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Adipokinetic hormones (AKH) are well known regulators of energy metabolism in insects. These neuropeptides are produced in the corpora cardiaca and perform their hormonal function by interacting
with speciﬁc G protein-coupled receptors (GPCRs) at the cell membranes of target tissues, mainly the fat
body. Here, we investigated the sequences, spatial and temporal distributions, and pharmacology of AKH
neuropeptides and receptors in the tsetse ﬂy, Glossina morsitans morsitans. The open reading frames of
two splice variants of the Glomo-akh receptor (Glomo-akhr) gene and of the AKH neuropeptide encoding
genes, gmmhrth and gmmakh, were cloned. Both tsetse AKHR isoforms show strong sequence conservation when compared to other insect AKHRs. Glomo-AKH prepropeptides also have the typical architecture of AKH precursors. In an in vitro Ca2þ mobilization assay, Glomo-AKH neuropeptides activated
each receptor isoform up to nanomolar concentrations. We identiﬁed structural features of tsetse AKH
neuropeptides essential for receptor activation in vitro. Gene expression proﬁles suggest a function for
AKH signaling in regulating Glossina energy metabolism, where AKH peptides are released from the
corpora cardiaca and activate receptors mainly expressed in the fat body. This analysis of the ligandreceptor coupling, expression, and pharmacology of the two Glomo-AKHR variants facilitates further
elucidation of the function of AKH in G. m. morsitans.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Tsetse ﬂies (genus: Glossina; family: Glossinidae) are the sole
transmitters of African Trypanosoma parasites that cause human
African trypanosomiasis (HAT), better known as sleeping sickness,

Abbreviations: AKH, adipokinetic hormone; AKHR, adipokinetic hormone receptor; GPCR, G protein-coupled receptor; SAR, structureeactivity relationship;
CHO, Chinese hamster ovary.
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and African animal trypanosomiasis (AAT). The ﬂy's habitat spreads
over 36 countries of the Sub-Saharan African region, causing an
infection threat to over sixty million people. Their detrimental effects on agriculture and livestock production imply a huge economic stress with an annual estimated cost of USD 4.75 billion
(Holmes, 2013; Vreysen et al., 2013).
Tsetse ﬂies are distinguished from other insects by their
specialized feeding and reproductive biology, being obligate bloodfeeding animals that give birth to one living offspring every ten
days. In female ﬂies, a large part of the energy sources in a blood
meal is used to ﬂy and feed the intrauterine developing larvae.
Males use these sources almost exclusively for ﬂight (Lehane,
2005). Whereas most insects utilize carbohydrates and lipids as
ﬂight fuels, tsetse ﬂies solely rely on proline as their energy-rich
substrate. Flight activity can therefore be sustained for only short
periods of two to ﬁve minutes (Bursell, 1974). Also Trypanosoma
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parasites rely on the host's proline reserves as energy source during
their development in the ﬂy (Lamour et al., 2005; Michalkova et al.,
2014).
Adipokinetic hormones (AKH) are well known regulators of
€de, 2009). These
energy metabolism in insects (Lorenz and Ga
neuropeptides are generally synthesized and stored in the intrinsic
neurosecretory cells of the corpora cardiaca and consist of eight to
ten amino acids. The aromatic amino acids at positions four (Phe or
Tyr) and eight (Trp) and a hydroxylated residue at position ﬁve (Ser
or Thr) are well conserved. These residues are thought to be
essential for biological activity of AKH peptides, together with the
amphiphilic N-terminal end of the peptide. The N- and C-termini of
AKH peptides are typically blocked by a pyroglutamate residue and
€de and Marco, 2013). During energyan amide, respectively (Ga
demanding processes like ﬂight, AKH is released from the corpora
cardiaca into the haemolymph and interacts with the AKH receptor
(AKHR) in adipocytes of the fat body. AKHR activation elicits the
release of energy-rich substrates such as trehalose, diacylglycerols
or proline into the haemolymph. These substrates are transported
to the ﬂight muscles where they are oxidized to generate energy
€de and Auerswald, 2003).
(Ga
In tsetse ﬂies, the akhr gene was found to regulate lipid metabolism for lactation in female tsetse ﬂies (Attardo et al., 2012). In
addition, two hormones of the corpora cardiaca have been found
to regulate proline synthesis in the fat body (Pimley, 1984; Pimley
and Langley, 1982). Corpora cardiaca extracts induce proline synthesis and trigger the release of lipids from the fat body of female
ﬂies (Pimley and Langley, 1982). These lipids are transported to the
uterine gland where they are used as components for “milk”
synthesis, the nutrient source for growing larvae (Langley and
Bursell, 1980). Previous in silico and peptidomic studies identiﬁed two AKH neuropeptides in the tsetse ﬂy Glossina morsitans
morsitans (Kaufmann et al., 2009; Caers et al., 2015). One peptide,
known as Glomo-AKH I, Glomo-AKH or GmmAKH, has a sequence
that differs from any known insect AKH (Kaufmann et al., 2009;
Attardo et al., 2012; Caers et al., 2015). A second peptide has a
sequence identical to the Phormia terraenovae hyper€de et al., 1990) and the
threhalosaemic hormone (Phote-HrTH) (Ga
Drosophila melanogaster adipokinetic hormone (Drome-AKH)
(Schaffer et al., 1990), and was previously named Glomo-AKH II,
Phote-HrTH or GmmHrTH in tsetse ﬂies (Kaufmann et al., 2009;
Attardo et al., 2012; Caers et al., 2015). Here we designate AKH
neuropeptides in G. m. morsitans as Glomo-AKH I and Glomo-AKH
II, which are encoded by gmmakh and gmmhrth genes, respectively
(Kaufmann et al., 2009; Attardo et al., 2012).
The completion of the G.m. morsitans genome project has provided an invaluable scaffold to better understand the specialized
tsetse biology, physiology and its interaction with the Trypanosoma
parasites (IGGI, 2014). The genomic information conﬁrms the previously predicted G. m. morsitans akh and akhr genes and revealed
two putative isoforms of the AKHR (IGGI, 2014). Next to its essential
role in energy metabolism, AKH signaling is involved in many other
physiological processes in insects. The versatility of AKH is shown
by its functions in stress reactions, inhibition of anabolic processes
like protein and lipid synthesis, and egg production (Kodrík, 2008).
Due to its pleiotropic actions, the AKH signaling system may
become an interesting target for the development of new insecticides that are detrimental for the ﬂy's and trypanosome's
ﬁtness, which are considered as one of the best ways to combat
trypanosomiasis (Aksoy, 2003; De Vooght et al., 2014). The potential of neuropeptidergic signaling systems as targets for new insecticides has been highlighted because of their regulatory function
€de and
in most physiological processes during an insect's life (Ga
Goldsworthy, 2003; Scherkenbeck and Zdobinsky, 2009;
Verlinden et al., 2014). So far, none of the tsetse neuropeptidergic

