
Structural Insights into Gypsy Moth Pheromone-
binding Protein Function as Revealed in NMR and 
Binding Studies with Pheromones and Analogues 

by 

Mailyn Terrado 

M.Sc., Ateneo de Manila University, 2010 

B.Sc., Ateneo de Manila University, 2003 

Thesis Submitted in Partial Fulfillment of the 

Requirements for the Degree of 

Doctor of Philosophy 

in the 

Department of Chemistry 

Faculty of Science 

 

© Mailyn Terrado 2020 

SIMON FRASER UNIVERSITY 

Summer 2020 

 

 

Copyright in this work rests with the author. Please ensure that any reproduction  
or re-use is done in accordance with the relevant national copyright legislation. 



ii 

Approval 

Name: 

Degree: 

Title: 

Examining Committee: 

Date Defended/Approved: 

Mailyn Terrado 

Doctor of Philosophy (Chemistry) 

Structural Insights into Gypsy Moth 
Pheromone-binding Protein Function as 
Revealed in NMR and Binding Studies with 
Pheromones and Analogues 

Chair: Robert A. Britton 
Professor 

Erika Plettner 
Senior Supervisor 
Professor 

Rosemary B. Cornell 
Supervisor 
Professor Emeritus 

Charles Walsby 
Supervisor 
Associate Professor

Gerhard Gries 
Internal Examiner 
Professor 
Department of Biological Sciences 

Roberto A. Chica 
External Examiner 
Professor 
Department of Chemistry and Biomolecular Sciences 
University of Ottawa 

August 10, 2020



iii 

Abstract 

Pheromone-binding proteins (PBPs) are small, water-soluble proteins found in the lymph 

of sensory hairs of male moth antennae. It has been proposed that they function as 

transporters of hydrophobic odorants through sensory hair lymph, but another function of 

these proteins is to scavenge excess pheromone molecules, to protect the odorant 

receptors from signal overload. In this thesis I studied two PBPs from the gypsy moth, L. 

dispar, from the perspectives of ligand interaction thermodynamics and kinetics, as well 

as the 3D structure of one gypsy moth PBP, to gain further insight into their function. Two 

gypsy moth PBPs have been identified, LdisPBP1 and LdisPBP2. The gypsy moth utilizes 

(+)-disparlure as its sole sex pheromone to attract male gypsy moths. A sympatric species, 

the nun moth (L. monacha) produces (-)-disparlure as a deterrent for male gypsy moths. 

Past studies with the LdisPBPs have shown that the two PBPs have opposite disparlure 

enantiomer binding preferences. Structural studies of other moth PBPs have revealed two 

PBP conformations, A-form and B-form. The transition between these two forms is 

affected by pH and presence of ligand. The mechanisms behind this pH- and ligand-

induced transition is still largely unknown. In this thesis, I have studied conformational and 

ligand interaction dynamics of gypsy moth PBPs, with a particular focus on LdisPBP1.  

Thermodynamics (Kd) and kinetics properties (k’on and k’off) of LdisPBP-ligand interaction 

were correlated to the physiological function of PBP as either a transporter, a scavenger, 

or both. Equilibrium and kinetic binding assays of LdisPBPs with the natural ligands and 

analogues have shown cases of enantiomeric and structural discrimination. This suggests 

that PBPs are not passive pheromone transporters but function as initial molecular filters 

in the peripheral stage of pheromone perception. Correlation of Kd, k’on, and k’off with 

electroantennogram response patterns revealed the connection of LdisPBP-ligand 

interactions to odorant receptor activity through both odorant transport and scavenger 

functions. Structure elucidation of LdisPBP1 using NMR at pH 4.5 revealed the A-form 

conformation. In this conformation, LdisPBP1 has seven helices with the 7th C-terminus 

helix found inside the binding pocket. Subsequent pH titration and disparlure enantiomer 

titration monitored by NMR indicated the formation of a different conformation from that of 

the A-form. Findings presented in this research work provide new insights into LdisPBP 

binding interactions and structural implications concerning the PBP ligand binding and 

release mechanism. 
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Chapter 1. General Introduction 

1.1. European gypsy moth  

Since the late 1860s, European gypsy moths have established their population across 

Canada and the United States and are persistently considered major pests of deciduous trees. In 

1982-1987, they caused major defoliation in the forests of Quebec (~ 7,000 hectares) and Ontario 

(~ 633,174 hectares) which led to massive deaths (over 170,000 cubic metres) of red and white 

oaks (Benoit & Lachance, 1990; Canadian Forest Service, 1994). To control gypsy moth 

populations, various methods have been implemented depending on the scale of infestation 

(Nealis & Erb, 1993). Recently, Canadian local governments have conducted regular aerial sprays 

containing the bio-pesticide Bacillus thuringiensis subspecies kurstaki (Btk) (“Gypsy Moth,” 2019; 

Toronto Parks, Forestry & Recreation, 2019; “Gypsy moth spraying begins over Surrey,” 2019). 

The European gypsy moth (Lymantria dispar dispar L.) is classified under the order 

Lepidoptera which includes moths and butterflies (Pogue & Schaefer, 2007; Capinera, 2008). The 

gypsy moth goes through four stages in its life cycle and completes a single generation per year 

(Nealis & Erb, 1993; Pogue & Schaefer, 2007). Every moth starts as an egg among hundreds in 

an egg mass laid by the female adult. Typically, the egg mass can be laid in late July and will stay 

at this stage over the winter until early May. The caterpillar or larva starts to emerge as early as 

March and voraciously feeds on tree leaves as it passes through five (male) or six (female) growth 

stages called instars. In early July to mid-August, the moth enters the pupal stage with a duration 

of almost two weeks, after which the adult male and female moths emerge. The female adult 

European gypsy moth is larger than the male and cannot fly (Figure 1.1). At this stage until its 

death, the major focus of the adult moth is to mate and for the female to lay the next generation 

of eggs. Adult gypsy moths survive for approximately 14 days. 

The female moth produces a sex pheromone, using pheromone glands  located in its 

abdomen (Chow, Chen, & Lin-Chow, 1976; Hollander, Yin, & Schwalbe, 1982; Ma & Roelofs, 

2002) and releases the compounds through cuticular hairs covering the abdomen (Raina, et al., 

2000). European female gypsy moth uses a single component sex pheromone, (7R,8S)-cis-7,8-

epoxy-2-methyloctadecane, commonly known as (+)-disparlure to attract gypsy moth males 

(Bierl, Beroza, & Collier, 1970; Hansen, 1984). Interestingly, the enantiomer, (-)-disparlure, is 

produced only by a closely related species, nun moth (Lymantria monacha) (Gries et al., 1996). 
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Various wind tunnel and pheromone-baited field trap experiments showed that addition of (-)-

disparlure even as low as 2% significantly reduced the effectiveness of (+)-disparlure as an 

attractant of male gypsy moths (Cardé et al., 1977; Miller, Mori, & Roelofs, 1977; Plimmer et al., 

1977; Carde & Hagaman, 1979; Gries et al., 1996). The antagonistic effect of (-)-disparlure serves 

to maintain the distinct speciation of these two sympatric (occupying the same geographical area) 

moths (Cardé et al., 1977; Gries et al., 1996). 

 
Figure 1.1. A. Adult European gypsy moth. B. Chemical structures of (+)-disparlure 

and (-)-disparlure. 
Photo: Government of British Columbia website, n.d. 

1.2. Moth pheromone olfaction 

Moth olfaction is known for its impressive selectivity, sensitivity and speed in processing 

mating cues in the environment (Schneider, 1969; Kanaujia & Kaissling, 1985; Kaissling et al., 

1991). The females release volatile, nonpolar molecules, called pheromones, as a signal of 

reproductive maturity. Male moths sense these molecules through their antennae which contain 

tiny hairs called sensilla. Inside the sensilla, pheromones activate receptors which trigger 

neuronal signals directing the male in locating the females. After receptor activation, the 

pheromones are made inactive by the degrading enzymes or by proposed molecular traps 

(Damberger et al., 2013). 
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1.2.1. Male antenna and sensory hairs 

Male gypsy moths capture the female sex pheromone through their antennae. The 

morphology of moth antennae is sexually dimorphic, with males having the more plumose (many 

branches like a feather) and ornate structure (Figure 1.1) (Koontz & Schneider, 1987). This 

feature is generally shared by most moth species, for males to accommodate greater number of 

sensory hairs (reviewed: Terrado et al., 2019). For example, male adult black cutworm (Agrotis 

ipsilon) carries on average 47,000 sensilla compared to the approximately 17,000 of the females 

(Gu et al., 2013a). Sensory hairs are classified into various types depending on their morphology. 

Sex pheromone-responsive hairs are identified as sensilla trichodea. Their long and slender 

features are distinctly different from attributes of other sensilla types. (Grosse-Wilde et al., 2007; 

Sakurai et al., 2015; Chang et al., 2016; Steinwender et al., 2016; Zhang et al., 2016). Early work 

conducted by Schneider and co-workers (1977) with gypsy moths showed that trichodea-type 

hairs are absent in the female antenna. Each sensillum trichodeum accommodates one to three 

dendrites of olfactory sensory neurons (Figure 1.2) (Schneider et al., 1977; Lee & Strausfeld, 

1990; Krieger et al., 2009; Gu et al., 2013a; Chang et al., 2016).  

1.2.2. Sensory hair components 

Various components of the sensilla trichodea can intercept the pheromone molecule 

before the odorant reaches the pheromone receptor. Other sensillar components may not 

directly interact with the pheromone but play important function in pheromone processing 

(Figure 1.2). 

1.2.2.1 Cuticle 

Contents of sensory hairs are separated from the outside environment by a hydrophobic 

cuticular wall. The cuticle is made up of different layers mainly, the hard outermost (cement) layer, 

followed by a wax layer, then the outer and inner epicuticle, and exocuticle (Neville, 1975; 

Steinbrecht, 1997; Steinbrecht & Stankiewicz, 1999; Boroczky et al., 2008). The cement layer is 

a mixture of proteins and polyphenols produced by insect dermal glands. This protects the wax 

layer underneath (Neville, 1975). The wax layer consists of esters of mostly long-chain (C25-

C32), saturated alcohols and fatty acids, alkyl esters, free fatty acids and alcohols, and minor 

presence of sterols and aldehydes (Lockey, 1988; Boroczky et al., 2008). Main functions of the 

lipid layer are for waterproofing and preventing excessive drying (Locke, 1959; Lockey, 1988). 

The outer epicuticle was originally named the cuticulin layer. Cuticulin is a network of polyester 
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lipid produced by ester cross-linking of hydroxylated fatty acids through carboxyl and hydroxyl 

groups (Neville, 1975). Then, the inner epicuticle is formed by incorporation of polyphenols into a 

tanned protein network. The exocuticle layer is a product of sclerotized or hardened protein, 

formed by cross-linking of chitin and protein biopolymers (Neville, 1975; Steinbrecht & 

Stankiewicz, 1999). Each layer appears homogenous in scanning and transmission electron 

microscope images, broken only with inward extensions of the cuticle in the form of perforations 

identified as pores and pore tubules (Keil, 1984; Lee & Strausfield, 1990; Steinbrecht & 

Stankiewicz, 1999; Yuvaraj et al., 2018). On average, 8,000 pores and 33,000 pore tubules were 

estimated to exist in a single sensillum trichodeum (pheromone sensory hair) of the giant silkworm 

Antheraea polyphemus (Keil, 1984). These features are present in chemosensitive hairs such as 

olfactory (sense of smell) and gustatory (sense of taste) sensilla but distinctly absent in 

mechanosensitive and hygro/thermosensive hairs (Altner & Prillinger, 1980; Steinbrecht, 1990, 

1997; Nowinska & Brozek, 2017). 

 

Figure 1.2. Schematic of sensillar environment and pheromone transport. 
Pheromone-sensing hairs of the antenna are called sensilla trichodea. Not shown are other 
membrane proteins such as odorant receptor co-receptor (Orco) and sensory neuron membrane 
protein (SNMP). In this figure, OSN and PBP stand for odorant sensory neuron and pheromone- 
binding protein, respectively.  
 

1.2.2.2 Lymph fluid 

Lymph is the fluid enclosed by the cuticle of the sensory hair and the supporting cells 

under the hair (Figure 1.2). Analysis of lymph isolated from olfactory hairs of moth Antheraea 
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species indicated the presence of different ions such as K+, Na+, Ca2+, and Cl- (Kaissling & 

Thorson, 1980). In addition, high concentrations (> 100 mM) of free fatty acids have been 

identified and quantified from lymph droplets. The identified fatty acids are: palmitic, oleic, and 

stearic acids, and the pH was estimated to be 8.0-8.5, using indicators applied to individual lymph 

droplets (Nardella et al., 2015). Furthermore, soluble proteins have been recognized from lymph 

isolates such as odorant-binding proteins and odorant-degrading enzymes (Vogt & Riddiford, 

1981; Klein, 1987; Vogt et al., 1989; reviewed: Suh, Bohbot, & Zwiebel, 2014; Zielonka, Breer, & 

Krieger, 2018). 

1.2.2.3 Odorant-binding proteins 

Insect odorant-binding proteins (OBPs) are a large family of proteins characterized as 

small (~16 kDa), water-soluble, and able to bind hydrophobic molecules (Pelosi & Maida, 1995; 

reviewed: Vogt, 2003). According to their amino acid sequence, OBPs are classified into three 

major sub-groups: pheromone-binding protein (PBP), general odorant-binding protein (GOBP), 

and antennal specific protein (ASP) (reviewed: Venthur & Zhou, 2018).  

In addition, insect OBPs can be classified into five types, based on the number of cysteine 

residues in the sequence (Falchetto et al., 2019; Qu et al., 2020). Type 1 is the classic OBP with 

6 conserved cysteines (also called 6C) in the sequence. The disulfide pairing is strictly conserved: 

Cys1-Cys3, Cys 2-Cys 5, Cys4-Cys6. Type 2 is the plus-C (8C) which contains two additional 

cysteines. The two extra cysteines are positioned around the first (Cys1) and after the sixth (Cys6) 

classic cysteines. Type 3 group is called minus-C (4C) because of the two missing cysteines 

usually the second (Cys2) and fifth cysteines (Cys5) of the classical group (Hekmat-Scafe et al., 

2002; Li et al., 2017; Wang et al., 2019). Type 4 is the dimer OBP described as having two joint 

classic OBP units (Zhou et al., 2004; Vieira & Rozas, 2011). Type 5 is atypical: OBPs in this group 

have more than 8 cysteines and a long (10-16 residues) C terminus tail similar in length to that of 

classic OBP (Xu et al., 2003; Manoharan et al., 2013). 

OBPs are further categorized according to the length of the sequence. Long OBPs have 

~140-160 residues. Medium OBPs consist of ~120 residues and short OBPs are comprised of 

~100-110 residues (Tegoni et al., 2004; Pesenti et al., 2008; Leite et al., 2009; Pesenti et al., 

2009; Spinelli et al., 2012; Zheng et al., 2015). 

Moth PBPs have the conserved classic six cysteines and are classified as long OBPs 

(Vogt, Grosse-Wilde, & Zhou, 2015). These proteins are dominantly expressed in the antenna 
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and are faintly observed in other tissues. For example, with the seabuckthorn carpenterworm 

Eogystia hippophaecolus, EhipPBP1 transcripts were detected ~ 30-fold higher in male antennae 

than in female ones (Hu et al., 2018). In addition, PBPs were found in male and female legs, male 

external genitalia, and male and female labial palps. These observations were verified by Western 

blot staining of tissue extracts. Similarly, the transcripts of the three A. ipsilon PBPs (AipsPBP1-

3) were significantly higher in male antennae compared to female ones (Gu et al., 2013a). For 

both sexes, low amounts were equally detected in the proboscis and labial palps, and even lower 

amounts were in the heads, thoraxes, abdomens, legs, and wings. Dominant expression in the 

male antenna was likewise reported for the striped rice stemborer Chilo suppressalis, CsupPBP1 

and CsupPBP2 (Chang et al., 2015). Interestingly, CsupPBP3 and CsupPBP4 were expressed a 

little higher in the female antenna compared to the male antenna. In further studies, various 

immunolocalization experiments revealed PBPs to be dominantly expressed in the pheromone-

sensing hairs s. trichodea as reported for A. ipsilon (Gu et al., 2013a), A. polyphemus, Chinese 

oak tussar moth Antheraea pernyi, and silkworm Bombyx mori (Steinbrecht, Laue, & Ziegelberger, 

1995). 

1.2.2.4 Odorant-degrading enzymes 

Other groups of proteins found in sensory hairs are the odorant-degrading enzymes 

(ODEs). Soluble enzymes were isolated and characterized from the lymph of sensory hairs. For 

example, sensilla esterases (SE) that hydrolyze acetate-containing pheromones were isolated 

from A. polyphemus (Vogt & Riddiford, 1981). Antennal aldehyde oxidases (AOX), responsible 

for converting aldehyde into carboxylic functional group, were investigated from moths that utilize 

aldehyde pheromones in their pheromone blends such as A. polyphemus, tobacco hornworm 

Manduca sexta, and B. mori (Rybczynski, Reagan, & Lerner, 1989; Rybczynski, Vogt, & Lerner, 

1990). For the gypsy moth, an epoxide hydrolase (EH) activity was detected using antennal 

extracts and demonstrating the transformation of the epoxide group into a diol (Prestwich et al., 

1989; Graham & Prestwich, 1994; reviewed: Vogt, 2003).  

1.2.2.5 Odorant receptors  

In male gypsy moths, single sensillum recordings have led to the detection, within a single 

s. trichodeum, of two olfactory receptor cells: one responded to (+)-disparlure only while the other 

was responsive to (-)-disparlure only (Hansen, 1984).  Currently, several moth odorant receptors 

have been identified and studied. These receptors come from various moth species such as B. 

mori, M. sexta, oriental leafworm Spodoptera litura, tobacco budworm Heliothis virescens, oriental 
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tobacco budworm Helicoverpa assulta, cotton bollworm Helicoverpa armigera, C. suppressalis, 

winter moth Operophtera brumata, light brown apple moth Epiphyas postvittana, Asian corn borer 

Ostrinia furnacalis, greenheaded leafrollers Planotortrix octo and P. excessana, yellow peach 

moth Conogethes punctiferalis, and purplish birch-miner moth Eriocrania semipurpurella (Krieger 

et al., 2002; Krieger et al., 2004; Sakurai et al., 2004; Krieger et al., 2005; Grosse-Wilde et al., 

2006; Grosse-Wilde et al., 2007; Anderson et al., 2009; Jordan et al., 2009; Grosse-Wilde et al. 

2010; Xu & Leal, 2013; Zhang et al, 2013; Chang et al., 2015; Sakurai et al., 2015; Yang et al., 

2015; Zhang et al., 2015; Cao et al., 2016; Chang et al., 2016; Ge et al., 2016; Steinwender et 

al., 2016; Wang et al., 2016; Xu et al., 2016; Zhang et al., 2016; Cattaneo et al., 2017; de Fouchier 

et al., 2017; Wicher et al., 2017; Cui et al., 2018; Hou et al., 2020). Insect odorant receptors (ORs) 

have seven transmembrane domains, similar to vertebrate G-protein coupled receptors (GPCRs). 

Interestingly, alignment of receptor sequences from these two groups revealed a lack of sequence 

homology (Benton et al., 2006; Nakagawa et al., 2012). In addition, the insect ORs were shown 

to have an inverted topology (compared to GPCRs), wherein the C-terminus is extracellular, and 

the N-terminus is on the cytoplasmic side (Benton et al., 2006; Jordan et al., 2009; Nakagawa et 

al., 2012; Xu & Leal, 2013). This difference in orientation to GPCRs suggests that the insect 

pheromone receptors may follow a different mechanism than GPCRs.  

Various electrophysiological studies done in heterologous systems expressing moth sex 

pheromone receptors showed that some receptors are finely tuned in recognizing structurally 

related odor molecules, while others are not as discriminating. For example, B. mori OR1 

expressed in human embryonic kidney 293 cells (HEK293), responded to the pheromone 

bombykol ((10E,12Z)-hexadecadien-1-ol, also abbreviated as E10, Z12-16:OH, Figure 1.3D) and 

to a lesser degree to its aldehyde counterpart, bombykal ((10E,12Z)-hexadecadienal, or E10, 

Z12-16:Ald, Figure 1.5I) (Grosse-Wilde et al., 2006). In contrast, BmorOR3 expressed in the same 

system showed exclusive response with bombykal and not to bombykol. Introduction of 

structurally related compounds (Z9-16:OH, Z11-16:OH, Z11-16:Ald, Figures 1.3B-C, 1.5C) and 

general odorants such as linalool and benzoic acid (Figures 1.3H-I), however, did not produce 

significant reaction from both receptors. 

In a separate study using the same HEK293 system, the H. virescens receptors, 

HvirOR13, HvirOR14, and HvirOR16 were tested against the species’ five pheromone 

components namely, aldehydes Z9-14:Ald, Z11-16:Ald, Z9-16:Ald, (Figures 1.5A, C, D) , acetate 

Z11-16:Ac (Figure 1.4G), and alcohol Z11-16:OH (Figure 1.3C) (Grosse-Wilde et al., 2007). 

HvirOR13 responded strongest to the pheromone Z11-16:Ald but can also be activated by the 
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other components. Interestingly, the receptor did not respond to Z11-16:OH. Moreover, HvirOR14 

responded strongest to Z11-16:Ac and in significantly lesser degrees  to the other pheromonal 

blend compounds of which the alcohol response was the weakest. HvirOR16 reacted strongly to 

both Z11-16:OH and Z9-14:Ald and  showed no response to the other components.  

In another example, pheromone receptors of C. suppressalis expressed in Xenopus 

oocytes (egg cells) displayed different levels of selectivity when introduced with pheromonal blend 

components and analogues (Chang et al., 2015). CsupOR4, CsupOR6, CsupOR1, and CsupOR2 

responded to two, three, four, and six odorants, respectively, from the seven odorants tested. 

Likewise, pheromone receptors of two related species H. armigera and H. assulta showed varied 

degrees of selectivity against the pheromone blend components and analogues (Chang et al., 

2016).  

 

Figure 1.3 Structure of ligands used in electrophysiological, binding, and NMR 
studies.  

A. Z9-14:OH, B. Z9-16:OH, C. Z11-16:OH, D. E10, Z12-16:OH (bombykol), E. Z11, Z13-16:OH, F. Z13-
18:OH, G. iodohexadecane, H. linalool, I. benzoic acid, J. bell pepper odorant, 2-isobutyl-3-
methoxypyrazine 
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Figure 1.4 Structure of ligands used in electrophysiological, binding, and NMR 
studies. 

A. E3-14:Ac, B. E12-14:Ac, C. Z7-14:Ac, D. Z12-14:Ac, E. E4, Z9-14:Ac, F. Z9-14:Ac, G. Z11-16:Ac, H. 
E6, Z11-16:Ac, I. Z11-18:Ac, J. Z13-18:Ac. 
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Figure 1.5 Structure of ligands used in electrophysiological, binding, and NMR 
studies. 

A. Z9-14:Ald, B. 16:Ald, C. Z11-16:Ald, D. Z9-16:Ald, E. E10-16:Ald, F. Z10-16:Ald, G. E11-16:Ald, H. E6, 
Z11-16:Ald, I. E10, Z12-16:Ald (bombykal), J. E11, Z13-16:Ald, K. Z13-18:Ald. 

 

1.2.2.6 Odorant receptor co-receptor 

Together with the pheromone/odor receptors (OR), another membrane protein co-

expressed in insect olfactory neurons is the co-odorant receptor, Orco. Orco (first identified as D. 

melanogaster, DOR83b) has similar structural topology as the pheromone receptors (Benton et 
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al., 2006; Lundin et al., 2007). DOR83b has only 24% sequence homology with pheromone 

receptors (Vosshall et al., 1999; reviewed: Stengl & Funk, 2013). 

 Orcos are highly conserved across insect species with 64-89% sequence homology 

(Neuhaus et al., 2005; Lin et al., 2015). Several Orco genes have been identified in various insect 

species, as reviewed by Stengl and Funk (2013). It has been demonstrated that Orco showed no 

pheromone binding activity even at millimolar (mM) odorant concentration level (Neuhaus et al., 

2005; Benton et al., 2006). Furthermore, it has been demonstrated that OR83b is important in 

proper trafficking and localization of ORs in the dendritic membrane (Benton et al., 2006). 

Expression of DORs with DOR83b in HEK heterologous systems showed that OR forms a 

heterodimer complex with the OR83b protein (Neuhaus et al., 2005; Benton et al., 2006). 

Furthermore, Benton et al. (2006) demonstrated that the complex is formed through a conserved 

cytoplasmic domain of the C-terminus.  

Nakagawa and Vosshall (2009) proposed a noncanonical consensus model where both 

ionotropic (ion channel-linked) and metabotropic (signal pathways initiated by intracellular G 

proteins) mechanisms are involved in insect olfaction signaling. According to this model, the initial 

and fast ionotropic pathway is triggered by formation of OR/Orco ion channel complex when 

activated by an odorant. This is required for the quick odorant response exhibited by insects. 

Subsequently, the slower metabotropic cascade is triggered by the presence of cyclic nucleotides 

in the dendritic cytoplasm. These cyclic nucleotides, in turn, open cyclic nucleotide-gated ion 

channels. Although it is not yet clear how these secondary messengers get activated, a 

metabotropic pathway is suggested to be responsible in receptor sensitivity by increasing the 

probability of the receptor remaining open. Silbering and Benton (2010) also recognized possible 

combination of both ionotropic and metabotropic mechanisms in insect olfaction. The 

metabotropic process is suggested to be responsible for signal regulation and amplification which 

are important for sensitive odorant responses. 

1.2.2.7 Sensory neuron membrane protein 

Apart from PBPs, ORs, and Orco, another protein called sensory neuron membrane 

protein (SNMP) participates in insect olfaction. SNMP is a homologue of vertebrate 

transmembrane protein CD36 and has been identified in various Lepidopteran species such as 

rice leafroller Cnaphalocrocis medinalis, beet armyworm Spodoptera exigua, S. litura, 

diamondback moth Plutella xylostella, C. suppressalis, A. ipsilon, H. virescens, and B. mori (Li & 
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Qin, 2011; Gu et al., 2013b; Liu et al., 2013; Li et al., 2014; Liu C. et al., 2014; Pregitzer et al., 

2014; Zhang et al., 2015). 

Drosophila mutants with genetically truncated SNMP failed to express this protein in 

antennal OSNs. These neurons showed high levels of spontaneous activity but were insensitive 

to Z11-18:Ac (Figure 1.4I) pheromone stimulation (Jin et al. ,2008). A recent study involving 

snmp1 Drosophila mutants established that this spontaneous activity was due to delayed signal 

deactivation. When snmp1 mutant female flies were raised in isolation (no Z11-18:Ac-producing 

males), absence of spontaneous activity was observed compared to those raised with males  (Li 

et al., 2014). The group proposed that this spontaneous activity might be due to a problem in 

terminating the pheromone response when females grew with males. Furthermore, the group 

proposed that pheromone insensitivity of snmp1 mutants might be due to a delay in signal 

processing observed by the delayed response of snmp1 mutants introduced with high pheromone 

concentration. This was also demonstrated in BmorOR1/Orco expressing Xenopus oocytes with 

or without BmorSNMP. The rapid signal activation and deactivation observed in the presence of 

SNMP revealed the importance of SNMP in signal kinetics (Li et al., 2014).  

SNMP is also credited as important in pheromone detection sensitivity in HEK cells 

expressing H. virescens SNMP/HvirOR13 receptor (Pregitzer et al., 2014). Recent experiments 

with the Drosophila SNMP1 have increased our understanding of SNMP function. Various 

transgenic flies with specific non-conserved amino acid substitutions and segment deletions 

showed that integrity of the extracellular domain is important in SNMP cilia localization and 

pheromone sensing (Gomez-Diaz et al., 2016). This includes the presence of the sugar 

attachments and disulfide linkages identified in the extracellular domain. Moreover, a homology 

model of SNMP1 showed a putative tunnel in the extracellular domain large enough to 

accommodate pheromonal components. Mutation of specific residues that compromise the tunnel 

space showed significantly reduced pheromone response. The group (Gomez-Diaz et al., 2016) 

proposed that the SNMP1 ectodomain may bind with the pheromone or the PBP-pheromone 

complex which leads to transfer of the pheromone to the SNMP tunnel. Consequently, it is 

hypothesized that SNMP transfers the pheromone to an OR/Orco complex (Gomez-Diaz et al., 

2016).   
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1.3. Moth pheromone-binding proteins (PBPs) 

The first PBP discovered came from A. polyphemus (Vogt & Riddiford, 1981). It was 

named as such because of the observed high binding preference of the protein with pheromone 

compounds. Henceforth, other PBPs have been discovered in A. polyphemus as well as in other 

moth species. Currently, nearly 30 moth PBPs have been reported and 3 of these have their 

structures elucidated (reviewed: Honson et al., 2005; Sandler et al., 2000; Lee et al., 2002; 

Mohanty et al., 2004; Damberger et al., 2007; Xu et al., 2010; di Luccio et al., 2013). Gypsy moth 

has two identified pheromone-binding proteins expressed in the sensillar lymph (Vogt et al., 

1989). LdisPBP1 and LdisPBP2 are composed of 143 and 145 amino acids, respectively, and 

share ~49% sequence similarity (Merritt et al., 1998). 

1.3.1. PBP in electrophysiological and behavioural studies 

Recently, the CRISPR/Cas9 system was used to successfully knock out PBP genes in S. 

litura (Zhu et al., 2016; Zhu et al., 2019). Compared to the wildtype, moths with one PBP deletion, 

SlitPBP1 or SlitPBP2 or SlitPBP3 showed a 20-70% decrease in electroantennogram (EAG) 

responses when sex pheromonal components were introduced. Furthermore, in behavioural 

assays using olfactometers, mating behaviour responses were dramatically reduced to 60-90%.  

Consistently, in both studies, knockdown of SlitPBP1 caused the most significant reduction, 

followed by SlitPBP2 and SlitPBP3, respectively. A similar system was used to individually mutate 

CsupPBP1 and CsupPBP3 of C. suppressalis (Dong et al., 2019). With respect to the wildtype 

responses, both mutants have 20-40% reduction in EAG responses against pheromone blend 

components. The CsupPBP1 knockout had lower EAG responses than the CsupPBP3 knockout. 

Based on these observations, it is suggested that CsupPBP1 plays the most important role in 

pheromone perception in this species. 

Interestingly, using RNA interference to knock down H. armigera HarmPBP1 and 

HarmPBP2 showed a different response profile when the mutant moths were exposed to the 

major sex pheromone component Z11-16:Ald (Figure 1.5C) (Dong et al., 2017). In EAG 

experiments, individual mutation of HarmPBP1 or HarmPBP2 each displayed similar responses 

as a wildtype moth. However, when both PBPs were knocked down, EAG responses were 

reduced 50% compared to wildtype. In wind tunnel bioassays, a 20% decrease in mating 

behaviours was observed in double PBP mutants compared to wildtype. Similarly, RNAi 
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knockdown of Asian gypsy moth LdisPBP1 and/or LdisPBP2 decreased EAG responses toward 

(+)-disparlure by about 40-80% (Yu et al., 2018). 

PBP functional studies were also done in heterologous expression systems in combination 

with odorant receptors. In general, when pheromones were introduced in heterologous systems 

expressing pheromone receptors with PBPs versus solubilizers such as dimethyl sulfoxide 

(DMSO), there was higher sensitivity of the receptors to pheromone than in systems including 

PBPs rather than solubilizers (Pophof, 2002; Grosse-Wilde et al., 2006, 2007; Forstner et al., 

2009; Sun et al., 2013; Chang et al., 2015). This highlights the important role of PBP in dissolution 

of the hydrophobic pheromone in an aqueous lymph in receptor sensitivity.  

Furthermore, PBP was observed to affect the selectivity of pheromone receptor 

responses, which was not observed with DMSO as bridging solvent. This suggests that PBPs are 

not passive transporters but that they are directly involved in pheromone-based activation of 

receptors. For example, in HEK 293 cells expressing B. mori OR1 or BmorOR3, it has been 

demonstrated that BmorOR1 can be activated by both pheromone components E10, Z12-16:OH 

and E10, Z12-16:Ald (Figures 1.3D, 1.5I) in solution with DMSO. BmorOR3, on the other hand, 

responded to E10, Z12-16:Ald only in solution with DMSO. Interestingly, addition of recombinant 

BmorPBP with E10, Z12-16:OH elicited significant response with BmorOR1. However, when 

BmorPBP was introduced with E10, Z12-16:Ald, BmorOR1 failed to respond. In addition, 

BmorPBP + E10, Z12-16:Ald combination did not activate the E10, Z12-16:Ald -sensitive 

BmorOR3 (Grosse-Wilde et al., 2006). These results suggest that BmorPBP affects the 

responses of receptors with their cognate ligands. The group (Grosse-Wilde et al., 2006) 

proposed that BmorPBP has preference for bombykol. Because of this selective affinity, bombykol 

is transported to the receptor.   

In a similar experiment, using H. virescens OR13-expressing HEK 293 cells, it was 

demonstrated that the receptor responded strongly to the main pheromone blend component Z11-

16:Ald (Figure 1.5C) and was moderately responsive to the minor component, Z11-16:Ac, Z9-

14:Ald, Z9-16:Ald (Figures 1.4G, 1.5A, D) but not with Z11-16:OH  (Figure 1.3C) introduced in 

solutions with DMSO. Interestingly, addition of recombinant HvirPBP1 or HvirPBP2 (instead of 

DMSO) with the pheromone components elicited selective response from the receptor. 

Introduction of HvirPBP1 eliminated HvirOR13-response with the main component, Z11-16:Ald 

and Z9-14:Ald, while addition of HvirPBP2 elicited response of HvirOR13 comparable to the 

response obtained with DMSO. However, the HvirOR13 response was shown to be highly 
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selective with Z11-16:Ald (two-fold higher) over the other components compared with the 

response profile of DMSO-solubilized odorants (Grosse-Wilde et al., 2007). The results agreed 

with the experiments done with B. mori receptors. Addition of PBP with the pheromone elicited 

selective responses from the receptors compared to receptor stimulation with DMSO- solubilized 

pheromones.  

These results were also observed in another experiment conducted on HEK cells 

expressing A. polyphemus OR1 (Forstner et al. 2009). A. polyphemus use a pheromone blend 

consisting of E6, Z11-16:Ac, E6, Z11-16:Ald, and E4, Z9-14:Ac (Figures 1.4H, 1.5H, 1.4E). 

Furthermore, three pheromone-binding proteins have been identified for these species, and 

binding assays showed that ApolPBP1 prefers E6, Z11-16:Ac , ApolPBP2 prefers  E6, Z11-

16:Ald, and ApolPBP3 prefers E4, Z9-14:Ac (Maida et al., 2000, 2003; Leal et al., 2005). 

Application of the individual pheromone components with DMSO, activated the ApolOR1 receptor. 

Delivery of the same pheromone components at nanomolar concentrations in different 

combinations with ApolPBPs also generated strong receptor responses without obvious 

selectivity. Interestingly, a different receptor response profile was observed at picomolar 

concentrations of the pheromone components. Only E6, Z11-16:Ald in combination with 

ApolPBP2 generated an ApolOR1 response (Forstner et al., 2009).  

In another moth species, Plutella xyllostella, functional characterization of PxylORs and 

PxylPBPs showed the effect of PBPs in receptor activation (Sun et al., 2013a). Xenopus oocytes 

expressing PxylOR1/PxylOrco were shown to respond selectively to the main pheromone 

component, Z11-16:Ald (Figure 1.5C). Oocytes expressing PxylOR4/PxylOrco were activated 

with the minor component Z9-14:Ac (Figure 1.4F). Addition of PxylPBP1 and PxylPBP3 with Z11-

16:Ald showed enhanced PxylOR1/PxylOrco response compared with PxylPBP2 using the same 

component. For PxylOR4/PxylOrco cells, introduction of PxylPBP2 and PxylPBP3 with Z9-14:Ac 

produced higher response intensity compared with PxylPBP1. These results suggest that 

introduction of different types of PBP could produce different strengths of receptor response upon 

stimulation of different ORs with the same pheromone compound.  

Recently, a comprehensive electrophysiological study was conducted using heterologous 

Xenopus oocyte systems expressing the six pheromone receptors and corresponding Orco of C. 

suppressalis (Chang et al., 2015). CsupPRs functional characterization assays stimulated with 

the pheromone blend components (Z9-16:Ald, Z11-16:Ald, and Z13-18:Ald, Figures 1.5C-D, K) 

and analogues showed that some pheromone receptors are highly selective (CsupPR4) to a 
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certain pheromone component, while others can be activated by more than one component.  

Moreover, in vitro binding assays of CsupPBP1-4 revealed that PBPs have varying affinities with 

the pheromone components (Chang et al., 2015). Notably, CsupPBP2 showed very weak binding 

to any of the three components. In general, addition of PBPs caused increase in signal intensity 

and sensitivity. Particularly significant in this study was the effect of introducing different 

combinations of PBP and pheromone components to a specific receptor. CsupPR1 positively 

responded to different combinations of Z9-16:Ald/CsupPBP1-4 and Z11-16:Ald/CsupPBP1-4 but 

was hardly stimulated with Z13-18:Ald/CsupPBP1-4. CsupPR2 showed increasing responses 

with combinations of Z11-16:Ald depending on the type of PBP it is partnered with, but no activity 

with different combinations of Z9-16:Ald and Z13-18:Ald and any CsupPBP. CsupPR4 only 

responded to Z9-16:Ald in any CsupPBP combinations but with the same intensities as the 

response to Z9-16:Ald in DMSO. This showed that CsupPR4 can be activated by Z9-16:Ald 

regardless of how the pheromone is introduced in the system. CsupPR6 only responded with Z11-

16:Ald in different CsupPBP combinations but in varying intensities. Interestingly, the analogue 

Z9-14:OH (Figure 1.3A) in DMSO was shown to strongly stimulate CsupPR1 and CsupPR6, but 

introduction of this compound with different CsupPBPs gave decreased receptor activity. The 

group suggested that the PBPs served as a trapping filter for this particular ligand. Overall, the 

results showed that combinations of odorants, PBPs, and ORs produce different strengths of 

electrophysiological responses. This suggests that PBPs add another dimension in the olfaction 

coding mechanism thought to be only exclusively determined by particular combinations of 

odorants and odorant receptors. 

