
Abstract. Our understanding of the biochemical mecha-
nisms that mediate chemoreception in insects has been 
greatly improved after the discovery of olfactory and 
taste receptor proteins. However, the presence of soluble 
polypeptides in high concentration around the dendrites 
of sensory neurons still poses unanswered questions. 
More than 2 decades after their discovery and despite 
the wealth of structural information available, the physi-
ological function of odorant-binding proteins is not well 

understood. More recently, members of a second family 
of soluble polypeptides, the chemosensory proteins, were 
also discovered in the lymph of chemosensilla. Here we 
review the structural properties of both classes of soluble 
proteins, their affinity to small ligands, and their expres-
sion in the different parts of the insect body and subcel-
lular localisation. Finally, we discuss current ideas and 
models of the role of such proteins in insect chemorecep-
tion.
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Introduction

The study of olfaction has experienced an explosion of 
interest in recent times, turning the scattered observa-
tions of isolated chemists and perfumers into one of the 
most active fields of biochemistry and molecular biol-
ogy. Odorant-binding proteins (OBPs), discovered at the 
beginning of the eighties in insects [1] and vertebrates 
[2, 3], represented the first products of biochemical in-
vestigation in this field. But it was the identification of 
olfactory receptors in vertebrates [4] 10 years later that 
gave the main impulse, providing defined targets for bio-
chemical and physiological research. Olfactory receptors 
were soon after reported in nematodes [5], but it was 
not until the genome of the fruit fly was made available 
that olfactory receptors in insects were identified [6, 7]. 

These transmembrane olfactory receptors are believed 
to be responsible for recognising molecular structures 
of volatile molecules and starting the signal transduction 
cascade eventually leading to the electric signals that are 
processed and interpreted by the brain as olfactory and 
gustatory perceptions. This view is supported by recent 
experiments that have clearly and elegantly shown how 
olfactory receptor proteins, when expressed in heter-
ologous systems, even in the absence of OBPs, can be 
activated by semiochemicals, starting the same chain of 
biochemical events observed in the natural host. Such re-
sults have been obtained with both vertebrate and insect 
olfactory receptors [8–11].
However, the high concentration of OBPs around the 
dendrites of olfactory neurons – the nasal mucus in ver-
tebrates and the sensillar lymph in insects – poses un-
answered questions about their physiological function, 
despite the large amount of structural information ac-
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cumulated in more than 2 decades of research on these 
proteins [12–22].
OBPs of vertebrates belong to the large superfamily 
of carrier proteins called lipocalins [23]. They gener-
ally consist of chains of about 150 amino acids, and are 
mainly structured in β-sheet domains and folded in the 
typical β-barrel structure. In native conditions, they are 
usually present as homodimers. Each subunit presents a 
binding pocket located inside the barrel that can accom-
modate ligands of medium size (10–20 carbon atoms) 
and hydrophobic nature. In insects, two different classes 
of polypeptides have been identified in the lymph of che-
mosensilla, OBPs and chemosensory proteins (CSPs). 
They both share with vertebrates OBPs a small size, a 
generally low isoelectric point, binding affinity to small 
ligands and very high concentrations in the proximity of 
chemosensory neurons. However, amino acid sequences 
and three-dimensional structures are completely different 
among lipocalins, insect OBPs and CSPs. A great amount 
of structural information has been accumulated on OBPs 
and CSPs in the attempt to elucidate their function, but 
physiological studies have so far been scarce and failed to 
provide convincing models for their action.
Certainly, as mentioned above, olfactory receptor proteins 
expressed in selected cell lines have been shown to respond 
to odorant stimuli in the absence of these soluble proteins. 
However, their responses are too slow (several seconds) 
compared with the fast behavioural reaction (milliseconds) 
of insects to olfactory stimuli. Moreover, the high amounts 
of energy used by the animal in the synthesis of these solu-
ble polypeptides and the wide variety of types expressed in 
each species are clear indicators that OBPs as well as CSPs 
may perform important roles in insects.
Excellent reviews have recently been published on struc-
tural aspects of insect OBPs and CSPs, particularly on 
sequence analysis [20–22], three-dimensional folding 
[24] and phylogenetic aspects [17]. Therefore, this re-
view, after briefly summarising the available structural 
information, will focus on binding data and differential 
expression of OBPs and CSPs, before discussing the cur-
rent ideas on their mode of action in chemoreception.

Structural aspects

Odorant binding proteins
The first OBP of insects was discovered at the beginning 
of the eighties in the giant moth Antheraea polyphemus 
[1], using the tritium-labelled specific pheromone (E,Z)-
6,11-hexadecadienyl acetate as a probe. This protein, 
named pheromone-binding protein (PBP), is 142 amino 
acids long with an isoelectric point of 4.7 [25]. A great 
number of proteins similar in their amino acid sequences 
to the PBP were later identified in many lepidopteran 
species (Lymantria dispar [26], Manduca sexta [27], 

Bombyx mori [28, 29]) and several others, reported in 
[20–22] and subdivided, on the basis of their amino acid 
sequences, into four classes: PBPs, two ‘general odor-
ant-binding proteins’ (GOBP1 and GOBP2) [30–32] and 
‘antennal binding protein X’ (ABPX) [29]. All of them 
are referred to as OBPs.
In the last few years, OBPs have been isolated and cloned 
from more than 40 insect species, belonging to eight differ-
ent orders. Often what all these proteins have in common 
is little more than a pattern of six cysteines, whose relative 
positions are well conserved across all insect orders. Such 
pattern has become a ‘signature’ for insect OBPs. For some 
of these polypeptides it has been experimentally demon-
strated that the six cysteines are paired in three disulphide 
bridges in an interlocked fashion (1–3, 2–5 and 4–6) [33–
37]. This arrangement confers great stability to the protein 
and seems to represent another conserved feature of OBPs. 
Figure 1 reports some representative examples of insect 
OBPs. The recent availability of several genomes has al-
lowed the identification of all the putative OBP genes, al-
though their involvement in olfaction can be questioned in 
the absence of biochemical data. While lepidopteran OBPs 
represent a group of closely related proteins, they appear 
to be very divergent when compared with those of differ-
ent insect orders. As an example, the OBPs of Drosophila 
share no more than 15% of their residues with those of 
Lepidoptera [38, 39]. In D. melanogaster there are 51 
genes [40–44], 39 encoding classical OBPs with the typi-
cal six-cysteine motif, while the remaining 12 exhibit spe-
cific characteristics in addition to this signature. It is worth 
observing that the 39 classical OBPs represent a family of 
divergent proteins, with the percentage of identical amino 
acids around 10–15%, reduced in some cases to as little as 
4% (corresponding to the sole six-cysteine motif) and in 
only one case reaching the unusual value of 60%. The ge-
nome of Anopheles gambiae also contains a great number 
of genes encoding putative OBPs: 37 classical sequences 
and 35 with additional motifs [44–47]. 
Other OBP-like proteins, both in Drosophila and Anoph-
eles, have more conserved cysteine residues in addition to 
the six of the classical motif and have been named ‘Plus-
C’ OBPs [41, 44]. Independent experimental work dis-
covered and cloned a similar sequence in the cockroach 
Leucophaea maderae [48]. Moreover, searching through 
the expressed sequence tag (EST) sequences deposited in 
the GenBank, we have found members of Plus-C OBPs 
in the moths Manduca sexta and Bombyx mori, thus sug-
gesting that such polypeptides could be present also in 
other insect orders. Finally, a specific group of mosquito 
OBPs were annotated from the genome of A. gambiae 
and named Atypical OBPs [47]. We still do not know how 
the cysteines are connected in these longer polypeptides, 
nor even if such proteins are involved at all in chemical 
communication. In Figure 2 representative examples of 
Pluc-C OBPs are aligned.
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Figure 1. Representative examples of OBPs from different orders of insects. Lepidoptera: Bombyx mori (Bmor); Diptera: Drosophila 
melanogaster (Dmel), Anopheles gambiae (Agam); Hymenoptera: Apis mellifera (Amel), Polistes dominulus (Pdom), Solenopsis invicta 
(Sinv); Coleoptera: Anomala osakana (Aosa), Phylloperta diversa (Pdiv), Popilia japonica (Pjap); Hemiptera: Lygus lineolaris (Llin); 
Orthoptera: Locusta migratoria (Lmig); Dictyoptera: Leucophaea maderae (Lmad). Only sequences of mature proteins are reported. The 
six conserved cysteines are marked with asterisks.

