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The Drosophila Genome Project database contains the sequences
of two genes, CG8985 and CG13803, which are predicted to code
for G protein-coupled receptors. We cloned the cDNAs correspond-
ing to these genes and found that their gene structures had not
been correctly annotated. We subsequently expressed the coding
regions of the two corrected receptor genes in Chinese hamster
ovary cells and found that each of them coded for a receptor that
could be activated by low concentrations of Drosophila myosup-
pressin (ECso, 4 X 10~8 M). The insect myosuppressins are decapep-
tides that generally inhibit insect visceral muscles. Other tested
Drosophila neuropeptides did not activate the two receptors. In
addition to the two Drosophila myosuppressin receptors, we
identified a sequence in the genomic database from the malaria
mosquito Anopheles gambiae that also very likely codes for a
myosuppressin receptor. To our knowledge, this paper is the first
report on the molecular identification of specific insect myo-
suppressin receptors.

M ost insect myosuppressins are decapeptides with the struc-
ture X;DVX,HX3FLRFamide (where X is pQ, P,T; X is
D,G,V; X3 is V,S) (1). These neuropeptides have first been
isolated from cockroaches and later from locusts, flies, and
moths and it can be anticipated that they occur in all insects
(1-11). The myosuppressins obtained their name because they
have a general inhibitory action on a variety of visceral muscles
from insects (1-3, 6-20). Because the insect myosuppressins also
block the visceral muscles involved in the passage of food along
the alimentary canal (2, 9, 12, 15-17, 19), they have attracted the
interest of researchers that are aiming to develop nonpeptide
agonists of myosuppressin receptors to use them as insecticides.
On several occasions, one compound, benzethonium chloride,
has been claimed to be such a myosuppressin receptor agonist
(14, 19, 21). This claim was based on binding studies and
physiological experiments carried out with isolated insect muscle
preparations (14, 19, 21). However, to be sure that benzethonium
chloride is specifically acting on the myosuppressin receptor, or
to develop more selective and potent myosuppressin agonists, it
is necessary to have the cloned and functional myosuppressin
receptor available and expressed, for example, in cell lines plated
out on microtiter plates for high-throughput screening of chem-
ical libraries. Here we describe the molecular cloning and
functional expression in cell lines of two myosuppressin recep-
tors from the fruit fly Drosophila melanogaster. To our knowl-
edge, this article is the first report on the molecular identification
of specific myosuppressin receptors from insects.

Materials and Methods

PCR. Total RNA was isolated from adult D. melanogaster (Canton
S) by using the TRIzol Reagent (Life Technologies, Grand
Island, NY), and further treated with DNase I by using the
DNA-free kit (Ambion, Austin, TX). cDNA was synthesized, by
using the SMART RACE cDNA Amplification Kit (CLON-
TECH). From the annotated exons of CG8985 [Drosophila
myosupressin receptor (DMSR)-1] and CG13803 (DMSR-2)
(www.flybase.org) primers were designed for PCR. For
DMSR-1, the sense primer 5'-GGCCAGTGGCAACAAT-
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GAAACTGAGC-3' and the antisense primer 5'-CAGGA-
CACT CAGCAGGCGACTG-3" (corresponding to positions
3-28 and 1470-1491 in Fig. 1) were used. The 3' RACE was
carried out as a nested PCR with the sense primer 5'-
CCTGGACAAGTGGCTGCCGGTG-3" and the sense nested
primer 5'-GGTGCCACGGAGAATCAGCTGTAC-3" (corre-
sponding to positions 1284-1305 and 1618-1641 in Fig. 1). The
5" RACE was also nested PCR with the antisense primer
5'-CTGTCCGTCAGGATGTAGTCGTG-3’ and the antisense
nested primer 5'-CCAGCATAACTGCCAGGTCGGC-3’ (cor-
responding to positions 247-269 and 205-226 in Fig. 1). The PCR
program was 94°C for 3 min, then a 21-cycle touchdown, 94°C for
30 s, 73°C for 40 s decreasing 0.6°C per cycle, 72°C for 1 min,
followed by 25 cycles at 94°C for 30 s, 59°C for 40 s, 72°C for 1
min. For DMSR-2, the sense primer 5'-CTTCATTGACAC-
CATGGTCACG-3’ and the antisense primer 5'-GCTCTCCT-
GCTACACATTTGTC-3' (corresponding to positions —13 to
+9 and 1446-1476 in Fig. 2) were used in the initial PCR. The
3" RACE was carried out as a nested PCR with the sense primer
5'-GCACGTTCGCGCTCCTCTTC-3' and the sense nested
primer 5'-CCATCGATCTCGGGCTGACG-3' (corresponding
to positions 1265-1284 and 1427-1446 in Fig. 2). The 5' RACE
was also nested PCR with the antisense primer 5'-AGCTG-
TAGCTGAGCTGCTCCTC-3' and the antisense nested primer
5'-CGACAGCCAGACCCGTGAGTATG-3" (corresponding
to positions 274-295 and 177-199 in Fig. 2). The PCR program
was 94°C for 3 min, then a 20-cycle touchdown, 94°C for 30 s,
67°C for 45 s decreasing 0.5°C per cycle, 72°C for 2 min, followed
by 25 cycles at 94°C for 30 s, 57°C for 45 s, 72°C for 2 min.