To date, there are no odorant receptor studies connected to gypsy moth. With the recent 

publication of the European gypsy moth genome (Zhang et al., 2019), L. dispar odorant receptor 

investigations can finally be pursued.   

1.3.2. PBP in binding affinity studies 

Since the 1990’s, PBP binding studies have been actively performed against pheromonal 

blend components, plant volatiles, and structurally related analogues. These have been reviewed 

by Honson et al. (2005) and Terrado et al. (2019). Through evaluation of Kd (dissociation 

equilibrium constant) and Ki (dissociation equilibrium constant of protein-inhibitor complex) values 

from these equilibrium binding and ligand competition assays, it is clear that PBPs can bind to 

other compounds closely related to their sex pheromone structures. However, the proteins have 

at least 10-fold binding preference toward the pheromones. Furthermore, the binding assays 



17 
 

showed that some PBPs can discriminate compounds by changes in functional groups, 

hydrocarbon chain lengths, and stereochemistry such as ApolPBP1-3 and AperPBP1-3 (Du & 

Prestwich, 1995; Maida, Ziegelberger, & Kaissling, 2003), while others do not display difference 

in affinities like BmorPBP and navel orangeworm moth Amyelois transitella AtraPBP1 (Grater et 

al., 2006; Leal et al., 2009; He et al., 2010). 

Equilibrium binding assays of European gypsy moth LdisPBP1 and LdisPBP2 showed that 

LdisPBP1 has stronger affinity towards (-)-disparlure compared to the species sex pheromone 

(+)-disparlure, whereas LdisPBP2 has the reverse preference (Plettner et al., 2000; Yu & Plettner, 

2013). 

For the related species H. armigera and H. assulta, it has been determined that the two 

species utilized the same aldehyde pheromone compounds (Z11-16:Ald and Z9-16:Ald, Figures 

1.5C-D) but in inverted ratios (Wang, Zhao, & Wang, 2005). ). It has been previously observed 

that H. assulta pheromone blend contained the acetate components, Z11-16:Ac and Z9-16:Ac, 

which are absent in H.armigera blend (Cork et al., 1992). Three pheromone-binding proteins 

(HarmPBP1-3, HassPBP1-3) have been identified for each species, as described for most 

species of moths (Picimbon & Gadenne, 2002; Abraham et al., 2005). Binding studies involving 

the pheromonal components and their acetate counterparts, showed that the six PBPs have the 

same affinities for the aldehydes. However, interestingly, HassPBP2 has very weak affinity with 

the acetates compared with HarmPBP2 (Guo et al., 2012). It has been suggested that the 

difference in perception of this acetate component by PBP2 might contribute to the observed 

difference in pheromone processing between the species.  

For the Asian corn borer O. furnacalis, the species sex pheromone blend contains the 

acetate compounds, E12-14:Ac and Z12-14:Ac (Figures 1.4B, D) (Zhang et al., 2017).  OfurPBP1-

3 and OfurPBP5 did not show a difference in binding association between the two pheromone 

components. However, OfurPBP4 can bind to Z12-14:Ac but not to E12-14:Ac. In the same study, 

sex pheromones of related species European corn borer O. nubilalis, Z11-14:Ac and E11-14:Ac, 

were also tested for OfurPBP binding. Interestingly, OfurPBP1 and OfurPBP3 showed similar 

affinities to the four pheromone compounds. On the other hand, OfurPBP2, OfurPBP4 and 

OfurPBP5 have rather stronger affinities toward the O. nubilalis pheromones compared to its own 

pheromones. 
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Rice leaffolder C. medinalis responds to the sex pheromone blend consisting of Z11-

16:Ac, Z13-18:Ac, Z11-16:Ald, and Z13-18:OH (Figures 1.4G, J, 1.5C, 1.3F) (Sun et al., 2016). 

CmedPBP4 displayed strongest affinity to the Z11-16:Ald component, and with 10-fold stronger 

affinity compared to Z11-16:Ac.  

Yellow peach moth C. punctiferalis utilizes E10-16:Ald, Z10-16:Ald, and 16:Ald (Figures 

1.5B, E-F) in its pheromone blend. CpunPBP2 has a two-fold stronger affinity for both E10-16:Ald 

and Z10-16:Ald compared with the 16-Ald. CpunPBP5 has two-fold and 10-fold stronger 

association with Z10-16:Ald in comparison with E10-16:Ald and 16:Ald, respectively (Ge et al., 

2018).  

For sugarcane borer, Tryporyza intacta, TintPBP1 has stronger association with E11-

16:Ald compared to the other pheromone component Z11-16:Ald (Fang et al., 2018). However, 

TintPBP2 and TintPBP3 have similar association strengths for both pheromone compounds. 

Similarly, E. hippophaecolus EhipPBP1 showed no difference in association with its two sex 

pheromones E3-14:Ac and Z7-14:Ac (Figures 1.4A, C) (Hu et al., 2018). 

Variation in each PBP association with the species’ sex pheromone components were 

likewise observed in binding studies of other species such as Yunnan pine caterpillar Dendrolimus 

houi, Simao pine caterpillar D. kikuchii, Chinese pine caterpillar D. tabulaeformis, legume pod 

borer Maruca vitrata, codling moth Cydia pomonella, and oriental fruit moth Grapholita molesta 

(Song et al., 2014; Zhang et al., 2014; Mao et al., 2016; Tian, Liu, & Zhang, 2016; Tian & Zhang, 

2016; Zhang et al., 2016; Zhang et al., 2018). 

This suggests that PBPs serve as discriminating filters in the lymph. They have stronger 

affinity towards the compounds of biological importance. It is important to note that the binding 

interaction between PBP and ligand is a reversible process, which suggests that the protein binds 

and releases the ligand, albeit at different rates, which can differ by as much as six orders of 

magnitude (Gong et al., 2009). Existence of multiple homologues of PBPs in most moth species 

(Vogt, Grosse-Wilde, & Zhou, 2015) and their ability to discriminate pheromone components that 

differ structurally and stereochemically (Grosse-Wilde et al. ,2006; Plettner et al., 2000; Yu & 

Plettner ,2013; Zhang et al., 2016) point to a selectively tuned biomolecule filter rather than just 

passive transporter. 

Despite all these binding studies, the function of this binding interaction between PBPs 

and pheromones in pheromone transport has been debated.  There are two obvious functions: 1) 
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transport of the pheromone through the lymph to the dendritic membrane or 2) trapping 

(scavenging) of pheromone to prevent overstimulation of the receptor neurons. The two functions 

are not mutually exclusive. Activity of pheromone receptors can be detected in the absence of 

PBPs. For example, receptor activity studies done in frog, Xenopus oocyte systems (Sato et al., 

2008; Leary et al., 2012; Nakagawa et al., 2012; Sun et al., 2013a; Zhang et al., 2014; Chang et 

al., 2015) and HEK cells (Grosse-Wilde et al., 2006) expressing moth pheromone receptors 

reported receptor activity with addition of pheromones alone, without PBPs.  

1.3.3. PBP in kinetics studies 

Although Kd data are useful in evaluating the strength of binding interaction between the 

protein and ligand, the thermodynamic information is not sufficient to understand the time-

dependency of olfaction dynamics. It is therefore important to consider the kinetics involved in the 

binding interactions to relate the mechanism of the association and dissociation processes to 

what is observed biologically.  

Very limited studies are currently available with respect to the kinetic aspect of the binding 

interactions (Kaissling, 2001; Leal et al., 2005; Gong et al., 2009, 2010). Kaissling (2001) 

estimated the kon (association rate constant) and koff  (dissociation rate constant) values of 

ApolPBP1 with its major pheromone compound, E6, Z11-16:Ac as  1.7  105 M-1s-1 and 0.01 s-1, 

respectively. These theoretical values were calculated based on various biochemical and 

electrophysiological studies and on the assumption that PBP is the only transporter of pheromone 

in the lymph. For the interaction of BmorPBP with the pheromone bombykol, kon of 6.8 ± 1.0 x 104 

M-1s-1 and koff  = 0.007 s-1 have been reported from intrinsic tryptophan fluorescence traces (Leal 

et al., 2005). Although the rate constants are less than those calculated for ApolPBP1, the 

resulting pheromone uptake half-life is still in agreement with the biologically required dynamics 

of pheromone association due to the high concentration of PBP in the lymph.  

Another series of experiments was conducted with L. dispar dansylated PBP2 with (+)-

disparlure and (-)-disparlure. The rate constants determined were much slower than the reports 

up to that point. The kon values were 4.8 ± 0.4 x 102 M-1 s-1 and 1.6 ± 0.2 x 102 M-1 s-1 for (+)-

disparlure and (-)-disparlure, respectively. In addition, the koff calculated were 4.7 ± 0.4 x 10-4 s-1 

with (+)-disparlure and 5.0 ± 0.2 x 10-4 s-1 with (-)-disparlure (Gong et al., 2009). A very fast 

association step was also noticed, within the first 5 seconds of the experiment, the rate constant 

of which could not be resolved with the technique used there. From these data, the authors 
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proposed a two-step ligand association process, wherein the ligand binds very quickly to an 

external site of the PBP, forming a PBP-pheromone external complex. This fast step is then 

followed by the much slower internalization of the ligand to the binding pocket of the protein. 

1.3.4. PBP structure: A-form (closed form) 

Currently, few moth PBP structures have been solved by either NMR or X-ray 

crystallography. These PBPs were from the B. mori, A. polyphemus, and A. transitella. From these 

reported structures, two conformations of PBPs were identified: A-form (closed form) and B-form 

(open form). In general, both conformations have six core helices (α1-α6) with N-terminal and C-

terminal segments that can take on helical or extended structures depending on pH and ligand 

occupancy. Both highly helical forms are held together by three strictly conserved disulfide bridges 

(Figure 1.6, 1.7 and 1.9). Cys19 and Cys54 connects helices α1 and α3. Cys50-Cys108 connects 

helices α3 and α6. Lastly, Cys97-Cys117 connects helices α5 and α6 (Figures 1.6, 1.7, and 1.9). 

The positions of the helices are indicated in Figure 1.6. 
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Figure 1.6. Sequence alignment of moth PBPs. 
Fully conserved residues of cysteines are highlighted in black background. Fully conserved  
histidines , glycine 71, and alanine 141 are in bold letters. Important acidic residues are  
highlighted in grey backgroud. Secondary structure information is shown on top of the  
sequences for the A-form (red) and B-form (green). Information is based on BmorPBP  
structures (Horst et al., 2001). 
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Figure 1.7. Moth PBP A-form structures with helices labelled α1-α7. 
A. BmorPBP (PDB ID: 1GM0) averaged structure of 20 conformers solved by NMR. Sample  
was not delipidated and at pH 4.5.  B. BmorPBP (PDB ID: 2FJY) was solved by X-ray  
crystallography at 2.30 Å resolution. Sample was delipidated and at pH 7.5. C. ApolPBP1 (PDB  
ID: 2JPO) averaged structure of 20 conformers solved by NMR. Sample was delipidated and at  
pH 4.5.  D. AtraPBP1 (PDB ID: 2KPH) lowest energy structure solved by NMR. Sample was not  
delipidated and at pH 4.5. In all structures, the conserved disulfide linkages are shown as yellow  
sticks. N-terminus is labelled with N and C-terminus is labelled with C. The locations of the  
irregular β turn structures are labelled. 
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Figure 1.8. C-terminal helices of the A-form. 
The acidic residues present in the 7th C-terminus helix are labelled. A. BmorPBP (PDB ID: 
1GM0). Residues within 4 Å of the acidic residues D132, E137, and E141 are shown in sticks. 
For D132, these residues include M5, N7, L8, S9, L10, F12 (α1), F76 and H80 (α4). For E137, 
these residues are from loop α3-α4 (L68, A73), α4 (M74, F76, A77), loop α4-α5 (A82), α5 (A87, 
L90, I91, V94), and α6 (F118). For E141, the residues are found in α3 (S56), loop α3-α4 (H70, 
G71< N72, A73), and α5 (I91, V94, H95, E98).   B. BmorPBP (PDB ID: 2FJY). C. ApolPBP1 
(PDB ID: 2JPO). D. AtraPBP1 (PDB ID: 2KPH).  

 

The A-form is described as a seven-helical structure with a disordered N-terminus and a 

helical C-terminus located inside the internal binding pocket. All the reported A-form PBP 

structures are presented in Figure 1.7 consisting of BmorPBP (PDB ID: 1GM0, 2FJY), ApolPBP1 

(PDB ID: 2JPO), and AtraPBP1 (PDB ID: 2KPH). BmorPBP (PDB ID: 1GM0) was solved by NMR 

and the sample was not delipidated and in a buffer of pH 4.5 (Horst et al., 2001). BmorPBP (PDB 

ID: 2FJY) was solved by X-ray crystallography, and the sample was prepared in a buffer at pH 

7.5 and delipidated (Lautenschlager et al., 2005). ApolPBP1 was solved by NMR at pH 4.5 and 
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delipidated (Damberger et al., 2007). AtraPBP1 was solved by NMR at pH 4.5 and not delipidated 

(X. Xu et al., 2010). All three PBPs consist of 142 amino acids.  

 

 

Figure 1.9. Histidine and acidic residues interactions in AtraPBP1 A-form. 
Shown here is the AtraPBP1 (PDB ID: 2KPH) ) lowest energy structure solved by NMR.  
Sample was not delipidated and in pH 4.5. The seven helices were labelled α1-α7. Histidine and  
acidic residues were drawn in stick figures: carbon = grey, nitrogen = blue, oxygen = red.  
Histidine and acidic residue pairings are as follows: H69-E60, H70-E57, H80-D132, H95-E141,  
H123-D40. 

 

The interesting features of the A-form are the unstructured N-terminus and the presence 

of the helical C-terminus segment (helix α7) inside the internal binding pocket, hence it is likewise 

called the closed form. The disordered N-terminus consists of residues 1-7 (BmorPBP), 1-8 

(ApolPBP1), and 1-8 (AtraPBP1). C-terminus helix α7 is a dodecapeptide helix which consists 

mostly of hydrophobic residues and three highly conserved acidic residues, as shown in the amino 

acid sequence alignment in Figure 1.6. This helix is surrounded with residues (within 5Å) from 

helices α3, α4, α5, and α6.  Interestingly, looking at Figure 1.8, the three acidic C-terminus 

residues are positioned in such a way that the helix α7 has two hydrophobic faces. The larger 

hydrophobic face is oriented towards the wider space of the internal binding pocket while the 

smaller hydrophobic face is in contact with helix α4. This orients helix α7 anti-parallel to that of 

helix α4. For BmorPBP, helix α7 (residues Met131-Val142) is stabilized inside the binding pocket 

by backbone hydrogen bonding (Ser30 and Val133, Gly71 and Ala140), sidechain hydrogen 
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bonding (Ser9 and Asp132, His95 and E141), electrostatic interactions (Leu8 backbone carbonyl 

and Asp132 sidechain, Leu10 backbone carbonyl and Asp132 sidechain, His70 sidechain and 

Ala140 backbone carbonyl), and hydrophobic contacts (Trp37 and Val135, Phe118 and Ile138) 

(Lautenschlager et al., 2005). For AtraPBP1, helix α7 residues (Met131, Val133, Val134, Val135, 

Val138, Leu139, Ala140) are in contact with Trp37, Leu59, Ala73, Phe76, Ala77, Ile94, Val111, 

and Val115 (Xu et al., 2010). In addition, the helix is oriented into the binding pocket by 

interactions of His69 and Glu60, His70 and Glu57, His80 and Glu132, His95 and Glu141, and 

His123 with Asp40 (Figure 1.9). The five histidine residues are strictly conserved in moth PBPs, 

and the acidic residue partners are also highly conserved (Figure 1.6).  

Other additional features of all A-form structures are the kinked helix α3, and presence of 

two non-regular β-turn (i  i+3 backbone hydrogen bonding) motifs at the loop between α3 and 

α4 (Figure 1.7). Consequently, helix α3 is designated as α3a and α3b with corresponding residues 

before and after the kinked residue, respectively. The two non-regular β-turn structures at loop 

α3- α4 are formed as follows for both BmorPBP and ApolPBP1. β-turn 1 involves residues 63-66 

with the following hydrogen bonding network Gly66 HN-Asp63 O. β-turn 2 involves residues 69-

72 with the following hydrogen bonding contacts: His69 HN and Asn72 O, His69 O and Asn72 HN. 

For AtraPBP1, the same interactions are seen but with Lys67 in the position of Asn67. Loop α3- 

α4 is held in place by electrostatic and hydrogen bonding interactions of His69 and His70 of the 

loop with acidic residues in helix α3b and Gly71 of the loop with Ala140 of C-terminus helix α7.  
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1.3.5. PBP structure: B-form (open form) 

 

Figure 1.10. Moth PBP B-form structures. 
A. BmorPBP (PDB ID: 1LS8) averaged structure of 20 conformers solved by NMR. Sample  
was not delipidated and in pH 6.5. B. ApolPBP1 (PDB ID: 1QWV) averaged structure of 20  
conformers solved by NMR. Sample was not delipidated and in pH 6.3. C. ApolPBP1 (PDB ID:  
1TWO) averaged structure of 20 conformers solved by NMR. Sample was not delipidated and in  
pH 5.2. In all structures, the conserved disulfide linkages are shown as yellow sticks. The N- 
terminus is labelled with N, and the C-terminus is labelled with C. 

 

In contrast to the A-form, the moth PBP B-form has the six helices shared with the A form 

and an additional helical N-terminus and an unstructured C-terminal segment extended outside 

of the binding pocket. The B-form is the overall architecture adopted by PBPs in complex with 

pheromonal or non-pheromonal ligands. Unliganded B-form structures have been reported for 

BmorPBP (PDB ID: 1LS8), and ApolPBP1 (PDB ID: 1QWV, 1TWO). These structures are 

presented in Figure 1.10. BmorPBP structure (PDB ID: 1LS8) was solved by NMR, was not 
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delipidated, and was obtained at pH 6.5 (Lee et al., 2002). Both ApolPBP1 B-form structures were 

likewise solved by NMR. ApolPBP1(PDB ID: 1QWV) was not delipidated and at pH 6.3, while 

ApolPBP1 (PDB ID: 1TWO) was not delipidated but at pH 5.2 (Mohanty et al., 2004; Zubkov et 

al., 2005). Non-delipidated PBPs could harbor endogenous ligands from the bacterial expression 

systems (Oldham et al., 2001; Mohanty, 2012). 

Significant structural differences from the A-form include the helical N-terminus which is 

designated as helix α1a, the unraveling of α3b resulting in a longer α3a (in the B-form simply 

labelled as α3), a longer helix α4 which now includes some residues of loop α3- α4, and 

disordered C-terminus segment found outside the binding pocket.  For BmorPBP, the internal 

binding pocket is lined by hydrophobic residues from helices α1a, α3, α4, α5, α6; loop α1a- α1b, 

loop α2- α3, loop α3- α4 and few polar residues such as Asp32, Thr48, Ser56, and Glu98 (Lee et 

al., 2002). However, the two ApolPBP1 B-form conformations have key differences from the N-

terminus to helix α4. The structure at pH 6.3 closely resembles that of BmorPBP B-form with a 

helical N-terminus, a longer α4, and a disordered C-terminus, but the kink at helix α3 is still present 

with designations of α3a (residues 46-52) and α3b (residues 54-59). ApolPBP1 conformation at 

pH 5.2 closely resembles the A-form, with a kinked helix α3 dividing this helix into α3a (46-57) 

and α3b (59-62). But unlike A-form, both N- and C-termini segments are unstructured.  

Moth PBPs in complex with ligands were solved by X-ray crystallography (Figure 1.11). 

For BmorPBP, bound structure with the pheromone bombykol (PDB ID: 1DQE) was elucidated at 

pH 8.2 as an asymmetric dimer with each monomer carrying a single bombykol molecule (Sandler 

et al., 2000). The dimer interface involves hydrophobic interactions of residues around Pro64 of 

one monomer and residues Met131, Val133, and Lys38 of the other monomer. Each monomer 

has helical N-terminus and unstructured C-terminal segment found outside the binding pocket. 

The internal binding cavity is lined with residues from helices α1, α3, α4, and α5. The hydroxyl 

group of bombykol hydrogen bonds with Ser56 (helix α3) and the double bonds of bombykol are 

sandwiched by Phe12 (helix α1) and Phe118 (helix α5). Other residues in close contact with 

bombykol are Met5, Leu8, Ser9, Phe36, Trp37, Ile52, Met61, Leu62, Leu68, Phe76, Leu90, Ile91, 

Val94, Glu98, Thr111, Val114, and Ala115 (Figure 1.12A). A single non-regular β-turn is formed 

by residues Gly66-Asp63 and Asn67-Asp63 at the loop between α3 and α4. No obvious ligand 

entrance and exit sites can be observed from the complex structure. Three of the highly conserved 

histidines (His69, His70, His95) are all found near helix α4.  
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Figure 1.11. Moth PBP-ligand complexes. 
A. BmorPBP complexed with bombykol (PDB ID: 1DQE) was solved by X-ray crystallography at  
1.80 Å resolution. Sample was not delipidated and in pH 8.0. B. BmorPBP complexed with two  
units of bell pepper odorant (PDB ID: 2P70) was solved by X-ray crystallography at 2.10 Å  
resolution. Sample was not delipidated and in pH 8.0. C.BmorPBP complexed with  
iodohexadecane (PDB ID: 2P71) was solved by X-ray crystallography at 2.01 Å resolution.  
Sample was not delipidated and in pH 8.0. D. AtraPBP1 complexed with Z11, Z13-16:Ald (PDB  
ID: 4INW) was solved by X-ray crystallography at 1.14 Å resolution. Sample was not delipidated  
and in pH 6.5. E. AtraPBP1 complexed with Z11, Z13-16:OH (PDB ID: 4INX) was solved by X- 
ray crystallography at 1.85 Å resolution. Sample was not delipidated and in pH 6.5. In all  
structures, the conserved disulfide linkages are shown as yellow sticks. The N-terminus is  
labelled with N, and the C-terminus is labelled with C. 

BmorPBP in complex with the non-pheromone ligands bell pepper odorant 2-isobutyl-3-

methoxypyrazine (ligand structure Figure 1.3J) (PDB ID: 2P70) and iodohexadecane (ligand 

structure Figure 1.3G) (PDB ID: 2P71) at pH 8.0 both showed similar folding architecture as the 

bombykol complex (Lautenschlager et al., 2007). The complexes likewise appeared as an 

asymmetric dimer but only one monomer carries the bound ligand. One iodohexadecane unit is 

found inside the binding pocket. The iodine atom is in close contact with Ser56 while other 
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residues Phe12, Leu62, Leu68, Phe76, Thr111, Val114, Ala115, and Phe 118 interact with the 

hydrophobic portion of the ligand (Figure 1.12C). The complex with the bell pepper odorant 

showed two odorant molecules inside the binding cavity. One odorant interacts with Ile52, Ser56, 

Leu62, Leu68, Val94, Thr111, Val114, Ala115, and Phe118 while the other involves residues 

Leu8, Ser9, Phe12, and Phe36 (Figure 1.12B). BmorPBP binding assays using these 

nonpheromone ligands showed significant lower affinity with iodohexadecane compared with 

bombykol, and no observed affinity for the bell pepper odorant.  

In contrast to BmorPBP complexes, bound structures of AtraPBP1 with the species major 

pheromonal components Z11, Z13-16:Ald (PDB ID: 4INW) and Z11, Z13-16:OH (PDB ID: 4INX) 

at pH 6.5 were all monomers. Each binding cavity is lined with residues from helix α1, loop α2- 

α3, helix α3, loop α3- α4, helix α4, helix α5, and helix α6 (di Luccio et al., 2013). The complex with 

the aldehyde pheromone showed hydrogen bond interactions of the aldehyde group with Arg107 

(helix α6) and two water-mediated interactions of residues Met61 and Gly66 (loop α3- α4). 

Hydrophobic interactions include residues Leu8, Ile52, Met61, Leu68, Ile94, Val111, and Ile114 

(Figure 1.12D). For the alcohol pheromone complex, similar hydrophobic interactions are 

observed. In addition, the hydroxyl group hydrogen bonds with residue Met61 (loop α3- α4) and 

two water molecules stabilized by Arg107 (helix α6) and Glu98 (helix α5), respectively (Figure 

1.12E).  
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Figure 1.12. Ligand-protein interactions of moth PBP-ligand complexes shown in Figure 
1.11. 

A. Residues of BmorPBP involved in binding with bombykol (PDB ID: 1DQE). B. Residues of  
BmorPBP involved in binding with the two bell pepper odorants (PDB ID: 2P70). C. Residues of  
BmorPBP involved in binding with iodohexadecane (PDB ID: 2P71). D. Residues of AtraPBP1  
involved in binding with Z11, Z13-16:Ald (PDB ID: 4INW). E. Residues of AtraPBP1 involved in  
binding with Z11, Z13-16:OH (PDB ID: 4INX). In all structures, ligands are represented as sticks  
with carbon = grey, oxygen = red, nitrogen = blue, iodine = purple.  
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1.3.6. PBP binding and release mechanisms 

Binding assays conducted at neutral pH (pH 7) and at acidic pH (usually pH 5) using 

wildtype moth PBPs with their cognate ligands have shown dramatic differences in the binding 

affinity. In acidic conditions, PBPs show negligible to ~10-fold decrease in ligand binding 

compared to neutral pH, as observed with BmorPBP, ApolPBP1, AtraPBP1, LdisPBP1, and 

LdisPBP2 (Kowcun et al., 2001; Xu & Leal, 2008; Xu et al., 2011; Katre et al., 2013; Sanes & 

Plettner, 2016). Interestingly, similar binding assays using PBPs with the following mutations 

His70Ala, His80Ala, His95Ala, D132N, E141Q, and truncation of the C-terminus segment showed 

a general improvement (2- to 9-fold increase) in binding ability at acidic pH compared with the 

wildtype. However, the C-terminus truncated mutants have varied responses in binding at neutral 

pH. C-terminus truncated BmorPBP and AtraPBP1 showed increased binding, compared with 

wildtype at neutral pH (Leal et al., 2005; Xu et al., 2011). In contrast, C-terminus truncated 

ApolPBP1, CpomPBP2, and LdisPBP2 have decreased affinity at neutral pH compared with 

wildtype (Gong et al., 2010; Katre et al., 2013; Tian, Liu, & Zhang, 2016; Tian & Zhang, 2016).  

Moreover, using 1H-15N-HSQC, the structural perspective concerning effects of pH and 

ligand on PBP conformation. With ApolPBP1, delipidated (removal of endogenous ligands) versus 

non-delipidated samples have different responses to pH changes. Delipidated PBPs displayed 

the A-form 1H-15N-HSQC profile at pH 6.5 and pH 4.5 while the non-delipidated samples showed 

B-form profile at pH 6.5 and A-form at pH 4.5 (Katre et al., 2009). This means that without ligand, 

PBP is pH insensitive and dominantly exists as the A-form. With ligand, PBP is a pH sensor which 

exists as the B-form at high pH and as A-form at low pH. This explains the elucidation of an A-

form BmorPBP using delipidated sample at pH 7.5. Furthermore, pH studies have suggested that 

the transition occurs between pH 5 and 6 as indicated by doubling of peak signals (each set for 

A- and B-forms) at this pH range (Damberger et al., 2000; Katre et al., 2009). This pH range 

corresponds to the pKa value of the histidine imidazole moiety, which has resulted in the 

suggestion that histidine is a molecular switch in the conformational transition between A and B 

forms.  

Based on available binding and structural studies, a proposed ligand binding and release 

mechanism for moth PBPs was put forward and has been cited most often (Damberger et al., 

2013). According to this model, at the vicinity of the cuticular pores where the pH is believed to 

be acidic, the pheromone can eject the helical C-terminus from the binding pocket due to its higher 

affinity. This leads to the uptake and transport of the pheromone. The PBP-pheromone complex 
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reaches the suggested acidic environment of membrane pheromone receptors where the ligand-

bound PBP transitions into the A-form, effectively releasing the ligand in the vicinity of the 

pheromone receptors. However, there are details in this model that have remained unclear. For 

example, if both cuticular and membrane surfaces are acidic, then what factors are involved in 

making ligand binding favourable at the cuticular end and ligand release the preferred event near 

the dendritic membrane? In addition, the mechanisms behind pH- and ligand-induced structural 

transitions are still not well understood. Studies on the interplay between PBPs with pheromone 

receptors and other key membrane proteins such as Orco and SNMP and the contribution of 

these proteins with PBP function are likewise very limited.  

1.4. Objectives of my thesis 

Previous equilibrium binding assays showed discrimination of LdisPBP1 and LdisPBP2 

between the disparlure enantiomers. The first objective of my thesis was to investigate the 

LdisPBP binding of disparlure analogues (see below, Fig. 2.2) through equilibrium binding and 

binding kinetics assays. In these analogues, the electron density near the identified disparlure 

odotope (shape or structure responsible for recognition of a molecule by olfaction), the epoxide 

ring, was modified by heteroatoms O- or S-replacement of -CH2- at the C5 or C10 positions. The 

O atom is more electronegative than C atom and S is larger in size compared to O or C atoms. 

The second objective was to explore if PBP-ligand binding interaction has a role in the activation 

and deactivation of odorant receptors through correlation of Kd and rate constants (koff and kon) 

against electroantennogram (EAG) response patterns. The third objective was to examine the 

structural details of LdisPBP binding interactions with the disparlure enantiomers and analogues 

through in silico molecular modelling. The fourth objective was to generate the 3D structure of 

LdisPBP1 using solution NMR. This is the first report of a PBP structure from gypsy moth. The 

fifth objective is to investigate the effects of changing pH and addition of disparlure enantiomers 

to the LdisPBP1 structure as monitored through NMR. 

1.5. Thesis layout 

This thesis is divided into six chapters. The first chapter is an overview of gypsy moth, 

molecular components of moth olfaction, and developments in moth pheromone-binding protein 

research in both biological and biomolecular aspects.  
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In the second chapter, results of the equilibrium binding assays involving LdisPBP1 and 

LdisPBP2 against the ligands, disparlure enantiomers, oxadisparlure analogues, and 

thiadisparlure analogues are presented and discussed. Furthermore, the structural bases of the 

binding interactions between these ligands and LdisPBP1 and LdisPBP2 are shown from 

molecular docking simulations. In addition, the correlations of the physical constants from the 

binding assays with respect to EAG response patterns of lag time, depolarization rate, and 

repolarization rate are evaluated and discussed.  

The third chapter contains the results of the equilibrium binding assay of the fluorescent 

reporter, N-phenyl-1-naphtylamine (1-NPN), with LdisPBP1 and LdisPBP2. Moreover, the binding 

kinetics of 1-NPN with LdisPBP1 using stopped-flow is presented. This fluorescent reporter is 

used in the competitive binding kinetics of disparlure enantiomers and analogues with LdisPBP1. 

The calculated apparent rate constants and kinetics-derived equilibrium inhibition constant are 

compared and likewise correlated against EAG response patterns of lag time, depolarization rate, 

and repolarization rate. 

The fourth chapter is the 3D structure elucidation of LdisPBP1 in pH 4.5. In this chapter, 

the conventional 2D and 3D NMR experiments for NMR protein structure calculation are 

described. Amino acid assignment of backbone and sidechain N-H resonances in the 1H-15N-

HSQC spectrum is presented. This assignment is important for future structural studies using 1H-
15N-HSQC as this spectrum is considered the fingerprint profile of the protein. Moreover, results 

of relaxation NMR experiments are shown to identify dynamic regions of LdisPBP1. 

In the fifth chapter, results of 1H-15N-HSQC-monitored pH titration and ligand titration 

experiments are presented. In the pH titration assay, the effect of changing the pH from 4.5 to 7.0 

to the LdisPBP1 structure is explored through chemical shift perturbations observed in 1H-15N-

HSQC. Likewise, the effect of adding increasing concentrations of (+)-disparlure or (-)-disparlure 

to the LdisPBP1 structure is investigated through changes of resonance signals in 1H-15N-HSQC. 

In addition, the difference in binding between the disparlure enantiomers into LdisPBP1 is shown.  

The sixth chapter discusses future experiments to further understand the role of PBPs in 

moth olfaction. This includes biological, biophysical, and structural efforts. 
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Chapter 2. Correlation of Pheromone-binding Protein-
Ligand Equilibrium Dissociation Constants with 
Electroantennogram Response Patterns and Molecular 
Modelling 

Adapted from: Terrado, M.1, Yu, Y.2, & Plettner, E.1 (2018). Canadian Journal of Chemistry, 96, 

168-177. 

1Department of Chemistry, Simon Fraser University, Burnaby, British Columbia, Canada. 

2Labs-Mart Inc., Edmonton, Alberta T6N 1J3, Canada. 

MT performed the PBP preparation, binding assay, measurement of EAG patterns lag time, DPR, 

RPR, homology modelling, correlation and statistical analyses. YY synthesized the ligands and 

collected EAG data. 

2.1. Introduction 

Moth olfaction is known for its impressive selectivity, sensitivity and speed with which 

environmental cues are processed (Roelofs, 1995; Zubkov et al., 2005). The efficiency of this 

process is due largely to the thousands of pheromone-sensing hairs called sensilla trichodea on 

male antennae (Figure 2.1) (Grosse-Wilde et al., 2007; Sakurai et al., 2015; Steinwender et al., 

2016; Chang et al., 2016; Zhang, S., et al., 2016). In addition, the remarkable peripheral 

mechanisms of pheromone perception ensure fine-tuning of signal stimuli for specific biological 

interpretation. Pheromones enter the sensillum through its pores, bind to the pheromone-binding 

proteins (PBPs) present in the lymph, and get transported to the odorant receptors (ORs) 

embedded in the dendritic membrane of odorant sensory neurons (OSN) (Figure 2.1) (Kaissling, 

2013). Signal is then propagated by a combination of ionotropic and metabotropic pathways 

(Nakagawa & Vosshall, 2009; Silbering & Benton, 2010). The rapid ionotropic process takes place 

when the OR binds with another membrane protein, odorant receptor co-receptor (Orco) (Figure 

2.1D), and forms an OR/Orco ion channel complex (Neuhaus et al., 2005; Benton et al., 2006; 

Sato et al., 2008) (Figure 2.1E) while the slower metabotropic scheme involves ion channel 

activation by intracellular secondary messengers (Wicher et al., 2008). After receptor activation, 

pheromones can be deactivated in the lymph by degrading enzymes or a yet unknown molecular 

trap (Kaissling, 2001; Leal, 2013). 
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Figure 2.1. Set-up of an EAG experiment.  
A. Electrodes are attached at both ends of a detached antenna. The potential across the 
antenna is monitored. Upon stimulus application, the summed change in membrane 
potential of responding sensilla between the two electrodes is observed as a drop in 
voltage across the antenna. B. Features of EAG responses monitored. Lag time is the 
measured time difference (in milliseconds) from stimulus introduction to start of voltage 
drop. Depolarization rate (DPR) is the measured slope (mV/s) of the response peak 
downward curve (as indicated by the arrow). Repolarization rate (RPR) is the measured 
slope (mV/s) of the response peak upward curve (as indicated by the arrow). C. 
Schematic representation of a single sensillum trichodeum on the antenna. The 
sensillum cuticle is perforated with numerous pores and is innervated by dendritic 
projections of odorant sensory neurons (OSNs). The dendrites of OSNs are bathed with 
the lymph fluid enclosed by the supporting cells and cuticle. D. Some components inside 
the sensillum. PBPs are present in high concentrations in the lymph. Membrane proteins 
such as odorant receptors (ORs), odorant receptor co-receptor (Orco), and various ion 
channels are found within the dendrite’s membrane. E. Suggested events during 
depolarization phase. Ligands diffuse through the lymph to the ORs. Upon ligand 
binding, it is proposed that ORs form a ligand-gated ion channel with Orco (which 
mediates the ionotropic pathway of OR signal transduction). The activated OR can also 
subsequently activate secondary messengers, which lead to opening of other, as yet 
non-identified, ion channels (metabotropic pathway). Both signal transductions from the 
ORs result in membrane depolarization. F. Suggested events during the repolarization 
phase. Possible PBP involvement in these processes includes: 1) hydrophobic ligand 
solubilisation and transport and/or 2) scavenging of excess pheromone to prevent 
dendrite adaptation. These two PBP functions are not mutually exclusive. 
 

The small (~15 kDA), water-soluble pheromone-binding protein (PBP) is an important 

component of peripheral pheromone processing. This protein is present in high concentration 
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(mM) in the sensillar lymph of sensory hairs (Figure 2.1D). In the gypsy moth, Lymantria dispar 

(Lepidoptera:Erebidae), two PBPs have been identified, LdisPBP1 and LdisPBP2 (Vogt et al., 

1989). Both proteins belong to the PBP family with a long C-terminal tail (15-18 residues). 

