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Allatostatin-C reversibly blocks the transport of citrate out of the
mitochondria and inhibits juvenile hormone synthesis in
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Abstract

Aedes aegypti allatostatin-C (AeaAST-C or PISCF-AST) is a strong and fast reversible inhibitor of
juvenile hormone I11 (JH 111) synthesis by the corpora allata (CA) of mosquitoes; however, its
mechanism of action remains poorly understood. AeaAST-C showed no inhibitory activity in the
presence of any of the intermediate precursors of JH Il indicating that the AeaAST-C target is
located before the entry of acetyl-CoA in the pathway. Stimulation experiments using different
sources of carbon (glucose, pyruvate, acetate and citrate) suggest that AST-C acts after pyruvate is
transformed to citrate in the mitochondria. In vitro inhibition of the citrate mitochondrial carrier
(CIC) mimicked the effect of AeaAST-C, and was overridden by addition of citrate or acetate. Our
results provide compelling evidence that AeaAST-C inhibits JH I11 synthesis by blocking the CIC
carrier that transports citrate from the mitochondria to the cytosol, obstructing the production of
cytoplasmic acetyl-CoA that sustains JH 111 synthesis in the CA of mosquitoes.
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1. Introduction

Allatostatins (AST) are pleiotropic neuropeptides which act as reversible inhibitors of
juvenile hormone (JH) synthesis in insects (Stay and Tobe, 2007). JHs are synthesized in the
corpora allata (CA), a pair of endocrine glands connected to the brain, and play critical
roles as regulators of development and reproduction (Goodman and Cusson, 2012). Three
types of ASTs have been described in insects: cockroach ASTs (FGLamides or AST-A),
cricket ASTs (W(X)g amides or AST-B) and Manduca ASTs (PISCFs or AST-C) (Gilbert et
al., 2000; Bendena et al., 1999). The mechanism of action of ASTs in the regulation of JH
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synthesis remains poorly understood (Weaver and Audsley, 2009; Stay and Tobe, 2007);
AST-C receptors have been described in two dipteran species, Drosophila melanogaster
(DAR-1 and DAR-2) (Kreienkamp et al., 2002) and Aedes aegypti (AeaAST-Cr-A and
AeaAST-Cr-B) (Mayoral et al., 2010); they are G-protein-coupled receptors (GPCRS)
operating through the cAMP and phosphatidylinositol signaling pathways (Tuteja, 2009).

We have previously described that the biosynthetic activity of the CA in vitro was reversibly
inhibited by mosquito brain extracts, as well as by Anopheles gambiae PISCF-AST (Li et
al., 2004). Aedes aegypti AST-C (AeaAST-C) was isolated and characterized by MS/MS
analysis (Li et al., 2006). AeaAST-C is a 15 amino acid amidated peptide synthesized by
neurosecretory cells in the protocerebral lobes of the brain (Hernandez-Martinez et al.,
2005). Maximum level of the peptide in the brain of female mosquitoes is detected at 3 days
after adult eclosion, correlating with an increased sensitivity of the CA to inhibition by
AeaAST-C (Li et al., 2006). Lastly, the AeaAST-C GPCR receptor expression in CA of
mosquitoes was reported (Mayoral et al., 2010). In vitro studies have previously shown that
AST inhibition is developmentally dependent (Yagi et al., 2005; Tobe et al., 2000; Weaver
etal., 1998; Lorenz and Hoffmann, 1995); the sensitivity to inhibition by AeaAST-C in the
in vitro assay also fluctuates, revealing that the mosquito CA is most sensitive during
periods of low synthetic activity (Li et al., 2006).

