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Ingestion of vertebrate blood is essential for egg maturation and
transmission of disease-causing parasites by female mosquitoes. Prior
studies with the yellow fever mosquito, Aedes aegypti, indicated
blood feeding stimulates egg production by triggering the release of
hormones from medial neurosecretory cells in the mosquito brain.
The ability of bovine insulin to stimulate a similar response further
suggested this trigger is an endogenous insulin-like peptide (ILP). A.
aegypti encodes eight predicted ILPs. Here, we report that synthetic
ILP3 dose-dependently stimulated yolk uptake by oocytes and ecdys-
teroid production by the ovaries at lower concentrations than bovine
insulin. ILP3 also exhibited metabolic activity by elevating carbohy-
drate and lipid storage. Binding studies using ovary membranes
indicated that ILP3 had an IC50 value of 5.9 nM that was poorly
competed by bovine insulin. Autoradiography and immunoblotting
studies suggested that ILP3 binds the mosquito insulin receptor (MIR),
whereas loss-of-function experiments showed that ILP3 activity re-
quires MIR expression. Overall, our results identify ILP3 as a critical
regulator of egg production by A. aegypti.
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Vertebrates and invertebrates produce a diversity of insulin-like
peptide (ILP) superfamily members distinguished by a shared

structural motif (1–3). Most ILPs are expressed as prepropeptides
that consist of four major domains (Pre, B, C, and A). Humans and
other mammals produce up to 10 ILPs that are further subdivided
into insulin, insulin-like growth factors (IGFs), and relaxins on the
basis of primary structure, processing, and receptor binding pref-
erences. Insulin is the only ILP that binds with high affinity to a
homodimer receptor tyrosine kinase (RTK) (�500 kDa) called the
insulin receptor (IR) and stimulates a signaling pathway that
includes phosphoinositide 3-kinase (PI3K) and serine/threonine
kinase (AKT). IGFs preferentially bind a related RTK [IGF
receptor (IGFR)] and activate the MAPK pathway, and relaxins
bind G protein-coupled receptors (GPCRs) (4–6). Together, these
hormones mediate a diversity of processes with insulin primarily
regulating metabolism, IGFs regulating cell proliferation and sur-
vival, and relaxins mediating vasodilation.

Insects and other invertebrates also encode multiple ILPs, but
their primary structure differs from mammalian family members (7,
8). Homology searches also suggest differences exist between
invertebrates and vertebrates in the repertoire of receptors and
downstream signaling pathway components that interact with ILPs.
For example, Drosophila, Caenorhabditis elegans, and the mosqui-
toes Aedes aegypti and Anopheles gambiae encode only one RTK
related to vertebrate IRs and IGFRs. Genetic studies suggest
multiple ILPs may activate this receptor and stimulate signal
transduction through both PI3K/AKT and MAPK pathways (7, 9).
Yet no invertebrate ILP has actually been shown to bind with high
affinity to an invertebrate IR homolog and stimulate a specific
dose-responsive biological function.

A key feature of mosquitoes that transmit disease-causing patho-
gens is that they must blood-feed on hosts to produce eggs (10). In
A. aegypti, blood ingestion triggers the release of neuropeptides
from the brain medial neurosecretory cells (MNCs) that stimulate
the production of ecdysteroid hormones by the ovaries (10–13).

Ecdysteroids then induce the fat body to secrete yolk proteins,
derived from nutrients acquired in the blood meal, which are
packaged into eggs. Prior studies indicated that mosquito brain
extracts and bovine insulin each stimulate ecdysteroid production
by the ovaries (14). A. aegypti also encodes eight predicted ILP
family members of which three (ILP1, ILP3 and ILP8) are specif-
ically expressed in brains of adult females (15). Combined with the
finding that ovaries express IR [mosquito IR (MIR)] and AKT
(16–18) homologs, these results suggest an endogenous ILP of brain
origin stimulates egg maturation by activating the insulin signaling
pathway in the ovaries. Here, we report the identification of ILP3
as a regulator of these processes.

