
Genomic structure and ecdysone regulation of the
prophenoloxidase 1 gene in the malaria vector
Anopheles gambiae
A. Ahmed*†, D. Martín‡, A. G. O. Manetti*§, S.-J. Han*, W.-J. Lee¶, K. D. Mathiopoulosi**, H.-M. Müller††, F. C. Kafatos††, A. Raikhel‡,
and P. T. Brey*‡‡
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Prophenoloxidase, a melanin-synthesizing enzyme, is considered
to be an important arthropod immune protein. In mosquitoes,
prophenoloxidase has been shown to be involved in refractory
mechanisms against malaria parasites. In our study we used
Anopheles gambiae, the most important human malaria vector, to
characterize the first arthropod prophenoloxidase gene at the
genomic level. The complete nucleotide sequence, including the
immediate 5* flanking sequence (2855 bp) of the prophenoloxi-
dase 1 gene, was determined. The gene spans 10 kb and is
composed of five exons and four introns coding for a 2.5-kb mRNA.
In the 5* flanking sequence, we found several putative regula-
tory motifs, two of which were identified as ecdysteroid regu-
latory elements. Electrophoretic mobility gel-shift assays and
supershift assays demonstrated that the Aedes aegypti ecdy-
sone receptoryUltraspiracle nuclear receptor complex, and,
seemingly, the endogenous Anopheles gambiae nuclear recep-
tor complex, was able to bind one of the ecdysteroid response
elements. Furthermore, 20-hydroxyecdysone stimulation was
shown to up-regulate the transcription of the prophenoloxidase
1 gene in an A. gambiae cell line.
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The melanizing effects of phenoloxidases were identified
nearly 60 years ago in grasshopper eggs (1). Since then,

tyrosinase-type phenoloxidases (monophenol, L-dopa: oxi-
doreductase; EC 1.14.18.1), which are widely distributed in both
prokaryotes and eukaryotes, have been characterized as copper-
containing enzymes catalyzing two key reactions in the synthesis
of melanin (2). Tyrosinase-type phenoloxidase (PO)-mediated
melanin synthesis plays a major role in wound healing and the
formation of melanotic capsules that sequestrate parasites, para-
sitoids, and pathogens as they breach the cuticular exoskeleton
or midgut epithelium or enter into the hemocoel of the insect (3).
The role of PO in melanotic encapsulation has bestowed upon
this enzyme the status of ‘‘immune protein.’’ Because melaniza-
tionyencapsulation can lead to refractoriness of certain Plas-
modium species, the genes controlling melanizationyencapsu-
lation in Anopheles gambiae are considered to be prime candi-
dates for genetic manipulation of mosquito vectors as a future
means of malaria control (4, 5). At present, six prophenoloxidase
cDNAs have been cloned and sequenced from A. gambiae (6–8).

Ashida (9) demonstrated that PO from Bombyx mori exists in
a zymogen form and is activated via a serine proteinase cascade,
which is set into motion by injury or microbial challenge (3, 10).
To date, all insect prophenoloxidases (PPOs) seem to follow this
activation pattern. However, apart from studies on the hormonal
regulation of granular cuticular phenoloxidase synthesis (11) and
a very recent study by Müller et al. (8), in which the authors show
that 20-hydroxyecdysone (20E) is able to modulate PPO gene
expression in A. gambiae cells, little is known about arthropod

PPO gene regulation or direct hormonal regulation of insect
immune genes.

It is well established that 20E, the principal steroid hormone
in arthropods, regulates a wide variety of developmental pro-
cesses such as molting, metamorphosis, and reproduction (12–
14). The identification of ecdysteroid response elements
(EcREs) and the ecdysteroid receptor–Ultraspiracle complex
(EcRyUSP) in Drosophila has greatly advanced our understand-
ing of the molecular basis of 20E action on this insect (15–24).
Recently, the characteristics of DNA binding and transactivation
of 20E receptor–Ultraspiracle complex were established in the
mosquito Aedes aegypti (25), which provided the foundation for
further 20E studies in A. gambiae. Very recently in Manduca
sexta, Lan et al. (26) also demonstrated selective 20E regulation
of a retinoid orphan receptor homolog through the ecdysone
receptor heterodimer EcR-B1-USP1 (but not EcR-B1-USP2).

