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The role of glutamate as a neurotransmitter is evolutionarily conserved across phyla 
[Walker, RJ. et al 1996]. In the mammalian central nervous system it is involved in 
signalling pathways that subserve complex behaviours [Nakanishi, S. et al 1994]. Two 
classes of receptor conduct glutamatergic signals, these are the ionotropic receptors 
[iGluRs] and the metabotropic receptors [mGluRs] [Nakanishi, S. et al 1998]. The 
experimental tractability of the model organism Caenorhabditis elegans [c. elegans J has 
provided insight into the function of iGluRs [Brockie, PJ. and Maricq, A.V. 2006], 
however, there is very little known about the C. elegans mGluRs (mgls). We have utilised 
this subclass of receptor and C. elegans as models by which to further understand the 
cellular and molecular mechanisms of receptor organisation underlying behaviour. 

The C. elegans genome predicts three metabotropic glutamate receptors and these 
are denoted mgl-I, mgl-2 and Y4C6A.2a (referred to as mgl-3). A combination of in silica 
and cDNA analysis has identified the mgl proteins harbour conserved structural domains 
and protein interaction motifs that are important to mGluR function. The cellular 
expression of mgl-I and mgl-2 suggests that each subtype is differentially expressed in 
the C. elegans nervous system. mgl-I has the more widespread expression of the two 
subtypes and is selectively associated with the pharyngeal nervous system, which directs 
and modulates C. elegans feeding behaviour. Pharmacological assays performed on the 
pharynx of mgl deletion mutants using mammalian mGluR agonists identified mgl-I and 
mgl-3 regulate the activity of the pharynx and serve as neuromodulators of the pharyngeal 
neural network. 

It is now apparent that the C-terminal domain of membrane bound receptors 
serves as the foundation upon which large multi-protein intracellular signalling 
complexes are constructed. Such complexes enlist scaffolding proteins that orchestrate 
the receptors compartmental targeting, subcellular anchoring and signalling. To identify 
mgl-I scaffolding proteins the intracellular C-terminal was utilised to perform a LexA 
yeast-2-hybrid screen. Three proteins were prioritised from the screen that harboured 
protein interaction domains with known functions in scaffolding receptor signalling 
complexes. These were encoded by the genes ptp-I, mpz-I and tag-60. The cellular 
expression of each gene has been defined and discussed. The co-expression of mpz-I and 
mgl-I in the pharyngeal nervous system suggests that mpz-I may organise mgl-I 
signalling in this neural circuit. To examine this, the function of mgl-I was tested in the 
two available mpz-I mutant strains; mpz-I(tm1136) and mpz-I(gk273/+) and the trans
heterozygote mpz-I (tm1136/gk273), by using the pharyngeal preparation as an assay of 
mgl-I function. 

cDNA analysis predicts both of the mutant transcripts do not encode MPZ-I 
protein, however, the function of mgl-I was intact in the mutant strains. In the absence of 
any disruption to mgl-I signalling in the mpz-I mutants further work is required to 
determine the relevance of the mpz-I interaction to mgl-I function. This study has 
provided the first functional description of an mgl subtype in C. elegans. In doing so this 
has identified a bio-assay for investigating the organisation of mgl-I signalling by 
interacting proteins in vivo. 
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1.1 The nervous system and behaviour 

The activity of the central nervous system [CNS] underlies motor 

behaviours that include movement and breathing, together with more complex 

cognitive and affective behaviours, such as emotions, learning and thinking 

[Purves, D. et al2001]. The CNS initiates commands on the basis of information 

it receives from the periphery. The processing of this information is achieved with 

nerve cells or neurons and the connections between them. Co-ordinated signalling 

between neurons gives rise to the complexity of behaviours mentioned above 

[Purves, D et al 2001]. 

1.2 The neuron 

Studies performed by Santiago Ramon y Cajal [Histologie du Systeme 

Nerveux, Paris, 1909] revealed the neuronal cell is composed of 3 

morphologically distinct regions, the cell body/soma, the axon and the dendrites 

(see figure 1.IA). The cell body contains the nucleus and is the metabolic centre 

of the neuron. It gives rise to two types of process, the axon and dendrite [Bradke, 

F. and Dotti, C.G. 2000]. A single neuron can possess several branching dendrites, 

the function of the dendritic compartment is to receive signals from other neurons. 

Certain neurons, for example pyramidal cells, possess two different types of 

dendrites. Apical dendrites that extend from the apex of the cell body and shorter, 

basal dendrites that emerge from the base of the cell body [Larkman, A. U. 1991]. 

