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Background: The pyrokinin/pheromone biosynthesis-activating neuropeptide (PK/PBAN) plays a major role
in regulating a wide range of physiological processes in insects. The ubiquitous and multifunctional nature
of the PK/PBAN peptide family raises many questions regarding the mechanisms by which these neuropep-
tides elicit their effects and the nature of the receptors that mediate their functions.
Methods: A sex pheromone gland receptor of the PK/PBAN family from Heliothis peltigera female moth and a
Spodoptera littoralis larval receptor were cloned and stably expressed, and their structural models, electro-
static potentials and cellular functional properties were evaluated.
Results: Homology modeling indicated highly conserved amino-acid residues in appropriate structural posi-
tions as experimentally shown for class A G-protein coupled receptors. Structural differences could be pro-
posed and electrostatic potentials of the two receptor models revealed net charge differences. Calcium
mobilization assays demonstrated that both receptors were fully functional and could initiate extracellular
calcium influx to start PK/PBAN signal transduction. Evaluation of the signaling response of both receptors
to PBAN and diapause hormone (DH) revealed a highly sensitive, though differential response. Both receptors
responded to PBAN whereas only Spl-PK/PBAN-R exhibited a high response toward DH.
Conclusions: The structural, electrostatic and cellular functional differences indicate that different PK/PBAN in
vivo functions may be mediated by different PK/PBAN receptors and elicited by different peptide(s).
General significance: The results advance our understanding of the mode of action of the PK/PBAN family, and
might help in exploring novel high-affinity receptor-specific antagonists that can serve as a basis for the de-
velopment of new families of insect-control agents.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The pyrokinin/pheromone biosynthesis-activating neuropeptide
(PK/PBAN) family is one of the most studied neuropeptide (Np) fam-
ilies in insects, and one of the most important in regulating their
physiology. The family is ubiquitous and multifunctional, and plays
major roles in regulating a wide range of developmental processes,
feeding, mating and behavior [1,2]. The family comprises the follow-
ing C-terminally amidated peptides: PKs, PBANs, diapause hormone
(DH), β- and γ-subesophageal Nps (SGNPs) and some myotropins

(MTs), all of which share a common C-terminal sequence (FXPRLa).
PK/PBAN peptides are encoded by two genes: pban gene, which in
moths encodes five peptides, four of which contain the C-terminal
consensus sequence FXPRLa (PBAN, DH, β- and γ-SGNPs); and capa
gene, which encodes three peptides, one of which – a DH-like peptide
(termed herein CAPA-DH) – is a member of the family. To avoid ter-
minological confusion, in the present paper we refer to the individual
peptides as pban-gene-encoded peptides or capa-gene-encoded pep-
tides and to all the FXPRLa-containing peptides as the PK/PBAN fam-
ily. For a review on the PK/PBAN peptides see [1,3].

The ubiquitous and multifunctional nature of the PK/PBAN peptide
family raises many questions regarding the mechanisms by which
these Nps elicit their effects in different insects, the nature of the recep-
tors that mediate these function, and also the nature of the receptor/
ligand interactions and their translation to downstream cellular signal-
ing. Indeed, in the past decade a vast amount of information has
been gained on the PK/PBAN receptors (PK/PBAN-Rs) and their signal-
ing cascade. Similar to other Nps, the PK/PBANNps activate cellular pro-
cesses via G-protein-coupled receptors (GPCRs) [3] located on the
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surface of the Nps' target cells [4]. In the past decade many PK/PBAN-Rs
have been cloned from Drosophila melanogaster, Anopheles gambiae,
pheromone glands of adult female moth species (e.g., Helicoverpa zea,
Bombyxmori,Heliothis virescens,Helicoverpa armigera, Plutella xylostella,
Spodoptera exigua and Pseudoletia separata), moths larvae (e.g.,
Spodoptera littoralis and H. virescens) and B. mori pupa [1,5–8]. The oc-
currence of a PK/PBAN-R in adultmalemoths has also been reported [9].

More detailed studies have recently revealed the presence of multi-
ple isoforms or variants of PK/PBAN-Rs of themoth pheromone gland in
H. virescens, B. mori, H. armigera, H. zea, P. separata and Manduca sexta
which differ in having a “long” or a “short” C-terminal tail, and arise
from alternative splicing [8,10]. To date, 28 PK/PBAN-Rs including the
different variants, have been cloned from various insects, and most of
them were transiently or stably expressed in diverse expression sys-
tems, e.g., insect or mammalian cell lines or Xenopus oocytes. Another
16 were annotated according to sequence homologies with previously
cloned PK/PBAN-Rs or predicted sequences [1,5]. Pending their full
characterization, the receptors in the present study are referred to by
the general term: PK/PBAN-R and are designated according to terminol-
ogy suggested by Raina and Gade for insect Nps [11] (e.g., Drm-Rs for
D. melanogaster receptor).

Many of the actually cloned receptors have been identified, mainly
by their ability to elicit Ca flux in response to stimulation with various
PK/PBAN ligands. Most studies on the signaling cascade of PK/
PBAN-Rs used lepidopteran sex pheromone gland receptors. In all
moth species tested so far Ca2+ was found necessary for biological re-
sponse and activation of the PK/PBAN-Rs by ligands resulted in an in-
flux of extracellular calcium and a subsequent increase in cytosolic
Ca2+. Depletion of Ca2+ caused loss of pheromonotropic activity
[12]. Although extracellular Ca2+ has proved absolutely necessary
for the bioactivity of PBAN in all moth species tested so far, the
Np-stimulated intracellular signal transduction cascade differed
among moth species [12,13].

Although much progress has been made on characterization of the
PK/PBAN-Rs, most studies focused on their differing affinities toward
capa- or pban-gene-derived ligands, and downstream signaling; very
little attention was paid to correlation of the various receptor–ligand
interactions with the in vivo functions they mediate. This issue is of
major importance, especially in view of the multifunctional nature
of this family of Nps. Currently, it is still not clear which receptor(s)
mediate each of the in vivo functions elicited by the PK/PBAN peptide
family;we still do not knowwhether each function ismediated by a sin-
gle or multiple receptor(s), or whether each function is elicited by one
or more PK/PBAN peptides. Even our knowledge of the interaction of
the PK/PBAN peptides with the receptor is still limited, as is our under-
standing of the receptors' structure/activity relationship. All of the
above issues require further investigation and need to be examined
with respect to each in vivo function.

In a previous study we used in vivo pheromonotropic and
melanotropic assays (withH. peltigera and S. littoralismoth, respectively)
to study the structure/activity relationship of a large variety of PK/PBAN
peptides and their analogs and to determine whether the two functions
were meditated by different PK/PBAN-Rs which respond to the different
peptides. For this purpose, we used conformationally constrained back-
bone cyclic PK/PBAN agonists and antagonists, which exhibit high recep-
tor selectivity [14]. These studies yielded strong indications of the
existence in H. peltigera and S. littoralis of different PK/PBAN-Rs, which
mediate sex pheromone biosynthesis in the pheromone gland and cutic-
ular melanization in moth larvae, respectively [15]. In the present study
we cloned and stably expressed theH. peltigera pheromone gland recep-
tor in Spodoptera frugiperda (Sf9) cells, and compared it with our previ-
ously cloned S. littoralis larval receptor (also expressed in Sf9 cells),
with respect to their structure, electrostatic potentials and cellular func-
tional properties (i.e., induction of Ca2+ flux) in response to their stimu-
lationwith various ligands, in an attempt to identify differences between
the two PK/PBAN-Rs that mediate two different in vivo functions.

