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Abstract. This review describes the main characteristics of odorant-binding proteins
(OBPs) for homology modelling and presents a summary of structure prediction
studies on insect OBPs, along with the steps involved and some limitations and
improvements. The technique involves a computing approach to model protein structures
and is based on a comparison between a target (unknown structure) and one or more
templates (experimentally determined structures). As targets for structure prediction,
OBPs are considered to play a functional role for recognition, desorption, scavenging,
protection and transportation of hydrophobic molecules (odourants) across an aqueous
environment (lymph) to olfactory receptor neurones (ORNs) located in sensilla, the
main olfactory units of insect antennae. Lepidopteran pheromone-binding proteins,
a subgroup of OBPs, are characterized by remarkable structural features, in which
high sequence identities (approximately 30%) among these OBPs and a large number
of available templates can facilitate the prediction of precise homology models.
Approximately 30 studies have been performed on insect OBPs using homology
modelling as a tool to predict their structures. Although some of the studies have assessed
ligand-binding affinity using structural information and biochemical measurements, few
have performed docking and molecular dynamic (MD) simulations as a virtual method
to predict best ligands. Docking and MD simulations are discussed in the context
of discovery of novel semiochemicals (super-ligands) using homology modelling to
conceive further strategies in insect management.

Key words. Chemical ecology, homology modelling, ligand binding, molecular dock-
ing, molecular dynamic simulation, odorant-binding protein.

Introduction

Host-seeking, oviposition behaviour and mating of insects are
governed mainly by odour perception through sensory organs
such as antennae. These organs contain a well described olfac-
tory system (Jacquin-Joly & Merlin, 2004; Leal, 2005), which
perceives and triggers a behavioural response to chemical

Correspondence: Jing-Jiang Zhou, Department of Biological Chem-
istry and Crop Protection, Rothamsted Research, Harpenden, Herts,
AL5 2JQ, U.K. Tel.: +44 1582 763133; e-mail: jing-jiang.zhou@
rothamsted.ac.uk; and Andrés Quiroz, Universidad de La Fron-
tera, Temuco, Casilla 54-D, Chile. Tel.: +56 045 2732419; e-mail:
andres.quiroz@ufrontera.cl

signals. Antennae are characterized by having specialized
units called sensilla, which are comprised of one or more
olfactory receptor neurones (ORNs) with their dendrites bathed
in sensillum lymph. These ORNs modulate ion potentials across
their plasma membrane and thus participate in the transduction
of chemical signals into electrical signals. Through key proteins
in the ORNs, the olfactory system carries out a dynamic process
of odour perception and discrimination. The main olfactory pro-
teins include odorant-binding proteins (OBPs), chemosensory
proteins (CSPs), odorant-degrading enzymes, sensory neurone
membrane proteins, olfactory co-receptors (formerly OR83b
receptors) and olfactory receptors (ORs). It is considered that
volatile odorant molecules such as pheromones are transported
by OBPs or CSPs across sensillum lymph to ORs located
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in dendritic membrane of ORNs in sensilla (Vogt & Riddi-
ford, 1981; Klein, 1987; Maida et al., 1993; Jacquin-Joly et al.,
2001; Zhou et al., 2006) and act as the first filter of olfac-
tory information (Leal, 2003). Subsequent to the first OBP
being identified by Vogt & Riddiford (1981), many more
have been characterized. These proteins are soluble, with a
molecular weight of 13–16 kDa, and are abundant in sensil-
lum lymph. Some evidence suggests that OBPs, particularly
members of the pheromone-binding protein (PBP) subgroup,
can bind odorants selectively; for example, the pheromone
(E,Z)-10,12-hexadecadienol (bombykol) is a specific ligand for
the Bombyx mori PBP (BmorPBP1) (Sandler et al., 2000) and
(E,Z)-6,11-hexadecadienal is the pheromone component for
Antheraea polyphemus PBP (ApolPBP1). However, OBPs may
also bind to a wide range of odourant molecules (Honson et al.,
2005; Zhou, 2010). The above papers summarize all of the early
work on OBP/ligand interactions that were determined experi-
mentally, as well as the various assays that are still used today to
study the ligand binding of OBPs. More studies are necessary to
understand fully the selectivity of OBPs during odour recogni-
tion, although some important parameters of odourant molecules
are known, such as length of carbon chain, functional groups,
location of methyl ends and the specific position of unsatura-
tion, as well as hydrophobic characteristics (Zhou, 2010; Yu &
Plettner, 2013). These provide useful information for structural
homology modelling.

Ligands (e.g. odourant molecules) bind to proteins through
physicochemical forces, which are noncovalent interactions,
such as hydrogen bonds, ionic bonds and van der Waals inter-
actions, amongst others. Different amino acids contribute to
the interactions according to their structures and positions
in the ligand-binding site of the proteins. The most common
approach for understanding these interactions in relation to
the potency and specificity of ligand binding is to obtain the
three-dimensional (3D) structure of the binding proteins bound
with ligands (Ravna & Sylte, 2012), as has been demonstrated
in the search of the binding sites and their specificities for the
ligands of ABC transporters (Gajendrarao et al., 2010). X-ray
crystallography and nuclear magnetic resonance (NMR) are
the optimal techniques so far for the analysis of ligand–protein
interactions based on structural information as a result of their
high precision (high resolution), although they are expensive and
time consuming. Moreover, it is not always possible to obtain
protein crystals in the presence of testing ligands. Computational
approaches can contribute as complementary tools for 3D struc-
ture prediction (Paas et al., 2000). One of them is comparative or
homology modelling, a method that is based on the assumption
that protein folds within a structural family are more conserved
than the corresponding primary sequences. This structural pre-
diction approach is based on evolutionary relationships between
a target protein and template proteins for which a 3D structure
exists, as determined by crystallographic or NMR experiments.

OBPs are present at high concentrations (up to 10 mm) in
sensillum lymph (Klein, 1987). There is increased interest
in OBPs and other olfactory proteins of invertebrates, in the
hope that detailed knowledge of their structures and func-
tionality may provide leads for the prevent human diseases
transmitted by insects, and alternative pest control strategies

through manipulation of insect pest behaviours (Leite et al.,
2009; Lagarde et al., 2011). An OBP-based screening of
putative bioactive chemicals with homology modelling can
serve as a good complement together with robust biological
assays to study ligand–OBP interactions, as well as to research
‘super-ligands’ for insect behavioural manipulation. Leal
(2005) proposes a reverse chemical ecology concept, which
utilizes a protein-based screening of attractants, pheromones
and repellents through their binding affinity to OBPs, as an
interesting approach for using these chemicals in pest man-
agement. An advantage of this approach is that insect OBPs
are structurally different from and have no sequence homology
with vertebrate OBPs (also called lipocalins). However, insect
OBPs are functionally similar to vertebrate OBPs. Insect OBPs
have mainly α-helical domains, whereas vertebrate OBPs have
only β-strands and a short α-helix. Nevertheless, both insect
and vertebrate OBPs have conserved disulphide bridges and
are small soluble proteins. Ligand binding assays indicate that
both insect and vertebrate OBPs bind to a wide range of volatile
molecules, with dissociation constants of either a micro- or mil-
limolar concentration (Tegoni et al., 2000; Pelosi, 2001; Briand
et al., 2002; Löbel et al., 2002; Nespoulous et al., 2004; Grolli
et al., 2006; Wei et al., 2008; Brimau et al., 2010). However,
electrophysiological recordings show evidence of selective
binding of BmorPBPs and ApolPBPs to pheromones (Pophof,
2004). Moreover, selective binding of ApolPBP1 at pH 6.5 and
pH 4.5 in the nanomolar range was reported by Katre et al.
(2009). Although many studies have used homology modelling
in structure-based drug discovery, only a few modelling studies
have been performed on insects OBPs. As a result of the high
similarity of OBPs across lepidopteran species, and a large num-
ber of experimentally determined 3D structures (Tegoni et al.,
2004; Pelosi et al., 2006; Damberger et al., 2007; Zhou, 2010),
these proteins could be used as good targets for homology
modelling and molecular dynamic (MD) simulations to obtain
the best structural models in terms of energy. Thus, the present
review aims to present current knowledge of computer-assisted
protein modelling by homology to predict the ligand-binding
affinities, focusing on lepidopteran OBPs.

