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Summary and outline of this thesis

In Chile, Hylamorpha elegans (Coleoptera: Scarabaeidae, Rutelinae) is recognized as an
underground pest during its larval stage feeding on roots of crops, such as cereals and grass.
Thus, H. elegans represents an important pest in Central South and South of Chile.
Considering its difficult control, it is thought that the application of recent molecular
approaches could provide new opportunities to develop specific control strategies for H.
elegans. For example, computational reverse chemical ecology, as a complement between
experimental and in silico techniques, uses insect odorant-binding proteins (OBPs) as
targets. As the main function of OBPs is to carry semiochemicals inside the olfactory
organs of insects, their putative selectivity becomes to OBPs as an attractive field of
research, where new semiochemicals for pest control can be discovered. Therefore, the
main objective of this thesis considered the identification of chemical compounds with
putative semiochemical activity towards adult H. elegans. Here, molecular biology
techniques along with in silico methods have provided results enough to identify and
characterize an OBP from antennae of male and female H. elegans. The protein, called
HeleOBP1, was cloned, sub-cloned, recombinantly expressed and purified. Fluorescence
binding assays were performed using several ligands with the recombinant protein as well
as molecular docking with its modelled structure. Finally, electroantennography (EAG) and
behavioural assays to determine their bioactivity were used. From 29 ligands, a-ionone, B-
ionone and 2-phenyl acetaldehyde showed the strongest binding to HeleOBP1. On the other
hand, HeleOBP1-ligand complexes obtained from molecular docking suggested the
participation of His102, Tyr105, Tyr113 and Met114. It is thought that these residues could
form - interactions with the unsaturations and aromatic rings of ligands. Moreover, our
findings show high sensitivity of males and a moderately attractive effect for B-ionone at
low concentration suggested by EAG and behavioural recordings. Finally, it is proposed
that B-ionone might be detected specifically by HeleOBP1 and other OBPs could
participate for the recognition of other semiochemicals. Further perspectives for the

application of computational reverse chemical ecology methods are discussed.
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Chapter 1. General introduction

General introduction

1.1. Introduction

Nowadays, agriculture has arisen as an important area of research where the objective is to
enhance not only the performance of production, but also the defence against climate
conditions and herbivores. In Chile, agriculture has been established as one of the most
important economical sources for the country. Examples are wheat and beet crops, where
their annual production of 1,358,129 and 1,732,032 tons, respectively (i.e. 2013/14 season)
are the highest over oats, barley, maize, among others (ODEPA, 2015). However, the high
production of wheat has been reduced over the years due to the attack of an endemic beetle,
Hylamorpha elegans Burmeister (Coleoptera: Scarabaeidae). Commonly known as San
Juan Verde, this beetle feeds on roots of crops during its larval stage (i.e. white grub)
causing evident decomposition of plants and a subsequently occurrence of yellow spots
(Aguilera et al., 1996). Artigas (1994) highlighted this white grub as one of the most
harmful for wheat from Region del Maule to Los Lagos. It is worth mentioning that in spite
of years, H. elegans is still considered a pest though other beetles such as Phytoloema
herrmanni, Sericoides spp., Schizochelus serratus and Brachysternus prasinus also
contribute to crop damages. However, from this white grub complex H. elegans emerge as

the most important.

Insecticides and entomopathogenic fungi have been proposed as control methods for
white grubs of H. elegans (Rodriguez et al., 2004; Aguilera, 2007). However, low
effectiveness as been obtained. Thus, alternative strategies from chemical ecology were
studied for the beetle by Quiroz et al. (2007), trying to identify some molecules that can
mediate the sexual behaviour of H. elegans (i.e. sex pheromones). With the idea of finding
specific attractants, the main purpose was the design of environmentally friendly control
strategies. Results from the volatile profile emitted by virgin conspecific females and field
behavioural assays, indicated 1,4-benzoquinone and 1,4-hydroquinone as putative sex
pheromones. Moreover, 1,4-benzoquinone plus essential oils from Nothofagus obliqua, the
most reported host plant, showed an enhanced attractive effect suggesting a role for

volatiles released from the tree in the behaviour of adult H. elegans. Considering the above,
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it is thought that males could have more skills for finding and recognizing females while
they are feeding on leaves of N. obliqua since they have more chemosensory sensilla than
females (Mutis et al., 2014). For instance, the participation of host plant volatiles has been
suggested to play an important role for mate finding in scarab beetles (Ruther et al. 2000;
Reinecke et al. 2002; Quiroz et al. 2007). Males are able to recognize females while they
are eating through a sexual kairomone, which is proposed to be released by the attacked

plant. Field observations are consistent with this behaviour in H. elegans.

On the other hand, since the discovery of olfactory proteins in the silk moth Bombyx
mori (Vogt and Riddiford, 1981), an outstanding field of research has arisen due to the
potential that these proteins offer for the elucidation of putative semiochemicals and the
subsequent design of new control strategies. Proteins, such as olfactory receptors (ORs),
olfactory co-receptors (Orco), sensory neuron membrane proteins (SNMPs), odorant-
degrading enzymes (ODESs), chemosensory proteins (CSPs) and odorant-binding proteins
(OBPs) comprise the army of macromolecules that govern the olfactory system at
perireceptor level in insects. These proteins are located in antennae, specifically in small
olfactory hairs called sensilla. There, OBPs (the most studied so far) have provided the
target for semiochemical-discovery due to their main function, which is thought to be the
transport of hydrophobic volatiles from olfactory pores to the vicinity of ORs (Kaissling,
2013). Due to that function, OBPs have been proposed as the target for the development of
an approach called reverse chemical ecology, which means the identification of putative
semiochemicals from molecular approaches, avoiding some conventional techniques (e.g.
extensive field assays) (Leal, 2005). Lepidopteran OBPs, for example, are classified
according to their presence in males or females and which semiochemicals can be bound in
two main categories: (1) pheromone-binding proteins (PBPs) when the protein binds
pheromones and (2) general odorant-binding proteins (GOBPs) when the protein binds
general odorants. This previous classification has been supported since the beginning of
21% century, when the binding properties of insect OBPs started to be studied extensively.
An example is how the moth Mamestra brassicae PBP1 (MbraPBP1) and giant moth
Anthearea polyphemus PBP1 (ApolPBP1) were able to bind not only their pheromones, but
also other compounds, such as fatty acids (Campanacci et al., 2001). This last, showed that

OBPs are not as specific as was thought when they were discovered. From findings like the
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mentioned before, reverse chemical ecology has been improving the way how putative

semiochemical are identified including research at structural level.

X-ray crystallography has provided the necessary structural information to
complement the study of insect OBPs. Although OBPs are small (~ 20 kDa) and usually
monomers, their crystallization has been reported as difficult. However, several insect OBP
structures have been solved with high resolution and deposited in database, such as Protein
Data Bank (http://www.rcsb.org/pdb/home/home.do). The first crystallized OBP

corresponds to the moth B. mori PBP1 (BmorPBP1), which showed how bombykol (the sex
pheromone of B. mori) binds strongly to Ser56 through hydrogen bonds (Sandler et al.,
2000). Later, Zhou et al. (2009) reported that other OBP from antennae of B. mori,
BmorGOBP2, could bind bombykol through hydrogen bonds with Argl10 rather than
Ser56. Probably, residues such as Argl10 and Ser56 could be involved in the specific
binding of ligands explaining, for instance, how analogues (10E,12Z)-hexadecadienyl
acetate and (10E,12Z)-octadecadien-1-ol bind to BmorPBP1 with higher affinity than
bombykol (Hooper et al., 2009). These findings have shown the key role that some residues
in the binding site of OBPs could play, not only for the discovery of putative

semiochemical, but also for the design of potent analogues.

Despite crystallography has been sometimes successfully applied for insect OBPs,
its limitations (i.e. time consuming and economical costs) result in a limited number of
three-dimensional (3D) structures solved, with around 60 crystals available. Considering
the enormous amount of OBP sequences that have been determined so far, the dozens of
crystallized OBPs seem even lower. However, computing approaches have arisen to expand
the information with OBPs that have not been crystallized yet (Venthur et al., 2014). Thus,
homology modelling, as the most reliable method currently used, uses experimental 3D
structures as templates to obtain a modelled structure of a target sequence (i.e. insect OBPs)
(Bordoli and Schwede, 2012). Subsequently, to identify binding sites and amino acids that
participate in ligand binding, the model can be used for binding simulations, called
molecular docking. The study on the OBP1 of the scarab beetle Holotrichia oblita
(HoblOBP1) is a clear example of integration of molecular modelling approaches with

experimental ones. There, it was demonstrated the role of some amino acids (e.g. Met48,
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[led8 and Tyrlll) for the binding of [-ionone, myrcene, hexyl benzoate and
cinnamaldehyde using homology modelling and molecular docking along with

experimental assays (Zhuang et al. 2014).

Considering the economical importance of H. elegans, its difficult control and the
lack of upbringing methods for research, the scarab beetle represents a suitable
methodological model for the identification of potential semiochemicals using
computational reverse chemical ecology. With limited research performed on H. elegans
reporting only two putative sex pheromones (1,4-hydroquinone and 1,4-benzoquinone), the
application of computational techniques on reverse chemical ecology represents the
opportunity to investigate how useful are in silico approaches for semiochemical discovery.
Therefore, the main objective of this thesis was the identification of chemical compounds
with putative semiochemical activity towards adult H. elegans through a computational

reverse chemical ecology approach.

1.2. Hypothesis and objectives

1.2.1. Hypothesis

The presence of OBPs in several species of insects has provided alternative approaches
(experimental and computational) for the design of new control strategies taking into
account binding affinity of pheromones, attractants and repellents to these proteins.

Considering the above, the hypothesis of this work is:

Adults Hylamorpha elegans have OBPs with binding selectivity to molecules released
from the main host plant, Nothofagus obliqua, and/or from other scarab beetles of the

same subfamily.

1.2.2. General objective

= To identify chemical compounds with putative semiochemical activity towards

adult H. elegans by computational reverse chemical ecology.
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1.2.3. Specific objectives

= To determine the primary and three-dimensional structure of an OBP from antennae
of H. elegans.

= To select high affinity ligands to an OBP of H. elegans by both molecular modelling
and experimental techniques.

= To evaluate the biological activity of high affinity ligands by olfactometry and
electroantennography.
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Abstract

This review describes main characteristics of odorant-binding proteins (OBPs) for
homology modelling and presents a summary of structure prediction studies on insect
OBPs along with its steps, limitations and improvements. This 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 thought to play a functional role
for recognition, desorption, scavenging, protection and transportation of hydrophobic
molecules (odorants) across an aqueous environment (lymph) to olfactory receptor neurons
(ORNSs) located in sensilla, main olfactory units of insect antennae. Lepidoptera pheromone
binding proteins, a subgroup of OBPs are characterized by remarkable structural features,
where high sequence identities (about 30%) among these OBPs and a large number of
available templates could facilitate the prediction of precise homology models. About 30
studies have been performed on insect OBPs using homology modelling as a tool to predict
their structures. Although some of them have assessed the ligand binding affinity using
structural information and biochemistry measurements, a 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.
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2.2. Introduction

Host-seeking, ovipositing and mating of insects are governed mainly by odor perception
through sensory organs such as antennae. These organs contain a well described olfactory
system (Jacquin-Joly and Merlin, 2004; Leal, 2005), which perceives and triggers a
behavioural response to chemical signals. Antennae are characterized by having specialized
units called sensilla, which are comprised of one or more olfactory receptor neurons
(ORNSs) with their dendrites bathed in sensillum lymph. These ORNs modulate ion
potentials across their plasma membrane 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 odor perception and discrimination. The main olfactory
proteins include odorant-binding proteins (OBPs), chemosensory proteins (CSPs), odorant-
degrading enzymes (ODEs), sensory neuron membrane proteins (SNMPs), olfactory co-
receptors (Orco) (formerly OR83b receptors) and olfactory receptors (ORs). It is thought
that volatile odorant molecules such as pheromones are transported by OBPs or CSPs
across sensillum lymph to ORs located in dendritic membrane of ORNSs in sensilla (Vogt
and Riddiford, 1981; Klein, 1987; Maida et al., 1993; Jacquin-Joly et al., 2001; Zhou et al.,
2006) and act as the first filter of olfactory information (Leal, 2003). Since the first OBP
was identified by Vogt and Riddiford (1981), many more have been characterized. These
proteins are soluble with a molecular weight of 13-16 kDa and abundant in sensillum
lymph. Some evidences support that OBPs, particularly members of pheromone binding
protein (PBP) subgroup, can selectively bind to odorants, such as the pheromone (E,Z2)-
10,12-hexadecadienol (bombykol) as a specific ligand to the Bombyx mori PBP
(BmorPBP1) (Sandler et al., 2000) or the pheromone component (E,Z)-6,11-
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hexadecadienal to Antheraea polyphemus PBP (ApolPBP1). However, it has been shown
that they also bind to a wide range of odorant molecules as reported by Honson et al.
(2005) and Zhou (2010). These papers summarized all the early work on OBP/ligand
interactions determined experimentally and the various assays that are still used today to
study the ligand binding of OBPs. More studies are necessary to fully understand the
selectivity of OBPs during the odor recognition, although some important parameters of
odorant molecules are known, such as length of carbon chain, functional groups, location of
methyl ends and specific position of unsaturation as well as hydrophobic characteristics
(Zhou, 2010, Yu and Plettner, 2013). These provide useful information for structural
homology modelling.

Ligands (e.g. odorant molecules) bind to proteins through physicochemical forces,
which are non-covalent interactions, such as hydrogen bonds, ionic bonds, van der Waals
(vdW) interactions, among others. Different amino acids contribute to the interactions
according to their structures and positions in the ligand binding site of proteins. The most
common approach to understand these interactions in the potency and specificity of ligand
binding is to obtain the three dimensional (3D) structure of the binding proteins bound with
ligands (Ravna and 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 optimal techniques so far for
the analysis of ligand-protein interactions based on structural information due to their high
precision (high resolution), but they are expensive and time consuming. Moreover, it is not
always possible to obtain protein crystals in the presence of testing ligands. The
computational approaches can contribute as complementary tools for 3D structure
prediction (Paas et al., 2000). One of them is comparative or homology modelling, a
reliable method currently available on the assumption that proteins that fold within a
structural family are more functionally conserved than the primary sequences. This
structural prediction approach is based on evolutionary relationships between a target
protein and template proteins for which a 3D structure, determined by crystallographic or

NMR experiments, exists.
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OBPs are present at high concentrations (up to 10 mM) in sensillum lymph (Klein,
1987). There is an increased interest on OBPs and other olfactory proteins of invertebrates
in the hope to prevent human diseases transmitted by insect vectors and to provide
alternative pest control strategies from the use of pesticides by manipulating 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 to study
ligand-OBP interactions and research for ‘super-ligands’ together with robust biological
assays for insect behavioural manipulation. Leal (2005) proposed 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 of using these
chemicals in pest management. An advantage of this approach is that insect OBPs are
structurally different from vertebrate OBPs and have no sequence homology to vertebrate
OBPs. Insect OBPs are commonly located in sensilla of antennae. However, vertebrate
OBPs are located in nose that is involved in both olfaction and respiration (Pelosi and
Maida, 1990). Insect OBPs mainly have a-helices domains and vertebrate OBPs have only
B-strands and a short a-helix. Nevertheless, both insect and vertebrate OBPs have
conserved disulfide bridges and are small soluble proteins. Ligand binding assays indicate
that both insect and vertebrate OBPs bind to a wide range of volatiles with dissociation
constants of either micro or milli molar concentration (Tegoni et al., 2000; Pelosi, 2001;
Briand et al., 2002; Lobel et al., 2002; Nespoulous et al., 2004; Grolli et al., 2006; Wei et
al., 2008; Brimau et al., 2010). However, electrophysiological recording showed the
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 was reported by Katre et
al. (2009) at nano molar range. Although there are many studies that have used homology
modelling in structure-based drug discovery, only a few have been performed on insects
OBPs. Due to the high similarity of OBPs across Lepidoptera species and a large number 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 simulations to obtain best structural models in

terms of energy. Thus, the objective of this review is to present current knowledge of
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computer-assisted protein modelling by homology, focusing on Lepidoptera OBPs to

predict the ligand binding affinity.

2.3. Method

We review the classification and the functions of insect OBPs, and the mechanisms of their
binding and releasing air-born ligands to the olfactory receptors in the chemo-sensilla on
insect antennae. We further describe the steps and limitations of OBP structure prediction
by homology modelling and propose some improvements for the prediction. We finally

summarize ligand binding affinity of homology models including methods and interactions.