LdisPBP1 has 143 residues (16146 Da) while LdisPBP2 contains 145 residues (16148 Da). The 

two L.dispar PBPs share 50% identity (Appendix 4) (Vogt et al., 1989). Homology models of 

LdisPBPs generated from Bombyx mori (Lepidoptera:Bombycidae) PBP structure (PDB: 

1LS8.1.A) showed highly helical structures stabilized by three disulfide bridges (Appendix A3) 

(Honson et al., 2003; Honson & Plettner, 2006; Sanes & Plettner, 2016). These features are highly 

conserved across Lepidopteran PBPs (Sandler et al., 2000; Mohanty et al., 2004; di Luccio et al., 

2013). Analyses of LdisPBP sequences and homology models revealed presence of highly 

conserved phenylalanine residues: Phe12, Phe36, Phe76, Phe119 (PBP1), and Phe120 (PBP2). 

These residues interact with the hydrocarbon portion of pheromone structures (Sandler et al., 

2000; Honson et al., 2003; di Luccio et al., 2013; Sanes & Plettner, 2016). In addition, binding 

pocket residues that differed between LdisPBPs were identified as Asn35, Ala73, Leu91, and 

Ala135 with PBP1 while in PBP2 these were replaced with Asp35, Thr73, Ile91, and Leu136 

(Appendix 3) (Sanes & Plettner, 2016). Previous equilibrium dissociation studies showed that 

LdisPBP2 binds preferentially to the pheromone (+)-disparlure while LdisPBP1 prefers (-)-

disparlure (Figure 2.2) (Plettner et al., 2000; Yu & Plettner, 2013). The (+)-disparlure enantiomer 

is released by female gypsy moths as the major sex attractant while (-)-disparlure, produced by 

the related species, the nun moth, Lymantria monacha (Lepidoptera:Erebidae), discourages male 

flight towards the female (Schneider et al., 1977; Hansen, 1984). This behavioural difference 

between attractive and inhibitory semiochemical components has also been demonstrated in 

other groups of related moth species such as Bombyx mori silkmoth (Grosse-Wilde, Svatos, & 

Krieger, 2006), Antheraea polyphemus (Lepidoptera:Saturniidae) polyphemus silkmoth and 

Antheraea pernyi (Lepidoptera:Saturniidae) temperate tussar moth (Maida et al., 2000; Maida, 

Ziegelberger, & Kaissling, 2003). The mechanisms involved in PBP selective ligand binding are 

not yet fully understood.  
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Figure 2.2. Structures of ligands. 
The gypsy moth pheromone, (+)-disparlure, (+)-1, the pheromone antagonist, (-)-1, and 
their analogues with heteroatom (O or S) substitution of a CH2 group at either position 5 
or 10. Note the reversal of direction of the specific rotation of the 5-oxa (2) and 5-thia (4) 
analogues relative to the natural compounds and the 10-oxa (3) and 10-thia (5) 
analogues. 

 

PBPs have long been considered as passive transporters, ferrying and protecting 

pheromones from degrading enzymes (Zhang et al., 2018). It is also possible to imagine PBPs 

sequestering pheromone molecules near the pheromone receptors on the membrane surface, 

which would be a pheromone scavenger function. It is still a matter of debate whether PBPs are 

transporters or scavengers or both. To address this question here, we have determined the 

binding affinity of gypsy moth PBPs with the disparlure enantiomers and several analogues 

(Figure 2.2), measured by equilibrium dissociation constants (Kd), along with the 

electroantennogram (EAG) responses to these compounds. 

Electroantennogram has been used in screening antennal responses to odorants 

(Schneider, 1957; Roelofs et al., 1971; Schneider et al., 1977; Roelofs, 1984). In an EAG set-up, 
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electrodes are inserted on both ends of a detached antenna (Figure 2.1A). The electrodes 

measure the total voltage potential across the antenna. Introduction of a stimulant activates the 

neural receptors, which leads to opening of ion channels observed as the depolarization phase 

in Figure 2.1B and 2.1E. The depolarization phase is detected as a voltage drop across neural 

membranes and is maintained if the pheromone is bound to the receptor. Once the pheromone 

stimulus ends, the ion channels will close (repolarization phase) and the membrane will regain its 

resting potential (Figure 2.1B and 2.1F) (Roelofs, 1984; Nation, 2001; Ryan, 2002). 

In this study, three features of an EAG response were measured (Figure 2.1B): (1) lag 

time, time difference between stimulus introduction and start of potential drop, (2) depolarization 

rate (DPR, the slope of the depolarization phase), and (3) repolarization rate (RPR, the slope of 

the repolarization phase). Correlation of the equilibrium dissociation constant values of the two 

LdisPBPs with the various ligands tested against lag time, depolarization and repolarization rates 

is hypothesized to give insights into the effects of PBP- ligand interactions to neural receptor 

activation and deactivation, as described in detail below.   

(1) Dissociation constants against lag time: The lag time reflects the diffusion of the 

ligands to the membrane-localized receptors. Since the ligands all have similar 

molecular weights, their unaided or unimpeded diffusion should not differ very much. 

Binding to a PBP should slow the diffusion of the ligand in the lymph (because the 

molecular mass of the complex is so much larger than the ligand by itself), therefore, 

a smaller Kd (stronger binding) is expected to result in a longer lag time.  

(2) Dissociation constants against depolarization rate: Smaller Kd (stronger binding) is 

expected to result in smaller depolarization rates (weak receptor activation), because 

it is the free ligand that activates the receptor. 

(3) Dissociation constants against repolarization rate: Smaller Kd (stronger binding) is 

expected to result in high repolarization rates (rapid receptor deactivation). 

There were earlier studies that explored the correlation of PBP-ligand interactions against 

EAG response profiles in terms of depth of depolarization and peak broadening. Chen and 

colleagues (2010) reported that use of analogues mimicking the proposed cisoid conformation of 

PBP-bound disparlure significantly widened the measured EAG peak response either in pure or 

(+)-disparlure-mixed formulations (Chen et al., 2010). Interestingly, the pure analogues did not 

seem to affect the observed depth of depolarization, however, if mixed with (+)-disparlure, some 
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of the analogues showed enhanced depolarization suggestive of additive or synergestic effects. 

In a separate study using di- and tri-substituted benzenes as co-stimuli with (+)-disparlure, a 

series of aromatic compounds only showed activity when mixed with the pheromone (+)-

disparlure (Gong & Plettner, 2011). Hence, the aromatic compounds were investigated in terms 

of their ability to inhibit or enhance EAG depolarization depth and peak broadening. Some of the 

compounds were observed to be PBP agonists while others were antagonists when added with 

(+)-disparlure in binding assays. Correlation of ΔKd (ΔKd = Kd(absence) - Kd(presence) of 

compounds) showed positive correlation against peak broadening which suggests that 

compounds that seemed to weaken PBP-pheromone binding have enhanced peak broadening. 

Some of the compounds decreased the depolarization depth while others showed no effect in 

comparison with the pure (+)-disparlure EAG trace. In studies with the pheromone analogues of 

Spodoptera frugiperda (Lepidoptera: Noctuidae) fall armyworm moth, EAG parameters such as 

peak amplitude and repolarization time were evaluated for inhibitory activities (Perez Luis, 2010; 

Malo et al., 2013). 

In this paper, the possible role of PBP in pheromone-mediated receptor activation is 

investigated. First, the strength of PBP-ligand interaction was determined by measurement of the 

dissociation equilibrium constant, Kd for the enantiomers of disparlure and heteroatom-substituted 

disparlure analogues (Figure 10). Second, electroantennograms (EAG) of male gypsy moth 

antennae were obtained with both enantiomers of disparlure and the analogues. Third, we 

investigated the correlation between the EAG properties of lag time, depolarization rate, and 

repolarization rate against the affinity of the PBPs for the various analogues.    

2.2. Methods  

2.2.1. Preparation of Ligand 

 Ligands used in the experiments had been synthesized previously (Yu & Plettner, 2013). 

Briefly, disparlure and 5-oxa or thia analogues were prepared from cis-2,3-epoxytridecan-1-ol, 6 

(Appendix A1-A2). The 10-oxa and thia analogues were prepared from cis-2,3-epoxy-8-

methylnonan-1-ol, 7. For enantiomer synthesis, the epoxy alcohols were kinetically resolved using 

porcine pancreatic lipase and acetic anhydride as acyl donor (Yu & Plettner, 2013). This yielded 

(-)-6 and (-)-7 as the alcohols not acylated and the acetate esters of (+)-6 and (+)-7, which were 

hydrolyzed to the alcohols (Yu & Plettner, 2013). To prepare the oxa analogues, the alcohols 

were deprotonated with NaH and coupled to either 1-bromo-3-methylbutane (for 5-oxa analogues 
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2) or 1-bromooctane (for 10-oxa analogues 3). To prepare the thia analogues, the alcohols were 

tosylated and the tosylates were coupled to 3-methyl-1-butanethiol (for 5-thia analogues 4) or 1-

octylthiol (for 10-thia analogues 5) (Yu & Plettner, 2013).  For disparlure synthesis, tosylate of 6 

was coupled to the cuprate formed from 4-methyl-1-pentyllithium and copper (I) iodide in ether 

(Inkster et al., 2005). 

2.2.2. Preparation of Pheromone-binding Proteins 

 The PBPs were expressed and purified as described elsewhere (Plettner et al., 2000; 

Nardella et al., 2015). Briefly, PBPs were expressed in BL21(DE3) E. coli cells with pHN1+ 

plasmid carrying either the PBP1 or PBP2 gene. The cells were cultured in LB media with 

ampicillin (Sigma-Aldrich, St. Louis, MO, USA), 50 µg per mL media, at 37°C until optical density 

reached 0.5-0.6. Cells were induced to express PBPs by addition of isopropyl β-D-1-

thiogalactopyranoside, IPTG (Sigma-Aldrich, St. Louis, MO, USA), 48 mg/mL media, for 4.5 hours 

at 27°C. Bacteria cells were harvested by centrifugation (7000 rpm for 20 minutes) and washed 

with Tris-HCl buffer, pH 7. Cells were suspended in lysis buffer (80 mM Tris, 200 mM NaCl, 1 mM 

EDTA, 4% Glycerol, pH 7.2) and lysed using ultrasonic probe sonicator (Branson Ultrasonics 

Sonifier 450, Thermo Fisher Scientific, Waltham, MA, USA). Collected inclusion bodies were 

subjected to cysteine/cystine denaturation and renaturation conditions.  In this process, the 

inclusion bodies were denatured in the presence of 8 N guanidine-HCl. The disulfides were 

reduced with β-mercaptoethanol and dithiothreitol. The proteins were allowed to refold in the 

presence of cysteine and cysteine under Argon atmosphere. PBPs were purified using 

preparative native gel electrophoresis (Bio-Rad, Hercules, CA, USA) and delipidated in methyl 

hydrophobic interaction chromatography beads (Bio-Rad, Hercules, CA, USA). 

2.2.3. Determination of Kd  

Ligands used in the experiments were the natural compounds, (+)-disparlure and (-)-

disparlure, and their oxa and thia analogues (Figure 2.2). Ligand solutions were prepared in 

HPLC-grade ethanol (Sigma-Aldrich, St. Louis, MO, USA). Specific volumes of ligand and PBP 

were combined in 20 mM Tris buffer of pH 7.4 to achieve final concentrations of 6 µM and 3 µM, 

ligand and PBP, respectively. The mixture was placed in a 1-dodecanol-coated microcentrifuge 

tubes (to minimize ligand adsorption) and incubated for 1.5 hours (to ensure binding equilibrium) 

at ~3-4°C (to maintain protein stability). After incubation, the mixture was divided into two portions. 

One aliquot was used to extract the total ligands ([L]total) and the other half was loaded into 
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prepared P2 gel (Bio-Rad, Hercules, CA, USA) size-exclusion column to collect bound ligand 

(PBP.L). The P2 gel column separates the mixture components based on size. Larger molecules 

such as free PBP and bound ligand-PBP complex (PBP.L) will elute earlier than smaller molecules 

(free ligands). Ligands were extracted, quantified using gas chromatography (PerkinElmer 

Clarus500, Waltham, MA, USA), and labelled as [PBP.L] concentration. Kd was calculated using 

equations (1) - (3).  

(1) Kd = [PBP] [L] / [PBP.L]   

(2) [PBP] = [PBP]total  –  [PBP.L]  

(3)       [L] = [L]total  –  [PBP.L] 

2.2.4. Moths 

Male gypsy moth pupae were obtained from USDA APHIS (Amherst, MA, USA). Pupae 

were housed individually in 473 mL transparent containers (Ziploc, SC Johnson, Racine, WI, 

USA) with mesh-covered openings and a moist filter paper (Whatman #1, Sigma-Aldrich, St. 

Louis, MO, USA) inserted on the bottom. Insects were maintained at 22°C on a 14:10 h light:dark 

photoregime in the quarantine facility at Simon Fraser University (Burnaby, BC, Canada). Newly 

emerged adult moths were transported to the EAG facility and were anesthetized by cooling (4°C) 

for 5 minutes and CO2 exposure for 5 minutes. A single antenna was removed by lifting it out of 

its base using fine forceps. 

2.2.5. Electroantennogram 

 EAGs were recorded on a Syntech (Kirchzarten, Germany) apparatus fitted with an IDAC 

4 interface and a CS-55 stimulus controller. Stimulus cartridges were fashioned out of Pasteur 

pipettes by placing a filter paper disc ( 1cm, Whatman #1) loaded with the compound in the part 

where the pipette narrows (Figure 2.1). Compounds were dissolved in HPLC-grade hexane 

(Thermo Fisher, Waltham, MA, USA), distilled in glass, (1 mg/mL) and 100 µL of solution were 

loaded on each disc. The hexane was left to evaporate before discs were placed inside the 

pipettes. Blank discs received 100 µL of hexane. Cartridges were wrapped in aluminum foil, then 

grouped by compound and placed in Ziploc bags, which were kept at -80oC until required. During 

EAG experiments cartridges were used at room temperature. 
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The EAG experiments were conducted using the same procedure as described elsewhere 

(Plettner & Gries, 2010). Briefly, one antenna of a male moth was detached from the head at the 

base, clipped at the distal end with microdissection scissors, then mounted with Spectra360 

conductive gel (Parker Laboratories, Fairfield, NJ, USA) on an EAG holder for moth antennae 

(Syntech, Kirchzarten, Germany), such that the base was on the reference wire and the tip of the 

antenna on the measurement wire.  Moistened air was passed continuously at 25 mL/s through 

a stainless steel cartridge holder tube over the antenna (Figure 2.1). The pipette cartridge was 

positioned such that the narrow end was ~ 3 mm inside a hole at the distal end of the steel 

cartridge holder. The pipette was connected to the stimulus controller, and for stimulation a puff 

of air was generated at 25 mL/s through the pipette to inject odorant-laden air into the moistened 

air stream.   EAG response parameters were determined using EAGPro software (Syntech, 

Kirchzarten, Germany). Lag time was the length of time from start of stimulus to start of 

depolarization downward curve. Depolarization rate was the slope of depolarization downward 

curve. Repolarization rate was the measured slope of the upward curve as shown in Figure 2.1B 

and Appendices A14-A18.  

2.2.6. In Silico Docking Simulations of ligands 

Ligand docking experiments were simulated onto B-form conformations of LdisPBP1 and 

LdisPBP2. The homology models of both LdisPBP B-forms were generated by the SWISS-

MODEL server (https://swissmodel.expasy.org/) (Waterhouse et al., 2018) using Bombyx mori 

PBP as a template (PDB ID:1LS8).  BmorPBP was determined the closest in sequence identity 

for LdisPBP1 (60%) and LdisPBP2 (49%) by the Blast search protocol. Docking experiments were 

conducted in MOE version 2016.8 (Molecular Operating Environment) (Chemical Computing 

Group, Montreal, Canada) using (+)-disparlure or (-)-disparlure ligands. Prior to docking, both 

protein models were prepared by invoking MOE protonate3D (Labute 2009). This step assigns 

the ionization states and adds hydrogens to the 3D protein coordinates based on the determined 

(1) rotamers of –SH, -OH, -CH3, and –NH3 functional groups, (2) ionization states of Arg, Asp, 

Glu, Lys, and His, and (3) tautomers of His imidazole under the specified temperature (298 K), 

pH (8.0), and salt (0.1 M).  Both protein models and the ligands were energy minimized in the 

Amber 10 force field with rigid water molecule constraints. Ligand docking sites were identified 

using MOE Site Finder based on Alpha Shapes geometric method (Edelsbrunner & Mucke, 1994; 

Edelsbrunner et al., 1995) and results were ranked by the Propensity for Ligand Binding (PLB) 

score (Soga et al., 2007). Ligands were placed in the site with the Triangle Matcher protocol and 



43 
 

ranked with London dG scoring function. The poses were further refined in an Induced Fit energy 

minimization model and rescored from GBVI/WSA binding free energy calculation in the S field 

(Labute, 2008). Poses were ranked according to the calculated S score. The pose with the highest 

S score was chosen for protein-ligand interaction analysis.  

2.2.7. Statistical Analysis 

 All statistical evaluations were conducted using GraphPad Prism 5 (GraphPad Software, 

La Jolla, CA, USA). Comparison of Kd values per PBP and comparison of EAG response profiles 

of various ligands were done using parametric one-way analysis of variance (ANOVA) and 

Tukey’s multiple-comparison correction with 95% confidence. Normality (Gaussian distribution) 

test was performed to the calculated Kd values and EAG response profiles data using 

Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefor P value.  

2.2.8. Correlation Analysis 

 Kd values versus EAG responses were graphed using MS Excel 2016 (Microsoft, 

Redmond, Washington) and correlation between variables was evaluated using GraphPad Prism 

5. Statistical assessment was performed using parametric, two-tailed Pearson test with 95% 

confidence. 

 

2.3. Results  

2.3.1. Dissociation constants 

Equilibrium dissociation constants can be used to evaluate relative strengths of binding 

interactions between proteins and ligands. Higher Kd values are indicative of weaker association 

and, conversely, low Kd values reflect stronger interactions. Figure 2.3 and Appendices A5-A7 

show the average Kd values obtained from the binding assay that used size-exclusion to separate 

protein-bound from free pheromone and gas chromatography to quantitate the ligand (see 

Methods).  
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Figure 2.3. Equilibrium dissociation constants (Kd) of the different ligands with 

LdisPBP1 and LdisPBP2.  
Columns represent the mean ± S. E. of 4-6 replicates. Columns that do not differ 
significantly are labelled with the same letter (ANOVA with Tukey’s correction, P > 
0.05). 

PBP1 had the same affinity for the disparlure enantiomers (+)-1 and (-)-1. Compared with 

the natural ligands, it had the same affinity towards (+)-2, and (+)-5; two-fold weaker affinity for (-
)-2 and (+)-3; two-fold increase in affinity for (-)-3, (+)-4, (-)-4, and (-)-5 (Figure 2.3). PBP1 binds 

preferentially with (-)-3 than with (+)-3 (ANOVA, P < 0.05). PBP1 could not discriminate the 

enantiomers of the thia analogues. PBP2 behaves similarly to PBP1. Compared with (+)-1, PBP2 

has two-fold weaker affinity for (-)-1, (+)-2, and (+)-3; four-fold weaker affinity with (-)-2; same 

affinity towards (-)-3, (+)-4, (-)-4, (+)-5, and (-)-5. There is no significant difference in affinity 

between enantiomers of the natural ligands and the thia analogues (ANOVA, P > 0.05). It has 

weakest affinity with (-)-2 compared with all the ligands (ANOVA, P < 0.05). In general, PBP2 has 

two to three-fold stronger binding affinity for most ligands tested, compared with PBP1, except 

with (-)-5, where both proteins have the same affinity. Consequently, PBP2 has strong association 

(1.0 µM< Kd< 3.0 µM) with six analogues while PBP1 does with at least three analogues.  

2.3.2. Correlation of Kd values to lag time. 

The Kd values were analyzed for correlation with the EAG response patterns. In Figure 2.4 

and Appendix A9, the lag times were arranged from lowest to highest. Surprisingly, the ligands 

assembled in an interesting pattern. The natural compounds exhibited the lowest lag times, 

followed by the oxygen-containing analogues, and last were the sulfur-containing derivatives. Lag 

times for (+)-disparlure and (-)-disparlure were significantly shorter than for (+)-4, (-)-4, (+)-5, and 

(-)-5 (ANOVA, P < 0.05). 
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Figure 2.4. Lag times of the different ligands arranged in ascending order.  
Vertical dashed line separates ligands according to the shown structure. Lag time is the 
length of time from start of stimulus to onset of depolarization downward curve. 
Columns represent the mean ± S. E. of 5-8 replicates. Columns that do not differ 
significantly are labelled with the same letter (ANOVA with Tukey’s correction, P > 
0.05). 
 

 
Figure 2.5. Correlation plots of Kd against lag times for PBP1 and PBP2.  
Vertical error bars represent mean ± S. E. of 4-6 replicates (Kd). Horizontal error bars 
represent mean ± S. E. of 5-8 replicates (lag times). A: with the ligands (+)-3, (-)-2, (+)-2, 
(+)-5, (-)-4, (+)-4, and (-)-5, a strong negatively-sloped correlation observed with PBP1 (y = 
-0.21x + 56.49, Pearson r = -0.9722, P < 0.05, R2 = 0.94).  B: natural ligands (+)-1 and (-)-1, 
and analogue (-)-3, negatively-sloped correlation seen with PBP1 (y = -0.16x + 34.41, 
Pearson r = -0.9932, P > 0.05, R2 = 0.98) but showed no correlation with PBP2. C: ligands 
(-)-2, (+)-2, (+)-5, (-)-4, (+)-4, and (-)-5, strong negatively-sloped connection with PBP2 (y = 
-0.13x + 35.80, Pearson r = -0.9870, P < 0.05, R2 = 0.97). 
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Kd-lag time plots of both PBPs showed strong, negatively-sloped correlations (Pearson r 

= -0.9722 (PBP1), Pearson r = -0.9870 (PBP2), P < 0.05) except with: (+)-1, (-)-1, and (+)-3 

(Figure 2.5). Interestingly, these outliers formed negatively-sloped trend with PBP1 (Pearson r = 

-0.9932, P > 0.05) not seen with PBP2. The negative slopes in both Kd versus lag time plots 

suggest that there is an inverse relationship between the two parameters: for example, higher Kd 

(weak interaction) resulted in shorter lag time. Most ligands follow this inverse trend except the 

natural odorants ((+)-1, (-)-1) and the analogues (+)-3 and (-)-3 which can be found in the low Kd-

shorter lag time region. This and the finding of two negatively correlated groups with PBP1 might 

indicate differences in the weighting of the two PBP functions (transporter vs. scavenger) for 

different PBP/ligand combinations. This weighting likely lies in the strength of binding association 

and dissociation. The natural odorants must be moderately bound to PBP for efficient transport, 

but they also must dissociate to activate the receptor. In general, the inverse correlations shown 

here are indicative that the strength of ligand binding with PBPs affected the lag time between the 

onset of an odorant puff and the onset of antennal depolarization: the more strongly the odorant 

bound to the PBP, the longer the lag time. 

2.3.3. Correlation of Kd values with depolarization rate. 

For the depolarization rates, arranging the values from lowest to highest showed a 

different pattern compared with lag times (Figure 2.6 and Appendix A11). The lower depolarization 

rates were from the (-)-disparlure enantiomer and its analogues ((+)-2, (-)-3, (+)-4, and (-)-5), 

whereas the higher rates were from the (+)-disparlure enantiomer and its analogues ((-)-2, (+)-3, 
(-)-4, and (+)-5). Depolarization rates of (+)-4, (-)-1, and (-)-5 were shown to significantly differ 

from (+)-1, (+)-3 and (-)2 (ANOVA, P < 0.05). 
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Figure 2.6. Depolarization rates of the different ligands arranged in ascending order.  
The vertical dashed line separates the two groups of ligands with the (-)-disparlure (-)-1 and its  
analogues ((+)-2, (-)-3, (+)-4, (-)-5) exhibiting lower depolarization rates while (+)-disparlure and  
its analogues displaying higher depolarization rates. Depolarization rate is the slope of the line  
fitting the depolarization downward curve. Columns represent the mean ± S. E. of 4-8 replicates.  
Columns marked with the same letters did not differ significantly, ANOVA with Tukey’s correction 
(P > 0.05). 
 

 

Figure 2.7. Correlation plots of Kd against depolarization rates for PBP1 and PBP2.  
Vertical error bars represent mean ± S. E. of 4-6 replicates (Kd). Horizontal error bars 
represent mean ± S. E. of 4-8 replicates (DPR). Strong, positively-sloped correlations 
observed with PBP1 for the ligands A: (-)-1, (-)-2, (+)-2, (+)-3 and (+)-5 (y = 0.55x + 1.68, 
Pearson r = 0.9055, P < 0.05, R2 = 0.84), and B: (+)-1, (-)-3, (-)-4, (+)-4, and (-)-5 (y = 0.29x + 
0.19, Pearson r = 0.9896, P < 0.05, R2 = 0.98). C: positively-sloped correlations seen with 
PBP2 for the ligands (-)-1, (-)-2 and (+)-2, (y = 0.26x + 2.54, Pearson r = 0.9624, P > 0.05, R2 
= 0.93), and D: (-)-3, (+)-3, (+)-4, (+)-5, and (-)-5 (y = 0.23x + 0.03, Pearson r = 0.9530, P < 
0.05, R2 = 0.91). (+)-1 and (-)-4 were outliers from the correlations. 
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The Kd versus depolarization rate plot of PBP1 showed strong positive correlation with the 

ligands (+)-4, (-)-5, (-)-3, (-)-4, and (+)-1 (Pearson r = 0.9896, P < 0.05) and another strong positive 

correlation with (-)-1, (+)-2, (+)-5, (+)-3, and (-)-2 (Pearson r = 0.9055, P < 0.05) (Figure 2.7). For 

PBP2, positive trend was observed with the ligands (-)-1, (+)-2, and (-)-2 (Pearson r = 0.9624, P 

> 0.05) and, separately, there was a strong positive correlation with ligands (+)-4, (-)-5, (-)-3, (+)-
5, and (+)-3 (Pearson r = 0.9530, P < 0.05). Compounds (-)-4 and (+)-1 did not fall on the latter 

two correlation lines. Although two distinct ligand groupings were recognized in each plot, within 

each group, lower Kd (stronger binding) correlated with faster depolarization rates.  

2.3.4. Correlation of Kd values with the repolarization rate.  

Arranging the repolarization rates from lowest to highest generated an interesting 

organization. All the thia-analogues, particularly the analogues ((+)-5 and (-)-4) of the pheromone 

(+)-1, had significantly higher repolarization rates than the other derivatives (Figure 2.8 and 

Appendix A13). Statistical analyses have shown that (+)-1, (+)-3, (-)-3, (-)-1, (-)-2, (+)-2, and (+)-
4 RPRs were significantly slower compared with (+)-5 and (-)-4 (ANOVA, P < 0.05). 

 

 

Figure 2.8. Repolarization rates of the different ligands arranged in ascending order.  
The vertical dashed line separates ligands according to the structures shown. Repolarization 
rate is the slope of the line fitting the repolarization upward curve. Columns represent the 
mean ± S. E. of 3-8 replicates. Columns marked with the same letters did not differ 
significantly, ANOVA with Tukey’s correction (P > 0.05). 
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Figure 2.9. Correlation plots of Kd against repolarization rates for PBP1 and PBP2. 
Vertical error bars represent mean ± S. E. of 4-6 replicates (Kd). Horizontal error bars 
represent mean ± S. E. of 3-8 replicates (RPR). A: strong, negatively-sloped correlations 
observed with PBP1 for the ligands (-)-2, (+)-3, (-)-4, and (+)-5 (y = -1.30x + 16.60, Pearson 
r = -0.9978, P < 0.05, R2 = 1.00), and separately for B: (+)-1, (-)-1, (+)-4, and (-)-5 (y = -1.16x 
+ 7.25, Pearson r = -0.9411, P > 0.05, R2 = 0.89). (+)-2 and (-)-3 were outliers. With PBP2 
three correlations were identified that of C: (-)-2, (-)-4, and (+)-5 (y = -1.04x + 11.45, 
Pearson r = -0.9999, P < 0.05, R2 = 1.00), D: (+)-3, (-)-1, (+)-2, and (-)-5 (y = -0.63x + 5.73, 
Pearson r = -0.9305, P > 0.05, R2 = 0.86), E: (+)-1, (-)-3, and (+)-4 (y = -0.34x + 2.27, Pearson 
r = -0.9843, P > 0.05, R2 = 0.97). 
 

Kd-repolarization rate plots showed very strong negative correlation with ligands (-)-2, (+)-
3, (-)-4, and (+)-5 binding to PBP1 (Pearson r = -0.9978, P < 0.05, Figure 2.9). These ligands are 

the four analogues of (+)-disparlure, (+)-1. In addition, a separate grouping composed of the 

natural compounds ((+)-1 and (-)-1), and thia-analogues of (-)-1 ((+)-4, and (-)-5) showed 

negatively-sloped trend (Pearson r = -0.9411, P > 0.05) while (-)-1 oxa-analogues ((+)-2 and (-)-
3) were outliers. Furthermore, interesting patterns were observed in PBP2 Kd-RPR plot. Three 

groups showed negative linear trends: Figure 2.9 labelled C ((+)-1 analogues composed of (-)-2, 

(+)-5, and (-)-4) (Pearson r = -0.9999, P < 0.05); Figure 2.9 labelled D ((-)-1, its analogues ((+)-2 
and (-)-5), and (+)-3 (Pearson r = -0.9305, P > 0.05); Figure 2.9 labelled E ((+)-1, and analogues 

(+)-4) and (-)-3 (Pearson r = -0.9843, P > 0.05). 
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2.3.5. Molecular modelling  

 

Figure 2.10. Docking of natural ligands onto LdisPBP1 B-form homology model using 
Molecular Operating Environment (MOE). 

A. Left: (+)-disparlure; right: (-)-disparlure. Ligands are shown as sticks inside the binding 
pocket. The homology model has six helices each labelled as α1-α6. N-terminus (labelled as N) 
is structured helix (dark blue) while the dodecapeptide C-terminal end (labelled as C) is 
disordered (red) located outside the binding pocket. B. Binding pocket residues in contact 
(within 4.5 Å) with (+)-disparlure or (-)-disparlure are all hydrophobic.  C. Map of protein-ligand 
interactions of the binding pocket residues in contact (within 4.5 Å) with (+)-disparlure or (-)-
disparlure. Residues in purple background are polar while residues in green background are 
nonpolar. Residues and ligand atoms with light blue clouds are exposed to the solvent 
environment. 
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Figure 2.11. Docking of natural ligands onto LdisPBP2 B-form homology model using 
MOE. 

 
To understand the structural basis of LdisPBP and ligand interactions, binding of 

disparlure enantiomers and analogues was modelled through in silico docking simulation with 
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homology models of LdisPBP1 and LdisPBP2. Homology models were generated using 

BmorPBP B-form template (PDB ID: 1LS8). Results of disparlure enantiomers docking with 

LdisPBP1 and LdisPBP2 models are shown in Figure 2.10 and 2.11, respectively. For the 

analogues, docking results are presented in appendices A19-A26. In both Figures 2.10 and 2.11, 

the top structures (A) represent the bound ligand and LdisPBP complex. The middle structures 

(B) show the binding pocket residues involved in ligand interactions (within 4.5 Å). The bottom 

structures (C) are the protein-ligand interaction maps exported from MOE program. Detailed 

analyses of the protein-ligand interactions were conducted following the scheme shown below 

(Figure 2.12). Corresponding summary of LdisPBP residues shown to interact with the respective 

ligand atoms were listed in Table 2.1 for LdisPBP1, and in Table 2.2 for LdisPBP2. 

 

Figure 2.12. Structural representation of ligands used in the docking simulation. 
General representation of disparlure and analogues. Carbons are labelled from C1-C18. 
Position X5 = -CH2- for disparlure (+)-1 and (-)-1, X5 = O for 5-oxadisparlure analogues (+) 
2 and (-)-2, and X5 = S for 5-thiadisparlure analogues (+)-4 and (-)-4. Position Y10 = -CH2- 
for these compounds. Position Y10 = O for 10-oxadisparlure analogues (+)-3 and (-)-3, 
Y10 = S for 10-thiadisparlure analogues (+)-5 and (-)-5. Position X5 = -CH2- for these 
compounds.   
 

For LdisPBP1 binding, two general ligand conformations were identified. One of these 

conformations was assumed by bound (+)-disparlure (+)-1, (-)-5-oxadisparlure (-)-2, (+)-10-

oxadisparlure (+)-3, (+)-5-thiadisparlure (+)-4, (-)-5-thiadisparlure (-)-4, and (+)-10-thiadisparlure 

(+)-5. This group is comprised of (+)-disparlure and its oxa- and thia-analogues, except (+)-4. For 

these ligands, the shorter hydrocarbon chain (positions C1-C6) interacted with nonpolar 

sidechains of residues Leu 90, Leu 91, Ala 73, Phe 76, Lys 94, Leu 61, Leu 68, and Phe 12. For 

some of the ligands, the residues Ala 77, Met 8, and Phe 119 were also involved. The longer 

hydrocarbon arm (C9-C18) interacted with nonpolar regions of residues Ala 116, Phe 12, Phe 33, 

Lys 120, Val 136, Ile 123, Asn 35, Phe 36, Ala 129, Ala 135, and His 124. Some ligands also 

showed interaction with Phe 119, Lys 94, and Trp 37. Interestingly, for bound conformation of (-
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)-disparlure (-)-1 and its analogues, (+)-5-oxadisparlure (+)-2, (-)-10-oxadisparlure (-)-3, and (-)-

10-thiadisparlure (-)-5, the residues involved in interactions with the shorter hydrocarbon chain 

were those involved with the longer hydrocarbon chain interaction in the other conformation. 

Likewise, residues identified as interacting with the longer hydrocarbon chain were those involved 

with the shorter hydrocarbon chain in the other conformation. The bound conformations of (-)-1 

and its analogues (+)-2, (-)-3, and (-)-5 were therefore flipped in comparison with (+)-1 and its 

analogues, and (+)-4.  Accordingly, the epoxide ring was observed to face toward the same 

direction in both disparlure enantiomers and their analogues except (+)-4.   

Table 2.1. PBP1 docking 
 C1 C2 C1’ C3 C4 X5 C6 C7 O C8 

(+)-1 Leu 90 
Leu 91 

Leu 90 Ala 73 
Phe 76 

Lys 94 Leu 61 
Ala 73 

Leu 61 
Leu 68 

Phe 12 
Lys 94 

 

Phe 12 Lys 94 Ile 52 

(-)-1 Asn 35 
Phe 36 
Lys 120 

Ile 123 Asn 35 
Ile 123 
Ala 129 
Ala 135 

Val 136 Lys 120 Phe 33 
Val 136 

Phe 33 
Ala 116 
Lys 120 

   

(+)-2 Asn 35 
Phe 36 
Lys120 

Ile 123 Asn 35 
Ile 123 
Ala 129 
Ala 135 

Ile 123   Phe 33 
Val 136 

Lys 120   

(-)-2 Leu 90 
Leu 91 
Lys 94 

 Leu 61 
Ala 73 
Phe 76 

Lys 94 Leu 68  Leu 61 Ile 52 Lys 94 Ile 52 

(+)-3 Ala 77 
Leu 90 
Leu 91 

Phe 76 Met 8 
Leu 90 

Leu 61 
Ala 73 

Lys 94 Leu 61 
Leu 68 

Phe 12 
Leu 61 
Lys 94 

Leu 61 Lys 94  

(-)-3 Phe 119 
Val 136 

 Lys 120 
Ile 123 

Lys 120 
Val 136 

Lys 120 Phe 33  Phe 12  Phe 12 

(+)-4 Ala 77 
Leu 90 
Leu 91 

Ala 73 
Leu 91 

Leu 90 
Lys 94 
Phe119 

Ala 73 Phe 76 Leu 90 Phe 12    

(-)-4 Ala 73 
Leu 91 

Leu 90 Leu 90 Lys 94 Ala 73 Leu 68 
Lys 94 

Phe 12 
Lys 94 

 Lys 94 Ile 52 

(+)-5 Ala 73 
Leu 91 

 Met 8 
Phe 76 
Ala 77 
Leu 90 

Leu 90  Lys 94 
Phe119 

Lys 94    

(-)-5 Asn 35 
Phe 36 
Lys 120 

Ile 123 Phe119 
Ile 123 

Val 136 Phe 33 
Lys 120 

Val 136 Ala 116    

 C9 Y10 C11 C12 C13 C14 C15 C16 C17 C18 

(+)-1 Ala 116  Phe12 
Phe33 

Ala 116 Phe 33 Lys120 
Val 136 

Lys120 
Val 136 

Ile 123  Asn35 
Ile 123 
Ala129 
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Ala135 
Val136 

(-)-1 Ala 116 
Phe119 

Lys 94 
Phe 119 

Lys 94 
Phe119 

 Phe 12  Leu 61  Ala 73 
Leu 90 
Leu 91 

Ala 77 
Leu 90 
Leu 91 

(+)-2 Phe 12 
Phe 33 

  Lys 94 Phe 12 Leu 61 Leu 61 
Leu 68 
Lys 94 

Leu 61 
Lys 94 

Leu 68 
Ala 73 
Lys 94 

Ala 73 
Leu 91 

(-)-2   Ala 116 Ala 116 
Lys120 

Phe119 
Val136 

Lys120 Val 136 Asn 35 
Phe 36 

Lys120 
Ile 123 

Asn35 
His124 

(+)-3 Phe 12 Lys 94 Phe119 Ala 116 
Phe119 

  Phe119 
Lys120 

Lys120 Val 136 Asn35 
Phe36 
Ile123 
Ala135 

(-)-3  Lys 94 Ile 52 Ala 56 
Leu 61 

Leu 61 
Leu 68 
Lys 94 

Leu 61 Leu 68 
Ala 73 

Leu 91 
Lys 94 

Leu 90 Ala 73 
Phe76 

(+)-4 Phe 12 Ala 116 Phe 33 
Ala 116 

 Val 136 Phe 33 
Val 136 

Val 136 Phe 36 
Lys120 

Asn 35 
Phe 36 
Ile 123 

Asn35 
Ile123 
Ala129 
Ala135 

(-)-4 Phe 12 Ala 116  Lys120 Phe 33 
Lys120 
Val 136 

 Val 136 Asn 35 
Phe 36 
Ile 123 

Phe 36 
Lys120 
Ile 123 

Asn35 
Trp37 
His124 

(+)-5 Ala 116 Val 136 Phe 33 
Ala 116 
Lys120 

Phe 33 
Lys120 

Lys120 
Val 136 

Val 136  Phe 36 
Lys120 

Phe 36 
Lys120 

Asn35 
Phe36 
Ile123 
His124 
Ala129 

(-)-5 Phe 119 Lys 94  Phe 12  Lys 94 
Phe119 

Leu 91 Leu 90 Phe 76 Leu 61 
Ala 73 
Phe76 

 

Interestingly, hydrogen bonding was observed between epoxide O and ε-amino of Lys 94 

for (+)-1 and its analogues (-)-2, (+)-3, and (-)-4. This interaction was absent for (-)1 and its 

analogues (+)-2, (-)-3, and (+)-4 and for both 10-thia enantiomers (+)-5, (-)-5. Furthermore, the 

chiral centers at C7 and C8 were recognized by Phe 12 and Ile 52 for (+)-1, Lys 120 for (+)-2, Ile 

52 for (-)-2,  Leu 61 for (+)-3, Phe 12 for (-)-3, and Ile 52 for (-)-4 but no interactions were observed 

for (-)-1, (+)-4, (+)-5, and (-)-5. 

