ....cccttag ACA -
1 (variant2) AAG gtgccac.... ~7 kb ....cccttag ACA -
1 (variant3) TTG gtgccac.... ~7 kb ....cccttag ACA -
1 (variant4) TTT gtaaggt.... ~7 kb ....taaatag ATA -
2 CT gtgagta.... 1223 bp ....Ccaacag A 2
Leu Leu
3 CT gtgagta.... 583 bp ...tttgcag A 2
Leu Leu
4 CT gtaagta.... 325 bp ....cacacag A 2
Leu Leu
5 CT gtgagcc.... 591 bp ...tcgacag C 2
Leu Leu
6 CT gtaagta.... 74 bp ..tttgcag T 2
Leu Leu
7 TT gtaagta.... 1747 bp ..tttgcag A 2
Leu Leu
8 CT gtaagta.... 1083 bp ..ccttcag T 2
Leu Leu
9 CT gtgagta.... 55 bp ..ttttcag G 2
Leu Leu
10 TT gtgagtt.... 65 bp ...actgcag A 2
Leu Leu
11 TT gtaagtt.... 57 bp ....cacccag A 2
Leu Leu
12 CT gtgcgtt.... 61 bp ..ttcacag T 2
Leu Leu
13 C gtaagtg.... 56 bp ...tccccag AT 1
His His
14 G gtaagtg.... 57 bp ...tgtacag CG 1
Ala Ala

The sequence of each of the intron-exon boundaries is shown, as well as the codons for the amino acid residues. Uppercase and
lowercase letters represent nucleotides in the exons and introns, respectively. For intron 1, the four splicing variants that we have
isolated are given. These variants differ from each other, depending on which 5’ donor and 3’ acceptor sites are used. The sequences
of the introns are given in our GenBank/EMBL Database submission. The overall positions of the introns are shown in Figs. 1 and 2.
Introns 9-12 occur at the same positions within the gene and have the same intron phasing as four introns in the genes of the
mammalian glycoprotein hormone receptors (® in Fig. 3).

Alternative Splicing found to exist (Fig. 5), which means that there are six

During the analysis of several clones, containing the 5’ possible transcripts in which the contributions from

noncoding region of the receptor cDNA, four splicing exon 1 can be either 45, 50, or 217 nucleotides and

variants were identified that all concerned exons 1 and from exon 2 either 894 or 1037 nucleotides. Four of these

2 and intron 1. Three donor and two acceptor sites were transcripts have been identified (see legend to Fig. 5).
dl d2

AGTTGGGCGGCTGATTGGGCAGTAAACGGATTAGTAAGGTGCCACCGAGATTTGTAGGCGCGTGAACTCGTTACGCATAT ~-469
ATTATATTTCTGGGCGCTGACCGCGATTTTAACGGAATCCAACGGTGGCAGCAACTTGCGGCAAGGAGTCGGCACTACCG -389
CCTGTGCTCTCTTCTGTGGAGCGGGGTTTTGTGGCCGCTGTTTTGgtgtgtgttttattggcgttaaaggtecgtttactt

das
............................ INTRON L ittt ittt ittt ittt et ettt enneeeennn

caaaatatagctactttttaaaattttgcatacaatttaaatttatattgccataaatagataataatcattaaatttgt

aatagcataatgtgctactggggataatggcatgcattagccgcaaatcatcaagagecccatataacaaaaattataata

aattacgaaccctgactgacacctcattatcgcatccccttagACAGCATCAATCACCCCGATAAACCGAGAATTCGCTG -307
EXON 2 ..... az

Figure 5 Partial nucleotide sequence of the genomic DNA around intron 1. The numbers in this figure refer to the nucleotide positions
of the cDNA of Fig. 2. Uppercase and lowercase letters represent the nucleotides in exons 1 and 2 and in intron 1, respectively. The three
gt splicing donor sites and the two ag acceptor sites are underlined and printed in boldface type. The three donor and two acceptor sites
give six possible mRNAs, of which four have been identified. The four identified mRNAs have the combinations d1/a1 (donor 1/acceptor
1), d1/a2, d2/a2, and d3/a2. Fig. 2 corresponds to d3/a2.
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Sequence Deviations Between the Cloned Receptor
cDNA and the Genomic Database DNA

