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a b s t r a c t

In insects, farnesyl pyrophosphate (FPP) is converted to juvenile hormone (JH) via a conserved pathway
consisting of isoprenoid-derived metabolites. The first step of this pathway is presumed to be hydrolysis
of FPP to farnesol in the ring gland. Based on alignment of putative phosphatases from Drosophila mela-
nogaster with the phosphatase domain of soluble epoxide hydrolase, Phos2680 and Phos15739 with con-
served phosphatase motifs were identified, cloned and purified. Both D. melanogaster phosphatases
hydrolyzed para-nitrophenyl phosphate, however, Phos15739 also hydrolyzed FPP with a Kcat/Km of
2.1 � 105 M�1 s�1. RT-PCR analysis revealed that Phos15739 was expressed in the ring gland and its
expression was correlated with JHIII titer during development of D. melanogaster. N-acetyl-S-geranylger-
anyl-L-cysteine was found to be a potent inhibitor of Phos15739 with an IC50 value of 4.4 lM. Thus, our
data identify Phos15739 as a FPP phosphatase that likely catalyzes the hydrolysis of FPP to farnesol in D.
melanogaster.

� 2009 Elsevier Inc. All rights reserved.
Juvenile hormones (JHs), the unique sesquiterprenoid hor-
mones synthesized and secreted by the corpora allata (CA) region
of ring glands play important roles in insect embryonic develop-
ment, metamorphosis, and reproduction [1,2]. JH is critical for in-
sect maturation and the concentration of JH is regulated by
tissue specific rates of biosynthesis, release, and degradation [3].
Because FPP hydrolysis to farnesol is generally considered to be
the first committed step in JH biosynthesis [2], this step may be
critical in controlling endogenous JH levels and/or rates of JH pro-
duction. Insects synthesize FPP, the 15-carbon precursor of JH, dol-
ichol, ubiquinon and prenylated proteins, from acetyl-CoA via the
classical mevalonate pathway. Thus, insect enzymes involved in
FPP synthesis have been identified based on conservation of the
mevalonate pathway between vertebrates and insects. However,
due to the apparent lack of vertebrate orthologs of enzymes in-
volved in the synthesis of JH from FPP, no structural data for the
insect FPP pyrophosphatase, farnesol oxidase or farnesal dehydro-
genase are available [2,5]. JH acid methyltransferase and JH epox-
idase, the last two enzymes involved in JH biosynthesis, have been
previously identified [4,6].

Recently, the N-terminal phosphatase domain of mammalian
soluble epoxide hydrolase was reported to be in the haloacid
dehalogenase superfamily [7]. Structure and sequence alignment
of mammalian sEH with phosphonoacetaldehyde hydrolase
ll rights reserved.

t).
(PhAH) from Bacillus cereus, haloacid dehalogenase (HAD) from
Xanthobacter autotrophicus, and phosphoserine phosphatase (PSP)
from Methanococcus jannaschii revealed three common motifs with
Asp-9 as the catalytic nucleophile [7]. Previously, the effect of hsEH
on isoprenoid phosphate hydrolysis was evaluated in our lab. FPP
was found to be a substrate of the N-terminal domain of hsEH with
a turnover number of 0.25 ± 0.07 s�1, and a series of isoprenoid-de-
rived compounds were identified as hsEH phosphatase inhibitors
[8]. Based on the hypothesis that mammalian soluble epoxide
hydrolases evolved by fusion of the primitive haloacid dehydroge-
nase N-terminal domain and the primitive haloalkane dehalogen-
ase C-terminal domain [9], we reasoned that a distinct and
separate N-terminal phosphatase domain might exist in insects.
Furthermore, due to the uniqueness of JH biosynthesis in insects,
inhibitors disrupting FPP hydrolysis to farnesol might be of poten-
tial use as insect growth regulators.

