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ABSTRACT

Odour Binding Proteins (OBPs) are found in the olfactory system of a range of

species. Whilst invertebrate OBP function is well understood, the exact

function of these proteins in the vertebrate nasal mucus is not fully understood.

Multiple subtypes of rat OBPs have been identified and found to share less

than 30% sequence identity. Studies have suggested each rat OBP binds to

particular sets of odours, which may afford them a particularly important role

within the olfactory system, pre-sorting odours.

This study focuses on OBP3, closely examining the binding interaction of this

protein with a range of odours. This has been done using Isothermal Titration

Calorimetry which revealed that the binding of the highest affinity ligands, the

heterocyclic compounds, is enthalpically driven. A defined odour series, the "(-

lactones showed that despite increasing ligand size and hydrophobicity, the

free energy of binding of these ligands is maintained.

Interactions with both 2-isobutylthiazole and the "(-lactones were examined

using NMR spectroscopy, which required the NMR assignment of OBP3 to be

determined. In addition a homology model of OBP3 was created in order to

structurally map the per-residue changes of OBP3 upon binding. It has been

found that OBP3 is able to subtly adjust in order to accommodate each of these

ligands.
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Protein engineering of the OBP3 binding pocket has been used to highlight the

importance of its size and hydrophobicity. The importance of a tyrosine residue

that appears to cover the opening to the binding pocket and is conserved across

both the aBPs and the lipocalins family they are part of, has been

demonstrated. Mutagenesis has also revealed the importance of a number of

key residues for the binding of 2-isobutylthiazole. The ability to rationally

improve the affinity of OBP3 for a particular odour has also been

demonstrated.
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1. INTRODUCTION

Rat Odour Binding Protein 3 (OBP3) which is the focus of this study is found

in the olfactory system of Rattus norvegicus. It is one of three subtypes of

Odour Binding Protein (OBP) identified in this mammal (LObel et al. 1998;

Lobel et at. 2001). OBPs have been identified in both vertebrate and

invertebrate olfactory systems (Pelosi 1994), with the two types of OBPs

having distinctly different sequences and 3D structures. The invertebrate OBPs

are composed of between six and eight a-helices, connected by flexible linker

regions, arranged into a loose bundle (Pelosi et at. 2006). Vertebrate OBPs

have anti-parallel p-barrel structures and are members of the larger lipocalin

superfamily (Flower et al. 2000). The olfactory systems in which the vertebrate

and invertebrate OBPs are found are also very different. The evolution of

OBPs as part of both of these divergent systems indicates the likely importance

of these proteins.

1.1 Olfaction

Olfaction, or the sense of "smell", is a chemoreceptive sense, meaning it is

used to detect and process chemical signals. The other major type of

chemoreception in vertebrates is taste. Olfaction plays a hugely important role

in the ability of an organism to process volatile chemicals in its environment.

The ability to perceive and discriminate odours is crucial to many species

which use these volatile compounds to detect food sources, modulate social
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behaviours, identify predators and avoid toxic and potentially infectious

materials (Zarzo, 2007)

Interest in human olfaction is driven by the impact odours have on the quality

of everyday life. This leads to large commercial interest, for example in

fragrance manufacture and also in the food industry. Olfaction is crucial to the

sensory perception of food, where, although the sense of taste is important, the

sense of smell is vital to the evaluation of flavour (Zarzo 2007; Breer 2008).

There is also commercial interest in invertebrate (particularly insect) olfactory

and pheromonal systems. Here understanding can be harnessed in the design

of, for example, insect repellents. This would be commercially beneficial from

the sale of topological products as well as the protection of crops from

parasites (Carey & Carlson, 2011). The distinction between an odour and a

pheromone is that an odour (for a terrestrial animal) is a volatile compound that

stimulates the sense of smell whilst a pheromone is a chemical substance (often

small and volatile) that is used for conspecific (between members of the same

species) communication (Kaupp, 2010).

In all organisms which possess chemosensory ability there are specialised cells

which are able to process chemicals found in the surrounding environment and

relay this information through the nervous system to the brain. In the case of

the vertebrate olfactory system these cells are located in the nasal cavity
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(Firestein, 2001), whereas invertebrate olfactory cells are found in antennae

(Hansson, 2002). Aquatic organisms, such as fish utilise an "accessory

olfaction system", which is able to detect water soluble odorants which diffuse

through the skin (Niimura & Nei, 2005; Hamdani & Deving, 2007).

1.1.1 Odours

Although the broad definition of an odour requires that it stimulates the sense

of smell, to do this a chemical must possess a number of properties; it must

have a degree of water solubility, have high enough vapour pressure (be

volatile), low polarity, and be quite lipophilic (able to dissolve in fat).

Additionally it must have a relatively low molecular weight. No odour has

been found with a molecular weight above 300 Da (Ohloff, 1994). These

properties are essential as an odour must be able to travel to the olfactory

system through gaseous air, and then, in vertebrates, enter the nasal mucous,

which is considerably viscous. This also means that the sense of smell is the

most long range of the senses, with odours being able to travel many miles and

having the ability to persist for a long time. The sharp cut-off in the molecular

size of odours may be due to the fact that vapour pressures decrease rapidly

with molecular size, although some chemicals above 300 Da do have

appreciable partial pressures but remain odourless, for example the larger musk

odours such as tonal ide for which many people are anosmic (unable to smell)

(Turin, 1996). It has been suggested that they may be too large to fit into the

olfactory receptors (Turin & Yoshii, 2003).
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1.1.2 The invertebrate olfactory system

As mentioned previously the olfactory cells of insects (the most studied

invertebrate olfactory systems) are located in external antennae. The antennae

are large in order to accommodate a large number of olfactory sensilla. The

sensilla each contain a maximum of four olfactory receptor neurons (ORNs).

There are three types of sensilla, each with a different morphology; trichoid

(detect pheromones), basiconic (detect food odours and C02) and coeloconic

(detect food odours, alcohols, amines and water vapour). In addition the

maxillary palp in insects such as flies has approximately 60 basi conic sensilla

each containing two ORNs. Figure 1.1 shows the basic layout and position of

the olfactory system, demonstrating where the antennae (top panel) and sensilla

(middle panel) are located. The bottom panel of figure 1.1 shows the layout

within a sensillun.
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Antenna

3rd segment

." Large basicoruc sensilla

." Small basiconic sensilla
o Coelocornc sensilla

/ Trichoid sensilla

Olfactory

Figure 1.1 Key components of the insect olfactory system. Top: Location of the antennae and

maxillary palp which contain the sensilla. Middle: Location of the three types of sensilla.

Bottom: Odours enter through the sensillum pore and interact with the olfactory receptor. The

cuticle seals each sensillum from its neighbours. Adapted from (Kaupp, 2010).
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The chemicals being detected enter through the sensillum pores where they

interact with the ORNs. The cuticle seals off the sensillum from its

neighbouring sensilla making the interior of each sensilla a chemically distinct

environment (Keil, 1999). Within each sensillum is a distinct and varied subset

of odour binding proteins (OBP) (Vogt et al. 1999).

A model of an insect olfactory receptor (OR) is shown in figure 1.2. Although

the details are debated (Sato et al. 2008; Wicher et al. 2008) it is known that

insect ORs are not homologous to vertebrate ORs. Insect ORs have been

shown to have an atypical membrane topology whereby the N -terminus and the

most conserved loops of the transmembrane protein project into the cytoplasm

(Benton et al., 2006).

Odorant

Out

PM

Figure 1.2 Schematic diagram of an insect OR (from Kaupp 2010). This model suggests the

OR and co-receptor OR83b form an ion channel that responds to the binding of an odour (Sato

et al. 2008).
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It is know that the co-receptor OR83b is essential for olfaction and it is thought

that the conserved loops of the OR interact with OR83b leading to the protein

functioning as a heterodimer.

There are a variety of different olfactory receptors, each detecting particular

odours, these lead to a neuronal signal travelling along the ORN which

terminates in a distinct area called a glomerulus (labelled GL in figure 1.3)

(Hildebrand & G.M. Shepherd, 1997). The colouring in figure 1.3 indicates the

specificity involved, for example, the "orange" odour binds to an "orange"

ORN, which leads to a glomerulus for all ORNs of this type. The glomeruli are

found within the antennal lobe (figure 1.3). From the antennal lobe signals

travel to secondary centres in the rest of the brain where signals combine to

form the overall "odour image" (Hansson 2002).
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Maxillary ~ Lateral horn ---II .......

palp
l,_ __j

First order
neurons
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'--- __ ___J
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Figure 1.3 Neuronal layout of the insect olfactory system. Receptors are shown as semi circles

and odours as filled circles. GL = glomerulus, ORN = olfactory receptor neuron, PN =

projection neuron MB = mushroom body (Vosshall & Stocker, 2007).

In insects the role of OBPs is better understood than in vertebrates. Specificity

for particular odour and pheromone types has been shown (Vogt et al. 1999).

The OBPs of insects were classified on the basis of their sequences and the

ligands bound, differentiating Pheromone Binding Proteins (PBPs) from

General Odorant Binding Proteins (GOBPs) (Krieger et al. 1996). The first

insect OBP was isolated from the giant moth A. polyphemus (Vogt & Riddiford

1981) and since then a number of insect PBPs and GOBPs have been identified

and structurally characterised (Lartigue et al. 2004; Mohanty et al. 2004;

Pesenti et al. 2008; Thode et al. 2008; Zhou et al. 2009; Pesenti et al. 2009;

Tsitsanou et al. 2011)
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Figure 1.4 shows a number of insect OBPs and PBPs. Aside from LmaPBP

from cockroach, all the structures shown are ligand bound. In general all the

structures show a 6 a-helical bundle. In the lower panel is a schematic

representation of how the structure of A. polyphemus PBP changes when the

pH is changed from 6.3 to 5.2. This represents a general mechanism for ligand

release by insect OBPs, whereby the ligand is released as the pH is lowered (in

vivo this is suggested to occur near the membrane) (Zubkov et al., 2005).
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Api$ mellifft'Q
ASPl

Apis mellifera
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Anopheles gombiae
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ex

..
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pl I .2

Od
a3b

Figure 1.4 Ribbon diagram of 3D structure of Insect OBPs and PBPs. Upper panel:

Representation of a number of insect OBPs (Lescop et al., 2009). Lower panel: The

conformational switch at acidic pH of A. polyphemus PBP. First the protonated histidines are

3 is shown in (d).

repelled (a). His 95 (b) and His 70 (c) move through the structure. The final position of a-helix
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1.1.3 The vertebrate olfactory system

For vertebrates, the nose and nasal cavity are anatomically important in

olfaction. Within this there are a number of important structures which are

shown in figure 1.5. Two main pathways are shown; the main olfactory

pathway and the accessory olfactory pathway. The feature that separates these

two system is the phase in which the detected stimuli is found. The main

olfactory system detects gaseous odours, whilst fluid-based stimuli (including

pheromones) are detected by the accessory olfactory system (Mucignat-

Caretta, 2010). The main olfactory bulb (MOB) is found in the brain and

receives nerves impulses from receptors in the main olfactory epithelium

(MOE) and the septal organ (SO). Very little is known about the septal organ

except that it is a small area of epithelium contain olfactory receptors (Ma et

al., 2003). The accessory olfactory bulb (AOB) receives nerve impulses from

the vomeronasal organ (VO) (an area dense in pheromone receptors)

(Mombaerts 2004) and Griineberg ganglion (GO) (an area dense in nerve cells,

which is important for detecting pheromones that indicate danger) (Brechbuhl

et al., 2008). Each area (excluding the olfactory bulbs) expresses different

types of olfactory receptors which are shown in the lower panel of figure 1.5.
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GG
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OR TAAR V1R V2R GC-O

MOE 0 0
VNO 0 0 0
SO 0
GG

...... 0 0'" J....

Figure 1.5 Representative diagram of a cross section through the rodent olfactory system (not

to scale). The main olfactory epithelium (MOE) is shown in green. The axons of the MOE and

septal organ (SO) are connected to the main olfactory bulb (MOB). The vomeronasal organ

(VNO) and Gruneberg ganglion (GG) axons are sent to the accessory olfactory bulb (AOB).

The bottom panel indicates where olfactory receptors (OR), trace amine associated receptors

(TAAR), vomeronasal receptors (V IRand V2R) and the guanyly cyclase D receptor are found

(Kato & Touhara, 2009).

The olfactory epithelium is bathed in the nasal mucosa secreted from the

Bowman's gland (which can be seen most clearly in figure 1.7) (Morrison &

Costanzo 1990; Lewis & Dahl 2003). In humans the mucus layer is about 60

)lM thick (Ohloff, 1994). It is within the nasal mucosa of vertebrates that OBPs

are found at high concentrations (100 )lM to 1 mM) (Steinbrecht, 1998). The
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area covered by the mam olfactory epithelium vanes across species, as

demonstrated in figure 1.6. In humans the area covered is approximately 1 - 5

cm2 (Morrison & Costanzo, 1990).

Dog Mouse Human

Olfactory
epithelium

.A···

Figure 1.6 Variation in the area of the olfactory epithelium across species.

In contrast to invertebrates, the olfactory receptor neurons (ORNs) are not

isolated. Instead they all project into the mucus layer where their cilia "swim"

in the olfactory mucus, although they are not motile and do not beat.

Mammalian cilia are 30 - 60 ~ long and approximately 300 nm in diameter

(Jenkins et al., 2009). The location of the ORNs and cilia is shown in the

schematic cross section of the olfactory epithelium in figure 1.7.
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olfactory
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Figure 1.7 Representative diagram of a cross section through the olfactory epithelium (not to

scale). The receptor cells have cilia which all project into the mucus layer. The Bowman's

gland which secretes mucus is also illustrated. (purves et al., 2001)

Each of the ORNs expresses one type of olfactory receptor (OR) (Buck et al.

1991). In humans there are over 350 functional OR genes (with a further 400

genes or more designated as pseudogenes) (Malnic et al. 2004), whilst in mice

there are 1000 OR genes (Zhang & Firestein, 2002; Young & Trask, 2002;

Godfrey et aI., 2004).

The ORs of vertebrates are G-protein coupled receptors (GPCRs) (Buck et al.

1991). GPCRs have seven transmembrane a-helices which are connected by

intra and extra cellular loops (Grigorieff et al., 1996). The N-terminus is
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extracellular (the opposite to that in insect ORs) and the C-tenninus is

cytosolic. Figure 1.8 shows the key components in OR - odour signal detection

and transduction.

OUt

PM

In

OR~t_ ...........................u....... .0 0 , ••• ~

Go!

Out~
PM

In

Tr1rnor

Monorr«

Figure 1.8 Schematic diagram of olfactory receptor (OR) activation in vertebrates by an odour.

The structure of the OR is shown diagrammatically in the bottom left panel and shows the

seven transmembrane domains of the G-protein coupled receptor. Odour binding to the OR

activates Golf(shown in the bottom right panel) which is an olfactory specific G-protein. The u-

subunit of Golf dissociates and activates adenylyl cyclase type III (ACIII), which, via cyclic

adenosine monophosphate (cAMP), activates the olfactory cyclic nucleotide-gated channel

(CNGC) and a Ca2 -activated cr (CaCC) channel. Depolarization of the neuron occurs when

both of these channels are activated. Adapted from (Kaupp, 2010).
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Studies have shown that odours interact with a-helices 2 - 7 (Katada et al.,

2005; Schmiedeberg et al., 2007; Kato et al., 2008) with between 22 and 85

residues predicted to form the binding pocket (Kaupp, 2010).

Every ORN which expresses a particular receptor converges on an individual

glomerulus. In the glomerulus the receptor axons excite mitral cells leading to

the signal being passed to higher regions of the brain with the continued

specificity (Buck et al. 1991; Mombaerts 2004), this is shown in figure 1.9.

cavity

Olfactory
receptors

Figure 1.9 Overview of the human olfactory system. The left pane shows a cross section

through the nasal cavity whilst the right pane is a cross section through the olfactory bulb (not

to scale). The lateral olfactory tract leads to higher areas of the brain (Mombaerts 2004).

How the odour "picture" is built up is still not fully understood. Humans are

able to smell up to 10 000 different odour molecules with no two odours

2S



smelling the same (Zarzo, 2007). How this level of distinction occurs is

explained by "odour coding". The principle of odour coding is that each odour

activates a particular set of ORs which are used in combination to detect and

encode the odour identity (Malnic et a1. 1999). The ORs that an individual

expresses will of course change the perceived odour. The perception of an

odour also depends on how strongly an odour binds and how long the

activation lasts for (Bozza & Mombaerts 200 I). It is therefore a result of the

rate at which odours arrive at the receptors and the rate at which they are

removed from the receptor. OBPs are found in the mucus surrounding the

receptors so it is possible, like insect OBPs, that they playa part in odour

delivery or removal and hence contribute to odour coding.

1.2 Possible roles of vertebrate Odour Binding Proteins

There are a number of theories regarding the function of OBPs. They have

been defined as non-specific carriers of odour molecules, due to their ability to

bind to a variety of volatile compounds (Tegoni et a1. 2000). They belong to a

larger family of transport proteins (the lipocalins) which supports this theory

(Flower et a1. 2000). It is supposed that OBPs help odours cross the mucus

layer, however there are a number of hydrophilic odours that will easily

dissolve in this layer (Zarzo, 2007). Additionally studies have shown that

odours can activate ORs without OBPs being present (Wetzel et a1. 1999;

Malnic et al. I999).There are however, hydrophobic odours that are less able to

diffuse across the mucus layer.
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An important consideration, when determining the exact role of OBPs, is

whether or not they bind to ORs, and if binding depends on the OBP being pre-

bound to an odour. It has been suggested that, under physiological conditions,

unliganded aBP (from pig) can selectively bind a human OR (Matarazzo et

al., 2002). More recently Vidic et a1. (2008) used yeast-derived nanosomes

grafted onto a sensorchip and surface plasmon resonance (SPR) to demonstrate

OBP - OR interactions, as well as the release of the OBP upon specific odour

binding to the OR. This idea would make the role of OBPs more complex, and

certainly make these proteins important in odour coding, as they would be

directly regulating the ORs. Evidence is not extensive and as yet does not

suggest if the possible OR-OBP interaction is selective.

Whether or not the role of OBPs involves the binding to ORs, the concept of

OBPs being "odour sinks" is still relevant. This idea involves OBPs increasing

the concentration of odours when they are present at initially low

concentrations; whilst free odours at initially high concentrations are able to

travel unassisted across the mucus layer (Zarzo, 2007). It has also been

suggested that OBPs may playa role in preventing receptor saturation at high

odorant concentration (Matarazzo et al., 2002). Also key is the kinetics of the

release of the odour by the OBP, which in tum may regulate the rate the of

odour uptake by the ORs.

The theory of OBPs playing a role as odour "scavengers" has also been

reported (Grolli et a1. 2006), whereby OBPs are suggested to bind high levels
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of toxic odours so they can be removed from the nasal cavity, preventing an

over-sensitization of the ORs. However there are already a number of different

types of enzymes identified as being present in the olfactory epithelium that

degrade and biotransform volatile odour compounds once they have been

perceived (Breer 2003).

The presence of multiple OBP subtypes identified in some species raises the

possibility of OBPs being selective filters involved in the pre-selection of

odours. In the porcupine Hystrix cristata eight OBPs were identified (Felicioli

et aI., 1993). In rat three subtypes have been identified (Lobel et al. 1998;

Lobel et al. 2001) and studies have identified each subtype as having different

odour preferences (although some are overlapping) (Lobel et al. 1998; Lobel et

al. 2002). Similar odour preference (rather than broad binding) was also shown

for the human OBP-2A (Tcatchoff et aI., 2006). In terms of odour coding the

idea of pre-sorting of odours adds another stage and hence more complexity.

Rather than just the activation of the ORs being important, there would be a

temporal effect due to different binding rates of different OBP subtypes. It is

important to consider, however, that despite there being more than 350 ORs in

humans; only two subtypes ofOBPs have been identified. As yet no correlation

has been found between the repertoire of odours an organism can distinguish

and the number of OBPs it has.

Major urinary proteins (MUPs) have received detailed study (Lucke et al.

1999; Kuser et al. 2001; Phelan et al. 2010; Perez-Miller et al. 2010) and owing

to the high degree of similarity observed between MUPs and some OBPs
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(Spinelli et al. 1998) their role should be considered. MUPs are known to bind

to pheromonal compounds (Bocskei et al., 1992; Zidek et al., 1999; Timm et

al., 2001). One of the roles MUPs are known to play is in the sexual attraction

of female mice by male mice. Pheromone bound MUP is secreted into the urine

of a male mouse, when the pheromone is released from the MUP it is available

to be detected by the vomeronasal organ of a female mouse, trigging a

behavioural response and resulting in sexual attraction (Flower 1996).

In this case the tight binding of the pheromone to MUP is essential as it allows

the signal to persist for long enough to be detected and elicit a response. A

"nasal" MUP has recently been identified in the olfactory system of rodents

(Perez-Miller et al., 2010) and this may indicate a further role in pheromonal

receptor delivery or removal from the receptor, in a similar manner to that

suggested for OBPs.

1.3 The structure of vertebrate Odour Binding Proteins

1.3.1 Lipocalins

The structures of vertebrate OBPs (and MUPs) are classified as being part of

the lipocalin superfamily. Lipocalins as a protein family show very low

sequence similarity (frequently less than 20%), however they possess a

conserved structure in the form of a six or eight stranded anti-parallel f3-barrel,

and are functionally similar in their ability to bind small hydrophobic, or

lipophilic, molecules (Flower et a1.2000)
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The family belongs to a larger superfamily, the calycins, which groups together

proteins that contain a p-barrel which binds small hydrophobic ligands. The

superfamily also includes fatty acid-binding proteins (FABPs), the avidins, a

group of metalloprotease inhibitors (MPls) and triabin. (Flower 1996; Flower

et al. 2000; Fuentes-Prior et al. 1997).

Lipocalins are typically 18-20 kDa in size, with some larger lipocalins

possessing additional structural elements and domains that confer specific

functions. The generallipocalin structure (shown in figure 1.10) is that of a

calyx, formed by the folding of a p-sheet consisting of eight anti-parallel

strands, in a (+1) topology, (figure 1.10) labelled A to H, which hydrogen bond

to form a barrel. There is an "open" end to the internal ligand binding site. This

is closed on the other side by the N-terminal of the molecule (which contains a

310 helix) crossing to strand A.

Other key features include a larger a-helix present on the C-terminal side of

strand H. The loops connecting the p-strands are all of the hairpin type, aside

from loop 1 (connecting strands A and B), which is a more flexible n loop, and

is suggested to form a "cover" or "lid" (Grzyb & Latowski, 2006)
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Figure 1.10 General secondary structure of a lipocalins highlighting structurally conserved

regions (SCRs). Eight anti-parallel strands form a p-barrel (labelled A - H) with a C-terminal

a-helix (AI) and a 310 helix at the N-terminus. In some lipocalins an additional p-sheet is

identified (labelled I). The loops connecting the p-strands are labelled Ll-L6. L1 is an omega

loop, which is more flexible. Kernel lipocalins (AIM = al-microglobulin, REP = retinol

binding protein and BBP = bilin binding protein) and outlier lipocalins (VEGP = von Ebner's

gland protein, AGP = ai-acid glycoprotein and OBP = odour binding protein (bovine» are

shown. (Flower 1996)

As well as being sequentially divergent, members of the lipocalins family also

diverge in the roles they play. Their physiological significance is not only as

proteins that transfer lipophilic molecules (Grzyb & Latowski, 2006), though

this description itself includes a broad range of individual roles. Examples

include; Retinol Binding Protein (Newcomer et aI., 1984; Zanotti et aI., 1993;

Redondo et aI., 2008), ~-lactoglobulin, which is postulated to bind and remove
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free fatty acids, helping in the digestion of milk fat (Perez et al., 1992) and

Crustacyanin, which has a carotenoid as a natural ligand (Cianci et al., 2002).

Other lipocalins are involved in the inflammatory response; for example, the

Chondrogenesis - associated lipocalins (CALSs) CALy and CALP (Pagano et

al., 2004) and lipocalins type prostaglandin D synthase which catalyses the

isomerisation of prostaglandin H2 to prostaglandin D (Urade & Eguchi, 2002).

Nitrophorins are lipocalins which bind nitric oxide to a prosthetic heme group

located at the "open" end of their p-barrels (Andersen et al., 1998). Histamine

binding proteins found in the saliva of hematophagus (blood-feeding) parasites

are identified as lipocalins despite histamine being a hydrophilic ligand

(Sangamnatdej et al., 2002).

Lipocalins are separated into two subfamilies; the closely related kernel

lipocalins and the outlier lipocalins which are more divergent. From the

examples above Crustacyanin, Nitrophorins and Histamine binding proteins are

defined as outlier lipocalins. Odour binding proteins are also outlier lipocalins

(Flower et al. 2000; Grzyb & Latowski 2006). The main division between these

groups are the SCRs (structurally conserved regions) rather than their

physiological roles. In figure 1.10 the sequence motifs which correspond to the

SCRs are shown. The top 3 sequences (AIM, RBP and BBP) are kernel

lipocalins and the bottom 3 sequences (VEGP, AGP and OBP) are outlier
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lipocalins. Generally outlier lipocalins only possess two of the three SCRs, and

it is often motif 2 which is different.

The vertebrate OBPs all share a short -G - X - W- motif located near the N-

terminus (generally 15 to 20 residues away), however sequence identity overall

is usually below 50% (pelosi 1994; Tegoni et al. 2000). An alignment of the

primary sequences of the most studied aBPs is shown in figure 1.11. As well

as the G-X-W motif, all the aBP share a conserved lysine residue around

position 72. There is also a Y-X-X-X- Y-X-G motif that is conserved with the

exception of the rat OBP2 and Human 2A proteins. With the exception of

bovine OBP which has no cysteines, all of the OBPs have a pair of conserved

cysteines (one close to the C-tenninus and the other near position 63).
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Figure 1.11 Alignment of the most well studied vertebrate OBPs. * = identical residue, : =

equivalent residue and . = similar type of residue. Conserved residues are highlighted and

emboldened. The G-X-W motif is in green. The conserved cysteines are highlighted in blue,

whilst the conserved lysine is shown in yellow. The Yx-x-x-Ycx-G motif is shown in red.

1.3.2 Bovine and Porcine OBP

Bovine OBP was the first vertebrate OBP identified and was found in cow

nasal mucosa through its binding to 2-isobutyl-3-methoxypyrazine (Bignetti et

al. 1985). The structure of Bovine OBP (bOBP) was also the first vertebrate

OBP structure to be solved, and the structure showed that bOBP is a domain

swapped dimer, with an approximate two-fold axis of symmetry. The unusual

lack of cysteine residues is most likely a requirement for the domain swapping

to occur (Tegoni et al. 1996). The structure of bOBP is shown in figure 1.12,

34



and shows the domain swapping. Residues 123 - 126 (including the a-helix)

come out of the p-barrel and cross the dimer interface. This is indicated by an

arrow in figure 1.12. The termini of the two monomers also have different

secondary structures. Two ligands were found to bind per dimer, one into each

of the p-barrels. The odorant binding sites allowed a broad range of ligands to

bind. In the crystal structure ligands (or possibly multiple different ligands)

were identified as being present in the pockets. A possible ligand entry channel

was also identified between two phenylalanine residues, Phe 54 and 89, in P-

strands C and F respectively (Bianchet et aI., 1996).
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Figure 1.12 Crystal structure ribbon diagram of Bovine OBP. One monomer is shown in green

(with white l3-strand labels), whilst the other is in red (with black l3-sheet labels). The domain

swapping is highlighted by the arrow. Figure constructed from the lOBP Protein Databank

(PDB) file.

Crystal structures of bOBP in complex with a number of odorant molecules

have been solved (Vincent et al. 2004) and used to contrast bOBP with porcine

OBP (POBP), which is monomeric and unlike bOBP did not purify with a

ligand already bound. Two monomers of pOBP were found in each unit cell

(Spinelli et al. 1998; Vincent et al. 2000). The crystal structure of pOBP bound

to 2-isobutyl-3-methoxy pyrazine (IBMP) (Vincent et al. 2000) is shown in

figure 1.13. The upper panel shows the p-barrel, and a-helix behind,

demonstrating the typical lipocalin fold. The bottom panel shows the pocket
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viewed from the "top" of the p-barrel shown by the arrow in the top panel

where the ligand can clearly be viewed in the pocket.

Figure 1.13 Ribbon diagram of the crystal structure of Porcine OBP. Constructed from the

IDZK PDB file. The p-strands are labelled (A-I) and helical content is shown in blue. The

disulphide bond tethering the C-terminal to p-strand D is shown by a dotted line. The ligand 2-

isobutyl-3-methoxypyrazine is shown in green. The bottom panel shows the pocket viewed

from above (denoted by the arrow in the upper panel).
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1.3.3 Rat OBP 1

As well as in cow and pig, OBPs have also been identified in rat. Initially rat

OBP 1 was identified as being a dimer and indeed further studies were based

on this idea, with binding stoichiometries of one odorant per dimer being

identified (Nespoulous et al. 2004). It has since been shown by analytical

ultracentrifugation that rat OBP 1 is in fact monomeric (Figure 1.14). This is

further confirmed by the crystal structure of rat OBP 1 (White et al., 2009)

which shows rat OBP 1 to be monomeric with only one possible salt bridge

being able to form between the monomers.
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Figure 1.14 Analytical ultracentrifugation used to demonstrate that rat OBPI is a monomer.

The apo form is shown in open circles and the protein saturated with a two-fold molar excess

oflinalool is shown in closed circles. The dashed line indicates the calculated molecular weight

of an OBPI monomer. Figure from White et al. (2009).
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The crystal structure of rat OBP1 is shown in figure 1.15. Rat OBPl, like

bovine OBP was crystallised with an electron density (attributed to a yeast

pigment from the purification procedure) already in the pocket. Rat OBP 1, like

pOBP, is a classical lipocalin. It has an eight stranded anti-parallel ~-barrel

with an N-terminal 310 helix covering the bottom opening of the barrel, and an

a-helix at the C-terminus, leaving a possible opening at the "top" of the barrel.

However OBPl, in contrast to the other sequences aligned in figure 1.13, has

five cysteine residues. Two disulphide bridges are formed (shown as yellow

sticks in figure 1.15) and leaving one free cysteine. It was found that the

majority of residues in the binding pocket of rat OBP 1 were aromatic; this is

consistent with porcine and bovine OBP. To date bOBP, pOBP and rat OBP1

are the only vertebrate OBPs for which the structures have been solved.

Figure 1.15 Crystal structure ofOBPl. The ~-sheets are labelled A-H. The a-helix is shown in

black and orange. Yellow sticks denote the disulphide bridges. Figure from White et al. (2009).
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1.3 Previous studies of Odour Binding Proteins

A number of previous studies of vertebrate OBPs have focussed on porcine

OBP (pOBP), particularly, as it is a more representative of OBPs as lipocalins

than bovine (bOBP). As well as making comparisons between pOBP and

bOBP (Spinelli et al. 1998), other studies have looked at a range of biophysical

characteristics of pOBP. The phosphorescence of the tryptophan residue (part

of the G-X-W motif) was examined and used to conclude that pOBP exists in a

range of conformations that slowly interconvert (D' Auria et al., 2008). The

stability of the protein was assessed using a chemical denaturant and it was

found that pOBP unfolds at a concentration of between 1.4 - 3.5 M guanidine

hydrochloride (temperatures between 293 K and 298 K) (Staiano et al., 2007).

The protein was also found to be relative thermally stable, with a melting

temperature above 340 K (Burova et al., 1999). The role of the disulphide bond

was investigated by mutating the two cysteines to alanines and revealed that

the secondary structure and binding were maintained, however the chemical

stability was lower (Parisi et al., 2005).

Examination of the crystal structure of pOBP lead Meillour et al. (2009) to

identify two residues that had the potential to regulate the entry and exit of

ligands into the binding pocket. The results of molecular dynamics simulations

looking at the binding of undecanal are shown in figure 1.16. They revealed

that phenylalanine 35 appeared to reorientate undecanal towards the exit whilst

tyrosine 82 allowed complete release of undecanal from the pocket. Whilst
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tyrosine 82 is part of the conserved Y-X-X-X-Y-X-G motif in OBPs,

phenyalanine 35 is only conserved between pOBP and bOBP. Mutants were

also constructed (Y82A, F35A and Y82A1F35A) however the fluorescent

probe l-aminoanthracene (l-AMA) was not taken up, so displacement studies

could not be conducted. This result indicated that the mutations had a serious

effect on binding.

pOBP bound to
undecanal

Release of
undecanal

Figure 1.16 Molecular dynamics simulations of undecanal unbinding from porcine OBP. On

release the ligand (right).

the left the residues Y82 and F35 cover the pocket opening. These residues move in order to

In other studies it has been suggested through molecular dynamic simulations

that pOBP and rat OBP 1 undergo strand pair opening in the presence of a

ligand and it is suggested that this may be required for recognition of OBPs by

olfactory receptors (Hajjar et aI., 2006). It is yet to be determined
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experimentally how a ligand enters the binding pocket using this model and

how this is regulated, as well as how the ligand is released again and how this

is controlled.

OBPs have also been identified in human nasal mucosa (Briand et a1. 2002)

and hOBP-2A has been shown to have specificity for aldehydes, conferred by a

lysine residue in the binding pocket. This was studied by mutating three lysines

to alanines which are predicted to be in the binding pocket,. K112A was found

to significantly reduce the dissociation constant of the protein for medium

sized aldehydes (Tcatchoff et aI., 2006). As yet no structure of human OBP

has been solved.

Rat OBPs have been of particular interest owing to the fact that multiple

subtypes exist. Initially rat OBPI and OBP2 were identified and recombinant

proteins produced (Lobel et a1. 1998). Later rat OBP3 was identified and found

to bind well to heterocyclic compounds (Lobel et a1. 2001). Within the rat

subtypes some degree of ligand binding specificity has been identified (Lobel

et a1. 1998; Lobel et a1. 2001). It has been suggested that OBPI may bind to

odours that are aromatic hydrocarbons, OBP2 may have a preference for

aliphatics and nitrites, whilst somewhat broadly, OBP3 binds well to

compounds containing a ring structure (Lobel et a1. 2001). This of course

would indicate that OBPs may be selectively "pre-sorting" odours that are

delivered to the ORs and would make them an important part of fully

understanding olfaction. This is particularly interesting as OBPI and OBP3
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were found to be expressed in the same location (the incisor root) (Lobel et al.

2001), suggesting from an evolutionary point of view they are likely to perform

different roles.

Of the three rat subtypes, OBPI has been studied in the most detail. The crystal

structure of OBPI revealed that tyrosine 82 was positioned to "cap" the

entrance to the ligand binding pocket (White et al., 2009) in a similar manner

to that suggested for pOBP, and found previously by molecular dynamics

simulations ofOBPI (Hajjar et al., 2006; Golebiowski et al., 2006).

Rat OBPI has also been used to study the kinetics of odour uptake by the

protein, and the liquid to air transfer rates of odours. Binding and release of

odours was monitored using a cellulose reaction surface onto which OBPI was

placed, housed within a reaction vessel and connected to an atmospheric

pressure chemical ionization mass spectrometer (APCI-MS). The mass

spectrometer detected the odorants that were released. This study proposed that

a rapid off-rate regime (of odour release by the protein) is required in vivo in

order correlate with the rates involved in the olfactory system. (Borysik et al.,

2010).

The initial identification of the third rat subtype (OBP3) which is the focus of

this study recognised the protein as being similar to the major urinary proteins

(MUPs) (Lobel et al. 2001) mentioned in section 1.2, with OBP3 and MUP I
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sharing 83% sequence identity. The MUPs are also part of the lipocalin family

and have received detailed study.

1.4 Major urinary proteins

Four types of major urinary proteins are known to be found in mice. MUP I is

found in the urine, after initially being expressed in the liver and filtered by the

kidneys (Knopf et al. 1983; Kuhn et al. 1984; Clark et al. 1984). It binds to

pheromonal compounds that are able to induce sexual maturation in mice

(Novotny & Wiesler, 1999). MUP II represents a set of pseudogenes and MUP

III proteins are suggested to be glycosylated (Bishop et al. 1982; AI-Shawi et

al. 1989). MUP IV is expressed in the vomeronasal mucosa (Shahan et al.,

1987; AI-Shawi et al., 1989) and, due to this, is dubbed "nasal MUP".

The structure of wild type MUP 1 was solved by x-ray crystallography

(Bocskei et al., 1992) whilst the structure of a recombinant MUP 1 was solved

both by NMR (LUcke et al. 1999) and x-ray crystallography (Kuser et al.,

2001). The structure of MUP I with ligands bound has also been solved by both

NMR and X-ray crystallography (Zidek et al. 1999; Bingham et al. 2004;

Romans 2005; Barratt et al. 2005; Barratt et al. 2006). Recently the structures

of MUP IV bound to three mouse pheromones were also solved by x-ray

crystallography (Perez-Miller et al., 2010).
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It is particularly noteworthy to mention that the crystal structure of MUP I

contained no ordered solvent molecules. Molecular dynamics simulations also

revealed a net expulsion of water placed into the binding pocket (Barratt et al.,

2005). Thermodynamic experiments found, surprisingly, that, despite the

hydrophobicity of the residues lining the binding pocket and the

hydrophobicity of the ligands, binding to MUP I was exothermic, strongly

enthalpy dominated and had an unfavourable entropy term (Bingham et al.

2004; Barratt et al. 2005).

Experiments looking at ligand binding to MUPs have focussed on pheromonal

ligands, and as such no large scale screens of the possible ligands that could be

bound have been undertaken.

Studies on MUPs should be given careful consideration due to the high degree

of sequence identity between OBP3 and the MUPs. MUPs are amongst the first

proteins for which these unusual interactions, which are enthalpy driven and

appear to take place without the net expulsion of water being a requirement,

have been found. Detailed, long timescale molecular dynamics simulations

have recently been undertaken in an attempt to understand the unusual

thermodynamics of MUP. These studies revealed surface loops of the protein

changed their flexibility upon ligand binding (some becoming more flexible,

others less flexible). In addition a very low solvent density in the absence of a

ligand was shown. Once a ligand was bound, it retained a high amount of

rotational freedom. These findings are suggested to explain the entropy values
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found in previous studies and challenge the previously cited dogma "nature

abhors a vacuum" (Roy & Laughton, 20 I0).

