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Abstract 

Aphids (Homoptera; Aphididae) are major pests on arable and horticultural crops. Aphids 

communicate using olfaction, employing semiochemicals such as the alarm pheromone, (E)-

β-farnesene, and the sex pheromone components, (4aS,7S,7aR)-nepetalactone and 

(1R,4aS,7S,7aR)-nepetalactol. An understanding of olfaction in aphids, specifically molecular 

recognition, and discrimination of odorants, can help when designing novel protection tools. 

However, little is understood about the aphid olfactory system, specifically, the role of 

odorant-binding proteins (OBPs), small, soluble proteins that are found in high 

concentrations in sensory organs (antennae). In this thesis, the molecular recognition of the 

sex pheromone in the pea aphid, Acyrthosiphon pisum was investigated by exploring the 

roles of olfactory proteins such as OBPs and odorant receptors (ORs) 

Initially, aphid sex pheromone components, (4aS,7S,7aR)-nepetalactone and 

(1R,4aS,7S,7aR)-nepetalactol, and their respective non-naturally occurring enantiomers, 

(4aR,7R,7aS)-nepetalactone and (1S,4aR,7R,7aS)-nepetalactol were synthesised, with the 

synthesis optimised at various points, giving a final yield of approximately 1%. A. pisum OBPs 

were also expressed on a litre-scale and purified in large quantities (> 1mg). Binding activity 

between A. pisum OBPs and sex pheromone components was screened using in silico 

methods. These screens revealed OBP6 as a strong candidate for binding of the sex 

pheromone components due to low KDs, and OBP9 as a protein with little binding activity 

with the ligands of interest. Furthermore, potential strong-binding analogues of nepetalactol 

and nepetalactone were predicted through in silico methods. These analogues have the 

potential to act as olfactory disrupters and may be a valuable pest control method in future. 

In silico work also predicted the binding sites for electrophysiologically active molecules in 

ORs, whilst predicting the potential sex pheromone binding OR in aphids. 

After successful in silico screens, a range of fluorescence binding assays were performed with 

OBP6 and OBP9 and the sex pheromone components. The fluorescence assays used a non-

traditional approach, observing intrinsic fluorescence of the tryptophan residues both alone 

and in the presence a range of fluorescent probes. These assays confirmed the predicted 

results of the in silico screens. OBP6 was seen to bind sex pheromone components, with a 

particularly low KD of 1.30 ± 0.60 µM observed for the interaction between OBP6 and 

(4aS,7S,7aR)-nepetalactone. Due to OBP6’s high expression in the aphid antennae, these 

results suggest it may play a role in sex pheromone perception. 
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To further explore the interaction between OBPs and the sex pheromone components, other 

methods, including mass spectrometry, nuclear magnetic resonance (NMR) and gas-

chromatography (GC), were employed. Mass spectrometry experiments were unsuccessful, 

but Saturation Transfer Difference (STD) NMR and a biphasic GC assay both gave binding 

results for OBP6 consistent with the in silico and fluorescence experiments. The STD-NMR 

assay also allowed for epitope mapping of the binding interactions between the sex 

pheromone components and OBP6, which aligned with the predicted conformations from in 

silico screens. 

Overall, OBP6 was shown to bind the sex pheromone component (4aS,7S,7aR)-

nepetalactone with a higher affinity than other ligands, including the alarm pheromone (E)-

β-farnesene. The results of this work suggest a role for OBP6 in sex pheromone binding. All 

assays focused on the enantiomeric discrimination potential of OBP6. Though no clear 

discrimination was observed in this study, levels of discrimination could be seen in the 

fluorescence assays. Further work is required to fully elucidate OBP6’s potential role.  

Future work will focus on the exploration of OBP6’s role in aphid olfaction, from behavioural 

studies to further binding assays and structural determination. Additionally, results from this 

thesis may be adapted for use in the development of novel pest control tools. 
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1. Introduction 

 

1.1 THE PEA APHID, ACYRTHOSIPHON PISUM 

1.1.1 Aphid General Biology 

Aphids (Homoptera: Aphididae) are small, soft-bodied insects which are distributed 

worldwide, though most prevalent in temperate regions. They are pests of many agricultural 

and horticultural crops. There exists a diverse range of aphid species, many of which are 

capable of migration over great distances.1  

In 2010, the pea aphid, Acyrthosiphon pisum (Figure 1.1), was the first hemipteran insect to 

have its genome fully sequenced.2 The pea aphid was chosen as a model organism due to its 

complex life cycle, symbiosis with bacteria, polyphenism and interaction with host plants.3 

Furthermore, its relatively larger size and ease of culturing make it ideal to study 

experimentally in controlled laboratory conditions.3 

 

Figure 1.1: The pea aphid, Acyrthosiphon pisum. Image from Rothamsted Visual Communications 

Unit. 

1.1.2 Aphid Life History 

The life cycle of aphids is complex and seasonal (Figure 1.2). Parthenogenetic (asexual) 

reproduction usually occurs throughout the summer4,5, until a reduction in daylight hours 

causes the production of winged males and females (gynoparae). The gynoparae migrate to 

the winter host, producing wingless, sexual females (oviparae) that release a sex pheromone 

to attract males, and subsequently reproduce sexually.4–6 The females lay cold-resistant, 

overwintering eggs, from which the stem mother, or fundatrix, will hatch initiating 

parthenogenesis the following year.2  
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Figure 1.2: The life cycle of the pea aphid, Acythrosiphon pisum. Image taken adapted from3 

Aphids can either spend their entire life cycle on one host (autocecious) or aternate between 

hosts (heteroecious).7 The pea aphid is autocecious and generally lives on legume plants, 

such as the broad bean, Vicia faba.8,9 

Male aphids are only produced as a result of seasonal changes initiating the sexual 

reproduction phase of the life cycle.4 In female aphids the winged phenotype is an 

environmentally determined polyphenism, used for colonisation purposes, wheras in males 

wing polyphenism is genetically determined and both winged and unwinged male aphids can 

exist.10 Although there is an associated fitness cost with developing wings, winged males have 

higher reproductive success.10 

1.1.3 Aphids as a Pest 

Aphids are a prevalent pest species affecting many economically important crops globally, 

including cereals, sugar beet, oilseeds, field beans, peas and potatoes.11 Around 25% of plants 

species are hosts to aphids,12 though it is difficult to give an estimate of the economic losses 

due to aphid-caused damage due to the range of both direct and indirect consequences of 

aphid infestation.13 

 The majority of crop damage is as a direct result of phloem-sap feeding, during which 

essential nutrients are removed from the plant.14 Many aphid species also instigate indirect 

damage, acting as vectors for the transmission of lutoviruses, such as the barley yellow dwarf 

virus (BYDV), and enamoviruses, such as the pea enation mosaic virus (PEMV).14,15 Aphids 

may also stimulate the development of saprophytic fungi by secretion of honeydew, which 

in turn blocks light for photosynthetic activity.16 
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The success of aphids as pests is largely due to their ability to exploit multiple host plant 

species throughout the year, as well as their fast-reproductive expansions resulting from 

parthenogenesis. Aphid population dynamics can be linked to environmental factors 

including the weather and general climate – the aphid life cycle is dependent on 

temperature, in addition to other climate-affected factors. An increase in temperature of 

only a few degrees will lead to earlier flight times of aphids and a significant change in their 

population dynamics.9 A major concern relating to aphids as a pest is the effect that climate 

change will have on aphid populations, and the increased need for more efficient control.9 

1.1.4 Management of Aphids 

Aphids can be managed by a variety of strategies, with effective management often being 

achieved by employing a combination of chemical and biological control. Aphid populations 

are mainly managed by the use of pesticides, including pyrethroids 1, carbamates 2, 

neonicotinoids 3 and organophosphates 4 (Figure 1.3).17–20 However, a decrease in pesticide 

usage is encouraged due to potential off-target effects, an increase in resistance occurrence 

within pest insect populations and potential negative environmental effects.17 

 

Figure 1.3: Examples of pesticides used in aphid management: pyrethroid, deltamethrin 1, 

carbamate aldicarb 2, neonicotinoid, imidacloprid 3, and organophosphate, (R)-(+)-malathion 4. 

Insecticide resistance can arise from mutations to the target proteins.20 Due to the high 

reproductive rate of aphids and significant survival advantage of the mutation, resistance 

spreads and evolves quickly amongst a given population.20–22 This target-site specific 

resistance mechanism is generally known as ‘knockdown resistance’ or kdr20 – for example, 

peach-potato aphids, Myzus persicae, with a kdr mutation in transmembrane segment IIS6 

of a sodium channel, the target site of pyrethroid insecticides, have a 35-fold resistance to 

the pyrethroid deltamethrin.20 

1         2 

 

 

 

                       3                                                       4 
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In addition to target site resistance, other mechanisms of resistance exist in insects. The main 

alternative insecticide resistance mechanism is metabolic resistance; the production of 

metabolic enzymes capable of breaking down insecticidal chemicals, such as the 

overproduction of carboxylesterases in aphids, leads to broad spectrum organophosphate 

resistance.20,22 Other mechanisms include the existence of efflux pumps, which transport 

toxic substances out of cells, and behavioural or phenotypic changes in insects that make 

them less susceptible to pesticide exposure.23,24  

One of the main alternatives or additions to synthetic chemical control is the use of biological 

control, or biocontrol, including the use of natural enemies (Figure 1.14).25,26 Despite the 

broad spectrum of natural enemies that exist for aphids, agricultural intensification has 

resulted in a decrease in biodiversity and loss of suitable habitats for many of their natural 

enemy species.26 By planting diverse field margins or specifically recruiting these species, 

aphid populations can be kept below an economically important threshold.26–28  

 

Figure 1.4: A natural enemy, the aphid parasitoid of Aphidius species, seen laying an egg into a 

nymphal aphid. Image from Rothamsted Visual Communications Unit. 

Biocontrol of aphids can also be achieved by the introduction of entomopathogenic fungi, 

such as Verticillium lecanii.29 The fungus can be applied by spraying spores or planting 

infected plants nearby, and could be used in combination with other bio-control agents.29 

Knowledge of the phytochemistry of particular crops can be used – the natural chemistries 

of plants may cause them to be repellent or attractive to aphids.30 The careful planting of 

repellent and attractive plants surrounding commercial crops can achieve an effective ‘push-

pull’ pest control management.30 Furthermore, By exploiting the natural chemical ecology of 

aphids, lures (combined with traps) or repellents can be designed.30  
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1.2 INSECT CHEMICAL ECOLOGY 

1.2.1 Semiochemicals 

A semiochemical is a compound that is secreted by organisms, which modifies the behaviour 

and/or development of another organism.31,32 Semiochemicals are categorised into 

intraspecific semiochemicals, pheromones, a compound or group of compounds that are 

released by an organism and induce a response in an individual of the same species, and 

interspecific semiochemicals, allelochemicals, which stimulate organisms of different 

species.31,32 Pheromones are critical for communication between insects of the same species; 

these may include sex pheromones, aggregation pheromones, and alarm pheromones.31  

Pheromones can be further categorised into releasers, pheromones which induce an 

immediate behavioural change, and primers, pheromones which initiate a complex set of 

physiological or developmental changes, but may result in no immediate behavioural 

change.32 

In addition, allelochemicals can also be further categorised depending on whether the 

emitter or receiver is the beneficiary (Table 1.1).  

Table 1.1: Allelochemical categorisations, based on definitions by Nordlund & Lewis, 1975.32 A “+” 

indicates a positive effect and “-” indicates a neutral or negative effect 

*where the emitter is non-living material 

Allelochemical 

Categorisation 

Beneficiary 

Emitter Receiver 

Allomone + - 

Kairomone - + 

Synomone + + 

Apneumone* - + 

 

Semiochemicals are used in host location, mating and enemy warning systems. Though 

semiochemicals are widely employed by insects for communication, communication 

chemistry and potential semiochemicals have been identified in many other organisms 

including mammals, birds and fish.33–35 

Aphid species, including the pea aphid, Acyrthosiphon pisum, have been shown to employ a 

sex pheromone and an alarm pheromone, in addition to a range of allelochemistry generally 

utilised for host location.36 
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1.2.2 Aphid Sex Pheromone 

For sexual reproduction, which occurs between wingless sexual females (oviparae) and 

winged sexual males, aphids utilise a sex pheromone, generally consisting of two 

components (1R,4aS,7S,7aR)-nepetalactol 5 and (4aS,7S,7aR)-nepetalactone 6 (Figure 1.5).37 

Some aphids, such as the rosy apple aphid Dysaphis plantaginea and the damson-hop aphid 

Phodrodon humuli, also employ other isomers including (1S,2R,3S)-dolichodial 7, 

(1S,4aR,7S,7aS)-nepetalactol 8 and (1R,4aR,7S,7aS)-nepetalactol 9.36,38 

 

Figure 1.5: The chemical structures of (1R,4aS,7S,7aR)-nepetalactol 5, (4aS,7S,7aR)-

nepetalactone 6, (1S,2R,5S)-dolichodial 7,  (1S,4aR,7S,7aS)-nepetalactol 8 and (1R,4aR,7S,7aS)-

nepetalactol 9. 

Although the aphid sex pheromone components are ubiquitous across most species, the ratio 

between 5 and 6 is species-specific.6 For example, for the pea aphid, Acyrthosiphon pisum, 

the sex pheromone consists of 5 and 6 in a 1:1 ratio, whereas the black-bean aphid, Aphis 

fabae, uses a very high ratio of 6 to 5 (Table 1.2).6,39  
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Table 1.2: Aphid species with known sex pheromone and ratio of nepetalactol to nepetalactone 

found in each. *Nepetalactol diastereoisomers 

Common Name Species Name Ratio (5:6) 

Pea aphid Acyrthosiphon pisum 1:139 

Black bean aphid Aphis fabae 1:2939 

Spiraea aphid Aphis spiraecola 1:240 

Leaf-curling plum aphid Brachycaudus helichrysi 1:2.641 

Mealy cabbage aphid Brevicoryne brassicae 0:142 

Rosy apple aphid Dysaphis plantaginea 3.7:1 – 3.3:1 (age effect)43 

Mealy plum aphid Hyalopterus pruni 1:2.541 

Potato aphid Macrosiphum euphorbiae 4:1-2:1 (age effect)44 

Peach-potato aphid Myzus persicae 1.5:139 

Damson-hop aphid Phorodon humuli 1*:038 

Bird cherry-oat aphid Rhopalosiphum padi 1:045 

Grain Aphid Sitobion avenae trace:146 

Black-berry cereal aphid Sitobion fragariae 0:147 

Peach aphid Tuberocephalus momonis 1:448 

 

Before the chemical identification of the aphid sex pheromone, aphids were thought by many 

entomologists to produce a close range aphrodisiac.49 First evidence for an aphid sex 

pheromone was published by Pettersson in 197050, where it was demonstrated that male 

aphids of Schizaphis species responded to a volatile odour produced by sexual female aphids. 

The first characterisation of the pheromone was by Dawson et al. in 198737, using the vetch 

aphid Megoura viciae Buckto. The sex pheromone was found to comprise of 5 and 6 (Figure 

1.15).37 Initially, the pheromone components were identified by the air entrainment of the 

hind legs (tibiae) of oviparae, and analysis of the volatile compounds using coupled gas 

chromatography mass spectrometry (GC-MS).36,37  

Identification of the pheromone was confirmed by comparison with synthetic authentic 

standards (Scheme 1.1) and plant-extracted material, using GC-MS and 1H and 13C nuclear 

magnetic resonance (NMR) spectroscopy36.  The stereochemistry of the lactol was 

determined using the chiral derivation agent Mosher’s acid 10 [(S)-α-methoxy-α-

(trifluoromethyl) phenylacetic acid] (Figure 1.6) via NMR, and X-ray crystallography.36  
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Figure 1.6: The structure of chiral shift agent, Mosher’s acid, [(S)-α-methoxy-α-(trifluoromethyl) 

phenylacetic acid] 10 and its conversion to Mosher’s ester 11 with an alcohol. 

Behavioural responses, alongside electrophysiological studies, further confirmed the 

function of 5 and 6 as a sex pheromone.37 Electrophysiological studies involve connecting 

sharp, tungsten microelectrodes to the whole antenna or to single cells. Compounds are 

tested for activity by detecting minute electrophysiological responses, giving either an 

electroantennogram (EAG) or single-cell recording (SCR).37 This technique can also be 

coupled with gas chromatography to identify active compounds from complex mixtures.  

Each stereoisomer of 5 and 6 can be synthesised via a route developed by Dawson et al.51 

(Scheme 1.1), a modification of previous work by Schreiber et al.52. Commercially available 

enantiomerically pure (S)-citronellol 12 is used as the starting material, which is oxidised via 

an allylic oxidation with (catalytic) selenium dioxide at the C-1 position to give a diol 13. This 

diol is further oxidised to a dialdehyde 14, then cyclised in an enamine-mediated, stereo-

controlled [4+2] Diels-Alder like cycloaddition to give a bicyclic product 15.51,52 The 

phenylaniline group is hydrolysed with p-toluenesulfonic acid to yield the nepetalactol 

product 5 and a final oxidative step provides the nepetalactone product 6.  

 

Scheme 1.1: The synthetic route to 5 and 6 from (S)-citronellol 12, based upon the route by 

Dawson et al.37 i) SeO2, t-BuOOH, DCM; (ii) 1) (COCl)2, CH2Cl2, DMSO, -78°C 2) Et3N, CH2Cl2; (iii) 

PhNMe, Et2O, 4Å sieves; (iv) TsOH, THF, H2O; (v) Ag2CO3, Celite, PhMe, 120°C 

10                                                                        11 

12        13  

 

 

                  15                                                           14 
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The lactone 6  also occurs naturally in a variety of plant species, including the catmint, Nepeta 

cataria, and can be obtained as an oil in high yields following an extraction from the plant.6 

The oil is isolated by steam distillation, where steam is applied alongside a solvent (generally 

cyclohexane) to plant material, the mixture then distilled, followed by separation of the 

organic layer and removal of the solvent.6 The resultant oil contains 6 and other plant-

produced compounds which can be further purified using flash column chromatography or 

HPLC.6 Enantiomerically pure 6 can be reduced into 5 in a stereoselective reduction with 

sodium borohydride (Figure 1.7). 

 

Figure 1.7: Stereoselective reduction of (4aS,7S,7aR)-nepetalactone 6 to (1R,4aS,7S,7aR)-

nepetalactol 5 and (1S,4aS,7S,7aR)-nepetalactol 16 respectively. Adapted from 6. 

1.2.3 Aphid Alarm Pheromone 

Upon attack by a natural enemy, such as a predator or parasitoid wasp, aphids release an 

alarm pheromone, which causes nearby aphids to cease feeding and disperse.36,53,54 In most 

species, this pheromone is the sesquiterpene (E)-β-farnesene 17 (EBF) (Figure 1.8).36,53 Some 

aphid species have also been shown to release small amounts of other compounds, such as 

(1E,5E,8S)-germacrene A 18 and (1S,5S)-α-pinene 19.53,55,56 

 

Figure 1.8: The sesquiterpene aphid alarm pheromone, (E)-β-farnesene 17 and other aphid 

alarm pheromone components, (1E,5E,8S)-germacrene A 18 and (1S,5S)-α-pinene 19 36,53,55,56 

EBF 17 is a terpenoid comprised of  three isoprene (C5) units (Figure 1.9).57 Biosynthesis of 

terpenoid compounds is believed to occur exclusively by the mevalonate pathway in animals, 

though the mechanism for biosynthesis of EBF 17 in aphids has not yet been fully 

elucidated.57 

17 

 

18             19 

6   5       16 

  

20 
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Figure 1.9: An isoprenoid unit 20. 

Chemical synthesis of EBF 17 can be achieved by a one-step reaction of (E,E)-farnesyl chloride 

with 18-crown-6 ether and potassium tert-butoxide (Figure 1.10).58 

 

Figure 1.10: Synthesis of (E)-β-farnesene 17 from (E,E)-farnesyl chloride 21. 

The alarm pheromone has a repellent effect on aphid populations, making it a suitable 

candidate for aphid management applications. EBF 17 can also be used to recruit natural 

enemies of the aphid. 

1.2.4 Aphid Allelochemicals 

Allelochemicals are compounds that when emitted by an organism of one species affect the 

behaviour and development of an organism of another species.32 When seeking a suitable 

host, or avoiding an unsuitable one, aphids may exploit allelochemicals or blends of 

allelochemicals emitted by plants.36,59 Plant-aphid interactions are affected by attractive and 

repellent compounds, and the presence of these can prove critical in aphid host preference 

or natural resistance of the plant to insects.60 

Natural attractiveness or repellence to aphids can be observed in many plant species. For 

example, Brassicaceae (cabbage) plants produce a class of chemicals known as glucosinolates 

which can generate toxic isothiocyanates when the plant is attacked.36 A range of these 

chemicals, including allyl 22, 3-butenyl 23 and 4-pentenyl isothiocyanate 24 (Figure 1.11), are 

used by some aphid species (cabbage aphid, Brevicoryne brassicae; turnip aphid, Lipaphis 

erysimi) to locate a host.36 However, other species, such as A. fabae, are repelled by 

isothiocyanates, and their presence will render a plant unsuitable as a host.36  

 

Figure 1.11: Semiochemicals emitted by Brassicaceae plants when attacked by feeding 

herbivores; allyl 22, 3-butenyl 23 and 4-pentenyl isothiocyanate 24.36 

Plants may also have induced responses following attack by pests, often resulting in the 

release of semiochemicals.61 Induced responses are complex – different pest types, insect 

feeding types and species can all play a role in altered plant defence responses.61 

Furthermore, below-ground attacks can induce above ground signalling, and vice versa.61 

   22            23                                24 

21                             17    

  14  
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Semiochemicals released by plants upon attack may be repellent to aphids. These include 

(S)-germacrene D 25, (1R,4E,9S)-caryophyllene 26 and (E,E)-4,8,12-trimethyl-1,3,7,11-

tridecatetraene 27, identified from the host bean plant V. faba.36,59 Other compounds, such 

as (E)-ocimene 28 and 6-methyl-5-hepten-2-one 29 (Figure 1.12), may be attractive to aphid 

natural enemies (parasitic wasps and lacewings).36,62 Finally, some plant-produced 

semiochemicals can also subsequently induce a defense response in an intact plant, such as 

in the case of (Z)-jasmone 30 (Figure 1.12).36 

 

Figure 1.12: The structure of various plant semiochemicals involved in repelling aphids. (S)-

germacrene D 25, (1R,4E,9S)-caryophyllene 26, (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene 27  

(E)-ocimene 28 and 6-methyl-5-hepten-2-one 29 and (Z)-jasmone 30.36,62 

1.2.5 Practical Deployment of Semiochemicals 

Semiochemicals have the potential to be used in pest management, by using mating 

disruption, pheromone traps, push-pull strategies and recruitment of natural enemies. 

Synthetic sex pheromone components have been used to catch male aphids and recruit 

foraging parasitic wasps, Aphidius ervi Haliday and Praon barbatum Mackauer, in the 

field.27,28,63 The synthetic sex pheromone components have also been found to attract other 

aphid natural predators, such as lacewings (Chrysopa cognata).64,65  

The alarm pheromone 17 has been shown to be repellent to aphids in behavioural studies, 

whilst attractive to natural enemy predators and parasitoids. A hexaploid commercial variety 

of wheat, Triticum aestivum cv. Cadenza (Poaceae), was genetically engineered to 

biosynthesise and release EBF 17.66 Evaluation in field trials showed the transformed wheat 

variety was not significantly different from non-transformed varieties in managing aphids 

(assessed by aphid numbers and number of parasitized aphids), although controlled 

environment studies had demonstrated its effectiveness.66 The lack of field effectiveness is 

   25          26            

                                            27 

 

        28                                        29 
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likely due to the release rate of the alarm pheromone from the plant being consistent and 

steady, in contrast to a natural quick burst of pheromone produced by aphids.66 

Plant derived semiochemicals also have practical applications; (Z)-jasmone 30 has been 

found to be effective in reducing aphid numbers, attracting parasitic wasps and inducing the 

production of repellent volatiles in crops such as wheat, cotton and sweet peppers.36 (S)-

Germacrene D 25 has been identified as a potent repellent for aphids, however, has little 

potential for commercial application in crop protection due to its chemical instability and 

cost of production.36,67 More stable analogues, which have comparable behavioural activity, 

could be developed, particularly using modified terpene synthases and unnatural 

substrates.36,68 

Further advancement of the use of semiochemicals in pest management could stem from a 

deeper understanding of molecular recognition processes in the olfactory systems of pests. 

This may lead to ‘ab initio’ design of ligands, which may have similar behavioural effects as 

other olfactory ligands, but better prospects for commercial producibility.36 Currently, 

understanding of the olfactory system is limited, though two major groups of proteins are 

involved – olfactory receptors (ORs) and odorant binding proteins (OBPs) – both of which 

could provide potential pest management targets.36,69 

 

1.3 INSECT OLFACTION 

1.3.1 History of Insect Olfaction 

Prior to the identification of the first pheromones, little was understood regarding insect 

olfaction with the majority based on anecdotal evidence.70 The first insect pheromone to be 

characterised was (10E,12Z)-hexadec-10,12-dien-1-ol, or bombykol 31, identified from the 

silkworm moth, Bombyx mori (Figure 1.13).70–73 Due to the large physical size of this insect, a 

significant quantity of pheromone could be extracted – in total, 5 x 105 glands needed to be 

extracted to obtain sufficient quantities for elucidation of the chemical structure.70 Initially, 

structural identification was achieved using infrared (IR) and ultraviolet (UV) spectroscopy, 

but was later confirmed with NMR and GC.70–72 

 

31 
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Figure 1.13: The chemical structure of (10E,12Z)-hexadeca-10,12-dien-1-ol, or bombykol 31, the 

first chemically identified insect pheromone, and sex pheromone of the silkworm moth, Bombyx 

mori73. 

The most significant advances in the field of olfaction research were founded in 

developments in analytical chemistry.70 Introduction of techniques for identification of 

complex chemical structures, particularly NMR spectroscopy, and detection of low-levels of 

compounds, such as gas-chromatography, have vastly expanded the known chemical library 

of pheromones and other insect-related semiochemicals.70 The identification of the sex 

pheromone previously discussed of the pea aphid, A. pisum, relied on such techniques.6,36,51 

In recent years, significant developments have been made in the study of odorant 

perception, which has been furthered by work in genomics. With full genome sequences now 

available for many insect species, including model organisms A. pisum2 and Drosophilia 

melanogaster74, many genes for odorant specific receptors and binding proteins have been 

identified. Furthermore, by using advanced molecular biology techniques, the function of 

these proteins and receptors can be more extensively studied.75–77 

1.3.2 Antennal Anatomy 

The main olfactory organs in insects are the antennae, although some insects possess 

additional olfactory organs, such as maxillary palps.78,79 The aphid antennae comprise of six 

segments, numbered from the base [including a scape (1st), pedecil (2nd) and four flagella (3rd-

6th)].75 Small, hair-like structures known as sensilla (Figure 1.14) cover the antennae.75,76,79 

 

Figure 1.14: Type II trichoid olfactory sensilla from A. pisum. Images taken directly from De Biaso 

et al., 2014.75 

Olfactory sensilla are perforated with pores, through which odorant molecules diffuse76; each 

sensilla can be uniporous (one pore) or multiparous (many pores).75 Sensilla contain an 

aqueous fluid, or sensillium lymph, in which olfactory receptor neurons are bathed, and 

where odorant-binding proteins are located.76 Specific odorant receptors have been mapped 

to specific sensilla types.76,79 
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Diversity in function has been observed across sensilla. There are a few morphological classes 

of sensilla found in most insects; basionic, both large and small, trichoid, placoid and 

coeloconic.76,78,79 Each morphological class is responsible for a different function; in 

Drosophilia, the basionic sensilla is responsible for fruit odours, trichoid for pheromones, and 

coeloconic for organic acid and amine based odours.76 

In the pea aphid, A. pisum, trichoid sensilla of two types are found on the antenna. Type II 

sensilla, found mainly on the tip of the antenna, are short and blunt, possessing only a single 

‘apical pore’75. Type I sensilla are found across the entire antenna, and do not have pores on 

their tip.75 In all life stages of the aphid, on the 5th and 6th antennal segments, exists the 

primary rhinaria (‘sunken pits’). Placoid and coeloconic sensillium are also present. 

Electroantennography from these areas show detection of leaf volatiles and the alarm 

pheromone, (E)-β-farnesene 17.75 Secondary rhinaria are found in a higher abundance in 

male aphids and are sensitive to sex pheromone components and plant volatiles.75 Sensilla 

have been found on other parts of A. pisum, including the hind legs and mouthparts, but their 

function in these areas is not yet fully described.75  

1.3.3 Aphid Olfactory Neuroanatomy  

Olfactory neuroanatomy is a complex and well-studied field. Insect olfaction begins in the 

sensilla of the antenna; antennal neuroanatomy mainly consists of olfactory receptor 

neurons (ORNs) expressing ORs.77–80 In Mammalia, ORNs are bipolar, allowing dendrites to 

give rise to numerous specialised cilia and providing a large receptive surface for the binding 

of odours to ORs.80 Removal of these specialised cilia in mammals removes associated 

olfactory responses.80 ORs are activated generating an action potential, which travels along 

an odorant receptor neuron (ORN) that glomerulates and converges in the brain.79–82   

The aphid brain is simple, with a well-defined central body consisting of a protocerebral 

bridge and lateral accessory lobes.83  The protocerebrum includes optical lobes, the central 

complex and often ill-defined mushroom bodies, and the deutocerebrum contains both the 

antennal and dorsal lobes.83,84  

 

Figure 1.15: The general structure of a hemipteran brain. The main brain sections that are critical in 

olfactory processing are defined: the central body (purple), mushroom bodies (green) and antennal 

lobes (blue). Diagram adapted from 83 
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Hemipteran central nervous systems have highly fused ganglia, with antennal nerves 

entering the brain ventrally and branching into glomeruli in the antennal lobe.83,84 The 

antennal lobes of aphids are small, spherical structures between 35 µm and 45 µm in 

diameter.83 Around 25-40 glomeruli can be visualised in aphid antennal lobes, though they 

are often poorly delineated.81,83 From the antennal lobe, olfactory processing occurs either 

in the mushroom body, thought to be linked to learned behaviours, or the lateral horn, for 

innate behaviours.85,86 Mushroom bodies are an insect-specific brain region critical for 

olfactory output processing, and are usually well developed in species with complex social 

behaviour or strong capacity for olfactory learning and memory.83,85 Low development of the 

mushroom bodies can be seen in aphid species, which is consistent with their simple 

behaviour and social interactions.83,85 Little is understood about the specific roles of the 

lateral horn and mushroom body in insect olfaction, including neuronal organisation and how 

signals are coded and communicated between the two brain regions.85,86 

 

Figure 1.16: General olfactory processing in insects. (i) Within the antennal sensilla, odorant-binding 

proteins (OBPs) play a role in allowing odorants to activate odorant receptors (ORs) which are co-

expressed with the olfactory receptor co-receptor (ORCO); (ii) Once activated, an action potential 

travels along the odorant receptor neuron (ORN) to the antennal lobe. Further processing occurs in 

either the lateral horn or the mushroom body.79–81 Graphic made using BioRender. 

1.3.4 Odorant Receptors  

Odorant receptors (ORs) are a highly conserved group of G-coupled protein receptors 

(GPCRs) found on the surface of odorant receptor neurons, and are involved in the 

perception of odours.80 GPCRs are defined as a large, diverse family of seven transmembrane 

(7-TM) or heptahelical proteins with an extracellular N-terminus and intracellular C-

(i)                                                                                  (ii) 
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terminus.80,87 Generally, GPCRs are involved in signalling pathways via a secondary 

messenger system mediated by cyclic adenosine monophosphate (cAMP).80,87 

Though GPCRs and subsequently ORs are a diverse family of proteins found across a variety 

of species, insect ORs are distinctive from other GPCRs and may not be categorised as true 

GPCRs.82 Insect ORs possess an inverse heptahelical topology – the N-terminus is unusually 

located in the intracellular section of the transmembrane protein, with the C-terminus found 

extracellularly.82,88 This suggests that insect ORs are a unique protein family, different from 

all other chemosensory receptors.82 Insect ORs also differ in signal transduction and they 

have been proposed to form a unique class of heteromeric cation channels.88–90 

 

Figure 1.17: Mammalian odorant receptors (OR) in contrast to insect ORs. Adapted from 82. 

ORs are a much larger and more diverse group of receptors in mammals, however, most ORs 

found in insects are co-expressed with another OR, known as ORCO (odorant receptor co-

receptor, identified as OR83b in D. melanogaster).82,88 Orco is structurally similar to other 

insect ORs, however, it is highly conserved across different insect species – only 20% 

conservation is seen between ORs, however approximately 60% shared identity can be seen 

for ORCO.88 The structure of ORCO was solved in 2018 by Butterwick et al. using cryo-EM 

techniques, leading to large advances in knowledge of the assembly and functionality of 

ORCO-OR tetramers, including their properties as an ion-channel for olfactory signal 

transduction.88 Structurally, ORCO can be divided in to two domains including four loose 

peripheral transmembrane domains and a single central anchor domain.88 There is no known 

mammalian ortholog of ORCO.82 
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Figure 1.18: The cryo-EM solved structure of the olfactory receptor co-receptor (ORCO) from the 

parasitic fig wasp, Apocrypta bakeri.88 The Protein Data Bank (PDB) unique identifier is 6C70. Image 

made in PyMol.91 

ORCO-deficient mutants show significant loss of olfactory function and related behaviours, 

indicating that orco must play an important role in olfactory signal transduction.92–94 

Antennal lobe glomeruli were also reduced in some ORCO-deficient mutants.94 

ORs generally bind multiple active odorants with varying specificity.95 This contrasts with the 

seemingly incredibly specific behavioural activity of specific odours. In mammals, odour 

perception has shown to be combinatorially coded – multiple ORs are activated in unique 

combinations as a response to a specific odour.95 Little is known about odour coding in 

insects, however, evidence for distinctive neuronal perception between attractive and 

repellent odours has been identified.86 

OR binding activity is generally investigated using electrophysiological techniques, where the 

receptor is expressed in a membrane, exposed to a ligand and electrophysiological responses 

measured. Other techniques that can be used include calcium imaging.78 Unfortunately, ORs 

are difficult to study, as membrane bound proteins are notoriously hard to express and a lack 

of available solved 3-dimensional structures reduces options for homology modelling and in 

silico studies.96 

Genes encoding chemosensory receptors have been identified in aphid species, including 79 

OR-candidate genes identified in the pea aphid A. pisum.2,97,98 There have been limited 

studies into the role of these ORs in aphids. A. pisum OR1 has been identified as an odorant 

receptor co-receptor (ORCO), similar to OR83b in D. melanogaster.98 Other A. pisum odorant 

receptors have been identified; reduction in response to the alarm pheromone, EBF 17, is 

lost when A. pisum OR5, co-expressed with Orco, gene expression is knocked down by 

interference RNA (RNAi).99 Furthermore, A. pisum OR4 has been shown, through 

electrophysiological assays, to be broadly tuned to a series of volatiles.100 
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In addition to ORs, insects possess a unique group of olfactory proteins. Odorant-binding 

proteins (OBPs) are a group of proteins found in high abundance in the sensillum lymph, the 

aqueous fluid that can be found within the sensilla of the antennae.101 These proteins are 

highly structurally conserved across insects and are thought to play a role in olfaction. 

  

1.4 ODORANT-BINDING PROTEINS 

1.4.1 General Structure and Classification 

OBPs are a diverse group of small water-soluble proteins, abundant in the aqueous fluid 

surrounding ORNs in the sensillum (sensillum lymph) of insect antenna.76,101–103 The mRNA 

encoding for OBPs are the most abundant mRNA found in the antenna, indicating that they 

are expected to play an important role in insect olfaction.76  

The first OBP to be identified in invertebrates was from an extract of the large moth, 

Antheraea Polyphemus Cramer, using a radioactively-labelled pheromone in ligand-binding 

experiments; OBPs were discovered in vertebrates at a similar time.101 Initially, OBPs could 

be categorised by their six conserved cysteines, which results in a similar 3D structure despite 

diverging amino acid sequences.101 However, further research showed a greater diversity of 

3D structure, and three distinct categories have now been defined; classic OBPs (possessing 

6 highly conserved cysteines that form disulphide bridges), Plus-C OBPs (possessing 8 

conserved cysteines and one conserved proline) and Atypical (possessing 9 or 10 conserved 

cysteines).103 The conserved cysteines and multiple disulphide bridges leads to high thermal 

stability in these proteins. OBPs range in size from approximately 110 to 240 residues, usually 

resulting in proteins of 10-25 kDa in size.102  

 

 

Figure 1.19: The structure of OBP3 from the vetch aphid, Megoura viciae, solved by X-ray 

crystallography. Shown as the surface of the protein (L) and with only the binding pocket displayed 

(R, binding pocket displayed in purple). Image generated using PyMol.91 The Protein Data Bank (PDB) 

unique identifier is 4Z39.104 
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Though thermally stable, OBPs are flexible globular proteins that may occur in multiple 

conformations. Alternate conformations may arise as a result of conditions such as pH 

change or binding activity. Pheromone-binding proteins (PBPs) found in Bombyx mori and 

other insect species, show pH-dependent conformational changes.71,105–110 This change is 

often associated with the binding and release of a ligand.105 Furthermore, OBPs and PBPs 

have been shown to have adaptable binding pockets, that can sometimes swell to 

accommodate multiple ligand molecules.111 

In addition to OBPs, another family of proteins, known as chemosensory proteins or CSPs, 

have been described. CSPs shown similar binding activity to OBPs, but no sequence 

similarities, and only share 4 conserved cysteines.111  

1.4.2 Suggested Olfactory Role 

Olfactory ligands need to be recognised amongst a plethora of background signals; olfaction 

is an external system, in contrast to hormones or other internal chemical communication. 

This implies that olfactory proteins, potentially including OBPs, must be more sophisticated 

in their discrimination ability in comparison to other recognition proteins.68 Many olfactory 

ligands differ significantly in behavioural activity, but only by minute chemical structural 

difference.68 Understanding the role of OBPs in olfactory perception is critical to understand 

how insects can discriminate between olfactory ligands with extreme precision.101,112 

Numerous roles have been proposed for OBPs via studies on a range of insect 

species.101,112,113 Many insect odorant molecules are highly lipophilic and are poorly soluble 

in aqueous solutions, which indicates these proteins may play a role in solubilising or 

transporting the ligands to the odorant receptors in the aqueous sensillium lymph.101,112  

OBPs have been shown to reversibly bind behaviourally active olfactory ligands, suggesting 

they play a role in olfactory perception.69,102,114–119 One of the most widely studied OBPs is 

found in Drosophilia melanogaster,  and known as LUSH.120,121 LUSH is thought to play a role 

in recognition and response to the male sex pheromone (Z)-vaccenyl acetate (VA), and has 

been show to bind to VA in vitro, as well as other insect pheromones, short chain alcohols 

and phthalates.76 Bombyx mori OBPs and PBPs are capable of discriminating and binding B. 

mori sex pheromone components, such as bombykol115,122,123, and OBPs in aphids have been 

shown to discriminate the alarm pheromone.102,104,124,125  

Developments in molecular techniques, specifically the use of knockdown via RNA 

interference (RNAi) and CRISPR/Cas9 knockout techniques, have led to advances in 

understanding of the function of OBPs.126 Expression of the gene encoding for a specific OBP 
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can be suppressed, resulting in lower levels of gene expression, or the DNA encoding for the 

gene can be knocked out, removing expression of the gene entirely.126 Deletion of LUSH in D. 

melanogaster, PBP3 in Spodoptera litura, the tobacco cutworm, and PBP1 and 3 in Chilo 

suppressalis, the striped rice stem borer, results in significant reductions in 

electrophysiological responses – measured by observing firing impulses in odorant receptor 

neurons or ORNs – to their respective binding ligands.76,127–129 Furthermore, DmOR69d 

neurons, thought to be associated with VA perception, were found to be spontaneously firing 

in the absence of LUSH.77 OBP-deficient mutants may also show behavioural defects; by 

knocking down either OBP3 or OBP7 in A. pisum, the repellent behaviour of (E)-β-farnesene 

is lost.99 In Drosophilia sechillia, knocking out genes for OBP57d and OBP75e altered 

behavioural response to hexanoic acid and octanoic acid, volatile organic compounds from 

ripe fruit of their host plant Morinda citrifolia.130 However, other mutants may have different 

responses – some literature shows that olfactory neuron responses are still functional after 

deletion of LUSH, and LUSH-deficient mutants do not show any behavioural defects.76,77 The 

existence of such contradicting studies only furthers the need for an understanding of the 

role of OBPs. 