Materials and methods

The classification and functions of insect OBPs are reviewed,
and current theories concerning the mechanisms of binding and
release of air-borne ligands to the olfactory receptors in the
chemo-sensilla on insect antennae are described. Furthermore,
the steps and limitations of OBP structure prediction by homol-
ogy modelling are delineated, and proposals are made for some
improvements to the predictions. Finally, the ligand-binding
affinity predictions of homology models including methods and
interactions are summarized.

OBPs: classification, function and mechanisms

Classification. Lepidopteran OBPs can be divided into three
classes based on their amino acid sequences (Fig. 1) and their
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structural characteristics. Thus, OBPs that bind to pheromones
are referred as pheromone-binding proteins (PBPs), such as
BmorPBP1 (Krieger et al., 1996). General odorant-binding pro-
teins (GOBPs), such as GOBP1 and GOBP2, which are present
in both females and males of tobacco hawk moth Manduca sexta
(Vogt et al., 1991), are proposed to bind to general odorants.
Less well described are antennal-binding proteins X (ABPx),
which are first reported in B. mori (Krieger et al., 1996),
although their ligand binding specificity has only been stud-
ied recently (He et al., 2010). As shown in Fig. 1, an alterna-
tive classification for OBPs consists of ‘Classic’ OBPs, ‘Plus-C’
OBPs, ‘Minus-C’ OBPs and ‘Atypical’ OBPs (Hekmat-Scafe
et al., 2002; Zhou et al., 2004). The main sequence differences
are the number of cysteine (Cys) residues and their conserva-
tion. According to this, ‘Classic’ OBPs have six conserved Cys
residues at specific positions and include PBPs, GOBPs and
ABPx, whereas ‘Plus-C’ OBPs have two additional Cys and
a conserved proline (Hekmat-Scafe et al., 2002; Zhou et al.,
2004). ‘Minus-C’ OBPs have less than six Cys and ‘Atypical’
OBPs are characterized by having six Cys residues as in the
‘Classic’ OBPs but with additional cysteines in the C-terminal
region (Xu et al., 2003). For OBPs with the six conserved Cys
residues, there is also a classification according to chain length
and C-terminus length (Tegoni et al., 2004): (i) long-chain
OBPs with approximately 140 amino acids (e.g. OBPs of the
moths B. mori and A. polyphemus); (ii) medium-chain OBPs
with approximately 120 amino acids (e.g. some OBPs of the
mosquito Anopheles gambiae and the bee Apis mellifera); and
(iii) short-chain OBPs with approximately 100 amino acids (e.g.
OBPs from the cockroach Leucophaea maderae). More recently,
a novel subclass of OBPs, according to their C-termini and 3D
structure, called C8 OBP class, was proposed by Lagarde et al.
(2011). The findings for the A. gambiae OBP7 (AgamOBP7)
suggest a more evolved protein as a result of an increase in
structural complexity with eight Cys residues, four disulphide
bridges and a C-terminus slightly longer than Classic OBPs.
Moreover, it is proposed that AgamOBP7 may have evolved
from Classic OBPs, which served as a basal group of OBPs
according to phylogenetic analyses (Vieira & Rozas, 2011). The
focus in the present review is on Classic OBPs because they all
have well conserved characteristics such as six Cys residues,
three disulphide bridges and an average molecular weight of
approximately 14 kDa. Furthermore, most of the well-studied
OBPs such as PBPs and GOBPs of lepidopteran species and
the OBP (LUSH) for the pheromone (11-Z-vaccenyl acetate) of
Drosophila melanogaster are Classic OBPs.

Function and specificity. In insects, perception of the envi-
ronment, such as host plants, prey and potential mates is guided
mainly by chemical signals, which are termed semiochemi-
cals. If a semiochemical is a small hydrophobic molecule, it
cannot easily cross a polar environment, such as the insect
sensillum lymph. It is considered that OBPs are the key com-
ponent to solubilize and transport these molecules across the
lymph to reach the ORs. For hydrophobic ligands such as lep-
idopteran sex pheromones at least, it has become clear that
OBPs play an important role in ligand capturing and transport
to achieve the ligand–OR interaction, as well as in contributing

Fig. 1. Classification scheme of insect odorant binding pro-
teins (OBPs) according to their primary protein sequence. ABPX,
antennal-binding protein X; GOBP, general odorant-binding protein;
PBP, pheromone-binding protein.

to the subsequent signal transduction (Kaissling, 2013). How-
ever, experimental evidence suggests that there are three pri-
mary functions for OBPs, and these may play dynamic roles
in ligand selectivity: (i) ligand scavenging, responsible for the
protection of ORs from saturation, which was proposed using
a kinetic model for Lymantria dispar PBP2 (LdisPBP2) (Gong
et al., 2009); (ii) ligand desorption from the cuticular wax layer
of olfactory pores to the lymph, as suggested for LdisPBP1
and LdisPBP2 (Kowcun et al., 2001); and (iii) ligand recog-
nition, as proposed for D. melanogaster OBP (LUSH) acting
as an activator of ORNs tuned to pheromones (Laughlin et al.,
2008). By contrast, Gomez-Diaz et al. (2013) report that a high
concentration of the sex pheromone (Z)-11-octadecenyl acetate
(cis-vaccenyl acetate) of D. melanogaster activates ORs in the
absence of LUSH, indicating that LUSH may not have a direct
role as the activator of ORNs. It is also proposed that OBPs pro-
tect odourant molecules from degradation by odorant-degrading
enzymes during their transport and transfer to the ORs (Ishida
& Leal, 2002; Leal, 2005, 2013).