1.S Aims and objectives of this study

In order to learn more about the binding interactions of Odour Binding Proteins

the binding profile of rat OBP3 was investigated using defined sets and series

of odours. These experiments was used to establish the thermodynamic

characteristics of OBP3-odour interactions and describe the affinity of OBP3

for a number of odours

The 3D structure of OBP3 was modelled in order to relate the thermodynamic

characteristics of odour binding to the structure of OBP3. NMR spectroscopy

was used to provide information on the binding interactions on a per residue

basis. In order to do this the NMR spectrum ofOBP3 needed to be assigned. In

addition the mutagenesis of several individual residues was used to investigate

the possible causes of apparent rat OBP subtype - odour subset preference. The

importance of the aromatic nature of the binding pocket of OBPs will also be

probed using mutagenesis studies.
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2. MATERIALS AND METHODS

2.1 Molecular Biology

All chemicals were obtained from Sigma Aldrich (Poole, Dorset, UK) unless

otherwise stated.

2.1.1 Strains

In order to produce OBP3 Escherichia coli (E. coli) Xl.l-blue and E. coli Top

10 cells (Invitrogen, Paisley, UK) were used for transformation by

electroporation and subsequent propagation of plasmid DNA. For

transformation of mutagenesis products, XL-IO gold ultracompetent E. coli

cells were used (Agilent Technologies, West Lothian, UK). For expression of

recombinant OBP3, commercially available E. coli MI5 cells (Qiagen,

Crawley, UK) were used. The genotypes of the E. coli strains used are shown

in table 2.1.

Name Genotype Original I

Source I

E .coli XLl- recAl endAl gyrA96 thi-I hsdRl7 supE44 relAl Invitrogen

Blue lac [F 'proAB laclqZ/:,.Ml5 TnlO (Tetr)]

E. coli Top-10 prlacfl TnIO(tet)} mcrA A(mrr-hsdRMS-mcrBC) Invitrogen

rp80lacZAMl5 AlacX74 deaR nupG recAl

araDl39 A (ara-leu) 7697 galU galK rpsL(Sfr'I)

eruiAl X

E. coli XL-lO endAI glnV44 recAI thi-I gyrA96 reiAl lac Hte Agilent

Gold A(mcrA)183A(mcrCB-hsdSMR-mrr)173 Technologies

tet F'[proAB lacf'ZLlMl5 TnlO(Tet Amy CmR
)]

E. coli MI5 Nals+, Strs+, Rifs+, Thi-, Lac-, Ara+, Gal+, Mtl-, L.Briand,

RecA+, Uvr+, Lon+ INRAIQiagen

Table 2.1 Strains used in this study
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2.1.2 Standard growth conditions and antibiotic selection for OBP3

production

All E. coli growth was performed in Luria-Bertani (LB) medium (10 gil bacto-

tryptone, 5 gil bacto-yeast extract, 10 gil NaCl) at 37°C with 200 rpm agitation

(in a GallenKamp, orbi-safe incubator, Loughborough, UK) unless otherwise

stated. Ampicillin (lOO ug/ml) and kanamycin (50 ug/ml) were added to select

for cells containing the plasmids pQE31 and pREP4 respectively. LB agar was

produced by adding 15 gil bacteriological agar to LB broth.

2.1.3 Strain storage

In order to store propagation and expression strains of E. coli, glycerol stocks

were prepared. To do this, a single colony of the desired cells was picked and

grown overnight in 5 ml of LB. The resultant culture was centrifuged at 3 000

g in a bench top centrifuge (Heraeus® Biofuge'" Stratos, Thermo Scientific,

Wilmington, USA). The supernatant was discarded and the pellet resuspended

in a total volume of2 ml ofLB (50 % v/v) and glycerol (50 % v/v) which had

been filter sterilized (0.2 urn Minisart" syringe filter, Sartorius, France) This

was divided into 50 ul aliquots, snap frozen in liquid nitrogen and stored at -80

-c,

2.1.4 Production of electrocompetent XLI-Blue E.coli

Electrocompetent E. coli were prepared by the method described in (Sambrook

& Russell (2001). Briefly, four 25 ml overnight cultures of XLI-Blue Eicoli
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were used to inoculate four flasks each containing 250 ml of fresh LB, these

were grown to an OD6oOnmof 0.4, after which time the flasks were transferred

to an ice water bath for 30 minutes in order to stop growth. The cultures were

then transferred to ice-cold centrifuge tubes and from this point on all steps

were carried out at 4°C or lower. The cells were harvested at 2500 rpm for 15

minutes before being resuspended in 250 ml sterile H20. The cells were then

harvested at 2500 rpm for 20 minutes and resuspended in 125 ml of 10 %

glycerol, the centrifugation was repeated and the cells resuspended in 10 ml of

10 % glycerol. After a final centrifugation using the same settings the pellet

was resuspended in 1 ml GYT (10 % glycerol, 0.125 % (w/v) yeast extract, and

0.25 % (w/v) tryptone). The electrocompetent cells obtained were snap frozen

in liquid nitrogen and stored in 40 III aliquots (at a concentration of 2 x 1010 to

3 X 1016cells) at -80°C until required.

2.1.5 Transformation of electrocompetent XLI-Blue E.coli cells.

1 III of plasmid DNA at a concentration of 1 ng/ul was added to 40 III of

electrocompetent cells (on ice) before being pipetted into an ice-cold

electroporation cuvette and electroporated with a pulse of 25 IlF capacitance,

2.5 kV and 200 ohm resistance (Electroporator 2510, Eppendorf, Cambridge,

UK). 1 ml of LB medium was then added and the cells allowed to recover for 1

hour at 37°C with 200 rpm shaking. The cells were spread on LB agar plates

with the relevant antibiotic selection.

49



2.1.6 Transformation of chemically competent MI5 E. coli by heat shock

1 f.11of plasmid DNA at a concentration of 1 ng/ul was added to 40 f.11of

chemically competent E. coli cells on ice, in 1.5 ml microtubes, and incubated

on ice for 30 min before being placed in a 42°C waterbath for 45 seconds, after

which time they were returned to ice for 2 minutes. Recovery was allowed in 1

ml of LB medium for 1 hour at 37°C with 200 rpm shaking. The cells were

spread on LB agar plates containing the relevant antibiotic selection.

2.1.7 Preparation of purified pQE31 plasmid

Plasmid preparation was performed using a QIAprep® Miniprep Kit (Qiagen).

5ml cultures of XLI-Blue or XL-IO gold cells containing pQE3I::obp3 were

grown overnight in LB containing 100 ug/ml ampicillin. These were grown

from single colonies. In order to pellet the cells the cultures were centrifuged at

maximum speed (13,000 g) in a microcentrifuge (Eppendort). The supernatant

was discarded and the cells resuspended in 250 f.11of resuspension solution

containing RNase A, complete resuspension was guaranteed by the use of a

MixMate TM tube shaker (Eppendorf). 250 f.11of lysis solution was then added

and the reaction allowed to proceed for up to 5 min at room temperature. The

lysate was then neutralised and cell debris pelleted at 13,000 g. The supernatant

was transferred to a spin column assembly again at maximum speed, for 1 min.

The flow through was discarded and the column was then washed with PE

buffer™ and residual buffer removed by further centrifugation. The plasmid

was then eluted in 50 f.11of molecular grade H20 and stored at -20°C.
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2.1.8 Site directed mutagenesis of OBP3

Mutagenesis was performed using a QuikChange® Lightning Site-Directed

Mutagenesis Kit (Agilent Technologies). The way this kit works is shown in

figure 2.1.
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Reverse mutagenic
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Figure 2.1 Mutagenesis using the QuikChange® Lightning Site-Directed Mutagenesis Kit. The

DNA template is shown in blue (forward strand) and brown (reverse). The mutagenic primers

are labelled and the mutation indicated by a * on each strand. The result of mutagenesis is

shown in green (forward strand) and purple (reverse strand). Dpn 1 is used to digest the DNA

template (dotted lines).

Firstly primers were designed and synthesised (Fisher, Loughborough, UK) to

incorporate the desired mutation (indicated by * in figure 2.1). Firstly the DNA
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template is denatured using high temperature (95°C). The temperature is

lowered and the mutagenic primers then anneal to the DNA template. The

primers designed are optimised so that they anneal well, and are also specific

for the correct part of the sequence. This means they are relatively long (12

nucleotides or more) and have high GC content (higher than 60%). The primers

for each mutant are listed in appendix I (added to the reaction mix), and were

each used at a DNA concentration of 2.5 ng/ul, The reaction mix was

composed of 10 % lOx reaction buffer, 2 % dNTP mix, 3 % QuikSolution TM

reagent and 2 % Quikchangef Lightning enzyme (Pfu based) made up to 50 ~l

with molecular grade water. The reaction was performed using the

thermocycling parameters described in table 2.2. The first stage is to heat the

reaction in order to denature the DNA template (the pQE31 plasmid containing

the gene for OBP3 in this case) and anneal the mutagenic primers. During

segment 2 (table 2.2) the primers are extended and incorporated using the Piu

based DNA Polymerase.

The reaction was then treated with Dpnl for 20 min at 37°C. This enzyme

digests methylated DNA (as produced by E. coli) and is therefore selective for

just the original DNA template. Subsequently 2 ul of Dpnl treated product was

added to 45 ul ultracompetent XLI O-gold cells which had been pre-treated with

5 % ~-mercaptoethanol. A heat shock transformation was then performed in the

same manner as described for MI5 cells. Transformation into competent E.

coli allowed the nicked plasmid to be repaired. The cells were spread on LB

agar plates containing ampicillin (100 ug/ml) to select for the pQE3l plasmid.
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The plasmid was later isolated as described earlier and sent for sequencing to

check the correct mutation was present.

Segment Cycles Temperature Time

1 1 95°C 2 minutes

2 18 95°C 20 seconds

60 °C 10 seconds

68°C 2 minutes

3 1 68°C 5 minutes

Table 2.2 Thermocyc1ing parameters used for mutagenesis reactions

2.1.9 Sequencing

All plasmid DNA sequencing was carried out by Source Bioscience,

Nottingham. Purified plasmid was eluted in molecular grade H20. The

concentration was checked using a Nanodrop'P' NDIOOO spectrometer

(Thermo Fisher Scientific, Wilmington, USA) by measuring the absorbance at

a wavelength of 260 nm.
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2.2 Production of Rat OBP3

2.2.1 E. coli expression systems used

The genetics and molecular biology of E. coli are well understood through

many years of study and therefore the genetic manipulation required to produce

heterologous protein is relatively simple. Proteins not originally derived from

E. coli are usually well tolerated. Additionally, the growth medium required is

low-cost and cultures are easily grown. Protein yields are reasonable, though

not as high as those reported for yeast systems (Sambrook & Russell 2001)

which are also capable of post-translational modifications (such as

glycosylation) which E. coli is not. However, E. coli is more suited for isotopic

labelling, which is required for Nuclear Magnetic Resonance studies (Chapters

4 - 6) as the supplements and media used are more straightforward and

inexpensive.

2.2.2 Plasmids

The pQE31 plasmid (Qiagen) containing the obp3 gene, and chemically

competent E. coli MI5 were kindly donated by Loic Briand (INRA, France).

The obp3 gene had previously been cloned into the pQE31 vector (Qiagen) by

the Breer laboratory (Hohenheim, Germany). The pQE plasmids were

originally derived from the pDS56IRBSII and pDS781IRBSII-DHRS plasmids

(Stuber et al., 1990). RBSII is a synthetic ribosomal binding site (RBS)

included to enable high translation rates. Additionally pQE plasm ids contain

the coliphage T5 promoter, which is recognized by the E. coli RNA
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polymerase. This requires the lac repressor, constitutively expressed by the lac!

gene on the pREP4 plasmid, to achieve tight regulation. (Fambaugh, 1978).

Figures 2.2 and 2.3 show pQE31 and pREP4 respectively, highlighting their

key features.

~ Ilaco II RBS II ATG 116XHis I ~ Stop Codons

Ampicilin
resistance
gene

pQE31

3.4 kb

Col E1

Figure 2.2 The pQE31 plasmid (Qiagen). The gene encoding OBP3 is inserted between the

NdeI and BamHI restriction site of the Multiple Cloning Site (MCS). The protein is histidine

tagged at the N-terminus. PIS - TS promoter, lacO - lac operator sequence, RBS - ribosome

binding site, ATG - start codon, 6xHis - histidine tag. The plasmid carries the ampicillin

resistance gene to allow selection of the plasmid.
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Kanamycin
resistance

pREP4

3.7 kb

Figure 2.3 The pREP4 plasmid contains the constitutively expressed lacI gene which represses

the T5 promoter on pQE31. Induction by isopropyl ~-D-l-thiogalactopyranoside relieves this

repression. The plasmid is selected by the presence of kanamycin resistance.

2.2.3 OBP3 Sequence

A six-histidine tag was included at the N-terminus of OBP3. An additional

four residues before and three residues after the histidine residues were

included, as shown in figure 2.4 along with the original sequence from Rattus

norvegicus with the export signal sequence highlighted in orange.
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Amino acid sequence of full length OBP3 (including signal sequence)

MRGSHHHHHHTDAEEASFERGNLDVDKLNGDWFSIVVASDKREKIEENGSMRVFVQH
IDVLENSLGFTFRIKENGVCTEFSLVADKTAKDGEYFVEYDGENTFTILKTDYDNYV
MFHLVNVNNGETFQLMELYGRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTDRCL
QA

Amino acid sequence of the histidine-tagged OBP3 construct

MRGSHHHHHHTDPEEASFERGNLDVDKLNGDWFSIVVASDKREKIEENGSMRVFVQH
IDVLENSLGFTFRIKENGVCTEFSLVADKTAKDGEYFVEYDGENTFTILKTDYDNYV
MFHLVNVNNGETFQLMELYGRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTDRCL
QA

Figure 2.4 Amino acid sequence of OBP3 prior to export into the extracellular space from the

cytoplasm, where the export signal, shown in orange, is cleaved. The recombinant OBP3

construct used in this study has this sequence replaced by a six histidine tag (shown in red) and

an additional seven residues (shown in blue). Throughout this thesis OBP3 is numbered such

that residue 1 is the first residue after the engineered tag shown in blue and red. For the

purpose ofNMR assignment the tag is numbered using negative values, with the proline at the

end of the tag being residue O.

The inclusion of the histidine tag allowed OBP3 to be subjected to metal

affinity chromatography as part of a purification scheme, to produce sufficient

protein which was suitably pure for biophysical studies.

2.2.4 Overexpression of non-isotopically labelled OBP3 in E. coli

E. coli MI5 cells containing both pREP4 and pQE31 were used to overexpress

OBP3 protein. Standard growth conditions, including ampicillin and

kanamycin, were used to produce four 25 ml overnight cultures from single

colonies of E.coli M15/pREP4/pQE31 and these were used to inoculate four

250 ml flasks of fresh LB medium. The new cultures were grown to an
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OD6OOnmof 0.6 before protein production was induced by adding Isopropyl P-

D-I-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After a

further 4 hours of growth the cells were harvested at 4 000 g for 20 min.

2.2.5 Overexpression of isotopically labelled OBP3 in E. coli

To overexpress isotopically labelled OBP3 for NMR studies in E.coli, the same

procedure was used, except that the overnight cultures were centrifuged at

2500 g to pellet the cells which were used to inoculate a total of 1 1of defined

medium (6 g/l Na2P04, 3 gil KH2P04, 0.5 gil NaCI, 0.3 gil MgS04, 15 mg/l

CaCh, 1 g/l NH4CI, 4 g/l C6H1206, 10 mg/l biotin and 10 mg/l thiamine)

containing ampicillin and kanamycin. For lSN labelling the ammonium

chloride was replaced with lSN ammonium chloride (Cambridge Isotope

Laboratories, Massachusetts, USA) and for BC labelling the glucose was

replaced with 2 g/l 13C6glucose (Cambridge Isotope Laboratories). Again the

cells were grown to an OD600nmof 0.6 before protein production was induced

by adding Isopropyl P-D-I-thiogalactopyranoside (IPTG) to a final

concentration of 1mM. At this point the temperature was dropped to 25 "C and

ampicillin (100 ug/ml) added to replace that which had been used up by the

E.coli. Growth was continued for 16 hours before the cells were harvested at

4000 g for 20 min. Extraction and purification were carried out in the same

manner for protein with or without an isotopic label.
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2.2.6 Selective non-isotopic labelling of OBP3

Here the same procedure used for isotopically labelling OBP3 was used to

selectively ''unlabel'' (or more accurately, not label) specific residues, such as

lysine. The only alterations were that 0.5 gil of the desired 14Namino acid was

added to the initial defined medium followed by a further 0.5 gil after

induction.

2.2.7 Extraction ofOBP3

The harvested pellet after overexpression was resuspended in 20 ml of lysis

buffer (50mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, 1 mM

phenylmethylsulphonyl fluoride (PMSF), pH 8.0) and incubated on ice for 10

min. The cells were then sonicated on ice using a 9.5 mm solid probe fitted to a

Soniprep 150 (MSE, London, UK) with an output frequency of 23 KHz. 15

cycles of 20 s sonication at an amplitude of 10 microns followed by 40 s of

recovery were performed. The lysate was then centrifuged at 30 000 g for 30

min at 4°C. The supernatant was decanted to a fresh tube and the

centrifugation repeated to ensure all cell debris had been removed. The

supernatant was then passed through a 0.2 um syringe filter (Sartorius, France)

recovered and stored at 4 °C ready for purification.
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2.3 Purification of OBP3

2.3.1 Metal Affinity Chromatography

A HisTrapTMHP Column packed with Ni Sepharose (1.6 i.d., 5 ml volume, GE

Healthcare) was used for purification as OBP3 produced from the pQE31

plasmid was His-tagged at the N-terminus (Qiagen Expressionist manual). The

column was attached to an AKTA™Purifier system. The column was washed

with 5 column volumes of binding buffer (50 mM sodium phosphate, 300 mM

NaCI, 20 mM imidazole) prior to the filtered lysate being applied to the column

by hand at an approximate flow rate of 1 ml.min-t• The column was washed

with 15 column volumes of binding buffer to remove unbound protein and cell

debris, after which the protein was eluted by increasing the imidazole

concentration to 300 mM in a single step, at which point the flow rate was

reduced to 0.5 ml.min". 1 ml fractions of flow through were collected. The

presence and purity ofOBP3 was confirmed by SOS-PAGE.

2.3.2 Gel Filtration

A Superdex 75 gel filtration column (24 ml bed column, 1.0 i.d. x 75 cm) was

conditioned with 30 mM potassium phosphate, 100 mM NaCI, pH 7.0.

Subsequently 5 ml of sample was injected onto the column via a 10 ml sample

loop. If necessary the protein was first concentrated to reduce the volume to

below 5 ml using a VivaSpin centrifugal spin concentrator (GE Healthcare).

Elution was carried out at 1 ml.min" using the same buffer. The resultant
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fractions were pooled prior to endogenous ligand removal and small aliquots

run on an SDS-PAGE gel.

2.3.3 Endogenous Ligand Removal

In order to remove ligands that may have already been present in the OBP3

binding pocket, the protein was ethanol precipitated by the method of Bingham

et a1. (2004). The resultant fractions from gel filtration were pooled before

being concentrated to a volume approximately 10 times smaller. To a protein

solution of volume 'X', 2 X volumes of 100% analytical grade ethanol (Fisher,

Loughborough, UK) was added. The solution was incubated at 4°C with gentle

shaking for 2 hours after which time the solution was centrifuged at 5 000 g for

15 minutes to pellet the protein. After the supernatant was discarded the pellet

was lyophilised with a bench top -80°C freeze dryer (Telstar cryodos-80,

Progen, London, UK) in order to remove any remaining ethanol.

2.3.4 Desalting

The freeze dried pellet was resuspended as fully as possible in MilliQ®

(Millipore, Massachusetts, USA) H20, any insoluble material was removed by

centrifugation at 4000 g for 10 min. The protein solution was then applied to a

HiTrap"" desalting column (25 ml G25 column, GE Healthcare), pre-

equilibrated with MilliQ® H20. For each run 2.5 ml aliquots were injected and

subsequently eluted with the MilliQ® H20. Protein free of salt was then frozen
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at -80°C, prior to being lyophilised. The lyophilised protein samples were

stored at -20 QC.

2.4 Assessment of protein and purity and quantity

2.4.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE)

Protein purity and approximate molecular weight was assessed using 12 %

denaturing gels, the composition of which is shown in table 2.3. All SDS-

PAGE was performed using a BioRad Protean® III system. The

manufacturer's instructions (BioRad, Hercules, CA, USA) were followed for

casting gels and setting up the tank. The inner chamber was filled with cathode

buffer (250 mM Tris-HCI), 250 mM Tricine, 0.25 % SDS, pH 8.25) and the

outer chamber with anode buffer (400 mM Tris-HCI, pH 8.8 (no SDS).

Component Stacking Gel (ul) Resolving Gel (ul) i
I

Bisacrylamide:Acrylamide (19:1) 250 950

Gel Buffer (3 M Tris, 0.3 % (w/v) SDS, 620 1250

pH 8.45

Distilled Water 1610 1120

Glycerol 0 400

N,N,N' ,N' Tetramethylethylenediamine 2 2

10% Ammonium Persulphate 20 19

..Table 2.3 Composition ofSDS-PAGE 12% gels
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Samples for SDS-PAGE were prepared by mixing protein solution 1:2 with

reducing buffer (BioRad Tricine Sample Buffer) in order to reduce disulphide

bonds in the protein. This was then heated for 5 min at 95°C to denature the

protein, briefly centrifuged, and then loaded onto the gel. A standard protein

marker (#7720, Broad Range pre-stained marker, New England Biolabs) was

used to enable assessment of the size of the protein.

An initial running voltage of 60 V was used which was increased up 150 V

once the stacking layer had been passed. Once the gels had run they were

removed and stained for one hour using Coomassie Blue powder (1% w/v) in

50 % (v/v) water, 40% methanol (v/v), 10 % acetic acid (v/v) and then

destained for one hour in a solution of the same composition but without

Coomassie Blue.

2.4.2 Mass spectrometry

For native mass spectrometry lyophilized protein was dissolved in 25 mM

ammonium acetate to a concentration of 1 mg/ml and injected into an

Electrospray Ionisation Mass Spectrometry at infusion rate of 5 J.ll min"

(SYNAPT™ Waters, Hertfordshire, UK). For denaturing mass spectrometry,

the same procedure was followed except lyophilized protein was dissolved in

50:50 mixture of methanol and ammounium acetate (to give a final

concentration of 25 mM) spiked with 1% acetic acid. All data were analysed

using Massl.ynx'" software (Waters).
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2.4.3 Determination of protein extinction coefficients

In order to determine the quantity of protein in solution for subsequent

biophysical studies the extinction coefficients were determined by the method

of Gill and von Hippel (Gill and von Hippel, 1989). Freeze dried protein was

dissolved in denaturing solution (6 M guanidine hydrochloride, 100 mM

dibasic sodium phosphate, pH 6.5). This was used to make 1 in 10 dilutions in

both denaturing solution and a renaturing solution (100 mM dibasic sodium

phosphate, pH 6.5). The absorbance of these dilutions was determined at a

wavelength of 280 nm. The theoretical extinction coefficient (£280) was

calculated from the protein sequence (Gill and von Hippel, 1989) and then the

value (12330 M-I.cm_I) used in the following calculations shown in equation

2.1 to give a corrected extinction coefficient of 13454 M-I.cm-'. This was an -

increase of 9.1 %. To calculate the concentration of mutants of OBP3, the

theoretical extinction coefficient of the mutated sequences was increased by

9.1% to give a more accurate extinction coefficient.

A280nm unfolded

Theoretical£280
= [unfolded]

A280nm 1:10dilution of refoldedprotein

o.1[unfolded]
Corrected£280 (M-1cm_1)

(Equation 2.1)
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2.5 Biophysical and structural techniques

2.5.1 Isothermal titration calorimetry experiments

The OBP - odour binding system is somewhat unusual as odours are volatile

and thus enter the nasal cavity in the gas phase. They then enter the nasal

mucus, which is a hydrophobic, viscous liquid and are conferred to the

olfactory receptor neurons (as described in section 1.1.3). Attempts have been

made in our laboratory to study this transition, and the role of OBPs within the

nasal mucus by constructing near physiological replica systems (Taylor et a1.

2008; Yabuki et a1. 2010, 2011; Borysik et a1. 2010). ITC is an entirely

solution based technique and therefore does not reflect the complete in vivo

situation but mimics the aqueous odour-OBP interaction. It is a more valuable

technique than physiological-like techniques for giving a full thermodynamic

characterisation of the interactions with direct calculation of binding affinities.

The odours used were liquid at room temperature, this made calculation of the

exact concentration a little more complicated. The exact method used is

described in section 2.6.2.

It is standard practise to degas all samples and buffers thoroughly before an

ITC experiment to reduce heat changes involved in the mixing of air contained

in the solutions. Due to the volatility of the odour molecules this posed a

significant problem as degassing of odour solutions led to an alteration of the

number of odour molecules in solution and hence an uncertainty as to the exact
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ligand concentration. Therefore the buffer was thoroughly degassed before the

odour was added. The effect of dissolution of the odour solution into the

protein solution was accounted for as fully as possible using a control

experiment titrating odour solution into the protein buffer alone, the data from

which was subtracted from the date from the experiment of odour titrated into

OBP3 experiment.

Ideally the use of plastic should have been avoided throughout the IrC

experiment as plasticisers very much resemble odour molecules and were

likely to readily bind to the protein. This was not possible for the 96 well

loading tray for the IrC instrument but potential problems were minimised by

thoroughly washing the tray before use. Additionally only one sample was

loaded at a time, therefore contact time with the plastic and the amount of

binding to the tray material was both minimised and consistent for all

experiments.

All experiments were initially run using 30 J.1M protein solution, titrated with

300 J.1M ligand as this produced a heat change that was large enough to

measure and binding curve transition from which a binding affinity could be

determined. Concentrations were adjusted according to the results for ligands

that bound more weakly. Ligands and protein were diluted in 10 mM

Phosphate Buffered Saline (PBS), pH 7.4 (8 gil NaCI, 0.2 gil KCl, 0.24 gil

KH2P04, and 1.44 gil Na2HP04). IrC experiments were performed using a

Microcal VP-Auto ITC (GE Healthcare). Every 180 s 14.3 JlI of ligand solution
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was injected into the protein solution in the calorimetric cell. Throughout the

titration the solution was stirred at 300 rpm. A preliminary injection of 2 JlI

was carried out; this data point was routinely deleted from each spectrum. As

the injection was small relative to the subsequent injections the effect on curve

fitting was negligible. This preliminary injection is necessary to negate the

effect of slow diffusive exchange from the ligand solution in the syringe tip to

the calorimetric cell which may take place during the relatively long pre-

equilibration period prior to injections.

2.5.2 Preparation of odorants for ITC experiments

The initial concentration of a neat odorant (or ligand), IC was determined by

the formula in equation 2.2.

LD--xp=/c
MW (Equation 2.2)

Where LD = ligand density in gil, MW = molecular weight and P = ligand

purity.

Ligands were diluted in the required aqueous buffer to make a stock

(preferably at - 5 mM). Some of the odorants used were only slightly soluble

in aqueous buffer. Organic solvents, particularly methanol should be avoided

where possible in ITC experiments as large heat changes take place when they

are dissolved in water. Previous studies have used methanol as an initial

solvent, followed by adjustment of the final methanol concentration to below
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1% (LObel et al. 2002; Borysik et al. 2010). Where possible dilute solutions

were made up which did not require methanol to solubilise the ligand. When

this was not possible it is indicated in appendix II. When preparing ligands

only glass apparatus was used, and odorants were stored in bottles with air tight

metal lids. This avoided the odour molecules being adsorbed onto the surface

of the container and affecting the final concentration. Details of all ligands

used and how they were made up can be found in the appendix II.

2.5.2.1 Fitting of Isothermal titration calorimetry data.

Titration curves were plotted usmg Origin 7.0 software (corrected by

subtraction of the titration curve generated by injection of the same amount of

ligand into a cell containing buffer alone). Experiments in this thesis were best

fitted to a one site model, meaning that for each macromolecule one ligand

molecule is bound. The model is described by the following equation:

1 __I!.t_ 1
8Q ~H' Vo -n[MJ- n[Mt K

8[Xtl = 2 1+ { 2 2}.!
(l!L) 2. [XtJ (1 1) + (1+ 1 ) 2
n[Mtl - n[Mtl - n[Mt ]K n[Mt]K

(Equation 2.3)

Where [XI] is the total ligand concentration, [MI] is the total macromolecule,

Vo is the effective volume of the calorimetric cell and dQ is the stepwise heat

change for each point during the titration. This is the standard one site model

included in Origin 7.0 for ITe (Microcal, GE Healthcare). Fitting was done

69



iteratively; using a non-linear regression procedure with the model equation to

find the best values for the parameters (n, K and ~Ho). (Freyer & Lewis 2008).

2.5.3 Nuclear Magnetic Resonance Spectroscopy

2.5.3.1 NMR Spectrometers

Nuclear Magnetic Resonance (NMR) experiments were carried out using a

Bruker-600 MHz spectrometer fitted with a triple resonance probe operating at

600.13 MHz. Direct carbon experiments were carried out on a Broker-500

MHz spectrometer fitted with a cryoprobe. All spectra were acquired using

standard Broker pulse sequences.

2.5.3.2 Sample preparation

For all experiments, except D20 exchange experiments (where the protein was

dissolved in 100% D20), lyophilised OBP3 was dissolved in NMR buffer (10

mM potassium phosphate pH 6.1, 10 % D20, 0.04 % sodium azide),
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2.5.3.3 Acquisition and processing software

NMR data were acquired using the TopSpin software package (Broker). The

standard experimental parameters used, including; the number of points,

spectral widths and number of scans used in the acquisition of the data in this

study, are listed in appendix III. Processing was also done using the TopSpin

software package. The standard processing protocol included making strip

transformation of the data and zero filling in the indirect dimensions, cosine

window functions were routinely used. The CCPNMR software package

(Vranken et aI., 2005) was used for analysis of processed NMR data and the

production of figures.

2.5.3.4 Titrations of ISN labelled OBP3 with 2-isobutylthiazole

15N labelled OBP3 at a concentration of 1 mM in NMR buffer (section 2.6.3.2)

at pH 6.1 was titrated with increasing amounts of 2-isobutylthiazole (0.1 mM

steps were used), until OBP3 reached saturation. At each step a IH_15NTROSY

spectrum was recorded using the parameters in appendix III.

The chemical shift perturbations (CSP) for each residue were calculated using

the following equation:

(Equation 2.4)

Where ~31H and ~315Nare the changes in the proton and nitrogen-IS chemical

shifts respectively.
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2.5.3.5 Preparation of ligand saturated samples

For NMR experiments where ISN labelled OBP3 was required saturated with

ligand, NMR buffer (pH 6.1) was used to solubilise the ligand. 20 ml volumes

of buffer were required in order to dissolve the 'Y-Iactonesat concentrations up

to 1.2 mM, beyond which the ligands were no longer soluble. The same

method was used for 2-isobutylthiazole although it was soluble at

concentrations beyond 4 mM. A 2:1 ratio of ligand to protein was used to

ensure saturation (2 mM ligand, 1mM protein).

2.5.3.6 Deuterium exchange NMR experiments

For D20 exchanged IH / IH NOESY and IH / IH TOCSY experiments

lyophilized OBP3 protein was re-suspended in 100% D20 and left at room

temperature for 8 hours before being resubmitted to freeze drying. This process

was repeated three times to ensure full exchange had taken place. Finally

OBP3 in D20 placed in a sample tube and standard IH / IH NOESY and IH I

IH TOCSY experiments using the parameters in appendix III were conducted.

For the deuterium exchange IH / ISNTROSY experiments (described in section

6.2.1.) lyophilised protein was dissolved in 100 % D20 and immediately placed

in the pre-shimmed 600 MHz spectrometer machine and a IH / ISN TROSY

with 2048 points in the direct dimension and 64 points in the indirect

dimension, 8 scans per tl increment were conducted as described for the

standard experiment described in appendix III.
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2.5.3.7 IH ,15N Heteronuclear-NOE NMR experiments

A 1 mM unbound sample of OBP3 was prepared as described in section

2.6.2.3. Samples saturated with y-Iactones were prepared as described in

section 2.6.3.5. IH /5N heteronuc1ear-NOE (het-NOE) values were determined

by recording a HSQC spectrum (for OBP3 a TROSY based version of the

experiment was used (Zhu et aI., 2000» with IH saturation applied before each

scan is acquired and recording the same spectra without 1H saturation

(appendix lID using a relaxation delay of 5 s and saturation delay of 1 s were

used. The ratio of peak intensities was then calculated. The peaks in the OBP3

spectra were picked manually before the in-built function in CCPNMR

Analysis (Vranken et aI., 2005) was used to calculate the het-NOE values for

each residue. Peak heights were used to calculate the peak intensities, rather

than peak volume to avoid error that may have been introduced by the shape of

some of the weaker peaks. Weak peaks were present because the het-NOE

experiments have inherently low sensitivity. This is because the pulse sequence

starts with equilibrium 15N magnetization instead of equilibrium IH

magnetization (which is about 10 fold stronger) (Renner et al., 2002).

2.5.4 Crystallisation trials of OBP3

Protein prepared for crystallisation trials was not submitted to lyophilisation.

After gel filtration the resultant fractions containing the protein were pooled

and then exchanged into the buffer required for crystallography using a

Vivaspin concentrator (GE Healthcare) and centrifuged in a benchtop conical

tube centrifuge (Heraeus'" Biofuge'" Stratos). The volume was reduced to as
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low as possible (-2 ml) then the concentrator refilled with 20 ml of the

required buffer and the concentration repeated. This cycle was repeated six

times. Finally the absorbance at a wavelength of 280 nm was checked and the

concentration adjusted to that required (usually 10 mg/ml). In order to screen

conditions for crystallisation Coming CrystalEX sitting drop crystallisation

trays (Hampton Research, Calfomia, USA) were filled with a variety of

reservoir solutions. Commercial screens as well as laboratory designed screens

were utilised, full details of which are shown in appendix N. Protein samples

were diluted 1:1 with reservoir solution (to give a final volume of 100 nl) and

deposited on the sample wells of the trays. This was done using a mosquito ®

Crystal nanolitre pipetting robot (TIP Labtech, Melbourne, Hertfordshire,

UK). The trays were then sealed with Crystal Clear Sealing Tape (Hampton

Research), stored at 291 K.

2.5.5 Circular Dichroism

An Applied Photophysics (Leatherhead, UK) 1[* 180 spectrometer was used for

Circular Dichroism (CD) experiments. Into an optical quartz cuvette (Hella

QS-II0) 300 J.lIof a 1 mg/ml protein solution (in 10 mM potassium phosphate

pH 6.1) was loaded. Scans were recorded between 190 nm and 260 nm at 10

nm min" with a 1 mm path length. A temperature of 298 K was used. A scan

of buffer alone was subtracted from the protein curve. The raw data in

millidegrees was converted to mean residue molar ellipticity (~EMR) using the

formula:
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!J.clfR = M
Cxnx/ (Equation 2.5)

Where !J.A is the differential absorbance of left (ALCP)and right circularly

polarised (ARcP) light as measured by the spectrometer, C is the molar protein

concentration, n is the number of residues in the protein and c is the molar

concentration of the protein sample and the path length (1) was 0.1 cm. To

determining melting temperatures using CD, the signal at 217 nm was

monitored as the temperature was raised in 1 K intervals from 298 K to 368 K.

2.5.5.1 Fitting circular dichroism melting temperature data

Melting temperature data was fitted using the software program Kaleidagraph

(Synergy, Pennsylvania, USA) using the following equations;

!J.G=MI (1- T / Tm- T) +T In(T / Tm» (Equation 2.6)

K = exp( -!J.G I(RT» (Equation 2.7)

a = Keq 1(1+ Keq) (Equation 2.8)

[8], =a([8]F -[8]u)+[8]u (Equation 2.9)
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Where [ell is the observed ellipticity, [elF is the initial ellipticity (folded

state) and [e]u is the final ellipticity (unfolded state). Additionally, a is the

fraction folded species, T is the temperature and Tm is the melting temperature.

2.5.6 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a Microcal VP-

DSC (GE Healthcare). The DSC was thermally conditioned by being

continually heated and cooled from 278 K to 393 K for five cycles.

Lyophilised OBP3 was resuspended in 10 mM KHP04 buffer (PH 7.0) at a

concentration of 50 JlM, 1 ml of this solution was placed in the sample cell.

Buffer alone was placed in the reference cell. The cells were then heated from

278 K to 393 K at a rate of 90°C / hr and cooled again at a rate of 60°C / hr.

Melting curves were plotted using Origin 7.0 software (corrected by

subtraction of a blank experiment with buffer in both the reference and sample

cells).

2.6.6.1 Fitting differential scanning calorimetry data

Corrected and normalized melting curves were analysed using Origin 7.0

software; firstly the baseline was established and then the curve was fitted to a

two state model using the LevenberglMarquardt non-linear least-square method

which is in-built in Origin 7.0.
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2.6 Homology Modelling

Homology models of OBP3 were generated and assessed using Swiss-

PdbViewer and the automated homology server Swiss-Model (Arnold et al.,

2006; Kiefer et al., 2009). ClustalW2 was used for primary sequence alignment

(Chenna, 2003).
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3. OVEREXPRESSION, PURIFICATION AND CHARACTERISATION

OFOBP3

3.1. Introduction

In order to understand the binding interactions of OBP3 a number of

biophysical techniques were employed. Initially, Isothermal Titration

Calorimetry (ITC) was used to determine which odour compounds bound to

OBP3. In order to do this, large amounts of pure OBP3 were required;

therefore recombinant OBP3 was produced using the gram-negative bacterium

Escherichia coli. This chapter describes the overexpression and purification of

OBP3 from E. coli, including optimisation of the previously published method

of producing OBP3 (LObel et al. 2001). The initial characterisation by mass

spectrometry (MS), 1D Nuclear Magnetic Resonance (NMR), Circular

Dichroism (CD) and Differential Scanning Calorimetry (DSC) of OBP3 is

described. In addition, attempts were made to crystallise OBP3 for structural

studies.

3.2 Results and Discussion

3.2.1 Overexpression of OBP3

OBP3 from rat was overexpressed using E. coli MIS cells (these cells are

particularly tolerant of toxic proteins, but in this case, the OBP3 protein wasn't

toxic). A build-up of protein was seen over the 4 hours after induction with

IPTO. Figure 3.1 shows the overexpression band just below 25 kDa,

corresponding to OBP3, which from its primary sequence, is calculated to have
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a molecular weight of 19.9 kDa. The protein was expressed into the soluble

fraction, so denaturing conditions were not required for purification

Figure 3.1. SDS-PAGE showing a accumulation of protein across four hours (lanes 1-4) of

expression, including a sample of the final time point for all four flasks (all labelled 4 hours).

The first lane shows the marker and the protein size the bands correspond to in kDa.