Insects are also often capable of behaviourally and physiologically discriminating between 

structurally similar compounds, including those with only small modifications or 

stereochemical differences, such as the sex pheromone components of the aphids.37 OBPs 

may assist in this process, though some evidence suggests they entirely dictate this 

recognition, binding as an OBP-ligand complex to the OR. Supporting evidence for this 

hypothesis would include the occurrence of a conformational change, induced in OBPs when 

biologically active ligands bind. D. melanogaster OBP LUSH possesses a salt bridge between 

Lys87 and Asp118 that is only present in the apo (unbound) structure (non-VA-bound 3D-

structure). When this salt bridge was disrupted in LUSH mutants, the DmOR69d neurons were 

activated in the absence of VA.77 This suggests that LUSH is conformationally activated by VA, 

and in turn activates ORNs, or that a VA/LUSH complex interacts with ORNs.77 OBPs and PBPs 

from different insect species also possesses comparable salt bridges – B. mori  possesses a 

salt bridge between Lys89 and Glu125 that is structurally analogous to LUSH.115 

Current evidence for a conformation change or conformation activation of OBPs generally 

indicates a C-terminal folding domain.105,115,117,131 This C-terminus folding may be dictated by 

pH changes, where the acidic-residue rich C-terminus loses negative change at a low pH and 

forms an additional α-helix.131 This additional helix can then enter the binding pocket and 

displace any ligand present.131 This conformation activation has been observed in a range of 
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species and could be responsible for interactions at the OR, where the OBP may expel the 

ligand for OR-binding, or the OBP may bind itself in a protein-protein interaction.107–110 Some 

OBPs have also been shown to dimerise, and it is possible this dimerization could be 

disrupted by conformational changes, suggesting alternative ligand binding and release 

mechanisms.132 

1.4.3 Alternative Roles of OBPs and CSPs 

Genomic and proteomic studies generally show that many OBPs or CSPs are not found within 

the primary sensory organs (antennae) and are expressed in a wide diversity of spatial 

patterns, suggesting they possess roles beyond olfaction. For the honeybee, Apis mellifera, 

only 12 of 21 identified OBPs and two of six CSPs have been identified within the 

antennae.76,113,133 Though some OBPs are expressed in the gustatory (taste) system of some 

species, as well as in larval chemosensory organs (Drosophilia), many OBPs and CSPs may 

possess entirely non-chemosensory roles.76,113,134 

OBPs and PBPs have been found in the pheromonal or ejaculatory glands of insects.113,135,136 

For example, in D. melanogaster a CSP exists in the ejaculatory bulb, the organ that produces 

the male pheromone vaccenyl acetate.136 Transcriptome analysis has identified similar CSPs 

in the pheromonal glands of many species.135 Furthermore, putative pheromones may be 

transferred between sexes during copulation – a CSP identified in male reproductive organs 

in the Locusta migratora species was found in the sexual organs of females after mating.137 

CSPs have also been linked to development; CSPs have been shown to be upregulated when 

limb regeneration occurs, during embryo development and in cuticle development.113 CSPs 

are sometimes specifically expressed in sexual organs (ovaries and eggs), and are thought to 

play a role in embryo development – in the honeybee, CSP5 was found in embryos and queen 

ovaries.138 

In addition to pheromone transport and development, OBPs and CSPs play a role in a variety 

of other biological processes. These include anti-inflammatory action in disease carrying 

insects, humidity sensing in Drosophila and other roles in nutrition, vision, migration and 

insecticide resistance.113,134,139 

1.4.4 Aphid OBPs 

Advances in genomics have allowed research into specific aphid OBPs, particularly the pea 

aphid, A. pisum. In 2010, the genome for A. pisum was fully sequenced; the first 

hemimetabolous insect genome sequence to be published.2,103 Using bioinformatic 
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techniques, 15 genes encoding for putative OBPs have been identified in the pea aphid, 

specifically 13 Classic OBPs and 2 Plus-Cs (OBP5 and 6).75,103 Though OBP sequences are 

divergent, there is a high similarity between orthologs within a range of aphid species; 10 of 

the OBPs are highly conserved across aphid species.2,103 The pea aphid genome also contains 

13 genes encoding for putative chemosensory proteins (CSPs).2 

A. pisum OBP3 and 7 (Figure 1.20) have been shown to play a role in the detection of (E)-β-

farnesene 17, the alarm pheromone in both fluorescence binding studies102,125,140 and RNAi 

mediated knockout behavioural studies99 (both conducted in A. pisum). The two OBPs are 

presumed to be linked to the repellency of the alarm pheromone.102 Presently, no aphid OBP 

has been shown to bind either of the aphid sex pheromone components. 

    

Figure 1.20: Acyrthosiphon pisum odorant-binding protein computer-generated models. L-R OBP3, 

OBP6 and OBP7. Generated using i-TASSER online server141 and PyMOL.91 

In A. pisum OBP6 and 7 have been found to have the highest transcript levels in the antenna, 

and OBP1 and 3 in the terminal region of the abdomen.75 OBP6 also has higher transcript 

levels in winged morphs than unwinged, and is found in type II trichoid sensilla, suggesting a 

role in sexual reproduction.75,103 

Generally, very little is known about the function of aphid OBPs, except for in the 

discrimination of the alarm pheromone (Table 1.3). No binding studies have been conducted 

with the sex pheromone components, and there is limited available structural data. An 

understanding of sex pheromone perception and the role of OBPs in aphids could be 

extended to other insects and support hypotheses surrounding insect olfaction. As aphids 

are a prevalent pest in agriculture, knowledge of their olfactory system could provide new 

pest management and monitoring strategies. 

Table 1.3: Summary of literature reporting current knowledge pf aphid odorant-binding protein 

function. OBP1,3,6,7 and 8 are the only OBPs with transcriptome analysis or tested activity. 
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Aphid OBP Highest Transcript Levels75,103 OBP 

Classification103 

Reported 

Activity99,102,104,125 

OBP1 Terminal region of body; 4th 

instar/unwinged adult stage 

Classic No known 

OBP3 Terminal region of body; 4th 

instar/unwinged adult stage 

Classic Binds alarm pheromone, 

(E)-β-farnesene 17 

OBP6 Antennae; winged adults; type II 

trichoid sensilla 

Plus-C No known 

OBP7 Antennae; 4th instar/unwinged 

adult stage 

Classic Binds alarm pheromone, 

(E)-β-farnesene 17 

OBP8 Head; all instars Classic No known 

 

1.4.5 OBP Applications in Pest Management 

Resistance to pesticides in insects is becoming significantly more prevalent and persistent 

within populations, leading to the need to develop smarter pest management solutions.20 

Ligand-specific proteins may be used in the discovery and confirmation of novel olfactory 

ligands for pest management.30,68 By screening synthetic ligands with olfactory proteins, their 

binding affinity can be calculated, and potential biological activity deduced. Synthetic ligands 

could provide future solutions for pest management, as they may be cheaper to make or 

more field-stable than naturally occurring olfactory ligands.68 

Additionally, advances in RNAi and gene-editing could lead to management solutions. It has 

been shown that RNAi can be used to disrupt to expression of OBPs or ORs in aphids and 

other insect species.142 Disruption of the production of these proteins could be used for 

management of insects – disruption of olfactory protein expression would lead to 

consequential disruption of communication. This may interfere with an insect’s ability to 

avoid predation or to sexually reproduce. 

In order to elicit improved management of pest species, more precise and specific 

management and application is required. However, for specific control, accurate and detailed 

monitoring is also required. Many advances have been made in the field of sensors, 

specifically in agriculture, in recent years, and by furthering our understanding of the volatile 

profile of plants infested with pests/pathogens, and of the pests/pathogens themselves, 

sensing technology can be aimed toward the detection of these compounds.143 This may 

include the generation of general sensor, which detects an increase in volatiles. The most 

desirable sensing technologies would be those that provide an indication to specific 
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compounds related to specific pests/pathogens. With regards to insect pests, a wide library 

of compounds that related to particular species and their interactions have been identified. 

For example, detection of the aphid semiochemicals would be useful as a monitoring tool for 

aphid numbers in a field.102  

Sensing technology is now incorporating the use of both natural and synthetic peptides, 

alongside larger proteins, to assist with detection of specific compounds. If OBPs show 

specificity for compounds used in insect communication, these proteins could be used to 

develop provide insect-specific detection systems.144  

 

1.5 AIMS AND OBJECTIVES 

This thesis aims to investigate the molecular mechanisms of insect olfaction by evaluating 

the structure and function of odorant-binding proteins (OBPs) found in the model organism 

the pea aphid, A. pisum. Specifically, the project will focus on the perception of the sex 

pheromone components, (1R,4aS,7S,7aR)-nepetalactol 5 and (4aS,7S,7aR)-nepetalactone 6, 

and their respective non-naturally occurring enantiomers, (1S,4aR,7R,)-nepetalactol 32 and 

(4aR,7R,7aS)-nepetalactone 33 (Figure 1.21). 

 

Figure 1.21: The non-naturally occurring enantiomers, (1S,4aR,7R,7aS)-nepetalactol 32 and 

(4aR,7R,7aS)-nepetalactone 33, of the aphid sex pheromone components. 

OBPs are thought to play a role in olfaction, though exactly how they are involved in the 

perception of odorants is unknown. One main hypothesis surrounding the role of OBPs in 

insect olfaction will be investigated: OBPs are involved in olfactory perception and play a 

discriminatory role, potentially by directly activating odorant receptors (ORs) with an OBP-

semiochemical complex. 

This hypothesis will be tested using a range of multi-disciplinary techniques including well-

established binding studies, such as fluorescence and in silico modelling, in addition to 

alternative chemical biology techniques, such as mass spectrometry and nuclear magnetic 

resonance (NMR) spectroscopy (Figure 1.22).  

32                                 33 
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Figure 1.22: A multidisciplinary approach will be taken to study aphid OBP-sex pheromone 

interactions and determine the role of OBPs in insect olfaction. 

In addition to these hypotheses, evidence gathered will assist in the development of a 

complete model of insect olfaction. This may include the observation and identification of 

conformational changes related to ligand binding or changes in conditions, such as pH. 

Studies are being conducted in the pea aphid, A. pisum, due to the widely available genomic 

and behavioural data. The pea aphid is also a problematic pest worldwide, and the work of 

this thesis may be used to design smarter pest management and monitoring strategies. 

Furthermore, aphids are known, from electrophysiological and behavioural data, to be 

capable of discriminating between the two enantiomers of the sex pheromone 5/6 and 

32/33. Observing enantiomerically specific OBP-sex pheromone binding may be indicative 

of a discrimination function of OBPs. 

In this thesis, both sex pheromone components 5 and 6 (and respective non-naturally 

occurring enantiomers 32 and 33), have been synthesised and purified, along with A. pisum 

OBPs. In silico modelling was utilised to screen potential protein-ligand interactions, 

followed by in vitro – fluorescence binding assays, NMR and mass spectrometry based-

assays for confirmation.  
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2. Synthesis and Purification of Aphid Sex Pheromone 

Components 

2.1 INTRODUCTION 

Aphids communicate using a sex pheromone consisting of two main components 

(4aS,7S,7aR)-nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5.37 Aphids are capable of 

discrimination between the sex pheromone and it’s respective enantiomers, (4aR,7R,7aS)-

nepetalactone 33 and (1S,4aR,7R,7aS)-nepetalactol 32, both of which are behaviourally and 

electrophysiologically inactive.145 This discrimination ability is not fully understood, though 

olfactory proteins located in the antenna (odorant receptors and odorant-binding proteins) 

are hypothesised to play a role in discrimination of these enantiomers. 

To fully understand the role olfactory proteins may play in this discrimination process, 

binding studies were performed with both the sex pheromone components and their 

respective enantiomers. High enantiomeric purity is required for behavioural efficacy of the 

pheromone, however, due to the multiple stereocentres present in (4aS,7S,7aR)-

nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5, synthesis is both challenging and 

expensive.6 

Although the synthesis of the naturally occurring enantiomers of nepetalactol and 

nepetalactone has been published (Scheme 2.1), they are readily available via steam 

distillation of the catmint plant, Nepeta cataria, which gives an oil containing the 

nepetalactone.6 (4aS,7S,7aR)-Nepetalactone 6 can subsequently be reduced with sodium 

borohydride to yield (1R,4aS,7S,7aR)-nepetalactol 5.6 
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Scheme 2.1: The devised synthetic route, based on the previously published synthetic route to 

nepetalactol and nepetalactone from (S)-citronellol 12, by Dawson et al.51 i) SeO2, t-BuOOH, 

DCM; (ii) 1) (COCl)2, CH2Cl2, DMSO, -78°C 2) Et3N, CH2Cl2; (iii) PhNMe, Et2O, 4Å sieves; (iv) TsOH, 

THF, H2O; (v) Ag2CO3, celite, PhMe, 120°C 

Citronellol is oxidised to the corresponding 1,8-dialdehyde over two steps (Scheme 2.1). The 

dialdehyde follows an intramolecular enamine-mediated [4+2] Diels-Alder-like 

cycloadditon.52 This cycloaddition results in the desired bicyclic structure, which can be 

hydrolysed to nepetalactol and further oxidised to nepetalactone.51 Though the synthetic 

route has previously been reported, the published yield is very low (< 1% total).51 This 

provided the opportunity for optimisation of reaction conditions; for example, there are a 

range of gentle, high-yielding oxidations available to convert the diol to the dialdehyde. 

Furthermore, there has been no investigation of substituent effects on the aniline in the 

cyclisation step. 

 

Figure 2.1: (S)-Citronellol 12, the starting material for synthesis of (4aS,7S,7aR)-nepetalactone 6 and 

(1R,4aS,7S,7aR)-nepetalactol 5. 

Synthesis starting with (S)-citronellol results in the naturally occurring (4aS,7S,7aR)-

nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5, whereas using (R)-citronellol yields the 

non-naturally occurring enantiomers, (4aR,7R,7aS)-nepetalactone 33  and (1S,4aR,7R,7aS)-

nepetalactol 32. Generally, enantiomerically pure starting materials are higher in cost when 

compared with the corresponding racemate. In an effort to reduce costs, racemic resolutions 

of a racemic mixture can be used to separate the two different stereoisomers. The resolution 

of racemic alcohols, such as citronellol, generally involve enantioselective acetylation of a 

specific enantiomer typically catalysed by lipase enzymes (Scheme 2.2).146 The acetylated 
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enantiomer can then be chromatographically separated and hydrolysed back to the alcohol 

if required. A commonly utilised enzyme for his acetylation is lipase from porcine pancreas.146 

 

Scheme 2.2: Schematic example of racemic resolution by acetylation of a racemic alcohol with lipase 

from porcine pancreas.  

The aim of this chapter is to synthesise both aphid sex pheromone components, (4aS,7S,7aR)-

nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5, and their respective non-naturally 

occurring enantiomers, (4aR,7R,7aS)-nepetalactone 33 and (1S,4aR,7R,7aS)-nepetalactol 32. 

Resolution of racemic (R/S)-citronellol to (R)-citronellol will be attempted, and the synthesis 

of the non-naturally occurring enantiomer optimised, specifically the oxidation and 

cyclisation steps. 

 

2.2 RESULTS & DISCUSSION 

2.2.1 Synthesis and Purification of (1R,4aS,7S,7aR)-Nepetalactol and (4aS,7S,7aR)-

Nepetalactone 

2.2.1.1 Purification of (4aS,7S,7aR)-nepetalactone from Nepeta cataria oil 

The naturally occurring enantiomer of nepetalactone, (4aS,7S,7aR)-nepetalactone 6, can be 

isolated from the steam-distilled oil of the catmint plant, Nepeta cataria.6 The oil consists of 

two major components, approximately 25% (4aS,7S,7aR)-nepetalactone 6 and 50% 

caryophyllene, with the remainder consisting of various other plant-produced compounds.  

N. cataria steam-distilled oil was initially purified on silica gel with ethyl acetate and 

petroleum ether in a 3:2 ratio via flash column chromatography. The resultant (4aS,7S,7aR)-

nepetalactone 6 was purified further for binding studies via reverse-phase high-performance 

liquid chromatography (HPLC), using an acetonitrile/water solvent system and an ACE HQ 
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C18 column. Fractions containing the product were collected and concentrated in vacuo. 

Unfortunately, the majority of the product was lost during the concentration process 

resulting from the vigorous conditions. The volatile samples were in water, which requires a 

higher temperature and higher vacuum, therefore lower pressure, evaporation than other 

solvents, leading to evaporation of the product. 

 

Figure 2.2: High-performance liquid chromatography (HPLC) traces of purified of (4aS,7S,7aR)-

nepetalactone 6 and various impurities in reverse-phase (acetonitrile and water). 

Normal-phase HPLC, using volatile solvents petroleum ether and ethyl acetate, was 

attempted to overcome this issue. As these solvents are easier to remove in vacuo, the final 

product of (4aS,7S,7aR)-nepetalactone 6 was successfully isolated with a final yield of 17%. 

2.2.1.2 Reduction to (1R,4aS,7S,7aR)-nepetalactol 

(1R,4aS,7S,7aR)-Nepetalactol 5 was synthesised successfully by a sodium borohydride 

reduction of (4aS,7S,7aR)-nepetalactone 6. Stereoselective reduction is achieved as the 

hydride generally attacks the least hindered face of the lactone. This mechanism is  a 

stereoselective reaction – the literature precedent for this reaction shows the reduction is 

stereospecific, yielding a 92:8 ratio of diastereomers.6,147 The major diastereoisomer 

obtained in this reaction is the opposite to the expected result, and is a result of an attack by 

the hydride at the most hindered face, a phenomenon previously reported with the synthesis 

of some iridoids.147 

6 
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Figure 2.3: The mechanism of sodium borohydride reduction of nepetalactone 6 to nepetalactol 5. 

A diastereomeric ratio of 90:10, with a diastereomeric excess (de) of 80%, was achieved in 

this reaction as determined by NMR spectroscopy (Figure 2.4). (1R,4aS,7S,7aR)-Nepetalactol 

5 was purified for future use, as nepetalactone (2.2.1.1), with normal-phase HPLC. 

 

Figure 2.4:  1H-NMR showing the proton adjacent to the alcohol in nepetalactol, for which 

diastereomeric differences can be clearly observed. The peak at 4.86 ppm represents the major 

diastereomer, whereas the peak at 5.22 ppm shows the minor diastereomer.  

2.2.2 Resolution of (R/S)-Citronellol to give (R)-Citronellol 

The non-naturally occurring enantiomers of nepetalactol and nepetalactone can be 

synthesised from enantiomerically pure (R)-citronellol. Enantiomerically pure materials are 

expensive, therefore resolution of the comparatively inexpensive racemate can be a useful 

6                                                                                     5 
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source of enantiomerically enriched starting materials; racemic citronellol costs £0.17/g and 

(S)-citronellol £10.00/g, in comparison to (R)-citronellol at £47.30/g (Sigma-Aldrich, 2019). 

Resolution of racemic (R/S)-citronellol was initially attempted using a stereoselective, 

enzyme mediated acetylation. Alcohols, including citronellol, can be stereoselectivley 

acetylated by an enzyme, such as lipase from Porcine pancreas. This results in two products; 

one acetylated enantiomer, and the other enantiomer remaining as the unacetylated 

alcohol. If the desired enantiomer is acetylated by the enzyme, a simple ester hydrolysis can 

be used to convert back to the desired alcohol. In order to determine if the resolution is a 

success, a suitable analytical technique capable of distinguishing the enantiomers is required. 

Typically, chiral-GC is used, whereby a homochiral stationary phase (e.g. β-cyclodextrin) is 

used to afford separation of the different stereochemistries. 

Initially, the acetylated forms of racemic citronellol were synthesised to ensure the two 

acetylated enantiomers could be separated using chiral-GC. Acetylation of (R/S)-citronellol 

to citronellyl acetate with acetic anhydride and pyridine was successful. However, only a 

single peak was observed when the racemic mixture was analysed using chiral gas 

chromatography, indicating that no separation of the enantiomers was achieved (Figure 2.5). 

Even after optimisation of the chiral-GC oven conditions, no separation was observed. 
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Figure 2.5: Chiral gas chromatograph of citronellyl acetate. Only one peak, at 28.45 min, can be 

observed; the two enantiomers are not resolved. 

As the two enantiomers of (R/S)-citronellyl acetate could not be resolved, alternative 

acetylated products were produced. Acetylation to the butyrate with butyryl chloride and to 

the trifluoroacetate with trifluoroacetic anhydride were both attempted to investigate their 

potentials for chiral GC. The synthesis of the acetylated forms of citronellol were successful, 
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however chiral separation with gas chromatography for either alternative acetylated product 

could not be achieved (Figure 2.6).  

 

Figure 2.6: The acetylated forms of (R/S)-citronellol synthesised in racemic resolution attempts; 

citronellyl acetate 34, citronellyl butyrate 35 and citronellyl a2,2,2-trifluoroacetate 36. 

Other analytical methods, such as nuclear magnetic resonance (NMR) spectroscopy may 

prove more sensitive in differentiating between diastereoisomers. Future racemic resolution 

attempts could involve coupling with Mosher’s acid chloride to make diastereoisomers, and 

subsequent enantiomeric resolution via NMR. However, in the interest of time, this was not 

pursued.  

2.2.3 Synthesis of (1S,4aR,7R,7aS)-Nepetalactol from (R)-Citronellol  

2.2.3.1 Allylic oxidation of (R)-citronellol to (R)-8-hydroxycitronellol 

With the inability to prepare (R)-citronellol by chiral resolution, it was decided to purchase 

the expensive commercially available material. The first step in the synthesis of 

(1S,4aR,7R,7aS)-nepetalactol 32 from (R)-citronellol is the allylic oxidation of (R)-citronellol 

to (R)-8-hydroxycitronellol and (R)-8-oxocitronellol using selenium dioxide. Oxidation with 

selenium dioxide, also known as a Riley oxidation, can be used to perform multiple types of 

oxidations, including allylic oxidations (Figure 2.7)148. This reaction is particularly slow 

allowing for easy isolation of the alcohol product. Production of (R)-8-oxocitronellol can occur 

by a second oxidation step when the reaction is left for a longer period of time, producing an 

aldehyde-hydrate at the 8 position, followed by an elimination of water to generate the 

aldehyde. Generally, the ratio of aldehyde to alcohol increases over time as further 

oxidations occur; this was observed with the oxidation of citronellol.  

 

Figure 2.7: Allylic oxidation with selenium dioxide to produce the alcohol. A second oxidation step 

can result in the production of an aldehyde. 

With citronellol, the oxidation occurs at the 8-carbon only in the trans position due to the 

chair transition state conformation adopted during the mechanism (Figure 2.8 [i]). π-

Electrons of the alkene attack the selenium atom, forming a selenic acid-containing 

intermediate that undergoes a [2,3]-sigmatropic rearrangement to give an allylic selenic acid. 

The trans-selectivity is driven by the stability of this transition state, which can exist in one 

                                                  34                                                                            35                                                                         36 
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of two conformations (Figure 2.8 [ii]), the more stable is a chair conformation yielding the 

trans geometry. 

(i) 

 

ii) 

 

Figure 2.8: (i) The mechanism of the allylic oxidation of citronellol with selenium dioxide, and the 

two possible transition states by which it occurs149; (ii) Boat and chair conformations of 6-membered 

ring structures, such as cyclohexane 

The allylic selenic acid is hydrolysed with tert-butyl hydroperoxide in water to yield the final 

alcohol product. Allylic oxidation with selenium dioxide is a slow and low-yielding step – the 

highest observed yield was around 35% - however, there are no viable alternatives for this 

synthetic step. 

2.2.3.2 Oxidation of (R)-8-hydroxycitronellol and (R)-8-oxocitronellol to (R)-8-oxocitronellal 

The second synthetic step involves the generation of a dialdehyde via oxidation of the alcohol 

functional groups at position 1 and 8. This oxidation can be performed by a multitude of soft-

oxidation methods required to selectively yield the desired aldehyde without over-oxidation 

to the corresponding carboxylic acid. Initially, oxidation using tetrapropylammonium 

perruthenate (TPAP)/N-methylmorpholine N-oxide (NMO) and 2-iodoxybenzoic acid (IBX) 
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were attempted. However, both gave a low yield, and the use of IBX suffered from practical 

difficulties including photodegredation and poor solubility in organic solvents (Table 2.1). 

A Swern oxidation provided higher yield overall (crude yield 77% vs. 16% with other 

methods). Dess-Martin oxidation was also investigated, which gave a reasonable yield after 

a reaction time of only one hour, without the undesirable by-products associated with the 

Swern oxidation. However, for this work, a combination of Swern and Dess-Martin oxidations 

were used. The dialdehyde product of this reaction step was particularly unstable, and the 

next reaction step was performed immediately. 

Table 2.1: Comparison of methodologies utilised for the oxidation of (R)-8-hydroxycitronellol and 

(R)-8-oxocitronellol to (R)-8-oxocitronellal 

Oxidation 

Method 

Yield Time Reaction Conditions 

TPAP/NMO 29% 1-2 h Anhydrous, RT 

IBX 16% 3 h RT 

Dess-Martin 54% 1 h Anhydrous, RT 

Swern 77% (crude) 1 h Anhydrous, -78°C, inert atmosphere 

 

2.2.3.3 Cyclisation of (R)-8-oxocitronellal to the N-methyl aniline adduct of nepetalactol 

The next step in the synthesis of nepetalactol involves the conversion of the 1,8-dialdehyde 

(R)-8-oxo-citronellol to the cyclised N-methylaniline adduct via an intramolecular [4+2] 

cyclisation. This step is based on the work of Schreiber et al52, and gives a mixture of the two 

possible diastereoisomers. 

The use of N-methylaniline as the secondary amine in the reaction, as described in the initial 

literature, gives a successful cyclisation with a diastereomeric excess of 72%. This excess can 

be measured by observing the proton NMR peak corresponding of the proton adjacent to the 

aniline, using the peak integration value to calculate the excess percentage of this 

diastereoisomer over the minor diastereoisomer (Figure 2.9 (i) – 1-H). The highlighted proton 

in the 1H-NMR spectra appears as a doublet, with visible separation of the major and minor 

diastereoisomers at 4.71 ppm and 4.81 ppm respectively (Figure 2.9 (ii)).  
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Figure 2.9: (i) The major (37) and minor (38) diastereoisomers of N-4,7-trimethyl-N-phenyl-

1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-amine; (ii) 1H-NMR showing the proton on carbon 1, 

for which diastereomeric differences can be clearly observed. The peak at 4.71 ppm represents the 

major diastereomer, whereas the peak at 4.81 ppm shows the minor diastereomer. At 4.85 ppm, a 

potential third diastereoisomer can also be observed. 

To improve the diastereoselectivity, substituent effects of the aniline moiety on the 

cyclisation were investigated. When Schreiber first described this cyclisation in 1986, little 

was known about substituent effects on the reactivity of the aniline.52 However, modification 

of the aniline with different substituents should affect the electronics of the reaction and was 

expected to alter the diastereoselectivity and reactivity.  

Initially, an electron-donating methoxy (-OMe) group was added to the aniline ring to 

determine the effect on the diastereomeric ratio. The reaction with N-methyl, 4-

methoxyaniline consumed all the starting material after 16 hours, as with standard N-

methylaniline. Unfortunately, during the flash column chromatography on silica gel, the final 

product decomposed. As a result, the pure product could not be isolated. However, crude 

proton NMR indicated a successful cyclisation with a diastereomeric excess (de) of 65%, a 

(i) 

(ii) 37                           38 
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deterioration of the initial 72%. However, when the reaction was left for a further 16 hours 

(32 hours in total), a crude yield of 61% was obtained with a de of 72% as determined from 

the crude NMR (Table 2.2).  

To further investigate electronic effects, an electron-withdrawing nitro (-NO2) group was 

included at the 4-position by using N-methyl-4-nitroaniline as the secondary amine. No 

reaction had occurred after 16 hours, though after 32 hours product began to appear on the 

TLC. The reaction was left for a total of 72 hours (Table 2.2). From crude NMR analysis, only 

a small amount of the mixture had cyclised (≈ 14%). The product could not be isolated due 

to the low yield and insolubility of the final product. However, only one major 

diastereoisomer was observed in the crude NMR – this suggests only one isomer was 

produced during the reaction. However, as such low amounts of product were produced 

overall, the minor diastereoisomer may have been produced in negligible amounts and was 

therefore not visible in the NMR spectra. 

The final substituent investigated was a chloro (-Cl) group on the 4-position via a reaction 

with N-methyl- 4-chloroaniline as the secondary amine. This cyclisation was successful, with 

comparable yields to the standard N-methylaniline. However, a significant improvement 

(72% to 81%) was observed in the diastereomeric ratio (Table 2.2). Chlorine behaves 

electronically as an electron withdrawing group but has significantly less electronic effect 

compared to the nitro group. We would therefore expect to observe similar results compared 

with the nitroaniline, but at the sacrifice of diastereoselectivity, as observed in this reaction. 

In subsequent synthesis of nepetalactol and nepetalactone, 4-chloro-N-methylaniline should 

provide improved diastereomeric selectivity at no cost to yield, versus N-methylaniline. 

 

 

 

 

 

 

 



Chapter 2: Synthesis 

37 
 

Table 2.2: Comparison of substituent effects on the [4+2] cycloaddition with the N-methyl aniline. 

The effect of substituents on the 4-position have been investigated. 

*Calculated from crude nuclear magnetic resonance (NMR) spectroscopy  

N-methyl aniline R-

group at 4-position 

Yield Time Diastereomeric 

Excess 

H 47% 16 h 72% 

NO2 Crude 14% * 72 h 100% 

OMe 

 

Crude 39% 16 h 65% 

Crude 61%  32 h 72% 

Cl 45% 16 h 81% 

  

There are a few observations to be made from these reactions; the substituent on the aniline 

confers changes in diastereoselectivity and yield of the reaction, and these appear to be 

inversely affected; a substituent change that causes an increase in yield diastereoselectivity 

is sacrificed. For this full synthesis, the most favourable reaction would be one in which there 

is a balance of yield and diastereoselectivity. The observation of these results, specifically the 

differences between the electron donating and withdrawing substituents, may provide 

evidence relating to the mechanism of this reaction. Finally, the changing yield and 

diastereomeric excess observed with the methoxy substituent when the reaction is left for 

an extra 16 hours may suggest that the reaction is reversible.  

The initial step in the mechanism is the generation of an enamine at the 8-position of the 

dialdehyde, followed by cyclisation. The mechanism for the cyclisation step is generally 

described as a Diels-Alder like [4+2] intramolecular cycloaddition between a diene (such as 

the enal) and dienophile (such as the enamine alkene, adjacent to the aniline group).51 In a 

Diels-Alder reaction mechanism, the highest occupied molecular orbital (HOMO) of the diene 

interacts with the lowest unoccupied molecular orbital (LUMO) of the dienophile (Figure 

2.10). The energy level of the HOMO can be increased by the presence of an adjacent 

electron donating group, whereas the energy of the LUMO can be decreased with the 

presence of an adjacent electron withdrawing group, thereby reducing the difference in 

energy levels promoting a more energetically favourable reaction. (Figure 2.10). 
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Figure 2.10: A typical Diels-Alder reaction. A pericyclic reaction occurs where the HOMO of the diene 

interacts with the LUMO of the dienophile. The presence of an electron-donating group on the diene 

(HOMO) and electron withdrawing group on the dienophile (LUMO) lowers the energy gap between 

the two molecular orbitals, resulting in a more energetically favourable reaction. 

A classical Diels-Alder reaction is also endo-directing mechanism. The cycloaddition 

mechanism must obey Woodward-Hoffman general selection rules – for a three-component 

electronic system, as seen here, all components must interact in a suprafacial manner 

resulting in a boat-like transition state (Figure 2.11). A chair-like transition state is thermally 

disallowed by the Woodward-Hoffman rules. Furthermore, stereochemistry of the reactants 

is retained, following the Alder-Stein principle – the aniline group is trans in geometry to the 

rest of the molecule before cyclisation, resulting in a bent final molecule with the 

cyclopentane group on an opposing face to the aniline. An electron withdrawing group is 

favoured in the endo position as the orbitals of both the HOMO and LUMO are in the best 

position to interact, with an overlap of molecular forming a boding interaction.150,151 Electron 

donating groups are subsequently less favoured in the endo position than in the exo.150  

Although the endo product is usually more sterically hindered, resulting in the exo product 

being the thermodynamic product of a Diels-Alder reaction, the interaction between 

overlapping orbitals results in the endo product generally being the major product (Figure 

2.11).150 If the reaction is more reversible, then the more stable exo product is formed more 

over time. Substituent effects and subsequent electronics can affect the energetic 

favourability of the product, depending on their geometry.  
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Figure 2.11: The boat-like transition states of the cycloaddition reaction mechanism, as required by 

Woodward-Hoffman rules. Stereochemistry is retained, as the Alder-Stein principle. 

In addition to the classical Diels-Alder reaction, there exists an inverse electron demand Diels-

Alder reaction (IEDDA) mechanism.151,152  In an IEDDA mechanism the diene would provide 

the LUMO and the dienophile would provide the HOMO (Figure 2.12).152 This type of Diels-

Alder is often seen when a heteroatom (in this case, the oxygen of the enal) is involved in the 

cycloaddition step. An electron donating group on the dienophile, now the HOMO, decreases 

the energy barrier and allows a more energetically favourable reaction and therefore 

predicted higher yields (Figure 2.11). Inverse electron demand Diels-Alder reactions are still 

endo-directing, however, due to the differences in the electronics of the HOMO and LUMO, 

electron donating groups are more favourable in the endo-position in relation to the ring 

relative to electron withdrawing groups, the inverse of a classic Diels-Alder (Figure 2.11).151 

 

 

37                                                           38 
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Figure 2.12: The intramolecular inverse electron demand Diels-Alder reaction. A pericyclic reaction 

occurs where the HOMO of the dienophile interacts with the LUMO of the diene. The presence of an 

electron-donating group on the dienophile (HOMO) lowers the energy gap between the two 

molecular orbitals, resulting in a more favourable reaction. 

In this specific intramolecular cyclisation, the electronics of the dienophile were modified by 

altering substituents of the aniline. It was observed that an electron donating effect, such as 

the addition of a methoxy group, appeared to result in a preliminary increase in yield (after 

32 hours). Of the three substituents trialled, the stronger the electron donating effect, with 

a chloro group giving a weaker electron withdrawing effect than a nitro group, the lower 

crude yield of the reaction. This is a contrast to a typical Diels-Alder reaction (Figure 2.10) 

and more reflecting of an IEDDA (Figure 2.12). Furthermore, the major diastereoisomer 

observed in this reaction is the endo product. A change in diastereomeric ratio occurs, with 

an increase of major diastereoisomer, when the dienophile is adjusted to be more electron 

donating. These results may suggest that this reaction occurs via an IEDDA reaction, though 

further investigation is required for confirmation. 

In addition to the observed effects, the change in diastereomeric ratio with reaction time 

seen with in the reaction with N-methyl-4-methoxyaniline may suggest the cyclisation is 

reversible. To further investigate this phenomenon, NMR-observed reactions between the 

dialdehyde with N-methylaniline and 4-methoxy-N-methylaniline were conducted (Figure 

2.13). The two compounds were combined in deuterated chloroform and allowed to react, 

with proton NMRs being taken at one-hour intervals for 16 hours. 
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As expected, 4-methoxy-N-methylaniline reacted much quicker than N-methylaniline – the 

product was visible in the initial NMR after 60 mins while the N-methylaniline adduct was 

only observed after 4 hours. Both reactions occurred less favourably in chloroform, with a 

maximum estimated yield between 25 and 30%. In future experiments, alternative solvents 

such as deuterated diethyl ether, may be explored to better replicate lab synthetic 

conditions. 

 

 

 

Figure 2.13: 1H NMR of the production of (i) N,4,7-trimethyl-N-phenyl-1,4a,5,6,7,7a-
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hexahydrocyclopenta[c]pyran-1-amine 37 and (ii) N,4,7-trimethyl-N-(4-methoxyphenyl)-

1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-amine  39 showing the 1-H proton, for which 

diastereomeric differences can be observed. Spectra are shown (top to bottom) for 0 hours, 4 hours, 

8 hours, 12 hours and 16 hours. The peaks at (i) 4.71 and (ii) 4.51 ppm represent the major 

diastereomer, whereas the peaks at (i) 4.82 and (ii) 4.83 ppm show the minor diastereomer, 

respectively. Some impurities can also be seen. 

From the crude NMRs, the diastereomeric excess did not appear to change throughout the 

16-hour observed period. However, the slower reaction in the NMR gave comparably higher 

diastereomeric excess - around 80% versus 72% for the N-methylaniline product and around 

92% versus 72% for the 4-methoxy, N-methylaniline product. These results demonstrate the 

susceptibility of the diastereomeric ratio to solvent effects, and future work could evaluate 

using chloroform as the solvent for the reaction to achieve a higher diastereoselectivity.  

These initially optimisation studies highlighted that both standard N-methylaniline and its 4-

chloro substituted version are practical options for the synthesis of aphid sex pheromone 

components. Indeed, by careful control of the reaction conditions (e.g. solvent, 

temperature), this preliminary investigation has indicated that it should be possible to greatly 

improve the yield and diastereoselectivity of these reactions. 

2.2.3.4 Hydrolysis of the N-methyl aniline adduct to (1S,4aR,7R,7aS)-nepetalactol 

To convert the bicyclic aniline adduct to (1S,4aR,7R,7aS)-nepetalactol 32, a stereospecific 

hydrolysis with para-toluensulfonic acid (p-TsOH) was performed. The reaction occurs via a 

stereospecific mechanism by the formation of a double bond to the positively charge oxygen 

in the lactol ring (Figure 2.14). The final reaction step gives a by-product of N-methylaniline, 

which proved difficult to remove via flash column chromatography. The final crude mixture, 

therefore, needed to be purified using HPLC.  

As in 2.1.1 with (4aS,7S,7aR)-nepetalactone 6, reverse-phase HPLC was not successful. 

Normal-phase HPLC was used and (1S,4aR,7R,7aS)-nepetalactol 32 was successfully purified. 

 

 

Figure 2.14: The mechanism of stereospecific hydrolysis with p-toluenesulfonic acid 

37                                                                                                                                  32 



Chapter 2: Synthesis 

43 
 

2.2.4 Oxidation of (1S,4aR,7R,7aS)-Nepetalactol to (4aR,7R,7aS)-Nepetalactone 

The final step in the synthesis of the nepetalactone from the nepetalactol can be achieved 

by a Fétizon’s Oxidation with silver(I) carbonate adsorbed onto the surface of celite (Figure 

2.15). In this oxidation, both the alcoholic oxygen and the neighbouring proton undergo a 

single electron oxidation by silver(I). The carbonate ion deprotonates the generated 

carbonyl, which is then protonated and water eliminated. 

 

Figure 2.15: The mechanism of Fétizon’s Oxidation of an alcohol with silver (I) carbonate on celite  

The final synthetic product of (4aR,7R,7aS)-nepetalactone 33 was successfully produced and 

purified using normal-phase HPLC. 

 

2.3 CONCLUSIONS 

In conclusion, isolation of (4aS,7S,7aR)-nepetalactone 6 and synthesis of (1R,4aS,7R,7aR)-

nepetalactol 5, (1S,4aR,7R,7aS)-nepetalactol 32 and (4aR,7R,7aS)-nepetalactone 33 were 

successful.  

Racemic resolution of (R/S)-citronellol was unsuccessful, though other options could be 

explored in future if large amount of the non-naturally occurring enantiomers are required. 

The synthetic route reported Dawson et al. was optimised, initially by investigating a 

selection of modern oxidation protocols for the diol oxidation to the corresponding 1,8-

dialdehyde. Swern and Dess-Martin oxidations were found to be the most practically viable 

and highest yielding of the approaches investigated.  