The axon arises from the axon hillock of the cell body and can extend for up to 1 

metre. It is the main conducting unit of the neuron responsible for transmitting 

electrical signals. Towards the end of the axon it branches out into fine processes 

which give rise to specialised transmitting compartments required for conveying 

information from one neuron to another [Peters, A. and Palay, S.L. 1996]. 

1.3 The chemical synapse 

Signal transmission between nerve cells occurs at specialised points of 

communication, one type found in the nervous system is the chemical synapse 

(see figure 1.IB). The chemical synapse is characterised by a presynaptic 

neurotransmitter releasing nerve terminal [Katz, B. and Miledi, R. 1965] opposed 

to a receptor expressing postsynaptic membrane specialization [Palay, S.L. 1958 

and Shepherd, G.M. 1972]. Neurotransmitters recognise and bind to specific 
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receptors leading to the activation of intracellular signalling events. Mechanisms 

contributing to synaptic signalling include the reuptake of released 

neurotransmitter, the organization of neurotransmitter releasing vesicles, the 

location of neurotransmitter release sites relative to synaptic receptors and the 

organisation of receptors and the signalling cascades to which they couple. 

[Garner, C. and Nash, J. 2001]. 

1.4 The neurotransmitter glutamate 

Glutamate is the main excitatory neurotransmitter of the mammalian 

central nervous system [Greenamyre, J.T., Porter, R.H. 1994]. The significance of 

glutamate as a signalling molecule is highlighted by the large number of different 

physiological processes it is involved in [Meldrum, B.S. 2000]. These include 

sensory pathways [Nakanishi, S. et al 1998], motor co-ordination and cognition 

[Homayoun, H. et al 2004]. Furthermore glutamatergic signalling within neural 

networks is conserved across phyla [Walker, R.1. et al 1996]. It is involved in 

behaviours such as mechanosensory responses [Maricq, A.V. et aI1995], learning 

and memory [Morrison, G.E. and Van der Kooy, D. 2001] in the nematode C. 

elegans and signalling at the neuromuscular junction of Drosophila Melanogaster 

[Bogdanik, L. et al 2004]. The involvement of glutamate in mammalian 

conditions of drug addiction and neuropathalogies [Meldrum, B. et al 1990] such 

as ischemia, epilepsy and schizophrenia make glutamatergic pathways an 

attractive target for drug therapeutics and further highlights the importance of 

understanding how glutamate signalling is carried out. 

There are two classes of receptor capable of binding glutamate and 

mediating downstream effects. These are ionotropic [iGluR], ligand gated ion 

channels responsible for fast transmission [msecs] [Popescu, G. and Auerbach, A. 

2004] and metabotropic [mGluR], G-protein coupled receptors responsible for 

slower [lOO's msecs] modulatory signalling [Nakanishi, S. et al1992]. 
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A B 

Synapse 

Figure 1.1 General description of a neuron and synapse. A. A diagram of neurons making 

synaptic connections. Neurons consist of a cell body, dendrites and axons. The axon extends from 

the cell body and branches out to make synaptic connections with the dendrites of a neighbouring 

cell. Two neurons are shown making synaptic connections. B. An electron micrograph of a 

chemical synapse. The pre-synaptic domain [pre] exhibits synaptic vesicles [SVs]. When the 

neuron is electrically stimulated the SVs fuse with the plasma membrane at the active zone [AZ] to 

release their neurotransmitter contents. The post- synaptic compartment [post] is 

characterized by an electron dense region [Postsynaptic Density: PSD], which is rich in 

neurotransmitter receptors and intracellular signalling molecules. [A and B taken from Garner, 

C.C. and Nash, J. 2001] 

1.5 The ionotropic glutamate receptors 

The mammalian ionotropic glutamate receptors are divided into two 

classes based on their pharmacological properties and named according to the 

agonist they are responsive to. The two classes are N-methyl-D-aspartate 

[NMDA] receptors and non-NMDA receptors, which are 2-amino-3[-3-hydroxy-

5-methylisoxazol-4-yl] proprionate receptor [AMPAR] and Kainate [2-Carboxy-

3 -carboxymethyl-4-isopropenylpyrrolidine] receptors. 

The iGluR channel is an oligomeric protein. Seven NMDA [NRI , NR2A

D, NR3A-B], 4 AMPA [GluRl-4] and 5 Kainate [GluR5-7, KAI-2] ion channel 

subunits have been cloned from rats [Riedel, G. et al 2003]. The iGluR subunits 

exhibit a characteristic membrane topology. It consists of three transmembrane 

helical domains [TMI, TMIII, TMIV], and a hydrophobic loop region, TMII that 
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makes a hairpin turn within the membrane (see figure 1.2]. The N-terminus 

domain is extracellular and the C-terminal tail is intracellular [Hollmann, M. et al 

1994]. 