Despite the accumulation of ever more striking evidence
showing parallels between insect development and immune
response, no immune genes have yet been found to contain
EcREs in their promoter sequences. In this paper, we demon-
strate that A. gambiae PPO1 (AgPPO1) responds to 20E and that
the promoter region of AgPPO1 contains an EcRE that is able
to functionally bind to the A. aegypti EcRyUSP heterodimer and,
seemingly, to its endogenous heterodimer EcRyUSP in nuclear
extracts of adult A. gambiae.

Materials and Methods
Mosquitoes Rearing. A. gambiae G3 strain was maintained at
26°C with 75% relative humidity under a 12-hr photoperiod.
Adult mosquitoes were provided a 10% honey solution, and
females were blood-fed from anesthetized rabbits biweekly.
Larvae were fed on Friskies Cat Chow (Rueil–Malmaison,
France). A. gambiae GASUA strain was used for pWE15
cosmid construction (27).

Maintenance of A. gambiae Cell Line 4a-3B. The 4a-3B cells char-
acterized by Müller et al. (8) were maintained at 27°C in
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Mattioli 4, 53100 Siena, Italy.

**Present address: Department of Biology, Division of Genetics, Cell and Developmental
Biology, University of Patras, Patras 26500, Greece.

‡‡To whom reprint requests should be addressed. E-mail: pbrey@pasteur.fr.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS u December 21, 1999 u vol. 96 u no. 26 u 14795–14800

BI
O

CH
EM

IS
TR

Y



Schneider medium with 10% FCS (GIBCOyBRL) in Corning
25-cm2 cell-culture flasks.

Bacterial Injection of A. gambiae, Hormonal, Microbial, and Parasitic
Stimulation of 4a-3B Cells. A. gambiae fourth instar larvae, pupae,
and newly emerged adults were pricked in the thorax with a
tungsten needle dipped in a mixture (volyvol) of heat-
inactivated Escherichia coli 1106 and Micrococcus luteus A270
and then maintained for 4 or 12 hr at 27°C before mRNA
extraction. Confluent 4a-3B cells were treated for 0, 6, 12, and
24 hr with the above bacterial suspension (100 mlyf lask), curdlan
beads (2.5 mgyf lask), live Plasmodium gallinaceum ookinetes
resuspended in Schneider medium (4 3 105 ookinetes per flask),
and microfilaria of Wuchereria bancrofti (1.25 3 104 microfilaria
per flask). 4a-3B cells also were treated with 20E (Sigma) in
ethanol at a final concentration of 200 nM for 2, 8, 16, 24, and
48 hr. Wash-out experiments to remove 20E were conducted
according to Müller et al. (8).

Screening and Sequencing of AgPPO1 Genomic Clone. The GASUA
cosmid library was constructed by Mathiopoulos et al. (27). The
cDNA of AgPPO1 (7) was labeled by random priming and was
used to screen the cosmid library. Seven positive clones were
identified, and the longest clone was used for structural analysis.
The fragments of AgPPO1 gene were subcloned into pBluescript
SK and prepared for DNA sequencing by using a Sequenase
Version 2.0 kit (Amersham PharmaciayUnited States Biochem-
ical) with specific internal oligonucleotide primers.