JH 111 synthesis is very dynamic during the gonotrophic cycle of female mosquitoes; and its
regulation involves a complex interplay of changes of precursor pools and enzyme levels
(Rivera-Perez et al., 2014; Nouzova et al., 2011). JH |11 is synthesized through the
mevalonate pathway (MVVAP), which consists of multiple enzymatic steps through which
acetyl-CoA is gradually transformed into the 5-carbon compound isopentenyl-
pyrophosphate (IPP), and later onto the 15-carbon farnesyl-pyrophosphate (FPP) (Belles and
Piulachs, 2005). In the CA of mosquitoes, FPP is sequentially transformed to farnesol
(FOL), farnesal (FAL), farnesoic acid (FA), methyl farnesoate (MF) and JH I11 (Nouzova et
al., 2011). Experimental increases in the magnitude of any individual precursor pool
generally raise rate of JH 111 synthesis, suggesting that enzyme concentrations in the CA are
often in excess (Rivera-Perez et al., 2014; Nouzova et al., 2011; Feyereisen et al., 1984).

In the present study, we explored the mechanism of action of AeaAST-C in the CA of
female A. aegypti mosquitoes. AST receptors transcripts were detected in both CA and
corpora cardiaca (CC). In vitro treatment of the adult CA with AeaAST-C resulted in a fast,
strong and reversible inhibition of JH 111 biosynthesis; which was overridden by stimulation
with early or late JH Il intermediate precursors. The mitochondrial membrane citrate
transport protein (CIC) was established as a potential target for AeaAST-C by assessing the
contribution of different carbon metabolites as sources of 2C building blocks for the
production of JH I11. Pharmacological inhibition of CIC mimicked the effect of AeaAST-C,
resulting in abolishment of JH Il biosynthesis. This inhibitory effect could be superseded by
addition of acetate or citrate, reinforcing the idea that the CIC carrier is a main target for
AeaAST-C. Altogether our studies provided compelling evidence that AeaAST-C inhibits
JH 111 synthesis by nactivation of the CIC transporter that mobilizes citrate from the
mitochondria to the cytosol, obstructing the production of cytoplasmic acetyl-CoA that
sustains JH 111 synthesis in the CA of mosquitoes.

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 February 01.
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2. Material and Methods

2.1. Insects

A. aegypti of the Rockefeller strain were reared at 28 °C and 80% humidity as previously
described (Nouzova et al., 2011). Adult mosquitos were offered a cotton pad soaked in a
20% sucrose solution.

2.2. Chemicals

Custom made peptide Aedes aegypti AST-C (AeaAST-C) (QIRYRQCYFNPISCF) was
provided by Biopetide Co. (San Diego, CA), purified by reverse phase liquid
chromatography and assessed to be 98% pure by analytical mass spectrometry and amino
acid analysis. Stock of aqueous solutions of AeaAST-C were prepared at a concentration of
107> M and stored in aliquots at —80 °C. Acetate, citrate, pyruvate, acetyl-CoA (AC0A),
mevalonic acid (MVA), mevalonic acid 5-phosphate (MevP), mevalonic acid 5-
pyrophosphate (MevPP), farnesal (FAL) and 1,2,3-benzenetricarboxylate (BTC) were
purchased from Sigma (St. Louis, MO). Farnesyl diphosphate (FPP), farnesol (FOL),
farnesoic acid (FA) and methyl farnesoate (MF) were purchased from Echelon Biosciences
(Salt Lake city, UT).

2.3. Dissections of corpora allata complexes

Three days old female mosquitos were cold-anesthetized and dissected in Aedes
physiological saline (APS) (MgCl, 2.0 mM; KCI 8.4 mM; NaH,PO,4 12.0 mM; NayHPO4
12.0 mM; NaCl 138.0 mM; Sucrose 42.5 mM; CaCl, 4.0 mM) as previously described (Li et
al., 2003). Unless otherwise noted, preparations were of intact corpora allata-corpora
cardiaca (CA-CC) complexes connected to the brain and head capsule and are denoted as
Br-CA-CC complexes. Two additional preparations of CA complexes for in vitro
experiments were used: 1) “denervated” CA-CC complexes, in which the CA-CC were
separated from the brain; and 2) “isolated” CA, in which the CA was isolated from both the
brain and the CC (Nouzova et al., 2012).

