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The two sibling species Helicoverpa armigera and Helicoverpa assulta utilise the same two aldehydes as
their sex pheromones, but in opposite ratios. In both species three odorant-binding proteins (OBPs) can
be classiﬁed as pheromone-binding proteins (PBPs). To investigate the role of these three PBPs in
chemical communication between sexes and their mode of action, we have expressed the proteins in
bacteria and prepared mutants lacking their C-terminal regions. Using polyclonal antibodies we found
that the expression of the three PBPs is basically conﬁned to the antennae of both sexes and both species.
Binding experiments with the ﬂuorescent probe N-phenyl-1-naphthylamine across a pH range indicated
that, the afﬁnity of wild-type proteins decreases at low pH, while that of the mutants is not or less
affected, suggesting that a conformational change of the C-terminus occurs in these proteins, as reported
for other lepidopteran OBPs. All three proteins bind with similar strength both pheromone components,
as well as their corresponding alcohols and acetates. However, they exhibit signiﬁcant selectivity to
linear alcohols and aldehydes of different length, with optimal afﬁnities to the ligand of 13e15 carbon
atoms for PBP1 and 12e14 carbon atoms for PBP2. We suggest that all three PBPs might cooperate to
build a unique olfactory image, that could help avoiding cross-mating between the two species and with
other noctuids.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Pheromone-binding proteins (PBPs) represent a sub-class of
insect odorant-binding proteins (OBPs), speciﬁcally dedicated to
detection of sex pheromones (Pelosi et al., 2006; Vogt, 2005). PBPs
of Lepidoptera can be easily recognised on the basis of their
sequences, representing a rather homogeneous group of proteins
well conserved across species. Their structural similarity has been
related to the similarity of sex pheromones of Lepidoptera, that,
apart from very few exceptions, are all constituted of straight chains
of 12e20 carbon atoms with a single functional group at one end of
the molecule, an alcohol, an aldehyde or an acetate (Pelosi and
Maida, 1995; Vogt, 2005).
PBPs of Lepidoptera have been described in a great number of
species, since the ﬁrst member of this class was identiﬁed in the
giant moth Antheraea polyphemus (Vogt and Riddiford, 1981). The
three-dimensional structures of four lepidopteran PBPs have been
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solved both in their crystal forms and in solution (Sandler et al.,
2000; Tegoni et al., 2004; Xu et al., 2010; Zhou et al., 2009;
Zubkov et al., 2005).
These lepidopteran proteins undergo a major conformational
change at low pH values (Damberger et al., 2000, 2007; Horst et al.,
2001; Zubkov et al., 2005) with the carboxy terminal, that contains
some acid residues, folding into an additional a-helix and entering
the ligand-binding cavity. This phenomenon, proposed as an active
mechanism to expel the pheromone in the proximity of the
membrane-bound olfactory receptors, has been criticised on the
ground that the pH drop occurring near the membrane is limited to
a layer too thin to be experienced by the protein (Gong et al., 2009).
In another insect species, Drosophila melanogaster, a different
mechanism has been proposed for the action of LUSH, one of the
OBPs, that binds the male pheromone vaccenyl acetate. The protein,
that has been shown to be required for the perception of the
pheromone (Xu et al., 2005), undergoes a conformational change