2.4. Odorant-binding proteins: classification, function and mechanisms

2.4.1. Classification

Lepidoptera OBPs can be divided into three classes based on their amino acid
sequences (Figure 1) and their structural characteristics. Thus, OBPs that bind to
pheromones are referred as pheromone binding proteins (PBPs), e.g. BmorPBP1 (Krieger et
al., 1996). General odorant-binding proteins (GOBPs) such as GOBP1 and GOBP2 are
present in both female and male of tobacco hawk moth Manduca sexta (Vogt et al., 1991)
and proposed to bind to general odorants. Less described are antennal-binding proteins X
(ABPx), which were reported first in B. mori (Krieger et al., 1996) and their ligand binding
have only recently reported (He et al., 2010). As shown in Figure 1, an alternative
classification for OBPs consists of Classic OBPs; Plus-C OBPs; Minus-C OBPs and
Atypical OBPs (Hekmat-Scafe et al., 2002 and Zhou, 2004). The main sequence
differences are the number of cysteine (Cys) residues and their conservation. According to
this, Classic OBPs have 6 conserved Cys residues at specific positions and include PBPs,
GOBPs and ABPx, but Plus-C OBPs have 2 additional Cys and a conserved proline
(Hekmat-Scafe et al., 2002; Zhou et al., 2004). Minus-C OBPs have less than 6 Cys and
Atypical OBPs are characterized by have 6 Cys residues as Classical OBPs but with

additional ones in the C-terminal region (Xu et al., 2003). For OBPs with the 6 conserved
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Cys residues, there is also a classification according to its chain and C-terminus length
(Tegoni et al., 2004): 1) long-chain OBPs with ~140 amino acids (e.g. moth’s OBPs of B.
mori and A. polyphemus); 2) medium-chain OBPs with ~120 amino acids (e.g. some OBPs
of the mosquito Anopheles gambiae and the bee A. mellifera) and 3) short-chain OBPs with
~100 amino acids (e.g. OBPs from the cockroach Leucophaea maderae). More recently, a
novel subclass of OBPs according to its C-termini and 3D structure was proposed by
Lagarde et al. (2011), called C8 OBP class. Their findings for the A. gambiae OBP7
(AgamOBP7) suggested a more evolved protein due to an increase in structural complexity
with 8 Cys residues, 4 disulfide bridges and a C-terminus slightly longer than Classic
OBPs. Moreover, it has been proposed that AgamOBP7 had evolved from Classic OBPs,
which served as a basal group of OBPs according to phylogenetic analyses (Vieira and
Rozas, 2011). We focus on Classic OBPs, because they have well conserved characteristics
such as 6 Cys residues, 3 disulfide bridges and an average molecular weight of ~14 kDa.
Furthermore, most of well-studied OBPs such as PBPs and GOBPs of Lepidoptera species
and the odorant binding protein LUSH for the pheromone 11-Z-vaccenyl acetate of

Drosophila melanogaster are Classic OBPs.

2.4.2. Function and specificity

Insects’ perception of their environment such as host plants, prey and potential mates
are guided by chemical signals, which are called semiochemicals. If a semiochemical is a
small, volatile and hydrophobic molecule they cannot easily cross a polar environment such
as insect sensillum lymph. It is thought that OBPs are the key component to solubilize and
transport these molecules across the lymph as far as reaching ORs. It is clear now at least
for hydrophobic ligands such as Lepidoptera sex pheromones that OBPs play an important
role in ligand capturing and transporting to achieve the ligand-OR interaction, and
contribute to the subsequent signal transduction (Kaissling, 2013). However, experimental
evidence suggests three outstanding functions for OBPs and may all play dynamic roles in
ligand selectivity: (1) Ligand scavenger responsible of protection of ORs from saturation,
which was proposed using a kinetic model for Lymantria dispar PBP2 (LdisPBP2) by

Gong et al. (2009); (2) Ligand desorption from the cuticular wax layer of olfactory pores to
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the lymph as it was suggested for LdisPBP1 and LdisPBP2 (Kowcun et al., 2001) and (3)
Ligand recognition function proposed for D. melanogaster OBP (LUSH) acting as an
activator of ORNSs tuned to pheromones (Laughlin et al., 2008). In contrast, Gomez-Diaz et
al. (2013) reported 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 could not have a direct role as the activator of ORNS. It has also been
proposed that OBPs protect odorant molecules from odorant degrading enzymes (ODES)
for degradation during its journey to ORs (Ishida and Leal, 2002; Leal, 2005, Leal, 2013).

[ PBPs ] [G(_)BPS] [ ABPX ]
N

OBPs

v V. v v

[ Classic OBPs ][ Plus-C OBPs ][ Minus-C OBPs J[ Atypical OBPs ]

Figure 2.1. Classification scheme of insect odorant binding proteins (OBPs) according to
their primary protein sequence. ABPX, antennal-binding protein X; GOBP, general
odorant-binding protein; PBP, pheromone-binding protein.

When semiochemicals are pheromones, there is an intraspecific interaction between
insects through associated PBPs. For example, 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 interspecific interactions, in which GOBPs may be associated. An example is
the GOBP2 of the meadow moth Loxostege sticticalis (LstiGOBP2), which was shown to
have high affinities to plant volatiles from essential oils, such as (E)-2-hexenal and (2)-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, which is
mediated by BmorPBP1. GroRe-Wilde et al. (2006) have studied the specificity of
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BmorPBP1 to bombykol and its analogue bombykal by measuring the activation of ORs
with the BmorPBP1-pheromone complex. They demonstrated that an OR response could be
achieved with bombykol solubilized with BmorPBP1 as well as with the organic solvent
dimethyl sulfoxide (DMSO). For bombykal BmorPBP1 could not substitute DMSO,
indicating that BmorPBP1 has a higher specificity to bombykol. They postulated that like
A. pernyi and A. polyphemus (Maida et al., 2000), a specialized PBP for bombykal could
exist in B. mori. The interaction with ORs and other downstream events are not well
understood yet. Apart from Lepidoptera PBPs, the ligand specificity of insect OBPs has so
far not been exclusively demonstrated. Nevertheless, the sex pheromone specificity of
Lepidoptera PBPs has provided an interesting opportunity to study protein-ligand
interactions by using OBPs as attractive targets for homology modelling and ligand
screening. The observed OBP specificity allows the interaction between a ligand and a
protein, forming a ligand-OBP complex as an encapsulation, a term proposed by Leal
(2005). The competitive binding assays using N-phenyl-1-naphthylamine (1-NPN) as
fluorescence probe have been used to study the ligand binding affinity to OBPs (Lescop et
al., 2009; Zhou, 2010). Only few studies have provided the binding affinities in connection
with structural data. Hydrogen bonds seem to have an important role as specific interactions
for the recognition of some ligands as it was reported for LUSH and its alcohol-binding
site (Kruse et al., 2003) and other Lepidoptera OBPs (Zhou et al., 2009). The first attempt
was made by the study of Sandler et al. (2000), in which BmorPBP1 was crystallized in
complex with bombykol. The authors reported that Ser56 formed a hydrogen bond with the
hydroxyl of bombykol, which plays a role in the specificity of the PBP. However, a more
deep study that was performed on bombykol-BmorPBP complex by Klusak et al. (2003)
using ab initio methods suggested that not only hydrogen bonds but also cation-z and n-n
interactions have an important role in the bombykol binding. The ab initio calculations
suggest that bombykol could adopt two conformations (A and B). A single hydrogen bond
with Ser56 was formed with conformation A, while two hydrogen bonds were formed with
conformation B involving Ser56 and Met61. BmorPBP1 has been shown to bind, when
measured with Chip-assisted high-throughput ESI-MS analysis, to analogues of bombykol,
where the compounds with different chain lengths such as (10E,12Z)-hexadecadienyl
acetate and (10E,12Z)-octadecadien-1-ol bind to the protein with a higher affinity than
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bombykol (Hooper et al., 2009; He et al., 2010). Likewise, Campanacci et al. (2001)
reported that PBP1 of Mamestra brassicae (MbraPBP1) and ApolPBP1 cannot discriminate
pheromones of other compounds. By competitive binding assays using 1-aminoanthracene
(AMA), fatty acids showed significant affinity. Zhou et al. (2009) and He et al. (2010)
demonstrated that BmorPBP1 binds well to both bombykol and bombykal, while a GOBP
(BmorGOBP2) binds differently to these compounds. The authors suggested that bombykol
binding to BmorGOBP2 involves hydrogen bonding to Argl10 rather than to Ser56 as
found for BmorPBPL1. In addition, the hydroxyl group of bombykol forms additional
hydrogen bond with Glu98 via a water molecule as it has been predicted through molecular
dynamic simulations by Grater et al. (2006a; 2006b), whilst bombykal cannot form such
additional hydrogen bond. This explains the ligand discrimination by BmorGOBP2 at
structural level. Interestingly Zhou et al. (2009) also demonstrated by crystallography 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) showed numerous contacts with N,N-diethyl-3-methylbenzamide (DEET) at
its binding site (e.g. van der Waals interactions). One hydrogen bond was formed via a
water molecule with Trpl114, Cys95 and Gly92 (Tsitsanou et al., 2012). Although DEET
seems to have a specific interaction with the OBP, it has been recently reported that
eugenyl acetate could be a better repellent than DEET due to a better affinity with the
binding site of AgamOBP1 by molecular modelling (Affonso et al., 2013). However,
binding assays and robust behaviour bioassays are necessary to corroborate those findings.

Although OBPs are divergent across insect species, even within same species (Pelosi et
al., 2006), general structural characteristics of OBPs are conserved, such as 6 o-helical
domains and 3 disulfide bridges (from 6 Cys residues). These features are well conserved in
the GOBP of honeybee A. mellifera (ASP2). However, ASP2 showed a broad specificity
for ligands compared to PBPs (Lescop et al., 2009). Structurally different compounds, such
as 2-isobutyl-3-methoxypyrazine, isoamyl acetate, 1,8-cineol and 2-heptanone showed
significant affinity for ASP2 by weak and non-specific interactions. Therefore, more
evidences and robust bioassay techniques are necessary to establish the discriminatory
capability of insect OBPs.
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2.4.3. Ligand binding and release by Lepidoptera OBPs

It has been proposed that, once bombykol-BmorPBP1 complex reaches the proximity
of dendritic membrane, a pH-induced conformational change occurs to release the ligand.
Thus, studies have been performed with crystal structures of OBPs to determine the key
features involved in the pH-dependent change. For example, for the moth B. mori, it has
been suggested that its pheromone is released to ORs through a conformational change of
BmorPBP1 by acid pH near the ORNs membrane. A main change is denoted by the
observation of shifting the C-terminus, as a characteristic feature of OBPs with a long C-
terminus in Lepidoptera PBPs, from an extended form to a-helix by this pH change (from
6.5 to 4.5) (Horst et al., 2001; Lautenschlager et al., 2005; Leal, 2005). Thus, at acid pH
due to membrane negative charges near the surface of dendritic membrane, there is a
release of the pheromone (bombykol) because the C-terminus replaces bombykol and
occupies the binding site of BmorPBP1 as a-helix. However, the pH of antennal lymph has
not been measured and the nature of any pH homogeneities in the lymph space is also not
known. Therefore, pH-dependent conformational changes should be considered as an
interesting phenomenon on these types of proteins due to no clear function has been
attributed yet. It seems that mechanisms of ligand binding and release are not always
dependent on the C-terminus of OBPs. Zhou et al. (2009) reported a significant difference
in the C-terminal conformation between BmorPBP1 and BmorGOBP2. Whereas
BmorPBP1 have an extended C-terminus occupying its binding site, BmorGOBP2 has a
longer C-terminus, which forms a o-helix and does not occupy the binding site nor
participate in the ligand binding. The authors also demonstrated no significant
conformational changes among six different ligand-BmorGOBP2 complexes. Furthermore,
Xu et al. (2011) studied the pheromone binding to the PBP1 of the moth Amyelois
transitella (AtraPBP1) and how C-terminus controls this binding according to pH. The
pheromone (Z11,213)-hexadecadienal binds more strongly to the pheromone at neutral pH
than at acid pH. However, the deletion of the C-terminus of AtraPBP1 increased the
pheromone binding affinity by 100-fold at pH 5.0 and 1.5-fold at pH 7.0. Probably, there is

an occupation of the binding site of AtraPBP1 by C-terminus at neutral pH as well as acid
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pH, which decreases the binding affinity of (Z11,Z13)-hexadecadienal. Furthermore, three
wild-type PBPs (PBP1, PBP2 and PBP3) of two sibling species Helicoverpa armigera and
H. assulta showed a decrease in the binding affinity at acid pH. The mutant PBPs without
C-terminal segment had 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 displacement of ligands. Instead, there is a reorientation of helices al, a3 and o4 at acid
pH, which causes protonation of histidine 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) reported that the A. mellifera PBP (ASP1) had
a contradictory conformational change from that observed in BmorPBP1. Thus, ligands
bind to this protein at low pH (4.0) and the release occurs at pH 7.0. However, their
findings indicated that the binding is also possible at neutral pH, therefore, the authors
proposed an uncommon conformational change. 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
mechanism for L. maderae PBP (LmaPBP) suggested by Lartigue et al. (2003). This
mechanism, in contrast to 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 performed for LdisPBP2 by fluorescence binding assays
and tryptophan anisotropy measurements, obtaining the association in timescale and
multimerization, respectively (Gong et al., 2009). The results indicated that LdisPBP2
binds (+)- and (-)-disparlure in a rapid step and also in a slow step. The slow step could be
more important to obtain an active ligand for ORs due to an internal binding. On the
contrary, the rapid step seems to be related with a binding to an external site. Moreover, the
authors reported that over hours, LdisPBP2 increases its presence as dimer, which has
smaller binding capacity compared with monomer. Subsequently, the same authors
proposed a more detailed binding mechanism. It seems 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 to a different binding site from external to an internal one (Gong et al., 2010). In
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this review, we have proposed a schematic representation that summarizes the most
outstanding research on Lepidoptera OBPs and its ligand binding and release mechanisms
including highlighted mechanisms for ASP1 and LmaPBP (Figure 2).
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Figure 2.2. Schematic representation of the main mechanisms of ligand binding and
release described for PBPs. Background section represents a commonly multipore
sensillum presented in moths, such as B. mori and A. polyphemus. From the external
environment, different odorants (white, grey and black triangles) 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
BmorPBP (Horst et al., 2001; Lautenschlager et al., 2005; Leal, 2005). (B) Ligand binding
and release mechanism proposed for ApolPBP1 (Zubkov et al.2005). (C) Uncommon
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ligand binding and release mechanism proposed for A. mellifera ASP1 (Pesenti et
al.2009). (D) Ligand binding and release mechanism proposed for LmaPBP (Lartigue et
al., 2003). (E) Ligand binding and release mechanism proposed for LdisPBPs (Gong et al.,
2009; Gong et al., 2010). Inactivation or degradation (by ODES) is not represented in this

scheme because is not part of the main discussion of this revision.

2.5. Structure prediction of OBPs by homology modelling

About four years ago, Zhou (2010) mentioned that 47 crystal structures of insect OBPs
were deposited in Protein Data Bank (PDB) (http://www.rcsb.org/pdb). A search with

“odorant binding protein” as keywords returned the structures of OBPs in 8 insect species,
despite of more than hundreds OBPs reported in the enormous 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 A), 45 have a resolution of 1.5 — 2.5 A and 3 have a
resolution of 2.5 — 3.0 A. Thus, A. mellifera, D. melanogaster, A. gambiae and B. mori
have the greatest number of crystal structures including OBPs and PBPs in some cases.
These structures were solved under different conditions, such as ligand-OBP complex, apo-
OBP form and at different pHs. The PBPs from moths frequently have 7 a-helices and 3
conserved disulfide 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 instance, early studies on homology modelling with OBPs were
carried out by Honson and Plettner (2006) to determine the three-dimensional arrangement
of disulfide 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 disulfide bridge was C2-C5 (i.e. Cys50-Cys108), which was the most easily
reduced disulfide bridge by cyanylation using tris(2-carboxyethyl)phosphine (TCEP), 2-
mercaptoethanol and dithiothreitol (DTT). The structural models of these proteins suggest
that the easy reduction of C2-C5 is due to a steric property with Cys side chains more
exposed. Moreover, the conformation of C2-C5 could be strongly influenced by electronic

effects from a nearby aspartic acid (Asp106), which stabilized C5 through a proton transfer.
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2.5.1. Steps, limitations and improvements within the homology modelling

Knowledge of 3D protein structures allows understanding molecular mechanisms,
evolutionary relationships as well as detail information about binding sites and ligand-
protein interactions. The prediction of 3D protein structure from their 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
with studies started by Levinthal (1966). Homology modelling is based on an evolutionary
relationship between target and template proteins, sharing a degree of structural similarity.
The proteins are called “target” when their 3D structure is unknown and “template” for
proteins with their 3D structures experimentally determined. Thus, this protein structural
modelling performs a comparison between the amino acid sequence of target and
template(s). Templates are stored and available with a code of four digits called PDB code

in the Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). An example is the

alignment between Acyrthosiphon pisum OBP3 target and L. maderae PBP with code
10RG chain A as template for aphid OBPs modelling (Qiao et al., 2009). Similarly, other
authors have used the same template to predict the 3D structure of aphids OBPs of A. pisum
and Sitobion avenae (Sun et al., 2011; Sun et al., 2012; Zhong et al., 2012) and an OBP of
the plant bug Adelphocoris lineolatus (Wang et al., 2013). Moreover, a template can be
used to model not only a full-length but also a part of target, which is possible according to
Chang and Swaan (2006). For example, Paramasivan et al. (2007) used two templates for
modelling Culex quinquefasciatus OBP2. The first 15 residues were modeled with 1DI1
template of Penicillium roqueforti synthase and the rest with 1R5R of A. mellifera ASP1.
Such templates were selected based on the folding of the target by a fold recognition server
called GenTHREADER (http://bioinf.cs.ucl.ac.uk/psipred//?program=psipred). Another

modelling 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.,

2006) are popular and freely available software for modelling process, which offer a
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friendly platform for the 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, this server offers the building of homology models with a workspace
through web connection (Arnold et al., 2006). On the other hand, Modeller must be
downloaded and installed. Although Modeller automatically calculates a model, it must be
provided with an alignment between target and template as well as the user scripts as
commands. Once the model has been built, there is software to visualize the model, such as
PyMOL, RasMol, Chimera and Swiss Pdb-Viewer, among others. Homology modelling
studies of insect OBPs so far are listed in Table 1 including templates and software used.
Apart from homology modelling, there are other types of computing approaches in protein
structure prediction according to several reviews on the subject (Sanchez et al., 2000;
Schwede et al., 2007; Ravna and Sylte, 2012). These are threading methods, ab initio and
integrative or hybrid methods. However, homology modelling is the most precise and
reliable method currently used (Bordoli and Schwede, 2012; Ravna and Sylte, 2012). There
are numerous reviews about homology modelling with a similar content structure,
highlighting the steps, precision, limitations for this modelling and an endless list of
modelling software’s available. Therefore, in the next subsection we summarize important
concepts in homology modelling, and focus on ligand affinities of insect OBPs.