Results
A. aegypti and Mammalian ILPs Exhibit Structural Differences. We
first assessed whether particular A. aegypti ILPs were structurally
more similar to mammalian insulin than others. Mammals process
the intervening C domain of pro-insulin to produce a mature,
secreted peptide comprised of separate B and A chains linked by
two interchain disulfide bridges plus a third intrachain bridge in the
A chain (Fig. 1A). IGFs form the same disulfide bridges but remain
single peptides at maturity because their C chain is not cleaved,
whereas relaxins are processed like insulin but exhibit differences in
primary structure that include the presence of basic lysine and/or
arginine residues flanking the first cysteine of the B chain (5, 19).
Each A. aegypti ILP exhibits intron/exon organization similar to
other insulin superfamily members (15). Each A. aegypti ILP
propeptide with the possible exception of ILP6 also contains sites
flanking the C chain, suggesting insulin/relaxin-like processing (15),
whereas cysteine spacing patterns suggested conservation in disul-
fide bridge formation with mammalian ILPs (Fig. 1).

We next compared the primary structure of the mosquito ILPs
to selected mammalian and insect family members because recep-
tor binding preferences and biological activities are known to be
affected by specific residues in the A and B chains. Essential
residues implicated in insulin binding to the IR include Gly-1, Gln-5,
Tyr-19, and Asn-21 on the A chain and Tyr-16, Gly 23, Phe-24,
Phe-25, and Tyr-26 (GFFY motif) on the B chain that together form
the ‘‘classical binding surface’’ (Fig. 1A) (2, 20–22). Other impor-
tant residues include IleA2 and ValA3, which are likely exposed
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during binding to the IR, and LeuA13, ValB12, and LeuB17 that
maintain secondary structure. As previously noted, ILP1, ILP3, and
ILP8 are the most likely candidates for regulating egg maturation
in A. aegypti, because they are exclusively expressed in the brains of
adult females, and the brain MNCs are the source of factors that
trigger egg maturation after a blood meal (15). Each of these ILPs
shared some essential residues with insulin and exhibited overall
sequence identities of 43%, 52%, and 38%, respectively, with the
bovine insulin A chain and 27%, 29%, and 24% to the B chain.
Unlike insulin though, none of the A. aegypti ILPs possessed an Asp
or related polar residue at the C termini of their A chains or a
GFFY motif in their B chains (Fig. 1A). Each A. aegypti ILP also
had one or more basic residues flanking the first Cys of the B chain
similar to relaxins (Fig. 1A), whereas ILP1, ILP2, ILP5, and ILP7
had N-terminally extended B chains unlike any mammalian ILP.
Given these data, we conducted homology modeling studies to
assess whether ILP1, ILP3, and ILP8 more closely matched the
tertiary structure of human insulin and relaxin2. Analysis of the
structures generated by Swiss Model using Anolea, Gromos, and
Verify 3D indicated that each ILP favored the insulin fold. ILP8
favored a human insulin and relaxin2 near equally, whereas the
large N-terminal extension in the A chain resulted in ILP1 not
favoring either template. ILP3 fit insulin better than ILP1 but could
not be threaded onto the relaxin2 template despite relatively good
sequence alignment. Taken together, these results suggested most
A. aegypti ILPs are processed like mammalian insulins and relaxins
while also revealing that their primary structures were neither fully
insulin nor relaxin-like. We therefore selected ILP3 for further
study, because of its brain-specific expression and overall greater
similarity to mammalian insulins and Bombyx mori ILPA1 (see
below) than ILP1 and ILP8.

Synthetic ILP3 Is Recognized by Anti-ILPA1. Purifying sufficient ILP3
for functional studies was deemed impractical because of the small
size of mosquitoes. Despite the use of recombinant methods two
decades ago to produce human insulin (23), we also decided against
a molecular strategy to produce ILP3 because of the complexity still
required to form a mature peptide. We thus developed a synthetic

approach based on methods used for silkmoth ILPs and relaxin (24,
25). After purification, mass spectral analysis confirmed the syn-
thetic peptide corresponded to the predicted structure of mature
ILP3. Because prior studies indicated that a monoclonal antibody
against B. mori ILPA1 specifically labels A. aegypti MNCs (11, 15,
26) (Fig. 1B), we examined whether this antibody recognized
synthetic ILP3. Immunoblotting revealed it bound to ILP3 and
ILPA1 but not bovine insulin at any concentration tested (Fig. 1C).