Creation of Stable Cell Lines Expressing the Two Receptors. The sense
5'-ACAATGGCCAGTGGCAACAATGAAACTGAG-3' and
the antisense 5'-CTACAGATTTGTCACCTGCGTGATGTT-
GGTG-3' primers (corresponding to nucleotide positions —3 to
+27 and 1407-1437 of Fig. 1) were used in a PCR with cDNA
from adult flies to amplify the coding region of DMSR-1. This
cDNA was also used to amplify DMSR-2 with the primers sense
5'-TTTGAATTCGCCACCATGGTCACGAACATGTCG-3'
and antisense 5'-AAAGAATTCCTACACATTTGTCACTT-
GGGTCGTCAGC-3' (the underlined nucleotides correspond
to positions 1-18 and 1440-1467 of Fig. 2). The coding sequence
of DMSR-1 was cloned into the pCR3.1 vector by using the TA
cloning kit from Invitrogen, whereas the coding sequence of
DMSR-2 was cloned into the pIRES2-EGFP vector (CLON-
TECH) by using the EcoRI restriction sites incorporated in the
primers. The inserts were checked for the correct sequence. The
two plasmids were stably transfected into Chinese hamster ovary
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‘“1 ACAGTCTTCATCECCTCTCEGETEECGETTC =387
GCATCETCGECECTTCGETTCCTCCAATAATCAGTGAATARACTACATAGAAACACATGAATTACARGAARTCGATAAATATGTAAATGARACRARART ~298
CGTGARCACCARCACAAGATT TARATGATAATATTGCATTAGGCAARATAAAATATTCGCGAAACAGCTGTTGAATARTTTGCATARATCGTCGTGGGA 158

32
ACAGCATTTTGGGCTCTAGTTTGC&QGGACRLLLuLJuﬂLﬂATAAAJLAL1HATGCRTCTGCTGGGAAGGCGGCACTGCRCGGCTGTCCTTGGCAGCAA =100
ATCCAGTTGCAACATCGGTGAGTGACGEGCGECAATCACARAGGACTTGCAARCAGTTGCCGTTGCTTCTGCTATTGCTGT TGCTETTGCTGTTGCAACA -1

§3
ATG GCC AGT GGC AAC AAT GAA ACT GAG CCG CTC TAC TGC GGC AGC GGC ATG GAT AAT TTT CAC ACA AGE TAC AAG 75
Met Ala Ser Gly Asn 1§n Glu Thr Glu Pro Leu Tyr Cys Gly Ser Gly Met Asp Asn Phe His Thr Ser Tyr Lys 25
™ I
AAC|ATG CAT GGC TAT GTT TCG CTG GTG GTC TGC ATC CTG GGC ACC ATC GCG AAT ACC TTG AAT ATC ATT GTG|CTA 150
Asn|Met His Gly Tyr Val Ser Leu Val Val Cys Ile Leu Gly Thr Tle Ala Asn Thr Leu Asn Ile Ile Val|Leu 50

TM II
ACC CGA CGG GAG ATG CGC TCC CCC ACG AATlGCC ATA CTC ACG GGT CTG GCC GTG GCC GAC CTG GCA GTT ATG CTG 225
Thr Arg Arg Glu Met Arg Ser Pro Thr Asn|Ala Tle Leu Thr Gly Leu Ala Val Ala Asp Leu Ala Val Met Leu 75

GAG TAT ATA CCC TAC ACC ATA CAClGAC TAC ATC CTG ACG GAC AGT TTG CCG CGG GAG GAG AAG CTC AGC TAC AGC o0

Glu Tyr Jle Pro Tyr Thr Tle His|Asp Tyr Ile Leu Thr Asp Ser Leu Pro Arg Glu Glu Lys Leu Ser Tyr Ser 100
TM III

TGG GCC TGC TTC ATC AAG TTC CAT TCG]ATT TTC GCC CAG GTT CTG CAC ACC ATT TCC ATT TGG CTG ACG GTG ACC 375

Trp Ala Cys Phe Ile Lys Phe His Ser|Ile Fhe Ala Gln Val Leu His Thr Ile Ser Ile Trp Leu Thr Val Thr 125

CTG GCT GTT TGG| CGT TAT ATA GCG GTG GGT TAT CCG CAA AAG AAT CGC GTA TGG TGC GGT ATG AGA ACC ACC ATA 450

Leu Ala val Trp|Arg Tyr Ile Ala Val Gly Tyr Pro Gln Lys Asn Arg Val Trp Cys Gly Met Arg Thr Thr Ile 150
™ IV

ATA ACC ACC GCT TAT GTG GTG TGT GTIT CTG GTG GTG TCG CCG TCG CTC TAT TTG ATC ACG GCT ATA ACC 525

Ile Thr Thr Ala Tyr Val Val Cys Val Leu Val Val Ser Pro Ser Leu Tyr Leu Ile Thr Ala Tle Thr| 175

ATA ACG
Ile Thr

GAR TAT GTG CGAT CAG TTG GAT ATG RAT GGC AAG GTG ATA AAC TCC ATT CCC ATG ACC CAG TAC GTA ATC GAT TAT 600
Glu Tyr Val Asp Gln Leu Asp Met Asn Gly Lys Val Ile Asn Ser Ile Pro Met Thr Gln Tyr Val Ile Asp Tyxr 200

CGT AAT GAG TTA ATG AGT GCC CGG ACG GCT GCC CTG AAT GCC ACG CCC ACC AGT GCA CCA CTG AAC GAA ACT GTG 675
Arg Asn Glu Leu Met Ser Ala Arg Thr Ala Ala Leu &fn Ala Thr Pro Thr Ser Ala Pro Leu Asn Glu Thr Val 225

TGG TTA AAT GCG AGC ACC TTG CTG ACA TCG ACA ACC ACC GTIT GCA CCA CCC ACG CCA TCG CCA GTG GTG CGA AAT 750
Trp Leu Asn Ala Ser Thr Leu Leu Thr Ser Thr Thr Thr Ala Ala Pro Pro Thr Pro Ser Pro Val Val Arg Asn 250
A

GTT ACT GTC TAT AGG CTA TAC CAC AGC GAT TTG GCG TTG CAT AAT GCC TCG CTG CAR AAT GCC ACA TTT CTC[ATA 825

Val Thr Vval Tyr Arg Leu Tyr His Ser Asp Leu Ala Leu His Asn Ala Ser Leu Gln Asn Ala Thr Phe Leu|Ile 275
T™ V.