upon binding its ligand and, as such, is recognised by the receptor.
Support to this model has been provided by the observation that
a mutant of the protein, mimicking the structure of the complex, is
able to activate the olfactory receptor even in the absence of the
pheromone (Laughlin et al., 2008).
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Other studies, performed with Drosophila and aphids (Matsuo
et al., 2007; Swarup et al., 2011; Sun et al., 2012a) have shown
that OBPs are involved in detecting and recognising pheromones
and environmental odours, while in Bombyx mori the presence of
PBP improves the speciﬁcity of response to the pheromone and
increases the corresponding sensitivity by orders of magnitude
(Grosse-Wilde et al., 2006).
Being small stable proteins, OBPs are easy to study and manipulate and given the large and detailed structural information
available, these proteins represent interesting tools for understanding chemical communication in insects, as well as useful
targets for devising new strategies aimed at insect population
control. Two sibling species, Helicoverpa armigera and Helicoverpa
assulta utilise the same two components of their pheromonal
blends, Z-11-hexadecenal and Z-9-hexadecenal, but in ratios of
100:2 and 6:100, respectively (Wang et al., 2005). Three PBPs, on
the other hand, have been reported for these species (Wang et al.,
2004; Zhang et al., 2011), but their speciﬁcity in assigning precise
roles in sex pheromone detection is still unclear.
Here we have characterised the three PBPs in both Helicoverpa
species and performed binding experiments with pheromone
components and analogues, in order to understand how these
proteins could contribute to the recognition of the correct partner
and help segregation of these species.
2. Materials and methods
2.1. Insects
H. armigera and H. assulta were collected as larvae from
Zhengzhou, Henan province of China. The larvae were reared in the
laboratory on artiﬁcial diet, the main components of which were
wheat germ, yeast and tomato paste for H. armigera, wheat germ,
yeast and chilli for H. assulta. Rearing took place at a temperature of
27  1  C with a photoperiod of 16 h:8 h, L:D. Pupae were sexed and
males and females were put into separate cages for eclosion. When
eclosed, adults were given 10% honey solution.
2.2. Reagents
All enzymes were from New England Biolabs. Oligonucleotides
were custom synthesised at Augct Biotechnology, Beijing, China.
The two main pheromone components, (Z)-11-hexadecenal (Z1116:Ald) and (Z)-9-hexadecenal (Z9-16:Ald), and the other four
structurally similar compounds, (Z)-11-hexadecenol (Z11-16:OH),
(Z)-9-hexadecenol (Z9-16:OH), (Z)-11-hexadecenyl acetate (Z1116:OAc) and (Z)-9-hexadecenyl acetate (Z9-16:OAc) were
purchased from Shin-Etsu Chemical (Tokyo, Japan). All other
chemicals were purchased from SigmaeAldrich and were of
reagent grade, except some of the compounds used in binding
assays, which were prepared along with conventional synthetic
routes.
2.3. RNA extraction and cDNA synthesis
Total RNA was extracted from TRIÒ Reagent (Invitrogen),
following the manufacturer’s protocol. cDNA was prepared from
total RNA by reverse transcription, using 200 units of Quant Reverse
Transcriptase (TianGen, Beijing, China) and 0.5 mg of an oligo-dT
primer in a 50 ml total volume. The mixture also contained
0.5 mM of each dNTP, 75 mM KCl, 3 mM MgCl2, 10 mM DTT and
0.1 mg/ml BSA in 50 mM TriseHCl, pH 8.3. The reaction mixture
was incubated at 37  C for 60 min and the product was directly used
for PCR ampliﬁcation or stored at 20  C.