The coding region of our cDNA (Fig. 2) is identical to
the corresponding region in the genomic sequence
from the Drosophila Genome Project, except for 36
nucleotides. Most of these substitutions do not lead to
changes in the amino acid residues, but three of them
do, two of them being conservative (Glu?®” — Asp?°”
and Met**® — Leu**°), whereas one is not (Pro*®® —
Ala*?). The nucleotide substitutions within the coding
region are given in Table 2. In the noncoding region of
the cDNA, 16 nucleotide differences were identified.
Most of these differences were replacements, but in
the 3’ noncoding region, one nucleotide insertion

Table 2. Codon Differences Between the Coding
Region of our Cloned cDNA and that of the Genomic
Sequences from the Berkeley Drosophila Genome Project

Position of Codon in
the different Codon in the cDNA Change in
nucleotides the gene residue amino acid

498 CGG CGA -

507 GGT GGG -

585 GAG GAA -

621 GAG GAT Glu — Asp

750 CcTT CTC -
1017 TCT TCC -
1086 CTG CTA -
1209 CCA CCT -
1225 CCA GCA Pro — Ala
1336 ATG CTG Met — Leu
1806 AGA AGG -
1827 TCG TCT -
1854 CTA CTC -
2313 AAC AAT -
2337 CTC CTT -
2349 TCA TCT -
2418 CTG CTC -
2424 ATT ATC -
2451 TTG TTA -
3120 GTC GTT -
3198 CCA CccC -
3285 ACA ACG -
3399 GCC GCA -
3474 AAT AAC —
3534 CCA CCG -
3687 GCC GCG -
3711 TTC TTT -
3771 AAC AAT -
3855 CGC CGG -
3864 GTA GTC -
3867 CGC CGT -
3873 CTA CTG -
3981 AGT AGC -
4053 CCT CCA -
4059 CCcC CCT -
4071 GAT GAC

The position of the changed nucleotide (Fig. 2) is given in the
first column, the affected codon in the genomic sequence in
the second column, and the cDNA in the third column. Most
nucleotide differences do not lead to a difference in amino
acid residue (fourth column).
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(one within the stretch of Gs at nucleotide positions
4200-4205 of Fig. 2) and eight nucleotide deletions
occurred (four TA sequences were deleted with in the
repetitive TA sequence at nucleotide positions 4622-
4636 of Fig. 2, resulting in the TA motif only being
repeated 7 times compared with 11 times in the ge-
nomic sequence). In the 5’ noncoding region, the
cDNA sequence contains one A less within the stretch
of As starting at nucleotide position —573 of Figure 2.
All above-mentioned sequence deviations are probably
due to a small genetic difference (~1%) between our
own laboratory D. melanogaster Canton S. population
and the one used in the Drosophila Genome Project.
The differences are probably not due to PCR artefacts,
because they were found in several independent cDNA
clones.

Chromosomal Localization

The chromosomal localization of the two P1 clones
(Fig. 1C) have been determined by the Berkeley Dro-
sophila Genome Project to be on chromosome 2L, po-
sition 34E-F (http://www fruitfly.org/).

Southern Blot Analysis

A Southern blot analysis, using a cDNA probe repre-
senting most of the coding region of the receptor (in-
cluding the Leu-rich repeats 10-18 and the seven-
transmembrane domain) and BamHI-, EcoRV-, Sacl-, or
Sall-digested fragments of Drosophila genomic DNA,
showed single hybridizing bands (Fig. 6). The sizes of
these single bands fully agreed with the genomic re-
striction maps of the P1 clones DS01514 and DS00180,
suggesting that a single gene codes for DGLR-2. Diges-
tion with Xbal yielded, in addition to the expected
band of ~11 kb, a slightly weaker hybridizing band of
~30 kb (Fig. 6). This extra band might be due to partial
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Figure 6 Southern blot analysis. Genomic DNA from D. mela-
nogaster Canton S. was digested with one of five restrictions en-
zymes (BamHlI, EcoRV, Sacl, Sall, and Xbal). After electrophoresis
and blotting, the genomic fragments were hybridized with a
cDNA fragment coding for the Leu-rich repeats 10-18 and the
transmembrane domain of DLGR-2. The size of the markers (left)
is in kb. All lanes show a single hybridization band with exception
of the lane containing the Xbal fragment.
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digestion of the genomic DNA, or to genotypic varia-
tions, with the result that one of the Xbal sites in the
DLGR-2 gene region is only present in part of our Dro-
sophila population.