Reverse Transcription–PCR Analysis. Except where otherwise noted,
all DNA and RNA manipulations were carried out by using
standard techniques (28). mRNA was extracted from the various
mosquito stages after bacterial injection and from 4a-3B cells
after microbial, parasitic, and 20E treatment by using the
Oligotex Direct mRNA minikit (Qiagen). First-strand cDNA
was synthesized in 20 ml of reaction mixture containing 100 ng
of mRNA, 1 mM of each dNTP, 20 units of AMV reverse
transcriptase, and 2 ml of oligo(dT) primer (A260 5 0.04). The
PCR was performed in a 50-ml reaction mixture containing all
cDNAs derived from the reverse transcription reaction, 1.25
units of Thermus aquaticus DNA polymerase, 200 mM of each
dNTP, 200 nM of each primer and, 1 mM MgCl2. The specific
AgPPO1 primer sequences were sense (59-TTCGATGC-
CTCTAACCGGGCGA-39), antisense (59-GCGGGATGCG-
GTTACCGGATTCA-39), and S7 ribosomal protein (29) sense
(59-GGCGATCATCATCTACGT-39) and antisense (59-
GTAGCTGCTGCAAACTTCGG-39). PCR cycle numbers
were chosen empirically to obtain comparable band intensities
for the different markers in each experiment while avoiding
saturation. The number of cycles was constant for a particular
sequence in the multiple samples analyzed in a given experiment.
PCR was performed under the following conditions: 1 min at
94°C, 1 min at 54°C, and 1 min at 72°C for the amplification of
S7 ribosomal protein; 1 min at 94°C, 1 min at 63°C, and 1 min
at 72°C for AgPPO1 amplification.

In Vitro Transcription and Translation. The A. aegypti AaEcR and
AaUSP cDNAs were cloned in pGEM-3Z (Promega) under the
control of the SP6 polymerase (30). The TNT system (Promega)
was used for in vitro transcription and translation of the cDNAs
utilizing the SP6 promoter.

Electrophoretic Mobility-Shift Assay (EMSA). Nuclear cell extracts
were prepared from 4-day-old adult A. gambiae, as described
previously (31). DNA probes for EMSA were obtained by anneal-
ing complementary oligonucleotides and by gel purifying those with
electroelution from a 15% nondenaturing PAGE. The oligonucle-
otides used to generate the A. gambiae PPO1 ecdysteroid response

element AgEcRE-60 (only one strand of each probe is shown) were
59-CTTAAACCGGGGGTGCGTACCATTGACCTTCCCA-
ATGCGC-39. The Drosophila melanogaster hsp27 probe was com-
posed of 59-AGAGACAAGGGTTCAATGCACTTGTCCAAT-
39. The DR-4 probe was composed of 59-AAGCGAAAGGTCA-
AGGAAGGTCAAGGAAAAT-39. The probes were labeled by
backfilling with Klenow fragment by using [a-32P]dATP. EMSA
was carried out in a 20-ml volume containing 1 ml of each TNT
reaction or 2–4 mg of nuclear extracts, 10 mM TriszHCl (pH 8.0),
50 mM NaCl, 0.5 mM DTT, 0.5 mM EDTA, 1 mg of poly(dI-dC),
4% glycerol, 1 mg of single-stranded DNA (59-CTAACAAAGT-
TCGCCTGGACTAGAACGGCC-39), 0.5 mM 20E (only with
nuclear extracts), and, for competition experiments, the indicated
amounts of unlabeled competitor oligonucleotides. After 15 min of
incubating at 4°C, 1 ng of 32P-labeled DNA probe was added, and
the solution was incubated 45 min further at the same temperature.
The reaction mixture was resolved by using a 5% nondenaturing
PAGE in 0.53 TBE (90 mM Trisy64.6 mM boric acidy2.5 mM
EDTA, pH 8.3) at a constant voltage of 150 V for 2 hr at 4°C. The
gel was then dried and autoradiographed with an intensifying
screen at 270°C. In the antibody-binding supershift experiments, 1
ml of anti-EcR or anti-USP was added to the binding reaction
during the first incubation (26).