It was found that four hours growth after induction was sufficient to produce

large amounts of protein from I litre of culture grown in LB broth.

3.2.2 Protein purification

3.2.2.1 Extraction

In order to purify OBP3 from E. coli MI5 the cells needed to be lysed. This

was done using sonication as per the method of Lobel et al. (1998, 2001);

however some alterations to the original method were made. After harvesting

the cells by centrifugation the pellet was stored at -20°C and thawed at room
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temperature when required. Incubation with lysozyme on ice for one hour was

omitted and instead phenylmethylsulphonyl fluoride (PMSF) was added

immediately before sonication. The sonication was altered from a two minute

block with a tip sonicator to 15 cycles of 20 s with a medium sonication tip,

followed by 40 s of recovery. The soluble protein was then separated from the

cell debris by centrifugation and the supernatant taken forward to metal affinity

chromatography.

3.2.2.2 Immobilised metal affinity chromatography

To purify OBP3 a nickel column was used, however 300 mM imidazole was

determined to be optimal to elute OBP3, rather than 250 mM used by LObel et

al. (2001). Figure 3.2 shows that a large number of E. coli proteins have been

washed out of the column at the low imidazole concentration (20 mM) used

during the wash step.

80



I BOO

1600

i 1400

1200
cv
0c

II)))ro
..Q

~ BOO
~

600

400

200

UV absorbance

Conductivity

, , , I ' , , 1 T , , I ' , , 1 ' , , I ' , , 1 ' , , I ' , • I ' • , I ••• 1 ••• 1 •• , 1 • , • I ' •
2 4 6 8 10 12 14 16 18 l() 22 24 26

Flow volume(ml)

Figure 3.2 Chromatogram showing the UV absorbance (in blue) as the nickel column is

washed with a low concentration of imidazole. Non-specifically interacting proteins are

removed from the column after ~25 ml (5 column volumes), when UV absorbance returns to

zero. Specific conductivity is shown in brown (measure in mS/cm) and changes to in response

to the conductivity of the solution as it is eluted from the column and passes through the

monitor. The remaining lines (orange and green) are unmonitored so remain at zero.

A one step elution method was used, whereby the imidazole concentration was

increased to 300 mM immediately without the use of a linear or step-wise

gradient. This resulted in a large single peak across six fractions of 1 ml III

volume (between fractions 18-23), shown in figure 3.3.
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Figure 3.3 Chromatogram showing the elution of a large amount of protein between fractions

18-23 (6 ml), with a DV absorbance of almost 2000 mAD (an arbitrary value). The peak is

somewhat asymmetric which may indicate the presence of contaminating proteins.

SDS-PAGE was used to assess the molecular weight, and purity. Figure 3.4

shows the SDS-PAGE gel and indicates a relatively clean band at just below

the 25 kDa marker band, suggesting these fractions contain OBP3.
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Figure 3.4 An SDS-PAGE gel of fractions resulting from nickel affinity chromatography

showing apparently pure protein (at the concentration run on this gel) just below (25 kDa) in

fractions 18-23. On the left is the molecular weight marker in kDa. The fraction numbers

(corresponding to those shown in figure 3.3) are along the top.

3.2.2.3 Gel filtration chromatography

The fractions resulting from the affinity chromatography step were pooled

together and injected onto the pre-equilibrated gel filtration column as

described in section 2.3.2. Figure 3.5 shows that the largest peak is seen

between fractions 14 and 19. There was a small contaminating peak between

fractions 10 and 13. The major peak was somewhat asymmetric, appearing to

tail off over a number of fractions later in the peak. SDS-PAGE of these

fractions did not show a visible contaminating protein or fragmentation of the

protein. To discover if the asymmetry was instead caused by a conformational

effect or a protein-column interaction fraction 15, a relatively early fraction,

was resubmitted to the column. The resulting trace is shown as an inset in
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figure 3.5 and shows an identical, albeit smaller, peak to that originally

obtained. Purification was therefore continued as it was concluded the peak

shape was due to a conformational effect occurring when the protein was

passed through the column.

Fraction number (5 ml fractions)

Fracnon 15 resuomntec to the column

Figure 3.5 Chromatogram showing the elution profile of gel filtration chromatography

(Superdex 75) of fractions 18-23 from the nickel affinity column (shown in figure 3.3). The

UV absorbance (blue) shows an asymmetric peak. The top inset panel shows an SDS-PAGE

gel of the fractions, indicating no obvious contamination (on the left is the marker in kDa with

the fractions along the top).The bottom inset panel shows fraction 15 from the main peak

due to a column effect rather than a contaminating protein.

resubmitted to the column. The peak shapes are very similar, suggesting the asymmetry may be

3.2.2.4 Ligand removal

Odour binding proteins are promiscuous binders and readily bind ligands into

their binding pockets (Tegoni et al. 2000). Through the stages of expression
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and purification there is ample opportunity for this to occur. Indeed work on

other odour binding proteins has reported the presence of ligands in the protein

binding pocket after isolation (Bianchet et al., 1996; White et al., 2009).

Different methods have been employed to try to achieve the apo-protein, for

example dialysis in acetonitrile to unfold the protein, followed by

lyophilisation to remove the solvent (Borysik et al., 2010). Lobel, et al. (2002)

dialysed OBP3 against a ImM solution of the odorant octanal in potassium

phosphate (100 mM, pH 7.5) followed by dialysis against potassium phosphate

(100 mM, pH 7.5) alone. Instead of this method, ethanol precipitation was

chosen to remove ligands that were already bound as per the method of

Bingham, et al. (2004) which was performed on Major Urinary Protein (MUP

I) which shares high sequence identity with OBP3. Addition of two volumes of

pure ethanol to OBP3 in 30 mM potassium phosphate, 100 mM NaCI (after gel

filtration) caused the protein to unfold and come out of solution, whilst the

ligand should remained soluble in the ethanol. Centrifugation was used to

separate the protein away from the ligand-containing supernatant and

lyophilisation was used to remove any traces of ethanol. The protein pellet was

then resuspended in the desired buffer (usually water ready for desalting)

(detailed method in section 2.3.3).

3.2.2.5 Desalting chromatography

Desalting effectively separates salt from the protein which is essential for

NMR. After ethanol precipitation it appeared there was still some salt

remaining in the protein pellet. The pellet was resuspended in water and the

025 desalt column was also conditioned with water. Figure 3.6 shows the
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separation of OBP3 from the remaining salt. A small peak before the larger

peak is likely to be a small amount of aggregation of the protein on the column,

possibly due to the effect of being in pure water.

...

,0) I

,. ,

UV absorbance

Conductivity

,I

Fraction number (1 ml fractions)

Figure 3.6 Desalting chromatography using a G25 column. In blue is the UV signal from the

eluted protein, whilst in brown is the conductivity reading, indicative of the salt in the sample.

Clear separation is seen. The small peak to the left of the main peak may indicate a small

amount of aggregation due to the protein being in pure water.

Prior to use, protein that had been desalted, was lyophilised and stored at _

20°e. This was resuspended in the desired buffer immediately before being

used for biophysical studies, ensuring a low chance of ligands binding to the

OBP3 before experiments were carried out. Average yields of 50 mg per litre
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of bacterial culture have been achieved, which is an improvement of 32 mg

above the yield quoted by Lobel, et al. (2002).

3.2.3 Determination of the molecular weight of OBP3 by mass
spectro metry

Before using the protein produced for biophysical studies confirmation was

required that the correct protein had been produced. It was also necessary to

check that the protein was folded and therefore likely to be functional.

Macromolecules typically have a large number of charge states. These are

separated within the mass analyser. Figure 3.7 shows the mass spectrum of

OBP3; the distribution of charge states from 9 + to 18 + can be seen.
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Figure 3.7 The mass spectrum ofOBP3 in denaturing conditions. Analysis of the charge states

gives a molecular weight of 19 897 kDa for the largest peak, which is equal to the molecular

weight calculated from sequence.
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It was noted that for each charge state there appeared to be a major peak with a

molecular weight of 19 897 kDa, which corresponds exactly to the calculated

molecular weight of OBP3 using monoisotropic masses. There were also minor

peaks giving molecular weights of 19 869 kDa (28 Da less than the major

peak) and 19 926 kDa (29 Da more than the major peak). It is unclear why

these peaks exist, as they do not correspond to an obvious mutant of OBP3. It

may be the case that the lower number corresponds to OBP3 losing its N-

terminal methionine, but with the addition of an artefact of mass spectrometry

(such as phosphate ions), whilst the higher molecular weight represents OBP3

plus a mass spectrometry adduct. Analytical ultracentrifugation was therefore

used to confirm a single species was present in solution (Rhodes et al., 2009).

3.2.4 Assessment of the structure of OBP3

3.2.4.1 One-dimensional nuclear magnetic resonance spectroscopy

After the initial purification of OBP3, nuclear magnetic resonance (NMR) was

used to verify the protein was folded. Using proton NMR a spectrum of OBP3

was recorded. Figure 3.8 shows the spectrum of OBP3. There are a large

number of protons in OBP3, giving a very crowded spectrum, however the

peaks are well dispersed which suggests OBP3 is folded.
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Figure 3.8 1D NMR spectrum of OBP3 recorded in 10 mM Potassium phosphate, 10 % D20,

0.04 % sodium azide, pH 7.0. A large dispersion of chemical shifts suggests that the protein is

folded. It also appears that there aren't any small molecular weight contaminants.

3.2.4.2 Using circular dichroism to determine the secondary structure

content of OBP3

Circular dichroism (CD) is a solution based technique, which can be applied to

estimate the secondary structure composition of a protein sample.

The CD spectrum of OBP3 is shown in figure 3.9. Measurements were not

made below 190 nm due to the limitations of the instrument used. Ideally data

points should be recorded down to 170 om and below, as can be recorded using

synchrotron radiation, in order to reliably estimate the secondary structure of

the protein (Correa & Ramos, 2009). From the spectrum the abundance of anti-
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parallel p-sheet is clearly seen by the presence of a negative curve between 205

- 240 nm. The amount of a-helix is more difficult to ascertain due to the lack

of data in the lower part of the spectrum, but the relatively sharp positive curve

between and 190 nm and 205 nm indicates some helical presence.

When the data were submitted to Dichroweb in order to determine a

quantitative measure of the secondary structure, somewhat unexpectedly the

protein appears to have over 63 % helical content, 20 % random coil and only

17 % p-sheet. These structural predictions do not concur with the expected

secondary structure of OBP3, as a member of the lipocalin protein family,

having eight anti-parallel p-shects and an a-helix at the C terminal end of the

protein. This may be due to a lack of good quality data at the lower

wavelengths of the spectra which has distorted the fitting and thus the

secondary structure predictions. NMR will be used to predict the secondary

structure in addition to CD.
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3.5.3.3 Attempted crystallisation of OBP3

In order to determine the high resolution structure of OBP3, x-ray

crystallography was attempted. A number of lipocalins have previously been

crystallised including nitrophorin, retinol binding protein and the human

complement protein C8y (Amoia & Monfort 2007; Redondo et al. 2008;

Kaufman & Sodetz 1994; Flower et al. 2000). Additionally the structures of

bovine (Bianchet et al., 1996), porcine (Spinelli et al. 1998) and rat subtype 1

(White et al., 2009) odour binding proteins have been solved using x-ray

crystallography (section 1.3).

Crystallisation of OBP3 was attempted using both sparse matrix and systematic

screens of crystallisation agents at the University of Birmingham with the help

of Dr. Scott White. Sparse matrix screens sample a large area of crystallisation

space, by including a large range of precipitants, salt conditions, neutralized

organic acids and solution pH values. Systematic screens at pH 7 and pH 8

were also explored as OBP3 had been purified successfully using these pHs.

After continual monitoring of crystal trays stored at 18°C it was noted that a

large number of drops contained amorphous precipitant, whilst a few remained

clear, but failed to produce crystals or anything indicating crystals may form.

Initially OBP3 had been dialysed into pH 8 Tris buffer for crystallisation trials.

An alternative buffer (10 mM KHP04, pH 7.0) was also used when the protein

was sent to the laboratory of Prof Sam Yong Park (Yokahama City University,

Japan). Phosphate can lead to false-positive in crystallisation screens so buffer
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only controls were required. Micro-crystals were detected in 0.1 M ammonium

sulphate, 15 % polyethylene glycol, however this could not be optimised to

produce crystals that diffracted.

3.2.5 Assessment of the thermal stability of OBP3

In order to more fully characterise OBP3 the stability of the protein was

assessed using circular dichroism (CD) and differential scanning calorimetry

(DSC). It was useful to find the thermal stability of OBP3 for a number of

reasons; firstly to discover if the melting temperature was similar to that of

other odour binding proteins, secondly to be able to compare wild type OBP3

with mutants of OBP3 and thirdly to gain an indication of how stable OBP3

was likely to be over the course of relatively long (in excess of a week) NMR

experiments run during assignment data collection (see chapter 4).

3.2.5.1 Determining the melting temperature of OBP3 using circular

dichroism

When a protein unfolds as it is thermally denatured a loss of protein secondary

structure is seen. This can be monitored using CD, which, as described in

section 3.2.4.2, gives a signal reflecting the protein secondary structure.

Observing figure 3.14, a signal minimum at 217 nm is representative of the p-

sheet component of OBP3 secondary structure. The CD signal at 217 nm was

monitored as the temperature was raised in 1 K intervals from 298 K to 368 K.

Figure 3.10 shows the melting curve obtained.
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Figure 3.10 Melting curve of OBP3 monitored by circular dichroism, by fitting the curve the

Tm was found to be 355 K.

The lack of a straight baseline at lower temperatures made fitting more difficult

(described in section 2.6.5.1), therefore the first 3 data points were excluded

from the baseline. A melting temperature of 355 K was established. The

sample was cooled from 368 K back down to 298 K; however it was apparent

that the protein had been irreversibly denatured. It was therefore not possible

determine the enthalpy of folding. Differential scanning calorimetry (DSC) was

used as a complementary technique to confirm the melting temperature of

OBP3.
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3.2.5.2 Determining the melting temperature of OBP3 using differential

scanning calorimetry

Using the melting temperature determined by CD as a guide, the DSC was

heated from 283 K to 393 K in order to achieve a good baseline either side of

the melting transition. The melting curve obtained is shown in figure 3.11, with

the baseline used for fitting shown in red. Again the thermal denaturation was

irreversible, so the only parameter that could be usefully determined was the

melting temperature, which was found to be 346 K, 9 K lower than the value

found by CD, possibly due to the system being pressurized.
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Figure 3.11 DSC melting curve ofOBP3, heating the sample from 283 K to 293 K. A buffer to

buffer baseline has been subtracted. The raw curve is shown in black, the red curve was used to

fit the data and generate the melting temperature.
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Of the other OBPs, porcine odour binding protein is the only protein with

melting temperatures quoted in the literature. Table 3.1 compares the melting

temperatures of porcine OBP and rat OBP3 using the methods of CD and DSC.

Odour Binding Till pH Method Reference

Protein (K)

Porcine 347 not CD melt (Parisi et al., 2005)

stated

Porcine 342 6.6 DSC (Burova et al.,

1999)

Rat OBP3 355 7.0 CD This thesis

Melt

Rat OBP3 346 7.0 DSC This thesis

Table 3.1 Meltmg temperatures of Pore me OBP and Rat OBP3.

It can be seen that for porcine OBP there is a difference in the values obtained

using the two different methods, as there was for rat OBP3. Overall the melting

temperatures of the two proteins are very similar, being over 340 K (67°C).

Whilst this does not make the proteins thermophilic, the melting temperatures

are relatively high (Ku et al., 2009). This may be due to the localisation of the

proteins within the nasal cavity, which is an area of the body with a variable

temperature, requiring them to be quite thermostable. Knowledge of the

melting temperature of other odour binding proteins would help to confirm this

trend across this type of protein. Interestingly in both studies of the thermal

stability of porcine OBP the unfolding reaction was found to be reversible,

despite the protein being raised to a temperature of 373 K which is higher than

rat OBP3 was raised to in the CD experiment.
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3.3 Conclusions

This chapter has described the successful overexpression and purification of rat

OBP3. The expression system used enabled large quantities of protein to be

produced, which is ideal for biophysical studies. The histidine-tagged OBP3

was successfully purified using nickel affinity and gel filtration

chromatography. The method used was adapted from LObel et al. (2002) and

resulted in a higher overall yield of pure protein (50 mg per litre of bacterial

culture).

Circular dichroism showed the protein produced had the expected secondary

structure; high J3-sheet content with some a-helical content. Proton NMR

suggested the protein was folded, as judged by the good dispersion of proton

signals. Attempts to crystallise the protein in order to solve the high resolution

structure ofOBP3 were unsuccessful, however crystallisation in the future may

still be possible. This may be achieved by first saturating the protein with a

ligand, to avoid the possibility that crystal formation was being prevented by

odour binding and unbinding. Alternatively more crystallisation conditions

could be explored including; more buffer conditions, crystal tray storage

temperature and protein concentration.

Finally, CD and DSC revealed that OBP3 was relatively thermally stable, with

Tm values of 355 K and 346 K found respectively, which were comparable to

porcine OBP. The thermal stability of these proteins may prove important for

withstanding their extracellular environment, which is affected by nasal air

flow that varies in temperature.
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The OBP3 produced was suitable for biophysical binding studies usmg

isothermal titration calorimetry (ITC) and nuclear magnetic resonance

spectroscopy (NMR). For NMR studies of OBP3 the first stage, described in

the following chapter, was to assign the protein.
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4. NMR ASSIGNMENT OF OBP3

4.1 Introduction

lTC, the other technique used in this study to look at binding interactions of

OBP3, provides a wealth of information about the binding characteristics of

OBP3 (both affinity and thermodynamic parameters). However, the data

provided are global in nature, reflecting changes in the state of the protein

culminating from the sum of individual interactions and changes. Nuclear

Magnetic Resonance (NMR) can be complementary to ITC data but provides

resolution on a per residue basis. Although NMR analysis is more time

consuming than other biophysical techniques the amount of information

available on ligand binding affinities, exchange rates, the residues involved in

ligand binding, measurement of protein dynamics and structure makes it

worthwhile.

The OBP3 system is particularly suited for NMR study as large amounts of

protein can be produced in a matter of days (50 mg of protein from 1 litre of

bacterial culture, which was enough to make four 1 mM samples for NMR).

This is also ideal for isotopically labelling the protein for heteronuclear NMR

experiments, when growing bacteria in minimal media invariably decreases

overall protein yield. Additionally NMR data from other vertebrate odour

binding proteins has not been obtained and therefore OBP3 warranted study.

OBP3 has high sequence identity to the Major Urinary Proteins (in excess of

80 %, see section 1.4) and such proteins have been studied by NMR. These

proteins, like OBP3, are around 20 kDa in size and have proved to be a suitable
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size for studying the whole protein by conventional NMR experiments.(Abbate

et al. 1999; Lucke et al. 1999; Bingham et al. 2004)

The largest protein NMR assignment to date, of a single protein, was that of

Malate synthase G, which contains 723 residues of which 654 of the backbone

nitrogen atoms were assigned (Tugarinov et al., 2002; Grishaev et al., 2008).

This assignment was completed using an 800 MHz spectrometer over 8 years

ago, and higher field spectrometers (now up to 1 GHz) haven't as yet

succeeded in surpassing this despite the predicted improvement in spectral

resolution when using Transverse Relaxation Optimised Spectroscopy

(TROSY) approaches at very high field (Pervushin et al. 1997; Lin et al. 2000).

The TROSY experiment suppresses transverse relaxation in multidimensional

NMR experiments (such as the IH /15N HSQC described below). Interference

between dipole-dipole coupling and chemical shift anisotropy (CSA), which

mutually cancel, is used, giving a single sharp peak in the spectrum, rather than

broad line widths, in decoupled HSQC experiments, typically characteristic of

larger proteins. Generally high magnetic fields are required as CSA scales with

field strength.

For protein-ligand binding studies the IH / ISNHeteronuclear Single Quantum

Coherence (HSQC) experiment is the key tool (Cavanagh et al., 2006). It is a

two-dimensional experiment which correlates the IH and ISN chemical shifts of

amide groups, yielding a peak for each residue in the protein (except prolines

which have secondary amide groups), plus peaks for any side chains with
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nitrogen-bound protons (Arginine, Lysine, Glutamine and Asparagine). It

requires nitrogen-IS as this has a nuclear spin of ~, which is observable by

NMR. The IH / ISN experiment may in theory be conducted using the natural

abundance of ISN. However, NMR sensitivity for nitrogen is 1.04 x 103 times

less than for proton, whilst the natural abundance of nitrogen is 0.37 %,

meaning at natural abundance level the sensitivity for nitrogen is reduced to 3.8

x 10-6 that of proton (Gust et al., 1975) making it impossible to use at natural

abundance for molecules at low concentrations.

For larger proteins (typically those over 10 kDa) there is considerable overlap

in the IH / ISN HSQC. There is also a decreased likelihood of finding suitable

unique stretches of sequence to unambiguously assign residues. Three

dimensional experiments such as the IH / ISN HSQC-NOESY can be used;

however, the presence of a large numbers of p-strands, as found in the odour

binding proteins, complicates the analysis of the IH / 15NHSQC-NOESY, due

to cross-strand NOEs from short NH-NH distances.

Isotopically labelling with 13Cand ISN allows the use of triple resonance three

dimensional experiments that are designed to easily connect amino acid

residues in sequence (Sattler, 1999). Figure 4.1 shows how these experiments

are used, demonstrated with the Ca and Cp shifts. In one experiment, such as a

CBCANH experiment (shown in orange), the carbon shifts of a particular

residue (z) are recorded at nitrogen frequency "X", as well as the carbon shifts

of the preceding residue (i-1, shown in purple), these peaks are usually weaker.

In another experiment, (such as the CBCA(CO)NH), only the shifts of the
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preceding residue are recorded (in purple, with a dotted orange line) at the

same nitrogen frequency. The actual nitrogen frequency (Y) of these peaks is

then found, and movement is made backwards along the sequence. (This can

also be done moving forward along the protein backbone).

C~ C~ C~
I I I

N-Ca- C'-N- Ca -C'-N -Ca- C'

I I I
HN HN HN

I 15N freq. X

C~ C~ C~
I I I

N-Ca- C'-N- Ca -C'-N -Ca- C'

I I I
HN HN I HN

15N freq. Y

Cp C~ Cp

I I I
N-Ca- C'-N- Co-C'-N -Ca- C'

I I I
HN HN HN

15N freq. Z

Residue "8"
i - 2

Residue "9"
i -1

Residue" 10"
I

Figure 4.1 Sequential assignment using triple resonance experiments. Described more fully in

the text, assignment is made from residue 10 (highlighted in grey at the top right) and

connectivity made to residue 9 and then residue 8, moving backwards along the chain. The i

experiment (such as the CBCANH), records the atoms shown in orange and purple, whilst the

i-l experiment (such as the CBCA(CO)NH)records just those atoms shown in purple.
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To determine Cc and Cp chemical shifts two experiments are recorded; the

first records the Cc and Cp chemical shifts of residue i and residue i-I. There

are different experiments for collecting this information; the CBCANH

(Grzesiek & Bax 1992a) and the HNCACB (Wittkind & Mueller 1993). The

transfer of magnetization is shown in figure 4.2. In the case of the HNCACB

experiment magnetization is transferred "out" to the Ha and HP protons and

then back to the amide proton. The experiments are recorded such that the Cc

and Cp resonances have opposite phases and thus appear with positive and

negative contours respectively, enabling them to be distinguished. Initially the

"out" only CBCANH experiment was used. The other experiment recorded is

the CBCA(CO)NH (figure 4.2 upper pane), which records the Co and Cp

chemical shifts of the i-I residue alone (Grzesick & Bax 1992). The CBCANH

and CBCA(CO)NH spectra can then be overlaid and the sequential

connectivities searched for, as described earlier and shown in figure 4.1.
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CBCA(CO)NH

HB- CB-HB
I
Ca-C'
I
HaHN

\ y
I

Figure 4.2 Transfer of magnetization in the CBCA(CO)NH (top panel) and CBCANH (bottom

y
i-l

panel) experiments. The flow of magnetization is shown by the red arrows. Blue boxed atoms

CBCANH

HN
\L---~r---_) '- ~~-__ _J

y
i-I

indicate magnetization flows through them whilst green boxed atoms are observed. In both

experiments the amide proton is used for detection.

To determine the carbonyl shifts the HN(CA)CO (Clubb et al. 1992) and

HNCO (Kay et al. 1990; Grzesiek & Bax 1992b; Muhandiram & Kay 1994)

experiments are used together, in a similar manner to the Ca and C~ shift

experiments. The magnetization flow diagrams for these experiments are

shown in figure 4.3. The HN(CA)CO has two peaks, one for residue i and one

for residue z-l , whilst the HNCO contains only the i-I peaks. Finding matching

peaks is more complicated than for Ca and C~ shifts as there is a lot of overlap,

due to a smaller frequency range in the carbon dimension. Additionally only

one peak is being searched for, so it is harder to be certain when there are
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multiple options. These experiments are, however, useful for confirming

sequentiallinks found in Ca and CBexperiments.

HNCO

CB
I

CB
I
Ca-C'
I
HA

Figure 4.3 Transfer of magnetization in the HNCO (top panel) and HN(CA)CO (bottom panel)

N-Ca.
I I

y
T

experiments. Colouring is the same as for figure 4.2. In the case of the HNCO experiment

HN
\

HA

r;-1

magnetization is transferred from the amide proton to the nitrogen and then selectively to the

HN(CA)CO

N
I
HN
\

y
I

carbonyl carbon. The magnetization is passed back to the amide proton for detection. The

r;-1

HNCO is a very sensitive experiment. In the HN(CA)CO experiment magnetization flows from

the nitrogen to the Ca and then to the carbonyl and back to the amide proton for detection.

In addition direct carbon observation experiments were used. This means

protons aren't used for detection and therefore aqueous buffers don't introduce

solvent artefacts and the spectra are clearer. The CACO experiment correlates

the Co. and CO shifts and thus provides confirmation that particular carbon
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shifts (from experiments such as the HNCACB and HNCACO) belong to the

same residue. This is useful when there is overlap in the proton dimension at a

particular nitrogen frequency. The CCCO- TOCSY (Bermel et aI. 2005, 2006)

then adds a third dimension, the aliphatic carbon dimension; allowing

assignment of the aliphatic side chains attached to the Cc atoms and provides

distinctive patterns for particular amino acids. The HACACO is a 3D

experiment correlated the Cc and CO of a particular residue with its Ha atom.

4.2 Results and Discussion

In order to study OBP3 in detail by NMR, the spectrum of the protein first had

to be assigned. Initially the protein backbone signals, which consist of the HN,

NH, Ha, Cu and CO atoms, were sequentially assigned to the correct NMR

resonances. The IH / ISNHSQC or TROSY could then be used to monitor, for

example, which residues were involved in ligand binding.

4.2.1 Homonuclear experiments

A 1 mM sample of non-isotopically labelled OBP3, in KHP04 at pH 7 was

used to run the one-dimensional proton Watergate experiment shown in section

3.2.4. This confirmed the protein was folded and free from contaminants and

artefacts, prior to longer experiments which required labelled protein. This

sample was also used to run 2D NOESY and TOCSY experiments. The peaks

are very overlapped, as would be expected from a 19 kDa protein, due to the

high number of protons, and hence the spectra are very difficult to use. It is
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also likely that the signal from solvent water has obscured some of the Ha

protons. To improve these spectra and remove the effect from solvent water the

same experiments were run on a D20 eH20) exchanged sample. This required

dissolving lyophilised OBP3 in D20, lyophilising the sample again and then re-

dissolving the sample again. This was repeated five times to try to exchange

the labile protons in OBP3 with deuterium, leading them to no longer be visible

in the NMR spectrum (Wuthrich & Wagner 1979, 1982; Jue et a1. 1984). A

full description of how this sample was prepared is described in section 2.6.3.2.

The resulting TOCSY spectrum is shown in figure 4.4. It is interesting to note

that despite numerous resuspension and freeze drying rounds there remains a

number of unexchanged protons in the amide region (shaded grey area). On

their own these spectra were not very useful for assigning OBP3 but were used

to heteronuclear experiments to aid the deconvolution of the proton dimension

for side chain identification and assignment.

107



:i ,.. \....
~" ~ ,.... .. . ... .~"""! II••.'... ~..\,
~ . I

.'. . .
.-;~'."~:.,~~~~r••• ,..-"11": 7. ....

,.

Figure 4.4 TOCSY spectrum of D20 exchanged OBP3. Due to the number of residues

considerable overlap is seen. A number of TOCSY cross peaks to Ha protons are still present

residues lining the putative binding pocket.

in the amide region, indicating unexchanged protons. These could be due to highly protected

4.2.2 Isotopic labelling

Isotopically labelled protein was produced in a minimal medium, A sole source

of the required isotope, for protein NMR nitrogen-IS and carbon-13 is used. To

produce isotopically labelled OBP3 using E. coli 14N ammonium chloride was

replaced with 15N ammonium chloride, and 12C glucose was replaced with I3C6

glucose as the sole carbon source. The minimal media used is described in

section 2.2.5.
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An initial trial growth of M 15 cells containing pQE31 plasmid in the minimal

medium indicated that growth was slower. The cells took 4 hours (rather than 1

-2 hours) to reach the OD600nmof 0.6 required prior to induction of protein

overexpression and the protein yield after eight hours was less than 10 mg rl

(rather than 50 mg rl achieved using LB media and the procedure described in

section 2.2.1). The growth regime was therefore altered to allow a 16 hour

growth period after induction. The growth temperature was dropped from 37°C

to 25°C after the cells had been induced. This was to limit the chance of the

protein being degraded by the E. coli cells during the long growth period. This

increased the yield of OBP3 grown in minimal media (without isotopic labels

being used) to 40 mg r' which was comparable to the levels achieved in LB

media.

Purification was carried out using the same method described in section 2.3.

Figure 4.5 shows pure 15N/ Be labelled OBP3 protein by SDS-PAGE after gel

filtration. 20 J.LIfrom each 5 ml fraction which contained protein was loaded

onto the SDS-PAGE gel. The thick band reflects the high yield of pure protein

was achieved. After desalting chromatography and lyophilisation (as described

in section 2.3.4) a final yield of 25 mg r' was achieved. When producing 15N

OBP3 yields of greater than 35 mg r' were routinely achieved.
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25,

M 14 '15 16 17 18 19·20
175

83

47.5

32.5

Figure 4.5 SDS PAGE of gel filtration fractions (shown along the top) of 15N OBP3

purification. The protein size marker (M) indicated an apparent molecular weight of

approximately 18-19 kDa, corresponding to OBP3

4.2.3 Heteronuclear Experiments

The first heteronuclear experiment recorded was a IH / 15N TROSY (Pervushin

et aI., 1997) at 298K in pH 7.0 potassium phosphate buffer on a ImM sample

of 15N OBP3 (described in section 2.2.5). The spectrum is shown in figure 4.6.

It shows the peaks are well dispersed, which demonstrates that all the amide

protons are in distinct chemical environments. This indicates the protein is

folded and contains no obviously unstructured regions which would result in a

collapsed spectrum with all the peaks appearing in one area (Chasman, 2003).

OBP3 consists of 160 residues, plus 13 additional residues as part of the

histidine tag, which may not be visible on the spectrum due to it exchanging on

a different timescale. An initial peak count found 155 peaks, which allowing

for overlap of some peaks suggests almost all residues of the main chain of

OBP3 were visible.
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Figure 4.6 A IH / 15N TROSY of OBP3 in pH 7.0 10 mM potassium phosphate buffer,

recorded at 298K. The peaks are well dispersed and indicated assignment of OBP3 would be

possible

In order to optimise the number of peaks prior to triple resonance experiments

being run a decrease in pH was tried, as well as varying the sample

temperature. Lowering the pH to 6.1 made no difference to the number of

discernable peaks; however a slight movement of peak positions appeared to

resolve some peaks more clearly, so this pH was selected for triple resonance

experiments.

The IH / 15N TROSY was also recorded at a lower (288 K) and higher (310 K)

temperature, with the aim of revealing additional peaks. Figure 4.7 shows an
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overlay of the spectra at the three different temperatures. It is apparent that at

310 K the protein was exchanging with the solvent too fast, and some peaks

(top left panel) disappeared completely. In some cases a temperature of 288 K

resolved peaks more clearly (top right panel), but overall no more peaks were

resolved at this temperature. The bottom panel in figure 4.7 shows that at

298 K the peak shape is quite symmetrical and well resolved; therefore this

temperature was selected to record triple resonance experiments.
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Figure 4.7 lH / 15N TROSY spectra of OBP3 at different temperatures. Peaks are shifted at

different temperatures. A large reduction in the number of peaks was seen at 310 K. Some

peaks are better resolved at 288 K, however overall most peaks were found at 298 K.

4.2.4 Three DimensionalH / 15N Heteronuclear NMR experiments

As described in the introduction to this chapter, for small proteins, double

resonance experiments, such as the IH / 15N-HSQC-TOCSY (Wijmenga et al.

1989; Marion et al. 1989) and IH / 15N-HSQC-NOESY (Marion et al. 1989a,
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1989b; Zuiderweg & Fesik 1989), alone can be used to assign the IH / 15N

HSQC (WUthrich, 1986; Englander & Wand, 1987). These experiments have

three dimensions; one nitrogen dimension and two proton dimensions. The

15N-HSQC-TOCSY shows the side chain protons attached to the amide proton,

giving a "fingerprint" that helps identify the amino acid type. Ha shifts are also

identifiable from this experiment (provided they can be distinguished from

peaks caused by solvent water) and are useful for predicting the secondary

structure a residue is part of, by comparison with random coil values (Wishart

et al., 1991). Generally the quality of these spectra for OBP3 was poor, due to

overlap and particularly weak signals in some cases, leading to unreliable

assignment of the Ha shifts. The HACACO experiment discussed later in this

chapter was more useful for determining Ha shifts.
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4.2.5 Triple Resonance NMR experiments

Triple resonance experiments were run on a 1 mM OBP3 sample isotopically

labelled with 13C and ISN. Examples of the spectra collected are shown in

figure 4.8. It was noted that the CBCANH experiment was particularly low in

sensitivity with numerous scans (and therefore a long collection period, in

excess of 5 days) required to achieve spectral quality that was good enough to

use for assignment. The Ca shifts were missing for a large number of residues.

To overcome this a HNCA spectrum was acquired (Kay et a1. 1990), this was

quicker to collect (-24 h) and had markedly improved signal to noise and

therefore the majority of Ca resonances could be easily identified, though not

assigned (>90%).
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Figure 4.8 Examples of triple resonance experiments collected on OBP3. The experiment title colours

correspond to the colours in the spectra. The HNCO is clearly the most sensitive experiment as was

expected. Generally the other experiments were high enough quality to use for assignment, however

the CBCANH experiment was particularly insensitive and required a long period of experimental

time.

4.2.6 NMR experiments to identify amino acid type

Triple resonance assignment experiments were used to identify the amino acid types.

Figure 4.9 shows a map of the average Ca and C~ shifts of the different amino acids.

Glycines are readily identifiable as they only have a Ca shift and its NH chemical

shift is distinctive; alanines have a distinctive Cp shift (around 17 to 20 ppm) and

serines and threonines have large Cp shifts (usually larger than their Ca shifts). Little

useful distinct information can be gained from the carbonyl experiments.

Average Carbon Chemical Shifts
....
"'Q.....
"'"C,.
tin

~r.a.~:
g le

'E ~~« hie,,..,.
Pro
Se<
1lY
Trp

T"
\Ill

--
7372711069686766656463626160595857565554535251 S04948474645«43424140393837363S343332313029282726Z5~23222120 1918171615

'3C shift (ppm) [+/- 0 5 ppm] _,ource BMRB

Figure 4.9 Average Cu and C~ chemical shifts. Highlights distinct shifts, such as alanine, serine and

threonine. Cu shifts are in blue whilst C~ shifts are in red. The colour gradients indicate the

distribution. Reproduced from CCPNMR Analysis software (Vranken et al., 2005) with data derived

from the Biological Magnetic Resonance Bank.
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The primary sequence of OBP3 contains the distinctive pair of amino acids Ala -

Ser. In the CBCANH experiment the Cp of Ser has a large shift (62 - 66 ppm),

which is usually bigger than the Ca shift and in the CBCA(CO)NH experiment at the

same proton and nitrogen frequency the i-I experiment has a Cp shift of 17 - 20

ppm) corresponding to the preceding alanine. This occurs twice in the primary

sequence (Ala 3 - Ser 4 and Ala 25 -Ser 26) so enabled identification of these amino

acids and narrowed down the likely position of these resonances to two places in the

sequence. Ser and Thr are difficult to distinguish so therefore these resonances could

also be Ala - Thr, however this sequence is not present in OBP3 so could be ruled

out. Other distinctive sets of residues in OBP3 included; Gly 36 - Ser 37, Thr 89 -

Phe 90 - Thr 91, Ser 127 - Ser 128, Thr 152 - Lys 153 - Thr 154. At this point

about 30% of the residues could be assigned with near certainty.

4.2.6.1 "Unlabelling" experiments

The assignment was somewhat hampered by a number of repeated elements of

sequence, which in tum led to a difficulty in placing certain "entry points" (easily

identifiable residues from which to follow the protein backbone). In order to provide

more information ''unlabelling'' experiments were trialled. The aim of the

''unlabelled'' or non-labelled IH / 15N TROSY was to add more information on

residue type. Conventionally single residue IsN labelling approaches have been used

(Muchmore et al. 1989; Goto & Kay 2000; Tanio et at. 2009); however this is a

relatively expensive approach. Additionally, matching spectra where relatively few

signals exist is more challenging than identifying missing signals. Selecting to not

isotopically label certain residues or ''unlabelling'' is an alternative approach, where

by 14Namino acids are supplemented to a bacterial minimal medium containing a
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15N nitrogen source (Atreya & Chary 2000; Krishnarjuna et a1. 2011). The same

procedure for 15N isotopic labelling was used as described in section 2.2.2, except at

the point of transfer to minimal media 0.5 gil of the 14N amino acid to be unlabelled

was added, followed by another 0.5 gil at the point of induction (described in section

2.2.6). Waugh's description of the amino acid production pathways in E. coli was

used to choose amino acids that were terminal products and therefore not

interconverted (Waugh, 1996).

The first amino acid trialled was lysine; this was because lysine is the most abundant

amino acid in OBP3 (12 lysines out of 173 residues in total) that is a terminal

product in the E. coli amino-acid biosynthetic pathways. The chance of finding peaks

that had been reduced or had disappeared completely was therefore greatest. Figure

4.10 (A) shows the resulting spectrum; in red boxes are residues that are missing

from the "unlabelled" spectrum. Those unlabelled all proved to be lysine residues (in

total 11 of the 12 lysines expected were identified). In green boxes are some peaks

that appear to be additional in the lysine "unlabelled" spectrum. The reason for this is

unclear, but could be due a small amount of degraded protein.