ILP3 Stimulates Egg Maturation. Decapitation of A. aegypti females
by 1 h post blood meal (pbm) inhibits egg maturation because of the
loss of stimulatory factors from the brain (13). To assess whether
synthetic ILP3 rescued this effect, we used a well established in vivo
assay. Injection of a single dose of ILP3 over a range of 2 to 125
pmol stimulated yolk uptake by oocytes in �40% of decapitated
mosquitoes. This response was significantly greater than in saline-
injected controls where no yolk uptake occurred but was lower than
in normal (nondecapitated) blood-fed mosquitoes (Fig. 2A). Ac-
tivity was also hormetic because no yolk uptake occurred in
mosquitoes injected with �1 pmol or �250 pmol of peptide. All
primary oocytes in both ovaries contained a similar amount of yolk
in females exhibiting a yolk deposition response (Fig. 2A). These
results implicated ILP3 as a regulator of egg maturation, but yolk
deposition is also an indirect measure of activity that depends on
sustained ovarian production of ecdysteroid hormones that activate
the fat body to secrete yolk proteins. We therefore compared the
ability of ILP3 and bovine insulin to induce ecdysteroid synthesis by
ovaries from sugar-fed (nonoogenic) mosquitoes in an in vitro assay.
These experiments indicated that both peptides stimulated a dose-
dependent increase in ecdysteroid production from basal levels to
�150 pg per ovary culture (Fig. 2 B and C). Notably though, a
maximal response required only 1 pmol of ILP3 but 100 pmol of
bovine insulin.

ILP3 Reduces Hemolymph Sugar Levels and Elevates Carbohydrate and
Lipid Stores. Mammalian insulins induce glucose uptake by cells,
inhibit glycogen breakdown, and shift lipid metabolism from a
catabolic to anabolic state (27). To test whether ILP3 exhibited such
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Fig. 1. A. aegypti (Ae) ILPs share features with other ILP
family members. (A) Sequence alignment of the predicted B
and A chains for Ae-ILP1–8 with B. mori ILPA1 (Bm-ILPA1:
Q17192), Drosophila melanogaster ILP2 (Dm-ILP2:AAF50204),
bovine insulin (Bv-Ins: PO1317), human insulin (Hu-Ins:
AAA59172), human IGF factor 1A (Hu-IGF1A:CAA01955), and
human relaxin 1 (Hu-Rel1: CAA00599). Residues shared by a
majority of family members are shaded in black. The consensus
B and A chains are shown below the alignment with the
predicted intrachain disulfide bond in the A chain and two
interchain disulfide bonds indicated. (B) Immunocytochemical
whole mount of the A. aegypti brain probed with anti-Bm-
ILPA1. The arrow indicates strong staining of MNCs and their
axons (Scale bar: 50 �m.) (C) Immunoblot of serially diluted
(1–0.01) ILP3 (3 �g), Bv-Ins (8 �g), and Bm-ILPA1 (1 �g) probed
with anti-Bm-ILPA1 (1:4K).
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activity, we decapitated sugar-fed females to remove the source of
endogenous ILPs. We then injected different doses of ILP3 and
measured carbohydrate and lipid levels 6 or 24 h later. After 6 h,
ILP3 reduced circulating sugars in the decapitated females to
similar levels as controls (Fig. 3A) but had no effect on glycogen or
lipid levels (data not presented). By 24 h, however, ILP3 elevated
glycogen and lipid stores in the decapitated females to the same
levels as controls (Fig. 3 B and C).

ILP3 Binds with High Affinity to Ovary Membranes. Like vertebrate
IRs and IGFRs, the MIR proreceptor is processed into an extra-
cellular �-subunit that includes the predicted ligand binding domain
and a �-subunit that contains a transmembrane region linked to a
characteristic tyrosine kinase domain (16, 17). The mature MIR
then forms a 400- to 500-kDa homodimer comprised of two �- and
�-subunits that in ovaries localizes primarily to follicle cells (17).
Sequence alignments during the current study further indicated the
MIR is 37% identical to the human IR overall and 32% identical
in the predicted IR ligand binding domain (28). Competitive
radio-receptor assays using ovary membranes indicated that ILP3
had an IC50 value of 5.9 nM (Fig. 4A). Unlabeled ILP3 fully
competed binding, whereas unlabeled ILP3 B chain peptide (10
nM–10 �M) and bovine insulin (1 �M–500 �M) were poor
competitors. Cross-linking experiments with ovary membranes and
250 pmol of 125I-ILP3 followed by SDS/PAGE and autoradiography

