MIPs are ancestral ligands for the sex peptide receptor
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Upon mating, females of many animal species undergo dramatic
changes in their behavior. In Drosophila melanogaster, postmating
behaviors are triggered by sex peptide (SP), which is produced in the
male seminal ﬂuid and transferred to female during copulation. SP
modulates female behaviors via sex peptide receptor (SPR) located
in a small subset of internal sensory neurons that innervate the
female uterus and project to the CNS. Although required for postmating responses only in these female sensory neurons, SPR is
expressed broadly in the CNS of both sexes. Moreover, SPR is also
encoded in the genomes of insects that lack obvious SP orthologs.
These observations suggest that SPR may have additional ligands
and functions. Here, we identify myoinhibitory peptides (MIPs) as a
second family of SPR ligands that is conserved across a wide range of
invertebrate species. MIPs are potent agonists for Drosophila,
Aedes, and Aplysia SPRs in vitro, yet are unable to trigger postmating responses in vivo. In contrast to SP, MIPs are not produced in
male reproductive organs, and are not required for postmating
behaviors in Drosophila females. We conclude that MIPs are evolutionarily conserved ligands for SPR, which are likely to mediate functions other than the regulation of female reproductive behaviors.
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eptide signaling through G protein–coupled receptors is a
widely used mechanism for reversibly modulating the behavioral output of innate neural circuits (for review see ref. 1). A
prominent example of peptidergic modulation of behavior is the
regulation of female reproductive behavior in Drosophila melanogaster by the male’s sex peptide (SP). SP is a small peptide
present in the male seminal ﬂuid. Upon mating, SP is transferred
to the female, where it triggers dramatic changes in reproductive
and other behaviors (2, 3). These behavioral modiﬁcations typically
last for about a week, the period for which the female is able to store
and use sperm from the initial mating (for review see ref. 4). Within
females, SP is thought to activate a speciﬁc G protein-coupled
receptor (SPR) (5) in a small set of internal sensory neurons of the
female reproductive tract (6, 7). Signaling by SP and SPR is essential
for the modulation of female behavior as these changes do not occur
if the male lacks SP (8, 9) or the female lacks SPR (5).
The modulation of female reproductive behavior in response to
SP (and its closely related homolog DUP99B) (10, 11) is currently
the only known role of SPR. Nonetheless, several lines of evidence have hinted that SPR may have other ligands and possibly
also other functions. First, SPR is broadly expressed throughout
the central nervous system (5), yet it is required only in reproductive tract sensory neurons for the postmating behavioral
switch (6, 7). Second, SPR is also expressed in the central nervous
system of males (5), where it is not likely to be exposed to SP.
Third, orthologs of SPR are clearly detectable in most (but not
all) sequenced genomes from the lophotrochozoa and ecdysozoa
(5), yet genes encoding SP-like peptides can only be discerned in
the genomes of a few closely related Drosophila species (Fig. 1).
Based on these observations, we speculated that SPR may have
additional ligands that are only distantly related to SP, if at all,
and that these ligands may function in processes other than the
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regulation of female reproductive behavior. If so, then this also
raises the question of the ancestral function of SPR. Does SPR
have an ancient role in the regulation of female reproductive
behavior, with SP becoming the principle ligand for this function
only recently in Drosophila evolution? Or does SPR have a different ancestral function, with a role in postmating behavior
arising only recently in Drosophila evolution, concomitant with
the emergence of its novel SP ligand? To begin to address these
questions, we set out to identify additional ligands for SPR. As
we expected these other ligands to be conserved across insect
species, we focused on identifying SPR ligands present in the
yellow fever mosquito Aedes aegypti, as well as in D. melanogaster.
We report here that the evolutionary conserved family of
myoinhibitory peptides (MIPs), also known as allastostatin-B
(AST-B) or prothoracicostatic peptides (PTSPs), are potent
ligands for SPR in both Aedes and Drosophila, as well as the sea
slug Aplysia. In contrast to SP, MIPs do not appear to mediate
postmating behavioral changes in Drosophila and are not present
in seminal ﬂuid in either insect species. We infer that MIP signaling via SPR is a conserved pathway that functions in some
process other than the regulation of female reproductive behavior.
Results and Discussion
SP and Dup99B Arose Recently in Drosophila Evolution. To inves-