In the [4+2] cycloaddition step, diastereomeric ratio and reactivity differences were observed 

when different substituents were introduced onto the aniline ring reagent. The effects of 

electronic changes suggest that this cyclisation reaction may be an inverse electron demand 

Diels-Alder reaction, as opposed to a classical Diels-Alder. The preliminary optimisation of 

this cyclisation step carried out here could be further optimised in future work to increase 

the yield and desired diastereoselectivity. 
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Final synthesis and purification of the non-natural enantiomer was successful. Produced 

compounds from this chapter will be used protein-ligand binding studies in future chapters. 
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3. Overexpression, Purification and Characterisation of 

A. pisum Odorant-Binding Proteins 

 

3.1 INTRODUCTION 

Odorant-binding proteins (OBPs) are small, soluble proteins found in the antennae of insects 

and are hypothesised to possess an olfactory role.112 Though the binding activity of some 

OBPs has been studied, their specific role in the olfactory systems of insects is yet to be 

understood. Before binding studies can be conducted large amounts of pure OBPs need to 

be produced. This can be achieved by generating recombinant bacterial lines via the 

transformation of Escherichia coli BL21(DE3) cells with DNA in the form of plasmids. The 

proteins may then be produced by over-expression of the gene in the recombinant E. coli and 

purification of the protein from cells.153 

Competent cells are bacterial cells specifically primed for transformation; competency arises 

from alterations to the cell wall that allow DNA to pass through more easily through a process 

involving calcium chloride and heat shock.154 Plasmids can be specifically designed to contain 

the gene relating to the protein of interest alongside other desired properties. Such desirable 

properties can include an antibiotic resistance cassette to allow for careful selection of 

successfully transformed E. coli colonies, or the addition of a specific promotor to express 

the gene and histidine-tag for later purification of the recombinant protein.154 

Initially, during purifications steps, protein is released from the E. coli cells by sonication and 

the use of a surfactant. The protein can then be purified using nickel affinity chromatography 

(if a polyhistidine tag (His-Tag) is present) and size-exclusion chromatography, to separate 

the desired protein from other E. coli produced proteins.153 Once purified, proteins are 

analysed using gel electrophoresis and mass spectrometry techniques. Gel electrophoresis, 

specifically sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separates 

proteins by their molecular size using an electrical current.  Mass spectrometry provides an 

accurate molecular weight of the recombinant protein to confirm its structure. 

This chapter reports the transformation of competent E. coli to produce a range of 

Acyrthosiphon pisum odorant-binding proteins. The proteins were expressed on a large scale 

and characterised using gel electrophoresis and mass spectrometry. 
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3.2 RESULTS & DISCUSSION 

3.2.1 Transformation of Competent E. coli BL21(DE3) Cells 

Plasmids containing genes for Acyrthosiphon pisum odorant-binding protein 

(OBP1,2,3,4,5,6,7,8,9,10, 11) were separately transformed into E. coli BL21 (DE3) chemically 

competent cells. Successful transformation was determined by an agarose gel of PCR 

products from clonal cultures (Figure 3.1). Plasmids containing OBP4 and OBP11 could not 

be transformed successfully. It can be concluded that the plasmids were not up taken by the 

competent cells as no PCR products were seen for these transformations.  

            

 

Figure 3.1: A. pisum odorant-binding protein PCR products from transformations. L-R: OBP1-His6, 

OBP2-His6, OBP3-His6, OBP4-His6, OBP5-His6, OBP6-His6, OBP7-His6, OBP8-His6, OBP9-His6, OBP10-

His6 and OBP11-His6. Size of DNA Marker (M; size in bp). 

The plasmids, kindly donated by Jing-Jiang Zhou and colleagues, contained either an 

ampicillin (pET15b or pET45b) or kanamycin (pNIC-BSA28a) resistance cassette (Appendix 

Figure A.1, and a hexa-histidine (His6) tag with a plasmid specific restriction enzyme site for 

future removal (Table 3.1, Table 8.6). 
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Table 3.1: Genes transformed into competent E. coli. All transformations were successful unless 

otherwise stated.  

A. Pisum Protein Gene Length (bp) Vector Resistance 

OBP1-His6 480 pET15b Ampicillin 

OBP2-His6 741 pET45b Ampicillin 

OBP3-His6 423 pNIC28-Bsa4 Ampicillin 

OBP4-His6 579 Not successfully transformed 

OBP5-His6 648 pNIC28-Bsa4 Kanamycin 

OBP6-His6 657 pET45b Ampicillin 

OBP7-His6 444 pET45b Ampicillin 

OBP8-His6 498 pNIC28-Bsa4 Kanamycin 

OBP9-His6 492 pET45b Ampicillin 

OBP10-His6 426 pNIC28-Bsa4 Kanamycin 

OBP11-His6 414 Not successfully transformed 

 

Successfully transformed E. coli cells were grown in colonies on a small scale in LB media and 

glycerol stock cultures produced for use in all future protein expression and purification. 

Further transformations of OBP4-His6 and OBP11-His6 to OBP15-His6 were not performed due 

to limited availability of cloned plasmids. 

3.2.2 Small Scale Expression Test 

Before large scale expression for protein purification could be performed, small scale 

expression optimisations were performed to assess the recombinant bacteria’s expression 

capability and growth viability. Cultures were grown on a small scale (10 mL) in appropriate 

antibiotic-containing media and the growth monitored carefully by observing changes in 

OD600 (cell density) over a series of 5 hours (Figure 3.3). 
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Figure 3.3 Curves showing the growth (by OD600) of generated recombinant E. coli strains over time.  

Strains of E. coli containing plasmids for OBP2-His6,3-His6,6-His6,7-His6,8-His6,9-His6, and 10-

His6 plateaued at an OD600 of approximately 1.9 after three hours. Two strains, OBP1-His6 and 

5-His6, plateaued at only OD600 1.25 after only two hours. The proteins produced by these 

strains (OBP1 and 5) may have potentially cytotoxic properties and are therefore not 

tolerated by E. coli and restricting growth. This was not investigated further, though in future 

more tolerable E. coli strains or alternative expressions systems could be used to produce 

OBP1-His6 and OBP5-His6. 

A lac operon was encoded in the plasmid to allow for synthetic induction of protein 

expression. This promotor can be activated by the addition of isopropyl-β-D-thiogalactoside 

(IPTG), a lactose mimic, when E. coli growth is proceeding at an optimal rate, determined by 

measuring an OD600 value of 0.5-6 (Figure 3.3; Figure 3.4).   

 

Figure 3.4: The chemical structure of lactose 40 and the lactose mimic isopropyl-β-thiogalactoside 

(IPTG) 41; used to induce bacterial expression via activation of the lac operon promotor. 

Samples of the small-scale expressions were collected pre-induction, in addition to one and 

four hour post-induction. A crude (SDS-PAGE) was performed to evaluate expression of the 

proteins (Figure 3.5). 

40                                                              41 
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Figure 3.5: Expression and purification of OBP1-His6 , OBP2-His6, OBP3-His6, OBP5-His6, OBP6-His6, 

OBP7-His6, OBP8-His6, OBP9-His6 and OBP10-His6 from A. pisum. Electrophoretic analysis (SDS-PAGE) 

of crude bacterial pellets before (P), after 1-hour induction (I1) and after 4 hour induction (I4) with 

IPTG. Molecular weight (kDa) of markers (M) from the top is 150, 134, 100, 76, 57, 46, 32, 25, 22, 17, 

11. Arrows represent the expected molecular mass of the proteins. 

Generally, expression of the desired proteins was seen when the E. coli cultures were 

induced, however, relative levels of expression of the desired protein varied (Table 3.2). 

Protein expression was estimated by the intensity of equally stained SDS-PAGE bands (Table 

3.2). As the main proteins of interest for future experiments expressed well in medium-high 

concentrations, the lower expressing strains were not further optimised. If these proteins 

were to be used in future, optimisation of the expression may be achieved, potentially via 

the use of a different competent cell line or vector construct. 

Table 3.2: Size and relative expression levels (from SDS-PAGE gels) of expressed proteins. Proteins 

were expressed on a small scale and induced with IPTG for 3 hours. 

*Expression levels were estimated from SDS-PAGE gel staining 

A. Pisum Protein Size (kDa) Relative Expression* 

OBP1-His6 17.7 Medium 

OBP2-His6 26.7 Low/None 

OBP3-His6 16.0 Medium 

OBP5-His6 24.8 High 

OBP6-His6 25.3 High 

OBP7-His6 16.8 High 

OBP8-His6 18.8 High 

OBP9-His6 18.4 Medium 

OBP10-His6 15.9 Low/None 

 

After successful small-scale optimisation, proteins of interest were expressed in large-scale 

experiments (< 1L) to produce large quantities of protein. 

3.2.3 Large Scale Expression and Purification 

OBP6, 7 and 9 were expressed and purified on large scales (1-2 L). Transformed recombinant 

E. coli BL21(DE3) cells were grown in appropriate antibiotic-containing media and induced 

with IPTG to produce the desired protein. The cells were harvested by centrifugation, 

producing a pellet.  
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The resultant cell pellet was sonicated with Triton X-100 in order to rupture cells and release 

the desired protein. OBPs are a promiscuous class of proteins with multiple cysteines (usually 

6-8) that need to form disulphide bonds to result in the correct 3-dimensional structure.101 It 

has previously been reported that these properties of OBPs can result in E. coli fatty acids 

being found in their binding pockets after purification, or resulting in the usually soluble 

protein being found in insoluble inclusion bodies.153 To ensure the protein remained in the 

soluble fraction with a clear binding pocket, an unfolding/refolding step was added.153 

Unfolding was achieved using the denaturants urea and dithiothreitol (DTT) followed by 

refolding using glutathione (reduced and oxidised) in a rapid dilution. The glutathione 

reforms the disulphide bonds between cysteine residues, which subsequently form the 

structurally critical α-helix structures in OBPs. 

The final soluble fraction was purified using a nickel-affinity column. The hexa-histidine tag 

associates with nickel ions bound to the stationary phase of the column and are subsequently 

displaced with the higher affinity ligand imidazole. Additional purification procedures 

including size-exclusion chromatography was performed as and when required (Figure 3.6).   

 

Figure 3.6: SDS-PAGE gels displaying protein fractions after one round of nickel affinity purification. 

From L-R protein marker,OBP6-His6, OBP7-His6 and OBP9-His6. Molecular weight (kDa) of markers 

from the top is 150, 134, 100, 76, 57, 46, 32, 25, 22, 17, 11. 

Protein yields were calculated based on an average of four purifications (Table 3.3).  
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Table 3.3: Average yields for large scale purification of A. pisum odorant-binding proteins, measured 

post-purification. 

A. Pisum Protein Average yield after 3 hours over-

expression (mg L-1) 

OBP6-His6 1.72 ± 0.08 

OBP7-His6 1.48 ± 0.05 

OBP9-His6 1.64 ± 0.04 

 

3.2.4 Cleavage of Hexa-Histidine (His6) Tag 

The N-terminus His6 tag of the refolded protein was removed using a protease cleavage 

enzyme, either enterokinase or TEV (tomato etch virus protease) depending on the specific 

cleavage site included. Only proteins of interest for future experiments (Chapters 4-6), 

OBP6,7 and 9, were purified by removal of the His6 tag successfully. 

   

Figure 3.6: Cleavage of the hexa-histidine (His6) tag of OBP6, as shown by SDS-PAGE gels. From L-R 

protein marker OBP6-His6 after nickel-afinity purification and OBP6 after cleavage. Molecular weight 

(kDa) of markers (M) from the top is 150, 134, 100, 76, 57, 46, 32, 25, 22, 17, 11. 

Tag removal of OBP6-His6 was slow. This resulted in the undesirable cleavage of the protein 

into three fragments (Figure 3.7) that was confirmed by mass spectrometry (Section 3.2.6). 

The protein appeared to maintain some native structure on the gel, including a suspected 

dimer (Figure 3.7, B), however after extensive denaturation with DTT and heat, extra 

fragments could be seen (Figure 3.7, D and E). This issue with cleavage is likely due to an 

embedding of the His6 enterokinase cleavage site into OBP6’s 3D structure rendering it 

inaccessible to the cleavage enzyme. 
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Figure 3.7: Cleaved OBP6, as shown by SDS-PAGE gels. The sample contains an impurity (A), 

suspected dimerised OBP6 (B), OBP6 (C) and two smaller fragments of peptide (D and E). 

To rectify this issue, a thrombin cleavage site was inserted into the plasmid between the 

enterokinase site and the protein sequence (Figure 3.8). A Q5 Site-Directed Mutagenesis kit 

was used to insert the thrombin cleavage site. The mutated plasmids were then transformed 

into BL21(DE3) E. coli (as 3.2.1) and sequenced. In total, ten colonies were selected; one had 

fully successful insertion of the thrombin cleavage site, one had partial mutagenesis and eight 

had no mutagenesis.  

 

Figure 3.8: The original sequence with His6 tag and enterokinase cleavage site (OBP6) and the 

inserted thrombin cleavage site LVPR/GS in the mutated sequence (OBP6-SDM). Only the first 50 

residues are shown. 

A small-scale expression test was performed of the successfully mutated line, as in 3.2.2.  
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Figure 3.9 Curves showing the growth (by OD600) of generated recombinant E. coli strains of the 

mutated OBP6 (OBP6-His6-SDM2) and non-mutated OBP6 (OBP6-His6) over time.  
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The mutated cell line reached an OD600 of 0.5 after 0.9 hours, later reaching a plateau at 

approximately 2 hours with an OD600 of 1.9. The growth curve for the mutated strain was 

comparable to that of OBP6 and the other OBPs. The successfully mutated cell line was 

subsequently grown on a large scale and OBP6-His6 with the thrombin cleavage site purified. 

A cleavage with thrombin protease enzyme was performed, resulting in successful 

production of purified OBP6 (Figure 3.10). 

    

Figure 3.10: Cleavage of the hexa-histidine (His6) tag of OBP6, as shown by SDS-PAGE gels. From L-R 

protein marker (standard from other gel for clarity), protein marker, OBP6 after cleavage and nickel 

affinity purification and OBP-His6 after nickel-afinity purification. Molecular weight (kDa) of markers 

(M) from the top is 150, 134, 100, 76, 57, 46, 32, 25, 22, 17, 11. Arrow indicates expected molecular 

mass of the proteins. 

3.2.5 Fast-Protein Liquid Chromatography (FPLC) 

To achieve higher levels of purity, OBPs were purified and buffer exchanged into Tris-

buffered saline (TBS) buffer using fast-protein liquid chromatography (FPLC) and a Superdex 

size exclusion column. Proteins were separated by molecular weight and collected using an 

autosampler (Figure 3.11).  
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Figure 3.11: Fast-protein liquid-chromatography trace of standard proteins separated by size 

exclusion chromatography. Two proteins can be seen, α-lactabumin from bovine milk (14 kDa) and 

carbonic anhydrase from bovine erythrocytes (30 kDa). 

3.2.6 Protein Mass Spectrometry  

Mass spectrometry techniques can be used to study protein structure and activity. The 

development of ‘soft’ ionisation techniques, such as electrospray ionization (ESI) and matrix-

assisted laser desorption (MALDI) has led to advances in protein mass spectrometry. 

 In ESI mass spectrometry (ESI-MS), proteins in a solvent are sprayed as charged droplets of 

about 10 µm in size, which then rapidly reduce to small solvated macro-ions or nanodroplets 

(Figure 3.12). The nanodroplets desolvate by ion evaporation resulting in a desolvated macro 

ion. Finally, the ion travels through a mass spectrometer and is selected and detected155. 

 

Figure 3.12: Electrospray ionisation (ESI) for ESI mass spectrometry. Proteins are sprayed as charged 

droplets (i), which then rapidly reduce to solvated macro ions (iii). The solvated macro ion is 

desolvated (iii) and travels through the mass spectrometer for detection. Image adapted from 155. 

Mass spectra can be obtained for entire native proteins and denatured proteins by altering 

conditions.155 By using soft ionisation techniques, mass spectra can be obtained for entire 

native proteins and denatured proteins.155 Using acidic conditions, the mass spectra of a 

denatured spectra displaying a variety of positive charge states can be obtained (Figure 3.13). 

The charge states follow a conserved ‘envelope’ pattern and can provide data relating 

protein kinetics and structure. By observing the mass spectra of proteins, we can not only 

(i)    (ii)   (iii) 
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confirm to synthesis of the correct protein, but also investigate how different conditions may 

affect a proteins overall structure and stability. 

 

Figure 3.13: The ESI mass-spectra of apo-myoglobin showing a variety of charge states. 

Mass spectrometry of denatured protein can be used to perform structural and functional 

assays, however, it is most useful in determining an accurate mass for a protein. To confirm 

efficient cleavage of the His-tag and determination of the structure, denatured mass 

spectrometry of the recombinant proteins was performed using a Waters QTof 

spectrometer. Samples were concentrated using a ZipTip® into an eluent buffer (80% 

acetonitrile, 0.1% formic acid). Formic acid was added to the sample to decreases the pH 

resulting in the denaturation of the protein.  

As proteins are very large molecules with many sites for ionisation, a wide variety of charge 

states are typically observed in electrospray mass spectra. The mass spectra recorded for 

purified recombinant odorant-binding proteins show an expected charge envelope shape, 

from which charge states could be identified at the overall mass estimated using 

ESIProt156(Table 3.4). The mass spectra of OBP6-His6, OBP6, OBP7-His6, OBP7, OBP9-His6 and 

OBP9 have been successfully obtained (Figure 3.14). 
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Table 3.4: Mass spectrometry data for purified A. pisum OBPs. 

* the average Mr was calculated using the ProtParam website.157 

A. Pisum Protein Predicted Mass (average Mr*) Observed Mass 

OBP6-His6 (with enterokinase 

site) 

25299.02 25161.47 ± 4.56 

OBP6 (with enterokinase site) 22772.42 Fragment A: 14687.91 ± 2.52 

Fragment B: 9814.28 ± 21.54 

Fragment C: 7025.95 ± 2.00 

OBP7-His6 16798.38 16721.27 ± 3.63 

OBP7 14254.79 14118.14 ± 2.76 

OBP9-His6 18421.05 18263.57 ± 0.18 

OBP9 15895.48 16262.91 ± 3.67 

 

 

 

+15

+15

2 

 

C 

C 

 C 

C 

A 

A 

A 
B 

B 

+13

+15

2 

+11

+15

2 

(ii) 

 

 

 

 

 

 

 

(i) 

 

 

 

 

 

 

 



Chapter 3: Protein Purification 
 

58 
 

 

Figure 3.14: The ESI-mass-spectra of denatured A. pisum (i) OBP6, fragmented, (ii) OBP7 and (iii) 

OBP9.  

As previously discussed, the initial construct of OBP6 was over-cleaved resulting in multiple 

fragments being observed on the SDS-PAGE gels (Figure 3.7) and in the denatured mass 

spectra (Figure 3.10). The enterokinase cleavage site occurs at DDDK/S (between the lysine 

and serine). From the size of the fragments, and knowledge of the cleavage site, we can 

assume that OBP6 was cleaved into 3 fragments of OBP6 and the corresponding His6 site. 

There are multiple similar cleavage sites within OBP6, and these were used to predict the 

sequence of the fragments (Table 3.5). 

Table 3.5: Predicted sequences of the over-cleaved sequences. 

* the average Mr was calculated using the ProtParam website.157 

Fragment Predicted Sequence Predicted Mass* Found Mass 

(Table 3.4) 

His6 tag MAHHHHHHVG TGSNDDDDK 2147.19 NA 

A PETKEYKEMA HGKEPPCLFQ CIFMQSGLTT 
SDGKLNEDAI TKKMSEGINN DEKWKSIWQN 
SLNKCFDDVK QEDKKQILIM NTPAGRLMKC 

FLRDMYMSCP KNVWVESSEC LSMKDLVQKC 
PEMPPPVFK 

14933.39 14687.91 ± 2.52 

B MAHHHHHHVG TGSNDDDDKS PDPAGYDRTW 
ILRQKRGTND DECRTLLPSP EKKLPSCCQM 

PNILPNLDST WEKCFETFKQ FKD 

9619.67 
 

9814.28 ± 21.54 

C KQILIMNTPA GRLMKCFLRD MYMSCPKNVW 
VESSECLSMK DLVQKCPEMP PPVFKSPPKL I 

7029.58 
 

7025.95 ± 2.00 
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For OBP7, OBP9 and OBP6, experimentally observed masses in accordance with predicted 

values. Some disparity was seen between the predicted mass and the calculated mass. This 

may be due to small protein modifications or the presence of adducts. For OBP7 and OBP9 

(Figure 3.14(ii) and (iii)), two species can be observed in the mass spectra. The second species 

is around 58 Da smaller for OBP7 and 98 Da larger for OBP9, due to unidentified adducts or 

modifications. The predicted mass of the protein was generated using ProtParam, which 

gives the average mass for the sequence provided; this may be divergent from the actual 

mass of the protein.157,158 Furthermore, adducts may form with solvents, salts or other 

molecules that are introduced during the process, or artefacts from protein purification. 

Unfortunately, these discrepancies in mass could not be fully explained experimentally, 

though small inaccuracies are expected and the proteins were used in following experiments. 

3.3 CONCLUSIONS 

In conclusion, A. pisum odorant-binding proteins OBP1,2,3,5,6,7,8,9 and 10 were successfully 

over expressed and purified from E. coli expression cell lines. Each protein was expressed 

with a His6 tag for purification ease and OBP6,7 and 9 were produced on a large scale. OBP6 

required the insertion of a thrombin cleavage site due to over-cleaving by enterokinase. 

Future work may include optimisation of protein over-expression and purification and 

optimisation of transformation of E. coli with plasmids containing genes for OBP11 to OBP15 

and OBP4 (with encoded His6 tags). Analysis with gel electrophoresis and mass spectrometry 

showed successful production and cleavage of the His6-tag of each of the proteins. 
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Chapter 4: In Silico Structural and Ligand-Docking 

Studies of Aphid Olfactory Proteins 

 

4.1 INTRODUCTION 

Molecular modelling techniques were first developed in the 1970s in order to speed up drug 

discovery; the structure of target proteins can either be predicted by in silico by homology 

modelling or solved via range of structural studies, and their interactions with various ligands 

observed. Computer aided drug design (CADD) is now a vast field of research, and many 

pharmaceutical drug discoveries have involved heavy use of computational methods.159–161 

Proteins can be modelled using only their amino acid sequence via a process known as 

homology modelling. Homology modelling utilises available 3-dimensional (3D) protein 

structures, and finds similar or matching motifs, generating a model of a desired protein.160 

Further computational analysis can then be undertaken, such as the minimisation of amino 

acid geometries, where energy minimisations are made to remove sterically unfavourable 

interactions and generate the most favourable conformation of the molecule.162 The 

energetic favourability of a generated model is typically checked by a Ramachandran plot – 

a plot of the torsional angles - phi (φ) and psi (ψ) of amino acids in the protein.  A 

Ramachandran plot can also be used to assess different conformations of a protein.162,163 

  

Figure 4.1: An example Ramachandran plot for human ubiquitin (PDB code 1ubq). Each point 

represents a residue, with the axes displaying the angles of the residues. Favourable combinations of 

psi and phi fall within the displayed zones (blue). Regions for alpha helices (α) and beta pleated 

sheets (β) are labelled. 

α 

β 
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Computational methods are also used to assess protein-ligand interactions. When a protein 

binds to a ligand favourably, a lowering in energy will be observed. In silico modelling studies 

sample ligands and proteins for the most favourable interactions using stochastic methods 

(algorithms), determining energetic data with scoring functions.159 

Docking can be rigid, semi-flexible or flexible. Rigid docking is the simplest form of docking 

model, where no flexibility of the protein or ligand molecule is included, and is comparable 

to the ‘lock and key’ model of protein-ligand interactions.159 Semi-flexible is most commonly 

used; the ligand is considered as flexible and the protein target rigid. Both rigid and semi-

flexible methods neglect the conformational changes that a protein can undergo and assume 

that the fixed conformation provided to the model corresponds to the conformation 

responsible for binding the protein. This assumption is not always true, and a flexible docking 

approach may be used to provide a more realistic model159. Flexible docking assumes both 

ligand and protein are fully-flexible objects – unfortunately this results in large numbers of 

potential interactions, and often a substantial amount of computing power is required to 

perform these calculations.159 

To determine the most favourable interactions, stochastic methods – algorithms that change 

randomly, not systematically – are used. This includes Tabu searching (searching based on 

previously sampled zones), swarm optimisation, and more commonly evolutionary 

algorithms and the Metropolis Monte Carlo algorithm. The Monte Carlo algorithm is an 

example of a more randomised algorithm, with random changes being assessed in energetic 

favourability at each stage.159 Genetic algorithms (GA), including the Lamarckian algorithm, 

use evolutionary theory and ideas based in genetics.164 In genetic algorithms protein-ligand 

interactions are defined by a set of variables which are assigned to a gene, and the associated 

fitness of that ‘gene’ is related to the total energy of the protein-ligand interaction.164 As with 

traditional genetics, evolution of the variables is allowed to occur, with ‘mutations’ – random 

large changes to the variables – and crossovers also occurring.164 The Lamarckian GA uses the 

specific principles of Lamarckian genetics to determine the most favourable protein-ligand 

interaction.164  

There are a variety of scoring functions available to determine energetic values for ligand-

docking studies. Force field-based functions are commonly used, where the approximate 

energy of the interaction is combined with both intra- and inter- molecular components. 

Other scoring functions include empirical, where various empirical energies such as van der 

Waals forces, hydrogen bonds and desolvation energy are summed, and knowledge based, 
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which uses a database of previously described contacts to explore more statistically 

favourable interactions.159  

 

Figure 4.2: Process of ligand docking. The purple arrows represent the methods chosen for docking 

insect odorant-binding proteins and odorant receptors in this chapter. 

For the modelling of insect odorant-binding proteins (OBPs), the generation of homology 

models is a viable method. Many protein structures for insect OBPs are already published, 

and OBPs are known for their high structural conservation. For OBP-ligand docking, use of 

AutoDock allows a semi-flexible sample approach, with a force field scoring function. A 

variety of algorithms can be used in AutoDock, including Lamarckian GA. The main drawback 

of this type of ligand-protein interaction assessment is the semi-flexible docking approach, 

where some OBPs have been thought to show conformational changes under different 

conditions or when ligands bind.117  

Previously, modelling of insect odorant receptors (ORs) was limited to advance 

computational techniques, specifically observing amino acid evolutionary couplings.165 ORs 

are a challenging protein to express and purify, therefore, only recent advancement in 

techniques have led to structural determination.165 In 2018, Butterwick et al. published the 

first insect OR structure, of the odorant receptor co-receptor (ORCO) of Apocrypta bakeri.88 

The publishing of this structure allows for comparative modelling of ORs to be performed 

and broadens the scope for molecular modelling studies of insect ORs.166 

For more complex and realistic modelling, molecular dynamics (MD) simulations can be 

performed. MD simulations provide detailed statistical analysis of computational models and 

minimise energy values.159,167  The simulation solves Newton’s classical mechanical equations 

for a system of numerous atoms whilst monitoring physical properties, including 

temperature and pressure, until an equilibrium state is eventually reached.167–169 Programs 

such as GROMACS can be used to minimise model structure, model realistic environments 

including lipid bilayer (membrane) embedding, additions of solvents and neutralisation with 

ions. The stability of protein structures and their behaviours over time can be calculated and 

observed.168,169 
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Molecular dynamics simulations have limitations. Firstly, they obey classical Newtonian 

mechanics. Though classical mechanics are generally correct for atoms at average 

temperatures, some atoms, such as hydrogen, can exhibit quantum behaviour.167–169 

Furthermore, MD simulations do not consider electronic motions, and assume all electrons 

are in the ground state.167–169 The force fields that are used in the process are also 

approximate, and long-range interactions cannot be calculated.167–169  

The overall aims of this chapter are to generate homology models of aphid olfactory proteins, 

including OBPs and ORs. These will then be screened using docking analysis and the 

interactions assessed for their stability and likeliness. Simple semi-flexible ligand docking 

methodologies will be used. Successfully generated binding pairs will be analysed further and 

provide framework for future in vitro assays. 

 

4.2 RESULTS & DISCUSSION 

4.1.1 Sequence Alignment of Aphid OBPs 

Aphid OBPs are phylogenetically similar to other OBPs and are classified based on 

conservation. For example, OBP6 of the pea aphid, Acyrthosiphon pisum, is more closely 

related to OBP6 of the peach-potato aphid, Myzus persicae, than OBP7 of A. pisum. This is 

true for all A. pisum OBPs, with OBP3 and OBP11 being the most divergent proteins (Figure 

4.3).103  

 

Figure 4.3: Phylogenetic analysis of odorant binding proteins (OBPs) from Acyrthosiphon pisum, 

Myzus persicae, Sitobian avenae, Aphis gossypi and Megoura vicae. OBPs from A. pisum are 

annotated with an * and a red line. Generated in FigTree v1.4.3 from multiple sequence alignment. 
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Each individual OBP is highly conserved across species; A. pisum OBP6 is 79-96% conserved 

across the five aphid species for which it has been characterised (Figure 4.4). This high 

sequence conservation allows functional comparisons to be made between the proteins. 

 

Figure 4.4: OBP6 conservation across five characterised aphid species.  

4.2.2 Homology Modelling of A. pisum OBPs 

3-Dimensional protein models of A. pisum OBPs were generated using iTASSER141, which 

utilities a homology modelling technique by looking for structural motifs found in previously 

crystallised proteins, then visualised in PyMol.91 Generated models were initially minimised 

using the Yasara minimisation server170 and checked for energetic favourability using 

Ramachandran plots in PROCHECK171, discrete optimised protein energy (DOPE) score in 

Python 3.2 with MODELLER 3.2172 and Z-scores by ProSA.173 

Table 4.1: Ramachandran data, discrete optimised protein energy (DOPE) scores and Z-scores from 

generated homology models of A. pisum odorant binding proteins.  

A. pisum Protein Model 

DOPE score Ramachandran Data 

Z-Score 
 

% Residues 

Favoured 

% Residues 

Allowed 

% Residues 

Disallowed 

OBP1 -17409.66 81.2 14.7 4.0 -6.31 

OBP2 -20577.94 70.1 27.5 2.5 -4.80 

OBP3 -16512.96 89.9 9.3 0.8 -5.57 

OBP4 -17184.65 82.8 14.6 2.5 -5.73 

OBP5 -18264.56 80.1 18.3 1.7 -5.54 

OBP6 -18156.41 84.3 13.5 2.1 -7.35 

OBP7 -12823.21 90.9 9.1 0 -6.34 

OBP8 -13678.49 85.8 11.8 2.4 -5.92 

OBP9 -16153.08 89.2 10.0 0.8 -6.85 

OBP10 -16104.70 78.7 18.8 2.4 -6.89 

OBP11 -16330.00 88.4 10.9 0.8 -5.04 

Vetch Aphid OBP3 (4Z39) -15609.98 96.4 3.1 0.4 -5.63 
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Homology models were successfully generated for OBP1-11 (Figure 4.5). Overall, analysis of 

models was favourable, with DOPE scores and Z-scores comparable to published aphid OBP 

crystal structures, and Ramachandran analyses with few disallowed residues. 

 

 

  

Figure 4.5: Homology models of A. pisum odorant binding proteins (OBP1-OBP11) 

Initial assessment was made of the homology models – most had a clearly defined globular 

pocket which may provide space for binding. Crystal structures of OBP3 and OBP7 from the 

blackcurrant-lettuce aphid, Nasonovia ribis-nigri, have been previously published and their 

binding activity with the aphid alarm pheromone, (E)-β-farnesene 17 (EBF), described.104 The 
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homology models of OBP3 and OBP7 were highly conserved against previously published 

crystal structures of the two OBPs, and OBP3 displays a clear binding pocket that has a long 

tubular shape (Figure 4.6). This shape of binding pocket matches the shape of EBF 17, and 

could provide a perfectly shaped binding pocket. 

 

Figure 4.6: (i) Sequence alignment of A. pisum OBP3 with OBP3 from blackcurrant-lettuce aphid, 

Nasonovia ribis-nigri (ii) The homology model of A. pisum OBP3 (purple) aligned to OBP3 from N. 

ribis-nigri crystal structure (green, PDB identifier 4Z39). (iii) The structure of A. pisum OBP3 (purple) 

with the binding pockets displayed (green). 

Other homology models provide clues about the activity of a protein. Firstly, OBP9 had a 

binding pocket, which could provide space for a variety of ligands to bind. OBP6 showed 

several binding pockets, in addition to similar structural motifs to OBPs from other insect 

species (Figure 4.7). For example, the Drosophila pheromone-binding OBP ‘LUSH’ was seen 

to have a structurally crucial salt bridge between Lys87 and Asp118.76,115 When disrupted, 

the subsequent protein lost functionality.76 This salt-bridge has also been found in other 

insect binding proteins, including pheromone binding proteins (PBPs) from Bombyx mori.115 

In OBP6, Lys144 and Asp174 could present a similar salt-bridge candidate; the homology 

model predicts them to be closely orientated. 

                

(ii)                                                   

(i)                                                        (iii)  
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Figure 4.7: (i) Predicted structure of OBP6 (green) with potential binding pockets, visualised using 

PyMol’s suface and cavity functions, shown in purple; (ii) Potential salt bridge between Lys144 and 

Asp174; (iii) Predicted structure of OBP6 with the Adaptive Poisson-Boltzmann Solver (APBS), 

calculated using the APBS PyMol plugin, electrostatic map displayed. Two potential binding pockets 

can be clearly seen in blue. 

OBP6 is of paticular interest due to it’s high expression levels in aphid antennae. The 

prescence of the conserved salt-bridge suggests it may play a role in pheromone binding. 

4.2.3 Ligand-docking Studies of A. pisum OBPs using AutoDock 

To identify potential protein-ligand interactions, homology models were screened in 

AutoDock for their interactions with specific semiochemicals. All modelled A. pisum OBPs 

(OBP1-11) were screened, with a wide range of aphid semiochemicals and allelochemicals 

being chosen. OBP3 and 7 are known to bind the alarm pheromone 17, (EBF), but no other 

OBP-ligand interactions have been described in aphids as yet.102,125,140 OBPs 6-9 showed the 

most promising results (Table 4.2), whereas OBPs 1-5 and 10-11 showed very few successful 

low energy binding interactions (Appendix Table A.1, Table A.2). 

 

 

(i)                                                       (ii)                              

 (iii) 
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Table 4.2: Results from Autodock ligand-screening. The aphid sex pheromone components and 

respective enantiomers were tested, along with the aphid alarm pheromone.  The values highlighted 

in bold represent the lowest energy interaction for that ligand. Results displayed to two significant 

figures. 

NA = no favourable docking conformations were found in the screening 

Ligand A. Pisum OBP 

OBP6 OBP7 OBP8 OBP9 

Binding 

energy 

(kcal 

mol-1) 

Ki 

(µM) 

Binding 

energy 

(kcal 

mol-1) 

Ki 

(µM) 

Binding 

energy 

(kcal 

mol-1) 

Ki 

(µM) 

Binding 

energy 

(kcal 

mol-1) 

Ki 

(µM) 

(1R,4aS,7S,7aR)-

nepetalactol 5 

-7.7 2.4 -6.0 41 -5.9 48 -5.3 130 

(4aS,7S,7aR)-

nepetalactone 6 

-7.5 3.1 -6.0 37 -6.2 31 -5.8 57 

(1S,4aR,7R,7aS)-

nepetalactol 32 

-7.7 2.3 -6.00 40 -6.4 21 -5.5 97 

(4aR,7R,7aS)-

nepetalactone 33 

-7.6 2.7 -6.0 42 -6.3 23 -5.7 66 

(E)-β-farnesene 17 -6.7 12 -6.8 11 -6.0 39 -5.1 190 

(S)-germacrene D 

25 

-3.1 5.1 -6.7 13 -7.3 4.3 -6.1 36 

(1R,4E,9S)-

Caryophyllene 26 

-6.7 12 NA NA -7.5 3.4 -6.4 20 

Myrcene -6.3 22 NA NA -4.7 360 -4.4 580 

(E)-Ocimene 28 -6.4 19 NA NA -5.0 230 -4.5 490 

(4R)-linalool -6.6 14 NA NA -4.8 290 -4.6 410 

(4S)-linalool -6. 6 16 NA NA -4.8 290 -4.7 340 

(Z)-jasmone 30  -7.7 2.3 NA NA -6.0 41 -7.7 2.3 

 

Molecular docking tools generate predicted binding energy and Ki. A lower binding energy 

and Ki is indicative of favourable binding activity. OBP6 shows potential low-energy 

interactions with sex pheromone components, both naturally occurring enantiomers and 

non-naturally occurring enantiomers (Figure 4.8). The molecular docking of OBP6 with both 

enantiomers of (1R,4aS,7S,7aR)-nepetalactol 5 and (1R,4aS,7S,7aR)-nepetalactone 6 gives a 

significantly stronger binding complex than with EBF 17; an average (-7.6 kcal mol-1 versus -
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6.7 kcal mol-1). This is also reflected in the Ki values, the lowest Ki for sex pheromone being 

2.3 µM and the Ki for EBF 17 predicted at a much higher 12µM. 

(1
R
,4

aS
,7

S
,7

aR
)-
nep

et
al

ac
to

l*

(4
aS

,7
S
,7

aR
)-
nep

et
al

ac
to

ne*

(1
S
,4

aR
,7

R
,7

aS
)-
nep

et
al

ac
to

l

(4
aR

,7
R
,7

aS
)-
nep

et
al

ac
to

ne

0.000

0.025

0.050
0.3

0.4

0.5

A. pisum OBPs and sex pheromone components

Ligand

1
/K

i 
(

M
-1

)

OBP6

OBP7

OBP8

OBP9

 

Figure 4.8: Predicted binding interactions (shown as 1/Ki) of the aphid sex pheromone components 

with OBPs 6-9. The natural enantiomers are indicated with a *. 

Other protein-ligand interactions were observed. OBP6 interacted strongly with ligands other 

than the sex pheromone components, including a 2.3 µM interaction with allelochemical (Z)-

jasmone 30. OBP7 showed a stronger binding complex with 17, than other ligands; this has 

been previously demonstrated in vitro with OBPs from M. viciae.140 OBP8 showed a strong 

binding interaction with allelochemical (1R,4E,9S)-caryophyllene 26. All interactions merely 

serve as predictions and do not necessarily correspond to biological activity; however, this 

data provides a route to targeted in vitro assays.  

As the main focus of this project is to investigate sex pheromone-OBP interactions, OBP6 is a 

promising candidate for further studies. OBP6 is highly expressed in the antennae, specifically 

the type II trichoid sensilla of winged adult aphids, and has previously been hypothesised to 

play a role in sex pheromone perception.75,103 

4.2.4 Binding Site Assignments of A. pisum OBPs 

Multiple protein-ligand interactions were identified by docking homology models with 

AutoDock. The most significant finding was the hypothesised interaction between OBP6 and 

sex pheromone components. OBP6 and sex pheromone components [(1R,4aS,7S,7aR)-

nepetalactol 5 and (4aS,7S,7aR)-nepetalactone 6] interacted with lower predicted binding 

energy (-7.7 and -7.5 kcal mol-1 respectively) and significant lower Ki values (2.4 and 3.1 uM) 

than all other OBP-ligand interactions (Figure 4.9). 
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Figure 4.9: (1R,4aS,7S,7aR)-nepetalactol 5 (green) and (4aS,7S,7aR)-nepetalactone 6 (orange) in the 

binding pocket of OBP6 (purple). 

Surprisingly, the non-naturally occurring enantiomers of the sex pheromone components, 

known to be behaviourally and electrophysiologically inactive, were predicted to bind with 

similar energy as the naturally occurring, biologically active enantiomers.145 To further 

investigate this interaction and unexpected result, predicted docking conformations were 

analysed for potential contacts, including hydrogen bonds. Two major interactions, a 

hydrogen bond between the back-bone amine of Phe208 and the oxygen in the alcohol of 

(1R,4aS,7S,7aR)-nepetalactol 5, in addition to a hydrogen bond between the phenol oxygen 

of Tyr176 and the alcohol hydrogen of (1R,4aS,7S,7aR)-nepetalactol 5, were identified (Figure 

4.10). The interaction with Phe208 could be critical in the binding of 5 to OBP6. Despite 

similar binding energies and binding constants being predicted, the same interaction was not 

observed with the enantiomer (1S,4aR,7R,7aS)-nepetalactol 32 (Figure 4.10). The biologically 

inactive enantiomer bound in an almost reverse conformation to the active enantiomer, and 

a unique hydrogen bond between the hydroxy group of the lactol and the amine of Lys169 

could be observed (Figure 4.10). The distance of 2.7Å is fairly large for a hydrogen bond. 
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Figure 4.10: (i) OBP6 (green) interactions with the enantiomers of the sex pheromone. Natrually 

occurring (1R,4aS,7S,7aR)-nepetalactol 5 (pink) interacting with Tyr176 and Phe208 (red, dashed); (ii) 

Non-naturally occurring (1S,4aR,7R,7aS)-nepetalactol 32 (blue) with a potential interaction with 

Lys169 (red, dashed). Distance of interactions are in Å.  