2.4. Quantitative Real-Time PCR (q-PCR)

Total RNA was isolated using RNA-binding glass powder as previously described (Noriega
et al., 1993). Contaminating genomic DNA was removed using the DNA-free™ kit
(Ambion, Austin, TX). Reverse transcription of RNA was carried out using Qscript (Quanta
BioSciences, Gaithersburg, MD), according to the manufacturer’s recommendations.
Relative expression of selected genes was quantified by real-time PCR performed in a 7300
Real-Time PCR System using TagMan® Gene Expression Assays together with TagMan®
Universal PCR Master Mix (Applied Biosystems, Foster City, CA). Reactions were run in
triplicate in a 20 pl volume and normalized to the house keeping gene 60S ribosomal protein
L32 (rpL32) mRNA expression for each sample. Primer probes sequences for L32 and
allatostatin-C receptor A and B genes (AeaAST-CrA and AeaAST-CrB) were previously
described (Mayoral et al., 2010). Primer probes for adipokinetic hormone (AKH), crustacean
cardioacceleratory peptide (CCAP), juvenile hormone acid methyltransferase (JHAMT) and
epoxidase (EPOX) genes were previously described (Nouzova et al., 2012).

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 February 01.
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2.5. Testing the effect of AeaAST-C on JH lll synthesis

We previously described that the inhibitory effect of AeaAST-C is dose-dependent, with a
maximum at 1079 M (Li et al., 2006); therefore all AeaAST-C experiments were performed
using a concentration of 10~ M. Br-CA-CC complexes were dissected and incubated in the
presence of AeaAST-C at 32 °C for 2 h in 150 pl of tissue culture media M-199 (Lavallette,
NJ, USA) containing 2% Ficoll, 25 mM HEPES (pH 6.5) and methionine (50 uM). Controls
were not treated with the peptide. Biosynthesized JH 111 was labelled with a fluorescent tag
and analyzed by reverse phase high performance liquid chromatography coupled to a
fluorescent detector (HPLC-FD) as previously described (Rivera-Perez et al., 2012).

2.6. Enzymatic activities

For each assay, 10 glands were dissected, homogenized and analyzed for particular
enzymatic activities using specific buffers (Rivera-Perez et al., 2014). The reaction products
were analyzed by HPLC-FD.

2.7. Statistical analysis

3. Results

Statistical analyses were performed using the GraphPad Prism Software (San Diego, CA,
USA). The results are expressed as mean + S.E.M. Significant differences (p< 0.05) were
determined with a one tailed students t-test performed in a pair wise manner or by one-way
ANOVA followed by Tukey’s test.

3.1. AeaAST-C has areversible inhibitory effect on JH Ill synthesis

Incubation of Br-CA-CC complexes dissected from 3-day old sugar-fed females with 1072
M AeaAST-C resulted in over 80% reduction in JH 111 synthesis (Fig. 1). To test if the effect
of AeaAST-C is reversible, Br-CA-CC complexes were first incubated with or without
AeaAST-C for a 2 h period. During the first 2 h incubation, JH 111 released from CA was
significantly inhibited in the presence of the synthetic peptide (Fig. 2A). Afterwards,
AeaAST-C-treated and control Br-CA-CC complexes were rinsed in fresh medium and
incubated for a second 2 h period in medium with or without AeaAST-C. No significant
difference in JH 111 synthesized by control and washed groups was found during the second
incubation; only the glands treated for a second time with AeaAST-C showed inhibition,
indicating that the modulatory effect of AeaAST-C was reversible (Fig. 2B).

