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Abstract

The insect myosuppressins (X1DVX2HX3FLRFamide) are neuropeptides that generally block insect muscle activities. We have
used the genomic sequence information from the malaria mosquito Anopheles gambiaeGenome Project to clone a G protein-coupled
receptor that was closely related to the two previously cloned and characterized myosuppressin receptors from Drosophila [Proc.
Natl. Acad. Sci. USA 100 (2003) 9808]. The mosquito receptor cDNA was expressed in Chinese hamster ovary cells and was found
to be activated by low concentrations of Anopheles myosuppressin (TDVDHVFLRFamide; EC50, 1.6 · 10�8 M). The receptor was
not activated by a library of 35 other insect neuropeptides and monoamines, including neuropeptides that resembled myosuppressin
in their C-terminal moiety, such as PDRNFLRFamide (Anopheles FMRFamide-3), other Anopheles FMRFamide peptides, or neu-
ropeptide F-like peptides, showing that the receptor was quite selective for myosuppressin. These results also showed that the myo-
suppressin receptor needs a much larger portion than the C-terminal FLRFamide sequence for its activation. The insect
myosuppressins are often grouped together with the insect FMRFamides under the name FaRPs (FMRFamide-related peptides).
However, this is not justified anymore, because the insect myosuppressin receptor/ligand couple is both functionally and evolution-
arily fully unrelated to the insect FMRFamide receptor/ligand couple. To our knowledge, this is the first report on the molecular
identification of a mosquito neuropeptide receptor.
� 2004 Elsevier Inc. All rights reserved.
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The insect myosuppressins are neuropeptides with the
C-terminal sequence X1DVX2 HX3 FLRFamide (where
X1 is pQ, P, T; X2 is D, G, V; and X3 is V, S) [1]. The
insect myosuppressins obtained their name because they
inhibit most insect visceral muscles, including those that
are involved in the passage of food along the insect ali-
mentary canal [1–5]. The myosuppressins have been iso-

lated from a variety of insects and it can be assumed that
they occur in all insect species [1–4,6–10].

The C-terminal four amino acid moiety of the insect
myosuppressins (FLRFamide) resembles that of the
FMRFamide neuropeptides. However, the actions of
myosuppressins are often different from those of the in-
sect FMRFamides [1,11] and also their preprohormones
have a quite different organization (one immature myo-
suppressin sequence is contained in the myosuppressin
preprohormones, while typically a large number of
FMRFamide sequences—up to 24—are contained in
the insect FMRFamide preprohormones) [12,13], sug-
gesting that the two neuropeptide genes are not evolu-
tionarily related.
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q The nucleotide sequence reported in this paper has been submitted
to the GenBank Data Bank with Accession No. AY 345586.
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The FMRFamide preprohormone from the malaria
mosquito Anopheles gambiae contains a neuropeptide
sequence, PDRNFLRFamide (Anopheles FMRFa-
mide-3), that resembles a myosuppressin (Cazzamali
et al., in preparation). Anopheles FMRFamide-3 acts
as a genuine FMRFamide on the Anopheles FMRFa-
mide receptor (Cazzamali et al., in preparation). It
would be important to see whether Anopheles FMRFa-
mide-3 also has myosuppressin properties, which would
intermingle the insect FMRFamide and myosuppressin
systems. This, however, would require the cloning of
the Anopheles myosuppressin receptor. We have previ-
ously cloned and identified (‘‘deorphanized’’) the first
two insect myosuppressin receptors from the fruitfly
Drosophila melanogaster [14]. Here, we describe the
cloning and functional characterization of a myosup-
pressin receptor from Anopheles. This is, to our knowl-
edge, the first report on the molecular identification of
a mosquito neuropeptide receptor.

Materials and methods

Total RNA was isolated from adult A. gambiae (strain KWA,
kindly supplied by Drs. N. Hill and P. Aiyenuro, London School of
Hygiene and Tropical Medicine, UK) using TRIzol Reagent (Life
Technologies) and treated with DNAse using the DNA-free kit (Am-
bion). cDNA was synthesized using the SMART RACE cDNA
Amplification Kit (Clontech). For 3 0 RACE, the sense primer 5 0-
CGTGATGGACGTGCTGGCGTTGGTCAA-3 0 and the nested
sense primer 5 0-GGACCGGTGGATGGCGGTGCCG-3 0 (corre-
sponding to positions 1080–1108 and 1190–1212 of Fig. 1) were used.
For 5 0 RACE, the antisense primer 5 0-GCTGCCAAAGATGCAC
ACCAGCAGGCAG-3 0 followed by the nested antisense primer 5 0-
GGCCCCATCCTCATCGCCTGCCAG (corresponding to positions
174–201 and 57–81 of Fig. 1) were used. The PCR program was 94 �C
for 3min, then 20 cycles touchdown, 94 �C for 30s, 68 �C for 45s,
decreasing 0.5 �C per cycle, 72 �C for 3min, followed by 25 cycles at
94 �C for 30s, 58 �C for 45s, and 72 �C for 3min.