Results
Organization of the PPO1 Gene. To obtain the complete A. gambiae
PPO1 gene, we screened a cosmid library by using the AgPPO1
cDNA (7). Cosmid clone pWE15 was found to contain a 10-kb
insert corresponding to the entire AgPPO 1 gene (Fig. 1A). The
sequencing showed that the AgPPO 1 gene is composed of five
exons separated by four introns (intron I, 2,831 bp; intron II, 74
bp; intron III, 2,175 bp; and intron IV, 101 bp). Exons also varied
in sequence length (exon I, 447 bp; exon II, 683 bp; exon III, 440
bp; exon IV, 197 bp; and exon V, 670 bp) (Fig. 1 A). The coding
sequence of AgPPO 1 is consistent with the earlier-published
cDNA sequence (7). Furthermore, the characteristic copper-
binding sites, Cu(A) and Cu(B), found in all arthropod PPOs,
were located in exon II and exon III, respectively. In addition, we
sequenced the 855 bp of the 59 f lanking region (promoter region)
(Fig. 1B). A potential insect cap site was situated 27 bp down-
stream from the TATA box. A polyadenylation signal was
localized in the 39 region of the gene (7).

The upstream sequence of the AgPPO1 gene contained three
putative immune regulatory motifs: GGAAAAAGAAACG, a
putative motif conforming to the mammalian complete IFN-
stimulated responsive element consensus (GGAAANNGA-
AANN) located at 2666; two putative kB-like motifs, GGGAG-
TATTT and GAGGAATTTC at 2119 and at 2649, respec-
tively; and a GATA motif, GATAAG at position 2153 (Fig. 1B).
In addition, we detected two putative EcREs located at 260 and
2276 immediately flanked by CCCAC boxes (Fig. 1B) known to
work synergistically with nuclear receptors of glucocorticoids in
mammals (32, 33).

PPO1 Expression. To investigate the inducibility of AgPPO1
mRNA after microbial and parasitic challenge, AgPPO1 immu-
noresponsive 4a-3B cells were challenged with heat-treated
Gram 1y2 bacteria, curdlan beads, live P. gallinaceum ooki-
netes, and W. bancrofti microfilaria. Furthermore, A. gambiae of
various developmental stages were pricked with Gram 1y2
bacteria. Reverse transcription–PCR analysis showed that no
up-regulation of the AgPPO1 mRNA could be detected in any
of the microbial or parasitic treatments in the 4a-3B cells (data
not shown). In fact, slight down-regulation was observed in
bacterial- and curdlan-treated cells (data not shown). Similarly,
bacteria-challenged larvae, pupae, or newly emerged adults at 4
and 12 hr postinjection did not manifest any AgPPO1 mRNA
up-regulation (data not shown). However, AgPPO1 is constitu-
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tively expressed in larvae and pupae, and very low constitutive
expression was detected in adults (7).

After identifying two putative EcREs in the promoter region,
we examined whether the A. gambiae PPO-producing cell line
4a-3B could respond to physiological concentrations of 20E (200
nM). There was a noticeable increase in AgPPO1 expression 2
hr after 20E stimulation. AgPPO1 expression continued to
increase for up to 24 hr and then decreased (Fig. 2A). When the
4a-3B cells were stimulated for 16 hr and 20E subsequently was
removed by washing the cells twice with culture medium alone,
AgPPO1 transcription decreased after 2 hr and returned to basal
levels after 16 hr (Fig. 2B). These results demonstrate that
AgPPO1 can be regulated by 20E in vitro.

The Promoter Region of AgPPO 1 Gene Contains One Functional
Binding Site for EcRyUSP. The above results prompted us to
investigate whether these AgEcREs could serve as binding sites
for the A. aegypti 20E receptoryUltraspiracle nuclear receptor
complex. Using a labeled EcRE from the D. melanogaster hsp27
gene (18) as a probe, the AgEcRE-60 was able to compete for
the binding of the in vitro-translated functional AaEcRyAaUSP
heterodimer, whereas the AgEcRE-276 did not bind well in
preliminary experiments (data not shown). Hence, we focused
our functional study on AgEcRE-60. A detailed inspection of the
nucleotide sequence of AgEcRE-60 showed that its sequence
matches 10 of 13 positions with the inverted (IR) EcRE con-
sensus and 10 of 13 with the directed (DR) consensus sequence