When semiochemicals are acting as pheromones, there is
an intraspecific interaction between insects through associated
PBPs. For example, the male moth A. polyphemus has three
PBPs, which interact with its sex pheromone components:
(E6,Z11)-hexadecadienal; (E4,Z9)-tetradecadienyl-1-acetate
and (E6,Z11)-hexadecadienyl-1-acetate (Bette et al., 2002;
Maida et al., 2003). Kairomones (benefits to receivers) and
allomones (benefits to sender) are involved in interspe-
cific interactions, in which GOBPs may be associated. An
example is the GOBP2 of the meadow moth Loxostege stic-
ticalis (LstiGOBP2), which is shown to have high affinities
to plant volatiles from essential oils, such as (E)-2-hexenal
and (Z)-3-hexen-1-ol, and to the pheromone component
(E)-11-tetradecen-1-yl acetate (Yin et al., 2012). In B. mori, the
pheromone bombykol must reach and activate ORs, a process
that is mediated by BmorPBP1. Große-Wilde et al. (2006)
have studied the specificity of BmorPBP1 to bombykol and its
analogue bombykal by measuring the activation of ORs with
the BmorPBP1-pheromone complex. They demonstrate that an
OR response can be achieved with bombykol solubilized with
BmorPBP1 or with the organic solvent dimethyl sulphoxide
(DMSO). For bombykal, BmorPBP1 does not substitute for
DMSO, indicating that BmorPBP1 has a higher specificity to
bombykol. They postulate that, as in Antheraea pernyi and
A. polyphemus (Maida et al., 2000), a specialized PBP for
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bombykal may exist in B. mori. The interaction with ORs and
other downstream events is not yet well understood. Apart from
lepidopteran PBPs, the ligand specificity of insect OBPs has
so far not been demonstrated conclusively. Nevertheless, the
sex pheromone specificity of lepidopteran PBPs has provided
interesting opportunities to study protein–ligand interactions
by using OBPs as attractive targets for homology modelling and
ligand screening. Currently, competitive binding assays using
N-phenyl-1-naphthylamine as a fluorescence probe are used to
study the ligand binding affinity to OBPs (Lescop et al., 2009;
Zhou, 2010). Only a few studies have provided the binding
affinities in connection with structural data. Hydrogen bonds
appear to have an important role in specific interactions for
the recognition of some ligands, as reported for LUSH and its
alcohol-binding site (Kruse et al., 2003), and for other lepi-
dopteran OBPs (Zhou et al., 2009). The first attempt to correlate
binding affinity with structural data was made in a study by
Sandler et al. (2000), in which BmorPBP1 was crystallized as
a complex with bombykol. It was reported that Ser56 forms a
hydrogen bond with the hydroxyl of bombykol, which plays a
role in the specificity of the PBP. However, a more in-depth study
was performed on the bombykol-BmorPBP complex by Klusak
et al. (2003), using ab initio methods, which suggests that not
only hydrogen bonds, but also cation-π and π-π interactions
have an important role in the bombykol binding. The ab initio
calculations indicate that bombykol could adopt two conforma-
tions (A and B). A single hydrogen bond with Ser56 is formed
in conformation A, whereas two hydrogen bonds, involving
Ser56 and Met61, are formed in conformation B. BmorPBP1 is
shown to bind to analogues of bombykol, when measured with
Chip-assisted high-throughput electrospray ionization mass
spectrometry analysis, where the compounds having differ-
ent chain lengths, such as (10E,12Z)-hexadecadienyl acetate
and (10E,12Z)-octadecadien-1-ol, bind to the protein with a
higher affinity than bombykol (Hooper et al., 2009; He et al.,
2010). Similarly, Campanacci et al. (2001) report that PBP1
of Mamestra brassicae (MbraPBP1) and ApolPBP1 is unable
to discriminate pheromones from certain other compounds.
By competitive binding assays using 1-aminoanthracene, fatty
acids show significant binding affinity. Zhou et al. (2009) and
He et al. (2010) report that BmorPBP1 binds well to both
bombykol and bombykal, whereas a GOBP (BmorGOBP2)
binds differently to these compounds. It is suggested that the
binding of bombykol to BmorGOBP2 involves hydrogen bond-
ing to Arg110 rather than to Ser56 as found for BmorPBP1.
In addition, the hydroxyl group of bombykol may form an
additional hydrogen bond with Glu98 via a water molecule,
as predicted through MD simulations (Gräter et al., 2006a,b),
whereas bombykal cannot form such additional hydrogen bond.
This explains the ligand discrimination by BmorGOBP2 at the
structural level. Interestingly, Zhou et al. (2009) also demon-
strate by crystallography that there is no conformational change
among the BmorGOBP2 structures bound with sex pheromone
components and their analogues, which is consistent with a
recent study on Drosophila LUSH (Gomez-Diaz et al., 2013).
A crystallized structure of an OBP of A. gambiae (AgamOBP1)
shows numerous contacts with N,N-diethyl-3-methylbenzamide
(DEET) at its binding site (e.g. van der Waals interactions).

Hydrogen bonds are formed via water molecules with Trp114,
Cys95 and Gly92 (Tsitsanou et al., 2012). Although DEET
appears to have a specific interaction with the OBP, it was
recently reported that eugenyl acetate could be a better repellent
than DEET as a result of a better affinity with the binding site of
AgamOBP1, as shown by molecular modelling studies (Affonso
et al., 2013). However, binding assays and robust behavioural
bioassays are necessary to corroborate those findings.

Although OBPs are divergent across insect species, and
even within same species (Pelosi et al., 2006), the general
structural characteristics of OBPs are conserved, such as six
α-helical domains and three disulphide bridges (from the
six Cys residues). These features are well conserved in the
GOBP of the honeybee A. mellifera (ASP2). However, ASP2
shows a broad specificity for ligands compared with PBPs
(Lescop et al., 2009). Structurally different compounds, such as
2-isobutyl-3-methoxypyrazine, isoamyl acetate, 1,8-cineol and
2-heptanone show significant affinity for ASP2 through weak
and nonspecific interactions. Therefore, further evidence and
robust bioassay techniques are necessary to establish the dis-
criminatory capability of insect OBPs.

Ligand binding and release by lepidopteran OBPs. It has
been proposed that, once the bombykol-BmorPBP1 complex
reaches the proximity of dendritic membrane, a pH-induced con-
formational change occurs to release the ligand. Thus, studies
have been conducted with crystal structures of OBPs to deter-
mine the key features involved in the pH-dependent change.
For example, for the moth B. mori, it is suggested that the
pheromone is released to the ORs through a conformational
change of BmorPBP1 by acid pH in the proximity of the ORNs
membrane. A significant structural change in the BmorPBP1
is denoted by the shifting of a long C-terminus, which is a
characteristic feature of OBPs that function as PBPs in Lepi-
doptera, from an extended form to an α-helix by this change in
pH (from 6.5 to 4.5) (Horst et al., 2001; Lautenschlager et al.,
2005; Leal, 2005). Thus, at acidic pH near the surface of den-
dritic membrane, there is release of the pheromone (bombykol)
because the C-terminus replaces bombykol and occupies the
binding site of BmorPBP1 as α-helix. However, the pH of anten-
nal lymph has not been measured and the nature of any pH in
the lymph space is unknown. Therefore, pH-dependent confor-
mational changes should be considered as an interesting phe-
nomenon of insect OBPs to which no clear function has yet
been attributed. The mechanisms of ligand binding and release
are not always dependent on the C-terminus of the OBPs. Zhou
et al. (2009) report a significant difference in the C-terminal con-
formation between BmorPBP1 and BmorGOBP2. BmorPBP1
has an extended C-terminus occupying its binding site, whereas
BmorGOBP2 has a longer C-terminus, which forms an α-helix
and does not cover the binding site, nor does it participate
in ligand binding. In addition, there are no significant con-
formational changes among six different ligand–BmorGOBP2
complexes. Furthermore, in a study of pheromone binding to
the PBP1 of the moth Amyelois transitella (AtraPBP1), Xu
et al. (2011) record how the C-terminus controls this binding
according to pH. The pheromone (Z11, Z13)-hexadecadienal
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binds more strongly to the AtraPBP1 at neutral pH than at
acid pH. However, the deletion of the C-terminus of AtraPBP1
increases the pheromone-binding affinity by 100-fold at pH 5.0
and 1.5-fold at pH 7.0. There is probably an occupation of
the binding site of AtraPBP1 by its C-terminus at neutral
pH, as well as acid pH, which decreases the binding affin-
ity of (Z11,Z13)-hexadecadienal. Furthermore, three wild-type
PBPs (PBP1, PBP2 and PBP3) of two sibling species Heli-
coverpa armigera and Helicoverpa assulta show a decrease in
the binding affinity at acid pH. The mutant-type PBPs with-
out C-terminal segment have a similar binding affinity at the
same pH (Guo et al., 2012). Zubkov et al. (2005) found that the
C-terminus of ApolPBP1 does not have a major role for the dis-
placement of ligands. Instead, there is a reorientation of helices
α1, α3 and α4 at acid pH, which causes protonation of histi-
dine residues (His69, His70 and His95) inside the binding site,
leading to an opening of the binding site, and the pheromone
is released near the dendritic membrane. Pesenti et al. (2009)
report that the A. mellifera PBP (ASP1) has a contradictory con-
formational change compared with the observed in BmorPBP1.
Thus, ligands bind to this protein at low pH (4.0) and the release
occurs at pH 7.0. However, binding is also possible at neutral
pH; therefore, an uncommon conformational change was pro-
posed. At pH 7.0, ASP1 can form dimers through the absence of
the C-terminus from the core of the protein and the participation
of the N-terminus to form a more stable dimer structure. This
dimeric form binds ligands but with lower affinity than the acidic
monomer. There is another more direct ligand release mecha-
nism for L. maderae PBP (LmaPBP) as suggested by Lartigue
et al. (2003). This mechanism, in contrast to that for BmorPBP1,
is based on the absence of a helix inside of the PBP and the
presence of a significant amount of hydrophilic residues in the
binding site.