Here, we report the identification of phosphatase candidates
from the Drosophila melanogaster genome by comparing conserved
regions of phosphatases from hsEH, PhAH, HAD and PSP. Based on
analysis of substrate specificity, localization and developmental
expression, our data suggest that Phos15739 catalyzes the hydro-
lysis of FPP to farnesol in D. melanogaster.
Materials and methods

Chemicals and heterologous expression. All chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO) unless otherwise
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stated. Geranylgeranyl pyrophosphate was purchased from Biomol
International (Plymouth Meeting, PA). Plasmids pFLC-1 containing
the cDNA of D. melanogaster CG2680 and CG15739 were obtained
from the Drosophila Genomics Resource Center. The Bac-to-Bac
Baculovirus Expression System (Invitrogen, Carlsbad, CA) was used
for expressing recombinant proteins. Sf21 insect cells were grown
at 27 �C in EX-CELLTM420 insect serum-free medium (JRH Biosec-
ience, Levexa, KS) supplemented with 3% fetal bovine serum (JRH
Biosecience, Levexa, KS) and penicillin–streptomycin.

Reverse transcription. Total RNA from ring glands of early 3rd in-
star larva was isolated using Trizol (Invitrogen, Carlsbad, CA, USA).
The concentration and quality of the RNA samples were estimated
by measuring optical density at 260, 260/280 nm ratio and agarose
gel electrophoresis. After isolation, RNA was stored at �80 �C until
analyzed. RNAs were reverse transcribed with random primers and
M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Prim-
ers used for amplifying genes encoding putative phosphatases
from D. melanogaster are listed in Supplemental Table 1. PCR con-
ditions were 95 �C for 2 min followed by 30 cycle of 95 �C for 30 s;
55 �C, 30 s, 72 �C, 1 min; with a final extension at 72 �C for 10 min.

Construction of baculoviruses expressing Phos2680 and Phos15739.
The cDNAs of CG2680 and CG15739 were subcloned into pFastBac-
HTa by PCR amplification using primers CG2680-v-forward: 50-AC
GAACCAACGAATTCATGTCGCCACCACGAC-30, CG2680-v-reverse:
50-CGGCCCGCGGAAGCTTACCTATTTTTGAATATTTTC-30; CG15739-
v-forward: 50-ACCAGAACGGGAATTCATGGCCAAACCCCAGCAC-30,
and CG15739-v-reverse: 50-TCCTCCGCCGAAGCTTGTCTAGACACG
CGACTTG-30, respectively. Following an initial denaturation at
95 �C for 1 min, an amplification profile of 30 cycles with denatur-
ation at 95 �C for 30 s, annealing at 52 �C for 30 sec, and extension
at 72 �C for 1 min, and then a final extension at 72 �C for 7 min was
used. The PCR products were double digested with EcoR1 and Hin-
dIII and ligated into plasmid pFactBac-HTa to form pFastBac-2680
and pFastBac-15739. The generation of baculoviruses expressing
Phos2680 and Phos15739 was performed according to manufac-
turer’s instructions.

To construct the Phos15739 variant Asp28Ala (D28A), primers
DM15739D28A-forward: 50-ACCGGGTGGTCAGCGCGATCGATGG
GCTTCCTG-30 and DM15739D28A-reverse: 50-ACGCCATCGAT
CGCGCTGACCACCCGGTCGAAAG-30 were used for site-direct muta-
genesis. The same PCR program and method listed above were
used.

Protein purification. Phos2680, Phos15739 and Phos15739D28A
with N-terminal His tags were purified on HIS-Select Cartridges
(Sigma-Aldrich; St. Louis, MO) following the manufacturer’s
instructions. His-tagged proteins were concentrated by Amicon ul-
tra centrifugal filter devices (Millipore; Billerica, MA). Protein con-
centration and purity were determined by BCA assay reagent from
Pierce (Rockford, IL) and SDS–PAGE, respectively.