In addition to lysine the technique was also attempted with a number of other amino

acids. It was found that arginine and threonine ''unlabelling'' worked well (Figure

4.10 (B» as did glutamine (however OBP3 only has 3 residues of this type).

Phenylalanine and tyrosine proved to be more problematic as it appears these amino

acids were interconverted and so the spectra collected were not interpretable. When

attempting to unlabel cysteine, methionine and isoleucine it was found that the E.

coli was unable to grow in media supplemented with these amino acids as they were
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apparently toxic. (Harris, 1981; Karkhanis et aI., 2007). Using unlabelling

experiments gave more entry points and over 85% of the protein could be assigned.
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Figure 4.10 A = "Unlabelling" of lysine in OBP3. The top panel shows the entire spectrum, whilst the

lower panel shows a closer view of the region most abundant in lysines. The original spectrum (shown

in black) is overlaid with the lysine "unlabelled" spectrum (light blue). Boxed in red are peaks

suggested to correspond to lysine residues. In green boxes are peaks that appear to be additional,

possibly due to excess lysine carried over through protein production. B ="Unlabelling" of threonine

top and arginine bottom in OBP3. The original spectra are shown in navy blue. The threonine

"unlabelled" spectrum is shown in green and the arginine spectrum is shown in claret. Arrows point to

the residues that have been "unlabelled". In the arginine unlabelled spectrum the side chains are also

unlabelled and are indicated on the spectrum. An area of each spectrum is enlarged to more clearly

demonstrate the unlabelling.
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4.2.7 Assignment ofOBP3 bound to 2-isobutylthiazole

Despite the usefulness of the "unlabelling" experiments there were still issues

assigning unbound OBP3; firstly from about 20 % of peaks that were entirely

absent in triple resonance experiments and secondly from a small variation seen in

IH / 15NTROSY spectra recorded at different times, which could possibly be due to

OBP3 being able to bind to range of common odours (LObel et al. 2002) and in fact

not being in a completely unbound form. By adding a saturating amount of a high

affinity ligand it was hoped the residues corresponding to the missing peaks may

move into an environment or exchange regime where they were observable. This

would also be more likely to give consistent spectra.

2-isobutylthiazole was prepared in NMR buffer at pH 6.1, at a concentration of 2

mM, as described in section 2.6.3.5, and lyophilised OBP3 added to a concentration

of 1 mM to give a 2:1 solution. A comparable number of peaks on the IH / 15Nwere

found as for unbound OBP3.

A similar set of triple resonance experiments were run to those described in section

4.2.5. Notably a HNCACB experiment was acquired to determine the Ca and C~

chemical shifts and proved to give much better signal to noise and clearer Ca

chemical shifts than the CBCANH experiment run on unbound OBP3. This enabled

over 60% of the protein to be assigned (with minimal reference to the unbound

assignment which allowed a cross check of the initial assignment)

In addition, direct carbon detection experiments were also run including the CACO

and HACACO experiments (Bermel et al. 2005, 2009). The HACACO spectrum was
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extremely clear and the peaks were quite isolated. Due to this experiment using

direct carbon observation the spectrum was not complicated by artefacts from solvent

water suffered in the IH / 15NHSQC TOCSY and NOESY. A full count of Ha

chemical shift was visible and over 90% were assigned with the aid of the other

direct carbon experiments.

The CACO spectra gives a protein "fingerprint" in a similar way to the IH / 15N

HSQC, and the assigned spectrum is shown in figure 4.11. There is a single peak for

every amino acid, including proline residues, of which histidine-tagged OBP3 has

one. A protein sample labelled only with carbon-I3 was prepared as described in

section 2.2.5 in order to run these experiments, these experiments could also have

been run on protein labelled with both nitrogen-IS and carbon-13. The CACO

experiment enabled confirmation of the previous assignments but also gave leads

into another 10-15% of the assignments.
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Figure 4.11 Assigned CACO spectrum of OBP3 bound to 2-isobutylthiazole. The spectrum is quite

crowded due to the narrow range of CO shifts, however peaks are clear. Glycines are readily

assigned, plus the proline at the end of the histidine tag.

identifiable being grouped between 38-42 ppm. 146 residues from the main chain of OBP3 have been
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The assignment of 2-isobutylthiazole bound OBP3 was more straightforward than for

unbound OBP3. The assignments were used in a number of cases to aid the unbound

OBP3 assignment as the IH / ISN TROSY spectra were quite similar so peaks were

often easy to trace. The near complete assignments of the IH / 15N TROSY spectra of

unbound and 2-isobutylthiazole bound OBP3 are shown in figures 4.12 and 4.13

respectively. The shift values of the backbone amino acids are given in Appendix V

and VI. Unfortunately most of ~-strand G (particularly Met 102, Phe 103, His 104,

Leu 105, Val 106, Asn 107 and Val 108) proved impossible to assign due to weak

signals, meaning the residues in the strand could not be connected unambiguously.

For the unbound protein assignment all the assignment were verified by comparison

with the 2-isobutylthiazole bound assignment and in addition the IH / 15N HSQC-

NOESY was checked for the expected Ha cross peaks. For the bound assignment the

all assignments were confirmed using the CACO and CCCO- TOCSY and in

appendix VI there are some residues with just Co or CO shifts, the values of which

only originate from the direct carbon experiments and HNCA, HNCO or

CBCA(CO)NH i-I peaks.
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Fig 4.12 Assigned IH / 15N TROSY spectrum of unbound OBP3 (green). The TROSY

experiments means the NH side chains are not visible, in some cases they appear as weak peaks. In

total137 out of 160 residues have been assigned, plus 3 residues belonging to the histidine tag.

Fig 4.13 Assigned IH / I~ TROSY spectrum ofOBP3 bound to 2-isobutylthiazole (blue). In total

143 out of 160 residues have been assigned. Additional residues were identified on the CACO

spectrum but their amide protons could not be found, suggesting the amide protons were

exchanging on a different timescale.

The extent of the main chain assignments is shown in figure 4.14, which

highlights those residues for which an assignment could not be achieved. Clearly

more of the 2-isobutylthiazole form ofOBP3 was assigned than for unbound

OBP3. Isolated residues that are shown as unassigned are generally due to missing

peaks on 3D triple resonance experiments, where in most cases passes could be

found from the neighbouring residues but the amide proton could not be found.

Unbound OBP3

EEASFERGNLDVDKLNGDWFSIVVASDKREKIEENGSMRvI~DV
LENSLGFTFRIKENGVCTEFSLVADKTAKD YDGENTFTIIKTDYDNYv!lllvN
VNNGETFQLIIIYGRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKT

2-isobutylthiazole bound OBP3

EEASFERGNLDVDKLNGDWFSIVVASD~REKIEENGSMRVFVQHIDV
LENSLGFTFRIKENGVCTEFSLVADKTAKDGEYFVEYDGENTFTILKTDYDNYVMFHLVN
VNNGETFQLMELYGRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTD~CLQA

Figure 4.14 Residues for which NMR assignments are missing heighted in green (unbound) and

blue (2-isobutylthiazole bound).
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For OBP3 bound to 2-isobutylthiazole a near complete set ofHa chemical shifts

were determined (the majority using the HACACO experiment). It was therefore

possible to make an initial prediction of the secondary structure ofOBP3. This

could also be compared to the predictions made using CD in chapter 3 (section

3.2.4.2). In figure 4.15 the Ha chemical shifts of the amino acid residues in a

random coil (source BMRB) were subtracted from the assigned Ha shifts. Values

that are positive indicate p-strands whilst the negative values are indicative of

helices. Clearly more helical character than would be expected from a lipocalin is

seen (though less than predicted by CD). There are some dense collections of

positive residues, indicating p-strands, between residues 22-26, 43-48, 54-60, 63-

71 and 112-119. There is also a dense area of negative values between residues

133-147 which correlates to the possible location of a C-terminal a-helix.

2 Secondary structure prediction for OBP3 using Ha chemical shifts

1.5
Q'Q
OJ

e
e
"0=~r-
1:1 0.5e
<C

1

-1.5
Residue

Figure 4.15 Predicted secondary structure ofOBP3, using Ha chemical shifts, positive values

indicate ~-strands, whist negative values indicate helical character.
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4.3 Conclusions

In order to conduct useful NMR experiments the spectrum of OBP3 needed to be

assigned. No spectra of other vertebrate odour binding proteins have been

assigned by NMR, however a number of major urinary proteins (MUPs) have

been analysed (Francesco Abbate et al. 1999; Lucke et al. 1999; Phelan et al.

2010). OBP3 is considered to be "MUP-like" and in particular shares 65 %

sequence identity with Darcin, which was recently assigned by NMR (Phelan et

al., 2010). The 'n / ISNHSQC resembled that ofOBP3, but didn't overlay closely

enough for an easy transfer of the assignment.

Darcin was able to be almost completely assigned, including p-strand G, which

proved problematic when assigning OBP3, however the amino acid composition

of this strand in Darcin is different; lacking the phenylalanine (Phe 103) and two

valine residues (Val 106 and 108).

OBP3 is a promiscuous binder and this proved problematic for NMR as

conducting an experiment in an odour free environment is virtually impossible.

Even within the sealed NMR tube it is possible OBP3 could be interacting with

the plastic in the cap on the tube. Taking all available precautions, relatively

reproducible spectra were produced and near complete assignment was possible.

OBP3 saturated with 2-isobutylthiazole, however, produced clearer spectra which

made assignment easier. The HNCACB experiment proved more suited to the

OBP3 system than the CBCANH experiment.
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"Unlabelling" experiments proved useful and appeared to work well. The

appearance of extra signals in the lysine unlabelled spectrum was surprising, and

may have been due to some degraded protein. However, this wasn't seen on any

other spectra of OBP3. It was not possible to identify the additional signals. The

disadvantage of "unlabelling" is that it requires a full round of protein production

for each amino acid that is unlabelled. However it is considerably cheaper than

selectively labelling particular amino acids.

The CACO and CCCO-TOCSY experiments proved very useful for identifying

aliphatic amino acids and were particularly easy to use as they lacked artefacts

from solvent encountered when using proton based experiments (due to the fact

the carbon signals are directly observed and detected). A single carbon-IS only

labelled sample was used as this relatively inexpensive to produce and nitrogen-

15 labelling was not required.

The assignments achieved allows binding experiments on 0 BP3 to be performed,

allowing study of OBP3 binding on a per residue basis, as will be described in

chapter 5.
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5. INITIAL BINDING CHARACTERISATION OF OBP3

5.1 Introduction

Previous work by Lobel et al. (2001, 2002) found a total of 25 odorous

compounds that OBP3 was able to bind to. These studies were discussed briefly in

section 1.4 in relation to the information they provided on the possible

discriminatory properties of the rat OBP subtypes. Different chemical classes

were assessed, including terpenes, pyrazines and thiazoles. It was suggested that

each rat OBP showed a distinct ligand binding profile. In total, a set of 49 odorous

compounds were screened for their ability to bind to each of the three rat OBP

subtypes. This study will be examined more closely in this chapter in order to

decide which odours to examine using isothermal titration calorimetry (ITC). This

technique was chosen to look at the possible roots of rat OBP specificity and the

nature of OBP binding in general.

In this chapter ITC provided information about the affinities and thermodynamics

of ligand binding to OBP3. Ligand binding to OBP3 was then examined using

NMR titrations; in order to map these interactions a structural model was

required. This involved using high resolution structures that had good sequence

identity to OBP3 on which to base a model of the structure ofOBP3.
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5.1.1 Isothermal titration calorimetry

In its most simple application isothermal titration calorimetry CITC)can be used to

determine the affinities of binding interactions, which, importantly, can be

measured directly. However, it is a valuable technique as thermodynamic details

of the reaction are also directly determined, without the need for van't Hoff

analysis, avoiding the temperature dependence of the free energy change or

affinity.

B

1I1111---~ Power supplied10semple
cell feedbackheater

to AT

Const.nt~
suppliedto reterence
cell heater

Figure 5.1 Schematic diagram of an isothermal titration calorimeter. "A" shows the basic

instrument layout with the reference and sample cells contained within temperature controlled

jacket. The syringe shown in green (with a paddle at the bottom for stirring), contains the ligand

solution, which is being injected into the macromolecule solution (Pink) in the sample cell. "B"

shows that as the reaction takes place (the solution in the sample cell is shown as pale green) a heat

change takes place and the power required to adjust the sample cell back to the same temperature

as the reference cell is plotted as a series of injection. (Ladbury 2004)
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The schematic diagram in figure 5.1 shows an ITC instrument and the stages

involved in data acquisition. The instrument contains two cells within an external

jacket; the reference cell and the sample cell, in a similar manner to that described

for DSC in section 3.2.5.2 In ITC the reference cell remains at a constant

temperature. The solution in the sample cell is titrated with aliquots (each referred

to as an injection) of the reactant which cause a heat change. The recorded

parameter is the power required to return the sample cell to the same temperature

as the reference cell. The apparent enthalpy of binding (~H)can be calculated by

integrating the power required with respect to time.

As each injection takes place, saturation gradually occurs and the integrated heats

provide information on the degree of complex formation and hence the

equilibrium binding constant Ka (a measure of affinity) can be calculated. In order

to derive the other thermodynamic parameters; the observed Gibbs free energy of

binding (~G) and the observed binding entropy (~S), the following equations are

used:

I1GO = RT In K a (Equation 5.1)

Where R is the gas constant = 8.31 J K -1 mol -1 and T is the absolute temperature

in K. The free energy of binding is then related to the enthalpy and entropy terms

by:

I1GO = I1Ho - ~So (Equation 5.2)

If experiments are measured at a number of temperatures the heat capacity (~Cp)

of the binding reaction can be determined using the following equation
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AC _ 8(~HO)
Ll P - --;;- (Equation 5.3)

Where oT is the temperature range over which the enthalpy change is measured.

Heat capacity can be used to relate thermodynamic data to structural details. It is

important to note that the values determined by ITe should be treated as

"apparent". This is because the heats determined not only involve the heat of

binding but also events such as protonation, solvation and conformation

transitions. Blank titrations (i.e. ligand titrated into buffer alone) are conducted to

reduce the effect of these phenomena.

I'I'C has many advantages, particularly that it measures the heat with extremely

high sensitivity, as low as several hundred nanojoules can be recorded (Falconer

et al., 20 I0) and it is a very accurate technique. Additionally ITe does not require

probes to be attached to the macromolecule or ligand to monitor the reaction, or

for the macromolecule to be immobilised, as is required by other techniques that

monitor binding interactions. The experiments are also performed in biologically

relevant, aqueous buffers.

There are some drawbacks to the technique; Tl'C requires large amounts of sample

when compared to other techniques such as surface plasmon resonance and

fluorescence assays. Another limiting factor of ITe is the range of reaction

affinities that can be measured, which is between - 1 nM < Kd < - several

hundred micromolar (Falconer et al., 2010). Very weak interactions are difficult to

measure because the reagent concentrations required to reach saturation are
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prohibitive in terms of cost and sample solubility. High affinity interactions can

tend to appear as "step" functions, with no or very few data points in the transition

of the binding curve. Using a low concentration of sample can alleviate this but

causes low signal to noise and can pass below the instrument's limit of detection.

The experiments in this chapter were all carried out using 30 ~ protein and 300

IlM ligand. This enabled rapid screening and a broad gauge of which ligands

OBP3 bound tightly or weakly to. The range of dissociation constants (Ka) that

can be measured accurately is limited to between 3 IlM (highest affinity) and 30

IlM (lowest affinity). Beyond these limits the ITC curve fitting becomes less than

ideal and the dependent parameters of ~H, ~s and ~G become more inaccurate

and should be treated with caution. Calculation of the parameter K (binding

constant) and thus the other values are dependent on an accurate stoichiometry

and therefore if the protein or ligand concentration were not as expected the

values obtained would become incorrect. The protein concentration was measured

using UV spectroscopy and an accurately determined protein extinction

coefficient (section 2.5.3). The ligand concentration was more difficult to measure

accurately, density measurements were used and care was taken to ensure the

ligand was completely solubilised (section 2.6.2).

ITC is a very powerful technique and has been used to look at interactions

including; protein-protein, protein-small molecule (such as drugs), protein-metal,

protein-nucleic acid, protein-lipid, nucleic acid-small molecule and enzyme

activity (Falconer et al., 2010). To be particularly useful in drug design the
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relationship between calorimetric data and molecular structure is a key

consideration. Spotting trends and relationships is a difficult task and to this end

attempts have been made to create calorimetric databases (Liu et a1. 2007, 2008)

for the correlation of data.

5.1.2 Selection of odorants

In order to decide which odours to examine by ITC, the data for odours previously

determined to bind to OBP3, along with the 25 odours found not to bind to OBP3

were examined closely. It should be noted that Lobel et a1. (2002) used

fluorescence competition assays. A fluorescent probe, (in the case of OBP3, 1-

amino-anthracene (l-AMA)) was bound to the OBP and odour compound added

whilst the change in relative fluorescence was monitored as the probe was

displaced. This means that only odour compounds with higher affinity for the

OBP than the probe could displace the latter. Table 5.1 is reproduced from the

study and shows OBP3 to have the lowest affinity fluorescent probe (1.22 11M

dissociation constant).

Rat OBPl Rat OBP2 Rat OBP3
Fluorescent probe
Chromophore net charge
Emission maximum (nm)

Dissociation constant (~IM)

: .
• • negative positive

462 480
0.62 ± 0.05 1.22 ± 0.08• • ••

Table 5.1 Dissociation constants of Rat OBPs and the fluorescent probes used reproduced from

Label et al. (2002)
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This may explain why it appears that OBP3 is the most promiscuous binder, as

even weaker ligands could displace the l-AMA probe. Tables 5.2 and 5.3 show

that OBP3 is able to bind to approximately 20 % more odours than OBPI. OBP2

showed binding to only 5 out of the 49 odours (20% fewer than OBPI). The

affinity values given in the tables are ICso and K, which indicate that these are

competition experiments. The ICso amount of ligand required to displace half of

the fluorescent probes, and is the ligand concentration measured at 50 % of the

maximum florescence emission curve. The term is commonly used in antagonist

drug potency studies, and is a measure of the half maximal inhibitory

concentration of the antagonist (in this case the antagonist is the added odour). K,

is the absolute inhibitory contribution of the antagonist (or competitive agonist)

and, unlike ICso, is a direct report of affinity (a dissociation constant), with a

smaller number indicating higher affinity. K, is calculated from ICso by dividing it

by 1 plus the substrate concentration (in this case the fluorescent probe

concentration) over Km. In this case Km was calculated using the fluorescent probe

dissociation constants.
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Odour Molecular weight 1CsoblM) Ki (~M)

2,6-lsopropylphenol 178.27 0.58 0.16

2-lsobutylthiazole 141.23 2.03 0.58

2,4,5-Methylthiazole 127.13 3.05 0.87

2,5-Dimethylpyrazine 108.14 4.62 1.32

2,3,5 -Trimethylpyrazine 122.17 5.42 1.55

2,3-Diethylpyrazine 136.2 5.85 1.67

Benzothiazole 135.19 5.84 1.67

2,3-Dimethylpyrazine 108.14 6.3 1.8

2,6-Dimethylpyrazine 108.14 6.3 1.8

4,5-Methylthiazole 113.18 6.62 1.88

Keton-moscus (Musk ketone) 294.31 6.62 1.88

2,3,5,6-Tetramethylpyrazine 136.19 6.8 1.94

2-Ethylpyrazine 108.14 8.75 2.15

(-)-Menthone 154.25 7.7 2.21

D-{-)-Limonene 136.24 8.43 2.41

2-lsobutyl-3-methoxypyrazine 166.22 10.1 2.88

(+)-trans-Limonene-l,2 -
152.23 10.15 2.9

epoxide

(+)-cis Limonene- l,2-epoxide 152.23 10.22 2.92

5-Methylth iazole 99.15 13.45 3.85

(-)-Menthole 156.27 14.3 4.12

2-Acetylthiazole 127.164 16.52 4.72

2-Methylpyrazine 94.11 24.42 6.97

Myristyl amine * 24.2 7.56

4-Methyl-5-ethanol-thiazole 143.21 27.95 7.98

2-Methyl-3-methoxypyrazine 124.14 28.2 8.05

Table 5.2 Odours found to bind to OBP3 (Lobel et al. 2001, 2002) Listed in order of affinity.

Coloured by chemical class (Red = thiazole, Green = pyrazine, blue = monocyclic terpenes, orange

= phenols. *Indicates that the exact odour used could not be identified.
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Molecular Bind to Bind to
Odour Weight OBP! OBP2

(-)-Borneol 154.25 1.25

(-)-Camphor 152.23 1.35

(+)-Camphor 152.23 1.29

Phenol 94.11

4-Ethylphenol 122.16 3.69

4-Propylphenol 136.19 0.54

4-lsopropylphenol 136.19

3-lsopropylphenol 136.19 0.52

2-lsopropylphenol 136.19

Benzaldehyde 106.12

1-Decanol 158.28

1-Decanal 156.2 1.24

Capric acid 172.26

Myristyl alcohol 214.39

Myristine aldehyde 212.37 0.41

Myristic acid 228.37 0.29

3,7-Dimethyl-2,6-octadiene nitrile 149.23 2.42

p-tert-Butyl-a-methyl dihydrocinnamic aldehyde 204.3 1.77

Pyrazine 80.09

2-Acetylpyrazine 122.12

2-Methoxypyrazine 110.11

Thiazole 85.13

2-Ethoxythiazole 129.18

4-Methyl-5-acetic acid-ethylester-thiazole 185.24

Table 5.3 Odours found not to show an interaction with OBP3 (Lobel et al., 2002). Those shaded

grey do not bind to any OBP. Those that bind to OBP 1 or OBP2 have a K, value listed in the table.
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Generally it was found that OBP3 was able to bind well to heterocyclic

compounds, the thiazoles and pyrazines. OBPI was only shown to be able to bind

to 2-isobutyl-3-methoxypyrazine and 2-isobutylthiazole from these groups. These

two odours were therefore selected for closer study to allow comparison between

OBPI and OBP3 and to establish the thermodynamic basis of binding of these

compounds to OBP3. 4,5-dimethylthiazole along with 2-isobutylthiazole had

previously been tested by ITC (Lobel et al. 200 1) and therefore this thiazole was

also included for comparison (Figure 5.2).

Name: 2-isobutyl-3-methoxypyrazine

Description: Pyrazine

Molecular weight: 166.22

Log P : 2.62 (estimated)

Odour: Bell pepper

Name: 2-isobutylthiazole

Description: Thiazole

Molecular weight: 141.2

Log P : 2.51 (estimated)

Odour: Tomato leaf

Name: 4,S-dimethylthiazole

Description: Thiazole

Molecular weight: 113.2

Log P: 2.09 (estimated)

Odour: Fishy

Figure 5.2 Thiazoles and pyrazines tested by ITC. The partition coefficient of the odour is

described by: Log P = lOB ([ [S~luteloctano! ) the larger Log P is the more hydrophobic the
solute un-ionised water
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molecule. The calculated (estimated) value may be skewed by presence of polar groups on the

molecule.

Interestingly 2,6-diisopropylphenol was shown to have the highest affinity

interaction with OBP3, despite being the only phenol derivative that OBP3 bound

to. It was also the only phenol derivative that OBPI didn't show binding to.

Propofol is the drug name of 2,6-diisopropylphenol, and it is used as a general

anaesthetic and sedative. It isn't noted for its odorous properties and in fact isn't

very volatile. It is noted to be readily bound by proteins such as albumin (Favetta

et al., 2002). Due to a lack of availability and the potential harmful nature of this

compound it wasn't tested by ITC. Lobel et aI. (2002) suggest 2,6-

diisopropylphenol is able to bind to OBP3, whilst the other phenol derivatives are

unable to, because the isopropyl groups at positions 2 and 6 provide a steric block

to the hydroxyl group at position 1. Additionally it was noted that the aliphatic

alcohols studied (such as decanol) did not demonstrate binding to OBP3.

Therefore three compounds with hydroxyl groups in varying configurations were

chosen for further testing. These are shown in the figure 5.3.
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~OH

Name: Octan-I-ol

Description:Straight chain alcohol

Molecularweight: 130.2

LogP: 2.88 (estimated)

Odour:Orange

Name: (RH-) Linalool

Description: Branched chain, terpene alcohol

Molecularweight: 154.2

Log P: 3.28 (estimated)

Odour:Lavender

Name: Eugenol

Description:allyl chain-substitutedguaiacol

Molecularweight: 164.2

LogP: 2.27

Odour:Clove
Figure 5.3 Hydroxyl containing odours tested by ITC.

Octan-l-ol was selected as it is a straight chain alcohol like decanol, but it is

smaller and therefore may be more readily accommodated into the binding site of

OBP3. Itwas also contrasted with octan-I-al, the aldehyde equivalent of octan-l-

01to see if there was a positive or negative effect afforded by the hydroxyl group.

Linalool has a slightly more sterically blocked tertiary alcohol. It is a shorter

molecule than octanol, though overall it is a larger, albeit relatively simple,

molecule. It has a stereogenic centre at C3 and therefore can exist as either an R or

S enantiomer. Both forms are present in nature, the R form possesses a woody

lavender aroma whilst the S form is more sweet and floral (Ulland et aI., 2006).

The R form was used for these studies. Eugenol, the final hydroxyl containing
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compound tested, is slightly larger again and contains a phenolic hydroxyl. The

hydroxyl group is somewhat occluded by a methoxy group attached to the

neighbouring ring carbon.

Finally ethyl butyrate and y-decalactone were included in the ITe screen. Ethyl

butyrate is a straight chain ester with a lone oxygen adjacent to the double bonded

oxygen, whilst lactones, such as y-decalactone are cyclic esters which have a

double bonded oxygen attached to a ring which has an adjacent lone oxygen.

These compounds have been found to bind to OBPI in previous studies in this

laboratory and elsewhere (Nespoulous et at. 2004), therefore comparisons could

possibly be made.
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~o

Name: Octanal

Description: Straight chain aldehyde

Molecular weight: 128.2

Log P: 2.95(estimated)

Odour: Citrus peel

Name: Ethyl butyrate

Description: Straight chain ester

Molecular weight: 116.2

Log P : 1.85 (estimated)

Odour: Sweet fruity

o~

Name: 'Y -decalactone

Description: Cyclic ester

Molecular weight: 170.2

Log P: 2.72

Odour: Fruit- peachy

Figure 5.4 Odours containing a double bonded oxygen atom tested by ITC.

5.2 Results and Discussion

5.2.1 Thiazole and pyrazine ITC binding experiments

As discussed in section 5.1.1, a ligand injection causes a heat change (shown by a

single spike in the raw ITe traces in the top panels of figure 5.5). A series of

injections (20 injections of 14.03 J,ll in these experiments) eventually leads to

saturation of all the protein binding sites by the ligand and no further heat change

takes place. In the case of the following experiments the heat changes (~Ho) are

all negative, showing the reactions are exothermic.
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calorimeter records the data in calories however for the purpose of analysis the values were

converted into kJ. Errors quoted are the standard error of the mean of duplicate experiments.

In figure 5.5 the bottom panel shows the plot of the integrated heats and a best fit

line through the points. The parameter n describes the number of binding sites,

giving the stoichiometry of the interaction. The expected n value would be 1.0;

however the values range from 0.83 to 0.96 which is indicative of there being a

degree of inactive protein (either being incorrectly folded, non-functional or

already having ligand bound after purification). The n values found by Lobel et al.

(2001) were lower for 4-5-dimethylthiazole (DMT) and 2-isobutylthiazole (IBT)

(0.76 and 0.78). This may be due to using a different method of endogenous

ligand removal (section 3.2.2.4) that possibly wasn't as effective or it could be

that they used lower purity ligands, affecting the stoichiometries calculated.

Alternatively it could be the case that there was more inactive protein.

Similar to the results found by Lobel et al. (200 I, 2002) the heterocyclic

compounds tested were tightly bound to OBP3. In fact the thiazoles bound so

tightly (with nanomolar affinity) that the transition of the binding curve was

somewhat difficult to define (being composed of only 3 data points), although the

fits appear to be good. Interestingly 4-5-dimethylthiazole (DMT) was found to

have the highest affinity for OBP3, this is contrary to Lobel et al. (2001) who

found IBT to have the higher affinity (0.47 J.1M for IBT vs. 1.89 J.1M for DMT).

There is also a considerable difference in the magnitude of the binding affinity.

(This study found values 5 times higher for IBT and 27 times higher for DMT).
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The experiments in this study were conducted at 25 "C in Phosphate Buffered

Saline (PBS) at pH 7.4 (described in section 2.6.1.), whereas in the study by Lobel

et al. (2001) the Ire was performed at 30 "C in 100 mM potassium phosphate at

pH 7.5. Experimental temperature and buffer conditions can affect the binding

parameters and could be the source of the difference. However the

macromolecules are far in excess and therefore the protonation effects of the

buffers are very small, therefore it is most likely the differences is due to differing

degrees of active protein in the preparations.

Binding ofIBT to OBP3 by ITe was run with 40 ligand injections of7 J..lIin order

to further define the binding curve transition for this ligand and get a more

accurate binding affinity. Figure 5.8 shows the ITe result in the same format as

figures 5.5 to 5.7. The curve is very similar to the initial 20 injection experiment.

However the binding affinity measured is stronger (0.03 J..lMrather than 0.09 J.!M),

the enthalpy value appears to be more negative, however the entropy value is also

more negative, resulting in a similar free energy overall and the same enthalpy

driven mode of ligand binding.
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Figure 5.8 2-isobutylthiazole binding to OBP3 by fTC, with 40 injections (7 III each)

2-isobutyl-3-methoxypyrazine (IBMP) bound more weakly to OBP3 than the

thiazoles tested. Label et al. (2002) also found this to be the case. However, the

binding constant found by ITC in this study is again smaller (6 times lower)

showing a higher affinity than found previously.

In terms of the thermodynamic parameters, the reactions are highly favourable

with negative free energies of binding (with ~Go values from -36.1 kl/mol to -

40.8 kJ/mol. Generally ~Go can be considered to represent the following
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contributions; intermolecular contacts (non-covalent bonds), conformational

changes, hydrophobic transfer (of the ligand from the solvent into the binding

site), ionization effects and changes in rotational and translational motions of all

reactions components (Thomson & Ladbury 2004). It provides a concentration

independent way of comparing affinities, in this case across a group ofligands.

From equation 5.2 in section 5.1.1 we can see that ~Go can be derived from the

enthalpy (~Ho) and entropy terms (~S) terms. The ligand with the largest (most

negative) enthalpic contribution to binding was DMT (-67.74 kJ/mol). Despite

having the least negative free energy of binding, IBMP has a more negative ~Ho

value than IBT. Interpreting ~Ho, the heat energy involved with going from the

free to the bound state is more difficult without a high resolution protein structure

to relate the molecular interactions in the free and bound state to. The breaking

and making of non-covalent bonds when forming the complex results in the net

heat energy recorded. These bonds include those involved in ligand binding, and

solvent rearrangement upon binding, as well as those involved in conformational

changes of the ligand and macromolecule (Henriques & Ladbury 2001; Thomson

& Ladbury 2004; Olsson et al. 2008). It is interesting to note that despite being

derived from the same parent molecule (the thiazole ring) there is a 12 kJ/mol

difference in ~Ho resulting from the positions and presence of methyl groups at

positions 4 and 5 in DMT rather than an isobutyl at position 2 found in IBT.

The entropy term (~sj for IBT is the least negative and therefore gives the least

unfavourable contribution to the free energy of binding. In terms ofligand binding

there are two sets of processes to consider as ~so reflects whether the system
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becomes more ordered (giving a negative L\So value) or disordered (giving a

positive L\So value) when the ligand and macromolecule come together. Order is

imposed through translational entropy and a restriction in the atomic degrees of

freedom from bonding in the binding interface (configurational entropy). The

release of water, such as when a hydrophobic surface is buried, results in an

increase in the disorder of the system. It may therefore be suggested that the

binding of these ligands increases the order of the system through the restriction

of the degrees of freedom of the protein and ligand. When binding takes place not

enough ordered water is released upon binding to cause an increase in disorder

and a positive entropy term.
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5.2.2 ITC binding of ligands containing a hydroxyl group

The ITC plots and binding curves of the odours tested which contained hydroxyl

groups; octan-l-ol, linalool and eugenol are shown in figure 5.6 using the same

format as in figure 5.5. The n values were close to I for the three ligands,

suggesting a I: 1 binding stoichiometry like that seen for the previous ligands.

These three ligands were more weakly bound to OBP3 than the heterocyclic

compounds (between 9 and 140 times weaker), having micromolar rather than

nanomolar affinities. Despite the variation in both the size and shape of the

molecules their binding profiles are quite similar to each other with little variation

in binding affinity (Kt = 2.41 to 9.8 J.IM) and free energy (~G = -28.57 J.IM to -

30.56 kJ/mol). As suggested by Lobel et a1. (2002), who found that decanol didn't

show any binding to OBP3, the hydroxyl group is not well tolerated by OBP3.

This may be due to a lack of side chains in the protein or water for the OH group

to hydrogen bond with.

The entropy values for all three odours are positive (~SO = 4.08 to 10.32) showing

an increase in entropy upon binding. Octan-l-ol has the least positive entropy

change, however it has the most negative enthalpy change, this may suggest a

number of binding contacts are being made or that this straight chain molecule is

restricted in the number of ways it can occupy the binding site of OBP3. The

effect of the length of the straight chain in a molecule on binding thermodynamics

is explored further in chapter 6.
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Figure 5.6 ITC of odours containing an hydroxyl group, Errors quoted are the standard error of the

mean of duplicate experiments.
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5.2.3 ITC binding of molecules containing a double bonded oxygen atom

It is somewhat surprising that whilst octan-lol is able to bind to OBP3 simply

replacing the hydroxyl group with an aldehyde group reduces the binding

drastically. Whilst some interaction is seen, the binding curve of octanal binding

to OBP3 is not possible to fit (figure 5.7). This result matches the finding of Lobel

et al (2002) that decanal does not bind to OBP3. It also suggests that the lack of

binding is not purely due to the length of the aliphatic chain, although it might be

a further hindrance that abolishes binding altogether.

Ethyl butyrate and y-decalactone (figure 5.7) were found to have micromolar

binding affinity to OBP3 (1.98 and 2.12 J.lM respectively). y-decalatone had an n

value of 0.96 which is very close to the expected 1:1 binding, however ethyl

butyrate caused saturation to occur very quickly and it is unclear why this should

be the case. A higher concentration (600 J.lMof ligand rather than 300 J.lM) was

used for these experiments; however, it may be that the ligand concentration was

even higher than expected, perhaps due to the ligand preparation being purer than

stated. As saturation is rapid the sigmoidal curve is ill defined and although a

good fit has been achieved it is not ideal.

The binding parameters of ethyl butyrate and y-decalactone binding are very

similar, with near identical free energies of binding (dGob = -32 kJ/mol) and the

change in entropy is also close (dSob =-15.2 kJ/mol and -12.4 kJ/mol

respectively). There is a slight difference in the enthalpies of binding, but they

155



were both highly negative (.1Hob = -47.70 and -44.77 kJ/mol respectively). These

parameters suggest that both ligands bind in a manner that is enthalpy rather than

entropy driven. This is interesting as y-decalactone has a substantial aliphatic

chain to be accommodated within the binding site, which in the cases of octan-l-

01 and octanal appeared to adversely affect binding. For octan-l-ol this appeared

to be due to a less negative enthalpic contribution than other odorants despite a

positive entropy value. In chapter 6 the binding of a series of y-lactones is

explored in an attempt to further clarify the thermodynamics of binding.
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Figure 5.7 ITe of odours containing a double bonded oxygen. Errors quoted are the standard error

of the mean of duplicate experiments.
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5.2.4 Ligand binding by ITC

Looking at all nine odours, patterns are difficult spot. Comparing the affinity

values with Log P or the molecular weights of the odours does not reveal an

obvious correlation across all the odours. However, for the heterocyclic

compounds it appears that the bigger the molecular weight and Log P value, the

weaker the binding affinity is. For the hydroxyl group the higher molecular

weight odours also have the lowest affinities. The Log P values don't follow this

pattern. Ethylbutyrate is smaller and less hydrophobic than y-decalactone and has

higher affinity. Octanal falls between these two odours, however it has very low

binding. These observations therefore highlight the importance of functional

groups in determining the binding affinities. It is curious that, despite lipocalins

being reported as hydrophobic binders, the more hydrophobic odours seemed to

bind more weakly, this may however be a reflection of the effect of molecule size

rather than hydrophobicity.

Overall it was found that the thiazoles were the highest affinity ligands for OBP3

of those tested. The affinities are in the nanomolar range rather than the

micromolar range. This raises the question; is the physiological role of OBP3 to

specifically bind small heterocycles? When a mixture of odorants is present it

could be the case that the heterocycles with high affinity for OBP3 would always

out-compete odours with lower affinity. By looking at the contributions to the

high affinity of the interaction it may be possible to establish if OBP3 is

specifically adapted for these ligands.
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Although 4-5-dimethylthiazole (OMT) was found to be the highest affinity ligand

the bound assignment of OBP3 had already been undertaken on 2-isobutylthiazole

(ffiT) and so it was sensible to carry out NMR titrations using this ligand.

Additionally ffiT was available in higher purity than OMT( >99% rather than

>97%), which meant it was less likely to have artefacts from contaminants that

may interfere with NMR than DMT.

5.2.5 Constructing a homology model of OBP3

A number of odour binding proteins, major urinary proteins and other lipocalins

have high resolution structural entries in the Protein Data Bank (POB) suggesting

that it be possible to construct a good quality homology model ofOBP3. In order

to find a template on which to model OBP3, a BLAST search (Altschul et al.,

1990) was conducted on the primary amino acid sequence of OBP3 against all

proteins in the POB. The closest sequence identity found was to a 2u-Globulin

(A2U, POB code: 2A2U), which is unsuprising as OBP3 was initially identified as

having a very similar nucleotide sequence. OBP3, however, was noted to be

expressed into the nasal cavity rather than into the urine as A2U is (Chaudhuri et

al. 1999; LObel et al. 2001). Alignment of the amino acid sequences shows them

to have 87 % sequence identity, when the pre-sequences are excluded (figure 5.9).
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Figure 5.9 Alignment of the primary sequence of OBP3 and A2U. The proteins align well and

have 87 % sequence identity.

The structure of A2U was solved as a tetramer (Bocskei et al., 1992; Chaudhuri et

al., 1999), thus far no evidence of OBP3 being a tetramer has been found.