Kinetics studies have been undertaken for L. dispar LdisPBP2
using fluorescence binding assays and tryptophan anisotropy
measurements to obtain the association in timescale and mul-
timerization, respectively (Gong et al., 2009). The results
indicate that LdisPBP2 binds (+)- and (−)-disparlure in both
a rapid step and a slow step. The slow step could be more
important for obtaining an active ligand for ORs as a result of
an internal binding, which results in a more stable ligand–OBP
complex. By contrast, the rapid step appears to be related
to binding at an external site, where the initial interactions
between ligand and OBP occur. Moreover, within a few hours,
there is an increased presence of LdisPBP2 as dimer, which has
a smaller binding capacity compared with monomer. Subse-
quently, a more detailed binding mechanism was proposed. It
appears that two steps are necessary to obtain a final complex.
First, LdisPBPs and the ligand form an intermediate complex
through diffusion-controlled collision. The second and final step
involves the relocation of the ligand from an external binding
site to a different internal one (Gong et al., 2010). In Fig. 2, a
schematic representation is provided that summarizes the most
outstanding research on lepidoptera OBPs, and their ligand
binding and release mechanisms.

Structure prediction of OBPs by homology modelling.
Approximately 4 years ago, Zhou (2010) reported that 47

crystal structures of insect OBPs were deposited in the Protein
Data Bank (PDB) (http://www.rcsb.org/pdb). At the beginning
of 2014, a search with ‘odorant binding protein’ as keywords
returned the structures of OBPs in only eight insect species,
despite several hundred OBPs having been reported in an enor-
mous number of insect species. To date, more than 60 crystal
structures have been determined by X-ray crystallography.
Only 13 of them have a high resolution (< 1.5 Å), 45 have a
lower resolution of 1.5–2.5 Å and three have a resolution of
2.5–3.0 Å. Thus, A. mellifera, D. melanogaster, A. gambiae
and B. mori have the greatest number of crystal structures,
including both OBPs and PBPs in some cases. These crystal
structures were solved under different conditions, such as
ligand–OBP complex, apo-OBP form and at different pHs.
The PBPs from moths often have seven α-helices and three
conserved disulphide bridges. The high sequence identity
provides a similar global fold among these OBPs, which is
crucial for homology modelling, and the structural studies of
these OBPs have provided some outstanding information for
computer-assisted modelling of these proteins. For example,
early studies on homology modelling with OBPs were carried
out by Honson & Plettner (2006) aiming to determine the
three-dimensional arrangement of disulphide bridges on L.
dispar PBPs (LmarPBP1 and LmarPBP2). Based on the crystal
structure of BmorPBP1, the homology models revealed that the
most exposed and accessible disulphide bridge is C2–C5 (i.e.
Cys50–Cys108), which is the most easily reduced disulphide
bridge by cyanylation using tris(2-carboxyethyl)phosphine,
2-mercaptoethanol and dithiothreitol. The structural models
of these proteins suggest that the easy reduction of C2–C5
is the result of a steric property of Cys side chains that are
more exposed. Moreover, the conformation of C2–C5 could be
influenced strongly by electronic effects from a nearby aspartic
acid (Asp106), which stabilizes C5 through a proton transfer.

Steps, limitations and improvements within the homology
modelling. Knowledge of 3D protein structures allows an
understanding of molecular mechanisms and evolutionary
relationships, as well as detailed information about binding
sites and ligand–protein interactions. The prediction of 3D
protein structure from the amino acid sequence can be carried
out by homology or comparative modelling from the protein
structures determined previously by X-ray crystallography or
NMR spectroscopy. This has provided an important progress
in the understanding of protein functions for more than four
decades starting with studies by Levinthal (1966). Homology
modelling is based on an evolutionary relationship between
target and template proteins, sharing a degree of structural sim-
ilarity. The proteins are called ‘target’ when their 3D structure
is unknown and ‘template’ for proteins with their 3D structures
experimentally determined. Thus, this structural modelling
of proteins performs a comparison between the amino acid
sequence of target and template(s). The templates are stored
in the PDB (http://www.rcsb.org/pdb/home/home.do) and are
available using a designation of four digits called the PDB
code. An example is the alignment between Acyrthosiphon
pisum OBP3 as target, and L. maderae PBP with code ‘1ORG
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Fig. 2. Schematic representation of the mechanisms of ligand release of moth pheromone-binding proteins (PBPs). Background section represents a
commonly occurring multipore sensillum present in moths, such as Bombyx mori and Antheraea polyphemus. From the external environment, different
odorants ( , and ) can enter to sensilla by diffusion through cuticle pores. PBPs (blue spheres) are secreted by auxiliary cells and located in the
sensillium lymph. These proteins are proposed as the first filter of selection and discrimination of odorants, which are represented by the ligand–PBP
complex (grey triangle-sphere) in the lymph. (A) Ligand binding and release mechanism proposed for B. mori PBP (BmorPBP) (Horst et al., 2001;
Lautenschlager et al., 2005; Leal, 2005). (B) Ligand binding and release mechanism proposed for A. polyphemus PBP (ApolPBP1) (Zubkov et al.,
2005). (C) Uncommon ligand binding and release mechanism proposed for Apis mellifera ASP1 (Pesenti et al., 2009). (D) Ligand binding and
release mechanism proposed for Leucophaea maderae PBP (LmaPBP) (Lartigue et al., 2003). (E) Ligand binding and release mechanism proposed for
Lymantria dispar PBPs (LdisPBPs) (Gong et al., 2009, 2010). Inactivation or degradation (by odorant-degrading enzymes) is not represented in this
scheme because this is not part of the main discussion of this review. OR, olfactory receptor; Orco, OR co-receptor; SNMP, Sensory neuron membrane
protein.