tigate the phylogenetic distribution of SP across the insects, we
performed BLAST analysis on all publically available insect genome
assemblies. We located SP orthologs in 10 out of 12 sequenced
Drosophila species, but not in any of the non-Drosophilidae insects
(Fig. 1 and Table S1). SP-like peptides have also been described
in three other Drosophila species: Drosophila suzukii, Drosophila
subobscura, and Drosophila madeirensis (12). All members of the
Sophophora subgenus contain an SP gene, albeit at distinct genomic
locations within the melanogaster, obscura, and willistoni groups.
Of three sequenced species in Drosophila subgenus, only the Drosophila virilis genome contains a SP-like gene. Extensive manual and
BLAST search failed to identify any SP-related gene in Drosophila
grimshawi, Drosophila mojavensis, or indeed in any other sequenced
insect genomes. Dup99B, a peptide closely related to SP, appears to
have an even more recent origin (10, 11). This gene is present in only
a subset of melanogaster group, including D. melanogaster, Drosophila simulans, Drosophila sechellia, and Drosophila yakuba.
Dup99B appears to be lacking in Drosophila erecta and more distant
species (Fig. 1). The most parsimonious explanation for these
observations is that SP ﬁrst arose in a common ancestor of both the
Sophophora and Drosophila subgenuses, and, during the early
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Fig. 1. SPR and MIP genes occur in most sequenced insect genomes, whereas
SP and Dup99B orthologs are detected only in small groups of Drosophila
genus. The presence of corresponding orthologs was revealed by BLAST
analysis on the corresponding genome assemblies and is indicated by +
(presence) or − (absence). The phylogram showing relationships among insect
species was adopted and modiﬁed from http://ﬂybase.org/blast/. aThe presence of SPR and MIP genes in Aplysia californica were inferred from the
identiﬁcation of corresponding ESTs from a CNS-speciﬁc cDNA library (39).

(15, 22). In B. mori, MIPs have also been found to suppress ecdysteroid production in the prothoracic gland and accordingly have also
been named PTSPs (13, 16). The conserved physiological functions
of the MIPs, however, remain obscure.
Based on the observation that Bombyx SPR is activated by
Bombyx MIPs (13), we tested whether Drosophila SPR is also
sensitive to MIPs. Indeed, Drosophila MIPs are potent agonists for
Drosophila SPR, with subnanomolar EC50s (Fig. 2A). In these
assays, MIPs were even more potent agonists for SPR than SP itself.
MIPs from Bombyx and Aedes were also highly active on Drosophila
SPR (Fig. S1), as anticipated from their high sequence conservation. Aedes MIP3, for example, activated Drosophila SPR with a
similar potency to each of the Drosophila MIPs (Fig. 2A).
Similarly, we found that Aedes SPR is also strongly activated by
both Aedes and Drosophila MIPs, with EC50s in the low nanomolar
range (Fig. 2B), as has also been found for activation of Bombyx
SPR by Bombyx MIPs (13). In contrast, and as previously reported
(5), Drosophila SP activates Aedes SPR with approximately 100-fold
lower potency (Fig. 2B). Moreover, we also found that insect MIPs