(Fig. 3A). To test whether this putative AgEcRE-60 was able to
directly bind a 20E receptor, we performed EMSA experiments
by using in vitro-produced AaEcRyAaUSP with the AgEcRE-60
as a probe. As shown in Fig. 3B (lane 2), incubation of the
AgEcRE-60 with AaEcRyAaUSP resulted in a single retarded
band. The specificity of the complex was confirmed by compe-
tition with oligonucleotides containing related (Fig. 3B, lanes 3
and 4) and unrelated (Fig. 3B, lane 5) sequences. Moreover, the
identity of the complex was confirmed to be due to the
AaEcRyAaUSP heterodimer by using either anti-EcR or anti-
USP, both of which were able to supershift the DNA–protein
complex (Fig. 3B, lanes 6 and 7). To characterize the affinity of
the AgEcRE-60, we carried out competition analysis by using
AaEcRyAaUSP with different concentrations of three unla-
beled oligonucleotides containing different EcREs (Fig. 4). In
previous studies, Wang et al. (25) showed that AaEcRyAaUSP
bound to a broad spectrum of binding sequences including IR
and DR repeats of the half-site consensus. In this context, we
used the D. melanogaster hsp27 EcRE as a high-affinity element
with an IR structure and a perfect DR-4 as the most efficient DR
EcRE (25). As expected, both hsp27 and DR-4 exhibited higher
binding affinity than the AgEcRE-60 (Fig. 4). Although more
than 95% of the labeled AgEcRE-60 was competed in the
presence of a 10-fold molar excess of the unlabeled hsp27 and
DR-4, 25–30% still remained in the presence of the same molar
excess of unlabeled AgEcRE-60.

After establishing the ability of the AgEcRE-60 to bind
AaEcRyAaUSP, we became interested in seeing whether this
binding site was able to serve as an in vivo EcRE in A. gambiae.
We therefore tested the ability of AgEcRE-60 to bind proteins
present in nuclear extracts of adult A. gambiae. A specific
complex was detected under these conditions (Fig. 5, lane 2).
This complex seemingly represents the natural EcRyUSP of A.
gambiae (AgEcRyAgUSP) because its specificity was confirmed
by competition analysis (Fig. 5, lanes 3–5) and its identity was
confirmed by USP antibodies, which specifically supershifted the
complex (Fig. 5, lane 6). However, EcR antibody was unable to
supershift the complex (Fig. 5, lane 7) (also see Discussion). We
also confirmed that, in the absence of 20E, the binding affinity
of AgEcRyAgUSP to AgEcRE-60 clearly was diminished in the
binding reaction (Fig. 5, lane 8). Moreover, the mobility of the

Fig. 1. Structure of the AgPPO1 gene. (A) Schematic representation of the
cosmid clone pWE15-AgPPO1. Complete nucleotide sequence of 10 kb span-
ning the entire AgPPO1 has been deposited in the GenBank database (acces-
sion no. AF031626). Exons are indicated by open boxes with roman numerals.
Copper-binding sites [Cu (A) site and Cu (B) site] are situated in exons II and III,
respectively. (B) The nucleotide sequence of the AgPPO1 promoter region.
Various putative cis-regulatory elements are underlined with their names.

Fig. 2. Differential effects of 20E on transcription of AgPPO1 gene in 4a-3B
cells. (A) Kinetics of AgPPO1 expression after ecdysone stimulation. Cells were
exposed to 200 nM 20E for various periods of time (0, 2, 8, 16, 24, and 48 hr).
Induction of AgPPO1 mRNA was analyzed by reverse transcription–PCR (RT-
PCR) (rpS7, 20 cycles; AgPPO1, 30 cycles). (B) Effect of ecdysone removal on
AgPPO1 expression. After 16 hr of 20E treatment (200 nM), cells were washed
twice with culture medium and incubated further in fresh medium for various
times (2, 4, 8, and 16 hr). RT-PCR was performed as above.
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A. gambiae EcRyUSP complex exhibited the same mobility as
that of the in vitro-translated AaECRyAaUSP (lane 9).