The coding region was amplified using the sense primer 5 0-
CACCATGAGCTCGACGGAATTGG-3 0 and the antisense primer
5 0-GGACGTCCCGGCGTGCGCTA-3 0 (the underlined nucleotides
correspond to positions 1–19 and 1281–1301 of Fig. 1), cloned into
pCR4-TOPO (Invitrogen), sequenced, and cloned into the pIRES-
hrGFP-1a/Neo-module (Stratagene), using EcoRI. Cell culture, cell
transfection, and the bioluminescence assay were performed as in
[14–17].

DNA sequence comparisons were carried out using the Lasergene
software package (DNASTAR). ClustalW was used for protein
sequence alignments (www.npsa-pbil.ibcp.fr).

Results

We have previously identified two myosuppressin
receptors from Drosophila [14]. Blasting of their se-
quences against the genomic database sequences from
the malaria mosquito (A. gambiae) Genome Project
(http://www.ncbi.nlm.nih.gov/BLAST/Genome/Fly-
Blast.html) revealed the sequence of a putative mosquito

myosuppressin receptor. To obtain the cDNA, encoding
this receptor, we carried out PCR, and 5 0 and 3 0RACE
PCR, using primers directed against the exons of the
putative myosuppressin receptor gene, and cDNA from
adult A. gambiae as a template.

The receptor cDNA contains a polyadenylation sig-
nal and a poly(A)+ tail. The start codon is preceded
by several in-frame stop codons (Fig. 1). The cDNA
codes for a protein of 427 amino acid residues, contain-
ing seven transmembrane helices, which is characteristic
for G protein-coupled receptors (Fig. 1).

A comparison of the cDNA of Fig. 1 with the geno-
mic sequence of A. gambiae revealed a small number of
nucleotide differences, which, however, did not result in
amino acid residue differences (Table 1). This compari-
son also showed the presence of two introns in the recep-
tor gene (Table 2).

An alignment of the mosquito receptor with the two
Drosophila myosuppressin receptors showed 47–48%
amino acid residue identity (52–53% in the transmem-
brane region) and 57–58% similar residues (63–64%
in the transmembrane region) (Fig. 2). Furthermore,
all three receptors had two introns with the same in-
tron phasings in common, showing that the three
receptor genes are evolutionarily closely related (Fig.
2; Table 2).

We stably expressed the coding region of the mos-
quito receptor gene (Fig. 1) in Chinese hamster ovary
(CHO) cells and established clonal cell lines that ex-
pressed the receptor efficiently. These cells also stably
expressed the promiscuous G protein, G-16 [15]. Two
days before the bioassay, we transiently transfected the
cells with DNA, coding for apoaequorin and 3 h before
the assay, we added coelenterazine to the cell culture
medium. An activation of G-16-coupled receptors in
these pretreated cells, would lead to an IP3/Ca

2+-medi-
ated bioluminescence response, which could easily be
measured and quantified [14–17].

We tested a library of 35 insect neuropeptides and
biogenic amines on the transfected cells. Low concen-
trations of Drosophila myosuppressin (TDVDHVFLR
Famide) activated the receptor (EC50, 1.6 · 10�8 M)
(Fig. 3), whereas the other neuropeptides and neuro-
hormones, including those that resembled Drosophila

myosuppressin in their C-terminal moieties, such as
the Anopheles FMRFamides (we tested SALDKNFM
RFamide, PDRNFLRFamide, STGSGYMRFamide,
and AGNLMRFamide), short neuropeptide F-1 (AQ
RSPSLRLRFamide), and perisulfakinin [EQFDDY
(SO3H)GHMRFamide] [1,11,18], did not give a re-
sponse (all tested up to 10�5 M). This showed that
the receptor is specific for myosuppressin.

Searching of the genomic database from A. gambiae

(http://www.ncbi.nlm.nih.gov/BLAST/Genome/Fly-
Blast.html) revealed only one gene coding for a myosup-
pressin preprohormone, which is in agreement with
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