Figure 2. Sequences of OBPs containing four to six cysteines in addition to the six of the conserved motif. Eleven sequences of this class 
have been annotated in the Drosophila genome and are reported as OBPs, followed by a code. The alignment includes also some represen-
tative sequences of A. gambiae (Agam), one identified in the cockroach L. maderae (Lmad) and two partial sequences found in the EST 
database, from the two lepidopteran species Manduca sexta (Msex) and B. mori (Bmor). Conserved cysteines are highlighted.
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Chemosensory proteins
CSPs are another class of small soluble polypeptides in 
insects. Several members of CSPs are highly expressed 
in the lymph of chemosensilla and exhibit binding activ-
ity towards odorants and pheromones. It is worth em-
phasizing, however, that not all the proteins classified 
as CSPs on the basis of their amino acid sequences are 
found in chemoreception organs. Some of them, in fact, 
might be involved in storing and releasing pheromone 
molecules (see later), while at least in one case a protein 
of this class was reported to promote the regeneration of 
legs in the cockroach. Actually, this was the first member 
of CSPs to be isolated [49], but its similarity with CSPs 
was only recognised after its sequence was determined 
[50]. A similar protein, OS-D (or A10), was cloned from 
the antennae of D. melanogaster in two independent 
studies [38, 39]. Later, proteins bearing sequence simi-
larity to OS-D were isolated from the sensory organs of 
some phasmids [51–53] and locusts [54]. The immuno-
cytochemical localisation of these proteins in the lymph 
of chemosensilla suggested that at least some members 
of these soluble proteins could be involved in insect che-
moreception. The general name of chemosensory pro-
teins (CSPs) was proposed for this class of polypeptides 
to include roles in both olfaction and taste [54]. CSPs 
have since been isolated and cloned in several insect spe-
cies, belonging to different orders, such as Lepidoptera 
[55–60], Hymenoptera [37, 61–65], Blattoidea [50, 66, 
67], Orthoptera [54, 68–70] and Hemiptera [71]. CSPs 
are smaller than OBPs, with 100–120 residues and bear 
no sequence similarity to OBPs. They present a motif 
of four conserved cysteines linked by disulphide bridges 
between neighbouring residues [54]. Unlike OBPs, such 
an arrangement does not contribute to the stability of 
the protein, but only results in the presence of two small 
loops, of eight and four residues, respectively, whose 
function is still unknown. In general, CSPs are better 
conserved than OBPs, with often 40–50% of identical 
residues even between species from different orders. 
Interestingly, the conserved residues seem to cluster in 
defined parts of the sequence, while other regions are 
more variable. However, sequence similarity does not 
necessarily imply similar function, leaving open the pos-
sibility that some CSPs, and probably also some OBPs, 
may perform roles not related to chemoreception, as in 
the above-mentioned case of the cockroach p10 involved 
in leg regeneration. Other sequences encoding putative 
CSPs have been obtained from the analysis of the re-
cently completed genomes. The review of Wanner et al. 
[22] represents an updated classification of these pro-
teins with a comparative analysis of 70 genes in different 
insect species.
CSPs are more widely distributed in insect species; they 
have been identified in 10 insect orders. As in the case 
of OBPs, the number of CSPs reported in each species 

is quite variable, although only the availability of the 
complete genome can provide definite information on 
the maximum number that can be expressed in a given 
species. The fragmentary information available in the 
literature has been organised more than once [17, 22], 
but the whole picture is continuously changing with the 
addition of new experimental data. In Diptera, the num-
ber of OBPs is much higher than the number of CSPs 
(51 OBPs vs. 4 CSPs in D. melanogaster, and 57 OBPs 
vs. 7 CSPs in A. gambiae). In Lepidoptera, 10 different 
CSPs have been cloned from tissue samples of Mamestra 
brassicae [59], and the same number of genes is pres-
ent in the genome of B. mori [22, 57]. Five CSP ESTs 
have been found in M. sexta [58], but only one CSP has 
been reported in Cactoblastis cactorum [55]. In locusts, 
at least three subclasses of CSPs can be distinguished, 
each represented by several isoforms, with a total of at 
least 20 different sequences [54, 68–70]. In the genome 
of the honeybee, in contrast, only 6 genes encoding CSPs 
can be identified [22, 62, 64, 72], while in each of the 
hymenopteran Polistes dominulus [37] and Vespa crabro 
[64] a single CSP has been reported. Figure 3 lists the 
amino acid sequences of some representative members 
of this class of proteins.
The patterns of relatedness of peptide sequences of the two 
classes of soluble proteins, OBPs and CSPs, are visualised 
in the cladograms of Figure 4, where all the members of the 
proteins so far annotated in insects are included. We can 
observe a certain degree of segregation of the sequences 
according to the order. However, sequences in some spe-
cies of the same order (e.g. in Hymenoptera), or even in the 
same species (e.g. D. melanogaster and  A. gambiae), can 
be found in different branches of the tree. This indicates 
the existence of several subgroups of OBPs, defined only 
on the basis of sequence similarity. Figure 4a clearly shows 
that lepidoteran OBPs are grouped into three clusters, PBP, 
GOBP and ABPX, with the PBPs further subdivided into 
two clusters (cycled in Fig. 4a). Two OBPs of the fruit fly 
D. melanogaster and the PBP of the cockroach of L. mad-
erae are closely related to Lepidoptera PBPs. In the order 
Hymenoptera OBPs from 18 species of Solenopsis genus 
are clustered together [76], while the other OBPs are scat-
tered in different branches. Another order-specific cluster 
is formed by OBPs from 6 species of Coleoptera. On the 
other hand, the dipteran OBPs are much more divergent. 
We have also identified – and here report for the first time 
– CSP sequences in EST database of the brine shrimp 
Artemia franciscana, a crustacean species and the milli-
pede Julida sp., a myriapodan species. Figure 4b shows 
that the crustacean CSP (AfraCSP1) and the myriapodan 
CSP (JulidaCSP1) are closely related to other CSPs. Both 
sequences fall right among the CSPs of insects, suggest-
ing that these soluble proteins could be present across all 
arthropods, and their origin therefore could be predated be-
fore the divergence of subphyla Crustacea, Uniramia and 
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Myriapoda, much earlier than previously reported from the 
separation of the class Neoptera [22].