TAC AGT GTA GTG ATT AAG CTG ATA CCA TGC ATA GCA CTC ACC ATT CTG TCG GTT CGA TTG ATC CTG| GCC TTA CTG 900

Tyr Ser Val Val Ile Lys Leu Ile Pro Cys Ile Ala Leu Thr Ile Leu Ser Val Arg Leu Ile Leu| Ala Leu Leu 300

GAG GCC ARG CGG CGG CGG AAG AAG CTC ACC AGC AAG CCC GCC ACT CCG GCT GCC AGT AAT GGA ACC AAR TCA CCG 875
Glu Ala Lys Arg Arg Arg Lys Lys Leu Thr Ser Lys Pro Ala Thr Pro Ala Ala Ser Asn Gly Thr Lys Ser Pro 3zas

GCC AAT GGA ARA TCA GCC GAT AGG CCC CGG AAA AAT AGC ARA ACT CTG GAA ARG GAA AAG CAG ACG GAT CGC ACC 1050
Ala Asn Gly Lys Ser Ala Asp Arg Pro Arg Lys Asn Ser Lys Thr Leu Glu Lys Glu Lys Gln Thr Asp Arg Thr 350
TM VI
ACG AGA ATG|CTG CTG GCG GTG CTA CTC CTC TTT CTC ATC ACT GAA TTT CCA CAA GGG ATT ATG GGT CTG CTG AAT 1135
Thr Arg Met |Leu Leu Ala Val Leu Leu Leu Phe Leu Ile Thr Glu Phe Pro Gln Gly Tle Met Gly Leu Leu Asn 375
(X TM VII
GCT| GTG CTC GGA GAT GTC TTC TAT CTG CAG TGC| TAC CTA AGA CTG RGBT GAC CTG ATG GAT ATC TTG GCC CTG ATC 1200
Alaj Val Leu Gly Asp Val Phe Tyr Leu Gln Cys|Tyr Leu Arg Leu Ser Asp Leu Met Asp Ile Leu Ala Leu Ile 400

AAC TCC AGC ATC AAC TTC ATT TTGE TAC TGC TCC ATG AGC AAG CAA TTC CGC ACC ACG TTC ACG CTG CTC TTT CGT 1275
Asn Ser Ser Ile Asn Phe Ile Leuy Tyr Cys Ser Met Ser Lys Gln Phe Arg Thr Thr Phe Thr Leu Leu Phe Arg 425

CCA AAR TTC CTG GAC ARG TGG CTG CCG GTG GCG CAG GAC GAA ATG GCA GCT GCT CGA GCT GAA CGC TCT GCG GTG 1350
Pro Lys Phe Leu Asp Lys Trp Leu Pro Val Ala Gln Asp Glu Met Ala Ala Ala Arg Ala Glu Arg Ser Ala Val 450

GCA CCG GTC CTG GAR AAG GGA CGA CAG CAG CCG CAG GTG GTG ATG GCC AGC ACG ACC ACC AAC ATC ACG CAG GTG 1425
Ala Pro Val Leu Glu Lys Gly Arg Gln Gln Pro Gln Val Val Met Ala Ser Thr Thr Thr Asn Ile Thr Gln Val 475

ACA AAT CTG TAG CACAGGAGGAGTCGTGGTCGCCGRACTTTGCTCAGTCGCCTGCTGAGTGTCCTEGAARCGCGGCAGRAGGUGCTCCTCCGECGA 1521
Thr Asp Leu * 478

AGGAGGAGGCGTGEGAGEAGGTGETGCGCCGTTGECCGECAACGATGCGETGEAACCAGCGTTCCAGGCCATCOTEETAGTGGTGCGACAAGGTGAGCGE 1620
TGCCACGGAGAATCAGCTGTACACCGCCGAGCARGCTCGTATTGTGACGTAGTAACCCTGATAGTAGTACATATTATATGCCTAGTTATCCTTGTARARR 1719
AGTAARCTAGTTGTETARGAATCGCAGATARCCACAAGTTATGTECATACTTTGETEGEAAATCGTARAACCCGTATAGTCATAATAATARAATGCTGS 1818
TTCATCACTCATACGCACCGTTTGACTTCACTCTATTCCACATTCACAGTCAAGTAGGAGCTGTARARATGCTETEGTATARACGAGCTCGTATARGCTA 1917
CAGTTGGCGTCACAATAATAGTTACCATTGGETTGGCTTCACAACATAGATCARAGTCARARRATATATAGTTTTGTARRATGTTTCATARATCTATCT 2016
TCATATTTAACTAACACAATTCAGAAACTTTCGCTTECATGGARAATGTTTTATTTTCCCCACTTEACCCARTTGTGEECAACTGTTCAGCTTTTCGGE 2115
ATGARTCAAATCARATATAGTAAACTTTTGCATCTTTTCCACTTTGATCCCATGCGTTTTCATGTTGATTTCATTCGCATARAGTATGCAGCACACGTA 2214
CTCACTCAARACTACGAATTTTCGGCAACGATTTGAGCAGAATATTTGCCATTTGTTGTACAGATTATATATACACACACACACACTTATGTCCGTATC 2313
TTTARTAATGGCAATTARGTCCTAGARATTTTGACCTGATATTGATGCAGGCATTGEARARATARGTGECAGTTGCAGTGCGETGCGTAGGTARATGAR 2412
ATATTTTGCGAATTCTATTATTGGARATCGCARTTTGGEC TG TGAATGAAATTATAGTTTTCTTGAACGCACTTGEGAATTCAGTTCCGTTTCGTGGGT 2511
TACTGAATTTATGGGARATAATTTARGGCAGTCACTGCAGCTGACCGAATAATCCAATGARACATTGCATARACAGTTTGCAGTTTTTCCACACTTGCG 2610
ARARATTGTAATTGCAARTCGCTTAAGCCCCACGACGAATARCAAATGGCCAGCGAACGCATARATTATAGTGATTGAAGTATTTGCACTTGAGCCCCGA 2708
CARATATTTTCARTCTCGTTAATAATGAACACATARATCARAT TACGAATAGGTACATGTGARTACACCAACTATATTGTATGTAACTAACTGTATGTT 2808
GCTTGAACAACGATTARATTAGCTGCTARACAARARARARARAARAAARAARAARA 2861

Fig. 1. cDNA and deduced amino acid sequence of the corrected gene CG8985. The nucleotides are numbered from 5’ to 3’ end and the amino acid residues
are numbered, starting with the first ATG (start) codon in the open reading frame. The introns are marked by arrows and numbered 1-4. The two nucleotides,
bordering each of the four introns, are highlighted in gray. The stop codons in the 5’ untranslated region are underlined. The putative polyadenylation sites
inthe 3’ untranslated region are underlined twice. The translation termination codon is marked by an asterisk. The seven transmembrane domains of the receptor
protein are boxed and marked TMI-VII. The potential N-glycosylation site in the extracellular N terminus (obeying the NXS/T consensus sequence), and four such
sites in the second extracellular loop are marked by filled triangles.