signaling systems has been pharmacologically studied.
Here we characterized the activation of two AKHR variants from
G. m. morsitans by their AKH ligands in vitro, and determined
structural features essential for the activity of Glomo-AKH neuropeptides. Expression proﬁles of Glomo-akhr and Glomo-akh genes
suggest an in vivo role for AKH signaling in the regulation of tsetse
energy metabolism and presumably in midgut-associated
processes.
2. Materials and methods
2.1. Animal rearing conditions
Tsetse ﬂies (G. m. morsitans) were obtained from the insectarium
at the Institute of Tropical Medicine Antwerp. This population was
originally derived from pupae collected from Zimbabwe and
Tanzania (Elsen et al., 1993). The ﬂies are kept at 26  C and 65%
relative humidity and fed four times a week on commercially
available deﬁbrinated and gamma-irradiated bovine blood through
an in vitro membrane system.
2.2. Cloning of G. m. morsitans AKHR splice variants and AKH
cDNAs
The cDNAs encoding two predicted AKHR isoforms and two AKH
prepropeptides were ampliﬁed from single-stranded female G. m.
morsitans cDNA. The primers (SigmaeAldrich) and exact annealing
temperatures for the PCR reactions to amplify Glomo-akhr-a,
Glomo-akhr-b, gmmhrth and gmmakh are given in Supplementary
data 1. A partial Kozak sequence (CACC) was incorporated immediately preceding the authentic start codon (ATG) in the receptor
primers to optimize initiation of translation (Kozak, 1987). The
Advantage 2 Polymerase PCR Kit (Clontech) was used for the PCR
reaction and conditions were set as follows: initial denaturation of
3 min at 95  C, 35 ampliﬁcation cycles of 30 s denaturation at 94  C,
an annealing step of 1 min and 3 min elongation at 68  C, to end
with a 3 min incubation at 68  C. The size of the PCR products was
checked on a 1% agarose gel. The Wizard® SV Gel and PCR Clean-Up
System (Promega) was used to purify the Glomo-akhr-b, gmmhrth
and gmmakh DNA fragments of expected size from the gel and to
clean-up the Glomo-akhr-a PCR product. Single 30 A-overhangs for
T/A cloning were attached to the puriﬁed PCR products and subsequently cloned into a pcDNA3.1/V5-His-TOPO®TA expression
vector (Invitrogen) (Glomo-akhr-a and Glomo-akhr-b) or in a pCR4TOPO®TA sequencing vector (Invitrogen) (gmmhrth and gmmakh).
Constructs were transformed into One Shot TOP10 chemically
competent Escherichia coli cells (Invitrogen). Plasmids were isolated
with the GenElute™ Plasmid Miniprep Kit (SigmaeAldrich) and
sequences were veriﬁed on an ABI PRISM 3130 Genetic Analyzer
(Applied Biosystems) using the ABI PRISM BigDye Terminator
Ready Reaction Cycle Sequencing Kit (Applied Biosystems).
2.3. Sequence analysis of G. m. morsitans AKHR isoforms and AKH
prepropeptides
The two cloned G. m. morsitans akhr cDNAs e one coding for a
receptor of 422 amino acids (Glomo-AKHR-A: VectorBase ID:
GMOY008368) (IGGI, 2014) and the second encoding a receptor of
401 amino acids (Glomo-AKHR-B: GenBank ID: HQ640948)
(Attardo et al., 2012) e were compared with the following dipteran
AKHRs: the two D. melanogaster AKHR isoforms (Drome-AKHR-A
and Drome-AKHR-B; CG11325) (Hauser et al., 1998; Park et al.,
2002), the two Aedes aegypti AKHR isoforms (Aedae-AKHR-A;
AAEL011325-RA and Aedae-AKHR-B; AAEL011325-RB) (Kaufmann
et al., 2009), the Musca domestica AKHR (Musdo-AKHR;
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LOC101901292) and the Anopheles gambiae AKHR (Anoga-AKHR;
AY298745) (Kaufmann and Brown, 2006). Sequence alignments
were performed with Clustal Omega (http://www.clustal.org/;
Sievers et al., 2011). To predict transmembrane regions of G-protein
coupled receptors (GPCRs), PSIPRED and MEMSAT3 were used
(http://bioinf.cs.ucl.ac.uk/psipred/; Jones, 2007). Predictions of
putative phosphorylation sites were performed with the NetPhos
2.0 Server (http://www.cbs.dtu.dk/services/NetPhos/; Blom et al.,
1999). Glycosylation sites were predicted with the NetNGlyc 1.0
Server (http://www.cbs.dtu.dk/services/NetNGlyc/; Gupta and
Brunak, 2002) and palmitoylation sites were predicted with GSSPALM version 4.0 (http://csspalm.biocuckoo.org/online.php; Ren
et al., 2008).
Protein sequences of the two predicted G. m. morsitans AKH
precursor genes (gmmhrth; GenBank ID: HQ640946, VectorBase ID:
GMOY003470 and gmmakh; GenBank ID: HQ640947, VectorBase
ID: GMOY003469) (IGGI, 2014; Kaufmann et al., 2009) were
analyzed with the SignalP 4.1 software available on http://www.
cbs.dtu.dk/services/SignalP/(Petersen et al., 2011).
2.4. Receptor and peptide transcript distribution proﬁles
Quantitative real-time PCR (qRT-PCR) was used to examine the
expression patterns of the tsetse akhr and akh genes at different
developmental stages and in different tissues. All tissues were
dissected under a binocular microscope in ice-cold phosphate
buffered saline (PBS) (NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10 mM,
KH2PO4 1.76 mM; pH 7.4) and immediately snap-frozen in liquid
nitrogen. Three biological repeats of each tissue were prepared. All
tissues were collected from female ﬂies, except for the larval stages
where the gender cannot be distinguished. A single female head,
thorax and abdomen, an 18-day-old pupal head, thorax and
abdomen, a whole 18-day-old pupa and 11-day-old pupa, and ﬁrst,
second and third larval instars were collected in MagNA Lyser
Green Beads tubes (Roche). Five tissues were pooled for samples
representing the female reproductive system (including the uterus
and ovaries), ﬂight muscles, fat body (including the milk gland),
anterior midgut, posterior midgut, Malpighian tubules and entire
brain (including the optical lobes, antennal lobes and suboesophageal ganglion); ten tissues were pooled for the samples of
thoracic ganglia, corpora cardiaca, salivary glands and hindguts.
The tissues were kept at 80  C until further processing to prevent
RNA degradation. The MagNa Lyser® device (Roche) was used for
homogenization of the samples. The RNeasy® Lipid Tissue Mini Kit
(Qiagen) was used for further extraction of the RNA. A DNase
digestion of the puriﬁed nucleic acids (RNase-free DNase Set, Qiagen) was implemented during the assay to eliminate potential
genomic DNA contamination. The RNA purity and quantity was
determined with the Nanodrop photometer (Thermo Fisher Scientiﬁc Inc.). The synthesis of cDNA was performed with the PrimeScript™ RT Reagent Kit (Perfect Real Time; TaKaRa Bio Inc.), and