Discussion
Our study describes the genomic structure of an arthropod
prophenoloxidase gene. The genomic structure revealed that
AgPPO1 gene is composed of five exons and four introns of
variable lengths. The putative prophenoloxidase-activating en-
zyme cleavage site NRFG is situated in exon 1. Interestingly, the
two highly homologous copper-binding sites, CuA and CuB, are
encoded by two separate exons (exons 2 and 3), which could have
resulted from a possible gene duplication of the copper-binding
site. This result may have some evolutionary significance in that
it has been reported that the copper-binding domains of arthro-
pod PPOs have evolved from those of an ancestral arthropod
hemocyanin (34–36). All arthropod hemocyanins are structur-
ally similar and can be divided into three domains (37). In
arthropod hemocyanins, the CuA- and CuB-binding sites are

always located in domain 2 (37). Amino acid sequence alignment
between AgPPO1 and the arthropod hemocyanins shows that
AgPPO1 has corresponding domains. Like arthropod hemocya-
nins, the copper-binding sites (CuA and CuB) of AgPPO1 are
also located in domain 2. The localization of the copper-binding
site in the same domain further establishes a phylogenetic link
between these copper proteins. Furthermore, AgPPO1 also has
four introns and five exons and 25% of sequence identity to the
hemocyanin-related, insect-storage-protein genes (38).

Primary structure of the promoter region of the AgPPO1 gene
allowed us to identify putative immune regulatory motifs: two
kB-like motifs and a GATA motif commonly found in the
promoters of inducible immune genes of insects (39), as well as
putative complete IFN-stimulated responsive elements (ISRE)
not yet detected in insect immune genes, although ISRE half-
sites have been detected in the promoters of the Drosophila
diptericin gene and the peptidoglycan recognition protein gene
in Bombyx mori (40, 41). However, in AgPPO1, these immune
regulatory motifs appear nonfunctional, at least under the
experimental conditions tested, because microbial or parasitic
challenge could not induce any AgPPO1 transcriptional activity.
Our results corroborate those obtained by Müller et al. (8), who
showed that bacteria-challenged PPO-producing A. gambiae
cells did not up regulate any of the six PPO genes, whereas other
immune-responsive genes encoding Gram-negative-binding pro-
tein (GNBP) and defensin were up-regulated (8). The lack of
PPO-gene up-regulation after bacteria challenge already has
been documented in the fall webworm, Hyphantria cunae (42). In
contrast to bacteria, microfilarial-worm (Onchocerca spp.) in-
jection into field-collected blackflies Simulium damnosum s.l.
was shown to induce PPO gene up-regulation (43). On the
contrary, microfilarial-worm (Dirofilaria immitis) inoculation
into the mosquito Armigeres subalbatus did not provoke any PPO
gene up-regulation (44). Like A. subalbatus inoculated with D.
immitis microfilaria, A. gambiae 4a-3B cells were unable to
up-regulate AgPPO1 when inoculated with W. bancrofti micro-
filaria. The failure of microbial cell wall components and para-
sites to up-regulate AgPPO1 does not necessarily diminish its
putative immune protein function. Unlike most other immune
effector molecules, prophenoloxidases are constitutively ex-
pressed during different developmental stages and are main-