709

2.4. Polymerase chain reaction
Aliquots of 1 mL of crude cDNA were ampliﬁed in a GeneAmpÒ
PCR system 9700 (Gene Company Limited, Hong Kong, China),
using 2.5 units of Thermus aquaticus DNA polymerase (TaKaRa),
1 mM of each dNTP (TaKaRa), 1 mM of each PCR primer, 50 mM KCl,
2.5 mM MgCl2 and 0.1 mg/ml BSA in 10 mM TriseHCl, pH 8.3,
containing 0.1% v/v Triton X-100. For the recombinant PBPs, at the
50 end we used a speciﬁc primer encoding the ﬁrst six amino acids
of the mature protein, preceded by an Nde I restriction site. At the 30
end, the primer contained the sequence encoding the last six amino
acids, followed by a stop codon and an Eco RI restriction site. After
a ﬁrst denaturation step at 95  C for 5 min, we performed 35
ampliﬁcation cycles (1 min at 95  C, 30 s at 50  C, 1 min at 72  C)
followed by a ﬁnal step of 10 min at 72  C. In all experiments we
obtained ampliﬁcation products of 350e500 bp, in agreement with
the expected sizes.

2.5. Cloning and sequencing
The crude PCR products were ligated into a pGEM-T (Promega)
vector after the puriﬁcation by QIAquick PCR Puriﬁcation Kit (Qiagen, Hilden, Germany), using a 1:5 (plasmid:insert) molar ratio and
incubating the mixture overnight, at 4  C. After transformation of
E. coli Top10 competent cells with the ligation products, positive
colonies were selected by PCR using the plasmid’s primers SP6 and
T7, grown in LB/ampicillin medium and custom sequenced at
SinoGenoMax Co., Ltd, Beijing, China.

2.6. Cloning in expression vectors
pGEM-T plasmid containing the sequence encoding the mature
protein, ﬂanked by the two restriction sites, was digested with Nde
I and Eco RI restriction enzymes for 2 h at 37  C and the digestion
product was separated on agarose gel. The obtained fragments was
puriﬁed from gel using TaKaRa MiniBest Agarose Gel DNA Extraction Kit Ver. 3.0 (TaKaRa) and ligated into the expression vector
pET28b or pET30b (Novagen, Darmstadt, Germany), previously
linearized with the same enzymes. The resulting plasmid was
sequenced and shown to encode the mature protein.

2.7. Preparation of the proteins
For expression of the recombinant PBPs, pET-28b or pET-30b
vectors containing the sequences encoding the mature proteins
were used to transform BL21 E. coli cells. Protein expression was
induced by addition of IPTG to a ﬁnal concentration of 0.4 mM
when the culture had reached a value of OD600 ¼ 0.8. Cells were
grown for further 2 h at 37  C, then harvested by centrifugation and
sonicated. The above procedure was successful for the expression of
HassPBP1, HassPBP3 and their mutants, also for three PBPs of
H. armigera, while for HassPBP2 the protein was only obtained
when using the pET-30b modiﬁed with a synthetic gene, encoding
the amino acid sequence of HassPBP2, but whose nucleotide
sequence had been optimised for expression in E. coli. After
centrifugation, all our proteins were present as inclusion bodies. To
solubilise them, the pellet from 1 L of culture was dissolved in
10 mL of 8 M urea, 1 mM DTT in 50 mM Tris buffer, pH 7.4, then
diluted to 100 mL with Tris buffer and dialysed three times against
Tris buffer. Puriﬁcation of the protein was accomplished by
combinations of chromatographic steps on anion exchange resins,
such as DE-52 (Whatman) and QFF, along with standard protocols
previously adopted for other odorant-binding proteins.
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Fig. 1. Amino acid sequences of the three PBPs of H. armigera and H. assulta and three-dimensional models of H. assulta PBPs. Differences between orthologous proteins in the two
species are limited to only few amino acid substitutions, all occurring outside the binding cavities. C-terminal regions that have been deleted in the mutants are underlined. PBP1 is
shown with its C-terminus unstructured, as it was built on the structure of PBP of B. mori at neutral pH, while PBP2 and PBP3 have been built on the conformation of B. mori PBP at
acidic pH and show their C-terminal segment in a-helical conformation entering the binding pockets.

2.8. Synthesis of mutants
The truncated forms of the three PBPs were obtained by
inserting a stop codon after Pro131. The pET-30b plasmid containing the target sequence was ampliﬁed using T7 as the
forward primer and an oligonucleotide encoding amino acids
129e134, where the codon for residue 132 had been replaced by
a stop codon as the reverse primer. Conditions were as follows:
initial denaturation at 95  C for 5 min, followed by 9 cycles of
95  C for 30 s, 50  C for 1 min and 68  C for 1 min, followed by 9
cycles of 95  C for 30 s and 68  C for 6 min, at last with the ﬁnal
extension at 68  C for 16 min. The crude PCR product was
digested with DpnI (New England Biolabs, Beijing, China) for 3 h
at 37  C and used to transform E. coli cells. Expression and
puriﬁcation was performed as described for the wild-type
proteins.

procedure of Kyhse-Andersen (1984). After treatment with 2%
powdered skimmed milk/Tris overnight, the membrane was incubated with the crude antiserum against the protein at a dilution of
1:500 (4 h), then with goat anti-(rabbit IgG) horseradish peroxidase
conjugate (dilution 1:1000; 2 h). Immunoreacting bands were
detected by treatment with 4-chloro-1-naphthol and hydrogen
peroxide.