Protein structure modelling based on homology between target and template consists of
four main steps (Figure 3): 1) template identification; 2) target-template alignment; 3)
model building and 4) model refinement and validation. Template identification is the first
step to obtain a homology model. Such identification is usually carries out with basic local
alignment search tool (BLAST). This tool provides regions of similarity and an identity
percentage of nucleotide or protein sequences between target and templates. A template
must have some characteristics according to Orry and Abagyan (2012) to determine a
ligand-protein interaction, such as high resolution, sharing regions or substructures with

target and be bound as holo-protein.
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Table 2.1. Summary of homology modelling studies to determine odorant-binding protein structures of insects.

OBP Species Template(s) PDB code Software Reference
OBP L. migratoria A. mellifera PBP 3BFH Discovery Studio 2.0  Jiang et al. 2009
OBP2, OBP3 and OBP7 S. avenae L. maderae PBP 10RG Swiss-Model Zhong et al. 2012
PBP1 Spodoptera litura A. Polyphemus and B. mori PBP 1IS8, 1QWV Modeller Liu et al. 2012
OBP A. pisum L. maderae PBP 10RG Swiss-Model Qiao et al. 2009
OBP4 A. gambiae A. gambiae OBP1 2ERB Swiss-Model Qiao et al. 2011
OBP1, OBP2 and OBP3 Helicoverpa armigera B. mori PBP 1DQE Discovery Studio 2.0 Zhang et al. 2012
OBP5 H. armigera A. aegypti OBP1 3K1E Discovery Studio 2.0  Zhang et al. 2012
OBP2 and OBP3 L. migratoria A. gambiae OBP1 2ERB, 1DQE Swiss-Model Yu et al. 2009
OBP Phormia regina B. mori PBP Insight 11 Tsuchihara et al. 2005
OBP3 A. pisum L. maderae PBP 10RG Swiss-Model Sunetal. 2011
OBP10 H. armigera, H. assulta  C. quinquefasciatus OBP 30GN Swiss-Model Sunetal. 2012
OBP3 and OBP7 A. pisum L. maderae PBP and D. melanogaster LUSH  10RG, 3B6X Swiss-Model Sunetal. 2012
OBP15 and OBP21 A. mellifera A. mellifera OBP14 3RZS Modeller Spinelli et al. 2012
OBP D. melanogaster A. gambiae OBP1 2ERB Swiss-Model Sanchez-Gracia and Rozas,
2008
OBP1 A. gambiae A. gambiae OBP1 2ERB, 3N7H  Swiss-Model Rusconi et al., 2012
OBP2 C. quinquefasciatus A. mellifera ASP1 and P. roqueforti 1R5R, 1DI1 Modeller Paramasivan et al., 2007
Synthase
OBP1 and OBP2 Scleroderma guani Pyrococcus horikoshii PH1010 and A. 3D76, 3BJH Swiss-Model Lietal., 2011
mellifera ASP1
PBP1 Lymantria dispar B. mori PBP 1DQE Swiss-Model Honson et al., 2003
PBP1 and PBP2 L. dispar B. mori PBP 1DQE Swiss-Model Honson and Plettner, 2006
OBP1 Adelphocoris B. mori PBP 1DQE Discovery Studio Guetal., 2011

lineolatus

2.0
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Table 2.1. Continued.

OBP Species Template(s) PDB code Software Reference
PBP1 M. brassicae B. mori PBP 1DQE TURBO-FRODO  Campanacci et al. 2001
OBP1 A. gambiae A. gambiae OBP1 2ERB - Biessmann et al., 2010
OBP1 L. migratoria B. mori PBP 1DQE Insight/Homology  Ban et al., 2003
PBP3 Ostrinia spp. B. mori GOBP2, A. polyphemus PBP and 2WCJ, Modeller Allen and Wanner, 2011
B. mori PBP 1QWYv,
1DQE
PBP1, PBP2 and H. armigera and H. B. mori PBPs 1DQE, 2FJY  Swiss-Model Guo etal., 2012
PBP3 assulta
OBP5 A. lineolatus D. melanogaster LUSH 1001 Discovery Studio  Wang et al., 2013
2.0
PBP1 and PBP2 L. dispar A. polyphemus PBP 1QWV Discovery Studio  Yuetal., 2012
3.0
PBP1 and PBP2 L. dispar B. mori GOBP2 2WCJ Swiss-Model Yu and Plettner, 2013
OBP2 A. cerana A. mellifera OBP2 1TUJ Swiss-Model Lietal., 2013
OBP7 H. armigera A. gambiae OBP1 3N7H Swiss-Model Sunetal., 2013
OBP37 and OBP39 A. albopictus C. quinquefasciatus OBP1 and A. aegypti 2L2C, 3K1E Swiss-Model Deng et al., 2013
OBP1
OBP3 and OBP4 Holotrichia oblita A. gambiae OBP20 3VB1 Swiss-Model Wang et al., 2013
OBP1 H. oblita A. gambiae OBP1 2ERB Swiss-Model Zhuang et al., 2014
ASP2 A. cerana - - I-TASSER Luetal., 2014
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The  sequence  identity  percentages are  important  indicators  for
establishing the best template. Thus, 30% or more is considered as good as to obtain a
suitable and precise model. If the sequence identity is less than 30%, the model quality
decreases (Schwede et al., 2007). Based on the above, the sequence identity of the targets
LdisPBP1 and LdisPBP2 with the template BmorPBP (1DQE) was 61% and 48%,
respectively (Honson et al., 2003), which provided a good homology model for both PBPs.
However, this study did not provide an evaluation on the quality of the predicted models.

This is commonly performed with ProCheck (http://www.ebi.ac.uk/thornton-

srv/software/PROCHECKY/), which evaluates the stereochemical quality of the structure

predicted. A special case was reported by Gu et al. (2011), with a reliable homology model
for the lucerne plant bug A. lineolatus OBP (AlinOBP1) based on a low sequence identity
of 16.8% with the template bombykol-BmorPBP1 complex (1DQE). The homology
recognition program called FUGUE, which comprises a sequence-structure alignment to
find common folds even with low sequence similarity between target and template (Shi et
al., 2001), was used. Thus, a z-score was related with a 99% of 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 structure 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 ~1 A Co RMSD 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 by programs such as ClustalW
(Thompson et al., 1994), MUSCLE (Edgar, 2004) and T-Coffee (Notredame et al., 2000).
These programs are online bioinformatic tools, where ClustalW and MUSCLE have higher
speed in running time compared to T-Coffee for a large number of sequences according to
Hang (2008). The third step of homology modelling is the construction of main structures
including core modelling as a structurally conserved region in proteins, loop modelling and
side chains and backbone modelling (Leach, 2001; Ravna and Sylte, 2012). For structure
model building, there are two main approaches highlighted by Leach (2001), Schwede et al.
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(2007) and Ravna and Sylte (2012). The first approach is called 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. Satisfaction of spatial restraints
is the second approach for homology model building. This is an optimization strategy, in
which restraints such as distance atoms, solvent and torsion angles are considered. Once an
initial protein has been modeled, the refinement must be done. 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 molecular dynamics (MD) using force fields is to obtain a structural model
with minimum energy. Force fields estimate the energy associated to each possible
conformation of the protein structures modeled to achieve the correct covalent geometry,
avoid atomic overlaps, select the nearest conformation to the native structure and assess the
model quality (Bordner, 2012). The MD consists of the simulation of protein motion
according to Newton’s law of motion to obtain the energy of a particular protein
conformation through calculations by force fields, which is usually performed with
AMBER (Weiner and Kollman, 1981), GROMACS and NAMD (Phillips et al., 2005)
package (Berendsen et al., 1995). It is noteworthy that the MD simulations are not only
used for refinement of homology models, but also to determine structural changes in
proteins. For example, the MD simulation was used to assess the binding dynamics and
specificity of insect PBPs. Thus, Gréter et al. (2006) reported a similar binding affinity for
bombykol and bombykal to BmorPBP1 through MD simulations, considering 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 showed 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)
provided a putative pH-induced ligand-releasing mechanism, which was predicted using
MD simulation. Their findings suggested that the OBPl of C. quinguefasciatus
(CquiOBP1) releases the mosquito oviposition pheromone (MOP) at low pH due to a
cleavage of hydrogen bonds in the binding site. These simulations have been performed on

crystal structures of OBPs. However, Yu et al. (2012) reported a constant pH molecular
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dynamics simulation on the modeled structures of L. dispar PBPs (LdisPBPs) at both pH
7.3 and pH 5.5. Subsequently, the authors corroborated their findings by circular dichroism,
where conformational changes were revealed.

Overall, MD simulation involves classical mechanics based on Newtonian physics in
order to reduce the computational cost (Durrant and McCammon, 2011). In contrast to
quantum mechanics, classical mechanics or molecular mechanics (MM) works to find the
global minimum of free energy in a protein structure to describe a conformation (Bordner,
2012) considering atoms and bonds as single particles and springs, respectively. 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). Likewise, a refined homology model of Locusta migratoria
OBP1 (LmigOBP1) was obtained using CHARMM force field (Brooks et al., 1983) by
Jiang et al. (2009). Despite these studies on the refinement of predicted OBPs structures,
there is no information on how long these simulations were performed. Nowadays, MD at
long-timescale (e.g. nanoseconds) seems to be useful for refinement of homology models
from proteins of small or medium size (Fan and Mark, 2004; Raval et al., 2012), such as
insect OBPs.
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Figure 2.3. General building scheme of proteins by homology modelling applied so far to insect
odorant-binding proteins. Underlined section indicates an optional step when ligand binding is
studied.
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Model validation is a crucial step to ensure its quality. There are two approaches for
model validation: 1) experimental and 2) theoretical. Experimental approach compares the
results from modelling studies against biological observations, and establishes the model
quality. If the biological results are in accordance with the homology model, it is
considered correct (Chang and Swaan, 2006; Ravna and Sylte, 2012). The theoretical
validation 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 (Marti-Renom et al., 2000). Therefore, all the steps mentioned above are
usually repeated iteratively until the best homology model is obtained.

Insect OBPs are flexible and their motions are probably very important in their
ligand recognition patterns and functions. To date, optional steps are being developed after
the validation of multiple homology models, such as docking and MD simulations of
ligand-protein complexes. Docking (also called molecular docking) is discussed in more
detail in the following section. It is important to note that homology models as well as
experimental protein structures are only a snapshot of a specific conformation. Therefore,
all the results that are determined represent only one state of the protein without
information of its dynamic. Thus, studies on drug discovery have directed efforts in the
determination of how stable ligand-protein complexes are (Alonson 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). In this work, five well
known inhibitors were docked to SIRT2, such as suramin, mol-6, sirtinol, 67 and nf675.
Plotted RMSD values revealed that the five complexes between the inhibitors and SIRT2
were stable after approximately 10 ns of simulations. The stability of certain protein
structures or ligand-protein complexes is commonly observed when RMSD values become
unchanged with time between the predicted structural conformations and surrounding
environment (i.e. water molecules and ions) (Sokkar et al., 2011).

Despite homology modelling is highlighted as the most reliable and precise method for
protein structure prediction, there are usually three limitations: 1) template selection; 2)
precise target-template alignment and 3) imprecisions in refinement. These are considered

the main sources of errors in homology modelling (Arnold et al., 2006; Larsson et al.,

27



Chapter 2. Ligand binding and homology modelling of insect odorant-binding proteins

2008). Selection of a proper template depends on the evolutionary relationship with target,
hence, structural and functional divergence from the target. To overcome the imprecisions
from template selection and sequence alignment, one should select the template with the
highest sequence identity (>30%) to target, use MSA with manual intervention if necessary
and use programs or servers like FUGUE and GenTHREADER for low sequence identities.
Each two years the critical assessment of methods of protein structure prediction (CASP)

(http://www.predictioncenter.org/index.cgi) assesses and reports the progress of modelling

techniques. If the template selection for a full-length target is difficult because the sequence
identity (less than 30%) or the template resolution is too low, the modelling of some
conserved regions is feasible. For instance, homology modelling of 04p2 nicotinic
acetylcholine receptor (nAChR) with homopentameric acetylcholine binding protein
(AChBP) from the sea slug Aplysia californica as template had a sequence identity of 18 to
20%. Despite of such low identity, the shared features between the target nAChR and
template AChBP, such as a similar fold and highly conserved residues in binding site
reported by Hansen et al. (2005), allowed to predict a nAChR model using the AChBP as a
suitable template (lturriaga-Vasquez et al., 2010).

It is important to get precise alignment between targets and templates. Distant
evolutionary relationships, specific regions that do not aligned reliably and MSA programs
themselves could lead to imprecisions in the alignment. Arnold et al. (2006) highlighted
that when imprecisions of a target-template alignment cannot be determined, visual and
manual intervention can significantly improve the model quality. If the precision of a
sequence alignment decreases, the percentage of equivalent Ca atoms for the superimposed
target and template structures increases, this is measured with RMSD. Raval et al. (2012)
noted that the results of homology modelling have a low resolution by imprecise refinement
during MD simulation with errors reflected in the values of 3A for atomic coordinates. The
timescale of MD application and the precision of force fields could also be the sources of
errors. However, the main failure of MD within the refinement process seems to be caused
by force fields errors (Raval et al., 2012). The same authors proposed a restricted
conformational sampling for the initial homology model to improve the predicted
structures. This conformational sampling emerges from the MD (referred to the protein

motion possibly with surrounding solvent) and the use of energy functions (force fields)
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(Bordner, 2012), comprising sampling steps to find the global optimal structures with

lowest energy.

2.5.2. Ligand binding affinity to homology models of OBPs: methods and interaction

Many types of biological effects are produced in vertebrates and invertebrates due to
the ligand-protein interactions. The transport function of OBPs is carried out through an
interaction between ligands and the binding sites of these proteins. As previously
mentioned, homology modelling as an inexpensive and quick method allows to predict the
binding site in protein structures. Once a good quality homology model is obtained, it is
possible to perform 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 necessary, this step can be achieved by

searching ligands in databases (e.g. PubChem http://www.pubchem.ncbi.nlm.nih.gov/) or

drawing them using software (e.g. Chem3D or Spartan). Then, molecular docking is
applied a number of times enough 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),
molecular dynamics docking (McCammon et al., 1977; Mangoni et al., 1999), genetic
algorithms (Morris et al., 1998) and ligand fragment-based method (Rarey et al., 1996).
The use of these docking algorithms depends on the success of its application on some
protein family. An example is the study of volatile compounds affinity to LmigOBP1
performed by Jiang et al. (2009). The specific binding between LmigOBP1 and
pentadecanol (the ligand with the highest affinity) was carried out with CDOCK Software
(Wu et al., 2003) through a molecular dynamic algorithm. Docking simulations in this
work suggested that Asparagine (Asn74) is a key amino acid in the binding site of this
OBP. Other example is to dock ligands with protein crystal structures, which is ideal

because of the high resolution of these experimental structures compared with homology
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models. Thus, He et al. (2010) carried out a docking simulation on BmorGOBP2, using a
genetic algorithm with AutoDock software. Their findings showed that two hydrogen
bonds were formed with Arg110 and Glu98 in bombykol-BmorGOPB2 complex, which is
consistent with 3D structure of bombykol-BmorGOPB2 complex reported by Zhou et al.
(2009). Furthermore, from 7 analogue ligands, docking predicted that (10E,12Z)-
hexadecadienyl acetate had 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 called high-throughput screening (HTS), allowing hit rates of 10-fold to
1000-fold higher than HTS. Besides predicting the presence of the binding cavities in
proteins for ligand binding, molecular docking methods can also indicate amino acid
residues that form the cavities. It can also provide a fine selection of ligands from extensive
libraries, thus allows a deeper analysis of non-covalent interactions such as vdW
interactions. For instance, Jiang et al. (2009) reported vdW interactions for hydrophobic
residues in the binding pocket of LmigOBP1. The same authors suggested that these
interactions can occur through benzene rings even with Tyr109 and Tyr117 as hydrophilic
residues. To date, only 12 studies have performed molecular docking on the homology
models of insect OBPs and the relevant information about key residues for ligand binding
have been published (Honson et al., 2003; Jiang et al., 2009; Biessman et al., 2010;
Rusconi et al., 2012; Yu et al. 2012; Zhang et al., 2012; Li et al., 2013; Wang et al., 2013;
Yu and Plettner, 2013; Lu et al., 2014; P D et al., 2014; Zhuang et al., 2014) (Table 2).
Although different software have been used for docking, the most recent studies seem to be
coinciding in the development of detailed analysis with more parameters included, such as
energy minimizations, theoretical evaluations and more sophisticated algorithms. An
example is the comprehensive study performed by P D et al. (2014) for a rapid screening of
active semiochemicals using a computational reverse chemical ecology approach on a

GOBP of the oriental fruit fly Bactrocera dorsalis.
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Table 2.2. Molecular docking on homology models of insect odorant-binding proteins.