Fig. 3. Binding of the heterodimer AaEcRyAaUSP to the AgEcRE-60. (A)
Comparison of the AgEcRE-60 motif of A. gambiae with EcRE IR or DR half-site
consensus sequences originating from D. melanogaster. R, purine residues; Y,
pyrimidines; and N, any nucleotide. (B) EMSA was performed with an in
vitro-translated AaEcRyAaUSP and AgEcRE-60 as a probe. The retarded com-
plex, resulting from the specific interaction between AaEcRyAaUSP and
AgEcRE-60, is indicated by an arrow (lane 2). One hundred-fold molar excess
of unlabeled probe (lane 3) or hsp27 EcRE (lane 4) was included as a specific
competitor (SP). The same excess of unlabeled double-stranded oligonucleo-
tide of unrelated sequence (NS) was included in lane 5. The complex was
supershifted by anti-Drosophila USP (lane 6) and anti-A. aegypti EcR (lane 7).
The positions of each supershifted complex are indicated by solid circles.

Fig. 4. Relative affinity of the AgEcRE-60 for the AaEcRyAaUSP complex.
Binding of the heterodimer AaEcRyAaUSP to the AgEcRE-60 in the presence
of varying amounts of unlabeled competing probes (self-competition, hsp 27,
and DR-4) was conducted to compare the binding affinity of the AgEcRE-60
with respect to known EcREs. EMSAs were performed with AaEcRyAaUSP and
AgEcRE-60 as a probe in the absence (2) or presence of increasing amounts of
AgEcRE-60, hsp27 EcRE, or DR-4. The position of the complex formed by the
heterodimer AaEcRyAaUSP is indicated by an arrow.
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tained as inactive zymogens in the hemolymph or cuticle until
activated by microbial cell wall components and parasites via the
prophenoloxidase cascade (3). Constitutive synthesis of an im-
mune protein zymogen may be even more effective in the insect’s
resistance to microbialyparasitic invasion, because mRNA tran-
scription and de novo synthesis of prophenoloxidase (80 kDa)
would require a much longer period of time than an antibacterial
peptide such as cecropin (4 kDa).

Apart from its role in insect immunity gene regulation, the
GATA motif also has been implicated in the hormonal regula-
tion of insect developmental genes (45). Recently, Dittmer and
Raikhel (46) identified functional GATA motifs along with
potential hormone-response elements in the upstream sequences
of a cathepsin D-like aspartic protease cDNA from the mosquito
A. aegypti. However, the potential hormone-response elements
were unable to bind A. aegypti EcRyUSP (46).

In addition to the GATA motif, we also found two putative
EcREs in the promoter of AgPPO1. At present, the consensus
sequence of EcREs has been identified only in D. melanogaster
and Manduca sexta ecdysteroid-responsive genes (26, 30). In the
present study, we show that physiological concentrations of 20E
(200 nM) could up-regulate AgPPO1 gene expression in PPO-
producing 4a-3B cells, further suggesting that these putative
EcREs could play a functional role in AgPPO1 gene regulation.
It is well known that 20E flux regulates essential processes in
mosquito development, molting, metamorphosis, reproduction,
and, in particular, vitellogenesis 24 hr after a blood meal (25, 30).

Very recently, Müller et al. (8) showed in A. gambiae 24 hr after
blood feeding (i.e., during egg formation) that several PPO
genes, including PPO1, were up-regulated and that PPO5 gene
was down-regulated, whereas PPO6 expression was not affected
by blood feeding.

