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ABSTRACT

This thesis is an investigation into the potential mechanisms that could explain the

olfactory sensitivity to thiol compounds ~ought to be conserved across mammalian

species. Proteomics techniques were employed as unbiased tools to search for highly

conserved proteins in olfactory cilia theoretically capable of strong interactions with thiol

odorants. Comparisons of the protein profiles and directed protein labelling studies of

olfactory cilia from three mammalian species - the house mouse (Mus musculus), the rat

(Rattus norvegicus) and the sheep (Ovis aries) - and respiratory cilia preparations from

the rat enabled the identification of cytoskeletal proteins and olfactory receptors as

potential targets for sulphydryl-mediated thiol odorant interactions. It is therefore

predicted that olfactory detection of thiol odorants utilises a traditional olfactory receptor

conserved across mammalian. species, the observed thiol sensitivity potentially a by-

product of a strong interaction between odorant and receptor.

This study also represents the first broad ranging study of the protein complement

of mammalian olfactory cilia derived from the three model species. The characterisation

of olfactory and respiratory cilia proteomes from multiple mammalian species has

highlighted a novel family of putative pheromone binding proteins uniquely associated

with mouse olfactory cilia preparations. It has also provided further evidence for the

ongoing investigations of the functions of odorant-binding proteins and annexins.
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INTRODUCTION

Chapter 1

INTRODUCTION

1.1 Chemoreception - the universal sense

Chemoreception is the most ancient of senses. It is found in vanous guises

throughout the animal kingdom, from unicellular organisms to humans.

Chemoreception informs organisms of the chemical nature of their environment,

providing sensory data on the relative abundance of food, toxins and the location of

potential mates. It also provides the basis for chemical communication between

organisms. From the simple methyl-accepting chemotaxis proteins (MCPs)

governing directional movement in E. coli to the complex processing of the

mammalian dual olfactory systems, chemoreception is the data-mining mystery of

the sensory world.

The broadest definition of chemoreception encompasses all molecular

interactions involved in chemical signalling between proteins, tissues and organisms

including the detection of circulating hormones by a single cell of a multicellular

organism and at the molecular level, the binding of a compound to a receptor. In this

thesis, chemoreception is defined as the sensory process by which an organism gains

information about its external chemical environment.

In mammals there are two sensory modalities dedicated to chemoreception:

gustation and olfaction, more commonly known as taste and smell respectively. The

two processes are surprisingly difficult to define. Both involve interactions between

molecules and sensory receptors that provide information on the chemical

environment and in both, the molecular events of reception occur in an aqueous

environment, The stimulatory molecules for olfaction in terrestrial organisms are

volatile as opposed to the water-borne stimulants of taste receptors. However fish
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INTRODUcrION

have a dedicated olfactory system so this brings us no closer to a firm definition.

Anatomical classification, whilst usefully defining olfaction in higher organisms,

does not apply to invertebrates. Olfaction is generally the more sensitive

chemoreceptive system due to its ability to detect chemicals released a greater

distance from its receptors. Both Bargmann et al. (1993) and Eisthen (2002) used the

property of detection of molecules originating from a distant source to define

olfaction and the same definition will be used in this thesis.

1.2 Olfaction in higher organisms

Although there is little recognisable similarity between olfaction and the basic

chemoreception process observed in unicellular organisms, the principle remains the

same. An external chemical stimulus interacts with a receptor providing an organism

with information about its surroundings to which it can respond appropriately. In

bacteria, chemoreceptors influence tumbling frequency to steer the cell towards an

attractant or away from a repellant (van Houten, 2000). In higher organisms,

stimulation of the olfactory receptors of olfactory sensory neurons generates

electrical signals to be transmitted to the brain for interpretation and the generation of

an appropriate response.

More primitive animals rely to a greater extent on having this direct source of

information and so are likely to have a larger proportion of their brain devoted to the

processing of olfactory information. Ancient dependance on our sense of smell may

also explain why unlike other sensory modalities, olfactory information can pass

directly to regions of the cortex without being relayed through the thalamus

(Carpenter, 1996). Olfaction is a sense designed to yield immediate results, vital if

the odour is for example, associated with a predator.
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In mammals, the molecular events of olfaction occur at the membrane of the

olfactory cilia, which protrude from the dendritic terminal of olfactory receptor

neurons (ORNs). The ORNs from which the cilia project, are part of the olfactory

epithelium, a membranous lining of structures in the nasal cavity called the nasal

turbinates. The cellular and subcellular locations of olfaction will be discussed first,

before addressing the molecular events at the very start of the olfactory process.

1.3 Olfactory Cilia

The olfactory cilia are the subcellular location for the odorant-binding events in

olfaction. Cilia were first observed by the Dutch microscopist Leeuwenhoek in 1675

and were later discovered in mammals by Purkinje and Valentin (Sleigh, 1962). In

the olfactory system, 5-20 non-motile cilia protrude from the knob at the dendritic

terminal of each ORN (Anholt, 1987; Breer, 1994; Schild and Restrepo, 1998),

increasing the effective surface area of the epithelium by an estimated 240 times

(Stein, 1982).

Olfactory cilia contain an enriched population of olfactory receptors (Dwyer

et al., 1998) and are the site for the primary molecular recognition events in

olfaction. They are also enriched in the transduction proteins required for olfactory

reception such as adenylyl cyclase III (Pace et al., 1985), increasing their local

concentration and therefore the efficiency of signalling pathways. Prior to the

creation of cilia in the final stages of differentiation, ORNs do not respond to

odorants with any specificity (Gesteland et al., 1982; Schwob, 1992).

Cilia are also present on the ciliated cells of the nasal respiratory epithelium

(Menco and Farbman, 1987). These cilia differ slightly from olfactory cilia as they

are motile and therefore align themselves with cilia from neighbouring cells.
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However the 9+2 microtubule arrangement characteristic of cilia is common to both

olfactory and respiratory types (Farbman, 1992;Menco and Farbman, 1992).

1.4 The Olfactory Epithelium

Epithelia have evolved to serve two functions. The first is a protective role in the

prevention of tissue damage via microorganisms, dehydration, surface abrasion and

loss of heat. The second function is the control of exchange processes between

tissues and the blood e.g. blood-brain barrier and liver sinusoids (Rhodin, 1974). To

satisfy these varying requirements, cells on the free epithelial surface have

specialised properties e.g. dry surfaces tend to have flat, keratinised cells to protect

against mechanical injuries, respiratory surfaces commonly have ciliated cells to

keep a film of moisture moving and epithelia with secretion/absorption functions

have microvilli to maximise surface area (Rhodin, 1974). The mammalian nasal

cavity contains two major types of epithelium: the respiratory epithelium, a columnar

epithelium bearing microvillous and ciliated cells, and the olfactory epithelium. It is

at the surface of the olfactory epithelium that the primary events in olfaction take

place.

The olfactory epithelium lines the nasal turbinates of the nasal cavity (Figure

1.1 and 1.2). It is a pseudostratified epithelium in which all cells maintain a direct, if

somewhat slender connection to the basement membrane. As shown in Figure 1.1,

there are three main cell types present, olfactory receptor neurons (ORNs),

sustentacular cells and basal cells (Masukawa et al., 1983; Buck and Axel, 1991;

Farbman, 1992; Suzuki et al., 2000) and all play important roles in the maintenance

of a functional olfactory epithelium.
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Figure 1.1 Diagram of the cross-section of the olfactory epithelium.
The arrows indicate a) dendritic knobs of the olfactory receptor neurons from
which olfactory cilia project, b) mature olfactory receptor neurons, c)
developing olfactory receptor neurons, d) horizontal basal cells, e)
sustentacular cells and f) globose basal cells. Source: Farbman, 1992.

c) d)

Figure 1.2 Diagram of the sagittal section of a rat head rattus
norvegicus. The arrows indicate a) nasal conchae, lined with respiratory
epithelium, b) nasal turbinates, lined with olfactory epithelium, c) olfactory
bulb, d) cortex and e) cerebellum. Source:Popescu et al., 1992.
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There are two types of basal cell in the olfactory epithelium, characterised by

differing morphologies (Schwartz Levey et aI, 1991; Feron et aI, 1999). Globose

basal cells line the basement membrane and are the stem cells responsible for the

replacement of epithelial cells. Horizontal basal cells are also found at the basement

membrane. The function of these cells is not clear although it has been suggested that

they may penetrate the basement membrane to act as progenitor cells for the

olfactory ensheathing cells of the lamina propria (Chang & Barnett, 2003)

Sustentacular cells are considered to have many putative functions including

roles in mucus secretion, uptake and transport of odorants, ionic reservoirlbuffer for

ORNs and phagocytosis of apoptotic ORNs (Farbman, 1992; Carr et al., 2001).

Certainly the presence of microvilli on the apical surface of these cells would aid a

secretory function (Rhodin, 1974; Reed, 1992). These cells may also be responsible

for the maintenance of epithelial integrity during conditions of stress (Carr et al.,

2001).

ORNs are one of only two classes of neurons with nerve processes exposed to

the external environment (the other class being neurons of the trigeminal system).

They are bipolar neurons with dendritic tips exposed to odour molecules in the

olfactory mucus, whilst their axons pass through the basement membrane of the

olfactory epithelium to form synaptic connections with secondary neurons in the

olfactory bulb. ORNs are responsible for odorant detection and the conversion of a

receptor-binding event into an electrical signal capable of being transmitted to and

interpreted by the brain to produce the sensation of smell.

The mammalian olfactory epithelium is covered in 10-30jlID depth of mucus

(Lancet, 1986), which prevents the tissue from drying out. As discussed later, it may

also play other vital roles in olfaction via specific properties such as metal ion
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content, precise pH conditions and the resident 1O-100~M odorant-binding proteins

(Pevsner et al., 1989; Schild and Restrepo, 1998; Bear et al., 2001).

1.5 Olfactory receptors

The primary event in olfaction is an interaction between an odorant and an olfactory

receptor. This contact triggers a signal cascade leading ultimately to the opening of

cation channels (reviewed by Schild and Restrepo, 1998) and depolarisation of the

olfactory receptor neuron (Figure 1.3). The search for the identity of the olfactory

receptors is the study of the primary coding mechanism of the olfactory system.

Both lipids and proteins have been considered as possible sites for odorant

interaction with ORNs. Attempts to radiolabel olfactory receptors via pyrazine

odorants led to the discovery of mammalian odorant-binding proteins (Pelosi et al.,

1982; Bignetti et al., 1985; Pevsner et al., 1985). Other research focussed on lectin-

binding glycoproteins (Chen and Lancet, 1984; Chen et al., 1986a; Shirley et al.,

1987a; Shirley et al., 1987b; Fesenko, 1988), providing strong evidence for the

involvement of glycosylated proteins in olfactory reception. In contrast Kurihara and

co-workers attributed membrane depolarisation in response to odorant exposure to

the properties of the neuronal membrane (Kashiwayanagi and Kurihara, 1985;

Nomura and Kurihara, 1987).

Lancet (1986) reviewed the evidence arguing for a protein-based receptor

citing the observed stereo-specificity of the olfactory system (Theimer et al., 1977),

alterations in electro-olfactograms (EOGs) after treatment with protein-specific

reagents (Menevse et al., 1978; Shirley et al., 1983) and the existence of genetically

based and specific anosmia as evidence for the involvement of protein receptors.

16
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INTRODUCTION

Five years later, Buck and Axel discovered the olfactory receptor protein family

(Buck and Axel, 1991).

Buck and Axel based their experiments on the observations that isolated cilia

preparations respond to odorants by the stimulation of an adenylate cyclase enzyme

(Pace et al., 1985; Sklar et al., 1986), in a GTP-dependent manner; leading to the

conclusion that GTP-binding proteins (G-proteins) and therefore G protein-coupled

receptors are involved in the transduction pathway of odorant detection (Buck and

Axel, 1991). They designed polymerase chain reaction (PCR) primers to recognise

and amplify homologs of the G protein-coupled receptor family expressed in the

olfactory epithelium and discovered one of the largest multigene families in the

mammalian genome (Buck and Axel, 1991; Gibson and Garbers, 2000). Olfactory

receptor genes comprise approximately 1% of the rodent genome (Mombaerts, 1999)

and an estimated 900 genes in humans (Young and Trask, 2002). Homologous G-

protein-coupled olfactory receptors have since been found in both fish (Ngai et al.,

1993a; Cao et al., 1998) and amphibia (Freitag et al., 1995).

Evidence for the localisation and function of the putative olfactory receptors

was provided by in situ hybridisation experiments, which confirmed the expression

of the putative olfactory receptor OR5 in rat ORNs (Raming et al., 1993).

Furthermore OR5 receptor expressed in the Sf9 insect cell line responded specifically

to certain odorants. Other researchers have since provided further evidence of

receptor function, again introducing putative olfactory receptor sequences into

heterologous systems (Zhang et al., 1997, Krautwurst et al., 1998). The first proof of

the function of these receptors in vivo used adenovirus-mediated infection to over-

express a putative olfactory receptor (rat 17) in rat ORNs; over-expression resulting
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in increased yet specific responses of the infected cells to the odorant, octanal (Zhao

et al., 1998).

Recently, Wang et al. have proposed the hypothesis that the olfactory

receptor functions as a metalloprotein (Wang et al., 2003a). This theory provides a

plausible mechanism for the activation of G-proteins upon odorant binding and also

an explanation of differential odorant sensitivity, based on metal-ion co-ordination

capacity. This idea will be reviewed more thoroughly in Chapter 6.

1.6 Transduction mechanisms

The ultimate goal of the transduction machinery in the olfactory cilia is to convert an

odorant-receptor interaction into membrane depolarisation. The basic system of

receptor ~ G protein ~ effector enzyme (e.g. adenylyl cyclase, phosholipase C) ~

second messenger gated channel, generates the membrane potentials in both

vertebrate and invertebrate ORNs (Hildebrand and Shepherd, 1997), although the

precise mechanisms and proteins involved can vary greatly between different species

and potentially even between alternative odorants and concentrations (Boekhoff et

al., 1990).

In the vast majority of ciliated ORNs, G protein-mediated activation of

adenylyl cyclase III and the subsequent production of cAMP are required to open the

cyclic-nucleotide gated (CNG) channel and initiate membrane depolarisation (Wong

et al., 2000, Zufall and Munger, 2001). There are however, many variations on this

theme (see Table 1.1).

Seven SUbtypes of the Ga protein, part of the three subunits Ga, G~and G, that

form a multimeric G protein, have been found in the vertebrate olfactory epithelium

including Golf' Gq, G, and Go (Schandar et al., 1998). Whereas in the majority of

18
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INTRODUCflON

neurons the activated Go1rcontaining G proteins stimulate cAMP production via the

subtype of adenylyl cyclase (ACm), G protein activation in ORNs expressing the

alternative G, subunits G, Go and Gq leads to the stimulation of phospholipase C and

the production of a different second messenger, IP3 (Sklar et al., 1986; Boekhoff et

al., 1990; Schild and Restrepo, 1998; Schandar et al., 1998). The role of JP3 in

olfactory cilia is still debated with biochemical evidence for the involvement of this

second messenger (Boekhoff et al., 1990) apparently contradicted by more recent

work by Wong et al., (2000). It is extremely unlikely however, that an IP3 receptor

would be localised to the olfactory cilia in both the lobster (Munger et al., 2000) and

rat (Cunningham et al., 1993) if it played no part in odorant detection. Receptors

could potentially act either indirectly by modulating the cAMP-driven signal or

directly influencing membrane depolarisation via Ca2+-dependant channels or PKC-

mediated stimulation of adenylyl cyclase (Duchamp-Viret et al., 2003). The IP3

response could also be combined with the cAMP directed response as an extra

element of coding (Boekhoff et al., 1990; Ronnett, 1993; Duchamp-Viret et al.,

2003)

If cAMP is the main player, IP3 is unlikely to be the only member of the

supporting cast. Olfactory-specific guanylyl cyclases have been found in rodents

(Gibson and Garbers, 2000) and there is evidence to suggest that in a sub-population

of ORNs in the mammalian olfactory system, cGMP rather than cAMP stimulates the

opening of CNG channels (Juilfs et al., 1997; Meyer et al., 2000). Furthermore, the

gaseous second messengers carbon monoxide and nitric oxide are produced upon

odorant exposure and also cause CNG channel opening, possibly via the cGMP

pathway (Broillet, 2002; Rawson and Gomez, 2002). Added together this means that
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in the very first stages of the olfactory process there are many pathways leading to an

initial membrane depolarisation.

When the CNG channel (or its IP3 receptor equivalent) opens it enables an

initial influx of Ca2+ ions. The Ca2+ ions have a role to play in the modulation of the

odorant response in the cell (reviewed by Hildebrand and Shepherd, 1997) but the

immediate results of the influx is the activation of Ca2+-dependant chloride channels

(Reisert and Matthews, 2001). This leads to an efflux of Cl ions, which further

amplifies the membrane depolarisation. Once this depolarisation has surpassed the

activation threshold for the voltage-gated Na" channels, an action potential is

initiated (Schild and Restrepo, 1998) and an electrical signal transmitted along the

axon of the ORN to the secondary neurons in the olfactory bulb. The termination of

the signal is achieved by uncoupling the transduction cascade via various negative

feedback loops involving kinase phosphorylation of olfactory receptors and

hyperpolarising K+ currents. (Boekhoff, 1997; Schild and Restrepo, 1998).

It must be noted that for the generation of all the discussed electrical

potentials, the ion content of both the ORNs and the overlying mucus are of vital

importance. The relative ion concentrations will determine the direction of current

flow and in so doing control whether channel activation is stimulatory i.e.

depolarising or inhibitory i.e. hyperpolarising (Schild and Restrepo, 1998).

1.7 Transmission of olfactory signals to the brain

In the mature OE, approximately 40 million ORN axonal processes penetrate the

basement membrane and project through the underlying lamina propria and cribiform

plate to form cranial nerve I (Stein, 1982; Carpenter, 1996). The axons terminate in

the olfactory bulb, where they form globular synaptic complexes with secondary
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neurons in complex structures called glomeruli (Stein, 1982; Buck and Axel, 1991;

Yoshihara and Mori, 1997; Uchida et al., 2000).

Mitral and tufted cells are the secondary neurons of the olfactory system

(Stein, 1982). Their axons project to the numerous regions of the brain driven

directly or indirectly, by olfactory stimuli (Figure 1.4). The main targets for the

mitral and tufted cells are the anterior olfactory nucleus, piriform cortex, olfactory

tubercle and the lateral entorhinal cortex, collectively known as the primary olfactory

cortex. From these regions the neuronal pathways continue to regions of the limbic

system, including the amydala and hippocampus, in addition to targets in the higher

cortex (McLean and Shipley, 1992; Carpenter, 1996). The majority of neuronal

pathways ultimately target the orbitofrontal cortex and it is here that the conscious

perception of smell is thought to take place (Bear et al., 2001).

1.8 Odour coding: Olfactory receptor neurons

1.B.1 Olfactory receptors and odorant specificity

The coding ability of the primary binding events in olfaction is determined by two

key elements: the level of specificity of odorant binding and the number of different

olfactory receptors that are expressed in a single ORN. Odorants are defined here as

low molecular weight compounds that interact with proteins in the cilia of olfactory

receptor neurons and subsequently induce a membrane depolarisation event.

The specificity of binding is governed by the olfactory receptor. As we know

that the receptor is a protein with a 3D-structure rather than a specialised lipid

membrane, binding specificity is implicit in the protein fold. Genetics provides

evidence for the selectivity of odorant binding by the sheer numbers of different

receptors that are coded for in the mammalian genome; were interactions less
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Figure 1.4 The basic neuronal/anatomical pathway of olfaction

Initial molecular events occur at the cilia membrane of the dendritic terminals of
olfactory receptor neurons. Action potentials generated in the olfactory receptor
neurons are transmitted to secondary neurons in the olfactory bulb called
mitral/tufted cells, which form synaptic connections with neurons in selected
regions of the cortex/limbic system.
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specific, an estimated 1% mouse and rat genomes would not encode putative

receptors (Mombaerts, 1999).

Analysis of putative receptor genes for the positive selection of residues

(Singer et al., 1996; Gilad et al., 2000) and levels of conservation of each amino acid

across different receptor families suggested that individual/small groups of residues

in transmembrane regions 3, 4 and 5 control odour binding specificity (Buck and

Axel, 1991; Ngai et al., 1993a; Singer et al., 1995; Pilpel and Lancet, 1999).

Confirmation of the importance of these regions and their specific residues was

provided by a site-directed mutagenesis experiment, where a single residue change

from valine to isoleucine in transmembrane region 5 altered the preferential receptor

binding of mouse 17 receptor from octanal to heptanal (Krautwurst et al., 1998).

The binding specificity of olfactory receptors is not absolute as demonstrated

by a single olfactory receptor (rat OR 5) expressed in insect Sf9 cells exhibiting

significant, measurable biochemical responses to four different classes of odour

compound including aldehydes and amines (Raming et al., 1993). The responses

varied between the odorants tested, the largest response resulting from exposure to

aldehydes indicating preferential receptor binding of these compounds.

These experiments illustrate two important properties for odour binding by

olfactory receptors: odour determinants and molecular receptive ranges. Each

odorant has primary and secondary determinants that govern whether or not they

bind to a certain receptor. The primary determinants are the nature and relative

positions of any functional groups and have the largest impact on binding (Uchida et

al., 2000). They are reinforced/moderated by the secondary features of the molecule

e.g. length and branching patterns of the carbon chain (Uchida et al., 2000; Nagao et

al., 2002). Individual olfactory receptors have their own molecular receptive ranges.
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These are defined as the variety of odour compounds a given receptor will interact

with (Uchida et al., 2000) and describe the levels of specificity shown by a receptor

i.e. capable of interactions with a group of similar odorants versus specificity to a

single molecule.

Alternative theories of recognition, by molecular vibration (Turin, 1996) and

metal ion co-ordination ability (Wang et al., 2003a) have been put forward, although

the 3D binding site recognising 3D chemical structures is still considered the most

likely mechanism for odorant binding specificity. This does not preclude recognition

by the vibrational or nucleophilic properties of an odorant but emphasises the

importance of defined amino acid residues in direct interactions with multiple

features of a given odorant (Singer et al., 1995; Singer et al., 1996; Pilpel and

Lancet, 1999).

In addition to responding to a given odorant stimuli there is evidence that

even at this early stage of olfaction there may be integration of odorant mixture

information into the response of an ORN (Duchamp-Viret et al., 2003). This adds an

extra dimension to the primary coding mechanism of olfaction, where the collective

signals from all ORNs will encode the odorant mixture but may not necessarily equal

the sum of an odorant mixture's parts.

1.8.2 Encoding the stimulation of olfactory receptors

Experiments based on human perception rather than biochemical or electrical effects

demonstrated clearly that odours that bind to the same receptors have the same

perceived smell (Theimer et al., 1977). Section 1.6 discussed the transduction

mechanisms responsible for the generation of an action potential but the number of
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receptors expressed in a neuron will ultimately determine the complexity of

maintaining the identity of the receptor stimulated by an odorant.

The "one receptor, one neuron" hypothesis dictates that information about the

molecular features of an odorant can be gained by monitoring which receptor

neurons have been stimulated by virtue of their expressing of a single receptor

protein to which the odorant can bind. This explains the existence of zone-to-zone

projection, where the olfactory epithelium can be considered as four major groups of

neurons with similar odorant specificities, in four broad regions of the olfactory

epithelium, that project their axons to four specific zones in the olfactory bulb

(Strotmann et al., 1994; Vassar et al., 1994; Ressler et al., 1994). There is some

evidence for the "one receptor, one neuron" hypothesis, at least in mouse ORNs

(Vassar et al., 1993; Malnic et al. 1999; reviewed by Mombaerts, 1999). This is

provided by single cell reverse transcription PCR (RT -PCR) experiments (Chess et

al., 1994; Malnic et al. 1999) and evidence of monoallelic expression of olfactory

receptors (Chess et al., 1994).

The combination of olfactory receptors stimulated sends an electrical

description of the odorant molecule to the olfactory bulb as shown by electro-

olfactogram (EOG) recordings. These represent the summated receptor potentials of

multiple neurons and change in size and temporal properties according to the

individual odorant used (Menevse et al., 1978; Lancet, 1986; Stein, 1982).

An alternative hypothesis is that multiple receptors are expressed by each

neuron as observed in nematode chemosensory cells (Mombaerts et al., 1999). This

could explain the dual responses seen when odorant-stimulated mammalian ORNs

appear to increase production of both IP3 and cAMP and the apparently ligand-

specific and concentration specific extents to which each second messenger is
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produced (Ronnett et al., 1993). It would also provide one possible mechanism by

which single neurons could produce both excitatory and inhibitory currents in

response to an odorant mixture (Sanhueza et al., 2000). The expression of multiple

receptors in ORNs has been proposed for spiny lobster and catfish (Cromarty and

Derby, 1997) and subsequent single cell PCR experiments on rat ORNs

demonstrated the expression of two and three different receptors in a subset of

neurons (Rawson et al., 2000). However the same PCR experiments also showed that

the majority of ORNs express only a single olfactory receptor.

The potential presence of multiple receptors in selected neurons means that in

some cases more than just the identity of the stimulated neuron must be transmitted

to the higher order processing centres. The information transmitted in these cases

would need to convey a) identity of ORN stimulated and b) identity of stimulated

receptor. This could in theory be encoded by electrical signalling properties, where

the cross talk or summation between pathways yields a specific pattern of

depolarisation and repolarisation in individual ORNs, transmissible to mitral/tufted

cells (Cromarty and Derby, 1997; Sanhueza et al., 2000). Multiple receptor

expression systems could also split ORNs into two groups: cells expressing single,

broad specificity receptors for combinatorial coding and a second group expressing

multiple, high-specificity receptors communicating an absolute feature of an odorant.

1.9 Odour coding: Olfactory bulb

The second level of coding in the olfactory system is provided by the olfactory bulb,

a structure comprised partly of neuropil structures known as glomeruli, where ORN

axons form synaptic connections with the secondary neurons of the olfactory system:

the mitral/tufted cells (Ressler et al., 1994; Carpenter, 1996).
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ORN axons expressing a given receptor specifically target a pre-determined

glomerulus in a process known as glomerular convergence (Figure 1.5). Up to

several thousand ORN axons expressing a defined receptor extend their axons to

glomeruli in one of only two sites out of approximately 1800 potential contact points

(Vassar et al., 1994; Ressler et al. 1994; Mombaerts et al., 1996). This growth

process is governed by factors including OCAM cell adhesion molecules (Uchida et

al., 2000), olfactory receptors (Mombaerts et al, 1996; Yoshihara and Mori, 1997)

and ephrin-A proteins (Cutforth et al., 2003); the two alternative locations forming

parts of the dual sensory maps in the lateral and medial hemispheres of the olfactory

bulb (Nagao et al., 2002). The process of glomerular convergence has been

suggested to increase odorant sensitivity by increasing the signal-to-noise ratio of

electrical transmissions between the epithelial surface and the olfactory bulb

(Duchamp-Viret et al., 1990; Vassar et al., 1994)

Duchamp- Viret et al. reported that at a defined odorant concentration

(expressed as a fraction of saturated vapour) whilst only 5-20% ORNs appeared to be

stimulated, 10-40% mitral/tufted cell population was activated (Ducharnp-Viret et

al., 1990). This may represent evidence that a subset of ORNs in some animals is

able to project axons to more than one glomerulus, as subsequently reported by

Royal and Key (1999). Using the same strain of transgenic mice, the occurrences of

multiple glomerular innervation was reported as <5% (Mombaerts et al., 1996) and

approximately 85% (Royal and Key, 1999) therefore the levels of occurence and

relevance of these cases is unknown. Certainly it is a highly variable phenomenon

and may partially represent system aberrations in addition to a possible alternative

odour coding system.
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In addition to the ORN axons, each glomerulus is also innervated by the

primary dendrites of approximately 20 mitral/tufted cells. As these cells project a

single dendrite to one glomerulus, their activity reflects the specificity of the ORNs

present (Mori et al., 1999). The functionality of ORN axonal convergence was

demonstrated by electrophysiology experiments recording from the mitral/tufted

cells, which demonstrated that cells responsive to fatty acid odorants are located in

the dorsomedial region of the olfactory bulb, in contrast to cells stimulated by

aldehyde compounds, which were present in both the dorsomedial and ventral

regions (Imamura et al., 1992).

The use of electrophysiology the activity/stimulation of the olfactory bulb has

also been investigated using alternative methods such as 2-deoxyglucose uptake

(Stewart et al., 1979), c-fos expression (Onoda et al., 1992) and optical imaging of

intrinsic signals (Rubin and Katz, 1999). Patterns of glomerular activation elicited by

different odorants vary significantly yet are commonly conserved between individual

animals (Vassar et al., 1994; Ressler et al., 1994; Rubin and Katz, 1999). They are

also sufficiently variable to distinguish between highly similar compounds such as

phenols with substitutions at ortho-, meta- and para- positions and alternative

acid/alcohol attachment positions of ester compounds (Uchida et al., 2000).

These experiments demonstrate that the olfactory bulb encodes information

(transmitted by ORNs) regarding the molecular features of an odorant, in its own

patterns of glomerular activity. These activation patterns represent a spatial map of

ORN stimulation analogous to the visual system (Hildebrand and Shepherd, 1997),

which can then be transmitted via the mitral/tufted cells to selected regions of the

brain. The existence of dual sensory maps in the olfactory bulb may represent two
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pathways for transmitting olfactory information of differing functional significance

to alternative locations in the cortex (Nagao et al., 2002).

The discussion so far has assumed the olfactory bulb to be akin to a linear

relay point for olfactory information to pass directly to a secondary neuron and then

onto the brain. However, alongside the ORNs and mitral/tufted cells there are three

other neuronal cell types in the olfactory bulb: granule cells, interneurones and

periglomerular cells (Carpenter, 1996), which form synapses between neighbouring

mitral/tufted cells to provide various forms of feedback and lateral inhibition (Nickell

and Shipley, 1992; Yokoi et al., 1995). This capacity for inhibition adds another

potential influence on the coding and processing of olfactory information, for

example changes in the synapses between granule and mitral/tufted cells is thought

to be the basic mechanism behind olfactory/pheromonal memory (Mori et al., 1999).

1.10 Odour coding: Intensity

In addition to information on the quality of an odorant, it is also important to

recognise the quantity i.e. intensity of the scent. This is particularly true when the

scent is associated with food or danger. If olfactory receptors bind only specific

odorants how is this quantitative data obtained and transmitted?

Olfactory bulb experiments indicate that increasing odorant concentration

results in the stimulation of additional glomeruli (Chalasonnet and Chapu, 1998;

Rubin and Katz, 1999; Uchida, 2000), presumably due to an increase in the number

of stimulated ORNs. The first method of achieving this increase is for larger numbers

of receptor neurons to interact with the odorant. Increased odorant concentrations

may allow the odorant to interact with receptor proteins that have a lower affinity

than its specialised receptors.
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An increase in the mean firing frequency of ORNs has been observed upon

increasing stimulus intensity (Duchamp-Viret et al., 2000), where an increased firing

frequency may improve the chances that a weak interaction with an odorant could

result in a sufficient membrane potential to generate an action potential. Such

alterations also differ according to the individual odour and could be the basis for

differential detection thresholds.

A third option for intensity coding in ORNs is the dual receptor system,

whereby the response of a given receptor is different at high and low ligand

concentration (Boekhoff et al., 1990; Duchamp-Viret et al., 2000). This could act by

increasing the number of stimulated ORNs by the enhancement of excitatory

transduction events or by the suppression of inhibitory currents. Such effects would

still require receptor mediation to maintain the consistent glomerular activation

patterns observed and are therefore unlikely to occur via non-specific membrane

disruption or direct opening of ion channels.

The firing frequencies of the mitral/tufted cells do not appear to change upon

exposure to increasing odour concentrations. This implies that the information

transmitted by the olfactory bulb concerns odour quality but not necessarily quantity.

However, work by other researchers has provided contrary evidence that

mitral/tufted cells increase their firing frequency in response to increasing odour

concentration and thus provide a potential mechanism for intensity coding (Imamura

et al., 1992). These differences may be as a result of the species used and

experimental protocols e.g. recording from freely breathing anaesthetised rats

(Chalasonnet and Chaput, 1998) versus rabbits on an artificial respirator (Imamura et

al., 1992). They are also likely to represent cell populations from different regions of

the olfactory bulb as Chalasonnet and Chaput (1998) tested a range of odorants
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including limonene, an odorant that did not stimulate the mitral/tufted cells recorded

from during the experiments of Imamura et al. (1992). This allows the potential for

different cell populations to respond differently to increased odorant concentrations

depending on the individual odorant involved.

Changes in glomerular activity patterns could mean that higher

concentrations may be perceived differently, consistent with the idea that

concentration increases are encoded by alterations in the spatial map of glomerular

activation rather than the electrical activity of the mitral/tufted cells (Pause et al.,

1997). These investigations also predicted that at higher concentrations, odorants

may stimulate not only neurons of the olfactory system but trigerminal nerve

endings. This is discussed further in Section 1.12 and could potentially mean that in

the case of some odorants, the olfactory system need not have an intrinsic odour

intensity coding mechanism.

Increasing the concentration of an odorant can change its qualitative

perception and potentially stimulate the neurons of the trigeminal system. It may also

have an effect on the perceived pleasantness of an odour. During increases in the

concentration of selected chemicals, the properties of a compound can change from

attractive at low concentrations to repellent at high concentration (Bargman et al.,

1993). This provides evidence for a link between odorant concentration and aversion.

One group of volatile compounds that change in perception from attractive to highly

repugnant, even at low concentrations are the thiol odorants.
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1.11 Introduction to the biology of thiol compounds

The thiol group, also referred to as the sulphydryl group, comprises simply of a

sulphur atom covalently linked to a hydrogen atom and many of its properties are

related to the unusual chemical nature of the sulphur atom.

Sulphur is most commonly incorporated into the body via the amino acids

cysteine and methionine (Torchinsky, 1981). In this form, sulphydryl groups

contribute to both the stability and reactivity of proteins. Pairs of cysteine residues

form disulphide linkages between regions of a single polypeptide to stabilise three-

dimensional protein structure or connect two polypeptide chains e.g. insulin A and B

chains (Branden and Tooze, 1999). Cysteine residues are also commonly found in

the metal-binding sites of metalloproteins (Seebungkert and Lynch, 2001; Wang et

al., 2003a) and functionally important for many enzymes, as indicated by the

majority of intracellular enzymes being inhibited by sulphydryl group directed

reagents (Torchinsky, 1981).

One possible reason for the inclusion of cysteine residues in chemically

active protein sites is the versatility of the thiol group. Sulphur is a p-block element

and its properties can be compared to both oxygen (in terms of reactions participated

in) and carbon (in terms of equal electronegativity). Sulphur atoms possess d-orbitals

that allow sulphur to have multiple oxidation states of 2, 4 and 6 and co-ordination

numbers from 0-7 (Clayden et al., 2001). This variability increases the number and

variety of the chemical structures it can form and allows thiol groups to participate in

a wide range of reactions including alkylation, acylation, oxidation, thiol-disulphide

exchange, reactions with suiphenyl halides and possibly formation of charge transfer

complexes (Torchinsky, 1981), via both their soft nucleophilic and electrophilic
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characteristics (Clayden et al., 2001). Of these reactions the only one unique to thiol

groups is the thiol-disulphide exchange.

The multiple reactions that sulphydryl groups are capable of can be

modulated via the immediate chemical environment e.g. proximity to charged

residues increases cysteine nucIeophilicity in the active site of the plant protease

papain (Friedman, 1973). Certainly in the case of papain, the variability of the pKa of

thiol groups is important, commonly around 8 but mutable from 4-10 depending on

the precise environment (reviewed by Torchinsky, 1981).

1.12 Thiol odorants - sensitivity and aversion in mammals

From a biological view and of relevance to this thesis, sulphur compounds and in

particular thiols smell. Sulphur compounds account for some of nature's (and man's)

most illustrious stenches (Figure 1.6). The volatile products of chopped onions

responsible for their characteristic odour and the lacrymatory effect are sulphoxide

compounds. PropanedithioIl4-methyl-4-sulphenylpentan-2-one released from a

chemical plant in Freiburg, created a stench so powerful that the entire city had to be

evacuated (Clayden et al., 2001) and of course nature's most infamous smell of all -

skunk spray - is a mixture comprising mainly of two odorous thiol compounds: (E)-

2-butene-l-thiol and 3-methyl-l-butanethiol (Andersen and Bernstein, 1975).

Coincident with the aversive properties of thiol compounds, there is an incredible

level of sensitivity to sulphurous compounds and especially thiol odorants. Humans

can detect l-part tert-butyl thiol per 50,000,000,000 parts odour labelling of natural

gas (Clayden et al., 2001) and in EOG recordings from the rat olfactory epithelium,

measurable amplitudes were observed at odorant concentrations <1O-9M, lower than

all other odorants tested (Shirley et al., 1987a).

32



~SH

b)

~SH

a)

c) d) o
II

A/S

f)

g)

Figure 1.6 The chemical structures of several well-known sulphurous
odorant compounds

a) 2-butene-1-thiol and b) 3-methyl-2-butene-1-thiol are the two thiol
compounds responsible for the potency of skunk defensive spray. c) S-but-
1-enyl prop-1-ene-1-sulfonothiate and d) 1-sulfinylpropane are the volatile
compounds responsible for the odour and tear-inducing properties of raw
onion respectively. e) 1-methyl-1-(4-methylcyclohex-3-en-1-yl)ethyl
hydrosulphide is responsible for the sharp taste of grapefruit. Taste is the
second of our chemoreceptive senses and is also acutely sensitive to
thiols. This compound is detected at 2x10-5 parts per billion. 1) 2-
furamethanethiol is a thiol compound commonly found in coffee and g)
2,4-dithiapentane one constituent of the odour of truffles, detected by pigs
through 1m of soil. Source: Clayden et al., 2001.
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During psychological studies testing the perception of pleasant versus

unpleasant odours, many odours perceived as pleasant were common in the natural

world and could therefore serve as signals that a given foodstuff was safe to

consume. The reverse was true of unpleasant odours and suggested that neutral

odours e.g. alcohols elicited little perceptual response as there appeared to be no

selection criteria for recognising these odorants i.e. no association with danger or

food (Wright, 1982). Extension of this hypothesis leads to the conclusion that

sensitivity to thiol compounds is as a result of their common natural occurrence in

decaying matter (unsafe for ingestion by most animals) and that this necessitates a

high level of selective pressure to preserve the ability to detect these compounds. It is

perhaps this pressure that has lead to the potency of thiol compounds and the

sensitivity of detection in mammalian species, preserved even in the context of our

own significantly reduced reliance on olfaction.

By recording brain activity and odour perception in human subjects at higher

concentrations, many odours were described as "pungent" (Pause et al., 1997). This

suggests a possible link between increasing the response of the olfactory system to an

odorant and the perception of smells as unpleasant. One hypothesis followed during

this work is that aversion to an individual odorant can be the result of increased

sensitivity to that compound. This would enable the level at which a smell becomes

unpleasant to be lowered to concentrations that are typically encountered and is

corroborated by the lowest human olfactory perception thresholds belonging to

amine and thiol odorants (Wang et al., 2003a), the groups of compounds that provide

some of nature's worst smells of decay and sewage.
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1.13 Potential mechanisms for odorant sensitivity

There are likely to be two broad mechanisms for the generation of an aversive

response to an odour: aversion as a result of increased sensitivity or alternative

methods of processing for a given odorant via different transduction mechanisms or

the combination of two sensory input systems.

1.13.1 Olfactory receptor-mediated

There are three broad categories of methods to increase the sensitivity of an organism

to a particular odorant/class of odorant: increase the affinity of receptors, increase the

number of receptors or alter the efficiency of downstream signalling pathways and

processing of an odorant-binding event.

One possible method to increase olfactory sensitivity to an odorant is to

increase receptor affinity (Figure 1.7). In this model, an odorant that can form

stronger interactions with a given receptor is far more likely to generate membrane

and action potentials than those relying on weaker binding forces and thus has a

greater chance of being perceived at very low concentrations. Increasing the K, of

the olfactory receptor complex would act in a similar way to increase the likelihood

of inducing cellular responses in the ORN.

The existence of differential receptor affinities has been reported in

experiments measuring odorant-induced of second messenger levels over a range of

odour concentrations, suggesting the involvement of two independent receptor

systems with low and high affinity (Boekhoff et al., 1990).

The second model for increased sensitivity is to increase the number of

receptors in the sensory system. Direct evidence for this comes from a behavioural

test showing that increased exposure of immature ORNs to an odorant increases an
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Figure 1.7 Possible mechanisms to increase odorant sensitivity of the
receptor-mediated olfactory pathway

In the fourth diagram R= receptor proteins, E= effector proteins.
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animal's sensitivity to that odour (Yee and Wysocki, 2001). Although a molecular

mechanism could not be assigned by their work, the effects were confirmed to result

from changes occurring in the olfactory epithelium independently of the olfactory

bulb. Computer modelling also predicts that increasing the number of receptors for a

given odorant can increase odorant sensitivity without any changes in receptor

affinity (Cleland and Linster, 1999).

These mechanisms of increasing odorant sensitivity would act by increasing

the chances of a freely diffusing odorant being exposed to a responsive receptor and

as the number of stimulated receptors required to induce membrane depolarisation

remains constant this also increases the chances of even low odorant concentrations

causing ORN depolarisation. There are two models that would allow an increase in

the expression levels of a given olfactory receptor. Firstly the number of olfactory

receptors expressed by a given neuron could be increased. The expression of

olfactory receptors in heterologous systems has shown that the overexpression of a

given receptor leads to an increased response to exposure to the corresponding

odorant (Zhao et al., 1998). Alternatively, the number of ORNs expressing a given

odorant can be increased.

The potential for this mechanism can be investigated by looking at the

olfactory system of the catfish. Fish detect water-borne odorants and have a much

reduced olfactory receptor repertoire potentially geared towards the reception of a

smaller variety of compounds than land vertebrates (Ngai et al., 1993a; Freitag et al.,

1995). In situ hybridisation evidence supports the one receptor, one neuron

hypothesis suggesting that any specialisation of the olfactory system in response to

limited odorant diversity is not achieved by the reduction in the number of different

receptors expressed (Ngai et al., 1993a). Analysis of catfish olfactory receptor
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sequences shows that in contrast to the mammalian class of olfactory receptors, these

sequences are far more closely related (Ngai et al., 1993b). This means that while the

one receptor, one neuron hypothesis holds in olfactory systems specialised towards

certain classes of odorants (in this case water-borne), the receptors may adapt to have

greater overlap, in effect increasing the number of receptors in the olfactory system

that respond to a certain odorant.

Computer modelling also predicts that receptors could be tuned by alterations

in receptor/effector coupling. In this model, modulation of effector sensitivity (for its

second messenger) yields a more efficient transduction system and leaves a greater

number of receptors "spare" by decreasing the receptor occupancy threshold for

membrane depolarisation.

Alterations of the downstream signalling/processing in represent the third

overall method of achieving sensitivity. The efficiency of signal transduction

pathways can be improved if the components of the pathway e.g. effector enyzymes

are concentrated in an area. This method of maximising sensitivity is thought to be

already present in the olfactory system in the form of caveolae, a type of lipid raft

acting to concentrate the key components of the signalling cascade in the membrane

of olfactory cilia (Schreiber et al., 2000).

In addition to increasing the efficiency of a general transduction pathway, if

two independent signalling systems are acting in the same ORN there is also the

choice between different pathways. Indeed it has been suggested that some putrid

odours may stimulate the IP3 transduction pathway rather than the adenylyl

cyclase/cAMP mechanism (Sklar et al., 1986; Boekhoff et al., 1990; Fabbri et al.,

1995). This hypothesis may be especially pertinent to thiol odorant detection, as

during experiments with sheep, thiol exposure was not shown to be a highly efficient
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stimulant of adenylyl cyclase activity (Fabbri et al., 1995) and bovine adenylyl

cyclase appears to be strongly inhibited by exposure to ImM dithiothreitol (Lazard et

al., 1989).