2.11. Fluorescence measurements
Emission ﬂuorescence spectra were recorded on a Hitachi F4500 at 25  C in a right angle conﬁguration, with a 1 cm light path
quartz cuvette and 5 nm slits for both excitation and emission. The
protein was dissolved in 50 mM TriseHCl buffer, pH 7.4, while
ligands were added as 1 mM methanol solutions.

2.9. Preparation of the antisera

2.12. Fluorescence binding assays

Antisera against HassPBPs were obtained by injecting rabbits
subcutaneously and intramuscularly with 300 mg of recombinant
protein, followed by three additional injections of 150 mg after 10
days each time. The protein was emulsiﬁed with an equal volume
of Freund’s complete adjuvant for the ﬁrst injection and incomplete adjuvant for further injections. The rabbit was bled one
week after the last injection and the serum was used without
further puriﬁcation. The rabbit was housed in a large cage, at
constant temperature, and all operations were performed
according to ethical guidelines to minimize pain and discomfort to
the animal.

To measure the afﬁnity of the ﬂuorescent ligand 1-NPN to
HassPBPs, HarmPBPs and the mutants of HassPBPs, a 2 mM
solution of the protein in 50 mM TriseHCl, pH 7.4, was titrated
with aliquots of 1 mM ligand in methanol to ﬁnal concentrations
of 2e20 mM. The probe was excited at 337 nm and emission
spectra were recorded between 380 and 450 nm. The afﬁnity of
other ligands was measured in competitive binding assays,
where a solution of the protein and 1-NPN, both at the concentration of 2 mM was titrated with 1 mM methanol solutions of
each competitor over concentration ranges of 0.5e6 mM. Dissociation constant for 1-NPN and the stoichiometry of binding was
obtained processing the data with Prism software. Dissociation
constants of the competitors were calculated from the corresponding IC50 values (concentrations of ligands halving the initial
ﬂuorescence value of 1-NPN), using the equation: KD ¼ [IC50]/
1 þ [1-NPN]/K1-NPN, [1-NPN] being the free concentration of 1NPN and K1-NPN being the dissociation constant of the complex
protein/1-NPN.