1.5.1 The NMDA receptor subclass 

NMDA receptors are typically heteromers [McIlhinney, R.A. et al 1996]. 

In terms of the quaternary structure of NMDA receptors NR1 subunits can form 

homomeric channels, but these exhibit very small agonist-induced currents 

[Moriyoshi, et al 1991]. NR2 subunits do not form homomeric channels but 

heteromeric channels containing NR1 and NR2 subunits are highly active and 

have much larger agonist-induced currents [Ikeda, K. et al 1992], which suggests 

the majority ofNMDA receptors in the brain are likely to be heteromeric. NMDA 

receptor specific, radio-ligand binding studies have identified NMDA subunits in 

different anatomical regions of the brain, but the NMDA receptors are 

predominantly in the forebrain with highest levels in the CAl region of the 

hippocampus [Maragos, W.F. et al 1988 and Subramaniam, S. et al 1991]. In-situ 

hybridisation histochemistry has shown the NR1 subunit mRNA to be widespread 

in the brain [Kutsuwada, T. et a11992] and compared to NR1, the distribution of 

NR2 transcripts in the rodent brain is developmentally regulated. [Watanabe, M. 

et al 1992]. Subsequently, during brain development the temporal and spatial 

changes in NMDA receptor subunit expression gives rise to functionally diverse, 

tetrameric channels. 

Targeted gene disruption of NR1 and NR2B subunits has identified them 

as being essential for survival, mutating either NR1 or NR2B causes death from 

respiratory failure [Forrest, D. et al 1994 and Kutsuwada, D. et al 1996]. 

Disruption of either NR2 subunit A [Sakimura, K. et al 1995], D [Ikeda, K. et al 

1995] or C [Ebralidze, A. et al 1996] is not lethal. However, in mice lacking both 

NR2A and NR2C subunits, for example, the NMDA receptor channel currents are 

disrupted, leading to impairment of fine co-ordination [Kadotani, H. et al 1996]. 

This illustrates the combined disruption of more than one NNR2 subunit can have 

a more detrimental effect upon brain function than disruption of either on its own. 

NMDA receptors display characteristic ion channel properties. At resting 

membrane potentials the ion channel is blocked by Mg2
+ [Mayer, M.L. et al 

1984] depolarisation of the neuronal membrane and activation by agonist leads to 
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an influx of Ca2+ [Mayer, M.L. and Westbrook, G.L. 1987]. Efficient activation 

requires the co-agonist glycine. NMDA receptor activation and deactivation is 

slower (50-500ms) than AMPA and Kainate receptors (0.2-2ms) and NMDA 

receptors remain active after glutamate has been removed from the cleft [Popescu, 

G. and Auerbach, A. 2004]. These properties have earned NMDA receptors the 

reputation of being 'coincidence detectors' because physiologically, activation is 

dependent upon both presynaptic release of agonist and postsynaptic 

depolarisation. 

1.5.2 The AMP A subclass of receptor 

The GluR subunits are approximately 900 amino acids in length, with 68-

73% identity at the level of primary structure [Boulter, J. et al 1990]. Their 

association into either homomeric or heteromeric channels generates receptors 

with different pharmacology and conductance properties [Jonas, P. and 

Burnashev, N. 1995 and Jonas, P. et al 1994]. Homomeric and heteromeric 

channels containing the GluR2 subunit conduct the divalent cation C~+ poorly, 

whereas homomers of GluR1, 3 and 4 are highly permeable to C~+. This variation 

is caused by RNA editing of the GluR2 subunit [Sommer, B. et al 1991]. The 

GluR2 precursor mRNA is chemically modified to convert a Glutamine codon, 

encoded by the gene, into an Arginine codon. Both the location of this residue 

within TMII, the pore forming region, and the ionic charge it possesses results in 

it having a significant influence over the conductance properties of both hetero

and homomeric AMPA receptor channels [Schoepfer, R. et aI1994]. 