OBP Ligands Software Reference
A. gambiae OBP1 Indole QUANTA-CHARMM Biessman et al., 2010
L. migratoria OBP Pentadecanol CDOCK Jiang et al., 2009

H. armigera
OBP1, OBP2 and OBP3

(2)-9-hexadecenal and (Z)-11-hexadecenal

Zhang et al., 2012

L. dispar PBP1 Aziridine Honson et al., 2003
A. gambiae OBP1 N-phenyl-1-naphylamine (Generic ligand) AutoDock 4.0 Rusconi et al., 2012
L. dispar PBP1 and PBP2 Palmitic acid n-butyl ester, bis(3,4- CDOCK Yuetal., 2012

epoxycyclohexylmethyl) adipate and L-trans-
epoxysuccinyl-isoleucyl-proline methyl ester

L. dispar PBP1 and PBP2
A. cerana OBP2

A. lineolatus OBP5

H. oblita OBP1

A. cerana ASP2

propylamide
(+) and (-) disparlure

N-phenyl-1-naphylamine (Generic ligand)

cis-nerolidol

Hexyl benzoate, 3-ionone, cinnamaldehyde and

myrcene

Linalool, geraniol, B-ionone, 4-allylveratrole,

phenylacetaldehyde, dibutyl phthalate,

isoamylacetate, methyl-p-hydroxyl benzoate and

butanedione

Molecular Operating
Environment (MOE)
Molegro Virtual Docker 4.2
CDOCK

AutoDock 4.0

Molegro Virtual Docker 4.2

Yu and Plettner, 2013
Lietal., 2013

Wang et al., 2013
Zhuang et al., 2014

Luetal., 2014
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Although the docking method is a powerful tool to predict ligand-binding
interactions, other experimental methods are also used in addition to with homology
modelling, such as fluorescence competitive binding assays (FBA), radioactively labeled
ligand (RLL) and site-directed mutagenesis (SDM). FBA and RLL comprise two
technologies for receptor-ligand binding assays. Through radio-isotopic labels such as *H,
RLL can be used for determining of receptor distribution and subtypes, screening of ligands
and quantification. However, this binding assay has major disadvantages (e.g. radioactive
wastes, high costs, health hazards and requirement of special licenses) compared with FBA,
which is a widely used method to determine affinity of insect OBPs to a wide range of
compounds (Zhou et al., 2004; de Jong et al., 2005). FBA provides a ligand screening with
the use of fluorophores (commonly 1-NPN), and quantification through displacement of the
fluorophore by ligands. An example is the FBAs used by Zhang et al. (2012) for 113
compounds, using homology modelling as a complement. Whereas these binding assays
indicated that (E)-p-farnesene, ethyl butyrate, ethyl heptanoate and acetic acid 2-
methylbutyl ester were the best ligands for H. armigera OBP5, the homology 3D model
revealed key residues in the OBPS5 binding site, which may have an important role in ligand
specificity. Furthermore, the protein structure prediction by homology modelling along
with mutagenesis allows to examine ligand-protein interactions, the role of non-conserved
residues in the binding sites and ligand binding modes (Cavasotto and Phatak, 2009). The
ligand binding affinity was altered through site-directed mutagenesis in A. gambiae OBP1
reported by Rusconi et al. (2012). Also physicochemical properties were changed with the
mutations on the residues in the binding site, such as Phe59, Met84, Hisl11, Trpl14,
Tyrl22, Phel23 and Leul24. Thus, the mutated OBPs exhibited a lower binding affinity in
the binding assays. More recently, Zhuang et al. (2014) reported that Tyr111 of the scarab
beetle Holotrichia oblita OBP (HoblOBP1) is a key residue in the binding site of the
protein. Through homology modelling, molecular docking and subsequent site-directed
mutagenesis along with fluorescence binding assays, the authors demonstrated the role of

Tyr111 in the binding of B-ionone, myrcene, hexyl benzoate and cinnamaldehyde.

2.6. Conclusions
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Insect OBP research has evolved and is ready to offer alternative approaches for ligand
screening aiming to identify semiochemicals in the hope for their eventual use in pest
management. Due to intense studies on sensory system of insects, OBPs as semiochemical
carriers have become attractive targets for ligand screening, which is the core issue of
reverse chemical ecology. The absence of crystal structures of OBPs for a broad range of
insect species has limited the progress. Homology modelling could provide information
about 3D structure of these proteins and predict amino acid residues that could be involved
in the formation of ligand-protein complexes. It is important to understand the factors that
influence the quality of homology model building and the sources of errors in homology
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 identities
among Lepidoptera OBPs could provide precise homology models, and along with
molecular docking (as virtual method to predict best ligands) could give a great leap in the
search for super-ligands to manipulate insect behaviours. Noteworthy, OBP homology
models as well as crystal and NMR structures provide only static representations of
dynamic olfaction systems. Once molecular modelling is successfully performed, further
robust bioassays need to be done and super-ligands need to be screened with insects to find

potential pest control agents.
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Chapter 3. p-ionone as putative semiochemical for Hylamorpha elegans (Burmeister)

Abstract

Nowadays, odorant-binding proteins (OBPs) are considered the first filter of olfactory
information for insects and constitute an interesting target for pest control. Thus, an OBP
from the scarab beetle Hylamorpha elegans Burmeister (Coleoptera: Scarabaeidae,
Rutelinae) (HeleOBP1) was identified, and ligand binding assays based on fluorescence
and in silico approaches were performed, followed by a simulated binding assay.
Fluorescence binding assays showed slight binding for most of the ligands tested, including
host plant volatiles. A high binding affinity was obtained for B-ionone, a scarab beetle-
related compound. However, the binding of its analogue a-ionone was weaker though is
still considered good. On the other hand, through a three-dimensional model of HeleOBP1
constructed by homology, molecular docking was carried out with 29 related ligands to the
beetle. Results expressed as free binding energy and fit quality (FQ) indicated strong
interactions of sesquiterpenes and terpenoids (a- and p-ionone) with HeleOBP1 as well as
some aromatic compounds. Residues such as His102, Tyrl05 and Tyrll3 seemed
participate for the interactions previously mentioned. Both in silico scores supported the
experimental affinity for the strongest ligands. Therefore, the activity of a-ionone, 3-ionone
and 2-phenyl acetaldehyde at antennal level was studied using electroantenography (EAG).
Results showed that the three ligands are electrophysiologically active. However, an aliquot
of B-ionone (represented by 3.0 ng) highlighted due to elicit stronger EAG responses in
antennae of males than females. Finally, the role of these ligands as potential

semiochemicals for H. elegans is discussed.

Keywords. Electroantennography, fluorescence binding assay, homology modelling,

molecular docking, olfactory protein, Scarabaeidae

3.2. Introduction

More than thirty years have passed since the first insect odorant-binding protein (OBP) was
discovered (Vogt and Riddiford, 1981). This OBP, identified in sensilla of the giant moth
Antheraea polyphemus and named as pheromone-binding protein (PBP), is present mainly

in males and it is proposed to bind pheromones. Although it is strongly suggested that
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insect OBPs transport odorants from olfactory pores of sensilla to olfactory receptors (ORs)
(Kaissling, 2013), other functions have been reported for insect OBPs: (1) ligand scavenger
(Gong et al., 2009); (2) ligand desorption (Kowcun et al., 2001); (3) ligand recognition
(Laughlin et al. 2008) and (4) ligand protection (Ishida and Leal, 2002). Nowadays, OBPs
are divided in three subclasses, such as PBP, general odorant-binding protein (GOBP) and
antennal-binding protein X (ABPx) for Lepidoptera. However, for Coleoptera, no
difference has been made yet. It has been proposed that OBPs in scarab beetles could have
two families: (1) Family of OBPs with 2 proteins, where OBP1 is more conserved than
OBP2, and (2) family of conserved PBPs as the unique proteins present in antennae of
beetles (Deng et al., 2012). However, very few studies on binding for scarab OBPs have
been performed. Moreover, a limited number of these proteins have been identified in
scarab beetles, considering that information from the only Coleopteran genome known to
date, Tribolium castaneum, indicates the presence of up to 50 OBPs.

Considering the economic importance of scarab beetles during their larval stage
(Leal, 1998; Vuts et al., 2014), the binding characteristics of scarab beetle’s OBPs have
been studied recently. For instance, fluorescence binding assays have been performed on
the Holotrichia parallela OBP1 (HparOBP1), which showed binding affinities to a wider
range of volatiles, such as B-ionone, hexyl benzoate and cinnamaldehyde (Ju et al., 2012).
More recently, a putative cooperation among the H. oblita OBPs (HoblOBP1, HoblOBP2
and HoblOBP4) has been proposed. These OBPs may act as heterodimers, enhancing the
binding affinity of ligands when the proteins are together (Wang et al., 2013). Later,
Zhuang et al. (2014) reported the role of Tyr11l in the binding site of HoblOBP1 using
molecular modelling approaches as well as experimental techniques to show how hexyl
benzoate, B-ionone, cinnamaldehyde and myrcene cannot bind to the protein in the absence
of Tyrl1l. In Chile, Hylamorpha elegans is a characteristic beetle belonging to Rutelinae
subfamily, which is distributed from Region del Maule to Region de Los Lagos. This insect
acquires a significant importance due to the damage caused to cereals and grass crops,
where it feeds on roots during its larval stage. Likewise, the adult stage of H. elegans is
characterized by feeding on leaves of trees such as Nothofagus species, in special

Nothofagus obliqua. Less information is available around the adult stage of this scarab
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beetle and the odorants involved in its life cycle. Only two putative sex pheromones, such
as 1,4-hydroquinone and 1,4-benzoquinone have been reported (Quiroz et al., 2007).
Likewise, a synergistic effect was proposed when 1,4-benzoquinone plus essential oil from
N. obliqua significantly attracted males of the scarab beetle to traps baited with this blend.
Hence, compounds from N. obliqua seem to be important in the behaviour of H. elegans.
An outstanding mating behaviour driven by host plant volatiles has been suggested to play
an important role for scarab beetles in several studies (Ruther et al., 2000; Reinecke et al.,
2002; Quiroz et al., 2007). Males are able to recognize females while they are eating
through a sexual kairomone, which is proposed to be released by the attacked plant. Field
observations are consistent with this behaviour in H. elegans. Actually, a recent study on
morphology and distribution of sensilla suggests that males of H. elegans have more
chemosensory sensilla than females due to the ability of males to find and recognize
females while they are feeding on leaves of N. obliqua (Mutis et al., 2014). Another special
behaviour has been highlighted for this beetle, where after copulation females fly to crops,
such as red clover Trifolium pratense, to deposit their fertilized eggs (Artigas, 1994), being
this where the importance of the beetle as underground pest lies. It is thought that such
behaviour could be driven by volatiles compounds emitted by crops.

In this study the binding characteristics of an OBP (HeleOBP1) presents in antennae
of both males and females of H. elegans were examined. Thus, host plant volatiles, putative
sex pheromones and semiochemicals reported for other scarab beetles were considered for
binding. Here, we have performed fluorescence binding assays to evaluate the affinity of
the ligands mentioned before. Likewise, homology modelling and subsequently molecular
docking were applied for a binding simulation. Finally, three strong ligands were selected

for electroantennography, which showed significant activity at certain concentrations.

3.3. Material and Methods

3.3.1. Volatile trapping and analysis
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Volatiles were trapped by Porapak Q according to methodology reported by Quiroz et al.
(1999) as well as by solid-phase micro extraction (SPME) according to Palma et al. (2012)
with some modifications. Both methodologies for volatiles trapping were carried out in the
Experimental Station INIA Carillanca, Vilcun, Chile. For two branches randomly chosen of
N. obliqua, the apical 30 cm of each branch 1 m above the ground was enclosed in a glass
bell. Volatiles were adsorbed on 100 mg Porapak Q columns during 24 h. The air was dried
and purified by passage through activated 5-A molecular sieves and charcoal. Trapped
volatiles were desorbed from Porapak Q with hexane and concentrated to 250 pl under a
flow of nitrogen, obtaining an extract of volatiles from N. obliqua. On the other hand, N.
obliqua branches were enclosed to a glass bell at room temperature for 180 min. Thus,
volatiles  were trapped by SPME holder containing a 65-um
polydimethylsiloxane/divinylbenzene (PDMS/PVB) fiber, which was carefully arranged
inside the glass bell. An empty glass bell was used as control. Likewise, six virgin adult H.
elegans were put alive in two glass vials (i.e. females and males) with PTFE septum at
room temperature for 24 h without food to avoid interference odors. Volatiles were trapped
using an SPME holder with PDMS/PVB fiber. Volatiles collected by Porapak Q and SPME
from N. obliqua and beetles were analyzed by gas chromatograph coupled with mass
spectrometer (GC-MS) equipped with a BP-1 capillary column (30m, 0.22mm, 0.25um)
and with Helium as gas carrier (flow 0.5 ml/min). lonization was by electron impact at 70
eV at 250°C. The GC oven was programmed to remain at 40°C for 2 min and increased at
5°C/min to 280°C. Kovats indices (KI) of volatiles were determined relative to the
retention times of a series of n-alkanes with linear interpolation. Volatiles were identified
through comparison between KI and mass spectra with available commercial standards
(Appendix 3.1).

3.3.2. Insects and protein analysis

Both male and female of H. elegans adults were captured by trap light from Regional
Research Center INIA-Carillanca in Vilcin, Araucania, Chile. Beetles were captured
during the seasonal flight period, from 11 November 2011 to 27 January 2012 according to

Quiroz et al. (2007). Scarab beetles were recorded daily and taken to the laboratory for
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determining sex and used for both protein analysis and RNA extraction. For protein
analysis, the antennae and hindlegs from both males and females of H. elegans were
anesthetized on ice and collected according to the methodology described by Ishida et al.
(2002). After homogenizing in 10 mM Tris-HCI (pH 8.0), samples were centrifuged 2 x 10
min at 13 500 g and 4°C. The supernatant was concentrated by centrifugation under

vacuum, analyzed by 15% native polyacrylamide gel (PAGE).

3.3.3. cDNA cloning and amplification by PCR

cDNA was synthesized by SMART RACE cDNA Amplification Kit (Clontech) from total
RNA obtained from 50 antennae of male and female of H. elegans using RNA latter and
the RNeasy Kit (Qiagen). For cDNA cloning, degenerated primers for Phyllopertha diversa
OBPs (PdivOBP_1 and PdivOBP_2) were used (Appendix 3.2) (Wojtasek et al. 1999) in
combination with poly T primer. Polymerase chain reaction (PCR) was carried out with
PCR Master Mix 2X (Fermentas, Thermo). Thus, 40 cycles of stepwise amplification
program were carried out with 95°C for 30 s, 42°C for 30 s and 72°C for 2 min. The PCR
products were sent to sequence (Macrogen), analyzed by Sequence Scanner Software V1.0
and comparisons of sequences were carried out with nucleotide and protein BLAST
(http://blast.ncbi.nim.nih.gov/). Once the best sequences were confirmed as belonging to
OBPs, EMBOSS Translation (http://www.ebi.ac.uk/Tools/st/) was used to obtain the amino

acid sequence of the protein. Gene-specific primers (GSPs) were designed according to 3’
sequence of the protein and used to obtain 5’-RACE (Appendix 3.2). The quality of first
cDNA strand was tested by PCR using primers designed according to conserved regions of
actine in insects: Actine-1, 5’-AA(C/T)TGGGA(C/T)GA(C/T)ATGGA(A/G)AA-3’ and
Actine-2, 5’-GCCAT(C/T)TC(CIT)TG(C/T)TC(A/G)AA(A/G)TC-‘3. Actine DNA was
amplified by 45 cycles with 1 min for denaturation at 94°C, 2 min for annealing at 45°C

and 3 min for amplification at 72°C. The PCR products were analyzed in 0.8% agarose gel.