Replacement of -CH2- at position X5 with heteroatom O removed nonpolar interactions for 

this position in both 5-oxadisparlure enantiomers (+)-2 and (-)-2 while replacement with an S atom 

retained nonpolar interactions for both 5-thiadisparlure enantiomers (+)-4 and (-)-4. Furthermore, 

replacement of -CH2- at position X10 with O atom promoted electrostatic interaction with ε-amino 
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of Lys 94 for both 10-oxadisparlure enantiomers (+)-3 and (-)-3. This interaction was likewise 

observed for the -CH2- of (-)-1 together with residue Phe 119, and for the S atom of (-)-5. In 

contrast, at position X10 interactions were absent for (+)-1, (+)-2, and (-)2. Interestingly, -CH2- at 

position X10 interacted with Ala 116 for both 5-thiadisparlure (+)-4 and (-)-4 and with Val 136 for 

(+)-5.  

Table 2.2. PBP2 docking 
 C1 C2 C1’ C3 C4 X5 C6 C7 O C8 

(+)-1 Ile 53  Arg112 
Ala113 

Ala113 Glu 67 
Ile 68 

Ile 68 
Val116 

Ala113 
Val116 

   

(-)-1 Met 5 
Phe 76 
Ala 77 

Phe 12 Leu 61 
Thr 73 
Phe 76 
Ala 77 
Ile 90 

Phe 12 
Ile 90 

Phe 12 
Ile 90 

Ile 90 Ile 68 Val 94   

(+)-2 Met 5 
Phe 12 

 Ala 77 
Ile 90 

Ile 90 
Phe120 

Phe 12 
Ile 90 

 Ile 68 
Thr 73 
Ile 90 

Ile 68   

(-)-2 Leu 62 Ala 113 Ile 53 
Pro109 
Arg112 
Ala113 

Arg112 
Ala113 

Val116  Val116   Leu 52 

(+)-3 Leu 62 
Glu 67 
Ala 113 

Ile 68 Glu 67 
Arg112 
Ala113 
Val116 

Ala113  Leu 52 
Ala 56 
Ala113 

Leu 52 Leu 61  Leu 61 

(-)-3 Met 5 
Phe 76 

Phe 12 
Phe 76 

Leu 61 
Thr 73 
Phe 76 
Ala 77 
Ile 90 

Phe 12 Leu 61 
Ile 68 
Ile 90 

Ile 68 
Ile 90 

Ile 68    

(+)-4 Met 8 
Phe 12 

 Ala 77 
Ile 90 

Phe 12 Leu 61 Leu 61 
Ile 68 
Ile 90 

Ile 68 
Phe120 

Phe 12   

(-)-4 Met 5 
Met 8 

Phe 12 

 Phe 76 
Ala 77 
Ile 90 

Ile 90 
Phe120 

Ile 90 Ile 90 Phe12 
Leu 61 

Phe 12   

(+)-5 Met 5 
Phe 76 
Ala 77 

Phe 12 
Phe 76 

Leu 61 
Thr 73 
Phe 76 
Ala 77 
Ile 90 

Phe 12 
Ile 90 

Phe 12 
Leu 61 

Phe120  Phe120   

(-)-5 Met 5 
Val 124 
Ala 130 
Leu 136 

Met 5 
Met 86 
Ile 90 

Leu136 

Ile 90 
Phe120 
Val 124 

Met 5 
Ile 90 

Leu136 

Phe120 
Lys121 

Phe 12 
Ile 90 

Phe120 

 Met 5 
Ile 90 

 Ile 90 

 C9 Y10 C11 C12 C13 C14 C15 C16 C17 C18 
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(+)-1 Ile 68  Ile 68 Phe120 Ile 90 Phe 12 Ile 90 Met 5 
Phe120 
Lys121 

Met 5 
Ile 90 

Phe120 
Lys121 

Met 5 
Val124 
Leu136 

(-)-1  Leu 52 Leu61 Leu 52 
Ala 56 

Ala 56 Ala113 Glu 67 
Ile 68 

Ile 53 
Leu 62 

Arg112 
Ala113 

Pro109 
Arg112 
Ala113 

(+)-2 Phe120 Leu 52 
Ala117 

Ile 68 Ala117 Val 94 
Val116 

 Glu 67 
Ala113 

Glu 67 
Ala 113 

Arg112 
Ala113 

Pro109 
Arg112 

 

(-)-2 Ile 68  Ile 68 
Phe120 

Phe 12 
Leu 61 
Ile 68 

Thr 73 
Ile 90 

Phe 12 
Leu 61 
Thr 73 

Phe 76 
Ala 77 

Met 8 
Phe 76 

 Met 5 
Phe 12 

(+)-3   Val 94 Ile 68 
Thr 73 
Ile 90 

Phe120 

Leu 61 
Ile 68 
Thr 73 

Thr 73 
Ile 90 

Ile 90 Met 8 
Phe 76 

Met 5 Met 5 

(-)-3   Val116 Ile 68 
Val 94 
Val116 

Val 94 
Val116 

Glu 67 
Ile 68 

Ala 113 Leu 62 
Ala 113 

Arg112 
Ala113 

Pro109 
Arg112 

(+)-4 Ala117 
Phe120 

 Val116 
Ala117 

Ala113 
Val116 
Ala117 

Ala113 Ile 68 Leu 62 
Glu 67 

Ile 53 
Leu 62 
Ala 113 

Ala113 Pro109 
Arg112 
Ala113 

(-)-4 Ile 68 Val 94 
Val116 
Ala117 

 Val 94 
Val116 

Ala113 Glu 67 
Ile 68 

Val116 

Glu 67 
Arg112 

Glu 67 
Arg112 
Ala113 

Leu 62 
Glu 67 

Ile 53 
Ala56 
Leu 62 
Ala113 

(+)-5 Val 94 Val 94 
Ala117 

Ile 68  Ala 56 Leu 62 
Ile 68 

Ala 56 
Leu 62 

Leu 62 
Glu 67 

Ile 53 
Leu 62 
Ala113 

Pro109 
Arg112 
Ala113 

(-)-5 Leu 61 Thr 73 
Ile 90 

Phe 12 
Ile 68 

Ile 68 Ile 68 Ile 68  Val116 Ala113 
Val116 

Glu 67 
Ile 68 

 

For LdisPBP2 binding, two general ligand conformations were likewise observed where 

one conformation was the flipped version of the other conformation. Ligands (+)-disparlure (+)-1, 

and its analogues (-)-5-oxadisparlure (-)-2, and (+)-10-oxadisparlure (+)-3 followed the same 

orientation. The shorter hydrocarbon chain interacted with residues Leu 52, Ile 53, Ala 56, Leu 

62, Glu 67, Ile 68, Pro 109, Arg 112, Ala 113, and Val 116. The longer hydrocarbon chain was 

stabilized by residues Met 5, Met 8, Phe 12, Leu 61, Ile 68, Thr 73, Phe 76, Ala 77, Ile 90, Phe 

120, Lys 121, Val 124, and Leu 136. Involvement of these residues with the respective 

hydrocarbon chains was flipped for (-)-disparlure (-)-1, and its analogues (+)-2, (-)-3, 5-

thiadisparlure enantiomers (+)-4 and (-)-4, and 10-thiadisparlure enantiomers (+)-5 and (-)-5. 
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No residue interaction was observed for the epoxide O across all ten ligands. The chiral 

centers at C7 and C8 either or both interacted with residues Val 94 for (-)-1, Ile 68 for (+)-2, Leu 

52 for (-)-2, Leu 61 for (+)-3, Phe 12 for (+)-4 and (-)-4, Phe 120 for (+)-5, and Met 5 and Ile 90 

for (-)-5. No residue interaction was seen for both positions with (+)-1 and (-)-3 ligands.  

Replacement of -CH2- at position X5 with O atom in both 5-oxadisparlrue enantiomers (+)-
2 and (-)-2, eliminated nonpolar interactions otherwise observed with the disparlure enantiomers 

(+)-1 and (-)-1, 10-oxadisparlure enantiomers (+)-3 and (-)-3, 5-thiadisparlure enantiomers (+)-4 

and (-)-4, and 10-thiadisparlure enantiomers (+)-5 and (-)-5. Moreover, replacement of -CH2- at 

position X10 with O atom removed nonpolar interactions in both 10-oxadisparlrue enantiomers 

(+)-3 and (-)-3. Interestingly, replacement with S atom at this position promoted nonpolar 

interactions as seen for both 10-thiadisparlure enantiomers (+)-5 and (-)-5. For disparlure 

enantiomers, 5-oxadisparlure enantiomers, and 5-thiadisparlure enantiomers, only one of the 

respective enantiomer pairs showed binding interactions at position X10. 

In MOE docking, binding free energy was calculated as an S score, a forcefield-based 

scoring system per ligand pose. The S scores of disparlure enantiomers and the analogues are 

summarized in Figure 2.13. In LdisPBP1 homology models, the enantiomers of 10-oxadisparlure, 

5-thiadisparlure, and 10-thiadisparlure showed significant difference in binding energy between 

the respective enantiomer pair. Interestingly, in LdisPBP2 homology models, all enantiomers 

showed significant difference in binding energy with respect to their antipode. From these S score 

data, LdisPBP2 showed more enantiomer discriminating character compared to LdisPBP1. In 

addition, with LdisPBP1 docking, the lowest binding energies were those of disparlure 

enantiomers, (+)-5-thiadisparlure (+)-4, and (-)-10-thiadisparlure (-)-5. Accordingly, the highest 

binding energy was from (+)-10-oxadisparlure (+)-3. In LdisPBP2 docking, the lowest and highest 

binding energies were those of (-)-disparlure and (+)-10-oxadisparlure (+)-3.  

The in silico docking showed that subtle structural modification of the disparlure molecule 

can introduce significant differences in binding interactions within residues of LdisPBP binding 

pocket. Consequently, these differences were also manifested in variations of theoretical binding 

free energies.   
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Figure 2.13. MOE docking S scores. 
Columns represent the top ranked S scores per ligand. Columns that do not differ 
significantly are labelled with the same letter (ANOVA with Tukey’s correction, P > 
0.05). 

2.4. Discussion 

Pheromone-binding proteins are integral components of moth olfactory systems, for 

sensitive and selective pheromone perception, as reported in various in vitro and in vivo studies 

(Pophof, 2002; Pophof, 2004; Grosse-Wilde, Svatos, & Krieger, 2006; Grosse-Wilde et al., 2007; 

Forstner, Breer, & Krieger, 2009; Sun, Liu, & Wang, 2013; Chang et al., 2015; Zhang, S., et al., 

2016). The mechanisms of PBP-mediated pheromone processing are not yet understood. The 
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aim of this thesis chapter is to connect PBP-ligand physical data in the form of Kd values with 

ligand biological response as seen in electroantennogram results.  

  Analogues and structurally related ligands can elicit lower or higher EAG responses 

compared to a species’ natural pheromones (Chen et al., 2010; He et al., 2010; Gong & Plettner, 

2011; Sun, Liu, & Wang, 2013; Zhang, S., et al., 2016) or can inhibit or enhance EAG response 

when preincubated or mixed with the pheromone (Chen et al., 2010; Gong & Plettner, 2011; Malo 

et al., 2012; Sans et al., 2013). In addition, moth PBPs showed different degrees of equilibrium 

affinity towards structurally and stereochemically related natural pheromones and analogues as 

revealed in binding assays (Du & Prestwich, 1995; Plettner et al., 2000; Maida, Ziegelberger, & 

Kaissling, 2003; Guo et al., 2012; Zhang et al., 2012; Yu & Plettner, 2013; Zhang, S., et al., 2016). 

For example, Dendrolimus houi (Lepidoptera:Lasiocampidae) Yunnan pine moth, PBP1 did not 

show binding with E5,Z7-12:OH, Z5,E7-12:OH, E5,Z7-12:OAc, Z5,E7-12:OAc. D. houi PBP2 

were observed to bind preferentially with E5,Z7-12:OH and E5,Z7-12:OAc over the other 

stereoisomers. Interestingly, Dendrolimus kikuchii (Lepidoptera:Lasiocampidae) PBP1 and PBP2 

were able to bind with both pairs of stereoisomers but only D. kikuchii PBP2 had preferential 

binding with E5,Z7-12:OAc over the other three (Zhang, S., et al., 2016). For L. dispar PBPs, 

PBP1 has higher affinity towards (-)-disparlure and PBP2 has preference towards (+)-disparlure 

(Plettner et al., 2000; Yu & Plettner, 2013). This preference in affinity was not significantly seen 

within the results of this study. This might be due to the differences in binding assay conditions. 

The previous assays used Tris buffer (pH 7.5) with 1:1000 (ligand:protein) ratio and Ringer’s 

solution (phosphate buffer, pH 7.0, with KCl, MgCl2, CaCl2, Na2SO4, KHCO3 salts) with 1:1 

(ligand:protein) (Plettner et al., 2000; Yu & Plettner, 2013). PBP binding properties can be affected 

by changes in pH, salt concentration, and ligand/protein ratio (Kowcun, Honson, & Plettner, 2001; 

Honson et al., 2006; Sanes & Plettner, 2016). Consistently though, PBP1 was more analogue-

discriminating than PBP2 which agreed with previous work involving Kd values of the same 

analogues measured at lower pH (7.0), higher ionic strength buffer, and 1:1 PBP-ligand ratio (Yu 

& Plettner, 2013). Interestingly, the lower Kd values of PBP2 suggest that cognate ligands bind 

more strongly to PBP2 than to PBP1, consistent with previous results (Plettner et al., 2000; Yu & 

Plettner, 2013). Subtle differences in PBP selectivity could arise due to differences in association 

and dissociation rates, but the kinetic aspects of PBP interactions with these analogues will be 

investigated separately. 

The epoxide moiety of the disparlure structure was identified as one of the odotopes for 

ligand recognition (Schneider et al., 1977; Chen et al., 2010; Yu & Plettner, 2013). Replacement 
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of -CH2- (at position 5 or 10) with the more electronegative O or S atoms changed the 

conformations around the epoxide moiety (Yu & Plettner, 2013). The Kd profiles of both PBPs 

showed similar enantioselectivity behaviour. Both can discriminate oxa analogues (+)-2 and (-)-3 

from their enantiomers but not significantly the natural pheromones and thia analogues. This 

suggests that oxygen replacement at carbon 5 and 10 positions of the pheromone structure 

seems to confer enantioselective affinity of oxa analogs to the PBPs.  Modification with the larger 

and less electronegative sulfur seems to destroy the enantioselectivity.  

Negative correlations between lag times against Kd and positive correlations between 

depolarization rates against Kd, both indicate that strength of PBP-ligand dissociation seems to 

affect eventual pheromone activation of the receptors. First, this suggests that only released 

pheromones activate the receptors in accordance with proposed ligand-mediated receptor 

activation (Gomez-Diaz et al., 2013). Second, PBPs are not passive transporters but actively 

participate in receptor activation by either withholding ligands strongly or weakly as observed in 

binding assays and electrophysiological studies of Chilo suppressalis (Lepidoptera:Crambidae) 

striped rice stemborer PBPs (Chang et al., 2015). Both correlations strongly support the 

transporter function of PBPs. 

Strong negative correlations observed in Kd – RPR plots indicate an inverse relationship. 

This suggests that these analogues can bind back to the PBPs, and the higher the affinity, the 

faster the repolarization rate. Consequently, this suggests that PBPs affect the rate of receptor 

deactivation, dependent on how strongly PBP rebinds the ligand, indicative of scavenger function. 

Pheromone inactivation has been associated with pheromone-degrading enzymes (PDEs) such 

as the esterases from A. polyphemus (Kasang, et al., 1989a; Ishida & Leal, 2005), B. mori 

(Kasang, Nicholls, & von Proff, 1989b), and Spodoptera littoralis (Lepidoptera: Noctuidae) African 

cotton leafworm (Durand et al., 2011). Correspondingly, in vitro enzymatic studies of recombinant 

PDEs revealed rapid pheromone degradation (few milliseconds) in agreement with behaviourally-

relevant timescales. However, studies involving intact antennae demonstrated longer (several 

minutes) pheromone degradation activity (Kasang, Nicholls, & von Proff, 1989b). Consequently, 

it has been suggested that presence of PBPs in intact antennae protect the pheromones against 

enzymatic degradation (Kaissling, 2001; Kaissling, 2009). In addition, the concentration of 

pheromone-degrading hydrolases in the lymph was measured to be several thousand-fold lower 

than PBP concentration which has been estimated at ~1-10 mM (Vogt et al., 1985; Ishida & Leal, 

2005) or ~ 0.3 mM in the case of gypsy moth (Honson, 2006 Ph.D. thesis). Therefore, with the 

abundance of PBPs in the lymph and high binding affinity between PBPs and pheromones, it has 
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been proposed that PBPs might function as pheromone scavengers (Ziegelberger, 1995; 

Kaissling, 2001; Honson et al., 2003; Kaissling, 2009). This switch to pheromone deactivation 

function was proposed to occur due to (1) PBP modification or conformational changes that might 

lock the pheromone inside the binding site (Ziegelberger, 1995; Kaissling, 2001; Kaissling, 2009; 

Kaissling, 2013) or (2) strong affinity with PBP that might trap the pheromone prohibiting its 

dissociation from the protein within the limits of time relevant to an olfactory stimulus (Chang et 

al., 2015). 

Early studies of insect ORs, using heterologous systems of HEK (human embryonic 

kidney) cells and Xenopus oocytes expressing moth pheromone receptors without PBPs, 

demonstrated that addition of PBPs produced selective responses depending on the type of 

pheromone receptors, PBP, and pheromone component present (Pophof, 2002; Grosse-Wilde, 

Svatos, & Krieger, 2006; Grosse-Wilde et al., 2007; Zhang, S., et al., 2016). For example, HEK 

cells expressing BmorOR1 or BmorOR3 showed selective responses to the two pheromone blend 

components when BmorPBP was introduced, whereas in the presence of DMSO both pheromone 

receptors were activated by any of the pheromone components (Grosse-Wilde, Svatos, & Krieger, 

2006; Grosse-Wilde et al., 2007). This selective pheromone receptor response in the presence of 

PBP was observed in other systems expressing the pheromone receptors of moths A. 

Polyphemus (Forstner, Breer, & Krieger, 2009), Helicoverpa armigera (Lepidoptera:Noctuidae) 

cotton bollworm and Helicoverpa assulta (Lepidoptera:Noctuidae) oriental tobacco budworm 

(Guo et al., 2012), Plutella xyllostella (Lepidoptera:Plutellidae) diamondback moth (Sun, Liu, & 

Wang, 2013), and C. suppressalis (Chang et al., 2015). This suggests that PBPs have an 

important role in the proposed peripheral coding mechanism used by moths in interpreting various 

pheromonal stimuli present in the environment. 

2.5. Conclusion 

 In general, LdisPBP1 showed more selectivity towards the analogues compared with 

LdisPBP2. Furthermore, both PBPs showed preferential binding between enantiomers of the oxa 

analogues. Correlation between equilibrium dissociation constants and EAG response lag times 

showed as an inverse relationship, whereas correlation between dissociation constants and 

depolarization rates showed as a direct relationship. These trends suggest that weaker PBP-

ligand binding leads to shorter lag time and faster depolarization. Correlation between dissociation 

constants and repolarization rates was observed to be inversely related. This indicates that 

stronger PBP-ligand binding generally leads to faster repolarization. Structural considerations of 
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the various correlation trends will be further explored. The strength of ligand binding with PBP 

was shown to affect receptor activation (transporter function) and receptor deactivation 

(scavenger function). This suggests that PBP is not just a passive pheromone shuttle but an 

important component of pheromone perception processes. To explore further the possible 

transporter-scavenger functions of PBP, correlation between the EAG response patterns and 

kinetic constants of association and dissociation, kon and koff, will be investigated.  
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Chapter 3. Correlation of Pheromone-binding 
Protein Kinetics Constants with EAG Response 
Patterns  

3.1. Introduction 

Female moths release pheromones in intermittent puffs creating intervals of 

pheromone plumes in the air (Linn, Campbell, & Roelofs,1987). The shape, spread, and 

concentration of these pheromone plumes are affected by environmental factors such as 

wind speed and direction (Mafra-Neto & Carde, 1994). In turn, male moths follow the 

pheromone trail in zigzag, upwind flights not just influenced by pheromone composition 

and concentration but also with visual cues and wind speed (Elkinton et al., 1987; Willis & 

Baker, 1988; Willis & Carde, 1990; Kuenen & Carde, 1994; Belanger & Willis, 1996; Riffel, 

Abrell, & Hildebrand, 2008). Temporal and spatial dynamics of pheromone perception 

behaviours have been actively studied in moths using electrophysiological and wind tunnel 

experiments (Dolzer, Fischer, & Stengl, 2003; Justus, Carde, & French, 2005; Vickers, 

2006; Nakamoto & Ishida, 2008; Riffel, Abrell, & Hildebrand, 2008; Lei et al., 2009; Karpati 

et al., 2013; Raiser, Galizia, & Szyszka, 2017). However, information concerning these 

dynamics at the molecular level is very few and limited.  

As discussed in Chapter 2, the EAG signal reflects the dynamics of receptor 

activation and deactivation. Interestingly, pheromones and pheromone analogues 

(structures shown in Figure 2.2) administered in the same concentration showed distinct 

EAG response profiles which indicate that subtle modification of ligand structure lead to 

changes in receptor dynamics (Appendices A14-A18). It has been proposed that the 

kinetics of receptor potential (observed as EAG activity) depend on the overall dynamics 

of perireceptor events.These events occur in the lymph space surrounding the receptor, 

i.e. (1) pheromone diffusion from the pore and transport across the lymph to the receptor,

(2) receptor activation, and (3) receptor deactivation (Kaissling, 2001; Kaissling, 2013).

However, with recent evidence of the role of PBP in receptor activation dynamics (Sun et 

al., 2013; Chang et al., 2015), correlation of PBP-ligand kinetics against EAG response 

patterns will give insights into the effects of PBP- ligand interactions in neural receptor 

activation and deactivation. PBPs are postulated to be more than just passive pheromone 
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transporters and might play significant role in the kinetics of these perireceptor events 

(Kaissling, 2001; Leal, 2013). The following trends will be observed if there is correlation. 

(1) Kinetic constants against lag time: The rate of PBP to bind ligand (L) and dissociate

from L, is expected to be reflected in the lag time. Larger kon (fast binding) and

smaller koff (slow release) will result in a longer lag time.

(2) Kinetic constants against depolarization rate: Larger kon (fast binding) and smaller

koff (slow release) are expected to manifest themselves as small depolarization

rates (weak receptor activation).

(3) Kinetic constants against repolarization rate: Larger kon (fast binding) and smaller

koff (slow release) is expected to be reflected in high repolarization rates (rapid

receptor deactivation: PBP as pheromone scavenger).

If there is no observed correlation, receptor activation and deactivation primarily

depend on receptor-ligand kinetics not on PBP-ligand kinetics. 

In this work, apparent kinetic rate constants, k’on and k’off, were determined for 

LdisPBP1 with the disparlure enantiomers, and with the oxa- and thia-analogues listed in 

Figure 2.2. The rate constants were calculated from competitive association binding 

kinetic assays using fluorescent reporter, N-phenyl-1-naphtylamine (1-NPN) (Figure 3.1). 

The assays were monitored in a stopped-flow instrument. Currently, 1-NPN is the most 

popularly used fluorescent reporter in insect odorant-binding protein-ligand competition 

assays (Song et al., 2014; Zhang et al., 2014; Mao et al., 2016; Tian et al., 2016; Zhang, 

S., et al., 2016; Fang et al., 2018; Ge et al., 2018; Hu et al., 2018; Zhang et al., 2018). 1-

NPN with an excitation wavelength of 337 nm gives significant fluorescence emission in 

hydrophobic environments (wavelength maxima ~395 nm) and limited fluorescence in 

polar environment (Radda, 1971; Vondrejs et al., 1982; Loh, Grant, & Hancock, 1984; 

Lakowicz, 2006). For odorant-binding proteins, the hydrophobic internal binding pocket 

can accommodate 1-NPN and upon binding will display fluorescence. For example, the 

crystal structure of 1-NPN in complex with European honey bee Apis mellifera 

AmelOBP14 has been reported (PDB ID: 3S0B) (Spinelli et al., 2012). To date, the use of 

fluorescent probes in the study of odorant-binding protein kinetics has not been reported. 



65 

Figure 3.1. Stopped-flow set up and structure of fluorescent reporter, 1-NPN. 

3.2. Methods 

3.2.1. LdisPBP Expression with His-tag 

The LdisPBP1 (GenBank: AAC47913.1) and LdisPBP2 (GenBank: AAC47914.1) 

coding sequences were cloned into pET-30 Xa/LIC vector (Novagen, Madison, Wisconsin) 

according to the manufacturer’s protocol. Primers used are listed in Table 3.1 prepared 

by Integrated DNA Technologies (IDT Inc., Coralville, Iowa). DNA sequences of both 

LdisPBPs in the recombinant clones were verified through the DNA sequencing services 

of Eurofins (Eurofins Experchem Laboratories Inc., North York, Ontario). These constructs 

give LdisPBPs with N-terminal histidine tag (His6 tag) and an intervening 5 kDa linker 

cleavable by thrombin. These constructs cleave cleanly, giving LdisPBP1 with five non-

native residues (GSGGG) and LdisPBP2 with four non-native residues (GSGG) at their N-

termini. 

Table 3.1. Recombinant LdisPBP Cloning Primers 
Primer Sequence 
LdisPBP1: 
forward 5’-GGTATTGAGGGTCGCTTGGTCCCCCGTGGATCTGGTGGTGGTTC 

GAAGGAAGTCATG 
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reverse 5’-AGAGGAGAGTTAGAGCCTTATGTATCAGCCAGGAG 

LdisPBP2: 
forward 5’-GGTATTGAGGGTCGCTTGGTCCCCCGTGGATCTGGTGGTTCGAAG 

GATGTAATG 
reverse 5’-AGAGGAGAGTTAGAGCCTTATGTATCAGCCAGGAG 

LdisPBPs were expressed in BL21 (λDE3) E. coli cells using LB media. Protein 

expression was induced at OD600 = 0.60 with 1.0 mM IPTG, followed by growth at 27 °C 

for 4.5 hours. Washed bacterial cells were lysed in buffer containing lysozyme using a 

sonic probe. LdisPBPs were collected as inclusion bodies. Protein pellet was subjected to 

denaturation-renaturation process using cysteine-cystine protocol. His6-tagged protein 

was purified by affinity column with immobilized Ni2+ in iminodiacetic acid agarose resin 

(His.Bind resin, Novagen, Madison, Wisconsin) and the tag cleaved using thrombin (2 

thrombin units per 1 mg protein) (Novagen, Madison, Wisconsin) in 20 mM Tris/HCl pH 

8.0 buffer, for 16 hours at room temperature (22 °C). The cleaved tag and any tagged 

protein were removed using a carboxymethyl (CM)-functionalized dextran matrix cation-

exchanger column (Sigma-Aldrich, St. Louis, Missouri), and the resulting LdisPBP was 

delipidated by incubation with methyl-functionalized methacrylate HIC (hydrophobic 

interaction chromatography) resin (Bio-Rad, Hercules, California) in 50 mM sodium 

phosphate buffer, at 4 °C, for three days, in a rotary mixer.  

3.2.2. Binding Assay of 1-NPN with LdisPBP1 and LdisPBP2 

Equilibrium binding assays with LdisPBP1 and LdisBP2 were conducted using the 

fluorescent probe N-phenyl-1-naphtylamine (1-NPN) as the ligand. 1-NPN was dissolved 

in methanol to prepare a 5 mM stock solution. LdisPBP solutions (2 µM) were prepared in 

20 mM Tris/HCl buffer pH 8.0 with 180 mM KCl, 25 mM NaCl, and 1% ethanol. 1-NPN 

was titrated to the LdisPBP solution with final 1-NPN concentrations: 0.5, 1, 2, 4, 6, 8, 12, 

and 16 µM. For each 1-NPN addition, fluorescence intensity was monitored in the PTI 

QuantaMaster fluorometer (Horiba Ltd., Kyoto, Japan) with 337 nm excitation wavelength 

and emission scanned from 300-500 nm, at room temperature (22-23 °C). A parallel 

titration procedure was conducted using methanol only as a negative control. The 

equilibrium dissociation (Kd) values were calculated by fitting plots of fluorescence at 390 

nm versus 1-NPN concentration to a one site-specific binding model using GraphPad 
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Prism 5 (GraphPad Software, San Diego, California). The model equation for this fitting is 

y = Bmax*x (Kd + x) where Bmax is maximum specific binding in the same unit as y. 

3.2.3. Kinetics of 1-NPN with LdisPBP1 

Using a stopped-flow instrument Chirascan CS/SF (Applied Photophysics Ltd., 

Leatherhead, United Kingdom) (Figure 3.1), the fluorescent traces of 1-NPN association 

and dissociation with LdisPBP1 were collected. For the association kinetics, LdisPBP1 

solution was prepared using 20 mM Tris/HCl buffer pH 8.0 with 180 mM KCl, 25 mM NaCl, 

and 1% ethanol to protein concentration of 1000 nM (1 µM). This solution was placed in 

reservoir A of the instrument. The various 1-NPN solutions were prepared in the same 

buffer formulation as the protein with the following concentrations: 250 nM, 500 nM, 750 

nM, 1000 nM, and 2000 nM.  To prepare these 1-NPN solutions, respectively, 2 µL of 1-

NPN in methanol was added from stocks with 250 µM, 500 µM, 750 µM, 1000 µM, and 

2000 µM 1-NPN concentrations for every 1998 µL of buffer. The 1-NPN solution was 

placed in reservoir B of the instrument. For 0 µM 1-NPN solution, 2 µL of methanol only 

was added to the buffer. To test for ligand background, a separate experiment was 

performed where buffer only was placed in reservoir A, and 1-NPN solution in the other 

reservoir. Equal volume from both reservoirs were dispensed into the mixer. The mixed 

solution then entered the observation cell where fluorescence was measured. The dead 

time from mixing to measuring was ~ 2 ms (Figure 3.1). This brought the final 

concentrations of LdisPBP1 to 500 nM, and 1-NPN to 0 nM, 125 nM, 250 nM, 375 nM, 

500 nM, and 1000 nM. 

For dissociation kinetics, buffer only solution was placed in reservoir A and the 

equilibrated solution of LdisPBP1 and 1-NPN in reservoir B. Different equilibrated 

solutions of LdisPBP1 and 1-NPN were prepared with varying ratio of 1-NPN. For every 

1998 µL of 500 nM LdisPBP1 in buffer, 2 µL of 1-NPN solution was added from stock 

solutions of 500 µM or 1000 µM or 2000 µM concentrations making 500 nM, 1000 nM, 

and 2000 nM 1-NPN, respectively. LdisPBP1 and 1-NPN solutions were equilibrated for 1 

hour at room temperature. In this stopped-flow experiment, the final concentration of 

LdisPBP1 was 250 nM LdisPBP1, and 1-NPN to 250 nM, 500 nM, and 1000 nM. After 

every run, the system was washed with 50% ethanol solution and primed using the buffer 

only. 
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Stopped-flow kinetics experiments were performed using Chirascan CS/SF 

(Applied Photophysics Ltd., Leatherhead, United Kingdom). The stopped-flow kinetics 

experiments were conducted at constant temperature of 22 °C with the following 

parameters: fluorescence signal, 337 nm excitation, external trigger, data collection until 

0.20 second with 500 data points and 10 repeats. The 10 repeats per run were averaged 

and this average fluorescent trace was considered as a single result. For the association 

and dissociation kinetics, five trials and eight trials were conducted, respectively. In 

processing data, a double blanked technique was implemented for association kinetics 

where every absolute and averaged fluorescent trace per 1-NPN concentration was 

subtracted with the 0 nM 1-NPN fluorescent trace (blank) and with the absolute fluorescent 

value at time = 0 seconds. The processed association fluorescent traces were globally 

fitted using GraphPad Prism 5 kinetics binding association with two or more ligand 

concentration to determine 1-NPN kon and corresponding koff values.  For dissociation 

kinetics, every absolute and averaged fluorescent trace was subtracted with the 0 nM 1-

NPN fluorescent trace (blank). Individual fluorescent traces were fitted in GraphPad Prism 

5, using the kinetics binding dissociation one phase exponential decay model to calculate 

the koff value (GraphPad Software, San Diego, California). 

3.2.4. Competitive association kinetics of ligands with LdisPBP1 

In this project, kinetic constants were determined for LdisPBP1 with the natural 

pheromones and the 8 neurally active but behaviorally inactive analogues in Figure 10. 

The method involves: (1) competitive binding kinetics with a fluorescent reporter observed 

in stopped-flow instrument, and (2) model fitting of fluorescence traces using the kinetics 

of competitive binding equation. In this competitive kinetics scheme, the following 

processes were involved.  

The k3 and k4 rate constants were calculated from the following model equations: 
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Y = Q*(k4*DIFF/(KF*KS)+ ((k4-KF)*exp(-KF*X)-((k4-KS)/KS)*exp(-KS*X))  (Eq. 3.1) 

KA = k1*L*10-9+k2 (Eq. 3.2) 

KB = k3*I*10-9 +k4 (Eq. 3.3) 

S = SQRT((KA-KB)2+4*k1*k3*L*I*10-18) (Eq. 3.4) 

KF = 0.5*(KA+KB+S) (Eq. 3.5) 

KS = 0.5*(KA+KB-S) (Eq. 3.6) 

DIFF = KF-KS (Eq. 3.7) 

Q = Bmax*k1*L*10-9/DIFF (Eq. 3.8) 

In this model equations, k1 is the association rate constant of 1-NPN in M-1s-1, k2 is 

dissociation rate constant of 1-NPN in s-1, L is concentration of 1-NPN in nM, I is the 

concentration of competitive ligand in nM, k3 is the resulting association rate constant of 

competitive ligand in M-1s-1, k4 is the resulting dissociation rate constant of competitive 

ligand in s-1, X is the time in second, Y is the fluorescence intensity, and Bmax is the 

maximum binding at equilibrium with a very high fluorescent reporter concentration. The 

terms KA, KB, S, KF, KS, DIFF, and Q in the model equation (Eq. 3.1) are defined in Eq. 

3.2 – 3.8. The previously determined kinetic constants of the fluorescent reporter (section 

3.2.3) are used as constraint parameters in the model fitting of the fluorescence traces. 

All solutions were prepared as stated above and the fluorescent tracer used in the assay 

is N-phenyl-1-naphthylamine (1-NPN, structure in Figure 3.1). In reservoir A, the solution 

of 1000 nM LdisPBP1 was placed. In reservoir B, the solution of 1-NPN and ligand of 

interest was placed. The 1-NPN and ligand solution was prepared by adding into the 1998 

µL buffer, 1 µL of 1000 µM 1-NPN, and 2 µL of ligand stock solutions. Ligand stock 

solutions were prepared in ethanol to the following concentrations: 1 mM, 2 mM, 4 mM, 8 

mM, and 10 mM. Correspondingly, the ligand concentrations were 1 µM, 2 µM, 4 µM, 8 

µM, and 10 µM. Equal volume from both reservoirs were simultaneous dispensed into the 

mixer. This brought the final concentration of LdisPBP1 to 500 nM, 1-NPN to constant 500 

nM, and ligands to 500 nM, 1000 nM, 2000 nM, 4000 nM, and 5000 nM. For the blank run, 

the ligand reservoir contained 1 µL of 1000 µM 1-NPN and 2 µL of ethanol only. After 
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every run, the system was washed with 50% ethanol solution and primed using the buffer 

only. 

Similar stopped-flow parameters were used as in the 1-NPN kinetics 

measurements. Data were processed by subtracting from the average fluorescent trace 

the absolute fluorescent value at time = 0. Corrected fluorescent traces from the 

competitive assay were globally model fitted using GraphPad Prism 5 kinetics of 

competitive binding equation stated above. In this fitting, the final concentration of the 

fluorescent reporter 1-NPN, and the 1-NPN kinetics values, kon and koff, were used as 

fitting constraints. 