The expression of the AMP A subclass of receptor throughout the 

mammalian central nervous system implicates AMP A receptors are involved in a 

number of different processes. However, the expression of different GluR 

subunits in different anatomical regions of the brain [Keinanan, K. et al 1990] 

suggests AMP A receptors with different subunit compositions play specific roles 

within specific regions of the brain. Consistent with the abundant expression of 

AMP A receptors in the hippocampus and cerebral cortex they have been 

identified as having a role in the molecular mechanisms underlying memory and 

learning [Malenka, R.C. et al 2003]. In contrast to NMDA receptors AMPA 

receptors have rapid gating kinetics and are responsible for fast excitatory 

transmission at the postsynaptic membrane [Ozawa, S. et al 1998]. 
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1.5.3 The Kainate subclass of receptor 

The GluR5-7 subunits are ~900 amino acids in length and exhibit 75-80% 

amino acid sequence identity [Ozawa, S. et al 1998]. The KAl-2 subunits are 

slightly longer, ~970 amino acids and display a similar amino acid identity, 70%. 

Amino acid identity between GluR5-7 and KAl-2 is however lower, at ~40% 

[Seeburg, P.H. 1993]. Radioligand binding studies have identified Kainate 

binding sites through out the CNS, with intense labelling in CA3 of the 

hippocampus and the granule cell layer of the cerebellum [Foster, A. C. et al 1981 

and Monaghan, D.T. 1984] . In situ hybridisation has confirmed this pattern is 

representative of Kainate receptor binding and has further highlighted the distinct, 

but overlapping distribution of the various subunits [Bahn, S. et al 1994]. The use 

of recombinant Kainate receptors to study channel properties has suggested they 

are likely to function as homomers (in the case of GluR5 and 6) (Egebjerg, J. and 

Heinemann, S.F. 1991) and heteromers composed of different subunit 

combinations and ratios, with distinct pharmacological properties [Herb, A. et al 

1992]. The use of selective pharmacological tools has allowed further insight into 

the physiological function of Kainate receptors [Christensen, Jet a12004]. 

A presynaptic role in the regulation of neurotransmitter release has been 

demonstrated at the glutamatergic Schaffer collateral-CAl synapses of 

hippocampal slices and at GABAergic interneurons of the hippocampus 

[Rodriguez-Moreno, A et al 1997]. In addition to this, postsynaptic Kainate 

receptors responsible for mediating excitatory neurotransmission have been 

described at synapses formed by mossy fibres onto CA3 neurons in the 

hippocampus [Castillo, PE 1997]. Transgenic mice with disrupted genes encoding 

certain Kainate subunits [either KA2 or GluR5 or GluR6] [Contractor, A et al 

2001 and 2003] have been generated and are viable, with normal behaviour and 

comparable spatial learning abilities to wild type. However, they do exhibit 

deficits in synaptic plasticity. The use of these transgenic lines has enabled the 

identification of the subunit composition of Kainate receptors in specific cell 

types and signalling pathways [Mulle, C et al 2000]. In addition to ion channel 

activity, Kainate receptors can couple to second messenger signalling cascades. 

Such metabotropic activity of Kainate receptors has been shown to regulate the 
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release of GABA in the hippocampus [Rodriguez-Moreno, A. and Lenna, J. 

1998]. 

1.6 The metabotropic glutamate receptors 

The G-protein coupled receptor [GPCR] family is a large class of 

membrane receptors. In model organisms genome sequencing identifies the 

abundance of this receptor family. The Drosophila genome contains ~200 genes 

encoding GPCRs [Brody, T et al 2000] [~1.5% of the genome]. The mouse 

genome is estimated to contain 1000-2000 GPCRs, comprising > 1 % of the 

genome [Offennans, S 2003]. In C. elegans GPCRs are predicted to account for 

~5% of the genome [Bargmann, C et al 1998]. The GPCR family members are 

involved in a multitude of different physiological processes including vision, 

olfaction, neurotransmission and honnonal signalling [Bockaert, J et al 1998]. 

Such diversity is reflected by the variety of ligand binding domains amongst 

GPCRs. This characteristic and sequence homology has been used to subdivide 

GPCRs into five families called A, B, C, D and E (see table 1.1). Other than the 

conserved membrane topology there is very little structural or sequence homology 

between the individual families. 

The metabotropic glutamate receptors [mGluRs] are members of Family 

C, which includes the metabotropic GABAB receptor, calcium sensing receptor 

[CaR] and several putative pheromone receptors. The majority of receptors in this 

family have a large, globular extracellular N-tenninal ligand-binding domain 

[Hennans E., and Challiss, R.A. 2001). Eight mammalian mGluR subtypes have 

been identified and further subdivided into three groups based upon 

pharmacological properties and sequence homology. mGluRl and mGluR5 

belong to Group I, mGluR2 and mGluR3 belong to Group II and mGluR4, 

mGluR6, mGluR7 and mGluR8 belong to Group III. 
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FAMILY Representative Ligand Binding 
, Receptors Mechanism 