1.13.2 Non-olfactory receptor mediated

Non-receptor mediated mechanisms for odorant sensitivity come under two major

categories: protein-based effects and lipid-based effects. These allow the odorant to

bypass olfactory receptors and target other proteins to bring about neuronal

depolarisation.

Concanavalin A suppresses the EOG generated by isobutyl mercaptan

suggesting the involvement of glycosylated proteins in the response to thiol odorants

(Shirley et al., 1987a), however embedded in the membrane of olfactory cilia there

are proteins other than olfactory receptors capable of interactions with odorants.

Perhaps the most potent of these proteins are the ion channels, which experiments

have suggested can directly interact with odorants in the ORNs of rats (Sanhueza and

Bacigalupo, 1999; Seebungkert and Lynch, 2001) and newts (Kawai, 1999). These

effects may be neuronal-based rather than olfactory-specific (Seebungkert and

Lynch, 2001) but provide a potential method for increased sensitivity to an odorant

by providing an alternative binding site that again results in changes in membrane

polarisation. However, many of the effects reported in the literature show inhibitory

effects and thus while they may influence the precise electrical response to an

odorant they are unlikely to lead to markedly greater odorant sensitivity.

Where an odorant is able to penetrate the ORN membrane there is another set

of protein targets that may be influenced to produce depolarisation: the cytoskeleton.

The actin cytoskeleton is known to be involved in neurite growth and synapse
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formation but may also regulate ion channel activity (Maguire et al., 1998). Work on

whole cell currents in retinal neurons in the tiger salamander showed that disruption

of the cytoskeleton enhanced whole cell K+ currents (Maguire et al., 1998), although

this has not been demonstrated in mammalian neurons. Again these effects are likely

to be neuronal rather than olfactory-specific but they do provide a non-receptor

mediated mechanism for cell depolarisation.

In addition to protein-mediated effects it is also possible that direct

interactions occur between odorants and the lipid bilayer of the olfactory cilia.

Experiments performed using N-18 neuroblastoma cells, unrelated to olfactory

receptor cells and therefore unlikely to express olfactory receptors, odorant exposure

leads to membrane depolarisation (Kashiwayanagi and Kurihara, 1985). The same

study also demonstrated that different odorants interact with alternative regions in the

lipid bilayer e.g. fluid regions, gel regions, border regions and have differential

effects on the membrane potential. These responses included depolarisation and

hyperpolarisation effects and were demonstrated to be dose-dependant and

independent of the external K+ concentration. Later studies using azolectin Iiposomes

also showed that the composition of the lipid bilayer influenced the sensitivity of the

odorant responses (Nomura and Kurihara, 1987). In both studies, the odorant

concentrations eliciting membrane potential changes showed good correlation with

the thresholds for odorant detection in the frog olfactory system.

1.14 Role of cysteine residues in the olfactory system

Research groups studying olfaction in the 1970s were already investigating the

potential role of sulphydryl groups in the olfactory system. The sulphydryl groups of

cysteine residues are key factors in the creation and maintenance of the tertiary
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structure of many proteins but subsequent research on the olfactory system has since

highlighted additional ways in which protein sulphydryl groups can influence

odorant detection.

Recent sequence analysis of the olfactory receptor genes illustrates the

relative importance of cysteine residues in olfactory receptors. Olfactory receptor

families are defined by 40-60% sequences homology and yet cysteine residues show

>80% conservation in seven positions across all known human olfactory receptor

sequences (Fuchs et al., 2001). Two of these cysteine residues are found in the

predicted lSI and 2nd extracellular loops of olfactory receptors and by homology with

other G protein-coupled receptors in the same family are predicted to form a

disulphide bond (Strader et al., 1989). However, the role of cysteine residues may

not be purely structural.

Cysteine residues have also been implicated in the binding site for odorant-

mediated inhibition of delayed rectifier K+ channels in amphibians and mammals

(Seebungkert and Lynch, 2001). Evidence for cysteine residue involvement in

odorant binding by olfactory receptors comes from many studies involving the

derivatisation of cysteine residues with sulphydryl-directed reagents (Villet, 1974;

Singer et al., 1975; Menevse et al., 1978; Shirley et al., 1983). This derivatisation

selectively reduces the EOG amplitude in response to certain odorants, a specific

effect reduced by pre-exposure of the olfactory tissue to these odorants (Menevse et

al., 1978). The key cysteine residues may be involved in direct interactions with

odorants or as recently proposed may be part of a metal-ion binding motif (Wang et

al.,2003a).

Cysteine residues are also crucial to the efficiency of the subsequent

transduction systems. Bovine adenylyl cyclase is strongly inhibited by exposure to
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ImM dithiothreitol (Lazard et al., 1989) and the sulphydryl directed reagents

iodoacetamide (IAA) and N-ethylmaleimide (NEM) have been shown to cause

immediate eNG channel opening via derivatisation of intracellular thiol groups

(Broillet, 2002). The cysteine residues in the latter case being of potential importance

during the development/regeneration of the olfactory system (Broillet, 2002).

1.15 Application of proteomics techniques in olfactory research

The application of proteomics approaches to the search for an olfactory "receptor"

for thiol odorants allows a relatively unbiased search of all proteins with the potential

to interact with these compounds. There are however, a number of criteria used to

define the required properties of any putative "receptor" protein. As discussed in

section 1.13, the protein responsible for primary interactions with thiol compounds

need not be a traditional membrane-bound protein receptor. For this reason, putative

candidates for interactions with thiol odorants are referred to as thiol sensors.

The main advantage of proteomics techniques is the unbiased nature of the

protein selection and identification processes. There are set criteria that must be

fulfilled by any candidate thiol sensor however, these do not include the presence of

extracellular domains or membrane localisation so all proteins of the cilia proteome

are regarded as potential sensors. This approach is only made possible by the ability

to generate a specialised preparation enriched for cilia and therefore ciliary proteins,

from both the olfactory and respiratory epithelium in the nasal cavity.

The use of mass spectrometry as a tool for protein identification also allows

the search to go beyond proteins without specific antibodies raised against them and

thus no specific hypothesis on a detection mechanism is applied at the start of

experiments. Two different types of mass spectrometry are utilised in this study:
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matrix-assisted laser desorption/ionisation time of flight (MALDI-ToF) mass

spectrometry and tandem mass spectrometry, identifying proteins by a peptide mass

fingerprint or peptide sequence data respectively. These types of mass spectrometry

and their respective data analysis methods are discussed in detail in Chapter 3 and

Chapter 4.

1.16 Criteria for putative thiol sensor

The use of a broad ranging approach such as proteomics to address the mechanism of

thiol odorant detection and sensitivity necessitates the definition of properties that

must be exhibited by a putative thiol sensor candidate.

The ultimate requirement of any putative thiol sensor is that an interaction

between it and a thiol odorant results in the generation of an action potential in the

ORN. Traditional odorant receptors and signal transduction pathways could achieve

this, but as discussed in section 1.13, this is not the only possible depolarisation

mechanism. An alternative route, bypassing olfactory receptors may result in

differential processing of the electrical signal from ORNs providing a higher order

coding mechanism for aversion or may simply allow stimulate a greater number of

ORNs.

As the majority of odorant detection is a specific property of the ORNs, it is

assumed that any interactions involved in odorant detection occur on the surface/in

the olfactory cilia. This subproteome will therefore be considered as containing

candidates for putative thiol sensor proteins.

In order to be maximally effective as a chemical deterrent, thiol compounds

must invoke an aversive reaction in a range of potential threats/predators. This

requires that the detection mechanism should be conserved across multiple species.
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To address this, three model species are used in this work: mouse, rat and sheep. The

rodent species are closely related in evolutionary terms but wider levels of

conservation will become apparent upon comparison with sheep cilia preparations.

These three species exhibit differing dependency on olfaction according to their

individual lifestyles, therefore conservation of individual/groups of proteins across

the species would emphasise the importance of these molecules in the olfactory

process.

This work also explores the possible involvement of cysteine residues in the

olfactory detection of thiol compounds. The potential importance of cysteine residues

in odorant detection was discussed in Section 1.14. Given that these residues are

implicated in the specific interactions between some odorants and their respective

receptors as discussed previously, a hypothesis was proposed that cysteine residues

could playa direct role in the detection of thiol odorants.

The involvement of cysteine residues provides a potential mechanism for

sensitivity via increased receptor-odorant interactions/affinity (Figure 1.8).

Interactions involving two sulphydryl groups and the subsequent generation of

disulphide bonds provide an attractive mechanism for strong links between a thiol

odorant and its receptor. As discussed in Section 1.14 increasing the chances that an

interaction between ligand and receptor results in membrane depolarisation can

improve odorant sensitivity. In this model the interaction is improved via its strength

and reduced dependance on the adoption of a precise molecular conformation by the

odorant ligand. The potential for the formation of disulphide linkages also permits an

efficient method of receptor recycling, using reducing agents to disrupt the

interaction and release the odorant.
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Figure 1.8 A theoretical cycle of thiol odorant binding by an olfactory
receptor

A thiol compound interacts with the olfactory receptor and forms a disulphide
bond. The generation of the disulphide bond induces the internalisation of the
receptor into the olfactory cilia lumen. Inside the membrane vesicle formed
during internalisation, the disulphide linkage is reduced and the thiol odorant
dissociates from the receptor. The olfactory receptor is then re-cycled back
to the surface of the olfactory cilia.
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1.17 Experimental Strategy

The experimental strategy employed consists of two major approaches. The first

experiments attempt to identify proteins that are unique to olfactory cilia by

comparison with non-sensory nasal respiratory cilia. The same method (taken from

Sklar et al., 1986) was used to prepare enriched cilia fractions from nasal turbinates

and the nasal septum to isolate olfactory and respiratory cilia respectively. The

proteins of the enriched cilia peparations were then separated using two-dimensional

polyacrylamide gel electrophoresis (2D-PAGE), which provided a 2D protein profile

for olfactory and respiratory cilia to allow comparisons of proteins present in either

preparation.

In addition to the requirement that a putative thiol sensor should be unique to

olfactory cilia, candidate proteins should be conserved across the three model

species. An identical method was used for the preparation of olfactory cilia from

each species and the proteins were then separated by 2D-PAGE to allow the analysis

and comparison of their 2D protein profiles.

The potential role of cysteine residues was explored using the targeted

labelling of sulphydryl groups. Two labelling reagents were employed during this

work, Iodoacetyl-long chain-biotin (I-LC-biotin) and Lucifer Yellow iodoacetamide

(LYIA). The membrane-permeable I-LC-biotin allowed the visualisation of proteins

bearing cysteine residues that could potentially interact with thiol odorants and the

supplementary use of LYIA enabled the intracellular/extracellular disposition of the

exposed cysteine residues to be determined.

Proteins bearing exposed cysteine residues were considered as putative

candidates for thiol sensors if present in the olfactory cilia of the three model species,
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present at a significantly reduced level in the cilia derived from the septum and could

potentially influence membrane polarisation states.

1.18 Project aims and objectives

This work aims to elucidate possible mechanisms for the olfactory detection of thiol

compounds. Proteomics techniques for protein separation and identification will be

used to perform a relatively unbiased survey of the olfactory cilia proteome to

discover candidate proteins with the potential to interact with thiol compounds and

initiate a membrane depolarisation event. It is also hoped that this work will provide

an insight into the involvement of the primary coding mechanisms of olfaction in the

perception of unpleasant odours. Working towards the goal, a series of objectives

were set.

The primary objective was the establishment of protocols for the preparation

of enriched olfactory cilia fractions from mouse, rat and sheep nasal turbinates and

respiratory cilia fractions from rat nasal septum. The next objectives were to optimise

the 2D-PAGE resolution of cilia proteins to enable effective comparison of the cilia

proteomes of the model species and to establish the trypsin digestion/mass

spectrometry system of protein identification. The specific labelling of proteins

bearing free, exposed cysteine residues was then introduced to allow the visualisation

of candidate thiol sensor proteins for subsequent identification by mass spectrometry.

The targeted labelling of cysteine residues was also modified in the latter stages of

experimental work to investigate the metalloprotein hypothesis of receptor function.
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Chapter 2

MATERIALS AND METHODS

2.1 Buffer recipes

2.1.1 Dissection Protocols

• Krebs-Ringer solution: 120mM NaCI, 5mM KO, 1.6mM K2P04, 1.2mM MgS04, 25mM

NaHC03, 7.4mM glucose, pH 8.0

Animals used were obtained from the Biological Services Unit (BSU) at University

of Liverpool or Leahurst Veterinary Field Station, University of Liverpool. Mice

used were of in-bred strains BALB/c, CBA and CBA x wild (first generation cross)

and weighed approximately 2Sg. Rat tissue was obtained from either Lister-Hooded

or Wistar rats (180-2S0g). Sheep obtained were Lleyn cross-breeds aged 6-12

months.

2.1.2 Membrane/enriched cilia preparation

• Krebs-Ringer solution: 120mM NaCl, 5mM KCl, 1.6mM K2P04, 1.2mM MgS04, 25mM

NaHC03, 7.4mM glucose, pH 8.0

• PBSIEDTA buffer: 20mM Na2HP04, 150mM NaCl, ImM EDTA pH 8.0

• Homogenisation buffer: 10mM TrisHCl, 3mM MgClz, ImM EDTA pH 8.0

2.1.3 One-dimensional SDS-PAGE

• 2x SDS-PAGE sample buffer: 62.5mM TrisHCI pH 6.8, 10% (v/v) glycerol, 100mM DIT,

2% (w/v) SDS, 0.001 % (w/v) bromophenol blue

• SDS-PAGE running buffer: 25mM Tris, 192mM glycine, 1% (w/v) SDS
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2.1.4 Two-dimensional gel electrophoresis (2D-PAGE)

• Rehydration buffer (1.25x): 8.75M urea, 2.5M thiourea, 0.35% (v/v) ampholyte, l25mM

OIT, 0.001 % (w/v) bromophenol blue

• Rehydration buffer: I 'volume 200mM TrisllO% (v/v) Triton X-lOO, 4 volumes 1.25x

rehydration buffer

• Equilibration buffers: Either 2% (w/v) OIT or 2.5% (w/v)!AA added to 6M urea, 2% (w/v)

SOS, 375mM TrisHCI, 20% (v/v) glycerol, 0.001 (w/v) % Bromophenol blue

• Agarose : 0.5% (w/v) agarose dissolved in SOS-PAGE running buffer

• SOS-PAGE running buffer: 25mM Tris, 192mM glycine, 1% (w/v) SOS

2.1.5 Western blotting

• Electrotransfer buffer: 15.6mM Tris, 120rnM glycine, 10% (v/v) methanol

• TTBS: 0.05% (v/v) Tween-20/IOmM Tris, 150mM NaCI pH 7.5

• TBS: 10mM TrisHCI, 150mM NaCI pH 7.5

• Alkaline Phosphatase buffer: IOOmM TrisHCI, 100mM NaCI, SmM MgCh pH 9.5

• BCIPINBT solution: Sigma Fast™ BCIPINBT tablets or ready-to-use BCIPINBT solution

(Sigma, Dorset, UK)

2.1.6 Protein staining methods

Coomassie stain

• Coornassie brilliant blue stain: 0.25% (w/v) Coomassie brilliant blue, 50% (v/v) methanol,

12.5% (w/v) trichloroacetic acid

• Coornassie destain solution: 50% (v/v) methanol, 5% (v/v) acetic acid

Silver nitrate stain

• Fixation solution: 50% (v/v) methanol, 5% (v/v) acetic acid

• Sensitising solution: 0.2% (w/v) Na2S203

• Silver nitrate solution: 0.1% (w/v) AgN03
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• Development solution: 2% (w/v) Na2C03, 0.05% (v/v) formaldehyde

PonceauS stain

• PonceauS stain: 0.1% (w/v) PonceauS in 5% (v/v) acetic acid

• PonceauS destain: tOOmM NaOH

Amido black stain
• . Amido black stain: 0.1% (w/v) Amido Black 10B/25% (v/v) isopropanolllO% (v/v) acetic

acid

• Amido black destain: 25% (v/v) isopropanolllO% (v/v) acetic acid

2.1.7 Sulphydryl group labelling: Iodoacetyl-Long Chain-Biotin

• Krebs-Ringer solution: 120mM NaCI, 5mM KCt, 1.6mM K2P04, 1.2mM MgS04, 25mM

NaHC03, 7.4mM glucose, pH 8.0

• PBSIEDTA buffer: 20mM NazHP04, 150mM NaCl, ImM EDTA pH 8.0

• Iodoacetyl-Long Chain-Biotin: 4rnM I-LC-BiotinllOO% dry DMF (pierce -

distributed by Perbio Science, Cheshire, UK)

• Deciliation buffer: 100mM TrisHCI pH 8.0

• BCIPINBT solution: Sigma Fast™ BCIPINBT tablets or ready-to-use BCIPINBT solution

(Sigma, Dorset, UK)

2.1.8 Sulphydryl group labelling: Lucifer Yellow Iodoacetamide

• Krebs-Ringer solution: 120mM NaCI, 5mM KC!, 1.6mM KzP04, 1.2mM MgS04, 25mM

NaHC03, 7.4mM glucose, pH 8.0

• PBSIEDTA buffer: 20mM NazHP04, 150mM NaCI, ImM EDTA pH 8.0

• Lucifer Yellow Iodoacetamide: 6.5mglml reconstituted using milliQ water (Molecular Probes

- distributed by Cambridge BioSciences, Cambridgeshire, UK)

• Deciliation buffer: 100mM TrisHCl pH 8.0
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2.1.9 In-gel trypsin digestions

Manual in-gel digestions
• Destain solution: Freshly prepared 15mM K3Fe (CN)6, 50mM Na2S203

Automated in-gel digestions
• Digestion buffer: 100mM NHJIC03

• OTT: 10mM OTT prepared in 100mM NHJIC03 (pH-S.2)

• !AA: 55mM!AA prepared in 100mM NHtHC03 (pH-8.2)

• Extraction buffer: 1% (v/v) formic acid, 2% (v/v) acetonitrile

• Lockmass sample: Adrenocorticotrophic hormone (0.961lg/rnl) prepared from stock using

MALDI matrix

2.1.10 Electron Microscopy

• Dehydration series: 50%, 70%, 90%, 95%, 100% (v/v) ethanol diluted with distilled H20

• 100% acetone

• Resin/acetone: 30%, 70%, 100% (v/v) resin diluted into acetone where required.
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2.2 Dissection Protocols

2.2.1 Rat

Adult female rats of weight 180-2S0g were used during these studies. The animals

used were a mixture of Lister-Hooded and Wistar rats and were killed by C02

asphyxiation.

The animal was decapitated and the fur and skin on the top of the skull

removed. A sharp knife was used to make an incision along the midline weakpoint in

the skull (see Figure 2.1) and a sagittal cut extending to the tip of the nose was made

to bisect the skull. Any remaining muscular connections between the two halves

were severed using dissecting scissors.

To remove the nasal turbinates (see Figure 2.2), a scalpel was inserted along

the rostral side of the cribiform plate. Further incisions were made along the ventral

and dorsal sides of the turbinate region. The turbinates were then removed using

sharp-ended tweezers with scalpel incisions being made between the turbinates and

the olfactory nerve bundles as required.

. The intact septum was gently removed using sharp-end tweezers. The

respiratory epithelium preparations were made from the membranous tissue lining

the septum. This was easily removed from the septum using a clean scalpel blade.

Dissected tissue was stored in 1ml Krebs-Ringer solution supplemented with

2mM EDTA (subsequently referred to as Krebs-RingerIEDTA) for up to 1.5h before

further processing. In the event of prolonged storage i.e. during periods where other

samples were undergoing labelling procedures, the Krebs-RingerlEDTA was

replaced with fresh buffer and samples stored on ice until required.

49



Figure 2.1 Digital photograph of the head of a female Wistar rat

The dotted line indicates the midline weakpoint.

Dorsal

Rostral

Figure 2.2 Digital photograph of the sagittal section of the head of a
female Wistar rat

The boxed area encloses the nasal turbinates from which the enriched
olfactory cilia preparations were derived and the solid line indicates the
approximate position of the cribiform plate.
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2.2.2 Sheep

Animals were purchased from local farms and were Lleyn-cross breeds. The majority

of experiments (protein characterisation and labelling) were performed using the

olfactory tissue of lambs aged 6-12 months. Additional samples were also taken from

adult sheep. All animals were sacrificed by a lethal injection of sodium

phenobarbitol, the animal was then decapitated and the skin removed from the top of

the skull. The head was bisected along the midline, leaving the septum intact. The

nasal turbinates were then exposed and crudely dissected using a sharp knife. Areas

of respiratory epithelium were removed from the turbinates using a scalpel, before

the olfactory tissue was placed in lrnl Krebs-RingerlEDTA solution for further

processing. Fresh tissue storage times averaged 30-60min.

2.2.3 Mouse

Adult animals of the in-bred strains BALB/c and CBA and CBAlwild (first

generation cross) and approximately 25g in weight were used during this work and

were euthanased using fluoroethane vapour.

The skin and fur from the top of the head were removed to expose the surface

of the skull plates down to the tip of the nose. A scalpel was then used to make a

sagittal cut along the midline. The septum was removed to expose the nasal

turbinates and once exposed, the turbinates were dissected out using a scalpel and

sharp-end tweezers. The tissue was stored on ice in lml Krebs-RingerlEDTA as

described for rat tissue samples.
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2.3 Sample preparation

2.3.1 Olfactory/respiratory cilia preparations

Nasal turbinates were dissected, washed with 1ml Krebs-RingerlEDTA and pelleted

by centrifugation at 1000g, 3 min. All centrifugation steps were performed at 4°C.

The wash supernatant was removed and marked as "tissue wash". Sheep turbinates

tended to have increased levels of associated mucus and were therefore washed three

times prior to further processing.

Enriched cilia fractions were prepared as described by Sklar et al. (1986). The

tissue was resuspended in 100mM TrisHCI pHS.O to which CaCh was added to a

final concentration of 10mM. The tissue suspension was then incubated on an end-to-

end shaker for 20 min at 4°C.

The deciliated olfactory epithelium was removed by centrifugation at 6000g,

5min. The supernatant was collected and further centrifuged at 12000g, 10 min. The

pellet from this high-speed centrifugation is the enriched olfactory cilia fraction and

was washed once using SOil! PBSIEDTA buffer prior to storage at -20°C.

Respiratory cilia were prepared in the same way as olfactory cilia using the

epithelium derived from the nasal septum as the starting material.

2.3.2 Crude membrane preparation

Crude membrane fractions were prepared as described by Chen et al. (1986).

Dissected tissue was washed in 1ml Krebs-RingerlEDTA and pelleted by

centrifugation at 1000g, 3 min at 4°C. It was then homogenised in 5 volumes of

10mMTrisHC1I3mMMgCh/l mM EDTA pH 7.S buffer using an Eppendorf pestle.

Intact tissue/cells were pelleted by centrifugation at SOg, 2 min. The

supernatant was centrifuged twice further at 1500g, 10 min and the membrane
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fraction isolated by a final centrifugation at 21334g, 30 min. The pellet obtained was

marked as "membrane pellet" and stored at -20°C for subsequent analysis.

2.4 Protein Assay

The protein assay used in this work was a 2D-Quantification kit (Arnersham

Biosciences, Bucks.) based on the quantitative precipitation of proteins from 2D-gel

sample buffer.

2.4.1 Protein assay method

The protein assay was performed according to the manufacturer's instructions.

Briefly, samples of no greater than 50J.lI volume were placed in 1.5ml centrifuge

tubes and mixed with SOOJ.lI"Precipitant" by a Ss vigorous vortex. Samples were left

to stand at room temperature for 3 min, before 500J.lI "Co-precipitant" was added to

each tube and the samples mixed for a further Ss. They were then centrifuged at

21334g, 10 min and the supernatant quickly removed. The protein pellets were

resuspended in 100ul "Copper solution" and 400J.lIMilliQ water and then mixed with

lml "Working colour reagent". Samples stood a! ro~m temperature for ~0-2?_min

before the absorbance at 480nm was measured on a spectrophotometer using MilliQ

water as a reference.

Generation of the calibration curve BSA standards, 0-50J.lg from a 2mg/ml stock

provided, were placed in 1.5ml centrifuge tubes. An equal volume of a 2.S-fold

dilution of lx 2D-rehydration or SDS-PAGE sample buffer was added as

appropriate. Protein precipitation and quantitation was performed as described above

and a calibration curve prepared using Microsoft Excel. The linear equation was used

to estimate protein concentration in experimental samples and the ~ value used to
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assess the accuracy of the calibration. No calibration curves with (l values of less

then 0.95 were obtained.

Low Abundance Samples Samples with low protein levels were spiked with 20llg

BSA prior to performing the quantitation assay. This pushed their absorbance values

from below the IOllg protein standard into the linear region of the calibration curve.

Protein concentration estimates/sample absorbances were used to achieve identical

protein loading on 20-gels.

It is accepted that the addition of a fixed amount of BSA to each sample prior

to performing the protein assay introduces an additional variable and the potential for

reducing the accuracy of the final results. Nevertheless it was performed to ensure

that the experimental samples contained sufficient protein to fall within the linear

range of the protein assay used. It was also necessary due to the inclusion of a protein

precipitation step in the assay protocol (removes contaminants e.g. urea, SOS), which

hinders the scaling down of the sample/reagent usage and spectrophotometry in a

microcuvette.

As will be shown in Chapter 3 (section 3.2) the protein assay assisted in the

equal protein loading of samples for 20-gels but not for samples prepared for SOS-

PAGE.

2.4.2 Use of "Dot Blots" for protein concentration estimation

To achieve equal protein loading on SOS-PAGE gels, the protein samples were

resuspended in IOIlI of IOmM Tris, 3mM MgCh, ImM EOTA by vigorous vortex

mixing. A small volume (typically I Ill) of each sample was spotted onto a piece of

nitrocellulose membrane and allowed to dry. The membrane was then stained using

Amido Black lOB as described in section 2.8.2.
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Densitometry analysis was performed on the destained membrane USIng

Phoretix software (get version and manufacturer). Samples were then diluted

according to relative protein concentration estimates and the 1III "dot blot"

performed again. This process was repeated until all samples showed similar staining

intensities as indicated by densitometry.

2.5 One-dimensional SDS-P AGE

SDS-PAGE gels were run according to the manufacturer's instructions. The gel

solutions used are described in Table 2.1 and 2.2.

Samples for analysis were diluted by the addition of an equal volume of 2x

SDS-PAGE sample buffer and heated at 100°C for 5 min. Samples were allowed to

cool and briefly centrifuged before the appropriate quantities were loaded onto the

gel. Gel loading volumes ranged from 5-20111 for mini-gels and 5-50Jd for large

format gels.

Two mini-gel systems were predominantly used during this work: the Protean

If~ and Mini-Protean" 3 systems, both produced by Bio-Rad, Herts. Gel assembly

and running procedures were as described in the respective manuals.

Large format gels were also run using the Hoefer Ruby system (Amersham

Biosciences, Bucks.) according to the manufacturer's guidelines.

2.6 Two-dimensional gel electrophoresis (2D-PAGE)

2.6.1 First Dimension: lsoelectric Focussing

Isoelectric focussing (IEF) was performed using immobilised pH gradient (IPG)

strips purchased from BioRad, Herts. Cilia/membrane pellet samples were defrosted

and resuspended in 200mM Tris/l0% (v/v) Triton X-lOO by vigorous vortex mixing

54



MATERIALS AND METHODS

7cm Mini-gels Large format gels

10% 12% 10%
30% (w/v) acrylamide 3.3ml 4.0ml 33ml

l.SM TrisHCl pH 8.8 2.Sml 2.Sml 2Sml

MilliQ water 4.lml 3.4ml 41.Smi

20% (w/v) SDS 2SIlI 2SIlI SOOIlI

10% (w/v) APS 7SIlI 7SIlI Iml

TEMED 10111 10111 66111

Table 2.1 Resolving gel solutions for 7em and large format 50S-PAGE gels
Percentage values refer to the final concentration of acrylamide in the gel.

7cm Mini-gels Large format gels

30% (w/v) acrylamide 6S01l1 1.9Smi

O.SM TrisHCl pH 6.8 I.2Sml 3.7Sml

MilliQ water 3.0Sml 9.9ml

20% (w/v) SDS 25!l1 75!l1

10% (w/v) APS 5O!l1 15O!l1

TEMED 5!l1 l5!l1

Table 2.2 Stacking gel solutions for 7cm and large format SOS-PAGE gels.
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for 30s. Four volumes of 5/4 strength rehydration buffer was then added to each

sample to give a final volume of 230JlI for direct sample loading or 250JlI for

controlled protein loading. Samples were then rotated on a cylinder mixer at room

temperature for at least 2h before insoluble material was removed by centrifugation

at 21334g, 30 min.

Where necessary, 10JlI solubilised sample was used to assess sample protein

concentration using the 2D-quantitation kit (Amersham Biosciences, Bucks.) as

described in section 2.4. Samples were then diluted in rehydration buffer to acheive

equal protein concentrations.

Protein samples (190JlI) were gently pipetted along the length of the llcm

IEF tray. The protective film on the IPG strips was removed and the strips placed

gel-side down onto the sample, ensuring that no air bubbles were trapped between

the rehydration buffer and the strip. The IPG strips were then covered in a layer of

mineral oil.

Isoelectric focussing was performed using the PROTEAN IEF cell (Bio-Rad,

Herts.), programmed according to the focussing steps listed in Table 2.3. Once the

focussing program _wascompleted, the IEF tray was removed from the unit and the

IPG strips were taken out. To remove excess mineral oil, MilliQ water was gently

pipetted down the front and back of the strip three times. The strips were then placed

gel side-up in an equilibration tray inpreparation for the second dimension.

In cases where the second dimension was not run immediately after the IEF

step, the IPG strips were removed from the focussing tray, briefly blotted on tissue

paper and then stored in an equilibration tray at -20°C.
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7em IPG Strips Hem IPG strips

Step End voltage (V) Time (Vh) End voltage (V) Time (Vh)
I 50 500 50 500

2 200 400 200 400

3 1000 2000 1000 2000

4 4000 25000 2000 2000

5 4000 SOOO

6 SOOO 25000

Hold 500 S hours 500 S hours

Table 2.3 Isoelectric focussing conditions used for 7cm and 11cm immobilised pH
gradient (IPG) strips
(Vh denotes voltage hours).

7em IPG strip Llcm IPG strip Llcm IPG strip

Mini-gel (12%) "Criterion" (12%) Large format (12.5%)
30% (w/v) S.Oml 12.0ml 41.7ml
acrylamide

I.5M TrisHCl 5.0ml 7.5ml 25ml
pH S.O

MilliQ water 6.Sml IO.2ml 32.3ml

20% (w/v) SDS 50~1 75~1 500~1

10% (w/v) APS 150~1 225~1 lrnl

TEMED 20~1 30~1 66~1

Table 2.4 Solutions for the preparation of second dimension gels
Defined percentage values indicate final acrylamide concentration in the gels. Each solution
is sufficient for the preparation of two gels.
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Sample preparation was identical for linear and non-linear IPG strips. When

7cm IPG strips were used, the loading volume of the sample was reduced to 130111

and the solubilisation volumes were lowered accordingly.

1.6.2 IPG Strip Equilibration

IPG strips were fully immersed in freshly prepared equilibration buffer containing

2% (w/v) DTT. The strips were incubated in this buffer for 20 min at room

temperature and were then transferred into a clean equilibration tray. They were then

covered in a second equilibration solution containing 2.5% (w/v) !AA and were

exposed to this buffer for a further 20 min, in the dark, before being placed onto the

second dimension gel.

2.6.3 Second Dimension: SDS-PAGE

The solutions used to prepare the polyacrylamide gels for the second dimension are

listed in Table 2.4. Equilibrated strips were placed on top of the gel, allowing the

plastic backing to adhere to the back gel plate. Molecular weight markers were added

by pipetting 2111SDS-PAGE broad range marker onto the shortest edge of a small

rectangle of filter paper, which was then positioned adjacent to the acidic end of the

IPG strip. The strips and filter paper were sealed in place using 0.5% (w/v) agarose.

11em large format gels The large format gels were sealed against the upper reservoir

chamber according to the manufacturer's instructions and were placed in an

electrophoresis tank containing SDS-PAGE running buffer. The cooling unit was

switched on and 500ml SDS-PAGE running buffer poured slowly into the upper

reservoir. Gels were run at 15mA per gel (constant current) for 30 min and then at
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30mA per gel until the dye migration front had reached the base of the gel (typically

4-5h).

7cm mini-gels The gel was placed in a mini-Protean 3 electrophoresis tank and the

inner and outer chambers were filled using approximately 11 SOS-PAGE running

buffer. The gels were run at 200V (constant voltage) for 45 min or until the dye

migration front had reached the base of the gel.

11em Criterion gels The sealing tape was removed from the base of the gel casing

and the gels placed in an electrophoresis tank. The gel case upper reservoir and the

lower chamber of the tank were filled with SOS-PAGE running buffer and the gels

run at 200V (constant voltage) for 90 min or until the dye migration front had

reached the base of the gel.

2.6.4 Optimisation of rehydration buffer used for isoelectric focussing

Crude membrane preparations were performed according to the protocol

described in Section 2.3 but immediately prior to the final centrifugation, the

supernatants from the previous centrifugation were pooled, vortexed

vigorously for 30s and distributed equally between the appropriate numbers of

500!!1 microfuge tubes. These microfuge tube samples were then centrifuged

at 21000g, 60 min to generate a number of equivalent crude membrane protein

preparations. These preparations were resuspended in 200!!1 of the test

rehydration buffer by vigorous vortexing (30s) and subsequent incubation at

room temperature 1h. Insoluble material was removed from the samples by
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centrifugation at 21000g, 60 min. The supernatant was then either diluted for

SDS-PAGE analysis or loaded onto IPG strips in later optimisation tests.

2.7 Western Blotting

2.7.1 Protein transfer procedure

The basic protocols for protein transfer and Western blotting were taken from Bollag

and Edelstein (1991).

SDS-PAGE or 2D-gels were removed from the apparatus and equilibrated in

electrotransfer buffer for 15-20 min. Two pieces of filter paper and one piece of

nitrocellulose membrane were cut to match the size of the gel and pre-soaked

alongside two fibre pads in electrotransfer buffer for 5 min. Western transfer

apparatus including the tank, cooling unit (where used) and gel cassettes was rinsed

in distilled water immediately prior to use.

The gel sandwiches were assembled and placed in a transfer tank filled with

electrotransfer buffer. Where a cooling unit was utilised, it was placed in the tank

immediately prior to the addition of the transfer buffer. A magnetic stirrer was also

used to ensure efficient buffer circulation and cooling.

Precise transfer conditions were dependant on gel width. The BioRad mini-

Protean blotting system (BioRad, Herts.) was used for protein transfer from 7cm gels

at 75V (fixed voltage) for 1.5h. Large format Hem gels were blotted using the

Hoefer Transphor system (Amersham Biosciences, Bucks.) run at lOOmA overnight.

Following the transfer procedure, the nitrocellulose membrane was removed

from the transfer apparatus, placed in blocking solution and incubated overnight at

4°C. The SDS-PAGE gel was retained after transfer and subsequently stained to

assess protein transfer efficiency.
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2.7.2 Membrane development using antibodies (Western blot)

After incubation in blocking solution the membrane was rinsed in TBS (20 min,

three changes of buffer). The primary antibody solution was prepared in a final

volume of 15ml and incubated with the membrane for 2h at room temperature with

constant agitation. The antibody solution was then removed and the membrane

washed three times in TBS.

The secondary antibody was diluted appropriately in a final volume of 15ml

and added to the membrane. The membrane was exposed to the secondary antibody

solution for 2h before being washed twice in TBS (10 min each) and equilibrated in

alkaline phosphatase buffer (5 min). Fresh BCIP/NBT solution was used to develop

the membrane and the reaction was stopped by removing the solution and rinsing the

membrane with TBS containing 20mM EDTA (TBS/EDT A).

2.8 Protein staining methods

2.B.1 SDS-PAGEI2D-PAGE gel compatible protein staining methods

Coomassie Blue Fast stain Gels were placed in Coomassie brilliant blue stain.

Where fresh stain was used, the gel was left in the staining solution for 1h before the

solution was removed and replaced with destain solution. Where recycled Coomassie

stain was utilised, the incubation time for the gel was extended to an overnight period

before the destaining process.

During destaining, a small piece of tissue was added into the container with

the destain solution. This acted, in part to soak up part of the coomassie stain once

released from the gel and improved the speed and efficiency of the destain process.
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Colloidal Coomassie Stain Gels were washed in MilliQ water for 30 min with three

changes of water. They were then incubated in Bio-Safe ne coomassie (Bio-Rad,

Herts.) for a minimum of 60 min. The stain was then poured off and the gel destained

by an overnight incubation in MilliQ water.

Silver-Stain Gels were placed in fixation solution for 25-30 min or overnight. The

gel was then washed twice in MilliQ water (2 mins each) and left in fresh MilliQ

water for an additional 30 min with agitation. The gel was treated with sensitising

solution (3 min) and briefly rinsed with two changes of MilliQ water, before being

incubated in chilled 0.1% (w/v) AgN03 at room temperature, with constant agitation

for 40 min. The AgN03 solution was then removed and the gel rinsed briefly in

MilliQ water.

Developing solution was added to the gel and was immediately changed upon

buffer discolouration. The staining reaction was allowed to proceed as desired and

stopped by washing the gel in 1% (v/v) acetic acid three times.

All gels were stored in 1% (v/v) acetic acid at 4°C, until dried or used for in-

gel trypsin digestion experiments.

2.8.2 Nitrocellulose membrane compatible protein staining methods

PonceauS Stain Membranes were submerged in 0.1% (w/v) PonceauS solution for 5

min with constant agitation. Background staining was removed by repeated rinsing

of the membrane in MilliQ water. Positions of the molecular weight protein bands

were marked on the membrane before the stain was completely removed by a brief

incubation in 100mM NaOH. Membranes were incubated in blocking solution

overnight at 4°C prior to further processing.
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Amido-Black Stain Membranes were stained for 1 min in 0.1% (w/v) Amido Black

lOB solution and then destained in 25% (v/v) isopropanolllO% (v/v) acetic acid for

30 min. The membranes were soaked for 30 min in MilliQ water before being

allowed to air dry.

2.9 Sulphydryl group labelling: Iodoacetyl-Long Chain-Biotin

Iodoacetyl-Long Chain-Biotin (I-LC-biotin) is a membrane-permeable, light

sensitive labelling reagent therefore all steps were performed in the dark where

possible. I-LC-Biotin adds a hydrocarbon linker and biotin group to free, surface

exposed thiol groups of both intracellular and extracellular proteins.

The protein labelling strategies employed are introduced in Chapter 1. The

reagent structure and mechanism can be found in Section 5.2.

2.9.1 Tissue labelling: Olfactory epithelium/respiratory epithelium

Freshly dissected nasal turbinates/septal epithelium sheets were rinsed in Krebs-

Ringer/EDTA buffer and then resuspended in 1ml PBS/EDT A, to which 30!!1 I-LC-

Biotin (or dry DMF in control experiments) was added. The biotinylation reaction

proceeded over 60 min at room temperature in the dark, with gentle agitation on a

rotary wheel. The tissue was then pelleted by 1000g, 3min centrifugation and

resuspended in 100mM Tris pH 8.0. Enriched olfactory/respiratory cilia preparations

were then obtained using the calcium shock method (Section 2.3) and either

resuspended in suitable buffers for gel electrophoresis or stored at -20°C until further

use.

Although tissue damage was evident during this procedure, it did not appear

to adversely affect the final cilia protein yield or gel profiles (see Section 5.2).
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2.9.2 Detection of I-LC-Biotin Labelled Proteins

I-LC-Biotin treated protein samples were resolved by SOS-PAGE or 20-PAGE and

blotted onto nitrocellulose as described in Section 2.7.

After an overnight incubation in blocking solution, the membrane was placed

in 15ml fresh TTBS containing O.25~g/ml streptavidin-alkaline phosphatase

conjugate. The streptavidin incubation proceeded for 4h and was terminated by the

removal of the conjugate-containing solution and subsequent washing of the

membrane in TTBS (lO min) followed by TBS (10 min). The membrane was then

equilibrated in alkaline phosphatase buffer for 10 min, before being developed using

Sml (large format gel blots) or 10ml (7cm gel blots) BCIPINBT solution.

Large format blots were allowed to develop for 15min before the removal of

the BCIPINBT solution and rinsing of the membrane in TBSIEOTA then stopped the

reaction. Mini-gel blots (7cm) were incubated in BCIPINBT solution for up to lh,

based on the development of satisfactory protein band/spot intensities.

The 7cm gel format membranes were incubated with the streptavidin-

conjugate containing solution in containers reserved specifically for Western blots.

The 11cm format membranes were placed inside pre-rinsed large plastic bottles, with

the side of the membrane in contact with the gel during transfer, facing inwards. The

bottles were then placed on a cylinder mixer to ensure constant rotation and even

treatment of the entire membrane. The rotation of the bottle was such that the

membrane did not dry out.

2.9.3 Stripping and re-probing nitrocellulose membranes

During biotin-tag detection procedures where protein loading was not consistent

across all samples, it was occasionally necessary to stop the alkaline phosphatase
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reaction before all lanes were optimally developed. In these cases, the nitrocellulose

membranes were stripped of the streptavidin-alkaline phosphatase conjugate and

reprobed.

The membrane was submerged in stripping buffer and incubated in a water

bath at 70°C for 30 min with gentle agitation at the beginning and end of the

incubation. The membrane was then washed twice in 0.05% (v/v) Tween-20ffBS for

10 min at room temperature. The membrane was placed in blocking solution for l h at

room temperature with constant agitation, before being stored in the same solution

overnight at 4°C. The biotinylated proteins were then detected as described above.

2.10 Sulphydryl group labelling: Lucifer Yellow Iodoacetamide

Lucifer-Yellow iodoacetamide (LYIA) is a membrane-impermeable, light-sensitive

thiol-targeting probe that attaches a fluorescent label to all proteins bearing free

cysteine residues exposed to the extracellular environment. LYIA was stored in

discreet amounts (l00-600mg) at -20°C and the reagent was freshly reconstituted to a

concentration of 6.5mg/ml in MilliQ water immediately prior to use. Each sample of

LYIA was used for a single experiment before being discarded to avoid issues of

reagent degradation.

The protein labelling strategies employed are discussed in Chapter 1. The

reagent structure and mechanism can be found in Section 5.2. Although tissue

damage was evident during these procedures, it did not appear to adversely affect the

final cilia protein yield or gel profiles (Section 5.2).
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2.10.1 Tissue labelling: Olfactory epithelium/Respiratory epithelium

The dissected nasal turbinates/septal epithelia were washed in 1ml Krebs-

Ringer/EDT A buffer. The tissue was pelleted by centrifugation at 1000g, 3 min and

resuspended in 1 ml PBS/EDT A buffer to which 50~1 LYIA was added. The sample

was then briefly vortexed and incubated in the dark for 30 min at room temperature

on a rotary wheel.

The tissue was pelleted by centrifugation as before and either treated

subsequently with I-LC-biotin following the protocol given in Section 2.9 or an

enriched fraction of olfactory/respiratory cilia was prepared according to the method

described in Section 2.3. The final cilia fractions obtained were resuspended in Ix

SDS-PAGE sample buffer or stored at -20°C for subsequent SDS-PAGE analysis

and Western blotting. Tissue samples treated in parallel with 50~1 MilIiQ water

served as controls for these experiments.