Enzyme assays. The specific activity of Phos2680 and Phos15739
toward p-NPP was measured in 96-well plates. Phos2680 (50 ng)
or Phos15739 (50 ng) were added in 50 lL reaction buffer
(100 mM MES, pH 6.0, 2 mM Mg2+) containing substrate with final
concentrations from 0 mM to 20 mM at room temperature for var-
ious times, followed by adding 100 lL NaOH (0.5 N) to stop the
reaction. The nitrophenol product was detected at OD405 with a
SpectraMax-190 plate reader (Molecular Devices, Sunnyvale, CA).

The analysis of Phos2680 and Phos15739 activity using isopren-
oid monophosphate and pyrophosphate substrates was deter-
mined using PiPer Phosphate Assay Kit (Molecular Probes;
Eugene, OR) as previously described [8]. Reaction mixtures of iso-
prenoid mono- or pyrophosphate substrates and Phos2680 or
Phos15739 were incubated in 100 lL of reaction buffer at room
temperature for various times, followed by adding 50 lL reagent
containing EDTA, maltose, maltose phosphorylase, glucose oxidase,
horseradish peroxidase, and Amplex� Red reagent. The same assay
was also used to determine whether Phos15739 was a pyrophos-
phatase or monophosphatase by adding inorganic pyrophospha-
tase to the reaction mixture before reagent mixture.

Inhibitors of Phos2680 and Phos15739. Inhibition assays were
performed using p-NPP as substrate as described [8] with slight
modification. N-acetyl-S-geranyl-L-cysteine, N-acetyl-S-farnesyl-L-
cysteine, N-acetyl-S-geranylgeranyl-L-cysteine and S-farnesyl-thio-
acetic acid were pre-incubated with Phos2680 (50 ng) or
Phos15739 (150 ng) for 5 min, and then reacted with 640 lM or
240 lM p-NPP in reaction buffer (MES, 100 mM, pH 6.0, Mg2+,
2 mM). The reaction was stopped by adding 200 lL of 0.5 N NaOH
and absorbance was measured at 405 nm.

TLC identification of products from hydrolysis of FPP. Production of
farnesol from FPP by Phos15739 was monitored on TLC using hex-
ane/ethyl-acetate (4:1) as the mobile phase [10]. A 10 lL reaction
mixture of 1 mM FPP and 400 ng Phos15739 was quenched with
an equal volume of methanol at 1 and 30 min, and loaded on the
TLC plate. Pure FPP, FMP, FOH and Phos15739 were utilized as
controls.

Quantitative RT-PCR (Q-RT-PCR). The CG15739 transcript in dif-
ferent development stages of Drosophila was quantified using a
7500 Fast Real-time PCR system (Applied Biosystems, Foster City,
CA). Total RNAs were extracted from different stages of D. melano-
gaster and RNAs were converted to cDNAs as described above. Q-
RT-PCR was carried out in 20 ll reaction volume containing SYBR
Green Master Mix (Applied Biosystems), total RNAs, and the spe-
cific primer pairs (Supplemental Table 1). Cycling conditions were
1 cycle at 95 �C for 20 s, followed by 40 cycles of 3 s at 95 �C and
30 s at 60 �C. Melting analysis was performed at 60–95 �C. Each
sample was run three or more times for Q-RT-PCR analyses. The
mRNA expression of CG15739 gene was normalized using actin
as the endogenous control gene.
Results

Homology analysis

Following release of the D. melanogaster genome sequence,
eight gene encoded products, Phos2680, Phos5567, Phos10352,
Phos11291, Phos15739, Phos17294, Phos32487, and Phos32488
were identified as putative phosphatase paralogues. Alignment of
these (Fig. 1A) showed that they had one or more conserved motifs
typical of phosphatases including; (1) an aspartic acid residue as
the catalytic nucleophile, (2) a serine or threonine for binding the
phosphate group, and, (3) two aspartic acid residues thought to
be important for Mg2+ binding [7,11]. Two phosphatases
(Phos17294 and Phos10352) were eliminated from further analysis
because they lacked the second serine or threonine conserved mo-
tif. CG2680 and CG15739 encoded gene products containing a
DXDGV motif, the conserved sequence found in the N-terminal
phosphatase domain of hsEH (Fig. 1B), while CG11291 had a less
well conserved SXDGV motif. Reverse transcription analysis sug-
gested that six phosphatase genes were expressed in early 3rd in-
star larva (Fig. 2A), however, only CG2680, CG11291 and CG15739
were expressed in ring glands of early 3rd instar larva (Fig. 2B).
Based on these results, Phos2680 and Phos15739 were selected
as the most likely farnesyl phosphatase candidates.