These results suggest that Tyr176 or Phe208 may be involved in OBP6–(1R,4aS,7S,7aR)-

nepetalactol 5 interactions, and that although both enantiomers bind with similar energies, 

they may bind in differing conformations. To confirm the predicted interacting residues, the 

predicted binding site of OBP6 was mutated. One mutation of Tyr176 and two mutations of 

Phe208 were performed, generating three mutant homology models – OBP6-Phe176, OBP6-

Ile208 and OBP6-Tyr208 (Table 4.3; Figure 4.11). Initially, tyrosine was mutated to 

phenylalanine to retain a similar structure within the binding pocket but remove the 

hydrogen bonding phenol. Phenylalanine was mutated to the vastly different, small, non-

aromatic residue isoleucine. Small, but not significant, differences in the 3-dimensional 

structure were observed between the original protein and each of the mutant forms. The 

(i) 

(ii) 
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second mutation involved changing the phenylalanine to a tyrosine. Tyrosine has more 

comparable properties to phenylalanine, and again only minor differences in the overall 

structure were observed. A mutation of Lys to Leu169 was also performed to investigate the 

potential interaction between the non-naturally occurring nepetalactol enantiomer and 

OBP6. Leucine is a non-polar residue of a similar size to lysine. 

Table 4.3: Ramachandran data, discrete optimised protein energy (DOPE) scores and Z-scores from 

generated homology models of mutated A. pisum odorant binding protein 6.  

A. Pisum 

Protein Model 

DOPE score Ramachandran Data 

Z-Score 
 

% Residues 

Favoured 

% Residues 

Allowed 

% Residues 

Disallowed 

OBP6 wild type -18156.41 84.3 13.5 2.1 -7.35 

OBP6-Phe176 -17947.35 85.0 12.8 2.1 -7.33 

OBP6-Ile208 -17833.52 86.4 10.0 3.6 -7.01 

OBP6-Tyr208 -18299.81 87.1 11.4 1.4 -7.18 

OBP6-Leu169 -17908.81 81.4 16.4 2.1 -6.80 

 

Figure 4.11: Homology model predicted structure of the mutants (varying shades of purple) aligned 

with wild type OBP6 (green)  

Analogues of the sex pheromone components were also evaluated. Small modifications to 

the overall structure of nepetalactone and lactol were made to determine which structural 

properties were important for the activity of the ligand (Figure 4.12).  
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Figure 4.12: (1R,4aS,7S,7aR)-Nepetalactol 5 and (4aS,7S,7aR)-nepetalactone 6, in addition to minor 

sex pheromone component (1S,2R,3S)-dolichodial 7, with analogues 42-49. 

The mutated models, in addition to wild type OBP6, were then screened against sex 

pheromone components and the generated library of analogues for binding activity (Table 

4.4). For mutant OBP6-Phe176, no change was seen in docking activity. 
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Table 4.4: Results from Autodock ligand-screening. Analogues of the aphid sex pheromone 

components and analogues were screened with OBP6 wild type and mutants.  The values highlighted 

in bold represent the lowest energy interaction for that ligand. Data is shown to two significant 

figures. 

Ligand OBP6 OBP6-Phe176 OBP6-Ile208 OBP6-Tyr208 

Binding 

energy 

(kcal mol-

1) 

Ki 

(µM) 

Binding 

energy 

(kcal mol-

1) 

Ki 

(µM) 

Binding 

energy 

(kcal mol-

1) 

Ki 

(µM) 

Binding 

energy 

(kcal mol-

1) 

Ki 

(µM) 

(1R,4aS,7S,7aR)-

nepetalactol 5 

-7.7 2.4 -7.5 3.3 -5.4 110 -5.1 190 

(4aS,7S,7aR)-

nepetalactone 6 

-7.5 3.0 -7.3 4.5 -6.3 25 -5.6 78 

(1S,4aR,7R,7aS)-

nepetalactol 32 

-7.7 2.3 -7.5 3.4 -6.3 40 -4.7 360 

(4aR,7R,7aS)-

nepetalactone 33 

-7.6 2.7 -7.5 2.7 6.0 37 -5.3 120 

(1S,2R,3S)-

dolichodial 7 

-7.0 7.4 -7.1 6.8 -5.3 65 -4.8 310 

Analogue 42 -8.8 0.38 -7.8 2.0 -6.1 33 -5.5 92 

Analogue 43 -7.8 2.1 -7.4 3.5 -6.1 35 -5.6 86 

Analogue 44 -7.4 3.6 -7.4 3.7 -6.0 39 -4.9 240 

Analogue 45 -8.0 1.4 -7.9 1.6 -5.7 65 -5.0 220 

Analogue 46 -6.9 8.4 -7.2 5.7 -5.6 76 -6.1 34 

Analogue 47 -7.9 1.5 -7.9 2.6 -6.2 28 -6.4 32 

Analogue 48 -5.7 69 -5.4 95 -4.2 780 -4.2 840 

Analogue 49 -5.6 76 -5.3 100 -4.4 610 -4.2 850 

 

By mutating Tyr176 to Phe176, thereby removing the phenol which nepetalactol was 

hypothesised to interact with, no change was seen in the binding activity of the protein, aside 

from a slightly decreased activity, with the exception of Analogue 46. This suggests Tyr176 is 

only partially involved in the binding of the sex pheromone components. The two mutants 

generated of Phe208, however, show a significant decrease in activity compared to the wild 

type. Both OBP6-Ile208 and OBP6-Tyr208 had comparably poor binding activity with the sex 

pheromone components and analogues.  
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Both mutants generated showed a significant decrease in binding activity the sex pheromone 

components (Table 4.4.; Figure 4.12). This suggests the predicted hydrogen bond with 

Phe208 is important in OBP6-sex pheromone interactions. The models are an estimate of 

activity, and in vitro assays, including a site-directed mutagenesis of Phe208, would be 

required to confirm the presence and importance of this particular amino acid interaction. 
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Figure 4.12: Sex pheromone binding with mutated OBP6. A significant decrease in activity (increase 

in Ki) is observed when the Phe208 residue is mutated. 

Analogues of the sex pheromone gave varying results (Table 4.4; Figure 4.13). Analogues that 

removed the bicyclic structure (Analogues 48 and 49) were seen to bind significantly worse 

to the OBPs than the bicyclic analogues.  One analogue showed a significant increase in 

activity when interacting with OBP6 – a decrease of the Ki from approximately 2-3 µM to 380 

nM was observed. This low binding constant suggests a high affinity interaction between 

Analogue 42 and OBP6. Analogue 42 lacks the heterocyclic oxygen – this modification could 

result in changes in the anomeric effect seen in this bicyclic lactol structure, resulting in a 

more favourable hydrogen bond interaction. 
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Figure 4.13: Sex pheromone component analogues binding with mutated OBP6 and mutants. 

Analogue 42 shows a significantly higher affinity for OBP6 than the sex pheromone components and 

other analogues 

In future work, Analogue 42 should be synthesised, and its’ predicted potent activity 

evaluated in in vitro assays and behavioural studies with aphids. If these experiments are 

successful in demonstrating the strong binding activity of the analogue, Analogue 42 could 

be a candidate for an olfactory inhibitor or blocker in aphids and may be useful in future pest 

control.  

4.2.5 Sequence Alignment and Homology Modelling of A. pisum Odorant Receptors 

Three odorant receptors from A. pisum were initially chosen for modelling for their known 

activity, with an additional six chosen for their high conservation within aphids. OR4 and OR5 

have known functional activity and the olfactory co-receptor (ORCO) possesses the highest 

similarity to the template protein, ORCO from Apocrypta bakeri, in addition to being critical 

for the function of all other ORs.99,100  Pair-wise sequence alignments and transmembrane 

domain assignment of all receptors showed a generally low sequence identity (OR2 20%, OR4 

19%, OR5 18%, OR10 17%, OR17 17%, OR20 19%, OR22c 20% and OR39 17%; Clustal 

Omega174), comparable to other insect OR modelling studies166, with the exception of A. 

pisum ORCO which shares 57% identity with A. bakeri ORCO. Each protein had 7 predicted 

transmembrane domains, as expected (Table 4.5.; Figure 4.14). ORCO has a relatively long 

predicted intracellular loop 3 of 41 residues (residue 211-336) compared with A. bakeri 

ORCO’s 5 residue intracellular loop 3. All other predictions were similar to A. bakeri’s ORCO 

transmembrane domains, with the exception of a long C-terminus segment in OR4. 
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Table 4.5: Transmembrane domain predictions of ORCO, OR4 and OR5 from A. pisum, compared 

with ORCO from A. bakeri. OR2, OR10, OR17, OR20, OR22c and OR39 are not displayed for clarity. 

Protein TM1 TM2 TM3 TM4 TM5 TM6 TM7 

A. bakeri 

ORCO 
31-61 65-100 112-150 170-223 230-284 289-330 

338-352 

367-387 

A. pisum 

ORCO 
43-65 75-93 134-156 192-210 337-356 366-385 437-460 

 A. pisum 

OR2 
33-62 68-103 134-152 190-235 245-298 305-342 377-399 

A. pisum 

OR4 
37-60 69-105 127-148 181-207 256-280 288-317 327-385 

A. pisum 

OR5 
21-46 52-77 104-127 157-200 227-251 262-285 296-355 
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Figure 4.14: Sequence alignment and transmembrane domain predictions of A. pisum (Apis) ORCO, 

OR4 and OR5 (purple) against A. bakeri (Abak) ORCO (green). OR2, OR10, OR17, OR20, OR22c and 

OR39 are not displayed for clarity. 

Homology models of insect ORs were generated using MODELLER 9.3 with a template of A. 

bakeri ORCO (Figure 4.15). Ligand-binding should take place in the extracellular domain of 

the protein, which includes multiple extracellular loops. For ORCO, the removal of 42-residue 

section of intracellular loop (IL3) improved the protein model. For other proteins, each loop 

was modelled individually with iTASSER, though, for OR2, OR4 and OR5, modelling of the 

longest loop, extracellular-loop 2, was the most critical in reducing the overall protein’s 

energy. This loop of the OR protein, in addition to extracellular loop 3, has been shown to 

possesses critical binding domains in other insect ORs in previous work, and is particularly 

long in comparison to other loop portions of the protein.88,175 The lowest energy predicted 

model, based on DOPE score (Table 4.6), was embedded into a lipid bilayer of 128 

dipalmitoylphosphatidylcholine (DPPC) molecules using GROMACS before screening ligands. 
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Figure 4.15: (i) The general transmembrane domains of insect odorant receptors; (ii) Homology 

models of Acyrthosiphon pisum odorant receptor 5 embedded in a lipid bilayer. 

Table 4.6: DOPE scores (MODELLER) and Ramachandran analysis (PROCHECK) for the most 

favourable OR models. 

A. pisum Protein 

Model 
DOPE score 

Ramachandran Data 

% Residues 

Favoured 

% Residues 

Allowed 

% Residues 

Disallowed 

ORCO -56024.94 93.5 6.0 0.5 

OR2 -51562.26 89.7 9.8 0.5 

OR4 -51244.34 88.5 10.4 1.1 

OR5 -49737.77 91.7 7.2 1.1 

OR10 -47680.4 89.3 9.3 1.4 

OR17 -52616.25 87.1 11.9 1.0 

OR20 -52364.49 87.7 10.7 1.6 

OR22c-like -46382.4 85.4 13.4 1.1 

OR39 -55316.5 83.7 13.8 2.5 

 

For each protein, the most favourable models had seven predicted transmembrane domains 

with an intracellular N-terminus and extracellular C-terminus, as predicted. All selected 
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models had over 98% allowed residues, with the exception of OR39 at 97.5%, with DOPE 

scores comparable to other insect OR models and the cryo-EM structure of ORCO from A. 

bakeri (Table 4.6).88,166 

For visualisation, modelled protein structures were comprised into tetramers using Sam 

protein-protein docking (Figure 4.16).176 The stoichiometry of the heteromeric ion channel 

that the ORCO and OR subunits form is not fully understood; it is known to forms a tetramer 

with at least one ORCO subunit and one OR subunit.88,89,177 For this assembly, three ORCO 

units were compiled with one OR unit. 

 

Figure 4.16: Homology models of A. pisum ORCO, OR4/ORCO and OR5/ORCO. ORCO (rainbow) is 

expressed as a tetramer, whereas the OR/ORCO complexes are expressed as three units of ORCO 

(green) and one unit of the specific OR (purple). 

4.2.6 Ligand-Docking and Binding Site Assignment of A. pisum ORs 

All ligand docking studies were performed using AutoDock 4.3 and the Racoon virtual 

screening tool. The predicted binding energy (kcal mol-1) is reported for most, with inhibition 

constant (Ki) for the most critical docking conformations. Docking space was limited to the 

extracellular space of the odorant receptor, and all favourable conformations were found 

within the receptors predicted pocket.  

Many olfactory ligands, such as aromatic compounds and unsaturated aldehydes, have a 

significant number of π-bonds, creating a challenge when predicting interactions via 

computational methods; Binding interactions are predicted by AutoDock 4.3 using a point-

charge based force field. This results in several limitations when predicting binding 

conformations and kinetic values, in particular those involving π- π. Though these values are 

likely inaccurate to actual in vitro or in silico values, they can be used to score the binding 

conformations. Furthermore, π- π interactions that may appear in the true in vivo 

interactions can be predicted and estimated based on the positions of π bonds in the ligand 

and/or surrounding residues. Though efforts have been made to design more robust docking 
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software, for true analysis of non-covalent π- π interactions, a quantum mechanical analysis 

is required.178 This would require a significant amount of computing power and molecular 

dynamics simulations.159,168  

The unique ligand VUAA1 50 (Figure 4.17) has been shown to act as an olfactory blocker in 

insects and has a high binding affinity with the olfactory receptor co-receptor (ORCO).88,177 

VUAA1 50 is often used to test the functionality and viability of expressed ORCO.  

 

Figure 4.17: The structure of olfactory ligand VUAA1 50. 

VUAA1 50 was screened with the modelled structure of ORCO from A. pisum. A predicted 

binding energy of -11 kcal mol-1, with a surprisingly low Ki of 12nM, was observed. ORCO 

possess an electron rich binding site (Phe82, Phe83, Phe144, Trp149, Phe369, Tyr 332 

(Tyr374), Tyr335 (Tyr377) consisting of aromatic residues (Figure 4.18). VUAA1 50 is 

predicted to bind with a moderate hydrogen bond (3.1Å) between the oxygen of Tyr332’s 

phenol and the nitrogen of the pyridine ring in VUAA1 50. Furthermore, this triazole ring is 

perfectly positioned (approximately 3.7Å and 4.0 Å respectively) to undergo sandwiched π-

stacking with Trp149 and T-shaped π-stacking with Phe83. In addition to these interactions, 

varying strength π- π interactions are predicted between other unsaturated sites within the 

molecule and the aromatic binding site residues.  

 

Figure 4.18: VUAA1 50 in the highly conserved binding pocket of A. pisum ORCO. Interactions with 

key residues key residues can be seen – potential π-π interactions (black) with Phe82, Phe83, Trp149 

and Tyr335, in addition to a moderate hydrogen bond (red) with Try332. For clarity, only side chains 

of residues are displayed. 

50 
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This binding site is highly conserved; a screen of 66 ORCO genes, with an average sequence 

conservation of 65%, from different insect species showed high conservation of these key 

residues Phe82 (97%), Phe83 (98%), Trp149 (100%), Try332 (97%) and Tyr335 (100%). 

Previous work involving the specialist fly, Mayetiola destructor, which does not display 

endogenous activity with VUAA1 50, among other species elucidated some key binding 

residues for VUAA1 50 in ORCO, including Phe83.177 

ORCO is co-expressed as a predicted tetramer with all ORs in insects and is required for 

olfactory function.88 Subsequently, ORCO is an ideal olfactory target for control, however its 

high conservation means any targeting will not be species specific. Odorant receptors are 

much more divergent and may prove a more promising target for species specific control. 

Previous work screened A. pisum OR4 against a library of 57 molecules, and eight general 

plant volatiles were identified as being perceived by the aphid’s antennal sensilla and OR4, 

demonstrating the broad-tuning of OR4.100 These volatiles were 4-ethylacetophenone, 

salicylaldehyde, 4-ethylbenzaldehyde, 3-vinylbenzaldehyde, (1S)-(-)-verbenone, (S)-cis-

verbenol, (-)-borneol and (1R)-(-)-myrtenal, with three specific aromatic volatiles (4-

ethylacetophenone, salicylaldehyde, 3-vinylbenzaldehyde) producing the highest 

electrophysiological response from OR4. 

OR4 was screened against the identified eight plant volatiles and the predicted binding sites 

analysed (Table 4.7). The aromatic volatiles bound in a highly aromatic binding site (Figure 

4.19) involving key residues Phe53, Phe83, His161 and Trp166. Potential π -π interactions 

between the benzene ring of the three aromatic volatiles and the aromatic residues in the 

binding site will be relatively weak as most aromatic residues are over 4Å from the ligand. 

One interaction, with His161 at approximately 3.5Å is present in all the predicted binding 

sites of the active aromatic ligands. This well-defined binding site with multiple interactions 

explains the higher electrophysiological response seen when OR4 is activated by these 

ligands.100 
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Figure 4.19: The aromatic binding site, Phe53, Phe82, His161, Phe162 and Trp166 of OR4, with the 

predicted π-π interactions (black) with 4-ethylbenzaldehyde and 4-ethylacetopheone, respectively, 

shown. For clarity, only side chains of residues are displayed. 

Other electrophysiologically active ligands appear to bind in multiple other different sites. 

Alcohols (S)-cis-verbenol and (-)-borneol, for example, appear to form polar bonds between 

their hydroxyl group and Lys153 or Arg61 and Leu154, respectively (Figure 4.20). The other 

volatiles either bound in one of these sites or elsewhere via mainly hydrophobic interactions 

with residues found in extra cellular loop 2 (EL2 - Va163, Leu64, Phe165, Trp166, Pro167). 

 

Figure 4.20: Two additional binding sites of OR4, with both (-)-borneol interacting via hydrogen 

bonds (red) with Leu154 and Arg61, and (S)-cis-verbenol interacting with Lys153. 

The critical aromatic binding site (Phe53, Phe83, His161 and Trp166), in addition to the other 

key residues identified (Lys153, Leu154 and EL2) are all high conserved across OR4 and OR4-

like proteins in aphid species. All except Phe53, at 50% conservation, and Phe83, at 87.5 %, 

are 100% conserved across the corresponding proteins in different eight aphid species 

(Figure 4.21). One hypothesis for this high conservation is that many aphid species feed on 

the same or similar host plants and so would be expected to detect the same volatile 
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compounds. The most divergent protein was for the species Sipha flava and Melanaphis 

sacchari, two species which utilise the same host plant, Poaceae or grasses.179,180 The proline 

found in A. pisum OR4 at position 167 is highly conserved across many insect odorant 

receptors, and is predicted to be important for binding of ligands to ORs, often forming part 

of a much larger, well-defined binding site.166 For OR4, Pro-167 forms part of one of the 

predicted binding sites and can be found on extra cellular loop 2.  

Figure 4.21: The conserved binding site of OR4, with key residues marked with asterisks (*). 

In addition to the electrophysiologically active plant volatiles, a range of other compounds 

were screened against OR4. This included the aphid sex pheromone components, 

(4aS,7S,7aR)-nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5 (Table 4.7). OR4 had 

predicted interactions with both the sex pheromone components, with (1R,4aS,7S,7aR)-

nepetalactol 5 binding with a particularly low Ki of 1.8 µM. These predicted interactions 

suggest OR4 is a broadly tuned receptor with limited specificity. Studies observing these 

interactions in vitro have not yet been conducted, but these OR4 screening results could be 

used to direct mutagenesis experiments. Furthermore, the presence of multiple binding sites 

in OR4 suggests that binding site location may be more critical than the specific kinetics; the 

three compounds with the highest response levels were all predicted to bind in the same 

site. 
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Table 4.7: Binding energy and inhibition constants for the interactions of the functionalised odorant 

receptors from A. pisum (ORCO, OR4, OR5) with a variety of ligands. 

Ligand Ki Binding Energy (kcal mol-1) 

ORCO 

VUAA1 50 12 nM -10 

OR4 

4-ethylacetophenone 1.1 µM -8.1 

salicylaldehyde 4.4 µM -7.3 

4-ethylbenzaldehyde 3.7 µM -7.4 

3-vinylbenzaldehyde 3.3 µM -7.5 

(1S)-(-)-verbenone 29 µM -6.2 

(S)-cis-verbenol 2.9 µM -7.6 

(-)-borneol 14 µM -6.6 

(1R)-(-)-myrtenal. 79 µM -5.6 

VUAA1 50 1.0 µM -8.2 

(1R,4aS,7S,7aR)-nepetalactol 5 6.2 µM -7.1 

(4aS,7S,7aR)-nepetalactone 6 1.8 µM -7.9 

OR5 

(E)-β-farnesene 17 2.6 µM -7.6 

Geranyl acetate 19 µM -6.4 

(S)-Germacrene D 25 2.1 µM -7.8 

(1R,4E,9S)-caryophyllene 26 1.2 µM -8.1 

VUAA1 50 2.6 µM -7.6 

 

The aphid alarm pheromone, EBF 17, has a repellent behavioural effect on aphids. OR5 has 

been shown to be critical in alarm pheromone perception in A. pisum.99 In addition to 17, 

OR5 has a high electrophysiological response to geranyl acetate, a behaviourally repellent 

compound.99 It has been suggested that screening of OR5 could be used to identify and 

characterise potentially novel repellent compounds for pest control.99 

An interaction between OR5 and EBF 17 was predicted with a low energy (Ki of 2.6 µM) and 

a strong interaction (-7.6 kcal mol-1). Four key residues have been identified as being critical 

in this interaction His168, Tyr157, Tyr243 and Phe239 (Figure 4.22). EBF 17 appeared to bind 

in an electron rich site. This interaction comprises of mainly hydrophobic interactions, in 

addition to π-π interactions of the unsaturated bonds in EBF 17, as seen between the various 

unsaturated bonds and three aromatic residues (Tyr157, Phe239, Tyr243) and His168. The 
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tightest of these interactions appears to be between Tyr157 and the two terminal 

unsaturated bonds of EBF 17. Additionally, geranyl acetate (GA) was screened due to the 

observed electrophysiological activity of this compound.99 GA was seen have a weaker 

interaction with OR5 (-6.44 kcal mol-1) but bound in a similar site and also presented a 

potential  π-π interaction with His168, in addition to some weaker interactions with residues 

Phe139 and His134. 

 

Figure 4.22: The aromatic binding site, Tyr157, His168, Phe239 and Tyr243 of OR5, with the 

predicted π-π interactions (black) with (E)-β-farnesene 17 shown. 

Other aphid semiochemicals were screened, including (S)-germacrene D 25 (SGD), a known 

repellent compound, and (1R,4E,9S)-caryophyllene 26, a compound that is biosynthetically 

similar to EBF 17 and known to be an inhibitor of alarm pheromone response.181 Both these 

semiochemicals were predicted to bind with similar energy (SGD 25 -7.8 kcal mol-1 and 

(1R,4E,9S)-caryophyllene 26 at -8.1 kcal mol-1) to EBF 17, however, did not appear to fit within 

in the same predicted pocket. These two compounds were shown to have no 

electrophysiological activity with OR5.99 This conflicting result may demonstrate that the 

specific binding site of ligands may be more critical for receptor function than specific binding 

energy. OBP3 and OBP7 have also been shown to be critical in the perception of both EBF 17 

and GA99, and this may play a role in why some compounds are seen to be 

electrophysiologically active over others. 

The closest ORs from other aphid species to A. pisum OR5 are M. persicae OR43b-like and A. 

gossypii OR43b-like. The binding site of EBF 17, including residues Tyr157, His168, Phe239 

and Tyr243, is conserved across all three receptors (Figure 4.23). As both M. persicae and A. 
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gossypii both utilise the alarm pheromone EBF 17 182,183, it is likely that the OR43b-like 

receptors are involved in its perception in these species. 

 

Figure 4.23: The conserved binding site of OR5, with key residues marked with asterisks (*). 

In addition to previously functionalised receptors, six highly conserved deorphanized 

receptors (OR2, OR10, OR17, OR20, OR22c, OR39) were modelled and screened for activity 

with the aphid sex pheromone components [(1R,4aS,7S,7aR)-nepetalactol 5 and 

(4aS,7S,7aR)-nepetalactone 6] and their respective, non-naturally occurring enantiomers 

[(1S,4aR,7R,7aS)-nepetalactol 32 and (4aR,7R,7aS)-nepetalactone 33] (Table 4.8). Little is 

understood about how sex pheromone components are perceived; in particular how 

enantiomeric discrimination occurs. 

Table 4.8: Binding energy for the interactions of the deorphanized, highly conserved odorant 

receptors (OR2, OR10, OR17, OR20, OR22c, OR39) with the aphid sex pheromone components and 

respective enantiomers. The values highlighted in bold represent the lowest energy interaction for 

that ligand. 

Ligand Binding Energy (kcal mol-1) 

OR2 OR10 OR17 OR20 OR22c OR39 

(4aS,7S,7aR)-nepetalactone 6 -6.8 -7.0 -7.2 -7.3 -6.9 -6.7 

(1R,4aS,7S,7aR)-nepetalactol 5 -6.8 -6.3 -7.2 -7.3 -6.8 -6.3 

(4aR,7R,7aS)-nepetalactone 33 -6.8 -6.8 -7.3 -7.4 -6.8 -6.7 

(1S,4aR,7R,7aS)-nepetalactol 32 -6.8 -6.7 -7.4 -7.2 -6.5 -6.7 

 

Of all the receptors, OR17 and OR20 showed the highest affinity interaction with the sex 

pheromone components. Unfortunately, no enantiomeric discrimination was seen based on 

binding affinity alone, and for five out of the six screened receptors both the natural and non-

natural enantiomers bound in the same site. When binding with OR2, naturally occurring 

nepetalactol/lactone and their respective enantiomers bound in different sites (Figure 4.24). 

In particular, the natural lactol (1R,4aS,7S,7aR)-nepetalactol 5 formed a polar hydrogen bond 

with Met80, whereas no polar contacts were seen between OR2 and (1S,4aR,7R,7aS)-
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nepetalactol 32 with Asp161. This may indicate a discriminatory ability of OR2, further 

demonstrating that the binding site is critical in determining activity. 

Figure 4.24: (i) The predicted hydrogen bonding (red) of (1R,4aS,7S,7aR)-nepetalactol 5 with Met80; 

(ii) Both (1R,4aS,7S,7aR)-nepetalactol 5 (green) (1S,4aR,7R,7aS)-nepetalactol 32 (blue) with OR2 

(pink). 

Future work is required to evaluate electrophysiological activity of these specific receptors, 

in addition to knockdown or knockout studies. Advances in molecular techniques, particularly 

the advent of CRISPR/Cas9, may allow for these genes to be entirely knocked out of aphids 

or placed into model species to determine activity.  

 

4.3 CONCLUSIONS 

In summary, OBPs and ORs from the pea aphid, A. pisum, were modelled and screened 

successfully with several ligands. OBP6 was predicted to have strong binding affinity to the 

aphid sex pheromone components, both the biologically active enantiomers and the inactive 

enantiomers. When this interaction was further investigated, a key residue, Phe208, was 

identified. Furthermore, screening of analogues of the sex pheromone component predicted 

a highly potent analogue that may be used in future pest management strategies.  

Nine ORs from A. pisum have been modelled and ligand-docking studies conducted. The 

binding sites of VUAA1 50 in ORCO, EBF 17 (the alarm pheromone) and geranyl acetate with 

OR5 and various plant volatiles with OR4 have all been predicted and described. All three 

receptors show high levels of conservation at the predicted binding site within aphid species. 

Conservation among receptors indicates closely related, if not identical, olfactory function. 

(i) (ii) 
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It is clear from these results that binding affinity and energy is not the only factor that can be 

evaluated in a computational screen to determine subsequent biological roles and activities 

of specific receptors and receptor/ligand combinations. The mode-of-action of insect ORs is 

not yet fully understood, and how these receptors are activated may be understood by 

observing key binding residues. Computation screens can be confirmed by in vitro work, 

particularly by mutagenesis of predicted binding sites. 

Predicted interactions of the OBPs, particularly the interactions of OBP6, will be investigated 

further in this thesis via in vitro ligand-binding assays. These will include fluorescence, mass 

spectrometry and nuclear magnetic resonance techniques. Future work in ORs should test 

the viability of screened receptor-ligand combinations, taking into consideration binding site 

specifics. Furthermore, significantly more work is required in determining the 3D-structures 

and stoichiometry of ORs and the OR/ORCO complex. The availability of one single structure, 

A. bakeri ORCO, has significantly increased modelling potential for these receptors, and 

subsequent models will be critical in understanding this complex and dynamic system in 

insects. 
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Chapter 5: Fluorescence Based Assays of A. pisum 

Odorant-Binding Proteins and Interactions with 

Ligands 

5.1 INTRODUCTION 

In the field of insect olfaction, ligand-binding studies between odorant-binding proteins and 

ligands are often conducted using fluorescence-based assays.184 Fluorescence is a 

photochemical process, where an electron in an excited state loses energy by a form of 

radiative emission, producing a specific wavelength of light (Figure 5.1).  

 

Figure 5.1: Jablonski diagram showing fluorescence. When electrons in fluorescence-active 

molecules (fluorophores) are excited by particular wavelengths of light, they are excited from the 

ground state to a higher energy level (blue). The electrons then relax by a combination of non-

radiative emission (orange) and fluorescence (green), which emits at a specific wavelength photon 

differing from the excitation wavelength. 

In fluorescent binding studies, the changing fluorescence of a specific fluorophore, such as 

the fluorescent amino acid tryptophan 54 or an introduced fluorescent probe, is monitored 

and used to calculate associated binding kinetics, such as the dissociation constant (KD).102,184 

Fluorescence requires a fluorophore – a fluorescent chemical compound that can be excited 

and will subsequently re-emit light (Figure 5.1). Fluorophores (Figure 5.2) generally have an 

abundance of conjugated bonds, and can be synthetic, such as N-phenylnapthalen-1-amine 

51 (1-NPN) and 8-anilino-1-napthalenesulfonic acid 52 (1,8-ANS), or biological, such as an 

intrinsic amino acid. In addition to tryptophan 54, and another aromatic amino acid, tyrosine 

53, demonstrates fluorescent properties.185 There are many forms of fluorescent protein-

ligand binding assays that can be used for olfactory proteins, though generally a synthetic 

fluorophore is used in a titration and competitive inhibition-type assay.102,114,125,186 The 
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fluorescence of intrinsic tryptophan 54 can be utilised, although tryptophan 54 is not a 

particularly common amino acid and is not present in all odorant-binding proteins (OBPs). 

Tryptophan’s fluorescent properties exist as a result of the delocalised electrons in the 

connected indole ring system, and it is more sensitive to small environmental changes than 

tyrosine 53.185,187 

 

Figure 5.2: Synthetic fluorophores, N-phenylnapthalen-1-amine 51 (1-NPN) or 8-anilino-1-

napthalenesulfonic acid 52 (1,8-ANS) and fluorescence amino acids, tyrosine 53 and tryptophan 54. 

Standard fluorescent probe assays to study the interaction between insect OBPs and their 

respective ligands are all generally performed using a standard method involving the 

fluorescent probe 1-NPN 51.105,112,118,125 However, this method does not work for all protein-

ligand interactions and care should be taken when using it. Results can vary based on the 

choice of fluorescent ligand, and often fluorescence results do not correlate with structural 

and behavioural data.186,188,189 The traditional approach to fluorescence assays relies on 

several assumptions. Firstly, an assumption is made that the fluorescent probe binds with 

the OBP. Fluorophores such as 1-NPN 51 are insoluble in aqueous conditions at ‘high’ 

concentrations (approximately 16 µM), often resulting in a false binding curve when titrated 

against the protein. Almost all reported use of 1-NPN 51 include a titration to a higher 

concentration than 16 µM. In addition, titration of the fluorescent ligand into the protein 

produces often unreliable and illogical kinetic data, if the assay is not well designed or the 

correct assay to use in the specific scenario.190 Though some 1-NPN 51 will be solubilised by 

binding to the protein, this is highly dependent on both the protein concentration and 

binding affinity of 1-NPN 51 to the specific protein. There are many examples of this 

unreliable binding curve calculation in the literature relating to OBPs.102,125,186,191,192 To 

overcome this issue, alternative fluorescent probes, such as 1,8-ANS 52 that have a greater 

aqueous solubility could be used.186,188  

      51                                                               52 

 

 

53                                                                 54 
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Secondly, it is assumed that the fluorescent probe and the ligand of interest bind in the same 

protein site (competitive binding). Quenching of fluorescence, resulting from non-specific 

binding or weak interactions between the fluorescent probe and the protein, may easily be 

mistaken for competitive binding.188 As ligand is titrated into the protein-fluorescent probe 

complex, a change in fluorescence can be seen, usually a decrease in intensity and a shift in 

wavelength.193 To ensure a true competitive binding, the assay can be inverted and 1-NPN 

51 can be titrated into a protein-ligand complex. In Murphy et al., 2013188, a shift is seen 

when 1-NPN 51 is titrated into AgamOBP22 with varying concentrations of citronellol. 

However, 1-NPN 51 fluorescence does not vary with any of the other ligands as their 

concentrations vary. This suggests that although it may initially appear that AgamOBP22 

interacts with only citronellol, citronellol is actually the only ligand that can competitively 

displace 1-NPN 51. When another fluorescent probe, 1,8-ANS 52, is used, many other ligands 

show binding activity.188 Although 1-NPN 51 is used prolifically through the literature, it has 

many drawbacks, many of which have been addressed in a small number of studies by the 

use of alternative probe or the use of intrinsic fluorescence.115,186,190  

The use of intrinsic fluorescence removes the need for an introduced fluorescent probe 

completely.185 By monitoring the change in the fluorescence of an amino acid, such as 

tryptophan 54, direct interactions with the protein can be observed. There are still limitations 

to this method, namely the protein must contain a fluorescent amino acid residue, and this 

residue must also be in a position where binding will induce an environmental change.  

Practically, this often requires the fluorescent residue to be either within the binding site or 

relatively close.  

A combination of intrinsic fluorescence and a fluorescent probe, such as 1-NPN 51, has been 

used before to study OBP-ligand interactions.115 However, the best approach to these 

fluorescence assays is to take into consideration each method, including the use of different 

fluorophores, and accounting for their limitations, and to use multiple methods to determine 

the most accurate result. 

Overall, fluorescence assays are useful for initial screening of ligands with proteins for 

activity, being relatively quick and simple to perform, providing essential thermodynamic 

data. However, fluorescence and other techniques that focus on the kinetic and 

thermodynamic properties of the binding interaction, generally require high concentration 

and high purity proteins.194 They also provide little information about the intricacies of the 

interaction that occurs when the ligand binds, including which amino acids are involved. 
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Alternative techniques, which provide more detailed information about interactions, include 

the use of mass spectrometry and nuclear magnetic resonance (NMR) spectroscopy. 194,195 

In this chapter, fluorescence assays are used to assess the interactions of odorant-binding 

proteins with pheromone components. By using in silico data (Chapter 4) to direct screening, 

predicted interactions will be tested. Fluorescence will be used to provide the first in vitro 

results of the binding and potential enantiomeric discrimination of the sex pheromone 

components. 

 

5.2 RESULTS & DISCUSSION 

5.2.1 Binding of Fluorescent Probe 1-NPN 

Two Acyrthosiphon pisum odorant binding proteins were selected for fluorescence-based 

assays – OBP6 and OBP9. OBP6 was selected due to its predicted binding activity with the sex 

pheromone components from in silico studies (Chapter 4), whereas OBP9 was chosen as a 

protein which appeared to have no predicted binding activity with sex pheromone 

components, to act as a negative control. Furthermore, both proteins contain tryptophan 54 

residues and therefore have intrinsic fluorescence, with one Trp residue found in OBP9 and 

three in OBP6.  

Initially, binding assays were conducted to determine whether each protein bound with the 

fluorescent probe 1-NPN 51. This probe is traditionally used in competitive binding studies 

with OBPs, where the fluorescence of 1-NPN 51 is monitored to determine whether it can be 

displaced by the ligands of interest. Not all OBPs bind to 1-NPN 51, and therefore other 

fluorescent probes, such as 1,8-ANS 52 may also be used.188 

1-NPN 51 is excited at 337 nm and fluoresces at approximately 460 nm. To generate an initial 

saturation curve, 1-NPN 51 was titrated into 25 mM Tris and 2 µM protein in 25 mM Tris to 

final concentrations of 0-16 µM. The fluorescence emission (across 390-600 nm) at excitation 

of 337 nm was recorded (Figure 5.3). 
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Figure 5.3: Titration of 1-NPN 51 into both 25 mM Tris (black) 2 µM protein in 25 mM Tris (red). The 

fluorescence intensity increases as 1-NPN 51 is titrated in to either sample; OBP6 (i), where 

fluorescence intensity increases but is slightly quenched, and OBP9 (ii), where fluorescence intensity 

increases but is significantly quenched and shifted to a lower wavelength. 

The fluorescence of 1-NPN 51 (Figure 5.3; black) reduced in intensity, or was quenched, by 

the presence of the protein (Figure 5.3; red). For OBP6, a simple quench was observed; the 

emission wavelengths remained consistent and no shift was observed. This suggests that 1-

NPN 51 does not bind with OBP6 directly, but a small or weak interaction occurs by which 

the fluorescence of the probe is quenched. When 1-NPN 51 is titrated into a solution of OBP9, 

the fluorescence is not only significantly quenched, but is shifted to approximately 405 nm 

(Figure 5.3 (ii)). This blue shift has been previously reported for interactions of OBPs and 1-

NPN 51.118 The quench and blue shift are likely due to interactions with the fluorescent 

residues of OBP9. This shift occurs if 1-NPN 51 binds in close proximity to a fluorescent 

residue; a Förster resonance energy transfer (FRET; Figure 5.4) can occur between the two 

fluorophores, resulting in a new peak with shifted emission.  

 

Figure 5.4: Förster resonance energy transfer (FRET; red) Jablonski diagram. Electrons are excited 

from their ground state (blue), however, the energy emitted from the ‘donor’ fluorophore is 

transferred to an ‘acceptor’ fluorophore, where it excites a different electron. This fluorophore then 

releases the energy by emitting a photo of a specific energy (green). 

(i) (ii) 
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This titration demonstrates the interaction of OBP9 with 1-NPN 51. A saturation curve can 

be generated and the KD of 1-NPN 51 to OBP9 calculated by observing the relative increase 

in fluorescence at 405 nm (Figure 5.5). 
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Figure 5.5: (i) The binding curve of 1-NPN 51 with OBP9. 1-NPN 51 is calculated to have a KD of 13.59 

± 1.58 µM from this binding curve; (ii) Scatchard Plot, generated from the calculate Bmax and KD 

values. 

From this assay, the binding affinity, or KD, of 1-NPN 51 to OBP9 was calculated to be 13.59 

± 1.58 µM, a weak binding interaction. The KD represents the concentration of ligand at which 

half of the protein is saturated and is calculated by the following equation, via a non-linear 

regression analysis: 

𝑦 =  
𝐵𝑚𝑎𝑥 ∗ 𝑥

𝐾𝐷 + 𝑥
 

The binding curve for OBP9 and 1-NPN 51 did not appear to reach saturation and gave a KD 

which is close the maximum concentration that was titrated into the protein; the KD from this 

specific assay is unlikely to be accurate. OBP6 did not appear to bind with 1-NPN 51; although 

this method has been utilised in many previous binding studies, including with A. pisum OBP3 

and OBP7102, it is clear that it will not work for all OBPs. However, it should be possible to 

undertake competitive binding assays with OBP9. 

Binding of insect OBPs and ligands can also be assessed by monitoring changes in the 

tryptophan 54 residue fluorescence. Intrinsic fluorescence can be observed either alone, with 

no fluorescent probes or ligands being introduced, or in a competitive binding assay similar 

to the 337 nm excitation assay. Tryptophan 54 can be excited at 280 nm and will emit with a 

maximum at approximately 330 nm. The tryptophan 54 residue fluorescence of OBP6 and 

OBP9 at 2 µM in 25 mM Tris was recorded (Figure 5.6).  