The crystal structure of A2U shows 4 monomers with 222 symmetry. There is no

covalent bonding between the subunits. Each monomer is shown to bind to a

single ligand molecule. It is unclear if this is a true tetramer, or a crystallographic

artefact as most lipocalins are not multimeric. It should also be noted that other

OBP x-ray crystal structures have found closely packed protein monomers in the

crystal unit but no actual subunit contacts (White et al., 2009).

The homology model of OBP3 as a tetramer modelled on A2U using Swiss Model

homology modelling server (Guex & Peitsch 1997; Schwede et a1. 2003; Arnold

et al. 2006; Kiefer et a1. 2009) is shown in figure 5.10. As expected the model

matches closely the template model A2U. The four monomers are rotated 1800 to

each other. The monomers possess the typical lipocalin fold, an antiparallel ~-

barrel with an a-helix at the C-terminal.
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Figure 5.10 Homology model ofOBP3 using A2U as a template, reveals a tetrameric molecule.

The quality of the model was assessed using the standard Swiss Model estimates

of quality; for global quality the QMEAN4 scores (Benkert et al., 2011) and for

local quality QMEAN and ANOLEA (Melo et al., 1997). The overall QMEAN4

score was 0.8. This is a measure of overall quality used to predict the reliability of

the model and compare different models of the same target. The scale ranges from

o to 1 (unreliable to reliable), suggesting, on a whole, the quality of this model

was good. Figure 5.11 show the QMEAN Z-score, which overall was 0.29. This

ranks the model quality against a reference set of high resolution structures, on

average high resolution x-ray crystal structures have a value of O. Also listed are

the component parts of the Z score. The "all atom interactions" part of this score
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is the weakest (-0.81), however the other components (C~ positions, solvation and

torsion of the protein) rank well.
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Figure 5.11 The QMEAN4 score ofOBP3 modelled on A2U (red cross) plotted with a reference

set of crystal structures.

ANOLEA was used to assess the acceptibility of the local environments of the

amino acids. This is shown in figure 5.12. Generally most amino acids were

found to have favourable energies (giving negative values and appearing as

green). The N-terminus was the major unfavourable region, along with 3 residues

(74-76) at the end of ~-strand D (the fourth strand from the N-terminus). In the

template molecule there is a proline at position 75, but OBP3 has an alanine, this

may account for the difficulty in modelling this position.
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Figure 5.12 Assessment of the local quality ofOBP3 modelled on A2U using ANOLEA. All four

monomers are shown. Green indicates a negative, favourable, energies for a particular residue. Red

indicates a positive, unfavourable, energy. Overall the local quality is good.

OBP3 has high sequence identity to a number of other molecules, notably MUP I

and MUP IV (also known as nasal MUP). The crystal structures of these proteins

were solved at higher resolution than A2U; 2.0 A and 0.96 A respectively (A2U

was solved at 2.9 A resolution) (Timm et al. 2001; Perez-Miller et al. 2010). The

sequence alignments are shown in figure 5.13, MUPI has 62 % sequence identity

to OBP3 whilst MUP IV has 70 % identity.
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Figure 5.13 Alignments of the primary sequences ofOBP3 and MUP I (top) and MUP TV

(bottom).

Using MUP IV as a template produced a good quality model with a QMEAN4

score of 0.86, which is higher than OBP3 modelled on A2U. Figure 5.14 shows

the QMEAN Z -score was high, indicating the model was more robust than a

number of high resolution crystal structures in the reference data set and the A2U

model. The solvation and torsion Z-scores were particularly high though the all

atom interaction and C~ values were negative, below average for the ensemble.

When the structure was examined it appeared there was no cavity in the molecule

as would be expected from other lipocalin structures, and as expected from the

structure modelled on A2U. This may be due to the template being bound to the

ligand 2-sec-butyl-4,5-dihydrothiazole and so therefore no cavity appears to exist.

The structure of A2U was also reported to have density presumed to be

endogenous ligand in the central binding cavity of each monomer, though this was

excluded from the model so a cavity was still evident.
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Comparison with non-redundant set of poe structures
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Figure 5.14 The QMEAN4 score ofOBP3 modelled on MUP IV. The score (shown as a red

cross) is much higher than average score across the reference set ofPDB structures.

The results from ANOLEA (figure 5.15) suggested all the modelled residues were

in favourable environments with most having strongly negative energies, the

exception was lysine 124 which had a slightly positive energy. It is important to

note that the crystal structure of MUP IV starts at residue 10, so therefore the

residues that were positive at the N-terminus of the A2U modelled structure were

not present in this model. This may all be reflective of the N-terminus being quite

flexible and therefore there isn't sufficient electron density to describe this part of

the molecule. In the NMR spectra of OBP3 all of the residues are observable with
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the exception of the N-terminal histidine-tag and linker. Therefore, ideally, this

section of the molecule needed to be modelled.

Anolea 10
o

H ~ ~ ~ ~ ~ ~ ~ ~ ~ w m
IlMlI<LIC()IjfSlWASQ4lEKlEa«;SI1R\.fllQHlDILENSl.GFTF~lKENGVCTEFSlIl'O(TAI4lCEYF\£YOGENTFTlLKTlJY1lNWI1Ftt.\tI'INNGETf~.r'fl. YGIHIO.SSD

Anolea ~o I
-10
-~
-30
-~'r----r--~--_'

• • •
130 1~ 1~ 159
lKEKfAll..CVAHGl TRONll III TKTlJRCLQ

Figure 5.15 Local quality of the OBP3 structure modelled on MUP IV. Virtually all residues are

in energetically favourable envionments. It should be noted the template molecule, and therefore

the model, begin at residue 10.

The crystal structure of MUP I is reported to be un-liganded and therefore was

useful to use as a model template despite having the lowest sequence identity. The

QMEAN score was 0.8 so compared to using the other templates the model is

similarly robust. The QMEAN Z-score was 0.06, which is lower than for the other

models, however it is still above the average (0) for the reference set of high

resolution structures. As can be seen from figure 5.16 only the all atom interaction

score was below zero, the other Z-scores were positive
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QMEAN I 0.06

CI3 interaction I 0.11

all-atom interaction I -1.06

solvation I 0.60

torsion I 0.14

-4 -3 -2 -1 o
Z-score

1 2 3 4

Figure 5.16 The QMEAN Z-scores for OBP3 modelled on MUP I. The overall score was 0.06,

however all the Z-scores apart from the all-atom interactions were above O.

On a local basis, the energies for most amino acids were negative (figure 5.17).

There was again a set of positive energies at the N-terminus and five other

residues that have slightly positive energies (Glu 60, Lys 76, Asp 77, Ile 92 and

Lys 94).

Anolea

Anolea

A121 A131 A141 Al~l Al58
()!TKn.SSOIl(EWAI(lCWlGI TIIlN I I Il.T~TOI!O.

Figure 5.17 ANOLEA results for OBP3 modelled on MUP I.
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The model of OBP3 using MUP I as a template is shown in figure 5.18. Again it

possesses a typicallipocalin fold, the barrel is capped at the "bottom" by the N-

terminal 310 helix and a short ~-strand. The C terminal a helix is packed against

the face of the ~-barrel. The top of the barrel contains the opening into the cavity.

Multiple small cavities are detected, but a ligand binding pocket, like that

described for A2U is not detected. There is no obvious ligand entry portal, leaving

the cavity closed to external solvent.

Figure 5.18 OBP3 modelled on MUP I. Left pane = "Front". Top right pane = "Back". Bottom

right pane = "Top".

Modelling OBP3 on MUP 1 bound to Sec-butyl thiazoline (1106) however reveals

a cotinuous binding pocket (shown in figure 5.9). This model of OBP3 had a high

QMEAN4 score of 0.85, which was close to the structure modelled on MUP IV.
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The QMEAN Z-score was also high, at 0.7, so it appeared overall the quality of

the model was good. This binding pocket contains all the residues that line the

pocket of A2U (or the equivalent residues) (Chaudhuri et al., 1999), plus a

number of additional residues. The pocket seems to match the shape of Sec-butyl

thiazoline (figure 5.19), so is unlikely to be the apo-form of the binding pocket.

Like the structure modelled on apo-MUP I, there were also a number of smaller

cavities. Overall it appears difficult to model the exact residues that line the ligand

binding pocket and this should be taken into account when mapping the NMR

chemical shifts to residues on the model.

Figure 5.19 The pocket of OBP3 modelled on MUP I bound to Sec butyl thiazoline (shown in

box). The pocket volume is 428 A3.
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Overall the 5 models of OBP3 constructed, unsuprisingly, gave a similar fold.

Figure 5.20 shows the 3 proteins used as models (A2U, MUP I and MUP IV) as

well as OBP3 aligned by their primary sequences. The sequences are highlightes

to denote their secondary structures (in the case of OBP3 the final secondary

structure modelled is shown). This alignment demonstrates that despite

differences in the exact residues each protein contains there IS a general

consensus. The majority of p-strands start within a residue of one another. The

OBP3 shows some additional p-strand character in residues between PA and PB,

which may be a result of over optimisation and may not actually be present. It is

interesting to note how many extra 310 helices MUP N has, particulary as this

wass the highest resolution crystal structure used.
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A2U is unusual in the fact that the structure is tetrameric, and due to the lack of

evidence that OBP3 is at all multimeric (particularly in solution where NMR

experiments are recorded), it is difficult to justify using this as a model. The

highest quality structure was modelled on MUP IV, however identification of a

ligand binding cavity proved impossible, and would make interpretation of NMR

chemical shift maps somewhat complicated. This also applies to the model based

on apo-MUP I, which appeared to have a number of disconnected small cavities.

The structure of MUP Ibound to the ligand sec-butyl thiazoline is of high quality

and contains a substantial binding pocket that can at least be used as a good guide

to the residues that are in the binding pocket. Additionally this protein is bound to

a ligand that is very similar in structure to 2-isobutylthiazole. This model was

therefore used to map the NMR chemical shifts.

5.2.6 Binding of 2-isobutylthiazole to OBP3 by heteronuclear NMR
spectroscopy

NMR chemical shifts are very sensitive to changes in the local environment. The

IH / ISN HSQC ligand titration monitors the change in chemical shift of the

backbone NH atoms. With nearly full assignments of unbound and 2-

isobutylthiazole bound OBP3, a titration to monitor formation of this complex

was straightforward. A 1 mM sample of ISN labelled OBP3 was titrated with 2-

isobutylthiazole (IBT) in 0.1 mM increments until there was no further peak

movement, a IH / ISNTROSY experiment was recorded at each increment and the

spectra overlaid to track peak movement.
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Overall the chemical shift pertubations (CSPs) of the peaks ofOBP3 upon binding

to IBT were relatively small, this is shown in figure 5.21 which shows the start of

the titration (unbound OBP3, in blue) and the end of the titration (OBP3 fully

saturated by IBT, in red). Most peaks did not move more than 1 to 2 ppm. In some

cases there are some peaks that are only present when bound to 2-isobutylthiazole

and some peaks that are unassigned, as described in chapter 4. It may be the case

that these residues are highly shifted upon binding, but without assignments of

both the unbound and bound forms this can not be commented on fullly.
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Figure 5.21 The unbound (blue) and bound to 2-isobutylthiazole (red) IH / 15N TROSY spectra of

shown by the small chemical shift pertubations.

OBP3. Overall the spectrum of bound form does not differ hugely from that of the unbound form

The movement of peaks through the titration can be used to study the mode of

binding. The movement seen in chemical shifts in the NMR experiments shows

chemical exchange is taking place .. Figure 5.22 shows the movement of two

peaks, selected as they are representative of the movement of the majority of

peaks. It was found that most residues were in slow exchange. This conclusion

was reached because as saturation took place the intensity of the peak in the

starting position (relecting the unbound environment of the residue) decreased
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until it was no longer visible, whilst a peak appeared at a new position (reflecting

the bound environment) and increased in intensity until saturation was reached.

Residues that are in fast exchange show a different peak position for each peak in

the titration, whereby the path of the peak movement is easily tracked. This may

also be plotted and a binding constant derived, which cannot be done for a binding

process that is in slow exchange. The reason this difference exists is because a

slow exchange process occurs slower than the NMR timescale which is defined by

the difference in frequency (Hz) between the exchanging sites (free and bound)

(ov). For slow exchange processes (where k is the rate constant);

k<2..
liv

(Equation 5.4)

This leads to resonances being visible for both the unbound and bound forms at

the same time. Fast exchange processes occur more quickly than NMR timescale

and so an averaged resonance is recorded at each increment.
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sample ofOBP3.
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In order to visualise the changing environments of all the residues of the protein

molecule the CSPs were plotted against residue number (Figure 5.23). The CSPs

were calculated such that shifts in the nitrogen dimension were weighted against

shifts in the proton dimension, as the spectral width of the nitrogen dimension was

lower and therefore shifts in this dimension are more significant (described in

section 2.6.3). A cut-off 0.05 is shown in figure 5.23, below which the shifts were

not coloured on the structure maps due to being much less significant. The plot

highlights again the small magnitude of the CSPs. It is clear that small sets of

residues in close proximity to each other are perturbed in a similar manner, this

particularly true of the residues surrounding Va140.
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The CSPs were then plotted on the homology of model of OBP3 (modelled on

MUPI: 1106). This is shown in figure 5.24, where the perturbed residues are

displayed on a ribbon diagram of OBP3 as space filling backbone atoms. The

most highly perturbed residues are the darkest blue, decreasing to the lightest blue

for the least perturbed residues.

R39/ V40 / V42
Unstructured residues

S37/M38 into Strand B

Y84/ 085 / G86
Strand F

0155

Strand 0

A75
Loop 5
End of strand 0

L48/ N50
Loop4
preceding
Strand C

Figure 5.24 Amide proton grooups showing chemical shift pertubations of OBP3 upon binding to

2-isobutylthiazole that were greater than 0.05 ppm. The darkest blue residues are the most

perturbed.

From this it is clear that p-strands C and D have a large number of perturbed

residues, with some residues that are quite stongly perturbed. This is interesting

179



as, during their molecular dynamic simulations, Hajjar et aI. (2006) describe the

transient opening of a gap between sections of p-strands D and E of OBP!

associated with the presence of ligand, whilst the structural hydrogen bonding of

the rest of the molecule remained intact. Phe 80 and Tyr 81 are unassigned for

OBP3, whilst the rest of strand E is only slightly perturbed (Glu 79 = 0.05 ppm,

Val 82 = 0.03 ppm, Glu 83 = 0.01 ppm), and Tyr 84 has a CSP of 0.14 ppm.

Hajjar et aI. cite the work of the Goto group on p-Iactoglobulin (Forge et aI., 2000;

Kuwata et aI., 2001) who claim strands B to E are the "non-core" side of the

barrel and are less thermodynamically and kinectically stable than the other

strands. Hajjar et aI. also suggest that the opening between strands D and E in the

presence of ligand maybe required for recognition of the OBP complex by the

olfactory receptor neurons (ORNs). However few studies have reported a direct

interaction between OBPs and the ORNs. It does seem that for OBP3 the vast

majority of strand D and some residues, particularly Tyr 84, of strand E are

perturbed, with some of the higher pertubations seen across the molecule. Tyr 84

is in the same position as Tyr 82 in rat OBP1 and porcine OBP which is suggested

to be a binding pocket "cap" (section l.4) (Meillour et aI. 2009; White et aI.

2009). It is also true however that a number of these residues line the cavity in the

protein and therefore might directly contact the ligand, causing their chemical

shift pertubation. Strands F, G, and H also contain a small number of perturbed

residues. The largest pertubations are seen in the residues preceding, and at the

very start of, p-strand B. This is one of a number of unstructured and loop regions

that appear to be involved in binding, also including loops 4, 5 and 6. Tum 3 is

also perturbed upon binding, this forms part of a number of perturbed residues

surrounding the opening at the top of the cavity, where ligand entry is thought to
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take place. The Nand C termini of the protein do not seem to change

environments upon binding; Asp 155 at the C-terminal is perturbed (0.09 ppm),

whilst Gly 17, which is after the 310 helix at the N-terminus was affected to

similar degree (0.07 ppm). Although from x-ray crystal structures of the similar

proteins used for modelling, the N-terminus seemed to be flexible, this lack of

change in shift suggests the terminus is not fixed upon binding. This could

possibly indicate that it remains somewhat flexible and the NMR peaks are an

average position of these residues.
\

It is difficult to see from figure 5.24 which of the perturbed residues also line the

cavity of the protein, and are possibly in contact with the ligand. Figure 5.25 has

the same colouring as figure 5.24 but shows only the largest cavity in the

molecule (428 A3), viewed from the "top" of the protein looking down into the

cavity.
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Y120

Figure 5.24 The binding cavity of the homology model ofOBP3. Residues that are unassigned are

shown in black, residues perturbed less than 0.05 ppm are grey whilst those perturbed are coloured

from light to dark blue (as in figure 5.23) as the CSPs increase.

The most perturbed residue of all, Arg 39, is not in the cavity, however it does

appear to be in a smaller cavity (42 A3) in close proximity to the large cavity.

Residues that were not assigned (in either the unbound or bound forms) are shown

in black (Phe 103 to Leu 105, Met 117 and Glu 118). Interestingly not all residues

that line the cavity appear to significantly change environment upon binding to

IBT, notably Phe 90 (CSP = 0.03 ppm) and Trp 19 (0.02 ppm), despite having

large side chains containing rings. Val 82 is not significantly perturbed (0.03 ppm)

whilst Val 42 is highly affected (0.32 ppm) and, to a lesser extent, Val 40 (0.18
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ppm). Leu 116 (CSP 0.04 ppm) and Met 38 (0.07 ppm) also contribute to the

hydrophobic nature of the pocket but only Met 38 seems to be involved in binding

IBT. Overall, consistent with the nature of the binding pocket and other studies

(Hajjar et aI., 2006), the majority of the the perturbed residues are hydrophobic in

nature. Additionally Arg 39 (0.33 ppm), Ser 37(0.08 ppm), and Asn 88 (0.07

ppm) are also affected by the binding oflBT.

The crystal structure of MUP IV, which has a very similar binding pocket to that

modelled for OBP3, was solved bound to the male mouse pheromone 2-sec-butyl-

4,5-dihydrothiazole (SBT) (Perez-Miller et aI., 2010). The authors of this paper

make reference to the inverted cavity shape of MUP I (lI06) which OBP3 was

modelled on, in comparison to MUP IV. Perez-Miller et a1. found direct hydrogen

bonding between side chain of Giu 118 and the nitrogen of SBT, with an

additional hydrogen bond between the hydroxyl of Tyr 120 and the side chain of

Glu 118. There are no other direct bonds reported, although Ser 21, Met 38, Val

40, Phe 54, Val 82 and Phe 103 are all reported to surround the ligand (Figure

5.26). This matches well with the pertubations found for OBP3 binding to 2-

isobutylthiazole, though OBP3 appears to have a number of additional

hydrophobic residues perturbed. Additionally Perez-Miller et a1. make no

reference to Asn 88 and Arg 39 being contacted, although they are more highly

pertubed than most residues in OBP3 binding to IBT.
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V82
L40
V40

MUP IV (black) and MUP I

~

(grey) binding SBT
SBT \ J:
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Figure 5.25 Residues in the binding pockets ofMUP IV (black) and MUP I (grey) surrounding the

ligand 2-sec-butyl-4,5-dihydrothiazole (Top). The crystal structures show the ligand binding in

reversed orientations with altered hydrogen bonding. Adapted from (Perez-Miller et al., 2010)

5.3 Conclusions

In this chapter previous binding studies on rat OBPs were reviewed and used to

select three sets of odours to study binding to OBP3 by ITC. ITC experiments
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required careful planning to reduce the chance of plastics and environment odours

binding to OBP3. It was found that the thiazoles (IBT and DMT) tested had

higher affinities than had been found previously (Lobel 2001, 2002). Saturation

with octanol, followed by extensive dialysis to remove the octanol had been used

to remove ligands already bound at the end of purification (Lobel 2001). The

experiments in this study revealed that binding to octanol was much weaker than

to heterocyclic compounds and it may be that case that this ligand is not capable

of displacing all the endogenous bound ligands. This would also account for the

difference in binding stoichiometries achieved.

OBP3 modelled on MUP I bound to SBT (1I06) was used to map the resulting

chemical shift pertubations resulting from NMR titrations of OBP3 with IBT. A

number of residues in the binding pocket were found to be significantly perturbed,

this included, but was not limited to, hydrophobic residues. The CSPs did not

point to a clear reason why OBP3 had such high affinity for the thiazoles

investigated. The presence of possible hydrogen bonds from Glu 118 or Tyr 120

could explain this, however Glu 118 was not assigned in the unbound form of

OBP3, whilst there was only moderate pertubation of Tyr 120 (0.10 ppm). In

addition the odours containing a double bonded oxygen or hydroxyl are also

capable of such interactions. It may also be the case that the hydrophobicity of

IBT (as judged by log P) is particularly well matched to the hydrophobic nature of

the OBP pocket, although IBT is unremarkable compared to the other ligands

tested by ITC with regard to its hydrophobicity or water solubilty. The size of the

binding pocket of OBP3 could also contribute to the high affinity interaction with
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IBT, with the ligand being small enough to fit in the pocket, but big enough to

make substantial contacts with the residues lining the pocket.

Finally, the a-helix of OBP3 doesn't contain any residues affected by the titration,

suggesting it plays no part in binding. This is consistent with the fact that the a-

helix has not been reported to be involved in the ligand binding of any other

lipocalin.
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6. USING DEFINED LIGAND SERIES TO EXPLORE THE BINDING OF

OBP3

6.1 Introduction

In chapter 5 a range of odours was examined and found to have different binding

affinities and thermodynamic characteristics when binding to OBP3. The

heterocyclic compounds investigated had particularly high affinity interactions

with OBP3. To study this further the particular residues affected on OBP3 binding

to 2-isobutylthiazole were found using NMR titrations. It was difficult however to

make judgements about the relative contributions of size, hydrophobicity and

positioning of functional groups to the overall thermodynamics of binding. In this

chapter a set of related ligands that bind to OBP3, each with a single change in

structure were used to make it possible to make correlations and spot trends. The

flexibility of the residues of OBP3 across this series of complexes was observed

using heteronuclear NOE experiments. In addition, a set of isomers was used to

look at the effect of ligand shape and orientation on binding affinity and

thermodynamics. In order to judge how solvent accessible the residues of OBP3

were, in particular, the central cavity of OBP3, deuterium oxide (D20) exchange

studies were conducted.

6.1.1 The 'Y-Iactone series

Lactones, as described in chapter 5, are cyclic esters. They consist of a closed ring

including a single oxygen atom. Lactones may be considered the result of a

condensation of an alcohol group and a carboxylic acid group. The size of the
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lactone ring is indicated by the Greek letter prefix (n-Iactones are 3 member rings,

p-Iactones are 4 membered, v-Iactones are 5 membered and 8-1actones have 6

members). The rest of the name is derived from the precursor acid molecule (for

example butyrolactone has 4 carbon atoms, valero lactone has 5 carbon atoms). 't:

lactones and 8-lactones are the most stable, as the ring size minimizes the strain of

the bond angles. u-lactones are only transiently detected, whilst p-Iactones are

only formed by synthesis using specific methods (Kramer et al., 2006).

The v-Iactones are particularly important in beverage production and the alkyl

substituted y-lactones used in this chapter have been identified as important

sensory components in wine (Brown, 2007). The series of five y-Iactones used are

shown in figure 6.1.

y-heptalactone

-cr-
y-octalactone

-cr-
y-nonalactone

-cr-
y-decalactone

-c+-
y-undecalactone

o~

Figure 6.1 The y-Iactones used in this chapter. A set of alkyl substituted molecules which form a

series, differing only in the addition of a CH2 at each stage in the series.
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Despite being highly structurally related (differing only in the addition of a CH2

group), each of the y-lactones has different and quite distinguishable, sensory

attributes, which are listed in table 6.1. Overall the basic odour of the series is

described as "fatty" however they also possess fruity odours which leads to their

importance in the food and beverage industry.

Lactone Molecular Odour Description
Weight

t-heptalactone 128.17 Coconut / Nutty / Caramel

y-octalactone 142.20 Coconut / Fruit / Raspberry

y-nonalactone 156.22 Sweet / Honey / Vanilla

y-decalactone 170.25 Peach / Apricot

y-undecalactone 184.28 Fruity / Pear / Tropical

Table 6.1 Sensory attributes and molecular details of the y-Iactones used.

Increasing the y-lactone chain length leads to an increase in hydrophobicity, a

useful way of measuring this that is commonly used in the food industry is Log P.

What Log P represents was described in section 5.1.2. Using calculated values of

Log P for the y-lactones gives a clear linear relationship. For the purpose of

comparisons in this study the experimentally determined Log P value for IBT is

plotted on the graph, indicating is more hydrophobic than y-heptalactone to y-

nonalactone.
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Figure 6.2 Log P values of the y-Iactones plotted using hydrocarbon chain length. The log P value

for IBT is shown by a dashed line (Rabe, 2004)

6.2 Results and Discussion

6.2.1 D20 exchange

The method used for hydrogen / deuterium exchange is described in section

2.6.3.5. Briefly, lyophilised OBP3 protein was solubilised in deuterium oxide and

immediately submitted to IH / 15N TROSY experiments. Initially experiments

were run every 20 min (for 720 min) and then subsequently every 30 min for a

further 60 hours. A final experiment was run after 7 days to confirm no further

exchange had taken place. The reduction and eventual disappearance of the NH

signals as they became ND and therefore were no longer observable by NMR was

monitored by recording multiple 'n / 15N TROSY experiments.
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Figure 6.3 shows the residues (with backbone atoms highlighted in green on the

ribbon diagram) that had exchanged before the first experiment had been run

(approximately 480 s). Three glycine residues in loop regions exchanged

immediately; Gly 8 near the N-terminus, Gly 34 the second and third part of ~-

strand A and Gly 62 in loop 5 between ~-strands C and D. Two threonine residues

near the C-terminus (Thr 152 and 154) also rapidly exchanged. Other residues that

had exchanged before the first experiment, also found in or near loop regions

included Arg 27, Thr 74, Ala 75, Asp 85, lIe 92, Tyr 97, and Asn 110. Alanine 75

is particularly interesting as this residue was also perturbed upon binding to 2-

isobutylthiazole, suggesting this residue may be quite mobile. All of the loop

regions are modelled as being solvent accessible and this may account for the

rapid exchange. The beginning of ~ strand H (Gly III to Thr 113), Glu 83 (p-

strand E) and Asp 107 (~-strand G) all exchanged rapidly despite being part of ~-

barrel strands where hydrogen bonds between the B-strands are likely to take

longer to exchange. This may suggest a lack of hydrogen bonding here, a degree

of flexibility or that these residues are solvent accessible. Leu 126 to Asp 129 at

the start of the a-helix also exchanged rapidly, showing this end of the helix to be

more solvent exposed and possibly more flexible than the rest of the a-helix.

Interestingly Tyr 120 exchanged rapidly, this residue was shown by the homology

model to be in the binding pocket, and in nasal MUP is directly involved in

hydrogen bonding to 2-sec-butyl-4,5-dihydrothiazole (SBT) (Perez-Miller et al.,

2010) (section 5.2.8). Other proteins that are homologous to OBP3 have central

cavities that are quite occluded to solvent (Sharrow et al. 2003; White et al. 2009;

Wang et al. 2011), and therefore it may be expected that these residues would

remain unexchanged. Tyr 120 is at the end of ~-strand H, as mentioned in the
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previous chapter, this side of the barrel is considered to be the more stable, "core",

side and therefore the exchange seen may indicate that some water does occupy

the empty binding pocket and this is then able to hydrogen bond to Tyr 120. It

should be noted, however, that none of the other residues in the remainder of the

pocket exchanged rapidly.

Figure 6.3 Residues rapidly exchanged with D20. The residues highlighted in green were not

visible on the first 15N TROSY HSQC as they had already exchanged with the D20 solvent

Figure 6.4 shows that the majority of ~-strands C and D remained unexchanged

after 72 hours. Hajjar et al. (2006) claim in the presence of ligand that strands D
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and E are able to transiently open. Strand D in particular is clearly very stable, so

the mechanism of strand opening would be interesting to observe. D20 exchange

experiments are not possible with a ligand bound to OBP3, as large volumes of

D20 would be required to solubilise the ligand, the alternative would be to bind

the ligand to OBP3 prior to lyophilisation, however it is unlikely that enough of

the ligand would remain bound to OBP3 due to its volatile nature.

Strand G

Figure 6.4 Residues that remained unexchanged after 72 hours. Unexchanged residues are

highlighted in blue. A number of residues in the binding pocket and p-strands C and D remain

unexchanged.
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p-strands E, F and G also contained some residues that remained unexchanged

after 72 hours, as did larger parts of p-strands A and B. This is likely to be due to

their being part of stable inter-strand hydrogen bonds.

A large part of the a-helix had also not exchanged after 72 hours, suggesting it

may be stably "pinned" to the p-barrel and not flexible as has been found in some

p-barrel and p-clam proteins, where it forms a capping motif over the ligand

pocket (Herr et al., 1996; Liou et al., 2002; Kouvatsos et al., 2007). There were

also some residues in what appeared to be relatively flexible loop regions (Phe 5,

Lys 124 and Asn 61) which were also unexchanged, which suggests that they are

less solvent accessible and flexible than they may appear.
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Vl20
VlOl

V82 A7l

Figure 6.5 Unexchanged residues in the ligand binding pocket. Residues that did not exchange

within 72 hours are highlighted in blue. Unassigned residues have their labels greyed out. The

cavity is denoted by the hatched area. A number of aromatic residues in particular remain

unexchanged.

Overall, half of the assigned residues in the cavity were still unexchanged after 72

hours (Figure 6.5), with many also being part of ~-strands C or D. Phe 90 had

exchanged within 72 hours, as had Asn 88, however, unlike Asn 88, Phe 90 was

only minimally perturbed upon binding to 2-isobutylthiozole. This raises the

question of whether or not Phe 90 is actually part of the ligand binding pocket,

195



despite aligning with pocket residues in other sequences (figure 5.9 and 5.13). A

number of the total unexchanged residues lined the binding cavity; which suggests

that the ligand pocket is stable, and relatively occluded to solvent as has been

found for other lipocalins (Barratt et al., 2005). The exception to this was Tyr 120

which exchanged very rapidly. The binding pocket was investigated further used a

defined ligand series, the y-Iactones.

6.2.2 Binding of OBP3 to the y-lactones by ITC

In chapter 5 it was found that y-decalactone bound well to OBP3, with a

dissociation constant of 2 J1M. The fact that this odour is part of a series of related

odours meant subtle differences in binding could be monitored. Initially ITC was

used to measure the binding. Binding of y-hexalactone (also known as y-

caprolactone) was too weak to give meaningful data as part of the series; y-

dodecalactone was also weakly bound so wasn't included. Other studies in this

laboratory on OBPl found no binding at all to y-dodecalactone, so the fact the

OBP3 did show some interaction may reflect the difference in the pocket size of

OBPI (326-328 A3 (White et al., 2009)) and OBP3 (428A3, homology model).

ITC was carried out using the same protocol as used previously for y-decalactone

in chapter 5. In figure 6.6 the dissociation constants are plotted against the length

of the hydrocarbon side chain, not counting the lactone ring (for example, a chain

length of 3 is y-heptalactone).
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Figure 6.6 Dissociation constants of the y-Iactones binding to OBP3. Overall the affinities are

quite similar, with the middle of the series showing affinities within error of each other, which are

also the higher affinity interactions. Error bars represent the standard error of the mean of

duplicate experiments.

For y-octalactone, y-nonalactone and y-decalactone the dissociation constants are

within error of each other (Kd = ~ 2 ~M). The smallest and largest y-Iactones in

the series have dissociation constants approximately three times weaker than the

rest. This trend would support the fact that the extremes outside of the series are

even more weakly bound and may suggest a "window" of optimal size in y-

lactone binding affinities that indicates that accommodating the hydrocarbon

chain is a factor in OBP3 binding. However, overall the affinities of the series are
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within the same range (low micromolar affinity) and therefore the L1Go values

reflect that the overall favourability of the interactions is similar.

0
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o
Figure 6.7 Thermodynamic parameters of 'Y-lactones binding to OBP3. The ~G values remain

o 0
quite constant, although the ~H values become less favourable and the ~S values more

favourable as chain length increases.

Figure 6.7 shows the parameters plotted against the hydrocarbon chain length of

the y-Iactones. Minus TL1S
o
is plotted rather than T~So to make the bars easier to

distinguish. A trend of a decreasing change in enthalpy was seen as the
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hydrocarbon chain length increased, with the most negative enthalpy change seen

for y-heptalactone and the least negative change seen for y-undecalactone. The

entropy across the series became less negative (seen in figure 6.7 as a less positive

°minus TL1S). The entropy change for y-undecalactone was almost zero, being in

fact slightly positive If TL1S
o
is plotted against L1Hoa strong linear relationship is

seen (figure 6.8).

10
R2 = 0.99

5

• 0
-80 -70 -60 -50 -40 -30 -20 -10 -5 0

-"0 • -10
E......
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VI -20-e •.....

-25

-30• -35

• -40
i\ W (kJ/mol)

-45

°Figure 6.8 Apparent entropy-enthalpy compensation seen across the y-lactones series when L\H is

plotted against TL\So. A strong correlation is seen.

Seemingly, as chain length increases the interactions become less strongly

enthalpy driven, with a less negative entropy change, whilst the free energy

remains essentially constant. The term entropy-enthalpy compensation (EEC) is

o °often applied when a linear relationship is shown between L1H and ~s .
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Frequently what is described is an increasingly negative enthalpy change, at the

cost of a loss of entropy (Krishnamurthy et al., 2006).

The concept of EEC has been questioned, with some dismissing the phenomenon

as a statistical artefact (Sharp, 2001; Cornish-Bowden, 2002). It is true that for a

number of techniques !1Soand !1Hoare derived from the same temperature data

series in a van't Hoff analysis and so the likelihood of such relationships being

seen is high (Cornish-Bowden, 2002). However, by calorimetry enthalpy IS

directly measured, and K is derived, from which !1Goand !1Soare calculated.

Sharp (2001) looked at a range of experiments; including one dataset derived from

calorimetric data and came to the conclusion that the apparent EEC seen could be

"better explained by other causes". Sharp showed that introducing randomly

generated !1Hovalues gave similarly strong linear relationships between !1S° and

°!1H. Sharp suggested that the slope of the line represented a compensation

temperature;

(Equation 6.1)

A confidence interval in Te could be derived from the estimated standard error of

Te from the fit of the line. If the experimental temperature was outside this

confidence interval the correlation could be considered significant. By this

method only one dataset was shown to have an "extra-thermodynamic" Te value.

The significance of this dataset was dismissed as it was formed from a linear
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series of ligands and the ~Ho vs. ~so plot was considered to be the result of

additivity.

The J'-lactone series could also be considered to come under this category and the

EEC seen could be dismissed. Krishnamurthy et al. (2006), however, also studied

a series of related ligands binding to bovine carbonic anhydrase and found a

similar result to that found for this series of y-Iactones. As the chain length of the

ligand was increased the change in enthalpy became less negative, whilst entropy

increased. Their explanation for this was that initially the ligand chain atoms were

tightly bound but, as the chain length was increased the first contacts were

somehow destabilized, leading to an increase in the flexibility of the ligand within

the binding interface and hence an increase in entropy was seen. To test this

hypothesis for the y-Iactones, chemical shift pertubations were examined to see if

they might reveal the subtle differences in binding of the y-Iactones to OBP3.

Upon J'-lactone binding the shifts were subtle, indicating localised changes in the

protein.
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6.2.3 Binding of OBP3 to the y-Iactones by NMR

A IH / ISN HSQC-TROSY of a 0.5 mM sample of OBP3 saturated with each of

the five y-Iactones (at a concentration of 1 mM) was recorded (figure 6.9). The

spectra are overlaid such that the effect of increasing chain length at each stage

can be seen. The movement of a peak in the 1H / ISN HSQC- TROSY indicates the

amide proton is in a different environment. This may be caused by being directly

in contact with the ligand, or part of the ligand. NH chemical shift perturbations

are also caused by structural changes to the protein, either in a localised part of the

protein or across the entire protein, such as when ligand binding causes the protein

to adopt a new conformation. A conformational change across the entire protein

would lead to a large number of amide proton peaks moving, with some of them

moving a great deal.
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Due to the number of spectra and the time that would be required, these spectra

were not completely reassigned. The spectra were similar enough to unbound

OBP3 and OBP3 bound to 2-isobutylthiazole (IBT) that a "nearest peak"

assignment approach was carried out. Where assignments were ambiguous, or a

suitable matching peak could not be found, no assignment was made.

Consequently the spectrum of OBP3 bound to y-undecalactone, which was the

most different to any other spectrum, had the least assignments.

The spectra of y-heptalactone and y-octalactone were the most similar to each

other and could almost be completely overlaid. Upon binding to y-nonalactone

there were some residues that were shifted in a different manner to y-octalactone,

though generally the majority of residues overlaid well. The spectrum of 't:

decalctone was somewhat different to y-nonalactone with about 10 residues easily

picked out as having a different spectral position. When OBP3 was bound to y-

undecalactone, some peaks reverted back close to the previous position they held

when bound to y-nonalactone, whilst a number of newly perturbed residues were

seen.

In comparison to the 39 perturbed residues involved in OBP3 binding to IBT,

there were fewer residues perturbed by y-heptalactone and y-octalactone binding

(30 and 29 respectively). y-nonalactone and y-decalactone perturbed 36 and 37

residues respectively on binding whilst y-undecalactone had perturbed 40

residues, and a number of peaks were unassigned because the shift was too great

to be followed. IBT has almost the same molecular weight as y-octalactone.
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Figure 6.10 Chemical shift perturbations ofOBP3 upon binding to each of the v-lactones, from y-

heptalactone (top) to y-undecalactone (bottom).
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Generally similar sets of residues were perturbed upon binding across the ligand

series, suggesting all ligands bound in a similar manner. A full list of chemical

shifts and CSPs is given in appendix VII. Graphs of OBP3 residue number plotted

against the CSP values (representing the difference in peak position from the

unbound form of OBP3) are shown in figure 6.10. It can be seen that the general

trend of binding is very similar; however it is difficult to extract subtle differences

in binding from these plots. Listed in table 6.2 are the residues that were perturbed

upon binding to all the y-Iactones, along with an average CSP value for those

residues that had similar CSPs across the series, to give an indication of the

magnitude of the perturbation. For those residues that showed an increased or

decreased perturbation across the series the range of values is given to show how

much the CSP changed, and the overall range. Those residues shown by the

homology model to be in the binding pocket are highlighted in bold.