Enzyme activity

p-NPP was initially used as a substrate to measure phosphatase
activity of purified recombinant Phos2680 and Phos15739. Both
Phos2680 and Phos15739 had p-NPP phosphatase activity, with
Vmax of 36 lmol/min/mg and 6.1 lmol/min/mg, with correspond-
ing Km values of 640 and 240 lM, respectively (Supplemental Table



Fig. 1. Sequence alignment of eight putative phosphatases from D. melanogaster (A) and sequence alignment of Phos15739, Phos2680 with N-terminal domain of hsEH (B).
Boxes indicate the three phosphatase motifs as described by Cronin (7), and bold letters indicate the potential conserved residues in each motif.

Fig. 2. RT-PCR analysis of putative phosphatase gene expression in 3rd instar
Drosophila melanogaster larvae. (A) RT-PCR using total RNA isolated from 3rd early
instar larvae as template, primers are listed in Supplemental Table 1. From left to
right: CG15739 (703 bp), CG5567 (933 bp), CG11291 (795 bp), CG32487 (697 bp),
CG32488 (612 bp), and CG2680 (962 bp). (B) Expression of putative phosphatases
in the ring glands of 3rd instar larvae by RT-PCR. From left to right: CG2680,
CG5567, CG11291, CG15739, CG32487, and CG32488.
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2). Phos2680 and Phos15739 were Mg2+-dependent and had max-
imum p-NPP activity at pH 6.0 (data not shown).

Since the N-terminal domain of hsEH was reported to be a
phosphatase with isoprenoid mono- and pyrophosphate hydro-
lysis activity [8], different isoprenoid mono- and pyrophos-
phates were also utilized as substrates for Phos2680 and
Phos15739. The kinetics of Phos2680 toward most of the iso-
prenoid mono- and pyrophosphates substrates except IMP could
not be determined with the concentration ranges used. IMP was
a good substrate for Phos2680 with Km of 35 lM and Vmax of
59 lmol/min/mg. Unlike Phos2680, Phos15739 catalyzed hydro-
lysis of most of the isoprenoid mono- and pyrophosphates sub-
strates and had a high turnover rate and Vmax. The 20-carbon
substrates GGMP and GGPP, however, were not good substrates
(Table 1). GMP was the best Phos15739 substrate with Kcat/Km

of 18 � 105 M�1 s�1. IMP, FMP and FPP were also good sub-
strates with Kcat/Km of 1.2 � 105, 3.1 � 105, 2.1 � 105 M�1 s�1,
Table 1
Phosphatase activity of Phos15739 with isoprenoid mono- and pyrophosphate substrates.

Substrate Km (lM ± S.E.) Vmax (lmol min�1 mg

IMP 84 ± 27 18 ± 2.7
GMP 81 ± 6.7 250 ± 9.3
FMP 160 ± 20 85 ± 4.2
GGMPa >1000a NDa

IPPb 430 ± 150 2.1 ± 0.39
GPPb 20 ± 8.3 1.4 ± 1.5
FPPb 48 ± 13 18 ± 1.8
GGPPa >1000a NDa

a GGMP and GGPP are poor substrates of Phos15739, kinetics could not be determine
b Values are reported as apparent kinetics.
respectively. IPP and GPP were considered to be weak sub-
strates compared with the other mono- and pyrophosphates
analyzed.