3.3.4. Sub-cloning in pNI1C28-Bsa4 vector
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In order to obtain construct for bacterial expression, previously cloned OBP gene was used
for ligase-independent cloning (LIC). This method is characterized by an efficient cloning,
which does not require restriction enzymes (Aslanidis and de Jong, 1990). LIC of PCR
products has been improved in time to a high-throughput (HTP) cloning reaching
efficiencies greater than 80% (Alzari et al., 2005). Bsal restriction enzyme was used to
digest pNI1C28-Bsa4 vector for 2 h at 50°C. Digested vector was loaded on 1% agarose gel
and purified. Linearized vector was treated with 0.5 pL of T4 DNA polymerase and 10 mM
deoxyguanosinetriphosphate (dGTP) for 30 min at 22°C. T4 DNA polymerase was
inactivated by incubation for 20 min at 75°C. On the other hand, the identified OBP from
H. elegans (HeleOBP1) was cloned into pGEM-T easy cloning vector. PCR for the
construct using primers with Bsal adapters (Appendix 3.2) was performed as follow: 94°C
for 3 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 1 min and extension at 72°C
for 10 min. PCR product was cleaned and treated with T4 DNA polymerase plus 10 mM
deoxycytidinetriphosphate (dCTP) following the same conditions for pNIC28-Bsa4 vector.
Both the treated vector and insert were mixed with 1:10 molar ratio in a total volume of 10
ul and incubated for 1 h at room temperature followed by transformation into BL21(DE3)
competent cells. Correct gene insertions were tested by double digestion with both Ndel

and Sall enzymes followed by sequencing.

3.3.5. Bacterial expression and purification

Positive colonies for the construct pNIC28-Bsa4-HeleOBP1 were used to inoculate 10 mL
of fresh LB/kanamycin medium at 37°C. Protein expression was induced by adding
isopropyl B-D-1-thiogalactopyranoside (IPTG) to 0.5 mM final concentration when the
ODggo Was 0.5-0.6. Cells were incubated for 3 h. To check the expression, aliquots of 200
uL of both induced and un-induced cells were used for SDS-PAGE analysis. Protein
expression was scaled up with 500 mL of fresh LB/kanamycin medium in 2 L Erlenmeyer
flask and induced with IPTG 0.5 mM final concentration at 37°C, overnight. Cells were
collected and resuspended in 20 mM Tris-HCI pH 7.4. Resuspended cells were lysed by
sonication and centrifuged. After SDS-PAGE analysis of supernatant and pellet,

recombinant HeleOBP1 (rHeleOBP1) (presents in inclusion body) was solubilized in 3.5
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mL of 5 M Urea, 2.5 mL of 10 mM DTT, 1 mL of 100 mM Cystine and 15 mL of 5 mM
Cysteine. Sample was shaken at 4°C overnight. Dialysis of protein sample was carried out
against 20 mM Tris-HCI pH 7.4. His-tagged HeleOBP1 was purified by two rounds of Ni
ion affinity chromatography in an AKTA FPLC system (GE Healthcare, Hatfield, UK).
Fractions were collected for each round and analysed by SDS-PAGE. The pure protein was
delipidated at pH 4.5 with 100 pL of Lipidex-1000 (Perkin-Elmer) for 1 h on ice according
to Siciliano et al. (2014). Refolding was carried out overnight by dialysis against 20 mM
Tris-HCI pH 7.4 at 4°C.

3.3.6. Fluorescence binding assays

The fluorescence measurements were performed in a Luminescence Spectrometer LS50B
(Perkin-Elmer) at 25°C with a 1 cm light path quartz cuvette and 5.0 nm slit for excitation
and emission. Purified protein was diluted in 20 mM Tris-HCI pH 7.4 to a 2 uM of
concentration. Likewise, the fluorescent probe N-phenyl-1-naphthylamine (1-NPN) was
dissolved in high performance liquid chromatography purity grade methanol to 1 mM stock
solution. To test the binding affinity of 1-NPN to HeleOBP1, 2 uM solution of the protein
was titrated with 1 mM of the probe with concentration from 2 to 24 uM. 1-NPN was
excitated at 337 nm, and the emission spectra were recorded from 380 to 440 nm. The
affinities of 29 ligands were measured in competitive binding assays using 1-NPN as the
fluorescent reporter and 4-40 uM concentrations for each competitor.

Binding data were collected and maximum fluorescence intensity values were plotted
against free ligand concentrations. Bound ligand was determined from the values of
fluorescence intensity assuming that the protein was 100% active with stoichiometry of 1:1
(ligand:protein) at saturation. Scatchard plots were used to linearize curves. Thus, ICsy
values were used to calculate the dissociation constants for each ligand with the equation:
Ki=[ICs0]/(1+[1-NPN]/Ky1-npn), Where [1-NPN] is the free concentration of 1-NPN and K;.
npn IS the dissociation constant of the complex HeleOBP1/1-NPN.
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3.3.7. Multiple template-based homology modelling

The amino acid sequence of HeleOBP1 was submitted to BLASTP program available on

the NCBI website (http://www.ncbi.nlm.nih.gov/). Templates were selected based on the

sequence identity (i.e. >30%) between crystal structures and HeleOBP1. Multiple structure
alignments were generated by SALIGN command which is implemented in MODELLER.
Multiple templates were used to increase the accuracy of multiple structure alignment as
was reported by Sokkar et al (2011). Two hundred models of HeleOBP1 were obtained
using MODELLER9.10 (http://salilab.org/modeller). Best models were selected according

to discrete optimized protein energy (DOPE) score provided by the software. Likewise, best
models were assessed using the theoretical validation package ProCheck (Laskowski et al.,

1993). The modeled protein was visualized with PyMOL (http://www.pymol.org).

3.3.8. Molecular dynamics

Simulations were performed with NAMD v2.9 installed in the high-performance computer
(HPC) Troquil Linux cluster at Centro de Modelacion y Computacion Cientifica (CMCC)
from Universidad de La Frontera. CHARMMZ36 force field was used for all the simulations.
The best modeled protein was solvated with water (TIP3P model) in a cubic box with a
minimum distance of 5 A between the protein and the edge of the box. The system net
charge was neutralized by adding Na* or CI" randomly placed in the box. Likewise, the
system was simulated under periodic boundary conditions with a cutoff radius of 12 A for
non-bonded interactions and a time step of 2 fs. Alpha-carbons (Ca) of secondary structures
were fixed with a constant force of 1 kcal/mol/A. A first energy minimization of 2 000
steps was performed followed by heating through short simulations of 1 ps at 50, 100, 150,
200, 250 and 300 K. Long simulations were kept at 300 K and 1 bar pressure in the NTP
(referred to a constant number of particles, temperature and pressure) during 10 ns. Root-
mean-square deviation (RMSD) trajectory tool was used to calculate the RMSD with
reference to the starting structure. When the plotted RMSD did not showed any big

changes, coordinates were analyzed every 50 frames to obtain the best structure (lowest
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energy). Putative binding site and its volume were calculated by CASTp server (http:/sts-
fw.bioengr.uic.edu/castp/calculation.php) (Dundas et al., 2006).

3.3.9. Molecular docking

Molecular docking was carried out three times for each ligand by AutoDock4.2 (Morris et
al., 2009) using the refined structure of HeleOBP1. Energy minimization for all chemical

structures was performed by Chem3D software (http://www.cambridgesoft.com). Two

hundred runs of Lamarckian genetic algorithm (GA) as the best method to find the lowest
energy structures were used (Morris et al., 1998). Polar hydrogens were added by the
interface AutoDock Tools as well as establish torsional bonds. Grid box with 40x40x40
points and default space of 0.375 A was prepared by AutoGrid. The best binding modes
were selected according to the lowest binding energy and the average of the three replicates
was used to determine K; according to the equation K; = e*“®*T. For the best conformations,
two parameters for comparisons were selected, (1) free binding energy and (2) fit quality
(FQ), being this last an independent-size score for comparison of wider range of sizes in
ligands. The ligand efficiency (LE) of a compound can be defined as the binding energy
divided by its molecular size. To calculate FQ, the following equations
LE_Scale=0.0715+(7.5328/HA)+(25.7079/HA*)+(361.4722/HA% and FQ=LE/LE_Scale
were used according to Bembenek et al. (2009). Where LE_Scale is the scaling of raw
ligand efficiencies and HA is the number of heavy (non-hydrogens) atoms. Thus,
compounds considered as good ligands are those with FQ near 1.0. On the contrary, lower
FQs are related to poor ligand efficiencies (Reynolds et al., 2007; Bembenek et al., 2009).
Therefore, to narrow the number of strong ligands according to the in silico approach we
considered FQs > 0.70 as cutoff.

3.3.10. Electroantennographic recordings

Antennal response of adult females and males of H. elegans was determined by EAG
according to the methodology described by Reinicke et al. (2005) with some modifications.

Five antennae per sex were excised from the head, where lamellae were carefully separated
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from the rest of antennal segments. Subsequently, a lateral lamella was excised in order to
expose one side of the middle lamella, where olfactory sensilla are located (Mutis et al.,
2014). Signals from antennae were conducted and recorded by Syntech
equipments (Kirchzarten, Germany). Data recorded were displayed and analyzed by the
software GcEad 2012 v1.2.4. An aliquot of 30 pL of a-ionone, B-ionone and 2-phenyl
acetaldehyde in hexane (0.1, 1.0, 10, 100 and 1 000 ppm, being 3.0, 30, 300, 3 000 and 30
000 ng of stimulus, respectively) was loaded in a piece of filter paper (2 cm?), which was
then inserted into a glass Pasteur pipette. Each odor stimulus was delivered as a continuous
airstream (500 mL min™) from the Pasteur pipette for 2.0 sec. Intervals of 60 sec between

puffs were used to ensure antennal recovery.

3.3.11. Statistical analysis

To minimize any variation among antennae, EAG responses were corrected according to
the solvent amplitude before and after the stimulus. This was carried out by the formula
R=Rs-[(Rsp*Rsa)/2] (Guo and Li, 2009), where R. = response corrected, Rs = response to
the stimulus, Ry, = response to the solvent before and Rs, = response to the solvent after.
Thus, to determine differences of EAG responses to the concentrations used for each
stimulus, data were submitted to analysis of variance (P<0.05) and the Tukey test (P<0.05)
for group separation. Finally, t-student test (P<0.05) was used to evaluate differences in
EAG response between H. elegans males and females.

3.4. Results

3.4.1. Sequence analysis, sub-cloning and expression of HeleOBP1

The cDNA obtained from antennae of H. elegans consisted in 348 bp with high sequence
identity of 95-98% to other PBPs and OBPs reported for scarab beetles. The gene was
clustered with a big group of scarab beetle PBPs and named as HeleOBP1 as less
information is available in terms of binding (Appendix 3.3) Thus, the HeleOBP1 gene was

cloned from the antennae cDNA into pGEM vector (Promega) with the aim to obtain
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recombinant protein to perform binding assays. Ligase independent cloning (LIC) was then
performed to subclone HeleOBP1 gene by PCR of pGEM-HeleOBP1 construct into an
expression vector pNIC28 (a kind gift from Prof. Nick Keep, University of London) for the
recombinant protein expression. The recombinant protein was expressed as inclusion
bodies. Therefore, the protein was denatured with urea/DTT, re-natured using cysteine-
cystine redox reaction and dialysed to obtain a soluble form as reported by Plettner et al.
(2000). However, the expressed OBP may contain endogenous ligands from the bacterial
cells (Lagarde et al., 2011). Hence, delipidation was performed on purified protein
(Siciliano et al., 2014). SDS-PAGE analysis of bacterial pellets and purified HeleOBP1 are
shown in Figure 3.1 as homogenous recombinant protein. It is worth noting that a short
His-tag section (22 amino acids) from pNIC28 vector was added to the N-terminal of the
OBP. Although the His-tag part could represent interference for binding, its expression in
pNIC28-Bsa4 vector along with the TEV cleavage site associated, make the removal of
His-tag experimentally costly and difficult at high scale. Furthermore, we considered the
fact that in some insect OBPs the C-terminal section, instead the N-terminal, has an
important role for binding. Therefore, it was thought that the His-tagged OBP would still
represent a functional recombinant protein from which to obtain binding data.

kDa M Un In 15t ond

66
45

29

20.1

14.2

Figure 3.1. HeleOBP1 protein expression and purification. Protein from inclusion bodies
was purified with two rounds of Ni ion affinity chromatography. M: protein weight marker
(BSA: 66 kDa, Ovalbumin: 45 kDa, Carbonic anhydrase: 29 kDa, Trypsin inhibitor: 20.1
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kDa, Lactalbumin: 14.2 kDa); Un: un-induced bacterial cells; In: induced bacterial cells
with IPTG at 0.5 mM final concentration; 1% First purification round and 2"%: Protein with
second purification round, delipidation and 2 uM concentration for fluorescence binding

assays.
3.4.2. Fluorescence binding assays

To determine the binding affinity of recombinant HeleOBP1 (rHeleOBP1) to several
volatiles, we first measured the affinity of the fluorescent probe 1-NPN to rHeleOBP1. The
results showed a good binding between 1-NPN and rHeleOBP1 (Figure 3.2) with a binding
constant (Kg) of 9.52 uM. Once corroborated the binding of HeleOBP1/1-NPN, the
competitive binding was performed using host plant N. obliqua volatiles identified by our
laboratory plus volatiles reported before by Quiroz et al. 1999. Thus, no strong binding was
found for most volatiles tested (Table 3.1). However, some of them (e.g. benzaldehyde,
cinnamaldehyde and host plant volatiles) could displace 1-NPN from the binding site of
HeleOBP1, but high concentrations (> 40 puM) were needed. The low binding affinity to the
volatiles tested shows that HeleOBP1 is not specific or its true ligand(s) is not found and

tested in this study.

10005 Ky=9.52+0.6
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Scatchard plot
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Figure 3.2. Binding curve of 1-NPN and Scatchard plot for the OBP of H. elegans. A 2
UM solution of HeleOBP in Tris buffer was titrated with 1 mM solution of 1-NPN in
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methanol to final concentrations of 2-24 uM. The dissociation constant (Kq) (from the

average of three replicates) was determined using Prism software.

Table 3.1. Binding affinities of HeleOBP1 to host plant volatiles and compounds with reported

significance for scarab beetles.

Ligand Ki(UM)  ICsp (UM) '\ﬁg'rfgﬂl':r HPV PP K A
Terpenes
B-caryophyllene - - CisHa ¢
a-gurjunene - - CisHa i
(+)-aromadendrene - - CisH24 ¢
[-ocimene - - CioH16 ¢
a-pinene - - CioHis i
Geraniol 46.2 34 CyoH180 °
a-ionone 214 16 Ci13H20 °
B-ionone 6.9 5 Ci3H200 o
B-myrcene - - CioHis ¢
(i)-“naIOOI 50.3 37 C]_()ngo *
Alkanes
Dodecane - - CioHas ¢
Tetradecane - - CiHas ¢
Alcohols
(E)-2-nonen-1-ol 47.6 35 CoH160 °
Heptan-2-ol - - C7H160 o
Ester
(2)-3-hexenyl acetate - - CsH140,
Hexyl acetate 53.0 39 CsH160, ]
Aldehydes
Nonanal 54.4 40 CoHy0 °
Decanal 49.0 36 C10H20 °
Ketone
Acetoin - - C4HsO, .
Aromatics
Phenol - - CeHeO .
Benzaldehyde 49.0 36 C;HsO °
1,4-benzoguinone - - CsH,0, °
1,4-hydroquinone 53.0 39 CeHeO> °
EUgenOl 449 33 C10H1202 L4
2-phenyl acetaldehyde 16.3 12 CgHgO °
2-phenyl ethanol 42.2 31 CsH100 °
2-phenylethy!l i
oropionate 44.9 33 C11H140;
2-phenyl acetonitrile 51.7 38 CgH;N °
Cinnamyl alcohol 39.4 29 CoH10 °

Where applicable, we report the dissociation constant (K;) and concentration of ligand halving the

initial fluorescence intensity (ICsq). We also report the chemical formula of ligands and their role as
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host plant volatiles (HPV), putative pheromone (PP), kairomone (K) or attractants (A). ‘-¢
represents data not available. ‘@’ represents the role of the ligand for scarab beetles reported in

literature and ‘’ represents the ligands identified from the host plant of H. elegans in this study.