diversiﬁcation of the melanogaster group, it was duplicated and
translocated to generate Dup99B. SP may have then been lost
within the mojavensis and grimshawi lineages, and Dup99B was lost
in the erecta lineage.
In contrast to SP and DUP99B, SPR was found in almost all
sequenced insect genomes, with the exception of the honey bee
Apis melifera and the parasitoid wasp Nasonia vitripennis, both of
which belong to hymenoptera order (Fig. 1). SPR is not only
found in ecdysozoa, but also in lophotrochozoa, including Aplysia. The presence of SPR in many species that lack SP and
DUP99B suggests that, at least in these species, SPR is likely to
have other ligands.
Strategy for Identiﬁcation of Other SPR Ligands. We previously
demonstrated the functional expression of both D. melanogaster
and A. aegypti SPRs in mammalian CHO cells and showed that
SPRs from both species respond to Drosophila SP. SP activates
Drosophila SPR strongly, with an EC50 of approximately 1.3 nM,
but Aedes SPR only weakly, with an EC50 of approximately 167 nM
(5). Although SPR activation is normally coupled to cAMP signaling, in this assay it is linked to an increase in [Ca2+]i. This
allows convenient detection of SPR activation using the Ca2+
reporter aequorin to produce luminescent light. We now used this
assay to search for additional ligands for Aedes and Drosophila
SPR. We followed two approaches in parallel. First, we took a
candidate approach, based on the identiﬁcation of myoinhibitory
peptides (MIPs) as ligands for SPR in Bombyx mori (13). Second,
we attempted to identify ligands in fractionated extracts of Aedes
whole bodies (for results, see SI Text).
MIPs Are Potent SPR Agonists. MIPs are a set of highly conserved
peptides that have been identiﬁed or predicted in many different
insect species (14–23). Interestingly, however, MIPs, like SPR,
cannot be detected in the sequenced hymenoptera genomes (Fig. 1).
Typically, ﬁve to seven mature MIPs are produced by processing of a
single preprohormone precursor. Each of these MIPs has a signature W(X)6W-amide C-terminal motif, making them structurally
distinct from SP and its close relatives (Table S2). MIPs have been
shown to suppress the spontaneous contractions of the hindgut and
the oviduct, leading to their designation as myoinhibitory peptides
Kim et al.

Fig. 2. MIPs are highly potent agonists for SPRs from various taxa: (A)
D. melanogaster, (B) A. aegypti, and (C) A. californica. Dose-response curves
of CHO cells expressing SPR, aequorin, and a chimeric G protein, Gαqi, and
treated with varying concentrations of MIPs and SP. Each data point is mean ±
SEM (n = 4). Values in parenthesis are EC50s.
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Table 1. EC50 of synthetic SP and MIP derivatives on Drosophila SPR expressed in CHO cells
Name
SP
SP12–36
SP12–36C36A
DUP99B
SP21–36
SP21–36, reduced
SP21–36W23A,C24A,W32A,C36A
SP21–36 W23A,W32A
SP21–36 C24A,C36A
16AA3W,A12W
16AA3W,A4C,A12W,A16C
DmMIP1
DmMIP1, w/o amidation
DmMIP1W2A,W9A
DmMIP13-8A

Sequence

EC50, nM

WEWPWNRKPTKFPIPSPNPRDKWCRLNLGPAWGGRC
FPIPSPNPRDKWCRLNLGPAWGGRC
FPIPSPNPRDKWCRLNLGPAWGGRA
*QDRNDTEWIQSQKDREKWCRLNLGPYLGGRC
DKWCRLNLGPAWGGRC
DKWCRLNLGPAWGGRC
DKAARLNLGPAAGGRA
DKACRLNLGPAAGGRC
DKWARLNLGPAWGGRA
AAWAAAAAAAAWAAAA
AAWCAAAAAAAWAAAC
AW.QSLQS.SW-a
AW.QSLQS.SW
AA.QSLQS.SA-a
AW.AAAAA.AW-a

2.6
5.0
161.1
35.7
6.1
6.4
>10,000†
>10,000†
80.2
>10,000†
>10,000†
0.1
151.9
>10,000†
12.3

†

>10,000, no activity at 10 μM concentrations. *Q, underlined P and underlined Cs indicate pyroglutamic acid,
hydroxyproline, and disulﬁde bonds between Cs respectively.