For all the isoprenoid pyrophosphates substrates used, we
found no evidence of pyrophosphate release from Phos15739 cat-
alyzed reactions (data not shown). Thus we conclude that
Phos15739 is a phosphatase rather than a pyrophosphatase. The fi-
nal product of FPP hydrolysis by Phos15739 was confirmed to be
farnesol using thin layer chromatography (Fig. 3).

To identify the catalytic nucleophile of Phos15739, the Asp-28
of Phos15739 was mutated to Ala-28 to generate variant
Phos15739D28A. The enzymatic activity of purified Phos15739-
D28A was then measured using p-NPP and FPP as substrates. No
activity was detected with either substrate under the same reac-
tion conditions as the positive control Phos15739 (data not
shown).

Inhibitors of Phos2680 and Phos15739

Because of similarities of Phos2680 and Phos15739 with the
N-terminal domain of hsEH, five previously used inhibitors of
the N-terminal phosphatase domain of hsEH [8,12] were evalu-
ated with both Phos2680 and Phos15739. S-Farnesyl-thioacetic
acid and N-acetyl-S-geranylgeranyl-L-cysteine were good inhibi-
tors of Phos2680 with IC50 values of 5.1 ± 1.4 and 14 ± 1.9 lM,
respectively (Table 2). For Phos15739, N-acetyl-S-geranylgera-
nyl-L-cysteine (IC50 of 4.4 ± 2.0 lM) was the best inhibitor of
the compounds tested (Table 2), followed by N-acetyl-S-gera-
nyl-L-cysteine and N-acetyl-S-farnesyl-L-cysteine (IC50 = 6.3 ± 1.7
and 28 ± 6.8 lM, respectively). However, S-farnesyl-thioacetic
acid and taurolithocholic acid 3-sulfate were poor inhibitors of
Drosophila Phos15739. N-acetyl-S-farnesyl-L-cysteine was previ-
ously found to be the best inhibitor of hsEH, indicating inhibitor
selectively among Phos2680, Phos15739 and hsEH.
�1 ± S.E.) Kcat (s�1 ± S.E.) Kcat/Km(M�1 s�1)

10 ± 1.5 1.2 � 105

140 ± 5.3 18 � 105

49 ± 2.4 3.1 � 105

NDa NDa

1.2 ± 0.22 0.027 � 105

0.78 ± 0.09 250.39 � 105

10 ± 1.04 2.1 � 105

NDa NDa

d (ND).



Fig. 3. Thin-layer chromatography showing the production of farnesol from FPP by
Phos15739. FPP (1 mM, 10 lL), FMP (1 mM, 10 lL), Farnesol (FOH, 1 mM, 10 lL),
and Phos15739 (E, 400 ng in 10 lL) were used as standards. FPP and Phos15739
(E + FPP, 400 ng and 10 lL of 1 mM, respectively) were incubated at room
temperature for 1 or 30 min before loading. The mobile phase was hexane-/ethyl-
acetate (4:1).

Table 2
In vitro inhibition of Phos2680 and Phos15739.

Inhibitor IC50 (lM ± S.E.) of
Phos2680

IC50 (lM ± S.E.) of
Phos15739

N-Acetyls-geranyl-L-cysteine >100 6.3 ± 1.7
N-Acetyl-S-farnesyl-L-cysteine >100 28 ± 6.8
N-Acetyl-S-geranylgeranyl-L-

cysteine
14 ± 1.9 4.4 ± 2.0

S-Farnesyl-thioacetic acid 5.1 ± 1.4 >100
Taurolithocholic acid 3-sulfate >100 >100

p-NPP (640 lM and 240 lM) was used as the substrate for Phos2680 and
Phos15739, respectively.
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Stage-specific expression of CG15739