3.2.5. Statistical analysis 

All statistical evaluations were conducted using GraphPad Prism 5 (GraphPad 

Software, La Jolla, CA, USA). Comparison of kinetics values and equilibrium inhibition 

constant values across different ligands was done using parametric one-way analysis of 

variance (ANOVA) and Tukey’s multiple-comparison correction with 95% confidence. A 

normality (Gaussian distribution) test was performed on the calculated rate constants and 

equilibrium inhibition constant values using the Kolmogorov-Smirnov test with Dallal-

Wilkinson-Lilliefor P value.  

3.2.6. Correlation Analysis 

Kinetic constants and Ki values versus EAG responses were graphed using MS 

Excel 2016 (Microsoft, Redmond, Washington) and correlation between variables was 

evaluated using GraphPad Prism 5. Statistical assessment was performed using 

parametric, two-tailed Pearson test with 95% confidence. 
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3.3. Results 

3.3.1. LdisPBP expression and purification 

Figure 3.2. Schematic representation of expressed histidine tagged-LdisPBP1. 
Showing the six histidine residues in the purification tag, the positions of the two  
thrombin cleavage sites and the Factor Xa cleavage site, and the thrombin cleaved 
protein.  

To improve yield and quality in LdisPBP production, LdisPBP1 and LdisPBP2 were 

cloned with a hexahistidine purification tag at the N-terminus. DNA sequencing results of 

the new clones showed 100% identity with the literature database. The histidine tag is 

cleavable by introduction of thrombin cleavage site near the N-terminus of LdisPBP 

(Figure 3.2). Cleavage by thrombin leaves non-native 5 residues and 4 residues at the N-

termini, respectively, for LdisPBP1 (Gly-Ser-Gly-Gly-Gly) and LdisPBP2 (Gly-Ser-Gly-

Gly). Progress of LdisPBP1 purification is presented in Figure 3.3. The strong protein band 

at ~20 kDa marker in both crude denatured/renatured sample and Ni2+ column-purified 

sample corresponds to the ~21455 Da molecular weight of combined his tag, linker, and 

LdisPBP1 (Figure 3.3A).  Addition of thrombin enzyme reduced the molecular weight of 

the protein. The molecular weight of his tag cleaved LdisPBP1 with 5 extra residues 

(16455 Da) was verified through mass spectrometry (Figure 4.5). Identity of purified 

LdisPBP1 was verified by Western blot (using anti-LdisPBP1) as seen in Figure 3.3E 

(right). The same samples used in the Western blot were also loaded in SDS-PAGE gel 

(Figure 3.3E left). The negative control, bovine serum albumin, was not stained in the 

Western blot but the LdisPBP1 samples were positively stained. LdisPBP2 was purified in 

the same scheme. 
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Figure 3.3. SDS-PAGE gel profiles of the LdisPBP1 purification process. 
A. Samples from the purification of PBPs: after the denaturation and renaturation
(lane 2), Ni2+ column fractions (lanes 3-7). FT = flowthrough. B. His-tagged LdisPBP1
incubated with (+) and without (-) thrombin. C. CM (carboxymethyl) column fractions
showed separation of the cleaved products LdisPBP1 (monomer and dimer) and his tag.
D. HIC (hydrophobic interaction chromatography) used for the removal of bound glycerol
and other lipids. E. left: gel profile of samples correspondingly used in Western blot,
right: Western blot results using anti-PBP1 antibodies. BSA = bovine serum albumin.

3.3.2. Equilibrium dissociation constant of 1-NPN with LdisPBP1 and 
LdisPBP2 

To determine maximum signal of 1-NPN fluorescence with respect to the 

conditions of the kinetics assay, fluorescence emission scans (excitation 337 nm, 

emission scan 300-500 nm) were performed in a fluorometer instrument (QuantaMaster, 

PTI) in varying conditions (Figure 3.4). Fluorescent emission traces showed a strong peak 

at maximum ~336 nm for all conditions and a strong peak at maximum ~390 nm (blue 

arrow, Figure 3.4 and 3.5) were only present for the PBP-NPN mix. This demonstrated 

specific fluorescence signal for PBP and NPN binding. This signal was observed to red 
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shift with LdisPBP1 as 1-NPN concentration increases, but this was not noticeable with 

LdisPBP2 (blue arrows on Figure 3.5, Appendices B1-B2). In all LdisPBP1 replicates, the 

emission peak started to shift to higher wavelength at 1-NPN concentrations greater than 

the protein concentration (> 2 µM). This movement of λmax was more pronounced in 

LdisPBP1 shifted with an average Δλ of 6 nm. In addition, buffer containing only 1-NPN 

showed a red-shifted, less intense, and broad peak at λ values greater than 400 nm.  

Figure 3.4. 1-NPN fluorescence emission. 
Overlay of fluorescence emission spectra excited at 337 nm and emission collected at 
300-500 nm wavelength range.

From these titration fluorescence traces, plots of signal intensities (at maxima) 

versus 1-NPN were generated for LdisPBP1 and LdisPBP2 (Figure 3.6). These plots were 

fitted to a one site - binding affinity model equation in GraphPad 5 to determine the binding 

affinity (Kd) constants. The model equation is as follows: Y = (Bmax * X) / (Kd + X), where Y 

= signal intensities, X = 1-NPN concentration, Bmax = maximum number of binding sites. 

LdisPBP1 (Kd = 0.85 ±0.07 µM, 4 replicates) has stronger affinity with 1-NPN compared 

to LdisPBP2 (Kd = 2.8 ± 0.3 µM, 4 replicates).  
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Figure 3.5. 1-NPN and LdisPBP binding assay. 
Overlay of fluorescence emission spectra collected at 300-500 nm wavelength range of 
LdisPBP and 1-NPN binding assay. In these assays, the concentration of the protein  
was constant at 2 µM and titrated with 1-NPN to final concentration range 0-16 µM. 

Figure 3.6. Saturation binding curve of LdisPBP1 and LdisPBP2 titration with 1-
NPN. 

Protein concentration was 2 µM and 1-NPN was added to final concentrations of 0-16 
µM. The black curves represented the average fluorescence intensity at λ maxima ±  
SEM of four replicates. Model fitting plots were colored red for LdisPBP1 and blue for  
LdisPBP2. 

3.3.3. Rate constants of 1-NPN with LdisPBP1 

Association and dissociation kinetics constants were determined for 1-NPN and 

LdisPBP1. These values were later used as constraints for model fittings of the 

competitive kinetics assay. Figure 3.7 and Appendix B3 showes the association 

fluorescence traces. In general, the fluorescence signals increased proportionally as 1-
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NPN concentration increases. Global fitting of these traces allowed calculation of best-fit 

kon and koff estimates (average values in Table 3.2, individual replicate values in Appendix 

B4). Kd (koff/kon) calculated from these values was 0.34 ± 0.02 µM. The value was smaller 

compared to the constant derived from binding affinity assay (Kd = 0.85 ± 0.07 µM). 

Although koff values can be calculated from the association fitting, a separate experiment 

was performed to determine koff for comparison. In this experiment, the NPN-PBP complex 

was allowed to form by incubating NPN with PBP for 1 hour followed by dilution to 

encourage ligand dissociation and monitoring a decrease in NPN fluorescence with time. 

Although different ratios of PBP:NPN were used (1:1, 1:2, and 1:4), all conditions 

generated similar dissociation curves (Figure 3.8 and Appendix B5). Results of individual 

dissociation fitting are summarized in Appendix B6. From these values, the average koff 

was calculated as 34 ± 1 s-1 (Table 3.2). This is close to the koff derived from global fitting 

of association fluorescent traces (33 ± 1 s-1). Correspondingly, the Kd constant calculated 

from dissociation experiment koff and association fitting kon was similar to the value derived 

from association fitting parameters. The discrepancy between kinetically derived Kd and 

saturation binding Kd could be from the experimental setup. In equilibrium binding assays, 

fluorescence emission spectra were collected after ~5 minutes of incubation, after addition 

of the ligand. During this period, some 1-NPN could adsorb onto the surface of the quartz 

cuvette decreasing the 1-NPN concentration in solution. This may result in an 

overestimated binding affinity. In contrast, the stopped-flow instrument has only a ~ 2 

millisecond dead time and 200 millisecond duration of fluorescence signal recording. The 

faster processing in stopped-flow prevented significant ligand adsorption onto the 

fluorescence cell. 
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Figure 3.7. Fluorescent traces of 1-NPN association kinetics with LdisPBP1. 
Final LdisPBP1 concentration per trace was 500 nM. Varied concentrations of 1-NPN 
was used to generate traces for protein:ligand ratio of 1:0.25, 1:0.5, 1:0.75, 1:1, and 1:2. 
Fluorescence intensity increased as 1-NPN concentration increased. 

Figure 3.8. Fluorescent trace of 1-NPN dissociation kinetics with LdisPBP1. 
Final concentrations of LdisPBP1 and 1-NPN were 250 nM and 1000 nM, respectively. 

Table 3.2. Kinetic constants of 1-NPN with LdisPBP1 
kon (µM-1.s-1) koff (s-1) Kd (µM) # of trials 

association fitting 100 ± 5 33 ± 1 0.33 ± 0.02 5 
dissociation fitting 34 ± 1 0.34 ± 0.01a 8 

a Calculated using the association fitting average kon value. 
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3.3.4. Apparent rate constants of natural ligands and analogues 

Using a competitive association binding kinetic assay, apparent rate constants 

were determined. From this three-component (with 1-NPN, non-fluorescent ligand, and 

PBP) technique, the calculated rate constants were designated as apparent rate constants 

(k’) to differentiate from normal rate constants (k) acquired from direct protein-ligand 

assays (two-component system). In the competitive association binding assay, the protein 

and fluorescent reporter concentrations were constant while concentration of the 

competing ligand of interest was varied. Both 1-NPN and ligand were placed in one 

solution (one reservoir) and allowed to mix with the PBP solution (separate reservoir). The 

different fluorescence traces of the natural and analogue ligands showed the general trend 

of decreasing fluorescence intensity as competing ligand concentration increased 

(Figures 3.9-3.11, Appendices B7-B16).  This demonstrates that the non-fluorescent 

ligands prevented association of 1-NPN with PBP in a concentration-dependent fashion. 

Global fitting of the traces calculated the apparent ligand kinetics constants using the 

association and dissociation rate constants of 1-NPN with LdisPBP1 as constraints and 

specifying the concentration of 1-NPN used in the assay. Global fit R2 values ranged from 

0.86 to 0.96 across all replicates of all ligands used. The average k’off and k’on values of 

various ligands are shown in Figure 3.12 and the complete list of the individual replicate 

values and corresponding R2 were presented in Appendix B17.  

Figure 3.9. Fluorescent traces of 1-NPN competition kinetics with disparlure 
enantiomers (+)-1 and (-)-1. The concentrations of ligands are listed 
in the plots. 

Final concentration of LdisPBP1 and 1-NPN were both constant at 500 nM. 
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Figure 3.10. Fluorescent traces of 1-NPN competition kinetics with oxadisparlure 
enantiomers. The concentrations of ligands are listed in the plots. 

5-oxadisparlure enantiomers (+)-2 and (-)-2, and with 10-oxadisparlure enantiomers (+)-
3 and (-)-3. Final concentration of LdisPBP1 and 1-NPN were both constant at 500 nM.
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Figure 3.11. Fluorescent traces of 1-NPN competition kinetics with thiadisparlure 
enatiomers. The concentrations of ligands are listed in the plots. 

5-thiadisparlure enantiomers (+)-4 and (-)-4, and with 10-thiadisparlure enantiomers (+)-
5 and (-)-5. Final concentration of LdisPBP1 and 1-NPN were both constant at 500 nM.

The apparent association rate constants (k’on) across all ligands ranged from 19-

48 µM-1s-1 (Figure 3.12). The largest k’on value was from (+)-5-thiadisparlure, (+)-4. 

Relatively small k’on values were calculated for (+)-5-oxadisparlure (+)-2, (+)-10-

oxadisparlure (+)-3, (-)-10-oxadisparlure (-)-3, and (-)-5-thiadisparlure (-)-4. Intermediate 

k’on values were associated with (+)-disparlure (+)-1, (-)-disparlure (-)-1, (-)-5-

oxadisparlure (-)2, (+)-10-thiadisparlure (+)-5, and (-)-10-thiadisparlure (-)-5. Interestingly, 

significant differences in k’on values were observed between 5-oxadisparlure enantiomers 

and between 5-thiadisparlure enantiomers. The (-)-5-oxadisparlure, (-)2 enantiomer has 

significantly larger k’on compared to (+)-5-oxadisparlure, (+)2 while (+)-5-thiadisparlure, 

(+)-4 has significantly greater k’on compared to (-)-5-thiadisparlure, (-)-4 enantiomer. 

These suggest that (-)-5-oxadisparlure and (+)-5-thiadisparlure bind faster to LdisPBP1 

compared to their respective enantiomer. Furthermore, replacing carbon at position 5 with 
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O or S heteroatoms makes the rate of binding to LdisPBP1 more enantiomer 

discriminating. 

 Consequently, the apparent dissociation rate constants (k’off) across all ligands 

ranged from 30-116 s-1 (Figure 3.12). Significantly large k’off values were calculated for (-

)-disparlure (-)-1 and (+)-5-thiadisparlure (+)-4. Interestingly, relatively small k’off values 

were derived for the four oxa-analogues: 5-oxadisparlue (+)-2, (-)-2, and 10-oxadisparlure 

(+)-3, (-)-3. Intermediate k’off values were seen for (+)-disparlure (+)-1, (-)-5-thiadisparlure 

(-)-4, (+)-10-thiadisparlure (+)-5, and (-)-10-thiadisparlure (-)-5. A significant difference in 

the apparent dissociation rate constants was observed between disparlure enantiomers 

and between 5-thiadisparlure enantiomers. (-)-disparlure (-)-1 has higher k’off value 

compared to (+)-disparlure (+)-1, while (+)-5-thiadisparlure (+)-4 has greater k’off 

compared to (-)-5-thiadisparlure (-)-4. These suggest that dissociation rates of (-)-

disparlure and (+)-5-thiadisparlure are faster than their respective enantiomer. Moreover, 

replacing carbon-5 with O or carbon-10 with O or S heteroatom eliminates enantiomer 

distinction in the analogue’s dissociation rate from LdisPBP1.   

Figure 3.12. Plots of apparent association (k’on) and dissociation (k’off) rate 
constants. 

For disparlure enantiomers (+)-1 and (-)-1, 5-oxadisparlure enantiomers (+)-2 and (-)-2, 
10-thiadisparlure enantiomers (+)-3 and (-)-3, 5-thiadisparlure enantiomers (+)-4 and (-)-
4, and 10-thiadisparlure enantiomers (+)-5 and (-)-5. Columns represent the mean ± S.E.
of 4 replicates. Columns that do not differ significantly are labelled with the same
Letter (ANOVA with Tukey’s multiple comparison analysis, P > 0.05).

Corresponding equilibrium inhibition constant (Ki = k’off / k’on) values were 

calculated from the apparent rate constants shown in Figure 3.13 and Appendix B17. Ki 



81 

values ranged from 1.3-3.2 µM. The lowest Ki was calculated for (-)-5-oxadisparlure (-)-2 

and the inhibition constant was not significantly different from those of 10-oxadisparlure 

enantiomers, (+)-3 and (-)-3. Ligands with high Ki values were those of disparlure 

enantiomers, (+)-1 and (-)-1, and (-)-5-thiadisparlure (-)-4. Intermediate values were 

calculated for (+)-5-oxadisparlure (+)-2, (+)-5-thiadisparlure (+)-4, and 10-thiadisparlure 

enantiomers, (+)-5 and (-)-5. Significant difference in inhibition constant was observed 

between 5-oxadisparlure enantiomers. (-)-5-oxadisparlure (-)-2 has a lower Ki value than 

the (+)-5-oxadisparlure (+)-2 enantiomer. Therefore, the (-)-2 enantiomer is the stronger 

inhibitor compared to (+)-2 due to its higher on-rate constant (k’on) since both off-rate 

constant values were similar. This suggest that replacing carbon-5 with the O heteroatom 

makes the binding affinity to LdisPBP1 more enantiomer selective. Interestingly, with 

disparlure and 5-thiadisparlure, no significant difference in Ki values between enantiomers 

was observed despite the difference in their apparent on-rate and/or off-rate values. This 

suggests that kinetic enantiomer discrimination can sometimes be hidden when 

considering the thermodynamic behaviour. Both 10-oxadisparlure and 10-thiadisparlure 

analogues showed similar Ki values between enantiomers consistent with similar on-rate 

and off-rate between respective enantiomer pairs. 

Figure 3.13. Plots of equilibrium inhibition constant (Ki)values. 
Ki values derived from apparent association (k’on) and dissociation (k’off) rate constants 
for disparlure enantiomers (+)-1 and (-)-1, 5-oxadisparlure enantiomers (+)-2 and (-)-2, 
10-thiadisparlure enantiomers (+)-3 and (-)-3, 5-thiadisparlure enantiomers (+)-4 and (-)-
4, and 10-thiadisparlure enantiomers (+)-5 and (-)-5. Columns represent the mean ± S.E.
of 4 replicates. Columns that do not differ significantly are labelled with the same
Letter (ANOVA with Tukey’s multiple comparison analysis, P > 0.05).
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Figure 3.14. Kinetic map of LdisPBP1 and ligands. 
Summary plot of k’on and k’off of various ligands. 

The kinetic information discussed in previous paragraphs is summarized in this 

kinetic map (Figure 3.14). The 10-oxadisparlure enantiomers (+)-3 and (-)-3, and the 10-

thiadisparlure enantiomers (+)-5 and (-)-5, were shown to have no significant differences 

in the k’on and k’off with respect to the enantiomer pair. The 5-oxadisparlure enantiomers 

(+)-2 and (-)-2 were shown have significantly different k’on but not k’off values. The 5-

thiadisparlure enantiomers (+)-4 and (-)-4 displayed significant differences in both k’on and 

k’off. Interestingly, disparlure enantiomers (+)-1 and (-)-1 showed noticeable difference in 

k’off but not k’on. 

3.3.5. Correlation of the apparent kinetic constants and Ki with EAG lag 
time, depolarization rate, and repolarization rate 

The calculated physical constants k’on, k’off, and Ki were individually tested for 

correlation with the three EAG response profiles namely, lag time, depolarization rate, and 

repolarization rate. For the correlations, EAG data used were the same as in Chapter 2 

(Figure 2.4, 2.6, 2.8). Correlation of the physical constants with EAG lag time is shown in 

Figure 3.15. No observable correlations between k’on - lag time or k’off - lag time were 

detected in the plots of k’on or k’off against lag time. This suggests that kinetics between 

LdisPBP1 and ligands in the form of both the apparent rates of association and 

dissociation has no relationship with the variation in lag times of the ligands. In contrast, 

Ki versus lag time plot showed weak positive correlation with all the analogues 5-
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oxadisparlure enantiomers (+)-2 and (-)-2, 10-oxadisparlure enantiomers (+)-3 and (-)-3, 

5-thiadisparlure enantiomers (+)-4 and (+)-4, 10-thiadisparlure enantiomers (+)-5 and (-)-
5 (Pearson r = +0.6931, P < 0.005, R2 = 0.45). The disparlure enantiomers (+)-1 and (-)-1 

were found outside the correlation line in the region of higher Ki – short lag time. This 

suggests that for the natural ligands, the strength of their binding affinity leads to shorter 

lag time, shorter time to reach the receptor. In contrast, the analogues take longer time to 

get to the receptor. Interestingly, the general absence of correlation between kinetics and 

lag time, and weak correlation between equilibrium constant (derived from kinetics 

components) and lag time suggest no connection between kinetics of LdisPBP1 and 

ligand interaction with the transporter function of LdisPBP1. Furthermore, the absence of 

correlation between kinetics constants and lag time suggests that, as the ligands get 

transported across the lymph to the odorant receptors, ligands can reversibly bind, 

dissociate, and rebind to the PBP.  The multiple repeated binding and dissociation events 

may explain the differences in the times the ligands take to diffuse across the lymph. This 

is reminiscent of a scenario where ligand can get on and off PBPs in a similar manner to 

the travel of eluted analytes in chromatography. In this case, the PBPs serve as the 

stationary phase, as their molecular mass is much larger than the ligand’s and, 

consequently, their diffusion is much slower. 
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Figure 3.15. Correlation plots of k’on, k’off, and Ki against lag times for LdisPBP1 
Vertical error bars represent mean ± S. E. of 4 replicates. Horizontal error bars represent 
mean ± S. E. of -8 replicates (lag times). Weak correlations (lag time – Ki) observed 
with LdisPBP1 for the ligands A: (+)-2, (-)-2, (+)-3, (-)-3, (+)-4 (-)-4, (+)-5 and (-)-5  
(Pearson r = 0.6931, P < 0.005, R2 = 0.45). (+)-1 and (-)-1 were outliers from the  
correlation.  

Figure 3.16. Correlation plots of k’on, k’off, and Ki against depolarization rates for 
LdisPBP1. 

Vertical error bars represent mean ± S. E. of 4 replicates. Horizontal error bars represent 
mean ± S. E. of 4-8 replicates (DPR). Two strong, negatively sloped correlations  
between Ki And DPR observed for the ligands A: (-)-1, (+)-2, (-)-2, (+)-3, (-)-4, and (+)-5  
(Pearson r = 0.9116, P < 0.05, R2 = 0.83) and B: (-)-3, (+)-4, and (-)-5 (Pearson r = - 
0.9525, P > 0.05, R2 = 0.91). 

Similar with lag time, no correlation was observed with the kinetic constants, k’on 

and k’off with DPR. Interestingly, the Ki – DPR plot showed two groups of ligands both with 

negatively sloped correlation. The bigger group was comprised of (-)-disparlure (-)-1, (+)-

5-oxadisparlure (+)-2, and the four analogues of (+)-disparlure: (-)-5-oxadisparlure (-)-2,

(+)-10-oxadisparlure (+)-3, (-)-5-thiadisparlure (-)-4, and (+)-10-thiadisparlure (+)-5 

(Pearson r = -0.9116, P < 0.05, R2 = 0.83). The other group with negative correlation was 
comprised of the three (-)-disparlure analogues: (-)-10-oxadisparlure (-)-3, (+)-5-
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thiadisparlure (-)-4, and (-)-10-thiadisparlure (-)-5 (Pearson r = -0.9525, P > 0.05, R2 = 

0.91). The sole outlier from these two groups was (+)-disparlure (+)-1. The observed 

inverse relationship between Ki and DPR was not the expected trend between these two 

parameters. The inverse connection indicates that the stronger the affinity of the ligand to 

LdisPBP1 (smaller Ki), the faster the depolarization rate. Since the constant Ki was derived 

from known kinetics constants, interpretation of the correlation of this equilibrium constant 

with DPR can be explained through the kinetics component. Ki as ratio of k’off over k’on can 

be dominated by the off-rate. If ligand dissociates from LdisPBP1 faster than its rebinding 

to LdisPBP1 or binding to the odorant receptor, the ligand could be enzymatically 

degraded or trapped in the membrane, which will lead to slower receptor activation. 

Furthermore, the Ki – DPR correlation could reflect receptor activation events of an 

externally bound ligand with PBP. Even when bound externally, ligands bound to PBPs 

are protected from irreversible trapping by other lymph components, yet they retain the 

ability to dissociate and activate the receptor.  

Absence of correlations between the rate constants and DPR suggests no 

connection between kinetics of LdisPBP1-ligand interaction with the rate of receptor 

activation. The positive correlation between DPR and Ki highlights another function of 

PBPs which is to protect the ligands from degradation or entrapment by other components 

of the lymph. 
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Figure 3.17. Correlation plots of k’on, k’off, and Ki against repolarization rates for 
LdisPBP1. 

Vertical error bars represent mean ± S. E. of 4 replicates. Horizontal error bars represent 
mean ± S. E. of 3-8 replicates (RPR). Two strong, positively sloped correlation between 
k’on and RPR observed for the ligands A: (+)-1, (-)-1, (-)-2, and (+)-4 (Pearson r =  
0.9254, P > 0.05, R2 = 0.86), and ligands B: (+)-2, (+)-3, (-)-3, (+)-5, and (-)-5 (Pearson r  
= 0.9441, P < 0.05, R2 = 0.89). Strong, positively sloped correlation between k’off and 
RPR observed for the ligands C: (+)-2, (-)-2, (+)-3, (-)-3, (+)-5, and (-)-5 (Pearson r = 
0.9546, P < 0.005, R2 = 0.91). Two strong, negatively sloped correlations between Ki 
and RPR observed for the ligands D: (+)-1, (-)-1, (+)-2, (+)-4, (+)-5, and (-)-5 (Pearson r 
= -0.8962, P < 0.05, R2 = 0.80), and ligands E: (-)-2, (+)-3, and (-)-3 (Pearson r = - 
0.8955, P > 0.05, R2 = 0.80). 

Correlations of the three physical constants with repolarization rates are shown in 

Figure 3.17. Two positive correlations were observed between k’on and RPR. The 

disparlure enantiomers (+)-1 and (-)-1, (-)-5-oxadisparlure (-)-2, and (+)-5-thiadisparlure 

(+)-4 strong direct correlation (Pearson r = 0.9254, P > 0.05, R2 = 0.86). Another group of 

ligands with strong correlation was comprised of (+)-5-oxadisparlure (+)-2, 10-

oxadisparlure enantiomers (+)-3 and (-)-3, and 10-thiadisparlure enantiomers (+)-5 and (-
)-5 (Pearson r = 0.9441, P < 0.05, R2 = 0.89). The ligand (+)-5-thiadisparlure (-)-4 did not 

fall within the correlation lines. The positive correlation between k’on and RPR indicates 
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that the faster the association of the ligands with LdisPBP1, the faster the repolarization 

rate, i.e. receptor deactivation. This further suggests that kinetics of ligand binding to 

LdisPBP1 can influence receptor deactivation.  

A plot of k’off against RPR showed a positive correlation with the 5-oxadisparlure 

enantiomers (+)-2 and (-)-2, 10-oxadisparlure enantiomers (+)-3 and (-)-3, and 10-

thiadisparlure enantiomers (+)-5 and (-)-5 (Pearson r = 0.9546, P < 0.005, R2 = 0.91).  

Interestingly, the disparlure enantiomers (+)-1 and (-)-1, and 5-thiadisparlure enantiomers 

(+)-4 and (-)-4 did not fit into the correlation line. The observed direct correlation between 

k’off and RPR suggests that the faster the ligand dissociates from LdisPBP1, the faster the 

repolarization rates. This correlation result is consistent with the previously discussed k’off 

– DPR. If the ligand dissociates fast from LdisPBP1, the free ligands can be enzymatically 

degraded or trapped. The ligand is made unavailable for rebinding with the odorant 

receptor. This will result to faster receptor deactivation. 

In the Ki – RPR plot, two negative correlations were observed. The bigger group 

consisted of disparlure enantiomers (+)-1 and (-)-1, (+)-5-oxadisparlure (+)-2, (+)-5-

thiadisparlure (+)-4, and 10-thiadisparlure enantiomers (+)-5 and (-)-5 (Pearson r = -

0.8962, P < 0.05, R2 = 0.80). The other group was comprised of the ligands (-)-5-

oxadisparlure (-)-2, and 10-oxadisparlure enantiomers (+)-3 and (-)-3 (Pearson r = -

0.8955, P > 0.05, R2 = 0.80). The inverse correlation between Ki and RPR indicates that 

ligands with stronger affinity towards LdisPBP1 resulted in faster repolarization rate, i.e. 

faster receptor deactivation.  

The observed correlations of k’on, k’off, and Ki with repolarization rate indicate that 

dynamics of the ligand-LdisPBP1 interaction can influence receptor deactivation. Positive 

correlation of k’on and negative correlation of Ki with RPR further suggests that the faster 

and stronger a ligand associates with LdisPBP1 the faster is the receptor deactivation. 

This is suggestive of scavenger function for LdisPBP1.  

3.4. Discussion 

The λmax intensity of 1-NPN fluorescence with LdisPBP1 (~390 nm) and with 

LdisPBP2 (~400 nm) confirmed the hydrophobic environment around the bound 1-NPN 

as demonstrated in an earlier work on 1-NPN spectroscopic properties at solvents with 
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varied polarities (Radda, 1971). In this earlier work, the emission λ maxima of 1-NPN with 

nonpolar solvents hexane and benzene were reported as 376 nm and 395 nm, 

respectively. Furthermore, the fluorescence emission λmax of 1-NPN in polar solvents 

methanol and water were shown to be 424 nm and 459 nm, respectively. In a polar 

environment, the fluorescence λmax were significantly red shifted in comparison to nonpolar 

emission. This spectroscopic behaviour was likewise observed by a different group where 

the 1-NPN λmax were reported as 406 nm, 425 nm, and 450 nm in albumin solution, in 

ethanol, and in buffer solution, respectively (Vondrejs et al., 1982). 

Differences in 1-NPN binding affinity between LdisPBP1 and LdisPBP2 were 

previously reported for European gypsy moth (Gong et al., 2010) and Asian gypsy moth 

(Yu et al., 2012). In addition, differences in 1-NPN binding affinity with PBP types within 

moth species were observed for H. armigera HarmPBP1-3, H. assulta HarmPBP1-3 (Guo 

et al., 2012), O. furnacalis OfurPBP1-5 (Zhang et al., 2017), T. intacta TintPBP1-3 (Fang 

et al., 2018), G. molesta GmolPBP2-3 (Song et al., 2014), M. vitrata MvitPBP1-3 (Mao et 

al., 2016), D. houi DhouPBP1-2, and D. kikuchii DkikPBP1-2 (Zhang S et al., 2016). 

Furthermore, other OBP types similarly displayed significant distinction in 1-NPN affinity 

such as G. molesta GmolOBP8, 11, and 15 (Li et al., 2016), D. tabulaeformis DtabGOBP1-

2 (Zhang S et al., 2014), and A. gambiae AgamOBP1 and 4 (Murphy et al., 2013). 

The calculated rate constants (kon, koff) of 1-NPN, disparlure enantiomers and 

analogues suggest fast on/fast off binding kinetics (Martin et al., 1995; Leal et al., 2005; 

Gong et al., 2010; McCann et al., 2014; Meneses & Mittermaier, 2014; IJzerman & Guo, 

2019). Furthermore, enantiomer discrimination in the kinetic properties was observed with 

some ligands. Chiral pheromones have been shown to have dramatic impact in the 

biological activity of other insects apart from gypsy moth. For example, the scarab beetles 

Anomala osakana and Popillia japonica have different responses to the enantiomers of 

the sex pheromone japonilure, (Z)-5-(1-decenyl)oxacyclopentan-2-one. The male Osaka 

beetle (A. osakana) is attracted to the S-enantiomer but inhibited by the R-isomer. In 

contrast, the Japanese beetle (P. japonica), uses the R-enantiomer as sex pheromone 

while the S-isomer is a known inhibitor (Leal, 1996; Wojtasek et al., 1998). In addition, 

respective odorant receptors for both enantiomers are present in the two species (Leal, 

1996).  Enantio-selective response of odorant receptors to chiral volatiles have been 

reported for moths (Hou et al., 2020), humans (Geithe et al., 2017) and other insects (Huff 
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& Pitts, 2019). Stereoisomer discrimination is not only limited to the receptors but extended 

to the OBPs as well as shown in equilibrium binding assays (Plettner et al., 2000; Yu & 

Plettner, 2013; Zhang S et al., 2016; Zaremska et al., 2020). In a recent work, it has been 

suggested that recognition of chiral centers in ligands is accomplished by chiral sidechains 

in the OBP binding pocket such as isoleucine. Mutation of binding pocket key isoleucine 

residues into leucine residues in the pig OBP1 eliminated enantiomer discrimination 

between menthol enantiomers and carvone enantiomers (Zaremska et al., 2020). 

Furthermore, the crystal structure of the mosquito Anopheles gambiae OBP1 complexed 

with repellent Icaridin demonstrated stereoselectivity by formation of complex with 1R, 2S-

isomer only in the presence of equimolar diastereoisomeric mixture of Icaridin compounds 

(Drakou et al., 2017). So far, kinetic stereoselectivity has never been reported in 

vertebrates or invertebrates. 

Moths encounter thousands of different volatile compounds present in their 

physical environment but only possesses a limited number of odorant receptors (< 100) to 

recognize and interpret these chemical messages (reviews: Montagne et al., 2015; Yan 

et al., 2020). Studies of moth and other insect odorant receptors revealed ORs that are 

broadly-tuned and ORs that are more selective (Pophof, 2004; Grosse-Wilde et al., 2006; 

Grosse-Wilde et al., 2007; Forstner et al., 2009; Sun et al., 2013; Andersson et al., 2015; 

Chang et al., 2015; Haverkamp et al., 2018; Hou et al., 2020). Insect olfaction 

neurobiological research suggested two methods on how insects process the complex 

signals in the environment (Andersson et al., 2015; Haverkamp et al., 2018). The labeled 

line method involves mostly narrowly-tuned odorant receptors that recognize 

behaviourally important signals such as food volatiles and sex pheromones. This 

subsequently activates dedicated neuronal pathways for finding food sources and mating 

partners in a more direct and faster fashion. The other method involves broadly-tuned 

receptors typically associated in detecting volatiles such as finding or avoiding certain host 

plants. In this way, a single ligand can activate several types of receptors or in some cases 

several ligands can activate a certain receptor. Signals from these receptors are 

processed in combinatorial coding scheme to generate a cohesive neuronal pathway. 

Both these phenomena invoke a receptor coding system used by insects to process the 

complex signals in their environment.  

Contributions of PBP binding activity have been demonstrated to affect moth 

receptor activity in electrophysiological studies, as discussed in the Introduction chapter 
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and Chapter 2 (Pophof, 2004; Grosse-Wilde et al., 2006; Grosse-Wilde et al., 2007; 

Forstner et al., 2009; Sun et al., 2013a; Chang et al., 2015). From these studies, it is 

possible to extend the receptor coding system into a general peripheral coding system 

where PBP contributes to the coding system by its ability to hold odorants strongly or 

weakly, rapidly or slowly. Thus, regulating the availability of odorants to activate the 

receptors.  The observed correlations between kinetic constants and EAG response 

patterns of depolarization and repolarization rates demonstrate that the effect of PBP 

binding activity is not only based on ligand affinity but ligand kinetics as well. Structure-

kinetics relationships have been recognized as important information for evaluating 

compound efficacy in drug discovery research (Smith, 2009; Guo et al., 2015; Schuetz et 

al., 2017; Tonge, 2018; IJzerman & Guo, 2019). The off-rates, on-rates, and residential 

times of drug-target interactions are in consideration not only in drug optimization but also 

in drug administration.  

The importance of ligand kinetics could likewise be extended to the dynamics of 

insect olfaction. Male moths must rapidly process the biological information (i.e. type of 

molecule and relative abundance) contained in the pheromone plume released by the 

female (Vickers, 2006). This intermittent and sporadic pheromone plume is subjected to 

changing wind direction and air turbulence (Vickers, 2006; Conchou et al., 2019). It has 

been reported that once the odorants reach the cuticle, odor transduction in moths can 

occur in milliseconds and fluctuating odor sources can be resolved at frequencies higher 

than 100 Hz in a wide concentration range (Stengl, 2010; Szyszka et al., 2014; Levakova 

et al., 2018). In comparison, a human eye cannot resolve images moving higher than 24 

Hz (Szyszka et al., 2014). The molecular details of the temporal dynamics in pheromone 

sensing are still largely unknown. So far, there are no kinetic data of pheromone and 

pheromone receptor binding interaction. The correlations of PBP-ligand kinetics to 

antenna activity suggest intimate connection between PBP binding properties and 

receptor activation and deactivation.  

3.5. Conclusion 

The two gypsy moth LdisPBPs have different specificities with the fluorescent 

probe 1-NPN. LdisPBP1 has stronger affinity compared with LdisPBP2. This LdisPBP1 

binding interaction was shown to have a fast on/fast off kinetics. Some analogues 

exhibited faster association compared with the natural ligands, disparlure enantiomers, 
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while others have slower on-rates. Similarly, some analogues have faster dissociation 

compared with the disparlure enantiomers while others have slower off-rates. Correlation 

between apparent kinetics constants with repolarization was observed but not against lag 

time and depolarization. These observations suggest a connection between LdisPBP1 

and receptor activity, wherein the PBP functions as scavenger and ligand protector against 

degrading enzymes or molecular traps in the lymph. 
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Chapter 4. Solution NMR structure of LdisPBP1 at 
pH 4.5 

Adapted from: Mailyn Terradoa, Mark Okonb, Lawrence P. McIntoshb, Erika Plettnera. 

(2020). In progress 

aDepartment of Chemistry, Simon Fraser University, Burnaby, British Columbia V5A 1S6, 

Canada 

bDepartment of Biochemistry and Molecular Biology, Department of Chemistry, and 

Michael Smith Laboratories, University of British Columbia, Vancouver, British Columbia 

V6T 1Z3, Canada 

MT expressed and purified labelled LdisPBP1 for NMR, processed and analyzed all 2D 

and 3D NMR experiments to generate chemical shift assignments for structure elucidation, 

ran the CYANA program to calculate the 3D structure, processed and analyzed NMR 

relaxation data, and prepared and deposited chemical shift assignments and 3D structure 

to BMRB and PDB databases. MO conducted all 2D and 3D experiments for structure 

elucidation and relaxation studies. 

4.1. Introduction 

Use of Nuclear Magnetic Resonance (NMR) in elucidating the three-dimensional 

structure of proteins has grown significantly, with improvements in experimental design 

and advancements in NMR instrumentation. Although the vast majority of deposited 

protein structures were solved via X-ray crystallography, the number of submitted NMR-

based protein structures is increasing (Sikic et al., 2010). With the resonance assignments 

of backbone and sidechain nuclei, further structural studies that allow evaluation of protein 

interactions with other proteins or with small ligands at the amino acid level can be 

achieved. 