Chapter 5: Fluorescence Assays 

96 
 

300 350 400
0

100

200

300

400

wavelength / nm

F
lu

o
re

s
c

e
n

c
e

 I
n

te
n

s
it

y OBP9

OBP6

Tris

 

Figure 5.6: Tryptophan 54 fluorescence (excitation 280 nm) of 25 mM Tris (black) and 1 µM OBP6 

(red) or OBP9 (blue) in 25 mM Tris. 

The recorded intensity of OBP6 at an excitation of 280 nm was higher than OBP9 due to the 

number of fluorescent tryptophan 54 residues found in each protein. OBP9 also had a slightly 

shifted peak, demonstrating the effects a different positioning of the Trp residue within the 

protein can have. From in silico models (Chapter 4), the Trp residues of OBP6 were observed 

to be within the general binding pocket of the protein and buried deep within the 3-

dimensional structure whereas in OBP9 the Trp residue is closer to the surface of the protein. 

As with the assays at 337 nm, 1-NPN 51 can be titrated into the protein to determine whether 

binding is observed. Observing saturation of insect OBPs with 1-NPN 51 and tryptophan 54 

has previously been reported to provide a new peak in the fluorescence at approximately 

395 nm115, and a subsequent decrease in fluorescence at 330 nm – this is seen for both OBP6 

and 9 (Figure 5.7). The peak at 395 nm occurs due to a resonance energy transfer from the 

tryptophan 54 to the 1-NPN 51.115  
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Figure 5.7: Tryptophan 54 fluorescence (280 nm excitation) of proteins with a titration of 1-NPN 51 

to final concentrations of 0-16 µM with 0 µM 1-NPN in red and 16 µM 1-NPN in black. 

Interestingly, the observation of this small peak at 395 nm and corresponding decrease at 

330 nm in the tryptophan fluorescence of OBP6 suggests a weak binding of 1-NPN 51 to 

OBP6, not previously seen in the 337 nm fluorescence results. This may be due to weak 

binding of 1-NPN 51 with only one of the three tryptophan 54 residues, presumably the one 

located in the putative binding pocket highlighted in Chapter 4. In contrast, OBP9 has a strong 

binding interaction with 1-NPN 51 resulting in a dramatic increase in fluorescence at 395 nm. 

For both proteins, a small increase is observed at 340 nm. This relates to the quenching of 1-

NPN 51 by the tryptophan 54 residue, as observed in the 337 nm assay (Figure 5.3). The 

comparison of these two proteins (Figure 5.8) demonstrates how weak and insignificant the 

interaction between 1-NPN 51 and OBP6 is in comparison to the interaction between 1-NPN 

51 and OBP9. 
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Figure 5.8: Comparison of tryptophan 54 interactions with 1-NPN 51 at 280 nm excitation. OBP9 

(red) shows a significant increase in fluorescence at 395 nm – representing the interaction between 

1-NPN 51 and Trp – compared to OBP6 (black). Both proteins display minor changes at 340 nm. The 

binding affinity (KD) of 1-NPN 51 to OBP9 was calculated as 1.80 ± 0.72 µM. 

The binding affinity of 1-NPN 51 to OBP9 was calculated, as in Figure 5.5, to be 1.80 ± 0.72 

µM. This is a significant contrast from the results reported with the 337 nm fluorescence 

assay (KD = 13.59 ± 1.58 µM). From this assay, it appears that 1-NPN 51 is a significantly 

stronger binder with OBP9 than from the 337 nm assays. As previously stated, fluorescence 

assays are notoriously unreliable with 1-NPN 51 as the fluorescence probe. It is clear that an 

assay based on the 337 nm excitation of 1-NPN 51 is not ideal for use with either of these 

proteins. For this preliminary calculation, only one repetition was completed (Figure 5.8). 

The results of this assay complicate potential future experiment ideas. A competitive 

displacement assay using 1-NPN 51 could be used for OBP9, whereas a simple, competition 

free assay for OBP6 may be more appropriate. However, for comparable results, the same 

assay conditions should be used for each protein. As 1-NPN 51 appears to only bind weakly 

with OBP6, its presence in an assay may have negligible effect on the subsequent binding 
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results. To confirm this, preliminary binding assays were performed between OBP9 and 

(4aS,7S,7aR)-nepetalactone 6, in addition to OBP6 with both (4aS,7S,7aR)-nepetalactone 6 

and (E)-β-farnesene 17 (EBF). These assays observed the intrinsic fluorescence of tryptophan 

54, and two versions of the assay were performed – with and without 1-NPN 51 present in 

stoichiometric quantities (2 µM 1-NPN for 2 µM protein) (Figure 5.9; Table 5.1). 
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Figure 5.9: (i) Comparative preliminary binding assays of OBP6 in 25 mM Tris with (4aS,7S,7aR)-

nepetalactone 6 and (E)-β-farnesene 17 and OBP9 in 25 mM Tris with (4aS,7S,7aR)-nepetalactone 6, 

both with (black/grey) and without (red) an equivalent concentration of 1-NPN 51 present; (ii) a 

comparison of the preliminary calculated KD’s from the assay. 

Table 5.1:  Comparison of calculated KD’s from different preliminary binding assays with OBP6 and 

OBP9, both in 25 mM Tris. 

Ligand Protein KD / µM 

No 1-NPN With 2 µM 1-NPN 

(4aS,7S,7aR)-nepetalactone 6 OBP6 1.55 ± 0.53 1.06 ± 0.53 

OBP9 4.76 ± 18.08 9.15 ± 2.69 

(E)-β-farnesene 17 OBP6 11.53 ± 6.93 11.14 ± 5.61 
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When titrated with a ligand, the fluorescence intensity of the tryptophan 54 in OBP6 

increased due to the ligand binding close to the Trp residue(s) and inducing changes in its 

environment. When OBP9 was titrated with a ligand with no 1-NPN 51 present, no change to 

the Trp fluorescence could be seen in comparison to an assay with 1-NPN 51. No clear 

differences were observed between the two preliminary binding assays for OBP6; therefore, 

it was decided the presence of 1-NPN 51 would have negligible effect of the final binding 

assays to be conducted. For OBP9, the assay without the presence of 1-NPN 51 resulted in 

an unusable binding curve and a significant error on the calculated KD, whereas an assay with 

1-NPN 51 gave comparable results to OBP6. This is likely due to the much lower intensity of 

tryptophan 54 in OBP9 and its placement away from the binding pocket; the binding of a 

non-fluorescent ligand has limited effect on the electronic environment of Trp. 1-NPN 51 has 

a significantly higher effect on Trp fluorescence in contrast, due to its own fluorescence. The 

large error for the value of OBP9 occurs due to the calculation of KD being made from an 

inaccurate binding curve, which was almost a straight line. The displacement of 1-NPN 51 will 

result, in theory, in the decrease of 395 nm fluorescence and potentially an increase in the 

fluorescence at 340 nm. 

5.2.2 Ligand Binding Assays with 1-NPN 

The observations of 1-NPN 51 binding with OBP6 and OBP9 complicate the options for 

binding studies, so to keep the experimental approach consistent an assay including 1-NPN 

51 but observing tryptophan fluorescence was chosen. For OBP6, the presence of 1-NPN 51 

had no effect on the subsequent calculated KDs, whereas 1-NPN 51 was required to conduct 

the assays with OBP9 (Figure 5.9). 

To conduct the final assay, 2 µM of the proteins in 25 mM Tris was incubated with 2 µM 1-

NPN 51. Each ligand was then titrated into the mixture to final concentrations of 0-20 µM. 

Initially, OBP6 was titrated with the sex pheromone components, their respective 

enantiomers, alarm pheromone and plant volatile (R/S)-linalool. The fluorescence was 

measured from 290-400 nm after excitation at 280 nm (Figure 5.10). 
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Figure 5.10: Tryptophan 54 fluorescence of OBP6 at 2 µM with 2 µM 1-NPN 51 titrated with various 

ligands to final concentrations of 0-22 µM. The lowest concentration of each ligand (0 µM) can be 

seen in red and the highest concentration (22 µM) in black. For each ligand, only one data set is 

presented for clarity. 

An increase in fluorescence intensity at 340 nm was observed and the relative intensity 

plotted as a binding curve from which KD values could be calculated (Figure 5.11). 
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Figure 5.11: (i) Binding curves of OBP6 with the aphid sex pheromone components (black) and their 

respective enantiomers (red); (ii) Binding curves of OBP6 with the aphid alarm pheromone (blue) and 

linalool (purple); (iii) Calculated KD values of OBP6 with various ligands. 

Each ligand bound with OBP6, though a variety of binding affinities were observed (Figure 

5.11, (iii)). The calculated KD values from the fluorescence study were very close to the 

predicted values from in silico data (Table 5.1), suggesting that the model and predicted 

binding site were accurate. OBP6 was observed to bind the sex pheromone components with 

a much higher affinity versus the other tested ligands. The major difference between the two 

data sets was that in the in silico data, (4aS,7S,7aR)-nepetalactone 6 had the lowest affinity 

of all the sex pheromone components – the opposite is true from the in vitro tests. 

 

 

 

 

(iii) 
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Table 5.2: The calculated KD values for OBP6 and various ligands from fluorescent binding studies 

versus the predicted KDs from in silico testing. 

*For in silico (R)-linalool is reported, for fluorescence (R/S)-linalool is reported 

Ligand In silico KD / 

µM 

Fluorescence KD / µM 

(1R,4aS,7S,7aR)-nepetalactol 5 2.4 2.62 ± 0.63 

(4aS,7S,7aR)-nepetalactone 6 3.1 1.30 ± 0.60 

(1S,4aR,7R,7aS)-nepetalactol 32 2.3 2.65 ± 0.80 

(4aR,7R,7aS)-nepetalactone 33 2.7 4.37 ± 0.81 

(E)-β-farnesene 17 12 10.12 ± 2.88 

Linalool* 14 8.95 ± 3.71 

 

Presently, no ligand-binding activity has been reported in the literature for OBP6 in aphids, 

despite OBP6, one of only two Plus-C OBPs found in aphids, being responsible for the second 

most abundant OBP mRNA in aphid antennae.75 It is also a large OBP at 215 residues; it has 

been suggested that larger OBPs may have a longer C-terminal region, which can contribute 

to a conformational change by folding into the binding pocket when a ligand is bound.77,102,132 

These studies suggest that OBP6 is responsible for binding the aphid sex pheromone 

components and respective enantiomers. The binding affinities calculated from these assays 

suggest a relatively strong binding affinity between the sex pheromone components and 

OBP6, compared to many OBP-ligand interactions; the initial binding data for the 

discrimination of the aphid alarm pheromone, EBF 17 with OBP3 described a weaker 

interaction (a KD of approximately 6 µM) than observed between OBP6 and the sex 

pheromone components here.102 Initial statistical analysis with a weighted analysis of 

variance (ANOVA), shows a significant difference between the KD of each sex pheromone 

components, their corresponding enantiomers and the alternative ligands, EBF 17 and (R/S)-

linalool (Figure 5.11; 8.4.3, Table 8.11). From initial analysis, no statistically significant 

difference was observed between the pairs of enantiomers, however, the KD of naturally 

occurring (4aS,7S,7aR)-nepetalactone 6 appeared lower than it’s respective enantiomer 

(4aR,7R,7aS)-nepetalactone 33 at initial glance (Figure 5.11; Table 5.1). An analysis, via a 

weighted t-test, of the differences between the KD values for these enantiomers isolated from 

the data for all ligands gives a significant difference with a p-value < 0.001. Traditionally, 

statistical analysis of fluorescence data is rarely performed in the literature before a 

conclusion about the binding activity of a protein is reached.102,125,186,191,192,196 This may be due 

to the difficulty in accounting for the associated errors from calculating KD via the non-linear 
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regression analysis test – in this case a weighted approach was taken (8.4.3) – however, it is 

more likely due to the nature of the study and OBPs themselves. OBPs are notoriously 

promiscuous binders112, and it is therefore unlikely a significantly weak binder will be 

observed, rather ligands that bind with a range of affinities. Additionally, fluorescence is a 

technique that relies on a high level of precision to avoid errors, including ensuring the 

sample is completely absent of light during measurements, the excitation wavelength is 

accurate and conducting the assay swiftly with consistent timings and temperatures.  

Ligands with a weaker binding affinity to the protein appeared to have a much bigger range 

of observed fluorescence intensities and therefore larger errors on the final KD value. Weak 

binding activity will cause the ligand to bind and release frequently over the course of the 

fluorescence measurements. Furthermore, EBF 17 has previously been shown to exhibit 

unusual binding activity due to its ability to form micelles around the fluorescent probe 1-

NPN 51.102 

OBP9 was tested in an identical assay to OBP6 against the same ligands, with the exception 

of the ligand (R/S)-linalool; OBP9 was titrated with the sex pheromone components, their 

respective enantiomers and the alarm pheromone (Figure 5.12). 
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Figure 5.12: Tryptophan 54 fluorescence of OBP9 at 2 µM with 2 µM 1-NPN 51 titrated with various 

ligands to final concentrations of 0-22 µM. The lowest concentration of each ligand (0 µM) can be 

seen in red and the highest concentration (22 µM) in black. For each ligand, only one data set is 

presented for clarity. 

OBP9 was expected to increase in fluorescence at 340 nm and decrease in fluorescence at 

395 nm, as 1-NPN 51 is out-competed by the ligand. However, though an increase was seen 
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at 340 nm in most cases, no decrease in fluorescence at 395 nm was observed. OBP9 has a 

strong binding affinity to 1-NPN 51, it is reasonable that these ligands may not have been 

able to competitively displace 1-NPN 51. The fluorescence intensity at 395 nm appeared to 

increase as the ligand was titrated in – this could be linked to a quenching or the formation 

of micelles in the case of EBF 17. This result is consistent with the observed in silico results 

(Table 5.2), where OBP9 had very weak predicted affinities to all the ligands of interest. 

Table 5.3: The calculated KD values for OBP9 and various ligands from fluorescent binding studies 

versus the predicted KDs from in silico testing. 

Ligand In silico KD / µM Fluorescence KD / µM 

(1R,4aS,7S,7aR)-nepetalactol 5 130 5.74 ± 1.71 

(4aS,7S,7aR)-nepetalactone 6 57 6.49 ± 1.58 

(1S,4aR,7R,7aS)-nepetalactol 32 97 6.29 ± 1.99 

(4aR,7R,7aS)-nepetalactone 33 66 9.68 ± 4.57 

(E)-β-farnesene 17 190 8.32 ± 2.67 

 

The in silico binding interactions between OBP9 and the various tested ligands have a very 

low affinity, and recorded fluorescence data contains large errors and unexpected patterns 

of fluorescence. It is unlikely that any of these calculated KD values are accurate and can be 

used for comparison.  1-NPN 51 binds with such a high affinity to OBP9, making it difficult to 

displace, and intrinsic fluorescence of OBP9 is too weak to show observable change when a 

ligand is introduced in the absence of a fluorescent probe, it may be difficult to develop an 

assay that effectively demonstrates binding with OBP9. In silico data predicted a strong 

interaction between (Z)-jasmone 30 and OBP9, with a predicted binding affinity of 2.31 µM. 

Given the success of the OBP6 binding assays, this ligand could be tested in future work. 

5.2.3 Ligand Binding Assay with 1,8-ANS 

As OBP6 did not appear to bind 1-NPN 51, a different fluorescent probe, 1,8-ANS 52, was 

used to undergo binding assays. 1,8-ANS 52 has a higher solubility and lower fluorescence 

than 1-NPN 51 and can therefore be titrated to much higher concentrations. 1,8-ANS 52 can 

be excited at 380 nm and emits with a maximum fluorescence at approximately 510 nm 

(Figure 5.13).  
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Legend: [Ligand] / µM 
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Figure 5.13: Fluorescence of 1,8-ANS 52 (excitation at 380 nm), titrated to concentrations of 0-60 

µM. 1,8-ANS 52 was titrated into 25 mM Tris, 2 µM OBP6 in 25 mM Tris and 2 µM OBP9 in 25 mM 

Tris. 

When titrated with OBP6, a blue shift to a maximum at 475 nm is seen, with a significant 

increase in fluorescence intensity. This dramatic change in fluorescence suggests that OBP6 

binds 1,8-ANS 52. Conversely, the fluorescence spectra for the titration of 1,8-ANS 52 into 

OBP9 appears to show no interaction. To confirm both these results, the fluorescence 

intensity at both 510 nm (free 1,8-ANS) and 475 nm (bound 1,8-ANS) were plotted (Figure 

5.14). Due to the high concentration of 1,8-ANS 52 used, a logarithmic curve is plotted. 
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Figure 5.14: Fluorescence intensity of 1,8-ANS 52 titration (excitation of 380 nm) into 25 mM Tris 

(grey), 2µM OBP6 in 25 mM Tris (black) and 2µM OBP9 in 25 mM Tris (red), (i) at 475 nm (ii) at 510 

nm. 

When 1,8-ANS 52 is titrated in to OBP6, an increase intensity is seen, particularly at 475 nm. 

From these results, OBP9 does not interact with 1,8-ANS 52. OBP6 appears to bind 1,8-ANS 

52 with a very low affinity; titrations were performed up to 60 µM 1,8-ANS 52, and full 

saturation was not achieved. Due to this, an accurate binding affinity could not be calculated, 

and a titration to a higher concentration of 1,8-ANS 52 is required. 1,8-ANS 52 is soluble in 

water up to 0.015 mgml-1, or approximately 50 µM.197 Although some ligand will be 

solubilised by the protein, the insolubility makes it difficult to generate binding curves at 

these levels of concentration. 

In order to test the binding activity of OBP6, a ‘reverse’ binding assay was performed.117 OBP6 

was incubated with 2 µM (4aS,7S,7aR)-nepetalactone 6, before titrating 1,8-ANS 52 into the 

mixture and measuring the change in fluorescence intensity at 475 nm (Figure 5.15). 
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Figure 5.15: (i) Fluorescence of 1,8-ANS 52 (excitation at 380 nm), titrated to concentrations of 0-60 

µM. 1,8-ANS 52 was titrated into 2 µM OBP6 with 2 µM (4aS,7S,7aR)-nepetalactone 6 in 25 mM Tris; 

(ii) Fluorescence intensity of 1,8-ANS 52 titrated into OBP6 and OBP6 with (4aS,7S,7aR)-

nepetalactone 6. 

No difference was observed between OBP6 and OBP6 incubated with (4aS,7S,7aR)-

nepetalactone 6. Though fluorescence assays explored in this chapter show that OBP6 binds 

both (4aS,7S,7aR)-nepetalactone 6 and 1,8-ANS 52, it appears that (4aS,7S,7aR)-

(i) (ii) 

(i) (ii) 
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nepetalactone 6 was unable to displace 1,8-ANS 52 in this assay. To explore this result 

further, 1,8-ANS 52 was screened against a homology model of OBP6 using AutoDock (as 

Chapter 4). The docking results show that 1,8-ANS 52 binds to OBP6 with a low affinity (Ki of 

24.70 µM), but in a completely different site to (4aS,7S,7aR)-nepetalactone 6 (Figure 5.16). 

This suggests (4aS,7S,7aR)-nepetalactone 6 was unable to displace 1,8-ANS 52 from this 

specific site, and instead bound in the active binding pocket, resulting in both ligands being 

bound to OBP6 simultaneously. 

   

Figure 5.16: (i) 1,8-ANS 52 (blue) bound to OBP6 (green, pocket purple); (ii) Both 1,8-ANS 52 (blue) 

and (4aS,7S,7aR)-nepetalactone 6 (pink) bound to OBP6 (green, pocket purple) simultaneously. 

5.2.4 Ligand Binding Assay without a Fluorescent Probe 

Due to the success of the intrinsic assay with the fluorescent probe 1-NPN 51 and OBP6, a 

probe-free fluorescent assay was used to explore OBP6-ligand binding. To conduct the 

intrinsic assay, each ligand was then titrated into a solution of OBP6 (2 µM in 25 mM Tris) to 

final concentrations of 0-20 µM. OBP6 was titrated with the sex pheromone components, 

their respective enantiomers and the alarm pheromone. The fluorescence was measured 

from 290-400 nm after excitation at 280 nm (Figure 5.17).  
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Figure 5.17: Tryptophan 54 fluorescence of OBP6 at 2 µM titrated with various ligands to final 

concentrations of 0-22 µM. The lowest concentration of each ligand (0 µM) can be seen in red and 

the highest concentration (22 µM) in black. For each ligand, only one data set is presented for clarity. 

An increase in fluorescence intensity at 340 nm was observed and the relative intensity 

plotted as a binding curve from which KD values could be calculated (Figure 5.18). 
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Figure 5.18: (i) Binding curves of OBP6 with the aphid sex pheromone components (black) and their 

respective enantiomers (red); (ii) Binding curves of OBP6 with the aphid alarm pheromone (blue) and 

linalool (purple); (iii) Calculated KD values of OBP6 with various ligands. 

As with the 1-NPN 51 fluorescent assay, (4aS,7S,7aR)-nepetalactone 6 was seen to have the 

lowest KD. However, there were no statistically significant differences observed between the 

KDs of each ligand, with the lowest p-value, 0.055, calculated for the interaction between 

(4aS,7S,7aR)-nepetalactone 6 and the other ligands. This p-value is close to a significant level 

of 95% (94.5% significance) and highlights the much lower KD observed for (4aS,7S,7aR)-
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nepetalactone 6. The assay with no fluorescent probe produced significantly higher errors 

than with 1-NPN 51. 

Overall, comparison of all the successful binding assay results (Table 5.4) show clear 

consistent trends. (4aS,7S,7aR)-Nepetalactone 6 consistently binds to OBP6 with a relatively 

high affinity (average KD of 1.56 µM), and EBF 17 with a low affinity (average KD of 12.59 µM). 

OBP9 does not appear to show any discrimination ability, and ligands which bind with a low 

affinity in general have a significantly higher associated error. Further investigation into the 

interaction of OBP6 with the sex pheromone components is required to fully explore any 

possibilities of discrimination capability of the protein between two different components or 

enantiomers. 

Table 5.4: The calculated KD values for OBP6 and OBP9 and various ligands from different binding 

assays. 

NA = not available or not measured 

Ligand OBP6 OBP9 

1-NPN Assay 

 KD / µM 

Fluorescent Probe-

Free Assay KD / µM 

1-NPN Assay KD  

/ µM 

(1R,4aS,7S,7aR)-

nepetalactol 5 

2.62 ± 0.63 12.74 ± 2.31 5.74 ± 1.71 

(4aS,7S,7aR)-

nepetalactone 6 

1.30 ± 0.60 1.90 ± 0.35 6.49 ± 1.58 

(1S,4aR,7R,7aS)-

nepetalactol 32 

2.65 ± 0.80 8.46 ± 1.62 6.29 ± 1.99 

(4aR,7R,7aS)-

nepetalactone 33 

4.37 ± 0.81 12.01 ± 4.24 9.68 ± 4.57 

(E)-β-farnesene 17 10.12 ± 2.88 34.47 ± 10.85 8.32 ± 2.67 

(R/S)-Linalool 8.95 ± 3.71 NA NA 

 

To further confirm the results of this chapter, knockdown or knockout in studies could be 

undertaken and behavioural studies subsequently performed. The removal of OBP6 may 

affect the aphid’s ability to perceive the attractive sex pheromone. Previously, knockdown 

studies were successfully performed in the pea aphid, Acyrthosiphon pisum, based on in vitro 

data on the interactions of OBP3 and OBP7.99,102,104,125 These studies demonstrated that both 

OBP3 and OBP7 were required for successful perception of the alarm pheromone, in addition 

to OR5. As with OBP3 and OBP7, OBP6 may also have a sister protein which is equally 
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responsible for the binding of the sex pheromone components, potentially adding and extra 

layer of discrimination.102,104 In silico data do not identify any other potential candidates for 

sex pheromone binding, but highly expressed proteins such as OBP8 should also be 

investigated.75 

5.2.5 Thermostability Assay 

Intrinsically fluorescent amino acids, such as tryptophan 54 and tyrosine 53, can be used to 

calculate thermostability of a protein. Tryptophan 54 (Figure 5.2) can be excited at 280 nm 

and will generally emit at 348 nm, whereas tyrosine 53 (Figure 5.2) can be excited at 275nm 

and emits at approximately 300 nm. When a fluorescent residue is observed within a protein, 

a shift in fluorescence can indicate the position within the protein has changed. Changes in 

the local electronic field, due to different surrounding amino acids and ligands, can alter the 

spread of electron density within the system, and therefore result in shifts in fluorescence 

wavelength.187 For example, in folded proteins, such as OBP6 and OBP9, a blue shift to 

approximately 330 nm is observed due to the tryptophan’s position within the tertiary 

structure of the protein, consistent with other insect OBPs and GOBPs.115 

Protein unfolding can be determined by observing the shift from emission at 330 nm for the 

folded protein to approximately 350 nm for the unfolded protein. By monitoring the ratio of 

330/350 nm fluorescence, a protein unfolding curve can be plotted and the midpoint, 

representing inflection temperature (Ti), can be calculated (Figure 5.19). The Ti can be seen 

more clearly by plotting the first derivative of the plot (Figure 5.19). 
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Figure 5.19: Thermostability assay of OBP6 monitored using fluorescence. The unfolding curve and 

first derivative of the unfolding curve can both be used to calculate the inflection temperature (Ti) to 

be 79.9 °C. 

An inflection temperature of 79.9 °C was calculated for OBP6, indicating that OBP6 unfolds 

due to temperature impacts at approximately this temperature. This is a reasonably high Ti, 
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but not unexpected for an OBP. OBPs are notoriously thermally stable due to their multiple 

disulfide bonds formed between highly conserved cysteines.101 

This form of assay could be used in future to observe ligand-binding properties of the protein 

by determining if the presence of a particular ligand thermally stabilises the thermal 

unfolding of the protein. 

 

5.3 CONCLUSIONS 

The results in this chapter suggest that OBP6 binds the sex pheromone.  There was some 

evidence to suggest that OBP6 bound naturally-occurring (4aS,7S,7aR)-nepetalactone 6 with 

a higher affinity than the other sex pheromone components, including the non-naturally 

occurring enantiomer (4aR,7R,7aS)-nepetalactone 33. The results suggest that odorant-

binding proteins may play a role in enantiomeric discrimination that has previously been 

observed in behavioural bioassays.  If odorant-binding proteins confer a conformational 

change when bound to an active ligand, the stereochemical difference between the ligands 

may result in more global changes in the protein 3-dimensional structure. If an OBP-ligand 

complex activates odorant receptors, enantiomeric discrimination by the OBPs may still be 

possible. 

Though successful ligand-binding assessment for OBP6 has been carried out, other binding-

methods are required to confirm the activity of this proteins. OBP9 has no confirmed binding 

activity from these assays – other assay types may be critical in observing any activity for this 

protein. Other ligands could also be tested in future, including other aphid semiochemicals 

and those which have shown low or no activity in previous aphid OBP binding studies, such 

as ethyl benzoate and octyl benzoate, shown to have no activity with OBP1,3 and 8 in 

previous work.102 A thermostability assay has also been performed using fluorescent 

techniques, confirming OBP6 as a thermally stable protein. 

The results of these experiments should be further explored using different techniques, 

including more intricate ligand-binding analyses in the form of mass spectrometry and 

nuclear magnetic resonance (NMR) spectroscopy.  
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Chapter 6: Alternative Techniques for the Study of A. 

pisum Odorant-Binding Protein Binding Activity 

 

6.1 INTRODUCTION 

Insect odorant-binding proteins (OBPs) and the binding of their respective ligands are usually 

studied using fluorescence-based assays (Chapter 5).102,112,117,118,186 However, other 

techniques, such as mass spectrometry and nuclear magnetic resonance (NMR) 

spectroscopy, provide more comprehensive information about binding specifics, such as key 

residue interactions, and protein structure, in addition to the kinetic data that can also be 

obtained with fluorescence.111,117,122,195,198 

Mass spectrometry, as previously introduced in Chapter 3, can be a useful tool for 

understanding not only the mass and subsequent make-up of proteins, but also their 

structure, kinetics and binding activity.122,155 Whereas mass spectra of denatured proteins 

can provide some information about a protein, native electrospray ionisation mass 

spectrometry (native-ESI) spectrometry allows for direct observation of the formation of 

protein-ligand complexes.122,123 This involves a soft ionisation mass spectrometry technique, 

where the protein remains in its native 3-dimensional structure (non-denatured).122,123 If a 

ligand is bound to the protein, data representing the protein-ligand complex will be 

observed.122,123 

Another approach for investigating protein-ligand interactions using mass spectrometry is to 

observe how the presence of a ligand stabilises the unfolding of a protein.194 There are 

multiple methods which provide the means to do this, including the Stability of Proteins by 

Rates of Oxidation (SPROX) method, developed by West et al.194 SPROX involves oxidising the 

sulfur atom of methionine residues in a protein at different stages of unfolding (Figure 6.1).194 

By observing the extent of methionine oxidations, and subsequent mass-shift in the spectra, 

the specific concentration of a denaturant at which a protein becomes unfolded can be 

measured.194 When a ligand is bound to a protein, the overall structure is stabilised resulting 

in an increase in the denaturant concentration required to fully unfold the protein. 

 

Figure 6.1: Oxidation of the sulfur atom in the amino acid methionine 
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To perform SPROX, a protein is exposed to a denaturant, such as guanidinium chloride, and 

the sulfur atoms of the methionine oxidised with hydrogen peroxide (Figure 6.1). Successful 

oxidation can be observed by the appearance of new species in the mass spectra, with the 

number of new species dependent on the number of methionines present in the protein and 

therefore number of oxidations that have occurred. For example, a protein with three 

methionines present may result in up to four species – the native protein, in addition to the 

singly, doubly, and triply oxidised protein species. From this mass spectra, an average 

number of oxidations for the protein can be calculated across different denaturant 

concentrations. The average number of oxidations will not only vary with the number of 

methionines present, but the positioning of each of these methionines in the protein; 

residues found deeper within the protein – in the binding pocket, for example – are less likely 

to be oxidised than the more exposed residues found on the protein’s surface. If methionine 

residues are present both on the surface and deep within the pocket of the protein, the 

folding or unfolding of a protein can easily be monitored by observing the average oxidation 

of the protein over a range of denaturant concentrations. 

NMR spectroscopy was initially developed to study small molecular structures. However, 

advancements in the technique have led to new applications and an ability to analyse more 

complex, macromolecular structures, including proteins. NMR spectroscopy is limited by the 

availability of NMR-active isotopes, which include 1H, 13C and 15N.199 Though 1H is highly 

abundant, both 13C and 15N have a low natural abundance – 1.1% and 0.4% respectively. Both 

small molecules and proteins can be synthesised with a higher abundance of NMR-active 

isotopes (isotopically labelled). Isotopically labelled proteins are produced by generating 

recombinant bacteria that synthesise the specific protein of interest and feeding them 

with15N or 13C-labelled media, allowing the bacteria to incorporate these isotopes into the 

final protein.199 2-Dimensional and 3-dimensional NMR spectroscopy can be performed to 

elucidate the structure of a proteins or structural changes that occur when a ligand is 

bound.111,117,193,195,198,200  . For highly soluble proteins, such as OBPs, the use of NMR to study 

structure and function appears to be a suitable method. Evidence for a conformational shift 

in insect OBPs when binding, particularly the movement of the C-terminus tail, has been 

previously observed using NMR spectroscopy.108,117,195 Though there are many different NMR 

experiments that can be performed to observe the structure and ligand binding of the 

proteins, however, most of these studies require double-labelling of the protein with NMR-

active isotopes (15N and 13C), although limited binding studies can be performed with a single 

labelled (15N) protein via 1H-15N HSQC NMR. 
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NMR techniques can be also be utilised to observe specific binding interactions between a 

ligand and protein without isotopic labelling. Saturation transfer difference (STD) is a 

technique that utilises the Nuclear Overhauser Effect (NOE) to study protein-ligand binding 

interactions (Figure 6.2).201,202 NOE occurs when a nucleus is magnetically excited, with a 

neighbouring atom at equilibrium, resulting in relaxation between the two. The coupling 

effect occurs through physical space, rather than traditionally thought of through-bound 

coupling. Therefore, the smaller the physical distance between the nuclei, the bigger the 

expected change. With regards to protein-ligand binding experiments, by selectively 

irradiating the protein, any protons from ligands close (bound) to the protein can be 

observed (Figure 6.2; (i)). By calculating the difference between an initial NMR (off-

resonance) spectrum, and a spectrum in which the sample has undergone selective 

irradiation (on-resonance), saturation transfer difference (STD) can be observed. Ligands that 

interact with the protein being affected by a saturation transfer, and appear in the final STD 

spectrum (Figure 6.2; (ii)).201  

 

Figure 6.2: Saturation transfer difference (STD) nuclear magnetic resonance (NMR) spectroscopy. (i) 

The protein is selectively irradiated, and the saturation is subsequently transferred to any bound 

ligands; (ii) Predicted NMR spectra. Two peaks appear in the STD spectra with changed intensity, 

whilst one peak (*, purple) disappears, demonstrating its lack of interaction with the protein. 

In many ligand-binding assays, the ligands bind and release freely from the protein over the 

course of the experiment. This is generally a benefit as it allows for kinetic data to be 

observed, however, for weak binders like OBPs, it can make obtaining accurate binding data 

more difficult. Furthermore, OBPs are highly soluble proteins that exist in the aqueous 

sensillum lymph of an insect antenna.101,112 If they play a role in olfaction, it may involve 
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retrieving poorly-soluble ligands from the air surrounding the insect antennae via pores and 

solubilising them into the sensillum lymph.112 By employing a biphasic assay system 

comprising of two distinct phases, i.e. aqueous and non-aqueous, the ability of OBPs to bind 

ligands across phases could be further explored. There are some limitations to this type of 

method, specifically accounting for the rate of diffusion of ligands across the layers, 

accurately monitoring changes in the amount of ligand present in each layer and choosing an 

appropriate non-aqueous layer. Gas chromatography analysis allows for the measurement 

of very low concentrations of compounds in a volatile solvent, and a method using gas 

chromatography to monitor concentration changes has been previous described. 115 

This chapter aims to explore alternative methodology for studying the interactions of insect 

OBPs and their respective ligands. Binding data from previous chapters, with specific focus 

on the elucidated interaction of OBP6 and the sex pheromone components (1R,4aS,7S,7aR)-

nepetalactol 5 and (4aS,7S,7aR)-nepetalactone 6, will be tested using a variety of different 

experiments. A range of techniques will be used including mass spectrometry, NMR 

spectroscopy and a two-phase/biphasic gas-chromatography based assay. 

 

6.2 RESULTS & DISCUSSION 

6.2.1 Stability of Proteins by Rates of Oxidation (SPROX) 

A SPROX assay was preliminarily performed with OBP9. OBP9 has six methionines, and 

oxidation of the folded and unfolded state revealed three methionines that were more easily 

oxidised, with three that required protein denaturation to be oxidised (Figure 6.3) 

          

Figure 6.3: Mass-spectra displaying one charge state (+13) of oxidised OBP9. Spectra (i) shows two 

methionine oxidations that have occurred at a denaturant concentration of 0 M, whereas (ii) shows 

that 6 oxidations have occurred at a denaturant concentration of 5 M. 

(i)                          (ii) 
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The average number of oxidations of a protein was calculated using the mass spectra by 

finding the average of the oxidations observed based on their abundance (quantified by peak 

area). The average number of oxidations was then plotted against the concentration of 

denaturant to generate an ‘unfolding’ curve, or ‘SPROX’ curve (Figure 6.4). The curve is fitted 

with a sigmoidal trend line via a non-linear regression, and the midpoint or C1/2 calculated, 

with the average number of oxidations being inversely proportional to ‘1 +

𝑒−[𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡]’.194 C1/2 represents the concentration of denaturant where approximately half 

of the protein is unfolded. 
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Figure 6.4: SPROX graph of OBP9 (concentration of denaturant, guanidinium chloride, vs average 

number of oxidations) and sigmoidal curve fitted. The midpoint (C1/2) is 3.0M guanidinium chloride, 

represented with a dashed red line. 

The C1/2 for OBP9 was calculated to be 3.0 M of guanidinium chloride. After the initial curve 

generation, changes due to the introduction of ligand were observed. The presence of ligand 

should stabilise the protein’s 3D structure, increasing the concentration of denaturant 

required to unfold to protein and subsequently shifting the curve to the right with an increase 

in C1/2. The tighter the ligand binds, the more the complex should be stabilised. SPROX curves 

can therefore be used as a measure of ligand-binding affinity, and relevant kinetic data, such 

as a ΔG for the interaction, can be calculated. 

OBP9 was tested by incubating with two different ligands, (4aS,7S,7aR)-nepetalactone 6 and 

(1R,4aS,7S,7aR)-nepetalactol 5. The mass spectra for both ligands gave unclear results (Figure 

6.5); on the addition of the ligand the noise on the spectra significantly increased, and the 

peaks for different charge states were unclear. This observation could not be explained, and 

was also seen with a variety of other protein and ligand combinations within this method.203  
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Figure 6.5: Mass spectrum of denatured OBP9 after being exposed to (4aS,7S,7aR)-nepetalactone 6 

after undergoing the SPROX experiment. Data could not be reliably interpreted due to a high number 

of peaks and high signal to noise ratio. 

The unusual observations could be due to several different factors. Firstly, the ligand may 

also be oxidised in the process. This could be avoided by using a more sulfur-directed or 

weaker oxidant than hydrogen peroxide, such as oxone or mCPBA. The messy spectra may 

also be due to interactions between the protein and ligand, and a negative control – a ligand 

which has been shown to not interact with the protein – could be introduced to determine 

whether this phenomenon occurs without binding. So far, no successful SPROX assay has 

been performed for an OBP203, but further refinement of this method is required. The SPROX 

methodology could also be useful for studying other factors that affect a protein’s stability, 

such as the mutation of specific residues, where no new species is introduced to the mixture. 

6.2.2 Native ESI Mass Spectrometry 

Following on from the unsuccessful SPROX mass spectrometry binding assay above, OBP9 

was tested for binding with the sex pheromone components using native ESI-MS. Here, softer 

ionisation conditions are used, with no denaturant is introduced, in order to produce a mass 

spectrum of the native protein. The softer ionisation techniques result in the production of 

significantly less charge states. For OBP9, two charge states (+9 and +8) were observed 

(Figure 6.6). 
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Figure 6.6: The native electrospray ionisation mass spectra (ESI-MS) of OBP9. Charge states +9 and 

+8 can be seen. 

To observe binding of the ligand, native OBP9 was incubated with (4aS,7S,7aR)-

nepetalactone 6 before injecting the complex into the mass spectrometer. This method has 

previously been utilised with OBPs from Bombyx mori to study their interaction with the sex 

pheromone bombykol, among other components.122 If successful, charge states 

representative of the mass of the complex (mass of the protein plus the mass of the ligand) 

would be observed. The mass spectrum for OBP9 and (4aS,7S,7aR)-nepetalactone 6 

appeared identical to the native protein without ligand (Figure 6.6) and no mass 

representative of a protein-ligand complex was observed. 

Other experimental results reported in Chapters 4 and 5 demonstrated that OBP9 had little 

or no interaction with the sex pheromone components of A. pisum, including (4aS,7S,7aR)-

nepetalactone 6. This may explain why no protein-ligand complex was observed in this 

experiment. Due to time constraints, OBP6 was not screened using ESI-MS, and this 

experiment should be conducted in future. 

6.2.3 Structural and Binding Studies with 2-Dimensional 1H-15N NMR  

Due to the high expense of doubly labelled proteins, OBP6 was singly labelled with 15N by 

expressing the protein in 15N-labelled minimal media for preliminary experiments. A large-

scale protein expression was performed, where the E. coli were grown to an OD600 of 0.5-0.6 

in standard LB media, after which the cells were extracted and switched to 15N-labelled 

minimal media before induction of protein expression.199 This method ensured enough 

bacterial growth was obtained quickly, while still producing labelled proteins, and has been 

shown previously the give the best yields for isotopically labelling proteins produced from E. 
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coli.199 Initially, to ensure the highest possible yield, experiments were performed with the 

His6-tags intact. The proteins were purified via a nickel affinity column (as in 3.2.3) and fast-

protein liquid-chromatography (FPLC, as in 3.2.5) to produce fractions of pure and highly 

concentrated 15N-labelled OBP6-His6 (Figure 6.7). 

 

Figure 6.7: SDS-PAGE gel displaying 15N labelled OBP6-His6 fractions after one round of nickel affinity 

purification and one round of fast-protein liquid chromatography (FPLC). From L-R protein marker A, 

protein marker B, 15N-OBP6-His6 fractions 1-5. Molecular weight (kDa) of markers from the top is 

150, 134, 100, 76, 57, 46, 32, 25, 22, 17, 11. A marker from another gel is included for clarity due to 

the poor photo quality of the SDS-PAGE of the labelled protein. 