2. Materials and methods

2.1. Peptides

Synthetic Hez-PBAN (based on the sequence of H. zea, Hez-PBAN
1–33-amide) and Spl-DH (based on the sequence of S. littoralis DH)
were synthesized with an ABI 433A automatic peptide synthesizer
on Rink amid MBHA resin by means of the FastMocTM chemistry as
described previously [16].

2.2. Insects

H. peltigera moths were reared on an artificial diet as described
previously [17]. Pupae were sexed and females and males were
placed in separate rooms with a dark/light regime of 10/14 h, at
25 ± 2 °C and 60–70% relative humidity. Adult moths were kept in
screen cages and supplied with a 10% sugar solution. Moth popula-
tions were refreshed every year with males caught from the wild by
means of pheromone traps, as described previously [17]. All females
used in this study were 2–3 days old.

2.3. Cell lines

The S. frugiperda pupal ovarian cell line (Sf9) [18] was cultured at
27 °C in 4 ml of Grace's Medium (Biological Industries, Beit-Haemek,
Israel) supplemented with 10% heat-inactivated fetal bovine serum,
1% Lactalbumin, 1% Yeastolate (all supplied by Biological Industries
and termed herein complete Grace's insect medium) in 25-cm2

flask
(Corning, NY, USA). Cell passage was carried out every 3–4 days.

2.4. H. peltigera receptor cloning

The pheromone glands of 2- to 3-day-old H. peltigera females
were excised and immediately frozen at −80 °C pending use. Total
RNA was isolated from the pheromone glands with TRIzol
(Invitrogen, Carlsbad, CA, USA). The quality and quantity of the
RNA were assessed with a NanoDrop ND-100 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). Poly(A)+ RNA
was isolated from 100 μg of total RNA with the Oligotex Direct
mRNA Isolation Kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions, and was then subjected to a reverse-
transcription reaction, carried out with an Omniscript Reverse Tran-
scription Kit (Qiagen) according to the manufacturer's instructions,
starting with 2 μg of RNA for a single reaction. The PCR reactions
were carried out with gene-specific primers (for details see Results
section) with: 50 ng of DNA template; 0.5 μl (10 mM) of each primer
(IDT, Jerusalem, Israel); 0.2 μl of Pfu DNA Polymerase, 2.5 μl of Pfu
buffer and 0.5 μl of dNTP mix (each at 2.5 mM) and 2.5 mM MgCl2
(all supplied by Fermentas, Thermo Scientific, Burlington, Canada).
Reactions were carried out with a Multigene Gradient PCR thermal
cycler (Labnet International, Woodbridge, NJ, USA) as follows: 1
cycle of 94 °C for 5 min, 29 cycles of 94 °C for 30 s and 57 °C for
30 s, followed by a final step of 72 °C for 1 min. Following determi-
nation of the sequences of the 5′ and 3′ untranslated regions
(UTRs) of this gene at the Center of Genomic Technologies of the
Hebrew University of Jerusalem, Israel, sequences were assembled
and an open reading frame (ORF) of 1029 base pairs was predicted
with the SIB ExPASy Bioinformatics Resource portal.

2.5. Vector construction, sub-cloning, propagation and insert
characterization

2.5.1. H. peltigera
A new set of primers was designed in order to obtain two restric-

tion sites on the cloned gene, one at each end of the sequence. In ad-
dition, in order to enhance expression of this gene in the cells, we
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designed a partially mismatched primer that would insert an ideal
Kozak signal GCCACC [19] immediately before the start-codon ATG.
The designed primers were: 5′-AGGAGAGGATCCGCCACCATGACA-3′
(BamHI — 5′-G^GATCC-3′) and 5′-AGGAGATCTAGATCACCTTGAA
GGCGT-3′ (XbaI — 5′-T^CTAGA-3′). A PCR reaction was carried out as
in Section 2.4, with an annealing temperature of 63 °C and 3 mM of
MgCl2. The PCR product was subjected to 1% agarose gel electrophore-
sis, purified by means of a Wizard SV Gel clean-up system (Promega,
Madison, WI, USA), ligated into pGEM cloning vector (Promega), and
propagated in DH5α Escherichia coli-competent cells (Bio-Lab, Jerusa-
lem, Israel) by using the following protocol: a 100-μl vial of competent
cells was thawed on ice and 1 μl of DNA was added to it. The vial con-
tents were mixed gently and the vial was placed on ice for another
20 min. The reaction mixture was transferred to 42 °C for 45 s and
then cooled on ice for 2 min. Competent cells were transferred to
15-ml tubes containing 950 μl of Lysogeny Broth (LB) medium (LB
Broth type BP302/400s; Hy-lab Ltd., Rehovot, Israel) and placed in a
shaking incubator at 250 rpm for 1 h at 37 °C. Aliquots of 100 μl of
transformed bacteria suspension were plated on LB agar plates con-
taining Ampicillin at 100 μg/ml (Ampicillin-Duchefa, Haarlem, the
Netherlands) onto which 20 μl of X-gal (Ornat, Rehovot, Israel) at
50 mg/ml and 100 μl of 0.1 M isopropyl-β-D-thiogalactopyranoside
(Ornat) were spread. The culture was screened for white colonies
(which contained the insert). DNA was extracted from the white colo-
nieswith the QIAampDNA purification kit (Qiagen) and, in order to ob-
tain sticky ends, 20 μl, i.e., 800 ng, of the construct pGEM-insert was
digested with 1.5 μl (10 U/μl) of BamHI (Fermentas) in a reaction mix-
ture that contained 4 μl of double-distilled water (DDW) and 3 μl of
Tango Buffer (Fermentas), incubated at 37 °C for 1.5 h, and then
heat-inactivated at 80 °C for 20 min. After inactivation 1.5 μl (10 U/μl)
of XbaI (Fermentas) were added to the same reaction mixture, which
was then incubated at 37 °C for another 1.5 h. Aliquots of 1000 ng of
pIZ/V5-His (Invitrogen) were propagated in DH5α E. coli-competent
cells as described above (this section) and digested with the same re-
striction enzymes under the same conditions.

Aliquots, each of 100 ng, of PK/PBAN-R insert and of pIZ/V5-His
were ligated by means of T4 DNA ligase (Promega). The reaction mix-
ture was incubated with 2 μl of 10× Ligase buffer and 3 units, i.e., 1 μl,
of T4 ligase in a total volume of 20 μl for 3 h at room temperature
(RT). Three colonies were selected, the pIZ/V5-His containing the
PK/PBAN-R insert was extracted with the QIAamp DNA purification
kit (Qiagen), subjected to PCR as described above (this section),
with 2.5 mM MgCl2, and re-sequenced by the Center of Genomic
Technologies, prior to its transfection into cells. The resulting PCR
products yielded identical sequences for the ORFs.