Protein structure determination using NMR starts with the assignments of 1H, 13C, 

and 15N chemical shifts of backbone and sidechain nuclei. From backbone chemical shifts, 

phi and psi dihedral angles are calculated. The dihedral angles together with nuclei 

distance information from three-dimensional NOESY (Nuclear Overhauser Effect 
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Spectroscopy) serve as restraints in calculating the three-dimensional model of the 

protein. To collect all these data, standard two- and three-dimensional experiments are 

acquired and analyzed (Cavanagh et al., 2006). The NMR experiments and the 

corresponding information that can be derived from them are listed in Table 4.1. 

Table 4.1. Conventional 2D and 3D NMR Experiments for Protein NMR 
Experiment Peaks 

Backbone assignment 1H-15N-HSQC HN, N 
CBCA(CO)NH Cβ, Cα (residue i-1) 

HNCACB Cβ, Cα (residues i-1 and i) 
HNCO C (carbonyl C residue i-1) 

HN(CA)CO C (carbonyl C residue i-1 and i) 
Sidechain assignment-

aliphatic 
1H-15N-HSQC HN, N 
CC(CO)NH Cα, Cβ, Cγ, Cδ, Cε (residue i-1) 

HBHA(CO)NH Hα, Hβ (residue i-1) 
H(CCO)NH Hα, Hβ, Hγ, Hδ, Hε (residue i-1) 

HCCH-TOCSY correlates aliphatic C and H  
1H-13C- HSQC  C and H correlation 

Sidechain assignment-
aromatic 

hbCBcgcdHD backbone Cβ to aromatic Hδ 
hbCBcgcdceHE backbone Cβ to aromatic Hε 
hbCBcgccH-Phe backbone Cβ to aromatic Hδ, Hε, Hζ 
HCCH-TOCSY  correlates all aromatic C and H 
CT-[13C]-HSQC C and H correlation aromatic ring 

HCN - His correlates Hδ, Hε of histidines 
Distance constraints 

13C-edited NOESY dipolar correlation C frequency 
15N-edited NOESY dipolar correlation N frequency 

4.1.1. 2D 1H-15N-HSQC (Heteronuclear Single Quantum Coherence) 
Spectroscopy 

This technique displays the correlation between directly bound 15N and 1HN 

highlighted in red below (Cavanagh et al., 2006). All amino acids except proline have 

representative backbone N-H. This correlation is likewise present in the sidechains of 

asparagine, glutamine, histidine, tryptophan, lysine, and arginine. 
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4.1.2. 3D CBCA(CO)NH 

In this experiment, magnetizations from 13Cα and 13Cβ are transferred to 15N-1HN 

through 13CO (Grzesiek & Bax, 1992a). This spectrum is used to correlate Cα and if 

present, Cβ of the previous residue (i-1) to the NH and HN of residue i of the backbone 

chain as shown on the left side of the figure below. In addition, through this experiment, 

the -NH2 sidechain group of every asparagine and glutamine is connected to the backbone 

chain as shown in the figure below on the right. 
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4.1.3. 3D HNCACB 

In this triple resonance spectrum, the magnetizations from 13Cα and 13Cβ of 

residues i-1 and i are transferred to 15N-1HN of residue i through 13CO (Grzesiek & Bax, 

1992b). As a result, Cα and if present, Cβ of both the previous residue (i-1) and residue i 

are connected to the NH and HN of residue i as shown on the left figure above. This 

experiment is likewise used to assign the -NH2 sidechain group of every asparagine and 

glutamine to the backbone chain as shown in figure above on the right. 13Cα and 13Cβ 

have opposite signs (positive and negative phases, respectively) and can be displayed in 

two different colors. Information from CBCA(co)NH and HNCACB connect residue i to the 

adjacent residues i-1 and i+1 in a process called backbone walking. Few residues have 

distinguishing profiles in both spectra. For example, glycine is the only amino acid without 

Cβ. For most amino acids, Cβ is significantly more upfield than Cα except for serine and 

threonine. Alanine Cβ is noticeably very upfield compared with the others. Proline lacks a 

backbone NH and therefore, gives a break in the backbone walking. These are important 

features that guide in resonance assignment of the amino acid sequence. 

4.1.4. 3D HNCO 

In this experiment, magnetization from residue i-1 13CO is transferred back to 15N-
1HN of residue i as shown in figure below on the left (Kay et al., 1990). In this spectrum, 

the backbone NH of residue i is correlated to the CO of the preceding residue i-1. This 

experiment is likewise used to assign the -NH2 sidechain group of asparagine and 

glutamine to the sidechain carbonyl as shown on the right figure below. 
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4.1.5. 3D HN(CA)CO 

This 3D spectrum is used in conjunction with HNCO to determine residue 

sequence, similar to the CBCA(CO)NH/HNCACB function. In HN(CA)CO, the 

magnetization is transferred from 15N-1HN of residue i to 13Cα of both residues i and i-1. 

Magnetization is further relayed to 13CO of each adjacent residue and back to backbone 
15N-1HN (Clubb et al., 1992). From this spectrum, the NH of residue i is correlated to the 

CO of residue i and CO of residue i-1. 
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4.1.6. 3D CC(CO)NH 

Magnetization of hydrogen nuclei is relayed to the attached 13C. The magnetization 

is further transferred to 13CO nearby and finally to backbone 15N-1HN (Grzesiek et al., 

1993a). The 3D spectrum displays the signals from Cα, and aliphatic sidechain Cβ, Cγ, 

Cδ, Cε of previous residue i-1 with respect to the NH coordinate of residue i. This assigns 

the chemical shifts of aliphatic sidechain carbons. 

4.1.7. 3D HBHA(CO)NH 
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In this 3D experiment, magnetizations from 1Hα and 1Hβ are transferred to the 

respective attached 13Cα and 13Cβ of residue i-1. Magnetization is relayed to 13CO and 

then to 15N-1HN of residue i (Grzesiek & Bax, 1993b). Because the carbon magnetization 

is not allowed to evolve, the spectrum links only the Hα and Hβ information of the 

preceding residue i-1 to the backbone NH of residue i. 

4.1.8. 3D H(CCO)NH 

In this experiment, magnetization of hydrogen nuclei is transferred to the attached 
13C. From here, the 13C magnetization is further relayed to the 13CO and then to the 

backbone 15N-1HN (Montelione et al., 1992). Together with HBHA(CO)NH, this experiment 

further assigns the chemical shifts of hydrogen nuclei of residue i-1 aliphatic sidechains 

such as Hγ, Hδ, and Hε correlated to residue i NH.  
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4.1.9. 3D HCCH-TOCSY for aliphatic sidechain 

Magnetization of hydrogen nuclei is transmitted to the attached 13C. From here, 

the 13C magnetization is allowed to isotropically mix. Magnetization is then transferred 

back to the 1H nuclei (Bax et al., 1990a; Olejniczak et al., 1992). In this 3D experiment, 

the chemical shifts of Cα-Hα are correlated to the aliphatic Hβ, Hγ, Hδ, and Hε within the 

residue sidechain. Accordingly, Cβ-Hβ resonances are correlated to the intraresidue Hα, 

Hγ, Hδ, and Hε. In general, every aliphatic C-H can be connected to the other aliphatic H 

within the residue. 
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4.1.10. 2D [13C]-HSQC 

In this experiment, the magnetization of hydrogen nuclei is transferred to the 

attached 13C (Cavanagh et al., 2006). All aliphatic and aromatic 13C-1H correlations are 

observed. This is used to verify the assigned C-H correlation determined from the 

previously discussed 3D experiments. In addition, the methionine methyl group (-CεHε3) 

can be assigned using 13C-NOESY information of the Cβ-Hβ resonances. 

4.1.11. 2D hbCBcgcdHD 

In this experiment, 1Hβ magnetization is transferred to the attached 13Cβ. From 

here, magnetization is transmitted to the aromatic 13Cγ, then to the 13Cδ, and finally to the 

attached 1Hδ (Yamazaki et al., 1993). The resulting 2D spectrum uses the chemical shift 

of Cβ to correlate with the aromatic Hδ chemical shifts of the residue phenylalanine, 

tyrosine, histidine, and tryptophan.  
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4.1.12. 2D hbCBcgcdceHE 

 

This experiment is like hbCBcgcdHD but with magnetization transfer further 

relayed to aromatic 13Cε and 1Hε (Yamazaki et al., 1993). This is particularly useful to 

assign both the Hδ and Hε chemical shifts of phenylalanine and tyrosine aromatic 

sidechains.  
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4.1.13. 2D hbCBcgccH for phenylalanine sidechain 

This 2D experiment defines the chemical shifts of Hζ of phenylalanine (Yamazaki 

et al., 1993; Grzesiek & Bax, 1995). In the spectrum, all the phenylalanine aromatic 

hydrogens (Hδ, Hε, Hζ) are correlated to the Cβ. 

4.1.14. 3D HCCH-TOCSY for aromatic sidechain 

This 3D experiment is similar to the aliphatic HCCH-TOCSY. The magnetization 

of aromatic hydrogen nuclei is transferred to the attached 13C. The 13C magnetization is 

isotropically mixed and transmitted back to aromatic hydrogen nuclei for detection (Bax et 

al., 1990b). The chemical shifts of aromatic C-H are correlated to the other hydrogens of 

the aromatic sidechain of phenylalanine, tyrosine, histidine, and tryptophan.  
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4.1.15. 2D Constant-time (CT)-[13C]-HSQC for aromatic sidechain 

The aromatic 1H magnetization is transferred to the attached 13C. This is followed 

by magnetization transfer back to the hydrogen nuclei for detection (Santoro & King, 1992; 

Vuister & Bax, 1992). The 2D spectrum shows the aromatic C-H correlation of the residue 

phenylalanine, tyrosine, histidine, and tryptophan. 
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4.1.16. 2D HCN for histidine and tryptophan sidechain 

In this experiment, magnetization of aromatic hydrogen nuclei is transferred to the 

attached 13C. From here, magnetization of 13C is transmitted to the adjacent 15N nuclei. 

Magnetization is relayed back to the adjacent 13C followed by transfer to the attached 1H 

nuclei (Sudmeier et al., 1996). The spectrum displays on one dimension the 15N chemical 

shifts correlated to the 1H chemical shifts on the second dimension. In the case of the 

histidine aromatic ring, Nδ1 chemical shift correlates with Hε1 chemical shift. Accordingly, 

Nε2 chemical shift correlates to two aromatic hydrogens, Hε1 and Hδ2. For a tryptophan 

aromatic sidechain, Nε1 chemical shift is correlated to the Hδ1 nuclei. 

4.1.17. 3D 13C-edited NOESY for aliphatic and aromatic 

In this 3D experiment, magnetization of all hydrogen nuclei is exchanged through 

space (NOE) with other hydrogen nuclei. Magnetization is then transferred through space 

to nearby 13C nuclei. From here, magnetization is relayed back to 1H nuclei for detection 

(Marion et al., 1989a; Marion et al., 1989b; Zuiderweg & Fesik, 1989). The 3D spectrum 

displays a strip of proton resonances correlated to particular C-H chemical shifts. The NOE 

resonance peak intensity is inversely proportional to the distance to the 6th power between 

the two correlating protons. Moreover, information from the Cβ-Hβ NOE resonances can 

be used to assign the methionine methyl group (-CεHε3).  
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4.1.18. 3D 15N-edited NOESY for aliphatic and aromatic 

 

Like the 13C-edited NOESY, magnetization of protons is exchanged between 

neighboring protons through NOE. The magnetization is then transferred through NOE to 
15N nuclei and back to 1H nuclei for detection (Marion et al., 1989a; Marion et al., 1989b; 

Zuiderweg & Fesik, 1989). On the 3D spectra, every N-H chemical shift pair is correlated 

to all proton resonances within NOE range. The resonance peak intensities are similarly 
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inversely proportional to the distance between interacting nuclei to the 6th power. NOE 

intensity = A (1/r6), where A is a scaling constant, r is the internuclear distance. 

4.2. Methods 

4.2.1. Preparation of LdisPBP1 sample 

Uniformly labelled [13C,15N]-LdisPBP1 and [15N]-LdisPBP1 were expressed in 

BL21 (λDE3) E. coli cells using M9 minimal media with 3 g/L 13C6-D-glucose and/or 1 g/L 
15NH4Cl (Sigma-Aldrich, St. Louis, Missouri). Protein expression was induced at OD600 = 

0.60 with 1.0 mM IPTG, followed by growth at 27 °C for 20 hours. Labelled his6-tagged 

protein was purified in the same manner as the unlabelled LdisPBP outlined in Chapter 3. 

Briefly, the his6-tagged protein was captured by affinity column with immobilized Ni2+ in 

iminodiacetic acid agarose resin (His.Bind resin, Novagen, Madison, Wisconsin) and the 

tag cleaved using thrombin (2 thrombin units per 1 mg protein) (Novagen, Madison, 

Wisconsin) in 20 mM Tris/HCl pH 8.0 buffer, for 16 hours at room temperature (22 °C). 

The cleaved tag and any tagged protein were removed using a carboxymethyl (CM)-

functionalized dextran matrix cation-exchanger column (Sigma-Aldrich, St. Louis, 

Missouri), and the resulting LdisPBP was delipidated by incubation with methyl-

functionalized methacrylate HIC (hydrophobic interaction chromatography) resin (Bio-

Rad, Hercules, California) in 50 mM sodium phosphate buffer, at 4 °C, for three days, in 

a rotary mixer.  

4.2.2. Mass determination using liquid chromatography-mass 
spectrometry 

[13C,15N]-LdisPBP1 was prepared for molecular weight determination on a Bruker 

maXis Impact Quadrapole Time-of-Flight LC/MS System. The HPLC was fitted with 

Zorbax 300SB-C8 column and experiment was run at 30 °C using water/acetonitrile 

solvent system. The mass spectrometer was run in positive electrospray ionization mode 

with 180 °C gas temperature, 8 L/min gas flow, 2 bar nebulizer, and 4200 V capillary 

voltage. 
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4.2.3. Experiments for structure elucidation by NMR spectroscopy 

Using 3000 MWCO centrifugal filters, [13C,15N]-LdisPBP1 was concentrated to 1.2 

mM in 400 µL of 50 mM sodium acetate buffer, pH 4.5, with 0.1 mM EDTA, 0.05% NaN3, 

and 5% D2O. The LdisPBP1 concentration was determined by ultraviolet absorbance 

spectroscopy using an experimentally calculated molar absorptivity, 280 = 13020 M-1 cm-1 

(Gong et al., 2009). Conventional heteronuclear NMR experiments were recorded at 35 

°C using cryoprobe-equipped Bruker Avance III 600 MHz and 850 MHz NMR 

spectrometers (Sudmeier et al., 1996; Cavanagh et al., 2006). Signals from the backbone 
1H, 13C, and 15N nuclei were assigned from HNCACB, CBCA(co)NH, HNCO, and 

HN(ca)CO spectra (Figure 4.1). Aliphatic and aromatic sidechain chemical shift 

assignments were obtained from C(co)NH, HBHA(co)NH, H(cco)NH, HCCH-TOCSY, 

hbCBcgcdHD, hbCBcgcdceHE, hbCBcgccH, and HCN (for histidine) spectra shown in 

Figures 4.2-4.4. Simultaneous 15N-NOESY and 13C-NOESY-HSQC spectra for aliphatics 

and aromatics were collected for interproton distance restraints. Spectra were processed 

with NMRPipe (Delaglio et al., 1995) and analyzed using NMRFAM-Sparky (Lee et al., 

2015). The structural ensemble of the native protein residues was calculated with CYANA 

3.98 (Güntert et al. 1997) using automatically assigned NOE-distance restraints, 

combined with backbone dihedral angles predicted by TALOS+ (Shen et al., 2009), and 

disulfide constraints. The latter were only introduced after initial calculations identified 

cysteine pairs within covalent bonding distances. CYANA-derived models were further 

refined with the CHARMM force field (Ryu et al., 2016) by submission to the NMRe server 

(http://psb.kobic.re.kr/nmre/). Structure validation was obtained through the wwPDB 

validation system (https://validate-rcsb-1.wwpdb.org/). All graphical images were 

prepared using PyMOL molecular visualization system. 

https://validate-rcsb-1.wwpdb.org/
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Figure 4.1. Example spectra strips for backbone chemical shift assignments.  
Shown here are the aligned and synchronized spectra of 2D 1H-15N-HSQC and 3D strips of 
CBCA(CO)NH, HNCACB, HNCO, and HNCA. On the 1H-15N-HSQC, the backbone N-H 
resonances of residue Thr102 (residue i) was highlighted. Correspondingly, on the CBCA(CO)NH 
given the Thr102 N-H resonances (residue i) in the w1 (15N) and w3 (1H) dimensions, the 
chemical shifts of Cα and Cβ of I101 (residue i-1) were determined (w2).  On the HNCACB 
spectrum, given the same N-H resonances in the w1 and w3 dimensions, two pairs each of Cα 
(red peaks) and Cβ (green peaks) resonances were observed. Two of these Cα and Cβ 
corresponded to I101 (residue i-1) and the other pair were the Cα and Cβ of Thr102 (residue i). 
With the same Thr102 N-H resonances on the w1 and w3 dimensions, the HNCO and HNCA 
spectra, respectively, showed the backbone carbonyl carbon (CO) resonances of I101 (residue i) 
and I101 and Thr102 (residues i and i-1).  
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Figure 4.2. Example spectra strips for sidechain aliphatic chemical shift 
assignments. 

Shown here are the aligned and synchronized 3D spectra strips of CBCA(CO)NH, C(CO)NH, 
HBHA(CO)NH, and H(CCO)NH. Using the same Thr102 (residue i) backbone N-H resonances on 
the w1 (15N) and w3 (1H) dimensions across all shown spectra, the aliphatic C-H chemical shifts 
of I101 (residue i-1) were assigned. The CBCA(CO)NH showed the determined Cα and Cβ 
chemical shifts of I101 (residue i-1). On the C(CO)NH spectrum, together with the Cα and Cβ 
chemical shifts, the resonances of the other three I101 aliphatic carbon (Cγ1, Cγ2, and Cδ) were 
assigned. Furthermore, on HBHA(CO)NH spectrum, the chemical shifts of I101 Hα and Hβ were 
determined. The rest of the Hγ and Hδ chemical shifts were identified on the H(CCO)NH 
spectrum. Note though that Hγ1 and Hγ2 were not resolved and appeared as one resonance 
peak labelled HG. 
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Figure 4.3. Example spectra strip (HCCH-TOCSY) and full spectra ([13C]-HSQC) 
for sidechain aliphatic chemical shift assignments. 

A. In conjunction with HBHA(CO)NH and H(CCO)NH, HCCH-TOCSY assigns sidechain aliphatic
1H chemical shifts. In this example, using the I101 Cβ-Hβ chemical shifts at the w1 (13C) and w3
(1H) dimensions, the chemical shifts of Hα, Hγ1, Hγ2, and Hδ were verified and/or determined.
Based on HCCH-TOCSY result, the resonances of I101 Hγ1 and Hγ2 were resolved and
assigned. B. Shown here is the full spectrum of 2D [13C]-HSQC with 1H on the w2 dimension
(horizontal axis) and 13C on the w1 dimension (vertical axis).



111 

Figure 4.4. Example spectra for sidechain aromatic chemical shift assignments. 
Shown here are the 2D spectra of HCN, aromatic [13C]-HSQC, hbCBcgcdHD, 
hbCBcgcdceHE, hbCBcgccH, and 3D HCCH-TOCSY aromatic spectrum strip. The assignment of 
HCN spectrum is shown in Figure 4.8. 

4.2.4. Accession Numbers 

The 1H, 13C, and 15N chemical shift assignments are deposited in Biological 

Magnetic Resonance Data Bank (http://www.bmrb.wisc.edu/) under accession number 

27951 or 30679. The protein structure is deposited in Protein Data Bank 

(https://www.rcsb.org/) with PDB ID 6UM9. 

4.2.5. NMR experiments for 15N-relaxation measurements 

A sample of 0.9 mM [13C, 15N]-LdisPBP1 was prepared in 50 mM sodium acetate 

buffer, pH 4.5, with 0.1 mM EDTA, 0.05% NaN3, and 5% D2O. NMR relaxation experiments 

were acquired at 35 °C with a Bruker Avance III 600 MHz spectrometer (Farrow et al., 

1994). For amide T1 relaxation measurements, ten spectra were collected with the 

following delay times: 20, 40, 70, 140, 250, 400, 550, 700, 850, and 1000 milliseconds. 

For T2 relaxation measurements, ten spectra were acquired with delay times as multiples 

of 15.94 milliseconds. Both T1 and T2 lifetimes were determined by fitting 1HN-15N peak 

https://www.rcsb.org/
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heights to a single decaying exponential function with NMRFAM-Sparky (Lee et al. 2015). 

Steady-state 1H-15N NOE values were calculated from the ratio of corresponding peak 

heights in spectra recorded with versus without 4 seconds of proton saturation. These 

relaxation data were used as input parameters for calculating the rotational correlation 

time (τc) of LdisPBP1 with Tensor2 software (http://www.ibs.fr/ext/labos/LRMN/softs/) 

(Dosset et al., 2000). 

4.3. Results 

4.3.1. Doubly labelled LdisPBP1 sample 

The [13C, 15N]-LdisPBP1, prepared using the purification protocol described above, 

was pure as revealed by presence of a single, dominant band in the silver-stained SDS-

PAGE gel shown Figure 4.5A. High purity was further confirmed with high resolution LC-

MS (Figure 4.5B-D).  Deconvoluted average molecular weights of unlabelled LdisPBP1 

and [13C, 15N]-LdisPBP1 were calculated to be 16455 Da and 17356 Da, respectively, 

which are near the expected 16455.0 Da (unlabelled, all cysteine oxidized) and 17358.0 

Da (fully 13C and 15N labelled, all cysteine oxidized) theoretical molecular weights of the 

143-residue LdisPBP1 plus the extra N-terminal GSGGG.
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Figure 4.5. SDS-PAGE profile and mass spectroscopy results of LdisPBP1 
samples. 

A. SDS-PAGE profile of unlabelled LdisPBP1 at 4x, 2x, 1x concentrations, accordingly,
starting at the marker lane. Protein was visualized using silver staining. Molecular
weights of component proteins in the standard protein marker are shown. B. Liquid
chromatogram of [13C,15N]-LdisPBP1 in water done on a Bruker maXis Impact Quadrople
Time-of-Flight LC/MS System. C. M/Z profile of [13C,15N]-LdisPBP1 peak. D.
Deconvulated average molecular masses of unlabelled LdisPBP1 (16455 Da) and
[13C,15N]-LdisPBP1 (17356 Da) sample components. Theoretical molecular masses of
unlabeled and 13C,15N-labeled LdisPBP1 with 6 oxidized cysteines are 16455.0 Da and
17358.0 Da, respectively.

To check the viability of the protein in NMR experiments, the 2D 1H-15N-HSQC 

profile of the protein must show well-dispersed peaks with no extensive peak broadening. 

Previous attempts to get good 2D 1H-15N-HSQC spectra were not successful using 15N 

labelled LdisPBP1 at neutral pH. To see if sample pH can improve the quality of the 

spectra, 15N labelled PBP1 was prepared and the sample pH was changed as follows: pH 

4.5, pH 8.0, pH 6.6, pH 5.5, back to pH 4.5. Buffer exchange was done using Amicon 
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centrifugal filters with a cut-off of 3kDa. The 1H-15N-HSQC spectrum of each buffer 

condition is presented in Figure 4.6.  It is clear that spectra of samples greater than pH 

4.5 showed peak broadening and poor peak dispersion. This broadening might be due to 

proton exchanges with the solvent or aggregation. Therefore, for structure elucidation, a 

doubly labelled [13C,15N]-LdisPBP1 was prepared in buffer at pH 4.5. 
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Figure 4.6. 1H-15N-HSQC spectra of 15N LdisPBP1 in varied pH conditions.  
Sample at pH 4.5, pH 8.0, pH 6.6, pH 5.5, pH 4.5 (sample pH returned to pH 4.5 after 
pH 8.0). 
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4.3.2. LdisPBP1 backbone and sidechain chemical shift assignments 

Figure 4.7. 1H-15N-HSQC of uniformly-13C,15N-labelled LdisPBP1 in pH 4.5 buffer 
collected at 35 °C.  

Asparagine and glutamine sidechain NH2 signals are connected with horizontal lines. 
132 of the expected 139 backbone resonance peaks (excluding proline) were assigned. 
Missing assignments were those of M8, T9, I10, N11, F12, A13, and A135. 



117 

The 15N-HSQC spectrum of [13C, 15N]-LdisPBP1 at pH 4.5 and 35 °C showed 

dispersed resonance peaks with uniform intensities (Figure 4.7), indicative of a well-folded 

and well-behaved protein amenable to NMR spectroscopic characterization. This version 

of LdisPBP1 has 148 amino acids including the extra 5 residues (GSGGG) at the N-

terminus. A total of 173 N-H correlations from 144 non-proline residues plus side chains 

of 13 (x2) glutamine/asparagine and 3 (x1) arginine/tryptophan, are theoretically expected 

in 1H-15N-HSQC. Of the 143 LdisPBP1 native residues, assignments for the backbone 1HN 

and 15N signals of 136 were obtained. The peaks from the amides of M8, T9, I10, N11, 

F12, A13, and A135 were not assigned, possibly due to broadening from conformational 

exchange or rapid amide hydrogen exchange that precluded their identification in scalar 

correlation experiments. Overall, ~90% of the resonances from the 1H, 13C, and 15N nuclei 

of [13C, 15N]-LdisPBP1 were assigned (95% backbone, 86% aliphatic sidechain, and 89% 

aromatic sidechain). All six cysteines were oxidized, as indicated by 13Cβ chemical shifts 

downfield of 34 ppm (Wishart & Sykes, 1994). The four Xaa-Pro bonds were in the trans 

conformation based on the proline 13Cβ and 13Cγ shift differences (Schubert et al., 2002). 

At pH 4.5, the five histidine imidazolium rings were fully protonated, as revealed by 15Nδ1 

and 15Nε2 chemical shifts in the 172-183 ppm range (Figure 4.8) (Platzer et al., 2014). 

Figure 4.8 Spectrum of the 3D-NMR experiment HCN. 
The correlations of Nδ1, Nε2, Hδ1, Hε2 of the imidazole rings of five histidines are 
shown. The experiment conducted at pH 4.5, 35 °C using [13C,15N]-LdisPBP1. 
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4.3.3. Relaxation NMR 

Figure 4.9 Relaxation NMR plots. 
Plots of relaxation rate 1 (1/T1), relaxation rate 2 (1/T2), and heteronuclear NOEs against residue 
number. The structure is mostly rigid except for the dynamic N-terminus and loop between 
helices α2 and α3a. Location of dynamic regions are highlighted with arrows in the secondary 
structure profile shown at the top. 

The N-terminal segment of LdisPBP (residues 1-12) appears disordered with high 

root-mean-squared deviations in the structural ensemble. Although this arises in part due 

to a lack of chemical shift assignments, and hence structural restraints, for residues 8-12, 
15N relaxation measurements demonstrate that amides in this segment with assigned 
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signals, as well as in the loop between helices α2 and α3, are conformationally mobile on 

the sub-nanosecond (ns) timescale (Figure 4.9). From the same data, the calculated 

isotropic rotational correlation time for LdisPBP is 7.5 ns, indicating that the protein is 

monomeric under the experimental conditions. 

4.3.4. Structural ensemble of LdisPBP1 

The structural ensemble of LdisPBP1 at pH 4.5 was calculated using an extensive 

set of NOE-derived distance and chemical shift-derived dihedral angle restraints (Table 

4.2). The protein adopts a globular fold consisting of seven α-helices: α1 (A13-N21), α2 

(D27-W37), α3 (R46-L61), α4 (A73-H80), α5 (E84-K99), α6 (D107-K125), and α7 (L132-

D142) (Figures 4.10 and 4.11) as assigned by Prosess following submission of the 20-

structure ensemble (Berjanskii et al., 2010). Three conserved disulfides are present with 

C19-C54 connecting helices α1 and α3, C50-C109 linking helices α3 and α6, and C97-

C118 connecting α5 with α6. The long helix α3 has a kink at residue K58. Long loops (11-

15 residues) connect helices α2 and α3, α3 and α4, and α5 and α6.  
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Figure 4.10 Sequence alignment and secondary structure of gypsy moth 
LdisPBP1.  

Analysis done with Clustal Omega (Sievers et al., 2011) against LdisPBP2 and other 
moth PBPs with reported protein structures (Bombyx mori, BmorPBP; Antheraea 
polyphemus, ApolPBP1; Amyelois transitella, AtraPBP1).  Fully conserved residues of 
cysteines are highlighted in black background. Fully conserved histidines , glycine 71, 
and alanine 141 are in bold letters. Important acidic residues are highlighted in grey 
backgroud. GenBank Accession codes: LdisPBP1, AAC47913.1; LdisPBP2, 
AAC47914.1; BmorPBP, CAA64443.1; ApolPBP1, CAA35592.1; AtraPBP1, 
ACX47890.1. LdisPBP1 has the highest sequence similarity with BmorPBP (60%), 
followed by AtraPBP1 (58%), ApolPBP1 (55%), and LdisPBP2 (49%). The secondary  
structures shown on top represent LdisPBP1 secondary structure determined by 
Prosess algorithm (Berjanskii et al., 2010). 
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Figure 4.11. The superimposed 20-member structural ensemble of gypsy moth 
LdisPBP1 structure in pH 4.5 buffer collected at 35 °C.  

The structure is highly compact with seven helices (α1-α7) held together by three highly 
conserved  disulfide bridges of C19-C54 (connects α1 and α3), C50-C109 (connects α3 
and α6), and C97-C118 (connects α5 and α6), shown as yellow sticks. Helices held 
together by the disulfide bridges are colored blue. Helices not connected with disulfide 
linkages are colored red. The N-terminus (labeled as N) is disordered (grey) while the 
dodecapeptide C-terminus  (labelled as C) is a helix (red) located inside the binding 
pocket. The longest loop between α3 and α4 is colored green. Heavy arrows are  
pointing to the dynamic regions: the N-terminus and the loop between α2 and α3.  
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Figure 4.12.  Non-regular β-turns. 
View of the two hydrogen bonding interactions found at the loop between helices α3 and 
α4 (residues D63-K72), showing the two β-turn structures (green stick representation). 
Yellow dashed lines represent the hydrogen bond connection between residues  
involved in the interaction. 

Two non-regular secondary structures in the form of a β-turn (i  i+3 backbone 

hydrogen bonding) motifs are seen at the loop between α3 and α4 (Figure 4.12). β-turn 1 

is within hydrogen-bonding distance of D63 O with M66 HN and Q64 O with N67 HN. 

Likewise, β-turn 2 involves H69 O in close contact with K72 HN. In addition, other close-

distance pairings are observed between D63 Oδ1 with D65 HN, Q64 O with N67 Nδ2, and 

Q64 Oε1 with H69 Nε2.  The β-turn loop and helix α4 are held in place within hydrogen-

bonding distance of H70 Nε2 with E60 Oε1 (α3) and G71 HN with A141 O (α7).  

The known internal pheromone binding pocket is framed by helices α3, α4, α5, α6, 

the loop between α3 and α4, the loop between α4 and α5, and two residues of α2 (F33 

and W37). The pocket is lined with mostly hydrophobic residues and flanked by charged 

sidechains including those of H69, H70, K72, H80, K88, K94, and H95 (Figure 4.13). The 

C-terminal helix α7 is enclosed within this binding pocket. Three residues of helix α7

(D133, E138, and D142) are aligned such that they created two hydrophobic faces. One 

face is directed towards the wider space of the binding cavity, while the other face is 

aligned with the hydrophobic surface of helix α4 (Figure 4.13). This positions helix α7 anti-
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parallel to, and buried by, the shorter helix α4. This orientation is stabilized by van der 

Waals interactions of W37 (α2) with L132 and V136 (α7), I52 and A56 (α2) with L140 (α7), 

F76 (α4) with G137 (α7), A77 (α4) with E138 and V134 (α7), L90 (α5) with V134 (α7), L91 

(α5) with D142 (α7), L115 and F119 (α6) with L139 (α7) (Figure 4.13). In addition, 

hydrogen bond contacts stabilize both ends and middle of the α7 helix: (1) G71 HN with 

A141 O, (2) A87 O with E138 sidechain Oε2, (3) K94 Nζ with D142 O, (4) H95 Nε2 with D142 

O δ1, (5) T131 Oγ1 (hydroxyl) and D133 Oδ1. A weak electrostatic contact (3.8 Å distance) 

is seen between D133 Oδ1 and H80 Nδ1 (α4) (Figure 4.13). These histidine residues are 

all positively charged at pH 4.5, and presumably D133, D142 and the C-terminus have 

complementary negative charges. Notably, E138 of helix α7 is entirely buried within the 

binding pocket and without any ion-pairing partner, and thus its ionization state is 

uncertain. However, E138 is observed to be near the backbone carbonyl of A87. 
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Figure 4.13 Interactions near the C-terminal helix α7 (colored red).  
Highlighted residues are shown as sticks, carbon = grey, nitrogen = blue, oxygen = red, 
sulfur = yellow. A. Residues within 5 Å of the C-terminal helix are mostly hydrophobic  
with few lysine (K57, K72, K94, K120) and histidine (H69, H70, H80, H95) residues.  
B. Acidic residues of helix α7 (D133, E138, and D142; shown as red sticks)
are in the same plane, creating an amphiphilic helix with two hydrophobic faces, one
face near helix α4 and the other facing the wider space of the binding pocket. Close
interaction contacts involved in stabilizing helix α7 in the binding cavity (E60-H69/H70,
G71-A141, K94-D142, H95-D142, A87-E18, H80-D133, D39-H124).

Table 4.2. LdisPBP1 structural statistics 
NMR Distance, Dihedral, and Disulfide Restraints 
Distance restraints 

Total NOE 3644 
     short-range, |i-j| ≤ 1 1796 
     medium-range, 1 < |i-j| < 5 936 
     long-range, |i-j| ≥ 5 912 

Dihedral angle restraints 

ϕ 124 

ψ 128 

Disulfide restraints (Å) 

Cys19-Cys54, Cys50-Cys109, Cys97-Cys118: Lower – upper limit 
Cys SG - Cys SG 2.00  – 2.10 
Cys SG - Cys CB 3.00 – 3.10 
Cys CB – Cys SG 3.00 – 3.10 
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Structural Statistics 

Violations (mean ± SD) 

Distance restraints (Å) 0.19 ± 0.06 
Dihedral angle restraints (°) 8.00 ± 0.54 
Max. distance restraint violation (Å) 0.33 
Max. dihedral angle violation (°) 9.04 

Ramachandran plot (%) 
     Most favored 85 
     Additionally allowed 15 
     Generously allowed 0 
     Disallowed 0 

Average pairwise rmsda (Å) 
     Backbone atoms 0.28 ± 0.07 
     Heavy atoms 0.69 ± 0.07 

a Pairwise rmsd was calculated from 20 structures for the residues (13 – 143). 

4.4. Discussion 

4.4.1. LdisPBP1 at pH 4.5 resembles the A-form. 

This work is the first report of a PBP structure from the gypsy moth. LdisPBP1 at 

pH 4.5 had the overall folding of the A-form (closed form), reported from the other moth 

species B. mori, A. polyphemus, and A. transitella (Horst et al., 2001; Lautenschlager et 

al., 2005; Damberger et al., 2007; Xu et al., 2010). Comparison of the backbone heavy 

atoms excluding disordered N-terminus residues (residues 1-13) against BmorPBP (PDB 

ID 1GM0), ApolPBP1 (PDB ID 2JPO), and AtraPBP1 (PDB ID 2KPH) showed rms 

deviations of 1.3 Å, 1.5 Å, and 1.7 Å, respectively. The disordered N-terminus includes the 

residues 1-7, 1-9, and 1-8 in BmorPBP, ApolPBP1, and AtraPBP1, respectively. LdisPBP1 

has closest sequence identity with BmorPBP and correspondingly, the structure alignment 

is most similar with it as well (Figure 4.10). 1H-15N-HSQC profiles of BmorPBP and 

ApolPBP showed that 14-18% of peaks between the A-form and B-form shared similar 

peak resonance positions (Damberger et al., 2000; Zubkov et al., 2005). The strictly 

conserved disulfide linkages are all found on one face of the protein, which confers rigidity 

to this region and serves as a hinge to the more flexible regions of the protein. The loop 

with β-turns (residues 63-72) has been proposed to cover a ligand exit or entry site, while 
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the site opposite is open and can also serve as ligand entrance or exit (Sandler et al., 

2000; Katre et al., 2009).  

4.4.2. A-form structure confirms role of histidine residues in PBP 
function. 

In AtraPBP1, the five strictly conserved histidines are observed to be in close 

contacts with acidic residues: H69/E60, H70/E57, H80/E132, H95/E141, and H123)/D40 

(Xu et al. 2010). This is likewise observed with LdisPBP1, except that both H69 and H70 

are near E60. Previous mutation and ligand binding studies (at pH 5.0 and pH 7.0) have 

identified three histidine residues (H70, H80, and H95) and two helix α7 acidic residues of 

BmorPBP (D132, E141) as crucial in the pH-dependent PBP function (Xu & Leal, 2008; 

Xu et al., 2011; Katre et al., 2013). Briefly, these studies showed that wildtype PBPs have 

strong ligand binding affinity at pH 7.0 (~100% bound) but have dramatic decrease in 

affinity at pH 5.0 (0-10% bound). Mutation of histidine into alanine or aspartate into 

asparagine resulted in significant increase in binding at acidic pH (~20-90%) while binding 

at neutral pH remained similar to that of wildtype. H70 and H95 were proposed to function 

as histidine gate that is open at acidic pH due to mutual repulsion of the positively charged 

His rings and is closed when histidine residues are deprotonated and become neutral 

(Katre et al., 2013). Positively charged H80 and H95 are likewise involved in salt bridge 

contacts with acidic residues of C-teminus helix of BmorPBP (D132, E141) and AtraPBP1 

(E132, E141) stabilizing the C-terminus inside the internal binding pocket. Deprotonation 

of H80 and H95 would destabilize the salt bridges which leads to expulsion of the C-

terminus out of the binding pocket (Xu et al., 2010). The architecture of the newly solved 

LdisPBP1 structure is highly consistent with other moth species which suggests that this 

inherent characteristic of moth PBPs points to a common ligand binding and release 

mechanism.  