Three-dimensional structures
So far the structures of six insect OBPs have been re-
solved. A recent excellent review provides most of the 
information available on such aspects [24]. The PBP of 
B. mori was the first to be studied, both in its crystallised 
form by X-ray diffraction spectroscopy [77] and in solu-
tion using nuclear magnetic resonance (NMR) techniques 
[78, 79].
Figure 5a shows the structure of the B. mori PBP com-
plexed with a molecule of bombykol, the sex pheromone 
for this species. The protein, mainly folded into α-helical 
domains, is very compact due to the presence of three in-
terlocked disulphide bridges. The molecule of bombykol 
is bound in a pocket formed by helices α1, α4, α5 and 
α6. More recently, calculations of the energies involved 
in the formation of the complex have indicated that the 
binding of the pheromone to the protein is due to specific 
forces, not the result of general hydrophobic interactions 
[80]. The compact structure of the PBP seems to require a 
conformational change to accommodate the molecule of 
bombykol inside the binding pocket. However, at pH 6.5 
the structure of the protein appears the same both in the 
presence and in the absence of bombykol. Therefore, any 
conformational change allowing the ligand to enter the 
binding cavity would not be detectable once the complex 
was formed [81]. A major conformational change, on the 

other hand, has been observed when the pH changes from 
6.5 to 4.5. In acidic conditions the C-terminus of the pro-
tein folds into an α-helical domain and enters the bom-
bykol binding site (Fig. 5b), thus assisting the release of 
the pheromone molecule from the cavity. Such behaviour 
is absent in other OBPs, such as the PBP of the cockroach 
L. maderae [82], which lacks the C-terminus common 
to Lepidopteran OBPs, being 19 residues shorter than B. 
mori PBP. Therefore, the formation of a seventh α-helix 
for pushing its ligand out of the binding cavity cannot oc-
cur in this protein. Interestingly, components of the pher-
omonal blend of L. maderae, such as 3-hydroxy-butan-
2-one, which bind the PBP with good affinity, are highly 
hydrophilic, unlike moth pheromones [83]. Therefore, as 
the authors suggest, an active mechanism for releasing 
the ligand would not be needed in this case.
Folding of the PBP of the giant moth A. polyphemus was 
resolved as a complex with the specific pheromone at 
pH 6.3 using NMR spectroscopy [84]. At pH 4 and 5 the 
authors recorded an overall change of the spectrum, ac-
companied by loss of binding. A conformational change, 
similar to that observed for the PBP of B. mori, also seems 
to occur in this protein, as reported by more recent studies 
[85, 86]. At 5.2, in fact, the PBP of A. polyphemus exhib-
its a pH-induced structural change, where the protonation 
of His69, His70 and His95 in the binding pocket causes 
a reorientation of α-helices 1, 3 and 4, thus providing the 
driving force for the release of the pheromone molecule 
from the cavity. At this pH, binding of the pheromone is 
drastically reduced.

Figure 3. Sequences of representative CSPs from different insect species. Conserved residues are highlighed. Lepidoptera: B. mori (Bmor), 
Cactoblastis cactorum (Ccac); Diptera: D. melanogaster (Dmel); Hymenoptera: A. mellifera (Amel), P. dominulus (Pdom); Orthoptera: 
Schistocerca gregaria (Sgre); Dictyoptera: Periplaneta americana (Pame); Phasmatodea: Eurycantha calcarata (Ecal). A CSP-like pro-
tein has been described in a non-insect arthropod, the brine shrimp Artemia franciscana (Afra), suggesting that CSPs might be present all 
across arthropods.



Cell. Mol. Life Sci.  Vol. 63, 2006 Review Article       1663

The structure of LUSH, another OBP identified in Dro-
sophila, shows its C-terminus folded back into the core 
of the protein [87]. Such a conformation is similar to that 
assumed by moth PBPs in acidic conditions, but occurs in 
this protein at neutral pH (Fig. 5c). The authors have crys-
tallised LUSH in the presence of small alcohols that have 
been found to occupy the binding cavity. However, bind-

ing assays in solution have measured good affinity only to 
large aromatic molecules [88]. It has been proposed that 
in order to let such ligands enter the binding cavity, the 
C-terminus of the protein should move out, with a mecha-
nism similar to that described for the B. mori PBP [87].
Like LUSH, the C-terminus of the honeybee’s OBP, 
ASP1, which is shorter than in B. mori PBP but longer 

Figure 4. Cladograms of all OBPs (a) and CSPs (b) of insects, whose sequences have been annotated. For some OBPs and all the CSPs, a 
three-letter code at the end of each line indicates the order, followed by the sequence number. The trees were constructed using the MEGA3 
program with neighbour-joining phylogeny and the p-distances model. The mature amino acid sequences were aligned with ClustalW 8 
[73] with default gap-penalty parameters of gap opening 10 and extension 0.2. The cladograms were then constructed from these multiple 
alignments using MEGA3 software [74]. The final unrooted consensus tree was generated with 1050 bootstrap trials using the neighbour-
joining method [75].
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than in L. maderae PBP, folds back into the protein core 
without forming an α-helix, and partially occupies the 
binding cavity [89].
Finally, one of the OBPs of A. gambiae, the last whose 
structure has been resolved, presents the common motif 
of the six α-helices, but with an additional interesting fea-
ture. The ligand-binding pocket is a sort of tunnel running 
from one end of the protein to the other, thus potentially 
allowing a ligand to pass through the protein. Moreover, 
in the crystal structure this OBP is present as a dimer, 
with the binding pockets of the two units connected to 
make a continuous long tunnel [90].
The structure of a single CSP has been published so far, 
that of M. brassicae A6, resolved both in its crystallized 
form and in solution [91–93]. This protein is folded into 
a very compact and stable structure (Fig. 5d), with more 
than half of the residues involved in six α-helical do-
mains. This folding is different from that of OBPs and 
any other class of proteins. One of the major differences 

with insect OBPs is that the two disulphide bridges pres-
ent in CSPs do not contribute to their stability, connecting 
two adjacent conserved cysteine residues in the sequence. 
Another difference is the shape of the binding site, a sort 
of 14-Å-long channel, which can be further extended by 
rotation of a tyrosine ring. Major conformational changes, 
triggered by ligand binding, have also been observed with 
this CSP. In fact, the protein can swallow three molecules 
of 12-bromododecanol (Fig. 5d), thus increasing its size 
in the process [92]. Such a mechanism is also likely to 
occur with other ligands, and it is unclear whether the 
binding site is made to take more molecules of the same 
ligand with a positive cooperative kinetic, as observed, 
or a single large molecule of about the size of a triglyc-
eride.

Tissue expression and cellular localisation

Another important piece of information towards under-
standing the physiological function of a protein is its ex-
pression both at the tissue and subcellular levels. Gen-
erally, OBPs and several CSPs are present in the lymph 
of chemosensilla, bathing the dendrites of chemosensory 
neurons. Chemosensilla tuned to different classes of se-
miochemicals can be morphologically different, regard-
less of their anatomical localisation. Therefore, although 
antennae are generally regarded as olfactory organs and 
tarsi and mouth as taste organs, it is the type of sensil-
lum where an OBP or a CSP is expressed, rather than the 
organ, that might indicate whether the protein is involved 
in olfaction or taste.
In earlier studies, one of the criteria adopted for the 
identification of OBPs in Lepidoptera was their spe-
cific expression in the antennae. Moreover, those OBPs 
specifically or preferentially produced by one sex were 
initially classified as PBPs, a suggestion later supported 
by ligand-binding experiments and by their selective ex-
pression in sensilla that are electrophysiologically active 
to the specific pheromones [31]. Such an approach was 
also applied to insects of other orders, as in the case of 
the cockroach L. maderae, whose PBP is uniquely ex-
pressed in the antennae of the females. In this species the 
sex pheromone is in fact produced by the males [83]. In 
other cases, proteins classified as OBPs on the basis of 
their sequences could in fact be involved in taste. Thus in 
the fly Phormia regina an OBP, CRLBP, is expressed in 
taste sensilla of palpi and tarsi, but also in wings and an-
tennae [94, 95]. In D. melanogaster and A. gambiae, the 
expression of OBPs in different organs has been moni-
tored using OBP promoter-driven expression of the LacZ 
reporter gene [40], in situ hybridisation [41] and reverse 
transcriptase-polymerase chain reaction (RT-PCR) [44, 
96, 97]. Few members are specifically present in single 
organs, while a relatively large number of OBPs have 