2.5.2. S. littoralis
Spl-PK/PBAN-R has been previously cloned by us [20]. In order to

generate stable expression of the gene in Sf9 cells it was necessary to
transfer the gene from pCR2.1 cloning vector to pIZV5-His expression
vector. The Spl-PK/PBAN-R gene was first excised from the plasmid as
follows: One microliter of DNA (200–300 ng of pCR2.1 cloning vector
containing the Spl-PK/PBAN-R insert) was incubated for 1 h in a dry
bath at 37 °C with 0.8 μl (10 U/μl) of HindIII, 0.8 μl (10 U/μl) of XhoI,
and 1.5 μl of Rx10 Buffer (all purchased from Fermentas, Thermo Scien-
tific) and 11.7 μl of DDW. The genewas purifiedwith 1% agarose gel and
subjected to a PCR reaction with 10 ng of DNA template, 0.5 μl of each
primer (see below, this section) at 10 mM (IDT, Jerusalem, Israel),
0.4 μl of 2.5 mM i-Pfu enzyme, 2.5 μl of 2.5 mM i-Pfu buffer, 0.5 μl of
2.5 mM dNTP mix and 2.5 mM MgCl2 (all supplied by Intron, Korea).
The primers usedwere designed to amplify theHindIII and XhoI restric-
tion sites on the cloned gene at the respective ends of the sequence:
5′-ACAAGCTTGGCCACCATG-3′ (HindIII 5′-A^AGCTT-3′) and 5′-GTACT
AACTTGGAGCTCG-3′ (XhoI 5′-C^TCGAG-3′). The PCR reaction was
carried out with aMultigene Gradient PCR thermal cycler (Labnet Inter-
national) as follows: 1 cycle of 94 °C for 5 min, 29 cycles of 94 °C for

30 s and 47 °C for 30 s, followed by a final stage of 72 °C for 1 min.
The PCR products were purified with the PCR Quick-Spin Product Puri-
fication Kit (Intron). In order to increase the PCR product yield of frag-
ments longer than 100 bp, 25 μl of the PCR reaction mixture was
mixed with 500 μl of binding buffer (provided with the kit) and
150 μl of isopropanol, prior to application on the purification column.
Elution was carried out with 50 μl of DDW after 3 min of incubation
at RT. The PCR product was digested with 1.5 μl (10 U/μl) of HindIII
(Fermentas, Thermo Scientific) and 1.5 μl (10 U/μl) XhoI (Fermentas)
to obtain sticky ends, in a reaction mixture that contained 20 μl, i.e.,
4–6 mg, of Plasmid DNA, 3 μl of Buffer Rx10 (Fermentas) and 5.5 μl of
DDW, and the mixture was incubated in a dry bath at 37 °C for 1 h.
The pIZV5-His expression vector was digested with the same enzymes,
in a reaction mixture that contained 20 μl, i.e., 4–6 mg, of Insert DNA,
1.5 μl (10 U/μl) of each enzyme, 3 μl of Buffer Rx10 (Fermentas) and
5.5 μl of DDW, and the mixture was incubated in a dry bath at 37 °C
for 1 h. Elution products were tested on agarose gel (1%). The
pIZV5-His and the PK/PBAN-R insert were then ligated with a T4 DNA
ligase (Promega). Aliquots, each of 100 ng, of double-cut insert and of
plasmid were incubated with 2 μl of 10× Ligase buffer and 3 units,
i.e., 1 μl, of T4 ligase in a final volume of 20 μl. The reaction proceeded
at RT for 3 h. The Kozak sequence motif which had been inserted in
the course of cloning [20] was excised, together with that of the recep-
tor, when the gene was transferred into the expression vector.

2.6. Stable transfection in Sf9 cells

Both plasmids, with the PK/PBAN-R genes, Hep-PBAN-R and
Spl-PBAN-R, were stably transfected into Sf9 with Fugene HD trans-
fection reagent (Roche, Indianapolis, IN, USA). Sf9 cells (0.5 × 106)
were seeded in a 12-well plate (Biofil, Madhya Pradesh, India) over-
night. A transfection mixture containing 8 μl of pIZV5-His-PK/
PBAN-R (1600 ng of either Hep-PK/PBAN-R or Spl-PK/PBAN-R), and
3.2 μl of liposomes in DDW at a final volume of 100 μl was incubated
at RT for 15 min and then added drop-wise to each well, which
contained 1 ml of complete Grace's insect medium. After 72 h the
culture medium was replaced with fresh complete Grace's insect me-
dium containing Zeocin (Invitrogen) at 1000 μg/ml, and the cells
were grown for 3 weeks in the presence of the antibiotics. The surviv-
ing cells (foci) were placed in zeocin-free complete Grace's insect me-
dium and used for further experiments or subjected to re-growth
cycles. Sf9 cells that were stably transfected with an ‘empty’ pIZ/
V5-His vector containing no PK/PBAN-R gene were grown under the
same conditions and served as negative controls.

Initial transfection efficiency was determined with a pIZV5-His
green fluorescence protein (pIZV5-His-GFP) construct (kindly provid-
ed by Dr. A. Zilberstein from the Department of Plant Sciences, George
S. Wise Faculty of Life Sciences, Tel Aviv University, Israel) under the
same conditions as described above (this section). GFP expression
was monitored by observing fluorescence for 24–72 h with a model
MZFL111 fluorescence microscope (Leitz, Wetzlar, Germany). The
procedure usually yields an initial positive-transfection rate of N90%,
as determined by the number of cells transfected with the pIZ/
V5-His-GFP plasmid construct.

2.7. Hep and Spl-PK/PBAN-R immunostaining

Sf9 transfected cells (0.5 × 106) were seeded on a round cover
glass (Menzel-Glaser, Braunschweig, Germany) in 1 ml of complete
Grace's insect medium in a 12-well plate (Biofil) and kept at 27 °C
overnight. On the day of the experiment the growth medium was re-
moved and cells were fixed with 0.5 ml of 4% (w/v) paraformalde-
hyde (Sigma) in phosphate buffered saline (PBS), comprising
0.15 M NaCl and 0.05 M sodium phosphate buffer at pH 7.2, for
15 min. The cells were then washed twice with 0.5 ml of PBS for
10 min. A volume of 0.5 ml of 0.1 M glycine in PBS was added to
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each well and after 20 min the cells were washed again for 5 minwith
0.5 ml of PBS. An 0.5-ml aliquot of anti-PK/PBAN-R antibodies [21] or
pre-immune serum (PI) diluted 1:2500 (Hep-PK/PBAN-R) and 1:1250
(Spl-PK/PBAN-R) in PBS was added and the mixture was incubated for
1 h at RT and washed for 5 min three times. Blocking was carried out
with 0.5 ml of 5% normal goat-serum (NGS) in PBS for 1 h and was
followed by three 20-min washing steps. A 0.5-ml aliquot of Alexa goat
anti-rabbit conjugate diluted 1:500 in PBS (Molecular Probes, Carlsbad,
CA, USA) was added, and the cells were incubated for 1 h at RT after
which the incubation wells were washed four times for 1 min with
PBS, and 0.5 ml of propidium iodide diluted 1:300 in PBS was added to
each well and left for 1 h to stain the nuclei. The wells were washed
twice with 0.5 ml PBS for 5 min, the cover glasses were removed from
the wells, dried and fixed on a microscope slide with 25 μl of Mowiol
mountingmedium (polyvinyl alcohol 4–88; Sigma)whichwas prepared
as follows. A 25-g aliquot of Mowiol was mixed with 100 ml of 0.015 M
phosphate buffer at pH 8.0 for 16 h at RT, 2 ml of glycerol (MP
Biomedics, Solon, OH, USA) were added and mixed for a further 16 h.
Themixturewas centrifuged at 11,200 ×g for 15 min at 4 °C, and the su-
pernatantwas removed, aliquoted and stored at−20 °C. The slideswere
examined with a Fluoview 500 inverted laser scanning confocal micro-
scope, model IX81 (Olympus, Tokyo, Japan). Alexa fluorophore was
monitored at an excitation wavelength of 488-nm and an emission
wavelength of 519 nm through a BA 505- to 525-nm filter; PI was mon-
itored at an excitationwavelength of 543 nm and an emissionwasmon-
itored through a BA 610- to 660-nm filter. Images were taken with a
60 × 10 × 2 objective.