3.2. AeaAST-C acts directly on the isolated CA

The effect of AeaAST-C on JH 111 biosynthesis was evaluated on three different CA
preparations: 1) Br-CA-CC, 2) “denervated” CA-CC, and 3) isolated CA. Treatment with
AeaAST-C produced a significant reduction of JH 111 synthesis in the three types of
preparations (Fig. 3). Separation of the brain and CC produced a 2-fold increase of JH |11
synthesis; however, addition of AeaAST-C resulted in a significant inhibition of JH 111
synthesis in isolated CA, suggesting that AeaAST-C acts directly on the CA. A direct effect
of AeaAST-C entails the presence of AeaAST-C receptors in the CA; The very low level of
expression of AeaAST-C receptors mRNA in the CA made it difficult to use in situ

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 February 01.
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hybridization as the method of choice to investigate the expression of the receptor in the CA
and the CC. Alternatively, to investigate the specific expression of the AeaAST-C receptors
in the individual components of the CA-CC complexes, we decided to perform a surgical
separation of the CA and CC, followed by analysis of expression of specific gene markers
for CA and CC in the isolated glands (Fig. 4). CC markers such as adipokinetic hormone
(AKH) and crustacean cardioacceleratory peptide (CCAP) (Gade and Goldsworthy, 2003)
had low expression in the CA (about 20%) when compared with transcript levels in the CC.
Juvenile hormone biosynthetic enzymes, such as juvenile hormone acid methyltransferase
(JHAMT) and methyl farnesoate epoxidase (EPOX), that are known to be expressed in the
CA (Ueda et al., 2009), had low expression in the CC (about 20%) when compared with
transcripts levels in the CA. These numbers confirm that the surgical separation was
successful, with about 20% cross-contamination. Both AeaAST-C receptors were certainly
expressed in the CC, but also in the CA, where their expression levels exceeded the levels of
CC-specific genes (CCAP and AKH), suggesting that the AeaAST-C receptors are
expressed in both glands.

3.3. The AeaAST-C target is located before the entry of acetyl-CoA in the JH Ill pathway

To test if any of the JH biosynthetic enzymes was a target for AeaAST-C inhibition, Br-CA-
CC complexes were incubated with and without AeaAST-C (1079 M) in the presence of nine
different JH 111 precursors (200 uM). The addition of any of the precursors resulted in a
significant increase in JH 111 biosynthesis; and the effect of AeaAST-C on JH Il synthesis
was overridden by stimulation with each of the nine precursors (Fig. 5); suggesting that
AeaAST-C does not affect the activity of any of the JH-biosynthetic enzymes, but prevents
the entry of acetyl-CoA into the JH pathway. This was confirmed by incubating the CA with
and without AeaAST-C, followed by the analysis of the activity of three enzymes from
different sections of the JH biosynthesis pathway (beginning, middle and end): HMG-CoA
synthase (HMGS), farnesol oxidase (SDR) and juvenile hormone methyl transferase
(JHAMT). The addition of AeaAST-C to the incubation had no effect on the activity of any
of the 3 enzymes (Fig. 6).

3.4. Stimulation with citrate or acetate, but not with glucose or pyruvate overrides AeaAST-

C inhibition

Acetyl-CoA is the basic building block for JH synthesis and it can be generated from
different carbon sources (e.g. carbohydrates, lipids and amino acids). To validate that
AeaAST-C is affecting the incorporation of acetyl-CoA into the JH pathway, we tested the
effect of stimulating the CA with three different carbon sources: 1) glucose that is
metabolized by the glycolytic pathway to produce cytosolic pyruvate, which is transferred to
the mitochondria and metabolized by the tricarboxylic acid cycle (TCA) to produce citrate
that is shuttled out the mitochondria by the membrane citrate transport protein (CIC)
(Kaplan and Mayor, 1993). Once in the cytosol, citrate is metabolized to acetyl-CoA by the
ATP-citrate lyase. 2) Acetate, which can be converted to acetyl-CoA by the cytosolic
enzyme acetyl-CoA synthase, and 3) citrate, which can be metabolized to acetyl-CoA by the
ATP-citrate lyase. Pyruvate, an intermediate of the glycolytic pathway was also tested.
Because our medium for in vitro CA incubations already contains glucose, a 1:1 molar
concentration was used with each of the carbon sources tested (1 mol glucose: 1 mol citrate/

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 February 01.
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acetate/pyruvate). Pyruvate, acetate and citrate were efficiently metabolized by the CA, and
addition of any of these precursors resulted in a ~2 fold increase in JH 111 synthesis;
interestingly AeaAST-C was an effective inhibitor of JH 111 synthesis only when glucose or
pyruvate were the available carbon sources (Fig. 7); while addition of citrate or acetate
overrode the inhibition, suggesting that AeaAST-C acts downstream of the pyruvate
conversion to acetyl-CoA, and implying that ATP-citrate lyase and acetyl-CoA synthase
activities were not inhibited by AeaAST-C.