Figure 5. Three-dimensional structures of OBPs and CSP. (a): PBP 
of the silkmoth B. mori at pH 6.5, complexed with a molecule of its 
ligand, the specific pheromone bombykol. The C-terminus, whose 
residues are shown with their side chains, is not structured at this pH 
[77]. (b) the same protein at pH 4.5; the C-terminus is folded into 
an α-helical segment that fits into the bombykol binding pocket, 
chasing out the ligand [78, 79]. (c) structure of D. melanogaster 
LUSH, one of the classical OBPs [87]. In neutral conditions this 
proteins presents its bulky C-terminus (a triptophan and a proline 
residue shown in space-filling mode) folded back into the core of 
the protein. The binding of large aromatic molecules likely involves 
a conformational change, where the C-terminus is folded out, rotat-
ing around the flexible glycine (shown in space-filling mode). (d) 
CSP of M. brassicae: the protein is mainly constituted by α-helical 
domains, like OBPs, but folded in a motif different from that of 
OBPs and unlike any other protein [91]. Three molecules of bro-
mododecanol are shown inside the protein. A major conformational 
change has been observed consequent to the process of ligand bind-
ing [92].
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been detected in different sensory parts, such as anten-
nae, mouth and tarsi, as well as in other parts of the body. 
We cannot exclude that some of these genes, classified as 
OBPs on the basis of their sequences, could encode pro-
teins that are not involved in chemoreception. This might 
be the case for the so-called Gp-9, an OBP expressed in 
the thorax of queens of the red imported fire ant, Solenop-
sis invicta. Its absence produces colonies with more than 
one queen [98]. Rather than being involved in the percep-
tion of the pheromone, as suggested by the authors, this 
protein could be active in the release of the queen phero-
mone, thus inhibiting the fertility of other females.
For CSPs, the relationship between tissue expression and 
function is even less conclusive, as these proteins appear 
to be more widely distributed in the insect’s body, although 
most of them have been isolated from sensory organs. 
Thus, while in the lepidopteran C. cactorum [55] CSP 
is abundant in sensilla of the maxillary palps, in another 
lepidopteran species, M. brassicae, proteins of the same 
family have been detected in antennae, proboscis, labial 
palps and pheromone glands [59]. In locusts, CSPs have 
been purified from antennae, tarsi and mouth organs, but 
are also expressed in large amounts in the wings [54, 69, 
70]. Another CSP is secreted by the ejaculatory bulb of 
D. melanogaster [99], where again a role in pheromone 
release could be hypothesised. The idea that OBPs and 
CSPs are two sets of functionally different proteins is also 
supported by the observation that in moths the synthesis 
of CSPs starts before the synthesis of OBPs, suggesting 
that the expression of these two classes of proteins is con-
trolled by independent mechanisms [60].
The prevailing idea that OBPs rather than CSPs are the 
proteins of chemoreception was suggested by the ob-
servation that in many species OBPs are antennal spe-
cific, while CSPs are also expressed in other parts of the 
body. However, a few cases have been reported where the 
situation is reversed. In some Hymenoptera, such as the 
argentine ant Linepithema humile [63], the paper wasp 
P. dominulus [37] and the hornet V. crabro [64], CSPs are 
only expressed in the antennae. OBPs, in contrast, at least 
in the last two species, were also isolated from tarsi and 
wings. Such ‘reversed’ expression, however, is not a gen-
eral rule in hymenopterans. In fact, the five OBPs and 
three CSPs of the honeybee A. mellifera revealed a more 
complex expression pattern, as monitored by RT-PCR 
[64]. A complex pattern of expression of some OBPs has 
also been observed in Anopheles [97] and in Drosophila 
[40], where several members are expressed in taste or-
gans, such as the labellum, the pharyngeal labral sense 
organ, dorsal and ventral cibarial organs, as well as taste 
bristles located on the wings and tarsi.
More specific information has been obtained at subcel-
lular level by immunocytochemical localisation of OBPs 
and CSPs within chemosensilla. In several studies, per-
formed by using polyclonal antibodies, OBPs were always 

shown to be highly concentrated in the extracellular sen-
sillum lymph, but never on the neuron dendrites. More-
over, of the three cells – tormogen, trichogen and techogen 
– that are located at the base of the sensillum, only the 
first two were labelled, indicating that synthesis of OBPs 
is restricted to those cells. In Lepidoptera, a simple clas-
sification of OBPs into four subclasses (PBP, GOBP1, 
GOBP2 and ABPX) parallels a relatively simple classifi-
cation of types of chemosensilla. All pheromone-sensitive 
sensilla trichodea express PBPs, while most sensilla basi-
cona, which respond to general odorants, mainly express 
GOBPs [100–103]. This correlation, although being an 
oversimplification of more complex and diversified situ-
ations, represents a general guideline that can be broadly 
applied to Lepidoptera. Studies performed mainly with 
A. polyphemus and B. mori have also indicated that the 
expression of a particular type of OBP is not related to a 
specific morphogical type of sensillum, but rather to the 
classes of semiochemicals (pheromones or general odor-
ants) to which the sensillum responds. Thus, long sensilla 
trichodea that are present on the male and female antennae 
of B. mori respond to different stimuli and express different 
proteins in the two sexes. In the males they are pheromone 
specific and express PBP, whereas in the females they re-
spond to benzoic acid and linalool and express GOBPs 
[101]. Expression of GOBP1 in both basiconic and tri-
choid sensilla was also observed by in situ hybridisation 
in M. sexta [43]. As a general rule, in Lepidoptera each 
sensillum expresses a single type of OBP, with sensilla 
trichodea mainly expressing PBPs and sensilla basiconica 
GOBPs. However, the presence of a great number of non-
labelled sensilla, the heavy expression of PBP in female 
sensilla and a number of morphological subtypes of sen-
silla in lepidopteran species make the picture less defined, 
and general conclusions are difficult to draw [101, 103].
The situation is even more complex in other orders of 
insects, where OBPs cannot be segregated into well-de-
fined subclasses as in Lepidoptera. This is partly due to 
the limited information available, and also to the great va-
riety of sensilla, which do not always have their counter-
parts in Lepidoptera. Moreover, two OBPs of Drosophila, 
OS-E and OS-F, were always found to be co-localised in 
the same sensillum [104]. These two proteins represent a 
unique case of high similarity (60% of identical residues) 
among Drosophila’s OBPs. Some of these sensilla also 
express LUSH, a third protein of the same family [105]. 
Expression of OBPs has also been reported in gustatory 
sensilla of Drosophila [40]. Finally, two other Drosophila 
OBPs, PBPRP2 and PBPRP5, present in the adult quite 
distinct expression patterns, the first being present in the 
outer lymph of sensilla coeloconica, the second in the 
lymph of olfactory basiconica sensilla. Interestingly, both 
proteins are also expressed in the larvae [106].
Apart from moths and Drosophila, in only two other spe-
cies has the immunocytochemical localization of OBPs 
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been investigated. The OBP of the hemipteran Lygus line-
olaris, LAP, is specifically expressed in olfactory multi-
pore sensilla of the antennae [107]. In the oriental locust 
Locusta migratoria, OBP is only expressed in olfactory 
hairs, trichodea and basiconica, of the antennae, but not 
in the gustatory sensilla coeloconica and chaetica [70]. 
Moreover, only two – trichogen and tormogen – of the 
three cells at the base of the sensillum were stained, in-
dicating that the synthesis of OBP takes place in these 
two cells, as previously observed in Lepidoptera. A very 
recent study, performed on the labial palps of the same 
species, reports that OBP and CSPs are differentially ex-
pressed in this organ. In fact, OBP was detected only in 
sensilla basiconica and CSP-I only in some subtypes of 
sensilla chaetica, while CSP-II was not found in any of 
the observed hairs [108].
The first immunocytochemical study with CSPs revealed 
that in the desert locust Schistocerca gregaria these pro-
teins are associated with contact chemosensory hairs 
[54]. Such sensilla present two cavities, both filled with 
lymph, but not in contact with each other. CSPs have been 
always found in the lymph of the outer cavity that is not in 
contact with neuronal dendrites, but communicates with 
the external environment through the apical pore. In sub-
sequent experiments, using antisera against three differ-
ent CSPs, only sensilla chaetica of the oriental locust L. 
migratoria were stained, irrespective of the organs, anten-
nae, tarsi or palpi [70].
In other cases, the expression of CSPs in the regions that 
are dense with sensilla coeloconica has suggested that 
such proteins could be involved in the perception of car-
bon dioxide. Examples of these CSPs include the CLP-1 
of C. cactorum [55] and the Drosophila OS-D [38]. In the 
moth Heliothis virescens CSP messenger RNAs (mRNAs) 
were detected in various parts of the body, particularly in 
legs. The expression of HvirCSP1 in legs started early 
during adult development, in parallel with the appearance 
of the cuticle. HvirCSP1 mRNA was detectable five days 
before eclosion (day E-5), increased dramatically on day 
E-3 and remained at a high level into adult life. The au-
thors suggest that in this species CSPs may be involved 
in contact chemosensation [60]. Such variety in the tissue 
and cellular distribution of CSPs could indicate that these 
proteins may have adapted to different roles according to 
the species.