To better understand the mechanism of 20E responsiveness in
the AgPPO1 gene, we conducted a functional study of the
putative EcREs. The analysis of the AgEcRE-60 shows that it
can act as an IR-1 (it matches 10 of 13 positions regarding the
consensus) or as a DR-1 (10 of 13 positions). In this sense,
several groups demonstrate that the heterodimer EcRyUSP can
bind to a different repertoire of EcREs including inverted and
directed repeats (20, 21, 25). Although most of the natural
EcREs described in D. melanogaster show an IR structure [hsp27
(18); Fbp1 (47); Sgs-4 (48); Lsp-2 (49); Eip 28y29 (50); hsp23
(51)], D’Avino et al. (21) demonstrated that in ng genes the
natural EcRE is a DR-12. In addition to these findings regarding
Drosophila, Lan et al. (26) recently has identified one putative
IR-1 EcRE in Manduca sexta, which was able to bind to the
EcRyUSP complex. In mosquitoes, two EcREs were discovered
in the promoter regions of vitellogenin and vitellogenic car-
boxypeptidase and two vitellogenic genes of the yellow fever
mosquito A. aegypti, which present DR-1 and DR-2 structures,
respectively (A.A.M. and A.R., unpublished results). Several
lines of evidence showed that these A. aegypti EcREs are acting
as truly functional elements. It has been demonstrated that
either IR or DR can mediate ecdysteroid responsiveness in
insects, as well as in mammalian cells (20, 25), and that the level
of ecdysone-dependent transactivation from the presence of
different DR and IR EcREs is correlated with their binding
affinities (25). It is tempting to speculate that, in our case,
AgPPO1 gene expression can be achieved as a result of syner-
gistic hormone induction (AaEcRyAaUSP), transcription fac-
tors like NF-kB, and tissue-specific factors such as GATA and
CACCC. Indeed, a putative CACCC element is tightly clustered
with AgEcRE-60 and a putative GATA-binding site is situated
93 bp upstream.

Significantly, the EcRE described here was able to bind not
only to in vitro-produced EcR and USP proteins but also to what
appears to be the heterodimeric receptor present in the nuclear
extracts of A. gambiae. The existence of this receptor already has
been described in Drosophila (49, 51), A. aegypti (25), and M.
sexta (26), among others. Although the heterologous antibodies
raised against EcR of A. aegypti were unable to supershift the A.
gambiae heterodimer, the identity of the complex was partially
confirmed through the EcRyUSP complex by using heterolo-
gous antibodies raised against D. melanogaster USP and by the
clear enhancement of the intensity of the complex because of the
presence of 20E in the binding reaction. Previously, it has been
demonstrated that 20E increases the binding of the het-
erodimeric EcRyUSP to EcRE sequences (23). Because USP
alone is not able to bind 20E (23), it appears that the binding
activity detected in nuclear extracts of A. gambiae is due to the
heterodimer EcRyUSP. The above results strongly suggest the
functionality of this EcRE in A. gambiae and the role of 20E in
AgPPO1 gene regulation. We assume that AgPPO1 participates
in melanin synthesis as other phenoloxidases, but given that the
most intense transcriptional activity is observed during embryo
formation and egg maturation, we question whether it could
participate in other physiological processes. Further investiga-
tion is warranted to determine other putative functions of
prophenoloxidases.

We extend special thanks to M. Coluzzi and R. Dallai for their
discussions and support and to W. B. Neale for his critical reading and
editing. We also appreciate the technical assistance of S. Perrot. P.
gallinaceum ookinetes were kindly supplied by A. Raibaud (Laboratoire
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Fig. 5. Nuclear protein extracts from A. gambiae contain the ecdysone
receptor complex EcRyUSP. Nuclear extracts from whole adults of A. gambiae
were examined by EMSA with AgEcRE-60 as a probe. The retarded complex
resulting from the specific interaction between AgEcRyAgUSP and AgEcRE-60
is indicated by an arrow (lane 2). One hundred-fold molar excess of unlabeled
probe (lane 3) or hsp27 EcRE (lane 4) was included as a specific competitor (SP).
The same molar excess of unlabeled double-stranded oligonucleotide of
unrelated sequence (NS) was included in lane 5. The supershift assay was
performed with anti-USP (lane 6) and anti-EcR (lane 7). The effect of the
absence of 20E in the binding reaction is presented in lane 8. As a control, a
binding reaction using in vitro-translated AaEcRyAaUSP was included (lane
9). The positions of the supershifted complex (USP) is indicated by a solid circle.
It should be noted that the antibodies are derived from species different than
A. gambiae (26); anti-USP is derived from D. melanogaster and the anti-EcR is
derived from A. aegypti, which could explain the partial supershift of the A.
gambiae double-stranded oligonucleotide.
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