Developmental Regulation of the Drosophila Receptor

mRNA isolated from different developmental stages
was analyzed in a Northern blot for the presence of
DLGR-2 mRNA, using a cDNA probe coding for the
seven-transmembrane domain. This showed that the
receptor gene was only expressed in embryos and pu-
pae, but not in larvae or adult flies (Fig. 7). The tran-
script size of ~5.5 kb corresponded well with the size of
the cloned receptor cDNA (Fig. 2). The blot was also
hybridized with a probe coding for the ribosomal pro-
tein RP49 to check for uniform mRNA loading (Fig. 7).

Isolation of a Knock-Out Mutant

We screened several Drosophila mutants from the
Bloomington Stock Center (University of Indiana,
Bloomington) that were known to have a P element
insertion close to the chromosomal region of the
DLGR-2 gene. This screening was performed using a P
element-specific primer together with one of several
gene-specific primers, covering the complete receptor
sequence. One mutant (P919) had a P element inserted
in exon 1 of the DLGR-2 gene (between nucleotide
positions — 584 and — 583 of Fig. 2). In a cross between
flies that were heterozygous for this mutation, about
one-quarter of the offspring died around the time of
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Figure 7 Northern blot analysis of the expression of the
DLGR-2 gene at several developmental stages. Marker size (left) is
given in kb. (A) Poly(A)* RNA from each developmental stage was
hybridized with a ¢cDNA fragment coding for the seven-
transmembrane domain of DLGR-2. This Northern blot shows
that mRNA is only present in embryos and pupae, not in larvae
and adult (mixed male and female) flies. (B) Hybridization of the
same blot as in A with a cDNA probe coding for RP49. The RP49
gene is regarded to be expressed in all developmental stages
(O’Connell and Rosbash 1984; Kerrebrock et al. 1995).

hatching, suggesting that the mutation is homozygous
lethal and that it roughly follows mendelian genetics
(Table 3). This was confirmed by PCR, showing that all
animals that were homozygous for the mutation in-
deed died around the time of hatching. On the other
hand, all larvae that survived were either heterozygous
or did not carry the mutation.

We also investigated whether the observed lethal-
ity was caused by the mutated DLGR-2 gene, or by an
eventual second mutation located on the same chro-
mosome, which, therefore, would always accompany
the DLGR-gene during our crossing experiments. To
establish this, we carried out classical complementa-
tion experiments (Fig. 8), where heterozygous DLGR-2
mutant flies (containing one chromosome 2 with the P
element inserted into the DLGR-2 gene and the other
chromosome 2 with the dominant CyO mutation,
which gives the heterozygous flies a “curly wing” phe-
notype) were crossed with 15 different heterozygous
mutants, carrying single, well-defined deletions close
to or including the DLGR-2 gene region (these flies
contained one chromosome 2 with a well-defined de-
letion and the other chromosome 2 without a deletion,
but with the dominant CyO mutation). We found that
the various deletion mutants could not be rescued by
our P element insertion mutant P919 if their deletions
included the chromosome 2L map coordinates 34ES5-
F1, which is exactly the region where the DLGR-2 gene
is located. In fact, this independent genetic localiza-
tion of the defect in mutant P919 is even more precise
than the chromosomal localization carried out by the
Berkeley Drosophila Genome Project of the two P1
clones, containing the DLGR-2 gene, which was 34E-F.
These results, therefore, strongly indicate that the le-

Table 3. Distribution of Genotypes Among the
Offspring from a Cross Between Male and Female Flies,
Being Heterozygous for the P Element Insertion in Exon
1 of the DLGR-2 Gene