2.10.2 Detection oiLY/A-labelled Proteins

Protein samples treated with LYIA were resolved on one-dimensional SDS-PAGE

gels run in the dark. After electrophoresis was completed, the gels were placed in 7%

(v/v) acetic acidllO% (v/v) methanol for at least 30 min, in the dark, with gentle

agitation. They were then scanned using a FluorS imager (BioRad, Herts) with lOOs

exposure time in the SyproRuby gel-scanning mode (520LP, UV wavelength, trans-

illumination, high-resolution scanning).
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2.11 In-gel Trypsin Digestion

2.11.1 Manual in-gel digestion

All manual in-gel digestions were performed on silver-stained gels. The protocols for

in-gel digestion and peptide extraction were taken from Van Montford et al. (2002).

Gel plugs (total volume e- lmrrr') were removed from the band/spot of interest

and immediately placed in 1.5ml centrifuge tubes containing 200f-l1MiIIiQ water.

Once all the gel pieces had been excised, the MilliQ water was removed and replaced

with 200f-l1freshly prepared destain solution. The gel pieces were incubated in this

solution until the brown colour had completely disappeared «1 min). The destain

solution was then removed and the gel plugs rinsed twice in 500f-l1MilliQ water.

Each gel piece was incubated in 200f-l125mM NH4HC03 at 37°C for 15 min,

before the buffer was removed and replaced with fresh 25mM NH4HC03 for two

further 15 min washes. The gel pieces were then dehydrated by three 10 min washes

in 100f-l1 100% acetonitrile and dried further in the Gyro- Vap for 20 min on a

medium heat setting.

Trypsin (lOOf-lg/ml stock reconstituted in 50mM acetic acid) was diluted to a

12.5f-lg/ml working solution using 25mM NH4HC03• This working solution was

added to the dehydrated gel pieces, 5f-l1per sample. The gel pieces were allowed to

rehydrate in the trypsin-containing buffer for 20-30 min before an additional 20f-l1

25mM NH4HC03 overlay was added. Samples were then incubated overnight (at

least 14h) at 30°C without agitation.

Peptide extraction for MALDI-ToF analysis Trypsin digestion gel plug samples

were sonicated 5 min and the digestion overlay removed. Peptides were extracted by

the addition of 30f-l1 1% (v/v) trifluoroacetic acid/60% (v/v) acetonitrile and
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sonication for 5 min. The extraction was repeated and both extracts pooled with the

digestion overlay. Samples were then lyophilised in the gyro- Yap.

The dried peptides were reconstituted in 5",,1 matrix buffer by 5 min

sonication. Samples were then mixed with an equal volume of freshly prepared

matrix solution and 1""I spotted onto the MALDI target for analysis.

Peptide extraction for tandem mass spectrometry analysis Trypsin digest samples

were sonicated for 5 min and the digestion overlay removed. Peptides were extracted

by the addition of 30",,1 1% (v/v) formic acid/60% (v/v) acetonitrile and sonication

for 5 min. The extraction was repeated and both extracts were pooled with the

digestion overlay. Samples were dried in the gyroVap until the volumes were

reduced to approximately 15",,1and the concentration of acetonitrile substantially

reduced. The samples were diluted to 17",,1using 1% (v/v) formic acid and then

analysed by tandem mass spectrometry.

2. JJ.2 Automated in-gel digestion

Automated trypsin digestions were performed usmg the Massf'rep'" station

(Micromass, Manchester). The digestion robot was set up according to the

manufacturer's instructions using the buffers listed in section 2.1. The program

followed was "Digestion S4.5" selecting the option to include the silver destain

protocol. As part of the digestion program, the robot spotted both lockmass and

trypsin digest samples directly onto a target plate for MALDI-ToF mass

spectrometry analysis.
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2.12 Matrix-assisted Laser Desorption Ionisation-Time of Flight (MALDI-

ToF) Mass Spectrometry

2.12.1 Preparation of Matrix

Approximately 10mg a-cyano-4-hydroxycinnamic acid was placed in a 1.5ml

centrifuge tube to which 1 ml matrix buffer was added. The suspension was vortexed

vigorously for 30s before being centrifuged at 6934g, 2 min. The resulting

supernatant was the saturated matrix solution used for peptide analysis and was used

immediately for manual in-gel digestion samples and not used >8h after initial

preparation during automated digestions.

2.12.2 MALDI- ToF Instrument Calibration

The MALDI-ToF mass spectrometer was calibrated and assessed for sensitivity

before each use. Calibration spectra were manually acquired from a sample

containing four peptides (listed masses are given to the nearest Dalton): des-Arg-

Bradykinin (904Da), neurotensin (1673Da), adrenocorticotrophin hormone clip 18-

39 (2465Da) and oxidised insulin ~-chain (3496Da), which cover the working mass

range of the instrument. The calibration sample was prepared by Dr. D. Robertson

and contained a 50nM concentration of each peptide. Spectra were typically acquired

at 20% laser energy but this was increased to 30% depending on instrument

performance and to ensure adequate resolution of the 3495Da peptide (i.e. full

isotope envelope resolved).

Ten calibration spectra were acquired and combined. The resulting spectrum

was processed by background subtraction, peak smoothing and peak differentiation

using MassLynx software (version 3.5 or 4). The fully processed spectrum was used

to calibrate the machine by matching the mass of the monoisotopic peaks of the
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, calibrant peptides to those in a "MALDI mix" reference file. This calibration was

then saved and applied to the instrument.

2.12.3 MALDI spectrum acquisition

Automated spectrum acquisition Mass spectra from trypsin digests performed by

the digestion robot were acquired automatically. The parameters for laser firing

patterns and energy ranges were set manually, depending on the latest performance

levels of the machine and the estimated protein concentration of the samples. Most

commonly, the laser-firing pattern was set at random and laser energies between 70-

50% were used, decreasing from 70% in 5% increments. Typically 5-10 spectra were

acquired per digest however this varied greatly between samples.

During automated data acquisition, mass spectra from lockmass samples of

adrenocorticotrophin hormone (ACTH) were acquired as external calibrants to

ensure continuing mass accuracy throughout the analysis run. The ubiquitous trypsin

autolysis peak of mass 2163Da was used as an internal calibrant for individual

samples.

Manual spectrum acquisition Where trypsin digests had been performed by hand or .

spectra had not been found during automated data acquisition, MALDI spectra were

acquired manually. This permitted the thorough searching of the peptide/matrix spot

on the target at varying laser energies, which were modified to appropriate levels for

each sample according to the observed peptide intensities i.e. increasing laser energy

to improve ionisation levels in low abundance samples. Ion counts for individual

peptides were not allowed to exceed 2000 to safeguard mass accuracy.

Typically at least 15 spectra w~re acquired for each sample. These were then

combined and processed as described for the calibration spectra.
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2.12.4 MALD1 plate cleaning

The MALD! target was rinsed in distilled water and then scrubbed with acetone

using a cotton wool bud. The target was then sonicated in acetone for 30 min and

given a final rinse in MilIiQ water before being allowed to air-dry.

2.13 Protein Identification by MALDI- ToF Mass Spectrometry - Peptide Mass

Fingerprint analysis

Lists of the monoisotopic masses of peptides were prepared from all the spectra

acquired during a single experiment. The lists of peptides were compiled in

Microsoft Excel and duplicated to give a redundant peptide list and a second list,

containing peptides unique to a given sample. When a peptide occurred in more than

one spectrum, the peptide was retained in the first sample in which it was found, but

erased from all subsequent peptide lists. This removes known contaminant peptides

e.g. those derived from trypsin autolysis from peptide search lists and also removes

contaminant peaks e.g. keratins specific to that experiment. This processing improves

the chances of a successful identification by allowing searches of peptides unique to

a given sample.

Unique peptide lists were searched against the NCBInr database using the on-

line Mascot search program (www.matrixscience.com). The peptide lists were pasted

into the query section of the search form and the search parameters set according to

the sample being analysed.

Tryptic peptides of sheep proteins were searched against the "mammalia"

section of the database and peptide masses from rat proteins against the "rattus"

sequence entries. Sheep proteins were searched against the "mammalia" database as

the sheep genome has not been extensively sequenced and therefore the size of the
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sheep protein database is severely restricted in comparison to the "rattus" database.

Carbamidomethylation was set as a fixed modification when the trypsin digest

protocol included reduction and alkylation steps e.g. samples processed by the

digestion robot, or the gel pieces were derived from 2D-gels. Methionine oxidation

was entered as a variable modification for all digest samples. The "miscleavage"

parameter was set to allow one missed cleavage site per peptide. The accuracy

window was set to 100ppm for tryptic peptides from spectra acquired automatically

and to 300ppm for spectra acquired manually. The use of different accuracy

limitations was due to the greater mass accuracy achieved during automated

spectrum acquisition via continual calibration adjustments using lockmass samples

and the 2163Da trypsin autolysis peak as external and internal spectrum calibrants

respectively.

The theoretical peptide masses for the top protein hits from this search were

then compared to the redundant peptide list for the sample and any matching peptides

included in a second Mascot search. This allowed the reinstatement of any peptides

that were removed from the unique peptides list due to a protein genuinely occurring

more than once per set of in-gel digestion experiments. A protein was considered

identified when its unique peptides and any additional redundant peptides gave a

MOWSE score greater than the threshold value set by Mascot for the database being

searched. This effectively means that listed protein identifications have a significance

probability of <0.05 and thus a high probability of correct identification.

2.14 Tandem Mass Spectrometry (MS/MS)

The tandem mass spectrometry work conducted as part of this project was performed

using a Quadropole Time-of-Flight mass spectrometer (Q-ToF) purchased from
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Micromass, Manchester. All tandem mass spectrometry experiments were performed

in collaboration with Dr. D. Robertson.

Trypsin digest samples were loaded onto a reverse phase column fitted on an

UltiMate chromatography system (Dionex, Surrey) linked directly to the Q-ToF mass

spectrometer. Sample loading was automated and set to "partial pick-up" to allow the

maximum volume of material (10J.11)to be loaded onto the column. The reverse

phase column was run at a flow rate of 200nVminwith peptides eluted during a linear

gradient increase of acetonitrile concentration (0-50% over 30 min). The peptides

eluted from the column flowed directly into the Q-ToF instrument for analysis.

Experimental samples were analysed on the Q-ToF with a scan period of Is

and a duty cycle of 1.1s. The instrument was programmed to perform data-dependant

switching to tandem mass spectrometry {MSIMS} mode upon the detection of

multiply charged ions at a minimum intensity of 10 counts per second. The reverse

switch to single MS mode was made after 20s or once the signal intensity of the

tandem spectra ions dropped below 10 counts per second. One to three tandem

acquisition functions were in operation during analysis depending on the estimated

complexity of the sample.

2.15 Protein Identification by Tandem Mass Spectrometry

The chromatograms from each MSIMS acquisition function were analysed in

MassLynx (version 3.5 or 4) and lists of parent ion masses and their associated

charges were prepared. All the MSIMS spectra obtained from a single parent ion

were combined and the background was subtracted. Sample spectra were further

processed using the MaxEnt 3 algorithm to differentiate spectrum peaks into

centroided peaks and combine identical mass peaks bearing different charges to give
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a final spectrum of mainly singly charged ions from which the peptide sequence was

determined.

Peptide sequences were predominantly called on the basis of the y ion series.

Where residues/residue leaps were not conclusively identified by this series, extra

data from the b ion series was then used to determine the next amino acid in the

sequence. Peptides were defined as lysine- or arginine-terminating according to the

presence of a Yl ion peaks of 147Da or 175Da mass respectively. Peptide sequence

. data was searched against the non-redundant (nr) NCBI protein database using the

BLAST algorithm (www.ncbi.nlm.nih.govIBLAST).

The search parameters used were the default settings for searching for "short

nearly exact matches". Briefly, a PAM30 scoring matrix was used with the E value

threshold set at 20000, gap costs were set at 9 (existence): 1 (extension). All peptide

sequences were searched against the "mammalia" section of the database.

Protein identifications were accepted when the peptide sequence search

results yielded expected (E) values <0.05, where the E values. represent the

probability of that a given peptide match could occur at random.

2.16 Electron Microscopy

The electron microscopy work presented in this thesis was performed by Miss M.

Pope using a Hitachi H-600 TEM.

2.16.1 Sample embedding

Electron microscope pictures were taken of several cilia preparations. The cilia were

isolated as described in Section 2.3. The cilia pellets were then washed twice in

100mM sodium cocodylate and fixed in 100mM sodium cocodylate containing 4%
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(v/v) paraformaldehyde, 2% (v/v) glutaraldehyde. They were then washed in fresh

100mM sodium cocodylate buffer and 1% (w/v) osmium tetroxide/distilled water

before a final wash using distilled water.

Cilia pellets were then dehydrated by a series of five washes with increasing

ethanol concentration and a final wash in 100% acetone. Once fully dehydrated, the

pellets were washed sequentially in three mixtures of acetone and resin, containing

30%, 70% and 100% (v/v) resin respectively. They were then placed in 100% fresh

resin and heated to 60°C.

2.16.2 Sectioning/Staining

Ultra-thin sections between 60-90nm thick were cut from resin-embedded samples

and placed onto copper grids. Section staining was performed on rat cilia samples

using a saturated solution of uranyl acetate in 50% (v/v) methanol, with subsequent

washing in 50% (v/v) methanol. By contrast, mouse and sheep olfactory cilia

preparations were stained using uranyl acetate (2% (w/v) uranyl acetate in 0.69%

(v/v) maleic acid) prior to section cutting (discussed in Chapter 3).

After 'uranyl acetate treatment and sectioning all samples were -subsequently -

stained with Reynolds' lead citrate solution. The sections were then given a final

wash in distilled water before being examined on the electron microscope.

All biochemical protocols were performed according to the equipment/reagent

manufacturer's instructions except where stated.
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Chapter 3

THE ADAPTATION OF THE OLFACTORY CILIA PROTEOME

3.1 Introduction

Olfactory process begins with an interaction between an odorant molecule and an

olfactory receptor. As discussed in Chapter 1, the location for this event is the

surface membrane of the olfactory cilia that protrude from the dendritic terminal of

olfactory receptor neurons (ORNs). The sensory role of the olfactory cilia is

therefore well defined. What is less clear is how specialised these structures and their

associated proteomes are and how much of their protein complement can be viewed

as ORN-specific and thus likely candidates for thiol sensor proteins.

Two of the criteria for potential thiol sensor proteins set out in Section 1.16

are specificity to the olfactory system and evolutionary conservation of the receptor

in mammalian species. The proteomics experiments described in this chapter were

designed to address the adaptation/specialisation of olfactory cilia both cross-species

and to their sensory role.

3.1.1 Conservation of olfactory cilia proteins

The identification of highly conserved cilia-localised proteins (defined as the cilia

. proteome) allows the relative importance of each protein to the core olfactory

process to be ascertained. High levels of conservation of individual proteins within

the olfactory cilia proteome imply a strict requirement of them for either basic

olfactory function and/or the survival of the organism. Increased conservation of a

given protein across different mammalian species may therefore predict a role of

greater importance for that protein.
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Olfactory sensitivity to thiol compounds in mammals is apparently well

conserved across mammalian species. This implies the importance of thiol detection

to mammalian survival and also the presence of significant selection pressure on the

proteins responsible for thiol detection. Therefore any groups of proteins conserved

between distantly related mammalian species are likely to contain proteins essential

for the olfactory process in addition to candidate proteins for interactions with and

detection of thiol odorants.

The model species used to assess the evolutionary conservation of cilia-

associated proteins are mouse, rat and sheep. This provides two degrees of

evolutionary relatedness, the closely related rat and mouse and the more distantly

related sheep. These relationships lead to the prediction that the olfactory cilia

proteomes of rat and mouse are likely to be very similar and very different from the

sheep proteome. This hypothesis was tested by the isolation and comparison of the

respective olfactory cilia proteomes, with particular interest being paid to any

proteins common to all analyses.

3.1.2 Protein localisation in sensory v non-sensory epithelia

In addition to a requirement for cross-species conservation, any putative thiol sensor

should be specific to the olfactory epithelium i.e. the sensory epithelium. Due to the

adjacent anatomical location of the nasal respiratory epithelium and the presence of

ciliated cells in both respiratory and olfactory epithelia (Menco and Farbman, 1987),

comparative preparations of enriched respiratory cilia were used to demonstrate

localisation to the olfactory epithelium.
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3.1.3 Potential roles of the respiratory epithelium and cilia

Air inhaled through the mammalian nose passes along the nasal passage, first

through regions lined with respiratory epithelium (nasal conchae) and then through

areas lined with olfactory epithelium (nasal turbinates), before proceeding down the

trachea to the lungs. The air should be at body temperature and moist before reaching

the lungs and this is the primary but almost certainly not only function of the areas of

respiratory epithelium (Farbman, 1992). The mucus flowing over the respiratory and

olfactory epithelia traps dust particles and the motile cilia of' the respiratory

epithelium enable the clearance of such potentially harmful particles from the nasal

airway (Weston, 1985). The respiratory epithelium also plays a protective role in the

nasal passage via its innervation with trigeminal nerves that invoke protective

reflexes such as sneezing when an irritant is inhaled (Finger et al., 2003). It is also

the source of a secretory protein with putative bacteriocidal properties, the

production of which appears to be induced upon damage to the olfactory system

(Sung et al., 2002). Finally, it acts to form a physical barrier to cover a chemically

destroyed olfactory epithelium whilst regeneration occurs and even covers previous

sensory areas after age-related degeneration of the olfactory system (Schultz, 1960;

Farbman, 1992).

Respiratory cilia will share the proteins required for the maintenance of

cellular integrity and ciliary structure. Comparisons of the protein complements

should also reveal the proteins present only in olfactory cilia and by implication

specific to sensory cilia, such proteins fulfilling the specificity requirement of a

putative thiol sensor.
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3.1.4 Experimental strategy

The basic experimental strategy was to isolate the proteins of the olfactory cilia from

mouse, rat and sheep, separate the proteins by gel electrophoresis and identify them

using mass spectrometry (Figure 3.1.1). All protocols used are as described in

Chapter 2 of this volume except where stated.

Enriched olfactory cilia fractions were prepared from the nasal turbinate

tissue of the three mammalian species using the calcium shock deciliation method

described in Section 2.3. The proteins of the enriched cilia fractions were separated

by one-dimensional SDS polyacrylamide gel electrophoresis (SDS-PAGE) and two-

dimensional polyacrylamide electrophoresis (2D-PAGE) and the protein profiles of

the olfactory cilia of each species compared. In-gel trypsin digestions and MALDI-

ToF mass spectrometry were then used to identify the proteins conserved across the

different species.

Nasal tissue from the rat was used to investigate the specificity of proteins to

the sensory (olfactory) cilia compared with non-sensory (respiratory) cilia. Rat tissue

was chosen for this purpose due to the comparative ease of tissue acquisition and

greater protein yields than could be achieved using mouse nasal tissue. Enriched

preparations of olfactory and respiratory cilia were prepared and the proteins

separated by SDS-PAGE and 2D-PAGE. A comparison of protein profiles

highlighted the proteins unique to the sensory cilia, which could then identified by

in-gel trypsin digestionslMALDI-ToF mass spectrometry.

Proteins unique to olfactory cilia and conserved across the model species

were considered as having an important function in the sensory processes of the

olfactory system and a potential role in the detection ofthiol odorants.
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3.2 Method development

3.2.1 Optimisation of protein solubilisation for 2D-PAGE

The efficiency of the solubilisation of proteins in preparation for 2D-PAGE depends

on both the sample buffer itself and the nature of the sample e.g. lipid components,

mainly soluble proteins etc. The cilia preparations were expected to comprise a

mixture of lipids, membrane-associated (including integral and peripheral membrane

proteins) and cytosolic proteins. This provided significant challenges for

solubilisation as it includes both the strongly hydrophobic membrane proteins and

also cytoskeletal proteins, which are generally detergent resistant. Optimisation

experiments were performed to maximise the solubility of the cilia samples and thus

the representation of cilia associated proteins on a 2D-gel. Protein samples were

applied to the immobilised pH gradient (IPG) strips during strip rehydration hence

the sample buffer used during this 2D-PAGE work is referred to as rehydration

buffer.

The most commonly used combination of denaturant and detergent in 2D-

PAGE rehydration buffer is 8M urea with 4% (w/v) CHAPS (Herbert, 1999). The

addition of thiourea used in combination with urea, aids the solubility and resolution

of proteins during 2D-PAGE separation (Pasquali et al., 1997; Molloy et al., 1998;

Rabilloud et al., 1999). The alternative detergent Triton X-lOOwas also tested both

alone and in combination with CHAPS. The use of Triton X-lOO to solubilise

olfactory epithelium membrane proteins was been reported by Fesenko et al. (1988)

and use of rehydration buffers containing a combination of Triton X-lOO and a

zwitterionic detergent has also been described previously (Rabilloud et al., 1999).

The combinations of detergents and denaturants tested are listed in Table 3.2.1.

Crude membrane preparations from deciliated nasal turbinates were used to test the
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Rehydration Buffer Denaturant Detergent
1
2
3
4
5
6
7

8M urea
8M urea
7M urea/2M thiourea
7M urea/2M thiourea
8M urea
7M urea/2M thiourea
7M urea/2M thiourea

0.5% (v/v) Triton X-lOO
4% (w/v) CHAPS
0.5% (v/v) Triton X-lOO
4% (w/v) CHAPS
2% (w/v) CHAPS
2% (w/v) CHAPS
2% (w/v) CHAPS/0.5% (v/v) Triton X-lOO

Table 3.2.1 The combinations of denaturants and detergents tested to
optimise the solubilisation of proteins for 20-PAGE

Combinations of denaturants and detergents were tested to try and maximise
the levels of protein representation and solubility in the rehydration buffer used
during the first dimension of 20-gel electrophoresis

Control 1 2 3 4 5 6 7

31kDa

200kDa

116.25kDa
97.4kDa

66.2kDa

45kDa

21.5kDa

Figure 3.2.1 SOS-PAGE separation of the proteins solubilised by
different combinations of denaturants and detergents

Lanes are marked according to the identity of the rehydration buffer tested as
given in Table 3.2.1. The control sample is rat olfactory epithelium membrane
solubilised in SOS-PAGE sample buffer
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relative solubilisation efficiency of different rehydration buffers. Although these

samples are not cilia preparations they most likely contain a small proportion of cilia-

associated proteins from incomplete deciliation and also a similar mixture of lipids,

membrane proteins and cytosolic proteins to the cilia preparations. As the yield from

the crude membrane preparations was much greater than for cilia preparations it was

considered that the use of the membrane preparations would provide a more efficient

method of testing the solubilisation capacity of a given rehydration buffer.

Optimisation of rehydration buffer for 2D-PAGE

During the first optimisation experiment, all seven buffers given in Table 3.2.1 were

tested. The solubilisation supernatant was diluted ten-fold in SOS-PAGE sample

buffer. Samples were then heated at 100°C, 5 min and 20~1 of each sample loaded

onto an Ilcm "criterion" gel for SOS-PAGE analysis. The resulting SOS-PAGE gel

is shown in Figure 3.2.1. The presence of a control sample sol ubilised directly in

50S-PAGE buffer allows the analysis of total protein content of the crude membrane

preparations; SOS-PAGE buffer contains 1% (w/v) SOS and is therefore highly

efficient at protein solubilisation. The protein profiles are not easily discernable

therefore solubilisation efficiency was assessed by comparisons of the relative

protein concentration of each sample. The samples solubilised in buffers containing

8M urea/2% (w/v) CHAPS, 8M urea/4% (w/v) CHAPS, 2M thiourea/7M urea/O.5%

(v/v) Triton X-WO and 2M thiourea/7M urea/2% (w/v) CHAPS were adjudged to

contain the highest levels of protein and were therefore considered to be the most

efficient at sample solubilisation.

The four most efficient rehydration buffers for the solubilisation of crude

nasal turbinate membrane preparations were next tested with 7cm 20-PAGE (Figure

3.2.2). The gels indicate good protein abundance in all samples; however the
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8M urea, 2% (w/v) CHAPS

pH 3

Mw,

j
10

8M urea, 4% (w/v) CHAPS

7M urea/2M thiourea, 2% (w/v) CHAPS 7M urea/2M thiourea, 0.5% (v/v) Triton X-100

pH 3

Mw'

j
10 3 10

Mw

j

Figure 3.2.2 2D-PAGEof rat olfactory epithelium membrane preparations
using the four buffers judged to give maximal protein solubilisation
during previous experiments

The first dimension was performed using 7cm pH3-10 (linear gradient) IPG
strips. The second dimension was run on 7cm mini-gels. pH increases from 3
to 10 left-ta-right, molecular weight decreases descending vertically.
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resolutions of these proteins across the full pH range was superior in 8M urea/4%

(w/v) CHAPS and 2M thiourea/7M urea/0.5% (v/v) Triton X-lOO. These buffers

were therefore compared using the separation of solubilised membrane preparations

on llcm IPQ strips and the "criterion" second dimension gel system (Figure 3.2.3).

The conclusion from these early rehydration buffer optimisation experiments was

that the optimal buffer for the two-dimensional gel separation of olfactory and

respiratory cilia protein preparations was 2M thiourea/7M urea/0.5% (v/v) Triton X-

100 as this buffer provided maximal resolution of proteins across the full pH range

and reduced the extent of urea deposition, which causes the clear vertical streaks in

the gel run using samples prepared in 8M urea-containing rehydration buffer.

Addition of 40mM Tris and extra Triton X-lOO The buffer consisting of 2M

thiourea/7M urea/0.5% (v/v) Triton X-WO was used during early 2D-PAGE

experiments and was later supplemented by the addition of 40mM Tris base and the

increase of Triton X-lOO concentration to 2% (v/v) to further improve solubility

(Pasquali et al., 1997; Molloy et al., 1998; Olivieri et al., 2001). The 7cm 2D-gels

indicating the beneficial effects of the addition of Tris and extra detergent are shown

in Figures 3.2.4. The 2D-gels run with 40mM Tris present in the rehydration buffer

show greater protein concentration than their counterparts without. The reduced level

of vertical smearing observed in 2D-gels run using samples solubilised in 2% (v/v)

Triton X-lOO indicates that increasing the concentration of Triton X-lOO aids overall

protein solubility during the 2D separation.

These experiments were performed as described above for the solubilisation

tests using sheep olfactory cilia preparations instead of rat epithelial tissue. This

provides an accurate view of the buffer effects on cilia preparations directly. It was

possible to use sheep olfactory cilia due to the greater protein yields obtainable in
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8M urea, 4% (w/v) CHAPS

3

200kDa

116.25kDa

66.2kDa

45kDa

31kDa

21.5kDa

14.4kDa

10

7M urea/2M thiourea, 0.5% (v/v) Triton X-1 00

3 10

66.2kDa

45kDa

200kDa

116.25kDa

31kDa

14.4kDa

Figure 3.2.3 2D-PAGE separation of rat olfactory epithelium membrane
preparations solubilised using the best two buffers from previous
solubilisation experiments

Isoelectric focussing was performed using 11cm pH3-10 (linear gradient) IPG
strips. The second dimension was run using the "Criterion" system.



0.5% (v/v) Triton X-100 0.5% (v/v) Triton X-100, 40mM Tris
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Figure 3.2.4 Protein resolution of olfactory cilia proteins is improved by
the addition of 40mM Tris and increasing the concentration of Triton X-100

2D-PAGE separation of sheep olfactory cilia proteins solubilised in rehydration
buffers containing 7M urea/2M thiourea to which different concentrations of Triton
X-100 was added. Two rehydration buffers also contained 40mM Tris base.
Solubilisation tests were performed using enriched sheep olfactory cilia
preparations.
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comparison to preparations derived from rat tissue. Sheep cilia preparations were not

used previously due to sheep tissue being unavailable during the original tests for

rehydration buffer solubilisation efficiency.

Linear versus non-linear [PG strips The final modification to the 2D-PAGE

process involved a change in the IPG strip used for isoelectric focussing. In all the

gels above, linear gradient strips have been used that separate proteins along a linear

pH scale between pH3 and 10. The majority of proteins in the cilia preparations, as

shown by these gels, are within the pH range 5-S. Non-linear gradient pH3-1O IPG

strips have an identical overall pH range to linear gradient strips however the

gradient of pH increase is higher at both ends of the range and lower across pH5-S.

The use of these strips therefore allowed the increased resolution of the majority of

cilia proteins i.e. those present in the pH5-8 region whilst still focussing albeit to a

lesser resolution, proteins with isoelectric points outside this pH range. The gain

from the use of non-linear v linear strips during 2D-PAGE separation of sheep

olfactory cilia proteins is shown in Figure 3.2.5. Pairs of corresponding spots have

been circled on the gels to illustrate the increased resolution within the pH5-S range

and the resultant shift in protein position. Protein pairs 1 and 2 show the decreased

physical separation of proteins migrating to the pH regions <5 and >S respectively.

Pair 3 illustrates the increased physical separation and therefore protein resolution in

the intermediate pH5-8 range.

3.2.2 Identification of proteins by peptide mass fingerprinting

All identifications reported in Chapter 3 were gained by in-gel tryptic digestions of

protein spots followed by matrix-assisted laser desorption/ionisation time-of-flight

(MALDI-ToF) mass spectrometry. The resulting peptide mass fingerprint was
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Figure 3.2.5 Protein resolution of sheep olfactory cilia proteins is improved by
the use of non-linear IPG strips

Sheep olfactory cilia proteins were solubilised in 7M urea/2M thiourea, 2% (v/v) Triton
X-100, 40mM Tris. Isoelectric focussing was performed using 11cm 3-10 linear pH
gradient IPG strips or 11cm non-linear pH gradient 3-10 IPG strips. The blank area in
the middle of the gel is likely to be the result of urea precipitation during isoelectric
focussing.The second dimension was run using the Hoefer Ruby system (Amersham
Biosciences, Buckinghamshire, UK).

The numbered pairs of corresponding protein spots circled in the gel demonstrate
how the use of non-linear pH gradient IPG strips increases the resolution of proteins
within pH5-B, at the expense of proteins outside this region.
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searched against an on-line protein database as described in Section 2.l3. A

schematic view of the identification process is shown in Figure 3.2.6.

The peptide mass fingerprint of a protein is the combination of peptide

masses that results from the enzymatic digestion of the protein by a specific

endoprotease such as trypsin. The specificity of the cleavage site of the endoprotease,

in the case of trypsin the peptide bond C-terminal to arginine or lysine residues

(unless followed immediately by proline residues), means that the sizes of peptides

generated during enzymatic digestion are directly related to the position of certain

residues in the primary sequence of the protein in question. It follows therefore that

the combination of peptide masses from an enzymatic digestion, collectively termed

the peptide mass fingerprint, can be used to identify an individual protein.

The mass of peptides generated during manual or automated in-gel trypsin

digestions (Section 2.11) was measured by MALDI-ToF mass spectrometry. The

proteins in this study were a protein preparation derived from the apical membrane of

a small region of nasal epithelium. This means that the protein concentration of the

enriched cilia fraction is not very high, hence all cilia separation gels in this thesis

were stained using the silver nitrate stain technique rather than the more mass

spectrometry-friendly Coomassie stain. This low protein concentration in turn results

in a low concentration of peptides generated during in-gel digestions. The MALDI-

ToF mass spectrometer was therefore operated close to its limits of sensitivity.

Low concentration of peptides can have a major impact upon the resulting

MALDI-ToF spectra. The ion counts are reduced as fewer ions can be detected by

the mass spectrometer and the higher laser energy used to ensure maximal ionisation

of the peptides present lead to increased levels of background noise picked up by the

instrument. The final problem to be addressed is that the lower the levels of sample
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In-gel trypsin digestions

!
Analysis of tryptic peptides by
MALDI-ToF mass spectrometry

!
Raw peptide list

!
Duplicate/contaminant peptide

masses removed

!
Filtered list of pep tides =
Peptide mass fingerprint

!
Peptide mass fingerprint searched
against on-line protein database

!
Putative protein identification

Figure 3.2.6 Strategy used in the characterisation of the cilia proteomes
to identify unknown proteins by in-gel digestions and MALDI-ToF mass
spectrometry
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peptides, the more prominent the relative abundance of introduced contaminants such

as tryptic peptides and keratins, which can mask genuine peptides from the in-gel

digestion of a cilia preparation-derived protein.

Derivation of peptide mass fingerprints The potential problems of contaminant

peptides in a MALDI spectrum and their increased impact in low concentration

samples lead to the development of a strategy to enable only true peptides i.e. those

derived from the in-gel digestion of a protein derived from the enriched cilia

preparations, to be searched against the on-line database. All peptides were

considered as potentially relevant regardless of their relative peak heights in

comparison to other peptides in the same spectra.

In order for a peak mass to be noted as a potential peptide it was required to

have the correct shape of isotope envelope for its given mass. This is explained

diagrammatically in Figure 3.2.7. The isotope envelope is based on the relative

abundance of c= and c= carbon isotopes in the environment therefore available for

incorporation into biopolymers such as proteins. In small peptides of low mass e.g.

,._,lOOODa, the amount of e
l2 incorporated is much greater than the levels of e13. This

dictates that the isotope envelope will be shaped such that the monoisotopic peak

corresponding to the peptides containing only c= atoms, is larger than the following

peaks, which incorporate C3 atoms. Larger peptides contain greater numbers of

carbon atoms increasing the likelihood of C" atom incorporation. This leads to the

increase of the relative numbers of peptides containing a single C3 atom making this

second peak larger than the monoisotopic peak. This process is repeated as peptides

grow larger, such that in peptides at >2500Da the third peak in the isotope envelope

corresponding to the peptide incorporating two e13 atoms, becomes the most

abundant. This pattern governs the relative abundance of the peaks in the isotope
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Figure 3.2.7 The relative intensities of peaks In the Isotope envelope
changes according to the mass of a peptide

M/z values provided for the boundaries of each isotope envelope peak
distribution are approximated from personal observations. As nearly 'all
peptides in MALDI-ToF are singly-charged, the m/z value equals the mass of
the peptide.

In terms of peptide size, the three increasing mass ranges include peptides
with 8-14 residues, 14-20 residues and 20-25 residues containing on
average 40-70, 70-100 and 100-125 carbon atoms respectively (calculated
using mean average mass of amino acid residues and mean average
number of carbons in an amino acid).
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envelope of simple peptides i.e. those not linked to sugar groups (pers. comm. D.

Robertson). The requirement of a putative peptide to obey this pattern ensures that

masses corresponding to glycopeptides or present as a result of instrument noise are

not included in the peptide lists used to determine the protein identity.

The second requirement for peaks to be considered as genuine peptides is the

maintenance of mass accuracy across the isotope envelope. This prevents the

inclusion of peaks that have an apparent isotope envelope due to adjacent peaks

resulting from instrument noise. It also allows the individual peptides with

overlapping isotope envelopes to be differentiated.

Once all potentially relevant peptides from a mass spectrum have been listed,

the masses are filtered to remove peptides that are present in spectra acquired from

multiple protein spots. The unique peptide list from the in-gel digestion of an

individual protein spot was used as the peptide mass fingerprint of that protein.
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3.3 Results

3.3.1 Cilia preparations

The efficiency of the preparation of olfactory cilia was assessed by two methods. The

first proof of cilia isolation was provided by electron microscopy analyses· of

olfactory cilia preparations from all the model species. Electron microscopy images

of the cilia types are shown in Figure 3.3.1. All images show the presence of intact

cilia vesicles either in cross-section with the characteristic 9+2 microtubule

arrangement of the axoneme clearly visible, or in longitudinal section with a striated

appearance.

The electron microscopy Images also show apparently empty vesicle

structures. The precise identity of these vesicles could not be determined. It is

possible that they may be cilia membrane vesicles that have disintegrated away from

the axoneme and reformed (reported by Anholt et al., 1986) or they may be derived

from the distal sections of the cilia, which lack the axonemal core (Chen et al.,

1986a). They may also represent contamination of the preparation by cellular

organelles such as lysosomes. Contaminating mitochondria were also observed both

during electron microscopy and later protein identification. The presence of such

contaminants has been previously reported by Henderson et al. (1992) so

biochemical analyses of the rat olfactory cilia was used to provide further evidence

for cilia enrichment in the fractions prepared..

Enrichment of ~tubulin III demonstrates the enrichment of olfactory cilia The

relative enrichment of olfactory cilia in the final preparation was determined by

immunoblotting with a monoclonal antibody to f3-tubulinsubtype 3 (f3-tubulinIT!).p-

tubulin is a major component of the axoneme structure of microtubules that form the

core of the cilia and maintain its shape. Immunofluorescence microscopy provided
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Mouse olfactory cilia Sheep olfactory cilia

Rat olfactory cilia Rat respiratory cilia

Figure 3.3.1 Electron microscopy images of mammalian olfactory and
respiratory cilia

Intact cilia vesicles exhibit the characteristic 9+2 arrangement of microtubules
when cut in cross-section (a) and can also appear striated when cut in a
longtiduinal section as in (b). Images from olfactory cilia preparations from rat
and sheep Olfactorycilia respectively. Scale bars represent O.1I1m.

In the low magnification EM images of mouse olfactory cilia, sheep olfactory
cilia, rat olfactory cilia and rat respiratory cilia the scale bars represent O.5j..!m.
Electron microscopy performed by Marion Pope.
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confirmation of the enrichment of ~-tubulin in the cilia layer of the olfactory

epithelium (Chen et al., 1986b). The use of an antibody to ~-tubulin III also allowed

the origin of the tubulin to be determined as this subtype is exclusive to neuronal

cells. The antibody can therefore distinguish between cilia derived from ORNs,

microvilli from supporting cells and any contaminating cilia from nearby respiratory

epithelium and shows the enrichment of the olfactory cilia only. Although tubulin

isotype synthesis is cell-type specific, there is no compartmentalisation of the

subtypes within olfactory receptor neurons (Woo et al., 2002). This means that a

preparation enriched in olfactory cilia has a greater concentration of multiple ~-

tubulin subtypes including ~-tubulin III, than a crude membrane preparation. The

relative enrichment was calculated according to a linear relationship between the

pixel intensity of the blot and the concentration of ~-tubulin TIl present. The proof of

this relationship was provided by an immunoblot performed on serial dilutions of

crude membrane preparations from rat cortex (Figure 3.3.2, 3.3.3 and Table 3.3.1).

The immunoblot of samples from the olfactory epithelium and respiratory

epithelium is shown in Figure 3.3.4, alongside its replica SDS-PAGE gel. The

importance of the inclusion of respiratory samples is discussed later in this section.

Densitometric analysis of the immunoblot and gel were used to calculate the

approximate relative enrichment of the olfactory cilia preparations (Table 3.3.2). The

analysis of the immunoblot indicates a poor -2.S-fold relative enrichment of ~-

tubulin III in the olfactory cilia preparation by comparison to the crude membrane

preparation from the olfactory epithelium. However despite using the dot blot

method of protein concentration estimation (Section 2.4) it is obvious from the

immunoblot replica gel that the loading of the crude membrane preparation is much

greater than for the olfactory cilia samples. This difference was estimated to be
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Figure 3.3.2 Detection of ~-tubulin III in serial dilutions of a crude
membrane fraction from rat cerebral cortex

Serial dilutions of the crude membrane preparation from rat cortex were blotted
onto nitrocellulose membranes and probed with 1:1000 anti- ~-tubulin III and
1:3000 goat anti-mouse IgG. Relative sample concentrations for each of the lanes
are given in Table 3.3.1.

Lane Band intensityRelative concentration
1
2
3
4
5
6

1
0.5
0.2
0.1
0.05
o

101677
53113
13973
8181
4431
1148

Table 3.3.1 Densitometric analysis of the detection of ~-tubulin III by Western
blotting of serial dilutions of crude membrane preparations from rat cortex

Data obtained using the gel and blot shown in Figure 3.3.2. Band intensity values
for lane 6 are taken from a blank lane adjacent to Lane 5.

0.4 0.6

120000

100000

~ 60000'"
~ 60000
a;
~ 40000

20000

0.2

Relative sarrole concentration
0.8

Figure 3.3.3 Relative sample concentration plotted against band intensity
shows a linear relationship between the intensity of Western blot detection
and ~·tubulin III abundance

Equation of trendline: y= 103526x-1500.2, r2= 0.9945.
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Figure 3.3.4 Detection of ~·tubulin III in preparations of preparations of
proteins from the epithelia of the nasal cavity and cerebral cortex membrane

Cilia preparations and crude membrane fractions were isolated as described in
Section 2.3. *denotes the position of the ~-tubulin III protein band. Western blot
detection performed using 1:1000 anti- ~-tubulin III antibody and 1:3000 goat anti-
mouse IgG.

Lane Sample Relative enrichment
1
2
3
4
5
6

Olfactory cilia
Respiratory cilia
OE membrane
RE membrane

Cerebral cortex membrane
Liver membrane

3.70
1.42
2.00
1.38
11.05
0.92

Table 3.3.2 Densitometric analysis of the abundance of ~·tubulin III in
preparations of proteins from the epithelia of the nasal cavity and
cerebral cortex membrane

Relative enrichment was the ratio of the relative concentrations of ~-tubulin III
in each sample, calculated by applying the trendline equation in Figure 3.3.3 to
the band intensity values provided by densitometry analysis of the Western
blot.
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approximately 5-fold (from personal experience, c.f. lanes 2 and 4 in Figure 3.3.2).

Taking this into consideration, the relative enrichment of p-tubulin III is likely to be

greater than ID-fold in the olfactory cilia preparation compared to the crude

membrane preparation. This was considered to be good biochemical evidence of the

enrichment of olfactory cilia proteins in the preparation used for proteomic analyses.

The strong antibody hybridisation observed with the cortical membrane fraction is

likely to be the result of an increased protein concentration and potentially a higher

proportion of subtype III compared to other p-tubulin subtypes in cortical neurons

(25% l3-tubulin in cortical neurons is subtype III, proportions in ORNs currently

unknown, Banerjee et al, 1988).

The olfactory cilia preparations from mouse and sheep were validated by the

proof of isolation of intact cilia vesicles as shown by electron microscopy (Figure

3.3.1) and the similarity of the one-dimensional SDS-PAGE protein profiles to the

profile of the rat olfactory cilia sample in the crucial 45kDa/55kDa regions that

contain the cytoskeletal proteins actin and tubulin (see Figure 3.3.5). The similarity

in enrichment of the cytoskeletal proteins is also shown in the profiles of the 2D-

PAGE protein separations of the olfactory cilia (Figure 3.3.6). The reproducibility of

the protein profiles of rat and sheep olfactory cilia are demonstrated in the 2D-gels

shown in Figures 3.3.7 and 3.3.8, which were run at various times over a 2 year

period. As major characterisation of the mouse olfactory cilia preparations was not

undertaken there are insufficient gels run of the enriched cilia fractions to show

profile reproducibility.
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Figure 3.3.5 One-dimensional protein profiles from 50S-PAGE
separation of enriched olfactory cilia preparations from mouse, rat and
sheep olfactory tissue

SDS-PAGE separations performed using large format gels (final
acrylamide/bisacrylamide concentration 10%).
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Figure 3.3.6 Two-dimensional protein profiles of olfactory cilia proteins
preparaed from mouse, rat and sheep olfactory tissue

lsoelectric focussing was performed using pH3-10 (non-linear) IPG strips and
the second dimension was run on large format gels (final
acrylamide/bisacrylamide concentration 10%) .
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Figure 3.3.7 Two-dimensional gels of multiple preparations of rat
olfactory cilia show the reproducibility of the protein profile

Isoelectric focussing of enriched rat olfactory cilia preparations was performed
using 11cm 3-10 (non-linear) IPG strips. The second dimension was run on
large format gels (final acrylamide/bisacrylamide concentration 10%) . All gel
images oriented as shown in the top layer of gels, with the molecular mass of
proteins decreasing from top-ta-bottom.
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Figure 3.3.8 Two-dimensional gels of multiple preparations of sheep
olfactory cilia show the reproducibility of the protein profile

Isoelectric focussing of enriched sheep cilia preparations was performed using
11cm 3-10 (non-linear) IPG strips. The second dimension was run on large
format gels (final acrylamide/bisacrylamide concentration 10%) . All gel images
are shown with pH increasing left-ta-right and molecular mass decreasing top-

to-bottom.
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3.3.2 Respiratory cilia preparations

The respiratory cilia preparations are derived from the membranous lining of the

nasal septum. The membrane covering the nasal septum however is not

homogeneous and contains sensory regions of both the main olfactory system

(including the septal organ) and vomeronasal system (Farbman, 1992; Mombaerts et

al., 1996). From visualisation of receptor neuron processes, it can be estimated that

in the mouse at least, the non-sensory respiratory epithelium makes up just over half

of the surface membrane lining the nasal septum (Mombaerts et al., 1996). This

means that the cilia preparation derived from the septal membrane will b~ composed

of a mixture of cilia of olfactory and respiratory epithelial origin.