(CHO) cells that also stably expressed the human « G protein  Northern Blot Analyses. Northern blots were prepared by using
subunit G-16 (CHO/G-16) (22, 23) by using FuGENE 6 reagent  the NorthernMax formaldehyde kit (Ambion) and BrightStar-
(Roche Diagnostics). The CHO/G-16 cells and the biolumines-  Plus membranes (Ambion). cDNA probes (nucleotide posi-
cence assay are described in refs. 22 and 23. All wells in one  tions 1284-2216 of Fig. 1 and nucleotide positions 1445-2072
bioassay have about the same number of cells. of Fig. 2) were labeled by using the Strip-EZ kit (Ambion).
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L GTTGCATTGAATTTTTCGTAATATARGTTTTGCGATT -199
TGTGTAGCAGGTAGCACTTTTGCCACGCAGCCTGCATATTTGAGTGTTGGAAT TTCCGARAAGGGAATT TARATGAARCGCCAGAGGRAGCAGCGEGGELG =100
CACmAGT'I‘GGCAGCCGGACACCGOGGTCMTCMACGGAGTCC'.IZ‘G-CCAGG.hCJ\TCCCRCCMCCGRCTHCCATCTGRCCMT%TGGCC'ITC}\TTGRCRCC =1
ATG GTC ACG AAC ATG TCG CAG CCG CAT TAT TGC GGC ACC GGC ATC GAT GAT TTC CAC ACA AAC TAC AAA TAC|TTT 75
Met val Thr %in Met Ser Gln Pro His Tyr Cys Gly Thr Gly Ile Asp Asp Phe His Thr Asn Tyr Lys Tyr|Fhe 25