I 
Group la GPCRs bind small 

Rhodopsin, Adenosine, Adrenergic, 
ligands, such as catecholamines and 

Serotoninergic, Opioid 
rhodopsin, The ligand binding site 

is located within the 7-
transmembrane domain, 

A II 
Group I b GPCRs bind peptides, the 
binding site is comprised of the N-

Peptide, Cytokine, Thrombin terminal, extracellular loops and 
superior parts of the transmembrane 

domain, 

III 
The Group Ie GPCRs have a large 

Glycoprotein hormone receptors 
extracellular domain, this makes up 

[Leutinising hormone receptor] 
most of the ligand binding site, 
although contacts are also made 

with extracellular loops el and e2 

B 
The Family 2 GPCRs are similar in 

High molecular weight hormone morphology to Group I C and 
receptors, glucagon, Calcitonin, exhibit a very similar ligand 

secretine, PTH, VIP receptors and binding domain, yet there is no 
the a-latrotoxin receptor sequence homology between the 

two groups. 

C mGluRs, Ca2+ sensing receptors, 
The ligand binding site is 

GABAB, pheromone receptors 
comprised of a large globular, 
bilobed extracellular domain 

D Pheromone receptors associated 
withGi 

E 
'Frizzled' and 'smoothened' 

receptors involved in embryonic 
development and cell polarity, 

Table 1.1 GPCRs can be classified into 3 main families based on sequence homology and 

molecular mechanisms of ligand binding. [Adapted from Bockaert, J et al 1999] The mGluRs 

are classified as Family C. 
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1. 7 The functional relationship between the mGluR and iGluR subclass 

The Group I mGluRs and the NMDA receptors are regularly found in 

close proximity on the postsynaptic membrane [Lujan, R. et al 1996] and can 

interact bi-directionally with each other. Both mGluR1 and 5 have been shown to 

potentiate NMDA evoked currents in different neuronal populations [A wad et al 

2000 and Heidinger et al 2002] and low concentrations ofNMDA can potentiate 

mGluR-mediated increases in phosphoinositide hydrolysis [Algarsamy et al 

1999b]. Recent studies suggest NMDA modulates mGluR5 by the activation of a 

calcium-dependent protein phosphatase 2B, calcineurin. It is proposed calcineurin 

exists in a complex with mGluR5 and potentiates mGluR5 signalling by 

dephosphorylating sites in the C-terminal phosphorylated by Protein Kinase C 

(PKC) responsible for desensitization (see section 1.13) [Algarsamy S. et al 

2005]. Interactions between mGluRs and NMDA receptors may underlie several 

pathophysiological and physiological processes, such as NMDA-receptor 

dependent forms oflearning [Collingridge, G.L. and Bliss, T.V. 1995]. 
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1.8 mGluR structural domains that underlie function 

The mGluRs contain several important structural domains and each of 

these performs a specific role important for the receptors function and 

transmembrane signal transduction [Pin, Jet al 2003]. There are five domains; the 

N-terminalligand binding domain, a cysteine rich domain, the 7 transmembrane 

a-helices, a G-protein coupling domain and an intracellular carboxyl-terminal (see 

figure 1.2). When glutamate binds to the extracellular N-terminalligand-binding 

domain of the mGluR the receptor undergoes a conformational change. This is 

transmitted through the 7 a-helical domain and across the plasma membrane, 

enabling the activation of G-proteins. The G-proteins are positioned on the 

intracellular face of the plasma membrane. When activated by the receptor the G

proteins can activate intracellular effectors, these include ion channels and 

enzymes [Conn, PJ. and Pin, J.P 1997] . 

1.8.1 The extracellular domain 

The large mGluR extracellular domain consists of the agonist binding 

region and the cysteine rich domain (see Section 1.8.3). The resolution of the 

mGluRla extracellular domain by X-ray crystallography established that 

mGluRl a is a homodimeric molecule. The extracellular domain of each subunit is 

composed of 2 lobes, separated by a cleft where the agonist binds [Kunishima, N 

et al 2000]. The bi-Iobate structure of each subunit in the dimer is capable of 

oscillating between two relative states. In the absence of agonist the dimer is in a 

'resting state' and the bi-Iobate structure of each subunit is open. In the presence 

of agonist the dimer is in an 'active state' and either one or both of the bi-Iobate 

structures are closed. More recently it has been established that the binding of 

agonist to one subunit of an mGluR5 dimer is sufficient to activate the receptor 

but agonist binding to the second subunit is necessary for full activity. Full 

activity of the receptor is achieved when the bi-Iobate strucutre of both subunits is 

in the closed conformation [Kniazeff J et al 2004]. 