The fact that the source of the respiratory cilia sample contains a mixture of

olfactory and respiratory tissue means that searching for proteins found solely in the

olfactory cilia sample will not identify the proteins specific to the sensory cilia.

Instead proteins with a high abundance in olfactory cilia but a lesser abundance in

respiratory cilia can be investigated as potentially specific to sensory cilia. In order to

be effective however, this approach requires evidence of the proportion of olfactory

and respiratory cilia in the sample referred to as respiratory cilia in this thesis.

Enrichment of olfactory marker protein and p-tubulin III indicate that the

respiratory cilia preparation is a mixture of olfactory and respiratory cilia An

immunoblot was performed to determine how much of the lining of the nasal septum

was olfactory epithelium using a polyc1onal antibody to the olfactory marker protein

(OMP), a protein known to be localised in the neuronal processes of olfactory

receptor neurons (Margolis, 1972; Keller and Margolis, 1975).

To test the relative amounts of olfactory and respiratory epithelium in the

nasal septum sample, crude membrane preparations were made from nasal turbinates
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and nasal septum epithelium. The protocol followed was as described in Section 2.3

with equal protein loading achieved using the dot blot method (Section 2.4). The

supernatant from the final centrifugation was collected as a cytosolic fraction of the

types of epithelia and used to assess relative levels of OMP in the nasal turbinates

(olfactory epithelium) and septal epithelium (olfactory/respiratory epithelium). Serial

dilutions of the crude cytosolic fraction of the olfactory epithelium were used to test

the relationship between pixel intensity on the immunoblot and OMP concentration

(Figure 3.3.9 and Table 3.3.3). In this case, the relationship between Western blot

band intensity and OMP concentration was non-linear (Figure 3.3.10). The

immunoblot and densitometric analysis of the relative enrichment of OMP in

olfactory epithelium versus septal epithelium are shown in Figure 3.3.11 and Table

3.3.4).

As the relationship between band intensity and the relative concentration of

OMP is non-linear, the calculation of the relative enrichment of OMP in the three

samples was calculated manually using the formula of the line of best fit (Figure

3.3.10). The results show a major difference in the level ofOMP and therefore ORNs

in the membrane lining the septum and the nasal turbinates. This confirms that a

substantial amount of the septal lining is respiratory epithelium. However this does

not automatically mean that the cilia derived from the septum show the same bias

towards respiratory derivation, as the deciliation protocol was developed for

olfactory cilia and may therefore be inherently biased against the isolation of

respiratory cilia.

The inclusion of the respiratory cilia sample during the J3-tubulin III

enrichment tests provides evidence of the olfactory versus respiratory cilia

composition of the preparation derived from the nasal septum. The results (Figure
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Figure 3.3.9 Specific detection of olfactory marker protein (OMP) in serial
dilutions of the cytosolic fraction of rat olfactory epithelium

Serial dilutions of the cytosolic fraction of rat olfactory epithelium were blotted onto
nitrocellulose and probed using 1:50000 anti-OMP and 1:5000 rabbit anti-goat IgG.
The relative concentration of the protein samples are given in Table 4. The
polyclonal anti-OMP antibody was a generous gift from F. Margolis.

Lane Relative concentration Band intensity
1
2
3
4
5
6

1
0.5
0.2
0.1
0.05
o

220351
170935
96579
56299
23411
13538

Table 3.3.3 Densitometric analysis of the abundance of OMP in serial
dilutions of cytosolic fraction of rat olfactory epithelium.

I150000

~ 100000 ,

200000

50000

O~~~~--~--~~~~~--~
o 0.2 0.4 0.6 O.B

Re'atlve S81lll1e concentration

Figure 3.3.10 The relationship between relative sample concentration and
Western blot detection intensity is non-linear

The band intensity values shown in Table 3.3.3 were plotted against the relative
concentrations values. Equation of trendline: y = -235688x2 + 444491x + 10965,
r2 = 0.9957.
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Figure 3.3.11 Detection of OMP in cytosolic fractions of olfactory
epithelium (OE), respiratory epithelium (RE) and cerebral cortex

Cytosolic fractions of olfactory epithelium, respiratory epithelium and cortex
were prepared from rat tissue. Samples were separated by SOS-PAGE and
blotted onto nitrocellulose. They were subsequently probed using 1:50000 anti-
OMP and 1:5000 rabbit anti-goat IgG.

Lane Sample Relative enrichmentBand intensity
1
2
3

Olfactory cilia
Respiratory cilia
OE membrane

46433
4390
2475

90.00
1.00
1.00

Table 3.3.4 Densitometric analysis of the abundance of OMP in cytosolic
fractions derived from the olfactory epithelium, respiratory epithelium and
cerebral cortex of the rat

Relative concentration calculated using the trendline equation from Figure 3.3.10
and converted into relative enrichment.
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3.3.3 and Table 3.3.2) suggest that the ratio of respiratory cilia: olfactory cilia in this

preparation (designated as respiratory cilia) is approximately 3:1.

3.3.3 Identification of proteins unique to the olfactory cilia

From the ~-tubulin enrichment immunoblots it can be concluded that proteins present

in the olfactory cilia protein preparation are likely to be derived from the olfactory

cilia. All of the proteins present in this preparation are also likely to be found in the

respiratory cilia sample, as this is known to be a mixture of cilia of olfactory and

respiratory epithelial origins. Proteins with significantly reduced abundance (at least

three-fold decrease from ~-tubulin III enrichment evidence) in the respiratory cilia

samples compared to the olfactory samples are likely to be predominantly localised

to the olfactory cilia.

3.3.4 Protein profile comparisons

Figure 3.3.5 shows the one-dimensional SDS-PAGE separation of the enriched cilia

fractions prepared from mouse, rat and sheep nasal turbinates. From a cursory

examination of the protein profiles mouse and rat profiles appear to be similar to

each other. and both differ significantly from the profile observed in the sheep

olfactory cilia preparation. The two areas of major similarity across the protein

profiles of all three species are at -45kDa and the cluster of satellite bands'

surrounding a central, strongly abundant band corresponding to proteins 50-52kDa in

mass. A major difference between mouse and rat profiles is the presence of a highly

abundant protein at -75kDa in the mouse olfactory cilia sample.

The use of two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)

added an extra dimension of separation to gel electrophoresis, resolving proteins by
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both their isoelectric point (pl) and molecular weight. Therefore to further assess

both the number of proteins present in the cilia proteomes of the three species and the

protein profile similarities, cilia preparations were also resolved by two-dimensional

electrophoresis. Sample 2D-gels with equivalent protein loading are shown in Figure

3.3.6. The comparison of the protein resolution patterns of cilia preparations from

each of the three model species again indicated that the profiles of rat and mouse

bear great similarity to each other and differ substantially to the profile derived from

the sheep olfactory cilia. The reproducibility of the rat and sheep protein profiles are

shown in Figures 3.3.7 and 3.3.8 respectively, which show a number of gels run

using identical cilia isolation procedures and 2D separation techniques. In both cases

the protein separation profiles are reproducible particularly in the top half of gels

(>-30kDa), although the differing protein concentration means that the intensity of

some protein spots alters significantly, even to the point of absence in gels with low

protein loading levels.

As with the one-dimensional protein profiles there appears to be some

conserved areas across all model species. The upper half of each gel contains areas of

strong similarity, principally in the top left hand comer. This region of the protein

profile was also observed in a proteomic analysis of human bronchial cilia and was

reported to be composed largely of the cytsoskeletal proteins actin and tubulin

. (Ostrowski et al., 2002). These identifications were later confirmed during the cilia

proteome characterisation work described in this section. Many of the protein profile

differences occur in the lower portions of the gel corresponding to the low molecular

weight proteins «25kDa), again in agreement with one-dimensional separation

experiments.
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3.3.5 Olfactory cilia proteome characterisation

Similarity of protein profiles does not guarantee that the cilia-localised proteins in

the species are identical. Conversely, this also means that despite the major

differences observed in the sheep olfactory cilia proteome in comparison with

mouse/rat cilia suggested by protein profile analysis, the actual proteins present may

not be vastly different. Different profiles could also result from changes in individual

amino acids of proteins such that their migratory movement in both dimensions can

be significantly altered. Thus although the final positions of the proteins may differ

between species the proteins present may not. To test this observation and identify

proteins conserved across the model species, proteome characterisation work was

undertaken. To assess the proteome similarity across the model species in-gel

digestions and mass spectrometry were used to identify proteins from the rat and

sheep olfactory cilia proteomes. Rat and sheep olfactory cilia proteomes were studied

due to the observed differences in protein profiles and rat tissue preparations giving a

much greater protein yield than mouse tissue.

The definition of the olfactory cilia proteome is the collection of proteins that

are isolated by the cilia preparation method described in Section 2.3. The proteome

will thus include integral and peripheral membrane proteins but also proteins

localised to the cilia cytosol and those associated with its microtubule axoneme. It

will also potentially include extracellular proteins with sufficient attachment to the

cilia membrane surface despite initial tissue washes and buffer washes of the final

enriched cilia fraction.

The 2D-PAGE profile differences reflect substantial differences in the olfactory

cilia proteomes of rat and sheep The identifications made from 2D-PAGE

separation of rat olfactory cilia and sheep olfactory cilia (Tables 3.3.5 and 3.3.6) are
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THE ADAPTATION OF THE OLFACTORY CILIA PROTEOME .

provided with the accompanying reference 2D-gels (Figures 3.3.12 and 3.3.13

respectively). During the characterisation of the rat olfactory cilia proteome a total of

38 identifications were made, corresponding to 31 different proteins. Analysis of the

sheep olfactory cilia proteome provided 43 protein identifications comprising 31

individual proteins. A brief comparison between the proteins found in rat and sheep

olfactory cilia indicated that overall less than half of the proteins identified are

present in both. This figure includes 7 proteins that were present in different subtypes

in the olfactory cilia of the two species e.g. HSP90-beta identified in rat tissue and

HSP90-alpha in sheep cilia.

. The grey shaded rows ID the tables of identifications contain proteins

predominantly found in mitochondria or nuclei. These proteins are therefore likely to

be present in the preparations as a result of contamination rather than true

localisation to the olfactory cilia and are not discussed further in this section.

Proteins with a distribution split between mitochondrial and cytosolic pools are

classified on available information concerning isoform distribution or are designated

cytosolic by default.

Three major classes of proteins are found in both rat and sheep olfactory cilia

proteomes There are however important areas of similarity that provide evidence for

the proteins crucial to the function of olfactory cilia. The first region and set of

identifications common to both the species is located in the top left quarter of the

.gels. This area corresponded to the cytoskeletal proteins, including actin, tubulin and

in rat olfactory cilia keratin. The shared 2D-gel migration characteristics were the

result of highly conserved protein sequences as indicated by the similarity of the

peptide mass fingerprints (Figures 3.3.14 and 3.3.15).
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THE ADAPTATION OF THE OLFACTORY CILIA PROTEOME

A second area of similarity was another category of proteins that dominate

the putative olfactory cilia proteome identifications: cellular detoxification and

defence proteins. This category includes heat shock proteins (HSP 90 subtypes,

HSP70kDa protein 5, heat shock protein 8), subunits of the biotransformation

enzyme glutathione-S-transferase (GST Yb2 and Ml), antioxidant enzymes

(superoxide dismutase, peroxiredoxin 6 (also called antioxidant protein 2) and

thioredoxin peroxidase 11). An addition to this group is the aldehyde dehydrogenase

enzymes. Whilst some subtypes are predominantly localised to mitochondria, other

cytosolic forms playa key role in the protection of the cell from potentially cytotoxic

aldehyde compounds.

The third group of proteins found in the olfactory cilia of both rat and sheep

are metabolic proteins. These proteins include glycolysis enzymes such as enolase.

Other proteins involved in different areas of metabolism are aldehyde reductase,

cytochrome b5 and the accompanying cytochrome b5 reductase, creatine kinase and

malate dehydrogenase 1. The presence of cytochrome b5 is particularly prominent in

sheep olfactory cilia, appearing from visual analysis of the 2D-gels to be one of the

most abundant proteins in the preparation.

Annexins are exclusively present in sheep olfactory cilia Annexins are a family of

proteins widely expressed in eukaryotes that exhibit calcium-dependant

phospholipids-binding properties (Benz and Hofmann, 1997). During the

characterisation of the proteins found in the 2D-PAGE separation of the sheep

olfactory cilia proteome, 10 identifications of annexin subtypes were made from

proteins spots spread across the width of the gel at 35-40kDa. In comparison, no

annexins were identified in the rat olfactory cilia preparation and with the exception

of annex in V, there were no unidentified protein spots in an equivalent position on
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THE ADAPTATION OF THE OLFACTORY CILIA PROTEOME

the rat olfactory cilia 2D-gel. The absence of annexin subtypes I and II in rat

olfactory cilia is considered to be significant as they are present at a relatively high

abundance in the sheep olfactory cilia preparation and form a prominent part of the

overall protein profile. The presence of annexins may therefore represent an adaptive

difference between the olfactory systems of the two species.

3.3.6 Mouse olfactory cilia characterisation

Detailed proteome characterisation of enriched mouse olfactory cilia preparations

was not undertaken due to the striking similarity of the protein profile with that of the

rat olfactory cilia. However there is one substantial difference between the olfactory

cilia preparations of the mouse, rat and sheep: a cluster of highly abundant proteins

present exclusively in mouse olfactory cilia preparations. This difference is easily

discernable in both the ID and 2D protein profiles shown in Figure 3.3.5 and Figure

3.3.6 respectively although the apparent mass suggested by the gels differs from

-75kDa in SDS-PAGE separation (hence designation of these proteins as the 75kDa

cluster) to -90kDa in 2D-P AGE. This 75kDa cluster and was repeatedly found in the

analysis of the mouse olfactory cilia proteomes of four different inbred strains

(Figure 3.3.16). This demonstrates that the cluster is not specific to an individual

strain.

The 75kDa cluster is magnified in Figure 3.3.17. The cluster appears as a row

of proteins with identical ;mass but differing pIs. Suggesting that these proteins may

be closely related in sequence and potentially isoforms of a single protein. In-gel

tryptic digestions were performed on three spots of the cluster indicated in Figure

3.3.17, alongside the resulting MALDI spectra. Despite the differences in the peak

heights, the spectra of digests d5 and d7 are very similar and both share little

similarity with the d3 spectrum. d5 and d7 are therefore likely to be the isoforms of a
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Figure 3.3.16 Two-dimensional gels of olfactory cilia preparations from
different strains of in-bred mice demonstrate that the 75kDa cluster appears
reproducibly and is not strain-specific

Enriched olfactory cilia fractions were prepared from nasal turbinates dissected
from two mice of each strain. Isoelectric focussing was performed using 7cm pH 3-
10 (linear) IPG strips. The second dimension was run using 7cm mini-gels. The
boxed regions in each gel surround the 75kDa cluster.