the resulting cDNA was diluted 10-fold. Negative control samples in
which no reverse transcriptase was added to the reaction were
prepared for every sample.
The most stable combination of housekeeping genes necessary
for normalization of the data was determined for the whole set of
samples. The following seven commonly used housekeeping genes
were tested on their stability: actin 5C (actin C), cyclophilin-33
(cyp33), elongation factor 1a48D (ef-1a), glyceraldehyde 3 phosphate dehydrogenase 2 (gapdh), ribosomal protein L32 (rpl32),
succinate dehydrogenase A (sdha) and b-tubulin at 56D (b-tub).
These genes were identiﬁed in the G. m. morsitans genome based on
sequence similarities with the D. melanogaster genes. The gene IDs
and the primers used for the qRT-PCR are listed in Supplementary
data 2. Primer pairs were designed using Primer Express software
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(Applied Biosystems) and were further validated with the Vector
NTI software (Invitrogen). The accuracy of the primers was ascertained by melt curve analysis in which their speciﬁcity and efﬁciency of ampliﬁcation were veriﬁed. The combination of
housekeeping genes for normalization of the samples was determined with the qbaseþ software v. 2.4 [Biogazelle; geNorm
(Vandesompele et al., 2002) and qBase (Hellemans et al., 2007)
technology]. Based on the qbaseþ outcome, a set of three housekeeping genes, cyp33, actin C and b-tub were used for normalization
of the data (Supplementary data 3). Note that no combination of
control genes reached a V value below the cut-off value (V < 0.15),
which is probably due to the large sample set, making it hard to ﬁnd
control genes that are stably expressed in every sample. The three
most stable control genes were used for normalization as suggested
by Vandesompele et al. (2002).
All samples (including negative controls to check for genomic
contamination) were measured in triplicate. Each plate contained a
no template control for the used primer pairs to test for possible
master mix contamination. The PCR program started with an initial
denaturation step of 10 min at 95  C, followed by 40 cycles of 95  C
for 3 s and 60  C for 30 s. The qbaseþ software was used for data
analysis. For each sample, the transcript levels relative to a calibrator sample (whole adult female cDNA sample) were determined.
The amount of transcript of the gene of interest was normalized to
the geometric mean of the selected housekeeping genes based on
the DDCT method (Livak and Schmittgen, 2001).
2.5. Cell culture and transient transfections
We determined ligands for Glomo-AKHRs in an in vitro Ca2þ
mobilization assay using Chinese hamster ovary cells (CHO-K1) that
stably overexpress the mitochondrially targeted apoaequorin
(mtAeq), a zeocin resistance gene and the promiscuous human
Ga16 subunit (CHO/mtAeq/Ga16). The Ga16 subunit couples to most
agonist-induced GPCRs. As such, it redirects the signaling pathway
to the activation of phospholipase C and Ca2þ release, irrespective
of a GPCR's natural signaling cascade (Offermanns and Simon,
1995). To investigate whether Glomo-AKHRs can signal via Ca2þ
as a secondary messenger, the receptors were expressed in CHO-K1
cells stably overexpressing mtAeq, but lacking the human Ga16
subunit (CHO/mtAeq). The CHO/mtAeq/Ga16 cells were cultured in
monolayer using Dulbecco's Modiﬁed Eagles Medium nutrient
mixture F12-Ham (DMEM/F12; SigmaeAldrich) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen),
100 IU/ml of penicillin/streptomycin (P/S, Invitrogen), 250 mg/ml
zeocin (Invitrogen) and 2.5 mg/ml fungizone (Amphotericin B;
Invitrogen). The CHO/mtAeq cells were cultured in DMEM/F12
supplemented with 10% FBS, 100 IU/ml P/S, 2.5 mg/ml fungizone and
5 mg/ml puromycin (Invitrogen). The cells were passaged every
three days (1:10) and cultured in a humidiﬁed atmosphere with a
constant supply of 5% CO2 at 37  C.
Cells with 60e80% conﬂuency were transiently transfected with
the pcDNA3.1-Glomo-akhr-a, pcDNA3.1-Glomo-akhr-b or empty
pcDNA3.1 vector using the Lipofectamine LTX Kit (Invitrogen) according to the manufacturer's conditions. Transfected cells were
incubated overnight (37  C, 5% CO2) and supplemented with extra
cell medium. Intracellular Ca2þ responses were measured after
another 24 h incubation period (37  C, 5% CO2).
2.6. Ca2þ luminescence assay
The aequorin luminescence assay was used to measure Ca2þ
responses of transfected CHO cells. Cells were detached with PBS
containing 0.2% EDTA and collected in 10 ml complete cell medium.
The amount of cells was determined with a NucleoCounter NC-100
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(Chemometec) and cells were resuspended in bovine serum albumin (BSA) medium (DMEM/F12 without phenol red with L-glutamine and 15 mM HEPES, Gibco, supplemented with 0.1% BSA,
SigmaeAldrich) at a density of 5  105 cells/ml. The cells were
loaded with 5 mM coelenterazine h (Invitrogen) for 4 h in the dark
at room temperature under gently shaking, to reconstitute the
holo-enzyme aequorin. After a 10-fold dilution, cells were injected
in 96-well plates containing peptides dissolved in BSA medium to
obtain a ﬁnal cell density of 25,000 cells/well. Ca2þ responses were
monitored for 30 s on a Mithras LB940 luminometer (Berthold
Technologies). After 30 s, triton X-100 (0.1%) was added, causing
cell lysis. Ca2þ responses evoked by peptides were normalized to
the maximum Ca2þ response (peptide-evoked response þ triton X100 response). Wells containing BSA medium were used as a
negative control. ATP (1 mM), which activates an endogenous receptor in CHO cells, was included as a positive control. Cells
transfected with an empty pcDNA3.1 vector were used to assure
that peptides did not activate any endogenous receptors. The half
maximal effective concentration (EC50) values of peptide ligands
were determined from concentration-response curves. These were
constructed using a computerized nonlinear regression analysis
with a sigmoidal concentrationeresponse equation (GraphPad
Prism 5). The concentration-response curves for Glomo-AKH I and
Glomo-AKH II resulted from three independent measurements that
each contained three replicates of the concentration series. SAR
studies were repeated twice and each measurement contained
three replicates of the concentration series.