strongly activate the Aplysia SPR (Fig. 2C and Fig. S2). Indeed,
Bombyx MIP1 (EC50, 26.0 nM) was just slightly less potent than
Aplysia MIP1 (EC50, 14.6 nM) in these assays (Fig. 2C). On the
contrary, Drosophila SP failed to activate Aplysia SPR. We conclude that MIPs are conserved and highly potent agonists for SPR.
Structural Requirements of SP and MIP for SPR Activation. The primary amino acid sequences of SPs and MIPs suggest little if any
similarity between the two classes of SPR ligands (Table S2 and
Table 1). SP is a 36-amino acid polypeptide carrying a disulﬁde
bridge, whereas MIPs are relatively short (9–12 amino acids) and
do not have a disulﬁde bridge. The only shared features of the
two peptides classes are a pair of tryptophan residues, separated
by eight amino acids in SP and six amino acids in MIPs. To assess
possible similarity in their secondary structures, we predicted the
structures of low-energy conformers of SP and MIPs. Although
the overall conformations of both ligand classes differed considerably, both classes are predicted to adopt a beta-turn conformation stabilized by the conserved tryptophans (Fig. 3).
To test the functional signiﬁcance of the conserved tryptophan
residues, we prepared mutant synthetic derivatives of both SP and
MIP in which the tryptophan residues are replaced by alanine, predicted to disrupt the beta-turn conformations (Fig. 3). These mutant
SP and MIP1 peptides (SP21–36W23A,W32A, MIP1W2A,W9A) were
completely inactive even in 10 μM concentration (Table 1), suggesting that these residues, and by inference the turn conformations,
are critical for SPR activation. Furthermore, an MIP mutant
(DmMIP13-8A) carrying Ala-replacements in all residues except the
conserved Trp residues retained a strong SPR agonist activity (Table
1). Together, these results suggest that SP and MIP share similar
structural requirements for the SPR activation, possibly reﬂecting
their interactions with a common binding site on the SPR.
MIPs Are Expressed in the CNS but Not Male Reproductive Organs.

Because MIPs are highly active on SPR, we wondered whether
they are involved in inducing postmating responses in Aedes and
whether they might also contribute alongside SP to postmating
responses in Drosophila. To address this, we ﬁrst examined
whether MIPs are present in male reproductive organs that produce the seminal chemicals essential for the postmating switch in
both species (for review see ref. 24). We used MIP-antibody to
detect mature MIP peptides in Aedes as well as in Drosophila. The
MIP-antibody we used reportedly visualizes MIPs across diverse
insect species, including D. melanogaster, Manduca sexta, B. mori,
and Rhipicephalus appendiculatus (13, 25–27), and staining in
6522 | www.pnas.org/cgi/doi/10.1073/pnas.0914764107

these species coincides with the expression of MIP mRNA (13, 25,
26). We conﬁrmed the strong MIP immunoreactivity in the CNS
of both Drosophila and Aedes but could not detect any staining in
the male reproductive organs of either species (Fig. 4). This is also
consistent with the FlyAtlas database (28), which reports a lack of
MIP transcript in male accessory gland but enrichment in CNS.
We also failed to detect MIP immunoreactivity in the reproductive organs from various other insect species, including D.
mojavensis, B. mori, and Tribolium castaneum.
MIPs Are Not Required for Postmating Responses in Drosophila. The
lack of MIP expression in the male reproductive system argues

Fig. 3. Conserved Trp residues stabilize beta-turn conformation in both SP
and MIPs. Secondary structures of (A) SP21–36, (B) SP21–36W23A,W32A, (C) DmMIP1,
and (D) DmMIP1W2A,W9A are predicted by low energy conformers calculated
with MM2 and MOPAC (Materials and Methods). (A and C) In wild-type peptides, the distances between carbonyl groups of i amino acids and amino
groups of I + 3 amino acids are determined in the range of hydrogen bonding
distance (red line, 1.9–2.8 Å), a key signature of beta-turn conformation. (B and
D) Trp > Ala mutations abolished the beta-turn conformations completely.
The corresponding carbonyl groups of i amino acids and NH groups of I + 3
amino acids in mutants were indicated by arrows. Amino acids participating in
the beta-turn conformations and their corresponding ones in mutants are
highlighted. Black, blue, red, and white balls indicate carbon, nitrogen, oxygen, and hydrogen atoms respectively.
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Fig. 4. MIPs are expressed in the CNS but not in reproductive organs. Antibody against MIP detected MIP-positive neurons and their arborizations in the
brain (A) and the ventral nerve cord (B). In contrast, no MIP immunoreactivity
was detected in male reproductive organs of Drosophila (C’) or Aedes (D’). GFP
(C’’) and DAPI (D’’) were used for counterstaining in Drosophila (w;UAS-laminEGFP;Fru-GAL4) and Aedes respectively. Ag, accessory gland, de, ejaculatory
duct, te, testis. (Scale bar, 100 μm.)