Similar CSPsacross Increasing CSPsacross Decreasing CSPsacross
the series the series the series

Ser 21 (0.07) Ser 37 (O.09 - 0.16) Asp 85 (0.10 - 0.08)

Arg 29 (0.11) Gly 53 (0.07 - 0.10) Thr 113 (0.14 - 0.05)

Phe 56 (0.08) Phe 54 (0.10 - 0.23) Phe 114 (0.19-0.17)

Phe 90 (0.36) Leu 69 (0.08 - 0.15) Gin 115(0.19-0.17)

Thr 91 (0.08) Asn 88 (0.08 - 0.11) Leu 116 (0.26 - 0.08)

lie 92 (0.11) Tyr 120 (0.25 - 0.29) Asp 155 (0.09 - 0.06)

Val 106 (0.19)

Table 6.2 Residues that were perturbed more than 0.05 ppm upon binding to all the y-Iactones.

CSPs are given in brackets (in ppm). In bold are the binding pocket residues.
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The most striking chemical shift pertubation was seen for Phe 90, which was

highly perturbed (to a similar extent) by binding to each of the y-Iactones. This

residue was largely unaffected when IBT bound to OBP3 (CSP = 0.03) and was

exchanged with D20 within 72 hours, unlike many other residues in the predicted

binding pocket, raising the question of whether it was in the ligand binding cavity.

This suggests that the y-Iactones either bind in a different area of the pocket, or

when they bind they modulate the binding pocket, somewhat differently to when

IBT binds. Phenylalanine is hydrophobic and hence would be expected to be

affected by a hydrophobic interaction with a hydrophobic ligand. However, the

residue was not more greatly affected by the more hydrophobic y-Iactones (those

with a longer hydrocarbon chain) and in fact !BT has an estimated log P value of

2.51 (Rabe, 2004) which is higher than all the y-Iactones except y-decalactone and

y-undecalactone (shown in figure 6.2).

The residues that were perturbed by binding to all the y-lactones are shown in

figure 6.12 (the residues that showed increased shifts are shown in green and

those that decreased are shown in red). This figure shows those residues in

relation to the other binding pocket residues (shown in grey). The perturbation of

Tyr 120 across the series was also quite high and showed a trend of increasing as

the ligand size increased. All CSPs for Tyr 120 were a lot higher than that

recorded for OBP3 binding to !BT (0.10 ppm). It is possible that the hydroxyl

group of Tyr 120 is hydrogen bonded to the ketone group on the lactone ring,

which would be different in nature to a hydrogen bond formed between the

tyrosine hydroxyl group and the nitrogen of the thiazole and may account for the

different magnitudes of perturbation seen. This does not explain why Tyr 120 is
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more highly perturbed as the chain length increases. This may be due to the fact

that tyrosine is quite a large residue in the pocket and consequently must move in

order to accommodate the larger and larger ligands or it may simply be the result

of the increasing hydrophobicity of the ligand increasing the hydrophobic

interaction. This is also likely to be the case for Phe 54 which shows increasingly

large perturbations across the series.
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Asp 155

Gly 53

Figure 6.11 Residues that are perturbed more than 0.05 ppm upon binding to all of the y-lactones.

In the top panel the binding pocket residues are shown, looking from the "top" of the barrel.

Residues in yellow have similar CSPs across the series. Those residues in green show increased

CSPs as the chain length is increased whilst those in red show decreased CSPs as the chain length

is increased. Below, using the same colour scheme are the residues that aren't in the binding

pocket but are perturbed upon binding to all the y-lactones.
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The significant decrease in CSPs across the series shown for Leu 116 is somewhat

more difficult to explain. The previous three residues (Thr 113, Phe 114 and GIn

115) all showed a decrease in the CSP values (bottom panel, figure 6.11). This

suggests that this part of the backbone (part of f3-strand H) moves back to a

position that is more similar to its situation in the unbound form of OBP3 as the

ligand gets larger. This model assumes that upon binding a small ligand like y-

heptalactone, these residues are shifted to reduce the cavity size around the ligand.

Whilst the three residues N-terminal to Leu 116 were shifted in a similar manner

upon binding to IBT, which is a similar size to y-octalactone, Leu 116 was not

significantly perturbed upon binding to IBT. Itmay be the case that the shape and

nature of IBT does not require or allow Leu 116 to be perturbed, such that this

part of the f3-strand does not move at all. It should be noted however, that the

maximal chemical shift pertubations are only 0.26 ppm which are too small to

indicate large scale rearrangement of the tertiary structure, which would also

involve many more residues, but rather points to small adjustments to

accommodate each ligand.

As noted in figure 6.9 a number of newly perturbed residues are seen upon

binding to y-decalactone and y-undecalactone. In figure 6.12 the binding pocket

residues are shown in grey. Only Phe 67 in the binding pocket was newly

perturbed upon binding to y-decalactone and y-undecalactone (residues shown in

claret). The pertubations seen (0.08 ppm and 0.13 ppm respectively) may suggest

the ligands are in quite close proximity to this residue. The rest of the perturbed

residues surround the pocket and the residues that are only perturbed upon binding

to y-undecalactone (shown in orange) are generally even more distal from the

binding pocket. Most of the perturbations are very small; however the
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perturbation for Glu 66 is 0.09 ppm, which is unsurprising as it in close proximity

to Phe 67. ne 32 and Asp 72 have CSPs of 0.09 ppm upon binding to y-

undecalactone; these residues are 22 A apart, on opposite sides of the pocket,

suggesting that the protein is more open or stretched when accommodating these

larger ligands. It may be the case that, as increasingly larger ligands are bound,

the protein becomes more flexible in order to accommodate them. Previous

studies have shown that MUP I becomes more mobile upon binding to 2-sec-

butyl-4,5-dihydrothiazole (Macek et al., 2006), therefore the mobility of OBP3

was investigated using 15N-Heteronuclear NOE experiments.

Ala 135

Figure 6.12 Residues perturbed upon binding to y-decalactone and y-undecalactone (claret) and

residues only perturbed upon binding to y-undecalactone (orange). The binding pocket residues are

shown in stick form, only Phe 67 in the binding pocket is perturbed (shown in claret).
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6.2.4 Heteronuclear NOE experiments to probe the mobility of OBP3

Protein mobility and flexibility are important in ligand recognition. It is possible

to look at the dynamics of the protein backbone using heteronuclear NMR

experiments (Clore et al. 1990). In the 'n / IsN Heteronuclear Nuclear Overhauser

Effect (Het-NOE) experiment magnetization is transferred from the amide proton

to the heteronucleus eSN). The experiment measures the cross relaxation rate. The

transfer rate depends on the dynamics and therefore the Het-NOE reports the

motion of individual N-H bond vectors. Motions faster than the overall tumbling

of the protein molecule show a decreased NOE intensity relative to the rest of the

residues. The technique allows identification of the mobile and unstructured parts

of the protein, as dynamics on the picoseconds to nanosecond timescale can be

accessed (Renner et al., 2002) .. Het-NOE values were measured for OBP3 in

order to assess the backbone mobility on a per residue basis (Treweek et al.,

2010).In addition the NMR assignment and homology model could be verified, as

loops and the flexible termini should be distinguishable from the core secondary

structure (Renner et al., 2002). The technique is also used for the cross-validation

of structure determination and also for identification of suitable candidates

(lacking unstructured elements) for structural studies (Renner et al., 2002). The

method used is described in section 2.6.3.7.

The het-NOE values for OBP3 without a ligand bound are shown in figure 6.13.

The errors bars are standard deviations calculated by the CCPNMR software

programme and reflect the quality of the peak picked, as the reference and

saturated peak are compared. For some weak peaks (such as Val139) the standard
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deviation values were greater than 1, these peaks were therefore excluded from

the analysis.
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Ret-NOE values can go from negative values (indicating large mobility) to

positive values (indicating rigidity). The theoretical maximum het-NOE value is

quoted as 0.82 (Grasberger et al., 1993). The average het-NOE value for OBP3

was 0.76. This shows OBP3 to be relatively rigid overall. Within OBP3 there are

a number of residues with values of 0.82, however, within error, all the values are

below this. This may be due to insufficient relaxation and saturation delays being

used (5 sand 1 s were used respectively). In the reference experiment the scan

repetition rate includes the relaxation delay. For the saturation experiment the

repetition rate is the same as for the reference experiment but includes both the

relaxation and saturation delays. Renner et al. (2002) explored the effect of the

relaxation and saturation delays and found that when an NOE value is positive too

short saturation and/or relaxation delays will lead to larger than true NOE values.

For flexible (negative NOE value) residues they found only relaxation delays of 5

s or longer gave meaningful NOE data, delays that were too short yielded

physically unrealistic values.

As the majority of NOE values for OBP3 were substantially positive the values

could be considered realistic and comparisons across the backbone could be made.

The first 13 residues of OBP3 (including the hexa-histidine tag) are not seen on

the NMR spectra, this may be due to these residues being particularly flexible or

exchanging on a different timescale to the rest of the protein. These initial

residues are followed by residues 1-10 which had NOE values between 0.39 and

0.66, which is below the average value for OBP3, showing this part of the protein

to be less rigid. This fits with the lack of secondary structure shown by the

homology model. Some other residues also had lower values, indicating they are
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not as rigid, particularly, Ala 25 (0.45), Arg 29 (0.50) and Glu 49 (0.59) which

aren't part of the defined secondary structure elements.

Interestingly Lys 73 and Thr 74 were also less rigid than average, despite being

modelled as at the end of a 13-strand,possibly indicating they are not actually part

of the 13-strand.Thr 74 rapidly exchanged in the D20 experiments (section 6.2.1);

however, the other NH groups that had exchanged before the first experiment had

been run do not appear particularly flexible in comparison with the rest of the

protein. This suggests the rapid exchange is merely due to these being the most

solvent accessible residues. The C-terminal alanine (Ala 160) unsurprisingly is

flexible, shown by a negative NOE value. The penultimate residue, GIn 159, also

shows increased flexibility (0.37), although the rest of the C-terminus seems to be

quite rigid.

In general the NOE values of OBP3 are of the same magnitude described for

MUP I (Zidek et al., 1999). In this study the NOE values of MUP I when ligand

bound were measured and it was concluded that, contrary to what is generally

observed, the protein mobility increased upon binding to a ligand. The y-Iactone

series is ideal for looking at trends of increasing or decreasing protein flexibility.

OBP3 samples were saturated with each of the y-Iactones and a IH_1sN

heteronuclear NOE experiment run for each, using the same parameters as for

unbound OBP3. Figure 6.14 shows all the values plotted against residue number.

From this figure it is clear that a dramatic increase or decrease in flexibility wasn't

seen upon ligand binding, with values being within error of each other for most
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residues. There were however some notable changes in mobility; Va112, which is

immediately before the 310 helix, showed a decreased NOE value (-0.2 lower)

when bound to y-decalactone (with respect to all the other experiments (the

residue was unassigned for the y-undecalactone spectra), indicating that this

residue was more flexible. This was also the case for Asp 18 which appeared to be

more flexible when OBP3 was bound to y-undecalactone. This residue is at the

beginning of the first (N-terminal) f3-strand.Ala 25 and Arg 29, which were noted

as being more flexible than the rest of the unbound form of OBP3, showed

increased NOE values (all of similar magnitude) when OBP3 was bound to the 't:

lactone. Arg 29 is part of a region without regular secondary structure, however it

appears upon binding that in this region only this residue becomes more rigid.

Upon binding to y-nonalactone Phe 67 (which is in the binding pocket) was

shown to become particularly more rigid, although when bound to y-decalactone

and y-undecalactone this increased rigidity was not maintained.
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Figure 6.14 IH_l~ het-NOE values for all residues ofOBP3 when unbound (orange) and bound

to; y-heptalactone (green), y-octalactone (blue), y-nonalactone (yellow), y-decalactone (maroon)

and y-undecalactone (cyan). Asterisks (*) indicate the residues predicted to line the binding

pocket.

Across the binding series there was not a general trend of increased or decreased

flexibility. In figure 6.15 the change in NOE value between unbound OBP3 and

OBP3 bound to three of the 'Y-Iactones is shown (only three are displayed for

clarity). There was no clear trend, with some residues becoming more rigid whilst

other became more flexible. In this figure a negative value does not indicate a

flexible residue, just that the residue is more flexible than in the unbound fOM.
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Figure 6.15 Difference in het-NOE of OBP3 bound to y-lactones compared to unbound OBP3.

Negative value =more flexible than the unbound form, positive more rigid than the unbound form.

The secondary structure elements are displayed along the top. A strong overall trend isn't seen

across all the ligand bound forms. A number of residues become more rigid upon binding and a

number become more flexible. Very broadly it appears that residues that become more rigid are in

loop regions, whilst the strands have more residues that become more flexible.

The het-NOE experiments were also unable to account for the apparent entropy-

enthalpy compensation in the ITC experiments (section 6.2.3), with no indication

of increased or decreased "tightness" across the ligand series for any set of

residues, particularly those in the binding pocket. It may be the case that the

changes are too subtle to be seen by monitoring the protein residues and may be

best observed by monitoring the ligand instead (Stockmann et al., 2008). The

chemical shift perturbations (section 6.2.4) do indicate that the protein adjusts to

accommodate the larger ligands, however these appear to be a relatively rigid

conformations, as judged by the het-NOE values, and any mobility of the protein

is not accessible by looking at the het-NOE values.

The data do not strongly indicate a particularly specific orientation of the "(-

lactones within the binding pocket, although from the CSPs it appears that one

side of the pocket (around Leu 116) moves back to an unbound position as the

ligand size increases, whilst the other side of the pocket (around Phe 54) is

increasingly perturbed. This may suggest the ligand has a particular orientation,

rather than rotating freely, and may possibly hydrogen bond to Tyr 120, which

would limit the likely positions that the ligand may occupy in the binding pocket.
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To explore this further the binding of a set of three acetate ester isomers was

observed by ITC to see what impact ligand shape and possibly orientation in the

binding pocket had on the thermodynamic parameters and affinities and explore if

interactions with specific residues were likely to be taking place.

6.2.5 Binding of the acetate esters by ITC

The acetate esters used were isobutyl acetate (IBA), sec-butyl acetate (SBA) and

tert-butyl acetate (TBA). They are relatively small, having a molecular weight of

116.2, which is less than y-heptalactone. They all possess a sweet smelling odour,

often described as fruity (Howard, 1993). IBA occurs naturally at low

concentrations in raspberries and pears, whilst TBA is described as having a

blueberry like odour.

The acetate esters have previously been used by this laboratory in experiments

studying their binding to OBPI using Atmospheric-pressure chemical ionization

mass spectrometry (APCI-MS) based techniques, as they proved to be most

useful due to their rapid transit through the device (Borysik et al., 20 I0). All the

acetate esters used showed good binding, by lTC, to OBPI. Dissociation constants

recorded ranged from 0.64 J.IM for TBA to 1.06 J.IM for IBA. The thermodynamic

parameters for each reaction were similar and indicated enthalpy driven

interactions were taking place.
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For OBP3 the ITe experiments were carried out in the same manner described

previously (section 5.2.2). The resulting binding curves are shown in figure 6.16.

Somewhat surprisingly, no interaction with TBA was seen. The experiment was

repeated using a higher concentration of the odour but still no binding occurred.
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The configuration of TBA is the most different to the other acetate esters and it is

possible that some steric hindrance was taking place. This is curious however as

TBA showed such strong binding to OBPI. The ITC experiments on OBPI were

performed at 21°C, rather than the 25 "C used for OBP3, so direct comparisons

cannot be made. However, qualitatively it does suggest different specificity of

binding between these subtypes is occurring. One possibility is that the larger

binding pocket of OBP3 is unable to contain TBA due to steric hindrance

preventing the odour being "tethered" in the pocket. TBA is also much more

volatile than the other acetate esters which may contribute to the inability of

OBP3 to retain this odour.

SBA showed binding to OBP3 with reasonable affinity (Kd= 4.74 ~), however

the reaction did not reach saturation. Overall the interaction was favourable with a

negative IlGo value. The enthalpy term was also large and negative, which

suggests an enthalpy driven reaction, however a slight increase in entropy was

measured, suggesting an entropic component to binding.

The binding of IDA to OBP3 was more favourable, and strong 1:1 binding was

seen. A reasonably high binding affinity of 2.56 ~ was measured. This is almost

double the affinity measured for SBA. This reaction has a large negative enthalpy

value and a small negative entropy value, which shows the reaction to be enthalpy

driven.
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6.3 Conclusions

In this chapter the solvent accessibility of free OBP3 was explored using D20

exchange experiments. Unsurprisingly a number of glycine residues in loop

regions were exchanged rapidly, whilst a set of core residues (particularly in p-

strands C and D) remained unexchanged after 72 hours. A large number of

unexchanged residues were in the binding pocket. Tyr 120 was a notable

exception as it was amongst the residues exchanged within 10 minutes. D20

exchange experiments with ligand bound OBP3 proved impossible due to the

volatility of the odours so further analysis was not undertaken.

The y-lactones were used to explore ligand binding to OBP3 in a systematic

manner. As the hydrocarbon chain length was increased the size and

hydrophobicity of the ligands increased. Across the series the free energy of

binding remained consistent. This however was accompanied by somewhat

counter intuitive entropy-enthalpy compensation. As ligand size is increased, one

might expect to see an increased number of Van der Waals contacts and hence a

more negative enthalpy. In fact the enthalpy values became less negative. This

was accompanied by apparent compensation, with an increasingly negative

~Sovalue. It seems the larger the y-Iactone the less stable the binding interaction

was.

Chemical shift pertubations were measured for each of the y-Iactones.

Interestingly a number of residues had increasing CSPs across the series, whilst
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others showed decreasing CSPs. Looking more closely at the binding pocket

residues it was noted that Phe 90 was perturbed by the y-Iactones but not by IBT.

Additionally Ser 37, Phe 54, Leu 69, Asn 88 and Tyr 120 were increasingly

perturbed with increasing lactone size. Leu 116 and other nearby residues in

strand H were perturbed less by the larger lactones. This indicates that the OBP3

binding pocket makes adjustments to accommodate the larger ligands. Residues

away from the binding pocket were found to be only perturbed by the largest 't:

lactones looked at.

The 'n / ISN Het-NOE data showed OBP3 to be quite rigid, with only some

residues in loop regions displaying any mobility. The N and C termini appeared to

be more flexible than the remainder of the protein. Although binding to the y-

lactones had what appeared to be a pronounced effect on some residues (such as

Arg 29) these isolated changes should not be over-interpreted. Large scale

increased or decreased flexibility of stretches of residues was not seen.

Finally, the binding of three acetate esters were examined and it was highlighted

that these isomers had differing binding affinities (in fact tert-butyl acetate didn't

bind at all). Despite being the same size and having the same functional groups,

the different shapes and spatial arrangements of the molecules lead to markedly

different binding. OBP,1 which shows high affinity binding to the acetate esters

overall, does not show such differences.
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7. PROTEIN ENGINEERING OF THE OBP3 BINDING POCKET

7.1 Introduction

In chapters 5 and 6, the ligand binding of wild type OBP3 was explored by ITC

and NMR. Itwas found that the residues in the binding pocket play an important

role in binding odours. The size of the pocket is also significant, particularly when

accommodating larger ligands like y-undecalactone. To learn more about the

OBP3 binding pocket and the contributions of individual residues and the size of

the pocket, alterations were made and the resulting effects on binding were

monitored by IIC. The mutants constructed fall into two sets which will be

discussed in tum. Firstly the importance of the aromatic nature of the pocket was

examined. This was performed by exchanging aromatic residues in OBP3 for

alanine residues. These mutations also increased the size of the binding pocket.

Secondly specific mutations were made as a result of comparing the predicted

binding pocket ofOBP3 and the binding pocket ofOBPI to see ifOBP3 could be

"tuned" such that it was able to more strongly (or weakly) bind to particular

ligands.

7.1.1 The aromatic nature of the OBP3 binding pocket

The ligand binding pockets of vertebrate OBPs are highly hydrophobic in nature

(Bianchet et al. 1996; Spinell et at. 1998; Paolini et at. 1998; White et al. 2009).

The binding pocket of OBP3 is no exception and like other OBPs, it has a large

number of aromatic residues, with 32% of the residues in the predicted ligand

pocket being tryptophan (1), tyrosine (2) or phenylalanine (5). These three amino
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acid types are more commonly found in protein binding pockets than most other

amino acids (Villar & Kauvar, 1994). This makes these residue types particularly

important as they line the binding sites of many drug targets and drug delivery

molecules (Villar & Kauvar, 1994; Soga et al., 2007). It has been suggested that

the trend of over-abundance of particular residues in a protein type (such as

aromatics in OBPs) shows that they are important for the recognition of particular

ligand types (hydrophobic odours in the case of OBPs), however, because a

number of proteins use these particular residue types for recognition, the actual

specificity that can be achieved is limited (Villar & Kauvar, 1994).

Figure 7.1 shows the primary sequence alignment ofOBPI and OBP3. Residues

in the ligand binding cavity of OBPI (White et al., 2009) are highlighted in green.

The residues in the predicted binding pocket of OBP3 are highlighted in yellow.

There are 10 additional residues highlighted for OBP3, which probably reflects

the 100 A3 difference in pocket size.

OB?l
OBP3

--AHHENLDISPSEVNGDWRTLrIVADNVEKVAEGGsIRIYIoHMECGDECQELK!rINv 58
EEASFERGNLDVDKLNGDWFSIVVASDKREKrEENGSMRVFVQH~DV:EN--S:G!~!R: 58

* . * .* .*. :: .. ::**** :: :.:*: **: *.**:*.:.**::

OBPl
OBP3

KLDSECQTE~GQKHE-DGRy~qrSG~YlHVLKKT-DDII8I~DESGKE~~:1 11€
KENGVCTEFSLVADKTAKDGEYFVE!DGENT[TILKTDYDNYVM!HLVNVN-NGE~FQLME 118
* :. * .::*.:* **.* .:*.*.* * :** *: ::** ***::. ..

OBPI
OBP3

VAGKREDLNKAQKQELRKLAEEYNIPNENTQHLVPTDTCNQ- 157
L!GRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTDRCLQA 160

*: :** *::: ** :.* .. :* .*. ** * i.

Figure 7.1 Alignment of the primary sequences of OBP I and OBP3. A set of conserved aromatic

residues are revealed with the intended aromatic mutations underlined and in bold. The pocket

residues for OBPl, highlighted in green, are from White (2009) and the OBP3 pocket residues
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from the homology model are shown in yellow. Identical residues are indicated by an asterisk (*),

equivalent residues by a colon (:) and residues ofthe same nature by a dot (.).

All but two of the residues in the OBPl pocket align with pocket residues in

OBP3. It was decided to mutate the four conserved phenylalanine residues. In

addition, the conserved tyrosine (Tyr 84) was also mutated, as well as the extra

tyrosine residue (Tyr 120) found only in OBP3, and suggested from the data in

previous chapters to play a possible role in hydrogen binding to ligands. The

tryptophan residue was not mutated as this would have affected the ability to

monitor the protein using UV absorbance (for example during protein

purification) and it had not shown any significant involvement in binding based

on the NMR data discussed in previous chapters (CSPs of 0.02 - 0.04 ppm). The

intended sites for mutation are underlined and in bold in figure 7.1 and shown on

the homology model of OBP3 in figure 7.2.
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Y120

Figure 7.2 The binding pocket of OBP3 with the aromatic residues targeted for mutation

highlighted. The cavity is denoted by the hatching. In the upper pane the pocket is orientated so

that Tyr 84 is at the apparent opening of the pocket. The lower pane is rotated to show the other

side of the pocket as indicated, giving a closer view of Phe 54 (red) and Phe 56 (green) within the

binding pocket. Other nearby aromatic residues are also labelled but not coloured. It is clear that

the aromatic residues selected are distributed around the pocket.
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From the NMR data (section 5.2.8) Phe 54 and Phe 56 were shown to be

perturbed upon binding to IBT, as were Tyr 84 and Tyr 120. Phe 90 was not

perturbed upon binding to IBT; however pertubations of -0.36 ppm were recorded

for Phe 90 upon binding to all of the y-Iactones (section 6.2.4). Tyr 120 was also

increasingly perturbed (0.25-0.29 ppm) upon binding to the longer y-Iactones. Phe

54 was marginally perturbed to a similar extent when binding to each of the 't:

lactones, whilst Tyr 84 was not significantly perturbed. Phe 103 was not assigned

in the NMR spectra so the affect of the mutation could not be anticipated.

Alanine has routinely been used as a substitute amino acid in site directed

mutagenesis studies due to its small, non-polar nature and the fact that it does not

affect the main chain conformation, as glycine and proline do (Ashkenazi et a1.

1990; Dembowski & Kantrowitz 1994; Lefvre et a1. 1997; Van Petegem et a1.

2008). It has no side chain beyond the f3-carbon, which means it is rarely directly

involved in protein function (for example ligand binding or catalysis). In addition

it is the second most highly abundant residue in proteins (Doolittle 1989). By

substituting a phenylalanine residue with an alanine residue the major effect is to

remove the phenyl ring and hence the ability of the residue to contribute to

possible interactions with the ligand. The tyrosine residues are different to the

phenylalanine residues as they have a hydroxyl function group and therefore can

directly interact with the ligand. The substitution of a tyrosine with an alanine also

removes the possibility of stacking interactions and additionally the possibility of

the ligand being able to form hydrogen bonds. Both substitutions lead to a

decrease in the side chain size, and hence an increase in the binding pocket size.
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The other possible difference introduced is a change in the hydrophobicity of the

residue. Phenylalanine, in particular, often plays a role in recognition of

hydrophobic ligands due to its hydrophobic nature (Betts & Russell 2003).

Ranking amino acids in terms of hydrophobicity is not straight forward. Various

scales have been constructed; some based on the physiochemical properties of the

side chains (Wolfenden et aI. 1981; Kyte & Doolittle 1982) and some on the

tendency for a particular amino acid residue to occur in the interior of proteins

(Janin, 1979; Rose et aI., 1985). For the purpose of these substitutions the

physiochemical properties are most relevant. This places tyrosine as being less

hydrophobic than alanine (Kyte & Doolittle 1982). Depending upon the scale

used, phenylalanine is placed as both more and less hydrophobic than alanine.

However, on balance, alanine was considered a reasonable amino acid to

substitute for the aromatic amino acids.

7.2 Results and Discussion

7.2.1 Production ofthe aromatic mutants

All the aromatic mutants were expressed and purified in the same manner

described for the wild type protein (sections 2.2 and 2.3). High levels of

expression were achieved for all mutants and purification from the soluble

fractions was possible with all the mutants, suggesting they were all likely to be

stable. The overall yield of Y84A was somewhat lower than for the other mutants

(around 30% lower) which indicated that this was the least stable mutant. The
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aromatic mutants were prepared with the assistance of Miss Ina Togel (technical

intern).

The protein produced after purification of the mutants is shown in figure 7.3 and

shows all the mutants to be approximately the same molecular weight, having

bands between 16.5 kDa and 25 kDa. All bands appear to be clean with no signs

of contamination from other proteins or degradation products.

Figure 7.3 SDS-PAGE of the aromatic mutants demonstrating they were all free from

contaminants and the expected molecular weight (-19.9 kDa)

To confirm the mutants were the expected molecular weight ESI-TOF mass

spectrometry was carried out as described in section 3.5.1 and the molecular

weights determined were compared to the wild type. All mutants matched the
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theoretical change in molecular weight change from changing the original Phe or

Tyr to an Ala confirming that the proteins had been correctly produced.

7.2.2 ITC of the aromatic mutants with 2-isobutylthiazole

To assess the functionality of the mutants, ITC was carried out as described

previously (section 5.2.2). Initially binding to IBT was looked at. It was hoped

that, as IBT was a ligand with high affinity to OBP3, even if a particular mutation

made a large difference to the ability of OBP3 to bind the ligand it should be the

case that enough binding to IBT would be retained to be able to derive binding

parameters. The dissociation constants calculated for each of the OBP3 mutants is

shown in the upper pane of figure 7.4. The inclusion of Y84A in the analysis

makes it difficult to appreciate the values and more subtle differences in binding

affinity recorded for the other mutants, therefore the lower pane of figure 7.4

shows the dissociation constants of the aromatic mutants, excluding Y84A.
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Figure 7.4 Upper pane: The dissociation constants of each of the aromatic mutants for IBT. The

wild type value is included for comparison. Clearly Y84A binds much more weakly. Lower pane:

The dissociation constants of each of the aromatic mutants for IBT excluding Y84A. The error

bars represent the standard error of the mean of duplicate experiments.

It is most striking that Y84A has a dramatically reduced affinity for IBT. The

binding of this mutant is completely different to that of the other mutants; the
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binding curve produced was difficult to fit and lacked a sigmoidal shape. Figure

7.5 shows the original fitted binding curves for the aromatic mutants overlaid

(along with the wild type curve) and demonstrates the weak binding shown by

Y84A. All mutants had a lower stoichiometry value (n-value) than the wild type;

this may be a result of an error in correcting the extinction coefficients of the

mutants or perhaps due to more inactive protein being produced for the mutants

than the wild type. Although affinity values are not within error of each other

(with the exception of F54A and F90A) it should be noted that high affinity

interactions are difficult to measure accurately, particularly at the protein

concentration used (30).lM), however figure 7.5 demonstrates that there are a

number of data points on each slope which should allow more accurate

measurement.
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Figure 7.S Fitted example ITC curves for each of the aromatic mutants binding to IBT. All show

reduced affinity compared to the wild type however Y84A has a completely different, weaker,

binding curve. The colours used correspond to the colours used on the model in figure 7.2.

The data indicated that Y84A warranted further investigation to determine if the

mutation was particularly destabilising and therefore this was the cause of the
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weaker binding. Differential calorimetry was therefore carried out as described in

section 2.6.6 and the melting temperature (Tm) compared with the value recorded

for wild type OBP3 (section 3.2.5.2). The Tm of Y84A was found to be 343 K

which was 3 K lower than the Tm of wild type OBP3. This melting temperature is

still relatively high and is above the value found by DSC for porcine OBP (342K)

(Burova et aI., 1999), which would suggest that, although the mutation has

affected the stability of the protein a little, it has not made the protein completely

unstable. This is also supported by the fact that, although protein yields were

lower after purification, Y84A was still able to be purified using the same

procedure as used for the wild type protein.

All of the other aromatic mutants continued to bind well to IBT, with K, values

lower than 1 flM recorded for all of them. The affinities were all weaker than

recorded for wild type OBP3, with Y120A being the most affected. This is

interesting as Y120 was not the most affected aromatic residue in the pocket (nor

was Y84) as judged by the CSP values recorded by NMR spectroscopy, which are

shown in table 7.1.

Aromatic residue Chemical shift Perturbation

0.19

0.10

0.03

Phe 54

Phe 56

Phe 90

Phe 103

Tyr84

Tyr 120

0.14

0.10

Table 7.1 The chemical shift perturbations upon binding to IBT of the aromatic residues mutated

in this chapter.
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Tyr 120 however exchanged rapidly during the D20 experiments (section 6.2.1),

which suggested it was solvent accessible and possibly able to hydrogen bond to

water molecules that were present in the pocket. Phe 54 was the aromatic residue

with the greatest chemical shift change in the pocket upon binding to IBT,

however F54A showed only slightly weakened binding. In fact the binding of

F56A was weaker still despite this residue not being as perturbed upon binding to

IBT. Figure 7.2 shows a view of these residues within the pocket, along with Thr

55 which connects them along the protein backbone. The phenyl rings of both Phe

54 and 56 point into the cavity. Itmay be the case that in the wild type protein Phe

54 takes part in a stronger hydrophobic interaction with IBT than Phe 56 does,

due it being closer and more accessible to the ligand. InF54A the mutation makes

the pocket larger and may allow Phe 56 to move into a position where it can take

part in stronger interactions which compensate for the lack of the phenyl ring of

Phe 54. Phe 103, Tyr 120 and Val 40 and 42 are also relatively closer to Phe 54

than to Phe 56 so may also be able to compensate to a certain degree.

When Phe 56 is mutated to an alanine, Phe 54 is unable to compensate for the

mutation, perhaps due to the fact it already has a strong interaction with the ligand

and therefore the additional small hydrophobic interaction Phe 56 was

contributing, as shown by its CSP value, is simply lost.

Phe 90 is on the opposite side of the binding cavity to Phe 54 and 56, and showed

no significant perturbation upon binding to IBT, it is therefore unsurprising that

F90A showed little change in binding affinity compared to the wild type protein.

Some difference was seen however, and this may reflect both the removal of the
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contribution of Phe 90 to the hydrophobic nature of the pocket and possibly the

increased size of the pocket. The likely compensation seen for F74A indicates the

protein is able to accommodate the ligand well, despite the larger pocket.

The binding affinity of F I03A for IBT was around 19 times weaker than the wild

type. Although no NMR assignments were made for Phe 103 and its adjacent

residues, this result points to IBT being in particularly close proximity to this

residue and supports the evidence from the other mutants that IBT binds in this

area of the pocket. This area is quite far removed from Y84 which is seen as being

at the "top" or "open" end of the pocket and therefore raises the question of why

Y84A makes such a large impact on binding, if it is possible that Y84 isn't in

contact with the ligand.

It has previously been mentioned in sections 1.4 and 5.2.8 that Y84 (equivalent to

Y82 in OBPI and porcine OBP) may playa role as a capping or gate-keeping

residue which regulates entry into the ligand binding pocket (Meillour et at. 2009;

White et al. 2009). The evidence for this is partly due to the location of the side

chain which sits across the opening of the barrel; this is shown for OBP3 in figure

7.6. Additionally molecular dynamic simulations on porcine OBP had shown Tyr

82 and Phe 35 to be involved in ligand entry into the pocket,

and subsequent studies of Y82A and F35A mutants had shown the fluorescent

probe I-AMA was not retained by the proteins unlike the wild type and so

dissociation studies could not be conducted (Meillour et al. 2009). In OBP3 there

is not a phenylalanine in the equivalent position to F35, however ITe has revealed
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that the binding of the supposed cap mutant Y84A has drastically impaired

binding.

Figure 7.6 Tyr is highlighted in orange. The top panel shows OBP3 viewed with Tyr 84 at the top

of the p-barrel. The way it forms an apparent "cap" over the binding (hatched) is best viewed in

the bottom panel.
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The thermodynamic parameters (shown in figure 7.7) of all the mutants revealed

that all the reactions were enthalpically driven like the wild type protein; however

the enthalpy and entropy changes were slightly smaller, with the exception of

Y84A. Due to the nature of the Y84A binding curve (shown in figure 7.5) the

parameters derived are not as reliable as the fit is more ambiguous and this is

reflected in the larger standard errors calculated for this mutant. The interaction of

IBT with Y84A is much more entropically unfavourable than with any of the

other mutants, whilst the enthalpy change is more negative. If the pocket of Y84A

is solvent exposed it may explain why the entropy is more unfavourable as the

system is more disordered and, when the ligand attempts to bind, more order is

being imposed upon the system rather than less (as would happen when ordered

water molecules were released). The larger enthalpy tenn may point to the making

and breaking of bonds within the protein as it attempts to compensate for the open

pocket and continue to bind the ligand. It could also be due to altered interactions

of the protein and ligand with the solvent. Despite the open pocket it is possible

that the hydrophobic association between the binding cavity and the hydrophobic

ligand was still strong enough for binding to occur. Additionally some

electrostatic interactions involving the charged residues in the pocket, such as Asn

88 and Glu 118, may also have contributed to the interaction.
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Figure 7.7 Thermodynamic parameters for each of the aromatic mutants binding to IBT. The

binding of Y84A is markedly different. The error bars are the standard error of the mean of

duplicate experiments.

To further establish the role of Tyr 84 in OBP3 an additional mutant was

constructed, which changed the residue from a tyrosine to a phenylalanine. This

mutant was made to determine if it was the phenyl ring of the residue that was

important or if it was the hydroxyl group that was vital. The residue at this

position is a tyrosine in OBPI whilst it is a phenylalanine in OBP2. The binding

profile of OBP2 is quite distinct from the other two rat OBPs (Label et a1. 2002)

which could be associated with the different residue at this position.

Y84F was produced in the same manner described for the other aromatic mutants.

Mass spectrometry was used to verify the correct protein had been produced.
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Additionally DSC was used to compare the stability of Y84F to Y84A and the

wild type. As shown in table 7.2 a melting temperature of 344 K was determined,

which was 1K higher than Y84A and 2 K lower than the wild type. This indicated

the protein was relatively stable (and importantly had very similar stability to

Y84A).

Protein '1elting Temperature (K)

WtOBP3

Y84A

Y84F

346

343

344

Table 7.2 Melting temperatures of wild type OBP3 and Tyr 84 mutants

An example of an ITC curve of Y84F binding to IBT, compared to the wild type

protein is shown in figure 7.8. It is immediately obvious that the binding mode is

similar to the wild type and the weak binding of Y84A is not seen. The average

dissociation constant is 0.12 ~ which, although 3 times weaker than the wild

type protein, is still relative low. It is also weaker than F90A and F54A but shows

similar affinity to F56A. This shows that although the hydroxyl group of the

tyrosine may play a role in the binding of IBT it is not essential to maintain a

strong affinity, and in fact it is the presence of the phenyl group that is essential.
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Figure 7.8 ITC binding curves of wild type OBP3 and Y84F binding to IBT. Overall the curves

are very similar in nature.

7.2.3 ITC of the aromatic mutants with the y-Iactones

The chemical shift perturbations of OBP3 binding to the y-lactones measured in

section 6.2.2.2 were different from those measured for IBT, particularly for Phe

90 which was only significantly perturbed upon binding to the y-lactones. The

chemical shift pertubations for the aromatic residues mutated in this chapter are

shown in table 7.3. Phe 103 is excluded as it was unassigned. Tyr 84 was not able

to be assigned for any of the y-lactones complexes except y-heptalactone.
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CSP upon CSP upon ('Sf> upon CSf> upon ('Sf> upon

Residue binding I: binding y- binding y- binding y- binding y-

hcptalactonc octalactonc nonalactonc dccalactonc undccalactonc

0.18

0.12

0.40

0.23

0.11

0.41

0.15

0.11

0.32

0.10

0.10

0.30

0.15

0.25

F54

F56

F90

Y84

Yl20

0.09

0.36

0.26 0.29

Table 7.3 Chemical shift perturbations (in ppm) upon binding to the v-lactones from section 6.2.4

for the aromatic residues mutated on this chapter.