detected a single band of �500 kDa (Fig. 4B). Intensity of this band
was reduced but not eliminated by the addition of cold ILP3
competitor. On companion immunoblots, MIR-specific antibody
detected this same single band in cross-linked samples and a single
band of �500 kDa (the expected size for the MIR) in the noncross-
linked sample (Fig. 4B).

MIR Expression Is Required for ILP3 Activity. We assessed whether
ILP3 activity depended on the MIR by conducting reverse genetic
studies. Injection of blood-fed female mosquitoes, intact and de-
capitated, with dsRNA corresponding to three domains of the MIR
resulted in clear and specific depletion of receptor transcript by 12 h
pbm (Fig. 5A). Receptor protein was in turn reduced at 12 h pbm
and depleted at 72 h when females begin laying eggs (Fig. 5B). We
therefore asked whether MIR knockdown disables egg maturation
by comparing yolk uptake and ecdysteroid production in intact
blood-fed females pretreated with dsMIR versus control females
pretreated with dsGFP or water. These experiments indicated that
dsMIR treatment greatly reduced yolk uptake and ecdysteroid
production compared with the controls, suggesting that endoge-
nous ILPs failed to activate egg maturation in the absence of MIR
expression (Fig. 5 B and C). In vitro assays that measured ecdys-
teroid production by the ovaries supported this interpretation by
indicating that ILP3 activity also depends on MIR expression (Fig.
5D). Ovaries collected from females that had been decapitated and
treated with water or dsGFP immediately pbm produced, as ex-
pected, only basal levels of ecdysteroids, but these ovaries readily
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Fig. 2. ILP3 and bovine insulin stimulate yolk uptake or ecdysteroid produc-
tion by ovaries of female A. aegypti. (A) Yolk uptake (�m � SE) by oocytes after
injection of ILP3 (0.5–250 pmol per mosquito). Adult females were decapi-
tated within 1 h pbm and injected with ILP3. Females injected with saline
served as negative controls, while normal (nondecapitated, saline injected)
blood-fed females were positive controls. Asterisks indicate a given treatment
differed significantly from the negative control (F11, 257 � 12.1; P � 0.0001;
followed by Dunnett’s multiple-comparison procedure). (B) Ecdysteroid pro-
duction (pg � SE) by ovaries after incubation with ILP3 (0.1 pmol-1 nmol).
Ovaries from sugar-fed females (four pairs) were incubated 6 h with increasing
amounts of ILP3 followed by quantification of ecdysteroids. Ovaries incubated
without ILP3 served as the negative control. Asterisks indicate a given treat-
ment differed significantly from the negative control (F8, 33 � 7.5; P � 0.0001).
(C) Ecdysteroid production (pg � SE) by ovaries after incubation with bovine
insulin (10 pmol–10 nmol). Ovaries were cultured and ecdysteroids were
assayed as in B. Asterisks indicate a given treatment differed significantly from
the negative control (F7, 71 � 10.2; P � 0.0001).
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Fig. 3. ILP3 reduces circulating trehalose levels and increases glycogen and
lipid stores in female A. aegypti. Mosquitoes were decapitated after sugar
feeding and injected with ILP3 (0.01–100 pmol) or saline only (negative
control). Sugar-fed, normal (nondecapitated) females served as positive con-
trols. Trehalose (A), glycogen (B), and lipid (C) were extracted and assayed
from replicate samples of two females. (A) Trehalose (�g � SE) amounts per
mosquito 6 h after injection of ILP3. Asterisks indicate a given treatment
differed significantly from the negative control (F6,148 � 51.0; P � 0.0001). (B)
Glycogen (�g � SE) amounts per mosquito 24 h after injection of ILP3.
Asterisks indicate a given treatment differed significantly from the negative
control (F6, 20 � 2.9; P � 0.04). (C) Lipid (�g � SE) amounts per mosquito 24 h
after injection of ILP3. Asterisks indicate a given treatment differed signifi-
cantly from the negative control (F6 20 � 3.2; P � 0.03).
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produced ecdysteroids when ILP3 (20 pmol) was added to cultures
(Fig. 5D). In contrast, ILP3 did not induce ovaries from decapitated
females treated with dsMIR to produce significantly more ecdys-
teroids (Fig. 5D). Equivalent results were obtained with a higher
amount of bovine insulin (1 nmol) (data not shown).