To analyze the developmental regulation of CG15739 expres-
sion, CG15739 transcript levels were monitored using Q-RT-PCR.
In the developmental stages we evaluated, CG15739 transcript le-
vel changes were correlated with previously published JH titer lev-
els (Fig. 4). Setting expression levels of second instar larvae as 1.0,
transcript expression levels of 3rd early larvae decreased to 0.4,
Fig. 4. Comparative expression of CG15739 in different developmental stages of
Drosophila melanogaster by Q-RT-PCR. 2nd, 2nd instar larvae; 3E, 3rd instar early
stage; 3W, 3rd instar wondering stage; pupa, pupae collected with first 4 h; female
and male adult, adult samples collected after eclosion.
and were barely detectable in 3rd instar wondering larvae and pu-
pae (0.1 for both) corresponding to low JH titer. On the other hand,
the highest CG15739 transcript levels were detected in adult (male
5.2, female 3.0), at the time of maximal JHIII titer [13].

Discussion

Identifying enzymes involved in the conversion of farnesyl pyro-
phosphate to JH has been difficult due to the apparent lack of this
pathway in vertebrates. Recently, an ortholog of the Bombyx mori
methyltransferase which converts farnesoic acid to methyl farne-
sonate was identified in the Aedes expressed sequence tags (ESTs)
collection [4], and a cytochrome P450 (CYP15A1) catalyzing stereo-
selective epoxidation of methyl farnesonate to JHIII in the CA of the
cockroach was found using ESTs from the CA of Diploptera punctata
[6]. ESTs from D. punctata, Aedes aegypti and Anopheles albimanus
were compared to find potential genes encoding enzymes involved
in juvenile hormone biosynthesis. Only one enzyme, Anopheles
orthology EAA01914, was predicted to have activity capable of con-
verting FPP to farnesol [14]. However, sequences from D. melanogas-
ter producing significant alignments with Anopheles EAA01914 show
homology to trans-isoprenyl diphosphate synthases including far-
nesyl diphosphate synthases and geranylgeranyl diphosphate syn-
thases, enzymes catalyzing the elongation of isoprenoid substrates
to produce prenyl diphosphates.

The genome of D. melanogaster harbors several genes with pro-
tein products predicted to be phosphatases. In our study, Phos2680
and Phos15739 were selected as the two most likely candidates for
catalyzing FPP hydrolysis based on amino acid sequence analysis of
these proteins with subclass I of the haloacid dehalogenase (HAD)
superfamily including mammalian sEH, HAD, PSP, and PhAH [7,15].
Genes CG2680 and CG15739 encode phosphatases displaying the
three typical conserved motifs (motif I: DXDX[T/V][L/V]; motif II:
[S/T]XX; and motif III: K-[G/S][D/S]XXX[D/N]) for nucleophile at-
tack, substrate binding, and Mg2+ binding, respectively [16]
(Fig. 1B). Both CG2680 and CG15739 were also observed in the ring
gland of D. melanogaster using reverse transcription PCR. Six other
putative phosphatases from D. melanogaster were eliminated from
further analysis because of a lack of structural motifs or non-
detectable expression in ring glands.

Variant Phos15739D28A was generated by substituting residue
Asp-28, the equivalent of hsEH Asp-9, with Ala. The purified mu-
tant Phos15739D28A exhibited no p-NPP or FPP activities (data
not shown), consistent with our hypothesis that Asp-28 located
in motif I is the catalytic nucleophile of the enzyme.

Although both Phos2680 and Phos15739 showed high catalytic
activity using p-NPP, only Phos15739 efficiently hydrolyzed FPP
and released monophosphate from the reaction. Previously, the en-
zyme thought to catalyze hydrolysis of FPP to farnesol was thought
to be a pyrophosphatase, which releases pyrophosphate directly
from FPP [2]. Our data show that Phos15739 is a monophosphatase
which hydrolyzes FPP to FMP then to farnesol.