2.10. Western blot analysis
After electrophoretic separation under denaturing conditions
(14% SDS-PAGE), duplicate gels were stained with 0.1% Coomassie
blue R250 in 10% acetic acid, 20% ethanol or electroblotted on
Trans-Blot nitrocellulose membrane (Millipore, Ireland) by the
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2.13. Molecular modelling
Three-dimensional models of the three HassPBPs were generated using the on-line programme SWISS MODEL (Arnold et al.,
2006; Guex and Peitsch, 1997; Schwede et al., 2003). HassPBP1
was modelled using the structure of BmorPBP in the open conformation, and HassPBP2 and HassPBP3 were modelled on the
BmorPBP in the closed conformation (at pH 4) (Lautenschlager
et al., 2005; Sandler et al., 2000). Models were displayed using
the SwissPdb Viewer programme “Deep-View” (Guex and Peitsch,
1997).
(http://www.expasy.org/spdbv/).
3. Results
3.1. Bacterial expression and puriﬁcation of recombinant PBPs
To understand the speciﬁc roles of the three PBPs in detecting
the two components of the pheromone, we have prepared the three
PBPs of both H. armigera and H. assulta in order to map their
expression in Western blot experiments and measure their afﬁnities to the pheromone components and other volatiles in ligandbinding assays. Although the differences in the sequences of PBPs
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between the two species are limited to few amino acid substitutions (5 for PBP1, 10 for PBP2 and 2 for PBP3), all located outside
their binding pockets (Fig. 1), we have chosen to express and test
the proteins in both species, because even residues not directly
involved in ligand-binding (as predicted by models) could nevertheless affect the folding of the proteins and consequently also its
binding properties.
We have also expressed truncated mutants for each of the three
PBPs, lacking their last 13 residues. The C-terminus, in fact, has been
shown in other lepidopteran species to fold into a seventh a-helix
at low pH and enter the binding pocket. In this phase of the work,
however, we have limited our experiments to the PBPs of H. assulta,
based on the very similar binding afﬁnities and speciﬁcities of the
three proteins towards pheromones and analogues when
comparing the two species. Moreover, in each of the three PBPs the
C-terminal region is nearly identical in the sequences of the two
species (speciﬁcally it contains an E/D substitution in PBP1, a I/V
substitution in PBP2 and none in PBP3).
Fig. 2 reports, as an example, the expression and puriﬁcation of
HassPBP1. In particular HassPBP1 and HassPBP3 (and their
mutants) were produced with a His-tag at their amino terminus,
while HassPBP2 (and its mutant), as well all three PBPs of
H. armigera did not contain any modiﬁcation with respect to the
mature protein, except for the initial methionine. His-tag was
removed from the puriﬁed HassPBP1 and HassPBP3 by digestion
with thrombin (Fig. 2). The expression of all PBPs did not present
any problem, except for HassPBP2 that could not be expressed from
the native gene, using all combinations of vectors (pET-5b, pET-30b
and pET-28b) and host cells (E. coli DE3, Rosetta, Origami and Star).
However, the use of a synthetic gene with the codons optimised for
prokaryotic expression proved successful and we were able to
obtain HassPBP2 in good yields, around 20 mg/L of culture, as with
the other PBPs. All the recombinant proteins were expressed as
insoluble inclusion bodies and had to be denatured and refolded in
order to obtain them in their soluble forms. This treatment does not
affect the structure of insect OBPs, as previously demonstrated (Ban
et al., 2003; Kruse et al., 2003; Prestwich, 1993). The proteins were
then puriﬁed using conventional chromatographic techniques, as
previously described for other insect OBPs (Ban et al., 2003;
Calvello et al., 2003).
3.2. Tissue expression

Fig. 2. Bacterial expression and puriﬁcation of HassPBP1. The protein was obtained in
high yields (about 20 mg/L of culture) as insoluble inclusion bodies (panel A: markers,
crude bacterial pellet before (Pre) and after (Ind) induction) and had to be denatured
and renatured in order to be solubilised. Puriﬁcation was accomplished by two chromatographic steps on anion-exchange resin DE-52 (Whatman). Panel B shows
consecutive fractions of the second puriﬁcation step. Panel C shows SDS-PAGE analysis
of samples of puriﬁed protein treated with thrombin for different times in order to
remove the His-tag and obtain the mature protein (lower band). Molecular weight
markers (M) are: Bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic
anhydrase (29 kDa), trypsin inhibitor (20 kDa) and a-lactalbumin (14 kDa). Similar
results were obtained with HassPBP1 and HassPBP3, as well as with their mutant,
except that HassPBP2 and its mutant, as well as three PBPs of H. armigera were
prepared without His-tag.