Discussion
Although bovine insulin stimulates ecdysteroid production by A.
aegypti ovaries, the high concentration range required (14, 16) and
its inability to stimulate yolk deposition by oocytes at any concen-
tration (M.R.B. and M.R.S., unpublished observations) suggested
mammalian insulins are weak agonists for the endogenous ILPs
regulating these processes. That differences in ligand binding
affinities may exist was further supported by sequence analysis that
revealed considerable divergence between mosquito ILPs and
insulin and the predicted ligand binding domains of the MIR and
human IR. Our functional assays supported this conclusion by
showing that ILP3 stimulates ecdysteroid production by ovaries and
yolk uptake by oocytes at lower concentrations than bovine insulin.
ILP3 also bound to ovary membranes with high affinity and was
poorly competed by bovine insulin, whereas our RNAi data indicate
the MIR is essential for ILP3 activity.

The response of mammalian tissues to insulin depends on both
IR expression levels and signaling pathway interactions (29–31).
Binding affinities for mammalian insulins vary from 0.1 to 1 nM
with highly purified IR to IC50 ratios of 0.7–12.8 nM using mem-
brane preparations from tissues expressing high levels of receptor
(30, 33). The IC50 ratio determined for ILP3 (5.9 nM) using ovary
membranes with high MIR expression (17) compares favorably
with these values and with values for ILP1 from B. mori binding to
an unknown receptor expressed by a lepidopteran cell line (34, 35).
Our immunoblotting and autoradiography experiments strongly
suggest ILP3 binds the MIR, but the molecular mass of the
ILP3–MIR complex after cross-linking combined with the inability
to fully displace ILP3 using cold competitor also raises questions
about the nature of this interaction. One possibility is that ILP3
binding requires interaction between the MIR and other currently
unknown proteins. Another is that ILP3 binding requires clustering
of the MIR into a high molecular mass complex given the apparent
absence of ILP3 binding to the homodimeric (500 kDa) form of the
receptor.

Insulin binding to the IR is usually associated with the regulation
of metabolic responses, whereas IGF binding to the IGFR is
associated with longer-term mitogenic effects. More recent studies
though indicate that insulin and IGFs can bind hybrid receptors of
IR and IGFR monomers, resulting in greater activity spectra than
previously assumed (29–32). In addition to their mitogenic activi-
ties, IGFs produced in the nervous system of mammals also regulate
reproduction and steroid hormone secretion (36, 37), suggesting an
interesting parallel with invertebrates given results of the current
study. Less clear is whether mosquito and other insect ILPs have
overlapping activities and how activity may be regulated when only
one IR/IGFR homolog and fewer isoforms of downstream signaling
components are present (8, 9). Genetic ablation of MNCs and the
Drosophila IR (DIR) in Drosophila indicate that ILPs from the
nervous system have metabolic and cell growth activity but do not
reveal whether specific ILPs have differing biological activities
(38–41). Genetic studies also show that the DIR predominantly
stimulates the PI3K/AKT pathway although some data also suggest
activation of the MAPK pathway (7). Our results strongly indicate
that ILP3 has both egg development and metabolic activity but do
not address whether other mosquito ILPs have these activities or
MIR activation stimulates signaling through one or more pathways.
Another unresolved issue is the role of ILP3 relative to ovary
ecdysteroidogenic hormone (OEH) that also stimulates ecdysteroid
production (13). The mode of action for OEH is unknown, but
sequence similarity to IGF binding proteins (IGFBPs) intriguingly
suggests ILPs and OEH may interact to activate the MIR in a
manner similar to the interaction between IGFs and IGFBPs in
activating IGFRs (42). That Drosophila (5) and A. aegypti (M.R.B.
and M.R.S., unpublished results) encode relaxin GPCR homologs
offers another potential candidate receptor for insect ILP family
members. Although not explored in this study, mosquito ILPs may
also coordinate metabolism in blood-fed females to replenish stores
needed for other reproductive cycles (43). Given the importance of
nutrient availability for pathogen development, this idea raises the
possibility that insulin signaling plays a critical role in linking blood
feeding, egg maturation, and pathogen transmission by mosquitoes
to human and other mammalian hosts.