4.5. Conclusion 

The structure of LdisPBP1 was determined at pH 4.5 and corresponds to the A-

form, one of two known folding states moth PBPs can have. In this conformation, the 3D 

structure is highly helical with a compact and globular tertiary folding. The structure has 

seven helices with the 7th C-terminus helix inside the binding pocket. The C-terminus helix 

is stabilized by hydrophobic, electrostatic, and hydrogen bonding interactions with the 
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other helices and the loop between helices α3 and α4. Dynamic regions were identified at 

the N-terminus, and loop between helices α2 and α3. Histidine and acidic residue pairings 

were identified which play an important role in pH-induced structural transition. 
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Chapter 5. Ligand and pH-induced Structure 
Transition of Gypsy Moth Lymantria dispar 
Pheromone-binding Protein 1 (LdisPBP1) 

Adapted from: Mailyn Terradoa, Mark Okonb, Lawrence P. McIntoshb, Erika Plettnera. 

(2020). In progress 

aDepartment of Chemistry, Simon Fraser University, Burnaby, British Columbia V5A 1S6, 

Canada 

bDepartment of Biochemistry and Molecular Biology, Department of Chemistry, and 

Michael Smith Laboratories, University of British Columbia, Vancouver, British Columbia 

V6T 1Z3, Canada 

MT expressed and purified labelled LdisPBP1 for NMR, conducted the pH and ligand 

titration NMR experiments, processed and analyzed all 2D NMR data, and performed the 

molecular docking simulation.  

5.1. Introduction 

Gypsy moths are major defoliators of broadleaved trees (Nealis & Erb, 1993). The 

larvae are polyphagous and damage many trees and shrubs but prefer the leaves of oak, 

birch, and poplar (Pogue & Schaefer, 2007). The adult moths mate during early summer 

and leave egg masses to overwinter. The next spring, larvae emerge and feed until 

pupation. Adult moths rely on their olfaction for finding mating partners. For example, 

female gypsy moths release (7R, 8S)-epoxy-2-methyloctadecane, (+)-disparlure, to attract 

males. The enantiomer, (-)-disparlure, cancels gypsy moth male upwind flight behavior, 

even when mixed at low percentages with (+)-disparlure. This is likely a speciation 

mechanism, as (-)-disparlure is released by the closely related nun moth, L. monacha 

(Schneider et al., 1977).   

Male moths detect the pheromones using thousands of sensory hairs on their 

antenna. The sensory hairs are innervated (supplied with nerves) by a dendrite of an 

olfactory neuron that responds to the pheromone. Pheromone molecules enter sensory 

hairs through pores in their cuticular wall and bind to pheromone-binding proteins (PBPs), 



129 

which are present abundantly in the lymph. This process enables the pheromone to reach 

the pheromone receptors (PRs) on the neuronal membrane without overstimulating the 

receptors (Nardella, Terrado et al., 2015). Activation of these receptors causes neuronal 

signals that ultimately elicit upwind flight behavior in the male moths, thus aiding them in 

locating the females (reviewed: Leal, 2013; Kaissling, 2014; Koutroumpa & Jacquin-Joly, 

2014; Terrado et al., 2019). 

Moth olfaction is known for its high sensitivity and selectivity. A male moth can 

sense the female as far as 4.5 km away (Rau & Rau, 1928; Vogt & Riddiford 1981). 

Furthermore, in a study involving cotton leaf worm moth Spodoptera littoralis, it was found 

that even less than six molecules of sex pheromone can elicit increases in heartbeat 

frequency triggered by odorant sensing (Angioy et al., 2003). It has been demonstrated in 

various biochemical and electrophysiological studies that PBPs enhance receptor 

sensitivity and selectivity (Pophof, 2004; Sun et al., 2013; Chang et al., 2015; reviewed 

Breer et al., 2019; Terrado et al., 2019).  

Pheromone-binding proteins are insect-specific proteins with molecular weights 

between 14-16 kDa. They have a highly helical, compact fold, stabilized by three 

conserved disulfide linkages (Honson & Plettner, 2006). Currently, the structures of PBPs 

from three moth species have been elucidated, namely, Bombyx mori PBP (BmorPBP), 

Antheraea polyphemus PBP1 (ApolPBP1), and Amyelois transitella PBP1 (AtraPBP1) 

(Sandler et al.; 2000; Horst et al., 2001; Lee et al., 2002; Mohanty et al., 2004; 

Lautenschlager et al., 2005; Zubkov et al., 2005; Damberger et al., 2007; Xu et al., 2010). 

From these reported structures, moth PBPs adopt at least two conformations, known as 

the A-form (closed) and the B-form (open or bound). In the A-form, the C-terminal residues 

are helical and occupy an internal hydrophobic binding pocket, and the N-terminal 

residues are unstructured. In contrast, the B-form has unstructured C-terminal residues 

outside the hydrophobic, internal binding pocket and a helical N-terminal region. 

Moreover, crystal structures of the PBP-pheromone complex have shown that the protein 

with an internally bound ligand resembles the B-form. Based on these reported structures 

and consequent structural studies using 1H-15N-HSQC, the A-form is dominant in low pH 

conditions with or without ligands while B-form is favoured at higher pH conditions with or 

without ligands.  
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The transition from B- to A-form has been proposed to allow expulsion of the 

pheromone from the binding pocket (di Luccio et al., 2013; Katre et al., 2013; Damberger 

et al., 2013). Briefly, in its bound conformation (B-form), the ligand is found inside the 

hydrophobic internal binding pocket while the unstructured C-terminus segment is 

extended outside the pocket. It has been proposed that bound PBP is a pH sensor and at 

acidic condition formation of a helical C-terminus and subsequent insertion into the binding 

cavity is made favourable (Katre et al., 2009). Two molecular switches are proposed to be 

important in this event: (1) histidine protonation, and (2) insertion of the C-terminal helix 

into the binding cavity. Three highly conserved histidine residues (H70, H80, H95) were 

identified to take part in the histidine switch. These residues are located at one end of the 

protein. In their protonated state, the histidines would repel each other, destabilizing the 

loop that covers this part of the protein. At the opposite end of the protein, the unstructured 

C-terminus segment transforms into a helical structure, inserts into the internal binding 

pocket, and is stabilized by electrostatic interactions of the protonated histidines and 

nearby acidic residues (D60/E60 with H70, D132/E132 with H80, and D141/E141 with 

H95) (Xu & Leal, 2008; Katre et al., 2009; Xu et al., 2011; Katre et al., 2013). These 

concerted events allow ligand release at low pH and subsequent low ligand binding 

affinity. Therefore, the A-form is the stable and dominant conformation of PBPs in an acidic 

environment.  

Gypsy moth LdisPBP1 has stronger affinity for (-)-disparlure than for the sex 

pheromone, (+)-disparlure (Plettner et al., 2000; Yu & Plettner, 2013). Binding pH profiles 

have been obtained with both LdisPBPs and are different for the two enantiomers (Kowcun 

et al., 2001). Kinetic studies have shown that ligand binding at the LdisPBP internal site is 

a multi-step process that proceeds via an external site (Gong et al., 2009; Gong et al., 

2010). However, the structural mechanism behind the process and the consequent 

connection to pheromone binding and release are still not understood.  

In this study, solution NMR spectroscopy was used to assess the structural basis 

for LdisPBP1's stereochemical preference and to further characterize its previously 

observed pH- and ligand-induced conformational change. The structural ensemble of 

LdisPBP1, determined at pH 4.5 (Chapter 4) confirmed that it adopts the A-form under 

acidic condition. A systematic NMR-monitored pH titration experiment from pH 4.5 to 8.2 

was performed and revealed a pH-dependent conformational change. Finally, titrations 

using both disparlure enantiomers were performed at pH 5.0 and showed a ligand-
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dependent conformational change with few resonances identified to take part in 

enantiomer recognition. Both pH- and ligand-induced transitions are in a slow-exchange 

regime with respect to the NMR timescale.  Collectively, this yields a unified structural 

model explaining the effects of pH and pheromone enantiomers on the gypsy moth PBP1 

conformational transitions. Furthermore, the results show that F119 and L132 of the 

binding pocket help to discriminate between disparlure enantiomers. 

5.2. Methods 

5.2.1. NMR-monitored pH titration of LdisPBP1 

Titration experiments were conducted in a Bruker AVANCE III 600 MHz 

spectrometer equipped with a 5 mm QCI quadruple resonance cryoprobe sensitive for 1H, 
13C, and 15N nuclei. For pH titrations, 3 mL of 0.18 mM [15N]-labelled PBP1 was prepared 

in 25 mM sodium acetate/sodium phosphate buffer pH 4.5 with 1 mM EDTA, 0.05% NaN3, 

and 5% D2O. Using small aliquots of 2 M NaOH, the sample pH value was increased to 

5.0, 5.6, 6.0, 6.5, 7.0, and 8.2. Sample pH was measured using an Orion pH meter 

(Thermo Scientific, Waltham, Massachusetts). 15N-HSQC spectra were acquired for every 

pH condition at 35 °C.  

5.2.2. NMR-monitored ligand titration of LdisPBP1 

For ligand titrations, 42 mM stock solutions of (+)-disparlure and (-)-disparlure 

(synthesized in-house, Pinnelli et al. 2019) were prepared using deuterated methanol as 

the solvent, and added in aliquots to 0.12 mM 15N-labelled PBP1 samples in 50 mM 

sodium acetate buffer pH 5.0 with 1 mM EDTA, 0.05% NaN3, and 5% D2O. 15N-HSQC 

spectra were collected for every ligand addition (ligand:protein ratio 0.5 to 8) at 35 °C. 

Control spectra with the same corresponding volumes of methanol were also recorded. 

Percent ligand bound was calculated as (peak intensity bound) / (peak intensity bound + 

peak intensity free) x 100. The peaks measured were those of E75, A82, S96, K99, I103, 

C109, A121, and T143. 
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5.2.3. In Silico Docking Simulations of ligands 

Ligand docking experiments were simulated onto the A-form conformation of 

LdisPBP1. Docking experiments were conducted in MOE version 2016.8 (Molecular 

Operating Environment) (Chemical Computing Group, Montreal, Canada) using (+)-

disparlure or (-)-disparlure ligands. Prior to docking, LdisPBP1 A-form model was 

prepared by invoking MOE protonate3D (Labute, 2009). This step assigns the ionization 

states and adds hydrogens to the 3D protein coordinates based on the determined (1) 

rotamers of –SH, -OH, -CH3, and –NH3 functional groups, (2) ionization states of Arg, Asp, 

Glu, Lys, and His, and (3) tautomers of His imidazole under the specified temperature 

(308 K), pH (5.0), and salt (0.1 M).  The protein model and the ligands were energy 

minimized in the Amber 10 force field with rigid water molecule constraints. Ligand docking 

sites were identified using MOE Site Finder based on Alpha Shapes geometric method 

(Edelsbrunner & Mucke, 1994; Edelsbrunner et al., 1995) and results were ranked by the 

Propensity for Ligand Binding (PLB) score (Soga et al., 2007). Ligands were placed in 

each site with the Triangle Matcher protocol and ranked with London dG scoring function. 

The poses were further refined in an Induced Fit energy minimization model using 

conventional molecular mechanics forcefield (Amber12:EHT) and rescored from 

GBVI/WSA binding free energy calculation in the S field (Labute, 2008). Poses were 

ranked according to the calculated S score. The pose with the highest S score was chosen 

for protein-ligand interaction analysis.  

5.3. Results 

5.3.1. Effect of pH on LdisPBP1 conformation 

To determine if LdisPBP1 displays a pH-dependent conformational transition, 1H-
15N-HSQC spectra were recorded as the [15N]-labelled protein was titrated from pH 4.5 to 

8.2 (Figures 5.1). Initially at pH 4.5, well-dispersed cross peaks were observed. With 

increasing sample pH value, additional unassigned signals were observed, indicating the 

presence of another conformation in slow exchange with a different set of chemical shifts 

(Figure 5.2 and 5.3 A). More dramatically, the spectral quality deteriorated with many 

assigned 1HN-15N amide signals broadening to the point of disappearance. Due to very 

extensive broadening at pH 8.2, the spectrum was not included in further analysis. To 

verify that the protein was not denatured under basic conditions, the sample pH was 
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adjusted back to 4.5 and the 1H-15N-HSQC profile collected. The spectrum was the same 

as the initial pH 4.5 profile (Figure 4.6). Although loss of 1HN-15N signal intensity is 

expected under alkaline conditions due to base-catalyzed hydrogen exchange, the 

pronounced changes in spectral quality beginning at pH 5.6 – 6.0 suggest that LdisPBP1 

undergoes pH-dependent conformational exchange in the slow-to-intermediate regime on 

the chemical shift timescale (i.e. kex ≲ ) (Kleckner & Foster, 2011). Overlaid 1H-15N-

HSQC spectra at pH 4.5 and pH 6.5 displayed different profiles (Figure 5.4). Furthermore, 

the exchange is between a stable conformation, characterized above at pH 4.5, and one 

or more different conformations which do not yield well-defined NMR spectra, possibly 

due to self-association, to local mobility, or to additional dynamics on the ms-s timescale. 
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Figure 5.1. Individual 1H-15N-HSQC spectra of LdisPBP1 titrated with NaOH from 
pH 4.5 to 7.0 at 35 °C. 

To identify residues and/or regions in the protein with significant chemical shift 

movements from acidic pH to near neutral pH, changes in 1HN chemical shifts (∆δH) at pH 

6.5 relative to the assigned 1H-15N-HSQC reference spectrum of LdisPBP1 at pH 4.5 were 

plotted against residue position. In general, large shifts (∆δH ≥ 0.05) were observed at the 

ends of helices and at the middle of helices α2, α3, α5, and α7 (Figure 5.3 B). Residues 

with ∆δH ≥ 0.05 were mapped onto the LdisPBP1 structure shown in Figure 5.3 C. These 

involved residues at the α2 helix (F33, F34), the loop between α2 and α3 (T44, N45), 

several residues of helix α3 (E47, L55, A56, L59, E60), the loop between α3 and α4 (M66, 

H69), and the α7 helix (L132, E138, A141). Interestingly, the regions with least 

perturbations are the loops between helices, with the exception of loop α3-α4. The least 

perturbed loops could be more highly exposed with the solvent which would not cause 



135 

much change at different pH conditions. No significant changes were observed at 

segments flanked by disulfide bridges at helices α3 and α6. These disulfide positions 

confer rigidity to this part of the protein. Some of the residues could not be analyzed 

because of resonance overlap or lack of information regarding peak assignments of the 

alternative LdisPBP1 form. 

Figure 5.2. Overlay of 1H-15N-HSQC spectra pH titration. 
[15N]-LdisPBP1 pH titration from pH 4.5 to 7.0 with the following color representations: 
red (pH 4.5), yellow (pH 5.0), orange (pH 5.6), green (pH 6.0), teal (pH 6.5), and blue  
(pH 7.0). Patterns with arrows are examples of linear progress. Resonances with * are 
examples of new peaks seen starting at pH 6.0. Boxed regions are the expanded views 
in Figure 5.3 A. 
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Figure 5.3. Effects of pH titration on [15N]-LdisPBP1 at 35 °C. 
A. Expanded regions (highlighted in Figure 5.2) of 1H-15N-HSQC overlaid
spectra that show well-resolved new peaks (*) in the slow-exchange dynamics. These
peaks started to appear at pH 6.0 with varied peak intensities. Residues are labelled
according to pH 4.5 assignments (red peaks). B. Plot of change in 1H chemical shifts (pH
4.5 versus pH 6.5) against residue number shown with the corresponding secondary
structure at the top.  Significant changes were observed in the middle and/or at the ends
of most helices. Residues labelled with “U” were not assigned and residues without
columns were not analyzed because of resonance overlap or slow-exchange. C.
LdisPBP1 mapping of residues with Δδ(1H) ≥ 0.05 (red). Most of the residues are
Localized in the middle and/or at the ends of helices. Interestingly, no significant
changes have been observed at segments in between disulfide bridges of helices α3
and α6. Unassigned residues are colored black.
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Figure 5.4. Overlay of 1H-15N-HSQC spectra, [15N]-LdisPBP1 at pH 4.5 (red) and 
pH 6.5 (teal), 35 °C.   

At pH 4.5, LdisPBP1 is an A-form. At pH 6.5, additional peaks are observed indicative of 
presence of another LdisPBP1 form with structural transition in the slow-exchange  
regime. 
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5.3.2. Effect of ligand titration on LdisPBP1 conformation 

Figure 5.5. Effects of ligand titration on [15N]-LdisPBP1 at pH 5.0, 35 °C. 
A. Overlaid 1H-15N-HSQC spectra. Top: titration with deuterated methanol as negative
control using the same volume used with (+)- or (-)-disparlure titration, middle: titration
with (-)-disparlure, and bottom: titration with (+)-disparlure. B. Expanded views of the
boxed regions with (-)-disparlure titration. Resonances with * are examples of well
resolved new peaks with slow-exchange dynamics.
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Figure 5.6. Effects of (-)-disparlure titration on [15N]-LdisPBP1 at pH 5.0, 35 °C. 
A. Superimposed plots of peak intensity ratio (Intensity with ligand / Intensity without
ligand) against residue number shown with the corresponding secondary structure at the
top. Shown are superimposed plots of the following ligand additions: 0.5× (beige
columns), 1× (red columns), 4× (blue columns). Residues labelled with “U” were not
assigned and residues without columns were not analyzed because of resonance
overlap. Most analyzed residues experienced a decrease in peak intensities as ligand
concentration increased, except for K79, I93, K94, D107, and L132 which displayed the
increasing trend. B. LdisPBP1 mapping of residues with ≥ 65% decrease in Intensity
ratio (green), and of residues with the increasing trend (orange) after addition of 4×
ligand. Interestingly, the middle segment of helix α6 and the nearby loop α2-α3 showed
dramatic decrease in peak intensities. In addition, among the orange-colored residues
K79 is adjacent to H80, and I93, K94 are close to H95.

Binding of the pheromone enantiomers, (+)-disparlure and (-)-disparlure, to [15N]-

LdisPBP1 at pH 5.0 and 35 oC was studied through 1H-15N-HSQC-monitored titrations 

(Figure 5.5). Addition of either enantiomer caused substantial spectral changes, whereas 

the methanol solvent alone was non-perturbing (Figure 5.5A). As the ligand concentrations 

increased, many of the assigned 1HN-15N signals from the unbound protein decreased in 

intensity while new peaks, attributable to the bound protein, appeared with growing 
intensity (labelled with *). This is diagnostic of binding in the slow- exchange regime, which 
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is normally observed for moderate-strong binding ligands (Kd < 10 µM) (Gell et al., 2017). 

It is also notable that, in contrast to the effects on increasing sample pH value, the addition 

of ligand yielded dispersed 1H-15N-HSQC spectra indicative of well-ordered protein-

pheromone complexes. In general, the effect of adding (+)-disparlure was similar to that 

of (-)-disparlure, except for a few important residues which could potentially be involved in 

the discrimination between the enantiomers, as discussed below.  

To identify residues significantly affected by ligand titration, the peak intensity ratio 

of signals after ligand addition versus before titration (ratio = Intensity with ligand / Intensity 

without ligand) was calculated for (-)-disparlure at 0.5×, 1×, and 4× additions. For 

comparison, superimposed ratio plots of these three (-)-disparlure additions against 

residue positions were shown in Figure 5.6A as beige, red, and blue, respectively. 

Residues with resonance overlap were not analyzed and left as blank. In general, the ratio 

became smaller as the concentration of ligand increased. Exceptions to this trend were 

the residues K79, I93, K94, D107, and L132 which showed 15-500% increase in intensities 

after addition of 4× ligand. These residues were highlighted as orange on the LdisPBP1 

structure presented in Figure 5.6B. Based on the ratio plots, the majority of the peaks have 

decreased intensities of ~65%, on average, after addition of 4× (-)-disparlure (Figure 5.6 

blue columns). Residues that exhibited this level of reduced intensity were mapped onto 

LdisPBP1 structure (green in Figure 5.6B). Among these residues, L115, A116, and F119 

are found in the binding cavity while T131, V143, G137, L139, and T143 belong to the C-

terminus segment.  

Since the profile of titration with (-)-disparlure followed a slow-intermediate 

exchange regime (0.01 – 1 second), it was possible to estimate the percentage of ligand 

bound using bound and free peak intensities. Eight well-resolved residues with identified 

bound resonance peaks (based on intermediate exchange trajectories) were chosen (E75, 

A82, S96, K99, I103, C109, A121, and T143) for the calculation. At a 1:4 (protein:ligand) 

ratio, ~ 58% of LdisPBP1 had ligand bound at pH 5.0. To confirm this estimate, we used 

the change in intensity of the resonance peaks from ligand-free LdisPBP1 and got a 

slightly higher (but likely not significantly different) value of 62% ligand-bound PBP. The 

estimated % bound value agrees with the average % decrease in peak intensities 

calculated above.  Similar to the spectrum at pH 6.5, the profile at 4× ligand addition 

showed additional new peaks with varying strength in intensities. This could indicate 

conformation heterogeneity based on the estimated number of peaks without ligand (~160 
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peaks) and with 4× ligand (~230 peaks). Furthermore, LdisPBP1 residues could be 

involved in different mobility modes which would affect the strength of the observed signal 

intensities. Overlaid 1H-15N-HSQC spectra without ligand and with 4× excess (-)-disparlure 

displayed different profiles (Figure 5.7). 

Figure 5.7. Overlay of 1H-15N-HSQC spectra, [15N]-LdisPBP1 without ligand and 
4× (-)-disparlure.   

At pH 5.0 without ligand, LdisPBP1 is an A-form (red). After addition of 4× (-)-disparlure, 
additional peaks are observed indicative of presence of another LdisPBP1 form with 
a structural transition in the slow-exchange regime. 

5.3.3. Residues with different chemical shifts upon addition of the 
disparlure enantiomers 

An overlay of the 1H-15N-HSQC spectra of [15N]-LdisPBP1 after addition of a 1:4 

ratio molar of (+)-disparlure or (-)-disparlure is shown in Figure 5.8A. There were a few 

notable differences in the changes of the N-H resonance signals of assigned residues, 

between the two enantiomers identified through intermediate exchange trajectories: F119 

and L132. Other resonances showed differences between the enantiomers but remain 
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unassigned (they are highlighted with arrows in Figure 5.8A). Identified residues were 

mapped onto the LdisPBP1 structure, as shown in Figure 5.8B. F119 is part of the 

hydrophobic, internal binding site, and L132 belongs to the C-terminus segment. 

Figure 5.8. Difference between disparlure enatiomers. 
A. Overlaid [15N]-LdisPBP1 1H-15N-HSQC spectra after 4× excess of either disparlure
enantiomer: (+)-disparlure in blue, (-)-disparlure in yellow. Residues with enantiomer
discrimination and with identifiable bound resonance peaks are labelled (E75, F119,
L132). Bound resonance peaks with enantiomer discrimination that could not be
identified are with arrows. B. Mapping of resonances identified to show enantiomer
discrimination onto LdisPBP1 structure, with side chains shown as sticks (carbon = dark
grey, nitrogen = blue, oxygen = red). F119 and L132 line the binding pocket.

5.3.4. Molecular modelling with the homology model LdisPBP1 B-form 

To identify residues that are involved in ligand recognition between (+)-disparlure 

and (-)-disparlure, a docking simulation was performed using the homology model of 

LdisPBP1 generated from the BmorPBP template (Figure 2.10). We used this model as it 
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represents the open B form, amenable for ligand binding. Possible docking sites were 

identified and the highest ranked site (PLB score 3.07, Propensity for Ligand Binding), 

which corresponds to the known internal binding pocket, was chosen for the in silico 

docking. This site was surrounded by 33 residues, which included the residues identified 

in the LdisPBP1 pH 4.5 structure in close contact with C-terminus 7th helix. Interestingly, 

the orientation of the epoxide ring (facing towards helix α6) for both (+)-disparlure and (-)-

disparlure was similar (Figure 2.10). For this orientation to be similar, one of the 

enantiomers has a flipped configuration compared with the other.  For (+)-disparlure, 18 

residues were involved in binding interactions. The longer hydrocarbon tail interacts with 

residues F12, F33, N35, A116, K120, I123, A129, A135, and V136 while the shorter 

hydrocarbon tail interacts with F12, L61, L68, A73, F76, L90, L91, and K94. On the other 

hand, the bound (-)-disparlure was stabilized in the binding pocket by hydrophobic 

interactions involving 17 residues. The longer hydrocarbon tail in close contact with 

residues F12, L61, A73, A77, L90, L91, K94, A116, F119 and the shorter tail interacts with 

N35, F33, F36, A116, K120, I123, A129, A135, and V136. Most of the residues identified 

with the longer tail of (+)-disparlure interact with the shorter tail of (-)-disparlure. Residues 

involved in binding the shorter tail of (+)-disparlure interact with the longer tail of (-)-

disparlure. Interestingly, the epoxide ring of (+)-disparlure interacts with F12, I52, and K94 

but for (-)-disparlure no close contacts are observed involving the epoxide moiety. The 

calculated S score (binding energy in the S field) for (+)-disparlure and (-)-disparlure 

docking were (in kcal/mol) -10.308 and -10.9098, respectively (Figure 2.13). The lower 

binding energy of (-)-disparlure compared to (+)-disparlure is consistent with the binding 

affinity results which demonstrated the preference of LdisPBP1 to (-)-disparlure (Plettner 

et al., 2000; Yu & Plettner, 2013). Of these residues, A116, F119 and K120 were identified 

in the titration experiment to have notable changes in peak intensities. Interestingly, F119 

is involved in recognition of (-)-disparlure but not of (+)-disparlure. In addition, only F119 

was identified among these residues in the ligand titration experiment involved in 

discriminating the two ligand enantiomers.  

5.3.5. Molecular modelling with the LdisPBP1 A-form 

To identify possible ligand binding sites in the A-form of LdisPBP1, similar docking 

studies were conducted using all the 20 structural models obtained in this study. Common 

top two sites from the docking experiments were (Figure 5.9): site 1 (PLB score 1.70), 
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lined with residues from α1 (F12, P15, M16), α2 (F33, F34, W37), α3 (L55), the loop 

between α3 and α4 (M66, L68), and α7 (L132, D133, V136, L140), and site 2 (PLB score 

0.61), lined with residues from α6 (K120, I123, H124, K125), the loop between α6 and α7 

(L126, W128, A129, P130, T131), and α7 (L132, A135). At site 1, the S scores for (+)-

disparlure and (-)-disparlure binding were -6.94 kcal/mol and -7.00 kcal/mol, respective. 

Binding at site 1 involved 11 and 12 residues, respectively, for ligand interactions. At site 

2, the S scores were -6.57 kcal/mol and -6.48 kcal/mol for (+)-disparlure and (-)-disparlure, 

respectively. Both enantiomers were each stabilized by 8 residues of LdisPBP1. 

Furthermore, ligand interaction maps of both enantiomers docked onto these two sites 

showed most of the ligands were exposed to the solvent (Appendix D1).  In general, the 

docking energy scores were very similar for both enantiomers at each site which suggests 

no apparent difference in binding. Interestingly, in comparison to disparlure docking at the 

known internal binding site (B-form), there is a difference of ~ 4 kcal/mol with the S scores 

in favour of internal site binding. The more residues involved in ligand interactions, the 

more favourable was the binding energy. The A-form sites could be the external sites that 

the ligands bind to initially when they collide with the PBP (see discussion). 
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Figure 5.9. Docking of natural ligands onto LdisPBP1 A-form model using MOE. 
Ligands shown in sticks: carbon = light grey, oxygen = red). A. Site 1 lined with residues 
from α1 (F12, P15, M16), α2 (F33, F34, W37, K38), α3 (L55), loop  α3-α4 (L62, M66,  
L68), α7 (L132, D133, V136, L140) (all residues colored grey). B. Site 2 lined with  
residues from α2 (N35, F36), loop between α2 and α3 (E39, G40, Y41, N42, I43, T44),  
and α6 (M117, K120, A121) (all residues colored grey). 

5.4. Discussion 

5.4.1. pH-induced transition between two LdisPBP1 triggered by 
histidine deprotonation. 

Aside from the A-form, PBP B-forms have been elucidated from B. mori at pH 6.5 

(PDB ID 1LS8) and A. polyphemus at pH 5.2 and 6.3 (PDB ID 1TWO and 1QWV) (Lee et 

al., 2002; Mohanty et al., 2004; Zubkov et al., 2005). In addition, ligand-bound PBPs were 
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shown to have a B-form fold (Sandler et al., 2000; Lautenschlager et al., 2007; di Luccio 

et al., 2013). So far, only these two conformations have been observed in various 

structural studies using NMR and X-ray crystallography. The mechanism behind the 

structural transition between the two PBP forms is still not clear. As seen in ApolPBP1 and 

BmorPBP, the transition has been demonstrated as dependent on pH in the presence of 

endogenous (undelipidated) or exogenous ligands but is somehow pH insensitive in the 

absence of ligands (Katre et al., 2009, Damberger et al., 2013). In acidic environment with 

or without ligand,the A-form is the dominant form. At higher pH condition, the B-form is 

favoured in the absence or presence of ligand. Reports of a BmorPBP A-form at pH 7.5 

(PDB ID 2FJY) and 1H-15N-HSQC A-form at pH 6.5 (BmorPBP and ApolPBP1) suggest 

that the A-form could be the dominant form even at higher pH conditions (Lautenschlager 

et al., 2005; Katre et al., 2009; Damberger et al., 2013). It is still not clear what triggers 

the favourable formation of the A-conformation at higher pH.  

It has been observed that at the transition pH, both forms are equally present as 

reflected by the two sets of peak signals (A-form and B-form) in 15N-HSQC spectra of 

BmorPBP and AtraPBP1 (Damberger et al., 2000; Leal et al., 2009). This transformation 

is observed as slow-exchange event in the NMR timescale (Damberger et al., 2000; Katre 

et al., 2009). Interestingly, in some cases, at pH conditions outside the transition pH, 

reports of 1H-15N-HSQC profiles showed A- and B-forms coexist in an equilibrium where 

one form dominates and the other exists in much smaller population (Katre et al., 2009; 

Damberger et al., 2013). This suggests conformational heterogeneity of moth PBPs at all 

pH conditions. Furthermore, it has been demonstrated in pH titration experiments 

monitored by [15N] -HSQC that the transition is reversible. However, using delipidated 

samples, the A-form is not completely transformed into the B-form (at most ~50%) at 

neutral pH (Damberger et al., 2000; Katre et al., 2009). This is the case observed in our 

delipidated LdisPBP1 pH titration. New peaks were observed in the pH profile at and 

above pH 6. These new peaks are not from protein denaturation, because when the 

sample pH was titrated back to pH 4.5 the 1H-15N-HSQC spectrum was the same within 

limits of experimental error, similar to the previous result obtained at.pH 4.5. However, in 

contrast with BmorPBP, ApolPBP1, AtraPBP1, and OfurPBP2 (Xu et al., 2011, Damberger 

et al., 2013, Katre et al., 2013, Mazumder et al., 2018), the LdisPBP1 conformation at high 

pH showed extensive peak broadening and weak peak intensities in the [15N-HSQC] 
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spectra, which prevented elucidation of the B-form by NMR.  In the case of OfurPBP2, the 

same 1H-15N-HSQC spectrum quality was observed but at pH 4.5.  

The conformational transition between A and B forms happens in the pH 5.6 – 6.0 

range, similar to reported estimates of other PBPs (Damberger et al., 2000, Katre et al., 

2009). This was also predicted from our group’s previous work with gypsy moth PBPs 

(Kowcun et al., 2001, Sanes & Plettner, 2016). The transition pH is close to the pKa of 

histidine, therefore structural studies have focused on histidine residues as key to the 

transition event (Xu et al., 2008, Xu et al., 2011, Katre et al., 2013).  Moth PBPs are highly 

acidic with theoretical pI values between 4.7 and 5.4, with LdisPBP1 having a pI of 5.15. 

LdisPBP1 has 11 aspartate and 11 glutamate residues. Therefore, when this protein is 

kept at pH 5.0, most of the acidic residues will be deprotonated, which confers some 

negative charges to the protein. These negative charges are balanced with positively 

charged groups. At pH 5.0, the protein overall will be close to neutral. More importantly, 

this will affect stability of residues in contact with these acidic residues. A report of 

ApolPBP1 B-form at pH 5.2 demonstrated that the transition pH from the A form to the B-

form could be lower than the 5.5 to 6.0 range (Zubkov et al., 2005). This might have to do 

with the isoelectric point of the protein. ApolPBP1 has theoretical pI of 4.74 compared to 

the 5.15 of LdisPBP1. This indicates that ApolPBP1 could be deprotonated at lower pH 

and therefore, the transition events occur at more acidic conditions. 

It should be noted that the pH of lymph in gypsy moth sensilla was found to be > 

8.0 (Nardella, Terrado et al., 2015). Furthermore, the decrease in pH near the dendritic 

membranes within the sensilla has been estimated to be approximately 1.0 pH unit, from 

ca. 40 Å into the lymph to the surface of the membrane (Kowcun et al., 2001). Therefore, 

the pH-induced transition between the A and B forms of moth PBPs may not be very 

prominent within the sensillar lymph compartment, in the absence of cognate ligands. 

Though the C-terminal helix has been found bound within the binding pocket of moth PBPs 

at low pH, it is known that the C-terminus of LdisPBP1 by itself has no natural affinity for 

either the intact or C-terminally truncated protein (Gong et al., 2010; Nardella, Terrado et 

al., 2015). Furthermore, the C-terminal peptide of LdisPBP1 can form an amphipathic helix 

by itself when placed in a hydrophobic environment (Nardella, Terrado et al., 2015), which 

suggests that hydrophobic interactions with the binding pocket of the PBP or a 

hydrophobic medium (such as the dendritic membrane) play a role in the stabilization of 

the seventh helix seen here for LdisPBP1. Consistent with this idea, it has been shown 
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that both LdisPBPs can deliver pheromone through an aqueous medium to phospholipid 

vesicles (Nardella, Terrado et al., 2015).  

5.4.2. Ligand-induced structure transition allows binding of ligands at 
pH 5.0. 

Without resonance information regarding the bound form of LdisPBP1, the 

proposed bound conformation in this work is still highly speculative. To our knowledge, 

this is the first report of a titration of a wildtype moth PBP with its cognate ligands, done at 

acidic pH. In this work, with increasing ligand concentration, LdisPBP1 A-form 

progressively, partially transitioned into a bound conformation at pH 5.0 as observed in 
1H-15N-HSQC NMR. This event involved slow-exchange dynamics in the NMR timescale. 

Similarly, other moth PBPs reported the same dynamics upon ligand addition but at neutral 

pH (Damberger et al., 2000; Katre et al., 2009). Two structural events could be implicated 

for the ligand binding at acidic pH. One involves transition of A-form to B-form and the B-

form could then bind to the added ligand. The other involves just the A-form where ligands 

bind onto other sites instead of the internal binding cavity. Taking into consideration the 

binding energy scores, number of residues involved in stabilizing the ligands, and extent 

of ligand exposure to solvent, ligand association at these sites are not as strong as ligand 

binding at the internal binding site. It is doubtful therefore that the interactions could lead 

to strong ligand affinity. Taken together, it is possible to imagine that the equilibrium 

between the A and B forms of a PBP can be observed at all pH levels, and that the 

equilibrium is affected by presence of ligands or a hydrophobic environment (Nardella, 

Terrado et al., 2015). Together with the observation that the C-terminal peptide has no 

affinity for the binding site (see above), the ligand titration here demonstrates that the 

pheromone can displace the C-terminus from the binding pocket, even at a low pH. This 

is consistent with ligand binding pH profiles for LdisPBPs, obtained earlier (Kowcun et al., 

2001; Sanes & Plettner, 2016). 

Our results showed that the transition into a bound form was not complete, even 

with excess ligand. Moth PBPs have lower ligand affinity at acidic pH than at higher pH 

values (Kowcun et al., 2001; Honson et al., 2003; Leal et al., 2005; Xu et al., 2008; Xu et 

al., 2011; Katre et al., 2013; Sanes & Plettner, 2016). It has been suggested that the 

decrease in ligand binding at low pH is due to two factors: (1) competition of ligand and 

helix α7 for the internal binding site, and (2) protonation of the highly conserved histidine 
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switch (H70, H95), which alters the A and B form equilibrium (Damberger et al., 2013; 

Katre et al., 2013). Our results suggest that with high ligand concentration, the external 

site binding is favourable (Figure 5.10). We propose that this interaction destabilizes helix 

α7 within the internal binding site, triggering its expulsion from the binding cavity. This 

process leads to the intermediate (Figure 5.10A), which we propose is slightly stabilized 

by the interaction with the hydrophobic ligand, because hydrophobic ligands in the solution 

can stabilize helix α7 outside of the binding pocket. This stabilization effect has been 

demonstrated for LdisPBP1 and the isolated C-terminal peptide that comprises helix α7, 

by placing them in increasing concentrations of isopropanol (homogenous environment of 

solvent with nonpolar group) and monitoring the increase in α-helical content (Nardella, 

Terrado et al., 2015).  