Putative sex pheromones for H. elegans such as 1,4-hydroquinone and 1,4-
benzoquinone were reported by Quiroz et al. (2007) and also used as competitors for the
binding study. (E)-2-nonen-1-ol, a sex pheromone reported for several Anomala beetles,
was also included. Moreover, we have identified a compound released from females of H.
elegans, acetoin. Results showed no strong binding between HeleOBP1 and the putative
sex pheromones despite HeleOBP1 could bind with low affinity to 1,4-hydroquinone (K;
53.0 uM) and (E)-2-nonen-1-ol (K; 47.6 pM). Considering that host plant volatiles
identified here were not strong competitors to displace 1-NPN, we selected other volatiles
with a significant reported role for the Rutelinae subfamily, where H. elegans belongs.
Thus, both  kairomones and attractants from the pherobase database

(http://www.pherobase.com/) were selected. From the scarab beetle-related compounds, a-

ionone, B-ionone and 2-phenyl acetaldehyde showed good binding to HeleOBP1. However,
B-ionone was the strongest in terms of binding. The binding affinities of these compounds
and other compounds tested in this study are shown in Appendix 3.4. The results indicated
that aromatics compounds such as geraniol, eugenol, 2-phenyl ethanol, 2-phenylethyl
propionate, 2-phenyl acetonitrile and cinnamyl alcohol, had an appreciable binding affinity
to HeleOBP1 at relatively high concentrations (K; 46.2, 44.9, 42.2, 44.9, 51.7 and 39.4 uM,
respectively). However, 2-phenyl acetaldehyde had the lowest K; (16.3 pM) and the highest
affinity to HeleOBP1 among the aromatic ligands. Surprisingly, both a-ionone and -
ionone were bound strongly to HeleOBP1 with K; values of 21.4 uM for a-ionone and 6.9
uM for B-ionone (Figure 3.3). Moreover, the appreciable difference in the binding affinity
to HeleOBP1 between these two terpenoid isomers suggests that HeleOBP1 can bind

selectively to terpenoids and discriminate between two highly similar ligands.
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Figure 3.3. Competitive binding of HeleOBP1 to a-ionone, B-ionone and 2-phenyl
acetaldehyde. A 2 uM solution of the protein plus 1-NPN was titrated with 1 mM solutions

of each ligand in methanol to final concentrations of 4-40 pM.

3.4.3. Protein structure prediction and molecular docking

There are no OBP structures determined for any beetles yet. However, experimentally-
determined three-dimensional (3D) structures of insect OBPs, such as moths and
mosquitoes are available in Protein Data Bank (PDB)

(http://www.rcsb.org/pdb/home/home.do). In an attempt to understand the interaction

between HeleOBP1 and the chemicals tested in this study, we predicted the 3D structure of
HeleOBP1 by homology modelling, which is characterized as the best method currently
used for protein structure prediction (Bordoli and Schwede, 2012; Ravna and Sylte, 2012).
Moreover, we used multiple templates to improve the quality of models (Larsson et al.,
2008). The OBPs from mosquito Anopheles gambiae (AgamOBP1) (PDB: 2ERB) and
Culex quinquefasciatus (CquiOBP1) (PDB: 2L2C and 30GN) were used as templates to
build the structure model of HeleOBP1. There are 33-35% of sequence identities between
HeleOBP1 and the templates, which is considered good enough to obtain accurate models
(Schwede et al., 2007). The 3D structure of HeleOBP1 suggests the presence of six a-
helices as the main feature of insect OBPs (Pelosi et al., 2006) located between amino acids
as follows: Glu3-Thr20 (al), Glu24-Asp32 (a2), Glu40-Met53 (a3), Val64-11e70 (0d4),
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Asp73-Arg84 (a5) and Pro94-Thr108 (a6). Likewise, a multiple sequence alignment
between the templates and HeleOBP1 indicates the presence of six conserved Cys residues
(Appendix 3.5). Subsequently, the 3D model of the protein showed three disulfide bridges
connected as follows: Cys16-Cys48, Cys44-Cys95 and Cys86-Cys104. The presence of
three disulfide bridges allow us to classify HeleOBP1 as a classic OBP as has been
suggested by several authors (Zhou, 2010; Fan et al., 2011). The modeled structure of
HeleOBP1 was then used to calculate in silico its binding affinity to a wide range of
chemicals by molecular docking based on free binding energy and a size-independent score
called fit quality (FQ) (Appendix 3.8). It is worth mentioning that there was a strong
dependency between the free binding energy, commonly calculated by docking software
such as Autodock, and ligand molecular size (Appendix 3.6) as reported in other studies
(Reynolds et al., 2007). This allowed us to use FQ for the affinity calculation and compare
the score with those obtained by the fluorescent binding assay. The molecular docking
suggests that HeleOBP1 could provide a good accommodation for acetoin, phenol,
benzaldehyde, sesquiterpenes, a-ionone and B-ionone in terms of FQ. However, free
binding energy still suggests a- and -ionone as highly stable binders to HeleOBP1. Thus,
the in silico binding assays suggested the participation of four main residues, such as
His102, Tyr105, Tyr113 and Met114 in the stabilization of the complex of HeleOBP1 with
the strong binding ligands (o-ionone, B-ionone and 2-phenyl acetaldehyde) (Figure 3.4).
Acetoin showed a high FQ (over 1.0) and the highest K; (3.52 mM), suggesting a good
fitting but bad protein-ligand stability. On the other hand, the binding of 2-phenyl
acetaldehyde showed a FQ=0.73 and an experimental K; of 16.3 uM suggesting a good
fitting for the ligand.

Molecular docking was successful in render the difference between p-ionone (FQ =
0.82; -6.99 kcal mol™) and 2-phenyl acetaldehyde (FQ = 0.73; -4.78 kcal mol™) (Table 3.2).
Similarly, but less noticeable, the in silico approach suggested a- and p-ionone as strong
ligands in terms of both free binding energy and FQ. Here, four main residues are predicted
to participate in HeleOBP1-ligand complexes supporting, particularly, the good binding of

B-ionone.
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Table 3.2. Binding affinities of HeleOBP1 to the strongest ligands suggested by in silico and in

vitro binding assays.

Binding energy

Ligand Ki(exp) (HM) (kcal mol-l) FQ
a-ionone 214 -6.88 0.81
B-ionone 6.9 -6.99 0.82
2-phenyl acetaldehyde 16.3 -4.78 0.73

o6
Hislo% Pty

Met114

Figure 3.4. The homology model of HeleOBP with a-helices displayed as grey ribbons
(al-a6) in complex with the strongest ligands obtained from experimental binding assays.
N- and C-terminals are indicated as N and C, respectively. Disulfide bonds are highlighted
as orange sticks. Square indicates the section with zoom in as well as the docked
conformations of o-ionone (green sticks), B-ionone (yellow sticks) and 2-phenyl

acetaldehyde (light blue sticks). Hydrogen bond is indicated as dashed lines.

3.4.4. Electroantennographic responses

The three strongest ligands (a-ionone, B-ionone and 2-phenyl acetaldehyde) in terms of
binding to HeleOBP1 were selected for EAG recordings. The three ligands elicited EAG

responses in antennae of both H. elegans males and females (Figure 3.5). However, no
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dose-dependent responses were obtained for most of the tested antennae. Despite this, from
10 to 1 000 ppm males responded with higher amplitudes to 2-phenyl acetaldehyde,
showing a slight dose-dependent response (Figure 3.5C). On the other hand, a significant
difference between 0.1 and 1.0 ppm of B-ionone was obtained for females (Figure 3.5A).
The same result was obtained for B-ionone at 1 000 ppm compared with 1.0 ppm in
females. On the other hand, EAG responses for male antennae indicate significant
difference between doses 0.1 and 1.0 ppm, being this similar to the EAG responses of
females. Similarly, statistical analyses suggest that a-ionone does not elicit any dose-
dependent response in both males and females (Figure 3.5B). The two terpenoids elicited
stronger responses in males, with over 0.75 and 1.00 mV from 0.1 ppm for a-ionone and
from 1.0 ppm for B-ionone. Despite 2-phenyl acetaldehyde showed an increasing EAG
response in males, less than 0.25 mV amplitudes were obtained at lower doses (i.e. 0.1 and
1.0 ppm). It is worth mentioning that the ranges of amplitudes obtained for a-ionone in
females and males throughout the doses were similar, and no significant difference was
found. However, a rough comparison of dose between a- and B-ionone in females and
males, suggests that antennae were more sensitive for a-ionone at 0.1 ppm considering their

high amplitudes.

Analyses between sexes showed no difference in EAG response for almost all the
stimulus doses (Figure 5). However, females responded significantly with higher amplitude
to 2-phenyl acetaldehyde at 1.0 ppm than males. Likewise, a significant difference was
obtained at 1 000 ppm for the same chemical, where males were more sensitive. An
outstanding response for B-ionone at 0.1 ppm was obtained from males, being more
electrophysiologically sensitive than females. It is worth mentioning, that this terpenoid has
been selected as a strong OBP-binder, with inhibition constant (K;) of 6.9 uM according to

our previous results.
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3.5. Discussion

Here, we have identified a full-length OBP from antennae of both males and females of H.
elegans. This protein has been temporarily considered as OBP due to the presence in both
sexes and lack of binding information. Thus, in order to characterize the binding properties
of HeleOBP1 and find putative semiochemicals, we have used several compounds from the
main host plant, the tree N. obliqua (Giganti and Dapoto, 1990; Artigas, 1994; Quiroz et
al., 1999; Klein and Waterhouse, 2000; Lanfranco et al., 2001), putative sex pheromones
and semiochemicals reported in literature for scarab beetles, specifically for Rutelinae
subfamily. All these compounds were tested using both fluorescence and in silico binding

assays, whose results led the application of EAG.
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Some putative sex pheromones and a potential source of sexual kairomones were
tested here. However, the antennae-identified protein, HeleOBP1, showed a highly
selective binding to compounds reported for other scarab beetles, such as a-ionone, f-
ionone and 2-phenyl acetaldehyde. Despite of their strong binding to HeleOBP1, the
physiological role of these compounds in H. elegans is unclear. Deng et al. (2012) reported
a strong binding of -ionone to HoblOBP1 and HoblOBP2 with a K; of 6.35 and 5.36 UM,
respectively. Moreover, B-ionone has been identified as highly attractive for both males and
females of the scarab beetle Anomala transvaalensis (Donaldson et al. 1990). On the other
hand, 2-phenyl acetaldehyde has been reported as kairomone to which the scarab beetle A.
octiescostata is attracted. This chemical is highlighted as part of a chemically active
mixture from dandelion Taraxacum officinale by a mixture of volatiles, such as (2)-3-
hexenyl acetate, benzaldehyde, 2-phenyl acetaldehyde and phenyl acetonitrile, among
others (Leal et al., 1994d).

Although, a-ionone, B-ionone and 2-phenyl acetaldehyde do not show the strongest
binding affinity found for insect OBPs, in this study they are considered as the strongest
ligands supported not only by fluorescence binding assays, but also by molecular docking.
Considering that a 3D model of HeleOBP1 was constructed, the identification of its binding
site could represent a challenging task. However, the presence of ligands already bound to
the templates (e.g. AgamOBP1-PEG complex and CquiOBP1-MOP complex) facilitated
the identification of a potential binding site in HeleOBP1. Likewise, the consistency
between the modeled binding site in HeleOBP1 and the predicted by CASTp server,
provided us the area where molecular docking could be applied. Thus, this last in silico
method suggested that a-ionone, B-ionone and 2-phenyl acetaldehyde seem to interact with
His102, Tyr105 and Tyr113. Actually, His102 and Tyr113 are well conserved residues in
part of the binding site of the templates AgamOBP1 and CquiOBP1 (Appendix 3.7). It is
likely that -7 interaction, where both aromatic properties and unsaturations, could have an
important role when these residues participate. For example, it has been proposed that these
type of interactions could be established when Tyr111 in the binding site of HoblOBP1
interacts with cinnamaldehyde and B-ionone (Zhuang et al., 2014). Probably, Tyr113 in

HeleOBP1 could play a similar role for $-ionone binding since the residue is well aligned
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to the Tyr111. On the other hand, a- and B-ionone have a highly similar structure, though
different binding modes were obtained (Figure 4). One big conformational cluster was
obtained from the complexes HeleOBP1-ionones in Autodock, where limited movement of
a- and B-ionone (i.e. two rotatable bonds) was showed. It is probable that these docking
characteristics resulted in one stable binding mode for both ionones but opposite from each
other. A closest view of the binding modes of these terpenoids would involve the dynamics
of the complexes, where the movement of ligands into the binding site and a likely
formation of hydrogen bonds could explain the above finding. For instance, a recent study
on the moth Loxostege sticticalis has reported the key role of Thrl5 and Trp43 in the
binding site of L. sticticalis OBP1 (LstiOBP1). Multiple hydrogen bonds seemed to be
interrupted when both Thrl5 and Trp43 were mutated to Ala. A decrease of the binding
affinity of ligands such as heptanol, (E)-11-tetradecenyl acetate, cinnamic aldehyde and
(E)-2-hexenal, to over 40 pM of Ky was obtained (Yi et al., 2015). For 2-phenyl
acetaldehyde case, it seems that the carbonyl group is able to form a hydrogen bond with
the amino moiety of Met114. This residue could participate actively in forming the binding
site of HeleOBP1 (Figure 4). The modeled structure of HeleOBP1 showed the C-terminal
section forming a lid on the binding site, which makes Metl14 free to establish
interactions. Therefore, the C-terminal section might play a key role for ligand binding as it
has been widely proposed for moths OBPs, such as Bombyx mori PBP1 (BmorPBP1)
(Horst et al., 2001; Lautenschlager et al., 2005; Leal, 2005).

The binding of HeleOBP1 supported by fluorescence binding assays and molecular
docking indicated B-ionone as a strong OBP-binder as it has been found for other scarab
beetles, such as H. oblita. However, contrary to males, low EAG responses to the terpenoid
have been reported for females (Deng et al., 2012), which is consistent with the results
presented here. Thus, it is possible that a number of B-ionone-tuned ORs are part of male’s
antennae. Hence, explaining the sensitivity obtained at low concentrations by males.
Despite the results obtained, it is still unclear where this compound is present in the context
of H. elegans. Probably, this terpenoid might play a key role at some stage of the life cycle
of H. elegans, considering that B-ionone has been reported in red clover T. pratense

(Figueiredo et al., 2007). However, contrary to the sensitivity showed by males, gravid
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females have been reported flying to crops, such as T. pratense (Artigas, 1994). This last
behaviour could be explained because females are more sensitive to several factors of host
plants, such as non-volatile secondary metabolites, surface structure, tissue toughness and
water content, than only volatiles as semiochemicals. Thus, females could ensure a host
plant with high nutritive value for themselves and their offspring. On the other hand, it has
been proposed that due to the priority of mate finding, males are more sensitive to volatiles
from either host plants or damaged plants, where they can find potential mates (Fernandez
and Hilker, 2007). Although our results indicate B-ionone as a potential bioactive volatile,

more evidence is necessary to conceive it as semiochemical for H. elegans.

Hitherto, only one significant attractive blend for H. elegans (i.e. 1,4-benzoquinone
and essential oil from N. obliqua) has been reported. Likewise, neither pheromone nor
kairomone has been identified for this scarab beetle. Although the binding characteristics of
HeleOBP1 examined here suggest that the protein is not tuned to host plant volatiles,
binding mechanisms could play a crucial role for active ligands at OR level, as has recently
been proposed by Murphy et al. (2013). Likewise, it is probable that other OBPs could be
actively participating in host plant volatile transport. Further experiments are necessary to
determine other OBPs present in H. elegans as well as the role of the semiochemical-
candidate compounds found in this work. Finally, our results represent the first step of a

semiochemical screening in H. elegans starting from molecular approaches.
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Abstract

Hylamorpha elegans (Coleoptera: Scarabaeidae, Rutelinae) is recognized as a pest during
its larval stage feeding on roots of crops, such as cereals and grass. Moreover, it acts as
active defoliator of Nothofagus obliqua trees during its adult stage. An odorant-binding
protein (OBP) called HeleOBP1 has been identified and studied, determining three strong
ligands in terms of binding affinity, such as a-ionone, f-ionone and 2-phenyl acetaldehyde.
Likewise, these three ligands have shown electrophysiological activity in antennae of adults
H. elegans female and male. Considering the above, the role of these ligands (or odorants)
has been evaluated through the response of H. elegans in vivo by Y-tube olfactometry.
Thus, 20 beetles per ligand were used for females and males, considering 3.0, 30 and 300
ng of dose. Main results indicate B-ionone as a moderately attractive odorant for males
from 3.0 to 30 ng of the stimulus. Despite no strong attractive effect was found, B-ionone
could play a role at some point of the flight season of males H. elegans. Further

experiments should be performed to establish the specific role of this compound.

Keywords. Olfactometry, coleoptera, scarabaiedae, Hylamorpha elegans
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4.1. Introduction

Highlighted by attacking several plants and producing important economic damages,
special efforts have been focused on beetles from Rutelinae subfamily (Leal, 1998). In
Chile, Hylamorpha elegans Burmeister (Coleoptera: Scarabaeidae, Rutelinae) is an
economically important pest for cereal and grass crops, considering that the production of
cereal is over 1.100.000 tons and the sown area is over 280.000 ha (Danty and Olfos,
2012). This beetle, commonly known as San Juan Verde, feeds on roots of crops causing
evident decomposition of plants and a subsequently occurrence of yellow spots during its
larval stage (i.e. white grub) (Aguilera et al., 1996). Thus, some research has been focused
on adults of H. elegans to determine semiochemicals that allow further development of
control strategies. For instance, through conventional chemical ecology techniques, Quiroz
et al. (2007) identified semiochemicals released from virgin conspecific females, which can
be involved in the behaviour of the scarab beetle, suggesting 1,4-benzoquinone and 1,4-
hydroquinone as putative sex pheromones. Moreover, the authors reported that the essential
oils from Nothofagus obliqua, its secondary host plant, could have a role in the behaviour
of adult H. elegans. Based on the above, it has been proposed that N. obliqua could serve as
a source of putative semiochemicals with attractant or repellent activities on the adult stage
of H. elegans. However, our previous results suggest that other volatiles could be tuned to
part of the olfactory system of the beetle.