Materials and Methods
Mosquitoes. Experiments were conducted with the UGAL strain of A.
aegypti (15).

Sequence Analysis and Structural Modeling. Sequence comparisons were made
by using BLAST (www.ncbi.nlm.nih.gov/BLAST). Alignments were generated
with Clustal W and DNAStar software. Homology models were constructed by
using the Swiss Model (http://swissmodel.expasy.org//SWISS-MODEL.html). ILP
sequences were threaded onto either the A or B chain of the T6 human insulin
(Protein Data Bank ID code 1MSO) or human relaxin 2 (Protein Data Bank ID code

Fig. 4. ILP3 binds to ovary membranes. (A) Binding of 125I-ILP3 to ovary
membranes in the presence of increasing concentrations of unlabeled ILP3,
ILP3 B chain, or bovine insulin. Bound counts in the presence of increasing
concentrations of each unlabeled competitor, minus nonspecific binding, are
plotted as a decreasing percentage of total binding (see Materials and Meth-
ods). IC50 value for ILP3 is presented in the enclosed box. (B) 125I-ILP3 binds to
a high molecular mass complex containing the MIR. Ovary membranes (50–60
ovary pair equivalents) were incubated with labeled (250 pmol) and unlabeled
(2.5 �M) ILP3. After cross-linking, samples were analyzed by SDS/PAGE and
immunoblotting. (Left) The immunoblot was probed with a � chain-specific
MIR antibody (1:5,000). (Right) The autoradiograph visualizes 125I-ILP3. Bound
label localizes to a single band in the cross-linked sample; unbound label
(arrows) is at the bottom of the gel.
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6RLX) crystal structures in the DeepView program by using the Magic Fit appli-
cation to generate preliminary models and alignments. Models were then sub-
mitted to the Swiss-Model comparative server (http://swissmodel.expasy.org)
(44). Resulting structures were automatically regularized in the last modeling
step by steepest descent energy minimization using the GROMOS96 force field.
Modelswerethenanalyzedbyatomicmeanforcepotential (ANOLEA),GROMOS,
and Verify 3D (45).

ILP3 Synthesis. The A and B chains of ILP3 were synthesized on an Applied
Biosystems 433 synthesizer using standard Fmoc chemistry. Each peptide resin
was cleaved and deprotected in reagent K (46). Peptides were then precipitated
and washed in cold t-butylmethyl ether and air-dried. Formation of the correct
intrachain and interchain disulfide bonds between the A and B chains followed
previous work (25). Briefly, the A chain was synthesized with Cys(Trt) groups at
positions 6 and 11, Cys(acm) at position 7, and Cys(tBu) at position 20. The B chain
contained Met-sulfoxide at position 16, a Cys(acm) at position 6, and a Cys(Trt) at
position 18. Trt groups were removed during deprotection, leaving the acm and
tBu protecting groups intact. At each step of the subsequent synthesis, products
were purified by HPLC and identified by MALDI-TOF MS. To form the internal
disulfide of the A chain, the two free thiols at positions 6 and 11 were oxidized by
I2 treatment in AcOH. To combine the two chains, the A chain was activated by
removing the tBu-protecting group [using trifluoroacetic acid (TFA), thioanisole,
and trifluoromethanesulfonic acid] and replacing it with SPyr (using dipyridyld-
isulfide), a protecting group subject to attack by the free thiol (Cys18) of the B
chain (24). The activated A chain and B chain were combined at a 1:1.5 ratio with
the reaction completed by 1.5 h. The last disulfide was formed by I2-induced
removal of the acm-protecting groups at Cys7 (A chain) and Cys6 (B chain) and
concomitant oxidation of the thiols. Finally, the Met-sulfoxide was reduced by
NH4I and DMS (47). After purification, ILP3 was lyophilized, rehydrated in water,
and frozen (�80°C) for use in bioassays.