Dead Third instar
embryos larvae Total
P/P 23 0 23
P/+ 2 42 44
+/+ 1 20 21

Of 100 eggs collected from a cross, 26 animals died during
embryonic development (including both unhatched eggs and
larvae that died within 1 hr after hatching), 69 developed into
third instar larvae. Five animals disappeared during the ex-
periments. All animals were investigated by PCR to reveal their
genotype. For seven of the third instar larvae, the PCR gave no
products, so the genotype of these animals is unknown. The
dead embryos of the genotype P/+ and +/+ could easily be
distinguished from the P/P animals by their less-developed
appearance. Dead P/P animals had the gross anatomy of nor-
mal, wild-type first-instar larvae. The crossing experiment
shows that the mutation is homozygous lethal and that it
roughly follows mendelian genetics.
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Figure 8 Results of crossing 15 different deficiency stains (carrying a well-defined deletion in an area of chromosome 2 close to or
including the DLGR-2 gene, see Table 4) with mutant P919 that carries a P element insertion in the DLGR-2 gene. (A) Schematic
description of the crossings. (P) The DLGR-2 gene, carrying the P element insertion; (Cy") curly wing mutation; (D) deletion mutation. The
Cy” mutation is dominant and homozygous lethal. Therefore, if the offspring only consists of curly wing flies (P/Cy” or Cy’/D), the P/D
combination is nonviable and the deletion can not be rescued by the P element-inserted DLGR-2 region. On the other hand, if the
offspring contains flies with normal flat wings (P/D), the deletion mutant can be rescued. (B) Map of the deletion strains used in the rescue
experiments (horizontal lines). The abscissa shows the region 34A-35F of Drosophila chromosome 2L. The stock numbers of the mutants
are given at right (ordinate), together with the information about whether the deletion mutant can be rescued (+) or not (—) in a cross
with mutant fly P919. For stock numbers 45490 and 42850 only the left ends of the deletions are shown, as these deletions are very large.
The vertical shaded bar indicates the borders of the chormosomal region determined by the inability of mutant P919 to rescue the
deletion mutants. This region is 34E5-F1, which is exactly the region where the DLGR-2 gene has been located. This is an independent
and strong indication that the P element that we have earlier shown to be inserted in the DLGR-2 gene, is the only cause of lethality in
mutant P919.

thality found in our homozygous DLGR-2 gene mu-
tants (Table 3) is indeed caused by a defect in the
DLGR-2 gene itself.

When we investigated the gross anatomy of the
homozygous DLGR-2 mutants around hatching, we
found that the animals looked like fully developed first
instar larvae, having normal segmentation, tracheal
trees, mouth hooks, denticle belts, and no obvious de-
fects in the gastrointestinal tract.

DISCUSSION

Mammals have at least three glycoprotein hormone
receptors (the TSH, FSH, and LH/CG receptors) and two
other LGRs for which the ligands yet are unknown
(Hsu et al. 1998; McDonald et al. 1998; Hermey et al.
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1999). It was, therefore, interesting to find that Dro-
sophila also contains at least two LGRs. The first Dro-
sophila LGR (DLGR-1) is both structurally and evolu-
tionarily closely related to the mammalian glycopro-
tein hormone receptors (Hauser et al. 1997). The same
is true of DLGR-2 for a number of reasons: (1) There is
49% amino acid residue identity between its seven-
transmembrane domain and that of the human TSH
receptor (Fig. 3). This identity is high, if one takes into
account that the sequence identity between the seven-
transmembrane domains of the mammalian TSH, FSH,
and LH/CG receptors is only 67%-70% (Salesse et al.
1991); (2) the amino terminus has Leu-rich repeats,
similar to those of the mammalian glycoprotein hor-
mone receptors (Fig. 4); and (3) four introns in its gene
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occur at the same positions and have the same intron
phasing as four introns in the mammalian glycopro-
tein hormone receptors.

DLGR-2 is not more related to DLGR-1 than to the
mammalian glycoprotein hormone receptors. This is
evident from both the sequence of its transmembrane
domain (45% amino acid residue identity between the
two Drosophila receptors), the unusual large number of
Leu-rich repeats in its extracellular amino terminus (18
in DLGR-2 and 9 in DLGR-1; Fig. 9), and its genomic
organization (no introns present in the gene region
coding for the seven-transmembrane domain of
DLGR-2 and four introns in the corresponding region
of DLGR-1; Fig. 9).