TM I
CAC GGT TAC TTC TCG CTG ATT GTC TGT ATC CTG GGA ACC ATC GCG AAT ACC CTA AAT ATC ATA GTG |CTG ACC CGA 150
His Gly Tyr Phe Ser Leu Ile Val Cys Ile Leu Gly Thr Ile Ala Asn Thr Leu Asn Ile Ile Val |Leu Thr Arg 50
TM II
CGG GAG ATG CGC TCC CCC ACG AAT|GCC ATA CTC ACG GGT CIG GCT GTC GCC GAT TTG GCT GTG ATG CTG GAR TAT 225
Arg Glu Met Arg Ser Pro Thr Asn|Ala Ile Leu Thr Gly Leu Ala Val Ala Asp Leu Ala Val Met Leu Glu Tyr 75
ATA CCC TAT ACG GTG CAC| GAC TAT ATC CTC AGT GCA AGG CTG COG CGA GAG GAG CAG CTC AGC TAC AGC TGG GCG 300
Ile Pro Tyr Thr Val His| Asp Tyr Ile Leu Ser Ala Arg Leu Pro Arg Glu Glu Gln Leu Ser Tyr Ser Trp Ala io0
TH IIT
TGC TTC ATC AAG TTT CAC TCG}G‘I‘A TTT CCC CAG GTG CTG CAC ACC ATC TCC ATT TGG CTA ACA GTG ACG CTG GCA 375
Cys Phe Ile Lys Phe His Ser|Val Phe Pro Gln Val Leu His Thr Ile Ser Ile Trp Leu Thr Val Thr Leu Ala 125
GTT TGG|CGG TAC ATA GCG GTA AGC TAT CCG CAA AGG AAT CGC ATC TGG TGT GGA ATG CGT ACT ACT CTG ATC ACC 450
Val Trp|Arg Tyr Ile Ala Val Ser Tyr Pro Gln Arg Asn Arg Ile Trp Cys Gly Met Arg Thr Thr Leu Ile Thr 150
™ IV
|ATA GCC ACA GCC TAT GTT GTC TGT GTC CTG GTG GTG TCA CCT TGG CTG TAC CTA GTC ACA GCC ATT GCC| ARG TTC 525
Ile Ala Thr Ala Tyr Val Val Cys Val Leu Val Val Ser Pro Trp Leu Tyr Leu Wal Thr Ala Ile Ala|Lys Phe 175
CTG GAG ACT TTG GAT GCC AGT GGC AAG ACG ATC GCC TCA GTG CCA TTG AGT CAR TAC ATT CTG GAC TAC AAT CGG 600
Leu Glu Thr Leu Asp Ala Ser Gly Lys Thr Ile Ala Ser Val Pro Leu Ser Gln Tyr Ile Leu Asp Tyr Asn Arg 200
CAG GAT GAG GTG ACC ATG CAG GTC ATG TCG AGT ACA ACG CCA GAT GTT TCC TGGE CCG ATA CCA AGT GAT TCG GCC 675
Gln Asp Glu Val Thr Met Gln Val Met Ser Ser Thr Thr Pro Asp Val Ser Trp Pro Ile Pro Ser Asp Ser Ala 225
AAT GGA ACT GCA GTT AGC TTG CTA AGT CTA ACC ACA GTG ATA CCC CTA ACC ACA TTA AGC ACT GGA GTA ACC ACA 750
Asn Gly Thr Ala Val Ser Leu Leu Ser Leu Thr Thr Val Ile Pro Leu Thr Thr Leu Ser Thr Gly Val Thr Thr 250
A
TCC TCG TCG TTG GGT GAG CGC AAT GTG ACT GTC TAT ARG CTG TAT CAC AGC GCA CTG GCG CTG CAT GAT CGG CAG 825
Ser Ser Ser Leu Gly Glu Arg Asn Val Thr Val Tyr Lys Leu Tyr His Ser Ala Leu Ala Leu His Asp Arg Gln 275
A ™ V
TTC AGG AAT GCG ACC TTC CTT F}\ TAC AGT GTC CTG ATC AAG TTG ATA CCC TGC TTC GCA CTG ACC ATT CTG TCT S00
Phe Arg Asn Ala Thr Phe Leu [Ile Tyr Ser Val Leu Ile Lys Leu Ile Pro Cys Phe Ala Leu Thr Ile Leu Ser 300
A
GTGE CGG CTC ATA GGG|GCG CTG TTG GAG GCOC AAR AGG AGG AGG ARG ATC CTA GCC TGC CAT GCA GCC AAC GAT ATG 375
val Arg Leu Ile Gly|Ala Leu Leu Glu Ala Lys Arg Arg Arg Lys Ile Leu Ala Cys His Ala Ala Asn Asp Met 325
CAG CCA ATT GTC AAT GGA AAG GTG GTG ACT CCG ACG CAA CCC ARG AGC TGT ARA CTG CTA GAG ARG GAG ARG CAG 1050
Gln Pro Ile Val Asn Gly Lys Val Val Thr Pro Thr Gln Pro Lys Ser Cys Lys Leu Leu Glu Lys Glu Lys Gln 350
™™ VI
ACC GAT CGC ACG ACG AGG ATG CTT CTT GCOG GTA |[CTG CTG CTC TTC CTG GTC ACT GAG TTT CCA CAG GGC ATT ATG 1125
Thr Asp Arg Thr Thr Arg Met Leu Leu Ala Val |Leu Leu Leu Phe Leu Val Thr Glu Phe Pro Gln Gly Ile Met 375
[E]
GGT CTG CTG AAT GTG|CTC CTG GGC GAC GCC TTC TTT CTG CAA TGT [[AC TTA AAG CTG AGT GAC CTT ATG GAC ATC 1200
Gly Leu Leu Asn Val|Leu Leu Gly Asp Ala Phe Phe Leu Gln Cys Leu Lys Leu Ser Asp Leu Met Asp Ile 400
TM VII
TTE@ GCGE CTT ATT AAT TCG AGC ATC AAC TTC ATC CTG| TAC TGT TCG ATG AGC CGC CAG TTC CGG AGC ACG TTC GCG 1275
Leu Ala Leu Ile Asn Ser Ser Ile Asn Phe Ile Leu|Tyr Cys Ser Met Ser Arg Gln Phe Arg Ser Thr Fhe Ala 425
CTC CTC TTC CGT CCG CGC TGG CTG GAC AAA TGG CTG CCG CTG TCG CAG CAC GAC GGC GAA GGG AGG GTG GGC GGA 1350
Leu Leu Phe Arg Pro Arg Trp Leu Asp Lys Trp Leu Pro Leu Ser Gln His Asp Gly Glu Gly Arg Val Gly Gly 450
AGT GGC GGC CTG GGC GGC TAC GGC GGA TAT GGA CGG CAG OGG TTG CTG CAC ACG GAT GCC GTT AGC AAG AGC ATG 1425
Ser Gly Gly Leu Gly Gly Tyr Gly Gly Tyr Gly Arg Gln Arg Leu Leu His Thr Asp Ala Val Ser Lys Ser Met 475
GCC ATC GAT CTC GGG CTG ACG ACC CAA GTG ACA AAT GTG TAG CAGGAGAGCAGCGGECCGGGCGGCGATGTCAGCCGCAACCGGCG 1510
Ala Ile Asp Leu Gly Leu Thr Thr Gln Val Thr Asn Val 488
GAGCAGCTGCATCGETGECTCTGECCCTGGCAGCCACTGATGTTGATGGATGTCCGGCTGCCACCGATGCTGCTGTTTCCACTARCGACATCAGCCTEG 1608
TCEAGARGCTACATTTGCAGCCCAGTCARAGGGGGACTGCGATATCCAGTGGCCAGCAT CGARGGCGGCGCAGTGGEAGTGGCACCAAGTGCATCTGGEC 1708
CCACGACGGACTGGCT ARAGCTECETARCCAGARAGCTAGAGARACGGAGCAATCCTCCOARCAGGATATAGAGCTGEGCARGAGCTCCATCAACA 1807
GECGCAGCAGTGTTCTTCTAATGETATTACTARGCAGCTCTGATGAGGTTAAAGCCARGGCEETTTTGETCAGTGAACAGCCGCCGAGTCCAGCGGACG 1908
AGGATGTGGAAGRCGCCATCGACGCCCTCTGGCTGTGAGACGACCCCTCACTTCCATTTTGTACGCCCTETARATTATCCAAGTACCCACTRAATATTTA 2005
ACTACCGTGTACAGACCAATTATTGAGACARATTGTTATGCGCTGAT TCCATTATT TTCCCGCCAGTGTTGTCTTGGCGAATCGAGAGCCCCTTTCGCT 2104
GAGACTTTGCTTTGCTGGARAATGAGTGEGAT TTTCCTTGARAGGACTCCCTGEAAGCAGCCTGCAACATTTTGTGACCACATTTGATAAGTGATATACT 2203
TGACTAAGT T TCCCCCCTTAATAGT TG TG TAAGTGC TARAGCGCGTC TCTAGATATARRCGAATTAGTCATAGTCTARCTATTAATTARGATATATTGAT 2302
GARATAATTCGGAAGC TARGAGAT TARATTTCTT T T TATAT TGAATARATGTTTTTTCGARARARAAAARARARRARARAR 2383

Fig. 2.

The ribosomal protein-49 probe was generated as described
in ref. 24.

Sequence Analyses, Software Programs, and Peptides. DNA se-
quence comparisons were performed by using the LASERGENE
software package (DNASTAR). For Fig. 4, CLUSTALW
was used. The TMHMM v.2.0 prediction server was used for
locating transmembrane helices of the proteins (www.
cbs.dtu.dk). PRISM v.3 software (GraphPad, San Diego) was
used for plotting of the bioluminescence data, including nor-
malization of the dose-response curves (these curves were
plotted as nonlinear regression). Peptides were synthesized by
Genemed Synthesis (San Francisco) or Bachem (Bubendorf,
Switzerland).

9810 | www.pnas.org/cgi/doi/10.1073/pnas.1632197100

<DNA and deduced amino acid sequence of the corrected gene CG13803. Data are displayed in the same way as Fig. 1.