2.8. Confocal microscopic examination of calcium influx

Samples, each of 5 × 105 Hep-PK/PBAN-R-transfected or Spl-PK/
PBAN-R-transfected Sf9 cells, cells transfected with an ‘empty’ pIZ/
V5-His vector, and control Sf9 cells were seeded in cell microscopy
6-well chambers (1 μ-Slide VI; Ibidi, Martinsried, Germany) with
100 μl of complete Grace's insect medium, and incubated overnight
at 27 °C. On the day of the experiment the cells were washed twice
with 100 μl of cold PBS, pH 7.2, and 100 μl of 2 μM (final concentra-
tion) Fluo-4-AM made up in modified Ringer's buffer (12 mM NaCl,
21 mM KCl, 170 mM glucose, 3 mM CaCl2, 18 mM MgCl2, and
10 mM PIPES, at pH 7.4, containing 1 mM Probenecid and 0.01%
Pluronic F-127, all purchased from Sigma, made up in modified
Ringer's buffer), were added and they were incubated for 45 min at
RT in darkness. They were quickly rinsed twice with 100 μl of cold
PBS and kept in darkness for another 30 min to allow hydrolysis of
the Fluo-4-AM ester bond. For microscopic observation the buffer
was aspirated from the wells and the slides were placed in the confo-
cal microscope and challenged with 80 μl of either modified Ringer's
buffer as a negative control, 1 pM PBAN or 1 pM DHmade up in mod-
ified Ringer's buffer and 1 μMIonomycinmade up in 0.1 Mglycine buff-
er at pH 10.0. Cells were monitored for fluorescence for 10 s prior to
peptide addition (baseline determination) and for 60 s after addition
of the peptide, buffer or Ionomycin. Fluorescence was monitored at an
excitation wavelength of 488 nm, and the emission was monitored
through a BA 505- to 525-nm filter. All microscope observations and
time-lapse microscopy were performed with an FV500 IX-81 inverted
laser scanning confocal microscope (Olympus, Tokyo, Japan) equipped
with a 488-nmargon-ion laser andUplanSApo 40× (0.9 N.A.) objective.
Thirty time-lapse photos were taken at 3.26-s intervals. Images were
taken with a 40× objective. A real-time video of the Ca2+ flux into
Hep-PK/PBAN-R-transfected Sf9 cells, in response to 1 pM PBAN is
presented as supplemental material (Supplemental Video).

2.9. Quantitative analyses of calcium influx

Cells were grown overnight in 25-cm2
flasks, as described in

Section 2.3. On the day of the experiment 4 × 106 cells of each of

the following lines were harvested and transferred into 15-ml glass
tubes: control untreated Sf9 cells; cells transfected with an ‘empty’
pIZ/V5-His vector; Sf9 cells stably expressing Hep-PK/PBAN-R or
Spl-PK/PBAN-R. Growth medium was removed by centrifugation at
800 ×g for 10 min, the pellet was resuspended in 4 ml of PBS at
pH 7.2, and centrifuged again under the same conditions. The pellet
was then resuspended in 4 ml of modified Ringer's buffer containing
2 μM Fluo-4-AM in DMSO (Molecular Probes, Carlsbad, CA, USA), at a
final concentration of 0.25%. Cells were incubated for 45 min on a rotat-
ing shaker at a low speed at RT in darkness. After incubation the cells
were washed twice with 4 ml of Ringer's modified buffer, followed
each time by centrifugation as above (this section), resuspended in
4 ml of Ringer's modified buffer and kept in darkness for another
30 min on a rotating shaker to allow hydrolysis of the Fluo-4-AM
ester bond. Cell suspension aliquots of 80 μl, containing 105 cells,
were placed in each well of a black 96-well plate with a clear bottom
(Greiner, Frickenhausen, Germany) and 20 μl of 5× concentrated
PBAN or DH made up in Ringer's modified buffer were injected into
each well at final concentrations ranging from 1 fM to 10 μM. At the
end of the experiment Ionomycin (Alomone Laboratories, Jerusalem, Is-
rael), made up in 0.1 M glycine buffer at pH 10.0, was added to the in-
dividual wells at a final concentration of 10 μM in order to determine
the maximal positive Ca2+ influx response. Each peptide was tested in
quadruplicate at each concentration. Fluorescence was measured with
a Tristar LB 941 plate reader (Berthold Technologies, Bad Wildbad,
Germany)with a 485-nm excitation filter and the signalwasmonitored
via a 535-nm emission filter. Each well wasmonitored separately. Fluo-
rescence was monitored every second for 5 s prior to addition of the
tested peptide or ionomycin to determine the baseline, and every sec-
ond for 2 min following addition of the peptide or ionomycin. The re-
sults are presented as the ratio (expressed as a percentage) between
the signal obtained at each peptide concentration and that of ionomycin
after subtraction of the background (baseline) value.

2.10. Homology-based modeling of PBAN-R

Three-dimensional homology models of PBAN-R were built for both
Hep- and Spl-PK/PBAN-R sequences. Each amino-acid sequence was
aligned with the sequences for all receptors for which structures have
been deposited in the protein data base (PDB), to detect homologous
proteins available to serve as templates. Alignment was done by using
the Hidden Markov Model (HMM) algorithm in the HHpred bioinfor-
matics tool kit [22]. The six structures that scored the highest E values
were selected to serve as templates for the corresponding models. The
selected structures included representatives of five different GPCR
structures. The final alignment of the closest homologous sequences
was transferred toModeler 9.9 [23], in order to obtain initial model coor-
dinates. These steps were further refined by introduction of the putative
disulfide bond between C113 and C194, which was followed by short
loop refinement with Modeler 9.9. Visualization of the resulting models
was obtained by using PyMol [24]. Electrostatic surfaces were calculated
with vacuum electrostatic calculation as implemented in PyMol.

2.11. Statistical analysis

All results were subjected to one-way ANOVA. The significant dif-
ferences among means were evaluated by application of the Tukey–
Kramer honestly significant difference (HSD) test at p b 0.05. The
data are presented as means ± SEM.