The genomic organization of the two Drosophila
receptor genes gives some interesting information. Pre-
viously, it has been assumed that the glycoprotein hor-
mone receptor genes originated from exon shuffling of
an intronless gene region coding for the seven-
transmembrane domain and an intron-rich region
coding for the Leu-rich repeats and the rest of receptor
amino terminus (Gross et al. 1991; Tsai-Morris et al.
1991; Heckert et al. 1992). The gene structures of all
mammalian glycoprotein hormone receptors (Fig. 9C)
and the gene structure of the sea anemone LGR, which
should closely resemble that of the ancestral LGR gene
(Vibede et al. 1998; Fig 9D) are in accordance with this
idea. Also, the gene structure of DLGR-2 fits the origi-
nal idea of the evolution of the LGRs (Fig. 9A). The
gene structure of DLGR-1, however, conflicts with this
model, because it contains four introns in its region
coding for the seven-transmembrane domain (Fig. 9B).
If one accepts the hypothesis that the number of in-
trons tends to decrease, instead of increase during eu-
karyote evolution (Gilbert et al. 1986), then both
DLGR-1 and DLGR-2 would have originated from a
single gene containing at least four exons in its region
coding for the seven-transmembrane domain. The
same would be true for the mammalian and the sea
anemone receptors (Vibede et al. 1998; Fig. 9). Thus,
Drosophila contains at least two classes of LGR genes,
one class (to which the DLGR-1 gene belongs) would
be more closely related to the ancestral gene, whereas
the other class (to which the DLGR-2 gene belongs)
would have lost most of its introns in the region cod-
ing for the transmembrane domain, thereby resem-
bling the known genes of the other LGRs.

DLGR-2 is considerably larger than the mamma-
lian TSH, FSH, and LH/CG receptors (Fig. 3 and Fig. 9;
Salesse et al. 1991). This is mainly due to the presence
of extra Leu-rich repeats in the amino terminus and
the presence of a large intracellular carboxyl terminus
(Fig. 9A). The extra Leu-rich repeats have probably
originated by exon shuffling, because they are all (in
single or multiple copies) represented by separate ex-
ons in the gene (Fig. 1B). The length of the receptor

amino terminus and the number and amino acid se-
quence of its Leu-rich repeats place DLGR-2 structur-
ally closer to the two mammalian orphan receptors
LGR-4 and LGR-5 than to the three mammalian glyco-
protein hormone receptors. When the transmembrane
regions are compared, however, DLGR-2 is more
closely related to the mammalian TSH, FSH, and LH/
CG receptors (~50% sequence identity). DLGR-2, there-
fore, appears to be a naturally occurring chimaera, with
its amino terminus more closely resembling LGR-4 and
LGR-5 and its transmembrane region more closely re-
sembling the three mammalian glycoprotein hormone
receptors.

The Leu-rich repeats of the mammalian glycopro-
tein hormone receptors probably form a horseshoe-like
structure to which the glycoprotein hormone binds at
the inner, concave side (Jiang et al. 1995; Kajava et al.
1995). We assume that the Leu-rich repeats of DLGR-2
also form such a horseshoe, because these repeats very
closely resemble those of the mammalian receptors
(Fig. 4). Because DLGR-2 has twice as many Leu-rich
repeats as the mammalian glycoprotein hormone re-
ceptors, we assume that the horseshoe is correspond-
ingly larger. This might indicate that the ligand is
somewhat different from the mammalian glycoprotein
hormones.