Ligand binding

The binding activity of OBPs and CSPs to small organic 
compounds, such as pheromones and other semiochem-
icals, is the key feature of these proteins and provides 
essential information for understanding their physiologi-
cal function. Most of the binding assays have been per-
formed with proteins expressed in heterologous systems. 

This, however, seems not to be a problem because both 
OBPs and CSPs do not carry post-translational modifica-
tions apart from the establishment of disulphide bridges 
[37, 53, 54, 57, 69]. Moreover, it has been experimentally 
demonstrated that such bridges form spontaneously in the 
same pattern observed in the natural proteins [37]. Dif-
ferent approaches were adopted to demonstrate the for-
mation of a complex between protein and ligand, and to 
measure the relative dissociation constants. Each method 
presents advantages and drawbacks.
To identify the first OBP of insects, Vogt and Riddiford 
[1] analysed an antennal extract, previously incubated 
with the tritium-labelled pheromone (E,Z)-6,11-hexa-
decadienyl acetate by native gel electrophoresis, followed 
by autoradiography. Later, this method was widely used 
either as described in the original paper or with modifi-
cations. In some studies, radioactive photoaffinity labels 
with structural similarity to the pheromone were used 
[109]. Such ligands establish a covalent bond with the 
protein, thus preventing dissociation of the complex that 
otherwise would extensively occur during the electropho-
retic run. On the other hand, the preparation of radioac-
tive photoaffinity labels is often complicated and expen-
sive. An alternative to autoradiography is slicing the gel 
into thin horizontal sections after the electrophoretic run, 
and counting them for radioactivity. All the methods that 
include an electrophoretic separation step do not allow 
estimation of the dissociation constants although they 
present the advantage of associating the radioactivity of 
the ligand to a specific electrophoretic band and do not 
require a pure sample of the protein. Unfortunately, often 
the great majority of the radioactivity is lost during the 
electrophoresis, and this raises some questions about the 
significance of the final measurements.
More recently, fluorescent binding assays have been ap-
plied to study the binding of both OBPs [110] and CSPs 
[111] to putative ligands. This technique uses a fluores-
cent probe that upon binding modifies its emission spec-
trum. Generally, a blue shift is observed, accompanied 
by a marked increase in intensity. The method requires a 
fluorescent compound that exhibits some affinity for the 
protein being studied. But, when applicable, it presents 
the unique advantage of allowing binding measurements 
at the equilibrium. Moreover, it is simple, rapid and safe, 
not requiring the use of radioactive ligands. Fluores-
cence measurements have been currently the method of 
choice for OBPs and CSPs. In some cases where a suit-
able probe is not available, the intrinsic fluorescence of 
tryptophan can be measured to monitor the presence of a 
ligand, provided that a tryptophan residue is positioned 
in the binding pocket and that its interaction with the li-
gand appreciably affects its fluorescence properties. Typi-
cally, aromatic ligands are good quenchers, but bromo 
derivatives of potential ligands have also been used suc-
cessfully. The quenching of intrinsic fluorescence of 
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tryptophan residues in the binding pocket was adopted 
to measure the binding of aromatic ligands to the CSP 
of S. gregaria [111] or bromo derivatives to the CSP of 
M. brassicae [92]. The results of binding experiments so 
far published for insect OBPs and CSPs are summarised 
in Table 1, while Figure 6 reports the structures of the 
fluorescent probes and their spectral characteristics. 
The most widely used probes are 1-aminoanthracene (1-
AMA) and N-phenyl-1-naphthylamine (1-NPN); both 
were previously employed in binding experiments with 
vertebrate OBPs [112, 113]. 1-AMA was first adopted 
with the PBPs of the moths M. brassicae and A. polyphe-
mus [110]. This compound, when excited in water at the 
wavelength of 256 nm [112] or 298 nm [110], produces 
a weak emission spectrum with a maximum at 563 nm. 
When 1-AMA is bound to a protein, such as M. brassicae 

Table 1. Binding of pheromones and odorants to OBPs and CSPs of insects from different species.

Species Protein Ligands Method KD (μM) Ref.

Antheraea polyphemus ApolPBP1 3[H]-(E,Z)-6,11-C16-Ac native PAGE – [1, 121–124]

Antheraeapolyphemus ApolPBP1 3[H]-(E,Z)-6,11-C16-DzAc photoaffinity – [125]

Antheraea polyphemus ApolPBP1 1-AMA + ligands fluorescence 0.5–1.4 [110]

Antheraea polyphemus ApolPBPs pheromones W fluorescence 0.6- 0.8 [114]

Antheraea polyphemus ApolPBPs tritiated pheromones native PAGE – [124]

Antheraea pernyis AperPBPs tritiated pheromones native PAGE – [124]

Bombyx mori PBP tritiated bombykol chromatography – [126]

Bombyx mori PBP bombykol W fluorescence 1.1 [110]

Bombyx mori PBP bombykol extraction + GC-MS – [119]

Lymantria dispar PBP1, PBP2 tritiated pheromones gel filtration 1.8–7.1 [115]

Lymantria dispar PBP1, PBP2 pheromones and analogues DNS-PBP and W fluo-
rescence

0.1–0.3 [116]

Mamestra brassicae MbraPBPs tritiated pheromones native PAGE – [127]

Mamestra brassicae MbraPBP1 1-AMA + ligands fluorescence 0.1–0.6 [110]

Mamestra brassicae CSPMbraA6 12-bromo-dodecanol W fluorescence [91]

Mamestra brassicae CSPMbraA6 
CSPMbraB3

tritiated pheromones native PAGE [56, 59]

Thaumatopoea pityocampa PBP 3[H]-(Z)-13-hexadecen-11-
ynyl DzAc

photoaffinity – [128]

Manduca sexta GOBP general odorants photoaffinity – [109]

Apis melliphera ASP1 (OBP) pheromones extraction – [129]

Apis melliphera ASP2 (OBP) 2-heptanone, other ligands calorimetry, VOBA 0.14–0.45 [35]

Apis melliphera ASP3 (CSP) ASA + ligands fluorescence 0.57 (ASA) [62]

Drosophila melanogaster LUSH (OBP) 1-NPN, ligands fluorescence 1.5 (1-NPN) [88]

Polistes dominulus OBP-1 1-NPN, ligands fluorescence 2.1 (1-NPN) [37]

Polistes dominulus CSP-1 1-NPN + amides fluorescence 2.2 (1-NPN) [37]

Camponotus japonicus CSP long-chain hydrocarbons extraction + GLC – [65]

Schistocerca gregaria CSP-I 1-NPN + ligands fluorescence 4.0 (1-NPN) [111]

Locusta migratoria OBP-1 1-NPN, ligands fluorescence 1.7 (1-NPN) [36]

Locusta migratoria CSP-II 1-NPN + ligands fluorescence 6.2 (1-NPN) [69]

Leucophaea maderae PBP ANS, ligands fluorescence 2.1 (ANS) [83]

For explanation of the methods, see text. Dissociation constants refer, where applicable, to the radioactive ligand or the fluorescent probe. 1-
AMA, 1-aminoanthracene; ANS, 1-anilinonaphthalene-8-sulphonic acid; 1-NPN, N-phenyl-1-naphthylamine; DzAc, diazoacetate; DNS-
PBP, dansylated PBP.