External binding sites of LdisPBPs have been proposed previously, to account for 

a multi-step binding mechanism found in studies of binding kinetics of the disparlure 

enantiomers with LdisPBP2 (Gong et al., 2009) or 1-NPN with both LdisPBPs (Gong et 

al., 2010). Even at pH 7.4, a ligand molecule that collides with a PBP molecule first binds 

on the exterior, in a rapid binding step, and then the complex changes slowly to a more 

stable complex with internally bound ligand. One of the two external binding sites 

proposed previously for the B-form is the one detected in this study [near the loop between 

α2 and α3 and the hinge of the C-terminus] on the A-form. In Gong et al. (2010), it was 

proposed that the hydrophobic parts of the disordered C-terminus of the B-form could help 

to capture and position a hydrophobic ligand near this external binding site. It was also 

proposed that, once the ligand is positioned at this external site, the loop between α2 and 

α3 and the hinge between the C-terminus and α6 need to move apart, to open a conduit 

to the internal binding site (Gong et al., 2010). Here we propose that this breathing motion 

involves accessing the intermediate between the A and B forms, proposed in the present 

study (Figure 5.10). Here we have found evidence for the reverse of the ligand 

internalization process, starting from the A-form: a ligand interacting with the exposed 

hydrophobic face of helix α7, the A form to be destabilized, and the intermediate to be 

more populated (Figure 5.10A). Once ligand accesses the internal binding site from the 

intermediate, the C-terminal helix unravels, and the B-form is reached (Figure 5.10). Since 

ligand binding by LdisPBPs is fully reversible (Plettner et al., 2000), the principle of 

microscopic reversibility must hold over the entire ligand association and dissociation 

pathway. Whereas in previous studies we invoked the existence of the intermediate form 
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to account for the kinetic patterns we observed (Gong et al., 2009; Gong et al., 2010), in 

this study we proposed the intermediate.  

The intermediate, with the C-terminal α7 helix still intact, but outside of the interior 

binding site, can interact with various hydrophobic ligands: the pheromone, fatty acid 

vesicles (which are highly abundant in lymph, Nardella, Terrado et al., 2015) and the 

phospholipid membrane of the dendritic membrane. Nardella, Terrado et al. (2015) 

demonstrated that the full-length LdisPBPs increased partition of disparlure enantiomers 

into phospholipid vesicle membranes. The C-terminally truncated forms were not able to 

do this, confirming the importance of the C-terminus in delivery of the pheromone to a 

phospholipid membrane. Furthermore, the full-length LdisPBPs have been shown to 

desorb disparlure enantiomers from hydrophobic surfaces (Kowcun et al., 2001, Nardella, 

Terrado et al., 2015), an essential process in pheromone olfaction, because the 

pheromone molecules captured from the air stream first adsorb on the hydrophobic cuticle 

of the sensilla. Furthermore, the ligand titration of LdisPBP1 provides evidence for the 

proposed ligand binding mechanism where at low pH and high ligand concentration such 

as the region near the cuticular pore, the dominant A-form can bind to the ligand and 

transform into the B-form-ligand complex. As the bound PBP gets near the vicinity of the 

odorant receptor, the ligand is released. It has been observed in BmorPBP that the 

transition pH varies depending on the ligand present. Addition of the pheromone bombykol 

lowers by two pH units the B- to A-form transition compared with the unliganded BmorPBP. 

Presence of structurally similar ligands likewise lowers the transition pH but more modestly 

than with the bombykol ligand (Damberger et al., 2013).  

5.4.3. LdisPBP1 differentiates disparlure enantiomers. 

Moth PBPs have shown varied levels of selectivity towards ligands. Some can 

differentiate structurally related ligands (Maida et al., 2003; Sun et al., 2016; Zhang et al., 

2017), even isomers (Plettner et al., 2000; Zhang et al., 2016). Others showed no 

selectivity (Liu et al., 2013; Zhang et al., 2016; Zhang et al., 2017; Ge et al., 2018) while 

some only displayed ligand discrimination when in competition with other pheromone 

blend components (Leal et al., 2005). Our result showed subtle difference between the 

disparlure enantiomers by 1H-15N-HSQC and molecular docking. In contrast to pheromone 

from other moths, disparlure has its polar functional group (epoxide) in the middle (C7-C8) 

of the C18 hydrocarbon chain. Other moth pheromones have the polar functional groups 
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located at the terminal end of the hydrocarbon chain, e.g. B. mori (E10, Z12-16: 1-OH 

bombykol, E10, Z12-16:Ald bombykal), A. polyphemus (E6, Z11-16:Ac, E6, Z11-16:Ald), 

and A. transitella (Z11, Z13-16:1-OH; Z11, Z13-16:Ald) (Kaissling  et al., 1978; Kochansky  

et al., 1975; Coffelt et al., 1979). Structures of these pheromones bound to their respective 

PBPs show conformations that are bent in the middle, such that the polar and non-polar 

ends point in the same direction (Sandler et al., 2000, di Luccio et al., 2013). Our recent 

study of disparlure bound to LdisPBPs from the point of view of the ligand, show that 

disparlure binds in multiple conformations, away from the global minimum, many with a 

kink at the epoxide (Pinnelli et al., 2019). 

Here we have observed residues that are involved in discriminating (+)-disparlure 

and (-)-disparlure in LdisPBP1. F119 is highly conserved among moth PBPs (Figure 4.10). 

F119 together with F12 have been identified to sandwich the nonpolar part of pheromones, 

as seen in the complex structures of BmorPBP and AtraPBP1 with their respective 

pheromones (Sandler et al., 2000; di Luccio et al., 2013). Interestingly, position 56 which 

is S56 in BmorPBP, was identified to interact with the hydroxyl group of bombykol. In 

contrast, AtraPBP1 involves R107 and water-mediated M61 and G66 to stabilize the 

carbonyl group of the aldehyde pheromone, whereas M61 and water-mediated R107 and 

E98 interactions stabilize the hydroxyl group of the alcohol pheromone (di Luccio et al., 

2013). Furthermore, it has been proposed that ApolPBP1 N53 could be responsible in the 

interaction with the acetate and aldehyde groups of the A. polyphemus pheromones. In 

these molecules the polar groups are located at the terminal end of the molecular 

structure. It is interesting to note from these studies that even pheromones with closely 

similar structures orient differently inside the binding pocket. For LdisPBP1, A56 could not 

be analyzed properly in ligand titration experiments, due to overlap with another 

resonance peak. Our docking results with the B form described here show that, in the 

highest binding energy pose, both for (+)-disparlure and (-)-disparlure, the epoxide oxygen 

faces towards K94 (helix α5) which is adjacent to H95. The CH groups of the epoxide ring 

are in close contact with the residues near Ile52. Ile 52 is involved in hydrophobic 

interactions as demonstrated in X-ray structures of AtraPBP1 bound with its two major 

pheromones, and BmorPBP in complexed with bombykol and nonpheromone ligands 

(Sandler et al., 2000; Lautenschlager et al., 2007; di Luccio et al., 2013). In the model, 

F12 and F119 sandwiched the hydrocarbon tails of both enantiomers. These orientation 
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profiles are consistent with the results of disparlure docking done by Pinnelli et al. (2019) 

using homology model of LdisPBP1 from the BmorPBP template. 
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Figure 5.10. Proposed scheme for ligand and pH-induced structure transition.  
A. In acidic condition, the acidic residues are protonated (neutral charge) which 
makesthe formation of a C-terminus helix and its stable insertion inside the binding 
cavity favourable. At this condition, the dominant PBP conformation is the A-form. In 
basic environment, the acidic residues are deprotonated (negative charge) which 
destabilizes the C-terminus helix and leads to its extrusion out of the binding cavity 
(intermediate form).  Once out of the binding pocket, the C-terminus helical structure 
unravels and becomes disordered. Addition of ligand in acidic condition (A-form 
dominant), results in external site binding. This binding is made favourable with higher 
ligand concentration. Ligand binding at the external sites (adjacent to the C-terminus 
helix) destabilize the helix inside the binding pocket which might lead to its expulsion 
(intermediate form). This would then allow ligand binding inside the binding cavity. With 
presence of ligand, as the pH increases, pH and ligand-induced formation of the 
intermediate is made favourable. This allows favourable internalization of ligand in the 
binding pocket. B.  Proposed pH-induced energy diagram. In acidic condition (red 
broken line), A-form is the most stable structure compared to the B-form (blue broken 
line) while in basic environment the reverse is observed. C. Proposed ligand-induced 
energy diagram. With presence of ligand, the A-form is still the favourable conformation 
in acidic condition. But, with high ligand concentration, formation of the intermediate is 
favoured which would eventually lead to a stable bound form. In basic condition, both pH 
and ligand trigger stable formation of the bound form. 
 

5.5. Conclusion 

Titration studies with pH variation and no ligand or with ligand at constant pH 5.0 

both reveal, presence of another form of the PBP. The A-form is not completely converted 

into this other form in both titration studies which suggest that conformational 

heterogeneity exists across particular pH ranges and in the presence of ligand at acidic 

pH. Molecular docking analysis of disparlure onto the NMR-derived A-conformation of 

LdisPBP1 revealed two external sites with binding energies ~4 kcal/mol lower than that 

determined for the empty B-conformation, which we postulate are physiologically relevant 

for the ligand induced transition of the α7 helix out of the interior pheromone binding 

pocket. 
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Chapter 6. Conclusion and Future Work 

LdisPBPs showed cases of discrimination, thermodynamically and kinetically, 

among ligands tested. In general, LdisPBP2 showed stronger affinities towards the 

analogues compared to LdisPBP1. Molecular modelling revealed two possible ligand 

conformations inside the binding pocket of LdisPBP1 and LdisPBP2 homology models. 

Substitution of –CH2– at position 5 with O removed any interactions at this position, 

observed with disparlure, in both LdisPBPs. Interestingly, substitution of –CH2– at position 

10 with O added a hydrogen bonding interaction between the added O and Lys94 in 

LdisPBP1, and this interaction was absent in LdisPBP2. Substitution of –CH2– at position 

5 or 10 with S retained nonpolar interactions in both LdisPBPs, also seen with disparlure. 

Correlation of affinity binding constants and kinetic constants with EAG response patterns 

suggests PBP affects receptor activation (transporter) and deactivation (scavenger). 

The structure of LdisPBP1 3D at pH 4.5 is helical, compact, globular, and 

corresponds to the A-form. The A-form has seven helices with the 7th C-terminus helix 

inside the binding pocket stabilized by hydrophobic, electrostatic, and hydrogen bonding 

interactions. Histidine and acidic residue pairings were identified which play important 

roles in pH-induced structural transition to a different form. Moreover, titration studies with 

pH variation and ligand addition revealed presence of another LdisBP1 form. In both 

titration studies, the A form was not completely converted into this other form, which 

suggests that conformational heterogeneity exists across a particular pH range or the 

presence of ligand at acidic pH. 

In light of these results, the following recommendations will further solidify the 

findings in this work and will provide additional insights into the mechanistic and structural 

bases of PBP function. 

To understand the interplay between pheromone-binding protein and odorant 

receptor activity at the molecular level, the use of heterologous expression systems such 

as Xenopus oocytes or human embryonic kidney cells 293 (HEK293) would be an 

indispensable tool to understand the interaction of odorant receptors (which have not yet 

been identified in the gypsy moth) with ligands and PBPs. The activity of the receptors 

toward the disparlure enantiomers and their analogues can be measured using the two-

electrode voltage clamp technique on frog oocytes. Such tests can be done in the absence 
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or presence of PBPs. Such experiments provide a more definite functional 

characterization of a specific receptor, in the presence of absnce of PBPs. The information 

from experiments done in the presence of PBPs can then be analyzed against theknown 

LdisPBP-ligand binding physical constants, to detect any correlations.  

 In addition, fluorescence resonance energy transfer (FRET) -based experiments 

can be used to investigate possible interactions between pheromone-binding proteins and 

odorant receptors. Although it has been proven that the odorant itself is the receptor 

activator not the PBP-odorant complex (see Chapter 1, section 1.3.1), the factors and 

mechanisms that trigger PBP release of the odorant are still not clear. Through FRET 

experiments, these would establish whether PBPs recognize odorant receptors and 

through this binding interaction would induce release of the odorant to the receptor. 

To compare the kinetics property between LdisPBP1 and LdisPBP2, binding 

kinetics experiments using LdisPBP2 against the disparlure enantiomers and their 

analogues will be conducted. The presence of more than one type of PBP in moth species 

suggests different roles played by individual PBP types. 

In this work, the structure of the A-form of LdisPBP1 is presented. To investigate 

further the structural basis of the conformational transition between the A- and B-forms, 

the B-form of LdisPBP1 should be studied using NMR. With assigned 1H-15N-HSQC 

resonance profiles of both A- and B-forms, residues important in pH- and ligand-induced 

structural transitions will be identified.  

Similarly, to understand the structural basis of LdisPBP2 function, LdisPBP2 A-

form and B-form conformation information through NMR should be generated. 

It would likewise be interesting to investigate at the biological level the function of 

PBPs in the moth. Through the use of the CRISPR/Cas (Clustered Regularly Interspaced 

Short Palindromic Repeats/CRISPR-associated protein) genome editing system, 

expression of different PBP types can be systematically lowered, and the resulting moth 

mutants with PBP-compromised functionalities can be used in electrophysiological studies 

against the disparlure enantiomers and their analogues.  

In this work, new insights will be provided into the role of gypsy moth pheromone-

binding protein in pheromone receptor activity by its ability to transport and/or trap 
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odorants. Furthermore, the gypsy moth PBP1 structure and the NMR-based structural 

studies will support future structural investigations into gypsy moth PBP recognition of the 

disparlure enantiomers and ligand binding and release mechanisms. 
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Appendix A. Chapter 2 supplemental information 

 

Appendix A1. Scheme for the synthesis of disparlure enantiomers (+)-1, (-)-1 and 
thia analogues enantiomers (+)-4, (-)-4, (+)-5, (-)-5. 

 

 

Appendix A2. Scheme for the synthesis of oxa analogues enantiomers (+)-2, (-)-2, 
(+)-3, (-)3. 
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Appendix A3. Superposed homology models of LdisPBP1 and LdisPBP2 
generated using MOE software. The superposed structures have a 
calculated RMSD of 1.21 Å. The helical features of both PBPs are 
mostly similar. Noticeable differences are found in the turns, loops, 
and C-termini regions. Shown in yellow are the three highly 
conserved disulfide bridges: LdisPBP1 (Cys19-Cys54, Cys50-
Cys109, Cys97-Cys118), LdisPBP2 (Cys19-Cys54, Cys50-Cys110, 
Cys97-Cys119. Other labelled residues are examples of amino acids 
found in the binding pocket of LdisPBP. 

LdisPBP1 SKEVMKQMTINFAKPMEACKQELNVPDAVMQDFFNFWKEGYQITNREAGCVILCLAKKLE 60 

LdisPBP2 SKDVMHQMALKFGKPIKLCQQELGADDSVVKEFLDFWKDGYVMKDRQTGCMLICMAMKLE 60 

**:**:**:::*.**:: *:***.. *:*:::*::***:** :.:*::**:::*:* *** 

LdisPBP1 LLDQDMNLHHGKAMEFAMKHGADEAMAKQLLDIKHSCEKVIT-IVADDPCQTMLNLAMCF 119 

LdisPBP2 LLDSAMEIHHGSTFAFAKAHGADEAMAQQIIDIVHGCTTTYPAAETNDPCQRAVNVAMCF 120 

***. *::***.:: **  ********:*::** *.* ..     ::****  :*:**** 

LdisPBP1 KAEIHKLDWAPTLDVAVGELLADT- 143 

LdisPBP2 KAHVHKLNWAPDVELLVADFLAESQ 145 

**.:***:*** ::: *.::**:: 
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Appendix A4. Amino acid sequence alignment analysis using Clustal Omega.  The 
two sequences have 48.966% identity with 71 identical residues (*) 
and 54 similar residues (. and :). Highlighted in yellow are residues 
in the binding pocket that are different between the two LdisPBPs. 

Appendix A5. LdisPBP1 Kd (µM) values: Replicates, Average, and Standard Error 
of the Mean 

Ligand Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 AVE SEM 

(+)-disparlure 13.2 8.9 5.1 5.2 1.9 6.8 1.9 

(-)-disparlure 6.5 9.0 4.4 3.1 7.2 6.0 1.1 

(+)-5-oxadisparlure 7.4 10.7 8.6 7.7 8.6 0.7 

(-)-5-oxadisparlure 9.7 15.8 15.9 17.7 12.1 9.2 13 2 

(+)-10-oxadisparlure 7.6 22.1 10.8 23.7 16 4 

(-)-10-oxadisparlure 2.2 1.5 2.8 1.8 6.0 2.9 0.8 

(+)-5-thiadisparlure 1.2 1.7 2.2 2.1 3.2 2.1 0.3 

(-)-5-thiadisparlure 3.8 3.1 3.8 3.8 2.8 3.5 0.2 

(+)-10-thiadisparlure 2.0 8.9 3.2 10.7 6.2 2.1 

(-)-10-thiadisparlure 2.2 3.7 3.0 1.8 2.7 0.4 

Appendix A6. LdisPBP2 Kd (µM) values: Replicates, Average, and Standard Error 
of the Mean 

Ligand Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 AVE SEM 

(+)-disparlure 0.54 1.6 3.9 2.8 2.2 0.7 
(-)-disparlure 3.2 4.5 2.7 8.6 4.7 1.3 
(+)-5-oxadisparlure 4.7 3.4 5.6 5.5 4.8 0.5 
(-)-5-oxadisparlure 7.5 5.8 5.7 10.1 15.8 9.0 1.9 
(+)-10-oxadisparlure 5.6 4.6 4.0 5.2 6.0 5.1 0.4 
(-)-10-oxadisparlure 1.4 0.85 1.6 2.2 2.9 1.8 0.4 
(+)-5-thiadisparlure 1.1 0.91 1.1 1.4 1.1 1.1 0.1 
(-)-5-thiadisparlure 0.93 1.6 0.84 1.0 0.94 1.1 0.1 
(+)-10-thiadisparlure 1.4 3.3 4.8 2.6 2.9 3.0 0.6 
(-)-10-thiadisparlure 1.0 3.5 3.7 3.3 1.6 2.6 0.6 

Appendix A7. Equilibrium dissociation constants (µM) of LdisPBPs and ligands. 
Values represent means  S.E. of the number of replicates (n) 
shown. 

Ligand PBP1 PBP2 

(+)-disparlure, (+)-1 6.8 ± 1.9 (n = 5) 2.2 ± 0.7 (n = 4) 
(-)-disparlure, (-)-1 6.0 ± 1.1 (n = 5) 4.7 ± 1.3 (n = 4) 
(+)-5-oxadisparlure, (+)-2 8.6 ± 0.7 (n = 4) 4.8 ± 0.5 (n = 4) 
(-)-5-oxadisparlure, (-)-2 13 ± 2 (n = 6) 9.0 ± 1.9 (n = 5) 
(+)-10-oxadisparlure, (+)-3 16 ± 4 (n = 4) 5.1 ± 0.4 (n = 5) 
(-)-10-oxadisparlure, (-)-3 2.9 ± 0.8 (n = 5) 1.8 ± 0.4 (n = 5) 
(+)-5-thiadisparlure, (+)-4 2.1 ± 0.3 (n = 5) 1.1± 0.1 (n = 5) 
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(-)-5-thiadisparlure, (-)-4 3.5 ± 0.2 (n = 5) 1.1 ± 0.1 (n = 5) 
(+)-10-thiadisparlure, (+)-5 6.2 ± 2.1 (n = 4) 3.0 ± 0.6 (n = 5) 
(-)-10-thiadisparlure, (-)-5 2.7 ± 0.4 (n = 4) 2.6 ± 0.6 (n = 5) 

Appendix A8. Lag times (ms): Replicates, Average, and Standard Error of the 
Mean 

Ligand Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 Rep 7 Rep 8 AVE SEM 

(+)-1 160 190 190 140 180 190 175 8 
(-)-1 170 200 190 120 150 230 177 16 
(+)-2 100 250 220 280 250 230 31 
(-)-2 210 230 230 250 230 198 6 
(+)-3 120 230 230 170 240 198 23 
(-)-3 110 240 230 150 260 198 29 
(+)-4 260 240 280 250 260 250 240 250 254 5 
(-)-4 270 250 250 240 250 230 250 290 254 7 
(+)-5 230 270 250 240 240 230 270 260 249 6 
(-)-5 240 250 250 250 230 240 280 249 6 

Appendix A9. List of lag times arranged from lowest to highest and the 
corresponding Kd values. Values represent means  S.E. of the 
number of replicates (n) shown. 

Ligand2 Kd(µM) PBP1 Kd(µM) PBP2 lag time (ms)1 

(+)-1 6.8 2.2 175 ± 8 (n=6) 
(-)-1 6.0 4.7 177 ± 16 (n=6) 
(-)-2 13 9.0 198 ± 6 (n=5) 
(+)-3 16 5.1 198 ± 23 (n=5) 
(-)-3 2.9 1.8 198 ± 29 (n=5) 
(+)-2 8.6 4.8 230 ± 31 (n=5) 
(-)-5 2.7 2.6 249 ± 6 (n=7) 
(+)-5 6.2 3.0 249 ± 6 (n=8) 
(-)-4 3.5 1.1 254 ± 7 (n=8) 
(+)-4 2.1 1.1 254 ± 5 (n=8) 

1Ligand concentration 100 µg. 2 (+)-2, (-)-3, (+)-4 and (-)-5 are analogues of (-)-1. Whereas (-)-2, (+)-3, (-)-4 and (+)-5 
are analogues of (+)-1. 

Appendix A10. Depolarization rates (mV/s) values: Replicates, Average, and 
Standard Error of the Mean 

Ligand Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 Rep 7 Rep 8 AVE SEM 

(+-1 35.2 8.6 13.8 6.9 33.4 36.2 22.4 5.7 
(-)-1 6.0 3.0 3.1 3.6 9.3 12.2 6.2 1.6 
(+)-2 11.2 12.8 10.4 11.2 11.4 0.5 
(-)-2 37.1 26.5 16.7 12.6 25.3 23.6 4.3 
(+)-3 27.1 31.9 14.5 12.5 25.5 22.3 3.8 
(-)-3 18.7 10.4 7.7 4.2 9.6 10.1 2.4 
(+)-4 5.8 8.0 5.9 6.5 7.8 7.3 1.5 3.9 5.8 2.8 
(-)-4 16.9 16.7 12.0 8.7 11.1 10.0 14.3 12.8 2.8 
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(+)-5 18.5 14.5 15.6 12.8 6.8 9.3 9.4 13.6 12.6 2.8 
(-)-5 8.0 5.4 6.7 8.8 12.2 15.9 4.6 4.2 8.2 2.8 

Appendix A11. List of depolarization rates arranged from slowest to fastest and 
the corresponding Kd values. Values represent means  S.E. of the 
number of replicates (n) shown. 

Ligand 2 Kd(µM) PBP1 Kd(µM) PBP2 DPR (mV/s)1 

(+)-4 2.1 1.1 5.8 ± 2.8 (n=8) 
(-)-1 6.0 4.7 6.2 ± 1.6 (n=6) 
(-)-5 2.7 2.6 8.2 ± 2.8 (n=8) 
(-)-3 2.9 1.8 10.1 ± 2.4 (n=5) 
(+)-2 8.6 4.8 11.4 ± 0.5 (n=4) 
(+)-5 6.2 3.0 12.6 ± 2.8 (n=8) 
(-)-4 3.5 1.1 12.8 ± 2.8 (n=7) 
(+)-3 16 5.1 22.3 ± 3.8 (n=5) 
(+)-1 6.8 2.2 22.4 ± 5.7 (n=6) 
(-)-2 13 9.0 23.6 ± 4.3 (n=5) 

1Ligand concentration 100 µg. 2 (+)-2, (-)-3, (+)-4 and (-)-5 are analogues of (-)-1. Whereas (-)-2, (+)-3, (-)-4 and (+)-5 
are analogues of (+)-1. 

Appendix A12. Repolarization rates (mV/s) values: Replicates, Average, and 
Standard Error of the Mean 

Ligand Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 Rep 7 Rep 8 AVE SEM 

(+)-1 0.28 0.27 0.37 0.69 0.64 0.50 0.1 
(-)-1 2.0 1.6 0.86 0.67 1.1 1.5 1.3 0.2 
(+)-2 3.4 2.9 2.0 1.7 2.5 0.4 
(-)-2 3.2 2.7 1.0 2.6 2.4 0.5 
(+)-3 1.1 0.68 0.81 0.43 0.8 0.1 
(-)-3 1.4 0.92 1.0 1.1 0.1 
(+)-4 3.0 3.7 4.1 3.3 4.5 3.8 2.3 3.5 0.5 
(-)-4 12.8 17.8 9.1 10.3 6.7 9.7 4.9 8.9 10.0 1.4 
(+)-5 11.1 12.7 7.7 7.9 4.9 5.6 8.9 6.0 8.1 1.0 
(-)-5 6.6 3.6 5.0 5.7 3.1 3.4 4.6 0.6 

Appendix A13. List of repolarization rates arranged from slowest to fastest and 
the corresponding Kd values. Values represent means  S.E. of the 
number of replicates (n) shown. 

Ligand2 Kd(µM) PBP1 Kd(µM) PBP2 RPR (mV/s)1 

(+)-1 6.8 2.2 0.5 ± 0.1 (n=5) 
(+)-3 16 5.1 0.8 ± 0.1 (n=4) 
(-)-3 2.9 1.8 1.1 ± 0.1 (n=3) 
(-)-1 6.0 4.7 1.3 ± 0.2 (n=6) 
(-)-2 13 9.0 2.4 ± 0.5 (n=4) 
(+)-2 8.6 4.8 2.5 ± 0.4 (n=4) 
(+)-4 2.1 1.1 3.5 ± 0.5 (n=7) 
(-)-5 2.7 2.6 4.6 ± 0.6 (n=6) 
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(+)-5 6.2 3.0 8.1 ± 1.0 (n=8) 
(-)-4 3.5 1.1 10.0 ± 1.4 (n=8) 

1Ligand concentration 100 µg. 2 (+)-2, (-)-3, (+)-4 and (-)-5 are analogues of (-)-1. Whereas (-)-2, (+)-3, (-)-4 and (+)-5 
are analogues of (+)-1. 

Appendix A14. Individual EAG response profiles of 100 µg (+)-disparlure and (-)-
disparlure showing depolarization slopes (DPR) and repolarization 
slopes (RPR). 

Appendix A15. Individual EAG response profiles of 100 µg (+)-5-oxadisparlure and 
(-)-5-oxadisparlure showing depolarization slopes (DPR) and 
repolarization slopes (RPR). 
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Appendix A16. Individual EAG response profiles of 100 µg (+)-10-oxadisparlure 
and (-)-10-oxadisparlure showing depolarization slopes (DPR) and 
repolarization slopes (RPR). 

Appendix A17. Individual EAG response profiles of 100 µg (+)-5-thiadisparlure and 
(-)-5-thiadisparlure showing depolarization slopes (DPR) and 
repolarization slopes (RPR). 

Appendix A18. Individual EAG response profiles of 100 µg (+)-10-thiadisparlure 
and (-)-10-thiadisparlure showing depolarization slopes (DPR) and 
repolarization slopes (RPR). 
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Appendix A19. Docking of 5-oxadisparlure onto LdisPBP1 B-form homology 
model using MOE. 

A. Left: (+)-5-oxadisparlure; right: (-)-5-oxadisparlure. Ligands are shown as sticks inside
the binding pocket. The homology model has six helices each labelled as α1-α6. N-
terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B.
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in
purple background are polar while residues in green background are nonpolar. Residues
and ligand atoms with light blue clouds are exposed to the solvent environment.



194 

Appendix A20. Docking of 10-oxadisparlure onto LdisPBP1 B-form homology 
model using MOE. 

A. Left: (+)-10-oxadisparlure; right: (-)-10-oxadisparlure. Ligands are shown as sticks
inside the binding pocket. The homology model has six helices each labelled as α1-α6.
N-terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B.
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in
purple background are polar while residues in green background are nonpolar. Residues
and ligand atoms with light blue clouds are exposed to the solvent environment.
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Appendix A21. Docking of 5-thiadisparlure onto LdisPBP1 B-form homology 
model using MOE. 

A. Left: (+)-5-thiadisparlure; right: (-)-5-thiadisparlure. Ligands are shown as sticks inside
the binding pocket. The homology model has six helices each labelled as α1-α6. N-
terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B.
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in
purple background are polar while residues in green background are nonpolar. Residues
and ligand atoms with light blue clouds are exposed to the solvent environment.
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Appendix A22. Docking of 10-thiadisparlure onto LdisPBP1 B-form homology 
model using MOE. 

A. Left: (+)-10-thiadisparlure; right: (-)-10-thiadisparlure. Ligands are shown as sticks
inside the binding pocket. The homology model has six helices each labelled as α1-α6.
N-terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B.
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in
purple background are polar while residues in green background are nonpolar. Residues
and ligand atoms with light blue clouds are exposed to the solvent environment.
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Appendix A23. Docking of 5-oxadisparlure onto LdisPBP2 B-form homology 
model using MOE. 

A. Left: (+)-5-oxadisparlure; right: (-)-5-oxadisparlure. Ligands are shown as sticks inside 
the binding pocket. The homology model has six helices each labelled as α1-α6. N-
terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B. 
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in 
purple background are polar while residues in green background are nonpolar. Residues 
and ligand atoms with light blue clouds are exposed to the solvent environment. 
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Appendix A24. Docking of 10-oxadisparlure onto LdisPBP2 B-form homology 
model using MOE. 

A. Left: (+)-10-oxadisparlure; right: (-)-10-oxadisparlure. Ligands are shown as sticks
inside the binding pocket. The homology model has six helices each labelled as α1-α6.
N-terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B.
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in
purple background are polar while residues in green background are nonpolar. Residues
and ligand atoms with light blue clouds are exposed to the solvent environment.
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Appendix A25. Docking of 5-thiadisparlure onto LdisPBP2 B-form homology 
model using MOE. 

A. Left: (+)-5-thiadisparlure; right: (-)-5-thiadisparlure. Ligands are shown as sticks inside 
the binding pocket. The homology model has six helices each labelled as α1-α6. N-
terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B. 
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in 
purple background are polar while residues in green background are nonpolar. Residues 
and ligand atoms with light blue clouds are exposed to the solvent environment. 
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Appendix A26. Docking of 10-thiadisparlure onto LdisPBP2 B-form homology 
model using MOE. 

A. Left: (+)-10-thiadisparlure; right: (-)-10-thiadisparlure. Ligands are shown as sticks 
inside the binding pocket. The homology model has six helices each labelled as α1-α6. 
N-terminus (labelled as N) is structured helix (dark blue) while the dodecapeptide C-
terminal end (labelled as C) is disordered (red) located outside the binding pocket. B. 
Binding pocket residues in contact (within 4.5 Å) are all hydrophobic. C. Map of protein-
ligand interactions of the binding pocket residues in contact (within 4.5 Å). Residues in 
purple background are polar while residues in green background are nonpolar. Residues 
and ligand atoms with light blue clouds are exposed to the solvent environment. 
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Appendix B. Chapter 3 supplemental information 

Appendix B1. 1-NPN and LdisPBP1 binding assay. 
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Appendix B2. 1-NPN and LdisPBP2 binding assay. 
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Appendix B3. Fluorescent traces of 1-NPN association kinetics with LdisPBP1. 

Appendix B4. 1-NPN kinetic constants and kinetics-derived Kd from association 
fitting 

kon (µM-1.s-1) koff (s-1) R2 Kd (µM) 
Trial 1 84 33 0.85 0.39 
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Trial 2 111 33 0.93 0.30 

Trial 3 106 33 0.88 0.31 

Trial 4 107 33 0.84 0.31 

Trial 5 93 33 0.92 0.36 

Average 100 33 0.34 

STDEV 11 0 0.04 

SEM 5 0 0.02 
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Appendix B5. Fluorescent traces of 1-NPN dissociation kinetics with LdisPBP1. 

Appendix B6. 1-NPN kinetic constants and kinetics-derived Kd from dissociation 
fitting 

kon (µM-1.s-1) koff (s-1) R2 Kd (µM) 
Trial 1 33 0.68 0.32 

Trial 2 32 0.67 0.32 

Trial 3 38 0.68 0.38 

Trial 4 32 0.67 0.32 

Trial 5 31 0.71 0.31 

Trial 6 38 0.68 0.38 

Trial 7 31 0.70 0.31 

Trial 8 38 0.68 0.38 

Average 100 34 0.34 

STDEV 3 0.03 

SEM 1 0.01 
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Appendix B7. Fluorescent traces of 1-NPN competition kinetics with (+)-disparlure 
(+)-1. 
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Appendix B8. Fluorescent traces of 1-NPN competition kinetics with (-)-disparlure 
(-)-1. 
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Appendix B9. Fluorescent traces of 1-NPN competition kinetics with (+)-5-
oxadisparlure (+)-2. 
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Appendix B10. Fluorescent traces of 1-NPN competition kinetics with (-)-5-
oxadisparlure (-)-2. 
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Appendix B11. Fluorescent traces of 1-NPN competition kinetics with (+)-10-
oxadisparlure (+)-3. 
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Appendix B12. Fluorescent traces of 1-NPN competition kinetics with (-)-10-
oxadisparlure (-)-3. 
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Appendix B13. Fluorescent traces of 1-NPN competition kinetics with (+)-5-
thiadisparlure (+)-4. 
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Appendix B14. Fluorescent traces of 1-NPN competition kinetics with (-)-5-
thiadisparlure (-)-4. 
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Appendix B15. Fluorescent traces of 1-NPN competition kinetics with (+)-10-
thiadisparlure (+)-5. 
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Appendix B16. Fluorescent traces of 1-NPN competition kinetics with (-)-10-
thiadisparlure (-)-5. 

Appendix B17. Apparent kinetics constants and kinetics-derived Kd  
Ligands trials k’on (x 107) 

(M-1s-1) 
ave SEM k’off 

(s-1) 
ave SEM R2 Ki 

(µM) 
ave SEM 

(+)-1 1 2.3 2.7 0.2 77 85 4 0.95 3.3 3.2 0.2 

2 2.3 85 0.93 3.6 

2 3.0 97 0.92 3.2 

4 3.2 81 0.90 2.5 

(-)-1 1 3.9 3.9 0.2 108 116 5 0.90 2.7 3.0 0.3 

2 3.8 118 0.90 3.1 

3 4.3 111 0.96 2.6 

4 3.5 129 0.91 3.7 

(+)-2 1 2.4 2.1 0.2 52 52 1 0.94 2.2 2.5 0.2 

2 2.4 55 0.88 2.3 

3 2.1 49 0.91 2.3 

4 1.7 51 0.86 3.0 

(-)-2 1 4.0 3.9 0.2 62 50 5 0.88 1.6 1.3 0.1 

2 3.3 42 0.94 1.3 

3 3.9 44 0.96 1.1 

4 4.4 53 0.86 1.2 
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(+)-3 1 2.2 1.9 0.1 43 37 3 0.96 2.0 1.9 0.1 

2 1.9 32 0.95 1.7 

3 1.8 31 0.92 1.8 

4 1.7 40 0.93 2.3 

(-)-3 1 1.9 2.0 0.3 32 30 2 0.92 1.7 1.6 0.1 

2 1.9 28 0.94 1.5 

3 1.4 26 0.84 1.9 

4 2.6 33 0.94 1.2 

(+)-4 1 5.8 4.8 0.6 119 108 5 0.94 2.0 2.3 0.2 

2 3.4 94 0.96 2.8 

3 5.6 110 0.95 2.0 

4 4.6 110 0.93 2.4 

(-)-4 1 2.5 2.2 0.2 70 63 3 0.94 2.8 2.9 0.2 

2 1.9 64 0.92 3.4 

3 2.4 62 0.95 2.6 

4 1.9 56 0.96 2.9 

(+)-5 1 2.7 3.7 0.4 88 82 7 0.94 3.3 2.3 0.4 

2 4.0 97 0.93 2.4 

3 4.7 75 0.94 1.6 

4 3.2 67 0.93 2.1 

(-)-5 1 2.5 3.4 0.3 54 70 6 0.93 2.1 2.1 0.1 

2 3.8 72 0.96 1.9 

3 3.3 83 0.92 2.5 

4 3.7 73 0.94 2.0 

Note: The apparent rate constants were calculated from GraphPad Prism global fitting of 

the fluorescent traces (with increasing concentrations of the non-fluorescent ligand). The 

model used was kinetics of competitive binding where rate constants (kon, koff) of 1-NPN 

and concentration of 1-NPN were used as restraints. 
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Appendix C. Chapter 4 supplemental information 

Appendix C1. Spectrum of the 3D-NMR experiment HCN that shows correlation of 
Nδ1, Nε2, Hδ1, Hε2 of the imidazole rings of five histidines. Experiment 
conducted at pH 4.5, 35 °C using [13C,15N]-LdisPBP1. 
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Appendix D. Chapter 5 supplemental information 

Appendix D1. Maps of ligand interactions from MOE docking of (+)-disparlure and 
(-)disparlure onto LdisPBP1 A-form. A. Ligand-protein interactions at 
site 1. B. Ligand-protein interactions at site 2. Residues in light 
green circles are identified as greasy, and pink circles are the polar, 
acidic, basic residues.  Ligand elements in blue cloud are solvent 
exposed, and residues in light blue cloud are solvent exposed. 
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Appendix D2. Aligned LdisPBP1 models (A-form and B-form) with disulfide 
bridges in yellow sticks, N = N-terminus, C = C-terminus: LdisPBP1 
A-form (red), LdisPBP1 homology model of B-form (green) using
BmorPBP template (PDB ID:1LS8). Secondary structure labels are
based in the A-form conformation (α1-α7, in black text) and the
corresponding homology B-form in purple text. Secondary regions
with significant differences in conformation are indicated with
broken arrows pointing to the B-form homology model. These are N-
terminus, C-terminus, β-turns, parts of α3, α4, α5, and loop
connecting α6 to α7.