After successful purification, samples were transferred into 9:1 H2O:D2O to a final 

concentration of 8.5 mg ml-1 (0.34 mM). This sample was then used for initial HSQC NMR 

experiments which were performed on a 600 MHz Bruker NMR spectrometer (Figure 6.8). 

  

Figure 6.8: Initial HSQC NMR of 15N labelled OBP6-His6 (0.34 mM) in 9:1 H2O:D2O recorded on a 600 

MHz Bruker NMR. 

150, 134 
100 

76  
57 
46 

 
32 

 
 

25 
 

22 

17 
 

11 



Chapter 6: Alternative Techniques 

124 
 

Initial HSQC-NMR analysis was not particularly clean and peak resolution was difficult to 

achieve. These issues may have arisen from the inclusion of a His6 tag that protrudes from 

the globular structure of the overall protein (Figure 6.9). This causes the protein to tumble in 

the NMR experiment differently than how it would without the tag, with the main globular 

protein tumbling at a much slower rate than the His6 tag tail. This His-tag and a few other 

residues are over-represented in the final spectra. This is due to the His-tag being able to 

relax and reorientate faster than other aspects of the proteins structure due to its small size 

protruding from the main structure (Figure 6.9). The fast relaxation results in a sharper peak 

and dominates signals. Furthermore, the presence of six histidines intensifies this effect, 

causing an overall dynamic range issue. This property can be useful in some NMR ligand-

binding experiments and used to study changes in the 3-dimensional structure, however, in 

observing the standard HSQC NMR of a protein, it is a severe limitation, and the histidine 

residue peaks severely overshadow the rest of the protein. Additionally, the lack of dispersal 

of peaks is a good indicator that the protein is folded into α-helices.  

 

Figure 6.9: Differences in the peak resolution for NMR spectra of various different molecule due to 

the effects of tumbling. Small molecules (A) tumble faster, whereas larger molecules (B) and 

complexes or molecules with protruding tails (C) tumble slower, with different parts of the complex 

tumbling at different rates to others, resulting in broader peaks for some residues and sharper for 

others. Figure adapted from 204. 

To overcome the issue with tumbling, OBP6-His6 can be treated as a larger molecule and a 

higher magnetic field can be applied. In this case, OBP6 was tested in NMR experiments on a 

900 MHz Varian spectrometer, using transverse relaxation optimised spectroscopy (TROSY) 

experiments with non-uniform sampling (NUS) (Figure 6.10).  TROSY data collection uses 

HSQC NMRs with inbuilt properties to remove broad peaks, such as 1H-15N decoupling 

elements. NUS is an inbuilt method of only collecting a fraction of the NMR data and creating 

a prediction or projection of the remainder.  
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Figure 6.10: Initial transverse relaxation optimised spectroscopy (TROSY) experiments with non-

uniform sampling (NUS) NMR of 15N labelled OBP6-His6 (0.34 mM) in 9:1 H2O:D2O recorded on a 900 

MHz Varian NMR. 

The TROSY experiment gave clearer NMR data with better visualisation of more peaks. Due 

to the single labelling nature of this experiment, it was not possible to fully assign the protein.  

However, changes due to the binding of a ligand could potentially be observed. To explore 

binding between OBP6 and the sex pheromone components, a TROSY NMR of OBP6-His6 was 

recorded, and the ligand (4aS,7S,7aR)-nepetalactone 6 titrated in to record any observable 

changes (Figure 6.11).  
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Figure 6.11: Initial transverse relaxation optimised spectroscopy (TROSY) experiments with non-

uniform sampling (NUS) NMR of 15N labelled OBP6-His6 (0.34 mM) in 9:1 H2O:D2O recorded on a 900 

MHz Varian NMR. (4aS,7S,7aR)-Nepetalactone 6 has been titrated in by adding to final 

concentrations (i) 0 mM (red); (ii) 0.15 mM (green); (iii) 0.30 mM (blue); (iv) 0.60 mM (pink). Zoom 

ins of particular segments can also be seen; (v) 8.0-8.4 ppm/120-124 ppm and (vi) 7.3-7.6 ppm/125-

127 ppm 

Spectra from the TROSY NMR experiment with OBP6-His6 showed no significant changes 

when the ligand (4aS,7S,7aR)-nepetalactone 6 was titrated in. There are many reasons why 

(v) 

(vi) 
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there may have been no observable change in these NMR experiments, one of which is that 

His6 tag prevents or blocks the binding of the ligand, though this is unlikely, due to its position 

protruding out from the protein. The His6-tag still causes issues with tumbling and the TROSY 

NMRs are still not as clear as is ideal for these experiments, with representing histidine 

residues still overshadowing the other protein peaks. In addition, OBP6 is not in an ideal 

buffer – the presence of many histidine residues may significantly affect the pH, and the pH 

may need to be altered to observe the protein and its binding activity.  

Overall, these experiments were not successful in observing protein-ligand interactions, 

though there are many factors that can be altered in future attempts. TROSY NMR 

experiments with ligand titration should be repeated using OBP6 with the His6 tag removed 

and (4aS,7S,7aR)-nepetalactone 6 in an appropriate buffer. Unfortunately, due to time 

constraints, this was not achieved during this thesis. In addition to optimisation of the singly 

labelled experiments, future work may involve assignment of the protein via double labelling 

and 3D NMR and validation of the data with other structural techniques.  

6.2.4 Saturation Transfer Difference (STD) NMR spectroscopy 

Saturation transfer difference (STD)-NMR spectroscopy is used to screen protein-ligand 

interactions. This method had not previously been used for protein-ligand binding studies 

within our group, therefore initial optimisation of the 500 MHz Bruker spectrometer for STD 

NMR experiments was required. A standard experiment to test STD-NMR capability is the 

study of the interaction between bovine serum albumin (BSA) and tryptophan 54, with 

sucrose acting as a control non-binder. For the experiment, BSA was incubated with 

tryptophan 54 and a standard 1D proton (1H) ‘off-resonance’ NMR recorded (Figure 6.10, red 

spectrum). The concentration of protein (30 µM) in comparison to ligand (3 mM) was 

relatively low (100-fold excess of ligand), and so the ligand peaks could be easily resolved in 

the NMR spectrum. A second spectrum was then recorded, with an on-resonance, carefully 

selecting a frequency that BSA resonates at, whilst not being close to the frequencies of the 

ligands of interest. By calculating the difference between these two spectra, an STD spectrum 

could be produced (Figure 6.12, blue spectrum). 



Chapter 6: Alternative Techniques 

132 
 

 

Figure 6.12: The saturation transfer difference (STD) nuclear magnetic resonance (NMR) spectra of 

bovine serum albumin (BSA) with tryptophan 54 (7.00-8.00 ppm) and sucrose (3.00-4.40 ppm). The 

initial 1H can be seen (i), in addition to the STD NMR (ii), where only tryptophan peaks remain. 

BSA is known to bind tryptophan 54 and have no interaction with sucrose; this is observed in 

the STD-NMR standard experiment (Figure 6.12). When an on-resonance of the protein is 

applied to the sample, resonance is transferred to the aromatic tryptophan protons, whereas 

the peaks from sucrose receive no resonance transfer (Figure 6.12). In the STD spectrum 

(Figure 6,12, blue spectra) only the tryptophan peaks remain. Furthermore, the relative 

intensities of the peaks for the tryptophan are subtly different – proteins interacting more 

closely with the protein will receive a higher resonance transfer than those further away, and 

therefore have a resulting higher intensity; this epitope mapping experiment allows the 

specific orientation of the ligand to be determined when bound to the protein. 

After optimisation of the STD-NMR experimental parameters using BSA, a preliminary STD-

NMR study with OBP6 and the natural enantiomer (4aS,7S,7aR)-nepetalactone 6 was 

undertaken, an interaction which was confirmed via other in vitro ligand-binding assays 

(Chapter 5). The nepetalactone, which was dissolved in d-dimethyl sulfoxide due to its 

insolubility in water, was incubated with OBP6 and a proton NMR spectrum with water 

suppression was reordered (Figure 6.13, red spectra). From this NMR analysis, a range of 

frequencies suitable for STD-NMR experiments, approximately 160-190 Hz, were identified. 

A control experiment using a frequency of -12000 Hz was also undertaken (Appendix Figure 

A.2). 
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Figure 6.13: The STD NMR spectra of A. pisum OBP6 with (4aS,7S,7aR)-nepetalactone 6. The initial 1H 

spectra (i), in addition to the STD NMR (ii).  

The STD-NMR experiment of OBP6 and (4aS,7S,7aR)-nepetalactone 6 yielded promising 

results (Table 6.1; Figure 6.14). To analyse the data, the relative intensity of each peak in the 

spectra was calculated and the difference observed. For the protons associated with 

(4aS,7S,7aR)-nepetalactone 6, all peaks remained in the final STD-NMR spectra, indicating 

that they were in close association with the protein. The relative intensities of these proton 

peaks differed from the initial spectra; protons which are in the closest proximity to the 

protein will receive a higher amount of resonance transfer from the protein during the STD 

experiment.201 This change can be used to accurately perform epitope mapping of individual 

protons, and therefore determine the specific interactions of the ligand with the protein.205 

Additionally, STD-NMR can be used to generate binding curves of the ligand by performing a 

titration.205 To calculate epitope mapping within this protein-ligand interaction, intensities 

were normalised to the highest intensity peak and the change monitored (Table 6.1; Figure 

6.14).  
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Table 6.1: Assignments and changes in relative intensity of different peaks in the STD NMR spectrum 

of OBP6 and (4aS,7S,7aR)-nepetalactone 6. 

* The peak for 2-H became negative after the STD experiment 

δ / ppm (multiplicity) Assignment Epitope Mapping 

1.21 (d) 9-H 110 % 

1.50-1.59 (m) 5-H 75 % 

1.64 (s) 4-H 100 % 

1.89-1.98 (m) 6-H or 7-H 90 % 

2.02-2.11 (m) 6-H or 7-H 60 % 

2.31-2.39 (m) 8-H 70 %  

2.05 (q) 10-H 50 % 

2.71 (s) d-DMSO N/A 

6.18-6.20 (m) 2-H (-) 25 % 

9-
H

5-
H

4-
H

H
-6

 o
r 
H
-7

 (a
)

H
-6

 o
r 
H
-7

 (b
)

H
-8

H
-1

0

H
-2

 *

d-D
M

S
O

-1.0

-0.5

0.0

0.5

1.0

1.5

NMR Proton

S
T

D
 A

b
s

o
lu

te
 V

a
lu

e

9-
H

5-
H

4-
H

H
-6

 o
r 
H
-7

 (a
)

H
-6

 o
r 
H
-7

 (b
)

H
-8

H
-1

0

H
-2

 *

d-D
M

SO

-0.2

-0.1

0.0

0.1

0.2

NMR Proton

D
if

fe
re

n
c

e
 i

n
 P

ro
p

o
rt

io
n

 

 

Figure 6.14: (i) STD absolute values206 and changes in relative intensity of different protons in the 

STD NMR spectrum of OBP6 and (4aS,7S,7aR)-nepetalactone 6; (ii) The structure of (4aS,7S,7aR)-

nepetalactone 6 annotated with the epitope mapping results. 

* H-6 and H-7 are indistinguishable by NMR 

6  
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These results suggest that (4aS,7S,7aR)-nepetalactone 6 binds to OBP6, with an affinity high 

enough for saturation to be observed. The STD response varied across the molecule, with the 

most significant saturation occurring for the two methyl protons (9-H and 4-H; Figure 6.14). 

Modelling of the interaction between the sex pheromone components and OBP6 in Chapter 

4 suggest the sex pheromone components fit into a small pocket, with these protons closest 

to the protein due to their peripheral position (Figure 6.15). There is little difference between 

the protons surrounding the ring, with 10-H giving the lowest level of interaction. In predicted 

models, (4aS,7S,7aR)-nepetalactone 6 fits in the binding pocket tightly (Figure 6.15). The 

proton closest to the pocket entrance, is 10-H, with the carbonyl group pointing out of the 

pocket (Figure 6.15). 

Figure 6.15: (4aS,7S,7aR)-nepetalactone 6 (white, with oxygens in red) in the predicted binding 

pocket of OBP6 (blue/purple).  

Though the epitope mapping of (4aS,7S,7aR)-nepetalactone 6 bound to OBP6 is consistent 

with generated models, it was difficult to undertake quantitative analysis. For this 

experiment, only one saturation time was used in one experiment. As different protons have 

different relaxation times, the observed epitope mapping result could arise from saturation 

transfer within the nepetalactone protons.  

An unusual result is observed for the alkene/lactone proton, 2-H. In the final STD spectra, 2-

H (Figure 6.13; multiplet at 6.18-6.20 ppm) suggest a negative STD response. As the STD 

spectrum represents a difference between two NMRs, it is not impossible for a negative peak 

to appear, though it is unexpected; as the rest of the molecule appears to interact with OBP6 

it is reasonable to expect that this proton would also demonstrate evidence of an interaction 

in the STD spectrum. This negative difference peak has been observed in other STD NMRs 

and was previously explained as due to a D2O molecule interfering with the saturation of the 

ligand during spin and lock time.206,207 The proton 2-H is sticking out of the predicted pocket 

in models (Figure 6.15). Despite being within the pocket, 2-H is also close to a second binding 

pocket within OBP6. This proton’s position makes it solvent accessible and could result in a 

D2O molecule associating or blocking the saturation transfer from the protein. In previous 
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literature, this effect has been observed with lactose ring structure, similar to the lactone 

structure seen here.207 This effect may also be seen with nepetalactol and the proton 

adjacent to the hydroxyl group. 

There are several advantages of the STD-NMR methodology. The method uses low 

concentrations of protein - the ligand to protein ratio need only be approximately 60:1 to 

100:1. Furthermore, there are few restrictions to the proteins and ligands that can be used, 

except that they must be soluble in an NMR appropriate solvent. Protein-ligand interactions 

must be of a specific level of affinity for the resonance transfer to occur, and this may be the 

main restriction for observing the interactions of insect OBPs.201 Ligands must bind with a 

high enough affinity for saturation transfer to occur, but an affinity of no higher than around 

100 nM. This is as ligands must bind and unbind for the saturation transferred ligands to be 

observed in the NMR. However, a significant advantage of this method is that mixtures of 

NMR-distinguishable ligands can be tested simultaneously. This does reduce the possibility 

of testing two respective enantiomers simultaneously, due to their identical NMR spectra, 

however this is not possible with most ligand-binding assays. If the two enantiomers 

presented very clear differences in binding activity in individual assays, for example, one 

ligand that binds with a reasonable affinity and one that does not bind at all, a racemic 

mixture may give results that are some ‘middle ground’ between the two results. If the two 

enantiomers have similar binding activity, or bind in potentially different conformations, it 

may be possible to utilise a chiral shift reagent to achieve enantiomeric discrimination within 

the STD-NMR spectra. Whereas use of a covalently bound chiral shift reagent or chiral 

derivatizing agent such as Mosher’s acid will change the binding activity of the  ligand, a non-

covalently bound reagent, such as Eu(fod)3, could be used to distinguish between 

enantiomers in their unbound state. For the assay to give accurate binding activity results, 

the non-covalently bound chiral shift reagent would need to have a lower affinity for the 

ligand than the protein.  

The results of this experiment provide further evidence of an interaction between OBP6 and 

naturally occurring (4aS,7S,7aR)-nepetalactone 6, and supports the results of previous 

studies in Chapters 4 and 5). STD-NMR methodology has been the most successful of the 

alternative experiments used thus far, and although it has not been used previously to study 

insect OBP-ligand interactions, it may provide a viable and simple method for determining 

successful interactions in future. 
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6.2.5 Biphasic Gas Chromatography Assay 

To investigate the interactions of OBPs and ligands across a biphasic system, more 

comparable to an in vivo representation, a biphasic assay was designed where ligand 

quantities would be monitored by gas-chromatography. Initially, OBP9 was investigated as in 

the mass spectrometry assays (6.2.1 and 6.2.2). The assay comprised of two immiscible 

phases – an aqueous phase containing protein, and a non-aqueous hexane phase containing 

the ligands of interest. Ligand concentrations were standardised, and a calibration curve 

generated for each ligand in order to accurately determine concentration and amount of 

ligand present using FID GC. The two layers were combined, gently mixed and allowed to 

settle before being left for two hours at room temperature. The amount of ligand present in 

the hexane layer was monitored in both a control and a sample containing OBP9. After initial 

assays, an optimised assay was developed to study the interaction of OBP6. In this assay, 

samples were centrifuged after mixing.115 Three ligands were investigated, namely the 

naturally-occurring sex pheromone components (4aS,7S,7aR)-nepetalactone 6 and 

(1R,4aS,7S,7aR)-nepetalactol 5, and the alarm pheromone (E)-β-farnesene 17. 

To compare the two assays, two values for each experiment were calculated – an overall 

percentage decrease in ligand amount in the hexane layer (Figure 6.16, (i) and (ii)) and a ratio 

of the concentration of protein present to the decrease in concentration of ligand present 

after 2 hours (Figure 6.16 (iii) and (iv)). For control samples, where no protein was present, 

the ratio of decrease could not be calculated. Statistical analysis was performed using an 

analysis of variance (ANOVA) in R 3.4.4.208 
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Figure 6.16: The percentage change in amount of ligand in the biphasic assay as monitored by gas-

chromatography; (i) OBP6 and OBP9 compared to a control and (ii) OBP6 only, compared with a 

control. The ratio of µmol of protein to µmol of ligand removed from the layer, (iii) for OBP6 and 

OBP9 compared and (iv) for OBP6 alone. For statistical analysis, * = p < 0.05; ** = p < 0.01; *** = p < 

0.001; ns = no significance 

From these experiments, significant differences in both the percentage of ligand removed 

from the hexane layer, and the amount removed relative to the amount of protein present, 

can be clearly observed between OBP6 and OBP9, in addition to between OBP6 and the 

control. Biphasic systems with OBP6 present in the aqueous layer lost a significantly higher 

amount of ligand from the hexane layer than those with OBP9 or no protein present. 

Furthermore, the ratio of ligand (µmol per µmol protein) lost to the hexane layer was 

(iii) 

(iv) 
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significantly higher in samples with OBP6 than the control or those with OBP9. These results 

suggest that OBP6 is better able to solubilise or bind the investigated ligands from the hexane 

layer into the aqueous layer than OBP9, in addition to increasing the amount of ligand that 

is up taken into the aqueous layer than via natural diffusion. 

There are some limitations to this methodology. Firstly, solvent may evaporate slightly over 

the course of the experiment, increasing the perceived concentration of ligands. This can be 

counteracted by careful sealing of the sample tubes, in addition to leaving samples in a 

location with a moderate and consistent temperature and low/no ventilation. Furthermore, 

this error would likely lead to a false negative result, where it appears less ligand is lost and 

will be consistent among all data sets. Data showing a significant reduction in the 

concentration of ligand in the hexane layer was still recorded regarding the activity of OBP6 

in these experiments. In addition, the small change to the method between OBP9 and OBP6 

may result in significant data for OBP6 and non-significant data for OBP9. However, isolation 

of the data for OBP6 (Figure 6.16 (iii) and (iv)) still demonstrates a significant difference from 

the control. 

These experiments corroborate the data observed in the fluorescence binding experiments 

(Chapter 5) and the STD-NMR experiment (6.2.4). Overall, all ligands were transferred into 

the aqueous layer in high quantities with OBP6. Despite appearing that less of the alarm 

pheromone was transferred, there was no statistically significant difference between the 

ligands. Data from fluorescence assays suggest that OBP6 still binds (E)-β-farnesene, but with 

an approximately five times weaker affinity than the sex pheromone components.  

6.2.6 Other Experiments 

After successful binding interactions were observed between OBP6 and the sex pheromone 

components in various studies, the next step was to explore the structure of OBP6, ideally 

with a sex pheromone component in the binding pocket. The structure of many OBPs have 

been previously published, including Nasonovia ribisnigri and Myzus persicae OBP3 and OBP7 

bound to the alarm pheromone, (E)-β-farnesene 17.104 

Screening trays were set up to attempt to crystallise A. pisum OBP6. After a few weeks, some 

precipitates i.e. potential crystal candidates started to appear. Unfortunately, experiments 

had to be halted due to the COVID-19 global pandemic and subsequent time constraints. 



Chapter 6: Alternative Techniques 

141 
 

6.3 CONCLUSIONS 

In this chapter, various methodologies were utilised to explore the interactions of A. pisum 

OBPs, specifically OBP9 and OBP6, with the natural enantiomers of the sex pheromone 

components. Mass spectrometry experiments were only performed using OBP9 and 

(4aS,7S,7aR)-nepetalactone 6. The stability of proteins by rates of oxidation (SPROX) 

methodology was unsuccessful and requires further optimisation. Although ESI-MS analysis 

showed no binding between OBP9 and (4aS,7S,7aR)-nepetalactone 6, this was consistent 

with the results of other experiments and clear spectra were obtained. 

NMR correlation spectroscopy experiments with OBP6 were unsuccessful. This is mainly due 

to the presence of the His6 tag, which significantly overshadowed other residues. Future 

experiments should be done with the tag removed, along with further optimisation and 

refinement of the method to determine the best buffer and conditions for this interaction. 

STD-NMR spectroscopy gave promising results indicative of an interaction between OBP6 

and (4aS,7S,7aR)-nepetalactone 6. Estimated epitope mapping was performed, revealing 

results consistent with the in silico models and predicted interactions in Chapter 4. This 

method should be used to generate a binding curve by adding the ligand in increasing 

concentrations, and additionally, could be used to observe binding in the presence of 

multiple ligands. Experiments should be possible with individual enantiomers to observe 

enantiomeric differences but use of enantiomer mixtures would require the addition of a 

chiral shift reagent, due to the identical NMR spectra of enantiomers.   

The most successful of the alternative experimental methods was the biphasic assay with gas 

chromatography. From this methodology, clear statistical differences between OBP6 and 

OBP9 could be observed. As with other methods, enantiomeric differences are impossible to 

observe via this methodology simultaneously due to their identical gas chromatography 

profiles (Kovats’ Index/retention times) arising from their identical physical properties. One 

solution may be to use a chiral chromatography column in the GC. Gas chromatography relies 

on different physically properties, mainly polarity, of compounds to achieve separation. 

Chiral gas chromatography columns have an additional layer of separation by utilising a chiral 

stationary phase; the chiral stationary phase allows for the separation of enantiomers. The 

assay would need to be optimised, and chiral separation of the two enantiomers of 

nepetalactone and nepetalactol successfully completed.  

It is clear from these multiple studies that OBP6 binds the sex pheromone components. As 

previously stated, future steps should involve the testing of this interaction via in vivo 
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behavioural and electrophysiological assays. These assays could also be repeated to include 

the enantiomers of the sex pheromone components, in addition to gathering a higher 

number of samples and hopefully mitigating some of the error. 

Overall, exploration of alternative methods in this chapter has shown that there is some 

promise for their application in studying OBP-ligand interactions, with STD-NMR 

spectroscopy and biphasic gas chromatography being the most promising. In future, a wider 

range of ligands and proteins will be explored, and the techniques refined. The results of this 

chapter further confirm the interaction between OBP6 and the sex pheromone components, 

and this interaction should be explored in more detail through structural studies, such as 

NMR spectroscopy and X-ray crystallography.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7: General Discussion 

143 
 

Chapter 7: General Discussion 

 

7.1 DISCUSSION 

An increased understanding of insect olfaction, particularly in economically important pest 

species, can lead to the development of novel pest management tools. The pea aphid, 

Acyrthosiphon pisum, is a prevalent agricultural pest species and can be used as a model 

organism for all aphid species and insect olfaction in general. The aim of this thesis was to 

investigate the molecular mechanism of insect olfaction by evaluating the structure and 

function of odorant-binding proteins (OBPs), in addition to other olfactory proteins, using A. 

pisum as a model organism. OBPs are a highly conserved family of proteins that exist in high 

concentrations in the antennal lymph of insects.101,112  Their role in insect olfaction is not fully 

understood.113 The pea aphid sex pheromone comprise two components, (4aS,7S,7aR)-

nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5. Aphids can discriminate between these 

and their respective, non-naturally occurring enantiomers; this discrimination ability has 

been demonstrated by observing differing electrophysiological responses to the different 

stereoisomers.145 In this work, specific focus was put on the potential olfactory discrimination 

between sex pheromone components and their enantiomers, whilst trying to unravel the 

role of OBPs in insect olfaction. 

Overall, the work of this thesis successfully described the synthesis and purification of both 

the A. pisum sex pheromone components and OBPs, in silico predictions of the structures 

and interactions between olfactory proteins and respective ligands, and in vitro 

investigations through a variety of methodologies including fluorescence, mass 

spectrometry, nuclear magnetic resonance spectroscopy and a gas chromatography biphasic 

assay.  

7.1.1 Production of Aphid Sex Pheromone Components and Odorant-Binding 

Proteins 

One of the sex pheromone components for A. pisum, (4aS,7S,7aR)-nepetalactone 6, was 

obtained via purification of the essential oil isolated from the catmint plant Nepeta cataria. 

This was followed by sodium borohydride reduction to give the other sex pheromone 

component, (1R,4aS,7S,7aR)-nepetalactol 5.6 The non-natural enantiomers, (4aR,7R,7aS)-

nepetalactone 33 and (1S,4aR,7R,7aS)-nepetalactol 32, were successfully synthesised via a 

previously described synthetic route.51,52 The synthesis starts with (S)-citronellol which was 
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oxidised via a selenium dioxide allylic oxidation. The subsequent diol is further oxidised to a 

dialdehyde, after which an enamine-mediated [4+2] cycloaddition was performed to give the 

bicyclic product. Finally, (1S,4aR,7R,7aS)-nepetalactol 32 was produced by hydrolysis of the 

cyclised product with toluensulfonic acid, and (4aR,7R,7aS)-nepetalactone 33 by a final 

oxidation. An improvement in the overall yield was achieved, and investigations into the 

mechanism of the enamine-mediated [4+2] cycloaddition performed. 

Optimisation of the synthesis focused on two main steps. Firstly, the oxidation of (R)-8-

hydroxycitronellol to (R)-8-oxocitronellal, for which four different oxidation methods were 

tested – TPAP/NMO, IBX, Swern and Dess-Martin. Both Swern and Dess-Martin oxidations 

were the most successful, providing the easiest methodology and highest yields. The second 

optimised step was the enamine mediated [4+2] cycloaddition of the dialdehyde. This step, 

which involved a reaction between an aniline and the dialdehyde to produce the bicyclic 

product, was investigated by changing substituents on the aniline. By altering the 

substituents, preliminary effects on the yield and diastereomeric excess were observed. 

Traditionally, this step is referred to as a Diels-Alder like mechanism, however, the altered 

substituent effects were more consistent with an inverse electron demand Diels-Alder 

(IEDDA) mechanism. Further optimisation and investigation of this step is required, however, 

in future this synthesis should be performed with a chloro-substituted aniline, as this 

increased both yield and diastereomeric excess – an overall improvement on the initial 

synthesis.  In addition to the sex pheromone component synthesis, a racemic citronellol 

resolution methodology was unsuccessfully tested in an attempt to reduce overall cost of 

synthesis. 

The synthesis and purification of A. pisum OBPs for further in vitro testing was generally 

successful. Cell lines (E. coli BL21(DE3)) expressing OBPs 1-10, except for OBP4, were 

transformed and small-scale (10 mL) expression tests performed. OBP6, 7 and 9 were 

expressed and purified at large scales (1-5 L). There were complications in expressing OBP6 

– the cleavage enzyme to remove the His6 tag over-cleaved the protein. This was rectified by 

introduction of an alternative cleavage site for an alternative enzyme via site-directed 

mutagenesis. 

In summary, both A. pisum sex pheromone components and odorant-binding proteins were 

produced for future binding studies successfully, and the synthesis was optimised to provide 

greater yields and diastereomeric excess. 
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7.1.2 Predicted Interactions of Aphid Olfactory Proteins 

Before in vitro studies were performed, in silico predictions were made to explore the 

structures and theoretical binding activities of the aphid olfactory proteins and respective 

ligands, with focus on both OBPs and odorant receptors (ORs). 

Each of the OBPs were modelled using homology modelling techniques. The structures of 

both OBP3 and OBP7 have already been published for a closely related aphid species104, but 

the other OBPs were modelled based on comparative modelling using a range of OBP 

structures from other insect species. Most of the models had an obvious binding pocket. Each 

model was then screened against a range of ligands using docking methods, and the specific 

interactions further investigated. Predicted interactions between ligands and OBP3/OBP7 

could be seen, as expected from previous literature102,104, however, the most interesting 

result was the predicted interactions of OBP6 from A. pisum with the sex pheromone 

components, (4aS,7S,7aR)-nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5, in addition 

to their enantiomers. These interactions had low predicted interaction energies and Kis 

(around 2 µM). As OBP6 is highly expressed in the aphid antenna, particularly in winged 

(sexual) aphids, this was a promising result and further information about the interaction was 

elucidated. Key residues were identified in these interactions and highlighted key differences 

between the sex component stereoisomers – Phe208 was identified as the critical residue for 

binding of the natural enantiomer of nepetalactol, (1R,4aS,7S,7aR)-nepetalactol 5. 

Mutagenesis of Phe208 debilitated the binding activity of OBP6 in predicted interactions. This 

specific residue interaction could be tested by site-directed mutagenesis experiments in 

future, whereby Phe208 is mutated as in the in silico studies and binding tested in vitro. 

The predicted sex pheromone binding activity from in silico screens aligns with expression 

analysis. OBP6 is a Plus-C OBP that is the second most abundant OBP mRNA found in the 

antennae, after alarm pheromone-binding OBP7.75 Additionally, OBP6 is particularly highly 

expressed in the type II trichoid sensilla, where sex pheromone perception is thought to 

occur, and in winged (sexual) morphs.75  

After identification of OBP6 as a candidate for sex pheromone binding, a range of sex 

pheromone component analogues were tested for binding activity. One analogue in 

particular (Analogue 42) showed a significant increase in binding activity with OBP6 – a 

decrease of the Ki from approximately 2-3 µM to 380 nM was predicted. This analogue may 

be a good candidate for olfactory inhibition in future and work should be undertaken to 
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synthesis this analogue and test its behavioural effects on sexual aphids, from both the A. 

pisum species and other species that utilise the same sex pheromone components. 

In addition to in silico studies with OBPs, ORs were also modelled and tested. OR models were 

built using comparative modelling techniques and the singly published structure of an OR, 

the cryo-EM structure of ORCO from Apocrypta bakeri (PDD 6C70).88 The complete models 

were compiled into tetramers and were embedded in phospholipid bilayers for realistic 

ligand screening. Two ORs from A. pisum had been previously characterised in vivo – OR5 

with the alarm pheromone (E)-β-farnesene, and OR4 with a variety of plant volatiles.99,100 

These ligand interactions were structurally characterised and key binding sites identified. 

Furthermore, the interactions of olfactory disrupter molecule VUAA1 50 with ORs, including 

ORCO, were predicted, revealing the molecule fits perfectly within the receptor’s structure, 

likely blocking the activity of any other ligand or the required movement of the receptors for 

olfactory function. Finally, deorphanized receptors of a high conservation were screened 

against the sex pheromone components to look for potential sex pheromone binding OR 

candidates. OR2 had potential for sex pheromone binding and enantiomeric discrimination 

ability. Though many interactions between receptor proteins and ligands were observed, the 

cross examination of previously published electrophysiological data with predicted 

interactions demonstrated the clear importance of binding site.100,209 The critical binding site, 

and subsequent mode of action, for ORs/ORCO is yet to be fully understood, though evidence 

from previous studies and the work in this thesis predicted extracellular loop 2 (EL2) included 

critical residues for interactions.175,210,211 Understanding the binding site in ORs could be 

important for understanding enantiomeric discrimination by insect olfactory systems. 

Overall, in silico studies were successful, providing groundwork for future in vitro 

experiments in the thesis. Many potential interactions were identified, and these should be 

tested in future experiments. Furthermore, in vivo studies to determine the sex pheromone 

receptor in the pea aphid, directed by these predictions, should be undertaken, and 

development of CRISPR/Cas9 molecular techniques in this aphid species may provide a 

reliable method by which to do this.  

7.1.3 The Role of OBP6 in Sex Pheromone Perception 

As previously described, in silico studies indicated OBP6 as a potential candidate for sex 

pheromone binding. OBP6 has been a suggested as a potential candidate for sex pheromone 

perception previously75, and the initial results were promising. Based on these results, in vitro 
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binding studies using the synthesised OBPs and sex pheromone components were 

performed. 

In the field of insect olfaction, binding studies between OBPs and sex pheromone 

components are typically conducted via fluorescence-based competition assays with a 

fluorescent probe.188 There are many limitations to these studies, and an alternative method 

using the intrinsic fluorescence of an aromatic residue, tryptophan 54, was used. Both OBP6 

and OBP9, used as a predicted non-interacting control protein that also contained 

tryptophan 54, were tested with the aphid sex pheromone components and the alarm 

pheromone, (E)-β-farnesene 17. A method whereby a fluorescent probe, N-phenylnapthalen-

1-amine 51 (1-NPN), was introduced and the intrinsic fluorescence monitored, was used. 1-

NPN 51 was seen to bind to OBP9 but not OBP6, however, its presence in OBP6 binding assays 

made no difference to the overall data. To keep the assay consistent between the two 

proteins, 1-NPN 51 was kept in the final assay. 

Fluorescence binding studies between OBP6 and the sex pheromone components yielded 

promising data. The results of the experiment gave kinetic data consistent with the predicted 

values from in silico modelling, indicating that the models could be accurate. Furthermore, a 

significant difference in binding was observed between the sex pheromone components and 

the other ligands tested (alarm pheromone and the generic plant volatile, linalool). In 

addition to this general difference, subtle differences were observed between the individual 

sex pheromone components with the interaction between OBP6 and (4aS,7S,7aR)-

nepetalactone 6 providing the lowest KD value with 1.30 ± 0.60 µM. The fluorescence 

experiments with OBP9 were unsuccessful – this was likely due to its high affinity for the 

competitive fluorescent probe, 1-NPN 51, used in this study, and the ligands’ inability to 

displace the probe. 

A second fluorescent probe, 8-anilino-1-napthalenesulfonic acid 52 (1,8-ANS), was used in 

binding experiments with OBP6 and OBP9. From initial experiments, it appeared OBP6 bound 

with 1,8-ANS 52, however (4aS,7S,7aR)-nepetalactone 6, a ligand shown to bind strongly with 

OBP6 in other fluorescence experiments, did not displace the probe. Modelling studies 

showed 1,8-ANS 52 binds in a completely different site to (4aS,7S,7aR)-nepetalactone 6. The 

nepetalactone is subsequently unable to displace 1,8-ANS 52, and instead both ligands are 

predicted to bind simultaneously. Unfortunately, no binding interaction between OBP9 and 

1,8-ANS 52 was observed. 
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In addition to experiments involving a fluorescent probe, a probe-free study was performed. 

The experiment focused on monitoring changes in tryptophan 54 fluorescence on the 

addition of a ligand, in the absence of any other fluorescent species (aside from other 

fluorescent residues within the protein). OBP9 only possesses one tryptophan 54, in contrast 

to OBP6’s three. Despite tryptophan fluorescence being easily observed for OBP9, little 

difference could be seen when a ligand was introduced. This could be due to low or no 

interaction between the two species, or the positioning of tryptophan 54 within the protein. 

Successful studies were performed with OBP6. The results of the probe-free intrinsic studies 

reflected those of the 1-NPN assay. (4aS,7S,7aR)-nepetalactone 6 was shown to bind with 

the lowest KD (1.90 ± 0.35 µM), with the other ligands binding with both KDs and error higher 

than the assay with 1-NPN 51. 

After the success of the fluorescence binding studies between OBP6 and the sex pheromone 

components, alternative studies were explored to delve deeper into the specifics of the 

interaction. First, trials of different mass spectrometry-based assays were attempted using 

OBP9. Both methods were partially successful, but no binding of a ligand could be observed. 

Firstly, for electrospray ionisation mass spectrometry (ESI-MS), OBP9 could be observed in 

two distinct low charge states, but no charge states representative of a complex between the 

protein and the ligand was observed when the two were incubated together and analysed 

through the mass-spectrometer as a native complex under soft ionisation techniques. This 

may be due to the fragile nature of the complex, or the lack of binding activity from OBP9. 

Secondly, the stability of proteins by rates of oxidation (SPROX) experiment proved successful 

in the generation of an unfolding curve for OBP9 alone across a range of denaturant 

concentrations, but no clear data could be obtained when a ligand was introduced. Both 

methodologies could be trialled with OBP6 in the future, however, ESI-MS is more promising 

than the SPROX experiment; the SPROX method was trialled with multiple protein-ligand 

combinations and was similarly unsuccessful in every case.203 

Nuclear magnetic resonance (NMR) spectroscopy methods were more successful than mass 

spectrometry. Initially, 2-dimensional heteronuclear protein-observed NMRs of OBP6-His6 

were taken after single isotopic labelling with 15N. Initial HSQC experiments were inconclusive 

– the His6-tag caused tumbling issues resulting in the peaks representative of the histidine 

residues overshadowing the required residue peaks. Additionally, double labelling of the 

protein with 13C would be required to determine structural data from 3-dimensional studies. 

When a ligand, (4aS,7S,7aR)-nepetalactone 6, was titrated in to the OBP6-His6 NMR sample, 

no visible change in the spectrum was observed. These specific studies could be repeated in 
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future after the removal of the His6-tag to elucidate further information about the structure 

and binding of OBP6, and potentially to observe conformational changes when binding 

occurs. These conformational changes, usually occurring at the C-terminus, have been 

previously described in other insect OBPs.108,117,212 

The successful ligand-observed NMR assay was the saturation transfer difference (STD) NMR. 

In this assay, ligand binding between OBP6 and (4aS,7S,7aR)-nepetalactone 6 was tested 

using a resonance transfer from the protein to any respective bound ligand. This method was 

initially optimised for use on the Rothamsted Bruker 500 MHz NMR using a standard BSA and 

tryptophan assay, followed by an analysis of OBP6 with the sex pheromone component. The 

final STD spectrum demonstrated a clear interaction between (4aS,7S,7aR)-nepetalactone 6 

and OBP6, suggesting OBP6 binds the sex pheromone component. This result was consistent 

with the results of the fluorescence assay and the predicted results from the in silico 

experiments. Epitope mapping of the protein-ligand interaction revealed a tight interaction, 

with the most protruding methyl groups showing this highest level of resonance transfer with 

the protein. An unusual result was observed with the proton attached to the alkene/lactone 

side of the ring, in which it became negative in the STD-NMR spectrum. This has previously 

been remarked on with other protein-ligand interactions and is hypothesised to be due to a 

D2O molecule blocking the interaction with the protein. This is consistent with the models 

and predicted positioning of OBP6, in which the side containing this proton is the most 

solvent accessible. 

The final alternative assay used in this thesis was a biphasic gas-chromatography based assay. 

The biphasic assay was uniquely designed to provide a more realistic method of observing an 

OBP’s binding activities, specifically determining whether it can abstract and bind ligands 

from a different phase. Solubilising ligands, typically hydrophobic in nature, from the air into 

an aqueous solution (the sensillum lymph) within the antennae is one of the main 

hypothesises for the role of OBPs.112 Ligands were provided in a volatile non-aqueous solvent 

(hexane) and the amount of ligands that remained in the layer monitored via gas-

chromatography, a particularly sensitive analytical technique. The assay was initially 

undertaken using OBP9, after which it was optimised, and the experiment repeated with 

OBP6. Three ligands were tested consistently – (4aS,7S,7aR)-nepetalactone 6, 

(1R,4aS,7S,7aR)-nepetalactol 5 and (E)-β-farnesene. In the OBP9 experiment, no clear 

differences between the control samples and the sample containing OBP9 were observed. 

However, in the OBP6 assay, the amount of ligand in the hexane layer reduced to a 

significantly lower level than in the control or OBP9. Furthermore, the ratio of moles of ligand 
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up taken per mole of OBP was significantly higher in OBP6 than with OBP9. Overall, it appears 

OBP6 increases the amount of ligand than can be solubilised into the aqueous layer than in 

a control or OBP9. Unfortunately, no significant differences were observed between different 

ligands, but appeared that the effect for (E)-β-farnesene was lower than for the sex 

pheromone components. This result is consistent with the other ligand binding assays with 

OBP6, and further supports the role of OBP6 in sex pheromone perception.  