Figure 6. Structures and spectral characteristics of the fluores-
cent probes used in binding experiments with insect OBPs and 
CSPs.
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MbraPBP1, a severalfold increase in the intensity is ob-
served with a shift of the maximum to 492 nm. By using 
this probe together with different organic compounds, it 
was possible to measure the affinities of several ligands 
in competitive binding assays. Thus, MbraPBP1 binds all 
three components of the pheromone (Z)11-hexadecenol, 
(Z)11-hexadecenal and (Z)11-hexadecenyl acetate with 
dissociation constants between 0.17 and 0.29 μM [110]. 
Fatty acids also bind well to MbraPBP1, especially pal-
mitic acid, with a dissociation constant of 0.12 μM. The 
same study reported that the PBP of the moth A. poly-
phemus, ApolPBP1, binds the specific pheromone and 
a series of structurally related compounds. In this case, 
the components of the pheromonal blend (E)6,(Z)11-
hexadecadienal, (E)6,(Z)11-hexadecadienyl acetate and 
(E)4,(Z)9-tetradecadienyl acetate display identical disso-
ciation constants (0.50, 0.48 and 0.51 μM, respectively). 
Moreover, pheromones of other insect species, such as 
bombykol of B. mori and several fatty acids, also strongly 
bind to ApolPBP1 with similar affinities (KD between 
0.56 and 1.36 μM). The quenching of tryptophan intrin-
sic fluorescence has been used to measure the affinity 
of pheromone components to the PBP of A. polyphemus 
[114]. All these results and other data obtained with dif-
ferent OBPs indicate a rather broad specificity of bind-
ing, in contrast with the extremely high selectivity exhib-
ited by insects in recognising their specific pheromones. 
Dissociation constants in the micromolar range have also 
been measured with the two PBPs of Lymantria dispar 
using tritium-labelled ligands and a binding assay in het-
erogeneous phase [115]. In the same work, the authors 
also observed some selectivity of binding between the 
two enantiomers of the pheromone. More recently, the 
same group reported competitive binding data with the 
same proteins and some pheromone analogues in fluo-
rescent assays [116]. The OBP of the paper wasp P. do-
minulus also exhibits a marked selectivity of binding to 
oleoamide: both the trans isomer, elaidic amide, and the 
corresponding saturated compound, stearic amide, bind 
to the OBP with dissociation constants more than one 
order of magnitude higher than that of oleoamide [37]. 
The OBP of L. migratoria that also binds oleamide with 
a constant of micromolar order, in contrast, shows a much 
broader spectrum of ligands, including also large aromatic 
molecules [36]. The PBP of the cockroach L. maderae 
is particularly interesting for the fact that it is the only 
insect OBP so far reported to bind a hydrophilic ligand, 
3-hydroxy-butan-2-one, a component of the pheromonal 
blend for this species [83]. The dissociation constant for 
this compound has been estimated as 3.8 μΜ. It is note-
worthy that only a closely related compound, butane-2,3-
diol, binds to the protein with comparable strength, while 
other components of the pheromonal blend (3-methyl-2-
butenoic acid and E-2-octenoic acid), as well as other or-
ganic compounds failed to show any measurable affinity 

[83]. Finally, the Drosophila OBP LUSH, whose absence 
had been previously related to an anomalous behaviour 
of the fly towards high concentrations of alcohols [117], 
failed to bind alcohols as well as a great number of vol-
atiles known to elicit electrophysiological responses in 
the fly’s antenna, but showed good affinity to a series of 
large aromatic compounds, including some phthalates 
[88]. Although phthalates cannot obviously be consid-
ered its natural ligands, this protein seems nevertheless 
to be tailored to large-size organic compounds. This is in 
agreement with a later report showing that LUSH is ex-
pressed in sensilla responding to the male-produced ag-
gregation pheromone vaccenyl acetate [118]. However, 
ligand-binding experiments of this compound to LUSH 
have not been reported.
A recently described binding protocol for OBPs involves 
separation of the complex from free ligand by rapid ul-
trafiltration and evaluation of bound ligand following 
extraction using gas chromatography-mass spectrometry 
(GC-MS) analysis [119]. This method presents the ad-
vantage that it can be applied to mixtures of organic com-
pounds, all incubated at the same time with the protein, 
allowing the identification of the best ligands in a single 
experiment. Other protocols used to measure dissociation 
constants of ligands to insect OBPs also involve calorim-
etry and VOBA (volatile odorant binding assay) [35].
To address the question whether OBPs could discrimi-
nate between similar ligands and perhaps act as signalling 
proteins, an interesting study [120] looked for conforma-
tional changes of the protein during ligand binding. Using 
circular dichroism measurements, the authors monitored 
the secondary structure of two PBPs of A. polyphemus 
upon binding the pheromone components. The interest-
ing result was that although both proteins bind all three 
components of the pheromonal blend equally well, only 
one of them produced a conformational change in any 
given protein. The conclusion of this study was that OBPs 
can exhibit a higher selectivity when studying the phe-
nomenon of binding at the microscopic level.
Fewer binding data have been published for CSPs with 
respect to OBPs, using both radioactive and fluorescent 
probes. Certainly, CSPs can be classified as binding pro-
teins based on the fact that they possess a hydrophobic 
binding cavity in their three-dimensional structure and 
have been shown to bind a variety of different com-
pounds, depending on the insect species. Using the fluo-
rescent probe 1-NPN, binding affinities to a wide range 
of compounds were measured for CSPs of S. gregaria 
[111] and L. migratoria [69]. In some cases, however, 
CSPs have been found to be more narrowly tuned to spe-
cific compounds. For instance, the CSP of the paper wasp 
P. dominulus – as was the case for the OBP of the same 
species mentioned above – has shown a significant speci-
ficity towards amides of 16–18 carbon fatty acids [37]. 
Similarly, the honeybee CSP, ASP3c, which is expressed 
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in drones, selectively binds fatty-acid ester components 
of the brood pheromone [62]. This work used a novel 
fluorescent probe, 12-(9-anthroyloxy)stearic acid (ASA), 
a large molecule containing the fluorescent moiety of 
anthracene attached to a long fatty-acid chain, mimick-
ing the protein’s ligands. In another study, the CSPs of 
M. brassicae are reported to bind the pheromone compo-
nents (Z)-11-hexadecenyl acetate and (Z)-11-octadecenyl 
acetate, but the method used did not allow evaluation of 
the dissociation constants [59].
A very recent paper suggests cuticular hydrocarbons 
as the ligands for one of the CSPs of the carpenter ant 
Camponotus japonicus [65]. This protein is expressed in 
a single type of sensilla that responds to blends of cuticu-
lar hydrocarbons and mediates recognition of nest mates. 
Due to the complete insolubility in water of long-chain 
hydrocarbons, these compounds were deposited on the 
wall of glass test tubes by evaporating their solutions in 
organic solvents. The protein solution was then added to 
the tubes, and the amount of ligand bound to the protein 
was evaluated by gas-liquid chromatography (GLC) after 
extraction from the aqueous solution with an organic sol-
vent. The CSP described in this paper showed no speci-
ficity for any single component of the hydrocarbon blend, 
but reproduced the pattern of the original mixture in the 
bound fraction.