chain A’ as template, for the modelling of aphid OBPs (Qiao
et al., 2009). Similarly, other studies have used the same
template to predict the 3D structure of the OBPs of A. pisum
and Sitobion avenae (Sun et al., 2011; Sun et al., 2012a; Zhong
et al., 2012) and of the plant bug Adelphocoris lineolatus (Wang
et al., 2013a). Moreover, a template can be used to model not
only a full-length, but also a part of target (Chang & Swaan,
2006). For example, for modelling of Culex quinquefasciatus
OBP2, Paramasivan et al. (2007) used two templates. The

first 15 residues are modelled with the 1DI1 template of
Penicillium roqueforti synthase and the remainder with 1R5R
of A. mellifera ASP1. Such templates are selected based on
the folding of the target by the genthreader fold recognition
server (http://bioinf.cs.ucl.ac.uk/psipred//?program=psipred).
Another strategy is to model regions of proteins independently
as loops or transmembrane domains with different templates for
each region, especially when proteins have multiple domains.
swiss-model (Arnold et al., 2006) and modeller (Eswar et al.,
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2006) are popular and freely available software for modelling
processes, both of which offer friendly platforms for protein
homology modelling. swiss-model is suitable for beginners
as an automated and online server, and does not need to be
downloaded and installed. Instead, the server offers the capa-
bility to build homology models within a workspace through
a web connection (Arnold et al., 2006). On the other hand,
the modeller software must be downloaded and installed.
Although modeller calculates a model automatically, it
must be provided with an alignment between the target and
template, as well as user scripts as commands. Once the
model has been built, other software can be used to visualize
the model, such as pymol (http://www.pymol.org), ras-
mol (http://www.rasmol.org), chimera (http://www.cgl.ucsf.
edu/chimera/) and swiss-pdbviewer (http://www.spdbv.vital-it.
ch/), amongst others. Homology modelling studies of insect
OBPs to date are listed in Table 1, including templates and the
software used. Apart from homology modelling, there are other
types of computing approaches in protein structure predictions,
according to several reviews on the subject (Sánchez et al.,
2000; Schwede et al., 2007; Ravna & Sylte, 2012). These
include threading methods, ab initio methods and integrative
or hybrid methods. However, homology modelling is the most
precise and reliable method currently being used (Bordoli &
Schwede, 2012; Ravna & Sylte, 2012). There are numerous
reviews on homology modelling that have a similar content
structure, each highlighting the steps, precision and limitations
of the technique, together with an apparently endless list of
available modelling software. Therefore, below, the important
concepts in homology modelling are only summarized, with a
focus on the ligand affinities of insect OBPs.

Protein structure modelling based on homology between
target and template consists of four main steps: template iden-
tification, target-template alignment, model building and model
refinement and validation (Fig. 3). Template identification is
the first step in obtaining a homology model. Such identifica-
tion is usually carried out with basic local alignment search
tool blast (http://www.ncbi.nlm.nih.gov/BLAST/). This tool
provides regions of similarity and an identity percentage of
nucleotide or protein sequences between target and templates.
To determine a ligand–protein interaction, a template must have
some characteristics, such as high resolution, sharing regions
or substructures with target, and be bound as holo-protein (i.e.
ligand–protein interaction as biochemically active complex)
(Orry & Abagyan, 2012). The percentage sequence identity
is an important indicator for establishing the best template.
Thus, 30% or more sequence homology is considered good
to obtain a precise model. If the sequence identity is less
than 30%, the quality of the model decreases (Schwede et al.,
2007). Based on the above, the sequence identities of the
targets LdisPBP1 and LdisPBP2, with the template BmorPBP
(1DQE), are 61% and 48%, respectively (Honson et al., 2003),
which has provided a good homology model for both PBPs.
However, the study by Honson et al. (2003) does not pro-
vide an evaluation on the quality of the predicted models.
This is commonly performed with procheck (http://www.ebi.
ac.uk/thornton-srv/software/PROCHECK/), comprising soft-
ware that evaluates the stereochemical quality of the predicted

structure. A special case is reported by Gu et al. (2011), in
which a reliable homology model for the lucerne plant bug
A. lineolatus OBP (AlinOBP1) is based on a low sequence
identity of 16.8% with the template bombykol-BmorPBP1
complex (1DQE). In this instance, the homology recognition
software fugue (http://www.tardis.nibio.go.jp/fugue/) was
used, which comprises a sequence-structure alignment to find
common folds even with low sequence similarity between
target and template (Shi et al., 2001). Thus, a Z-score is related
with a 99% confidence level, although the discrete optimized
protein energy (DOPE) score is not included. The DOPE
score is commonly used for homology models obtained from
modeller, which assesses the quality of the predicted struc-
ture based on statistical potentials. The lowest DOPE scores
are related to the best models predicted. Homology models
with more than 50% sequence identity have a resolution of
approximately 1 Å root-mean square deviation (RMSD) of the
Cα atomic coordinates from templates, which is considered
as a precise model (Ginalski, 2006). After the template is
identified, it is necessary to produce a good alignment between
the target and the template. The alignment can be classified
into pairwise sequence alignment (PSA) and multiple sequence
alignment (MSA). The PSAs are carried out by blast and
the MSAs are carried out using software such as clustalw
(Thompson et al., 1994), muscle (Edgar, 2004) and t-coffee
(Notredame et al., 2000), which comprise online bioinfor-
matic tools, where, according to Hang (2008), clustalw
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and muscle
(http://www.ebi.ac.uk/Tools/msa/muscle/) have higher speeds
in running time compared with t-coffee (http://www.ebi.
ac.uk/Tools/msa/tcoffee/) for a large number of sequences.
The third step of homology modelling is the building of main
structures including the core modelling of a structurally con-
served region in proteins, loop modelling, and side chain and
backbone modelling (Leach, 2001; Ravna & Sylte, 2012).
There are two main approaches for building the structure
model, as highlighted by Leach (2001); Schwede et al. (2007)
and Ravna & Sylte (2012). The first approach is called the
rigid-body method or rigid fragment assembly, which consists
of the construction of an initial model of a target from the
structurally conserved core region of a template protein. The
second approach for homology model building is ‘satisfaction
of spatial restraints’. This is an optimization strategy, in which
restraints such as atomic distances, solvent and torsion angles
are considered. Once an initial protein has been modelled, the
refinement must be carried out. The initial models often have
a high energy associated and a low resolution; thus, an energy
minimization is performed to refine the initial models. This step
begins with the assumption that native proteins have the lowest
energy conformation. Therefore, the aim of protein structure
refinement, with MD simulations using force fields, is to obtain
a structural model with minimum energy. Force fields estimate
the energy associated with each possible conformation of the
protein structures modelled to achieve the correct covalent
geometry, avoid atomic overlaps, select the nearest conforma-
tion to the native structure and assess model quality (Bordner,
2012). The MD approach consists of the simulation of protein
motion according to Newton’s laws of motion to obtain the
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Table 1. Summary of homology modelling studies to determine odorant-binding protein structures of insects.