Two of the three mammalian glycoprotein hor-
mone receptors are involved in reproduction. There-
fore, we monitored the expression of the DLGR-2 gene
during several developmental stages of Drosophila to
see whether it was expressed in adult male or female
flies. We found, however, that the receptor was only
expressed in embryos and pupae, that is, in stages
where there are active cell division, cell differentia-
tion, and other forms of development but not in the
three larval stages of Drosophila or adult male or female
flies (Fig. 7). This exclusive expression of DLGR-2 in
embryos and pupae already points to an important
role for the receptor in development. This idea was
confirmed when we investigated the phenotype of
the homozygous knock-out mutants of the DLGR-2
gene. These mutant flies have a P element insertion in
exon 1, which is the noncoding 5’ region of the
DLGR-2 gene, meaning that the homozygous mutants
are devoid of DLGR-2 (because the P element contains
a gene, including stop codons; Hazelrigg et al. 1984).
We observed that all mutants died around the time
of hatching. It is interesting that the homozygous
mutants had the overall appearence of normal larvae.
This means that DLGR-2 does not play a role in mor-
phogenesis but rather is important in a more subtle
developmental process. This process must be absent
in hatched first-, second-, and third-instar larvae and
in adult flies, because the receptor is not expressed
in these stages. This exclusive role of an LGR in devel-
opment is unique and has not been described previ-
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ously for the other known glycoprotein hormone re-
ceptors.

METHODS

Animals

Wild-type Drosophila melanogaster Canton S. were reared un-
der standard conditions (Roberts 1986).

Database Screening

Amino acid residues 703-728 of DLGR-1 (Hauser et al. 1997)
were used as a probe for the electronic screening of the Berke-
ley Drosophila Gene Project database, using the NCBI Search
Engine BLAST (Altschul et al. 1990). The same search engine
was used for homology screening.

Preparation of Poly(A)* RNA and cDNA Synthesis

Poly(A)* RNA from various Drosophila stages was purified with
the Oligotex Direct mRNA Kit from Qiagen. Oligo(dT)-primed
cDNA was synthesized from 0.4 pg poly(A)* RNA, as recom-
mended by the manufacturer, using the RT-PCR Kit (Strata-
gene) and an oligo (dT) primer supplied with the kit.

PCR

The PCR reactions used for cloning of the cDNA were carried
out in a 50 pl volume as described in Sambrook et al. (1989),
with the exception that a final concentration of 1.75 mm
MgCl, was used. The template was 5 ul of a first-strand cDNA
reaction mixture. Various primers were used, based on the
predicted exon sequences of the DLGR-2 gene (see Results).
The PCR products were separated on 2% agarose gel, and
bands of the expected size were isolated (Qiaquick extraction
kit, Qiagen), subcloned into PCR 2.1 with the Original TA
Cloning Kit (Invitrogen), and sequenced.

The final full-length products were generated by use of
the Expand Long Template PCR System (Boehringer Mann-
heim). Two independent PCR reactions were carried out. In
each of these PCRs, the 50-ul reaction mixture consisted of
Buffer System 1, 2 mwm final concentration of MgCl,, 500 um
of each dNTP, 0.3 pm of each primer (corresponding to posi-
tions —560 to —537 and 4661 to 4682 of Fig. 2 for the first
reaction, and positions —1 to 21 and 4068 to 4087 for the
second reaction), 275 mU of Long Range Polymerase, and
cDNA from Drosophila embryos as a template. Cycling param-
eters were 2 min of initial denaturation at 94°C; 10 cycles of
the following step program: 94°C for 15 sec, 60°C for 30 sec,
68°C for 4 min; then 25 cycles of 94°C for 15 sec, 60°C for 30
sec, 68°C for 4 min. This last 4-min period was increased with
20 sec for every new cycle.

3'-RACE

First-strand cDNA synthesis was performed according to the
protocol for the 5'/3'-RACE Kit (Boehringer Mannheim), us-
ing 2 pg of poly(A)* RNA from 16-24-hr-old Drosophila em-
bryos as a template, and the oligo d(T) primer from the Kkit.
This cDNA was used directly for PCR amplification with a
sense DLGR-2-specific primer (positions 2985 to 3006 from
Fig. 2) in combination with a PCR anchor primer supplied
with the kit. A second round of PCR using 2 pl of the first PCR
reaction as a template and employing the anchor primer and
a second DLGR-2-specific sense primer (positions 3013 to

936 Genome Research
www.genome.org

3033 of Fig. 2) further to the 3’ end, was necessary to obtain
a specific PCR product. The reaction mixture was in both cases
as recommended by the manufacturer. Cycling parameters
were as follows 3 min of initial denaturation at 95°C; 10 cycles
of 95°C for 30 sec, 62°C for 45 sec, 72°C for 2 min. The reac-
tions were held at 72°C while the anchor primer was added,
and then further 25 cycles were run as described above.