1.1')
"C

",,,

~~~

e
l-e....
III:s
U
ca
C~
It)....
Il)
.c:....
Eo
I-....
IIIc:
"0;....ee,

....o
III
"en
>-
iUc:
<C



THE ADAPTATION OF THE OLFACTORY CILIA PROTEOME

single protein whilst d3, with a very different peptide mass fingerprint is more

distantly related if similar at all.

75kDa cluster contains two proteins related to rat RYF3 Searching the peptide lists

against the on-line non-redundant NCBI database (www.ncbi.nlm.nih.gov) failed to

identify d3 but provided conclusive identifications of d5 as Similar to RIKEN cDNA

5430413KlO (MOWSE score 73/61) and d7 as RIKEN cDNA 5430413KI0

(MOWSE score 78/61); two proteins sequences predicted from the computational

analysis of the Mus musculus genome and analysis of mouse cDNA sequences

respectively (Strausberg et al., 2002; Kawai et al, 2001). The spectra used to identify

d5 and d7 are shown in Figure 3.3.18 and 3.3.19.

The predicted mass of these proteins (from primary sequence) is 62.8kDa for

RIKEN cDNA 5430413KI0 and 67.3kDa for Similar to RIKEN cDNA

5430413KI0, lower than the apparent mass value estimated from SDS-PAGE

analysis (Figure 3.3.5). This mass discrepancy may be evidence of covalent post-

translational modifications to these proteins. To gain functional information about

these proteins, they were searched against a non-redundant on-line protein database

using the BLAST protein-protein search tool (www.ncbLnlm.nih.govIBLAST,
. _. -

Altschul et al., 1997). Searches of the protein sequences of both RIKEN cDNA

5430413KI0and Similar to RIKEN cDNA 5430413KI0 gave identical results

(Figure 3.3.20) identifying significant similarity between these 'proteins and an

unnamed protein product (Mus musculus), vomeromodulin (Rattus norvegicus) and

probable ligand-binding protein RYF3 (RYF3) (Rattus norvegicus). Alignments of

the protein sequences from the BLAST search results are shown in Figure 3.3.21.

The alignments show that there is extensive sequence similarity between the RIKEN

cDNA 5430413KI0, Similar to RIKEN cDNA 5430413KI0, unnamed protein
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Figure 3.3.21 Alignments of the protein sequences from proteins with
significant homology to RIKENcDNA 5430413K10

The protein sequences of the proteins proposed to have significant sequence
homology according to the BLAST search results were acquired from the NCBI
protein database (www.ncbi.nlm.nih.gov) in FASTA format. The sequences were
then pasted into the web-based BCM searchlauncher protein alignment tool
(searchlauncher.bcm.tmc.edu/multi-align.html, Smith et al., 1996).Sequences were
then aligned using the CLUSTAL W1.8 alignment method. RIKEN cDNA refers to
RIKEN cDNA 5430413K10. Proteins with the prefix "sim" are designated as similar
to the given protein.



Vomeromodulin 1
RlKEN cDNA 1
sim.RlKEN cDNA 1
unnamed 1
RYF3 1
dJ1187J4.3 1
sim.dJ1l87J4.2 1
dJ1l87J4.2 1
consensus 1

Vomeromodulin 1
RIKEN cDNA 1
sim.RlKEN cDNA 1
unnamed
RYF3 1
dJ1l87J4.3 1
sim.dJ1l87J4.2 81
dJ1l87J4.2 1
consensus 81

Vomeromodulin 1
RlKEN cDNA 1
sim.RlKEN cDNA 1
unnamed 1
RYF3 1
dJ1l87J4.3 1
sim.dJ1l87J4.2 161
dJ1l87J4.2 1
consensus 161

Vomeromodulin 1
RlKEN cDNA 18
sim.RlKEN cDNA 18
unnamed 18
RYF3 9
dJ1l87J4.3 1
sim.dJllB7J4.2 241
dJ1l87J4.2 13
consensus 241

Vomeromodulin 1
RlKEN cDNA 75
sim.RlKEN cDNA 75
unnamed 75
RYF3 66
dJ1187J4.3 1
sim.dJ1l87J4.2 321
dJ1l87J4.2 72
consensus 321

Vomeromodulin 1
RlKEN cDNA 155
sim.RlKEN cDNA 155
unnamed 155
RYF3 144
dJ1187J4.3 1
sim.dJ1187J4.2 399
dJ1187J4.2 150
consensus 401

Vomeromodu1in 1
RlKEN cDNA 235
sim.RlKEN cDNA 235
unnamed 235
RYF3 224
dJ1187J4.3 1
sim.dJl187J4.2 462
dJ1l87J4.2 192
consensus 481

Vomeromodu1in 1
RlKEN cDNA 315
sim.RIKEN cDNA 315
unnamed 315
RYF3 304
dJ1l87J4.3 1
sim.dJ1l87J4.2 531
dJ1187J4.2 195
consensus 561

MEAVGLRSFSFRDQIWEGKKTSVVPLTPCAFLVTQVLAKRMLLLWMSLLAGRCCPRPRGRPSTYSAFRGQESVGNSSDLF

SEHYTLDCMLSLPVTGARSKGVAVLDHLPFVGKRLSKKSSGLDLSQQIRILTPHRVTEAWPGHTNILHASHRLVIEDAKR

~FWL~CSmSTPARSSTWTPRUlHwELRKAIFSQCLHLFCCNFTQASSQSRGSIQLT9NTpomPTVRLoBETI
Avl!AVE~EBmoRPsIIP~PVR~LP-G------------SLS--------VS~PLTGiYPART~P

PAARYFLSSDKLIDYL~STLPPQIEDMVKCD
PAARYFLSSDKLI8YL STLPPQIEDMVKCD
PAARYFLSSDKLIDYL STLPPQIEDMVKCD
PAARYFLSSDKLO·YL S LPPQIEDMVKCD

~-----------KNAIIEQLIIGIQ.E~sIKSTTTIoIDH~TTUlFD~~SSGSSHSNTFRTTS---------------L1G--------------------------------------------------------------

--------------------------------------------------------------------------------
P---~-----------------------------------------------------------------------------------------------------------------------------------------------------------



Vomeromodulin 1
RII<ENcDNA 395
sim.RlKEN eDNA 395
unnamed 395
RYF3 380
dJ1l87J4.3 1
sim.dJ1l87J4.2 532
dJ1l87J4.2 195
consensus 641

Vomeromodulin 1
RlKEN eDNA 474
sim.RlKEN cDNA 475
unnamed 475
RYF3 380
dJ1l87J4.3 1
sim.dJllB7J4.2 532
dJ1187J4.2 195
consensus 721

Vomeromodulin 54
RIKEN cDNA 547
sim.RlKEN eDNA 555
unnamed 547
RYF3 434
dJllB7J4.3 56
sim.dJl187J4.2 591
dJllB7J4.2 252
consensus 801

FSYQVNTARISPKGLVILYCAKANIGNKTVPVPGGRLPPDPKNASIAVTISSTTLKTLVKEVAKNSSVQMDGLEAQITH-
FSYQVNTARISPKGLVILYCAKANIGNKTVPVPGGRLPPDPKNASIAVTISSTTLKTLVKEVAKNSSVQVSVLHQPQMDG
FSYQVNTARISPKGLVILYCAKANIGNKTVPVPGGRLPPDPKNASIAVTISSTTLKTLVKEVAKNSSVQMDGLEAQITHI

B~YII!D SS~L:E1LLRSNDLQAAS----------------------------------
~Y I SS L LMKSIDLQAAS----------------------------------
FNGTYNIPE SS L LMKSLSLSQFLQCLTEGMSAVVHKGSSYSHSFIWNLSAAITTSQP
-_--------------------------------------------------------------------

JLIS:ic~;;lIp~iDEE;~;;;;~~~*-----:::::::::::::::::::::::::::::::::::::::::::
TIT RIilI PAT TSPRTVGArilP R--------------------------------------------

TVESMKST --D ArOrAFI --------------------------------------------
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product and probable ligand-binding protein RYF3. The high level of sequence

conservation between these proteins shows that these are all very closely related

proteins likely to share a common function. The presence of a C-terminal domain

with extensive homology to vomeromodulin, a putative pheromone-transporter

(Khew-Goodall et al., 1991; Krishna et al., 1995), suggests that these proteins may

be involved in olfactory and/or vomeronasal peri receptor processes.

The result ranked seventh in the BLAST search was a human keratin protein,

keratin 9. This was one of several hits for keratin subtypes with E values<0.05, the

commonly used probability threshold for significance. The sequence similarity is

confined to residues 130-200 and this glycine-rich region of the Similar to RIKEN

cDNA 5430413K10 proteins aligns to the N-terminal and C-terminal globular

domains of keratin (Figure 3.3.22). This localised abundance of glycine residues

could play an important role in protein structure as these amino acids allow the

polypeptide chain to adopt unusual conformations (Branden and Tooze, 1999).

Localisation of Similar to RIKEN 5430413Kl0 gene To determine chromosomal

localisation and whether multiple genes for the RIKEN cDNA 5430413KlO proteins

exist, the cDNA sequence for Similar to RIKEN cDNA 5430413KIO was searched

against an on-line Mus musculus genome database (Figure 3.3.23). This search

resulted in 30 putative sequence alignments ranging in length from 40-505bp, all of

which were located on chromosome 2. Seven overlapping contigs with an average

sequence identity of 95.9% cover the sequence of almost the entire protein. The

coding sequences are expected to be fragmented as the DNA search sequence is

derived from a translation of mRNA and as such does not contain introns.

The contigs with homology to Similar to RIKEN cDNA appear to exist in

pairs of sequences in separate regions of the genome sequence and with slightly

q7



~>giI455770SlrefINP 000217.11 II keratin 9 [Homo sapiens]
gilS477481splP3S5271K1CI HUMAN II Keratin, type I cytoskeletal 9 (Cytokeratin 9)
gil21192361pirllI37984 keratin 9, type I, cytoskeletal - human
gi14531551emb1CAA52924.11 II keratin 9 [Homo sapiens]
Qi15452571ob1AAC60619.11 'II cytokeratin 9; CK 9 [Homo sapiens]

Length a 622

Score ~ 42.7 bits (99), Expect ~ 0.004
Identities· 43/170 (25~), Positives - 66/170 (36%), Gaps - 33/170 (19%)

Query: 137 GGEGGGLG---IGGLLGNEGNGDSSKPSSGSKATGGLGQLIPGGIPGTEALGGLLNLGGD 193
GG GGG +GG G G G ++GG G GG G G GG

Sbjct: 74 GGSGGGFSASSLGGGFGGGSRGFGGASGGGYSSSGGFGGGFGGGSGGGFGGGYGSGFGGL 133

Query: 194 KSSGKGLLNGDG----------LSKIKKPLEDAVENVSGIKDA-------IQEKVNEVVP 236
G G GDG + ++ L ++ V +++A IQ+ ++ P

Sbjct: 134 GGFGGGAGGGDGGILTANEKSTHQELNSRLASYLDKVQALEEANNDLENKIQD~YDKKGP 193

Query: 237 DGIKEPLNDVLKH--DIKDTLLELKVG-----------QVTLDDHEINHE 273
I++ + D+KD +++L VG ++TLDD I E

Sbjct: 194 AAIQKNYSPYYNTIDDLKDQIVDLTVGNNKTLLDIDNTRHTLDDFRIKFE 243

Score - 39.7 bits (91), Expect - 0.035
Identities a 29/70 (41%), Positives - 31/70 (44\), Gaps - 1/70 (1%)

Query: 137 GGEGGGLGI-GGLLGNEGNGDSSKPSSGSKATGGLGQLIPGGIPGTEALGGLLNLGGDKS 195
GG GGG G GG G+ G G S SG GG G GG G + G N GG

Sbjct: 503 GGYGGGSGSRGGSGGSYGGGSGSGGGSGGGYGGGSGGGHSGGSGGGHSGGSGGNYGGGSG 562

Query: 196 SGKGLLNGDG 205
SG G G G

Sbjct: 563 SGGGSGGGYG 572

Figure 3.3.22 The amino acid region bearing sequence homology to
keratin proteins is rich in glycine resiudes

The alignment shown was produced during a sequence homology search using
the BLAST tool and shows the region of homology between Similar to RIKEN
cDNA 5430413K10 (Mus musculus) and keratin 9 (Homo sapiens).
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differing % identities. These are likely to represent sequences aligning to "Similar

to ... " and RIKEN cDNA itself, which shares 97% amino acid identity with Similar

to RIKEN eDNA in its translated form. The homologous sequences are confined to a

single chromosome, chromosome 2 and are found in the I56.I-I56.2Mb region.

Interestingly this is almost immediately downstream of a group of putative ORF

sequences that include the protein Plunc, a secretory protein expressed in the nasal

cavity of rats (Sung et al., 2002).

3.3.7 2D-protein profiles of rat olfactory and respiratory cilia are almost identical

Equal protein concentrations of enriched cilia preparations from respiratory and

olfactory cilia were resolved by 2D-PAGE (Figure 3.3.24). The resulting protein

profiles are incredibly similar, to the extent that almost all proteins appear to have

corresponding spots in both gels. Additional 2D-PAGE separations of rat respiratory

cilia preparations are shown in Figure 3.3.25 and as observed with rat olfactory gels

the majority of profile variation is a product of the differing protein loadings. The

protein identifications and corresponding reference 2D-gel are shown in Table 3.3.7

and Figure 3.3.26. Characterisation studies on the rat respiratory cilia proteome lead

to the identification of 39 discreet 2D-PAGE spots corresponding to 37 individual

proteins. These identifications are not identical to those listed for olfactory cilia due

to differences in the protein spots identified in the two analyses. Although every

attempt was made to analyse the corresponding spots in both preparations the

identification of proteins from both was not always possible i.e. significant

identification scores were not always obtained for both samples. Where

identifications were made from equivalent protein spots in respiratory and olfactory

gels, 11 out of 15 identifications were identical. Therefore it can be reasonably
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Karyotype diagram

III
Sequence alignment results

Quer~Tlal GenomelTlal
start End on NaMe start

342 846 +
342 846 +
60 341 +
60 341 +
1285 1507 +
1285 1507 +
906 1117 +
906 1117 +
1469 1612 +
1469 1612 +
1853 1978 +
1853 1978 +
674 952 +
674 952 +
1050 1191 +
1050 1191 +
1772 1857 +
1772 1857 +
1248 1385 +
1248 1385 +
1612 1697 +
1612 1697 +
1452 1787 +
1 133 +
1712 1788 +
1 133 +
1186 1249 +
1186 1249 +
1672 1711 +
1672 1711 +

~rrd

Chr:2 156156717 156157221 +
Chr:2 156107340 156107844 +
Chr:2 156154780 156155061 +
Chr:2 156105404 156105685 +
Chr:2 156161600 156161830 +
Chr:2 156112221 156112451 +
Chr:2 156158132 156158337 +
Chr:2 156108753 156108958 +
Chr:2 156162370 156162512 +
Chr:2 156112991 156113133 +
Chr:2 156165303 156165428 +
Chr:2 156115904 156116029 +
Chr:2 156157353 156157635 +
Chr:2 156107974 156108256 +
Chr:2 156158992 156159133 +
Chr:2 156109613 156109754 +
Chr:2 156165057 156165142 +
Chr:2 156115653 156115738 +
Chr:2 156160274 156160409 +
Chr:2 156110895 156111030 +
Chr:2 156162669 156162758 +
Chr:2 156113290 156113379 +
Chr:2 156164000 156164333 +
Chr:2 156152663 156152796 +
Chr:2 156114875 156114952 +
Chr:2 156103290 156103423 +
Chr:2 156159475 156159538 +
Chr:2 156110096 156110159 +
Chr:2 156162975 156163013 +
Chr:2 156113596 156113634 +

statslTlal
on Score E-I/a/ 96!D Length

2525 2.4e·292 100.00 505
2507 1.6e·289 99.60 505
1410 2.4e·292 100.00 282
1374 1.6e·289 98.58 282
884 1.2e·289 89.66 232
875 2.0e·286 89.22 232
799 2.4e·292 88.21 212
799 1.6e·289 88.21 212
660 2.4e·292 95.83 144
651 3.ge·2S995.14 144
630 2.4e·292 100.00 126
612 8.2e·285 98.41 126
552 1.5e·201 70.10 291
543 1.5e·19969.76 291
435 2.3e·273 79.86 144
426 1.5e·270 79.17 144
412 2.4e·292 97.67 86
394 1.3e·285 95.35 86
369 2.4e·292 77.30 141
369 1.6e·289 77.30 141
363 2.4e·292 92.22 90
363 3.ge·289 92.22 90
336 2.1e·26562.15 354
322 5.0e·241 71.64 134
321 2.4e·282 91.03 78
313 1.3e·24O70.90 134
293 2.4e·292 95.31 64
284 1.6e·2S9 93.75 64
167 7.1e·281 92.50 40
158 3.0e·277 90.00 40

Figure 3.3.23 30 genomic sequences share significant homology to the Similar
to RIKEN cDNA 5430413K10 cDNA sequence

The cDNA sequence for Similar to RIKEN cDNA 5430413K10 was searched against
the Ensembl mouse genome sequence database at www.ensembl.org. The highlighted
area of the karyotype diagram indicates the region of chromosome 2 which contains
the homologous sequences. %ID values report the levels of sequence identity between
aligned sequences. E value provides a probability value for the significance of the
sequence alignment.

http://www.ensembl.org.
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Figure 3.3.24 Two-dimensional protein profiles of rat olfactory cilia and
rat respiratory cilia

2D-gels performed using 11cm pH3-10 (non-linear) IPG strips and the large
format second dimension gel system.
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Figure 3.3.25 Two-dimensional gels of multiple preparations of rat
respiratory cilia show the reproducibility of the protein profile

Isoelectric focussing of enriched rat respiratory cilia preparations was
performed using 11cm 3-10 (non-linear) IPG strips. The second dimension
was run on large format gels (final acrylamide/bisacrylamide concentration
10%) . The boxed region indicates the position of the protein identified as OSP
during cilia proteome characterisation. All gels images are oriented as shown
for the top layer of gels, with pH increasing left-ta-right and molecular mass
decreasing top-to-bottom.
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THE ADAPTATION OF THE OLFACTORY CIUA PROTEOME

predicted that even In the absence of definitive identifications for all proteins,

corresponding protein spots represent the same protein in the respiratory and

olfactory cilia preparations.

Proteins identified in rat respiratory cilia preparations fall into the same broad

categories as proteins identified in olfactory cilia of sheep and rat The proteins

identified in the different cilia types analysed here can be grouped into six broad

categories: cytoskeletal and associated proteins, signal transduction proteins, cellular

detoxification proteins, extracellular proteins, vesicle/protein trafficking proteins and

metabolic proteins (Table 3.3.8). In all cilia types the dominating groups of proteins

are functionally associated with the cytoskeleton and cellular protection systems,

required to maintain the structure and viability of the cilia throughout constant

exposure to the external environment. It is notable that the bias towards cytoskeletal-

associated and cellular detoxification proteins is much greater in the partially

characterised olfactory cilia proteomes than in the respiratory cilia.

The other major group of proteins identified was the metabolic enzymes.

These constitute approximately 2% in sheep olfactory cilia and 11% in rat olfactory

and 12% respiratory cilia (percentage values given to nearest integer). This may

indicate increased levels of mitochondrial contamination in rat cilia preparations as

some of these proteins e.g. malate dehydrogenase have both cytosolic and

mitochondrial pools, potentially associated with the tissue damage sustained during

the dissection/deciliation procedures utilised.

Odorant-binding protein identified in respiratory cilia Odorant binding protein 1F

was among the identifications made from rat respiratory cilia preparations. As shown

in Figure 3.3.26 (identifications reference gel) this protein is resolved by 2D-PAGE
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THE ADAPTATION OFTHE OLFACTORY CIUA PROTEOME

into a narrow band with pI values "",5and an approximate molecular weight of 23kDa

(slightly greater than the predicted mass). The protein band identified as OBP has a

putative counterpart in only one of the rat olfactory cilia gels (top-left corner gel in

Figure 3.3.6). This is in stark contrast to the aBP occurrence patterns in respiratory

cilia which whilst not absolutely constant is present on 7 of the 9 2D-PAGE gels

shown in Figure 3.3.19 (circled).

The precise function(s) of these proteins have not yet been determined

however the occurrence of OBPs in association with respiratory but not olfactory

cilia may be indicative of a non-sensory role for these proteins in the main olfactory

system of the rat. A chemosensory role in the accessory olfactory system however

cannot be discounted.
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THE ADAPTATION OF THE OLFACTORY CILIA PROTEOME

3.4 Discussion

3.4.1 Preparation of enriched ciliafractions

The most important requirement for studying the adaptation/specialisation of the

olfactory cilia proteome was the ability to prepare an enriched fraction of cilia of

proven relevance. In the present study, enriched cilia fractions were prepared from

nasal turbinate tissue or the nasal septum using the calcium shock method of

deciliation. This basic method, with various adjustments, was developed during the

1980s and has been used to isolate cilia from a variety of species including rainbow

trout (Rhein and Cagan, 1980), catfish (Boyle et al., 1987), frog (Anholt et al., 1986;

Chen et al., 1986a) and rat (Sklar et al., 1986). These methods all advocated the use

of 10mM eaCh (final concentration) for deciliation as was used here, the actual

protocol utilised was from Sklar et al. (1986). This method was used for the isolation

of olfactory cilia from the nasal turbinate tissue of rat, mouse and sheep and also for

the preparation of enriched respiratory cilia fractions from rat septal membrane. The

application of the same deciliation protocol for the preparation of olfactory and

respiratory cilia has been reported in the literature (Chen et al., 1986a) and cilia

isolation appeared to be effective in both cases. The precise levels of olfactory and

respiratory cilia enrichment were demonstrated by electron microscopy, the resulting

images indicating the presence of intact cilia in a highly vesicular preparation and by

biochemical characterisation of the relative distribution of ~-tubulin III in both cilia

preps and the respective levels of OMP found in the tissue sources for each cilia

type.

Respiratory cilia from the neighbouring anterior region of the olfactory

epithelium were used as a non-sensory control in the investigation of the sensory

adaptation of olfactory cilia. It is recognised that the nasal septum contains regions of
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THE ADAPTATION OF THE OLFACTORY CILIA PROTEOME

sensory olfactory epithelium (the septal organ and vomeronasal organ). The

deliberate use of respiratory cilia from the nasal septum rather than the trachea

(which contains no olfactory tissue) stems from the consideration that the two types

of epithelia may be adapted to different roles as they are exposed to different

environments. In contrast, olfactory and nasal respiratory epithelia have a common

developmental origin - the olfactory placodal epithelium - and are likely to share

proteins required for optimal performance in the nasal environment and control for

processes unique to the nasal cavity e.g. the chemical detoxification systems

required. The proteins involved specifically in sensory processes will be present at a

much lower abundance in the cilia preparations derived from the septum compared to

the olfactory turbinates.

As it is difficult to precisely define and dissect sensory and non-sensory

regions in the rat nasal mucosa (Nef et al., 1989) the characterisation studies were

performed using cilia isolated from the entire septum including sensory regions to

ensure the greatest reproducibility possible. This reproducibility would have been

necessary to prove sensory versus non-sensory protein distribution and any protein

profile differences. Dissection of purely respiratory epithelium from the nasal cavity

is more straightforward in larger mammals (Nef et al., 1989) and therefore any future

characterisation work on non-sensory cilia should be undertaken using tissue from

sheep or cattle, which could provide a yield of purely respiratory cilia rather than a

mixture of cilia types.

The relevance of the enriched preparations to studies of the olfactory and

respiratory cilia proteomes is also reinforced by the identification of proteins that are

known to be associated with cilia or apical membranes of epithelia e.g. HSP90 and

HSP70 (Nover et al., 1991; Williams and Nelson, 1997), ezrin (Berryman et al.,
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1993) and the high relative abundance of the cytoskeletal proteins. The low levels of

purely mitochondrial, ribosomal or nuclear proteins identified during the proteome

characterisation also reinforce the relevance and enrichment of the cilia preparation,

although it is conceded that selected metabolic proteins have not been classified as

mitochondrial on the basis that there are also cytosolic pools of the enzymes and thus

the localisation of such proteins cannot be assigned with great confidence. The

majority of proteins identified here are associated with the cytoskeleton and/or the

protection of cell viability during exposure to environmental stress.

One important consideration that has not been addressed here IS the

assessment of contamination from the microvilli of sustentacular cells In the

olfactory mucosa and non-ciliated cells of the respiratory mucosa. Many xenobiotic-

metabolising proteins are localised to the apical regions of these cell types

(Thornton-Manning and Dahl, 1997) and their presence in both olfactory and

respiratory cilia preparations is potentially indicative of microvillar contamination.

The contribution, if any of proteins derived from microvilli is very difficult to assess,

as there are to the author's knowledge, no commercially available antibodies able to

distinguish proteins from microvilli and cilia. Pixley et al. (1997) reported the

generation of a monoclonal antibody capable of specifically binding to the

membranes of microvilli on sustentacular cells, however this antibody also bound to

both the ciliated and non-ciliated cells in the respiratory mucosa. It was therefore

concluded that at present there is not an effective way of biochemically determining

the extent of contamination from microvilli in the cilia preparations used in this

work. As the olfactory cilia preparations were enriched in the neuron-specific marker

p-tubulin III, they are likely to be dominated by proteins from cilia and thus any

contamination from microvillar proteins is regarded as low level.
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3.4.2 The olfactory cilia proteome: cross-species adaptation and conservation

The comparison of the 2D protein profiles of the olfactory cilia preparations from rat

and sheep nasal turbinates indicated little similarity, the one area of exception being

the dominance of the cytoskeletal proteins in the protein profiles. This lack of

similarity is also observed in the protein identifications made from the rat and sheep

preparations. Despite the profile differences and the identification of few common

proteins (e.g. enolase, cytochrome b5, GST) the proteomes of both sheep and rat

olfactory cilia do share certain major features - they are both dominated by three

major classes of proteins: cytsoskeletal proteins, cellular detoxification proteins and

metabolic enzymes.

Cytoskeletal proteins Actin forms the cytoskeletal basis for cell movement and

shape and in epithelial cells ~-actin tends to be localised to the apical surface, hence

the abundance in ORN cilia preparations (Becker et al., 2000; Bustamante et al.,

2003). Tubulin proteins are an absolute requirement for the maintenance of the three-

dimensional structure of both cilia and flagella (Luck, 1984) and as previously cited,

both actin and tubulin were also identified in a recent proteomic analysis of human

bronchial cilia (Ostrowski et al., 2002). Keratin proteins are intermediate filament

proteins commonly found in epithelial cells to provide mechanical strength (Rhodin,

1974) and are known to be present in the olfactory epithelium (Chen et al., 1986b).

The identification of keratin proteins by enzymatic digestion procedures is

problematic in that keratin is an abundant protein that has many isoforms (two

classes containing at least 15 keratins each - Becker et al., 2000) and can be found in

many sources, not least of which is human skin. Contamination of digest samples is

therefore a major problem and determining the origin of any keratin proteins

identified by mass spectrometry is strictly required. In this work, the peptide lists
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obtained from a set of simultaneously performed in-gel digestions are filtered to

remove repeatedly occurring peptides. This processing removes any keratin

contamination found in multiple samples including keratin contamination from the

gel itself, preparation and digestion buffers and the trypsin stock. It also will exclude

any general contamination introduced by sample handling and equipment i.e. from

gloves and Gyro-Yap. It does not however guard against one-off contamination

incidents such as an individual micropipette tip containing amounts of keratin that

enable the generation of sufficient peptides for a significant Mowse score to be

obtained during the on-line searching of a peptide mass list. Whilst it is

acknowledged that this is a particular concern inwork on low abundance proteins (as

many in-gel digestions performed during this work were) if the filtering process was

not efficiently excluding contaminant keratin peptides it is unlikely that only two

keratin identifications would have been made throughout the proteome

characterisation work. In the keratin identifications made, the gel plug was taken

from a region of perhaps the highest protein concentration on the gel. It is also likely

from the identifications made from the immediately surrounding areas, that a sample

protein potentially masked by the presence of contaminating keratin peptides would

be a tubulin isofonn; a protein that is not only abundant enough to not be masked by

low level keratin contamination but is also shown by multiple in-gel digest

experiments to generate sufficient tryptic peptides to allow its significant

identification.

Whilst the identification of keratin in this case is considered to be genuine,

immunohistochemistry indicates these proteins are unlikely to be present at high

levels in the olfactory cilia (Chen et al., 1986b). Therefore the most likely derivation

of the keratin found in rat olfactory cilia preparations is from cellular damage
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sustained during the initial dissection procedures and/or the deciliation process,

where keratin has subsequently adhered to the cilia vesicle preparation/been

encapsulated during cilia dissociation.

Cellular detoxification proteins These proteins all have a protective function in the

cell whether by the chemical transformation of odorant molecules to compounds that

can be metabolised and removed from the cell by GST (Ben-Arie et al., 1993),

protection against oxidative stress by peroxiredoxins (Amer and Holmgren, 2000;

Fatma et al., 2001; Wang et al., 2003b) or heat shock proteins induced by multiple

stress factors e.g. high levels of ethanol, amino acid homologues, certain heavy

metals (Burden et al., 1990).

Heat shock proteins The presence of heat shock proteins in olfactory cilia may not

be the result of induction but of constitutive expression in eukaryoticlhigher

organism cells e.g. HSP70 and HSP90 (Kabakov and Gabai, 1997). The naming of

these families belies the variety of functions that these proteins perform in the cell.

By virtue of different binding partners, the HSP90 and HSP70 family members are

involved in the regulation of cytoskeleton dynamics, cell shape, protein transport and

protein sorting (Lindquist and Craig, 1988). The role of these proteins in nasal cilia is

likely to be protective, ensuring that the effects of constant contact with the external

environment do not adversely affect the cellular functions of the epithelial cells.

Heat shock proteins may also be present in cilia due to putative roles in the

formation and maintenance of microtubular structures (Williams and Nelson, 1997).

Heat shock proteins are known to be associated with microtubules and the

intermediate filament cytoskeleton, binding to tubulin and actin respectively (Nover

et al., 1991; Williams and Nelson, 1997). Specific association of heat shock proteins

with the ciliary axonemes has also been observed in the cilia of Tetrahymena

·106



THE ADAPTATION OF mE OLFACTORY CILIA PROTEOME

thermophila and human bronchial epithelium (Williams and Nelson, 1997;

Ostrowski et al., 2002). In the bronchial cilia characterisation, four types of heat

shock protein were identified from 2D-PAGE gels (Ostrowski et al., 2002), a result

consistent with the multiple proteins observed in both olfactory cilia in rat and sheep

and also in the nasal respiratory cilia.

Biotransformation/antioxidant enzymes The major biotransformation enzyme

observed in the olfactory cilia of rat and sheep was glutathione-S-tranferase (GST).

GST is a phase II biotransformation enzyme that conjugates glutathione to its

substrates as part of a process that increases the solubility of hydrophobic substrates

and aids in their inactivation and clearance (Ben-Arie et al., 1993). Its active form is

a homo- or heterodimer a of 25kDa subunits. The GST subunits Ybl and Yb2

identified in rat olfactory and respiratory cilia are the most abundant subunits

observed in the olfactory epithelium (Ben-Arie et al., 1993). Whilst it was shown

that GST is present in the sustentacular cells surrounding the ORNs (Reed et al.,

2003), the resolution of the microscopy images shown was not sufficient to

distinguish the dendritic processes of ORNs or their terminal knobs and cilia.

Therefore expression in ORNs cannot be ruled out. Expression in ORNs in addition

to sustentacular cells would also explain the broad apical and narrower basal

localisation reported by Ben-Arie et al. (1993). This latter report argues the case for
..

GST expression in sustentacular cells alone citing the presence of GST in glial cells

of the brain but not neurons. Itmust however be remembered that ORNs are sensory

neurons exposed to the external environment and are therefore more likely to be

directly exposed to potentially harmful molecules than the neurons of the central

nervous system. This consideration explains why ORNs are likely to contain GST

within their dendritic cilia - the region exposed to the external environment, and also
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explains the requirement for multiple transformation enzymes and stress-response

proteins.Antioxidant proteins are recruited by cells to prevent irreparable damage

caused by reactive oxygen species originating from both the external environment

and generated cellular signalling processes and metabolism (Arner and Holmgren, -

2000, Reed et al., 2003). Superoxide dismutases are a family of antioxidant proteins

that protect the cells from the effects of superoxide anions. The superoxide dismutase

form identified in both the rat and sheep olfactory cilia is the Cu/Zn-binding

cytosolic form of the enzyme which has been demonstrated to be present in the nasal

mucosa of rats, mice and humans (Reed et al., 2003). The other major group of

antioxidant proteins observed in the olfactory cilia preparations is the peroxiredoxins,

which aid in the clearance of reactive oxygen species by catalysing the reduction of

hydrogen peroxide. Subtypes of peroxiredoxin 6 (also known as antioxidant protein

2) a thiol-specific antioxidant, are commonly found in areas that exhibit high cell

turnover rates including the olfactory and respiratory epithelia. Furthermore the

localisation of these proteins to olfactory cilia has been previously reported proteins

(peshenko et al., 1998; Novoselev et al., 1999).

The olfactory cilia of both rat and sheep therefore contain a large number of

proteins designed to provide protection from potentially cytotoxic chemicals. and

other stresses that may result from their exposure to the external environment. These

proteins include both the classical stress-induced heat shock proteins and an array of

powerful antioxidant and biotransformation enzymes including some more

commonly associated with hepatocytes than neurons (Ben-Arie et al., 1993). This

high proportion of proteins devoted to cellular protection may also be supplemented

from the unlikely source of metabolic proteins.
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Metabolic proteins Aldehyde dehydrogenase, enolase and cytochrome b5 are

present in both rat and sheep olfactory cilia preparations and they are all present at

levels comparable with the majority of proteins in the protein profiles. The number

of metabolic proteins present in almost equal abundance to the proteins reviewed

above raises questions as to the possible source and functions of these proteins.

Certainly if these metabolic enzymes are a form of contamination it calls into sharp

question the purity of the preparations. Yet the olfactory cilia preparations show a

ten-fold enrichment of the cilia-associated protein p-tubulin III over a crude

membrane preparation, itself an insoluble cellular fraction. Therefore the number of

contaminating cytosolic proteins not genuinely associated with the cilia should be

minimal.

Selected enzymes including carboxylesterases and aldehyde dehydrogenase

subtypes are present in the olfactory and nasal respiratory mucosa as xenobiotic-

metabolising enzymes (Thorton-Manning and Dahl, 1997). The increased levels of

these and other metabolic proteins may also govern the rate-limiting steps in a

particular set of reactions, enhancing certain metabolic pathways in ORN dendrites

according to their requirements. These enzymes could therefore provide additional

options for metabolic pathways e.g. the enrichment of transketolase, an enzyme

linking the pentose phosphate and glycolysis pathways in the mouse cornea, allows

the adaptation of cellular metabolism to changing requirements (Sax et al., 1996).

However metabolic enzymes could also play an additional role in the cell and it may

be this secondary function that results in the observed abundance and localisation.

There are precedents for the dual roles of selected metabolic enzymes in the

visual system and specifically the lens and corneal epithelia. In the corneal

epithelium, 30-40% soluble protein is class III aldehyde dehydrogenase, one of the
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abundant metabolic enzymes identified in all cilia types. This is perhaps a much

greater abundance level than would be expected for a solely metabolic role and

indeed it has been hypothesised that in the cornea soluble proteins are recruited to

fulfil an additional structural function in the establishment of a refractive index

(Cuthbertson et al., 1992; Sax et al., 1996). Aldehyde dehydrogenase is not the only

enzyme recruited as a so-called enzyme-crystallin. Others include enolase and GST

(Cuthbertson et al., 1992), again observed in both rat and sheep olfactory cilia

preparations. These three proteins are also found in respiratory cilia and therefore

appear to be over-expressed (according to expected metabolic requirements) in both

sensory and non-sensory epithelia. Although it is deeply unlikely that these proteins

are being recruited to the cilia of ciliated cells because of their refractive properties,

there are other potential roles they could play. One function could involve the

maintenance of cellular conditions e.g. pH, free ion concentration, via the

structural/chemical properties of the upregulated proteins. An alternative hypothesis

is that the catalytic properties of the enzymes may be employed to assist in the

response to and recovery from cellular stress. Aldehyde dehydrogenase III, highly

expressed in the corneal epithelium, is proposed to be part of the cell machinery

dealing with oxidative stress damage by detoxifying the aldehydes created during·

lipid peroxidation (Bilgihan et al., 1998). In animals lacking the class III subtype,

aldehyde dehydrogenase lAI (the subtype observed in sheep olfactory cilia) is

thought to play a similar role (Pappa et al., 2003).

The potential for secondary roles of metabolic proteins is under continuing

investigation in the cornea and lens epithelia. The levels of these proteins in the cilia

of both the olfactory and respiratory epithelia indicate that the nasal cavity is another
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region in which metabolic proteins could be performing multiple tasks and assisting

" in the maintenance of cilia structure and viability.

3.4.3 Evidence for cross-species adaptation in the mouse and sheep

Annexin isoforms in sheep olfactory cilia The major groups of proteins discussed in

Section 3.4.2 are common to both rat and sheep olfactory cilia proteomes. There is

however one group of proteins that forms a significant part of the sheep cilia protein

profile and yet has failed to be identified in rat olfactory cilia preparations: the

annexms.

Annexins are nearly ubiquitous in tissues of both higher and lower eukaryotes

including fish, birds, C.elegans and mammals (Benz and Hofmann, 1997). Annexins

can form up to 2% of the total protein content of a cell, are expressed in both neurons

and glial cells and are thought to play an important role in vesicle trafficking and

endocytosis courtesy of their ability to bind phospholipids in a Ca2+ -dependant

manner (Burgoyne and Clague, 1994; Schnitzer et al., 1995). In addition to

phospholipid binding, annexins are also capable of Ca2+-mediated interactions with

actin (Hamre et al., 1995) and annexin I is known to be localised to the cilia of

ciliated cells in rabbit tracheal epithelium (Mayran et al., 1996). Both annexin

subtypes I and II are known to be present in the olfactory epithelium (Hamre et al.,

1995) and in addition annex ins I, II and V were identified during" the characterisation

of the human respiratory cilia proteome (Ostrowski et al., 2002). The only surprising

thing about the occurrence of annexins I and II in olfactory cilia preparations was

their prominence in the 2D-protein profile of sheep preparations but apparent

absence in both rat cilia types investigated.
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One suggested role for annexins is in endocytosis. During the proteome

characterisation work, clathrin heavy chain and heat shock protein 8 (aka Hsc70 and

a member of the HSP70 protein family) were both found in rat cilia preparations.

This constitutes evidence of a clathrin-dependant endocytosis pathway, the main

method for receptor internalisation in eukaryotic cells (Kabakov and Gabai, 1997;

Becker et al., 2000) and the major route for olfactory receptor internalisation in

channel catfish (Rankin et al., 1999). Studies of the localisation of annexin II found

the protein to be associated with the inner surface of plasma membrane of selected

cell types, endosomes and clathrin-coated pits (reviewed by Burgoyne and Clague,

1994). Annexin II also co-localises with caveolae, a common alternative method of

protein-mediated endocytosis (Schnitzer et al., 1995). This indicates that annexin II

is not specific to one endocytic pathway and therefore the upregulation of annexins

in sheep olfactory cilia is unlikely to be a result of different endocytic mechanisms in

rat versus sheep ORNs.

Although annexin II abundance cannot be linked to a specific pathway, the

upregulation of defined annexins may reflect a greater importance for calcium in

endocytosis and/or vesicle trafficking in sheep olfactory cilia. Alternatively as ion

channel activity has also been reported for multipleannexin subtypes including I, II

and V (Benz and Hofmann, 1997), the increased abundance of annexins in sheep

olfactory cilia preparations may indicate an additional Ca2+-dependant mechanism

for ion homeostasis in the olfactory system of this species. A final note is that Ca2+

initiates many odour adaptation mechanisms (Zufall and Leinders-Zufall, 2000). This

could potentially link the increased expression of annexins I and II in sheep olfactory

cilia to a different mechanism of odorant adaptation in this species compared to rat.

Alternatively the increased expression of Ca2+-binding proteins, which potentially
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reduce the levels of free Ca2+ inside cilia, may have an adverse effect on odorant

adaptation.

75kDa cluster of proteins associated with mouse olfactory cilia preparations The

protein profiles of rat and mouse olfactory cilia were very similar, the only major

difference being a cluster of highly abundant proteins of approximate mass 75kDa

present in mouse olfactory cilia preparations. These proteins were identified by in-

gel tryptic digestion and MALDI-ToF mass spectrometry as the previously

unobserved protein products of RIKEN 5430413KI0 (NCB! accession 31982543)

and "Similar to" RIKEN 5430413KI0 (NCB! accession 38075198) sequences

derived from mouse cDNA studies. From protein sequence homology analysis these

proteins shared 97% sequence identity. They also shared 97% homology with an

unnamed protein product (Mus musculus) and 68% homology with the previously

uncharacterised probable ligand-binding protein RYF3 (RYF3, Rattus rattus). The

levels of sequence homology observed enable the characterisation of these proteins

as member of the same subfamily and suggest that these proteins share a similar

structure and function.

From SDS-PAGE analysis the RIKEN cDNA proteins have an approximate

mass of 75kDa, greater than that predicted by the protein sequence analysis and thus

highly suggestive of post-translational modifications. This modification is likely to

be glycosylation as the region homologous to RYF3 includes three putative sites for

N-linked glycosylation (Dear et al., 1991). The RYF3 protein sequence is derived

from a nasal epithelium-specific mRNA transcript, expressed exclusively in the

lateral nasal glands (Dear et al., 1991). The expression of the RIKEN cDNA

5430413KIO proteins in the lateral nasal glands of nasal cavity may also be

supported by the localisation of their genomic sequences to an area almost
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immediately downstream of Plunc, a known nasal cavity secretory protein (Sung et

al, 2002). This proximity potentially resulting in similar expression patterns for both

proteins. Another protein shown to share significant protein sequence homology with

the RIKEN cDNA 5430413KI0 proteins is vomeromodulin, an N-glycosylated

protein produced in multiple glands in the nasal cavity including the lateral nasal

glands (Khew-Goodall et al., 1991). The region of significant (71%) homology

between vomeromodulin and the C-terminal regions of the RIKEN cDNA proteins

studied, suggests a pheromone-binding function for these proteins.

From the protein identifications made and sequence homology to RYF3 and

vomeromodulin it can be deduced that the 75kDa cluster in mouse olfactory cilia

contains members of a pheromone/odorant binding family of proteins. The major

differences in the peptide mass fingerprints between the adjacent proteins d3 and d5

suggesting the existence of a diverse range of proteins within the 75kDa cluster. The

observation of these proteins in the olfactory cilia of mice suggests their high levels

. of abundance in the mucus covering the olfactory epithelium and/or that they have

specific binding partners within olfactory cilia. These proteins may therefore

represent a class of pheromone-binding proteins present and acting in the main

olfactory system of the mouse. This would represent a major adaptation of olfaction

in mice to allow the enhanced detection of pheromones by the main olfactory system.

Further investigation using immunohistochemistry and in situ hybridisation

techniques would allow the localisation and regions of origin for these proteins to be

determined. In addition, the other proteins present in the 75kDa cluster should be

identified and characterised using MALDI-ToF and/or tandem mass spectrometry

methodologies to determine whether the 75kDa cluster does indeed contain multiple

members of a novel pheromone-binding family of proteins.
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3.4.4 Sensory adaptation of cilia in the nasal epithelium

The 2D protein profiles of olfactory and respiratory cilia preparations are almost

identical indicating a high level of common proteins in sensory and non-sensory

cilia. This similarity is also reflected in the number of protein identified in both gels

and the shared categories into which the majority of protein identifications made can

be placed. It should be noted that where in-gel digestions were performed on

corresponding protein spots from olfactory and respiratory cilia preparations, the

identifications matched in 71% of cases. This means that even though the number of

shared proteins identified is perhaps not as great as anticipated, corresponding spots

in the olfactory and respiratory cilia 2D-gels are highly likely to contain the same

proteins and that the almost identical protein profiles is likely to reflect almost

identical cilia proteomes. This observation is not due to high levels of contamination

from olfactory cilia as the respiratory cilia preparation was shown to have a three-

fold lower p-tubulin III concentration than olfactory whilst retaining an identical

SDS-PAGE protein profile. In addition there is no evidence of a second, low

abundance population of proteins, which would be apparent by a lowering of protein

intensity of spots corresponding to those present in olfactory cilia preparations and

the emergence of novel protein spots in the respiratory gels.

Previous studies, using lectins and monoclonal antibodies to compare the

protein complements of olfactory and respiratory cilia, have shown a great deal of

difference between sensory and non-sensory cilia. However these were

predominantly performed on amphibians and the cilia types were dissected from

different anatomical regions: the olfactory epithelium being dissected from the nasal

chambers and the respiratory cilia prepared from palate tissue (Anholt et al., 1986;

Chen et al., 1986a). The protein differences observed are therefore as likely to be the
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result of the differing environments as differing cilia types. The common anatomical

location is perhaps the reason why so many proteins appear to be present in both the

respiratory and olfactory preparations in the rat as both cilia types are adapted for

survival in the nasal cavity.

When reviewing the similarity of the protein profiles it is necessary to take

note of the limitations of the separation procedures employed. Differences may also

lie in the low abundance proteins, which despite the use of sensitive silver-nitrate

protein staining methods may remain undetected. In addition, observations based on

2D-PAGE analysis may well indicate major conservation of proteins between

sensory and non-sensory tissue due to the reduced solubility of the proteins that may

be qualitatively or quantitatively different e.g. integral membrane proteins such as

adenylyl cyclase (Lazard et al., 1989) and olfactory receptors (Menco et al., 1997).

Additional experiments are required to specifically test whether the membrane

proteins differ between the cilia types. It is possible that due to the shared

environment, metabolic and structural requirements of cilia in the nasal cavity, the

proteins enriched in the cilia membranes may be the only differences in the cilia .

proteomes.

Odorant binding proteins were observed in respiratory but not olfactory cilia

preparations The one consistent difference observed between sensory and non-

sensory cilia types was the presence of odorant binding proteins (OBPs) in the non-

sensory respiratory cilia preparation. Odorant-binding proteins (OBPs) are low

molecular weight, extracellular proteins of the lipocalin superfamily (pes and Pelosi,

1995) and they and their homologues are associated with the olfactory apparatus of a

variety of species from Drosophila to porcupines (reviewed Eisthen, 2002).
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, .

OBPs were originally investigated as potential olfactory receptors because of

their strong binding to radioactive odorants (Pelosi et al., 1982; Pevsner et al., 1985).

Although the specific function(s) of OBPs have not yet been determined, several

roles have been proposed including the translocation of hydrophobic odorants across

the mucus layer, co-stimulation (with odorants) of olfactory receptors and the

removal of odorants both from olfactory receptor binding sites and the olfactory

mucosa entirely (Breer et al., 1994; Pes and Pelosi, 1995; Boudjelal et al., 1996)..

The putative function is changed dramatically however, if it is considered that during

the analysis of the three cilia proteomes described in this chapter, OBPs were only

identifed in rat respiratory cilia preparations.

In the case of sheep olfactory cilia preparations it is entirely possible that the

presence of OBP remains undetected in these studies. The presence of OBP in a wide

variety of species suggests that OBPs are likely to be found in sheep nasal mucus. It

is obvious from Figure 3.3.13 that not all of the proteins in the mass range -20kDa

(mass predicted for OBPs - Pevsner et al., 1985; Pes and Pelosi, 1995) have been

identified and there is no reference 2D-gel to allow educated guesswork as to the

presence of OBPs from shared protein profiles. It is therefore impossible to conclude

whether or not OBP is present in the olfactory cilia preparations of sheep.

The protein band identified as OBP occured in 7/9 2D-PAGE separations of

rat respiratory cilia in contrast to only 1192D-gels of rat olfactory cilia. The absence

of total consistency is likely to reflect the extracellular nature of this protein i.e. its

localisation to the overlying mucus. This automatically suggests that the difference in

OBP occurrence is a result of differing efficiencies of mucus removal during the

preparation of the enriched cilia fractions. To test this hypothesis, a comparison was

made of the levels of haemoglobin in the olfactory and respiratory cilia preparations.

.....
"
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If efficiency of mucus removal through tissue washing was causing the artefactual

occurrence of OBP in respiratory preparations, the levels of haemoglobin should also

be increased in comparison to olfactory cilia preparations as this protein would also

be present in the extracellular environment of the tissue post-dissection and fail to be

removed by inefficient washing. By analysis of the multiple 2D-gels shown in

Figures 3.3.6 and 3.3.19 it can be observed that the levels of haemoglobin (cluster of

spots at the very bottom right edge of the gel images) in respiratory cilia preparations

does not correspond to the presence/concentration of the OBP band. In addition, in

rat olfactory preparations where haemoglobin is in higher abundance, potentially

indicative of less efficient tissue washing, there is still no band corresponding to

OBP (the pair of spots in the lower left corner of the rat olfactory cilia gels were

identified as olfactory marker protein and cytochrome b5). This suggests that OBP

presence in respiratory cilia preparations is the result of specific interactions with the

cilia surface as opposed to inefficient mucus removal.

Immunohistochemical analysis has demonstrated that OBPs are present in

both the Bowman's glands of the lamina propria (over which the olfactory

epithelium lies) and the lateral nasal glands (Pevsner et al., 1986). The secretions

from these glands cover the surface of the olfactory epithelium" respiratory

epithelium and vomeronasal organ (Schultz, 1960; Khew-Goodall et al., 1991). This

means that OBPs are certainly exposed to both olfactory and respiratory epithelia and

therefore the lack of a band corresponding to OBP (as identified in respiratory cilia)

in the nearly all of the rat olfactory cilia 2D-PAGE protein profiles is considered to

be significant.

The first explanation for the differential presence/absence of OBPs in

olfactory and respiratory cilia preparations is that there are multiple isoforms of
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OBPs in the rat nasal cavity with specific localisations. Multiple subtypes of OBP

. within one species are certainly not uncommon (Pes and Pelosi, 1995; reviewed by

Eisthen, 2000) and it has been suggested that OBPs may interact with particular

classes or ORNs in insects (insert). It is also true that OBP subtypes may not share

high sequence identity. Mouse OBPla and OBPTh only share 58% identity (pes and

Pelosi, 1995) and this level of primary structure difference would easily account for

the lack of corresponding band in olfactory cilia preparations. It is therefore possible

.that the OBP associated with olfactory mucus has not been identified due to only

partial characterisation of the cilia proteome. This explanation does have one failing

point however, in that a band corresponding to the OBP identified in rat respiratory

cilia was observed in one of the rat olfactory cilia 2D-PAGE separations, indicating

the presence of aBP IF in the olfactory mucus under some circumstances.

An alternative explanation for the localisation patterns of aBP in the nasal

mucosa could have implications for the functions currently ascribed to these proteins.

aBP is an extracellular protein present in the mucus overlying both the olfactory and

respiratory regions of the nasal cavity. If as discussed above, the presence/absence of

OBP cilia preparations depends on specific interactions with the cilia surface, the

differential occurrence in the olfactory versus respiratory preparations could be due

to greater affinity of OBP for the respiratory cilia surface. A glycosylated receptor

for aBP in bovine nasal mucosa has been reported (Boudjelal et al., 1996) and these

authors also reported evidence of specific binding of OBPs to the respiratory but not

olfactory epithelium. The existence of a receptor/class of receptors for aBP in the

respiratory cilia would explain the more common association of OBP with the

respiratory cilia as there would be a much higher affinity interaction between the

protein and cilia surface. Non-specific binding to respiratory cilia: is discounted by
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the similar occurrence levels of BSA and haemoglobin m both types of cilia

preparation.

The potential existence of an OBP-binding receptor exclusively found in

respiratory cilia would impact upon the potential functions of these proteins. It

becomes more likely that the role of OBP in the olfactory system involves the

clearance of odorants from the overlying mucus rather than co-stimulation of

receptors. Although they may still act as facilitators for hydrophobic odorants

crossing the mucus layer, it is likely from this study's findings that their main

function is in the removal of odorants from the olfactory cilia environment.

3.4.5 Identification ofproteins by 2D-PAGE and MALDI-ToF mass spectrometry

Identification of proteins by peptide mass fingerprinting There are two key areas of

importance in identifying proteins by peptide mass fingerprinting. The first is the

filtering out of contaminant peptides (described extensively in Section 3.2) and the

second is the searching of the peptide lists against on-line protein databases.

The peptide mass fingerprinting score system is based on the likelihood that

all of the peptide masses being searched can be derived from any single protein

within the database. The inclusion of peptides from different proteins e.g. trypsin

autolysis peaks, keratin contamination, multiple co-localising proteins, makes this

matching more difficult as the probability of all peptides being derived from a single

protein is reduced. The filtering process allows the exclusion of non-peptide peak

masses 0.e. matrix -derived peaks) from the search list and also removes peptides

derived from protein contaminants introduced during either the gel separation or in-

gel digestion procedures. The filtering-out of peptides occurring in multiple samples
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also aids in the identification of co-localised proteins in cases where an additional

isoform of one of the proteins is present in another region of the gel.

Evaluation of protein identifications and database searching The protein

identifications listed inTables 3.3.5, 3.3.6 and 3.3.7 were all made according to their

MOWSE scores. This score represents the probability of the observed peptides being

derived from the suggested protein. Only identifications in which the MOWSE score

was equal to or greater than 1 were considered to be significant. This represents

protein identifications made with a 0.05 or less probability that they occurred by

chance.

The denominator of the MOWSE score is a variable property of the database

a peptide list was searched against. The relative number of entries that could be

expected from an individual species in a particular database and also the levels of

characterisation of the appropriate genome determined the choice of database. The

Rattus database contains a concentrated set of proteins characterised during the

volumes of work that have been performed using rat tissue. The large numbers of

Rattus sequences available mean that searching this database provides a good chance

to find a genuine protein match, whilst confining the search to a single species adds

an extra piece ofinfonnation about the protein i.e. animal origin.

When confining the search to protein sequences from a given species