OBP Species Template(s)
Protein Data
Bank code Software References

OBP Locusta migratoria Apis mellifera PBP 3BFH discovery studio 2.0 Jiang et al. (2009)
OBP2, OBP3 and OBP7 Sitobion avenae Leucophaea maderae PBP 1ORG swiss-model Zhong et al. (2012)
PBP1 Spodoptera litura Antheraea polyphemus and

Bombyx mori PBP
1IS8, 1QWV modeller Liu et al. (2012)

OBP Acyrthosiphon pisum Leucophaea maderae PBP 1ORG swiss-model Qiao et al. (2009)
OBP4 Anopheles gambiae Anopheles gambiae OBP1 2ERB swiss-model Qiao et al. (2011)
OBP1, OBP2 and OBP3 Helicoverpa armigera Bombyx mori PBP 1DQE discovery studio 2.0 Zhang et al. (2012a)
OBP5 Helicoverpa armigera Aedes aegypti OBP1 3K1E discovery studio 2.0 Zhang et al. (2012b)
OBP2 and OBP3 Locusta migratoria Anopheles gambiae OBP1 2ERB, 1DQE swiss-model Yu et al. (2009)
OBP Phormia regina Bombyx mori PBP – insight ii Tsuchihara et al. (2005)
OBP3 Acyrthosiphon pisum Leucophaea maderae PBP 1ORG swiss-model Sun et al. (2011)
OBP10 Helicoverpa armigera, Helicoverpa

assulta

Culex quinquefasciatus OBP 3OGN swiss-model Sun et al. (2012b)

OBP3 and OBP7 Acyrthosiphon pisum Leucophaea maderae PBP and
Drosophila melanogaster

LUSH

1ORG, 3B6X swiss-model Sun et al. (2012a)

OBP15 and OBP21 Apis mellifera Apis mellifera OBP14 3RZS modeller Spinelli et al. (2012)
OBP Drosophila melanogaster Anopheles gambiae OBP1 2ERB swiss-model Sánchez-Gracia & Rozas (2008)
OBP1 Anopheles gambiae Anopheles gambiae OBP1 2ERB, 3N7H swiss-model Rusconi et al. (2012)
OBP2 Culex quinquefasciatus Apis mellifera ASP1 and

Penicillium roqueforti synthase
1R5R, 1DI1 modeller Paramasivan et al. (2007)

OBP1 and OBP2 Scleroderma guani Pyrococcus horikoshii PH1010
and Apis mellifera ASP1

3D76, 3BJH swiss-model Li et al. (2011)

PBP1 Lymantria dispar Bombyx mori PBP 1DQE swiss-model Honson et al. (2003)
PBP1 and PBP2 Lymantria dispar Bombyx mori PBP 1DQE swiss-model Honson & Plettner (2006)
OBP1 Adelphocoris lineolatus Bombyx mori PBP 1DQE discovery studio 2.0 Gu et al. (2011)
PBP1 Mamestra brassicae Bombyx mori PBP 1DQE turbo-frodo Campanacci et al. (2001)
OBP1 Anopheles gambiae Anopheles gambiae OBP1 2ERB – Biessmann et al. (2010)
OBP1 Locusta migratoria Bombyx mori PBP 1DQE insight/homology Ban et al. (2003)
PBP3 Ostrinia spp. Bombyx mori GOBP2, Antheraea

polyphemus PBP and Bombyx

mori PBP

2WCJ, 1QWV,
1DQE

modeller Allen & Wanner (2011)

PBP1, PBP2 and PBP3 Helicoverpa armigera and
Helicoverpa assulta

Bombyx mori PBPs 1DQE, 2FJY swiss-model Guo et al. (2012)

OBP5 Adelphocoris lineolatus Drosophila melanogaster LUSH 1OOI discovery studio 2.0 Wang et al. (2013b)
PBP1 and PBP2 Lymantria dispar Antheraea polyphemus PBP 1QWV discovery studio 3.0 Yu et al. (2012)
PBP1 and PBP2 Lymantria dispar Bombyx mori GOBP2 2WCJ swiss-model Yu & Plettner (2013)
OBP2 Apis cerana Apis mellifera OBP2 1TUJ swiss-model Li et al. (2013)
OBP7 Helicoverpa armigera Anopheles gambiae OBP1 3N7H swiss-model Sun et al. (2013)
OBP37 and OBP39 Aedes albopictus Culex quinquefasciatus OBP1 and

Aedes aegypti OBP1

2L2C, 3K1E swiss-model Deng et al. (2013)

OBP3 and OBP4 Holotrichia oblita Anopheles gambiae OBP20 3VB1 swiss-model Wang et al. (2013a)
OBP1 Holotrichia oblita Anopheles gambiae OBP1 2ERB swiss-model Zhuang et al. (2014)
ASP2 Apis cerana – – i-tasser Lu et al. (2014)

ASP, A. mellifera; OBP, odorant-binding protein; PBP, pheromone-binding protein.

energy of a particular protein conformation through calculations
by force fields, which is usually performed with the software
amber (Weiner & Kollman, 1981), gromacs (Berendsen et al.,
1995) and namd (Phillips et al., 2005). It is noteworthy that
MD simulations are used not only for refinement of homology
models, but also to determine structural changes in proteins. For
example, MD simulation has been used to assess the binding
dynamics and specificity of insect PBPs. Thus, Gräter et al.
(2006b) report a similar binding affinity for bombykol and bom-
bykal to BmorPBP1 through MD simulations that considered
entropic contributions to the free energy of the protein/ligand
binding complexes. Although bombykol acts as hydrogen-bond
donor and bombykal as hydrogen-bond acceptor, the MD
simulation shows that the binding modes of both bombykol
and bombykal are similar, forming and breaking hydrogen

bonds in a reversible way. More recently, Chu et al. (2013)
provide a putative pH-induced ligand-releasing mechanism,
which is predicted using MD simulation. Their findings suggest
that the OBP1 of C. quinquefasciatus (CquiOBP1) releases
the mosquito oviposition pheromone at low pH as a result
of the cleavage of hydrogen bonds in the binding site. These
simulations have been performed on crystal structures of OBPs.
However, Yu et al. (2012) report a constant pH MD simulation
on the modelled structures of L. dispar PBPs (LdisPBPs) at
both pH 7.3 and pH 5.5. Subsequently, the findings were cor-
roborated by circular dichroism, where conformational changes
are revealed (Yu et al., 2012).

Overall, MD simulation involves classical mechanics based on
Newtonian physics to reduce the computational cost (Durrant
& McCammon, 2011). By contrast to quantum mechanics,
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Fig. 3. General building scheme for protein structures by homology modelling, as applied to insect odorant-binding proteins to date. Underlined section
indicates an optional step when ligand binding is studied.

classical mechanics or molecular mechanics (MM) works to
find the global minimum of free energy in a protein struc-
ture to describe a conformation, considering atoms and bonds
as single particles and springs, respectively (Bordner, 2012).
All refinement processes on homology models of insect OBPs
have used MM. An example is the predicted structure of the
salivary OBP2 of the mosquito C. quinquefasciatus, where
GROMOS96 (Scott et al., 1999) was used as force field based
on MM in the refinement step (Paramasivan et al., 2007).
Similarly, a refined homology model of Locusta migrato-
ria OBP1 (LmigOBP1) was obtained by Jiang et al. (2009)
using charmm force field software for macromolecular energy
minimization and dynamics calculation (Brooks et al., 1983).
Despite these studies on the refinement of predicted OBPs
structures, there is no information available on how long
these simulations were required to complete. Currently, MD
at long-timescale (e.g. nanoseconds) appears to be useful for
refinement of homology models from proteins of small or
medium size (Fan & Mark, 2004; Raval et al., 2012), such as
insect OBPs.