1.8.2 GPCR Dimerization 

GPCR dimerization has been shown to be functionally important 

[Jingami, H et al 2003]. For example, the heterodimerization of the GABAB 
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receptor subunits is necessary for both signal transduction [Galvez et al 2001 and 

2000] and intracellular trafficking from the endoplasmic reticulum to the plasma 

membrane [Margeta-Mitrovic et al 2000]. This works by the B2 subunit masking 

an endoplasmic retention signal in the C-terminal of the B 1 subunit. This 

facilitates and selects the transport of a functional heterodimer to the cell surface, 

since it is the B 1 subunit that binds GABA but it is the B2 subunit only that 

couples to the G-protein. Heterodimerization between different mGluR subtypes 

has not been reported. However, mGluRl is capable of heterodimerization with 

the calcium sensing receptor [CaR] which belongs to the same GPCR family as 

the mGluRs and the adenosine Al receptor [discussed in Jingami, H et al 2003]. 

Homodimerization of mGluR subtypes is dependent upon the N-terminal 

[Robbins, MJ et al 1999] [described in Section 1.6.2]. Though the inability of the 

mGluRl a and mGluRl b C-terminal splice variants to heterodimerize suggests 

interactions between other structural domains, such as the C-terminal, may be 

involved [Reviewed in Hermans, E et al 2001]. Indeed, the heterodimerization of 

GABAB subunits involves interactions between the C-terminals of the individual 

receptors [Margeta-Mirovic et al 2000]. 

1.8.3 Cysteine rich Domain 

The cysteine rich domain connects the bi-Iobed structure to the 

transmembrane domain. It contains 9 conserved cysteine residues but its purpose 

is currently unknown. However, it is required for mGluR function [Tsuji, Y et al 

2000, Ray, K et al 2000] and may be involved in dimerization [Romano, C et al 

2001] and/or transmitting conformational changes at the N-terminal upon ligand 

binding to the transmembrane and intracellular domains. This would make the 

cysteine rich domain an important intermediate in translating receptor activation 

into G-protein coupling. 

1.8.4 The intracellular loops 

The second and third intracellular loops of mGluRs couple the receptors to 

G-protein signalling molecules (this is discussed in section 1.10) [Francesconi, A 

and Duvoisin RM 1998]. The second intracellular loop is long and poorly 

conserved amongst mGluR subtypes. It determines the selectivity of the G-protein 

activated by the receptor [Gomeza, J et al 1996]. The second intracellular loop 
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contains an evolutionarily conserved glutamine residue that can regulate receptor 

activity [Yamashita, T et al 2004]. The third intracellular loop is shorter and 

highly conserved, it plays a modulatory role in the coupling efficiency of the 

receptor to the G-protein [Francesconi, A and Duvoisin R.M 1998]. 

1.8.5 The intracellular C-terminal Domain 

The intracellular C-terminal of mGluRs is important for directing the 

receptors function. It is the least conserved domain amongst mGluR subtypes. 

Alternative splicing of this domain produces further receptor heterogeneity. C

terminal splice variants ofmGluR1[l a,l b,l c,l d], mGluR4[4a, 4b] mGluR5[5a, 5b], 

mGluR7[7a, 7b] and mGluR8[8a, 8b] have been identified and cloned. The C

terminal of mGluRs has been identified as mediating interactions with 

intracellular signalling molecules (see table 1.5) [Fagni, L et al 2004]. Long and 

short C-terminal splice variants of individual receptor subtypes can therefore have 

contrasting signalling properties [Tu JC et al 1998, Flor, PJ et al 1996 and Mary, 

S et al 1998]. 

The C-terminal can undergo post-translational modifications, these include 

phosphorylation and dephosphorylation of specific residues and this provides one 

mechanism for modulating signalling at the C-terminal [Cai Z et al 2001]. The 

contribution of the intracellular C-terminal to G-protein coupling [Pin, J-P. et al 

1994 and EI Far, O. et al 2001] (discussed in section 1.15), targeting and 

trafficking of the mGluRs to neuronal compartments (see section 1.21), 

demonstrates the importance of this domain to mGluR function. 

1.8.6 Cross-talk between mGluR domains 

The mechanisms involved in translating ligand binding to the receptor, 

across the transmembrane to the intracellular G-protein coupled domains are 

beginning to emerge. The efficiency of agonist binding to the Drosophila mGluR 

homologue DmGluRA has been shown to be regulated by the properties of the 

plasma membrane traversed by the heptahelical domain. High affinity agonist 

binding is dependent upon the membrane ergosterol content and the incorporation 

of the receptor into sterol induced lipid rafts. Furthermore cholesterol can directly 

interact with DmGluRA. This suggests interaction between the heptahelical 
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domain and the lipid bilayer may play an important role in modulating ligand 

binding to the extracellular N-terminal [Eroglu, C et al 2003] . 