3.5. CIC inhibition phenocopies the effect of AeaAST-C

The CIC (a citrate malate antiport) transports citrate from the mitochondria to the cytosol in
exchange for the dicarboxylic cytosolic malate. To verify that the activity of the CIC carrier
is essential for JH biosynthesis, we used a non-cleavable benzene-tricarboxylate analog
(BTC) (2 mM) that suppresses CIC-dependent transport of citrate. Inhibition of CIC activity
by BTC resulted in a significant reduction of JH 111 biosynthesis, phenocopying the
AeaAST-C inhibition (Fig. 7). We tested four different carbon sources to assess if the
inhibition of the CIC by BTC could be overridden by addition of cytoplasmic acetyl-CoA
precursors (Fig. 7). The addition of glucose or pyruvate to a CA incubated with BTC did not
revert the inhibition of JH 111 synthesis; however, addition of citrate or acetate overrode the
effect of BTC, resulting in rates of JH I11 synthesis equivalent to those of control glands.
Thus, our results provide evidence that inhibition of the CIC activity by BTC mimics
AeaAST-C action; the BTC inhibitory effect was only superseded by addition of acetate or
citrate.

4. Discussion

4.1. AeaAST-C is a fast and strong reversible inhibitor of JH lll synthesis in adult female

mosquitoes

It took almost 40 years from the first demonstration that neuropeptides influence CA activity
(Scharrer, 1952) to the identification and functional characterization of the first FGLamide
(Woodhead et al., 1989) and PISCF ASTs (Kramer et al., 1991). These two types of
allatostatins are associated with unique GPCR receptor families that have vertebrate
orthologs; the FGLamide receptors are related to the vertebrate galanin receptors (Birgiil et
al., 1999), and PISCF receptors show similarity to the somatostatin/opioid receptors
(Kreienkamp et al., 2002). Still, more than 60 years after Scharrer’s work was published, the
identification of the targets of ASTs actions in the CA, as well as the signaling pathways that
connect the binding of ASTs to their membrane receptors with the molecular changes in
their targets, are largely unknown (Weaver and Audsley, 2009; Stay and Tobe, 2007).

ASTSs effects are very fast and reversible (Li et al., 2004; Bendena et al., 1999). Although
depressed, the CA seems to maintain intact its biosynthetic potential, and JH synthesis is
rapidly reactivated if ASTs are removed. These features of ASTs action would suggest that
activation of gene transcription might not be primarily involved, but instead a fast post-
translational regulation such as a reversible phosphorylation of proteins. Sutherland and
Feyereisen (1996) reported that D. punctata CA inhibited with FGLamide AST were
prevented from using glucose to synthesize JH 111, but free to use acetate. In addition

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 February 01.
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FGLamide AST inhibited JH 111 synthesis without affecting the activities of HMG-CoA
synthase or HMG-CoA reductase. The results of these experiments advocated that AST-A
targets were either the transport of citrate from mitochondria to cytosol and/or the
metabolism of citrate to produce acetyl-CoA (Sutherland and Feyereisen, 1996).