however, the search process is biased towards proteins of only that species. Whilst'

this is unlikely to cause significant problems in a database of a well-characterised

animal such as the rat or mouse, it could potentially cause problems in other species

such as the sheep. This animal is much less studied by the biochemistry community

so there are markedly less protein entries inthe sheep dat~base compared with rat or

mouse databases. A search confined to an Ovis aries database would decrease the

. I
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chances of the identification of proteins as the number of entries is significantly

reduced. In this work, tryptic peptides from sheep proteins were searched against the

Mammalia protein database. This enabled the identification of proteins from amongst

included sheep entries but also allowed cross-species matching to identify proteins

by the similarity of their peptide mass fmgerprint to a protein from a different but

potentially related organism such as Bos taurus.

Underrepresentation of plasma membrane proteins It is clear from only a brief

survey of the proteins identified during this work that proteins involved in signal

transduction are massively under-represented. The main reasons for this could lie in

their frequent membrane-associated localisation, which while it almost guarantees '

the protein's presence in a cilia vesicle preparation often imposes solubility

restrictions. This also explains why so many major membrane-bound proteins are

demonstrably absent from the identification tables listed, including olfactory

receptors. Santoni et al. (2000) describe three major reasons for the

underrepresentation of membrane proteins: low abundance levels, pI values greater

than 8 and lack of solubility. With levels of adenylyl cyclase estimated to account

for 1% of cilia membrane surface protein (Lazard et al., 1989) and the use of

immobilised pH gradient (IPG) strips covering pH range 3-10, this leaves only two

major problems for insoluble/poorly soluble proteins: getting into a 2D-gel and being

subsequently identified by peptide mass fingerprinting.

In order to perform the first dimensional separation according to pI the buffer

must not contain an effective level of anionic or cationic detergents. This prohibits

the use of SDS in sample preparation unless samples are sufficiently concentrated

that they can withstand two orders of magnitude worth of dilution and

ultracentifugation (Fountoulakis and Takacs, 2001). Instead uncharged or
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zwitterionic detergents such as Triton X-lOO and 3,.[3-cholamidopropyl)-

dimethylammonio]-I-propane sulfonate (CHAPS) are commonly used. The

rehydration buffer in which samples are prepared for the first dimension of 2D-

PAGE also contains a high concentration of chaotropic agents. This combination of .

relatively weak (by comparison with SDS) detergents and chemicals designed to

denature proteins create significant solubility problems for any samples containing a

significant proportion of membrane proteins (reviewed by Herbert, 1999).

Solubility may also be a problem for the efficient analysis of peptides derived

from hydrophobic proteins such as membrane proteins (van Montford et al., 2002a).

The impact of this potential problem was briefly investigated by analysing the mass

and hydrophobicity properties of the peptides observed in 20 tryptic digestions of

BSA. The properties of the peptides observed in these digestions were used to set

parameters for the peptides likely to be observed by MALDI- ToF mass spectrometry.

These parameters chiefly describe the mass and hydrophobicity of potential peptides.

The hydrophobicity measure used here was the HPLC value, which represents the

theoretical elution time for a peptide passing through a hydrophobic chromatography

column and is therefore directly proportional to peptide hydrophobicity. The mass

and HPLC parameters were applied to the theoretical tryptic digests of six proteins

likely to be expressed in the olfactory epithelium: two cytosolic proteins (~-actin,

OMP), two integral membrane proteins (adenylyl cyclase III, voltage-gated K+-

channel) and two olfactory receptors (human ORIAl, rat OR5IE2). The graphical

results from this analysis are shown in Figure 3.4.1. They indicate that the

hydrophobicity of peptides generated from insoluble proteins is similar to that

generated from soluble proteins and point to the peptide mass being a greater

problem in the identification of membrane °proteins by peptide mass fingerprinting.

, '
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Human olfactory receptor lAl

Rat olfactory receptor 5lE2

Voltage-gated K+ channel

Adenylyl cyclase III

Olfactory marker protein

Beta-actin

Bovine serum albumin

Human olfactory receptor lAl

Rat olfactory receptor 5lE2

Voltage-gated K+ channel

Adenylyl cyclase III

Olfactory marker protein

Beta-actin

Bovine serum albumin

Peptide Mass

23

22

11.:1 <90008 .900-210008 D>2100Da I

HPLC value of peptides

Figure 3.4.1 The underrepresentaion of membrane proteins in the cilia
proteome characterisation may be partly due to a bias in the mass of
peptides produced during in-gel tryptic digestion of these proteins

Protein sequences for BSA (bos taurus), adenylyl cyclase III (homo
sapiens), voltage-gated potassium channel (rattus norvegicus), olfactory
marker protein (rattus norvegicus) and the olfactory receptors were obtained
from SwissProt protein database using the SRS tool available at
www.expasy.ch. Theoretical tryptic digestions were performed on the
sequences and the resulting peptides were grouped according to their mass
and HPLC scores. The data labels indicate the number of peptides falling
within each mass/HPLC range. The HPLC value is proportional to the
hydrophobicity of the peptide.

http://www.expasy.ch.
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This is a result of the limitations placed on the positions that can be adopted by

bulky, charged residues such as the lysine and arginine amino acid targets for trypsin,

in membrane proteins. As· these residues are likely to only be found in.

extramembranous regions, they are likely to have either a transmembrane section(s)

between serial lysine or arginine residues or very few amino acids between two

lysine/arginine residues, resulting in a bias in the mass of peptides to both extremes

of peptide size. This bias increases the number of peptides generated during in-gel

tryptic digestions that fall outside the working range of the MALDI-ToF mass

spectrometer used and therefore reduces the probability of a significant protein

identification being made by peptide mass fingerprinting.

There are two major approaches that could be taken In order to more

effectively compare the integral membrane proteins of the cilia preparations from rat

and sheep olfactory and rat respiratory epithelia. Both methods involve the specific

enrichment of integral/membrane-associated proteins by sodium carbonate

precipitation or Triton X-114 detergent partitioning (Bordier et al., 1981; Molloy et .

al., 2000; Wissing et al., 2000). Once membrane proteins are enriched they can be

directly treated with trypsin so avoiding any solubility problems associated with gel

electrophoresis. The resulting peptides can then be analysed and the protein of origin -

identified by multi-dimensional chromatography and tandem mass spectrometry

(Blonder et al., 2002). Alternatively the enriched membrane preparations could be

resolved by SDS-PAGE and analysed by in-gel digestion and MALDI-ToF mass

spectrometry. Modifications to the basic in-gel trypsin digestion method could then

. be introduced to avoid the potential problems of peptide mass and hydrophobicity.

Such modifications involve the use of alternative protein cleavage reagents e.g.

cyanogen bromide (Kraft et al., 2001; van Montford et al., 2002a) and the
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introduction of the detergent octyl-Bvglucoside either during enzymatic digestion

(Katayama et al., 2001) or subsequent peptide extraction (van Montford et al.,

2002b).

3.4.6 Protein conservation and the consequences/or the role of thiols in the olfactory

system

The characterisation studies of the cilia proteomes described here have not indicated

the existence of a set of proteins both conserved in the olfactory cilia and unique to

these structures. On the basis of this conclusion and according to the criterion set out

in the Introduction, these experiments have failed to highlight potential candidates

for olfactory-specific thiol sensor proteins.

Studies into the cilia proteomes have however, reinforced the importance of

thiols in the olfactory system. The commonly used laboratory thiol p-

mercaptoethanol is known to enhance the survival of multiple types of neuron in

culture including olfactory receptor neurons (Grill Jr and Pixley, 1993). The low

molecular weight thiol glutathione is known to be present as part of the cellular

detoxification system (peshenko et al., 1998). Dithiothreitol, another thiol compound

commonly used in the laboratory is one of the most potent non-physiological

activators for peroxiredoxin 6 (Novoslev et al., 1999), a thiol-specific peroxiredoxin

of which multiple isoforms have been identified in olfactory cilia. In addition thiol

transferase enzymes were observed in cilia preparations. In summary, despite the

importance of thiols in the olfactory system, no thiol sensor proteins meeting the

required criteria have been identified during the characterisation of the olfactory and

respiratory cilia proteomes.

125



THE ROLE OF EXPOSED CYSTEINE RESIDUES IN OLFACTORY CIUA

Chapter4

THE ROLE OF EXPOSED CYSTEINE RESIDUES
IN OLFACTORY CILIA

4.1 Introduction

As remarked at the end of Chapter 3, thiol groups (also referred to as SH or

sulphydryl groups) play an important role in the olfactory epithelium. Thiol groups

are found in low molecular weight metabolites such as glutathione, which accounts

for over 90% nonprotein sulphur in a cell (Meister, 1995) and are also incorporated

into proteins in cysteine residues. Sulphydryl groups participate in a number of

different reactions including alkylation, oxidation and thiol-disulphide exchange

(Figure 4.1.1), the chemical versatility due to the ability of the sulphur atom to act as

both soft electrophile and soft nucleophile (Torchinsky, 1981; Clayden, 2001). The

only reaction specific to SH groups is the thiol-disulphide exchange, which can

proceed under physiological temperature and pH conditions (Torchinsky, 1981) and

could provide the basis for a high strength, reversible interaction between a thiol

odorant and its sensor protein.

The role of protein-bound thiol groups in olfaction has been studied in many

species (Villet, 1974; Singer et al., 1975; Menevse et al., 1978; Shirleyet al., 1983;

Seebingkert and Lynch, 2001; Broillet, 2002). Derivatisation of sulphydryl groups by

thiol-directed reagents such as N-ethyl maleimide (NEM - for structure see Figure

4.1.2) irreversibly decreases the electrical potentials generated in response to odorant

stimulation in both vertebrate and invertebrate species (Levisohn Getchell and

Gesteland, 1972; Villet, 1974; Menevse et al., 1978; Shirley et al., 1983),

demonstrating the importance of cysteine residues in olfaction. However the use of ..

membrane-permeable reagents such as NEM makes it difficult to define the
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Reduction
R-S-S-R + 2H+R-SH + HS-R

Oxidation

R
I

R'-C-CH R"I 2

SH

Figure 4.1.1 Examples of the reactions participated in by sulphydryl groups·

a) Reduction and oxidation of sulphydryl groups enables the reversible formation
of covalent disulphide bonds b) Addition of sulphydryl groups across unsaturated
carbon bonds.

Source: Ohno and Oae, 1977.

/c
C
I

O~ /N,~O
C C
I I
C C

N-ethylmaleimide Mersalyl

Figure 4.1.2 The chemical structures of two compounds used to derivatise
sulphydryl groups

N-ethylmaleimide forms a thioether bond with sulphydryl groups by nucleophilic
addition across the unsaturated carbon-carbon bond. Mersalyl interacts with
sulphydryl group via its Hg atom.
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nature/identity of the target molecule. Experiments using mersalyl (Figure 4.1.2), a

membrane-impermeable reagent, demonstrated that the derivatisation of extracellular

. cysteine residues reduced the amplitude of the electrical response to odorant stimuli

in groups of neurons. Furthermore this effect could be avoided by prior exposure of

the olfactory tissue to selected odorants (Menevse et al., 1978; Shirley et al., 1983).

These findings firmly implicate extracellular cysteine residues in odorant detection.

The individual proteins derivatised by sulphydryl-directed reagents have yet

to be characterised. Any proteins bearing exposed cysteine residues have the capacity

for strong interactions with thiol compounds via disulphide linkages. The greater

strength of disulphide linkages in comparison to non-covalent interactions would

theoretically permit a greater period of interaction between a ligand and its receptor,

leading to a greater probability that ligand-receptor interactions are sufficient to

induce receptor activity, even at low concentrations of freely diffusing ligand. If

olfactory receptors are targets for sulphydryl-directed reagents, thiol odorant

detection via disulphide interactions provides a potential mechanism for thiol odorant

sensitivity in a receptor-mediated odorant detection pathway. Subsequent reduction

of the thiol odorant-receptor mixed disulphide bond e.g. by receptor internalisation,

would reverse receptor derivatisation allowing the olfactory receptor to be occupied

by a thiol odorant and recycled with minimal long-term consequences (see Figure

4.1.9, Chazot and Strange, 1992).

NEM reactivity has also suggested additional candidates for the protein sites

of key cysteine residues for olfaction. In addition to targeting olfactory receptors,

thiol odorants could also interact with downstream targets in the receptor-mediated

pathway such as GaOLF(Giusti et al., 2003), voltage-gated K+ channels (Seebungkert

and Lynch, 2001) and cyclic nucleotide-gated channels (Lane Brown et al., 1998);
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interactions with such proteins allowing thiol odorants to cause membrane

depolarisation, whilst circumventing the traditional olfactory receptor protein. This

non-receptor-mediated hypothesis for the olfactory. detection of thiols permits the

inclusion of any proteins (intra- or extracellular) bearing exposed cysteine residues

and capable of influencing membrane depolarisation as potential thiol sensor

candidates.

As defined in the Introduction, any thiol sensor candidate protein must be

suspected to be conserved across the three model mammalian species used in the

present study, the rat, mouse and sheep. The role of any putative thiol receptor in

olfaction also implies that the protein may have sensory-specific functions and/or

localisation to the olfactory cilia preparations. A combination of membrane-

impermeable and membrane permeable reagents was used to specifically label

proteins associated with olfactory cilia (mouse, rat and sheep) and respiratory cilia

(rat), which bear exposed cysteine residues. Labelled cilia preparations were then

separated by gel electrophoresis and the identity of the derivatised proteins

determined by peptide mass fingerprinting or de novo sequencing.

To investigate the number and identities of all potential thiol sensor proteins,

intact olfactory tissue from the three species was treated with the membrane-

permeable, sulphydryl-targeting reagent iodoacetyl-long chain-biotin (I-LC-biotin).

I-LC-biotin derivatises accessible thiol groups within the tissue, covalently attaching

a biotin tag to any proteins bearing exposed cysteine residues (see Figure 4.2.1 and

4.2.2 for reagent structure and reaction scheme). As the olfactory cilia are the only

sensory regions of the epithelium to have direct interactions with odorants, they

remain the likely location of any putative thiol sensor proteins, whether or not

detection is receptor-mediated. Therefore the survey of proteins bearing exposed .
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cysteine residues is limited to cilia-associated proteins, which were isolated post-I-

Le-biotin treatment by deciliation (as described in Section 2.3). Blotting SDS-

PAGE/2D-P AGE separations of olfactory cilia proteins onto a nitrocellulose

membrane and detection of the biotin tag using a streptavidin-alkaline phosphatase

conjugate revealed the individual proteins derivatised.

To address the issue of potential thiol sensors with external cysteine residues

within the olfactory mucus or olfactory cilia an additional, membrane-impermeable

reagent Lucifer Yellow iodoacetamide (LYIA) was utilised. This permitted the direct

visualisation of any proteins bearing external cysteine residues via the in-gel

detection of the fluorescent group attached to accessible thiol groups.
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4.2 Method development

To investigate the potential for thiol odorant detection via disulphide interactions

with a target protein, olfactory and respiratory tissue was treated with two

sulphydryl-targeting reagents: I-LC-biotin and LYIA. Bovine serum albumin (BSA)

and erythrocytes were used to monitor reagent activity in aqueous and membrane-

containing protein preparations respectively.

I-LC-biotin is a membrane-permeable sulphydryl-reactive reagent and was

used to derivatise all proteins in the olfactory/respiratory epithelia with exposed

cysteine residues i.e. cysteine residues on the surface of proteins and not involved in

disulphide bonds (Figure 4.2.1). I-LC-biotin consists of a biotin moiety attached to

an iodoacetamidyl group via a long hydrocarbon tail and attaches the biotin moiety to

any proteins containing exposed cysteine residues (Figure 4.2.2). The covalent

attachment of the tag allows labelled proteins to be resolved by SDS-PAGE/2D-

PAGE and blotted onto nitrocellulose for detection of biotin via a streptavidin-

alkaline phosphatase conjugate (described in Section 2.9).

The reaction time courses for I-LC-biotin labelling of BSA and erythrocyte

proteins are shown in Figure 4.2.3 and 4.2.4 respectively. The time course of the .

BSA-Iabelling reaction showed that the extent of biotinylation increased with time,

although similar biotin levels were detected at 1.Sh and 3h (Figure 4.2.3). Analysis of

I-LC-biotin activity in the erythrocyte preparation also demonstrated increased biotin

labelling in the extended timepoints. However, whilst the 3h sample in the

erythrocyte time course clearly exhibited the greatest labelling intensity, the profile

of biotinylated proteins remains consistent across all timepoints. Therefore during

longer reaction times, although increased labelling undoubtedly occurs, there is no

evidence of increasing reagent accessibility to protein substrates i.e. no evidence of a'
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Figure 4.2.1 Chemical structure of the sulphydryl-targeting reagent
lodoacetyl-Long Chain-biotin

Source: EZ-LinkTM lodoacetyl-LC-Biotin Product information sheet 21333. Perbio
Science, Cheshire, UK.

R-SH + J -CH,_"'--"_'_ u"kerB + HI

Figure 4.2.2 Mechanism for lodoacetyl-Long Chain-Biotin reaction with
exposed thiol groups

The lodoacetyl-Long Chain Biotin reaction covalently attaches a biotin moiety to
proteins bearing exposed cysteine residues. The biotin tag can later be detected
using enzyme-linked streptavidin conjugates.

Source: EZ-LinkTM lodoacetyl-LC-Biotin Product information sheet 21333. Perbio
Science, Cheshire, UK.



Control

Oh O.Sh lh l.Sh 3h

+ I-LC-biotin

Oh O.Sh l h l.Sh 3h

SDS-PAGE

Biotin detection

Figure 4.2.3 Reaction time course for the labelling of BSA using I-LC-biotin

l-Lc-blonn (15JlI of 4mM t-Lc-blonn) or an equal volume of dry DMF was added to
500lli PBS/EDTA containing 50Jlg BSA. Reactions were allowed to proceed for Oh,
O.5h, 1h, 1.5h and 3h before being quenched by the addition of 500lli 200mM DTT.
Samples were desalted to remove unbound l-Lc-blotin and analysed by SDS-
PAGE. Proteins were subsequently blotted onto a nitrocellulose membrane, which
was probed using 2.5Jlg/ml streptavidin-alkaline phosphatase conjugate to detect
biotinylated proteins (Section 2.8).

SDS-PAGE

Control + I-LC-biotin

200kDa

97.4kDa

66.2kDa

45kDa

31kDa

Biotin detection

Control + I-LC-biotin

Figure 4.2.4 Reaction time course for the labelling of erythrocytes using I-LC-
biotin

I-LC-biotin (31l1of 4mM I-LC-biotin) or an equal volume of dry DMF was added to
100111PBS/EDTA containing resuspended horse erythrocytes. Reactions were
allowed to proceed for Oh, O.5h, 1h, 1.5h and 3h before being quenched by the
addition of 100lli 200mM DTT. Samples were desalted by repeated washing of the
erythrocytes to remove unbound l-Lc-blotln. The erythrocyte proteins were
separated by SOS-PAGE and blotted onto a nitrocellulose membrane for biotin
detection (Section 2.8).
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difference in biotinylation rates between proteins putatively inside and outside the

erythrocyte membrane. During this study I-LC-biotin was allowed to react for lh, as

in both BSA and erythrocyte labelling experiments a substantial degree of protein

labelling was detected at this timepoint. The use of a short incubation period also

limited the time between tissue harvesting, labelling and deciliation. This minimised

the potential for proteolysis and loss of tissue integrity, which could interfere with

subsequent deciliation.

LYIA is a membrane-impermeant reagent that attaches the fluorescent

Lucifer yellow group to proteins bearing extracellular exposed cysteine residues

(Figure 4.2.5 and 4.2.6, Tang et al., 1998). Therefore it was used to determine the

number of proteins within olfactory cilia preparations that have extracellular cysteine

residues accessible to thiol odorants in the mucus layer. Direct UV scanning of

protein preparations resolved by SDS-P AGE was used to detect the Lucifer yellow

tag.

The LYIA time course for labelling of BSA indicated that the reaction

proceeds rapidly with little obvious difference in the fluorescence detection from the

O.Sh and 3h samples (Figure 4.2.7). Initial experiments using LYIA to label

erythrocyte surface proteins failed to indicate the incorporation of the fluorescent tag.

A subsequent experiment demonstrated that the failure of protein labelling in this

case was likely to be due to the concentration of derivatised proteins being below the

detection threshold or the absence of target sites, rather than reagent inactivity

(Figure 4.2.8). The BSA labelling using the same freshly prepared LYIA stock was

significant, indicating that the reagent was functional during the erythrocyte

experiments performed alongside. In the control BSA sample there remained an

easily distinguishable BSA band in the UV scan. This is likely to be due to the high
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Figure 4.2.5 Chemical structure of the membrane-impermeable, sulphydryl
targeting reagent Lucifer Yellow iodoacetamide (LYIA)

Source: Data on product L-1338 at www.molecularprobes.com.

+ HI

Figure 4.2.6 Reaction mechanism for Lucifer Yellow lodoacetamide

Lucifer Yellow iodoacetamide reaction involves nucleophilic substitution of the
iodine atom by the thiol group. The unsaturated rings of the Lucifer Yellow group
give it its fluorescent properties and enable the detection of proteins modified by
this reagent by in-gel UV scanning.

http://www.molecularprobes.com.
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+LYIA
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SOS-PAGE

Lucifer Yellow detection

Figure 4.2.7 Reaction time course for the labelling of BSA using LVIA

LYIA (2S~1 6.Smg/ml stock) was added to SOO~IPBS/EOTA containing SO~g BSA.
Reactions were allowed to proceed for Oh, O.Sh, 1h, 1.Sh and 3h before being
quenched by the addition of SOO~I200mM OTT. Samples were desalted to remove
unreacted LVIA and analysed by SOS-PAGE. Lucifer Yellow tags were detected by
scanning the gel under UV light (see Section 2.9).

SOS-PAGE

200kDa

97.4kDa

66.2kDa

45kDa

31kDa

Lucifer Yellow detection

"0 ~
~ ;;:
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] :5
5 ~u +

] :5
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Figure 4.2.8 LVIA failed to label any proteins in the horse erythrocyte
preparations

Erythrocytes were isolated from fresh horse blood by centrifugation at SOOOrpm, 10
min. Erythrocytes were resuspended in PBS/EOTA and distributed between six
O.Sml microfuge tubes. Samples volumes were made up to 1OO~I by adding 1O~I
2mg/ml BSA, 0.9%(w/v) NaCI (BSA buffer) or 10~1 PBS/EDTA. As an additional
control for LYIA activity, two samples containing 90~1 PBS/EOTA and 1O~I 2mg/ml
BSA were prepared. LYIA (2S~1 6.Smg/ml stock) or MilliQ water was added to all
tubes and the reaction allowed to proceed for 30 min before excess reagent was
removed by three 1OO~IPBS washes of the erythrocytes. The erythrocyte proteins
were separated by SOS-PAGE and the Lucifer Yellow tag detected by direct UV
scanning of the gel (see Section 2.9). SOS-PAGE gel stained by coomassie blue.
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BSA protein concentration present, which also explains the detection of highly

abundant protein bands in the erythrocyte preparations on the same gel.

The labelling reactions using LYIA in this study were restricted to O.Sh.This

was determined on the basis of the speed with which the majority of labelling

occurred during the BSA time course experiment. The limited reaction time

minimises sample processing time between tissue labelling and subsequent

deciliation. Limiting the LYIA reaction period also reduces the potential cytotoxicity

of the reagent (Archer et al., 1995). The maintenance of consistent cilia protein

profiles in control and labelled samples suggested no significant tissue damage

occurred during LVIA-treatment. Dual-labelling experiments performed in Chapter 5

also indicated that no significant protein denaturation effects are observed following

LYIA treatment (Section 5.2).
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4.3 Results

4.3.1 I-LC-biotin labelling of olfactory cilia proteins: 2D-PAGE analysis

The profiles of I-LC-biotin derivatised proteins of the olfactory cilia preparations

from mouse, rat and sheep were species-specific to a large extent, although as with

the 2D-protein profiles reviewed in Chapter 3, the highly conserved cytoskeletal

proteins (boxed regions) maintained their migration and labelling characteristics in

all species (Figure 4.3.1). These conclusions were based on spot number rather than

intensity, as the protein concentration in the different preparations was clearly

different. This divergence did not correspond directly to relative protein loading as

the staining of 2D-PAGE replica gels strongly suggested the greatest protein

concentration was in the rat olfactory cilia preparations, which also contained the

lowest number of detected biotin-tagged proteins. The biotin detection blots from
r

mouse, rat and sheep cilia preparations are provided in more detail in Figures 4.3.2

and 4.3.3 alongside their corresponding replica gels. Rat olfactory cilia preparations

contained fewer labelled proteins following I-LC-biotin treatment and by

implication, fewer proteins with exposed cysteine residues than the mouse and sheep

cilia preparations. Whilst little similarity between the rat and sheep labelling could be

predicted by their differing overall 2D protein profiles, the apparent increase in

numbers of biotinylated proteins in the mouse olfactory cilia preparations compared

to the rat was unexpected. This result suggested that despite very similar 2D profiles

(see equivalent loading gels in Figure 3.3.6), the protein complements of mouse and

rat olfactory cilia certainly differ in levels of exposed cysteine residues and therefore

may also be more functionally distinct than initial protein profile comparisons

suggested. Alternatively this distinction may be highlighting differences in the

mucosal lining of the olfactory cilia and/or differential reagent diffusion during
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2D-PAGE

Mouse olfactory cilia

Biotin detection

2D-PAGE

Sheep olfactory cilia
Biotin detection

Rat olfactory cilia

97.4kDa

45kDa

31kDa

21kDa

Biotin detection

Figure 4.3.1 A subset of proteins in the olfactory cilia of the mouse, rat and
sheep have exposed cysteine residues
I-Le-biotin treated olfactory cilia proteins were resolved by 2D-PAGE and blotted
onto nitrocellulose for the detection of biotin tags. Boxed regions indicate the
detection of biotin tags on the cytoskeletal proteins of all three species.



o-

do.....
+-'
U
2
~
.£3
o
~

IOIlUOJ

~o~q-Jl-I +



t:lo
'.p
o
2
~
.S-o
~

YOllUOJ

YOllUOJ
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exposure to the turbinates rather than the cilia protein complement itself. It is

unlikely to be an artefact of the surface area of the turbinates, as the structures are

physically very similar in the rat and mouse differing only in scale and thus

theoretically maintain a consistent surface area: cilia protein ratio in the two species.

Furthermore, physical differences leading to the restriction of the labelling reagent's

surface area access is more likely to be observed in the smaller and therefore more

closely packed turbinates of the mouse olfactory system contrary to the increased

degree of biotinylation observed. The rat olfactory cilia preparation also contained

fewer biotinylated proteins than its respiratory cilia counterpart despite evidence

(from protein. staining) of marginally higher protein loading in the 2D-PAGE

analysis of the olfactory preparation. This could potentially reflect a sensory-specific

reduction in the number of proteins bearing exposed cysteine residues. However in

.both the species-specific and sensory-specific comparisons it is possible that

differential reagent access may influence the levels ofbiotinylation observed.

Identification of proteins bearing exposed cysteine residues during 2D-PAGE

characterisation of rat and sheep olfactory cilia The 2D-PAGE gel spots

corresponding to proteins shown to be biotinylated were excised and the individual

proteins identified by peptide mass fingerprinting. The identifications made for sheep

and rat I-LC-biotin derivatised proteins are given in Figure 4.3.4lTable 4.3.1 and

Figure 4.3.5ITable 4.3.2 respectively. As predicted from previous characterisation

work and shared regions of the protein biotinylation profile, cytoskeletal proteins

were identified as having exposed cysteine residues in both sheep and rat olfactory

cilia preparations. In addition, aldehyde dehydrogenase subtypes were labelled by J-

Le-biotin in both species.
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4.3.2 Differential labelling of rat olfactory and respiratory cilia proteins by I-Le-

biotin: 2D-PAGE analysis

The results oftwo separate I-LC-biotin labelling experiments on rat olfactory and

respiratory cilia are given in Figures 4.3.3 and 4.3.6. The biotinylation profiles differ

between these studies both as a result of very different protein concentrations and a

variation in procedure that led to the increased agitation of samples in Figure 4.3.6.

However, both experiments indicated that olfactory cilia preparations contain fewer

proteins with exposed cysteine residues by comparison to respiratory cilia. This may

represent a significant adaptation of olfactory cilia to limit the numbers of proteins

bearing exposed cysteine residues and therefore free thiol groups available for I-LC-

biotin labelling. Alternatively the observed differences may have resulted from

greater restrictions imposed on I-LC-biotin accessibility in the olfactory versus

respiratory epithelia. These possibilities were examined further during a set of

experiments using 12nmol and 24nmol I-LC-biotin per mg tissue (equivalent to the

addition of 30111and 60111of stock I-LC-biotin solution to half nasal turbinate tissue

dissected from a single animal) to label proteins of rat olfactory and respiratory cilia

(Figures 4.3.6 and 4.3.7). Theoretically, if reagent diffusion is the sole determinant of

the differing labelling profiles increasing the levels of reagent should alleviate this

effect. Alternatively if accessibility differences are not significant, the labelling

profiles should not alter according to reagent concentrations.

Increased levels of I-LC-biotin had little effect upon the overall biotinylation

profile of rat respiratory cilia, other than the appearance of additional, weakly-

detected proteins of apparent pI 5-8 and molecular mass -70kDa. By contrast, the

labelling profile of olfactory cilia proteins altered significantly between the

experiments using different I-LC-biotin concentrations. The proteins derivatised
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during exposure to the lower reagent level were again biotinylated during treatment

of tissue with the increased I-LC-biotin concentration; however they became

outnumbered by additional, strongly detected proteins (number of proteins difficult

to estimate due to combination of faint staining and inadequate protein resolution in .

some areas of the gel). The increased number of proteins observed following .

exposure to a greater concentration of I-LC-biotin demonstrated that substrate

accessibility is a definite influence in the differing labelling profiles of olfactory and

respiratory cilia and also potentially in the species-specific effects observed. Some of

the additional proteins labelled were specific to the rat olfactory cilia preparations

providing evidence for sensory/neuron-specific adaptations In the

accessibility/reactivity of exposed cysteine residues.

The identification of I-LC-biotin derivatised proteins in rat olfactory and

respiratory cilia are shown in Figures 4.3.5, 4.3.8, 4.3.9 (and the associated Tables

4.3.2, 4.3.3, 4.3.4) and are summarised in Table 4.3.5. The cytoskeletal protein ~-

actin was labelled in both olfactory and respiratory cilia preparations and cc-tubulinis

also predicted to be present in both according to the shared protein profiles. The

enzymes creatine kinase and enolase Ic were labelled in both, although the labelling

of creatine kinase in rat olfactory cilia was only detected following treatment with

24nmollmg tissue I-LC-biotin. Indeed, three of the seven proteins identified in

olfactory cilia following treatment with increased levels of I-LC-biotin were also

labelled in respiratory cilia at the lower level of reagent used (45kDa secretory

protein, creatine kinase and GST). This suggested the differential labelling of cilia

proteins with 1-LC-biotin may be the result of restricted diffusion through the

olfactory cilia membrane and thus limited access to the cytosolic proteins within.

However the alternative idea that these proteins mayhave isoforms in the olfactory
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Sheep olfactory cilia Rat respiratory ciliaRat olfactory cilia
Putative beta-actin

Serum albumin precursor

Glucose regulated protein
58kDa
Aldehyde dehydrogenase
IAI
Aldehyde dehydrogenase
IAt

Beta-actin/gamma actin

P38 Mitogen activated protein
kinase
Keratin-tO

Alpha-tubulin

Aldehyde dehydrogenase

Enolase I, alpha

Visinin-like 1 protein
Secretory protein, 45kD
Thiosulphate sulphurtransJerase
Aldehyde dehydrogenase,
mitochondrial
Citrate synthase

Creatine kinase
Glutathione-Sitransferase Yb2

Beta-actin/cytoskeletal gamma
actin
H+ transporting ATP synthase Fl-
beta chain
Creatine kinase, brain isoform

45kDa secretory protein

2,3-cyclic nucleotide
phosphodiesterase
Interleukin-18
Enolase I, alpha

Glutathione-S-transferase MS
Clathrin, heavy polypeptide
Synaptonemal complex protcin-l

Eukaryotic translation elongation
factor t alpha 2/Elongation factor
1 alpha 1

Table 4.3.5 Summary of olfactory/respiratory cilia proteins derivatised during treatment of
tissue with the sulphydryl-targeting reagent I-Le-biotin
Proteins listed in italics were the olfactory cilia proteins labelled following exposure to increased
levels of l-Lc-blotin.
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cilia with lesser reactivity cannot be discounted. One final note is that whereas the

subtypes of aldehyde dehydrogenase present in olfactory cilia of both rat and sheep

were labelled by I-LC-biotin, aldehyde dehydrogenase-3 in rat respiratory cilia was

not clearly identified as being biotinylated. This suggested the presence of distinct

isofonns in olfactory versus respiratory cilia bearing differentially exposed/reactive

cysteine residues and potentially serving alternative functions.

4.3.3 /-LC-biotin derivatisation of cilia proteins: SDS-PAGE analysis

One crucial problem with the 2D-PAGE analysis of the cilia proteomes is that

proteins with poor solubility, including integral cilia membrane proteins, are

underrepresented. Therefore analysis of the I-LC-biotin derivatisation of cilia

proteins was also performed using the stronger solubilising conditions of SDS-

PAGE.

Three major bands of exposed cysteine-containing proteins dominate the ID

labelling profile of mouse, rat and sheep olfactory cilia preparations Bands of

approximate mass 40, 55 and 70kDa were labelled strongly in all three model species

(Figure 4.3.10). Of these, the 70kDa band is likely to correspond to endogeneous

biotin-containing proteins such as pyruvate carboxylase. This is clearly indicated by

the SDS-PAGE gels/blots shown in Figure 4.3.11, which demonstrate that this band

is amongst a group of high molecular weight proteins visualised during the biotin

detection of untreated tissue preparations. The band at 40kDa in rat olfactory cilia

preparations was identified as ~-actinlgamma actin by peptide mass fingerprinting .

(Figure 4.3.12).
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Sheep olfactory cilia

SDS-PAGE
Control I-LC-biotin

66.2kDa

200kDa

116.2SkDa ' "
97.4kDa

4SkDa

31kDa

Biotin detection
Control I-LC-biotin

* *
* *

SDS-PAGE

Sheep olfactory turbinate wash buffers

Biotin detection

200kDa

I 16.2SkDa

66.2kDa

45kDa

31kDa

- -

Figure 4.3.11 Protein bands at -70kDa and -100kDa are non-specifically
detected by the streptavidin-alkaline conjugate
The sheep olfactory cilia preparations shown are insoluble fractions from cilia
protein treatment using 1% (v/v) Triton X-100. They contain multiple high
molecular weight components (*) including bands at -70kDa and -100kDa are
visualised during biotin detection even in unlabelled cilia preparations. These
bands are also observed in the four post-dissection tissue wash buffers shown.
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THE ROLE OF EXPOSED CYSTEINE RESIDUES IN OLFACTORYOUA

The 55kDa band contains protein(s) with an exposed, extracellular cysteine

residue The membrane-impermeable sulphydryl-targetting reagent Lucifer Yellow

Iodoacetamide (LYIA) was used to label proteins bearing an exposed extracellular

cysteine residue. The attachment of a Lucifer Yellow (LY) tag was detected by

scanning an unstained gel separation oflabelled proteins under DV light.

The results of LYIA labelling of olfactory cilia of the three model species are shown

in Figure 4.3.13. The sheep cilia preparation contained multiple labelled bands, the

mouse cilia had two LY-containing bands at -55kDa and -40kDa and the rat

olfactory cilia preparation contained no detectable LY tags on any proteins. This

latter result indicating either very few or no extracellular cysteine residues in rat

olfactory cilia.

To assess whether levels ofLY derivatisation were below the detection levels

ofDV scanning, the rat olfactory tissue was treated with I-LC-biotin following LYIA

labelling. This provided an alternative method for identifying LY-tagged proteins, as

these derivatised cysteine residues will be protected from subsequent I-LC-biotin

treatment. This enabled the detection of LVIA-labelled proteins by the biotin

detection method, which has inherent signal amplification properties and therefore

greater sensitivity. This analysis revealed that there are two bands that are derivatised

by LYIA (boxed regions, Figure 4.3.14) and crucially one of these bands is the

55kDa band shown to be derivatised in olfactory cilia preparations of both mouse

and sheep.

The 55kDa band is found in selected respiratory cilia preparations An additional

requirement for any putative thiol sensor protein was specificity to the olfactory cilia.

To test the localisation of the biotinylated 55kDa protein band two typ~s of

respiratory cilia preparations were made. The first contained the cilia derived from
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THE ROLE OF EXPOSED CYSTEINE RESIDUES IN OLFACTORY CILIA

/

the entire epithelial lining of the septum. The second respiratory cilia fraction was

prepared from only the rostral half of the septal lining, a region containing a much

lower proportion of sensory tissue than the septum lining as a whole (Farbman,

1992). This analysis indicated that the heavily-labelled band within the 50-55kDa

region is biotinylated in olfactory cilia prepared from the nasal turbinates, respiratory

cilia derived from the whole septum but not in the enriched cilia fraction isolated

from the rostral section of the septum (Figure 4.3.15). This suggests that the proteins

within this band not only have the conservation across the model species and external

cysteine residues required for a putative thiol sensor candidate, but also show

apparent localisation to sensory cilia.

4.3.4 Identification of the 55kDa band

The MALDI spectrum for the 55kDa band did not provide sufficient peptides for a

significant protein identification to be made by peptide mass fingerprinting. The

tryptic digestion was therefore analysed further using tandem mass spectrometry.

The protein band corresponding to the most strongly biotinylated band within the 50-

55kDa region for each species was excised from the gel, cut into pieces no greater

than lmnr' in volume and in-gel tryptic digestions performed. Tryptic digestions

were then analysed by LC-MSIMS as described in Section 2.14/2.15.

The results from the LC-MSIMS analysis of the sheep 55kDa band are shown

in Figure 4.3.16 and Table 4.3.6. Individual peptide sequences are subsequently

referred to by F (function number)_(precursor ion mass to the nearest integer). The

MSIMS data did not provide conclusive proof of the identity of this band as no

peptide sequence obtained gave a putative protein identification where E<0.05, the

139

threshold of significance used in this study. However, out of the 23 sequences



Rat respiratory cilia preparations

SDS-PAGE

Whole
Rostral
section

Biotin detection

Whole
Rostral
section

s, :ig U8 ~u ...:

Rat olfactory cilia

SDS-PAGE Bioti?
detection

Figure 4.3.15 Substantiall-LC-biotin labelling of specific bands within the
55kDa region occurs only in cilia derived from a tissue containing a
significant proportion of olfactory epithelium
The dissected regions of the septal epithelium were treated identically with 30).11
t-Lc-blotln. Enriched cilia fractions were then prepared and separated by large
format SDS-PAGE. The proteins were then blotted onto a nitrocellulose
membrane to allow the detection of the biotin tag. "Whole" cilia preparations
were derived from the epithelium lining the entire septum. "Rostral section" cilia
were prepared from the epithelial lining of the most rostral half of the septum.
*denotes the 55kDa band apparently specific to olfactory regions of the nasal
cavity.
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Figure 4.3.16 Selected MS/MS spectra provide evidence that the 55kDa band
present In sheep cilia preparations may contain proteins similar to olfactory
receptors
Le-MS/MS spectra are shown with sequence annotation derived from the y ion
series. The alignment between the predicted peptide sequence and olfactory
receptor-like protein is also provided. "I" between sequence alignments indicates
shared residues and "+" denotes substitutions of amino acids with equivalent
structural/chemical characteristics. The quoted molecular mass of each ion
corresponds to the mass of the precursor ion in its 1+ charge state.
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searched against the non-redundant NCBI protein database (www.ncbi.nlm.nih.gov)

using the BLAST search tool (Altshul et al., 1997), searches of 12 peptides indicated

homology between peptides of the 55kDa protein band in sheep olfactory cilia and

seven transmembrane-spanning receptors (F2_811, F2_1263, F2_1133, F2_954,

F2_1072, F2_1577, F2_1266, F3_1185, F3_914, F3_1544, F3_1176 and F4_1303).

Furthermore 8 of these sequences aligned to various types of chemoreceptor

including putative pheromone receptors and taste receptors (F2_811, F2_1263,

F2_954, F2_1072~F2_1266, F3_1544, F3_1l76 and F4_1303) and 4 aligned directly

to olfactory receptors or proteins annotated as "Similar to olfactory receptors"

(F2_1263. F2_1072, F2_1266, F3_1176). Sequences derived from LC-MSIMS

analysis of the tryptic peptides from the 55kDa band of mouse and rat olfactory cilia

preparations detailed in Figure 4.3.17/Table 4.3.7 and Figure 4.3.l8ffable 4.3.8, also

suggested that this band may contain seven-transmembrane spanning receptors and

potentially olfactory receptors (mouse: F2_1649, F2_1524, F2_1825; rat: F2_1144,

F2_2009, F2_1329). Whilst none of the E values for the alignments for olfactory

receptor-like sequences observed in the LC-MSIMS analysis of the 55kDa band from

sheep, mouse and rat were below the threshold level of significance, the fact that

peptide sequences from all three species showed homology to these types of

membrane proteins is considered to be significant.

. Only one putative protein identification from a peptide sequence gave a score

of E<0.05; peptide sequences derived from rat (F2_2009.5671) conclusively

identified a-tubulin (E=ge-5) and an a-tubulin-aligning peptide was also observed in

the mouse 55kDa tryptic digest (F2_1701), albeit with a non-significant E value.

(E=1.4). Other sequences in the rat and mouse tryptic digests also match to ~-tubulin
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Figure 4.3.17 MS/MS spectra provide evidence that the 55kDa band
present in mouse cilia preparations contains tubulin proteins and
additional proteins potentially similar to olfactory receptors
Le-MS/MS spectra are shown with sequence annotation derived from the y
ion series. The alignment between the predicted peptide sequence and the
putative identifications are also provided. "I" between sequence alignments
indicates shared residues and "+" denotes substitutions of amino acids with
equivalent structural/chemical characteristics. The quoted molecular mass of
each ion corresponds to the mass of the precursor ion in its 1+ charge state.
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Figure 4.3.18 MS/MS spectra provide evidence that the 55kDa band
present in rat cilia preparations contains tubulin proteins and
additional proteins potentially similar to olfactory receptors
Le-MS/MS spectra are shown with sequence annotation derived from the y
ion series. The alignment between the predicted peptide sequence and the
putative identifications are also provided.
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THE ROLE OF EXPOSED CYSTEINE RESIDUES IN OLP ~CTORY CILIA

however in neither preparation were the E values significant (E=0.44 and 219 for rat

and mouse peptides respectively).
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4.4 Discussion

4.4.1 Species-specific I-LC-biotin labelling of olfactory cilia proteins in mouse, rat

and sheep: 2D-PAGE analysis

The 2D biotinylation profiles of olfactory cilia proteins differed between the mouse,

rat and sheep preparations studied, with the only proteins with common labelling

patterns across the three model species being the highly conserved cytoskeletal

proteins. There were demonstrably fewer I-LC-biotin labelled proteins in rat

olfactory cilia in comparison to mouse and sheep cilia preparations. This could be

explained by major differences in proteomes, reactivity of the cysteine residues or

reagent diffusion rates through the cilia membrane in the three species. The first of

these possibilities was discounted as the 2D-PAGE olfactory cilia protein profiles of

mouse and rat were very comparable (Section 3.3.1) and would therefore be expected

to contain similar proteins. The hypothesis that alternative isoforms with fewerlless

reactive exposed cysteine residues are expressed in rat tissue is plausible, yet the

cytoskeletal proteins and aldehyde dehydrogenase enzymes common to rat and sheep

olfactory cilia were also biotinylated in both. However, this explanation cannot be

entirely discounted for proteins with less well conserved primary sequences. The .

final possibility, that the rat olfactory cilia membrane imposes greater restrictions

upon the transmembrane diffusion of I-LC-biotin was addressed during the

comparison of rat olfactory and respiratory biotinylation profiles. Ultimately, the

reduced levels of biotinylation and therefore exposed, reactive cysteine residues may

represent a species-specific adaptation of the rat olfactory system.

142



THE ROLE OF EXPOSED CYSTEINE RESIDUES IN OLFACTO~Y CILIA

4.4.2 /-LC-biotin labelling profiles of olfactory and respiratory cilia in the rat: 2D-

PAGE analysis

The I-LC-biotin labelling profile of rat olfactory cilia contained markedly fewer

proteins than comparable preparations of respiratory cilia. As described above, there

are three main explanations for this: differing cilia proteomes, the presence of

alternative isoforms/subtypes of proteins and significantly lower diffusion rates of 1-

LC-biotin through the olfactory cilia membrane. The 2D-protein profiles of rat

olfactory and respiratory cilia preparations exhibited high levels of similarity and

therefore the proteomes are likely to be similar. The consistent comparability of the

2D-profiles across all regions of the gel also suggests that the levels of proteins

present in alternative isoforms/subtypes is minimal, as sequence modifications are

likely to lead to alterations in the final migration point of a protein. The final

possibility was addressed by labelling experiments using increased levels of I-LC-

biotin during labelling procedures.

Exposure to an increased concentration of [-Le-biotin led to labelling of

additional proteins in the rat olfactory and respiratory cilia Cilia samples derived

from olfactory and respiratory tissue both showed an increase in the number of

labelled proteins following treatment with 24nmollmg tissue I-LC-biotin. However;'

the abundance !levels of biotinylation of these additional proteins differed greatly

between olfactory and respiratory preparations. Following the treatment of nasal

tissue with 24nmollmg tissue I-LC-biotin, the biotinylation profile of respiratory cilia

was predominantly unchanged with the addition of a few extra, poorly defined

proteins in the central region of the gel. By contrast the labelling profile of the

olfactory cilia preparation is dramatically changed by the addition of new heavily

labelled proteins. This change is unlikely to be due to protein denaturation in the
. .
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presence of increased I-LC-biotin as the proteins that were labelled during

12nmol'mg tissue I-LC-biotin treatment maintained consistent levels ofbiotinylation

(relative to other labelled proteins) following exposure to the higher level of reagent.

Should denaturation be occurring it is likely that many more proteins from all regions

of the gel would be labelled as biotinylation would no longer be dependent on

cysteine residues being exposed on the surface of a native protein. The reactivity of

cysteine residues is highly dependent upon the immediate protein environment e.g.

the substitution of a neighbouring negatively charged amino acid in an alternative

protein isoform could reduce cysteine reactivity (Torchinsky, 1981). However such

substitutions are likely to be accompanied by a shift in the migration characteristics

of the protein, particularly in the first dimension of 2D-PAGE. Given the extensive

similarity of the protein profiles and significant differences between the biotinylation

patterns of olfactory and respiratory cilia preparations, the presence of alternative

protein isoforms is unlikely. to be the major causal factor of the observed labelling

differences. Moreover, the biotinylation pattern of rat"respiratory cilia bore a greater

resemblance to the profile obtained from mouse rather than rat olfactory tissue,

implying that the profile differences may be species-specific in addition to sensory

organ-specific. Six of the seven additional proteins labelled after treatment with the

increased final concentration ofI-LC-biotin were intracellular proteins, suggesting an .

increase in the number of proteins accessible to I-LC-biotin. It is therefore concluded

that a significant proportion of the differential labelling of proteins in the rat

olfactory cilia preparations is due to greater restrictions upon the diffusion of the

reagent into the cell. Although it is conceded that this is unlikely to be the only factor

as the biotinylation patterns for the olfactory and respiratory cilia preparations are

not equivalent even at increased reagent levels.
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Discussion of the biotinylation profiles thus far has assumed that the olfactory

and respiratory preparations are, save a shared anatomical location, entirely

unrelated. This is not the case however, as approximately one-third of the proteins in

the respiratory cilia preparation are of olfactory tissue origin (Section 3.3.2).

Therefore the significant labelling differences between olfactory and respiratory cilia

not only suggest sensory versus non-sensory adaptation in membrane

permeability/cysteine reactivity but also indicate fundamental differences between

the olfactory epithelia lining the nasal turbinates and septum. The septum lining has

two regions of olfactory tissue (not including the vomeronasal organ, which is part of

the accessory rather than main olfactory system and therefore not comparable to the

nasal turbinate olfactory epithelium), a large region approximately covering the

caudal third of the septum and the much smaller septal organ, located in a ventral

position relative to the main section of olfactory epithelium (Farbman, 1992). Whilst

the septal organ has been predicted to have unique functions in olfaction (Marshall

and Maruniak, 1986; reviewed Farbman, 1992; Weiler and Farbman, 2003) it only

constitutes a small percentage of the sensory regions of the septum and it is unlikely

that the olfactory cilia within respiratory preparations were solely derived from this

region. The labelling profile differences between olfactory and respiratory cilia

preparations therefore suggest that the main section of olfactory epithelium lining the

nasal septum may also be adapted to fulfil a distinct functional role.

Repetition of the olfactory and respiratory tissue labelling experiments at two

different concentrations, using an alternative reagent with different chemical group

specificity e.g. targeting amine groups, would test the conclusion that the differing

labelling profiles are a direct consequence of membrane permeability restrictions. If

reagent diffusion rates do differ between olfactory and respiratory surface
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membranes, the activity of this second reagent should mirror the changes in labelling

patterns obtained with I-LC-biotin. If however the reactivity of cysteine residues is

the main determinant of the observed profile changes, the results of a second, non-

sulphydryl targeting reagent should show no differences between the olfactory and

respiratory cilia preparations at both reagent concentrations. Comparisons between

the I-LC-biotin labelling of olfactory and respiratory cilia should also be repeated

both with rat (to confirm reproducibility) and with other species such as cows or

sheep to assess the species-specificity of the labelling differences. In addition, the

use of larger animals may permit the reproducible dissection of the nasal septum to

investigate the I-LC-biotin labelling profiles of the olfactory and non-sensory regions

individually.

Whatever the pnmary cause of the differential biotinylation pattern of

olfactory and respiratory cilia, these experiments indicated that the olfactory system

of the rat may be specifically adapted to reduce uptake of external chemicals; a

property that is potentially both species and sensory-cilia specific.

Metabolic enzymes are labelled with [-Le-biotin in olfactory and respiratory cilia

The labelling of proteins such as creatine kinase, enolase 1a. and aldehyde

dehydrogenase in the olfactory and respiratory preparations studied may provide

evidence for a putative secondary role for these proteins.

Aldehyde dehydrogenase is a well-characterised xenobiotic-metabolising

enzyme present in species including rats, rabbits, mice and dogs (reviewed in

Thornton-Manning and Dahl, 1997). The aldehyde dehydrogenase subtype over-

expressed in the cornea - ALDH3 (Cuthbertson et al., 1992; Bilgihan et al., 1998)

was also found in respiratory cilia preparations and unlike the subtypes e.g.

ALDHIAI observed in olfactory cilia, was not labelled during I-LC-biotin treatment.
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This difference may represent part of the functional adaptation of aldehyde

dehydrogenase subtypes involving the exposure of reactive cysteine residues on the

protein surface.

The importance of maintenance of steady redox conditions under oxidative

stress was briefly reviewed in the Discussion section of Chapter 3, where the

importance of thiol groups to the olfactory system and the high levels of antioxidant -

proteins were discussed. The main damage resulting from oxidative stress is the loss

of glutathione, which forms mixed disulphide bonds with proteins bearing exposed

cysteine residues. This glutathione can be recovered by thiol transferase enzymes,

which specifically reduce these mixed disulphide bonds (Balijepa1li et al., 1999).

However the derivatisation of functionally important cysteine residues could have

serious implications for the cell e.g. the inhibitionlloss of function in a key enzyme.

If the formation of the mixe~ disulphides by glutathione is entirely based on

proximity of available cysteine residues, the specific recruitment of proteins bearing

exposed cysteine residues that are functionally less vital than e.g. signal transduction

proteins may constitute a mechanism to reduce the potential for oxidative stress

damage. Therefore the overexpression/specific localisation of primarily metabolic

proteins containing exposed cysteine residues (such as creatine kinase, enolase le

and aldehyde dehydrogenase) in the olfactory and respiratory cilia may limit the

effects of oxidative stress by providing cysteine r~sidues that can be reversibly-