3. Results

3.1. Cloning of H. peltigera PBAN-R

In order to isolate the full-length cDNA of the Hep-PK/PBAN-R
gene, gene-specific PCR primers were designed, based on the
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high-homology regions of H. zea, H. armigera, B. mori, H. virescens and
S. littoralis PBAN-R genes [6,7,10,25]. Pheromone gland cDNA was
used as a PCR template with the sense and antisense primer pair
5′-ATGACATTGTCAGCGCCC-3′ and 5′-TCACCTTGAAGGCGTTTG-3′, re-
spectively. This successfully amplified a 1200-bp fragment. In order to
determine the ORF of the H. peltigera gene, gene-specific primers of the
3′ end of H. zea, H. armigera, H. virescens and S. littoralis genes were
designed and used to amplify the gene, with the 1200-bp fragment
used as a template. The only pair of primers that resulted in a PCR prod-
uct was that of the H. virescens C terminal region— sense and antisense
5′-ATGACATTGTCAGCGCCC-3′ and 5′-TCAAACCTTGAAGGCGTTTC-3′,
respectively which provided a full-length ORF of 1029 bp. Based on

this sequence a 342-amino-acid protein was predicted (Fig. 1). The
very first ATG present in the entire cDNA also encoded the initial
codon of the putative ORF. Further analysis of the Hep-PK/PBAN-R
showed that this protein contained several characteristic features
of seven TMGPCR (Fig. 2A), including three putative N-linked glycosyl-
ation sites –Asn20, 22, 187 – that regulate the cell-surface localization and
function [26] and an ERY motif – amino acids 137–139 – immediately
following the third TM domain, which is a variant of the DRY motif
that is responsible for G-protein interaction [27]. Interestingly, the Glu
at the C-terminus of TM6, which has also been hypothesized to stabilize
the inactive state of some GPCRs, has been replaced by the uncharged
amino acid, Gln286. No Ser, Thr or Tyr residues, which serve as potential

Fig. 1. Nucleotide and deduced amino acid sequence of Hep-PK/PBAN-R. The nucleotide sequence is numbered from the 5′ to the 3′ direction. Key features of the gene are marked.
The TGA stop codon is underlined in bold print. The deduced amino acid sequence of the ORF is shown below the nucleotide sequence for each codon. Potential N-linked glycosyl-
ation sites (Asn20, 22, 187) are indicated by an ★; the ERY variant of the DRY motif is indicated by boxed letters; GenBank accession no. JN648826.
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phosphorylation sites, were identified on the C-terminal tail (Fig. 1).
The sequence of theHep-PK/PBAN-Rhas been deposited in theGenBank
data base (accession no. JN648826).

3.2. Homology, structural and electrostatic analyses

A BLAST homology analysis of the Hep- and the Spl-PK/PBAN-Rs
based on amino acids demonstrated a rather high similarity with
95% sequence homology, and 98, 98, 97 and 83% homologies
with the deduced amino acid sequences of the PK/PBAN-Rs of H.
zea, H. armigera, H. virescens, and B. mori, respectively. Prediction of
the secondary structures of the two receptors by means of the
TMHMM Server v. 2.0 indicated the presence of seven TM helixes,
three extra-cellular loops (ECLs), three intra-cellular loops (ICLs), a

41-amino-acid long N-terminus, and a rather short C-terminus
(Fig. 2A). These characteristics are typical of GPCRs. The three-
dimensional structures of Hep- and Spl-PK/PBAN-Rs were predicted
using homology modeling techniques (Fig. 2B). The suggested models
were built by using six representative GPCR crystal structures avail-
able in the PDB. Although rather low sequence homology has been
observed between the two receptors and the structures used for ho-
mology modeling (14–17%), the resulting three-dimensional models
were clearly shown to fit the predicted secondary structure and, in
addition, to show that highly conserved amino acid residues were
modeled to the same structural positions [3], as experimentally
shown for class A GPCRs. Both structures contained two conserved
Cys residues modeled to the extracellular domains: Cys113 which is
located in TM helix III; and Cys194, located in the second ECL. In

Fig. 2. Homology-based structural models of Hep- and Spl-PK/PBAN-R. A. A 2-D diagram of Hep-PK/PBAN-R sequence in relation to the secondary structural elements.
Rainbow-colored boxes represent 7 TM helixes of the GPCR and additional predicted α helices in C-terminus and loops, as obtained in the homology-based model. ECL and ICL
loops, as well as N- and C- termini, are emphasized. The putative disulfide bond between C113 (TM helix III) and C194 (EL2) is highlighted in yellow. Putative N-kinked glycosyl-
ation sites are represented by stick figures. The amino acids highlighted in red represent the sequential diversity between Hep- and Spl-PK/PBAN-R. B. Cartoon representation of
Hep-PK/PBAN-R (right) and the Spl-PK/PBAN-R (left) structural models. Models were built as described in the text. Major differences between the primary sequences of the two
receptors are highlighted in blue (H. peltigera) and red (S. littoralis), respectively.
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light of the fact that these residues are known to form a disulfide
bond, a putative disulfide bond has been built into both structural
models (Fig. 2A). The resulting models were shown to be significantly
different at their N-termini. Additional differences were apparent in
the positions of the second ECL, the third ICL, and the C-terminus.
Also, a smaller difference was observed at position 48, where an Ile
residue present in H. peltigera was replaced with Val in S. littoralis
(Fig. 2A). A comparison between the electrostatic potentials calculat-
ed for the two receptor models revealed a large net charge difference
in the extracellular regions and a smaller one at the C-terminus re-
gion of the protein (Fig. 3). Since these two domains are proposed
to perform peptide-binding and signal transmission, respectively,
the prediction that these putative differences can lead to differential
receptor-ligand interactions and peptide functionalities.

3.3. Stable expression of the H. peltigera and the S. littoralis PBAN-Rs in
Sf9 cells

In order to determine the cellular functionality of the receptors and
tofindoutwhether the structural and electrostatic differences affect the
ability of the receptor to bind different PK/PBAN ligands, both receptors
were stably expressed in Sf9 cells, and their ability to respond to differ-
ent peptides was monitored with Ca flux experiments. The vector that
was chosen for stable transfection of Sf9 cells was pIZ/V5-His, derived
from the multicapsid nuclear polyhedrosis baculovirus which contains
a Zeocin antibiotic-resistance gene for selection of stably transformed
cell lines. In order to be able to insert the Hep-PK/PBAN-R gene into
the pIZ/V5-His vector two restriction sites – BamHI and XbaI – were
constructed, along with a Kozak sequence to enhance the expression
of the gene in the cells. The Spl-PK/PBAN-R genewas originally inserted
into a pCR2.1 cloning vector [20]. In order to insert it into the pIZ/V5-His
expression vector the gene was excised from the pCR2.1 vector,
subjected to a PCR reaction with specific primers that were designed
to add a HindIII enzyme restriction site and a Kozak sequence prior to
the gene start codon-ATG, and a XhoI enzyme restriction site after the
stop codon.

The pIZ/V5-His vector, with either the Hep- or the Spl-PK/PBAN-R
gene, was transfected into Sf9 cells by means of Fugene HD transfec-
tion reagent and selection of successfully transfected cells was carried
out with zeocin for 3 weeks. Surviving cells were cultured to increase
numbers, analyzed for PK/PBAN-R expression and used to analyze the
Ca flux elicited by PK/PBAN peptide ligands. Successful expression
was confirmed by means of a fluorescent immuno-cytochemical
(ICC) staining method that used anti-PK/PBAN-R antiserum to visual-
ize the Spl- and Hep-PK/PBAN-R. The results revealed (Fig. 4A and C)
that the receptors were localized exclusively to the plasma

membrane of the transfected cells. Expression of the receptor was
obtained only in Sf9 cells transfected with pIZ/V5-His PK/PBAN-Rs
stained with the anti-PK/PBAN-R antiserum (Fig. 4A and C); no stain-
ing was obtained when the cells were treated with pre-immune
serum (Fig. 4B and D). Control cells, transfected with the pIZ/V5-His
vector that did not contain the PK/PBAN-R insert, that underwent
the same treatments, did not show any green fluorescence signal, ei-
ther on the cell membrane or in the cytoplasm (Fig. 4E and F,
respectively).