Since FPP is a key intermediate for JH biosynthesis, a balance
between synthesis and hydrolysis of FPP seems critical. In insects,
IPP is converted to dimethylallyl diphosphate (DMAPP) by isopen-
tenyl-diphosphate isomerase, followed by the condensation of IPP
(5-carbon) into DMAPP and sequentially to GPP (10-carbon) and
FPP (15-carbon) by farnesyl diphosphate synthetase [14]. Although
IPP and GPP were substrates of Phos15739, the lower Km/Kcat of
Phos15739 with IPP (0.027 � 105 M�1 s�1) and GPP
(0.39 � 105 M�1 s�1) suggest these compounds are rather poor
substrates. On the other hand, both FMP and FPP are approxi-
mately 10-fold better substrates for Phos15739 with Km/Kcat of
3.1 � 105 and 2.1 � 105 M�1 s�1 (Table 1).

Six forms of JH sharing a similar synthesis pathway have been
identified and characterized in insects, and the relative level of
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JHs in insects is one of the major factors regulating insect develop-
ment and metamorphosis [17]. The regulation of JH titer is there-
fore critical for insect maturation and thus this pathway is an
attractive target for insecticide development [5]. We identified
Phos15739 as an insect FPPase and therefore insecticide target by
aligning Drosophila phosphatases with the N-terminus of hsEH,
however, the effect of various inhibitors on the hsEH phosphatase
and Phos15739 were surprisingly different. In our study, N-acetyl-
S-geranylgeranyl-L-cysteine with an IC50 value of 4.4 lM was the
best inhibitor of Phos15739. N-acetyl-S-farnesyl-L-cysteine, the
best isoprenoid-derived inhibitor (IC50 as 0.84 lM) [8], and tauro-
lithocholic acid 3-sulfate the best sulfate inhibitor for the hsEH N-
terminal phosphatase (IC50 equal to 5 lM) [12], however, had IC50

values of 28 and over 100 lM for Phos15739. Optimizing inhibitors
of Phos15739 using N-acetyl-S-geranylgeranyl-L-cysteine as a lead
compound may provide a means of disrupting JH biosynthesis and
consequentially inducing premature metamorphosis or preventing
reproduction in insects.

The ring gland, the endocrine/neurohaemal organ of insects, in-
cludes two lateral prothoracic glands, corpus cardiacum and cor-
pus allatum (CA). The CA is considered the likely site of synthesis
and secretion of JH in D. melanogaster [18]. The expression of
Phos15739 in ring glands was confirmed by RT-PCR using cDNA
synthesis from ring glands as template. Therefore, to the best of
our knowledge, Phos15739 is the first FPP monophosphatase that
has been confirmed to be expressed in ring glands.

In D. melanogaster, the titer of JHIII decreases from a high level
in 2nd instar larvae to relative lower levels in 3rd instar larvae, and
is undetectable in early pupa [13]. In adult females, JH is again syn-
thesized as it is required to activate ovary maturation during
reproduction [19,20]. In males, JH has been shown to play an
important role for protein synthesis in accessory glands [21]. Ma-
ted males have 3-fold more JH and released twice as much sex
pheromone as virgin males, suggesting that JH is involved in the
development of sexual signaling, promoting male mating behavior
and reproductive maturity [22]. In our study, CG15739 expression
was detected in ring glands, and high levels of transcript were de-
tected in 2nd instar larvae and adults, whereas relatively lower lev-
els of transcript were detected in 3rd instar wondering larvae and
pupae of D. melanogaster (Fig. 4). Our study also showed that
expression levels of Phos15739 protein were correlated with previ-
ously reported JHIII levels. A peak of Phos15739 appeared in 2nd
instar larvae, and decreased in the wondering stage, followed by
very low expression in the pupal stage. Because JH titer is deter-
mined by its rate of biosynthesis, release, and degradation [3]
our results suggest that Phos15739 might be important in regulat-
ing JH levels in vivo.

In summary, we show that Phos15739 from D. melanogaster is
localized in the ring gland and hydrolyzes FPP to farnesol. The
coordinated expression of CG15739 with JH titer during develop-
ment suggests a potential regulatory role in JH biosynthesis. Inhi-
bition of this enzyme in vivo will be important for understanding
its role in regulating JH levels and, potentially for insect control.
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