Our studies on a different allatostatin neuropeptide further explored these concepts; by
providing an excess of different precursors we ultimately evaluated the effect of AeaAST-C
on the activity of all the enzymes of the JH synthesis pathway. AeaAST-C showed no
inhibitory activity in the presence of any of the intermediate precursors of the pathway
indicating that all the enzymes were fully active and able to process their substrates; this was
confirmed by measuring the activity of a few key enzymes in the pathway, which exhibited
normal catalytic activities in the presence of AeaAST-C. The fact that all the enzymes were
fully functional revealed that in mosquitoes the AeaAST-C target is located before the entry
of acetyl-CoA in the JH pathway. Recently, Huang et al. (2014) showed that FGLamide
AST inhibits JH 111 synthesis in D. punctata without modifying transcript levels of enzymes
in the JH 111 biosynthetic pathway. The inhibitory effect was overridden by the addition of
acetyl-CoA, mevalonate, diphosphomevalonate or farnesol, confirming that the effect is
prior to the entry of precursors into the JH biosynthetic pathway (Huang et al., 2014). Our
results exposed that FGLamide and PISCF ASTs may well have similar mechanisms of
action. This would be a remarkable example of convergent evolution because both families
of peptide have different structures, are ligands for different types of receptors, and are
active in groups of insects that diverged hundreds of million years ago.

4.2. Mechanism of action of AeaAST-C on JH synthesis

The biosynthesis of JH starts when two units of acetyl-CoA are condensed by the enzyme
acetoacetyl-CoA thiolase; acetyl-CoA is therefore the basic building block for JH synthesis
and it can be generated from different carbon sources (e.g. carbohydrates, lipids and amino
acids). Glucose is the major carbon source provided in our CA in vitro system; it is
metabolized by the glycolytic pathway to produce cytosolic pyruvate, which is transferred to
the mitochondria and metabolized to produce citrate that is shuttled out the mitochondria by
the membrane citrate transport protein (CIC) (Kaplan and Mayor. 1993). The expression of
the CIC gene in CA of D. punctata and A. aegypti has been previously described in
transcriptome studies (Noriega et al., 2006). Citrate is a key intermediate in catabolic and
anabolic pathways; once in the cytosol, citrate is broken down to acetyl-CoA, providing the
immediate carbon source to fuel the synthesis of isoprenoids in the CA (Belles and Piulachs,
2005). Our studies revealed that AeaAST-C affected the incorporation of glucose and
pyruvate into the JH pathway, and either acetate or citrate overrode AeaAST-C inhibition
and sustained normal JH 111 synthesis by the CA in mosquitoes. By assessing the
contribution of different sources of 2C building blocks for the production of JH, we
established the mitochondrial membrane citrate transport protein (CIC) as a potential target
for AeaAST-C. Pharmacological inhibition of CIC by BTC mimicked the effect of AeaAST-
C, resulting in abolishment of JH 111 biosynthesis. This inhibitory effect could be superseded
by addition of acetate or citrate, reinforcing the idea that the CIC carrier is a main target for
AeaAST-C.

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 February 01.
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In summary, our results provide compelling evidence that AeaAST-C signaling causes an
inactivation of the mitochondrial citrate transporter protein (CIC) and thus blocks transport
of citrate to the cytosol. Citrate is the main source of cytoplasmic Acetyl-CoA that sustains
synthesis of JH 111 and its lack causes a fast decrease of JH I1l. AST-C signaling to the
corpora allata is therefore a fast and reversible manner to tune JH 111 synthesis during
female mosquito resting stage according to its variable nutritional status (Fig. 8).
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Fig. 1. AeaAST-C inhibits JH biosynthesis
JH biosynthesis by Br-CA-CC complexes with and without addition of AeaAST-C (1079 M)

was assayed in vitro. Each data point represents the means + S.E.M. of 35 independent
determinations of three Br-CA-CC complexes. Asterisks denote significant differences
(unpaired t-test; ***P<0.0001).
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Fig. 2. The inhibitory effect of AeaAST-C is reversible
Br-CA-CC were incubated for two consecutive 2 h periods. A) During the first 2 h, Br-CA-