2.7. Peptides
A list of all peptides used in this study can be found in Tables 1
and 2. Glomo-AKH I and Glomo-AKH II were synthesized by GL
Biochem Ltd. (Shanghai). Alanine and glycine series were synthesized by LifeTein LLC (South Plainﬁeld, USA), Locmi-AKH-II and
Schgr-AKH-II were purchased from Peninsula. All other peptides
were synthesized by Kevin D. Clark (Department of Entomology,
University of Georgia, Athens, GA 30602, U.S.A.) on an Applied
Biosystems
433
synthesizer
using
Fmoc
(9ﬂuorenylmethoxycarbonyl) chemistry as outlined in detail in
€de et al. (2006). The peptides were dissolved in 80% acetonitrile
Ga
and puriﬁed with reversed-phase high performance liquid chromatography (HPLC). The bicinchoninic acid (BCA) method was
applied to determine the concentrations of HPLC-puriﬁed peptides (Stoscheck, 1990). The purity of HPLC fractions was veriﬁed
with a matrix-assisted laser desorption/ionization tandem timeof-ﬂight (MALDI TOF/TOF, Ultraﬂex II Bruker Daltonics) mass
spectrometer.

3. Results
3.1. Sequence analyses of G. m. morsitans AKHR isoforms and AKH
prepropeptides
To characterize the components of the Glossina AKH signaling
system, we cloned the cDNAs of both predicted G. m. morsitans akhr
splice variants (Glomo-akhr-a and Glomo-akhr-b). The translated
protein sequences were identical to the sequences encoded by the
G. m. morsitans genome (Attardo et al., 2012; IGGI, 2014). The longer
isoform (Glomo-AKHR-A, 422 amino acids) is encoded by exons 1 to
7, while only 6 exons code for the shorter splice variant (GlomoAKHR-B). More speciﬁcally, a C-terminal tail of 21 amino acids is not
translated for Glomo-AKHR-B, likely due to lack of splicing at the 3’
end of exon 6 resulting in an early stop codon (Fig. 1,
Supplementary data 6). The transmembrane domains of both
Glomo-AKHRs display characteristics of the rhodopsin-like GPCR
family. Each isoform harbors a single putative glycosylation site as
well as a distinct number of phosphorylation sites (Fig. 1). In
addition, a palmitoylation site is predicted in Glomo-AKHR-A
(Fig. 1). The G. m. morsitans AKHRs show high sequence identity
and similarity with other dipteran AKHRs (e.g. 69% identity and 82%
similarity between Glomo-AKHR-A and Drome-AKHR-A), especially in the seven membrane-spanning a-helices (Supplementary
data 4).
We also cloned the cDNA fragments of the Glossina akh precursor genes, gmmhrth and gmmakh. The corresponding prepropeptide
sequences were identical to the sequences predicted by blast
searches of EST databases (Kaufmann et al., 2009). Both precursors
have an N-terminal signal peptide that is predicted to encompass
the ﬁrst 22 amino acids of the proteins. In each precursor, the signal
peptide is immediately followed by one of the AKH neuropeptides,
ﬂanked with a dibasic cleaving site at their C-terminus (Fig. 2). Both
genes contain one intron and encode 57% identical and 74% similar
amino acid residues (Supplementary data 5).
3.2. Spatial and temporal expression proﬁle of Glomo-akhr,
gmmhrth and gmmakh
We examined the expression of the Glomo-akhr, gmmhrth and
gmmakh genes in a set of female tissues and during different
developmental stages using qRT-PCR. Unfortunately, we did not
ﬁnd a primer set that reliably distinguished expression of the
Glomo-akhr splice variants, as such primers were only found for
identical regions of the sequences (Supplementary data 6). We
therefore determined a general expression proﬁle of the Glomoakhr gene (Fig. 3A). In adult female tissues, Glomo-akhr is most
strongly expressed in the fat body and the whole abdominal body

Table 1
List of peptides used for the structureeactivity relationship (SAR) studies with their relative receptor activation when administered in a concentration of 100 mM.
Peptide

Sequencea

Glomo-AKH II
[N-Ac-Ala1]
[Ala1]
[Ala2]
[Ala3]
[Ala4]
[Gly5]
[Gly6]
Glomo-AKH I
[Gly8]
[Trp-OH]

pGlu
[N-Ac-Ala]
Ala
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu

a

% Glomo-AKHR-Ab
e
e
e
e
e
e
e
e
e
e
e

Leu
Leu
Leu
Ala
Leu
Leu
Leu
Leu
Leu
Leu
Leu

e
e
e
e
e
e
e
e
e
e
e

Thr
Thr
Thr
Thr
Ala
Thr
Thr
Thr
Thr
Thr
Thr

e
e
e
e
e
e
e
e
e
e
e

Phe
Phe
Phe
Phe
Phe
Ala
Phe
Phe
Phe
Phe
Phe

e
e
e
e
e
e
e
e
e
e
e

Ser
Ser
Ser
Ser
Ser
Ser
Gly
Ser
Ser
Ser
Ser

e
e
e
e
e
e
e
e
e
e
e

Pro
Pro
Pro
Pro
Pro
Pro
Pro
Gly
Pro
Pro
Pro

e
e
e
e
e
e
e
e
e
e
e

Asp
Asp
Asp
Asp
Asp
Asp
Asp
Asp
Gly
Asp
Asp

e
e
e
e
e
e
e
e
e
e
e

Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp
Gly
Trp

e
e
e
e
e
e
e
e
e
e
e

NH2
NH2
NH2
NH2
NH2
NH2
NH2
NH2
NH2
NH2
OH

100
70.66
50.38
42.51
24.59
6.12
11.18
65.05
94.83
5.01
65.38

±
±
±
±
±
±
±
±
±
±
±

0.87
4.53
0.82
1.37
2.58
0.75
2.25
0.87
1.21
0.93
1.32

% Glomo-AKHR-Bb
100
67.31
43.83
31.35
20.12
8.30
13.01
64.53
97.22
4.50
70.06

±
±
±
±
±
±
±
±
±
±
±

0.55
4.10
2.22
3.20
1.98
1.69
2.61
2.74
1.55
1.50
3.25

Residues that differ from Glomo-AKH II are indicated in bold and underlined.
Relative receptor activation represents the effect of peptides added in a concentration of 100 mM. Data represent the average ± SEM of two independent measurements
performed in triplicate and given in percentage of the maximum response of the endogenous ligand Glomo-AKH II. All values were corrected for the negative control (BSA).
b
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Table 2
List of peptides used for the species-speciﬁcity studies with their relative receptor activation when administered in a concentration of 100 mM.
Peptide