against the model that MIPs, like SP, are transferred to females
in the seminal ﬂuid. Nonetheless, MIPs might still act centrally in
the female to modulate reproductive behavior, possibly even
within the cascade of events triggered by SP activation of SPR in
the periphery. To test this hypothesis, we investigated female
postmating responses upon knockdown of MIP expression in the
nervous system, induced by pan-neuronal expression of RNAi
transgenes targeting MIPs (nSynb-GAL4 UAS-MIP-IR, henceforth MIP RNAi). To control for potential off-targeting effects,
two independent RNAi lines (UAS-MIP-IR1, UAS-MIP-IR2)
were used. For behavioral assays, individual virgin females were
ﬁrst tested for receptivity toward a naïve male. Those females
that mated were then allowed to lay eggs for 48 h before being
retested for receptivity with a second naïve male. In all of these
assays, there was little difference between MIP RNAi and the
control females (Fig. 5 A–C). The only exception was a modest
reduction in egg-laying with one of the RNAi lines. Staining of
the brain and ventral nerve cord with anti-MIP antibody conﬁrmed the efﬁcient knockdown of MIP in both RNAi females
(Fig. 5 D–G). We conclude that endogenous MIPs are not
required for female postmating responses, at least in Drosophila.
MIPs Do Not Trigger Postmating Responses in Drosophila. Although
not required for postmating responses in vivo, the fact that MIPs
are potent SPR agonists in vitro predicts that exogenous MIPs
should nonetheless be capable of eliciting a postmating response
in females provided they gain access to the relevant SPRexpressing neurons. We tested this prediction in two ways: ﬁrst,
by expressing MIPs in the male seminal ﬂuid in place of SP, and,
second, by direct injection of synthetic MIPs into the female
haemolymph.
We expressed MIPs in the male seminal ﬂuid by generating a
transgene in which MIPs are expressed under the control of regulatory sequences from the SP locus. Because the N-terminal
region of SP mediates sperm attachment and the gradual release
required for a long-term response (29), we fused the SP signal
peptide and N-terminal region to the MIP precursor protein (SPMIP). This fusion protein is predicted to generate an SP-MIP1
fusion peptide that should bind to sperm, as well as unfused MIP25 peptides (Fig. 6A). The expression of MIP in the accessory gland
was conﬁrmed by anti-MIP staining (Fig. S3). Genital tract extracts
from male ﬂies carrying the SP-MIP transgene in an SP null mutant
Kim et al.

Fig. 5. MIPs are not required for the postmating switch. (A) Receptivity of
virgin females, scored as the percentage of females that copulated with
canton-S male within 1 h. Numbers in parentheses represent the number of
samples, P > 0.01 for all comparisons against +/nSynb-GAL4 (genotype 5); 1way ANOVA followed by Bonferroni test. (B) Number of eggs laid per
female. Data are shown as mean ± SEM. * P < 0.01; ** P < 0.001. (C)
Remating frequency, scored as the percentage of females that copulated
with naïve canton-S male within 1 h. P > 0.01 for all comparisons against
+/nSynb-GAL4 (genotype 5). (D–G). Brain and ventral nerve cord of nSynbGAL4/+ (D; genotype 5), +/UAS-MIP-IR1 (E; genotype 2), nSynb-GAL4/UASMIP-IR1 (F; genotype 1), nSynb-GAL4/UAS-MIP-IR2 (G; genotype 3) stained
with MIP-antibody. (Scale bars, 100 μm.)