3.4. Confocal-microscopy-based Ca imaging

Next, we determined whether the structural and electrostatic dif-
ferences between N- and C-terminal parts of the Hep and Spl-PK/
PBAN receptors affect binding of different PK/PBAN ligands. This
was determined by monitoring Ca flux upon stimulation of both re-
ceptors with different ligands. Two ligands of the PK/PBAN family
were chosen for the analysis: PBAN and DH. Sf9 cells transfected
with Hep- or Spl-PK/PBAN-R were incubated with Fluo-4 AM, rinsed,
placed in the confocal microscope and challenged with 1 pM PBAN
or DH, or 10 μM ionomycin. Baseline fluorescence was monitored
for 10 s prior to peptide or ionomycin addition. Untransfected Sf9
cells and cells transfected with an ‘empty’ pIZ-V5/His vector served
as control cells. The data in Fig. 5 and in Supplemental Video clearly
reveal very high responses of Hep- and Spl-PK/PBAN-R to 1 pM
PBAN, indicating that both receptors were fully functional in the sta-
bly transfected cell line. The response to the same concentration of
DH differed between the two cloned receptors: DH stimulated Ca
flux in Spl-PK/PBAN-R-transfected cells, whereas no response was de-
tected in the Hep-PK/PBAN-R. Untransfected Sf9 cells stimulated with
the peptides at the same concentration did not exhibit Ca flux (Fig. 5),
and the same results were obtained with treated cells transfected
with an ‘empty’ pIZ-V5/His vector (data not shown). Ionomycin stim-
ulated Ca flux in all three cell lines (Fig. 5).

3.5. Functional characterization of stably expressed Hep- and
Spl-PK/PBAN-Rs

In order to further evaluate the cellular functional differences be-
tween the two receptors dose-response experiments were carried out
in which Ca flux was monitored in cells expressing Hep- or Spl-PK/
PBAN-Rs that were stimulated by various concentrations of either
PBAN or DH. The results revealed different responses to both peptides
at different concentrations. At low concentrations, up to 100 pM, both
receptors showed very high sensitivity to PBAN, with responses in the
fM–pM range. In the presence of the peptide both receptors showed

Fig. 3. Visualization of calculated surface electrostatic potentials of Hep- and Spl-PK/PBAN-R models. A. Surface representations of Hep-PK/PBAN-R (right) and Spl-PK/PBAN-R (left)
models, colored according to their calculated vacuum electrostatic potentials, indicating a net positive charge (blue) in the intracellular regions of both receptors, and a net negative
charge in the extracellular loops (red). B. A view of the extracellular domain region from above the plane of the membrane of the two receptor models, illustrating the differences of
electrostatic potential in the ligand's binding vicinity. Most differences result from high variance in the N-terminal region.
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Fig. 4. Immunostaining of Hep- and Spl-PK/PBAN-R stably expressed in Sf9 cells. Spl-PK/PBAN-R-transfected cells stained with anti-PK/PBAN-R antiserum (A); Spl-PK/
PBAN-R-transfected cells stained with PI serum (B); Hep-PK/PBAN-R-transfected cells stained with anti-PK/PBAN-R antiserum (C); Hep-PK/PBAN-R-transfected cells stained
with PI serum (D); cells transfected with pIZV5-His ‘empty’ vector stained with anti-PK/PBAN-R antiserum (E) or PI serum (F). Primary Ab binding is indicated by green color.
Cell nuclei were stained with propidium iodide (red color). Bar represents 20 μM (panels A, B, E and F) or 10 μM (panels C and D). Each image represents data obtained in
three independent experiments. Panels represent (clockwise from upper left): alexa, propidium iodide; superposition of Alexa on propidium iodide staining; superposition of
phase over propidium iodide.
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gradual increases in Ca flux in the PBAN concentration ranges of
0.001–10 pM, with EC50 values of 0.15 and 0.12 pM, for Hep- and
Spl-PK/PBAN-R, respectively (Fig. 6A and B). Higher PBAN concentra-
tions, up to 10 μM revealed differences between both receptors. A
bi-phasic response was obtained with the Hep-PK/PABN-R, with a
peak of activity at 10 pM and a second peak of activity at 100 nM.
No response was obtained with the Spl-PK/PBAN-R at PBAN doses
higher than 100 pM (Fig. 6A and B). The responses of the two recep-
tors to DH also differed significantly: DH at the fM–pM range elicited
a high flux of Ca in the Spl-PK/PBAN-R, with EC50 of 0.013 pM, where-
as, in the same concentration range it did not elicit Ca flux in the
Hep-PK/PBAN-R, and the fluorescence signal did not differ significant-
ly from that elicited by the buffer (Fig. 7A and B). The maximal re-
sponse of the Spl-PK/PBAN-Rs to DH and the EC50 value were an
order of magnitude lower than those to PBAN (0.013 vs. 0.12 pM, re-
spectively). Also, the range of DH activity was broader than that of
PBAN: 0.001–1 pM compared with 1–10 pM, respectively. An at-
tempt to elicit a response with DH at concentrations above 10 pM
failed to stimulate either receptor (Fig. 7A and B). No stimulation
was obtained in the absence of a peptide ligand in any of the experi-
ments, and no response was obtained in Sf9 cells that were
transfected just with a pIZ/V5-His vector that did not contain a PK/
PBAN-R gene insert (data not shown).

4. Discussion

In the present studywe set out to determinewhether different bioac-
tivities elicited by PK/PBAN peptides are mediated by different PK/PBAN
receptors, andwhether they respond differently to PK/PBAN ligands. The
study focused specifically on two receptors: one that mediates sex pher-
omone production in the pheromone gland of adult female moths, and a
second that mediates cuticular melanization in larvae (for review see
[1]). To that end, two receptors of the PK/PBAN family – a sexpheromone

gland receptor from H. peltigera and a S. littoralis larval receptor that me-
diates cuticular melanization –were cloned, stably expressed in Sf9 cells,
and their structural models, electrostatic potentials, and cellular func-
tional properties, as affected by stimulation with different ligands were
evaluated. Homology modeling techniques indicated that highly con-
served amino-acid residues were modeled to appropriate structural po-
sitions, as experimentally shown for class A GPCRs. Despite the high
amino-acid homology of 95% between the two receptors, significant
structural differences could be predicted to occur at their N-termini, in
the second ECL, the third ICL, and the C-terminus. A comparison between
the electrostatic potentials calculated for the two receptor models re-
vealed a large net charge difference in the extracellular regions and a
smaller one at the C-terminus. Immuno-staining revealed that the PK/
PBAN-R gene encoded a cell surface receptor, and calcium-mobilization
assays demonstrated that both receptors were fully functional and capa-
ble of initiating the first phase of the PK/PBAN signal transduction cas-
cade, i.e., influx of extracellular calcium. Evaluation of the signaling
responses of both receptors to PBAN and DH revealed very sensitive,
though differential responses to the two peptides.