Overall, the results of this thesis suggest that OBP6 binds the sex pheromone components, 

(4aS,7S,7aR)-nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5, and may be involved in the 

perception of the sex pheromone. For the aphid alarm pheromone, perception occurs using 

three proteins, a receptor OR5, and two OBPs, OBP3 and OBP7.99 Though OBP6 binds the sex 

pheromone components, it is likely that is it is not the only protein involved in the process of 

identifying the sex pheromone components. The role of OBPs is not yet fully understood, and 

although OBP6 has been shown to bind sex pheromone components, these observations do 

not eliminate the potential role of OBPs as transporter proteins.101,112,113 Furthermore, results 

from the biphasic GC assay suggest that OBP6 solubilises the sex pheromone components. 

Although it is difficult to fully elucidate the role of OBPs from these initial results, some levels 

of enantiomeric discrimination were observed, and these interactions should be investigated 

further. If true enantiomeric differences are seen, his would be the first observation of OBPs 

playing a discrimination role of this level.  

In addition to understanding the role of OBPs, this work demonstrates successful prediction 

of interactions. In silico screening of ligands saves significant amounts of time, work and 

money, and should be considered as a valuable method for screening potential olfactory 

ligands for insects in future. The fluorescence, STD-NMR and GC assays were the most 

successful methods employed and should be optimised and repeated with the different 

enantiomers. Structural studies of OBP6 should be undertaken to generate a 3D structure 

and potentially observe the specific binding site of the sex pheromone components, as 

previously conducted for the alarm pheromone and OBP3 / OBP7.104 Furthermore, this result 

could be tested in in vivo assays by knocking down or knocking out the gene for OBP6 in 

sexual aphids and determining whether it affects their ability to perceive and respond to the 

sex pheromone relative to wild-type aphids.  

7.1.4 Enantiomeric Discrimination by OBPs 

One of the main objectives of this thesis was to investigate whether OBPs played a role in 

enantiomeric discrimination in insect olfaction. The pea aphid’s perception of the sex 
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pheromone appeared to be an excellent model for observing this possibility due to its 

behavioural enantiomeric discrimination between enantiomers of sex pheromone 

components reported previously.145  

The enantiomers of the sex pheromone components were tested in silico and in vitro with 

fluorescence binding assays. As previously stated, there were no significant difference 

between either the sex pheromone components or their respective enantiomers. However, 

OBP6 did appear to bind the natural occurring lactone component, (4aS,7S,7aR)-

nepetalactone 6, with the lowest affinity, in both 1-NPN and probe-free assays. This 

difference was not significant in the analysis of variance (ANOVA), with a p values of 0.110 

and 0.056 respectively, however, a t-test between the affinities for the two KDs gave a 

significant difference with the 1-NPN assay. There is clearly still more to elucidate about this 

interaction, which can hopefully be studied by alternative structural and binding methods. 

Unfortunately, there are severe limitations in the screening of binding between different 

enantiomers. For most analytical methodologies, it is impossible to determine the difference 

between two enantiomers due to their identical physical properties in achiral environments. 

This is true of mass spectrometry and NMR spectroscopy in particular. The enantiomers could 

be tested individually, but a true assay comparing the two is not possible with either of these 

techniques. In STD NMR spectroscopy, mixtures of ligands can be introduced if they have 

distinct chemical shifts. This, unfortunately, rules out the screening of enantiomers by this 

method, unless methodology using a non-covalent chiral shift reagent can be developed. If 

one enantiomer was shown to be non-binding, with no peaks present in the final STD, a 

racemic mixture would show an intermediate amount of saturation. For the gas-

chromatography assay, chiral GC is available. In future, the gas-chromatography method 

could be optimised to discriminate between the enantiomers. 

In addition to binding studies, structural studies could give a greater understanding of the 

interactions of OBP6 and the sex pheromone component enantiomers. Solving the crystal 

structure of OBP6 with the components bound would allow for differences in the binding to 

be detected. Additionally, within the 2D heteronuclear NMRs, different residues may change 

when different enantiomers are introduced, indicating subtle differences in binding 

conformations.108,117,200 Although both enantiomers may bind to OBP6, they bind in different 

active sites or induce different conformational changes. Observing this difference would 

suggest that OBPs play a larger role than in solubilisation and transport of odorants, and it is 
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potentially the OBP-ligand complex that activates the receptor or is critical for receptor 

activation in the olfactory process.  

Overall, the work in this thesis preliminarily suggests that OBP6 may discriminate between 

the enantiomers of the sex pheromone components. Further work is required in future to 

explore the interactions of OBP6 in greater detail, in addition to potentially screening other 

OBPs and ORs to explore the ability of olfactory systems to discriminate between such 

structurally similar compounds in greater detail. 

7.1.5 Applications of this work 

There are many applications of this work. Primarily, this thesis explores the role of OBPs, 

specifically in sex pheromone perception in the pea aphid, Acyrthosiphon pisum. OBP6 was 

shown to be prolific at solubilising ligands from a non-aqueous to an aqueous layer, enforcing 

the role of OBPs as specific transport proteins. The work reported here will provide the 

foundation for further exploration of the interactions and specific role of OBP6, through both 

structural studies and in vivo assays. Knockdown studies have been performed with OBP3 

and 7 in A. pisum previously via interference RNA, this could be repeated with OBP6.99 Recent 

developments in knockout assays with CRISPR/Cas9 technology may also provide the means 

to remove the gene entirely from aphids. In both cases, behavioural changes in the absence 

of OBP6 could be observed.  

In addition to contributing to a greater understanding of insect olfaction, knowledge of the 

interactions of OBPs could allow for screening of a wider range of ligands for their activity. 

Screening based on target proteins is a widely used technique in drug discovery, and this 

thesis has shown that this is possible with both in silico methods and a range of in vitro 

methods. Firstly, many of the in vitro methods employed in this thesis are never (STD- NMR 

spectroscopy, SPROX mass spectrometry) or rarely (2D-NMR spectroscopy, ESI-MS)122,195 

utilised for studying insect OBPs. Though not all these methods were successful for the study 

of OBP6/OBP9, most had potential for optimisation for future assays. In addition to these in 

vitro assays, in silico screening of the OBPs in this thesis gave predicted results that were 

successfully shown in vitro. There were many unexplored results from the in silico screening, 

some of which may be novel and interesting interactions. In future, larger scale screening of 

OBPs with in silico methods should be considered as a viable and useful method for exploring 

the interactions of these proteins. From these screens, potential potent analogues were also 

designed, which could be used in pest control in future, and OBP6 may have potential as a 

biosensor to detect aphid sex pheromone and therefore aphids. 
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Finally, in addition to exploring the interactions of OBPs, odorant receptors (ORs) were also 

modelled and screened in silico. ORs remain an elusive group with only one available 

structure.88 The screening provided a few leads for the potential OR responsible for sex 

pheromone perception in A. pisum. If these leads can be confirmed in vivo, these methods 

could be utilised to screen thousands of potential receptor/ligand combinations and reduce 

time spent on complex in vivo experiments. 

 

7.2 GENERAL CONCLUSIONS AND FUTURE WORK 

In conclusion, aphid sex pheromone components (4aS,7S,7aR)-nepetalactone 6 and 

(1R,4aS,7S,7aR)-nepetalactol 5 have been synthesised with significant optimisation of yields, 

and odorant-binding proteins from A. pisum have also been successfully produced. Screening 

of aphid olfactory proteins was also successful, and previously identified interactions were 

explored, in addition to new protein-ligand interaction leads being discovered, specifically 

the interaction between OBP6 and the aphid sex pheromone components. 

The interactions between OBP6, the two sex pheromone components, (4aS,7S,7aR)-

nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5, and their respective enantiomers, 

(4aR,7R,7aS)-nepetalactone 33 and (1S,4aR,7R,7aS)-nepetalactol 32, were initially explored 

using fluorescence-based binding assays. The results of these assays confirmed the predicted 

results, though very little enantiomeric discrimination was observed. The binding of OBP6 to 

(4aS,7S,7aR)-nepetalactone 6 consistently had the highest affinity (and lowest KDs), and this 

interaction was explored further with NMR assays, including a successful assay using STD-

NMR spectroscopy. Additionally, the interactions of OBP9 were explored using mass 

spectrometry methods, which were inevitably unsuccessful. Finally, both OBP6 and OBP9 

were explored using a gas chromatography assay, where OBP6 appeared to bind or solubilise 

the sex pheromone components and the alarm pheromone, (E)-β-farnesene 17 better than 

the control. 

Overall, the results of this thesis indicate that OBP6 may be involved in sex pheromone 

perception in the pea aphid, A. pisum. Though the focus of this work was the aphid species 

A. pisum, both (4aS,7S,7aR)-nepetalactone 6 and (1R,4aS,7S,7aR)-nepetalactol 5 act as sex 

pheromone components for multiple species of aphid. As with perception of the alarm 

pheromone in aphids, the elucidation of the role of an olfactory protein in one aphid species 

may be extended to others.102,104,125 Furthermore, natural enemies of aphids often use the 

sex pheromone components to locate their aphid prey, and similar olfactory proteins may be 
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present in these species. In addition to this key finding, many other interactions and different 

or rarely used multi-disciplinary methodologies has been explored to understand the 

interactions of the aphid olfactory proteins.  

Future work should initially explore the interaction of OBP6, the sex pheromone components 

and their respective enantiomers in greater detail. This may involve further optimisation of 

aforementioned techniques, site-directed mutagenesis of predicted key residues and 

structural studies, particularly x-ray crystallography. More work should be undertaken in 

understanding the enantiomeric discrimination ability of the pea aphid, initially in vitro. As 

this ability may arise from the odorant receptors and not the OBPs, these should be explored 

further. The results of the in silico screening could provide a basis for this. All determined 

results should also be tested in vivo via knockout or knockdown studies.  

Finally, this thesis prompts a few potential pest control options, via the design of predicted 

potent analogues or screening of olfactory proteins for novel ligands. The pea aphid is a 

prevalent pest species worldwide, and the understanding gained of its olfactory system in 

this thesis should be utilised in managing aphid populations and mitigating crop losses 

worldwide. 
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8. Experimental 

8.1 SYNTHETIC CHEMISTRY 

8.1.1 Synthesis of (1R,4aS,7S,7aR)-4,7-dimethyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-ol and (1R,4aS,7S,7aR)-4,7-dimethyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-ol 

8.1.1.1 Purification of (4aS,7S,7aR)-4,7-dimethyl-5,6,7,7a-tetrahydrocyclopenta[c]pyran-

1(4aH)-one from steam-distilled Nepeta cataria oil 

 

Steam-distilled oil from Nepeta cataria6 (1.00 g) was purified on silica gel (3:2 EtOAc in Pet. 

Ether) to give a colourless oil containing (4aS,7S,7aR)-4,7-dimethyl-5,6,7,7a-

tetrahydrocyclopenta[c]pyran-1(4aH)-one 6 (222 mg; 1.32 mmol). [α]D +6.70 (c 3.3, CH3OH); 

δH (500 MHz; CDCl3) 1.21 (3H, d, J = 6.62 Hz, 9-H), 1.50-1.59 (1H, m, 5-H), 1.64 (3H, s, 4-H), 

1.89-1.98 (2H, m, 6-H or 7-H), 2.02-2.11 (2H, m, 6-H or 7-H), 2.31-2.39 (1H, m, 8-H ), 2.05 (1H, 

q, J = 7.79, 10-H), 6.18-6.20 (1H, m, 2-H); δC (125 MHz; CDCl3) 15.6 (C4), 20.4 (C9), 31 (C6 or 

C7), 33.2 (C6 or C7), 39.8 (C8), 40.8 (C10), 115.2 (C3), 133.4 (C2), 171.0 (C1); m/z HRMS 

calculated for [C10H15O2]+ (M+H+) 167.1066, found 167.1079. Data consistent with 

literature213,214. 

The compound was purified further using high-pressure liquid-chromatography (HPLC). A 

water and acetonitrile (ACN) solvent system was used (Table 3.1) with a semi-prep HPLC 

column (ACE 5 AQ V11-5053; 250 x 10 mm). 
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Table 8.1: High-pressure liquid chromatography (HPLC) method settings for purification of 

nepetalactol and nepetalactone with acetonitrile (ACN) and water. A flow rate of 5.0 mL min-1 was 

used. 

HPLC Programming 

0 min 0% ACN 

10 min 5% ACN → 100% ACN 

40 min 100% ACN 

55 min 5% ACN 

Total Time 60 min 

 

8.1.1.2 Reduction of (4aS,7S,7aR)-4,7-dimethyl-5,6,7,7a-tetrahydrocyclopenta[c]pyran-

1(4aH)-one to (1R,4aS,7S,7aR)-4,7-dimethyl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-ol 

 

T2 oil, containing (4aS,7S,7aR)-4,7-dimethyl-5,6,7,7a-tetrahydrocyclopenta[c]pyran-1(4aH)-

one 6, (1.00g) was stirred in dry MeOH (20 mL) at 0°C. Sodium borohydride (NaBH4; 497.8 

mg; 13.2 mmol) in dry MeOH (10 mL) was added carefully to the mixture and stirred for a 

further 16 hours. Upon completion, the reaction was quenched with H2O (10 mL), extracted 

with diethyl ether (10 mL), washed with H2O (10 mL), dried over MgSO4 and concentrated in 

vacuo, giving a crude oil containing 5 (167 mg; 0.99 mmol; 17%). [α]D -14.4 (c 2.2, CH3OH); δH 

(500 MHz; CDCl3) 1.10 (1H, d, J = 7.06 Hz, 9-H), 1.31-1.40 (1H, m, 8-H), 1.57 (3H, s, 3-H), 1.61-

1.73 (1H, m, 5-H), 1.78-2.03 (4H, m, 6-H and 7-H), 2.47 (1H, q, J = 7.79 Hz, 10-H), 4.85 (1H, m, 

1-H), 6.03 (1H, s, 2-H). δC (125 MHz; CDCl3) 16.2 (C3), 20.6 (C9), 30.4 (C6 or C7), 30.9 (C8), 

35.4 (C6 or C7), 39.6 (C10), 50.7 (C5), 94.1 (C1), 113.8 (C4), 134.3 (C2); m/z HRMS calculated 

for [C10H17O2]+ (M+H+) 168.1145, found 169.1265. Data consistent with literature213,214.  
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8.1.2 Racemic resolution of (R/S)-citronellol 

8.1.2.1 Acetylation of (R/S)-citronellol to 3,7-dimethyloct-6-en-1-yl acetate 

 

Acetic anhydride (Ac2O; 0.12 mL; 1.23 mmol) and (R/S)-citronellol 55 (100 mg, 0.64 mmol) 

were added to a solution of 4-dimethylaminopyridine (DMAP; 2 mg; 0.016 mmol) in pyridine 

(10 mL) and the mixture stirred under N2 for 12 hours. dH2O (0°C, 10 mL) was added and the 

mixture extracted with EtOAc (30 mL) and washed with dH2O (30 mL). The organic layers 

were concentrated in vacuo and the crude product purified on silica gel (1:5 EtOAc in Pet. 

Ether) to give a colourless oil, 3,7-dimethyloct-6-en-1-yl acetate 34 (71 mg; 0.36 mmol; 56%). 

δH (CDCl3, 500 MHz) 0.87 (3H, d, J 7.34 Hz, 8-H), 1.10-1.24 (2H, m, 6-H), 1.35-1.54 (1H, m, 9-

H), 1.46-1.53 (1H, m, 7-H), 1.56 (3H, s, 1-H or 2-H), 1.65 (3H, s, 1-H or 2-H), 1.86-1.94 (2H, m, 

5-H), 2.00 (3H, s, 12-H), 4.00-4.11 (2H, m, 10-H), 5.04 (1H, t, J = 7.15 Hz, 4-H); δc (CDCl3, 125 

MHz) 17.71 (C1 or C2), 19.49 (C8), 25.55 (C1 or C2), 25.71 (C5), 29.53 (C7), 35.5 (C9), 37.8 

(C6), 63.02 (C10), 123.82 (C4), 131.39 (C3), 171.21 (C11), m/z HRMS calculated for 

[C12H21O2Na]+ (M+Na+) 220.1434, found 220.1368. 

8.1.2.2 Acetylation of (R/S)-citronellol to 3,7-dimethyloct-6-en-1-yl butyrate 

 

Butyryl chloride (0.17 mL; 1.23 mmol) and (R/S)-citronellol 55 (100 mg; 0.64 mmol) were 

stirred in pyridine (5 mL) under N2 for 12 hours. dH2O (0°C; 10 mL) was added and the mixture 

extracted with EtOAc (30 mL) and washed with dH2O (30 mL). The organic layers were 

concentrated in vacuo and the crude product purified on silica gel (1:5 EtOAc in Pet. Ether) 

to give a colourless oil, 3,7-dimethyloct-6-en-1-yl butyrate 35 (95 mg; 0.42 mmol; 65%). δH 

(CDCl3, 500 MHz) 0.89 (3H, d, J = 7.57, 8-H), 0.93 (3H, t, J = 7.48 Hz, 14-H), 1.12-1.19 (1H, m, 

7-H), 1.22-1.35 (2H, m, 6-H), 1.37-1.47(2H, m, 13-H), 1.48-1.55 (2H, m, 9-H), 1.56 (3H, s, 1-H 

or 2-H), 1.58 (3H, s, 1-H or 2-H), 1.88-2.01 (2H, m, 5-H), 2.26 (2H, t, J = 7.58 Hz, 12-H), 4.04-

4.14 (2H, m, 10-H), 5.06 (1H, t, J = 7.20, 4-H); δc (CDCl3, 125 MHz) 13.4 (C14), 17.64 (C1 or 

C2), 18.59 (C1 or C2), 19.54 (C8), 25.44 (C5), 25.8 (C7), 29.43 (C9), 35.51 (C13), 36.54 (C12), 

37.00 (C6), 62.86 (C10), 124.70 (C4), 131.44 (C3), 173.92 (C11). m/z HRMS calculated for 

[C14H26O2Na]+ (M+Na+) 249.1825, found 249.1852. 
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8.1.2.3 Acetylation of (R/S)-citronellol to 3,7-dimethyloct-6-en-1-yl a2,2,2-trifluoroacetate 

 

Trifluoracetic anhydride (TFAA; 0.17 mL; 1.23 mmol) was added dropwise to a solution of 

(R/S)-citronellol 55 (100 mg; 0.64 mmol) and 4-dimethylaminopyridine (DMAP; 1 mg; 0.008 

mmol) in pyridine (5 mL) under N2 at 0°C. The mixture was stirred for 10 min at 0°C, then 

warmed to RT and stirred for a further 40 min. ddH2O (10 mL, 0°C) was added and the 

reaction stirred for a further 10 min. The mixture was then extracted with EtOAc (30 mL) and 

washed with ddH2O (30 mL). The organic layers were concentrated in vacuo and purified over 

silica gel (1:4 EtOAc in pet ether) to give a colourless oil, 3,7-dimethyloct-6-en-1-yl a2,2,2-

trifluoroacetate 36 (121 mg; 0.50 mmol; 79%). δH (CDCl3, 500 MHz) 0.93 (3H, d, J = 7.57 Hz, 

8-H), 1.16-1.26 (2H, m, 6-H), 1.51-1.58 (2H, m, 9-H), 1.59 (3H, s, 1-H or 2-H), 1.67 (3H, s, 2-H 

or 2-H), 1.73-1.82 (1H, m, 7-H), 1.90-2.05 (2H, m, 5-H), 4.34-4.42 (2H, m, 10-H), 5.07 (1H, t, J 

= 7.15 Hz, 4-H); δc (CDCl3, 125 MHz) 17.65 (C1 or C2), 19.28 (C8), 22.24 (C5), 25.27 (C9), 25.70 

(C1 or C2),  34.84 (C7), 37.77 (C6), 66.78 (C10), 124.18 (C4), 131.71 (C3), 157.77 (q, J CF  = 

42.44 Hz, C12), 172.46 (C11). m/z HRMS calculated for [C12H20O23]+ (M+H+) 253.1410, found 

253.1413. 

8.1.2.4 Chiral gas-chromatography for separation of enantiomers 

The three acetylated citronellol’s, 3,7-dimethyloct-6-en-1-yl acetate 34, 3,7-dimethyloct-6-

en-1-yl butyrate 35 and 3,7-dimethyloct-6-en-1-yl a2,2,2-trifluoroacetate 36, were analysed 

using a chiral gas chromatography (chiral-GC). Chiral-GC was performed using a chiral cool-

on-column (β-cyclodextrin – 250.00 µm diameter x 50.0 m length) on an Agilent 6890N GC. 

A hydrogen carrier gas was utilised (rate of 1.9 mL min-1), with a fixed temperature 

programme. The oven temperature programme of the GC, with initial temperature 30°C, was 

heated to 150°C at a rate of 5°C min-1, followed by 230°C at a rate of 10°C min-1, after which 

it was maintained at 230°C for 25.00 min. The final run time was 58.10 min. 
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8.1.3 Synthesis of (1S,4aR,7R,7aS)-4,7-dimethyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-ol from (R)-citronellol  

8.1.3.1 Oxidation of (R)-citronellol to (E)-2,(6R)-dimethylocta-2-ene-1,8-diol 

 

To a solution of (R)-citronellol 56 (1.00 g; 6.40 mmol) in DCM (20 mL) and under N2, selenium 

dioxide (SeO2; 71 mg; 0.64 mmol) was added, followed by tert-butyl hydroperoxide (t-

BuOOH; 5M nonane; 1.6 mL; 8.00 mmol). The reaction was stirred at room temperature 

under N2 for 72 hours, after which an aqueous solution of Na2S2O3 (15 mL) was added and 

stirred vigorously for 15 min. The organic layers were separated, washed with NaHCO3 (15 

mL), dried over MgSO4 and concentrated in vacuo. The crude product was then purified on 

silica gel (2:3 to 3:2 EtOAc in pet. ether) to give two colourless oils (E)-2,(6,R)-dimethylocta-

2-ene-1,8-diol 56 (194 mg; 1.13 mmol; 18%). [α]D +4.72 (c 1.8, CH3OH); δH (CDCl3, 500 MHz) 

0.98 (3H, d, J = 6.45 Hz, 8-H), 1.33-1.45 (4H, m, 5-H and 6-H), 1.78 (3H, s, 3-H), 1.99-2.17 (1H, 

m, 7-H), 3.66-3.78 (4H, m, 9-H and 10-H), 4.02 (2H, s, 1-H), 5.42 (1H, t, J = 7.15 Hz, 4-H); δc 

(CDCl3, 125 MHz) 9.28 (C3), 19.57 (C8), 25.05 (C7), 36.70 (C5 or C6), 39.82 (C5 or C6), 60.90 

(C9), 61.13 (C10), 69.0 (C1), 126.5 (C4), 134.81 (C2); m/z HRMS calculated for [C10H20O2Na]+ 

(M+Na+) 195.1356, found 195.1360. Data consistent with literature214. And (E)-8-

hydroxy,2,(6R/S)-dimethylocta-2-enal 57 (197 mg; 1.15 mmol; 18%; combined yield 36%). δH 

(CDCl3, 500 MHz) 0.94 (3H, d, J = 6.45 Hz, 8-H), 1.56-1.69 (4H, m, 5-H and 6-H), 1.70 (3H, s, 3-

H), 2.32-2.47 (1H, m, 7-H), 3.66-3.78 (4H, m, 9-H and 10-H), 6.50 (1H, t, J = 7.15 Hz, 4-H), 9.41 

(1H, s, 1-H); δc (CDCl3, 125 MHz) 13.72 (C3), 19.66 (C8), 26.56 (C7), 35.62 (C5 or C6), 39.62 

(C5 or C6), 60.90 (C9), 61.13 (C10), 139.37 (C2) 155.1 (C4), 195.5 (C1). The alol could not be 

fully isolated to provide full analytical data. 
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8.1.3.2 Synthesis of 2-iodoxybenzoic acid (IBX) from 2-iodobenzoic acid 

 

2-Iodobenzoic acid 59 (5 g; 20.00 mmol) was added to a mixture of Oxone (50% active 

ingredient; 35 g; 110 mmol) in H2O (200 mL), and the mixture was heated to 70°C for 3 hours. 

The reaction was cooled to 0°C for a further 2 hours, before the precipitate was collected via 

filtration. The solid was rinsed with water (0°C; 50 mL) and acetone (0°C; 50 mL) before being 

dried for 48 hours in a vacuum desiccator, giving a white solid 60 (4.35g; 15.88 mmol; 79%). 

δH (d-DMSO, 500 MHz) 7.81 (1H, t, J = 7.54 Hz, 4-H), 7.92-8.02 (2H, m, 3-H and 5-H), 8.11 (1H, 

d, J = 8.36 Hz, 6-H); δC (d-DMSO, 125 MHz) 125.32 (C6), 130.47 (C3 or C5), 132.11 (C2 or C7), 

133.32(C4), 133.68 (C3 or C5), 147.10 (C2 or C7), 167.91(C1). HRMS calculated for [C7H6O4I]+ 

(M+H+) 280.9305, found 280.9249. 

8.1.3.3 Oxidation of (E)-2,(6R)-dimethylocta-2-ene-1,8-diol and (E)-8-hydroxyl,2,(6R)-

dimethylocta-2-enediol to (E)-2,(6R)-dimethyllocta-2-enediol with IBX 

 

IBX 60 (1.60 g; 5.7 mmol) was added to a solution of (E)-2,(6R)-dimethylocta-2-ene-1,8-diol 

56 (197 mg; 1.14 mmol) and (E)-8-hydroxy,2,(6R)-dimethylocta-2-enal 57 (194 mg; 1.14 

mmol) in DMSO (30 mL). The mixture was stirred for 3 hours at room temperature, then 

diluted with diethyl ether (20 mL) and filtered over celite. The filtrate was diluted with H2O 

(10 mL) and diethyl ether (10 mL), before being separated and washed with NaHCO3 and 

brine. The extract was dried over MgSO4, concentrated in vacuo the crude product purified 

by column chromatography on silica gel (3:2 EtOAc/Pet. ether) to give final product a 

colourless oil; (E)-2,(6R)-dimethylocta-2-enediol 61 (60 mg; 0.36 mmol; 16%). δH (500 MHz; 

CDCl3) 1.05 (3H, d, J = 6.80 Hz, 8-H), 1.72 (3H, s, 3-H), 2.10-2.26 (1H, m, 7-H), 2.40-2.59 (4H, 

m, 5-H and 6-H), 2.36-2.51 (2H, m, 9-H), 5.10 (1H, t, J = 7.09 Hz, 4-H), 9.47 (1H, s, 1-H or 10-

H), 9.75 (1H, s, 1-H or 10-H); Full analysis including 13C NMR, HRMS and [α]D could not be 

performed due to the instability of the dialdehyde. 
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8.1.3.4 Dess-Martin oxidation of (E)-2,(6R)-dimethylocta-2-ene-1,8-diol and (E)-8-

hydroxyl,2,(6R)-dimethylocta-2-enediol to (E)-2,(6R)-dimethyllocta-2-enediol 

 

Dess-Martin periodinane (3.44 g; 8.81 mmol) in DCM (10 mL) was added to a solution of (E)-

2,(6R)-dimethylocta-2-ene-1,8-diol 56 and (E)-8-hydroxy,2,(6R)-dimethylocta-2-enal 57 (1.00 

g combined; 5.87 mmol) in DCM (10 mL) under N2. The mixture was stirred for 1 hour at room 

temperature, then diluted with NaHCO3 (15 mL) and Na2S2O3 (15 mL), before being separated 

and washed with NaHCO3, brine and DCM. The extract was dried over MgSO4, concentrated 

in vacuo the crude product purified by column chromatography on silica gel (1:1 EtOAc/pet. 

ether) to give final product a colourless oil; (E)-2,(6R)-dimethylocta-2-enediol 61 (535 mg;  

3.17 mmol; 54%). δH (500 MHz; CDCl3) 1.05 (3H, d, J = 6.80 Hz, 8-H), 1.72 (3H, s, 3-H), 2.10-

2.26 (1H, m, 7-H), 2.40-2.59 (4H, m, 5-H and 6-H), 2.36-2.51 (2H, m, 9-H), 5.10 (1H, t, J = 7.09 

Hz, 4-H), 9.47 (1H, s, 1-H or 10-H), 9.75 (1H, s, 1-H or 10-H); Full analysis including 13C NMR, 

HRMS and [α]D could not be performed due to the instability of the dialdehyde. 

8.1.3.5 TPAP oxidation of (E)-2,(6R)-dimethylocta-2-ene-1,8-diol and (E)-8-hydroxy,2,(6R)-

dimethylocta-2-enal to (E)-2,(6R)-dimethyllocta-2-enediol 

 

N-Methyl morpholine N-oxide (NMO; 1.07 g; 9.12 mmol), 4Å molecular sieves (1.00 g) and a 

mixture of (E)-2,(6R)-dimethylocta-2-ene-1,8-diol 56 (223 mg; 1.3 mmol) and (E)-8-

hydroxy,2,(6R)-dimethylocta-2-enal 57 (167 mg; 0.98 mmol) were stirred in DCM (15 mL) for 

10 min. Tetrapropylammonium perrutherate (TPAP; 38mg; 0.11 mmol) was then added and 

the mixture stirred for a further hour. The mixture was evaporated in vacuo to give the crude 

product. The crude product was then purified on silica gel (3:7 EtOAc in pet. ether) to give a 

colourless oil, (E)-2,(6R)-dimethyllocta-2-enediol 61 (111 mg; 0.66 mmol; 29%). δH (500 MHz; 

CDCl3) 1.05 (3H, d, J = 6.80 Hz, 8-H), 1.72 (3H, s, 3-H), 2.10-2.26 (1H, m, 7-H), 2.40-2.59 (4H, 

m, 5-H and 6-H), 2.36-2.51 (2H, m, 9-H), 5.10 (1H, t, J = 7.09 Hz, 4-H), 9.47 (1H, s, 1-H or 10-
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H), 9.75 (1H, s, 1-H or 10-H);  Full analysis including 13C NMR, HRMS and [α]D could not be 

performed due to the instability of the dialdehyde. 

8.1.3.6 Swern oxidation of (E)-2,(6R)-dimethylocta-2-ene-1,8-diol and (E)-8-hydroxy,2,(6R)-

dimethylocta-2-enal to (E)-2,(6R)-dimethyllocta-2-enediol 

 

Oxalyl chloride ( (COCl)2 ; 0.26 mL; 3.20 mmol) was stirred in DCM (10 mL) under N2 and 

cooled to -78°C. DMSO (0.31 mL; 4.45 mmol) in DCM (5 mL) was added dropwise and the 

reaction stirred for a further 10 min. (E)-2,(6R)-dimethylocta-2-ene-1,8-diol 56 (333 mg; 1.78 

mmol) was dissolved in DCM (5 mL) and added to the mixture, which was stirred for a further 

45 min. Triethylamine (Et3N; 1.24 mL; 8.90 mmol) was then added and the reaction allowed 

to warm to RT over 20 min. The white precipitate was dissolved in H2O, the mixture extracted 

with DCM and washed with 2M HCl and brine, before being dried over MgSO4 and 

concentrated in vacuo. The crude product was a yellow oil; (E)-2,(6R)-dimethylocta-2-enediol 

61 (230 mg; 1.37 mmol; crude 77%). δH (500 MHz; CDCl3) 1.05 (3H, d, J = 6.80 Hz, 8-H), 1.72 

(3H, s, 3-H), 2.10-2.26 (1H, m, 7-H), 2.40-2.59 (4H, m, 5-H and 6-H), 2.36-2.51 (2H, m, 9-H), 

5.10 (1H, t, J = 7.09 Hz, 4-H), 9.47 (1H, s, 1-H or 10-H), 9.75 (1H, s, 1-H or 10-H); Full analysis 

including 13C NMR, HRMS and [α]D could not be performed due to the instability of the 

dialdehyde. 

8.1.3.7 Cyclisation of (E)-2,(6R)-dimethylocta-2-enediol to (1S,4aR,7R,7aS)-N,4,7-trimethyl-N-

phenyl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-amine 

 

(E)-2,(6R)-dimethylocta-2-enediol 61 (930 mg; 5.53 mmol) and 4Å molecular sieves (600 mg) 

were stirred in diethyl ether (10 mL) under N2 for 30 minutes, after which N-methyl aniline 

(0.6 mL, 5.53 mmol) was added. The mixture was stirred for a further 16 hours at RT, then 

filtered over celite and concentrated in vacuo. The crude product was purified on silica gel 

(1:19 EtOAc:Pet ether) giving a product of a yellow oil (0.68 g; 2.60 mmol; 47%; de 72%) 

containing (1S,4aR,7R,7aS)-N,4,7-trimethyl-N-phenyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-amine 37. [α]D -13.6 (c 0.96, CH3OH); δH (CDCl3, 500 MHz) 
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1.09 (1H, d, J = 6.62 Hz, 9-H), 1.64 (3H, s, 4-H), 1.82-1.94 (2H, m, 6-H and 7-H), 2.07-2.16 (2H, 

m, 5-H and 10-H), 2.36-2.50 (1H, m, 8-H), 2.99 (3H, s, 11-H), 4.72 (1H, d, J = 10.23 Hz, 1-H), 

6.24 (1H, s, 2-H), 6.85 (1H, t, J = 7.41 Hz, 14-H or 15-H), 6.97 (2H, d, J = 8.15 Hz, 13-H), 7.24-

7.30 (2H, m, 14-H or 15-H); δC (CDCl3, 125 MHz) 17.06 (C4), 21.56 (C9), 32.68 (C5 or C10), 

33.25 (C6 or C7), 36.46 (C6 or C7), 42.2 (C8), 45.54 (C5 or C10), 88.36 (C1), 133.08 (C3), 115.78 

(C13), 119.22 (C14 or C15), 129.02 (C14 or C15), 137.68 (C2), 150.77 (C12); m/z HRMS 

calculated for [C17H24ON]+ (M+H+) 258.1852, found 258.1831. 

8.1.3.8 Cyclisation of (E)-2,(6R)-dimethylocta-2-enediol to (1S,4aR,7R,7aS)-N,4,7-trimethyl-N-

(4-methoxyphenyl)-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-amine 

 

(E)-2,(6R)-dimethylocta-2-enediol 61 (150 mg; 0.89 mmol) and 4Å molecular sieves (200 mg) 

were stirred in diethyl ether (10 mL) under N2 for 30 minutes, after which N-methyl, 4-

methoxyaniline (122 mg; 0.89 mmol) was added. The mixture was stirred for a further 32 

hours at RT, then filtered over celite and concentrated in vacuo. The crude product was a 

yellow oil containing 1S,4aR,7R,7aS)-N-(4-methoxyphenyl)-N,4,7-trimethyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-amine 39 (156 mg; crude 61%; de 20%). δH (CDCl3, 500 MHz) 

1.07 (3H, d, J = 6.73 Hz, 9-H), 1.59 (3H, s, 4-H), 1.81-1.88 (1H, m, 6-H or 7-H), 1.89-1.97 (1H, 

m, 6-H or 7-H), 2.00-.12 (2H, m, 10-H and 5-H), 2.33-2.42 (1H, m, 8-H), 2.90 (3H, s, 11-H), 3.76 

(3H, s, 15-H), 4.51 (1H, d, J = 10.30 Hz, 1-H), 6.20 (1H, s, 2-H), 6.81 (2H, d, J = 9.70 Hz, 13-H or 

14-H), 6.96 (2H, d, J = 9.70 Hz, 13-H or 14-H); Full analysis including 13C NMR, HRMS and [α]D 

could not be performed due to the degradation of the product when purification was 

attempted.  

8.1.3.9 Cyclisation of (E)-2,(6R)-dimethylocta-2-enediol to (1S,4aR,7R,7aS)-N,4,7-trimethyl-N-

(4-nitrophenyl)-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-amine 
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(E)-2,(6R)-dimethylocta-2-enediol 61 (200 mg; 1.78 mmol) and 4Å molecular sieves (300 mg) 

were stirred in diethyl ether (10 mL) under N2 for 30 minutes, after which N-methyl, 4-

nitroaniline (180 mg; 1.78 mmol) was added. The mixture was stirred for a further 72 hours 

at RT, then filtered over celite and concentrated in vacuo to give a crude product of a yellow 

oil containing 62 (290 mg).  The crude product was analysed, revealing the reaction had not 

gone to completion. δH (CDCl3, 500 MHz) 1.01 (3H, d, J = 6.75, 9-H), 1.75 (3H, s, 4-H), 2.20-

2.47 (7H, m, 5-H, 6-H, 7-H, 8-H, 10-H), 3.05 (3H, s, 11-H), 4.81 (1H, d, J = 10.70, 1-H), 6.20 (1H, 

s, 2-H), 6.52 (2H, d, J = 9.43, 13-H or 14-H), 6.88 (4H, d, J = 9.83, 13-H or 14-H). Full analyses 

could not be performed due to the inability to isolate the product. 

8.1.3.10 Cyclisation of (E)-2,(6R)-dimethylocta-2-enediol to (1S,4aR,7R,7aS)-N,4,7-trimethyl-N-

(4-chlorophenyl)-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-amine 

 

(E)-2,(6R)-dimethylocta-2-enediol 61 (950 mg; 5.64 mmol) and 4Å molecular sieves (200 mg) 

were stirred in diethyl ether (10 mL) under N2 for 30 minutes, after which N-methyl, 4-

chloroaniline (0.68 mL; 5.64 mmol) was added. The mixture was stirred for a further 16 hours 

at RT, then filtered over celite and concentrated in vacuo.  The crude product was purified 

on silica gel (1:20 EtOAc:Pet ether) giving a product of a yellow oil (0.74 g; 45 %; 2.54 mmol; 

de 81%) containing (1S,4aR,7R,7aS)-N,4,7-trimethyl-N-(4-chlorophenyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-amine 63. [α]D – 17.7 (c 1.00, CH3OH); δH (CDCl3, 500 MHz) 

1.06 (3H, d, J = 6.20, 9-H), 1.61 (3H, s, 4-H), 1.81-1.88 (2H, m, 6-H and 7-H), 2.04-2.15 (2H, m, 

5-H and 10-H), 2.36-2.45 (1H, m, 8-H), 2.94 (3H, s, 11-H), 4.60 (1H, d, J = 10.34, 1-H), 6.19 (1H, 

s, 2-H), 6.53 (1H, d, J = 8.38, 13-H, 14-H, 15-H or 16-H), 6.87 (1H, d, J = 8.79, 13-H, 14-H, 15-H 

or 16-H), 7.13 (1H, d, J = 8.79, 13-H, 14-H, 15-H or 16-H), 7.18 (1H, d, J = 9.02, 13-H, 14-H, 15-

H or 16-H). δC (CDCl3, 125 MHz) 17.01 (C4), 21.53 (C9), 30.86 (C5 or C10), 33.03 (C11), 33.17 

(C6 or C7), 36.52 (C6 or C7), 42.21 (C8), 45.48 (C5 or C10), 88.48 (C1), 113.33 (C3), 113.46 

(C13, C14, C15 or C16), 117.07 (C13, C14, C15 or C16), 121.86 (C12 or C17), 124.08 (C12 or 

C17), 128.84 (C13, C14, C15 or C16), 129.03 (C13, C14, C15 or C16), 137.39 (C2); m/z HRMS 

calculated for [C17H23ONCl]+ (M+H+) 292.1463, found 292.1450. 
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8.1.3.11 Hydrolysis of N,4,7-trimethyl-N-phenyl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-

1-amine to (1S,4aR,7R,7aS)-4,7-dimethyl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-ol 

 

para-Toluensulfonic acid (25 mg; 0.13 mmol) was added to a solution of crude N,4,7-

trimethyl-N-phenyl-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-1-amine (30 mg; 0.12 mmol) 

in THF (2.5 mL) and H2O (2.5 mL) and the reaction mixture stirred for 90 min at RT. NaHCO3 

was then added (5 mL) and the organic layers extracted with EtOAc and 2M HCl, dried over 

MgSO4 and concentrated in vacuo. The crude product was purified on silica gel (9:1 pet. ether 

to EtOAc), giving a colourless oil, (1S,4aR,7R,7aS)-4,7-dimethyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-ol (10 mg; 0.06 mmol; 50%). [α]D + 3.67 (c 0.31, CH3OH); δH 

(500 MHz; CDCl3) 1.10 (1H, d, J = 7.06 Hz, 9-H), 1.31-1.40 (1H, m, 8-H), 1.57 (3H, s, 3-H), 1.61-

1.73 (1H, m, 5-H), 1.78-2.03 (4H, m, 6-H and 7-H), 2.47 (1H, q, J = 7.79 Hz, 10-H), 4.85 (1H, m, 

1-H), 6.03 (1H, s, 2-H). δC (125 MHz; CDCl3) 16.2 (C3), 20.6 (C9), 30.4 (C6 or C7), 30.9 (C8), 

35.4 (C6 or C7), 39.6 (C10), 50.7 (C5), 94.1 (C1), 113.8 (C4), 134.3 (C2); m/z HRMS calculated 

for [C10H17O2]+ (M+H+) 168.1145, found 169.1265. Data consistent with literature213,214. 