Sequencea

Glomo-AKH II
Glomo-AKH I
Aedae-AKH
Peram-AKH-II
Anoga-AKH
Rhopr-AKH
Hipes-AKH-I
Hipes-AKH-II
Manse-AKH
Pyrap-AKH
Locmi-AKH-II
Schgr-AKH-II

pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu
pGlu

e
e
e
e
e
e
e
e
e
e
e
e

% Glomo-AKHR-Ab
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu
Leu

e
e
e
e
e
e
e
e
e
e
e
e

Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Thr
Asn
Asn
Asn

e
e
e
e
e
e
e
e
e
e
e
e

Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe

e
e
e
e
e
e
e
e
e
e
e
e

Ser
Ser
Thr
Thr
Thr
Ser
Thr
Thr
Thr
Thr
Ser
Ser

e
e
e
e
e
e
e
e
e
e
e
e

Pro
Pro
Pro
Pro
Pro
Thr
Ser
Ser
Ser
Pro
Ala
Thr

e
e
e
e
e
e
e
e
e
e
e
e

Asp
Gly
Ser
Asn
Ala
Asp
Ser
Thr
Ser
Asn
Gly
Gly

e
e
e
e
e
e
e
e
e
e
e
e

Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp
Trp

e
e
e
e
e
e
e
e
e
e
e
e

NH2
NH2
NH2
NH2
NH2
NH2
NH2
NH2
Gly
NH2
NH2
NH2

e

NH2

100
94.96
97.98
78.19
72.06
66.94
61.82
30.71
36.67
35.92
23.12
22.86

±
±
±
±
±
±
±
±
±
±
±
±

0.88
1.67
1.92
0.92
4.59
0.66
2.63
6.36
4.06
1.64
1.07
2.61

% Glomo-AKHR-Bb
100
96.67
90.87
86.43
74.25
73.34
49.19
17.19
33.65
32.74
18.57
17.66

±
±
±
±
±
±
±
±
±
±
±
±

0.93
0.86
0.80
1.99
3.11
2.67
4.95
5.30
1.83
3.60
0.64
1.61

a

Residues that differ from Glomo-AKH II are indicated in bold and underlined.
Relative receptor activation represents the effect of peptides added in a concentration of 100 mM. Data represent the average ± SEM of two independent measurements
performed in triplicate and given in percentage of the maximum response of the endogenous ligand Glomo-AKH II. All values were corrected for the negative control (BSA).
Glomo: Glossina morsitans; Aedae: Aedes aegypti; Peram: Periplaneta americana; Anoga: Anopheles gambiae; Rhopr: Rhodnius prolixus; Hipes: Hippotion eson; Manse: Manduca
sexta; Pyrap: Pyrrhocoris apterus; Locmi: Locusta migratoria; Schgr: Schistocerca gregaria.
b

Fig. 1. Schematic illustration of two Glomo-AKHR splice variants and protein sequence of the Glomo-AKHR-A isoform. The transmembrane (TM) a-helices are underlined and
typical rhodopsin-like GPCR motifs are indicated in bold: helix 1: GX3N or GN, helix 2: N(S,H)LX3DX7,8,9P, helix 3: SX3LX2IX2D(E,H)RY, helix 4: WX8,9P, helix 5: FX2PX7Y, helix 6:
FX2CW(Y,F)XP and helix 7: LX3NSX2N(D)PX2YX5,6F. Green shading indicates putative phosphorylation sites in the intracellular loops or the C-terminal tail; red shading indicates a
putative palmitoylation site in the C-terminal tail; yellow shading indicates putative glycosylation sites in the extracellular loops or the N-terminal tail. Black arrowhead indicates
the position of alternative splicing.

part, which contains the majority of the fat body. In addition,
notable expression levels are present in the brain, the head and the
thorax of female ﬂies. No or very low expression was seen in other
examined tissues, including the corpora cardiaca e corpora allata,
thoracic ganglion, salivary glands, Malpighian tubules, gut tissues,
reproductive system and ﬂight muscles. Glomo-akhr transcript
levels gradually increased throughout the three instar stages. The
receptor gene is expressed at basal levels in 11-day-old pupa. In 18day-old pupa, Glomo-akhr transcripts are abundantly present in the
head and strongly up-regulated in the abdomen.
The gmmhrth and gmmakh precursor genes (Fig. 3B,C) were
predominantly expressed in the corpora cardiaca e corpora allata,
and at low levels in the thorax of adult ﬂies. Gmmakh e but not
gmmhrth e transcripts were also detected in the anterior midgut

and the whole abdominal body part of female ﬂies. No or very
limited expression of the genes was observed in all other tissues
and developmental stages under study.
3.3. Tsetse AKH neuropeptides activate two Glomo-AKHR isoforms
Using an in vitro Ca2þ mobilization assay (Caers et al., 2012), we
tested whether tsetse AKH neuropeptides can activate the GlomoAKHR isoforms. Therefore, we expressed Glomo-AKHR-A or GlomoAKHR-B in CHO cells stably expressing the Ca2þ indicator aequorin
as well as the promiscuous Ga16 protein. The latter can direct GPCR
signaling to the release of Ca2þ from intracellular stores regardless
of a GPCR's natural signaling cascade (Offermanns and Simon,
1995). Cells transiently expressing Glomo-AKHR-A or Glomo-
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Fig. 2. Cloned gmmhrth (top) and gmmakh (bottom) cDNA sequences with the corresponding prepropeptide sequences. The nucleotides ﬂanking intron positions are indicated in
blue in the nucleotide sequences. The signal peptide is indicated in bold and italics in the precursor sequences. The Glomo-AKH I (gmmakh) and Glomo-AKH II (gmmhrth) peptide
are indicated in black and the dibasic cleaving sites are shown in gray.

AKHR-B showed concentration-dependent Ca2þ responses when
challenged with Glomo-AKH I or Glomo-AKH II peptides (Fig. 4).
For Glomo-AKH II, EC50 values of 255.27 ± 56.29 nM (95% conﬁdence interval) and 709.58 ± 99.28 nM were calculated from concentration response curves for the A and B receptor isoforms,
respectively. The Glomo-AKH I peptide has slightly higher EC50
values of 422.67 ± 74.92 nM and 1188.50 ± 171.83 nM, respectively.
No Ca2þ response was observed when the peptides were administered to cells transfected with an empty pcDNA3.1 vector (data
not shown). To investigate which secondary messengers might act
downstream of Glomo-AKHRs upon activation by AKH peptides, we
studied if activation of Glomo-AKHRs by these peptides can elicit
Ca2þ responses in cells devoid of Ga16. Glomo-AKH peptides
induced concentration-dependent Ca2þ responses independently
of the promiscuous Ga16 protein (CHO/mtAeq cells) and similar to
Ca2þ responses in CHO/mtAeq/Ga16 cells, although with lower EC50
values (Glomo-AKHR-A: EC50 Glomo-AKH I ¼ 162.93 ± 44.04 nM,
EC50 Glomo AKH II ¼ 38.73 ± 10.19 nM; Glomo-AKHR-B: EC50
Glomo-AKH I ¼ 1099.01 ± 531.82 nM, EC50 Glomo-AKH
II ¼ 273.53 ± 71.32 nM) (Fig. 4, Supplementary data 7).
3.4. Pharmacological characteristics of G. m. morsitans AKH ligands
To determine which amino acids are crucial for the activation of
Glomo-AKHRs, we tested a series of analogs based on the GlomoAKH II ligand (Table 1). In each analogue one amino acid was
replaced by an alanine or glycine residue, to mimic the effect of
removing the side chain of the endogenous amino acids without
disrupting the peptide backbone. Glycine was chosen to substitute
the C-terminal amino acids because this residue naturally occurs at
position seven in Glomo-AKH I and the proline residue at position
six probably induces a b-turn which can also be obtained by the
ﬂexible glycine residue. The blocked N-terminus was replaced by a
blocked or unblocked alanine and the blocked C-terminus by a
hydroxyl group. EC50 values of concentration-response curves were
determined for analogues that reached a plateau of receptor activation when a concentration of 100 mM peptide was administered
to the receptors (Fig. 5). Percentages of receptor activation for all