When modeling members of the very large GPCR family, it is quite
apparent that the most conserved trans-membrane regions will be
modeled in a rather similar fashion. As the number of crystal structures
of GPCRs increases, the potential for variation will increase as well,
hopefully leading to the illumination of differences in all of the protein's
domains. In the present study, the two receptors were not only derived
from two different species, but each represents GPCRs present at two
different developmental stages in moth's life cycle and mediates two
different bioactivities. Therefore, while there is only about 5% variance
in the primary protein sequence, structural attributes, either static or
dynamic, should exist that will mediate the different bioactivities
exhibited at different stages of a moth's life cycle. Exhibiting the
minor sequence differences on the scaffold of the homology based
model hint at the possibility that the non-similar areas might result in

Fig. 5. Confocal microscope images of functional expression of Hep-PK/PBAN-R (HP) and Spl-PK/PBAN-R (SL) in stably transfected Sf9 cells. Cells were incubated with the Ca2+ in-
dicator (baseline) and then challenged with PBAN, DH or ionomycin. Bar represents 50 μM. Each image represents data obtained in three independent experiments.
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differences in binding and activation and add important information on
the structure/activity relationship of such receptors. Similar models
were previously used to explore other PK/PBAN receptors from relative-
ly close moth's species [3,28,29], and indeed were shown to clearly fit
the predicted secondary structure and in addition, show that some
highly conserved amino acids residues are modeled to appropriate
structural positions as experimentally shown for class A GPCRs (these
elements are thoroughly highlighted at a recent review paper by
Jurenka and Nusawardani [3]). Themost prominent difference between
the two receptors studied here is indeed in these domains, especially at
the N-termini, in the second ECL, the third ICL and the C-terminus. A
comparison between the electrostatic potentials calculated for the two
receptormodels revealed a large net charge difference in the extracellu-
lar regions (Fig. 3). Since electrostatics is clearly the most important
long-range force of attraction, these differences in the regions known
to be important for the identification and interaction with ligands
might explain the different affinities obtained for the ligands tested in
this study toward the two receptors. Ourmodel, showing significant dif-
ferences in the ECLs is also consistent with nuclear magnetic resonance
(NMR) binding assays performed on isolated partial GPCR extracellular
domain with different CCK-8 type ligands [30]. This study was able to
identify specific residue interactions that differentiate between differ-
ent receptors. According to this study, binding differentiation is located

at both the N-terminal of the GPCR and the N-terminal of peptide li-
gands. In the two receptors presented here, major differences are in-
deed found in both the N-termini of the receptors and the ligands,
leading to differential binding. The differences observed in the intracel-
lular region might imply that different interaction patterns with G
proteins exist downstream in the signal transduction pathway, thus im-
plying for a different receptor cellular functionality. This issue is cur-
rently under further investigation.

Until now PK/PBAN-Rs have been cloned from the pheromone
gland of seven lepidopteran species three of which are Helicoverpa
and Heliothis species: H. zea, H. armigera and H. virescens [1,8]. Only
three of these PK/PBAN-Rs (Hez-, Hev- and Bom-PK/PBAN-R were
expressed in cell lines — Sf9 or Chinese hamster ovary, CHO), and
their ability to bind and respond to different ligands originating
from the pban-gene was tested by observing the resulting Ca+2

flux
[6,7,10,31,32]. Stimulation of the receptors by pban-gene-derived
peptides (PBAN, DH, β- and γ-SGNPs) resulted in EC50 values in the
nM range, i.e., 1.4 and 25 nM PBAN for Hev- and Hez-PK/PBAN-R, re-
spectively, and an activity range between 1 nM and 1 μM for Bom-R.
The responses of these receptors to the other peptides, including
DH, were similar to those obtained with PBAN. Our present results
with the pheromone gland Hep-PK/PBAN-R revealed a 4 to 5 orders
of magnitude higher sensitivity toward PBAN (EC50 of 0.15 pM) and
no response over a very wide range of concentration (1 fM–10 μM)
toward DH. The reason for the differences in the EC50 between our
data and those reported in other studies is not fully understood, espe-
cially those between the H. zea-R and our cloned H. peltigera receptor

Fig. 6. PBAN-stimulated intracellular Ca2+ level in Hep-PK/PBAN-R (A) and Spl-PK/
PBAN-R (B)-expressing Sf9 cells. The Ca2+ response in the absence of PBAN ligand
(buffer) was negligible. Results represent the means ± SEM of six or seven indepen-
dent experiments (Hep-PK/PBAN-R and Spl-PK/PBAN-R, respectively), each of which
included four replicates. The results are presented as the ratio (expressed as a percent-
age) between the signal obtained at each peptide concentration and that of ionomycin
after subtraction of the background (baseline) value. Bars with the same letter do not
differ significantly at p b 0. 05.

Fig. 7. DH-stimulated intracellular Ca2+ level in Hep-PK/PBAN-R (A) and Spl-PK/
PBAN-R (B)-expressing Sf9 cells. All experimental details are as described in Fig. 6. Re-
sults represent the mean ± SEM of four independent experiments each of which in-
cluded four replicates.
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as H. zea and H. peltigera are closely related moths and both receptors
have been expressed in the same cell line. One possible explanation is
that there are different PK/PBAN receptor variants in the pheromone
gland and each cloned receptor represents a different variant (as has
recently been reported by Lee et al. [8]). It also could be that the dif-
ferences between the responses of the pheromone gland receptors –
associated with the same in vivo functional properties – resulted
from use of differing experimental paradigms for their characteriza-
tion: e.g., different expression systems (stable or transient); use of
different cell lines (insect Sf9 or CHO); use of modified receptors (na-
tive or enhanced green fluorescent protein (EGFP)-linked); use of
modified ligands (i.e., Rhodamine-labeled PBAN); differing Ca flux in-
dicators; differing equipment sensitivity, etc. [6,7,10,32]. Whatever
the reason is the physiological significance of the present data calls
for further exploration.

As opposed to the well studied sex pheromone PK/PBAN-Rs to
date, only three other larval receptors have been cloned and charac-
terized: two from H. virescens moth larvae (variants A and B), which
were functionally inactive [10], and one from D. melanogaster [33],
which responded to β-SGNP and CAPA-DH at 400 and 50 nM, respec-
tively, in contrast to the sub-pM response – EC50 of 0.013 pM – of our
Spl-PK/PBAN-R. The major difference between the responses may re-
sult from the nature of the receptors present in evolutionarily distant
insect species or, as indicated above, from the differing experimental
setups. Support for the possible effect of the experimental setup on
the receptors' characteristics comes from our previous study, in
which the cloned Spl-PK/PBAN-R was stably expressed in NIH3T3
cells and its ability to elicit Ca flux was monitored in the presence of
PBAN [20]. Although the receptor responded to PBAN the range of ac-
tivity was much higher, at 0.1–1 μM, than the sub-pM concentrations
obtained in the present study with an Sf9 insect expression system.
Indeed, several previous studies have indicated that the proper recep-
tor ligand interaction is very much dependent upon the choice of
the expression system and the mode of expression. For that reason
we chose to use the same expression system and experimental para-
digm for both our cloned receptors in order to compare the phero-
mone gland and larval PK/PBAN-Rs. Furthermore, we chose to use
an insect cell line – Sf9 – rather than a mammalian one because, in
our opinion, the former is more suitable for expressing and studying
insect receptors.