Endogenous ligands
An interesting phenomenon, well documented in some 
mammalian species, is that proteins structurally very 
similar, or even identical, to OBPs are involved in the 
delivery of pheromonal signals. Typical examples are 
the urinary proteins of mouse and rat [130–136] and the 
salivary proteins of pig [137, 138]. These proteins are 
male specific and secreted at high concentrations in the 
respective biological fluids complexed with the specific 
volatile pheromones. Another protein with analogous 
function is aphrodisin, a component of hamster vaginal 
discharge [139, 140]. In insects some data seem to sug-
gest that a parallel phenomenon may be present, where 
OBPs as well as CSPs might help in some circumstances 
delivering hydrophobic pheromones in the environment. 
It has already been mentioned – when discussing tissue 
expression – that in some cases OBPs and CSPs are ex-
pressed in non-sensory organs. When purified from these 
sources, proteins of both classes have been found com-
plexed with endogenous ligands. This phenomenon has 
been observed with CSPs in the locust L. migratoria [69] 
and with OBPs of the wasp P. dominulus [37]. Both pro-
teins, when isolated from the wings, are associated with 
long-chain amides. In other cases, the co-occurrence 
of pheromones and binding proteins in the same organ 
could suggest that the two components may be associ-
ated, although direct experimental evidence has not yet 

been provided. One example is the EjB protein, a CSP 
of D. melanogaster which is expressed in the ejaculatory 
bulb, where the putative male pheromone vaccenyl ac-
etate is also synthesised [99]. Another case is the CSP 
of M. brassicae, which is expressed in the glands where 
the moth’s pheromones are secreted [59]. An OBP of So-
lenopsis invicta could also be included in such a group 
of carrier proteins. This protein, as already mentioned, is 
expressed in the thorax and reported to be required for the 
formation of monogyne colonies [98]. Although a poten-
tial ligand has not been identified, a role of pheromone 
carrier for this protein is plausible, in analogy with the 
cases described above.
In all these instances, a role of OBPs or CSPs in chemo-
reception cannot be proposed in organs lacking sensory 
structures. Instead, a function in releasing the chemical 
messages in the environment seems more likely and is 
supported by analogy with mammalian systems. More-
over, it has also been shown that by regulating the synthe-
sis of the different OBPs in urine, a mouse can modulate 
the release of a specific bouquet of pheromones, giving 
the chemical message its own fingerprint [135]. In in-
sects, a similar mechanism for adjusting the chemical 
message seems plausible, although direct evidence has 
not been provided.
We can conclude this section on binding properties of 
OBPs and CSPs with a cautionary note. However infor-
mative the results of binding experiments are and how-
ever unique for probing the function of these proteins, 
it is worth remembering that all such data have been ob-
tained in media and conditions very different from those 
present ‘in vivo’. As an example, the concentration of 
OBPs (and very likely also CSPs) in the sensillum lymph 
is of the order of 10 mM [141], four orders of magni-
tude higher than the micromolar levels normally used in 
ligand-binding experiments in the laboratory. In this re-
spect, probably X-ray diffractometry and NMR, requiring 
very high concentrations of proteins, are likely to give 
more realistic pictures of the proteins and their interac-
tions with ligands.

Physiological and behavioural data

Since their discovery, different hypotheses and models 
of the role of OBPs in olfaction have been formulated 
[12]. However, few experiments have been designed and 
performed to address the question whether and how the 
presence of OBPs and CSPs could affect the physiology 
and the behaviour of insects. In particular, the central 
question of whether such soluble proteins are involved 
in the recognition and coding of olfactory stimuli has not 
yet received a convincing answer. Indeed, such research 
is quite complicated due to several factors, such as the 
great number of these proteins often expressed in the 
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same species and their extremely high concentration. In 
fact, the number of OBPs and CSPs – unknown in most 
cases, unless genome information is available – makes 
silencing of all their genes very complicated. Moreover, 
due to their exceptionally high concentration in the sen-
sillar lymph, any method used to inactivate the protein or 
silence the gene – very rarely reaching 100% efficiency 
– might leave enough protein in the sensillar lymph for a 
normal functioning.
A reversed approach to this problem, however, has pro-
vided interesting results, showing that OBPs are not re-
quired for olfactory perception. When olfactory recep-
tors have been expressed in heterologous systems such 
as Xenopus oocytes, thus in the complete absence of in-
sect OBPs or CSPs, they were able to respond to semio-
chemicals with good selectivity [10]. In a very elegant 
experiment, olfactory receptors of A. gambiae have been 
expressed in the antennae of D. melanogaster and shown 
to respond to the same odours and with the same specific-
ity as in A. gambiae [8]. It is worth emphasising, in this 
respect, that OBPs of the two species are structurally very 
different.
Assuming, therefore, that odorants and pheromones di-
rectly activate olfactory receptors, different theories 
have been formulated where OBPs act as more or less 
passive carriers, helping hydrophobic semiochemicals 
to cross the aqueous barrier of the sensillar lymph and 
reach the membrane-bound receptors and/or facilitating 
their desorption from the membrane after the signal has 
been delivered. Models have also been proposed where 
the same OBP might perform both functions [140–144]. 
This mechanism requires that the OBP continuously 
switch between two conformational states, active one in 
the binding, the other in the releasing phase. That an OBP 
could exist in two conformations with different affinities 
for the ligand was proposed a decade ago, before any 
structural information on these proteins was available. 
Ziegelberger [122] reported two electrophoretic bands 
in native conditions for the PBP of A. polyphemus and 
assigned them to a fully oxidized (with all six cysteines 
forming disulphide bridges) and a partially reduced form. 
Pheromone binding seemed to induce a slow partial oxi-
dation of the reduced form, as monitored by the relative 
amounts of pheromone bound to the two bands. On this 
basis, a model was proposed where the PBP could bind 
the pheromone in its reduced form and deliver it to the 
membrane receptor, before being oxidized and act in this 
form as a scavenger.
More recently, structural evidence has suggested a differ-
ent mechanism, still involving two forms, for the PBP of 
B. mori. This protein undergoes a major conformational 
change, triggered by pH and pheromone, as reported 
above. These observations, together with the low pH 
calculated in the close proximity of the membrane, has 
suggested that the PBP could pick up the pheromone at 