derivatised by glutathione without causing significant cell trauma. This provides a

secondary role for these proteins in addition to their metabolic roles and may be one

explanation for their expression levels apparently' exceeding those necessary for

metabolism alone.
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4.4.3 Species-specific labelling of olfactory cilia proteins in mouse, rat and sheep:

SDS-PAGE analysis

As discussed previously the analysis of proteins using 2D-PAGE introduces unequal

representation of cellular proteins and primarily a bias against poorly soluble species.

This bias means that membrane proteins are likely to be significantly

underrepresented during the above 2D-PAGE-based analyses. Therefore

comparisons of the I-LC-biotin labelling profiles between mouse, rat and sheep were

also undertaken using SDS-PAGE protein separation.

Three major bands were labelled by [-Le-biotin in the olfactory cilia of mouse, rat

and sheep: 40kDa, 55kDa and 70kDa. SDS-PAGE analysis of I-LC-biotin labelled

proteins present in olfactory cilia preparations. indicated the conservation of three,

strongly labelled bands across the model species. These bands were at slightly

varying positions in the three species, with approximate masses of 40kDa, 55kDa

and 70kDa.

As demonstrated using unlabelled cilia preparations and tissue washes, the

70kDa band is non-specifically visualised during biotin detection. This could be due

to strong, non-specific interactions between the proteins within this band and the

streptavidin-alkaline conjugate but could also represent the detection of endogeneous

biotin-containing enzymes e.g. the 75kDa biotin-containing subunit of mitochondrial

propionyl-CoA carboxylase (Kirkeby et al., 1993). These possibilities could be

distinguished by the use of a streptavidin conjugate pre-incubated with biotin to

detect labelled proteins.

The 40kDa biotinylated protein band in the rat olfactory cilia preparation was

identified as beta/gamma actin by peptide mass fingerprinting (subtypes

indistinguishable using the data obtained). However attempts to identify the 55kDa
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protein band by MALDI-ToF mass spectrometry were unsuccessful, therefore

tandem mass spectrometry (MSIMS) was used.

Potential significance of the 55kDa band Further protein labelling and SDS-PAGE

characterisation work was undertaken on the olfactory cilia preparations of the

mouse, rat and sheep and also in rat respiratory cilia. Use of the membrane-

impermeable reagent LYIA indicated that the only bands containing proteins with

extracellular cysteine residues in all three model species had an approximate mass of

55kDa.

Experiments comparing the I-LC-biotin labelling profiles of rat olfactory and

respiratory cilia preparations resolved by SDS-PAGE demonstrated that the labelled

band at -55kDa was detected with greater intensity in cilia derived from sensory

rather than non-sensory epithelia. This comparison of olfactory cilia prepared from

the nasal turbinates and cilia derived from rostral regions of the septum should be

repeated, using tissue from rats and larger mammals with clearer demarcation of

sensory and non-sensory regions (Nef et al., 1989). The results of these initial

experiments however, indicated that the 55kDa band contains proteins predominantly

localised to sensory cilia that bear exposed cysteine residues, a number of which are

extracellular and therefore directly available for putative interactions with thiol

odorants.

Identification of the proteins within the 55kDa protein band Tandem mass

spectrometry (MSIMS) was employed in the identification of the proteins in the

55kDa bands of mouse, rat and sheep olfactory cilia preparations. The specific

technique used was liquid chromatography-tandem mass spectrometry (LC-MSIMS),

in which the peptides resulting from an in-gel trypsin digest were concentrated on a

reverse-phase chromatography column and eluted directly into a Q-ToF mass
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spectrometer (see Section 2.1112.14 for further details). The peptide sequence data

obtained from the LC-MSIMS analysis of tryptic digestions failed to conclusively

identify the proteins within the 55kDa band in mouse, rat and sheep olfactory cilia.

Whilst significant evidence was provided for the presence of c-tubulin and

additional data suggested p-tubulin was also present, these proteins would not

account for the external cysteine residues associated with proteins of the 55kDa

band. In addition tubulin proteins are highly conserved across both species and cilia

types and due to identical structural roles are unlikely to show the adaptation implied

by the specific enrichment of selected protein species within this band in olfactory

cilia.

There were no further significant matches between the LC-MSIMS peptide

sequences and known proteins in the database searched. The results taken

cumulatively however, are suggestive of the presence of G-protein coupled receptors

(GPCRs) and potentially chemoreceptors. Although peptide alignments with GPCRs

were never significant i.e. the E values were consistently greater than the 0.05

significance threshold, the number of alignments to GPCRs found in mouse, rat and

sheep olfactory cilia - 4/5, 4/10 and 13/19 peptides respectively (excluding peptides

known to be trypsinlkeratin and therefore not searched against the database) - was

strongly suggestive that the 55kDa band does indeed contain this type of protein

receptor. As many of these peptide sequences aligned to putative chemoreceptors and

selected proteins within the 55kDa band of rat olfactory cilia were shown to be

localised to olfactory cilia; it is concluded that in addition to containing tubulin

proteins, the 55kDa band also contains olfactory receptors.

Supporting evidence for the putative identification of olfactory receptors in the.

55kDa The conclusion that the band at -55kDa may contain olfactory receptors is
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supported in the available literature on olfactory receptor proteins. The lectin

concanavalin A (Coria) differentially inhibits odorant responses in the rat olfactory

epithelium (Shirley et al., 1987b; Kirner et al., 1999) and Western blots probed using

ConA detected a protein -55kDa in rat olfactory tissue only faintly present in the rat

respiratory preparation (Henderson et al., 1992). This 55kDa glycoprotein was also

detected in the olfactory cilia of pigs and frogs (Chen and Lancet et al., 1984;

Henderson et al., 1992). In addition, studies of rat olfactory tissue indicated that a

protein of -50kDa (as stated previously the 55kDa band has a mass 50-55kDa in the

mammalian species studied), is phosphorylated in a transient, odorant-dependent

manner consistent with the role of phosphorylation in the termination of the olfactory

response (Boekhoff et al., 1992). Finally an olfactory-receptor specific antibody

recognised a polypeptide -50kDa (Nekrasova et al., 1996). The exact mass of

olfactory receptors may alter slightly between species and locations (potentially due

to differential glycosylation) hence the slightly different masses for the precise

location between 50-55kDa of the putative olfactory receptor-containing proteins

bands in the model species used during this study (NeIcrasova et al., 1996).

Furthermore none of the above papers presented SDS-PAGE gels with a 50kDa

marker and therefore the stated protein mass figures are estimates and potentially

more similar than their predicted masses imply.

4.4.4 The identification ofproteins by tandem mass spectrometry

The identification of proteins by peptide sequence tags is theoretically far more

accurate and sensitive than peptide mass fingerprinting. Amino acid sequences can

distinguish between different peptides of the same mass and can provide sufficient

data from a single peptide to identify a protein (poutanen et al., 2001). The high level
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of information obtainable from a single peptide is due to the high levels of potential

sequence permutations. A peptide containing 6 amino acids could theoretically have

anyone of the 20 naturally occurring amino acids in each position. This gives a

potential number of permutations of 206• Therefore each hexapeptide sequence is

only likely to occur in a small number of homologous proteins. In a peptide

containing 10 amino acid residues the number ofpennutations dramatically increases

with the probability of a. randomly occurring complete sequence match of 1 in

1.034x1013
• Therefore a conclusive identification of the protein can be made from a

single peptide sequence of ten amino acids. This theory does not entirely hold for

real proteins as secondary structure elements are governed by patterns of amino acid

chemical properties e.g. in a-helices there is often a conserved pattern of side chains

alternating between mainly hydrophobic and mainly hydrophilic every 3-4 residues

and the transmembrane regions of proteins predominantly containing hydrophobic

residues (Branden and Tooze, 1999), which restricts the likelihood of certain amino

acids being found in adjacent positions. In addition the relative abundance of amino

acids also influences the incorporation frequency of selected residues in a protein.

Despite these issues sequences from individual peptides still provide ex~emely

valuable data and have been used for protein identification in a large number of

proteomic surveys; particularly those relating to organisms with unsequenced

genomes where proteins can be identified by their sequence homology to a known

protein rather than relying on peptide mass fingerprint match to few (if any)

published protein sequences/theoretical protein sequences (Verrills et al., 2000;

Shevchenko et al., 2001).

Potential problems with the identification of unknown, low abundance proteins by

LC-ftfSIMS During this work the success rate of identifications from single peptides
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was extremely low (only a single sequence provided a conclusive, statistically

significant identification). There are two main explanations for this: sequencing

errors or MSIMS spectra from low concentrations of peptides that provide

ambiguous sequence data i.e. spectra that could be interpreted in many different

ways. Manual de novo peptide sequencing was competent to the point of predicting

the precise sequences of trypsin and keratin contaminant peptides (Figure 4.4.1).

There remains however significant scope for improving the method of application of

samples to the tandem mass spectrometer in order to improve the detection and

sequencing of the peptides present in the tryptic digestions.

LC-MSIMS methodology, involving the use of an on-line chromatography

system eluting directly into the mass spectrometer, was utilised during these studies

to concentrate tryptic peptides and therefore maximise the levels of an individual

peptide entering the mass spectrometer at a given timepoint (Poutanen et al., 2001).

This approach was taken to compensate for the low concentration of the starting

sample - the olfactory cilia preparations commonly required visualisation by silver

nitrate staining. The use of an on-line chromatography system however does have

inherent problems. Despite the use of a nano-flow LC system, the flow of peptides

into the mass spectrometer is still over ten times higher than that for static

injection/infusion of samples at 20nllmin (nano-electrospray ionisation - nanoESI,

Kast et al., 2003) and the direct flow of chromatographic fractions into the mass

spectrometer restricts the time available for peptide analysis before further peptides

elute from the column. In summary there are numerous opportunities for the loss of

peptidesllimited analysis of peptides with this method. The use of data-dependent

switching to MSIMS mode also poses problems. Peptides at low concentrations may

not be detected in the single MS mode and yet if the mass spectrometer is manually

153



THE ROLE OF.EXPOSED CYSTEINE RESIDUES IN OLFACTORY CILIA

programmed to focus on a known mass previously undetected there can be sufficient

levels of that peptide to allow sequencing (Kast et al., 2003). To improve the number

and quality of the MSIMS spectra obtained from the tryptic digestions of the 55kDa

bands, peptides may be analysed by nano-ESI-MSIMS with the instrument targeted

to acquire sequence data from known peptide masses determined by prior analysis of

the digest sample by MALDI- ToF mass spectrometry. This procedure termed

MALDI-directed nano-ESI-MSIMS provides effectively greater instrument

sensitivity both in model peptides and for the identification of unknown proteins

(Kast et al., 2003).

It is acknowledged that GPCRs are one of the largest gene families in the

mammalian genome and this certainly true of olfactory receptors. This introduces the

potential for peptide sequences to hit GPCRs more often than other proteins by the

sheer number of sequences available in the protein databases rather than by true

homology. Conversely however, as these proteins are integral membrane proteins

with seven-transmembrane spanning domains they are likely to be subject to more

sequence constraints, reducing the likelihood of purely random sequence alignments.

In addition where as 7/19 peptide sequences from the analysis of the 55kDa band in

sheep olfactory cilia showed alignments to chemoreceptors in the nasal cavity, in the

inconclusive data provided during the LC-MSIMS analysis of the 70kDa biotinylated

band (raw data provided in Appendix) only 5/39 peptide sequences showed any

sequence homology to any GPCRs. This indicated that the recurrent, low E value

sequence alignments observed during the analyses of the 55kDa band may be

significant rather than an artefact resulting from the sheer number of GPCR

sequences available.
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4.4.5 Evidence for the role of cysteine residues in odorant detection

Thiol groups have been shown to play a major role in the mammalian olfactory

system and are required to some extent for the detection of the wide variety of

odorants (Menevse et al., 1978; Shirley et al., 1983). Cysteine residues were shown

to be involved in specific detection mechanisms during experiments where selected

odorants protected the receptors for related odorants from sulphydryl-targeted

mersalyl derivatisation (Menevse et al., 1978). The use of a membrane-impermeable

reagent such as mersalyl reinforces the importance of extracellular thiol groups in the

olfactory process and this thesis presents further evidence for the presence of

external cysteine residues on olfactory receptors in the mouse, rat and sheep.

The role played by cysteine residues in the detection of thiol odorants

remains open to debate. Certainly these residues are not the only requirement for

thiol detection as derivatisation of cysteine residues (again using mersalyl) had a

lesser impact on the electroolfactogram (EOG) generated during thiol exposure than

on the control odorant amyl acetate (Shirleyet al., 1983). These experiments were

conducted using wide-ranging concentrations of odorants to ensure that the EOG

generated in response to exposure to each odorant was approximately the same in all

cases, octanethiol being used at the joint lowest concentration. This means that the

thiol response in these experiments is not being investigated at its lowest detection

threshold. As a wider number of receptors become stimulated at higher

concentrations additional factors other than the property instilling the initial

sensitivity of thiol detection may assume greater importance. These results may also

be explained by any potential bias of the olfactory system towards lower carbon

number compounds. Certainly in the case of thiol compounds, odorants with chains

of 2-4 carbon atoms smell much fouler than larger straight chain thiols including
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octanethiol (Node et al., 2001) suggesting that the mechanism ofthiol detection and

aversion is biased towards a defined size of odorant molecule. Therefore the relative

importance of molecule size and sulphydryl group interactions in the apparent .

sensitivity of the mammalian olfactory system to thiol compounds cannot at present

be determined.

One potential method to study the relative importance of these two factors is

to repeat the electrophysiological experiments of Shirley et al. (1983) using thiol

concentration ranges starting at the absolute detection threshold for these compounds

and then introducing the chemical derivatisation of cysteine residues. This

experiment could also utilise multiple straight chain thiol compounds to address the

relative importance of the functional group (primary determinant - Uchida et al.,

2000), the size of the carbon chain and whether this is concentration dependent.

If cysteine residues do govern olfactory sensitivity to thiol odorants, the

reduced levels of labelling following tissue treatment with both LYIA and I-LC-

biotin suggests that rats are less sensitive to thiols than other mammals such as mice

and sheep. This potentially means that the rat may not be a suitable model for studies

on the sensitivity/aversive properties of thiol compounds. Further work on the

detection thresholds for thiol compounds using electrophysiology techniques and/or

behavioural tests in the mouse, rat and sheep would determine whether this is

actually the case and could also confirm or refute the hypothesis that exposed

cysteine residues are required for the observed sensitivity/aversion to thiol

compounds. Such behavioural experiments may also be used to investigate the

relationship if any, between odorant sensitivity and aversion.

If thiol detection/aversive properties are dependent on non-receptor mediated

pathways mediated by proteins bearing exposed cysteine residues, the only candidate
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proteins conserved across the model species are the cytoskeletal proteins actin and

tubulin. As reviewed in the introductory chapter of this volume, changes in the

cytoskeletal structure of a cell can influence the activity of plasma membrane ion

channels, thus providing a potential mechanism for membrane depolarisation.

However in order to interact with cytoskeletal proteins a thiol odorant would be

required to cross the cilia membrane. Here again the rat may be an unsuitable model,

as the dual concentration I-Le-biotin experiments suggested greater restrictions on

the movement of molecules through the olfactory cilia membrane of the rat in

comparison to the mouse and sheep tissue. Therefore the rat would exhibit lower

levels of cytoskeletal protein-dependent sensitivity and/or aversion to thiol

compounds than the mouse and sheep.
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Chapter 5

MET ALLOPROTEIN HYPOTHESIS
OF OLFACTORY RECEPTOR FUNCTION

5.1 Introduction

Olfactory receptor proteins convert the specific binding of odorants into a membrane

depolarisation event via a G protein activated signal transduction cascade. G protein-

coupled receptors (GPCRs) of which olfactory receptors are one example make up

one of the largest and most diverse receptor superfamilies, with known sequences

numbering in several hundreds even before the addition of the multitude of olfactory

receptor sequences now available (Strader et al., 1989; Gudennann et al., 1997). Key

questions remain for olfactory receptors and GPCRs as a whole regarding the

identity of both the ligand-binding residues/domains and the mechanism behind G

protein activation. One hypothesis placing a metal ion at the heart of the mechanisms

governing odorant binding by olfactory receptors and the subsequent activation of

the G protein transduction cascade has recently been proposed (Wang et al, 2003a).

5.1.1 Metal ions inproteins

Metal ions may have been incorporated into early cells to help maintain cell integrity

under osmotic pressure and to assist in the catalytic function of enzymes (Hay,

1984). Whatever the origins, it has been estimated that approximately 30% of all

known enzymes require metal ions for their activity (Hirose and Kidani, 1990). The

use of metal ions can often supplement the chemical reactivities provided by amino

acids and improve the efficiency of selected reactions e.g. electron transfer reactions.

Alternatively, metal ions may also be incorporated to stabilise the tertiary structure of

a given protein e.g. the DNA-binding domain of zinc finger transcription factors
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(Branden and Tooze, 1999). The specific ion in these metalloproteins is related to the

properties of the individual metal ion and the protein function e.g. sodium ions form .

weak complexes with proteins and are therefore commonly involved in charge

transfer, iron atoms form strong complexes and tend to participate in redox reactions.

Of specific relevance to the metalloprotein hypothesis for olfactory receptor function,

copper and zinc ions also form strong complexes, with nitrogen and sulphur as their

preferred protein ligands (Hay, 1984).

5.1.2 The Metalloprotein Hypothesis

The metalloprotein hypothesis provides a model for odorant reception and G protein

activation involving structural changes induced by the co-ordination of a metal cation

and exchanges in the co-ordinating ligands.

Figure 5.1.1 shows the predicted secondary structure of the human olfactory

receptor hOR 02d2 based on hydrophobicity measurements and homology with the

well-characterised GPCR bovine rhodopsin (Floriano et al., 2000; Singer et al.,

2000; Wang et al., 2003a). It has seven transmembrane-spanning regions (TMI-7),

three extracellular loops exposed to the olfactory mucus (ECI-3) and three

intracellular loops (ICI-3) projecting into the cytosol of the ORN. The protein inserts

into the membrane so that the N-terminal tail is extracellular (glycosylation motifs

are commonly found within this region) and the C-terminal tail projects into the

cytoplasm of the cell.

According to the metalloprotein hypothesis the structure shown in Figure

5.1.1, Figure 5.1.2a is the inactive form of the olfactory receptor. It adopts its active

conformation upon the co-ordinate binding of a metal ion by selected residues in the .

EC2 domain, specifically by the amine, sulphydryl and carboxyl groups of the
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N-terminus EC2

IC2 IC3 C-terminus

Figure 5.1.1 The secondary structure of the human olfactory receptor
hOR o2d2.

Olfactory receptors are predicted to have seven transmembrane-spanning
regions (TM1-7), four extracellular regions including the N-terminal domain
(EC1-4) and four intracellular domains including the C-terminus (lC1-4).
The shaded residues in EC3 are the five residues that form the putative
metal-binding site.

Source: modified from Wang et al. (2003a)



a) b)•

c) d)

• Metal cation

• Odorant molecule

Figure 5.1.2 Olfactory receptors may alter their conformation upon the
binding of a metal ion and interactions with odorant molecules

a) Olfactory receptors without an associated have a large EC3 loop exposed
to the extracellular environment.

b) The co-ordination of a metal cation by a key aspartate/glutamate residue
neutralises the charge on the EC3 domain. This domain becomes more
hydrophobic than the preceding transmembrane segment (TM4) and inserts
into the membrane bilayer displacing TM4.

c) An odorant molecule interacts with the olfactory receptor and its co-
ordinated metal ion

d) Interactions between the odorant and metal ion cause a change in charge
distribution around the metal centre resulting in the EC3 domain becoming
less hydrophobic and being ejected out of the membrane.

Source: Wang et al. (2003a)
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histidine (H), cysteine (C) and aspartate or glutamate (D or E respectively) amino

acids that form the binding motif (Wang et al., 2003a). An important outcome of this

metal ion interaction is the partial neutralisation of the negatively charged carboxyl

group, which increases the overall hydrophobicity of the EC2 loop. This precipitates

the radical conformation change shown in Figure 5.1.2b, where the neutralised EC2

domain is now more hydrophobic than the preceding transmembrane region (TM4)·

and is therefore able to insert itself into the membrane and force the TM4 region into

the cytoplasmic environment.

This structural change allows the olfactory receptor to adopt its active

conformation (Figure 5.1.2b), with the former EC2 loop now a transmembrane

region associated with a metal ion and the former TM4 domain greatly enlarging the

second intracellular loop (IC2) in the cytoplasm of the cell. The EC2 loop and co-

ordinated metal ion form an essential part of the odorant-binding domain.

An odorant in the environment interacts with the active receptor via its

binding site residues and importantly also with the metal ion (Figure 5.1.2c). In the

absence of an odorant molecule, the metal ion adopts a tetrahedral formation with

three co-ordinate bonds to the three residues of the metal ion-binding motif (H, C and

DIE) and a water molecule as the final ligand. When an odorant enters the olfactory

receptor-binding site there is a switch whereby it displaces the water molecule as the

fourth ligand. This ligand change results in alterations of the electron distribution

around the metal centre such that the previously partially neutralised carboxyl group

regains some of its charged character thus decreasing the net hydrophobicity of the

EC2 domain. As a result, the TM4 region originally forced into the cytoplasm upon

metal ion binding displaces the EC2 domain forcing it to return to its extracellular
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position and the olfactory receptor back into its inactive conformation (Figure

5.1.2d).

After the odorant-induced ejection of the EC2 domain from the

transmembrane region, the odorant leaves the receptor (potentially due to the loss of

additional contacts with amino acid residues in the binding site). The fourth co-

ordinate ligand position around the metal ion is taken up by a water molecule and the

olfactory receptor reforms its active conformation (Figure 5.1.2b) in readiness for the

next odorant interaction.

Crucially, this "shuttlecock" movement also involves large shifts in the

cytoplasmic side of the receptor where the IC2 domain enlarged during the initial

metal ion binding, shrinks back to its original size. This movement could potentially

hold the key to activation of the G protein signal transduction cascade.

Supporting evidence: metal ions in the olfactory system Anatomical analysis of the

central nervous system has shown that Cu2+ and Zn2+ ions are present in relatively

high concentrations in specific regions of the rat brain including the olfactory bulb

(Kofod, 1970; Donaldson et al., 1973) and levels of Zn2+ were also reported to be

high in ORNs (Horning and Trombley, 2001). This means that these ions, amongst

the most commonly found in metalloproteins, are found in the necessary locations for

incorporation into olfactory receptor proteins.

Supporting evidence: Genetic analysis of human olfactory receptor sequences The

co-ordination of zinc and copper ions in a putative receptor would require amino acid

residue binding motifs incorporating nitrogen and sulphur-containing sidechains.

Sequence analysis of the human olfactory receptor genome demonstrates that 70% of

human olfactory receptors listed in the SWISS-PROT database contain the metal-

binding motif HxxCDIE previously found in known metalloproteins such as the plant
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protease papaIn (Friedman, 1973; Wang et aI., 2003a). Such a high rate of

conservation in a microsmatic mammal such as humans, by comparison to the >40%

sequence conservation that defines a receptor family lends credence to the idea that

this motif does playa role in odorant detection.

Supporting evidence: synthetic peptides The potential impact of metal ion binding

on the secondary/tertiary structure of the olfactory receptor was highlighted by

peptide chemistry and computational analysis of the comparative hydrophobicity of

receptor domains.

Assignment of putative transmembrane regions based on the pnmary

sequence of a protein is performed by computational analysis of the overall

hydrophobicity of a given stretch of amino acids using the hidden Markov model

predictive algorithm. Analysis of the human olfactory receptor hOR 02d2 yields a

hydrophobicity plot showing seven regions with sufficient hydrophobicity to be

assigned as putative transmembrane-spanning domains (Figure 5.1.3). The analysis

of some receptor sequences e.g. hOR 02d2 revealed that although the hydrophobicity

values of TM4 > EC2 suggesting that TM4 is indeed the transmembrane region, the

values are very close (Table 5.1.1). The relative values change however upon the

neutralisation of a glutamate residue found in EC2. The hydrophobicity of the EC2

domain becomes greater than the hydrophobicity of TM4, potentially providing the

favourable energetic conditions for the insertion of EC2 into the transmembrane

region and displacement ofTM4 (Wang et al., 2003a).

In the above scenario, neutralisation of the glutamate residue was performed

in silica via the sequence mutation E180V. However experimental evidence using

larger peptides supports the theoretical possibility of charge neutralisation leading to

conformation change and membrane insertion of protein domains. Studies into the
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Residue number

200 250 300

Figure 5.1.3 Hydropathy plot illustrating the probability of each amino
acid being in a transmembrane region

This hydropathy plot predicts that the native human olfactory receptor hOR
o2d2 adopts a seven transmembrane spanning conformation.

Source: Wang et al. (2003a)

Receptor region Residues
Hydrophobicity scores

Charged E180 Neutralised E180

TM4
Ee2
TM5

140-162
170-192
197-219

21.9 21.9
21.1 24.3
39.9 39.9

Table 5.1.1 The EC2 region of the human olfactory receptor hOR 02d2
becomes more hydrophobic than the preceding transmembrane
domain TM4 if the charge on its glutamate residue is neutralised

Hydrophobicity scores given are on the Kyte-Doolittle scale.

Data source: Wang et al. (2003a)
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mechanism of spontaneous insertion of a-helices into lipid bilayers were performed

using a 36-residue peptide corresponding to residues in the third transmembrane-

spanning region of the bacterial sensory receptor bacteriorhodopsin (Hunt et al.,

1997). In these experiments one of the aspartate residues present in the peptide was

neutralised by the lowering of buffer pH. In the presence of lipids this lead to both

the adoption of a well-ordered a-helical conformation by the peptide and insertion

into the lipid phase. The peptide therefore was able to adopt an a-helical

conformation in a pH-dependant (thus peptide charge state-dependant) and lipid-

dependant manner and overcome the energy requirements for lipid insertion. The

formation of the a-helical structure is particularly significant for membrane

insertions as theoretically this may be the most energetically favourable

conformation for a hydrophobic stretch of amino acids to cross a membrane bilayer

(Engelman and Steitz, 1981).

Although this synthetic peptide had a sequence derived from a non-GPCR

protein, experiments have also been performed on the synthetic pentapeptide

HAKCE, a soluble form of the putative metal binding motif from olfactory receptors

(Wang et al., 2003a). Circular dichroism measurements demonstrated that in the

presence of Cu2+, Zn2+ and Ne+ the peptide assumed an a-helical structure not

previously observed in a such a short peptide. This suggests that the IC2 loop

containing the metal binding motif may be capable of forming an a-helical structure

uponmetal co-ordination. Furthermore the addition of the cation may also act as a

neutralising agent, the equivalent of a lower pH in, the aspartate receptor peptide

example above, allowing the region to become more closely associated with the lipid

membrane and potentially spontaneously insert into it.
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Supporting evidence: odorant thresholds The metalloprotein hypothesis can be

applied to data on the relative human olfactory thresholds for alkane, alcohol, amine

and thiol odorants. The range of olfactory sensitivities to thiol-containing compounds

in comparison with similar structure alcohols and alkane odorants (detection

thresholds for methylthiol = 1 ppb versus methanol detection at levels> 100 ppm and

methane undetectable at 106 ppm) may be better explained by the metal-ion binding

properties of these molecules than the invocation of van der Waal's interactions and

. hydrogen bond potential (Wang et al., 2003a). The specific properties in question

govern the Lewis basicity of a compound; how readily it will donate one of its

electrons to form a co-ordinate bond with a metal cation. The greater the basic

character, the more readily a compound forms co-ordinate bonds with a metal ion

and thus according to the metalloprotein hypothesis, the greater the sensitivity of a

metal incorporating olfactory receptor to the given odorant. This provides a plausible

explanation for the significantly increased sensitivity of the mammalian olfactory

system to thiol odorants (Wang et al., 2003a).

Lewis basicity not only explains thiol sensitivity but also the observation that

a-substitution of thiols decreases the detection threshold of the odorant whereas an

identical substitution with alcohol compounds increases the threshold. The threshold

change could be the result of increased sterlc hindrance. This explains the result with

alcohol odorants but also necessitates the involvement of an alternative receptor

interaction mechanism capable of negating the sterlc effects to some degree in order

to explain the thiol odorant observations. The additional sensitivity to a-substituted

thiol compounds can be explained in terms of increasing Lewis base character, where

the structural change results in a greater potential for donation of electrons to a metal

ion and therefore lower thresholds of detection (Wang et al., 2003a).
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Supporting evidence: G protein-coupled receptor mutagenesis experiments In

addition to suggesting a putative mechanism for odorant sensitivity, the

. metalloprotein also provides an intrinsic method of G protein activation involving the

IC2 domain, which is significantly modified by the ejection/re-insertion of the TM4

region,

Mutagenesis experiments with bovine rhodopsin, a protein often used to

model the 3D structure of olfactory receptors (Floriano et al., 2000; Singer et al.,

2000) implicates the 2nd cytoplasmic loop alongside the 3rd cytoplasmic loop in G

protein activation and binding (Franke et al., 1992; Hedin et al., 1993). Studies on

the more distantly related p-adrenergic receptor have also provided evidence that

individual residues in the second cytoplasmic loop may be involved in G protein

activation (O'Dowd et al., 1988).

5.1.3 Dual reagent protein labelling strategy

The selective labelling and crosslinking of cysteine residues has been used

previously to characterise membrane-bound receptor proteins. Many of these

experiments involved the artificial introduction of cysteine residues into putative

sites on a receptor protein and have yielded information on the variable

oligomeristation states of bacterial chemoreceptors (Milligan and Koshland, 1988),

the secondary/tertiary structure of proteins (Kalomiris and Coller, 1985; Falke et al.,

1988; Fujinaga et al., 1999) and has also shown that activation of signal transduction

pathways by bacterial chemoreceptors requires the movement of two helices within

subunits of a homodimer (Lee et al., 1995). The putative identification of proteins

within the 55kDa band as olfactory receptor proteins and the extensive and well-

conserved labelling of the band by both I-LC-biotin and LYIA reagents (see Chapter
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4, results section) provides the opportunity to use this mode of structural analysis to

investigate whether or not a conformational change occurs with olfactory receptors in

response to the presence of divalent metal cations.

The dual reagent protein labelling strategy is illustrated in Figures 5.1,4 and

5.1.5. Figure 5.1.4 illustrates the sequential labelling of a hypothetical olfactory

receptor using the membrane-impermeable sulphydryl-targetting reagent LYIA to

derivatise free, exposed extracellular cysteine residues. This initial labelling step is

followed up by the use ofI-LC-biotin, a membrane-permeable reagent that attaches a

biotin tag to any remaining exposed cysteine residues whether they are intracellular

or in a hydrophobic i.e. transmembrane environment. If the dual reagent labelling

experiments are performed in buffers with and without the metal-chelating agent

EDTA it allows the detection of any conformation change in an olfactory receptor

resulting from the availability of divalent metal cations in the environment (Figure

5.1.5).

The hypothetical olfactory receptor in its non-metal bound state has two

extracellular cysteine' residues on the N-terminal tail and the second extracellular

loop (EC2), one cysteine residue within the transmembrane region and a fourth

cysteine residue in the first cytoplasmic loop (lCI). Under these conditions/this

conformation, two residues are available for LYIA-Iabelling and the remaining two

are accessible only to the membrane-permeable I-LC-biotin reagent.

According to the metalloprotein hypothesis, if divalent metal cations are

present in the environment, this hypothetical olfactory receptor (which contains the

putative metal binding motif) will bind the ion and adopt the metal-bound

conformation illustrated in Figure 5.1.5. The adoption of this alternative state

changes the distribution of the cysteine residues and their accessibility to the
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Unlabelled
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LYIA-Iabelled

H

+LYIA

c

o Lucifer Yellow

• Biotin

LYIAlI-LC-biotin labelled

+I-LC-biotin

~

Figure 5.1.4 Dual reagent labelling of a hypothetical olfactory receptor

The hypothetical olfactory receptor is a seven transmembrane-spanning protein
with one is intracellular and one extracellular cysteine residues. Treatment of the
receptor with the membrane-impermeable reagent Lucifer-Yellow lodoacetamide
(LYIA) attaches a fluorescent group to the external cysteine residue. Subsequent
treatment with a membrane-permeable reagent lodoacetyl-Iong chain-biotin (I-LC-
biotin) attaches a biotin tag to the remaining exposed cysteine residue.

The dashed line indicates the borders of the lipid bilayer, the top line representing
the extracellular face of the membrane.



no EDTA

+I-LC-biotin

+ EDTA

+LYIA c +I-LC-biotin

Figure 5.1.5 The predicted results of dual reagent labelling of a
hypothetical putative metal-binding olfactory receptor in buffers
containing EDTA

The dual reagent strategy can be used to detect the different conformations
adopted by olfactory receptors by using cysteine-targeting reagents in the
presence/absence of EDTA and thus the effects of divalent metal ions on
receptor structure.

The dashed line indicates the borders of the lipid bilayer, the top line
representing the extracellular face of the membrane. This receptor structure is
hypothetical except for the positions of the cysteine residues in TM4 and EC2
regions, which are highly conserved across olfactory receptors (Buck and Axel,
1991; Chess et al., 1992)
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labelling reagents. In this conformation, only one cysteine residue is now accessible

to the membrane-impermeable LYIA reagent and three will be labelled by I-LC-

biotin.

The conformation change proposed by the metalloprotein hypothesis should

be observed in this dual reagent labelling strategy via the comparison of the extent of

chemical modification by each of the reagents, in buffers with and without EDTA. If

the fluorescence decreases and biotinylation increases in the 55kDa band, it will

support the hypothesis the binding of divalent cations to selected olfactory receptors

results in a major conformational change.
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5.2 Method Development

For the successful application of the dual reagent strategy to conformational studies

of olfactory receptors three main criteria have to be fulfilled. Firstly the activity of

the reagents should not be heavily influenced by their use in alternative buffers. The

label detection scheme must be sufficiently sensitive to allow any differences

between samples to be detected and quantified. Finally the use of reagents

consecutively and alternative reaction buffers should not lead to tissue damage

specific to either reagent or buffer conditions.

As PBSIEDTA buffer has been used previously in both Lucifer Yellow

Iodoacetamide (LYIA) and Iodoacetyl-long chain-biotin (I-LC-biotin) reactions it

was decided that PBSIEDTA, alongside an identical PBS buffer without the addition

of 2mM EDTA, would be used as the buffers during the dual reagent labelling

experiments (see Section 2.1 for buffer recipes). The labelling efficiency of both

LYIA and I-LC-biotin in the two buffers were tested during time course experiments.

5.2.1 Time course experiments

Time course experiments were conducted using bovine serum albumin (BSA) as the

protein substrate for LYIA and I-LC-biotin. All samples were kept in the dark where

possible. Protein labelling was assessed by SDS-PAGE analysis (Figure 5.2.1).

LYIA labelling was visualized by UV imaging of the unstained gel. A second gel

was run and the resolved proteins blotted onto nitrocellulose. Biotin tags from I-LC-

biotin were then detected using a streptavidin-AP conjugate as described in Section

2.9.
The results of these time course experiments indicate that the efficiency of

'the LYIA labelling reaction is very similar in PBS and PBSIEDTA buffers. The
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PBS PBS/EOTA

Control LYIA Control LYIA

Oh O.Sh lh l.Sh 3h OhO.Sh lh l.Sh 3h OhO.Sh lh l.Sh 3h OhO.Sh 1h l.Sh 3h

SDS-PAGE

UV scan

PBS PBS/EOTA

Control +I-LC-biotin Control +I-LC-biotin

Biotin
detection

Oh O.Sh Ih I.Sh 3h Oh O.Sh Jh J.Sh 3h Oh O.Sh Ih I.Sh 3h

SDS-PAGE

Figure 5.2.1 Sulphydryl targetting reagents show similar reaction rates in
PBS buffers with or without added EDT A

Reaction mixtures consisted of added to 5001-11PBS or PBS/EOTA buffer
containing 50l-lg BSA to which 15J.!II-LC-biotin or 25J.!1LYIA stocks were added.
Mixtures were briefly vortexed and incubated in the dark at room temperature
with agitation on a rotary wheel. Reactions were terminated at time points Oh,
O.Sh, 1h, 1.Sh and 3h, by the addition of 5001-11200mM on prepared in an
identical buffer to that used during the labelling procedure. Samples were then
vortex mixed and excess reagent removed by desalting using O.Sml Vivaspin®
columns (100000a Mw cut-off paint, polyethersulphone membrane, purchased
from Vivascience, Surrey, UK). The Vivaspin® column desalting procedure was
performed according to the manufacturer's instructions.
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analysis of I-Le-biotin labelling again suggested sufficient similarity of reaction

rates in the two buffers for their use in these experiments. The difference observed

may also have been a property of the model protein used as analysis of the buffers

from subsequent tissue labelling experiments gave no indication of a significant

difference in the I-Le-biotin reaction rates in PBS versus PBSIEDTA buffers (see

Figure 5.2.2).

5.2.2 Detection of protein tags

Both reagents used during the dual reagent strategy attach a tag to the sulphydryl

group of any cysteine residues not involved in disulphide bonds or buried within the

protein core. LYIA is membrane-impermeable and therefore will only attach its

fluorescent tag to cysteine residues exposed to the external environment. I-Le-biotin

is membrane-permeable and can therefore derivatise free cysteine residues of both

extracellular and intracellular proteins. Although both of these tags are detectable

and both are quantitative, the results from the dual reagent strategy experiments were

based upon the detection of the biotin tag. This was for two reasons, first the biotin

detection signal was considered to be more stable than a fluorescent tag and secondly

the method of biotin detection involves the enzyme activity of alkaline phosphatase

which provides intrinsic amplification of a signal i.e. the greater the length of time

allowed for enzyme activity/blot development, the stronger the signal becomes. This

means that the detection of biotin tags, whilst remaining quantitative was considered

likely to be the more sensitive method oflabel detection.

An additional advantage of basing the results on biotin tag detection is that

the effects on I-Le-biotin labelling with and without prior LYIA exposure allows the
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Post-dissection tissue wash

r-LC-biotin
LYIA

EDTA

+ + + +
+ + + +

++ + - +

Post-L VIA labelling buffer

+ + + +
+ + + + -

+ + - + +

SDS-PAGE

Post I-Le-biotin labelling buffer

Biotin detection

r-LC-biotin
LYIA

EDTA

+ + + +
+ + + +

+ - + + - +

+ + + +
+ + + +

+ - + + - +

Figure 5.2.2 Analysis of tissue wash/post-labelling tissue buffers shows
no evidence of buffer/reagent specific tissue damage or protein
denaturation
The post-dissection tissue wash is the buffer used to wash the tissue
immediately prior to the LYIA labelling procedure. The post-L YIA treatment
buffer consisted of the labelling buffer used for the LYIA reaction. The post-I-Le-
biotin treatment buffer was the buffer used for the I-Le-biotin reaction and was
again also used to verify reagent activity.
Gel lanes contain equal loading volumes from each experiment.
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detection of proteins modified by LYIA as these sites will no longer be accessible to

I-LC-biotin.

5.2.3 Tissue degradation during labelling procedures

To verify whether there were buffer and/or reagent-specific degradation effects on

the olfactory turbinates during the dual reagent labelling procedures, tissue wash and

post-labelling reaction buffers were analysed by SDS-P AGE (Figure 5.2.2).

SDS-P AGE analysis indicated that there were no differences in tissue damage

across the control and experimental groups. This can be seen from the similarity of

the protein profile and concentration across the. different experimental samples.

Further evidence is obtained from the biotin detection blot of post-I-LC-biotin

samples, where denaturation of proteins exposed to LYIA would have been detected

by increased biotinylation due to exposure of additional cysteine residues normally

buried in the native protein structure. The maintenance of protein profile and gradual

decrease in the overall protein content from the post-dissection tissue wash to the

post-I-LC-biotin labelling buffer suggests that the proteins present in the buffer are

either a result of tissue damage occurring as a result of non-specific mechanical

tissue breakage or are derived mainly from the lower layer of olfactory mucus being

washed away during the subsequent wash/labelling steps. This explanation is also

supported by the similarity in protein profile of all final olfactory cilia samples

prepared during this work (Figure 5.3.1 and Figure 5.3.2).

5.2.4 Dual reagent labelling protocol

Tissue samples were washed using Krebs-Ringer or Krebs-RingerlEDTA according

to whether the samples were to be labelled in PBS or PBSIEDTA. Krebs-
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RingerlEDTA is used in the deciliation protocol described in Section 2.3 to remove

extracellular mucus. The presence of EDTA ensured that as many of the free metal

ions/ions associated with olfactory proteins were removed as possible in the metal

ion labelling experiments. In experiments where the ions associated with the

olfactory system were not chelated during the labelling reactions, Krebs-Ringer

buffer lacking EDTA was used to ensure minimal removal of ions during tissue

washes and labelling experiments.

LVIA-labelling was performed with dissected and washed tissue samples as

described in Section 2.10. After the 30 min labelling period, the tissue was pelleted

by a brief centrifugation 1000g, 3min before being resuspended in 1ml PBSIEDTA.

The second reagent, I-LC-biotin was added to the resuspended tissue as described in

Section 2.9. After the completion of all labelling reactions, enriched fractions of

olfactory cilia were prepared as described in Section 2.3 and subsequently analysed

by SDS-PAGE and biotin detection from a Western blot.
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5.3 Results

5.3.1 Analysis methods

The results of these experiments were determined by the analysis of the SDS-PAGE

gels and corresponding biotin detection blots by densitometry. The use of

densitometry allowed the analysis of the biotinylation of individual bands of interest.

The intensity of biotin detection was divided by the intensity of the staining of the

corresponding band in the SDS-PAGE gel to give the degree of biotinylation of a

given protein band. The values for degree ofbiotinylation are therefore corrected for

protein concentration. Alongside determination of the degree of biotinylation for

each sample, the ratio of biotinylation relative to other samples in the same

experiment was also calculated. This provides figures for the relative changes in 1-

LC-biotin in samples pre-treated with LYIA and labelled under different buffer

conditions.

During the densitometric analysis both the detection of biotin tags and silver

staining intensity were assumed to be linear. The enzymatic process that produces the

insoluble, coloured precipitate requires two chemicals (BCIP and NBT), which are

present in excess in the development solution, therefore the intensity of the

precipitant following biotin detection is dependant on the concentration of the

alkaline-phosphatase in a given region. Silver staining has significant linearity

problems when observing samples containing different proteins but as all

comparisons are made from identical bands from olfactory cilia preparations this was

not considered to be a problem during data analysis.

The changes in ion concentration of the buffers in the presence of EDTA is

unlikely to result in major protein modifications as it represents an increase in ionic
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strength of IlmM in Krebs-RingerlEDTA and 5.5mM in PBSIEDTA in buffers that

already contain -150mM and 170mM inorganic salts respectively.

5.3.2 First dual reagent differential labelling experiment

The SDS-PAGE replica gel and biotin detection blot are shown in Figure 5.3.1, the

densitometry results are provided in Table 5.3.1. The biotin detection blot shows two

intensely stained bands. The first band at approximately 50-55kDa (referred to

subsequently as the 55kDa band) was putatively identified in Chapter 4 as containing

tubulin proteins and also olfactory receptor proteins. As tubulin is a cytoskeletal

protein with well-established intracellular localisation, any changes in the

biotinylation intensities between samples pre-treated with LYIA (dual reagent

experiments) and those labelled with I-LC-biotin alone (single reagent experiments)

are likely to be solely due to effects on the receptor proteins.

The second protein band has an approximate mass of 40kDa and was

identified in Chapter 4 as coincident with actin isoforms. Additional tandem mass

spectrometry experiments suggested that there are some peptides that may be derived

from olfactory receptor like proteins, however where as the peptide mass fingerprints

indicate the actin identification is statistically significant the peptide sequence data is

far from conclusive (for further discussion see Chapter 4).

5.3.3 [-Le-biotin labelling of the 55kDa band

Labelling in PBS v PBSIEDTA There is a difference in relative biotinylation in

buffers with and without EDTA and therefore limited free divalent cations. This

supports the idea that the presence of free metal ions in the receptor environment can

influence the conformation of the receptor proteins. Contrary to the metalloprotein
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Full-view rat olfactory cilia labelling analysis

SDS-PAGE

I-Le-biotin -
LYIA -

+ + + +
+ + + +

EDTA + - + + +

150kDa

IOOkDa
75kDa

50kDa

37kDa

25kDa

15kDa

Biotin detection

+ + + +
+ + + +

+ - + + - +

Figure 5.3.1 Dual reagent labelling of rat olfactory cilia proteins
Freshly dissected turbinates were washed using Krebs-Ringer or Krebs-
Ringer/EDTA and resuspended in Iml PBS or PBS/EDTA. Tissue samples were
then treated with LYIA (50ll1 6.5mg/ml stock), the labelling reaction performed
as described in Section 2.10. Tissue samples were then centrifuged and
resuspended in 1ml fresh PBS or PBS/EDTA to which 30111I-LC-biotin was
added. The I-LC-biotin reaction proceeded over 1h, before the labelling buffer
was removed and enriched cilia fractions were prepared according to the
protocol described in Section 2.3. Cilia preparations were resolved on a large-
format SOS-PAGE gel and blotted onto a nitrocellulose membrane for biotin
detection.

An enlarged view of the 35-60kDa region of both the biotin detection blot and
corresponding gel is provided overleaf.



Enlarged view of 35-60kDa region

SDS-PAGE
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hypothesis discussed however, the increased levels of biotinylation observed in

EDT A-containing buffers suggest that cysteine residues are more likely to be in a

transmembrane or intracellular environment in the absence rather than presence of

divalent metal cations.

Potential increase in cysteine reactivity The increase in biotinylation between

55kDa proteins labelled in PBSIEDTA versus PBS is maintained in both the dual

reagent and I-LC-biotin alone reactions. This suggests that the accessibility of the

cysteine residues may not be the only factor in determining I-LC-biotin labelling

intensity. The intensities of the I-LC-biotin labelled bands should be largely

unaffected by the conformational switch of a cysteine residue from an external to

transmembrane domain, as this is unlikely to affect its accessibility to I-LC-biotin

and further, there has been no pre-treatment with LYIA. This means that biotin

detection intensities should be approximately equal as there should be an identical

limited number of accessible cysteine residues in the receptors accessible for

labelling in both samples. That intensity still increases even without prior LYIA

treatment is consistent with the conformational change occurring in response to the

lack of free metal ions also results in the increased reactivity of selected cysteine

residues.

An increase in cysteine reactivity is defined as changes in the environment of

a cysteine residue that leads to its sulphydryl group being more likely to react with

the targeted labelling reagents within the time period allowed for labelling reactions

to occur. The labelling experiments do not differentiate between increases in cysteine

reactivity due to increased numbers of cysteine residues physically exposed or

influences on their intrinsic reactivity. Therefore cysteine reactivity can effectively

be altered by modification of the immediate chemical environment of the residue e.g.
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during intracellular tertiary structure re-arrangements (sulphydryl groups become

more reactive when positioned close to polar and/or charged groups - Friedman,

1973), or structural changes exposing additional cysteine residues to I-LC-biotin.

Effects of extracellular cysteine residue derivatisation In samples labelled in PBS

buffer, biotinylation was lower in the LYIAII-LC-biotin experiment than by I-LC-

biotin alone. This supports the existence of an extracellular cysteine residue in at

least some receptors. This result is not mirrored by the results of labelling

experiments performed in PBSIEDTA buffer. The biot~n detection intensity of the

LYIAII-LC-biotin samples is just over 3-fold greater than the corresponding sample

labelled only with I-LC-Biotin. An increase in cysteine reactivity during a

conformational change in response to the absence of co-ordinated/free metal ions as

discussed above, accounts for part of the increase relative to PBS labelling samples

but these results also suggest a structural impact of the derivatisation of external

cysteine residues. One explanation is that there are multiple co-operating methods of

increasing cysteine reagent reactivity. Structural changes occur in receptors exposed

to EDTA that increase the reactivity of intracellular cysteine residues

(intracellular/transmembrane as not blocked by LYIA) as shown by the single I-LC-

biotin labelling experiments. A second tertiary structure change resulting from the

derivatisation of an external cysteine residue may in addition lead to the exposure of

previously inaccessible sites. This could be the result of denaturation however as no

proteins in the post-I-LC-biotin labelling buffer samples showed signs of

denaturation by heavily increased biotin labelling (Figure 5.2.2) this explanation is

unlikely. It is perhaps more plausible that protein packing has altered in the

, intracellular domains of the receptor (again intracellular/transmembrane as these are

not blocked by LYIA treatment). The internalisation of cysteine residues in response
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to derivatisationlabsence of metal ions that would otherwise be blocked by LYIA

treatment increases the number of cysteine residues available for biotinylation

however this would not increase levels of biotinylation above those observed for

single reagent experiments as the number of sites available for labelling has not

changed unless these residues also increased in their reactivity.

In summary, the results of the initial dual labelling experiment to determine

whether the putative olfactory receptors identified in the 55kDa band of olfactory

cilia preparations are metalloproteins support the hypothesis that receptor structure is

mutable via the presence/absence of divalent cations in the environment. They do

however point to a different mechanism than that proposed by Wang et al (2003a) as

they suggest that less rather than more cysteine residues are exposed to the olfactory

mucus environment in the presence of divalent cations.

5.3.4 [-Le-biotin labelling of the 40kDa band

The major fluctuation in biotinylation of the 40kDa band, under different conditions

was unexpected. Relative biotinylation of the 40kDa band peaked at a 40-fold

difference between dual and single reagent labelling in PBSIEDTA, suggesting that

the derivatisation of external cysteine residues in the tissue has had a major impact

upon the structure of the protein. As this protein band appears (from MALDI spectra