the analogues, relative to the maximum level of receptor activation
by 100 mM Glomo-AKH II, are shown in Table 1.
The activity effects of peptide analogues were similar for both
Glomo-AKHR isoforms and can be roughly divided into three
groups. A ﬁrst group induced a response of about 65e70% in
comparison with the cognate Glomo-AKH II. This includes the [NAc-Ala1] and [Trp-OH] analogues, in which the blocked N- and Ctermini were replaced, and the [Gly6] analogue, in which the proline residue was substituted. The EC50 values of these analogues are
in the lower micromolar range. Secondly, 100 mM of [Ala1] or [Ala2]
analogues elicited about 30e50% of the maximum receptor activation as achieved by Glomo-AKH II. The EC50 value of the [Ala1]
analogue is 10-fold higher for the Glomo-AKHR-A in comparison
with Glomo-AKH II, and similar to that of Glomo-AKH II when
tested on Glomo-AKHR-B. The [Ala2] analogue did not reach a
plateau at 100 mM, and no EC50 value could be determined. A third
group of analogues, in which the residues at positions 3, 4, 5 and 8
were replaced, only reached 25% of the maximum response elicited
by Glomo-AKH II when tested at 100 mM.
In addition, we tested a set of ten naturally occurring insect AKH
bio-analogues on the tsetse AKHR isoforms. These analogues differ
in their sequence at one to maximum four positions in comparison
with Glomo-AKH I and Glomo-AKH II (Table 2). A ﬁrst set of peptides (Aedae-AKH, Anoga-AKH, Peram-CAH-II, Rhopr-AKH and
Hipes-AKH-I) potently activated the receptors and reached
maximal levels of 50e95% activation in comparison with GlomoAKH II. The EC50 values of these peptides range from 4- to 120fold higher compared to those of tsetse AKH peptides (Table 2,
Fig. 6). A second group of peptides (Locmi-AKH-II, Pyrap-AKH,
Schgr-AKH-II, Manse-AKH and Hipes-AKH-II) was nearly unable
to activate Glomo-AKHRs with a maximum activation of 15e35%
(Table 2, Fig. 6).
4. Discussion
The G. m. morsitans genome contains two akh precursor genes
and alternative splicing of the akhr gene is thought to produce two
receptor isoforms (Attardo et al., 2012; IGGI, 2014; Kaufmann et al.,
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2009). Cloning of the cDNAs of these signaling components
conﬁrmed the expression and sequences of the two AKH precursors
and AKHR isoforms in tsetse ﬂies.
The Glomo-AKHR isoforms only differ at their C-terminus,
similar to AKHR variants in D. melanogaster and A. aegypti
(Kaufmann et al., 2009; Park et al., 2002; Staubli et al., 2002).
Whereas the biosynthesis of Glomo-AKHR-A (422 amino acids)
involves transcript splicing after exon 6, this site is probably not
spliced in transcripts encoding Glomo-AKHR-B (401 amino acids).
Consequently, exon 6 contains a stop codon in transcripts for
Glomo-AKHR-B, yielding a shorter isoform. The extended C-terminus of Glomo-AKHR-A contains two putative phosphorylation
sites and a palmitoylation site, not present in Glomo-AKHR-B.
These distinct regulatory sites likely cause differences in the activation of downstream signaling components by each isoform,
which has previously been suggested for A. aegypti AKHR variants
(Kaufmann et al., 2009). Phosphorylation of C-terminal serine and
threonine residues by GPCR kinases (GRKs) can regulate the
arrestin-dependent internalization of GPCRs, as shown for Bombyx
mori AKHR (Huang et al., 2011). The additional palmitoylation site
may support the formation of a fourth intracellular loop in GlomoAKHR-A, with potential implications for receptor conformation and
protein interactions (Chini and Parenti, 2009).
Both G. m. morsitans akh genes reside on the same supercontig
(ctg10017953) and share a high percentage of identical (57%) and
similar (74%) residues suggesting these genes arose from recent
gene duplication. Corroborating this, only a single akh gene is
identiﬁed in close relatives like M. domestica and D. melanogaster.
The gmmhrth and gmmakh genes contain an intron that separates
the nucleotides encoding Q60/N61 and E68/N69, respectively. This
intron position is well conserved among other dipteran akh genes,
except in D. melanogaster akh, and can be found across insect orders
(Zandawala et al., 2015; Roller et al., 2008). A second intron (Q23/
L24) is present in all dipteran akh genes described so far (Kaufmann
and Brown, 2006; Kaufmann et al., 2009), but seems to be missing
in G. m. morsitans and M. domestica akh. Tsetse precursors for
Glomo-AKH I (81 amino acids) and Glomo-AKH II (73 amino acids)
have a structure typical of the AKH family. An N-terminal signal
peptide is immediately followed by one of the two AKH peptides, a
glycine residue for amidation, and a dibasic cleaving site. An adipokinetic hormone precursor related peptide (APRP) with an as yet
undiscovered function is cleaved from the C-termini (De Loof et al.,
2009; Hatle and Spring, 1999). Mass spectrometry conﬁrmed posttranslational modiﬁcations of the tsetse AKH peptides, including an
N-terminal pyroglutamate and a C-terminal amide group which are

€de, G., Simek,
generally present in insect AKHs (Caers et al., 2015; Ga

Fig. 3. Relative expression proﬁles of (A) Glomo-akhr, (B) gmmhrth and (C) gmmakh. All
tissues were collected from female ﬂies (no differentiation in sex could be made for the
instar stages). Expression is shown relative to the transcript levels in the female
abdomen (Ab) for Glomo-akhr (A) and to the transcript levels in the female thorax (Th)
for gmmhrth (B) and gmmakh (C). The data represent the mean of three biological
replicates all measured in triplicate. The error bars indicate SEM. CC-CA: corpora
cardiaca e corpora allata; TG: thoracic ganglion; SG: salivary gland; MT: Malpighian
tubules; AM: anterior midgut; PM: posterior midgut; HG: hindgut; FB: fat body; RS:
reproductive system; Mu: ﬂight muscles; Br: brain; He: head; Pu-18: 18-day-old pupa;
Th: thorax; Ab: abdomen; In: instar; Pu-11: 11-day-old pupa.