Comparison of the cellular functional properties of the Hep- and
Slp-PK/PBAN-Rs revealed differential responses to both PBAN and DH.
Both receptors responded to PBAN with EC50 values in the sub-pM
range (0.15 and 0.12 pM, for Hep- and Spl-PK/PBAN-R, respectively),
whereas their responses to DH differed significantly. The Spl-PK/
PBAN-R exhibited a high response toDH,with EC50 of 0.013 pM,where-
as the Hep-PK/PBAN-R was not activated by this peptide over a very
wide concentration range — fM to μM. Both receptors did not respond
toDHat high concentrations ranging from100 pM to 10 μM. The recep-
tors also differed in their response at high PBAN concentrations of
PBAN; the peptide elicited a biphasic response in the Hep-PK/PBAN-R
but not in the Spl-PK/PBAN-R. The nature of the biphasic response to
PBAN is not clear at the moment. The physiological meaning of the bi-
phasic response has to be further evaluated by monitoring differences
in secondary messenger pathways (at pM and nM concentrations).
Such experiments are currently in progress. Once completed, we may
be able to better understand the differences associated with the low
and high dose effects of PBAN on the Hep-PK/PBAN-R.

In light of these results it is reasonable to assume that sex phero-
mone biosynthesis is mediated by PBANwhereas larval cuticular mel-
anization is mediated by both PBAN and DH. With this respect it is
interesting to note that the differential response of the receptors
to PBAN and DH ligands – which share the C-terminal sequence
FXPRLa – indicates that the consensus sequence of the family, although
important for bioactivity and cross-reactivity of the PK/PBAN peptides,
is not the only sequence that determines and contributes to ligand/

receptor interactions and there are, most likely, additional residues
that play a role in ligand binding. Further studies on this issue are in
progress.

To the best of our knowledge this is the first indication, based on a
cellular functional response of the actual receptor, of a correlation be-
tween a given peptide (or peptides) with a specific bioactivity (sex
pheromone production and cuticular melanization) and a direct dem-
onstration of cellular functional differences between both receptors.
An indication of possible differences between these two receptors
came from our previous studies with conformationally constrained
backbone cyclic (BBC) PK/PBAN analogs. BBC compounds exhibit re-
ceptor selectivity that results from restriction of the conformational
space that, in turn, causes the peptides to mediate one function and
exclude it from other functions [14]. Examination of the agonistic
and antagonistic properties of the BBC PK/PBAN analogs in in vivo
pheromonotropic and melanotropic assays, revealed presence of se-
lective agonists and antagonists toward each function which resulted
from differences in the receptors that mediate those functions and,
most likely, affected their binding properties [15].

Examination of the responses of other cloned and expressed PK/
PBAN-Rs from various insect species, with a variety of ligands, carried
out by other research groups, revealed several other receptors that
showed a selective response, as indicated by their ability to induce Ca
flux. A pupal receptor from B. mori responded selectively to pban-
gene-derived peptides: it exhibited a high response only to Bom-DH
but not to any of three other peptides — PBAN, β-SGNP and γ-SGNP
[34]. Two D. melanogaster receptors – Drm-CG8784 and Drm-CG8795 –

selectively responded to Drm-β-SGNP but not to Drm-DH [35]; and an
Ang-R of the mosquito A. gambiae (termed Ang-PK-1) responded to
Ang-DH but not to Ang-PBAN or Ang-β-SGNP [36]. In all the above
cases the receptor either did not respond to a given peptide ligand or
elicited Ca flux at concentrations 3–4 times higher than those required
of the active peptides; however no correlation was made between a
given peptide (or peptides) with a specific bioactivity.

The differential responses to PBAN and DH raise a few interesting
questions with regard to the mode of action of this family of peptides.
Molecular cloning of the PK/PBAN peptides revealed that PBAN is
encoded by the pban-gene, which also encodes DH, as well as other
peptides. A peptide that contains the consensus sequence – WFGPRLa –

typical of DH (WFGPRLa) is also encoded by the capa-gene and is
termed CAPA-DH. This raises the question of whether the selective re-
sponse of the two receptors indicates responsiveness of the Spl-PK/
PBAN-R to both gene products – pban-gene-derived PBAN and DH and
capa-gene-derived DH – and that of the Hep-PK/PBAN-R only to the
pban-gene product — PBAN. This issue will be resolved once the
capa-gene-derived DH amino acid sequences from S. littoralis and
H. peltigerawill be sequenced.

Another interesting issue with this respect relates to the fact that
PBAN and DH are contained within the same prohormone encoded
by the pban-gene. Thus, unless there are special cell-type differential
processing mechanisms, such as those found for the capa-gene in
D. melanogaster and B. mori [37,38], both peptides must be produced
and released in equimolar amounts by the neurosecretory cells. Thus,
the inability of the DH to stimulate the Hep-PK/PBAN-R pheromone
gland receptor seems peculiar, especially in light of the fact that DH
elicits sex pheromone biosynthesis in vivo in H. peltigera females —

albeit at a 10-times higher dose than PBAN (Altstein et al., in prepara-
tion). This raises the possibility that DH may act on another receptor
present in the pheromone gland. Indeed, recent studies have shown
concurrent expression of multiple PK/PBAN pheromone gland recep-
tor variants that arise from alternative splicing of the 3′ coding region
in several moth species (B. mori, H. zea, H. armigera and P. separata) —
variants that share a significant homology and differ from each other
in an extended C-terminal sequence. Attempts to clone such recep-
tors from the H. peltigera and S. littoralis moths are needed, in order
to check whether there are additional variants in these two insects
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and to characterize their cellular functional properties in response to
stimulation with different PK/PBAN ligands. The possible presence of
two or more receptors for a single gene product suggests that several
simultaneous physiological processes have to be coordinated or syn-
chronized in order to elicit a given biological activity. Studies along
these lines should be further explored.

In summary: many attempts have been made to characterize the
PK/PBAN receptors, in efforts to gain a better insight into the mode
of action of this family of Nps and into the molecular mechanisms un-
derlying the wide variety of functions mediated by them. The present
findings presented in this study, on the structural and cellular func-
tional differences between the two receptors form strong and direct
evidence for the notion that different PK/PBAN in vivo functions are
mediated by different PK/PBAN receptors, and they hint at the possi-
bility that each function might be elicited by a different peptide or
peptides. With this respect it is interesting to note that, despite the
high homology – 95% based on amino-acid BLAST – between the
Hep- and the Spl-PK/PBAN-Rs they differed markedly in their three-
dimensional structures, electrostatic potentials, and ligand binding
properties, indicating that classification of receptors into families on
the basis of sequence homology alone does not provide sufficient in-
formation on their physiological and pharmacological properties.
Cloning and stable expression in cell lines of the PK/PBAN-Rs may
now pave the way to answering some of the key questions regarding
the bioactivity of this family of Nps. Further research with these
expressed receptors will aim to identify additional conformation as-
pects that are critical to the binding of pban- and capa-gene-derived
peptides to the active site, and their activation, and also to explore
the respective signaling pathways associated with the activation of
the various receptors by different PK/PBAN ligands. Further charac-
terization of these receptors and of their interactions with the various
members of the PK/PBAN family peptides might advance our under-
standing of their multifunctional nature in moths and other insects,
shed light on as yet unknown important processes mediated by the
family and help in exploring novel high-affinity receptor-specific an-
tagonists that might serve as a basis for the development of new fam-
ilies of insect-control agents.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbagen.2013.06.041.
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