The Rhodopsin receptor belongs to the Class A family of GPCRs. It has 

been used as a model GPCR in the elucidation of molecular mechanisms of 

translating ligand binding into G-protein activation. It has been shown that the 

receptor undergoes a conformational change, within the 7 -transmembrane domain, 

when in the active state. This involves a change in the orientation of 

transmembrane helices III and VI, relative to each other, which unveils a G

protein binding site within intracellular loops 2 and 3 [Farrens, DL et al 1996]. By 

use of fluorescence resonance energy transfer [FRET] it has been shown that 

agonist binding causes conformational changes in specific intracellular domains 

of the mGluRla dimer [Tateyama, M, Hideki, A et al 2004]. One domain that 

undergoes rearrangement is the 2nd intracellular loop, a domain that is essential for 

G-protein coupling and activation (see section 1.8.4) . The rearrangement of the 

2nd intracellular loop by agonist binding may represent a mechanism of effector 

activation and signal transduction to the intracellular side of the cell membrane. 

iGluR mGluR 

Transmembrane 
eli cal Domain 

Figure 1.2 Topological organisation of glutamatergic receptor subunits and annotation of 

structural domains underlying function. The crystal structure the ligand binding domain of the 

NMDA subunit NRI [Furukawa, Hand Gouaux, E 2003] and AMPA GluR2 subunit (Armstrong 

N et al 2000) has identified the two extracellular loops, denoted S 1 and S2 are important regions 

involved in ligand binding. Ligand binds to a cleft formed between the S 1 and S2 lobes. The 

region of the iGluR circled in red is involved in formation of the ion pore. The grey represents the 

agonist binding site and is an indication of the regions involved in agonist recognition and binding. 
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The 2nd intracellular loop of the mGluR is highlighted in red. This region is involved in G-protein 

coupling. 

1.9 The physiolocical function of mGluR subtypes in the mammalian eNS 

The phenotypic characterisation of mGluR knockout transgenic lines has 

provided insight into the role mGluR signalling plays in the physiological 

processes modulated by glutamate (see table 1.2). Knocking out mGluR subtypes 

does not cause lethality, unlike ionotropic receptor subunit NRI fForrest D et al 

19941. Instead, the phenotypes generated are consistent with the neuro

modulatory role mGluRs perform in synaptic transmission. 

GROUP SUBTYPE PHENOTYPE 

mGluR2 Impaired hippocampal LTDL2J 
II 

mGluR3 

mGluR4 short term 
0] 

mGluR6 Loss of ON response in retinal bipolar cellsLlJ 
III 

mGluR 7 Deficient in aversion learning [fear 
and conditioned taste 

mGluR8 l' Anxiety related behaviourL9J 

Table 1.2 Phenotypes associated with mGluR subtype knockout in either mice or rats. rll 
Masu, M et al 1995. [2] Yokoi, M et a] 1996. [3] Conquet, F et al1994. [4] Ichise, Tet a12000. [5] 

Aiba, A et al 1994. [6] Aiba, A et al 1994. [7] Lu, Y-M et al 1997. [8] Masugi, M et al1999 [9] 

Linden, A-M et al2002 [1 0] Pekhletski, Ret al1996 

1.10 mGluR pharmacology 

mGluR agonists tend to fall into three categories, those that are receptor 

specific, those that are subgroup specific and those that are broad-spectrum 

compounds that act at more than one subgroup (see table 1.3). Receptor specific 
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compounds that allow discrimination between different receptors of the same 

subgroup have not been developed for every mGluR subtype. Instead the majority 

of compounds are subgroup selective but exhibit different rank potencies at the 

receptor subtypes within the subgroup they are selective for. Broad-spectrum 

agents can provide a preliminary starting point when the pharmacology of the 

receptor being investigated is largely unknown, such as in the case of mammalian 

receptor homologues in different species. However, although broad-spectrum 

agents can interact with more than a single subgroup, the potency of such 

compounds can vary between subgroups by upto 100 fold [Conn, P.J and Pin, J-P 

1997). The mGluR agonists have been identified as having actions outside of the 

~ammalian phyla and have been used to characterize the pharmacology of 

mammalian mGluR receptor homologues [Parmentier ML et al 2000, Funada M et 

al2004). 