Polyclonal antibodies were raised against the three puriﬁed
wild-type proteins of H. assulta and used to map the expression of
the PBPs in different parts of the body of both species. Given the
high similarity between the orthologous proteins in the two
species, cross-reactivity of the antisera with the proteins of
H. armigera did not represent a problem. Western blot experiments
reported in Fig. 3 clearly indicate that all three proteins are mainly
expressed in antennae of both sexes and both species. In particular,
we found PBP1 and PBP2 consistently more abundant in males,
while we could not observe any signiﬁcant difference between
sexes for PBP3. Moreover, PBP1 is also expressed in female pheromone glands of both species, while PBP3 is also present in wings,
where immunostaining was associated not only with bands at the
expected molecular weight, but also with proteins of higher size.
Such results clearly support a role in pheromone detection for PBP1
and PBP2 and tentatively also for PBP3. Moreover, while the function of PBP3 in the wings needs further investigation, we can
reasonably hypothesise that the PBP1 present in pheromone glands
could well act as pheromone solubiliser and releaser. This view is
supported by several studies reporting abundant presence of OBPs,
as well as CSPs in pheromone glands and reproductive organs of
insects and suggesting pheromone carrier roles (Dani et al., 2011;
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Fig. 3. SDS-PAGE and Western blot of extracts from parts of the body of adults H. armigera and H. assulta. Upper panel: SDS-PAGE; lower three panels: Western blot. (A); antennae,
(P): proboscis, (L): legs, (W): wings of males (m) and females (f), (G): pheromone glands. All three proteins are mainly expressed in antennae of both sexes and both species. In
particular, PBP1 and PBP2 are consistently more abundant in males, while the expression of PBP3 does not show any signiﬁcant difference between sexes. Moreover, PBP1 is also
expressed in female pheromone glands of both species, while high molecular weight bands in the wings samples cross-react with the PBP3 antiserum. Molecular weight markers
(M) are as in Fig. 2.

Iovinella et al., 2011; Jacquin-Joly et al., 2001; Li et al., 2008; Sirot
et al., 2008; Sun et al., 2012b).
3.3. Ligand-binding of pheromones and analogues
To study the binding properties of the three PBPs, we ﬁrst
measured their afﬁnities to the ﬂuorescent probe 1-NPN currently
used with insect OBPs (Ban et al., 2002, 2003). All six proteins bind
1-NPN with dissociation constants in the micromolar range (Fig. 4
and Table 1).
Next, we measured the afﬁnities of the three PBPs of both species
to the two aldehyde components of the pheromones, as well as to
their corresponding alcohols and acetates. All six proteins exhibit
good afﬁnities to all tested ligands (Fig. 5). However, some minor, but
signiﬁcant differences have been observed: while PBP1 binds equally
all six compounds, for PBP2 the best ligands are the alcohols, while
PBP3 prefers the acetates. These behaviours have been found to be
very similar in the PBPs of both species. The minor differences
observed, although analytically signiﬁcant, are not likely to be

physiologically relevant. In fact, recent reports have clearly indicated
that OBPs undergo speciﬁc conformational changes upon binding
their ligands and that only in some cases such changes could enable
the protein to interact with the olfactory receptor and eventually
generate a physiological response (Laughlin et al., 2008). Therefore,
a good ligand does not necessarily imply that the compound is
a strong odorant. On the contrary, a strong ligand, that however does
not induce the appropriate conformational change, could block the
binding site, thus acting as an antagonist by preventing the activation
of the protein by a proper agonist. Therefore we should not necessarily
expect that the strongest physiological effectors should also prove to
be the best ligands. On the other hand, it is true that a strong ligand
will certainly have a physiological consequence, either generating
a signal or acting as an inhibitor.
3.4. Speciﬁcity of PBPs
To evaluate how the afﬁnity of the PBPs is affected by ligand size
and functional group, we have measured the dissociations
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Fig. 4. Binding of 1-NPN to the three PBPs. 2 mM solution of the protein in Tris was titrated with 1 mM solution of 1-NPN in methanol to ﬁnal concentrations of 2e20 mM. The data,
averages of three replicates, were analysed using Prism software and indicated the presence of a single binding site. Dissociation constants of the three PBPs of both H. assulta and
H. armigera are reported in Table 1. Bars indicate standard errors.