The above is based on the only olfactory protein identified for H. elegans so far,
called odorant-binding protein 1 (OBP1 or HeleOBP1 specifically for H. elegans). Located
in the antennae of insects and specifically inside of sensilla (olfactory hairs commonly on
the surface of antennae), OBPs have provided important information to determine putative
semiochemicals. The main function of OBPs includes the transport of odorants from
olfactory pores to the dendritic membrane of olfactory receptor neurons (ORNS) (Kaissling,
2013). Likewise, it is believed that these proteins have a key role in the solubilization and
protection of odorants (Leal, 2005). Thus, these properties are essential for a selective and

sensitive olfactory system as the first filter of olfactory information (Leal, 2003).
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Previous results for HeleOBP1 indicate three strong ligands (a-ionone, pB-ionone
and 2-phenyl acetaldehyde) in terms of binding affinity. Moreover, EAG recordings have
shown that these three ligands are active at olfactory receptor level due to notorious
electrophysiological activity. However, it is known that a final stage is necessary to
conceive these odorants as potential semiochemicals, such as the ligand processing at
nervous system level measured in vivo. Therefore, the objective of this study was to
determine the olfactometric activity elicited by a-ionone, B-ionone and 2-phenyl

acetaldehyde at different doses on adult H. elegans.
4.2. Materials and methods
4.2.1. Insect collection

Both male and female of H. elegans adults were captured either by trap light or by hand
from Regional Research Center INIA-Carillanca in Vilcun, Araucania, Chile. Beetles were
captured during the seasonal flight period, from middle of November 2014 to the beginning
of February 2015 according to flight curves. Scarab beetles were recorded daily and taken

to the laboratory for further assays.

4.2.2. Y-Tube olfactometric bioassays

Behavioural responses of 20 H. elegans males and females to a-ionone, -ionone and 2-
phenyl acetaldehyde were tested by using a two-way olfactometer according to the
methodology described by Mutis et al. (2010). Three doses, 3.0, 30 and 300 ng equivalents
to 0.1, 1.0 and 10 ppm, were used. Each arm of Y-tubes along with the base of the tubes
was 16 cm long and 3.0 cm of internal diameter. Both arms of the Y-tube were connected
to a glass tube containing a stimulus or control (i.e. hexane) applied on a filter paper (2
cm?). An aliquot of 50 pL of standard solutions prepared in hexane was loaded onto
Whatman N°1 filter paper. The sequence of the odor treatment was randomized. The Y-
tube base was connected to a vacuum pump, where the airflow through the arms and stem

of the tube was at a rate of 600 mL min™. One male or female beetle per treatment was
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randomly selected and introduced into the base of the Y-tube. Assays were considered
successful when beetles walked from the Y-tube base up to 3 cm past the Y-junction and
remained there for at least 20 s. Thus, a maximum of 5 min were given to the beetles to
respond. After each assay, the Y-tube was replaced with a clean one. The Y-tubes were
cleaned using neutral detergent, distilled water and ethanol to remove any organic residue,

and finally dried in the oven at 75°C.

4.2.3. Statistical analysis

For the olfactometry bioassay of male and female H. elegans, their preference was assessed
with the percentage of individuals that selected the stimuli instead of the control (i.e.
hexane). No significant difference between sexes was the first hypothesis tested here, where
the ratio of males and females that select the stimuli is 1:1. The second hypothesis was to
prove that there is no significant difference between doses in each stimulus, where the ratio
of individuals, from the same sex, that select one dose is 1:1:1. To determine the above,

data were analyzed by the G-test of goodness of fit.

4.3. Results

The statistical analysis carried out for the behavioural responses of H. elegans shows how
attractive can be the three odorants selected (Figure 4.1) so far through percentage of
preference. For instance, Figure 4.2 is indicating that at 3.0, 30 or 300 ng of a-ionone, no
significant difference is found among these doses. However, a trend can be highlighted,
where females seem to increase their preference as the amount of a-ionone increases. On
the other hand, a significant difference was determined for females but not for males, with
higher preference at 30 ng than 3.0 ng of PB-ionone. For 2-phenyl acetaldehyde, no
significant difference was obtained among the doses tested for both males and females. It is
worth mentioning that males seem to show an invariable preference for a-ionone and f-
ionone throughout the amount of doses used, with a 60% of preference. On the contrary,
females seem to show an increase of preference for these terpenoids as the amount of

stimulus increases.
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a-ionone -ionone 2-phenyl acetaldehyde
Figure 4.1. Chemical structure of the volatiles selected for behavioural assays.

Comparison between sexes for each dose showed no significant difference for a-ionone and
2-phenyl acetaldehyde at any amount of odorant. However, for B-ionone it seems that males

respond with higher preference than females at 3.0 ng. Similarly, males showed higher
preference than females at 30 ng.
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and 2-phenyl acetaldehyde in Y-tube olfactometer. Data were analyzed by G-test of
goodness of fit, where asterisk (*) indicates significant difference between sex for a same
dose (P<0.05, N = 20) and different letters indicate significant difference between doses.

Letters are present in those graphs where a significant difference was obtained.

4.4. Discussion

It seems that low concentrations or amounts of stimulus, such as 3.0 or 30 ng, could play a
role in the context of either females or males, since low concentrations seem to be closer to
reality. For instance, high sensitivity of beetle’s antennae has been reported by Hansson et
al. (1999), where the scarab beetle Phyllopertha diversa shows a response threshold of 10
pg to green leaf volatiles (GLVs), such as (Z)-3-hexenyl acetate, (E)-2-hexenal and (Z)-3-
hexenol, due to specific ORNs. These findings were supported by the presence of specific
ORN's reported for the scarab beetle Anomala octiescostata closely related to H. elegans
(Nikonov et al, 2002), in which single-sensillum recordings (SSRs) revealed an ORN
specifically tuned to (Z)-3-hexenyl acetate. For H. elegans case, its distribution of sensilla
has been described by Mutis et al. (2014), where sensilla closely related to chemoreception
(i.e. placodea and coeloconica) is more abundant in males. This is consistent with previous
EAG results, where male’s antennae were more sensitive to B-ionone at 3.0 ng than
females. Nevertheless, behavioural responses showed a low preference for B-ionone at the
same amount by females. Although behavioural recordings seem discouraging, probably an
age dependency of the scarab beetles played a role in the decision process, since they were
taken randomly from N. obliqua forest and at different time points during their flight
season. For example, early studies on age dependency of behavioural responses have been
reported for the honeybee Apis mellifera, where 5-day old bees or younger showed the
strongest response to the components of queen extracts, such as 9-keto-2-(E)-decenoic acid,
9-hydroxy-2-(E)-decenoic acid and p-hydroxybenzoic acid methyl ester (Pham-Delegue et
al., 1991). Similarly, Schiestl and Ayasse (2000) reported that cuticle extracts from certain
females of the ground-nesting bee Andrena nigroaenea were attractive for males.
Subsequently, the same authors determined the status of ovaries by dissection, and

concluded that attractive females were the youngest and likely virgins. Considering factors
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like the mentioned above, it has been proposed that the use of only olfactometer
experiments to test insect behaviour could result in a simplified and limited view of the
decision process (Ballhorn and Kautz, 2013). Thus, it seems that a set of experiments
should be performed to approximate the complex behaviour of insects in nature, such as a

feeding test.

From the two terpenoids, B-ionone has been identified as highly attractive for both
males and females of the scarab beetle A. transvaalensis (Donaldson et al. 1990). On the
other hand, 2-phenyl acetaldehyde has been reported as part of a chemically active mixture
acting as kairomone, where the scarab beetle A. octiescostata is attracted to dandelion
Taraxacum officinale by a mixture of volatiles, such as (Z)-3-hexenyl acetate,
benzaldehyde, 2-phenyl acetaldehyde and phenyl acetonitrile, among others (Leal et al.
1994d). Hitherto, in silico and experimental binding assays along with EAG recordings,
strongly suggest a-ionone, [-ionone and 2-phenyl acetaldehyde as candidate’s
semiochemicals. However, it is still unclear where these compounds are present in the
context of H. elegans. For instance, a special behaviour has been highlighted for this beetle,
where after copulation females fly to either grass or cereal crops to deposit their fertilized
eggs (Artigas, 1994), being this where the importance of the beetle as underground pest
lies. Thus, it is thought that such behaviour could be driven by volatile compounds emitted
by crops, suggesting that the three chemicals may play a role at that stage of the life cycle
of H. elegans, considering that B-ionone and 2-phenyl acetaldehyde have been reported in
red clover Trifolium pratense (Figueiredo et al. 2007) and as the major component of fresh

turf Lolium perenne (Hong et al. 2013), respectively.

Although more evidence is necessary to establish a behavioural role of a-ionone, 3-
ionone and 2-phenyl acetaldehyde on either H. elegans females or males, their
electrophysiological activity agrees with previous binding assays on HeleOBP1, showing
that these three chemicals are not only transported by this protein, but they are also active at
OR level. Finally, our preliminary behavioural results are indicating that f-ionone at 3.0 ng
is acting as a moderately attractive odorant for males. Considering these findings plus

previous results from reverse chemical ecology approaches, B-ionone could play a key role

65



Chapter 4. Behavioural responses of adult Hylamorpha elegans to three active molecules

at some point of the flight season of males H. elegans. However, further experiments

should be performed to establish the specific role of this compound.
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5.1. General discussion

In the present thesis the correlation between in silico approaches and experimental methods
has been evaluated to identify high affinity volatiles and, subsequently, putative
semiochemicals. This study was carried out with two approaches: (1) in silico approach
based on homology modelling, molecular dynamics and molecular docking to elucidate
ligands with high binding affinity to an odorant-binding protein (OBP) of H. elegans, and
(2) experimental methods such as fluorescence binding assays, electroantennography
(EAG) and behavioural bioassays to determine the empirical affinity of the selected ligands
and their bioactivity on H. elegans. Thus, an OBP was identified from antennae of male and
female H. elegans. The determination of its primary structure (i.e. amino acid sequence) led
us to construct a 3D model of the protein. Our findings indicated a protein structure similar
to classical reported OBPs, which consists of six a-helices and three disulfide bridges as
main features of these insect proteins. Likewise, volatiles as ligands were first trapped and
identified from leaves of N. obliqua, the main host plant of H. elegans, and other candidate

compounds were also selected based on their role as semiochemicals for scarab beetles.

Since their discovery, OBPs have been extensively studied showing several
properties and mechanisms of ligand binding. The key role that has been given to these
proteins makes them essential for olfactory processes in insects, from mate finding to the
search of host plants. Despite other proteins are present in the olfactory system (i.e.
antennae and sensilla) of insects, such as CSPs, ODEs, SNMPs, IRs and ORs; OBPs are the
most studied so far. The main function of OBPs is the transport of hydrophobic molecules
(i.e. ligands) across the lymph of olfactory organs in insects. This function has offered the
opportunity to discover new semiochemicals, which could be used in pest control strategies.
For instance, the properties of six OBPs in the aphids Acyrthosiphon pisum and Myzus
persicae have been studied. These aphids are considered agricultural pests and their alarm
pheromone, (E)-B-farnesene, a difficult chemical to be synthesized. Therefore, OBPs have
been used as targets to discover or design new potent repellents. For these aphids, it seems
that OBP3 can bind strongly (E)-p-farnesene and differentiate those ligands that could not
act as repellents (Qiao et al., 2009). Later, the same authors reported that OBP7 could act in
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a similar way (Sun et al., 2012). Their findings provided the basis to propose other ligands
as repellents, such as farnesol, 3,7-dimethyloctyl acetate and geranyl acetate because of
their strong binding to OBP3 and OBP7.

The use of chemical ecology to discover semiochemicals has been adopted as a
reverse process, which is currently called reverse chemical ecology and highlighted by
using OBPs as targets. This approach has been well performed on some insects from
Lepidoptera and Diptera. For example, an OBP, called CquiOBP1, was used to identify
active volatiles for the mosquito Culex quinguefasciatus using conventional techniques and
molecular approaches. Thus, in vitro binding assays using CquiOBP1 and gas
chromatography-electroantennographic detection (GC-EAD) along with behavioural assays
in field suggested that trimethylamine (TMA) and nonanal are a strong attractive blend for
mosquitoes (Leal et al., 2008). However, less research has considered beetles for such
purpose. Hitherto, H. oblita has been the most studied scarab beetle in which OBPs and
their binding properties have been investigated (Deng et al., 2012; Wang et al., 2013;
Zhuang et al., 2014). In Chile, H. elegans is a typical beetle belonging to Rutelinae
subfamily, which acquires a significant importance due to the damage caused into cereals
and grass crops, where it feeds on roots during its larval stage. Likewise, the adult stage of
H. elegans is characterized by feeding on leaves of trees such as Nothofagus species, in
special N. obliqua. Considering the economic importance of H. elegans, its difficult control
and the lack of upbringing methods for research, the scarab beetle represents a suitable
methodological model for the application of reverse chemical ecology using both

computational and experimental techniques.

Our first attempt was the identification of volatiles emitted by leaves of N. obliqua
due to the typical mating behaviour of not only H. elegans, but also other scarab beetles,
such as P. diversa and Anomala species, where host plant volatiles have been suggested to
play an important role (Ruther et al. 2000; Reinecke et al. 2002; Quiroz et al. 2007). It has
been proposed that males are able to recognize females while they are eating through a
sexual kairomone, which seems to be released by the attacked plant. Thus, volatile analysis

from N. obliqua leaves showed an abundant emission of sesquiterpenes. However, a few
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terpenes have been reported as semiochemical for beetles. An example is caryophyllene
that acts as attractant for males of the Harmonia axyridis (Coccinelidae) beetle (Verheggen
et al., 2007). On the other hand, a green leaf volatile (GLV) ((Z)-3-hexenyl acetate) was
identified in N. obliqua as a molecule commonly emitted by plants, especially when they
have been damaged (Dicke et al., 1990; Matsui et al., 2012). The presence of these
compounds suggests us that the olfactory system of H. elegans could have a nervous
system tuned with high specificity to some odorants. An example is the high sensitivity to
GLVs such as (Z)-3-hexenyl acetate, (E)-2-hexenal and (Z)-3-hexenol of specific ORNSs in
P. diversa with a response threshold of 10 pg for each compound (Hansson et al., 1999).
Similar findings were reported for A. octiescostata by Nikonov et al. (2002); in them single
sensillum recordings (SSRs) revealed a specific ORN tuned to (Z)-3-hexenyl acetate.
Therefore, the presence of sesquiterpenes and especially (Z)-3-hexenyl acetate in the profile
of volatiles emitted by N. obliqua provided a suitable start point to test their role in the
olfactory system of H. elegans. Moreover, we included some other compounds reported in

literature that are semiochemicals for other scarab beetles.

A cDNA synthesis using degenerated primers and DNA sequencing revealed the
presence of one OBP in antennae of male and female H. elegans. The complete sequence of
the OBP showed six Cys residues, which are the main feature of insect OBPs. Thus,
BLASTp analysis indicated that the OBP, called HeleOBP1, shared around 30% of
sequence identity with some crystallized insect OBPs, such as AgamOBP1 and CquiOBP1.
These crystal structures were used actually as templates to construct a model for HeleOBP1
by homology modelling. The resulting 3D structure showed three disulfide bridges in a
globular arrangement, in which hydrophobic residues were mainly positioned inside the
protein. However, some polar residues could be present, such as Thrl01, His102, Tyr105
and Tyr113. The presence of the conserved disulfide bridges and six a-helices provides the
characteristics to classify HeleOBP1 as a classic OBP, according to Zhou (2010) and Fan et
al. (2011).

Binding simulations using molecular docking onto the 3D model of HeleOBP1

revealed among the host plant volatiles that some terpenes were able to bind to the protein
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(e.g. myrcene and B-linalool) as well as (Z)-3-hexenyl acetate. However, no strong
interactions such as hydrogen bonds were found. On the other hand, scarab beetle-related
compounds showed better interactions than host plant volatiles. For instance, close
interactions with Tyr105 and Tyr113 were found for aromatic ligands, such as cinnamyl
alcohol, phenylacetonitrile and 2-phenyl acetaldehyde. Similarly, two terpenoids (a-ionone
and B-ionone) showed strong interactions, including probable n- interactions with Tyr105
and Tyrl13, and a free binding energy around -6.9 kcal mol™. It is likely that m-n
interactions have an important role when these residues participate. For example, these
types of interactions could be formed when Tyr111 in the binding pocket of HoblOBP1
interacts with cinnamaldehyde and B-ionone (Zhuang et al. 2014). It is supposed that
Tyr113 in HeleOBP1 could play a similar role for the binding of B-ionone considering that
the residue is well aligned to the Tyr111 of HoblOBP1. Recent successful examples of our
computational reverse chemical ecology approach have shown promising results. An
example is the precise prediction of a putative semiochemical for fruit fly Bactrocera
dorsalis using its GOBP, BdorGOBP. After words, 25 chemicals were screened for their
binding to BdorGOBP by molecular docking coupled to molecular dynamics and followed
by tryptophan fluorescence quenching (a type of fluorescence binding assay without
fluorophore) along with behavioural assays, methyl eugenol was shown as a potent
attractant for B. dorsalis (P D et al., 2014). More recently, the key participation of some
residues was determined in the OBP of the moth Spodoptera litura (SIitOBP1) using the
same computational approach. It was reported that Phel2 and 1le52 play an important role
during the binding of several compounds to SlitOBP1, which was corroborated after
potential hydrophobic and zn-r interactions were interrupted when Ile52 and Phel2 were
mutated to Ala, respectively (Yi et al., 2015). Likewise, the same authors reported a
consistency between molecular docking and experimental binding assays, in which certain
functional groups such as ketones and aliphatic compounds showed a similar binding

profile in both in silico and experimental methods.