Binding of the mutants to y-heptalactone was only measurable for Y84F and

Y120A, the ITC curves are shown in figure 7.9. Fitting the curve for Y84F was

successful; the Kd derived (23 !1M) showed this mutant had a lower affinity for y-

heptalactone than Y84A had for IBT. It was not possible to satisfactorily fit the

binding curve for Y120A so binding parameters could not be derived. Therefore

y-heptalactone was excluded from the mutant analysis as was y-undecalactone

which was lacking in CSP data for the majority of the mutated residues.
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Figure 7.9 ITC binding curves for the only aromatic mutants that showed binding to 'Y-

o
heptalactone (Kd = 23 flM, ~H = 87.45 kl/mol), A satisfactory fit for the binding curve ofYl20A

could not be achieved.

ITe experiments were carried out for each of the aromatic mutants with y-

octalactone, y-nonalactone and y-decalactone_ The dissociation constants are

plotted in figure 7.10_ There are no values recorded for y-octalactone and y-

nonalactone binding to Y84A, as a satisfactory fit could not be achieved. Also

plotted on figure 7_10 are the values for each of the mutants binding to ruT for

comparison. As with the wild type protein, binding of the y-Iactones is weaker for

all but one mutant (with y-decalactone) than with IBT.
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Figure 7.10 Dissociation constants for each of the aromatic mutants binding to IBT, 'Y-octalactone,

v-nonalactone and 'Y-decalactone. F90A, FI03A and Y84A have markedly lower affinities than the

other mutants. The error bars for the 'Y-Iactones are standard errors of the mean of triplicate

experiments, except for the wild type and IBT values which are the standard errors of the mean of

duplicate experiments. Numerical values are given in table 7.4, along with the thermodynamic

values.

The effect on affinity of the F54A mutant is interesting as, despite the chemical

shift of Phe 54 being significantly perturbed to an increasing extent upon binding

each of the y-lactones; the mutation actually increases the affinity for each of the

y-iactones, with F54A having the greatest affinity for y-decalactone. The affinity

also remains high for F56A, although only the interaction with y-decalactone has

a higher affinity than the wild type. The shift ofPhe 56 was perturbed to a similar,

smail, extent (0.10 ppm) upon binding to each of the y-lactones. These results
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suggest that in the wild type protein Phe54 and Phe 56 contribute to binding, but

despite contributing to the hydrophobic interaction with the ligand, the side chain

of Phe 54 may hinder the accommodation of the ligands. The increasing esp

value for Phe 54 seen with increasing ligand size would support the adjustment of

the position of this residue to accommodate the longer hydrocarbon chain. The

fact that Phe 56, which is very close to Phe 54, does not appear to have a large

esp contribution may suggest that the ligand doesn't occupy this part of the

pocket and small effects on dissociation constant seen are a result of the pocket

changing shape to allow the ligand to bind.

The chemical shift of Phe 90 was increasingly perturbed as each of the three

ligands used for ITe were bound, this however doesn't relate to a similar trend in

binding affinities. Although all the y-Iactones tested bound to F90A the affinity

for y-decalactone was three times higher than for y-nonalactone. These results

affirm the finding that Phe 90 is not involved in the binding oflBT. This is shown

by a very small NH chemical shift perturbation of Phe 90 (table 7.1) and high

affinity binding of F90A to IDT seen in ITe studies (figure 7.6) but is important

in the binding of the y-Iactones. As Phe 90 is on the opposite side of the cavity to

Phe 54 and Phe 56 it suggests the y-Iactones are accommodated near Phe 90 and

Phe 90 is involved in hydrophobic interactions with the ligand. A possible

explanation for the improved binding of F90A to y-decalactone over 't:

nonalactone and y-octalactone is two-fold: firstly the lack of the aromatic side

chain in F90A may allow more room in the pocket for the y-decalactone

hydrocarbon chain and secondly because of its longer hydrocarbon chain 't:

decalactone is more hydrophobic and therefore more able to negate the reduced
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hydrophobicity of the ligand pocket. In fact all the mutants, except Y84A and

Y84F have higher binding affinity for y-decalactone than the other y-Iactones,

probably for similar reasons. The higher affinity F90A shows for this ligand

supports the idea that the longer hydrocarbon side chain makes it more difficult to

accomodate the larger ligand, it may be the case that in the wild type protein the

ligand is shifted into a different position.

CSP values were not available for Phe 103; however the mutant binding affinities

show a similar pattern and magnitude to Phe 90A, which can probably be

explained in a similar way. Although the binding affinities were reproducible

across the replicates of the experiments with y-octalactone, the fits produced were

not very similar and therefore this variation caused large error bars for the ~HO

parameter and these data should be treated with caution. Phe 103 is on the same

side of the binding pocket as Phe 90, although it is further from Tyr 84 and the

"top". This again would suggest that the y-Iactones are accommodated by this side

of pocket more than the side where Phe 54 and Phe 56 are.

Y120A showed a decreased affinity compared to the wild type for y-octalactone

(six times weaker) and y-nonalactone (three times weaker). However, the Ktvalue

for y-decalactone was 1.69 J.1Mwhilst the wild type value was weaker (2.12 J.1M),

(i.e. the removal of the side chain led to a higher binding affinity for the largest

ligand than the wild type). This suggests the size of Tyr 120 causes problems

accommodating the longer j-lactones. This is supported by the fact that as the

ligand size increased the CSPs for Tyr 120 became larger and the het-NOE values
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for Leu116 and Tyr 120 (the residues in between were unassigned) (section 6.2.5)

showed it was possible this area was becoming more rigid. The fact that the

binding to y-octalactone and y-nonalactone were weaker than the wild type points

to the fact that Tyr 120 makes some hydrophobic contribution to binding, though

it doesn't necessarily point to Tyr 120 being involved in hydrogen bonding, either

to the ligand or via solvent water.

Although changing residue 84 from a tyrosine to a phenylalanine had only a small

impact on IDT binding, the effect on y-Iactone binding was greater. It is curious

that y-nonalactone was the least affected whilst the larger and smaller ligands

were more affected (although it should be noted that y-octalactone binding to

Y84F was variable with a large standard error). This may suggest a more involved

role for the tyrosine hydroxyl when binding to the y-Iactones. A greater

involvement of this residue is also suggested by the fact that all the y-Iactone

bound forms (except y-heptalactone) were unassignable due to shifting to

positions that were not able to be tracked. Additionally, the binding curves for y-

octalactone and y-nonalactone binding to Y84A showed such weak interactions

that the binding curves could not be fitted and hence the values are missing. The

greater effect of the Y84A mutation seen on the binding of lactones than IBT is

probably explained by the fact that IBT is a much higher affinity ligand, possibly

through additional contacts being made, allowing it to be retained for longer in the

pocket. The larger size of y-decalactone may enable it to be retained to a certain

degree due to it being more hydrophobic and having more room in the mutant

pocket. Alternatively the pocket may be able to "close" round this ligand,

strengthening the interaction somewhat.
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The thermodynamic parameters for binding of the y -lactones to each of the

aromatic mutants (and the wild type for comparison) are shown in table 7.4. The

phenylalanine mutants are grouped together, followed by the tyrosine mutants.

For the weaker interactions (FI03A to y-octalactone and Y84A to y-decalactone)

the ~HOand T~SOvalues are large (and have large standard errors) due to the

weakness of the interaction leading to unusual binding curve fits. Looking at the

remainder of the values all the reactions remain enthalpically driven in a similar

manner to the wild type protein. However, the entropy-enthalpy compensation

observed for the wild type is not seen, which is most likely due to the

complication caused by y-decalactone binding more optimally than the smaller y-

lactones. There is no large variation across the mutants, with all showing larger

~HOand T~SO changes than the wild type. The lack of variation (with the

exclusion ofY84A and Y84F) is likely due to the mutants being very similar in

nature (despite being in different locations within the pocket). All mutants have

the effect of making the pocket larger and decreasing the hydrophobic nature of

the pocket to some degree. From the values it is apparent that Y120A is not very

different from the phenyalanine mutants. This is in contrast to the effect of

mutating Tyr 84 to an alanine, which has a large impact.
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The evidence points to fact the that Tyr 84 is the most important aromatic in the

binding pocket, as whilst mutating of most other aromatics in the pocket leads only

to subtle differences in binding affinities, removal of the aromatic side chain from

Tyr 84 leads to drastic reduction, and in some cases, abolishing of binding. The

precise cause of such a drastic change cannot be completely derived from the data, as

the weaker binding leads to an inability to fit the ITC data and hence only a

qualitaive "lack of binding" can be ascribed. It has also been found that Phe 103 and

Phe 90 are particularly crucial to the binding of the smaller y-Iactones, despite Phe 90

being apparently unimportant in the binding of IBT. The data on the aromatic

mutants, as well as CSP and data on the residues reveals that the ligands tested do not

all bind in the same postion or area of the binding pocket. The data also show that

IBT is able to compensate more readily than the y-lactones for changes in the binding

pocket. It may be the case that as well as generic hydrophobic interactions, IBT

makes other specific interactions with residues in the binding pocket. The possiblility

of such specific interactions is explored further in the following section.

7.2.4 Design and production of specific binding pocket mutants

The affinity of IBT cannot be ascribed only to the hydrophobic interaction with the

OBP3 binding pocket. As mentioned in section 6.2.5 IBT is not as hydrophobic as 't:

decalactone, and its smaller size means it occupies a different part of the pocket,

away from Phe 90 (hence this residue is shown to be particularly unperturbed in

NMR studies) showing it to make fewer hydrophobic contacts. The thiazole ring

contains a nitrogen atom which has the potential to form hydrogen bonds within the

pocket. It was therefore interesting to explore some of the other residues in the OBP3
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pocket. Previous studies have shown OBPI and OBP3 to have somewhat different

binding profiles. Although the two proteins have low sequence identity (less than

30%) the overall protein fold remains the same, it is therefore reasonable to assume

that the modes of binding for the proteins are similar, particularly as the hydrophobic

nature of the binding pockets is shared. There are, however some key differences in

the binding pockets, and, as this is where the ligands reside, it is reasonable to

assume some of the differences in binding are due to the variation in the binding

pockets. Aside from the larger pocket size of OBP3 mentioned in section 7.1.1 there

are some other differences in the binding pockets. In figure 7.11 the alignment of

OBPI and OBP3 is again shown. There are some residues that align but vary

between the two subtypes, and these residues were targeted for mutation.

OBP_
OBP3

M38l V40A

--AHH~NLD:SPS~~~DWR~~lIVADNV~KVAEGS~~~QHM2CGDECCE:~II~ 58
~EAS=~RGNLDVD~~SDWrSIVVASD~K:~ENGS!RyFV~H:DVL~N--S~G=TFRI 58

.. : .... :

OBP
OBP3

KLDSECQ~H~G~KH~-DGRYTlolSGRlil~KKT-DD:lrI~~DESGKET~11 _6
KENGVCTEFS:VADK~AKDGEY~YDGENl'FTI~KTDYDNYVM=HLVNVN-NGE~F Ll'1E "_ s
':. .::It.:j, 'Ao' .:'.* .• '. :LA Jo.: ::""Tl'~::. T

l105N E118l

VAG~JLNK!'QKQELRK:";>.EEYNI?NE:-ITQH::'NPl'DT':N- 57
~;GR~KJLSSDIKEKF.;K~CVAHGI~RJNIID~~KTDRCL A "E)
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OBP3

.. : : :A .. : ..... : 01. • ... A.. .. •

Figure 7.11 Alignment of the primary sequences of OBPl and OBP3 as shown in Figure 7.1. The

binding pocket residues of OBPl are shown in green, whilst the residues of the predicted OBP3

binding pocket are shown in yellow. The residues which align but are different are highlighted by

being underlined and emboldened. The mutant names are labelled.
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Figure 7.12 The specific residues targeted for mutation in this section. Tyr 84 denoted where the top

of the pocket is.

The mutants constructed are highlighted by being in bold and underlined, with the

mutant name being written alongside. In figure 7.12 the location of the residues

targeted for mutation are highlighted on the structure. Tyr 84 is shown to highlight

where the "top" of the pocket is.

Met 38 has a hydrophobic side chain, the residue was of interest however as it's NH

chemical shift was only significantly perturbed (0.07 ppm) upon binding IBT and
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not by binding to the 'Y-Iactones. It is close to the equivalent position of Phe 35 in

porcine OBP, which was indicated to be important in ligand entry, along with Tyr 84

(Meillour et al. 2009). The residue was altered to a leucine as it is in OBPl. This

substitution is conservative as leucine is hydrophobic like methionine.

Val40 was also mutated to the equivalent residue in OBPI as this residue had a CSP

value of 0.18 ppm for binding to IBT, which, as well as being quite significant, was

also more than double the perturbation seen when binding to the 'Y-Iactones.Again,

the substitution valine to alanine is conservative, although the side chain of valine is

quite large and constrained (due to the branched nature of it alkyl chain) whilst

alanine has the smallest side chain of all the amino acid (excluding glycine which

doesn't have a p carbon).

The binding pockets of the odour binding proteins contain very few polar amino

acids (Spinelli et al. 1998; Meillour et al. 2009; White et at. 2009). Asn 88 is

conserved across a number of odour binding proteins (Spinelli et al. 1998). It's NH

chemical shift is slightly perturbed (CSP = 0.08 ppm) upon binding IBT and all the

'Y-iactones, suggesting it may playa role in binding. Asn 88 is the only shared polar

residue between OBPI and OBP3. In addition, OBP3 possesses a glutamate in

position 118 (which is a non-polar leucine in OBPl) and OBPI has an asparagine at

position 105 (which is a leucine in OBP3). Glutamate is a negatively charged amino

acid and therefore it is possible it is involved in electrostatic interactions. The residue

is also capable of interacting with positive amino acids and forming stabilising

hydrogen bonds. In changing this residue to an alanine this negative charge will be
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lost, as will the relatively large side chain of Glutamate. Glutamate 118 has been

shown to be involved in hydrogen bonding that is important to the binding of 2-sec-

butyl-4,S-dihydrothiazole (SBT) to nasal MUP, as discussed in section S.2.6 (Perez-

Miller et al., 2010) however this position is not conserved in other MUPs or OBPs

(Spinelli et al. 1998; Perez-Miller et al. 2010). Glu 118 was not assigned by NMR

but the nearby residues 113-116 in strand H showed indications of being important in

accommodating ligands (section S.2.8 and 6.2.4).

Asn lOS is conserved across a number ofOBPs (Spinelli et al. 1998) despite this it is

a leucine in OBP3. The LIOSN mutation introduces a polar, non-charged group into

this position. Asn has the ability to hydrogen bond to the protein backbone, and so is

often involved in a-helices; however it forms part of p-strand H in OBP3. Again this

residue was unassigned by NMR, the closest assigned residues were marginally

perturbed on binding ligands so the participation of Leu lOS in binding is difficult to

ascertain. The side chain of asparagine is larger than leucine so this may have an

influence on the binding of ligands as it makes the pocket smaller. Asparagine is

often found in binding sites of proteins interacting with other polar groups (on other

amino acids or the ligand) and therefore this may occur in Ll 05N.

The binding pocket of the LI05N mutant contains both an asparagine and a

glutamate side chain, which may affect the pocket size. To help to avoid any steric

problems caused by this, and to make the pocket more similar to the OBPI pocket, a

double mutant was constructed (L105NIE 118L). The predicted effect of the

mutations on pocket size was explored using Swiss PDB viewer (Guex & Peitsch
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1997). The mutations were introduced and the molecular surface and cavity size

calculated using the inbuilt functions in the Swiss PDB Viewer software package

(Guex & Peitsch 1997). Interestingly all of the mutations appeared to make the

volume of the pocket larger. This may be because when the mutated residue is

modelled the most energetically favourable rotamer of the amino acid is selected and

this may not necessarily be the case for the wild type protein in solution. The sizes of

the modelled pockets are given in table 7.5.

Protein Modelled pocket size (;\J)

WtOBP3 428

E118L 453

LIOSN 441

LIOSN / E118L 466

Table 7.5 The modelled pocket sizes ofGlu 118 and Leu 105 mutants.

A comparison of the models for wild type OBP3 and the double mutant is shown in

figure 7.13 and demonstrates that the overall pocket shape is quite similar, although

the double mutant appears to be more expanded. His 104 has been excluded from the

figure to make it easier to view the residues.
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WtOBP3 LI05N/E118L

Figure 7.13 Comparison of the modelled binding pockets of wild type OBP3 and the Ll05N/El18L

mutant. The double mutant is calculated to have a 38 A3 larger pocket, though the overall shape is

quite similar.

The same method used to produce the aromatic mutants (section 7.2.1) was also used

to produce the these mutants. The primers used are listed in appendix I. The double

mutant was constructed by using the E118L mutant plasmid as a template and

performing the mutagenesis using the same primers used for L10SN. All of the

mutants were verified using SDS-PAGE to check the purity of the proteins and ESI-

TOF mass spectrometry to verify that the correct mutation had been introduced. The

SD-PAGE gels are shown in figure 7.14.
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Figure 7.14 SDS-PAGE of the pure mutant proteins used in this section. All proteins appear free from

contaminats and are close to the expected molecular weight (~19.9 kDa)

7.2.5 ITC of the specific mutants with the 2-isobutylthiazole

OBPl has been shown to bind to 2-isobutylthiazole (IBT) with approximately two

times weaker affinity than OBP3 (Lobel et al. 2002). To judge the role of each of the

residues in the binding of IBT, binding of each of the mutants was analysed by lTC,

conducted in the same manner as all previous lTC experiments described. The

resulting affinities for each of the mutants (and the wild type for comparison) are

shown in figure 7.15.
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Figure 7.15 Binding affinities for each of the mutants binding to Ili'I', All mutants have a lower

experiments.

affinity for IBT than the wild type protein. The error bars are standard errors of the mean of triplicate

In a similar manner to the aromatic mutants (with the exclusion of Y84A) these

mutants maintain high affinity interactions with IBT, with all Kd values being lower

than 1 )lM. This means that for all these mutants IBT still has almost twice the

binding affinity of wild type OBP3 binding to the y-Iactones. The smallest effect

seen, as was expected from the NMR CSP values, was the M38L mutation. The

substitution as mentioned previously, is quite conservative with both methionine and

leucine being hydrophobic residues. Methionine does possess a sulphur atom in its

side chain, however this is unable to form disulphide bonds as it is attached to a

methyl group (rather than just a hydrogen atom in cysteine), so the role of

methionine is usually to increase hydrophobic interactions. The fact that the mutation
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gives some significant effect (binding is 3 times weaker than the wild type) shows

that in OBP3 this residue is more optimal for IBT binding than the equivalent

Leucine in OBP1.

The chemical shift of the amide proton of Val 40 was more perturbed on ligand

binding than Met 38 and the weaker binding of IBT by V40A reflects this. V40A

binds IBT five times more weakly than the wild type protein. The mutation

introduces a smaller side chain. The difference in hydrophobicity between valine and

alanine is relatively small, depending on the scale used (see section 7.1.1). From the

affinity result, it appears that a valine at this position is more optimal than alanine for

binding IBT. Val40 is deeper in the pocket (further way from Tyr 84) than Met 38,

which may indicate IBT interacts further into the pocket. However the binding

affinity is the same as seen for F56A, which was concluded not to be highly

important in IBT binding, so role of the Val40 should not be over interpreted as the

change in affinity is still relatively small.

The impact on affinity for IBT of the E Il8L mutation (Kd = 0.57 J.lM) is the largest

of any of the specific mutants (19 times weaker than the wild type). It also had a

larger impact than most of the aromatic mutations with the exception of Y84A (Kd =

19.76 J..lM) and Y120A (Kd = 0.84 J.lM). Taken together with the x-ray

crystallography evidence on nasal MUP (perez-Miller et al., 2010) this suggests that

Glu 118 is likely to form a salt bridge with the nitrogen of IBT or possibly a

hydrogen bond with Tyr 120. When this interaction is no longer present, however,

the protein is still able to bind IBT, due to the presence of a large number of
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hydrophobic interactions and the potential ofTyr 120 to hydrogen bond to the ligand.

It is difficult to discern the contribution the change in size has to the binding affinity.

It is possible that the larger pocket leads to IBT not being as close to the residue, but

using ITC this is not distinguishable from the loss of possible charge interactions.

This is also true for LI05N which shows a decreased binding affinity for IBT

compared to the wild type (eight times weaker), however the cause of the effect is

difficult to separate out. The introduction of the polar asparagine side chain may add

to the binding of IBT; however the change in pocket size may cause the binding to

become weaker. Additionally the reduction in hydrophobicity of the residue may also

have lead to weaker binding. The double mutant, which removes the possible steric

hindrance of having both Glu 118 and Asn 105 in the pocket, and is the most similar

to the situation in OBP 1, has a greater binding affinity than either of the single

mutants, however the binding is still three and half times weaker than the wild type.

This is also weaker affinity than OBPI demonstrates for IBT (Lobel, 2002). Of

course the remainder of the binding pocket is not identical to OBPI and therefore

exactly the same binding cannot be expected. It is interesting to note however that

despite a possible missing electrostatic interaction provided by E1l8 the double

mutant is able to bind well to IBT.

The thermodynamic parameters shown in figure 7.16 reveal that all of the mutants

show a (similar) enthalpically driven mode of binding to the wild type protein. The

entropy is displayed as -T~SO to enable it to be distinguished more readily. M38L

and V40A, being the most conservative mutations, show enthalpic and entropic
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contributions to binding most similar to the wild type protein. The introduction of an

asparagine at position 105 leads to a smaller entropic penalty than either the wild

type protein or any of the other mutants, which may be a reflection of the

introduction of an additional polar group into the pocket, this is also seen in the

double mutant to a lesser extent as it may be negated by the loss of the glutamate at

position 118.

I~
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·60

·80

·100 Prote1n

Figure 7.16 Thermodynamic parameters for each of the specific mutants binding to IBT. The error

bars are the standard error of the mean of triplicate experiments.

Due to the particularly high affinity binding of OBP3 to IBT it is unsurprising that

none of the mutants improved the affinity. The data on the specific mutants, along

with the aromatic mutants, highlight how apparently optimised OBP3 is for binding
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to IBT, with every residue tested making some contribution to the high affinity.

OBPI however does bind more strongly than OBP3 to some ligands, for example the

acetate esters (6.2.6), it was therefore of interest to investigate whether some of the

mutants were able to enhance the binding of OBP3 to sec butyl acetate and tert butyl

acetate.

7.2.6 ITC of the specific mutants with the acetate esters

Sec butyl acetate (SBA) and tert-butyl acetate (TBA) were selected rather than

isobutyl acetate (IBA) as they showed particularly weak binding to OBP3. Again

ITC experiments were carried out in same manner described previously (section

5.2.2). The E118L, L!05N and L015NlE118L mutants were used as they were the

least conservative mutations and were capable of more than just hydrophobic

interactions. Unfortunately no interaction was seen between TBA and any of the

mutants, which suggests that the ligand is not retained in the OBP3 binding pocket.

The arrangement of this isomer appears not to allow interaction with residue 105 or

118 in the mutants of OBP3. It may be the case that the remainder of the OBP!

binding pocket residues or the shape and smaller size of the pocket helps this protein

to retain TBA.

SBA was able to bind to wild type OBP3, but not as tightly as OBPl. The

dissociation constants for this ligand to the OBP3 mutants (and the wild type for

comparison) are shown in figure 7.17. The Kd values for the mutants binding to IBT

are also included.
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Figure 7.17 Dissociation constants for each of the specific mutants binding to SBA (light grey). The

dissociation constants of the same mutants binding to IBT are shown in dark grey for reference. All

the mutants have a higher affinity for SBA than the wild type protein. The error bars are standard

errors of the mean of triplicate experiments.

The data clearly show that all of the OBP3 mutants improve the binding affinity to

SBA. In a similar manner to the binding of IBT the double mutant shows higher

affinity than the single mutants. In contrast to the binding of IBT, the single mutants

each show equal binding affinity for SBA. This indicates that when wild type OBP3

binds to SBA Glu 118 hinders the binding somewhat. This is possibly due to the

negative charge of Glu 118 being unfavourable or the large side chain causing a

problem. Despite this residue still being present, L105N is able to improve the

binding to SBA and indicates that the asparagine has a positive effect upon the

interaction. In the double mutant the favourable asparagine is present and the

272



unfavourable glutamate is removed which leads to markedly increased binding

affinity (3.5 times stronger than the wild type).

The enthalpy and entropy values (figure 7.18) show the positive entropic

contribution seen for wild type OBP3 is lost for the single mutants; however there is

a slightly larger enthalpic contribution which may indicate an additional structurally

determined component to the binding, perhaps due to additional interactions. The

double mutant shows both a larger favourable enthalpic contribution than E118L and

the wild type, and a lower entropic cost to binding than E118L and L105N which

together appear to improve the binding of the double mutant the most.
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Figure 7.18 Thermodynamic parameters for each of the specific mutants binding to SBA. The error

bars are the standard error of the mean of triplicate experiments.
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The binding of the double mutant of OBP3 approaches the affinity of OBP 1 for SBA,

however it is clear that other aspects of OBPI contribute to binding as the interaction

is still around two times stronger (Borysik et aI., 2010). The data are useful for

showing that the affinities of OBP3 can be logically tuned to improve the affinity of

certain ligands. They also point to a source of difference in the binding profiles of

OBPI and OBP3 and do indeed suggest that the nature ofthe binding pocket plays an

important role in determining which ligands bind well.

7.3 Conclusions

The result of mutating a number of the residues in the OBP3 has been investigated.

The conserved phenylalanine residues were substituted with alanine residues

resulting in reduced binding to IDT. The effect on y-Iactone binding was even more

pronounced. Interestingly the affinity for y-decalactone was greater than for the

smaller y-Iactones. As suggested in chapter 6 the size of the pocket appears to have

an effect on the binding to y-Iactones, particularly the larger ligands. The mutants

make the pocket bigger which enables y-decalactone to be accommodated more

readily.

The two tyrosines in the binding pocket were also mutated. Whilst YI20A showed

similar effects to the phenylalanine mutants, Y84A resulted in drastically reduced

binding affinities for IDT and the y-Iactones. A more conservative mutant, Y84F, did

not show such a large loss of binding affinity and was comparable to the other

mutants. DSC showed that neither of the Tyr 84 mutants had a large effect on the
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protein stability. These mutants demonstrate the importance of a phenyl side chain at

this position.

Selective mutants demonstrated that the residues in the OBP3 binding pocket are

particularly optimal for 2-isobutylthiazole binding. The conservative hydrophobic

mutations (M38L and V40A) showed the smallest reduction in binding affinity.

Logically changing EI18 and LI05 to their equivalent residues in OBPI, as single

mutants (E118L and LI05N) and as a double mutant (EI18L / LI05N) had a

detrimental effect on binding to IBT. However a ligand with high affinity binding to

aBP 1, sec-butyl acetate, showed improved binding to all three of these mutants. This

effect was seen despite the fact that the mutants also increased the size of the binding

pocket. SBA is smaller than IBT and therefore a larger pocket may be expected to

have a negative effect on binding.
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8. DISCUSSION AND FUTURE WORK

Within this thesis the binding profile of Odour Binding Protein 3 has been

investigated to discover more about the nature of the binding interactions of

vertebrate OBPs. OBPs are evolutionary conserved across vertebrates and

invertebrates indicating their importance. OBPs in insects have been more fully

studied than vertebrate OBPs and therefore their role is better understood Vertebrate

OBPs have been isolated from olfactory mucus in high concentrations and suggested

to be transport proteins. Rat OBPs are particularly important as they have multiple

subtypes with divergent sequences and previous studies have suggested that they

interact with separate sets of chemically divergent odours.

In this thesis ITC was used to look more closely at OBP3 which appeared to be the

most promiscuous rat OBP. In concurrence with previous studies heterocyclic

compounds were found to be the highest affinity ligands of OBP3. Dissociation

constants were found to be in the nanomolar range for these compounds, rather than

the micromolar range found for the other odours investigated in this study. Whilst

heterocyclic odour binding was entirely enthalpically driven, the binding of odours

containing hydroxyl groups had a significant entropic contribution.

Very few vertebrate OBPs have been structurally characterised. It was therefore

useful to attempt to structurally characterise OBP3. A number of MUPs, with

relatively high sequence identity to OBP3 have had their high resolution structure

solved, so it was anticipated the x-ray crystal structure of OBP3 could be generated.
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Crystal production was the major obstacle that prevented this; however it is possible

that further experimentation with the crystallisation conditions could result in

diffractable OBP3 crystals. Saturating OBP3 with an odour prior to crystallisation

attempts may also be a route to success.

NMR could also be used to solve the structure of OBP3. This would be more easily

achieved with a more complete assignment of OBP3 (particularly p-strand G).

Assignment of this area was hampered by missing peaks in the 3D spectra collected;

meaning connectivities could not be established. Recording spectra at a different pH

might make these peaks observable and it may also be useful to use a spectrometer at

a higher frequency than 600 MHz. Experiments which directly recorded carbon

resonances proved particularly useful for assigning OBP3 and "protonless"

experiments which correlate carbon and nitrogen frequencies may help to establish

the missing connectivities. In order to enable the residues involved in ligand binding

to be visualised, and the location of the binding pocket to be estimated a homology

model of OBP3 was constructed based on MUP Ibound to sec butyl thiazoline. This

model was also used to assess the effect of binding pocket mutants on the overall

pocket size

NMR titrations revealed that binding to 2-isobutylthiazole gave NH resonances in

slow exchange meaning binding constants could not be directly measured. The

chemical shift pertubations revealed that ligand binding to OBP3 by both ruT and

the y-Iactones did not cause large movements of the structure of OBP3, with all

values recorded being below 0.5 ppm. Instead moderate adjustments were seen,
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particularly of residues within the predicted binding pocket, to allow the

accommodation of the ligands. IH / lSN heteronuclear NOE values showed the

majority of the residues in OBP3 to be quite rigid. The major exceptions were GIn

159 and Ala 160 at the C-terminus which were flexible and also the N-terminal

residues preceding the first p-strand, which were more flexible than the remainder of

the protein.

Across the y-Iactone series used there were general similarities in the residues that

showed NH chemical shift pertubations; however there were differences between the

binding of mT and the y-Iactones. Most notably the NH shift of Phe 90 in the

binding pocket was greatly perturbed by y-lactone binding but was unchanged when

mT was bound to OBP3. It seems the odours occupy the binding pocket in subtly

different ways. The reasons behind the particularly higher affinity binding of IBT are

not immediately obvious from these experiments, although the involvement of Tyr

120 in hydrogen bonds appears possible from the CSP data. Itwould be interesting to

undertake odour competition experiments to see if, for example, any of the y-Iactones

were able to bind to OBP3 pre-saturated with mT, particularly as biomimetic studies

have shown the ability of IBT to displace other odours (Yabuki et aI., 2011). This

would have implications on which interactions are physiologically important. It may

be the case that the y-Iactones cannot displace IBT and in the physiological setting

the interaction doesn't occur.

By usmg a senes of y-Iactones of increasing size possible entropy-enthalpy

compensation was witnessed. The y-Iactones all had similar free energies of binding,
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o 0
however the ~H and ~s values revealed this was achieved by apparent entropic

compensation as the interactions of the larger ligands became less enthalpically

driven. It was particularly interesting to see that adjustments within the OBP3

binding pocket (and some residues away from the binding pocket) were made to

accommodate the large 'Y-lactones and maintain the binding affinity. IH / ISN

heteronuc1ear values of the 'Y-Iactones bound to OBP3 showed this wasn't being

achieved by an increased flexibility of large parts of the protein. Instead the protein

remained relatively rigid whilst, for example, Leu 116 and nearby residues in p-

strand H were shifted to allow the larger ligands to bind.

It is difficult to establish the orientation of the 'Y-Iactones in the binding pocket,

therefore solving the x-ray crystal structures of OBP3 bound to each of the lactones

would be informative. Alternatively modelling the likely positions of these odours in

the OBP3 binding pocket would be useful. In addition simulations of the entry and

exit of, particularly the larger 'Y-lactones,would provide alot of information,

The fact that 'Y-decalactone bound more tightly to the aromatic mutants of the OBP3

binding pocket than 'Y-octalactone or 'Y-nonalactone strongly suggests that the larger

pocket produced by the mutants more comfortably accommodated this ligand. The

loss of hydrophobic interactions and possible stacking interactions however did not,

therefore, make the binding stronger than in the wild type protein.
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The Y84A aromatic mutation dramatically reduced the binding affinity for IBT and

abolished binding of the lower affinity 'Y-Iactones. In previous studies on porcine

OBP, no binding of the Y82A (which is equivalent to Y84A) to any ligand could be

demonstrated as the fluorescent probe used for dissociation studies was unable to

bind to the Y82A mutant. It is therefore useful to note that an interaction is possible

with IBT, although the exact nature of this binding is undetermined. Crystallisation

of this mutant may be interesting; however NMR would be particularly useful as

dynamic measurements can be. The chemical shift perturbation data recorded in this

study did not reveal a large change in shift of this residue, which suggests the

unbound and bound positions of this residue are similar therefore more information

could be gained from experiments to track the assumed dynamics of this residue

when it allows an odour to bind (as shown by the modelling on porcine OBP).

Experiments on the acetate ester series revealed the role of ligand orientation to be

important, the three isomers bound with particularly varied affinities, which was in

contrast to previous studies on rat OBPI which had similar affinites for these acetate

esters. A particularly striking result was the ability of the E118L ILl 05N mutant of

OBP3 to improve the binding of sec-butyl acetate and provides the first eveidence

that it may be possible to rationally "tune" the binding affinities of the OBPs to

particular odours. This would be useful as this may enable these protein to be used to

detect environmental pollutants, many of which are very similar to the odours OBP3

has been shown to bind. To explore this further it would be useful to look at more

odours binding to this double mutant, and also to look at the interaction of E118L I

LI05N OBP3 with sec-butyl acetate by NMR. Constructing the "reverse" mutation
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of OBPI and monitoring acetate ester binding would also affirm the importance of

these residues.