constants of complexes between homologous series of linear
saturated aldehydes and alcohols and the three proteins of
H. assulta. Given the high similarities of binding observed between
the PBPs of the two species, we did not think necessary to repeat
the experiments with the PBPs of H. armigera. Fig. 6 reports the
competition curves relative to HassPBP1 and the dissociation
constants for both proteins, plotted as function of the number of
carbon atoms. All the values of dissociation constants measured are
listed in Table 1. We can clearly observe a strong dependence of the
binding upon size of the ligand, with best afﬁnities measured with
both alcohols and aldehydes of 13e15 carbon atoms for PBP1 and
12e14 carbon atoms for PBP2. This is in agreement with the 16
carbon natural ligands, considering that both pheromones present
a cis double bond that forces the structures into a bent conformation, thus reducing the actual length of the molecules.
3.5. Inﬂuence of pH on ligand-binding
The afﬁnity of lepidopteran OBPs is affected by pH and this
behaviour has suggested a model for releasing the pheromone
onto the receptor (Damberger et al., 2000; Horst et al., 2001), we
decided to investigate this aspect in our system. As the binding

activities are quite similar between the proteins of the two
species, and the sequences of their C-terminal segments are
almost identical, we have limited this investigation to the PBPs
of H. assulta and 1-NPN. Fig. S1 shows that, to different extents,
the three proteins exhibit reduced binding activity at low pH,
while their mutants, lacking the C-terminal segments, are less
affected, in general agreement with the data published for other
lepidopteran OBPs.
4. Discussion
The main question addressed by this work was how the sex
pheromone blend is recognised in the two sibling species
H. armigera and H. assulta with particular reference to the role of
the three pheromone-binding proteins, whose amino acid
sequences are very similar between the two species. First, we
demonstrated through Western blot experiments, that all three
PBPs are expressed, at the protein level, in relatively high quantities
and almost exclusively in the antennae, suggesting that each of
them is likely to play a role in pheromone detection.
It is reported that the two species share the same pheromone
components (Z11-16:Ald and Z9-16:Ald) but in opposite ratios (about

Table 1
Binding of 1-NPN and different ligands to H. armigera and H. assulta PBPs. Dissociation constants (mM) are averages of three replicates. For experiments with 1-NPN standard
deviations are reported in parentheses.
Ligand

Dissociation constant  SD (mM)
H. armigera

N-Phenyl-1-naphthylamine (1-NPN)
(Z)-11-Hexadecenal
(Z)-9-Hexadecenal
(Z)-11-Hexadecen-1-ol
(Z)-9-Hexadecen-1-ol
(Z)-11-Hexadecenyl acetate
(Z)-9-Hexadecenyl acetate
Octanal
Nonanal
Decanal
Undecanal
Dodecanal
Tridecanal
Tetradecanal
Hexadecanal
1-Decanol
1-Dodecanol
1-Tridecanol
1-Tetradecanol
1-Pentadecanol
1-Hexadecanol
1-Octadecanol
a

Extrapolated values.

H. assulta

PBP1

PBP2

PBP3

PBP1

PBP2

PBP3

1.70
1.02
0.90
0.90
0.97
2.28
2.14

7.60
1.05
0.65
0.65
0.69
1.85
2.42

7.00
5.20
4.00
1.60
1.68
1.44
1.60

5.15
0.71
0.98
0.68
0.68
1.50
1.50
7.52
5.26
6.02
2.63
1.50
1.43
0.75
0.98
6.77
1.58
0.75
0.90
1.47
2.03
7.52

5.67 (0.82)
1.50 (0.04)
1.20 (0.13)
0.56 (0.15)
0.76 (0.07)
>20
>20
10.37
10.37
5.93
4.44
2.96
0.59
1.85
2.96
4.81
0.74
0.93
1.11
1.41
7.41
14.81

4.69
4.10
2.20
1.80
1.90
0.82
0.64
>20
>20
>20
>20
>20
>20
>20
>20
9.6a
6.0a
7.2a
>20
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Fig. 5. Afﬁnities of HassPBPs and HarmPBPs to pheromone components and their analogues. Solutions of 2 mM proteins and 2 mM 1-NPN were titrated with 1 mM solutions of each
ligand in methanol to ﬁnal concentrations of 0.5e6 mM. The ﬁgure reports the average data of three replicates, performed with different batches of protein. Error bars are reported
for a single curve and were found to be similar for all the experiments. In both species, PBP2 shows preference for alcohols and PBP3 for acetates, while no major effect of the
functional group is evident with PBP1.