Model validation is a crucial step to ensure its quality. There
are two approaches for model validation: experimental and the-
oretical. The experimental approach compares the results from
modelling studies with biological observations, and establishes
the model quality. If the biological results are in accordance with
the homology model, it is considered correct (Chang & Swaan,
2006; Ravna & Sylte, 2012). The theoretical method for vali-
dation analyzes the stereochemical quality of the model. Thus,
when the model is not satisfactory, the steps are repeated from
template identification or target-template alignment forward on
(Martí-Renom et al., 2000). Therefore, all the steps described
above are usually repeated iteratively until the best homology
model is obtained.

Insect OBPs are flexible and this property is likely to be very
important for ligand recognition patterns and function. To date,
optional steps are being developed after the validation of mul-
tiple homology models, such as docking and MD simulations

of ligand–protein complexes. Docking (also called molecular
docking) is discussed in more detail below. It is important to
note that homology models and experimental protein struc-
tures are only a snapshot of a specific conformation. There-
fore, all results that are determined represent only one state
of the protein without information about its dynamic. Thus,
studies on drug discovery have been directed towards deter-
mining the stability of the ligand–protein complexes (Alonso
et al., 2006). An example is the identification of an inhibitor
binding site in human sirtuin 2 (SIRT2), which is a protein
from histone deacetylase family (Sakkiah et al., 2013). Five
well known inhibitors (suramin, mol-6, sirtinol, 67 and nf675)
were docked to SIRT2. The plotted RMSD values reveal that
the five complexes between the inhibitors and SIRT2 were sta-
ble after approximately 10 ns of simulations. The stability of
certain protein structures or ligand–protein complexes is com-
monly observed when RMSD values become unchanged with
time between the predicted structural conformations and sur-
rounding environment (i.e. water molecules and ions) (Sokkar
et al., 2011).

Despite homology modelling being highlighted as the most
reliable and precise method for protein structure predic-
tion, there are usually three limitations. These are template
selection, precise target-template alignment and impreci-
sions in refinement. The limitations are considered the main
sources of errors in homology modelling (Arnold et al., 2006;
Larsson et al., 2008). Selection of an appropriate template
depends on the evolutionary relationship with the target and,
hence, structural and functional divergence from the target.
To overcome the imprecisions from template selection and
sequence alignment, the ideal approach is to select the tem-
plate with the highest sequence identity (≥ 30%) to target,
use MSA with manual intervention if necessary and use
software or servers such as fugue and genthreader for
low sequence identities. Every 2 years, the Critical Assess-
ment (http://www.predictioncenter.org/index.cgi) of Protein
Structure Prediction (CASP) centre assesses and reports the
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progress of modelling techniques. If the template selection for a
full-length target is difficult because the sequence identity is too
low (less than 30%) or the template resolution is too low, the
modelling of some conserved regions is feasible. For example,
homology modelling of α4β2 nicotinic acetylcholine receptor
(nAChR) with homopentameric acetylcholine binding protein
(AChBP) from the sea slug Aplysia californica as template
gave a sequence identity of 18–20%. Despite such low identity,
the shared features between the target nAChR and template
AChBP, such as a similar fold and highly conserved residues
in the binding site (Hansen et al. (2005), allowed an nAChR
model to be predicted using AChBP as a suitable template
(Iturriaga-Vásquez et al., 2010).

It is important to obtain precise alignment between targets and
templates. Distant evolutionary relationships, specific regions
that do not align reliably and MSA programmes themselves
could lead to imprecision in the alignment. Arnold et al. (2006)
note that, when the imprecision of a target-template align-
ment cannot be determined, visual and manual intervention
can improve the model quality significantly. If the precision
of a sequence alignment decreases, the percentage of equiva-
lent Cα atoms for the superimposed target and template struc-
tures increases, as measured by RMSD. Raval et al. (2012)
note that the results of homology modelling have a low res-
olution by imprecise refinement during MD simulation with
errors reflected in the values of 3 Å for atomic coordinates.
The timescale of MD application and the precision of force
fields could also be the source of errors. However, the main
failure of MD within the refinement process appears to be
caused by force field errors (Raval et al., 2012). A restricted
conformational sampling for the initial homology model was
proposed to improve the predicted structures. This conforma-
tional sampling emerges from the MD (referred to the pro-
tein motion possibly with surrounding solvent) and the use
of energy functions (force fields) (Bordner, 2012), compris-
ing sampling steps to find the global optimal structures with
lowest energy.

Ligand binding affinity to homology models of OBPs:
methods and interaction. Many types of biological effects in
vertebrates and invertebrates are dependent on ligand–protein
interactions. The transport function of OBPs is carried out
through interactions between ligands and the binding sites of
these proteins. As mentioned previously, homology modelling,
as a quick and inexpensive method, allows the prediction
of the binding site in protein structures. Once a good qual-
ity homology model is obtained, it is possible to simulate
molecular docking of ligands, which predicts how and where
small molecules could be bound to the protein model. Before
docking, an important step is the identification of the binding
pocket to find the cavities suitable as potential binding sites
for ligands. For this, a ligand structure preparation is neces-
sary, a step that can be achieved by searching for ligands in
databases (e.g. PubChem; http://www.pubchem.ncbi.nlm.nih.
gov/) or by drawing them de novo using appropriate soft-
ware, such as chem3d (http://www.cambridgesoft.com) or
spartan (http://www.wavefun.com). Then, molecular dock-
ing is applied over a sufficient number of times to achieve

the best ligand–protein conformation, which is based on the
free energy associated to possible conformations. The docked
conformations are commonly ranked according to an increase
of energy, where the conformation with the lowest energy is
ranked on the first place (best ligands). This method requires
algorithms for the docking of ligands, such as Monte Carlo
docking (Metropolis et al., 1953), MD docking (McCammon
et al., 1977; Mangoni et al., 1999), genetic algorithms (Mor-
ris et al., 1998) and the ligand fragment-based method (Rarey
et al., 1996). The use of these docking algorithms depends on
the success of its application for a particular protein family.
An example is the study of the affinity of volatile compounds
to the LmigOBP1 (Jiang et al., 2009). The specific binding
between LmigOBP1 and pentadecanol (the ligand with the
highest affinity) was carried out using cdock (Wu et al., 2003)
through a MD algorithm. Docking simulations in this work
suggest that asparagine (Asn74) is a key amino acid in the
binding site of LmigOBP1. Another approach is to dock ligands
with protein crystal structures, which is ideal because of the
high resolution of these experimental structures compared with
homology models. Thus, He et al. (2010) carried out docking
simulations on BmorGOBP2, using a genetic algorithm with
autodock (http://www. autodock.scripps.edu/). Their findings
show that two hydrogen bonds are formed with Arg110 and
Glu98 in bombykol–BmorGOPB2 complexes, which is con-
sistent with the 3D structure of the bombykol–BmorGOPB2
complex reported by Zhou et al. (2009). Furthermore, using
seven analogue ligands, docking simulations predict that
(10E,12Z)-hexadecadienyl acetate has a lower energy than
bombykol and bombykal; thus, it binds better to BmorGOBP2.