In an attempt to elucidate how correlated the in silico data with empirical
experiments are, we performed competitive binding assays by fluorescence. Thus, the used

recombinant HeleOBP1 showed a broad specificity from host plant volatiles to scarab
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beetle-related compounds. None of the host plant volatiles nor putative sex pheromones
could strongly displace the fluorophore (1-NPN) used in the binding assays. The low
binding affinity to the volatiles tested suggested that HeleOBP1 could not be specific or its
true ligand(s) is(are) not present in the profile of volatiles released by N. obliqua. For
example, 15 OBPs have been identified from genome of the aphid A. pisum (Zhou et al.,
2010). However, it has been found that only OBP3 and OBP7 can specifically bind the
alarm pheromone (E)-p-farnesene, whereas the rest of the proteins show broad selectivity
(Qiao et al., 2009; Sun et al., 2012). In scarab beetles, a limited number of OBPs have been
identified, and the only Coleopteran genome known to date comes from T. Castaneum
indicating the presence of up to 50 OBPs. Nevertheless, construction of a full-length cDNA
library for the scarab beetle H. oblita revealed 4 OBPs, from which OBP3 showed more
specific binding affinities than OBP4 (Wang et al., 2013). Surprisingly, HeleOBP1 showed
some selectivity for 2-phenyl acetaldehyde, a-ionone and p-ionone with binding
dissociation constants in the micromolar range, which is usually the range where OBPs
bind molecules (Zhou, 2010). When molecular docking findings were matched with these
three ligands, a good correlation was found. Thus, the in silico method successfully
rendered the difference between the two terpenoids and 2-phenyl acetaldehyde showing a
more stable ligand-HeleOBP1 complex. Taking this into account, subsequent studies were

focused on these three ligands.

The main findings from EAG and behavioural assays comprise the role that p-
ionone could play at low concentrations. For instance, high sensitivity of scarab beetles
antennae has been reported for P. diversa and A. octiescostata (Hansson et al., 1999;
Nikonov et al., 2002). For H. elegans case, its distribution of sensilla has been described by
Mutis et al. (2014), where sensilla closely related to chemoreception (i.e. placodea and
coeloconica) is more abundant in males. This is consistent with our EAG results, where
male’s antennae were more sensitive to f-ionone at 3.0 ng than females. Likewise,
behavioural responses showed a moderate preference for B-ionone by males, which is
contrary to the low preference shown by females. It is worth mentioning that an age
dependency could play a role in the decision process, since they were taken randomly from

N. obliqua forest and at different time points during their flight season. For example, early
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studies on the honeybee Apis mellifera revealed that 5-day old bees or younger can respond
stronger to the components of queen extracts, such as 9-keto-2-(E)-decenoic acid, 9-
hydroxy-2-(E)-decenoic acid and p-hydroxybenzoic acid methyl ester than older bees
(Pham-Delegue et al., 1991). Similarly, it has been reported that cuticle extracts from the
youngest and likely virgin females of the ground-nesting bee Andrena nigroaenea are
attractive for males (Schiestl and Ayasse, 2000). Despite the mentioned above, a promising
correlation among molecular docking, fluorescence binding assays, EAG and behavioural

recordings suggest 3-ionone as a potential semiochemical for H. elegans.

Although 2-phenyl acetaldehyde represents an interesting molecule to be studied
considering its binding to HeleOBP1 and abundant presence in fresh turf Lolium perenne
(Hong et al., 2013), experimental techniques such as EAG and behavioural assays
suggested us not to consider this molecule as relevant for H. elegans. Something similar
could be concluded for the analogue a-ionone. Instead our findings led us to focus the
attention to B-ionone. In plants, this molecule is characterized as a carotenoid cleavage
product, which acts as an aromatic compound (Walter et al., 2010). The role of this
terpenoid as semiochemical has been reported for several insects from Hymenoptera,
Diptera and Coleoptera, in which the molecule acts mainly as attractant, but also as
kairomone and pheromone. For instance, -ionone was reported as attractant for the
American leafminer Liriomyza sativae (Wei et al., 2005). Likewise, B-ionone was reported
as attractant for the orchid bee Euglossa mandibularis, where males are highly attracted by
this terpenoid (Faria and Zanella, 2015). Another study have revealed that a derivative of -
ionone, dihydro-B-ionone, acts as a kairomone for the fly Rhagoletis pomonella, which
along with 3-methylbutan-1-ol, 4,8-dimethyl-1,3(E),7-nonatriene and butyl hexanoate form
a blend from the host plant Catraegus spp. that elicits high levels of upwind flight (Nojima
et al., 2003). For Coleoptera, early research on the leaf beetle Diabrotica cristata showed
B-ionone as an attractant compound (Lampman and Metcalf, 1988). Similarly, B-ionone has
been identified as highly attractive for both males and females of the scarab beetle A.
transvaalensis (Donaldson et al. 1990). Finally, the potential roles of PB-ionone and

HeleOBP1 suggested by this thesis are summarized in a scheme proposed in Figure 5.1.
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Figure 5.1. Proposed scheme for the role of f-ionone, HeleOBP1 and potential other
OBPs in the olfactory process of H. elegans. Question mark (?) indicates identification and

participation of OBPs and volatiles not determined yet. Volatiles from N. obliqua,

conspecific females and likely grass crops are indicated as triangles, circles and squares,

respectively.
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5.2. Concluding remarks

For this work, experimental and in silico approaches were performed with the aim of
developing a computational reverse chemical ecology method. The suitable complement of
experimental techniques by in silico methods led us to study three specific candidates to
semiochemical. Despite 2-phenyl acetaldehyde and o-ionone showed good binding to
HeleOBP1 and appreciable activity by EAG, our efforts were focused on B-ionone due to

better results in terms of binding and bioactivity.

As a typical aromatic compound from secondary metabolism in plants, it is probable
that B-ionone plays a specific role during the flight season of males H. elegans as this thesis
proposes. However, it is still unclear where this chemical is present in the context of H.
elegans some studies suggests that red clover T. pratense could be a source of B-ionone.
Considering this, a contradictory process is highlighted. It has been proposed that females
fly to crops to deposit their fertilized eggs after copulation in N. obliqua trees.
Nevertheless, our results suggest no preference for B-ionone at low concentration by
females, whereas males have shown a major sensitivity to the chemical. Therefore, an
overall state in the adulthood of males H. elegans can be summarized in such a way that a
certain number of other OBPs could be tuned to both host plant volatiles driving the flight
of males to N. obliqua and sex pheromones that allow copulation. On the other hand,
already identified and characterized HeleOBP1, could be aimed to the detection of volatiles
from secondary plants, such as T. pratense, in the way that B-ionone-sensitive males can

direct its flight to N. obliqua trees and not to crops where gravid females should be found.

In relation to females, their flight to grass crops even with a probable presence of -
ionone could be explained because they are sensitive not only to volatiles, but also to other
factors of host plants, such as non-volatile secondary metabolites, surface structure, tissue
toughness and water content. This could ensure a host plant with high nutritive value for
females and their offspring. Similar to males, other OBPs tuned to host plant volatiles could
be present in the olfactory system of females since these beetles feed on leaves of N.

obliqua.
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Although further experiments are necessary to determine the role of the
semiochemical-candidate compound found in this work, the promising correlation between
experimental and in silico results provides a strong starting point for developing
computational reverse chemical ecology. This method was able to show that the hypothesis
raised in this work is true for HeleOBP1, which showed selectivity for a compound
reported as semiochemical for other scarab beetles of Rutelinae subfamily. On the other
hand, these results suggest that HeleOBP1 does not participate in host selection or mate
finding through a sexual kairomone since none of the tested host plant volatiles showed
strong affinity. Likewise, the still unknown sex pheromone for H. elegans makes the role of
HeleOBP1 as a putative PBP difficult to predict. Finally, our research and the reported
literature strongly suggest that this approach can help in the search of new potent

semiochemicals for pest control.

5.3. Further perspectives

In Chile, H. elegans is highlighted as an important underground pest. Its control has
considered biological and chemical methods. However, the lack of efficiency and
specificity of these methods has led to the search of other strategies. Chemical ecology
studies resulted in only one significant attractive blend for males of H. elegans (i.e. 1,4-
benzoquinone and essential oil from N. obliqua). Despite the mentioned above, neither
pheromone nor kairomone have been identified yet. Therefore, further experiments should
be focused on the identification of the supposed highly attractive semiochemicals, such as a
sexual kairomone or sex pheromone considering the complement between conventional and

computational reverse chemical ecology.

Although the results presented here indicate in silico approaches as suitable tools in
reverse chemical ecology, some limitations have been described specifically for homology
modelling. For H. elegans case, the lack of a crystallized OBP structure from beetle make
the construction of a 3D model a difficult task. Once an experimental 3D structure is

solved, a higher sequence identity (i.e. over 40%) will allow the construction of more
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precise models. On the other hand, the incorporation of site-directed mutagenesis could
provide both an accurate validation of 3D protein models and the role of residues in the
binding site of proteins, such as His102, Tyrl05 and Tyrl13 in HeleOBP1. Thus, our
results suggest that while correct 3D protein models are generated, a large number of
candidate compounds could be tested in silico. Such approximation would provide from a
large range of putative semiochemicals, a few amount of them to be experimentally tested
with the subsequent saving in both time and resources. Therefore, computational reverse
chemical ecology could serve as the first screening prior olfactometry, wind tunnel and
field assays, where bioactive compounds can be elucidated and used for pest control with

the design of specific traps.
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Appendix 3.1

Composition of volatiles from leaves of N. obliqua trapped by SPME and Porapak Q

* a . b Reliability of
Compound Mass spectra data (m/z) KI Exp. KI Lib. identification®
B-Myrcene 985 985 1
(2)-3-hexenyl acetate 989 989 1
Unknown 1 43,57, 85, 99, 142 1029
B-Ocimene 1041 1041 1
B-Linalool 1086 1086 1
Unknown 2 41,51, 69, 79, 94, 107, 135, 1106
150
Dodecane 1199 1200 1
Sesquiterpene 41, 43,55, 77, 93, 105, 119, 1375 1375 2
121, 161, 204
Sesquiterpene 41,51, 67, 81, 91, 105, 123, 1383 1383 2
161, 204
Tetradecane 1399 1400 1
a-Gurjunene 1408 1411 1
Caryophyllene 1416 1416 1
Aromadendrene 1457 1455 1
Sesquiterpene 41,53, 67, 79, 81, 93, 105, 1480 1480 2
107, 121, 133, 135, 148, 175,
189, 204
Sesquiterpene 43, 55, 67, 69, 79, 95, 105, 1580 1575 2
109, 121, 133, 147, 161, 189,
204

#Kovats indices experimental

® Kovats indices library

° Reliability of identification is indicated as: (1) when the method comprises a comparison with
mass spectra, KI and matching with commercial standard; (2) when the method comprises only a
comparison with mass spectra and Kl according to data of literature.

*(m/z) data for mass spectrum were included for those unidentified compound.
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Appendix 3.2

Oligonucleotide primers designed for cDNA cloning and sub-cloning of the OBP in H.

elegans.

Primer name Sequence

PdivOBP_1 5’-GARGARATGGARGARCT-3’

PdivOBP_2 5’-GARGARATGGARGARTTR-3’

OBP 5’RACE 5’-CACTTCCTCATTACAGGCTCAG-3’

(GSP1)

OBP 5’RACE 5’-CACGATCATATAGTTCTTGGAATCC-3’

(GSP2)

OBP LICfwd 5 -TACTTCCAATCCATGAGCGAGGAGATGGAGGAGTTAG-3’
OBP LICrev  5-TATCCACCTTTACTGTTACACGATCATATAGTTCTTG-3’

The restriction site for Bsal is underlined including start codon for OBP LIC fwd and

stop codon for OBP LIC rev.
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Appendix 3.3

Phylogenetic tree with scarab OBPs available in NCBI (http://www.ncbi.nlm.nih.gov/). The

OBPs with the closest evolutionary relationships were labelled as Group 1, 2 and 3. “4”

indicates HeleOBP1 (accession number: AGM37951).
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Appendix 3.4

Competitive binding of HeleOBP1 to selected odorants. A 2 uM solution of the protein plus

1-NPN was titrated with 1 mM solutions of each ligand in methanol to final concentrations

of 4-40 uM.
100
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=) ¥ 2-phenylethyl propionate
T 40
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1-NPN Fluorescence (%)

1-NPN Fluorescence (%)
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1-NPN Fluorescence (%)
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Appendix 3.5

Multiple sequence alignment among HeleOBP1, AgamOBP1 (PDB code: 2ERB) and
CquiOBP1 (PDB code: 2L.2C and 30GN). Alignment was carried out by Multalin and
ESPript without signal peptides. Identical residues are highlighted in white letters with a
red background. Amino acids with similar physic-chemical properties are shown in red
letters. Alignment positions are framed in blue if the corresponding residues are identical or

similar. Red arrows indicate cysteine residues.

1 10 20 39 40 50

HeleOBP1l P MSEHMEIALARRVRGD®V GQENeAYD E AL T TV KINQIKIGF P DR AF ) 4eh 4T, K[s§AM TIHM

Agamﬂﬂ?llZERBI DTTPRRDAEYPPPIHLLINALKP LHD I[8L GIKpgedY T E E ARKK|F SPE|E . [T HE|SESAT. . 4eh4M N{sy# " HIHA

CquiOBPl|2L2C| DV[TPRRDAEYPPPIALLIALKPLHD I(MAKKIMeAYT DEAR I EF SIGIK| . [T HEIAAL):{eh M NIsRAE HiHA

CquiOBPl|30GN| .V[TPREDAEYPPPIHLLIMALKPLHD I[8AKKAYTDEAMIEF SPIGK|. |1 HEPPAT ) {ehqM N[sBHF H)AA
A A A

60 70 80 20 100 110

HeleOBP1 AVAYGHIDIET IDVDAANVIGIIRIDE LK VIAEPVMRKEBGVEMEANPEDNVY Q Th:4elY Y D|Tis] SIANR M T \Y
AgamOBPl | 2ERE| KUAYDBIN[ED VHLEKL(HD Si#4S SMHMIAMHMGKR[SL Y P E[8E T L{8D KA F W Lj:h:deii K Q[S|sl P ) HpF LyY
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Appendix 3.6

Correlation between free binding energy and molecular size as heavy atoms (non-

hydrogens) from molecular docking.
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Appendix 3.7

Super-imposed 3D structures of HeleOBP1 (green), AgamOBP1 (PDB code: 2ERB) (light
blue) and CquiOBP1 (PDB code: 30GN) (yellow). Right scheme indicates conserved
amino acids between the OBP structures (target and templates). Residues from HeleOBP1

(i.e. green sticks) are labelled.
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Appendix 3.8

In silico binding affinities expressed as free binding energy and fit quality (FQ) for tested

ligands by molecular docking.

Ligand

Free binding energy

Fit Quality (FQ)

(kcal mol™)
-caryophyllene -7.13 0.82
a-gurjunene -7.05 0.81
(+)-aromadendrene -7.04 0.81
B-ocimene -5.41 0.75
a-pinene -5.35 0.74
Geraniol -5.62 0.73
a-ionone -6.88 0.81
B-ionone -6.99 0.82
B-myrcene -5.11 0.71
(x)-linalool -5.84 0.76
Dodecane -5.40 0.67
Tetradecane -5.96 0.70
(E)-2-nonen-1-ol -5.10 0.71
Heptan-2-ol -4.31 0.76
(2)-3-hexenyl acetate -5.00 0.69
Hexyl acetate -4.84 0.67
Nonanal -4.73 0.66
Decanal -5.06 0.66
Acetoin -3.35 1.52
Phenol -4.15 0.96
Benzaldehyde -4.51 0.80
1,4-benzoquinone -4.26 0.75
1,4-hydroquinone -3.98 0.70
Eugenol -5.18 0.65
2-phenyl acetaldehyde -4.78 0.73
2-phenyl ethanol -4.89 0.74
2-phenylethyl propionate -5.77 0.69
2-phenyl acetonitrile -5.08 0.77
Cinnamyl alcohol -5.34 0.74
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