Fig. 6. Afﬁnities of HassPBP1 and HassPBP2 to series of linear saturated aldehydes and primary alcohols. Solutions of 2 mM proteins and 2 mM 1-NPN were titrated with 1 mM
solution of each ligand in methanol to ﬁnal concentrations of 0.5e6 mM. The ﬁgure reports the average data of three replicates performed with different batches of protein. Numbers
next to the competition curves indicate number of carbon atoms of the linear alcohols and aldehydes utilised. The two panels on the right report the dissociation constants as
function of chain length. The best afﬁnities were measured with both alcohols and aldehydes of 13e15 carbon atoms for PBP1 and 12e14 carbon atoms for PBP2. Afﬁnities of the
same compounds to HassPBP3 were much lower and in most cases did not allow calculation of the relative dissociation constants. Values of dissociation constants are reported in
Table 1.
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100:2 for H. armigera and 6:100 for H. assulta). However, the female
pheromone gland of H. assulta contains a third component, Z916:OAc, accounting for about 11e65% of the ternary mixture that is
not strictly necessary for attraction, but enhances the lure of the twocomponent blend (Cork et al.,1992; Liu et al.,1994; Wang et al., 2005).
In this view, the three PBPs of H. assulta could be tuned to detect the
three pheromone components, the ﬁrst two to the aldehydes, the
third to the acetate. In H. armigera, instead, whose pheromone
contains only the two aldehyde components, PBP3 could also be used
to detect Z9-16:OAc, but in this case it would produce a warning that
the signal is coming from another species, such as H. assulta or other
noctuids producing acetates as components of their pheromone
mixture. In this respect, we indeed observed a consistent better
afﬁnity of PBP3 for acetates in both species. On the other hand, PBP2 is
better tuned to the corresponding alcohols, while PBP1 does not
show signiﬁcant binding differences between the aldehydes, alcohols and acetates. All three proteins do not seem able to discriminate
between the two aldehyde components. On the basis of such observation, therefore, we cannot assign speciﬁc roles to each of the three
proteins, but we can suggest that all three OBPs, in cooperation with
their associated olfactory receptors, contribute to building a unique
olfactory image in the brain, used by the moth to discriminate
between the two sibling species as well as to avoid encounters with
other noctuids using pheromones of similar structures. While the
present manuscript was under review, a similar work has been
published on the afﬁnity of the three PBPs of H. armigera, reporting
data in agreement with ours (Zhang et al., 2012).
Cooperation between OBPs and pheromones has been proposed
in several models and at least in one case evidence has been
provided for a direct interaction between the two proteins. The ﬁrst
model (Vogt et al., 1985), that so far has not been disproved by
experimental data, suggests a carrier role for OBPs, that would help
solubilising the hydrophobic molecules of pheromones and ferrying
them to the olfactory membrane across the aqueous sensillar lymph.
A more complex mathematical model was built more recently by
Kaissling (2009), taking into account the different proteins involved
in insect olfaction at the peripheral level. Although the model does
not provide a picture of the events occurring in the sensillar lymph, it
has the merit of being ﬂexible and susceptible of being updated as
new information is provided by the experimental research.
In conclusion, a clear view of how pheromones and odorants
produce olfactory signals is still not clear, but certainly OBPs and
receptors are both required for a correct functioning of the olfactory
system, together with another protein, SNMP (sensory neuron
membrane protein), (Benton et al., 2007; Jin et al., 2008; Vogt et al.,
2009) that might help destabilising the complex OBP/pheromone,
but whose role is still unclear.
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