Despite the fact that the mutation of specific residues in the binding pocket of OBP3

are able to change the binding affmity of the protein the overall conclusion from this

work is that OBP3 is indeed a promiscuous odour binder. It is able to accomodate a

range of ligands with varying functional groups and sizes. Data from this study point

to the fact that IBT is an ideal ligand due to a combination of hydrophobicity and the

possible ability to form polar interactions. All mutants made to the OBP3 binding

pocket had a detrimental effect on the affinity for IBT, making the pocket appear

"optimised" for binding this ligand. However, whether this is the case in olfactory

system is yet to be fully established.
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Appendix II Ligands used in this study

Ligand Sigma product Purity Methanol
code (,y.,) Used

2-isobutyl-3-methoxypyrazine W313203 >99
2-isobutylthiazole W313408 >99

4,5-dimethylthiazole W327409 > 97
Octan-l-ol 472328 ~ 99 < I%
Linalool W263508 >97
Eugenol W246719 ~ 98 < 1%
Octanal 05608 99 < 1%

Ethylbutyrate 75563 ~ 99.5
y-hexalaetone 303836 98
,},-he_1)talactone W253901 > 98
y-oetalaetone W279617 ~ 97
y-nonalactone W278106 ~ 98
y-decalactone W236004 ~ 98

y-undecalactone W309109 ~ 98
y-dodecalactone W240001 ~97 < I%
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Appendix IV Crystallisation screens

Commercial Crystal Screens (Qiagen):

o JCSG + series 1

o JCSG + series 2

Home screens (Scott White, Birmingham):

o 0.1 M imidazole, 1.6 M ammonium sulphate, 10 % glycerol, additives (pH 7)

o 0.1 M imidazole, 40 % polyethylene glycol (pEG) 400, 10 % glycerol,

additives (pH 7)

o 0.1 M tris, 30% PEG 4000, 10 % glycerol, additives (pH 8)

o 0.1 M tris, 1.6 M ammonium sulphate, 10 % glycerol, additives (pH 8)

o 0.1 M imidazole, 30 % PEG 4000, 10 % glycerol, additives (pH 7)

o 0.1 M tris, 2 M sodium chloride, 10% glycerol, additives (pH 8)

o 0.1 M tris, 40 % PEG 400, additives (pH 7)

o 0.1 M imidazole, 2 M NaCI, 10 % glycerol, additives (pH 7)
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Appendix V Chemical shifts of unbound 1 mM OBP3 in 10 mM potassium

phosphate, pH 6.1, 10 % D20, 0.04 % sodium azide (recorded at 298 K)
I

Residue OH" oNIl oCu oCp OCO
Glu 1 8.39 121.07 53.98 27.60 173.66
Glu 2 8.02 121.90 53.88 27.87 173.11
Ala 3 8.27 126.71 49.20 17.56 174.33
Ser 4 8.10 113.97 55.15 62.89 171.54
Phe 5 8.14 123.24 56.92 36.69 174.41
Glu 6 8.43 121.73 54.97 27.08 174.09
Arg 7 7.86 120.47 54.00 27.60 174.30
Gly8 8.01 109.12 42.98 - 171.34
Asn 9 8.09 118.43 49.69 35.93 172.07
Leu 10 7.97 123.04 52.91 40.23 173.15
Asp 11 8.35 127.34 49.47 37.17 173.55
Val12 8.05 121.18 63.27 29.68 173.85
Asp 13 7.97 118.96 54.83 37.93 -
Lys14 7.35 117.03 54.92 29.63 174.71
Leu 15 8.06 117.58 52.51 39.09 -
Asn 16 7.01 117.20 52.57 38.45 174.25
Gly 17 8.83 111.36 41.47 - 169.15
Asp 18 8.38 121.67 52.67 38.06 -
Trp 19 6.82 121.44 52.88 34.30 169.12
Phe 20 9.15 113.94 53.74 40.25 174.31
Ser 21 9.87 122.92 58.73 61.99 170.63
lie 22 8.87 125.61 57.75 - -
Val23 7.63 114.48 57.63 34.12 171.47
Val24 8.99 126.15 57.02 33.69 168.73
Ala 25 8.81 127.14 48.32 24.15 173.12
Ser 26 7.31 113.79 53.92 64.41 170.50
Asp 27 8.39 122.96 51.78 36.83 173.22
Lys28 8.46 123.74 52.66 29.42 172.55
Arg 29 8.31 127.84 57.63 28.15 174.53
Glu 30 9.25 115.51 56.48 25.83 175.97
Lys31 7.27 115.75 53.55 27.89 173.84
lie 32 7.39 107.60 58.10 35.47 172.60
Glu 33 6.44 122.18 53.68 28.27 172.75
Glu 34 8.69 119.75 57.51 26.85 175.01
Asn 35 8.51 118.25 52.60 35.23 175.06
Gly36 8.59 110.97 42.26 - 173.93
Ser 37 8.63 120.59 57.67 59.57 -
Met38 7.90 115.31 50.47 28.27 172.78
Arg 39 7.13 127.10 51.17 25.37 170.04
Val40 6.60 110.85 55.31 31.10 172.55
Phe 41 - - - - -
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Val42 8.85 131.46 60.49 - -
Gln43 - - - - -
His44 - - - - -
lie 45 - - - - -
Asp46 9.05 127.51 49.98 41.18 172.00
Val47 8.61 125.62 60.97 28.83 172.47
leu 48 7.77 131.63 51.12 40.43 173.70
Glu49 8.29 120.92 56.98 26.50 174.64
Asn 50 8.71 117.79 50.64 37.28 171.57
Ser 51 7.33 112.11 55.41 64.00 169.83
leu 52 8.92 122.67 51.18 43.75 171.87
Gly53 9.49 112.82 41.99 - 169.95
Phe54 9.07 123.21 53.98 41.57 173.04
Thr 55 7.57 118.03 59.58 67.97 -
Phe 56 8.86 126.23 53.48 41.94 171.91
Arg57 8.64 115.98 52.21 32.32 171.26
lie 58 8.90 120.88 57.66 40.97 169.05
lys 59 8.92 129.28 52.92 30.78 172.66
Glu 60 8.48 127.51 52.26 29.42 173.53
Asn 61 9.50 126.80 51.62 34.88 172.77
Gly62 8.46 102.70 42.74 - 170.94
Val63 7.60 121.39 58.61 32.29 173.18
Cys 64 8.92 127.20 55.65 42.04 171.72
Thr 65 9.28 121.56 58.78 68.93 169.34
Glu 66 8.50 125.89 52.24 31.08 172.31
Phe 67 9.19 124.49 53.76 38.39 169.08
Ser68 8.56 115.20 53.98 63.71 170.72
leu 69 8.73 122.11 51.02 45.12 172.96
Val70 8.90 124.73 59.74 30.52 171.10
Ala 71 9.41 130.96 47.05 20.13 173.49
Asp72 8.78 123.89 51.62 41.10 173.45
lys 73 8.14 122.96 54.78 30.48 174.94
Thr74 7.86 116.45 58.47 67.07 171.29
Ala 75 8.03 119.83 50.56 16.27 175.08
lys 76 7.75 120.74 52.30 30.77 172.69
Asp77 8.26 124.77 53.32 37.93 174.42
Gly78 8.49 112.30 43.24 - 168.73
Glu 79 7.35 120.94 52.51 29.76 171.82
Tyr80 - - - - -
Phe 81 - - - - -
Val82 8.30 124.73 57.84 32.64 169.50
Glu83 8.82 132.12 53.30 26.93 173.50
Tyr84 8.68 127.05 57.19 35.86 170.19
Asp85 8.60 130.59 51.79 36.55 -
Gly86 7.85 104.51 39.78 - 170.15
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Glu 87 8.29 118.50 53.48 28.83 172.80
Asn 88 7.48 120.81 - - -
Thr89 8.57 116.75 58.28 68.22 -
Phe90 9.10 121.35 - - -
Thr91 9.37 111.76 - - -
lie 92 8.63 123.02 - - -
leu 93 - - - - -
lys94 6.84 114.21 52.75 34.78 171.64
Thr95 8.35 117.73 57.74 67.65 -
Asp96 6.58 124.28 49.94 39.78 176.28
Tyr97 8.71 117.79 - - -
Asp98 9.18 120.88 52.56 39.86 173.15
Asn 99 9.02 117.14 53.83 39.26 171.50
Tyrl00 9.25 117.34 54.11 41.92 171.66
Vall0l 8.50 120.35 58.52 31.37 168.08
Met 102 - - - - -
Phe 103 - - - - -
His 104 - - - - -
leu 105 - - - - -
Vall06 9.34 124.79 - - -
Asn 107 8.23 119.44 52.11 37.19 174.01
Vall08 6.73 113.44 52.19 28.09 168.95
Asn 109 8.47 124.50 50.06 37.77 173.06
Asn 110 9.19 126.53 51.56 34.55 172.65
Gly 111 8.40 104.46 42.78 - 170.99
Glu 112 7.67 121.47 52.13 29.47 173.31
Thr 113 8.67 118.97 57.24 69.26 170.71
Phe 114 8.11 120.85 54.55 38.32 169.37
Gin 115 10.16 118.24 51.21 32.16 172.32
leu 116 9.44 127.06 50.96 45.35 -
Met 117 - - - - -
Glu 118 - - - - -
leu 119 - - - - -
Tyr 120 8.68 126.04 49.23 36.79 173.11
Gly 121 9.65 107.28 41.17 - 171.75
Arg 122 8.67 120.96 53.40 28.67 174.02
Thr 123 7.42 107.76 56.19 68.64 169.97
lys 124 7.57 114.98 56.11 29.62 172.33
Asp 125 7.51 117.37 49.07 41.11 171.70
leu 126 8.71 120.89 49.93 46.38 172.88
Ser 127 8.12 115.44 55.28 61.95 172.50
Ser 128 8.91 119.01 59.07 - 172.51
Asp 129 8.28 121.57 54.66 37.86 -
lie 130 7.38 122.35 61.40 34.51 175.26
lys 131 7.56 119.97 58.70 29.22 176.54
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Glu 132 8.24 122.00 55.50 25.56 175.42
lys 133 7.74 122.73 57.30 29.65 177.25
Phe 134 8.15 119.47 58.46 36.83 174.04
Ala 135 8.48 125.09 53.47 15.35 176.91
lys 136 8.15 116.89 57.73 29.97 -
leu 137 7.36 122.27 54.89 39.28 177.34
Cys 138 8.04 123.19 61.29 22.95 174.85
Val139 7.95 123.52 63.03 29.27 -
Ala 140 7.76 124.03 51.74 15.36 176.01
His 141 7.48 115.60 54.69 25.65 171.30
Gly 142 7.85 107.79 42.94 - 169.89
lie 143 7.82 124.31 58.06 36.11 171.34
Thr144 7.84 116.57 58.51 67.01 173.62
Arg 145 8.49 120.80 56.55 27.28 175.47
Asp 146 8.14 117.00 52.99 37.02 -
Asn 147 7.89 121.37 49.65 35.17 169.04
lie 148 6.75 118.34 59.06 35.69 173.36
lie 148 9.44 129.96 59.06 35.69 173.36
Asp 150 8.63 127.77 51.26 37.35 174.76
leu 151 8.94 128.74 52.74 40.17 176.40
Thr 152 8.98 113.00 62.91 67.31 172.95
lys 153 7.21 119.43 52.48 29.20 173.10
Thr154 7.34 112.71 56.82 68.95 170.16
Asp 155 7.61 115.50 - - -
Arg 156 - - - - -
Cys 157 - - - - -
leu 158 7.88 117.68 53.21 39.55 175.30
GIn 159 8.35 121.23 53.05 26.72 171.78
Ala 160 7.80 132.24 51.05 17.36 179.53
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Appendix VI Chemical shifts of 2-isobutylthiazole bound OBP3 (2 mM to 1

mM) in 10 mM potassium phosphate, pH 6.1, 10 % D20, 0.04 % sodium azide

(recorded at 298 K)

Residue oHa oH, oNII oCu oqJ 0(,0

Glu 1 4.26 8.39 121.04 53.93 27.50 173.74
Glu 2 4.17 8.04 121.74 53.91 28.12 173.18
Ala 3 4.38 8.27 126.39 49.23 17.45 174.39
Ser 4 5.16 8.09 113.88 55.31 62.38 171.70
Phe 5 4.47 8.14 123.14 56.77 36.45 174.29
Glu 6 4.06 8.45 121.72 54.95 27.12 174.07
Arg 7 4.16 7.88 120.38 53.97 27.88 174.38
Gly8 3.88 8.03 109.08 42.98 - 171.36

Asn 9 4.72 8.11 118.47 49.72 35.91 172.05

Leu 10 4.12 7.98 123.03 52.78 40.28 173.22

Asp 11 4.73 8.37 127.18 49.48 37.32 174.26

Val 12 3.54 8.06 121.14 63.20 29.07 173.82

Asp 13 4.19 7.97 118.79 54.81 37.76 176.05

Lys14 4.00 7.36 116.88 54.86 29.35 174.72

Leu 15 4.56 8.06 117.55 52.48 39.27 172.99

Asn 16 4.28 7.00 116.96 52.55 38.21 174.22

Gly 17 - 8.90 111.51 41.51 - 169.26

Asp 18 - 8.37 121.75 52.65 38.13 173.09

Trp 19 4.56 6.83 121.37 52.84 34.10 169.09

Phe 20 4.16 9.16 113.85 53.65 40.28 174.41

Ser 21 - 9.90 122.75 58.95 61.35 -
lie 22 4.31 8.91 125.49 57.73 31.86 172.18
Val23 5.09 7.58 115.21 57.61 33.19 171.70

Val 24 5.35 9.08 126.96 57.19 33.66 168.67

Ala 25 5.50 8.87 127.24 48.41 23.81 173.05

Ser 26 5.08 7.32 113.78 53.99 64.08 170.52

Asp 27 4.68 8.38 122.61 51.58 36.83 172.98

Lys28 - - - - - -
Arg 29 3.28 8.33 127.07 57.62 27.77 174.90

Glu 30 3.93 9.24 115.34 56.45 25.77 176.01
Lys31 3.87 7.28 115.73 53.49 27.71 173.80
lie 32 4.23 7.39 107.32 58.09 35.51 172.59
Glu 33 4.01 6.44 122.02 53.58 28.39 172.77
Glu 34 3.73 8.68 119.72 57.50 26.65 175.07
Asn 35 4.49 8.53 118.36 52.70 35.04 172.41
Gly 36 3.50,4.07 8.65 111.20 42.27 - 173.93
Ser 37 - 8.58 120.22 57.70 59.60 172.27
Met 38 - 7.91 115.72 50.89 28.35 172.14
Arg 39 4.00 6.96 125.28 50.97 25.00 170.39
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Val40 4.09 6.77 110.55 55.48 30.86 172.31
Phe41 5.22 8.67 120.82 50.45 35.95 174.98
Val42 3.64 9.17 131.62 60.41 29.06 169.12
Gln43 4.53 8.23 117.70 50.94 28.70 173.86
His44 4.97 6.66 113.11 52.20 28.15 168.97
lie 45 4.31 8.45 124.36 58.02 37.82 171.00
Asp46 - 9.10 127.48 49.74 41.17 172.03
Val47 3.97 8.63 125.60 61.18 28.68 172.68
leu 48 4.69 7.71 131.55 50.78 40.45 173.60
Glu49 3.91 8.27 120.94 56.82 26.39 174.58
Asn 50 4.80 8.78 118.70 50.87 37.08 171.45
Ser51 5.45 7.34 112.11 55.43 63.92 170.01
leu 52 4.80 8.93 122.28 51.10 44.52 172.02
Gly53 3.57,4.99 9.52 112.62 41.80 - 169.71
Phe54 4.67 9.07 121.97 53.83 42.91 172.93

Thr55 4.56 7.50 117.46 59.42 67.52 169.65

Phe56 4.84 8.88 125.60 54.14 42.44 171.62

Arg57 5.74 8.69 115.92 52.16 32.05 171.06
lie 58 4.40 8.87 120.67 57.84 40.23 169.17

lys 59 4.91 8.97 129.14 52.92 30.75 172.70

Glu 60 4.56 8.47 127.33 52.15 29.01 173.58
Asn 61 4.29 9.51 126.82 51.59 34.85 172.71
Gly62 3.45,4.16 8.45 102.58 42.78 - 170.99
Val63 4.26 7.60 121.36 58.70 32.06 173.27

Cys64 5.11 8.95 127.25 55.76 41.99 171.77
Thr65 4.57 9.29 121.40 58.77 68.77 169.30

Glu66 5.54 8.46 125.36 52.18 31.22 172.30
Phe 67 5.04 9.18 124.13 53.78 38.63 169.31

Ser68 5.53 8.62 115.25 54.14 63.57 170.69

leu 69 4.96 8.84 121.49 51.05 45.56 173.37

Val70 4.74 8.93 123.99 59.96 30.81 171.28

Ala71 5.18 9.56 130.78 47.09 20.87 173.57

Asp72 - 8.78 123.43 51.37 41.39 173.50

lys 73 3.84 8.13 122.88 54.78 30.38 175.00
Thr74 4.55 7.86 116.36 57.79 66.78 171.34
Ala 75 4.12 8.06 120.16 50.49 15.96 175.12
lys 76 4.21 7.74 120.66 52.40 30.37 172.87
Asp77 - 8.29 125.00 49.89 38.12 174.44
Gly78 3.63,4.06 8.46 112.25 42.97 - 169.24
Glu79 5.00 7.40 120.93 52.72 29.41 172.04
Tyr80 - - - - - -
Phe81 - - - 53.27 41.24 172.18
Val82 4.39 8.29 124.55 57.71 32.72 169.42
Glu83 4.53 8.82 132.20 53.47 27.22 173.54
Tyr84 4.03 8.53 126.98 57.52 35.69 170.27
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Asp 85 3.70 8.52 130.58 51.66 36.89 172.31
Gly86 3.57,4.38 7.81 104.04 39.92 - 170.21
Glu 87 4.12 8.29 118.85 53.40 29.15 172.65
Asn 88 5.93 7.42 120.67 49.56 39.25 171.37
Thr89 5.59 8.52 115.74 57.45 68.12 171.89
Phe90 6.06 9.13 121.37 53.00 40.75 169.60
Thr91 5.16 9.32 110.65 56.77 69.96 171.20
lie 92 - 8.66 123.40 58.98 - 173.36
leu 93 4.16 54.03 - 174.60
lys94 4.21 6.81 113.96 52.79 34.73 171.88
Thr95 4.11 8.35 117.82 57.75 67.31 166.65
Asp96 - 6.59 124.29 49.85 39.55 176.22
Tyr97 3.67 S.67 117.62 62.18 34.86 173.97
Asp 98 - 9.18 120.82 52.59 39.98 #N/A
Asn 99 5.04 9.02 117.00 53.88 39.30 171.53
Tyr 100 - 9.26 117.21 54.17 41.73 172.23
Vall0l 4.33 8.51 120.28 58.53 31.27 168.08
Met 102 - - - - - -
Phe 103 - - - - - -
His 104 - - - - - -
leu 105 - - - - - -
Vall06 9.39 124.81 - - -
Asn 107 - 8.29 119.37 - - -
Vall08 - 6.66 113.11 - - -
Asn 109 4.76 8.45 124.36 50.15 37.62 173.15
Asn 110 4.23 9.18 126.36 51.61 34.57 172.55
Gly 111 3.48,4.03 8.39 104.38 42.60 - 171.05
Glu 112 4.65 7.68 121.37 52.19 29.41 173.39
Thr 113 5.S0 8.67 118.59 56.90 69.01 170.62
Phe 114 5.01 8.07 120.03 54.67 38.65 169.45
Gin 115 5.24 10.29 118.16 51.42 32.72 172.15
leu 116 5.25 9.48 127.0S 50.56 45.84 172.11
Met 117 5.36 9.39 124.74 51.90 34.27 172.76
Glu 118 5.04 8.29 119.37 52.11 34.20 169.71
leu 119 4.66 - - 50.30 40.29 171.38
Tyr 120 6.14 8.68 126.70 49.24 36.64 173.34
Gly 121 3.73 9.70 107.37 - - -
Arg 122 3.85 8.67 120.95 53.40 28.92 174.05
Thr 123 4.35 7.41 107.67 56.14 68.38 170.05
lys 124 - 7.58 115.09 56.13 29.73 172.41
Asp 125 4.84 7.51 117.24 49.05 40.92 171.77
leu 126 4.78 8.72 120.81 49.87 46.32 172.96
Ser 127 4.18 8.12 115.37 55.29 61.56 172.56
Ser 128 - 8.92 118.95 59.20 - -
Asp 129 4.19 8.27 121.65 54.67 37.88 176.00
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lie 130 3.43 7.37 122.14 61.35 34.24 175.31
lys 131 3.64 7.56 119.86 58.65 29.20 176.55
Glu 132 4.44 8.26 121.85 55.45 25.43 175.44
lys 133 3.82 7.75 122.57 57.30 29.37 177.23
Phe 134 - 8.14 119.19 - - -
Ala 135 3.75 8.45 125.13 53.46 15.13 176.93
lys 136 3.71 8.16 116.83 57.78 29.62 177.55
leu 137 4.07 7.36 121.97 54.87 39.00 177.25
Cys 138 4.06 8.02 123.23 60.95 22.98 175.01
Val139 3.85 7.97 123.60 63.03 29.10 178.33
Ala 140 4.05 7.77 123.95 51.70 15.17 176.02
His 141 4.34 7.49 115.37 54.67 25.78 171.32
GIV142 3.63,4.17 7.87 107.79 43.00 - 171.52
lie 143 4.00 7.82 124.11 58.10 35.76 171.26
Thr144 4.11 7.86 116.64 58.50 66.80 173.61
Arg 145 3.77 8.49 120.82 56.59 26.71 175.48
Asp 146 4.40 8.14 117.47 52.83 36.99 173.23
Asn 147 4.55 7.91 121.31 49.55 35.03 169.02
lie 148 4.28 6.76 118.20 59.09 36.32 173.37
lie 148 4.28 9.45 129.82 59.09 36.32 173.37
Asp 150 4.80 8.65 127.79 51.20 37.32 174.76
leu 151 4.23 8.93 128.73 52.74 39.89 176.45
Thr 152 3.79 8.99 112.91 62.85 66.48 173.05
tvs 153 4.41 7.20 119.30 52.47 29.25 173.14
Thr 154 4.10 7.35 112.45 56.95 68.34 170.18
Asp 155 - 7.59 114.95 - - -
Arg 156 - - - - - -
Cvs 157 4.15 - - 53.70 - 172.36
leu 158 4.09 7.88 117.65 53.18 39.61 175.25
Gin 159 4.22 8.34 121.08 53.12 26.70 171.84
Ala 160 3.97 7.78 132.07 51.09 17.33 179.55
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Appendix VII Chemical shifts pertubations of NH resonances of OBP3 upon

ligand binding

Residue CSP IBT CSP y-hcpt CSI' y-()ct CSI' y-II()II CSI) y-dl'C CSI' y-lIl1dl'C
Glu 1 0.01 0.02 0.02 0.02 0.02 0.02
Glu 2 0.03 0.01 0.01 0.01 0.01 0.03
Ala 3 0.05 0.02 0.02 0.02 0.01 0.01
Ser4 0.02 0.02 0.02 0.01 0.01 0.00
Phe 5 0.02 0.03 0.04 0.02 0.03 0.03
Glu 6 0.02 - - - - -
Arg 7 0.02 0.03 0.05 0.05 0.04 0.02
Gly8 0.02 0.02 0.03 0.04 0.03 0.01
Asn 9 0.02 0.01 0.02 0.03 0.02 0.01
Leu 10 0.01 0.05 0.01 0.02 0.01 0.03
Asp 11 0.03 0.03 0.05 0.06 0.01 0.02
Val12 0.01 0.01 0.02 0.01 0.02 -
Asp 13 0.03 0.01 0.01 0.02 0.01 0.01
Lys14 0.02 0.00 0.01 0.02 0.02 0.02
Leu 15 0.01 0.01 0.01 0.02 0.02 0.01
Asn 16 0.04 0.01 0.01 0.04 0.04 0.01
Gly 17 0.07 0.01 0.03 0.06 0.07 0.07
Asp 18 0.02 0.04 0.04 0.05 0.05 0.06
Trp 19 0.02 0.02 0.02 0.04 0.04 0.03
Phe 20 0.02 0.02 0.03 0.04 0.04 0.02
Ser 21 0.04 0.06 0.07 0.08 0.07 0.07
lie 22 0.04 0.01 0.05 0.07 0.07 0.10
Val23 - - - - - -
Val 24 0.16 0.02 0.04 0.03 0.04 -
Ala 25 0.07 0.01 0.01 0.02 0.04 0.07
Ser 26 0.01 0.10 0.09 0.08 0.05 0.03
Asp 27 0.05 0.05 0.06 0.08 0.08 -
Lys28 - - - - - -
Arg 29 0.12 0.10 0.10 0.10 0.13 0.13
Glu30 0.03 0.03 0.04 0.01 0.02 0.03
Lys31 0.01 0.01 0.02 0.02 0.01 0.04
lie 32 0.04 0.05 0.05 0.05 0.07 0.09
Glu33 0.02 0.02 0.01 0.03 0.03 0.02
Glu 34 0.02 0.03 0.01 0.03 0.03 -
Asn 35 0.02 0.03 0.02 0.05 0.05 0.06
Gly 36 0.07 0.04 0.03 0.03 - 0.04
Ser37 0.08 0.09 0.11 0.12 0.14 0.16
Met38 0.07 0.09 0.05 0.04 0.03 0.06
Arg39 0.33 0.18 0.21 0.19 0.17 0.09
Val40 0.18 0.10 0.05 0.03 0.10 0.23
Phe41 - - - - - -
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Val42 0.32 0.22 0.20 0.17 0.12 0.02

Gln43 - - - - - -
His44 - - - - - -
lie 45 - - - - - -
Asp46 0.05 0.02 0.03 0.04 0.05 0.04

Val47 0.02 0.01 0.02 0.03 0.05 0.04

Leu 48 0.06 0.04 0.05 0.05 0.06 0.07

Glu49 0.02 0.02 0.03 0.02 0.02 0.03

Asn 50 0.16 0.04 0.06 0.12 0.13 0.12

SerSl 0.02 0.02 0.03 0.03 0.03 0.02

Leu 52 0.06 0.01 0.02 0.03 0.04 0.06

GlyS3 0.04 0.08 0.07 0.07 0.07 0.10

PheS4 0.19 0.10 0.15 0.18 0.23 -
Thr5S 0.11 0.02 0.07 0.10 0.10 0.11

PheS6 0.10 0.10 0.11 0.12 0.11 0.09

ArgS7 0.05 0.07 0.08 0.10 0.07 0.06

lie 58 0.04 0.01 0.02 0.05 0.08 0.08

lysS9 0.05 0.04 0.02 0.03 0.02 0.06

Glu60 0.03 0.01 0.03 0.03 0.04 0.05

Asn 61 0.01 0.02 0.01 0.00 0.01 0.02

Gly62 0.02 0.02 0.01 0.01 0.01 0.01

Val63 0.00 0.02 0.01 0.01 0.02 0.03

Cys64 0.03 0.02 0.02 0.03 0.02 0.01

Thr6S 0.03 0.02 0.01 0.02 0.00 0.03

Glu66 0.09 0.05 0.05 0.02 0.01 0.08

Phe 67 0.06 0.03 0.05 0.05 0.08 0.13

Ser68 0.06 0.01 0.05 0.06 0.06 0.04

Leu 69 0.15 0.08 0.07 0.09 0.11 0.15

Val70 0.12 0.05 0.08 0.16 0.18 0.23

Ala71 0.15 0.02 0.04 0.08 0.10 -
Asp72 0.07 0.03 0.04 0.04 0.06 0.09

Lys73 0.01 - - - - -
Thr74 0.02 0.01 0.01 0.02 - -
Ala7S 0.06 - - - - -
lys76 0.01 0.01 0.01 0.02 0.01 0.01

Asp 77 0.05 0.03 0.01 0.01 0.01 0.04
Gly78 0.03 0.02 0.03 0.01 0.00 0.04

Glu79 0.05 0.02 0.01 0.02 0.01 0.01

Tyr80 - - - - - -
Phe 81 - - - - - -
Val82 0.03 0.03 0.04 0.09 0.03 0.03
Glu83 0.01 0.03 0.04 0.03 0.04 0.06
Tyr84 0.14 0.15 - - - -
Asp 85 0.09 0.10 0.10 0.09 0.09 0.08

314



Gly86 0.08 0.03 0.03 0.02 0.01 0.03
Glu87 0.05 0.12 0.09 0.03 0.01 0.05
Asn 88 0.07 0.08 0.09 0.06 0.09 0.11
Thr 89 0.16 0.16 0.15 0.04 · 0.03
Phe90 0.03 0.30 0.32 0.40 0.41 0.36
Thr91 0.18 0.10 0.11 0.09 · 0.11
lie 92 0.06 0.14 0.12 0.13 0.15 ·
leu 93 . . · · · ·
lys 94 0.05 0.01 0.02 0.03 0.03 0.02
Thr9S 0.01 0.01 0.02 0.03 0.05 0.04
Asp 96 0.01 0.02 0.02 0.02 0.03 0.01
Tyr97 0.05 0.12 0.13 0.09 0.02 0.13
Asp98 0.01 0.01 0.01 0.01 0.01 0.01
Asn 99 0.02 0.01 0.01 0.02 0.02 0.02
Tyr 100 0.02 0.02 0.02 0.02 0.02 0.02
Val101 0.01 - · - · ·
Met 102 - - - - · -
Phe 103 - - - · · -
His 104 - - · - · ·
leu 105 - - · · · ·
Vall06 0.05 0.19 0.17 0.18 0.18 0.21
Asn 107 0.07 0.09 0.12 0.12 0.15 0.21
Val lOS 0.09 0.03 0.02 0.03 0.03 0.07
Asn 109 0.03 0.02 0.02 0.03 0.05 0.07
Asn 110 0.03 0.02 0.03 0.03 0.02 0.02
Gly 111 0.01 0.01 0.01 0.01 0.01 0.01
Glu 112 0.01 0.02 0.01 0.03 0.03 0.01
Thr 113 0.06 0.13 0.14 0.11 0.00 0.05
Phe 114 0.13 0.19 0.18 0.17 0.17 0.17
Gin 115 0.13 0.17 0.18 0.17 0.14 0.03
leu 116 0.04 0.26 0.24 0.14 0.07 0.08
Met 117 - - - - - -
Glu 118 - . - - - -
leu 119 - - - - - -
Tyr 120 0.10 0.25 0.26 0.29 - -
Gly 121 0.05 0.04 0.04 0.04 0.06 0.09
Arg 122 - 0.03 0.03 0.04 0.04 0.05
Thr 123 0.02 0.01 0.01 0.02 0.00 0.00
lys 124 0.02 0.01 0.02 0.03 0.03 0.01
Asp 125 0.02 0.00 0.01 0.02 0.02 0.01
leu 126 0.02 0.01 0.02 0.03 0.03 -
Ser 127 0.01 0.01 0.01 0.02 0.02 0.01
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Ser 128 0.01 0.01 0.02 0.02 0.00
Asp 129 0.01 0.01 0.03 0.01 0.02 0.00
lie 130 0.03 0.02 0.02 0.01 0.01 0.03
lys 131 0.02 0.02 0.02 0.02 0.02 0.02
Glu 132 0.03 0.02 0.03 0.05 0.04 0.03
lys 133 0.03 0.00 0.01 0.02 0.03 0.02
Phe 134 0.04 0.03 0.03 0.03 0.00 0.02
Ala 135 0.03 0.05 0.04 0.02 0.02 0.06
lys 136 0.02 0.02 0.02 0.04 0.04 0.01
leu 137 0.05 0.02 0.01 - 0.02 -
Cys 138 0.02 0.02 0.02 - 0.01 0.05
Val139 0.03 0.03 0.04 0.06 0.06 0.03
Ala 140 0.02 0.01 0.02 0.04 - -
His 141 0.03 0.02 0.01 0.02 0.01 0.02
Gly 142 0.02 0.02 0.03 0.05 0.05 0.03
lie 143 0.03 0.01 0.02 0.01 0.02 0.05
Thr 144 0.02 0.02 0.02 0.02 0.00 -
Arg 145 0.01 0.05 0.05 0.04 0.03 0.02
Asp 146 0.07 0.01 0.02 - 0.10 -
Asn 147 0.02 0.00 0.00 0.03 0.02 0.04
lJe 148 0.02 0.01 0.02 0.04 0.04 0.01
lJe 148 0.02 0.04 0.03 0.02 0.01 0.02
Asp 150 0.02 0.03 0.03 0.04 0.04 0.03
leu 151 0.01 0.04 0.05 0.03 0.03 0.03
Thr1S2 0.02 0.01 0.01 0.02 - 0.01
lys 153 0.03 0.02 0.01 0.01 0.03 0.04
Thr 154 0.04 0.02 0.02 0.02 - -
Asp 155 0.09 0.09 0.09 0.06 0.06 -
Arg 156 - - - - - -
Cys 157 - - - - - -
leu 158 - 0.01 0.01 0.02 0.02 0.03
Gin 159 0.03 0.01 0.01 0.02 0.02 0.00
Ala 160 0.03 0.02 0.01 0.02 0.01 0.01
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Appendix VIII IH / 15N Heteronuclear NOE Values

;'IIOE y-
Residue UB :'IIOE NOE y-hepl :\OE y-oct NOE y-1I1111 NOE y-der undec

Glu 1 0.39 0.38 0.38 0.33 0.30 0.41

Glu 2 0.44 0.39 0.36 0.32 0.42 0.43

Ala3 0.43 0.40 0.34 0.40 0.45 0.44

Ser4 0.48 0.54 0.38 0.66 0.58 0.40

Phe 5 0.66 0.72 0.70 0.72 0.67 0.64

Glu6 0.58 - - - - 0.58

Arg7 0.63 0.51 0.50 0.66 0.60 0.47
Gly8 0.54 0.50 0.53 0.64 0.53 0.52

Asn9 0.61 0.59 0.62 0.47 0.58 0.61
Leu10 0.57 0.00 0.59 0.85 0.80 0.78

Asp 11 0.81 0.81 0.87 0.52 0.87 0.68

Val 12 0.80 0.81 0.86 0.88 0.63

Asp 13 0.73 0.81 0.71 0.72 0.85 0.91

Lys14 0.81 0.72 0.80 1.04 0.76 0.82

Leu15 0.80 0.87 0.80 0.71 0.79 0.81

Asn 16 0.84 0.86 0.82 0.85 0.79 0.87
Gly17 0.90 0.73 0.89 0.68 0.52 0.81

Asp 18 0.82 0.73 0.84 0.67 0.82 0.49

Trp 19 0.83 0.92 0.80 0.80 0.93 0.90

Phe 20 0.91 0.92 0.76 0.34 0.96 0.94

Ser 21 0.71 0.70 0.79 1.07 1.19 0.86

lie 22 0.83 - 0.75 0.73 0.85 0.81

Val23 - - - - - -
Val 24 0.80 0.93 0.79 1.12 0.88 -
Ala25 0.45 0.80 0.86 0.83 0.92 0.74

Ser 26 0.80 0.78 0.89 0.98 0.81 0.83

Asp 27 0.91 1.02 0.85 0.95 0.63 -
Lys28 - - - - - -
Arg29 0.50 0.81 0.75 0.93 0.75 0.76

Glu 30 0.77 0.73 0.82 0.71 0.78 0.74
Lys31 0.88 0.85 0.85 0.76 0.84 0.79

lie 32 0.85 1.01 0.88 1.41 0.82 0.84
Glu 33 0.77 0.83 0.79 0.79 0.80 0.78
Glu 34 0.77 0.83 0.82 0.85 0.75 -
Asn 35 0.79 0.70 0.84 0.52 0.99 0.79
Gly36 0.81 0.75 0.93 0.99 0.68 0.74
Ser 37 0.69 0.81 0.99 0.85 0.77 0.74
Met38 0.88 0.73 0.90 0.61 0.82 0.74
Arg39 0.83 0.85 0.80 0.84 0.74 0.83
Val40 0.81 0.83 0.82 0.71 0.71 0.91
Phe41 - - - - - -
Val42 0.71 1.00 0.82 0.86 0.58 0.94
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Gln43 - - - - - -
His44 - - - - - -
lie 45 - - - - - -
Asp46 0.85 0.80 0.84 0.81 0.87 0.77
Val47 0.86 1.12 0.76 0.84 0.79
Leu 48 0.74 0.83 0.80 0.82 0.70 0.74
Glu49 0.59 0.58 0.54 0.59 0.55 0.63
Asn 50 0.90 0.71 0.64 0.41 0.71 0.69
Ser51 0.75 0.80 0.74 0.85 0.77 0.73
Leu 52 0.84 0.80 0.85 1.02 0.97 0.88
Gly53 0.93 0.81 0.75 0.97 1.20 0.79
Phe54 0.72 0.72 0.85 - 0.96 -
Thr55 0.85 0.80 0.86 - - -
Phe56 0.87 0.73 0.82 - 0.82 0.82
Arg57 0.88 0.82 0.89 0.80 0.87 0.95
lie 58 0.82 0.82 0.76 0.80 0.70 0.81
Lys59 0.82 0.79 0.80 0.75 1.06 0.84
Glu60 0.58 0.63 0.73 0.77 0.55 0.62
Asn 61 0.68 0.60 0.68 0.75 0.65 0.63
Gly62 0.65 0.69 0.77 0.70 0.59 0.74
Val63 0.58 0.66 0.62 0.65 0.69 0.67
Cys 64 0.73 0.68 0.69 0.92 0.89 0.76
Thr65 0.70 0.83 0.73 0.82 - 0.70
Glu66 0.78 0.83 0.79 0.66 0.86 0.83
Phe 67 0.83 0.76 0.74 1.13 0.81 0.82
Ser68 0.76 0.81 0.85 0.81 0.84 0.77
Leu 69 0.82 0.93 0.83 1.01 0.69 0.89
Val70 0.78 0.77 0.75 0.86 0.67 1.00
Ala 71 0.83 0.80 0.82 0.68 0.72 -
Asp 72 0.71 0.78 0.69 0.64 0.63 0.77
Lys73 0.54 - - - - -
Thr74 0.62 0.76 0.70 0.63 - -
Ala 75 0.77 - - - - -
Lys76 0.74 0.74 0.81 0.70 0.96 0.76
Asp77 0.72 0.67 0.69 0.63 0.74 0.37
Gly78 0.77 0.61 0.61 0.95 0.22 0.75
Glu79 0.71 0.87 0.75 0.92 0.74 0.81
Tyr80 - - - - - -
Phe 81 - - - - - -
Val82 0.82 0.93 0.77 0.72 0.75 0.79
Glu 83 0.78 0.73 0.78 0.67 0.87 0.73
Tyr84 0.72 0.81 - - - -
Asp85 0.82 0.81 0.90 1.04 0.88 0.94
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Gly86 0.85 0.81 0.84 0.73 0.79 0.82
Glu87 0.82 0.87 0.79 0.68 0.76 0.77
Asn88 0.77 0.80 0.81 0.71 0.86 0.86
Thr89 0.94 0.71 0.79 0.72 - 0.68
Phe90 0.71 1.00 0.85 0.92 0.79 0.89
Thr91 0.85 0.72 0.80 0.96 - 0.92
lie 92 0.61 0.82 0.80 0.99 0.98 -
leu 93 - - - - - -
lys94 0.80 0.90 0.69 0.64 0.73 0.69
Thr95 0.85 0.86 0.83 0.58 0.79 0.81
Asp96 0.85 0.86 0.89 0.77 0.93 0.88
Tyr97 - 1.18 0.75 - 0.93 1.01
Asp 98 0.73 0.83 0.89 0.98 0.85 0.77
Asn 99 0.91 0.89 0.75 0.96 0.87 0.88
Tyr 100 0.76 0.78 0.86 0.63 0.96 0.75
Vall01 0.87 - - - - -
Met 102 - - - - - -
Phe 103 - - - - - -
His 104 - - - - - -
leu 105 - - - - - -
Vall06 1.32 0.81 0.75 1.24 0.79 0.78
Asn 107 - 0.95 0.77 0.59 0.82 0.78
Vall08 0.79 0.81 1.03 0.76 0.98 0.66
Asn 109 0.78 0.85 0.85 0.87 0.74 0.80
Asn 110 0.65 0.68 0.75 0.68 0.75 0.71
Gly 111 0.79 0.72 0.80 0.90 0.78 0.68
Glu 112 0.74 0.78 0.77 0.72 0.83 0.73
Thr 113 0.83 0.77 0.80 0.81 - 0.73
Phe 114 0.64 0.72 0.84 0.92 0.70 0.73
Gin 115 0.85 0.74 0.84 0.88 0.72 0.73
leu 116 1.18 0.93 0.81 1.30 - -
Met117 - - - - - -
Glu 118 - - - - -
leu 119 - - - - - -
Tyr 120 - 0.79 0.78 1.55 - -
Gly 121 0.84 0.98 0.84 0.75 0.91 0.76
Arg 122 0.79 0.72 0.83 0.86 1.01 0.72
Thr123 0.79 0.87 0.79 1.03 0.87
lys 124 0.93 0.82 0.90 0.75 0.91 0.87
Asp 125 0.79 0.86 0.89 0.73 0.78 0.81
leu 126 0.90 0.90 0.85 0.79 0.79 -
Ser 127 0.83 0.78 0.75 0.71 0.79 0.75
Ser 128 0.87 0.83 0.97 1.00 1.00 0.91
Asp 129 0.83 0.87 0.85 0.87 0.72 -
lie 130 0.84 0.80 0.75 0.85 0.83 0.86
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tvs 131 0.84 0.92 0.84 0.83 0.97 0.87
Glu 132 0.78 0.74 0.81 1.05 0.84 0.81
lys 133 0.72 0.80 0.83 0.73 0.84 0.82
Phe 134 0.86 0.84 0.71 0.82 0.87 0.81
Ala 135 0.86 0.82 0.79 0.90 0.74 0.73
tvs 136 0.83 0.75 0.85 0.86 0.86 0.76
leu 137 - - 0.88 - - -
Cvs 138 0.83 0.91 0.86 0.75 0.94 -
Val139 0.90 1.67 0.73 0.97 0.64 0.71
Ala 140 0.72 0.88 0.78 0.86 - -
His 141 0.86 0.73 0.84 0.72 0.88 0.69
GIV142 0.81 0.82 0.81 0.84 0.60 0.76
lie 143 0.80 0.84 0.78 0.82 0.80 0.82
Thr144 0.78 0.67 0.68 0.87 - -
Arg 145 0.78 0.77 0.84 0.90 0.85 0.89
Asp 146 0.80 0.79 0.86 - - -
Asn 147 0.87 0.82 0.85 0.96 0.82 0.76
lie 148 0.85 0.82 0.85 0.85 0.83 0.83
lie 148 0.89 0.90 0.90 0.80 0.71 0.84
Asp 150 0.75 0.82 0.83 0.80 0.83 0.85
leu 151 0.66 0.80 0.86 0.73 1.23 0.88
Thr 152 0.90 1.14 0.77 0.78 - 0.75
lys 153 0.67 0.51 0.67 0.55 0.67 0.72
Thr 154 0.79 0.80 0.74 0.73 - -
Asp 155 0.83 0.96 0.81 0.72 0.84 -
Arg 156 - - - - - -
Cvs 157 - - - - - -
leu 158 0.80 0.77 0.76 0.92 0.80 0.65
GIn 159 0.37 0.36 0.42 0.52 0.41 0.36
Ala 160 -0.45 -0.46 -0.41 -0.48 -0.55 -0.42
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