Molecular docking has been used mostly in structure-based
drug discovery. Kolb et al. (2009) have highlighted that this
method is suitable for ligand screening compared with the
empirical method of high-throughput screening (HTS), allow-
ing hit rates that are 10- to 1000-fold higher than HTS. Besides
the ability to predict the presence of cavities in proteins for
ligand binding, molecular docking methods can also indicate
amino acid residues that form the cavities. Likewise, they pro-
vide a fine selection of ligands from extensive libraries, thus
allowing a deeper analysis of noncovalent interactions such as
van der Waals interactions. For example, Jiang et al. (2009)
report van der Waals interactions for hydrophobic residues in
the binding pocket of LmigOBP1. They suggest that these inter-
actions can occur through benzene rings even with Tyr109 and
Tyr117 as hydrophilic residues. To date, only 12 studies that
have performed molecular docking on the homology models of
insect OBPs, and which include the relevant information about
key residues for ligand binding, have been published (Honson
et al., 2003; Jiang et al., 2009; Biessmann et al., 2010; Rus-
coni et al., 2012; Yu et al., 2012; Zhang et al., 2012; Li et al.,
2013; Wang et al., 2013b; Yu & Plettner, 2013; Lu et al., 2014;
Jayanthi, P.D.K. et al., 2014; Zhuang et al., 2014) (Table 2).
Although different software has been used for docking, the most
recent studies appear to be coinciding in their development of
detailed analysis, with more parameters being included, such as
energy minimizations, theoretical evaluations and more sophis-
ticated algorithms. An example is the comprehensive study per-
formed by Jayanthi, P.D.K. et al. (2014) for the rapid screening
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Table 2. Molecular docking on homology models of insect odorant-binding proteins.

OBP Ligands Software Reference

Anopheles gambiae OBP1 Indole quanta-charmm Biessmann et al. (2010)
Locusta migratoria OBP Pentadecanol cdock Jiang et al. (2009)
Helicoverpa armigera OBP1,

OBP2 and OBP3
(Z)-9-Hexadecenal and (Z)-11-hexadecenal – Zhang et al. (2012a)

Lymantria dispar PBP1 Aziridine – Honson et al. (2003)
Anopheles gambiae OBP1 N-Phenyl-1-naphylamine (generic ligand) autodock 4.0 Rusconi et al. (2012)
Lymantria dispar PBP1 and

PBP2
Palmitic acid N-butyl ester,

bis(3,4-epoxycyclohexylmethyl) adipate and
l-trans-epoxysuccinyl-isoleucyl-proline
methyl ester propylamide

cdock Yu et al. (2012)

Lymantria dispar PBP1 and
PBP2

(+) and (−) disparlure molecular operating environment (moe) Yu & Plettner (2013)

Apis cerana OBP2 N-Phenyl-1-naphylamine (generic ligand) molegro virtual docker 4.2 Li et al. (2013)
Adelphocoris lineolatus OBP5 cis-Nerolidol cdock Wang et al. (2013b)
Holotrichia oblita OBP1 Hexyl benzoate, β-ionone, cinnamaldehyde and

myrcene
autodock 4.0 Zhuang et al. (2014)

Apis cerana ASP2 Linalool, geraniol, β-ionone, 4-allylveratrole,
phenylacetaldehyde, dibutyl phthalate,
isoamylacetate, methyl-p-hydroxyl benzoate
and butanedione

molegro virtual docker 4.2 Lu et al. (2014)

OBP, odorant-binding protein; PBP, pheromone-binding protein.

of active semiochemicals using a computational reverse chem-
ical ecology approach on a GOBP of the oriental fruit fly
Bactrocera dorsalis.

Although the docking method is a powerful tool for predict-
ing ligand–protein interactions, other experimental methods are
being used in conjunction with homology modelling, such as
fluorescence competitive binding assays (FBA), radioactively
labelled ligand (RLL) studies and site-directed mutagenesis.
Fluorescence competitive binding assays and RLL comprise
two technologies for receptor-ligand binding investigations. By
employing radio-isotopic labels such as 3H, RLL can be used in
the determination of receptor distribution and subtypes, screen-
ing of ligands and quantification. However, this type of bind-
ing assay has major disadvantages (e.g. radioactive wastes, high
costs, health hazards and requirement of special licenses) com-
pared with FBA, which is a widely used method to determine
the affinity to a wide range of compounds of insect OBPs (Zhou
et al., 2004; de Jong et al., 2005). Fluorescence competitive
binding assays provide a ligand screening with the use of flu-
orophores (commonly 1-N-phenylnaphthylamine) and quantifi-
cation through displacement of the fluorophore by ligands. An
example is the FBA approach used by Zhang et al., 2012b for
113 compounds, using homology modelling as a complement.
Although these binding assays indicate that (E)-β-farnesene,
ethyl butyrate, ethyl heptanoate and acetic acid 2-methylbutyl
ester are the best ligands for H. armigera OBP5, the homol-
ogy 3D model reveals key residues in the OBP5 binding site,
which may have an important role in ligand specificity. Further-
more, the protein structure prediction by homology modelling,
along with mutagenesis, allows examination of ligand–protein
interactions, the role of nonconserved residues in the binding
sites and ligand binding modes (Cavasotto & Phatak, 2009). The
ligand binding affinity can be altered through site-directed muta-
genesis, as in A. gambiae OBP1 (Rusconi et al., 2012). Also,

physicochemical properties can be changed through mutations
of the residues in the binding site, such as Phe59, Met84, His111,
Trp114, Tyr122, Phe123 and Leu124. Thus, the mutated OBPs
exhibit a lower binding affinity in the binding assays. More
recently, Zhuang et al. (2014) report that Tyr111 of the scarab
beetle Holotrichia oblita OBP (HoblOBP1) is a key residue
in the binding site of the protein. Through homology mod-
elling, molecular docking and subsequent site-directed mutage-
nesis along with fluorescence binding assays, it was possible
to demonstrate the role of Tyr111 in the binding of β-ionone,
myrcene, hexyl benzoate and cinnamaldehyde.

Conclusions

Research into insect OBPs has clearly progressed and is ready
to offer alternative approaches for ligand screening to identify
novel semiochemicals and analogues in the hope for their even-
tual use in pest management. As a result of intense studies on
the sensory system of insects, OBPs as semiochemical carrier
proteins are attractive targets for ligand screening, which is the
core target of reverse chemical ecology. The absence of crystal
structures of OBPs for a broader range of insect species has lim-
ited progress thus far. Homology modelling can provide infor-
mation about the 3D structure of these proteins and predict the
amino acid residues that could be involved in the formation of
ligand–protein complexes. It is important to understand, and be
aware of, the various factors that may influence the quality of
homology model building and the sources of errors in homol-
ogy modelling, such as the sequence alignment, selection of
template(s), refinement and the type of interactions between the
ligand and the binding sites. The appreciable sequence identi-
ties among lepidopteran OBPs can provide precise homology
models and, along with molecular docking (as a virtual method

© 2014 The Royal Entomological Society, Physiological Entomology, 39, 183–198



194 H. Venthur et al.

to predict best ligands), may represent a great leap forward in
the search for super-ligands to manipulate insect behaviours.
Finally, it is worth noting that OBP homology models as well
as crystal and NMR structures provide only static representa-
tions of dynamic olfaction systems. Once molecular modelling
is successfully performed, further robust bioassays need to be
carried out and super-ligands need to be screened with insects
to identify potential pest control agents.
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