5-RACE

For the first strand cDNA synthesis, 2 pg of poly(A)* RNA from
16-24-hour-old embryos and a DLGR-2-specific antisense
primer (position 1149 to 1170 of Fig. 2) were used. 5'-RACE
PCR was carried out using the 5'/3’-RACE Kit (Boehringer
Mannheim), following the instructions of the manufacturer,
and employing two nested antisense primers (positions 837 to
858 and —318 to —297 of Fig. 2).

DNA Sequencing and Sequence Analysis

DNA sequences were determined by the chain termination
method (Sanger et al. 1977), using the T7 Sequenase Version
2.0 DNA Sequencing Kit (Amersham Life Science). GC-rich
sequences were determined, using the Thermo Sequenase Ra-
diolabeled Terminator Cycle Sequencing Kit (Amersham Life
Science). DNA sequence compilation and nucleotide and
amino acid sequence comparisons were performed using the
Lasergene DNA Software (DNASTAR Inc.).

Promotor Analysis

The genomic sequence was searched for promotor sequences
up to 1 kb upstream of the identified transcription start site,
employing the TSSG promoter search engine at http://
dot.imgen.bcm.tmc.edu:9331/genefinder/gf.html.

Prediction of Gene Structures in Genomic DNA

To predict exons, introns, and polyadenylylation signals,
the GENSCAN web server at http://stanford.edu/~chis/
GENSCAN.html was used.

Radioactive Labeling of DNA Probes

DNA fragments to be labeled were excised from vector DNA
by restriction enzymes and purified by agarose gel electropho-
resis. Probes were labeled with [a-3?P]dCTP (3000 Ci/mmole)
from Amersham by use of the Ready-To-Go DNA Labeling
Beads (Pharmacia Biotech), according to the manual.

Northern Blot Analysis

Poly(A)* (2.5 pg) from various stages of Drosophila (obtained
from Clontech or purified as described above) were electro-
phoresed on a gel containing 1% agarose and 0.22 M formal-
dehyde. The 0.24-9.5-kb RNA Ladder (GIBCO-BRL) was in-
cluded as a size marker. RNA was capillary transferred onto
ZetaProbe membranes (BioRad) and cross-linked as recom-
mended by the manufacturer. Hybridization was carried out
as recommended by BioRad for 18 hr at 65°C in the presence
of heat-denatured radioactive probe in a final concentration
af 1-2 X 10° cpm/ml. This probe corresponded to nucleotide
positions 1806 to 3204 of Figure 2. The ribosomal protein 49
(RP49) probe was prepared as described in Hauser et al. (1997).

Southern Blot Analysis

Genomic DNA (10 pg) from D. melanogaster was digested with
one of the restriction enzymes, BamHI, EcoRV, Sacl, Sall, or
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Xbal, and separated on a 0.7% agarose gel. DNA was capillary
transferred to a Hybond-N nylon membrane, hybridized, and
washed as recommended by the supplier (Amersham). The
radioactive probe corresponded to nucleotide positions 1149
to 3083 of Figure 2.

Isolation of a Knock-Out Mutant

Various Drosophila mutants from the Bloomington Stock Cen-
ter were screened by PCR for a P element insertion in the
DLGR-2 gene. This screen was performed using a P element-
specific primer, 5'-CGACGGGACCACCTTATGTTATTTCAT-
CATG-3’', along with various DLGR-2 gene-specific prim-
ers, covering the complete receptor sequence. For one
mutant, P919 with the genotype w[1118]; P{w+[tAR]
ry[+t7.2AR]=wA[R]}4-34/CyO, a 1200-bp PCR product was
seen, using the exon 1-specific primer 5'-GGCTGTGCCGA-
CAATTGAAC-3' together with the P element-specific primer.
The location of the P element in exon 1 of the receptor gene
(between nucleotide positions —584 and — 583 of Fig. 2), was
confirmed by sequencing the PCR product with the primer
5'-GAAATCTCTGTGCCACTG-3'.