background showed elevated levels of SPR agonist activity in vitro,
comparable to the increase obtained with a control SP transgene
(Fig. S3). These assays conﬁrm the expression of functional MIP
proteins in the male reproductive tract. Surprisingly, however,
PNAS | April 6, 2010 | vol. 107 | no. 14 | 6523

Fig. 6. MIPs do not trigger postmating responses in vivo.
(A) Predicted amino acid sequence of SP rescue and SP-MIP
constructs. Bold, boxed, underlined sequences indicate a
mature peptide, SP attachment site and a dibasic peptide
cleavage site respectively. Males expressing an SP-MIP chimera (SP-MIP) instead of SP do not induce postmating
responses (black bars), as measured by (B) egg-laying and
(C) remating frequency. Canton-S virgin females were
crossed individually with males from corresponding genotypes. (B) Numbers of eggs laid per females for 48 h after
copulation. Data are mean ± SEM. Numbers in parentheses
indicate the number of samples. Double asterisk, P <
0.0001 for comparisons against wild-type Canton-S; 1-way
ANOVA followed by Bonferroni test. (C) Remating frequency, scored as the percentage of females that copulated with naïve canton-S male within 1 h. Double asterisk,
P < 0.0001. (D) Receptivity of Canton-S virgin females
assayed 5 h after injection with MIP mixture, SP or Ringer’s
solution alone. All injected females were virgins. ** P <
0.001 for comparisons against Ringer injection; 1-way
ANOVA with Bonferroni correction.

wild-type females mated with SP-MIP males did not show any sign
of the postmating responses (Fig. 6 B and C). Egg-laying rate and
remating frequency of these females were indistinguishable from
those of females mated with SP null (SP0/Δ130) males. In contrast,
males carrying the control SP transgene (SPRsecue/+; SP0/Δ130) or a
wild-type SP allele (+/Δ130) elicited a robust postmating responses
from their partners (Fig. 6 B and C).
One possible explanation for the inability of SP-MIP peptides
to elicit a female postmating response is their inability to pass
from the female reproductive tract into the haemolymph (30, 31).
To test this possibility, we injected varying concentrations of
synthetic MIPs into the hemocoel of virgin females. These
females showed no sign of a postmating response, as measured by
their receptivity, at any of tested doses (Fig. 6C). In contrast, and
as reported previously (5, 32), virgins injected with SP became
unreceptive and actively rejected courting males (Fig. 6C).
It is unclear why MIPs should be inactive in these in vivo assays,
when they are so potent in vitro. We speculate that additional factors
are required for SPR activation by SP in vivo and that these factors
may discriminate between the two classes of ligands. Indeed, several
proteins have been described that regulate the release, stability, and
localization of SP within the female reproductive tract and are
thought to be critical for coordinating reproduction (33, 34). One or
more of these proteins may ensure that only SP can activate SPR to
trigger the postmating changes in female reproductive behavior.
Conclusion
We have presented here evidence that MIPs are ligands for SPR.
The evolutionary conservation of both MIPs and SPR across
most of the invertebrates, including both ecdysozoa and lophotrochozoa, stands in striking contrast to the recent origin of SP,
which can only be detected in the genomes of a limited number
of Drosophila species. We also note that the sequenced hymenopteran genomes that lack SPR also lack MIPs. We therefore
conclude that MIPs are the ancestral ligands for SPR. Because
we cannot detect MIPs in the male reproductive organs of any
species tested, and MIPs are neither required nor sufﬁcient to
trigger postmating changes in Drosophila females, we infer that
the ancestral function for MIPs and SPR is most likely unrelated
to the regulation of female reproductive behavior. Our genetic
6524 | www.pnas.org/cgi/doi/10.1073/pnas.0914764107