Immunocytochemistry and Blotting. Brains were processed for ILP localization by
usingamAbtoBmILPA1 (15). Fordotblots,Bm-ILPA1,bovine insulin (Sigma),and
AaILP3 were spotted onto nitrocellulose, incubated with anti-BmILPA1 (1: 4,000)
overnight, and detected by using goat anti-rabbit IgG horseradish peroxidase

(Sigma) and chemiluminescence (Amersham ECL) using a GeneGnome (SynGene)
imager.

Bioassays. For the in vivo egg maturation assay, blood-fed females were decap-
itatedwithin1hpbm, injectedwithgradedamountsof ILP3 in0.5�lof saline,and
examined for yolk protein deposition in oocytes 24 h later (13). Decapitated
females injected with saline served as negative controls and intact blood-fed
females served as positive controls. For the in vitro assay of ovarian ecdysteroid
production, triplicate sets of ovaries (two or four pairs/60 �l in a polypropylene
cap) from nonblood-fed females were incubated alone (control) or with serially
diluted doses of ILP3 in media for 6 h at 27°C. Ecdysteroids in media (50 �l per cap)
were quantified by RIA (48). Results were reported for one to three experiments
(each with three ovary sets per dose) using different female cohorts. For meta-
bolic assays, starved females (water only for up to 6 days posteclosion) were given
a 10% sucrose solution for 30 min, and only those with swollen abdomens were
either left intact for controls or decapitated and injected with saline (control) or
ILP3(6–8femalesperdose; total injectedvolumeof0.5�lperfemale).After6and
24 h at 27°C, females were separated into samples of two per tube, whereupon
100 �l of saturated Na2SO4 was added, and the samples were frozen (�80°C).
Whole body homogenates were partitioned and assayed for total soluble carbo-
hydrates, glycogen, and lipid (triglyceride) as described (49). Each metabolite was
measured in triplicate by using different cohorts with results reported in micro-
grams of metabolite per female.

Receptor Binding and Cross-Linking Assays. ILP3 was iodinated by using the
lactoperoxidase–hydrogenperoxidemethodandpurifiedbyHPLC(50). Fractions
containing 125I-ILP3 (fraction V BSA added to 1%) were diluted and counted to
determine final concentration (�25–27 nM) based on specific activity (�2,000
Ci/mmol) of 125I in the product free of unlabeled peptide. Ovary membranes were
prepared from 500 ovary pairs (4-day-old nonblood-fed females) in buffer [50
mM Tris�HCl (pH 7.5), 250 mM sucrose, 2� protease inhibitor (PI), Roche complete
mini protease inhibitor tablet], pooled into one 1.5-ml microtube by brief cen-
trifugation (13,000 � g, 1 min. 4°C), homogenized with a pestle (2 � 30 s), and
sonicated, while iced. After centrifugation (2,000 � g, 5 min at 4°C), the super-
natant solution was transferred to a 1.5-ml microtube for centrifugation
(48,000 � g, 1 h at 4°C). The supernatant solution was discarded, and the ovary

Fig. 5. MIR knockdown disables ILP activity. Female A. aegypti were treated with dsMIR corresponding to the N-terminal (Nt), Middle (M), and C-terminal (Ct)
domains of the MIR ORF. Controls were mosquitoes treated with water or GFP dsRNA. (A) RT-PCR of MIR in ovaries from mosquitoes treated 12 h earlier with
dsMIR, water, or dsGFP. Amplification of actin from the same sample served as the control. (B) Immunoblot of ovary proteins (one ovary pair equivalent per lane)
isolated from mosquitoes 12 and 72 h after treatment with dsMIR, water, or dsGFP probed with anti-MIR (1:5k). (C) MIR knockdown inhibits yolk uptake by oocytes
(Left) and ecdysteroid synthesis by ovaries (Right) in blood-fed females. Yolk per oocyte (F2, 108 � 135.8; P � 0.001) and ecdysteroids per two ovary pairs (F2,21 �
31.7; P � 0.001) were significantly less in mosquitoes treated with dsMIR than in mosquitoes treated with water or dsGFP. (D) MIR knockdown reduces ecdysteroid
synthesis by ovaries incubated with ILP3 in vitro. Females were decapitated after pbm and injected with dsMIR, water, or dsGFP. Ovaries were then dissected
from females 24 h later with ecdysteroid production measured for two ovary pairs incubated with or without ILP3 (20 pmol). Asterisks indicate treatments that
differed significantly from the negative control (water) (F5,36 � 27.3; P � 0.001). Results from females treated with the three dsMIR domains were pooled for
analysis in C and D.
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membrane pellet was dispersed with a pestle in 800 �l of binding buffer [1�

Hank’s balanced salt solution (10X stock; GIBCO/BRL), 50 mM Hepes (pH. 7.6), 1%
BSA, and 1� PI] before storage at �80°C.

Binding experiments were in triplicate for each treatment using ice-chilled
solutions. To each 1.5-ml microtube, 30 �l of unlabeled ILP3 at 10� concentration
ofthedesiredfinalconcentration(0.1nMto1�M)wasaddedto100�lofbinding
buffer containing �100–200 pmol of 125I-ILP3 (�200,000 to 300,000 cpm), fol-
lowed by 70 �l of the membrane solution (�20 ovary pairs) and then 100 �l of
binding buffer (total 300 �l). After a brief vortex, the tubes were rotated over-
night at 4°C, and then centrifuged at 20,000 � g for 5 min at 4°C. Supernatants
were aspirated from the pelleted membranes, which were then rinsed with 300
�l of ice-cold binding buffer, centrifuged, and aspirated again. Raw counts
obtained from the pellets were converted to percent total binding, and these
data were analyzed by nonlinear regression analysis with Sigma Plot software to
obtain curves, IC50 values (the concentration of ILP3 that reduces specific binding
of 125I-ILP3 by 50%), and statistics, including values of R2 and standard errors. For
cross-linking, ovary membranes were prepared as above (50–75 ovary pair equiv-
alents per tube) and incubated overnight (4°C) alone or with 200–300 pmol of
125I-ILP3 in the presence or absence of 1–5 �M unlabeled ILP3 (300 �l total
volume). Subsequently, the cross-linking agent, Bis[sulfosuccin-imidyl] suberate,
in water was added to 200 �M, and the membranes were rotated for 1 h at 4°C.
Reactions were stopped with �100 mM Tris buffer (pH 7.5), and pelleted mem-
branes were frozen in water. Membranes were then mixed with sample buffer
(nonreducing), sonicated, denatured (90°C, 10 min), and loaded onto a Tris�HCL
4–20% gel (BioRad Criterion) for electrophoresis and blotting onto nitrocellulose

(Protran0.2�m;Schleicher&Schuell) (17).Blotswere incubatedsequentiallywith
affinity-purified antibody to the C-terminal region of the MIR (1: 5,000 of anti-
body 377) and goat anti-rabbit IgG–horseradish peroxidase (Sigma; 1: 40,000).
Immunolabeled MIR was then visualized by chemiluminescence as described
above, and ILP3 was visualized by autoradiography using Kodak XR film.

RNAi Assays. MIR cDNA was amplified with forward and reverse primers with the
T7 sequence at their 5� ends corresponding to the amino terminus (Nt-; nucleo-
tides 250–732), middle (M-; nucleotides 2173–2647), and carboxyl terminus (Ct-;
nucleotides 3079–3546), where no other homology was found by BLAST search
(National Center for Biotechnology Information). Purified PCR products (Qia-
prep; Qiagen) were used as templates for dsRNA synthesis with the MEGAscript
T7 kit (Ambion). Briefly, 1 �g of template cDNA was transcribed in vitro by using
T7 polymerase. dsRNA was then treated with DNase1 and RNase1, precipitated,
and resuspended in nanopure water. GFP dsRNA was generated as a control.
IntegrityofdsRNAswasassessedaftergelelectrophoresis, andconcentrationwas
determined by spectrophotometry for dilution to 4 �g/�l before storage at
�20°C. dsRNAs in 0.5 �l of water were injected into intact or decapitated females
(3 to 5 days old) at 1 h pbm followed by reproduction bioassays as described
above. Ovaries were processed for RT-PCR and immunoblotting as described
above to assess MIR expression.
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