To obtain homozygous mutants, male P919 flies were
crossed with female virgin Oregon R. flies to get P{w[+tAR]
ry[+t7.2AR]=wA[R]}4-34/+ flies. Mating between flies of this
last genotype gave the results of Table 3. To investigate the
presence of a P-element insertion in the offspring of Table 3,
DNA was extracted from single animals by grinding the ani-
mal in 100pl 5% chelex-100 (Bio-Rad Laboratories) in an Ep-
pendorf tube (Sweet et al. 1996). The tube was then incubated
for 30 min at 56°C and 8 min at 100°C. After a 3-min cen-
trifugation at 13000 rpm, the supernatant was transferred to a
clean Eppendorf tube and stored at —20°C. DNA extract
(5-10 pl) was used in a PCR reaction, using the primers 5'-
GAGCATAACCCTCTTCTTGT-3" and 5'-TGATCTGGGAGT-
TTGGAGTG-3’, that spans a 564-bp region in intron 1 of the
receptor gene. For unknown reasons, the P919 strain has an
insertion of ~184 bp in intron 1 (2120 bp downstream of the
transcription start) of that allele that bears the P-element in-
sertion, whereas in the allele that does not bear the P-element
insertion, this 184-bp insertion is lacking. Because our two
primers lie at each side of the 184-bp insertion, an animal that
is homozygous for the P-element insertion will give a PCR
product of 751 bp, whereas a homozygous wildtype will give

Figure 9 Schematic representation of four LGR cDNAs. The
regions coding for the seven-transmembrane loops are given as
black bars, those for the Leu-rich repeats as gray bars. Only com-
plete Leu-rich repeats (see Fig. 4) are taken into account. Intron
positions in the four LGR genes are indicated by arrows. (A) The
cDNA coding for DGLR-2. (B) The cDNA coding for DLGR-1
(Hauser et al. 1997). (C) The cDNA coding for the rat FSH recep-
tor (Heckert et al. 1992). (D) The cDNA coding for the LGR from
the sea anemone A. elegantissima (Nothacker and Grimmelikhui-
jzen 1993; Vibede et al. 1998).

a PCR product of 567 bp and a heterozygous animal both PCR
products.

Complementation Experiments

The deficiency strains of Drosophila that were used in our
complementation experiments of Figure 8 are given in Table
4. The deficiencies in the heterozygous flies were balanced
with the CyO chromosome (see also legend to Fig. 8). After
crossing, we verified by PCR that the Cy* offspring (flat wings;
P/D, see Fig. 8A) did indeed carry the wild type DLGR-2 gene
(D) together with the P element-inserted DLGR-2 gene (P).

Two deficiency strains from the Umea Drosophila Stock
Center (42450 and 41624) could be rescued by mutant P919
(which carries a P-element insertion in the DLGR-2 gene),
despite the fact that their records indicated a deletion in the
DLGR-2 gene area. PCR tests of the Cy* offspring (see Fig. 8A)
demonstrated that these flies carried a wild-type DLGR-2 gene
together with the P element-inserted DLGR-2 gene, showing
that the two deficiency strains either have been mapped in-
correctly or have lost their deficient chromosomes. These two
strains were, therefore, withdrawn from the complementa-
tion experiments.
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Table 4. Deficiency Strains of Drosophila Used in the
Complementation Experiments of Figure 8 to
Independently Localize the Deficiency in Mutant P919,
which Carries a P Element Insertion in the DLGR-2 Gene

Deficient

Stock number chromosomal region

45490 35E1-2 to 36A6-7
3588 35B4-6 to 35F1-7
42850 35B3 to 38D3-5
3213 35B2-3 to 35D5-7
3078 35B1-3 to 35E6
41612 34E5-F1 to 35C3-9
80842 34F1-2 to 35A2
3211 34E3 to 35D7
41622 34E1-2 to 35B3-5
41900 34D4-6 to 34E5-6
3897 34D2 to 34E3
41600 34D1-2 to 35B9-C1
41623 34C6-7 to 35B9-C1
42800 34C4 to 35A4
3138 34B12-C1 to 35B10-C1

Stock numbers with five digits are from the Umea Drosophila
Stock Center (Umea University, Sweden), those with four dig-
its from the Bloomington Drosophila Stock Center (Indiana
University, Bloomington). The deficient chromosomal region
refers to the left arm of chromosome 2.
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