analysis in Drosophila has, however, not yet revealed any other
functions for SPR that might be ascribed to MIPs. This may be
due to functional redundancy with other putative MIP receptors,
such as CG30106 (35) and its closely related homolog CG14593.
In other insects, MIPs have been shown to suppress visceral
muscle contractions (15, 22), regulate production of juvenile
hormones (18) and ecdysteroid (13, 16), and modulate ecdysis
behavior (25, 26). It remains to be seen whether any of these
functions are mediated by SPR.
Nonetheless, our data do not formally exclude the possibility
that SPR regulates female reproductive behavior in species other
than Drosophila. We have also found that Aedes contains at least
one other potent SPR ligand, presumably unrelated to both
MIPs and SP (SI Text). It is possible that this ligand may function
in Aedes in a manner analogous to SP in Drosophila.
Materials and Methods
CHO-K1 cells were transiently transfected, and luminescent signals were
measured as described previously (36). Expression constructs for Drosophila
SPR, Aedes SPR, and Bombyx SPR have been described previously (5). Aplysia
SPR was acquired from Dr. J. Edwards, Columbia Genome Center Aplysia EST
Project Site (Columbia University, New York, NY) (Clone ID, CNSN01-C009396), and its ORF was subcloned into pcDNA3.1(+). The peptides used in
this study are shown in Table 1 and Table S2. Peptides were synthesized
using the FMOC strategy and solid-phase method on an ABI433A Peptide
Synthesizer and were puriﬁed with HPLC.
To predict the secondary structure of MIP and SP, a computational analysis
was performed using the CAChe program (BioMedCAChe Version 5.0, CAChe
Scientiﬁc, Inc.). Each peptide was built, subjected to Beautify/Comprehensive,
and saved as .cdw ﬁle. The saved structure was calculated by Augmented
MM2 parameter, which enables minimization calculations for square planar,
trigonal bipyramidal, and octahedral atoms. After calculating the structure’s
potential energy, Mechanics adjusts the atomic positions and calculates
the potential energy of the new structure. This procedure is an iterative
process until the energy change between iterations is within a speciﬁed
limit. The obtained structure by Mechanics was calculated MOPAC 2002
using PM3 parameter, which determines bond strengths, atomic hybridizations, partial charges, and orbitals from the positions of the atoms and
the net charge, to search the lowest energy conformer with comparisons of
HF (heat of formation).
Mouse monoclonal MIP antibody (1A4) was a gift from Dr. A. Mizoguchi
(Nagoya University, Nagoya, Japan) (13). Tissues were ﬁxed overnight at 4 °C
in 4% paraformaldehyde in PBS (or in some cases at 4 °C for 2 h). The tissues
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were incubated in primary antibody (1:1,500–1:2,000) for 48 h at 4 °C, and in
secondary antibody for 24 h at 4 °C. Other antibodies used were: Alexa 488conjugated goat anti-mouse and Alexa 568-conjugated goat anti-mouse (all
1:1,000–1:2,000; Molecular Probes). Images were acquired with a Zeiss LSM
510 (the CNS) and a Zeiss Axioscope (male reproductive organs) were processed in Adobe Photoshop.
UAS-MIP-IR1 and UAS-MIP-IR2 were obtained from the genome-wide
transgenic RNAi library (37) maintained at the Vienna Drosophila RNAi
Center (Stock numbers 5294 and 106076). nSynb-GAL4 (obtained from Dr. J.
Simpson, Janelia Farm, Ashburn, VA) was used for the RNAi experiments
together with UAS-Dcr-2 (37). SP-MIP was prepared by cloning the part of
MIP precursor ORF (+196 to +633) between the 5′ (−873 to +81) and 3′ (+231
to +1020) regions of a SP genomic fragment. The control SP rescue construct
contains the corresponding SP genomic region (−873 to +1020). These SPMIP and SP genomic constructs were cloned into pKM20 vector (a custom

designed vector modiﬁed from a standard GAL4 vector) (6) and inserted into
a speciﬁc second chromosome site (VIE-72a) using the ΦC31 system (38).
Other stocks used were SP0/TM3, Sb (9), Δ130/TM3, Sb (9) and Canton-S for
the wild-type control. Peptide injections and behavioral tests for female
reproductive behaviors were performed as described previously (5). All
behavioral tests were repeated three times.
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