Results

The database from the Drosophila Genome Project consortium
contains the sequences of two annotated genes (CG8985 and
CG13803) that are supposed to code for two structurally
related G protein-coupled receptors (www.flybase.org) (25).
We cloned the cDNA of these two genes by using PCR and
primers based on the annotated exons. Subsequently, we
carried out 3’ and 5’ RACE:s to obtain the complete cDNAs.
During this process, we found that CG8985 had not been
correctly predicted. In the prediction, it contained four exons
and three introns, but from the cDNA sequence it became
clear that intron 3 was an exon (containing a new “corrected”
stop codon). Furthermore, we found two additional exons
flanking a large intron at the 5’ end of the predicted gene. The
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Table 1. Intron/exon boundaries of the corrected CG8985
receptor gene

Intron Intron
Intron 5’ donor size, bp 3" acceptor phase
1 CAA gtaaatact... 546 ...tatccacag TAA -
2 GCA gtaagtgtc... 15252 ...tatttgcag GGG -
3 AG gtaatcgac... 3,657 ...ttttttcag C 2
Ser Ser
4 A gt aagt aaa. . . 100 ...gcccaccag GT 1
Ser Ser

corrected gene CG898S, therefore, has five exons and four
introns (Table 1 and Fig. 1). Fig. 1 shows the cloned cDNA of
the corrected gene CG8985, which is 3,286 nt long. It contains
a putative polyadenylation site at its 3" end and numerous stop
codons preceding the start codon in its 5’ untranslated region.
The cDNA codes for a protein of 478 amino acid residues, which
contains seven transmembrane domains. The extracellular N
terminus contains one potential N-glycosylation site, and four
such sites exist in the second extracellular loop (Fig. 1).

Comparison of the cDNA of Fig. 1 with the genomic sequence
in the database (www.flybase.org) showed 13 nucleotide differ-
ences. In four cases, these differences led to different amino acid
residues, which, however, were all conserved residues (Table 3,
which is published as supporting information on the PNAS web
site, Www.pnas.org).

We also cloned the cDNA of gene CG13803 and, again, found
that its gene had not been correctly predicted. The annotated
gene had four exons and three introns. We found that the
predicted intron 2 was, in fact, an exon. Furthermore, we
discovered an additional large intron and an exon, both lying in
front (5') of the predicted exon 1. The corrected gene CG13803,
therefore, has four exons and three introns (Table 2 and Fig. 2).
Fig. 2 shows the cloned cDNA of the corrected gene CG13803,
which is 2,618 nt long. The cDNA contains a putative polyad-
enylation signal at its 3’ end, and several stop codons preceding
the start codon in its 5’ untranslated region. It codes for a protein
of 488 amino acid residues, which has seven transmembrane
domains, one potential N-glycosylation site in its extracellular N
terminus, and three such sites in the second extracellular loop
(Fig. 2).

Comparison of the cDNA of Fig. 2 with the corresponding
genomic sequence revealed 37 nucleotide differences. Five of
these differences led to changes in amino acid residues, of which
four were conserved residues (Table 4, which is published as
supporting information on the PNAS web site).

We stably transfected CHO cells with the cDNAs correspond-
ing to the coding regions of either the corrected gene CG8985
or CG13803 and established cloned cell lines, expressing these
genes effectively. These cells were also stably expressing the o
subunit of the promiscuous G protein, G-16. Two days before the
assay, the cells were transiently transfected with DNA, coding for
apoaequorin; coelenterazine was added to the culture medium

Table 2. Intron/exon boundaries of the corrected CG13803
receptor gene

Intron Intron
Intron 5" donor size, bp 3’ acceptor phase
1 TGT gtaagttgc... 14,623 ..tatttgcag GTA -
2 AA gtgagtaga... 429 ...ccccaacag C 2
Asn Asn
3 A gtaagtatt... 489 ...tcgtttcag Gr 1
Ser Ser
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3 hours before the assay. Addition of receptor ligands and
activation of the receptors in these pretreated cells would lead to
an inositol 1,4,5-trisphosphate (IP3)/Ca?"-mediated biolumines-
cence response that could easily be measured and quantified (22,
23, 26-32). We tested a peptide library (consisting of 24 Dro-
sophila or other invertebrate neuropeptides), and seven mono-
amines on these cells and found that the two receptors were
activated by low concentrations of Drosophila myosuppressin
(Drome-MS) (5, 11). We also found that both receptors had the
same ECs) for Drome-MS (4 X 1078 M) (Fig. 3 E and F). The
other tested peptides and amines (Fig. 3) did not activate
the receptors, not even peptides that resembled Drome-MS
(TDVDHVLFLRFamide) in their C termini, such as FMRF-
amide, Drosophila short neuropeptide F-1 (AQRSPSLRLRF-
amide), or perisulfakinin [EQFDDY(SOsH)GHMRFamide].
These results showed that the two receptors are specific for
Drome-MS. Another remarkable feature was that the two
receptors did not appear to be quickly desensitized. When
activated by Drome-MS, they continued to be active for 30 sec
or longer (t12 =~ 20 sec for both receptors), which is a kinetics
quite different from that of all of the other insect neuropeptide
receptors characterized by us so far, where nearly full desensi-
tization occurred within 5 sec (23, 26-32). Finally, we found that
the two receptors were not activated by benzethonium chloride
(in concentrations up to 10~* M), which was claimed to be a
myosuppressin receptor agonist (14, 19, 21). Concentrations
>10~* M gave bioluminescence responses in both the nontrans-
fected and transfected CHO cells, showing that the actions of
benzethonium chloride can be nonspecific.

The two Drome-MS receptors (DMSR-1 and -2) strongly
resemble each other (65% overall amino acid residue identity;
71% identity in the transmembrane region) (Fig. 4). A compar-
ison of the two receptors with the other known Drosophila
neuropeptide receptors or other proteins from the GenBank
database revealed no proteins with significant structural simi-
larities. However, the genomic database from the recently
sequenced malaria mosquito Anopheles gambiae (33), contained
a gene sequence coding for a putative G protein-coupled re-
ceptor that strongly resembled DMSR-1 and -2, both with
respect to amino acid sequence (55-58% overall amino acid
residue identities; 65-67% identical residues in the transmem-
brane region) and gene structure (two shared introns between
the three genes with identical intron phasings) (Fig. 4). All of
these data strongly suggest that the Anopheles receptor is a
myosuppressin receptor. Whether Anopheles also has a second
myosuppressin receptor could not be confirmed at present.