CC complexes were incubated either in the presence or absence of AeaAST-C (1079 M).
After 2 h, glands were rinsed in fresh culture medium. B) During the second 2 h period,
control and previously treated glands were incubated in fresh culture medium with and
without AeaAST-C. Each data point represents the mean + S.E.M. of three independent
determinations of three Br-CA-CC complexes. Asterisks denote significant differences
(unpaired t-test; ***P<0.0001). Different letters above the columns indicate significant
differences among treatments (ANOVA P<0.05, with Tukey’s test for multiple comparison).
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Fig. 3. AeaAST-C acts directly on the CA
Different types of CA preparations were incubated with AeaAST-C (102 M) in vitro, and

JH biosynthesis was evaluated. Br-CA-CC (CA-CC connected to the brain), CA-CC
(denervated CA-CC) and CA (isolated CA). Each data point represents the means + S.E.M.
of three independent determinations of each preparation. Asterisks denote significant
differences (unpaired t-test; ** P < 0.05; *** P < 0.001).
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Fig. 4. AeaAST-C receptors A and B are expressed in the CC and CA
Corpora allata (CA) and corpora cardiaca (CC) were individually dissected from adult

female mosquitoes. The expression of the two AeaAST-C receptors (A and B) and four
additional marker genes were evaluated in isolated CC and CA. AKH (1): adipokinetic
hormone; CCAP (2): crustacean cardioacceleratory peptide; JHAMT (3): juvenile hormone
acid methyltransferase; EPOX (4): epoxidase; AeaAST-Cr-A (5): AeaAST-C receptors A;
AeaAST-Cr-B (6): AeaAST-C receptors B. Transcripts levels are expressed as percentage of
the maximum value found in the two glands. Each g-PCR data point is the mean + S.E.M. of
two independent biological replicates of 20 tissue samples.
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Fig. 5. Stimulation with precursors overrides the inhibitory effect of AeaAST-C
The effect of AeaAST-C (10~ M) on JH biosynthesis was evaluated on Br-CA-CC

complexes incubated in culture medium M-199 alone (control) or with the addition of 200
UM of nine different precursors: ACoA (acetyl-CoA), MVA (mevalonic acid), MevP
(mevalonic acid 5-phosphate), MevPP (mevalonic acid 5-pyrophosphate), FPP (farnesyl
diphosphate), FOL (farnesol), FAL (farnesal), FA (farnesoic acid) and MF (methyl
farnesoate). Each data point represents the means + S.E.M. of 2-4 independent biological
replicates of three Br-CA-CC complexes. Asterisks denote significant differences (unpaired
t-test; *** P < 0.001).
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Fig. 6. AeaAST-C treatment does not modify the activity of the JH biosynthetic enzymes
Br-CA-CC complexes were incubated for 2 h in the presence or absence of AeaAST-C (1079

M). After incubation CA-CC were isolated, and the activities of HMG-CoA Synthase (A),
SDR-1 (B) and JHAMT (C) were evaluated. Each data point represents the means + S.E.M.
of 2 independent biological replicates of five CA-CC complexes.
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Fig. 7. Addition of citrate or acetate overrides AeaAST-C inhibition of JH biosynthesis
The effect of AeaAST-C (10~ M) on JH biosynthesis was evaluated on Br-CA-CC

complexes incubated in medium M-199 containing only glucose (5 mM) or with the addition
of either pyruvate, acetate or citrate (5 mM). The effect of 1,2,3-benzenetricarboxylate
(BTC), an inhibitor of the mitochondrial citrate carrier (CIC), was also tested in the four
types of preparations. Each data point represents the means + S.E.M. of 3-4 independent
biological replicates of three Br-CA-CC complexes. Different letters above the columns
indicate significant differences among treatments (ANOVA P<0.05, with Tukey’s test for
multiple comparison).
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Fig. 8. Schematic representation of the AeaAST-C mechanism of action
Binding of AeaAST-C to the AST-C receptor results in the inactivation of the CIC carrier,

which shuttles the citrate from mitochondria to the cytosol. Decrease of cytoplasmic citrate
concentration reduces JH synthesis. GPCR: G-protein coupled receptor; Ga: a subunit; CIC:
Mitochondrial citrate transporter. ACoA: acetyl CoA.
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