of 40kDa band in sheep and rat olfactory cilia samples) to be dominated by isoforms

of actin i.e. intracellular proteins, it is likely that LYIA derivatisation is acting

indirectly on proteins within this band via other LVIA-sensitive proteins. There is

also limited evidence that there are olfactory receptor-like proteins in this band. In

order to achieve this great a difference in biotinylation these would have to

potentially represent a subclass of receptors that respond to the absence of metal 'ions

175



MET ALLOPROTEIN HYPOTHESIS OF OLFACTORY RECEPTOR FUNCTION

and derivatisation of its external cysteine residues in a much greater manner than

those in the 55kDa band, a possibility that cannot be discounted. A third explanation

to account for such a large increase is that a combination of the above factors is

occurring i.e. the structure of the receptors is being directly affected by the

derivatisation in an identical manner to that observed in the 55kDa band and also the

structure of actin is being influenced indirectly by these receptor proteins or others

sensitive to the derivatisation of external residues. Verification of the significance of

these findings requires confirmation by a replicate dual labelling experiment.

5.3.5 Second dual reagent differential labelling experiment

The results from the second dual labelling experiments also suggested that the

presence or absence of EDTA in the labelling buffer may have an effect on the

structure of the proteins present in the 55kDa and 40kDa bands of a SDS-P AGE gel.

However these results show differences on a much smaller scale than the first

experiment and do not unequivocally support the hypothesis of olfactory receptors

being metalloproteins. It must be n~ted that although the experimental results appear

to implicate metal ions involvement in protein structure, as observed via cysteine

residue exposure they do not provide evidence for the shuttlecock mechanism of

receptor motion proposed by the metalloprotein hypothesis (Wang et al., 2003a).

The biotin detection blot and replica SDS-PAGE gel are shown in Figure

5.3.2. The results of the densitometry analysis of the dual reagent protein labelling

are given in Table 5.3.2. The relative biotinylation levels for both the 55kDa and

40kDa bands are much reduced by comparison to the results from the previous

experiment. This is unlikely to be the result of a reduction in reagent activity as

shown by the sustained biotinylation in all samples.
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Full-view rat olfactory cilia labelling analysis

SDS-PAGE
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Figure 5.3.2 Second dual reagent labelling experiment performed using
rat olfactory cilia proteins
Freshly dissected turbinates were washed using Krebs-Ringer or Krebs-
Ringer/EDTA and resuspended in Iml PBS or PBS/EDTA. Tissue samples
were then treated with LYIA (50I-.lI6.5mg/ml stock), the labelling reaction
performed as described in Section 2.10. Tissue samples were then
centrifuged and resuspended in 1ml fresh PBS or PBS/EDTA to which 30".d
I-LC-biotin was added. The I-LC-biotin reaction proceeded over 1h, before
the labelling buffer was removed and enriched cilia fractions were prepared
according to the protocol described in Section 2.3. Cilia preparations were
resolved on a large-format SDS-PAGE gel and blotted onto a nitrocellulose
membrane for biotin detection.

An enlarged view of the 35-60kDa region of both the biotin detection blot and
corresponding gel is provided overleaf.



Enlarged view of 35-60kDa region
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5.3.6 Replicate labelling experiment: 55kDa band

The relative biotinylation for protein labelling conducted in PBS and PBSIEDTA .

both show increased values in the I-Le-biotin only experiments. This supports the

observation that selected proteins in the 55kDa band have external cysteine residues

that are blocked from I-Le-biotin labelling by pre-treatment with LYIA. The

consistency of this pattern in both PBS and PBSIEDTA experiments suggests that

there are no major structural changes caused by derivatisation of external cysteine

residues under either buffering conditions that affect the total number of cysteine

residues available for reactions with the labelling reagents.

A comparison of the differences in biotin detection intensity during labelling

procedures conducted in PBS and PBSIEDTA show a decrease in relative

biotinylation of the 55kDa band in the latter buffer. This might be interpreted as an

increase in cysteine residues accessible to the membrane-impermeable reagent

LYIA. This result appears to directly contradict the findings of the previous

experiments however if the results are looked at more closely: biotin intensity in both

buffers appears to increase by very similar percentages, 17% and 16% in the PBS

and PBSIEDTA experiments respectively. This suggests that differences between the

buffers in. these experiments originate from total numbers of cysteine residues

accessible to both reagents rather than differential exposure of residues under

different conditions of divalent cation availability in the receptor environment.

This could arise from experimental procedures influencing the accessibility of

labelling reagents to the target proteins e.g. the differential removal of mucus by the

buffers with and without EDTA. Alternatively the presence/absence of metal ions in

the environment may influence protein structure by resulting in changes in the

packing of extracellular loops of olfactory receptors. This structural rearrangement
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could bury cysteine residues within to centre of a globular structure therefore

removing those cysteine residues from the pool that are accessible to either reagent.

In this manner, the experiments may provide evidence of a mutable receptor structure

dependant on the presence or absence of metal ions in the environment however this

would only be one possible interpretation of the data and therefore no conclusions

can be made.

5.3.7 Replicate labelling experiment: 40kDa band

Analysis of the relative biotinylation of the 40kDa band in the second dual labelling

experiment reveals that one set of conditions (pBS buffer, LYIA derivatisation) gives

a markedly increased biotin detection signal as observed during the first differential

labelling experiment. This result also mirrors the data from the first experiment in

that the maximal level of biotinylation was achieved in a dual reagent-labelling

sample i.e. was a combined result of the buffer conditions and the direct or indirect

effects of the derivatisation of external cysteine residues.

The data differs however in that the highest intensity of biotinylation was

observed in the PBS rather than PBSIEDTA. This hints at connectivity of the

biotinylation states of the 55kDa and 40kDa bands. During the first experiment, the

highest levels ofbiotinylation in 55kDa band were observed in the LYWI-LC-biotin

experiment in PBSIEDTA buffer and these conditions also provided maximal

biotinylation in the 40kDa band. In the second experiment the highest levels of

biotinylation were attained during the use of both labelling reagents and despite

being in PBS rather than PBSIEDTA, were again found in the same buffer for both

55kDa and 40kDa bands.
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5.4 Discussion

5.4.1 Defining the role of metal ions in olfactory receptor structure/function

The first experiment clearly suggests that divalent metal cations i.e. metal ions able

to be chelated by EDTA, have an impact on the intracellular/extracellular distribution .

of cysteine residues and the accessibility and reactivity of their exposed sulphydryl

groups. The manner in which the distribution and reactivities appear to be altered

however, directly contradict the metalloprotein hypothesis as explained in Section

5.1 of this chapter. According to the mechanism proposed in Wang et al. (2003a),

these results (if replicated) would imply that instead of being a crucial part of

odorant-receptor interactions, the role of metal ions in the primary events of olfaction

is an inhibitory one.

The results from the second experiment argue against the findings of the first,

In this case, the presence of metal ions leads to an increase in the accessibility of

cysteine residues/sulphydryl group reactivity. This is seemingly supportive of the

metalloprotein hypothesis and yet gives no indication of the changes in

intracellular/extracellular distribution of cysteine residues that form the proposed

mechanism by which the sequestration of metal ions by olfactory receptors leads to

activated receptors and G proteins.-

The purpose of the dual reagent labelling experiments was to provide

evidence for the structural impact the presence/absence of metal ions may have on

the structure of olfactory receptors and therefore on their function. In this aim these

experiments must be considered as pilot studies. For accurate conclusions to be made

. the dual labelling studies must be replicated and issues of variability in the

experimental process must be addressed. Further investigations into the protein

species in the 40kDa band may confirm the presence of additional proteins other than
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actin, which could potentially explain the LYIA-induced changes in the biotinylation

intensity .

. There are two main areas of potential variability in these experiments, the

labelling reagents and the tissue samples. The impact of any deterioration of reagents

during this work is considered negligible as the activity of reagents can be monitored

by the continual comparison of the I-LC-biotin protein labelling of soluble proteins

present in the labelling buffer. During each experiment the SDS-PAGE and biotin

detection analyses were conducted on two gels with all the labelled olfactory cilia

samples from that experiment loaded. This limits variability due to development and

staining processes within a single experiment and although slight variability may

between different experiments this is unlikely to be the major causal factor of the

contradiction observed in this work. Experiments could be repeated with increased

levels of proteins. This would enable the use of Colloidal Coomassie Blue, which

would reduce any slight analytical biases caused by the use of silver staining

techniques. The author's personal observation is that there is a limit on how many

tissue samples should be deciliated in a single batch to ensure consistent protein

profiles across all cilia preparations. Therefore, bulking up preparations carries a

trade-off between protein concentration and efficient cilia isolation and enrichment.

Another potential source of experimental variability are the tissue samples

and any differential effects that the buffers used during this study may have. The

animals utilised were female Wistar rats approximately 200g. The animals came

from two different sources and although this is unlikely to have any major impact

upon the comparative health status of the animals, different feeding regimes may

have an effect upon the levels of trace elements such as zinc in the olfactory mucus

(anosmia is one symptom of zinc deficiency, Wang et al., 2003a). No metal ions are
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artificially introduced during these experiments so any metalloprotein effects would

only be seen in the presence of sufficient levels of metal ions in the olfactory

environment not removed during dissection and subsequent tissue washes. Specific

responses to the presence of metal ions may be more obvious if an external solution

of e.g. ImM ZnCh was introduced prior to labelling so that each sample has at least

this level of metal ions and thus sufficient levels for a minimum number of olfactory

receptor proteins that bind metal ions to respond to the absence/presence of EDTA in

a manner observable by the dual reagent strategy. Care must be taken to differentiate

between metal ion binding effects and any general ionic effects when introducing

external ions however low level introduction into ionic buffers such as PBS would be

unlikely to cause major ionic strength-related problems.

Levels of metal ions in the overlying mucus as a source of variation is also

potentially compounded by the differential use of wash buffers containing EDTA,

which may enhance the removal of mucus from tissue samples exposed to it.

Experiments were performed using Krebs-Ringer or Krebs-RingerlEDTA to ensure

that as much of the free 'metal ions or those associated with olfactory proteins was

removed as possible. In repeated experiments the pre-labelling tissue wash could be

performed using the same buffer to investigate the influence of this source of

variability.

One final issue with EDTA is the range of metals that it is capable of

chelating. The use of EDT A means that both Zn2+ and Cu2+ ions are efficiently

chelated, however other ions such as Ca2+ and Mg2+ are also sequestered from free

solution (dissociation constants Mg2+<Ca2+<Zn2+<Ne+ <Cu2+ - Perrin and Dempsey,

1974). Although these ions are not proposed to have any effect on olfactory receptor
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structure they may influence protein stability via indirect effects on cilia membrane

stability.

5.4.2 The metalloprotein hypothesis

The metalloprotein hypothesis has been investigated further during this work using

cysteine residues as structural markers. It can also be analysed further by looking at

olfactory receptor sequences, specifically the evidence of mutational analyses and

individual amino acid conservation levels. Wang et al. (2003a) reported 70% human

olfactory receptor sequences contained the putative metal binding motif. Whilst this

statistic lends credence to the metalloprotein hypothesis by suggesting high levels of

conservation of this motif, the data leaves two important criteria unaddressed.

First, the use of genomic sequences for this analysis results in the inclusion of

pseudogenes i.e. sequences that are not expressed and therefore not constrained by

the evolutionary selection of useful sequences. This may not have a major impact in

mammalian species such as mouse, with an estimated 20% of olfactory receptor

sequences thought to be pseudogenes (Young and Trask, 2002) however analysis of

human sequences has estimated pseudogene levels of 40-70% (Sharon et al., 1999;

Rouquier et al., 2000; Fuchs et al., 2001; Young and Trask, 2002). Therefore, of the

70% quoted as possessing the metal ion binding motif, a significant number are

likely to be pseudogenes unless there is selection pressure for the maintenance of this

sequence in functional olfactory receptors.

Sequences of olfactory receptors from human chromosome six were acquired

from the HORDE database (http://bioinformatics.weizman.ac.illHORDE), which

annotates sequences as pseudogenes or intact sequences according to the occurrence

of any in-frame stop codons, The genes from chromosome six were selected for
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analysis as this cluster contains a mixture of intact receptor sequences and

pseudogenes, with sequences derived from multiple human olfactory receptor (hOR)

families and subfamilies. The sequences were analysed for the presence of the

putative metal binding motif. Ifmetal binding is an integral part of olfactory receptor

function the frequency of this motif in intact genes should be much greater than in

pseudogenes, reflecting the high levels of selective pressure to maintain the binding

site. The distribution of the motif in intact genes and pseudogenes is shown in Table

5.4.1. There does not appear to be great selection pressure on the maintenance of this

motif. Whilst 62% of intact genes contain the metal-binding motif the frequency of

the motif in pseudogenes is only 5% lower showing no major selection of the motif

in functional sequences. Non-functional receptors are more likely to acquire

deleterious mutations and become pseudogenes (Freitag et al., 1999) therefore if the

metal binding motif is of major importance in the olfactory process it should have an

exaggerated conservation inmicrosmatic organisms such as humans but should also

have a much lower incidence amongst pseudogenes. Studying the pseudogene

sequences on chromosome six show that the ratio of sequences with the motif to

those without is 1.3:1, much less than would be predicted for residues involved in a

key process of odorant reception. The lack of major bias between the frequencies of

the metal binding motif in intact genes versus pseudogenes and also within

pseudogenes alone suggests that this motif is not under strong selection pressure.

This brings into question the importance of metal binding in the primary events of

olfaction.

Another key argument to be addressed in the discussion of the metalloprotein

hypothesis is that the presence of a metal-binding site is not the only requirement for

the shuttlecock mechanism of metal-binding and G protein activation; the
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OR sequences +HxxCDIE -HxxCDIE
Intact genes
Pseudogen es

35
23

22
13

13
10

Table 5.4.1 Analysis of the occurence of the metal binding motif in
olfactory receptor sequences from human chromosome six

Human olfactory receptor sequences listed in the on-line HORDE database
(http://bioinformatics.weizman.ac.il/HORDE) were examined for the
presence of the putative metal ion binding motif. This analysis failed to show
any major bias in the occurrence of the putative metal ion binding motif in
intact genes versus pseudogenes in the 58 olfactory receptor sequences
found.on chromosome six.
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mechanism is also reliant upon the hydrophobicity values of TM4 and Ee2 being

similar. In the original paper hydropathy plots were provided for the human olfactory

.receptor hOR 02d2 and showed that with the single mutation of a glutamate residue

to valine (E180V) the Ee2 region became more hydrophobic than the preceding

transmembrane section (TM4) and at least as likely to adopt a transmembrane

position as TM4. The hydropathy plot is reproduced in Figure 5.4.1, the asterisks

indicating the changes in hydrophobicity of the TM4 region (remaining constant -

left-hand asterisk) and the Ee2 loop (hydrophobicity increases - right-hand asterisk)

following the E180V in silico mutation. Identical analysis of an olfactory receptor

sequence from the same subfamily - hOR 02d3 (Figure 5.4.2), indicated that despite

this receptor sharing the metal binding motif and at least 60% homology with hOR

02d2, it does not respond similarly to the E180V mutation. This is due to the

surrounding amino acids in Ee2 showing sufficient variation to no longer have the

required levels of hydrophobicity. Subsequent analyses of four members of the

olfactory receptor subfamily hOR 02b (Figure 5.4.1), which all contain the HxxCDIE

motif, reinforced the notion that this motif may increase the likelihood of interactions

between olfactory receptors and metal ions but that this does not mean that the

shuttlecock mechanism of G protein activation is automatically applicable to these

receptors.

A BLAST search of the hOR o2d2 sequence produced olfactory

receptors/fragments of receptors and seven-transmembrane helix receptor, the top

four of which did share the E180V structural changes (Figure 5.4.2). However this

does not refute a flaw in the statistics of potential metalloprotein receptors where the

70%estimation was arrived at by the analysis of the presence of the putative binding

motif.
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Figure 5.4.1 Hydropathy plots of different olfactory receptors show
that not all proteins containing the putative metal ion binding motif
show the same response to the neutralisation of the EC2 glutamate
residue

Native sequences: Olfactory receptor sequences were obtained from the
HORDE database (http://bioinformatics.weizman.ac.iI/HORDE) and
analysed using the TMHMM topology prediction tool (www.expasy.org).
Receptor sequences analysed are from OR2 D2 (a putative metal binding
receptor identified by Wang et al., 2003), OR2 D3 (a member of the same
subfamily of human olfactory receptors and four members of the OR2
receptor family but a different subfamily to OR2 D2 (OR2 82/89, OR2 83,
OR2 86, OR2 88).

E-V Substitutions: Each sequence was mutated in silico by an amino acid
substitution of the putative metal binding glutamate (E) residue with the
uncharged residue valine (V) and re-analysed to observe the effects of
glutamate neutralisation on the predicted topology of the receptor proteins.

* Marks the putative TM4 and EC2 regions of the olfactory receptor
sequences
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Figure 5.4.2 Sequences very closely related to hOR 02d2 also show
changes in the number of potential transmembrane regions in
response to the neutralisation of the glutamate residue In the putative
Ee2 domain

Native sequences: The protein sequences analysed were identified by a
BLAST search as the four closest matches to hOR 02d2 in the human
genome. The protein sequences were obtained from the NCBI non-
redundant protein database and the putative topology of the proteins was
analysed using the TM HMM topology prediction tool (www.expasy.org)

E-V Substitutions: Each sequence was then reanalysed with an amino acid '
substitution of the putative metal binding glutamate (E) residue with the
uncharged residue valine (V) to observe the effects of glutamate
neutralisation on the predicted topology of the receptor proteins..

*marks the putative TM4' and EC2 regions of the olfactory receptor
sequences
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The above arguments call into question the extent and the mechanism by

which metal ions may be involved in the primary reception of odorants. Whilst a

small number of receptors using metal ions to increase sensitivity to odorants such as

thiols would still account for the observed low detection thresholds for these

odorants, how widely the same mechanism for odorant interactions can be applied is

questionable. This means that detection of movement in olfactory receptors in

response to the presence of metal ions by the dual reagent labelling strategy would be

tremendously difficult. The protein labelling is unlikely to be sensitive enough to

pick up changes in a subset of receptors below the masking effect of the majority of

receptors, which may change in tertiary conformation but do not undergo the

shuttlecock mechanism proposed for G protein activation.
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Chapter 6

GENERAL DISCUSSION AND FURTHER WORK

6.1 Characterisation of the olfactory cilia proteomes of mouse, rat and sheep

Two of the key criteria for a putative thiol sensor protein are localisation to the

olfactory cilia and conservation across different mammalian species. The search for

thiol sensor candidates reported in this thesis therefore commenced with the

characterisation of the olfactory cilia proteomes of three mammalian species, Mus

musculus, Rattus norvegicus and Ovis aries. The primary requirement for this study

was a reliable method for isolating an enriched cilia fraction from olfactory tissue of

the chosen model species. The ability to derive such a preparation from mouse, rat

and sheep was established at the beginning of Section 3.3 and the enrichment of cilia

proteins was demonstrated using a combination of electron microscopy, biochemical

.techniques and protein profile comparisons.

The similarities between the olfactory cilia proteomes of the mouse, rat and

sheep were assessed in two ways. The first was by comparison of the protein profiles

derived from SDS-PAGE and 2D-PAGE separation of cilia preparations. This

provided evidence of the major similarities between the protein complements of

mouse and rat olfactory cilia, in addition to one area of significant difference. In

contrast, the sheep olfactory cilia proteome exhibited little profile similarity with the

rat and mouse. These results were as expected given the evolutionary relationships

between the species. A continuation of these comparisons was the investigation of

the extent of individual protein conservation in olfactory cilia preparations from each

of the model species. This thesis reports the only study to date that has addressed the

composition of olfactory cilia in terms of its entire protein complement rather than its

surface characteristics and investigated the levels of individual protein conservation
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across distantly related mammalian species. This study also provided an insight into

the main groups of proteins that are required for the maintenance of viable olfactory

cilia.

The use of mass spectrometry to identify unknown proteins was applied to

observe the similarities and differences in the nature of proteins associated with the

olfactory cilia of the model species. Large-scale characterisation of olfactory cilia

proteins was not undertaken using mouse tissue due to the low protein' yields 'of cilia

preparations. In addition the pronounced profile similarity between the mouse and rat

olfactory cilia preparations implied high levels of protein conservation between the

two species. Therefore the analysis of protein conservation across the olfactory cilia

proteomes of mammalian model species was undertaken using sheep and rat

olfactory samples. Identification of individual proteins indicated that the enriched

cilia fractions were composed of axone mal proteins, proteins of the cilia cytoplasm

and also protein species associated with the external surfaces of the cilia membrane.

6.1.1 Cytoskeletal, cellular detoxification and metabolic proteins dominate the

olfactory cilia proteomes of rat and sheep

The significant differences observed between the 2D-PAGE profiles of rat and sheep
"

olfactory cilia were reflected in the protein identifications made during the proteome

characterisation study. Less than 50% of proteins identified in rat olfactory cilia were

found in the sheep preparation, a figure including proteins present in alternative

subtypes. Despite the differences in absolute protein identities in the olfactory cilia

proteomes of rat and sheep, the classes of proteins identified in both species did share

some similarities. The olfactory cilia proteome was dominated by proteins forming
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or associated with the cytoskeleton, cellular stress/detoxification proteins and more

surprisingly, metabolic proteins.

The dominance of cytoskeletal proteins was easily predicted by the nature of

the cilia preparation i.e. an enriched fraction of a cell surface feature reliant upon its

internal microtubular axoneme for its physical structure. This preponderance of

cytoskeletal proteins in cilia preparations was also demonstrated in a proteomic

survey of human bronchial cilia (Ostrowski et al., 2002). This survey of the

bronchial cilia proteome also revealed the association of heat shock proteins (HSPs)

with the axoneme, in agreement with this study, which indicated the localisation of

multiple types of HSPs to the olfactory cilia. The biotransformation and antioxidant

machinery/capacity of the olfactory system has been well characterised previously

(Nef et al., 1989; Ben-Arie et al., 1993; Reed et al., 2003). Therefore the

identification of the second major group of proteins common to rat and sheep

olfactory preparations: proteins involved in responses to cellular stress and cell

detoxification, was also in line with the current literature. The third group of proteins

dominating the olfactory cilia proteomes of rat and sheep provided a much greater

surprise - this group of proteins were all primarily involved in cellular metabolism.

Potential secondary roles for the metabolic proteins identified in cilia proteomes

Many of the metabolic proteins identified during the olfactory cilia proteome

characterisation are involved in cellular metabolism including glycolysis (enolase),

the TCA cycle (malate dehydrogenase) and metabolism of aldehyde compounds.

These proteins are certainly not olfactory cilia-specific as were also observed, along

with proteins such as transketolase and aldehyde dehydrogenase 3 in rat respiratory

cilia preparations. The reason for their abundance in cilia preparations is not yet
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clear. From an energy metabolism perspective it is easy to suggest that these proteins

are highly expressed in cilia to maximise the production of co-factors required by .

cellular stress/detoxification proteins e.g. ATP and NADH. However, in the cases of

enolase and malate dehydrogenase, these enzymes are not the key regulatory sites for

their respective pathways and therefore increased levels of these proteins (such that

they are detected and identified during 2D-PAGE whilst other enzymes of the same

pathway are not) would not lead to an increase the overall energy production

capacity. In addition, none of the metabolic proteins identified are directly involved

in the production of ATP or NADH (Mathews and van Holde, 1996). In summary,

the metabolic capacity of these proteins may not explain their presence in cilia

preparations.

The localisation of metabolic enzymes to both rat and sheep olfactory cilia

and rat respiratory cilia preparations as indicated by this study suggested secondary

roles for these proteins. Two putative secondary roles for these proteins are proposed

from comparisons to proteins of the cornea and lens and by the cysteine-labelling

experiments described in Chapter 4. The first potential role for the metabolic proteins

is to utilise their structural properties in generating a high, stable protein

concentration in the cilia and/or applying their catalytic properties to detoxification

roles e.g. aldehyde dehydrogenase 3 (Cuthbertson et al., 1992; Bilgihan et al., 1998;

Pappa et al., 2003). The second proposal stemmed from the observation that enolase,

creatine kinase and the non-class 3 aldehyde dehydrogenase subtypes all have

exposed cysteine residues derivatised by I-LC-biotin. Given that glutathione forms a

major part of the antioxidant capacity of the olfactory cilia and forms mixed

disulphide bonds with exposed cysteine residues of local proteins during oxidative

stress. It is proposed that these metabolic proteins are localised to the olfactory cilia
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to ensure that the glutathione conjugation during oxidative stress does not inhibit the

activity of key enzymes e.g. those involved in signal transduction, and instead forms

disulphide bonds with proteins ofless immediate functional importance.

There remains the possibility that these proteins were present In cilia

preparations as a result of cytosolic contamination. This issue could be addressed

using immunohistochemical techniques to confinn or refute ciliary localisation of

these metabolic proteins.

6.2 Cross-species adaptation of mammalian olfactory cilia

During the analyses of mouse, rat and sheep olfactory cilia there were key

similarities between the groups of proteins identified but also potentially significant

differences. These include the high levels of abundance of annexins in sheep

olfactory cilia and a cluster of proteins exclusively observed in mouse olfactory cilia .

preparations.

Annexin subtypes I, II and V were identified in sheep olfactory cilia

preparations. Furthermore the resolution of annexins I and II into multiple distinct

proteins spots on a 2D-gel, indicated that they are also present in multiple isofonns.

Yet despite the high levels of abundance and presence of multiple subtypes and

isofonns in the sheep olfactory cilia, neither annexin I or II were identified in rat

olfactory cilia. The presence of annexin I in an enriched cilia preparation is

supported by a previous immunohistochemical study in rabbit tracheal epithelium

(Mayran et al., 1996). Their presence/absence in sheep and rat preparations indicated

a species-specific adaptation of sheep olfactory cilia. Although annexins are known

to bind phospholipids in a Ca2+-dependant manner (Burgoyne and Clague, 1994;

Schnitzer et al., 1995) and are capable of interactions with actin (Hamre et al., 1995)
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the major role of these proteins remains unclear. However from proposed functions

for these proteins, the differential localisation/expression of annexins I and II in rat

and sheep olfactory cilia could indicate alternative systems for vesicle trafficking

andlor endocytosis (Schnitzer et al., 1995; Benz and Hofinann, 1997). In addition, as

annexins bind to and are regulated by the Ca2+ions the abundance of these proteins

may also be indicative of extra roles/alternative mechanisms for Ca2+ homeostasis

and Ca2+-mediated odorant adaptation mechanisms in the olfactory cilia (Zufall and

Leinders-Zufall,2000).

The second major species-specific adaptation observed during the analyses of

olfactory cilia proteomes from the model species was a cluster of proteins at 75kDa,

observed exclusively in mouse olfactory cilia preparations. Two of the spots within

this cluster were identified by peptide mass fingerprinting as RIKEN cDNA

5430413KI0 (NCBI accession 31982543) and Similar to RIKEN cDNA

5430413KI0 (NCBI accession 38075198). The primary sequences of these proteins

exhibited extensive homology to two putative pheromone binding proteins RYF3 and

vomeromodulin (68% and 71% sequence identity respectively, see Figure 3.3.21)

and were therefore defined as members of a novel pheromone binding family of

secretory proteins. The presence of highly abundant pheromone binding proteins in

close association with the main olfactory system in mice suggested that pheromones

play a greater role in the behavioural ecology of mice compared to rats. One

possibility is that the efficient detection of pheromones by both the vomeronasal

organ and the main olfactory system allows multiple sets of information to be gained

from pheromones, creating both hormonal responses (via the vomeronasal organ) and

conscious behavioural responses (via main olfactory system).
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6.3 Sensory adaptation of rat olfactory cilia

An additional requirement for putative thiol sensor proteins is that they are specific

to the olfactory cilia. Previous studies addressing the sensory adaptation of cilia have

utilised monoclonal antibodies (Chen et al., 1986a; Anholt et al., 1990) and various

lectins (Chen and Lancet, 1984; Anholt et al., 1986) to highlight protein species

present in olfactory but not respiratory cilia. Theses studies tended to utilise

amphibian tissue for their comparisons and commonly identified glycosylated

proteins at 55kDa and 95kDa. A later immunohistochemical study indicated that 6

out of the 9 lectins used to monitor differential expression of glycoproteins in

olfactory versus respiratory epithelia (including the commonly used lectins

concanavalin A and wheatgerm agglutinin) exhibited no specificity in distribution

between the sensory and non-sensory epithelia of the rat nasal cavity (Menco, 1992).

The lectin-based approach to the study of sensory adaptation was therefore not

pursued during this study. Instead, the comparison of sensory and non-sensory cilia

proteomes was performed using gel electrophoresis separation of olfactory and

respiratory cilia preparations and protein identification by peptide mass

fingerprinting.

The respiratory cilia preparation utilised during these studies was derived

from the epithelial lining of the nasal septum. The septal epithelium contains both

olfactory and respiratory regions however this preparation was utilised due to its

capacity to control for proteins specifically associated with the maintenance of cilia

structure in the nasal cavity environment. The use of rat tissue for the sensory/non-

sensory cilia comparisons was based upon the ease of dissection and the tissue

availability throughout the second year of this work, during which the Foot and

Mouth crisis in the UK prohibited the acquisition/dissection of sheep nasal tissue.
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6.3.1 Analysis of the rat olfactory and respiratory cilia proteomes

Analysis by 2D-PAGE protein profile comparisons indicated a great deal of

similarity between the two cilia preparations, clearly exceeding the percentage of

olfactory cilia in the designated respiratory cilia preparations. Therefore in terms of

the proteins resolved by 2D-PAGE, the vast majority of proteins associated with

olfactory cilia were not specifically involved in sensory processes. This conclusion

was reinforced during the identification of proteins from the 2D-PAGE cilia protein

separations. The majority of proteins conclusively identified in rat respiratory cilia

preparations fell into the same major categories as for the olfactory cilia preparations,

once again being dominated by cytoskeletal, cellular stress response and metabolic

proteins.

OBPs were consistently detected in respiratory cilia preparations One finding of

potential significance was the consistent presence of an odorant binding protein

subtype (OBP IF) associated with respiratory cilia preparations. OBPs are low

molecular weight proteins produced in both the Bowman's glands of the lamina

propria (underlying the main olfactory epithelium) and the lateral nasal glands

(pevsner et al., 1986). Therefore these proteins are present in the mucus covering

both olfactory and respiratory epithelial surfaces (Schultz, 1960; Khew-Goodall et

al., 1991). The recurrent isolation of OBPs during cilia enrichment protocols strongly

suggested an increased level of interactions between these proteins and the ciliated

surface of the respiratory cilia. This observation has implications for the proposed

functions of OBPs, which have been attributed various roles including co-stimulation

of olfactory receptors, odorant sequestration and removal, facilitating passage of

hydrophobic odorants across the mucosal layer (Breer et al., 1994; Pes and Pelosi,

1995; Boudjelal et al., 1996). If OBPs have a greater association with respiratory
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cilia than olfactory cilia it implies a non-sensory role for these proteins i.e. an

odorant clearance function rather than aiding the olfactory detection of selected

odorants. Such a non-sensory role was also implied by findings indicating the

specific binding of OBP to the respiratory but not olfactory epithelia of the nasal

cavity (Boudjelal et al., 1996). However this non-sensory role may be restricted to

selected OBP subtypes and a putative role in olfactory reception cannot be ruled out

for other OBPs. It is also plausible that this non-sensory role is specific to OBPs in

rats. The non-sensory role may also be restricted to the main olfactory system as

OBPs may have a volatile binding role in the accessory olfactory system of the

vomeronasal organ (VNO). Certainly it is known from gene expression analyses and

protein studies that OBPs are synthesised in the VNO glands of the pig (Guiradie et

al.,2003).

6.3.2 I-IC-biotin labelling of exposed cysteine residues of the rat olfactory and

respiratory cilia

Iodoacetyl-long chain-biotin (I-LC-biotin) is a sulphydryl-targeting reagent that

attaches a biotin moiety to any cysteine residues exposed on the surface of a protein

and not involved in disulphide linkages. This reagent is membrane-permeable and

therefore can pass through the cilia membrane and derivatise intracellular proteins

bearing exposed cysteine residues. This was vital for an unbiased search for putative

thiol sensor proteins as many thiol odorants are lipophilic and therefore able to cross

a membrane to influence intracellular activities. Epithelial tissue was treated with 1-

LC-biotin and the analysis of biotinylated proteins restricted post-labelling

preparation of enriched cilia fractions. Exposure of a protein blot from SDS-
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PAGE/2D-PAGE separations using a streptavidin-alkaline phosphatase conjugate

subsequently allowed the visualisation of biotin-tagged proteins.

From 2D-PAGE separation of I-LC-biotin labelled cilia preparations of the

rat, mouse and sheep two observations were made. The first was that the

biotinylation profiles were, with the exception of the cytoskeletal proteins, species-

specific and the second was that rat olfactory cilia exhibited markedly fewer

cysteine-containing targets for the reagent. This second observation was also true

during comparisons of the biotinylation profiles of rat olfactory and rat respiratory

cilia preparations. These observations suggested either differential restrictions on the

activity of I-LC-biotin or a sensory adaptation of rat olfactory cilia proteins to limit

the number of exposed sulphydryl groups. The use of increased levels of I-LC-biotin

during the labelling reaction was used to examine these possibilities. The results

from these experiments indicated that there were indeed restrictions placed upon 1-

LC-biotin permeation through the membrane. Most interestingly, the labelling

profiles of rat olfactory and respiratory cilia did not share greater overall profile

similarity at higher concentrations of I-LC-biotin. This indicated that whilst

membrane-permeability may have been a significant factor in the reduced labelling

of rat olfactory cilia preparations, the cilia proteins also exhibit differential reactivity

to I-LC-biotin. Therefore rat olfactory cilia proteins exhibited sensory adaptation in

the number of proteins bearing exposed and reactive cysteine residues. Further work

investigating levels of proteins bearing exposed residues in olfactory and respiratory

cilia of rat and sheep would allow assessment of the reproducibility and species-

specificity of these results.

The final implication of the differential I-LC-biotin labelling patterns

observed related to the levels of olfactory cilia contamination in respiratory cilia
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preparations. Up to one third of proteins found in cilia preparations derived from the

nasal septum originated from regions of olfactory epithelium (see Section 3.3.2).

Therefore the differential increase in numbers of labelled proteins and intensity of

labelling observed in olfactory cilia preparations following treatment with an

increased level of I-LC-biotin indicated two types of adaptation: a non-sensory

versus sensory adaptation of olfactory cilia proteins compared to respiratory cilia and

an adaptation of sensory epithelia located on the nasal turbinates versus nasal

septum.

Future studies of mammalian olfactory and respiratory cilia should ideally

however be pursued using larger mammals such as sheep or cows, which have more

clearly demarcated regions of sensory and non-sensory regions of the nasal septum

(Nef et al., 1989). This would also allow further investigations into any potential

adaptation of the olfactory epithelium located on the nasal septum. Use of larger

mammals would also increase the protein yields of individual preparations, aiding

protein identification by mass spectrometry. During the characterisation work

undertaken in this. study, many of the identifications were made from low

concentration cilia preparations. Although this did adversely affect the identification

of proteins by mass spectrometry, a personal decision was made at the start of this

project to minimise the number of animals used and optimise the sensitivity of the

mass spectrometry techniques.

6.4 Further requirements for effective characterisation and comparison of

olfactory cilia proteomes

The study using I-Le-biotin highlighted a key failing in the methodology employed

during the characterisation of olfactory cilia from the model species and rat
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respiratory cilia. 20-PAGE provides an extra dimension for protein separation by gel

electrophoresis however it also imposes restrictions upon the representation of

certain classes of proteins including membrane proteins (Herbert, 1999). During 20-

PAGE cilia proteome work, no integral plasma membrane proteins were identified,

including the notable absence of olfactory receptors in both the rat and sheep

olfactory cilia preparations.

One of the major follow-up requirements of this work is the detailed

comparison of membrane-associated proteins in olfactory and respiratory cilia as it is

here that the primary events of olfaction occur and thus where adaptations of the

sensory cilia proteomes are likely to be found. The use of 20-PAGE ensured

maximal protein separation so that identifications could be made by peptide mass

fingerprinting - a method that does not tolerate the presence of peptides from

multiple proteins. An alternative technique of protein identification is tandem mass

spectrometry. Identifications by tandem mass spectrometry are based on the

sequences of peptides, rather than the specific combination of peptide masses,

making this technique far more applicable to identifications of protein mixtures.

The specific enrichment of membrane proteins by techniques such as sodium

carbonate precipitation or detergent partitioning (Bordier et al., 1981; Molloy et al.,

2000; Wissing et al., 2000) would simplify the protein preparations by the removal

of many of the highly soluble, cytosolic protein, thereby allowing the use of SDS-

PAGE. Tandem mass spectrometry allows the analysis of cilia preparations separated

by one-dimensional SOS-PAGE, samples that are therefore more likely to contain

mixtures of proteins within a single tryptic digest and a greater proportion of

membrane proteins than equivalent 2D-PAGE gels. An alternative approach

bypassing gel electrophoresis altogether, would involve the tandem mass
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spectrometry analysis of direct tryptic digestion of enriched membrane preparations

isolated by the above techniques (Blonder et al., 2002).

6.4.1 SDS-PAGE analysis of I-LC-biotin labelled proteins identified olfactory

receptors as bearing exposed cysteine residues

SDS-PAGE analysis was applied to I-LC-biotin labelled olfactory cilia preparations

and revealed three bands of proteins at 4OkDa, 55kDa and 70kDa, common to rat,

mouse and sheep. The 70kDa band was comprised of endogeneous biotin-containing

proteins/protein subunits and was therefore excluded from further investigation. The

40kDa band was identified by peptide mass fingerprinting as containing beta and

gamma subtypes of actin.

The 55kDa band was of key interest as it was the only one of the three

conserved bands bearing an external cysteine residue in all the model species. One

heavily-biotinylated area of the protein band was also found to be specific to cilia

derived from a tissue containing a significant proportion of olfactory epithelia. The

55kDa band, only identified using tandem mass spectrometry contained a mixture of

the cytoskeletal proteins a- and ~-tubulin and olfactory receptors. This key result

was in line with the proposals of a 55kDa species as an olfactory receptor (Fesenko

et al., 1988; Boekhoff et al., 1992; Henderson et al., 1992; Nekrasova et al., 1996)

and consistent with the involvement of reactive cysteine residues in the odorant

binding sites of receptors (Singer et al., 1975; Menevse et al., 1978; Shirley et al.,

1983, Wang et al., 2003a). The identification of accessible and potentially reactive

cysteine residues on olfactory receptors also means that if the detection of thiol

"odorants is governed by sulphydryl group interactions it is likely that this involves

the traditional receptor-mediated odorant detection mechanism. The identification
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and labelling of a protein band containing olfactory receptors also allowed a brief

investigation into the metalloprotein hypothesis of olfactory receptor function.

6.5 Are olfactory receptors metalloproteins?

If cysteine residues are involved in the detection of thiol compounds is it as part of a

putative metal-binding site (Wang et al., 2003a)? The proposal that olfactory

receptors are metalloproteins was addressed in this study, using a combination of

membrane-permeable (I-LC-biotin) and impermeable (Lucifer yellow

iodoacetamide) reagents to monitor changes in cysteine residue distribution in the

presence/absence of divalent metal cations. The results of this investigation were

suggestive of an influence of divalent cations on the olfactory receptor structure

however the limited experiments performed gave contradictory results and therefore

neither confirm nor refute the metalloprotein hypothesis (Wang et al., 2003a). Both

experiments however provided evidence of a tentative link between the cysteine

labelling of the olfactory receptors and the 40kDa band, identified as containing

actin. Such a link may represent evidence of the derivatisation of external cysteine

residues of olfactory receptors directly influencing the structure of actin, providing a

protein-based mechanism for the putative role of olfactory receptors in neuronal

pathfinding (Mornbaerts, 1996; Cutforth et al., 2003).

Bioinformatics analysis of the occurrence of the putative metal-binding

domains in olfactory receptor proteins questions the extent to which the proposed

mechanism of metalloprotein receptor activation would occur in vivo. However, as

many properties of olfactory signal transduction e.g. use of cGMP, expression of

multiple olfactory receptors, are restricted to a subset of neurons (Juilfs et al., 1997;
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Meyer et al., 2000; Rawson et al., 2000), this does not rule out the possibility that

some olfactory receptors require metal ions for odorant binding and activation.

Further studies of the metalloprotein hypothesis would benefit from the

cloning and overexpression of olfactory receptors that have the putative metal

binding site e.g. human olfactory receptor 02d2 (Zhao et al., 1998; Wang et al.,

2003a). Experiments monitoring changes in cysteine residue distribution would be

more likely to give reproducible results if performed using a single, overexpressed

olfactory receptor rather than the mixed population labelled during direct treatment

of olfactory tissue.

6.6 The molecular basis of thiol odorant detection in the mammalian olfactory

system

The application of proteomics techniques to the investigation of potential

mechanisms for the thiol odorant sensitivity observed in mammalian species

permitted a relatively unbiased survey of cilia-associated proteins. There were

however defined requirements for putative thiol sensor proteins: conservation across

the mammalian species investigated, exposed cysteine residues available for high

affinity sulphydryl group interactions, specific localisation to the olfactory cilia and a

mechanism by which the protein can generate sufficient membrane depolarisation to

initiate an action potential in an olfactory receptor neuron (ORN).

The model species used in these experiments provided two degrees of

evolutionary relatedness, comparing the olfactory cilia proteomes of the closely

related mouse and rat to olfactory cilia preparations from the more distantly related

sheep. Of the conserved proteins bearing exposed cysteine residues, aldehyde

dehydrogenase was discounted as a putative odorant sensor as it was difficult to
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envisage a mechanism for membrane depolarisation following thiol odorant

interactions. Cytoskeletal proteins and their exposed cysteine residues were also

conserved across the model species. These proteins can influence ion channel

activity, therefore they provide a potential mechanism for membrane depolarisation

and although they are obviously not specific to sensory cilia, the effects of their

derivatisation may be (Maguire et al., 1998). The only other proteins to obey all of

the requirements for putative thiol sensor proteins are the traditional olfactory

receptors.

The putative roles of non-receptor mediated versus receptor-mediated

detection of thiol odorants can be addressed by monitoring the stimulation of regions

of the olfactory bulb. If thiol odorant detection were receptor-mediated, a defined

region of the olfactory bulb would consistently be stimulated during thiol odorant

exposure. If however the detection of thiol odorants is non-receptor mediated and

therefore governed by a less specific mechanism (e.g. involving cytoskeletal

proteins), the regions of the olfactory bulb stimulated by thiol odorants may be much

wider and less consistent.

The electrophysiology experiments performed by Shirley et al. (1983)

demonstrated that extracellular cysteine residues are involved in the response to thiol

odorants. As the 55kDa band contains the only proteins with external cysteine

residues in all model species this study concludes that the most likely protein

candidates for thiol odorant detection mediated by cysteine residues are olfactory

receptors.

The potential involvement of cysteine residues via formation of putative

metal-binding sites has been discussed previously. However it is the author's opinion

that protein-based experiments are highly unlikely to identify the individual olfactory
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receptor(s) involved in the thiol detection. These specific receptors could however be

identified using genetic-based methods. The process would start by the selective

isolation/enrichment of ORNs that exhibit measurable electrical responses to thiol

odorant exposure. Once multiple thiol-responsive ORNs were obtained, the mRNA

from these cells could be harvested. The specific receptors expressed could then be

identified by reverse-transcriptase polymerase chain reaction (RT -PCR) using

degenerate primers for the highly conserved second and seventh transmembrane

regions of olfactory receptor proteins (Buck and Axel, 1991).

6.7 Odorant sensitivity and aversion

If traditional olfactory receptor-mediated pathways are responsible for the detection

of thiol odorant compounds, how are the high levels of sensitivity and the aversive

responses brought about? One system for increasing odorant sensitivity would be to

raise the affinity of the odorant-receptor interaction, increasing the likelihood of an

interaction between odorant and receptor even at low concentrations. This could be

achieved in the olfactory system using sulphydryl group interactions (between the

thiol odorant and an exposed cysteine residue on an olfactory receptor) or by indirect

interactions via co-ordinate bond formation with a divalent cation bound to an

olfactory receptor. An alternative approach to increasing olfactory sensitivity to a

given odorant is to increase the number of receptors that can respond to it (Cleland

and Linster, 1999; Vee and Wycoski, 2001). If the precise mRNA sequences of thiol-

responsive olfactory receptors were obtained, this possibility could be assessed using

in situ hybridisation to determine the cell-type specificity and expression levels of

these proteins.
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A crucial requirement for further odorant sensitivity studies is behavioural

data on multiple mammalian species specifically indicating thiol detection thresholds

and any subsequent threshold for an aversive response. Behavioural experiments

could initially investigate the relationship between sensitivity and aversion to a given

compound. With respect to thiol odorants, behavioural data on rats and mice could

then be related back to the comparative levels of olfactory receptors bearing exposed

cysteine residues; allowing the observation of any putative relationships between the

levels of these olfactory receptors and differential responses to thiol compounds. A

positive, linear correlation between thiol sensitivity and expression levels of putative

thiol-responsive olfactory receptors would suggest that thiol odorant sensitivity is

governed by the stimulation of increased numbers of olfactory receptors and

potentially ORNs. If however, there was no relationship between expression levels of

thiol-responsive receptors and thiol sensitivity, it would indicate that sensitivity is the

result of increased affinity between the odorant and its receptor.

The causes of odorant aversion are more difficult to assess. Any possible link

between odorant sensitivity and aversion could be investigated using behaviour

experiments. If the two were linked it would implicate the involvement of the

primary events of olfaction in the generation of an aversive response. However it is

also possible that the aversive response is significantly modulated by, if not solely a

result of higher processing of olfactory signals e.g. the targeting of axonal processes

from distinct regions of the olfactory bulb to specific regions of the brain such as the

hippocampus (Carpenter, 1996). Higher processing of the olfactory signals in the

mammalian brain was shown to influence odorant aversion in rats, where studies

indicated that animals infected with the parasite Toxoplasma gondii, which form

parasitic cysts in the brain, lose their innate aversion to predator odour (Berdoy et al.,
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2000). This hypothesis applied to thiol odorant aversion implies that the conservation

of an aversive response across mammalian species confers an evolutionary advantage

that can be fully maintained by neuronal processing and therefore may not be related

to intrinsic odorant sensitivity.

6.8 Further questions in olfaction research

There are key unanswered questions remaining in the study of olfaction, many of

which are broadly applicable to other fields. These include the precise mechanism for

the activation of the G protein-coupled signal transduction cascade following odorant

binding and the axonal pathfinding mechanism allowing individual ORNs to synapse

with predetermined glomeruli.

A volume of research on a protein-coupled receptor (Gl'Ck) function has

been performed using deletion mutants and site-directed/oligonucleotide-directed

mutagenesis (O'Dowd et al., 1988; Strader et al., 1989; Franke et al., 1992).

Additional work has involved cross-linking artificially introduced cysteine residues

to restrict intra- or inter-subunit movements (Lee et al., 1995). These techniques

could all be applied to the study of olfactory receptor activation and are likely to be

most effective if applied to a homogeneous population of cells to maximise the

reproducibility of results. Therefore many of the initial experiments are perhaps

better performed in vitro, before returning to in situ ORNs to test any

hypotheses/conclusions. In addition to the application of the techniques described

above, the use of targeted reagents to monitor changes in the internal and external

distribution of selected amino acids such as cysteine could also be used to investigate

molecular movements in the presence/absence of metal ions and odorants.
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