P., and Marco, H.G., personal communication).
The fat body of insects controls the synthesis and utilization of
energy reserves, and is one of the main expression sites of AKHRs
€de and Marco, 2013; Kaufmann and
(Alves-Bezerra et al., 2015; Ga
€de, 2009;
Brown, 2006; Kaufmann et al., 2009; Lorenz and Ga
Zandawala et al., 2015; Ziegler et al., 2011). In female tsetse ﬂies
we found strong expression of the Glomo-akhr gene in the
abdominal body, and more speciﬁcally in the fat body. Western blot
and immunohistochemical studies by Attardo et al. (2012)
conﬁrmed the presence of Glomo-AKHR in the G. m. morsitans fat
body. These high expression levels suggest a conserved role for AKH
in the control of energy metabolism in tsetse ﬂies. We also
observed Glomo-akhr expression in the thorax, the brain and entire
heads of tsetse ﬂies, although transcript levels were about 10-fold
lower than those in the fat body. Expression of AKHRs in the
brain occurs in other insects (e.g. Periplaneta americana and Rhodnius prolixus) and might be linked to stress situations (Kodrík et al.,
2015; Wicher et al., 2006; Zandawala et al., 2015). In A. aegypti, akhr
transcripts are expressed in the thorax, but not in the head or brain
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Fig. 4. Concentration-response curves for Ca2þ responses of Glomo-AKHR-A and
Glomo-AKHR-B expressing CHO/mtAeq/Ga16 or CHO/mtAeq cells. Both Glomo-AKH I
and Glomo-AKH II peptides induce Ca2þ dependent bioluminescent signals in cells
expressing Ga16 and Glomo-AKHR-A (top) or Glomo-AKHR-B (middle). Glomo-AKH
peptides also evoke Ca2þ responses in Glomo-AKHR (bottom) expressing cells in the
absence of the promiscuous Ga16 subunit (see also Supplementary Fig. 7). Data points
represent the mean ± SEM of three independent measurements, each containing three
replicates of the tested concentration series. All values were corrected for the negative
control (BSA). The EC50 values are depicted with their 95% conﬁdence intervals.

(Kaufmann et al., 2009). In R. prolixus receptor transcripts were
abundantly present in the ﬂight muscles (Alves-Bezerra et al.,
2015). Nevertheless, it cannot be excluded that part of the akhr
expression noticed in the head and thorax of female tsetse ﬂies is
attributable to the presence of fat cells in these body parts. Note
also that the optic lobes were included in the brain sample. The
akhr transcripts detected in this sample may reﬂect akhr expression
in the eye, as reported for D. melanogaster (Robinson et al., 2013).
We found that akhr expression increases through larval development of tsetse ﬂies, as previously shown for D. melanogaster,
A. gambiae, A. aegypti and Manduca sexta (Hauser et al., 1998;
Kaufmann and Brown, 2006; Kaufmann et al., 2009; Ziegler et al.,
2011). This increase in akhr transcripts is most likely related to
the higher demands for energy during larval development. During
the ﬁrst days of development, tsetse ﬂy pupae rely on free amino
acids to synthesize glycogen and proteins, and Glomo-akhr transcript levels are low. From day ﬁfteen onwards, triglyceride levels
decrease because they are used as energy source (D'Costa and
Rutesasira, 1973; Stafford, 1973), which can explain the high level
of Glomo-akhr transcripts in the abdominal part of the 18-day-old
pupa. In cocoon-enclosed adults of the beetle Pachnoda sinuata,
mobilized fat reserves can drive the production of energy-rich
substrates that are ready to use upon eclosion (Auerswald and
€de, 2002). In tsetse ﬂies this likely involves the synthesis of
Ga
proline, essential for the ﬁrst ﬂight of the teneral ﬂies.
AKH neuropeptides are primarily synthesized in the neuroglandular corpora cardiaca e corpora allata complex (Lorenz and
€de, 2009), where we also observed the highest expression
Ga
levels of gmmhrth and gmmakh genes (>1000-fold in comparison
with other examined tissues). Immunohistochemical staining and
peptidomics analysis of the corpora cardiaca conﬁrmed the presence of AKH peptides in G. m. morsitans (Attardo et al., 2012; Caers

€de, G., Simek,
et al., 2015; Ga
P., and Marco, H.G., personal
communication). Expression of akh genes in samples of the tsetse
thorax is most likely due to the presence of cells of the corpora
cardiaca, located on the ventro-lateral walls of the aorta in the
anterior part of the prothorax. In addition transcripts of gmmakh
and Glomo-AKH I and Glomo-AKH II prohormones were detected
in the anterior midgut of female ﬂies (this study and Caers et al.,
2015). In A. gambiae and A. aegypti AKH peptides are present in
axons that run along the anterior midgut. These axons probably
originate from the nervi corpora cardiaci (Kaufmann and Brown,
2006; Kaufmann et al., 2009). A similar stomatogastric nervous
system is present in the tsetse ﬂy (Langley, 1965), where AKH
neuropeptides may be released from axon termini and regulate
feeding, digestion or nutrient transport. Previous reports indicated
a hormonal role for insect AKH in the regulation of midgut, salivary
gland, and crop functioning (Bil et al., 2014; Kodrík et al., 2012;
Vinokurov et al., 2014; Stoffolano et al., 2014), but it remains
elusive whether neuronal projections innervating these tissues or
local production of AKH is involved.
Both tsetse AKH peptides activate both Glomo-AKHR isoforms
up to nanomolar concentrations and in a concentration-dependent
manner. Glomo-AKH I and Glomo-AKH II are therefore most likely
the cognate ligands of Glomo-AKHRs. Insect AKHR signaling has
previously been shown to signal via Ca2þ and cAMP as intracellular
messengers leading to different physiological effects (Arrese et al.,
1999; Auerswald and G€
ade, 2000; Zhu et al., 2009). Activation of
Glomo-AKHRs by Glomo-AKH peptides can induce Ca2þ release
in vitro, in the absence of a promiscuous G protein, suggesting these
receptors can couple to Gq-like proteins endogenously present in
CHO cells. It should be noted that Glomo-AKHRs may also couple to
cAMP signaling, but we were unable to functionally co-express
heterologous Glomo-AKHRs and a cAMP-dependent reporter
construct to test this hypothesis. Overall, EC50 values determined
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Fig. 5. Concentration-response curves for SAR studies of the Glomo-AKHR-A and Glomo-AKHR-B expressed in CHO/mtAeq/Ga16 cells. The graphs show the Ca2þ dependent
bioluminescent signals induced by the endogenous Glomo-AKH I and Glomo-AKH II, and an analogue series of the peptides (see Table 1) in Glomo-AKHR-A (top) and Glomo-AKHRB (bottom) expressing cells. The data points represent the mean ± SEM of two independent measurements each containing three replicates of the tested concentration series. All
values were corrected for the negative control (BSA). The EC50 values are depicted with their 95% conﬁdence intervals for peptides of which the concentration-response curves
reached a plateau when 100 mM of the peptide was administered to the receptor.