The final product was further purified using high-pressure liquid-chromatography (HPLC) 

using water/acetonitrile as detailed in Table 3.1.  

8.1.3.12 Oxidation of (1S,4aR,7R,7aS)-4,7-dimethyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-ol to (4aS,7S,7aR)-4,7-dimethyl-5,6,7,7a-

tetrahydrocyclopenta[c]pyran-1(4aH)-one 

 

 (1S,4aR,7R,7aS)-N,4,7-trimethyl-N-(4-chlorophenyl-1,4a,5,6,7,7a-

hexahydrocyclopenta[c]pyran-1-amine 32 (43 mg, 0.26 mmol) was added to silver carbonate 

(347 mg, 1.26 mmol) and celite (240 mg) in toluene (5 mL) and the reaction refluxed at 120°C 

under N2 for 1 hour. The final mixture was cooled to RT, filtered over celite and concentrated 

in vacuo. The crude product as purified on silica gel (1:19 EtOAc in Pet. Ether), giving final 

                                                                                                                                                         

                                       67                                                                  32 

                                                                                                                                                         

                                       32                                                                  33 
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product of a colourless oil containing (4aS,7S,7aR)-4,7-dimethyl-5,6,7,7a-

tetrahydrocyclopenta[c]pyran-1(4aH)-one 33 (23 mg, 0.14 mmol, 52%). [α]D -17.10 (c 2.7, 

CH3OH); δH (500 MHz; CDCl3) 1.21 (3H, d, J = 6.62 Hz, 9-H), 1.50-1.59 (1H, m, 5-H), 1.64 (3H, 

s, 4-H), 1.89-1.98 (2H, m, 6-H or 7-H), 2.02-2.11 (2H, m, 6-H or 7-H), 2.31-2.39 (1H, m, 8-H ), 

2.05(1H, q, J = 7.79, 10-H), 6.18-6.20 (1H, m, 2-H); δC (125 MHz; CDCl3) 15.6 (C4), 20.4 (C9), 

31 (C6 or C7), 33.2 (C6 or C7), 39.8 (C8), 40.8 (C10), 115.2 (C3), 133.4 (C2), 171.0 (C1); m/z 

HRMS calculated for [C10H15O2]+ (M+H+) 167.1066, found 167.1079. 

The final product was further purified using high-pressure liquid-chromatography (HPLC) 

using water/acetonitrile as detailed in Table 3.1.  

 

8.2 EXPRESSION AND PURIFICATION OF OBPS 

8.2.1 Media Recipes 

Media for use in molecular biology experiments were prepared as in Table 8.2. 

Table 8.2: Media recipes for LB, 2xYT and LB agar.  

Media Components (+ 1L H2O) 

LB liquid media 8g Tryptone, 5g Yeast Extract, 5g NaCl 

2xYT liquid media 16g Tryptone, 10g Yeast Extract, 5g NaCl 

LB agar 30g LB agar mix (without NaCL), 5g NaCl 

 

Media was sterilised by autoclaving at 120°C, then cooled before adding an appropriate 

antibiotic to a working concentration (Table 8.3). Agar was kept at 60°C until poured into 

plates and allowed to set. 

Table 8.3: Working concentrations of antibiotics added to media. 

Antibiotic Working Concentration / µgml-1 

Ampicillin 100 

Kanamycin 50 
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8.2.2 Transformation of E. coli BL21(DE3) Competent Cells with A. pisum OBP 

Plasmids 

Plasmids were supplied by Dr Jing-Jiang Zhou and colleagues (Rothamsted Research). All 

genes were previously cloned into a vector plasmid, pET45b or pET15b, containing an 

ampicillin resistance cassette, or pNIC28-Bsa4, containing a kanamycin resistance cassette. 

Each plasmid contained a hexa-histidine (His6) tag encoded at the N-terminus of the protein, 

to allow for nickel affinity purification. 

To transform cells, 5 µL of plasmid was added to BL21(DE3) competent E. coli cells and cooled 

to 0°C. The mixture was allowed to sit for 30 minutes, after which it was heat-shocked at 42°C 

for 70 sec and cooled to 0°C for a further 5 minutes. LB liquid media (800 µL) was added to 

the sample, followed by incubation (250 rpm; 37°C) for 45 minutes. The sample was 

centrifuged (4000 rpm) for 2 minutes and the pellet resuspended in LB media (100 µL). The 

resuspension was spread onto an LB-agar plate containing the appropriate antibiotic and 

incubated (37°C) for 12 hours. A clonal cell template for PCR was made from the overnight 

culture by diluting a scraping from a small, single colony in H2O (10 µL). 

8.2.3 Polymerase Chain Reaction (PCR) 

A mixture for PCR was made by combining the cell template (1 µL), appropriate forward and 

reverse primers (1 µL of each), H2O (7 µL) and a Taq polymerase mix (10 µL) containing dNTP, 

Taq polymerase and PCR buffer (100 mM Tris-HCl, 500 mM KCl, 15 mM MgCl2, pH 8.3). The 

mixture was heated at 94°C for 5 minutes, followed by 25 cycles of heating at 94°C for 30 

seconds, to 50°C for 30 seconds, then 72°C. Finally, the mixture was taken to 72°C for 30 

minutes and stored at 4°C. Gel electrophoresis with a 1% agarose gel was used to check the 

PCR product and determine whether the transformation was successful.  

8.2.4 Recombinant E. coli BL21(DE3) Starter Culture 

A scraping from clonal culture or glycerol stock sample (500 µL) was added to 2xYT liquid 

media (10 mL) and incubated overnight (37oC; 250 rpm) to generate a starter culture of E. 

coli BL21(DE3). 

8.2.5 Protein Expression Test from Recombinant BL21(DE3) E. coli 

Starter culture of recombinant BL21(DE3) E. coli cells (500 µL) was added to 2xYT liquid media 

containing the appropriate antibiotic (10 mL) and incubated (37oC; 250 rpm) until the OD600 

values reached 0.5-0.6. Isopropyl β-D-1-thiogalactopyranoside (IPTG; 10 µL; 1 M) was added 

to induce expression, and the mixture incubated for a further 3-4 hours (37oC; 250 rpm). 
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A sample of the culture (2 mL) was removed and centrifuged (12000rpm; RT) for 2 min, and 

the cell pellet resuspended in SDS-PAGE loading buffer (600µL). Samples were then 

denatured at 95oC for 10 minutes, before loading onto an SDS-PAGE gel. 

8.2.6 Large Scale Expression, Refolding and Purification of OBPs 

2xYT liquid media (600 mL) was inoculated with starter culture (3 mL) and incubated (37oC, 

250 rpm) until an OD600 of 0.7-0.8 was reached. IPTG (300 µL; 1 M) was added to induce 

expression and the mixture incubated for a further 3-4 hours (37oC, 250 rpm). Cells were 

harvested by centrifuging for 15 minutes (3500 rpm). 

The cell pellet was resuspended in ice-cold TBS buffer (10 mL; 25 mM Tris, 500mM NaCl, pH 

8.0) and incubated on ice for 10 minutes. The mixture was sonicated for 4 minutes on ice, 

then centrifuged for 30 minutes (35000 rpm, 4oC). The pellet was resuspended in TBS+0.2% 

Triton X-100 (10 mL). The sonication and centrifugation steps were repeated, and the pellet 

resuspended in 8M urea (1.5 mL) and 10 mM 1,4-dithiothreitol in 100 mM Tris (1.5 mL; pH 

8). The mixture was incubated for 1 hour at room temperature, then rapidly diluted with 27 

mL TBS+5:0.5 mM GSH:GSSG and incubated overnight at RT. 

The overnight mixture was centrifuged for 10 minutes (3500 rpm) and the supernatant 

filtered through a 0.22 µm filter. OBPs were purified using Histrap® columns, preconditioned 

with 25 mM imidazole buffer. The filtrate from the refolding step (Chapter 3; 3.2.5) was 

passed through the column, leaving the histidine-tagged protein bound to the nickel. An 

imidazole buffer (500 mM) was used to displace the protein and fractions were collected and 

analysed using SDS-PAGE.  

8.2.7 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The resolving gel (1.0 mm width; 5 mL) was prepared as in Table 8.4. Approximately 1.5 mL 

of 2-isopronaol was added to remove bubbles and the gel left to set. After 20 minutes, the 

isopropanol was removed, and the stacking gel added. A comb was used to form wells before 

leaving the gel to set for a further 20 minutes. 
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Table 8.4: Composition of resolving and stacking gels for SDS-PAGE.  

*added last to catalyse polymerisation 

 Volume / µL 

 Resolving gel (15%; 5 mL) Stacking Gel (3%; 2mL) 

H2O 1770 1185 

40% acrylamide 1875 150 

1.5M Tris buffer (pH 8.8) 1250 0 

0.5M Tris buffer (pH 6.8) 0 250 

10% SDS buffer 50 25 

10% ammonium persulfate* 50 25 

TEMED* 5 3 

 

Samples for the gel (20 µL) were prepared by combining protein samples (10 µL) with sample 

buffer (10 µL; prepared as in Table 8.5). Samples were run alongside an appropriate marker 

(11-245 kDa). The gel was run at 200 V for 90-120 minutes and GelCodeTM Blue Stain (Thermo-

Fisher Scientific) was added for approximately 1 hour to resolve the protein bands. 

Table 8.5: Composition of SDS-PAGE Protein Sample Buffer 

Reagent Concentration 

Tris 80 mM 

SDS 2.0% 

Glycerol 10% 

Bromophenol blue 0.0006% 

DTT 0.1 M 

 

8.2.8 Histidine-Tag Cleavage from Purified Protein 

To remove the hexa-histidine tag from purified proteins, an appropriate cleavage enzyme 

was used (Table 8.6). The selection of the enzyme depended on the cleavage site encoded in 

the original vector plasmid. The protein was buffer-exchanged in CaCl2 in TBS buffer (2 mM 

CaCl2, 25 mM Tris; 500 mM NaCl), and enzyme added. Cleavage was monitored by observing 

a change in mass using mass spectrometry. After completion, excess tagged protein was 

removed by passing the mixture through a Histrap® column and collecting the eluent.  
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Table 8.6: Vector plasmids used for transformation and their his-tag cleavage sites and enzymes. 

Plasmid His-Tag FASTA sequence Cleavage Site Cleavage Enzyme 

pET45b MAHHHHHHVG TGSNDDDDKS PDP DDDDK/S 

 

Enterokinase 

pNIC28-Bsa4 MHHHHHHSSGVDLGTENLYFQS ENLYFQ/S TEV (Tomato Etch 

Virus) 

pET15b MGSSHHHHHHSSGLVPRGSH GLVPR/GS Thrombin 

 

8.2.9 Plasmid Extraction, Purification and Sequencing 

Plasmids were extracted using a GeneJET Plasmid Miniprep Kit (Thermo-Fisher Scientific) and 

sequenced by Queen’s Medical Centre laboratories, University of Nottingham or Eurofins 

(UK). 

8.2.10 Protein Buffer Exchange and Concentration 

All proteins were buffer exchanged and desalted using a PD-10 desalting column and 

concentrated using a Vivaspin 20 (10 kDa MWCO). 

8.2.11 Site-Directed Mutagenesis 

Site-directed mutagenesis (SDM) of OBP6-His6 was performed to insert a thrombin tag. A Q5 

Site-Directed Mutagenesis kit (New England Biolabs) was used to perform the mutagenesis. 

Primers (Table 8.7) were obtained from Sigma-Aldrich. 

Table 8.7: Forward and reverse primers for site-directed mutagenesis (thrombin cleavage site 

insertion) of OBP6-His6 

Primers for thrombin cleavage site insertion 

Forward cgcggcagcGCTGGGTACGATAGAACATG 

Reverse cggcaccagCGGATCCGGACTCTTGTC 

 

Samples for PCR were prepared by combining plasmid containing the gene of interest (1 µL), 

forward and reverse primers (1 µL of each), H2O (9 µL) and Q5 hot start master mix (12.5 µL). 

The mixture was heated at 98°C for 30 seconds, followed by 25 cycles of heating at 98°C for 

10 seconds, to 64°C for 20 seconds, then 72°C for 2 minutes. Finally, the mixture was taken 

to 72°C for 2 minutes and stored at 4°C. 
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The PCR product (1 µL) was mixed with KLD reaction buffer (5 µL), KLD enzyme mix (1 µL) and 

H2O (3 µL) and left at RT for 5 minutes. Finally, the mixture (5 µL) was used to transform NEB 

5-alpha Competent E. coli cells as in 8.2.2. Results were validated by sequences as in 8.2.9. 

8.2.12 Fast-Protein Liquid Chromatography 

To purify proteins, gel filtration via fast-protein liquid chromatography (FPLC) was performed 

using an Akta FPLC. The FPLC was fitted with a Superdex size-exclusion column, and samples 

were exchanged into a TBS buffer (Tris 15 mM, NaCl 250 mM; Table 8.8). Protein samples 

were collected using an autosampler and subsequently concentrated as 8.2.10. 

Table 8.8: Run conditions for size exclusion fast-protein liquid chromatography (FPLC). 

Step Time Flow Rate Buffers 

Wash 20 min 3.0 mL min-1 1:1 20% EtOH:H2O 

Wash 20 min 3.0 mL min-1 1:1 TBS:H2O 

Equilibrate 40 min 1.5 mL min-1 TBS 

Inject Sample 

Run 60-180 min 1.5 mL min-1 TBS 

Wash & Store 40 min 3.0 mL min-1 20% EtOH 
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8.3 IN SILICO MODELLING AND DOCKING 

8.3.1 Sequence Data and Protein Models 

A. pisum OBP and OR sequences were previously reported by a variety of literature (Table 

8.9).103 

Table 8.9: NCBI accession codes for Acyrthosiphon pisum olfactory proteins 

A. Pisum Protein Residues NCBI Ascension Code 

OBP1 159 aa NP_001153526.1  

OBP2 243 aa NP_001153528.1 

OBP3 141 aa NP_001153529.1 

OBP4 193 aa NP_001153530.1 

OBP5 221 aa NP_001153531.1 

OBP6 160 aa NP_001153532.1 

OBP7 155 aa NP_001153533.1 

OBP8 162 aa NP_001153534.1 

OBP9 165 aa NP_001153535.1 

OBP10 143 aa NP_001153525.1 

OBP11 141 aa XP_008178459.1 

OR1 (ORCO) 463 aa AQS60741.1 

OR2 403 aa AQS60742.1 

OR4 368 aa ARJ54248.1 

OR5 367 aa KX890157.1 

OR10 369 aa AQS60745.1 

OR17 430 aa AQS60746.1 

OR20 420 aa AQS60747.1 

OR22c 403 aa XP_003245950.2 

OR39 426 aa AQS60753.1 

 

All previously published protein structures were accessed from the Protein Data Bank 

(PDB).215 

8.3.2 Sequence Alignment and Transmembrane Domain Prediction 

Sequence alignments were performed using Cluster Omega and the PRALINE server.216,217 

Conservation mapping was performed using ConSurf. Transmembrane domain predications 

of the receptor proteins were performed using a consensus approach and four different 

serves – HMMTOP, TMpred, PHOBIUS and TMHMM.218–221 Alignments and conservation 
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maps were analysed in GeneDoc222, and phylogenetic trees were generated in FigTree 

v1.4.3.223 

8.3.3 Homology Modelling 

For odorant-binding proteins, protein structures were initially predicted using the iTASSER 

database141, which takes a hierarchical approach by identifying structural templates from the 

Protein Data Bank. All predicted protein structures were minimised using the Yasara 

minimisation server.170  

For odorant receptors, homology based modelling was performed using the olfactory 

receptor co-receptor, ORCO, from Apocrypta bakeri as a template. The structure of 

AbakORCO was obtained from the Protein Data Bank (PDB ID 6C70; resolution 3.5 Å).88 

Pairwise sequence alignment was performed using PRALINE217 and the predicted 

transmembrane domains were manually aligned and annotated. The available ORCO 

structure shares a generally low sequence identity with the A. pisum odorant receptors, 

however, the general seven transmembrane structure should be conserved. The pairwise 

alignment served as a template for homology modelling using MODELLER 9.3 with loop 

refinement.172 The secondary structure of long extracellular loops 2 and 3 (EL2 and EL3) were 

individually predicted using the iTASSER server.141 Approximately 25 models were generated 

for each protein, and these were subsequently assessed using discrete optimised protein 

energy (DOPE) from MODELLER, in addition to Ramachandran  and Z-score analysis, 

performed in PROCHECK and ProSA respectively.171,173  

All proteins structures were visualised in in PyMol 2.3.4.91  

8.3.4 Ligand Screening 

Ligands were prepared in Chem3D 16.0 and AutoDock 4.2 (Python Molecule Viewer), then 

screened against computer generated models using AutoDock4.2 and the Racoon virtual 

screening tool.161 A Lamarckian Genetic Algorithm was selected for the simulation.  

OBPs and ORs were all screened against a wide range of ligands. The binding energy of the 

complex and subsequent Ki were calculated. In some cases, mutants were also generated to 

determine critical amino acid residues by manually mutating single residues.  

8.3.4 Molecular Dynamics  

Molecular dynamics simulations were performed using GROMACS 2019. For odorant-binding 

proteins, the OLPS force field was used, and for odorant receptors, a modified Gromas 53a6 

force field was utilised.168,169 
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For odorant-binding proteins, models were solvated and neutralised with ions (for negative 

Cl-, for positive Na+) before energy minimisation and equilibration (temperature and 

pressure) calculations were performed. For each protein, a 1 ns simulation was performed. 

The stability of the protein was then assessed by observing temperature and pressure 

stabilisation of the simulated models.  

Molecular dynamics simulations were performed using the GROMACS 9.3 package. For OBPs, 

and OLPS force field was used, whereas for odorant receptors, the Gromos53a6 forcefield 

was utilised, with some modifications made to parameters to include lipids. Lipid bilayer 

topology and structure were obtained from Dr. Peter Tielman.224 Receptor models were 

embedded into a lipid bilayer of 128 dipalmitoylphosphatidylcholine (DPPC) molecules. All 

models were solvated with explicit solvent (SPC) water and neutralised with either Cl- or Na+ 

ions. Steepest-descent methods were used to minimise the energy of each system, at a 

reference temperature of 300 K.  All bonds were constrained with LINCS and long-range 

electrostatics were handled using PME.  

 

8.4 FLUORESCENT BINDING STUDIES 

8.4.1 Fluorescence Measurements 

All fluorescent measurements were undertaken using a Perkin-Elmer LS50B fluorescence 

spectrophotometer, using a 2mL quartz cuvette, and the settings described below in Table 

8.10, unless otherwise stated. Spectra were recorded using FL WinLab software. 

Table 8.10: Settings for fluorescence measurements using the Perkin-Elmer LS50B fluorescence 

spectrophotometer 

Setting Intrinsic 

Fluorescence 

(Tryptophan 54) 

Probe Fluorescence 

(1-NPN 51) 

Probe Fluorescence 

(1,8-ANS 52) 

Excitation Wavelength 280 nm 337 nm 380 nm 

Emission Wavelengths 290 – 400 nm 350 – 600 nm  400 – 600 nm 

Excitation Slit 5.0 nm 5.0 nm 5.0 nm 

Emission Slit 5.0 nm 5.0 nm 5.0 nm 
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8.4.2 Ligand Binding and Saturation Curves 

Saturation of OBPs with  fluorescent probe, 1-NPN 51 or 1,8-ANS 52 (both Sigma-Aldrich) was 

initially measured by titrating a 2 µM protein sample (2 mL in 25 mM Tris-HCl) with aliquots 

of 1 mM ligand in methanol to final concentrations of 1-16 µM. The fluorescence intensity 

was recorded. 

The competitive binding of ligands was measured by observing the intrinsic fluorescence of 

tryptophan 54. Titrations were performed with aliquots of 1 mM ligand in methanol to final 

concentrations of 1-20 µM, either after the addition of fluorescent probe to a final 

concentration of 1 µM or in the absence of fluorescent probe. 

8.4.3 Analysis of Fluorescence data 

To generate KD values, relative fluorescence intensity was plotted against the concentration 

of ligand as a binding curve. KD values were generated in GraphPad Prism 7 using a non-linear 

regression and the inbuilt equation: 

𝑦 =  
𝐵𝑚𝑎𝑥 ∗ 𝑥

𝐾𝐷 + 𝑥
 

Each calculated KD value had an associated error from the non-linear regression. To account 

for these errors in statistical analysis, values were weighted in direct proportion to their error 

– the higher the error, the lower the weighting of the values. The ‘weight’ factor was 

calculated using the following equation: 

𝑤𝑒𝑖𝑔ℎ𝑡 =  
1

(𝑆𝐸)2
 

Statistical analysis of fluorescence data was performed using R. A one-way weighted ANOVA 

was performed between ligands for each protein, and a two-way weighted ANOVA was 

performed to investigate the interactions between proteins and ligands. A Tukey Test was 

used for post-hoc analysis (Table 8.11). 
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Table 8.11: Statistical analysis results for a weighted analysis of variance (ANOVA) of the binding 

affinities (KD) difference between different ligands and OBP6. 

Assay Interaction 
p-value 

1-NPN 

Ligand A Ligand B 

(1R,4aS,7S,7aR)-Nepetalactol 5 

(E)-β-Farnesene 17 

0.0021 

(4aS,7S,7aR)-Nepetalactone 6 0.00017 

(1S,4aR,7R,7aS)-Nepetalactol 32 0.010 

(4aR,7R,7aS)-Nepetalactone 33 0.015 

(1R,4aS,7S,7aR)-Nepetalactol 5 
(±)-Linalool 

0.023 

 (4aS,7S,7aR)-Nepetalactone 6 0.0014 

 

The interaction between (4aS,7S,7aR)-nepetalactone 6 and (4aR,7R,7aS)-nepetalactone 33 

did not give a significant difference, with a p-value of 0.11 in the 1-NPN assay and a p-value 

of 0.055 in the fluorescent probe free assay. A weighted t-test was subsequently performed, 

giving a significant difference with a p-value of 2.27 x 10-4.  

8.4.3 Thermostability Assay 

Thermostability measurements were performed using a NanoTemper NanoDSF 

fluorescence-based protein stability instrument using a 0.8 mgml-1 sample of A. pisum OBP6. 

8.5 MASS SPECTROMETRY 

8.6.1 General Mass Spectrometry 

All mass spectrometry was undertaken using electrospray ionisation and conducted on the 

QTof2 or QTof3 under denaturing conditions (80% CH3CN, 0.1% formic acid) and the settings 

detailed in Table 8.11, unless otherwise stated. 

Mass spectra were analysed using MassLynx 3.0 software. 

Table 8.11: Denatured mass spectrometry settings for the QTof 3.0 

Setting Value 

Capillary Voltage 2.80 kV 

Cone Voltage 35 V 

Desolvation Temperature 80°C 

Source Temperature 50°C 

Rf Lens 1.0 

 



Chapter 8: Experimental 

177 
 

8.6.2 Sample Preparation using the ZipTip® 

Samples for mass spectrometry were prepared by ZipTip®. The ZipTip® was conditioned by 

washing with elution buffer (80% CH3CN, 0.1% formic acid; 5x10 µL), followed by equilibrating 

with wash buffer (5% MeOH, 0.1% trifluoroacetic acid; 7x10 µL). Trifluoroacetic acid (TFA) 

was added to the sample to a concentration of 0.1%, which was adsorbed onto the column 

(20 aspirations). The sample was then washed with wash buffer (20x10 µL) and eluted into 

elution buffer (10 µL, 20 aspirations). 

8.6.3 Stability of Proteins from Rates of Oxidations (SPROX) 

Samples were prepared using a constant concentration of protein against a gradient of 

concentrations of a denaturant (guanidinium chloride; 0-6M) as seen in Table 3.8. 

Table 8.12: Sample composition for SPROX reactions with guanidinium chloride concentrations 0-6M 

[Guanidinium 

Chloride] / M 

Volume Added / µL 

Sample Water Guanidinium Chloride 

(8M) 

0 7.5 22.5 0 

1 7.5 18.75 3.75 

2 7.5 15 7.5 

3 7.5 11.25 11.25 

4 7.5 7.5 15 

5 7.5 3.75 18.75 

6 7.5 0 22.5 

 

To each of these, hydrogen peroxide (1 µL, 9.8 M) was added. After 90 seconds, the reaction 

was quenched by ZipTip®, and an ESI-MS recorded. Each SPROX reaction was conducted for 

3 repetitions to obtain an average. 

Mass spectrometry data was analysed by calculating the average number of oxidations for 

the protein. Initially, weighted average mass, m/zwt,av, was calculated using the mass (mi) and 

intensity (Ii) of peaks for different oxidation states, including the native state, as follows: 

𝑚/𝑧𝑤𝑡,𝑎𝑣 = ∑ 𝑚𝑖𝐼𝑖 ∑ 𝐼𝑖⁄  

This was then converted into the average weighted change, ΔMasswt,av in mass by subtracting 

the value from the mass of the native protein, Masstot, as follows: 

 ∆Mass𝑤𝑡,𝑎𝑣 =  Mass𝑡𝑜𝑡 −  𝑚/𝑧𝑤𝑡,𝑎𝑣 
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Finally, average number of oxidations, OXIav, was calculated by dividing the average weighted 

change in mass by the molecular weight of oxygen, 16. 

OXI𝑎𝑣 =   ∆Mass𝑤𝑡,𝑎𝑣 16⁄  

Data was plotted using Python2.7. A four-parameter logistic curve was used to fit a sigmoidal 

trend line and calculate the midpoint, C1/2:  

𝑓(𝑥) =
1

1 + 𝑒−𝑥
 

After the midpoint concentration was found, further SPROX reactions were undertaken using 

a wider variety of concentrations close to this value. For example, if the midpoint value was 

found to be 3.0 M, a range from 2.5-3.5 M concentrations were conducted. 

[GdmCl] / M Average no. of oxidations 

0 0.80 ± 0.03 

1 0.82 ± 0.10 

2 0.83 ± 0.05 

2.5* 1.21  

2.75* 1.30 

3 1.60 ± 0.04 

3.1* 2.50 

3.25* 2.72 

3.5* 2.58 

4 2.66 ± 0.05 

5 2.49 ± 0.09 

6 2.69 ± 0.05 

 

8.6 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

8.7.1 General NMR spectroscopy 

Samples were run using an AVANCE Bruker DRX-500 MHz Nuclear Magnetic Resonance 

spectrometer with a 5 mm BBO BB-1H probe and set at 500 MHz for 1H spectra and 125 MHz 

for 13C spectra. Analysis of Bruker data was performed using Topsin 4.0.7, and analysis of 

Varien data performed with CCPNMR V2 and NMRPipe.225,226 Standard NMR tubes were used 

with a sample volume of 600 µL unless otherwise stated. Deuterated chloroform (CDCl3), 

methanol (CD3OD) and dimethyl sulfoxide (d-DMSO) were stored over 4 Å molecular sieves 
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and used as both sample solvents and internal standards. For assignment of small molecules, 

additional 2D-NMR spectroscopy experiments were performed. 

8.7.2 Standard sample preparation 

Protein samples for NMR were desalted and buffer exchanged into 9:1 H2O:D2O unless stated 

otherwise (as 8.2.10). Ligand samples were not soluble in D2O and samples were prepared in 

d-DMSO. This resulted in a final NMR solvent including H2O, D2O and d-DMSO. 

8.7.3 15N Labelled Media Recipes 

Stock solutions to generate 15N labelled minimal media for NMR experiments were prepared 

as in Table 8.13. 

Table 8.13: Stock solutions for 15N labelled minimal media 

Media/Stock Component Amount (+ 1L H2O) 

M9 Media Mix X10 N15H4Cl 5 g 

NaCl 5 g 

Na2HPO4 60 g 

KH2PO4 30 g 

Trace Elements 

X100  

EDTA 5 g 

FeCl3.6H2O 0.83 g 

ZnCl2 84 mg 

CuCl2.2H2O 13 mg 

CoCl2.6H2O 10 mg 

H3BO3 10 mg 

MnCl2.6H2O 1.6 mg 

1M CaCl2 110.98 g 

1M MgSO4 120.37 g 

1 mg ml-1 Biotin 1 g 

1 mg ml-1 Thiamin 1 g 

20% w/v Glucose 200 g 

 

All stock solutions were prepared with autoclave sterilised, distilled H2O and passed over a 

0.22 µm filter for further sterilisation. The stock solutions were combined fresh for large scale 

protein expression as in Table 8.14. 
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Table 8.14: Final 15N labelled minimal media recipe 

Stock Solution Amount 

M9 Media Mix X10 100 mL 

Trace Elements X100 10 mL 

1M CaCl2 0.3 mL 

1M MgSO4 1 mL 

1 mg ml-1 Biotin 1 mL 

1 mg ml-1 Thiamin 1 mL 

20% w/v glucose 20 mL 

ddH2O 866.7 mL 

 

8.7.4 Production and purification of 15-N labelled protein 

Production of 15-N labelled protein was undertaken with the Marley method.199 Proteins 

were grown from a starter culture as in 8.2.4 and 8.2.5. When an OD600 of 0.5-0.6 was 

reached, the culture was centrifuged (5000 rpm; 30 min; RT) to produce a pellet. This pellet 

was subsequently washed with M9 salts (M9 media mix with no N15H4Cl), pelleted again 

(5000 rpm; 15 min; RT) and resuspended in 1 L of labelled M9 minimal media. The mixture 

was incubated for 1 hour (37 °C; 180 rpm), then induced with ITPG (1 mL; 1 M). The culture 

was left to incubate for 4 hours (37 oC; 180 rpm) to allow for protein production. Once 

incubated, proteins were purified and analysed as standard (8.2.6-8.2.9). 

8.6.5 1H-15N HSQC NMR of Singly Labelled Protein 

For 1H-15N HSQC NMR, samples were run on a Bruker Avance Neo 600 MHz and a Varian 900 

MHz NMR with a 5 mm triple resonance 1H/13C/15N cold probe with Z-axis gradient. 

Samples were run in a 5 mm Shigemi tube (sample size approximately 300 µL). Each sample 

was gently mixed and centrifuged (14000 rpm, 10 min) before adding to the sample tube. For 

ligand titrations, the sample was removed from the Shigemi tube, ligand added, gently mixed 

and centrifuged (14000 rpm, 10 min). For each sample, the NMR was manually tuned, check 

with a proton (1H) 1-dimensional NMR, before a TROSY NMR was run. 

8.7.6 Saturation Transfer Difference (STD) NMR 

An initial test assay containing Bovine Serum Albumin (BSA) protein with tryptophan 54 and 

sucrose was prepared for STD NMR. Samples were prepared as in Table 8.15. After running 

an initial 1H NMR spectra, a saturation transfer difference (STD) programme was used. Each 
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run used the ‘stdiff’ pulse programme provided by Bruker, ran for 192 scans with a saturation 

time of 3 s and a total relaxation delay of 5.17 s - 3.17 s acquisition time and 2 s delay (D1). 

An on-resonance frequency of 192 Hz, with a control frequency of -12000 Hz, were used. 

Finally, gradient pulsed water suppression was used. 

Table 8.15: Composition of the final STD assays, both the BSA test assay and OBP6 assay. 

Component Test Assay OBP6 Assay 

Protein (Unlabelled) BSA; 100 µM OBP6; 30 uM 

Suspected Binder Tryptophan 54; 10 mM (4aS,7S,7aR)-nepetalactone 6; 3 mM 

Suspected Non-Binder Sucrose; 10 mM Not Included 

 

Spectra were processed and analysed in TopSpin 4.0.7. STD absolute values were calculated 

by observing the change in proportions between the off-resonance spectrum and the final 

STD spectrum using the following equation: 

𝑆𝑇𝐷 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑣𝑎𝑙𝑢𝑒 =  
𝐼0 − 𝐼𝑆𝑇𝐷

𝐼0
 

in which the term (I0 - ISTD) represents the ratio of peak intensity in the STD spectrum and I0 

the ratio of intensity in the off resonance spectrum.206 A second value representing the 

proportionate change was calculated using the following equation: 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 = 𝐼0 − (𝐼0 − 𝐼𝑆𝑇𝐷) 

Finally, epitope mapping was performed by calculating the relative peak integration in the 

STD spectrum versus the off-resonance spectrum of a peak as a percentage. 

 

8.7 BIPHASIC ASSAY WITH GAS CHROMATOGRAPHY 

8.7.1 General Gas Chromatography 

An Agilent 6890A GC fitted with a non-polar HP1 equipped with a cool-on-column injector 

and a flame ionisation detector was used for gas chromatography. Unless otherwise stated, 

2 µL samples were injected.  

Biphasic GC was performed using a HP-1 column (320.00 µm diameter x 46.2 m length). A 

hydrogen carrier gas was utilised (rate of 3.1 mL/min), with a fixed temperature programme. 

The oven temperature programme of the GC, with initial temperature 30°C, was heated to 

100°C at a rate of 5°C min-1, maintained at 100°C for 10 min, then heated to 250°C at a rate 
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of 10°C min-1, after which it was maintained at 250°C for 45 min. The final run time was 84.10 

min. 

8.7.2 Preliminary Biphasic Assay with OBP9 

For the preliminary biphasic assay with OBP9, a solution of OBP9 (0.5 mL of 1.22 µM in 25 

mM Tris) was added to a small vial (2 mL size). A ligand solution (0.5 mL of 0.02 mgml-1 

solution of (4aS,7S,7aR)-nepetalactone 6, (1R,4aS,7S,7aR)-nepetalactol 5 and (E)-β-farnesene 

17) was carefully added on top, to create a two-layer or biphasic system. The vial was gently 

mixed, allowed to settle for 1 h and finally, the samples were incubated (RT, 2h) before a GC 

sample (2 µL) was taken and analysed.  

8.7.3 Preliminary Biphasic Assay with OBP6 

For the final biphasic assay with OBP6, a solution of OBP6 (100µL of 5µM in 25 mM Tris) was 

added to a small vial (2 mL size). A ligand solution (80 µL of 12 µM solution in hexane) was 

carefully added on top, to create a two-layer or biphasic system. The vial was gently mixed 

before being centrifuged (5000 rpm, 15 minutes). Finally, samples were incubated (RT, 2h) 

and a GC sample (2 µL) taken and analysed via the same GC method as in 8.7.2. 

8.7.4 Analysis of Gas Chromatography Data 

Quantification of the amount of ligand per sample was undertaken by generating a 

calibration curve for each ligand in hexane in the GC at various concentrations. The amount 

of ligand present was reported as a mg quantity and µM quantity. 

Statistical analysis was performed in R 3.4.4.208 

8.8 OTHER STUDIES 

8.9.1 X-Ray Crystallography 

An initial sample of OBP6 was prepared as in section 8.2. A large-scale expression and 

purification of E. coli containing. The His6-tag was cleaved, and the protein purified further 

with fast-protein liquid chromatography (FPLC). Sample quantities are documented in Table 

8.17. 

Table 8.17: Final amounts of protein for crystallography 

Experimental Step Sample Quantity / mg 

Purification from E. coli 30 mg 

Cleavage of His6-tag 27 mg 

Fast protein liquid chromatography 15 mg 
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Final buffer exchanged and concentration 13.64 mg 

 

Two final protein concentrations were generated for crystallography: 12 mgml-1 (15 mM Tris, 

250 mM NaCl) and 6 mgml-1 (32.5 mM Tris, 175 mM NaCl, 0.5% glycerol). The samples were 

then centrifuged (13000 g; 10 min; 7°C) to remove any dust, debris or precipitate. 

A high-throughput screening was performed with 96-well plates and the ‘mosquito’ robot. 

Four sets of conditions were used, PACT PremierTM, SG1TM Screen, JCSG-PlusTM and 

Morpheus®, resulting in a total of 384 conditions.  
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Appendix 

 

Figure A.1: Vector maps for the three utilised plasmids, pET-15b, pET45b and pNIC28-Bsa4. Images from 227 



 

 
 

Table A.1: Results from Autodock ligand-screening. The aphid sex pheromone components and respective enantiomers were tested, along with the aphid alarm 

pheromone. 

NA = no favourable docking conformations were found in the screening 

Ligand ApisOBP1 ApisOBP2 ApisOBP3 ApisOBP4 ApisOBP5 ApisOBP10 ApisOBP11  

Bindi

ng 

ener

gy 

(kcal 

mol-

1) 

Ki 

(µM) 

Bindin

g 

energy 

(kcal 

mol-1) 

Ki (µM) Bindin

g 

energy 

(kcal 

mol-1) 

Ki 

(µM

) 

Bindin

g 

energy 

(kcal 

mol-1) 

Ki 

(µM) 

Bindin

g 

energy 

(kcal 

mol-1) 

Ki (µM) Bindin

g 

energy 

(kcal 

mol-1) 

Ki (µM) Bindin

g 

energ

y (kcal 

mol-1) 

Ki 

(µM) 

 

(1R,4aS,7S,7aR)-

nepetalactol 5 

-5.85 51.09 8.79 NA -6.14 31.3

3 

-5.94 44.08 -4.28 725.14 1.26 NA -5.92 46.07  

(4aS,7S,7aR)-

nepetalactone 6 

-6.60 14.47 2.33 NA NA NA -5.86 50.36 -5.00 214.56 2.60 NA -6.44 18.94  

(1S,4aR,7R,7aS)-

nepetalactol 32 

-6.05 37.0 10.78 NA NA NA -6.45 18.55 -4.24 784.16 10.06 NA -5.94 43.96  

(4aR,7R,7aS)-

nepetalactone 33 

-6.53 16.37 10.1 NA NA NA -6.17 30.01 -5.07 192.32 NA NA -6.39 20.67  

 

 

 



 

 
 

Table A.2: Results from Autodock ligand-screening. The aphid sex pheromone components and respective enantiomers were tested, along with the aphid alarm 

pheromone. 

NA = no favourable docking conformations were found in the screening 

Ligand ApisOBP1 ApisOBP2 ApisOBP3 ApisOBP4 ApisOBP5 ApisOBP10 ApisOBP11  

Binding 

energy 

(kcal 

mol-1) 

Ki (µM) Binding 

energy 

(kcal 

mol-1) 

Ki (µM) Binding 

energy 

(kcal 

mol-1) 

Ki 

(µM) 

Binding 

energy 

(kcal 

mol-1) 

Ki 

(µM) 

Binding 

energy 

(kcal 

mol-1) 

Ki (µM) Binding 

energy 

(kcal 

mol-1) 

Ki (µM) Binding 

energy 

(kcal 

mol-1) 

Ki (µM)  

(E)-β-farnesene 

17  

-6.63 13.84 7.20 NA -3.22 4390 -5.51 90.71 -4.00 1160.00 -0.86 2.34 x 105 -6.16 30.57  

(S)-germacrene D 

25 

-7.56 2.88 42.76 NA NA NA -5.52 89.51 -4.69 362.97 -3.12 5.14 -7.25 4.88  

(1R,4E,9S)-

caryophyllene 26 

-8.10 1.15 119.86 NA NA NA -6.62 14.06 -4.93 244.74 22.76 NA -7.46 3.40  

Myrcene -5.05 197.69 1.50 NA -5.81 54.81 -4.61 419.57 -4.31 697.40 -4.51 498.18 -4.75 329.06  

Ocimene -5.27 137.93 -0.66 6.91 x 

105 

-6.31 23.83 -4.81 297.90 -4.41 581.33 -4.29 720.97 -5.01 213.44  

(R)-linalool -5.26 139.24 1.6 NA -6.05 36.94 -4.66 318.30 -4.14 923.66 -4.38 619.76 -4.95 233.60  

(S)-linalool -5.20 153.43 -1.7 1.39 x 

105 

-5.39 111.4

9 

-4.57 448.12 -4.32 675.86 -3.33 3630.00 -4.82 292.68  

(Z)-jasmone 30 -6.29 24.51 -1.55 7.2 x 104 -6.31 23.74 -5.56 83.97 -5.14 171.84 -4.96 230.18 -6.30 24.25  

 

 



 

 
 

 

Figure A.2: The control STD NMR spectra of A. pisum OBP6 with (4aS,7S,7aR)-nepetalactone 6. The initial 1H spectra (green spectra), in addition to the STD NMR 

(black spectra).  

 