Northern blots revealed that the two Drome-MS receptors
were only very weakly expressed in embryos, larvae, and pupae.
In adult flies, DMSR-1 was strongly expressed in the head, but
virtually absent in the body (thorax/abdomen) (Fig. 5A4),
whereas DMSR-2 was present in both adult head and body
(Fig. 5B). The DMSR-2 mRNA displayed a double band, of
which the smaller one corresponded to the size of the cloned
cDNA (Fig. 5B).

Discussion
In this paper we have cloned and characterized two Drosophila
receptors that are specific for Drome-MS and that do not react
with other Drosophila neuropeptides, not even with peptides that
have C-terminal structures resembling Drome-MS, such as the
sulfakinins, the FMRFamides, or peptides belonging to the
neuropeptide-F family (Fig. 3). Interestingly, the two receptors
are not activated by benzethonium chloride, which was claimed
to be a myosuppressin receptor agonist (14, 19, 21), but whose
actions, therefore, must be quite different.

The two Drome-MS receptors have an ECs for Drome-MS of
4 X 1078 M. This value compares well with the concentrations
of Drome-MS needed in pharmacological or physiological ex-
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Fig. 3. Bioluminescence responses of nontransfected CHO/G-16 cells and of CHO/G-16 cells transfected with DNA coding for the coding region of either the

corrected gene CG8985 or CG13803. The vertical bars represent SEM, which are sometimes lower than the symbols (filled squares) used. In these cases, only the
symbols are given. (A and C) Bioluminescence responses of CHO/G-16 cells after addition of 5 X 10~7 M Drome-MS. (B) Bioluminescence response of
CHO/G-16/CG8985 cells after addition of 5 X 107 M Drome-MS. (D) Bioluminescence response of CHO/G-16/CG13803 cells after addition of 5 X 1077 M
Drome-MS. (E) Dose-response curve of the bioluminescence responses of CHO/G-16/CG 8985 cells induced by Drome-MS. The responses 0-5, 5-10, and 10-15
sec after addition of the peptide were added and counted as one response. (F) A similar curve for the CHO/G-16/CG13803 cells. The following peptides did not
activate the two receptors (tested up to 1076 or 10~> M): crustacean cardioactive peptide; capa-1, -2, and -3; corazonin; Drosophila adipokinetic hormone;
Drosophila tachykinin-3; Drosophila short neuropeptide F-1; Drosophila ecdysis triggering hormones-1 and -2; Drosophila pigment dispersing hormone;
Drosophila pyrokinin-2; drostatins-A4 -B2, and -C; FMRFamide; Heliothis zea hypertrehalosaemic neuropeptide; hug-v; leucopyrokinin; leucokinin-Il; perisul-
fakinin; and proctolin. For peptide structures see refs. 1, 10, and 11. The following amines did not activate the two receptors (tested up to 10-5 M): adrenaline;
dopamine; histamine; noradrenaline; octopamine; serotonin; and tyramine.

periments to inhibit Drosophila heartbeat (ECso, 1077 M) or
contractions of the crop (107 M) (20), and with the concen-
trations of other insect myosuppressins that were used to inhibit
the blowfly crop (4 X 1078 M) (19), the cockroach fore- and
hindgut (between 1071 M and 3 X 1078 M) (9, 14), the locust
heart (ECsp, 5 X 1078 M) (13), or the salivary gland from
Rodnius prolixus (between 5 X 1072 and 5 X 1077 M) (18). These
data, therefore, suggest that the two cloned Drome-MS recep-
tors are the physiologically relevant myosuppressin receptors.

In addition to the two Drome-MS receptors characterized in
this paper, we have earlier identified the first insect FMRFamide
receptor in Drosophila (28). This receptor is activated by very low
concentrations of Drosophila FMRFamides (ECsg, 9 X 10710 M),
but also by higher concentrations of Drome-MS (ECsp, 2 X 1077
M) and Drosophila short neuropeptide F-1 (ECsp, 9 X 1078 M).
These findings were recently confirmed by another research
group (34). We have previously considered the activation of the
Drosophila FMRFamide receptor by the other two peptides as

v — TM I
DMSR=1 == mmmmm e s e MASGNNETERLYCGSGMEN MHGYVSLVVCILGTIAN 43
DMSR-2 - MVT--NMSQBHYCGTGIDDFH FHGYFSLIVCILGTIAN 41
BMSR MSSTELGEFVINVTDGPHSLAGDEDGANISTATTAHLLYCGKALDDFHTSYAKAHGIVCLLVCIFGSIAN 70