for the Glomo-AKHR-A are roughly 2.5-fold lower in comparison
with the shorter Glomo-AKHR-B variant, indicating that the receptor isoform with the extended C-terminus is more vigorous to
activate downstream intracellular signaling pathways. In addition,
the Glomo-AKH II neuropeptide is about 1.5-fold more potent than
the Glomo-AKH I neuropeptide to elicit a Ca2þ response. This small
variation in potency apparently arises from the negatively charged
aspartic acid at position seven in Glomo-AKH II, where Glomo-AKH
I contains a glycine residue. Position seven in AKH peptides is the
most variable one in AKH peptides and as such considered the least
€de, 2009). Nevertheless, it
important for receptor interactions (Ga
has been shown that this position may inﬂuence the biological
response of AKH neuropeptides in Locusta migratoria (G€
ade, 1997,
1993). NMR studies also showed that a different orientation of
the side chains at this position may account for differences in the
biological activity of AKH neuropeptides (Jackson et al., 2014).
Pharmacological studies performed on both Glomo-AKHRs gave
nearly identical results. The blocked termini of AKH neuropeptides
are not considered to be directly involved in receptor interactions
€de et al., 1997).
but protect the peptides from exopeptidases (Ga
Corroborating this, the potency of [N-Ac-Ala1] and [Trp-OH]

analogues compared to Glomo-AKH II was only slightly reduced
in our in vitro assay. The [Ala1] analogue could also still activate
Glomo-AKHRs to a maximum level of 50% compared to Glomo-AKH
II. The reduced potency of these three analogues is likely caused by
their less optimal conformations to ﬁt in the active site of GlomoAKHRs. This ﬁnding is in agreement with an in vitro SAR study of
the D. melanogaster AKHR (Caers et al., 2012). In vivo studies also
showed that a functional response still occurred when the blocked
N-termini of P. americana, L. migratoria and M. sexta AKH peptides
€de and Hayes, 1995;
were replaced by other residues (Ga
Goldsworthy et al., 1997; Lee et al., 1997; Ziegler et al., 1991). A
ligand-docking model of the Anoga-AKH peptide with its cognate
receptor conﬁrms the suggestion that neither the N- nor the Cterminus interacts with the Anoga-AKHR (Mugumbate et al., 2013).
Besides changes at the blocked N- and C-termini, replacement of
Pro6 by Gly6 also had limited effects on the activation of GlomoAKHRs. This can be explained by the highly ﬂexible nature of the
Gly residue that is able to induce a b-turn and maintain the peptide's secondary structure (Jackson et al., 2014; Nair et al., 2001). In
contrast, the switch of the hydrophobic and bulky Leu2 residue by a
non-polar Ala2 residue resulted in a 60e70% decrease in receptor
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Fig. 6. Concentration-response curves for SAR studies of AKH bioanalogues on the Glomo-AKHR-A and Glomo-AKHR-B expressed in CHO/mtAeq/Ga16 cells. The graphs show the
Ca2þ dependent bioluminescent signals induced by the endogenous Glomo-AKH I and Glomo-AKH II, and insect AKH bioanalogues (see Table 2) in Glomo-AKHR-A (top) and GlomoAKHR-B (bottom) expressing cells. The data points represent the mean ± SEM of two independent measurements each containing three replicates of the tested concentration series.
All values were corrected for the negative control (BSA). The EC50 values are depicted with their 95% conﬁdence intervals for peptides of which the concentration-response curves
reached a plateau when 100 mM of the peptide was administered to the receptor.

activation, suggesting that a strongly hydrophobic residue is
preferred at position two. Compared to Glomo-AKH II, [Ala3], [Ala4],
[Gly5] and [Gly8] analogues could hardly activate Glomo-AKHRs,
conﬁrming that the well conserved amino acids at these positions
are crucial for receptor activation. The ligand-docking study of
Anoga-AKH and its receptor revealed H-bonds interactions between the AKHR and residues three, ﬁve, and eight of the AnogaAKH peptide (Mugumbate et al., 2013). In addition, residues at
positions two to ﬁve are involved in a b-strand conformation.
Substitutions that interrupt the N-terminal amphiphilic pattern of
AKH peptides may thereby prevent the formation of the b-strand
€de and Hayes, 1995; Marco and Ga
€de, 2015;
(Caers et al., 2012; Ga
Mugumbate et al., 2013). The importance of a phenylalanine residue at position four lies in the fact that it interacts with hydrophobic residues at the N-terminus of the AKHR (Mugumbate et al.,
2013).
Glomo-AKHRs can be activated by Aedae-AKH, Peram-CAH-II,
Anoga-AKH, Rhopr-AKH and Hipes-AKH-I peptide in vitro, at levels
similar to that of the endogenous Glomo-AKH II. We conclude that
substitutions of one hydroxylated residue for another at position
ﬁve and the variability of residues at position seven hardly affect
receptor activation in vitro. Remarkably, we still observed a high
level of activity when threonine (Rhopr-AKH) or serine (HipesAKH-I) were present at position six instead of proline, which is

expected to induce a b-turn in the endogenous tsetse AKH peptides.
In vivo studies in Hippotion eson also showed that its AKHR does not
have a preference for either serine or proline at position six (Marco
€de, 2015). The bio-analogues Locmi-AKH-II, Pyrap-AKH,
and Ga
Schgr-AKH-II, Manse-AKH and Hipes-AKH-II were not able to
evoke robust Ca2þ responses when administered to the GlomoAKHRs. It is remarkable that Hipes-AKH-II can barely activate
Glomo-AKHRs as it only differs at position seven from Hipes-AKH-I
(Thr7 instead of Ser7), suggesting that this substitution has a severe
impact on the conformation of the peptide or its receptor interaction. Manse-AKH is nearly identical to Hipes-AKH-I, but has an
additional glycine residue at its C-terminus that seems to hamper
Glomo-AKHR activation. The remaining three AKH peptides all
contain an asparagine residue instead of threonine at position
three. This substitution is probably the major reason for their
strongly impaired receptor activation as [Thr3] is found in all
known dipteran AKH peptides (Kaufmann et al., 2009). These results provide additional evidence that not just any insect AKH
peptide can activate an arbitrary insect AKHR, suggesting that receptor and ligand are well adapted to each other as a consequence
of receptor-peptide co-evolution (Hauser and Grimmelikhuijzen,
2014).
In conclusion, we characterized the tsetse AKH neuropeptides
and AKH receptors at the molecular level. The versatility of
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functions described for AKH, together with its main regulatory role
in energy metabolism of insects, makes it an interesting target for
the development of new insecticides. Further in vitro and in vivo
tests are required to prove that the Glomo-AKH signaling system is
involved in energy metabolism of tsetse ﬂies and potentially in
other physiological processes. The pharmacological information
obtained in this study can be further integrated in in silico ligand
docking models, providing a basis for the development of peptidomimetics with agonistic or antagonistic activity.
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