neutral pH in the periplasm, carry it to the membrane and 
release it there in the proximity of the receptor [79]. The 
acidity of the membrane would stabilise the C-terminal 
α-helix, which would push the molecule of bombykol 
out of the core of the protein. This mechanism has been 
questioned on the basis that the corresponding increase 
in potassium ions near the membrane would counteract 
the effect of pH on binding. Also, the calculated pH in 
the proximity of the membrane only reaches a value of 
6 near the membrane and is still higher than 6.8 at a dis-
tance of 15 Å , corresponding to the radius of a PBP mol-
ecule [145]. However, later experiments have shown that 
the conformational changes also occur at high values of 
ionic strength, being not influenced by saline concentra-
tion [146].
Despite the evidence that olfactory receptors can be di-
rectly activated by odorants and pheromones, some data 
indicate that OBPs might be required for the correct 
perception of chemical stimuli. A recent publication pro-
vides experimental evidence that the presence of LUSH 
in the sensillum lymph is necessary for an electrophysi-
ological and behavioural response in D. melanogaster 
[118]. Based on the fact that trichoid sensilla of type T1 
respond to the aggregation pheromone vaccenyl acetate 
(VA), the authors tested the behaviour and electrophysi-
ological response of flies lacking the gene for LUSH. In 
both types of experiments, the flies were reported to be 
insensitive to VA, but normal response was restored after 
reintroduction of the lush gene. Quite interestingly, the 
absence of the binding protein also reduces spontaneous 
firing rate by a factor of more than 400, suggesting that in 
the wild-type and in the absence of ligands, such activity 
could be due to direct interaction of the protein with the 
receptor. Finally, introduction of LUSH protein through 
the recording pipette restores the sensitivity of the neuron 
to VA in the mutant flies. The lag time for such recovery 
is of the order of 5–20 min, in accordance with a diffu-
sion-limited event.
The idea that OBPs might be required for olfactory per-
ception in insects had been proposed in the past, and data 
supporting this view had also been produced. The first in-
dication came from the work of Van der Berg and Ziegel-
berger [147]. They managed to push the lymph out of the 
relatively large sensilla of the moth A. polyphemus and 
found that the electrophysiological response to the moth 
pheromone was abolished. Addition of the moth OBP in 
the sensillum restored the response, but addition of BSA 
also showed the same effect.
Later, the electrophysiological experiments of Pophof 
[148] suggested that both pheromones and binding pro-
teins could be required and involved in the response. Her 
work focused on two of the three components of the sex 
pheromone – hexadecadienyl acetate (AC) and haxadeca-
dienal (AL) – of the moth A. polyphemus, and their two 
binding proteins, PBP1 and PBP2, respectively. Sensilla 
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trichodea of this species contain two or three receptor 
cells. Each pheromone component elicited a response 
from either one or the other cell when it was presented in 
air, but no response was observed when the pheromone 
component was supplied in a buffer. In combination with 
its own binding protein (AC/PBP1; AL/PBP2), each 
pheromone component specifically and independently 
excited one of the two receptor cells, as expected. How-
ever, when they were applied with the ‘wrong’ combina-
tion of protein (AC/PBP2 and AL/PBP1), both cells re-
sponded. This suggests that each olfactory receptor could 
be activated not only by its specific ligand, but also by 
the other ligand, provided the PBP of the ‘correct’ ligand 
is present. Similar results were obtained with the moth 
B. mori [149]. It is tempting to conclude that the speci-
ficity resides in the PBPs rather than in the structures 
of the pheromones, in contrast to the results obtained in 
the heterologous expression of olfactory receptors cited 
above. However, the data of Pophof, although clear and 
complete, are not easy to explain and cannot suggest a 
realistic model, without further support being provided 
from complementary approaches.
Behavioural observation supporting the view that OBPs 
are required for olfaction is even scarcer. Only two reports 
have been published; neither of them provides convincing 
evidence. The first indicated that LUSH was essential for 
a correct perception of ethanol in D. melanogaster, on 
the observation that flies lacking the lush gene were not 
repelled by high concentrations of ethanol, unlike nor-
mal flies [117]. Later work has indicated that LUSH does 
not bind ethanol, but large aromatic molecules, such as 
phthalates, and that normal flies are not repelled by etha-
nol at any concentration [88]. Moreover, LUSH could be 
involved in the perception of the aggregation pheromone 
vaccenyl acetate, as suggested in a later work [118].
The second observation relating a specific behaviour to 
the presence of an OBP comes from the fire ant Sole-
nopsis invicta [98]. Failure in expressing the OBP Gp-9 
results in the production of abnormal multigene colonies. 
As described in previous section, however, this OBP was 
isolated not from sensory organs, but from the thorax of 
the queens. Therefore, an impaired perception related to 
the lack of this protein is difficult to explain. Alterna-
tively, the OBP could be involved in the release of phero-
mones – not yet identified – from the queen, that could 
inhibit the maturation of other females. Thus, the absence 
of this OBP would reduce or modify the pheromonal sig-
nal, performing a role similar to that of urinary proteins 
in mice [130–136].

Conclusions

More than 2 decades of research have accumulated a very 
large amount of structural data on insect binding proteins, 

but have failed to produce a convincing model for the role 
of OBPs and CSPs in chemoreception. Although structur-
ally different, both OBPs and CSPs (i) reversibly bind or-
ganic molecules, including semiochemicals, with micro-
molar affinities and (ii) are present at high concentration 
in the lumen of chemosensilla. These are the two basic 
requirements for binding proteins active in chemorecep-
tion. However, while for OBPs binding of pheromones 
and specific expression in olfactory sensilla responding to 
pheromones or odours are well-documented phenomena, 
for CSPs such data are fewer and weaker. Moreover, sev-
eral members, identified as CSPs based only on sequence 
similarity, are certainly not involved in chemoreception. It 
would be more appropriate to classify as CSPs only those 
proteins that are expressed in sensory organs in addition 
to structural requirements. A similar situation is observed 
with vertebrate OBPs, which are a small subset of lipo-
calins, a very large superfamily of proteins that includes 
members involved in many different functions [23].
In vertebrates, it is well documented and described that 
proteins similar or identical to nasal OBPs are also pres-
ent in secretions, such as urine or saliva, where they are 
involved in the delivery of pheromones [130–138, 150]. 
Few data seem to indicate that the same phenomenon oc-
curs in insects and that both OBPs (in the paper wasp) and 
CSPs (in locusts and in M. brassicae) can act as carriers of 
hydrophobic endogenous ligands for external delivery.
Regarding the physiological function of OBPs, the cur-
rent view assigns a role to these proteins as carriers for 
odorants and pheromones across the sensillar lymph. 
This concept was first suggested about 20 years ago for 
OBPs of both vertebrates [151] and insects [152] and re-
mains the most widely accepted hypothesis. The different 
models proposed under such common assumption [153], 
however, present some difficulties. The exceptionally 
high concentration of 10 mM reported for OBPs in the 
sensillar lymph means that these proteins completely fill 
the space between the cuticle and the neuronal dendrites, 
with individual molecules of proteins nearly touching one 
another. Travelling across such a crowded environment 
would be extremely difficult for a protein molecule, and 
even more for a hydrophobic compound such as a phero-
mone or an odorant. Therefore, a passive diffusion of se-
miochemicals or of their complexes with binding proteins 
would be too slow compared with the fast responses of 
insects to environmental odours. The field is still open 
to alternative hypotheses. For instance, the hydrophobic 
ligand could be handed over from one OBP to the next 
in a process faster than diffusion in the aqueous medium 
or on the back of a protein. Alternatively, the molecules 
of OBPs could in principle form a sort of hydrophobic 
channel where the ligand would freely travel to the re-
ceptor. This seems a model suggested by the structure of 
A. gambiae OBP [90], but this feature is not shared by 
other OBPs.
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Another unsolved problem is the fate of ligands – phero-
mones and general odorants – once they have fulfilled 
their role of activating the transmembrane receptors. A 
fast reactivation of the olfactory system, as needed by an 
insect flying in an odour plume, requires that the stimulus 
be eliminated within fractions of a second. It is true that 
very active enzymes have been discovered in some spe-
cies that can rapidly degrade the specific pheromones [1, 
20, 152, 154], but the problem is still unsolved for general 
odorants and other semiochemicals. Even if we hypoth-
esise that the same OBPs could clear off the ligands in 
the membrane area, the protein-ligand complex should be 
disposed of before it accumulates in the sensillum lymph. 
Although no experimental data have been produced on 
this aspect, it is not unlikely that the OBP-ligand com-
plex is destroyed and the protein recycled in the cells at 
the base of the sensillum. Such a mechanism, however 
unlikely and wasteful it might appear – one molecule of 
protein for each molecule of pheromone – might prove 
more efficient that other alternatives. On the other hand, 
this is the high price paid when chemical messages are 
delivered in the environment. Mice discard in their urine 
vast amounts of protein to send their pheromones, and 
insects might well use a similar approach.
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