— TM II —_—
DMSR-1 TLNIIVLTRREMRSPTNAILTGLAVADLAVMLEYIPYTIHDYILTDSLPREEKLSYSWACFIKFHSIFAQ 113
DMSR-2 TLNIIVLTRREMRSPTNAILTGLAVADLAVMLEYIPYTVHDYILSVRLPREEQLSYSWACFIKFHSVEPQ 111
AMSR TLNIVVLTRREMRSPTNATLTGLATADLIVMLDYMBYAINS-IPYLRLSREERLTYGWAWYIMFHSIFAQ 139
—TM IIT — : ™ IV i
DMSR-1 VIHTISIWLTVTLAVWRYIAVGYPOKNRVWCEMRTTIITITTAYVVCVLVVSPSLYLITAITEYVDOLDM 183
DMSR-2 VLHTISIWLTVTLAVWRYIAVSYPQRNRIWCGMRTTLITIATAYVVCVLVVSPWLYLVIATAKFLETLDA 181
BMSR ICHTISIWLTVTLAIWRY IAVAYPORNROWCDMSKTLAATFSSYVVCPFLAVE-IYLSFSIQSNVELLGC 208
DMSR-1 NGKVINSIBEMTQYVIDYRN------ ELMSARTAALN-ATETSAPLNETVWLNASTLLTSTTTVAP---PT 243
DMSR-2 NGKTIASVELSQYILDYNRQDEVTMOVMSSTTEPDVSWAIPSDSANGTAVSLLSLETVIPLETLSTGVTTS 251
AMSR DGNELTPDATGNVSQ: 223
v r ™ V 1
DMSR-1 PSPVVRNVIVYRLYHSDLALHNASLONATFLIYSVVIKLIPCIALTILSVRELILALLEAKRRREKLTSKP 313
DMSR-2 SSLGERNVIVYKLYHSALALRDRQFRNATFLIYSVLIKLIPCFALTILSVRLIGALLEAKRRRKILACH- 320
AMSR -===GRNVTLYRLGTSQLVRDNPALLNVNEWIYSVVFKLIPCIALTILSLRLIGALLEAKORRSQOLTGT- 288
™ VI
DMSR-2 ATPARSNGTRSPANGKSADRPR-KNSKTLEKERQTDRTTRMLLAVILLFLITEFPOGIMELLNAVLGDVE 382
DMSR-2 —---ARNDMQOPIVNGKVVIPTQPKSCKLLEKEKQTDRTTRMLLAVLLLFLVTEFPQGIMGLLNVLLGDAF 386
BEMSR ————-BTGLEQIVDGRVVDAKA---GKQTDKERQTDRTTRMLLAVLLLFLITEFPQGILGLLSAVLEKDE 350
: ™ VII ,

DMSR-1 ¥ ILALINSSINFILYCSMSKQFRTTFTLLFRPKFLDKWLPVAQDEMARRRARRSAVAP 452
DMSR-2 LMDILALINSSINFILYCSMSROFRSTEALLFRPRWLDKWLPLSQHDGEGRVGGSGGLGG 456
BMSR FFNC LALVNSAINFILYCSMSRQFRSTFNDLFRPRILDRWMAVPQGDDEQA--————--- 409
DMSR-1 VLEKGRQ---QPQVVMASTTINI---TQVTNL 478
DMSR-2 YGGYGRQRLLHTDAVSKSMAIDLGLTTQVINV 488
BEMSR -——-GRG——-QHQDAAT---TQL---TQI--~ 427

Fig. 4. Amino acid sequence comparison between the DMSR-1 and -2 encoded, respectively, by the corrected CG8985 and CG13803 genes and the putative
myosuppressin receptor from A. gambiae (AMSR; present in the clone with accession no. gb/AAAB01008900.1/). Amino acid residues that are identical between
atleast two receptors are highlighted in gray. The seven transmembrane domains are indicated by TM I-VII. The two common introns between the three receptor
genes are indicated by vertical boxes. The filled triangles indicate common potential N-glycosylation sites. Gaps are introduced to optimize the alignments.
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Fig.5. Northern blots of mMRNA isolated from various developmental stages
from Drosophila. The sizes of the transcripts are given at the right (in kb). Each
lane contained ~5 pg of mRNA from either embryos (0-24 h), mixed first- to
third-instar larvae, pupae, and heads or bodies (thorax + abdomen) from
adult flies. (A) The lanes were hybridized with a cDNA probe, corresponding
to CG8985. (B) The Northern blot from A was stripped and subsequently
hybridized with a cDNA probe, corresponding to CG13803. (C) The Northern
blot from B was stripped and subsequently hybridized with a cDNA probe,
coding for ribosomal protein 49. This blot gives the loading efficiency of each
lane.

cross reactions caused by the similarities of their C-terminal
peptide structures (28). However, the FMRFamide receptor’s
ECs value for Drome-MS is only five times higher than the ECs,
values found for the two Drome-MS receptors identified in the
present study. This finding would imply that the Drosophila
FMRFamide receptor, under certain conditions, possibly also
might function as a third Drome-MS receptor. It also implies that
high (“pharmacological”) concentrations of Drome-MS (e.g.,
107° M, see above) could effect the Drosophila FMRFamide
receptor instead of the presumed Drome-MS receptor. However,
similarly to the two Drome-MS receptors, the Drosophila
FMRFamide receptor is not activated by benzethonium chloride
(G.C., unpublished observations).

Northern blots showed that DMSR-2 is expressed in both the
head and body (thorax and abdomen) of adult flies (Fig. 5B). These
results agree very well with the actions of the myosuppressins on
numerous visceral muscles present in both the body and head of
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insects (see above). However, the very strong expression of both
receptors in the head (compare, for example, the loading efficien-
cies in the last two lanes of Fig. 5C), also suggests the presence of
myosuppressin receptors in the brain. In fact, anatomical studies
have shown that myosuppressin-like material was abundant in
various parts of the insect brain (19, 20, 35-37). These two findings
together, then, suggest a so far unknown role of the myosuppressins
in the insect central nervous system.

It is interesting that two transcripts were observed with DMSR-2
(Fig. 5B), of which the smaller one corresponded to the cloned
receptor (Fig. 2), whereas the somewhat larger transcripts probably
corresponded to a mRNA species, having an alternative poly-
adenylation signal, lying ~400 bp downstream from our cloned
polyadenylation signal. This longer transcript has not been cloned
by us, but can be deduced from the genomic sequence in the
database (www.flybase.org). It is also interesting that the smaller
transcript was mainly present in the body, whereas the longer
transcript was mainly in the head (Fig. 5). This could mean that
nerve cells predominantly produce the larger transcript and visceral
muscle cells produce the smaller one.

The identification in this paper of two specific myosuppressin
receptors in Drosophila opens the possibility of finding similar
receptors in other insects or arthropods. That this is a realistic
option is shown by our discovery of a probable myosuppressin
receptor in the malaria mosquito 4. gambiae (Fig. 4). The
identification of myosuppressin receptors in other model insects
or other arthropods will certainly contribute to our understand-
ing of the endocrinology and physiology of these animals.
Furthermore, the availability of myosuppressin receptors in
recombinant cell lines (grown in 96- or 384-well plates) will also
make it possible to screen large chemical libraries for agonists,
which could be used as leads to develop specific and environ-
mentally safe insecticides.
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