GROUP 

I 

[2S, 10R, 20R, 30R]-2-[2, 3-dicarboxycyclopropyl] 
glycine [DCG-IV]=L-CCG-I>2R, 4R-4-

II mGluR2 aminopyrrolidine-2, 4-dicarboxylate 
[APDC] > glutamate> 1 S, 3S-ACPD = 1 S, 3R
ACPD > 4C3HPG> ibotenate 

L-amino-4-phosphonobutyrate [L-AP4] > L-serine-
III mGluR4a O-phosphate [L-SOP] > glutamate 

L-CCG-I > 1 S, 3S-ACPD » 1 S, 3R-ACPD 

Table 1.3 The rank order of potency of agonists characterized at prototypic group members 

[Conn, P.J.and Pin, J-P. 1997]. Broad-spectrum agonists that interact with all three groups of 

mGluR are shown in bold and group specific agonists are italicized. 
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1.11 Mechanism of signalling by GPCRs 

GPCRs are functionally coupled to their target proteins by trimeric GTP

binding proteins [Wess J 1997]. The targets ofmGluR activated G-proteins can be 

intracellular enzymes or membrane bound ion channels. G-proteins are GTPases 

and can switch between two states; active when GTP is bound and inactive when 

GDP is bound [Kaziro Yet al 1991]. In the active state the G-protein can switch 

on signalling cascades. Ligand binding to the extracellular domain of the mGluR 

causes a conformational change in the receptor and the G-protein is activated by 

exchanging the bound GDP for GTP. The G-protein enters an inactive state when 

it hydrolyzes the bound GTP, turning it back into GDP. [Gudermann, T et al 

1997] 

Trimeric GTP-binding proteins contain three subunits, called a, ~ and 'Y. 

The a subunit binds GTP and hydrolyzes it to GDP, the ~ and'Y complex anchors 

the G-protein to the plasma membrane through a prenyl group covalently linked to 

the'Y subunit [Fukada Yet aI1990]. When activated the a subunit exchanges GDP 

for GTP, this causes it to disassociate from the ~'Y complex. The a-GTP subunit 

and the ~'Y complex have specific protein targets and trigger distinct signalling 

events [Gilman, AG 1987]. 

The trimeric G-proteins can be divided into three major families, this 

classification is based upon amino acid sequence homology between a subunits. 

Members of each family are evolutionarily conserved [Wilkie, T M 1999]. In C. 

elegans the Gj/o, Gs, Gq and G12 orthologs are goa-I, gsa-I, egl-30 and gpa-12 

respectively. The sequence identity is 80%-60% between the C. elegans 

Ga subunits and their mammalian counterparts [Wikie, TM et al 1999]. In 

mammals about 16 a subunits, 5 ~ subunits and 12 'Y subunits have been 

identified. The genome of C. elegans encodes 20 a subunits, 2 ~ subunits and 2 'Y 

subunits [Bargmann, CI et al 1998]. This variety of G-proteins allows GPCRs to 

activate a diverse range of signalling molecules. 

1.12 Differential G-protein coupling of mGluR subgroups and subtypes 

The heterologous cell expression of mGluR subtypes has identified the G

proteins they activate and the signalling cascades they couple to. The activation of 
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Group I receptors expressed in Xenopus oocytes activates Gq, stimulating 

phospholipase C and the subsequent production of the second messengers 

inositol-l ,4, 5-trispho sphate (IP3) and diacylglycerol (DAG) from 

phosphatidylinositol 4,5-bisphosphate (PIP2) [Sugiyama, H et al 1987]. The 

production of IP3 stimulates the release of Ca2+ from the endoplasmic reticulum 

(ER) by binding to IP3-gated calcium channels in the plasma membrane of the ER 

and this causes an increase in the concentration of cytosolic calcium. DAG 

activates the enzyme PKC, a serine/ thronine protein kinase that can 

phosphorylate specific targets. The activation of Group II [Schoepp, DD et al 

1995] and III [Saugstad, JA et al 1994, Flor, PJ et al 1995, Saugstad, JA et al 

1997] receptors activates Gi/o and inhibits the adenosine 3': 5' -cyclic 

monophosphate (cAMP) biosynthetic enzyme Adenyl Cyclase. 

mGluR subtypes can utilise a variety of signal transduction mechanisms. 

This is exemplified by the Group I mGluRs because heterologous expression of 

rat Group I mGluRs in HEK 293 cells has revealed multiple pathways couple the 

receptors to subtypes of neuronal voltage-gated Ca2+ channels that trigger fast 

neurotransmitter release at synapses. In response to agonist activation Group I 

receptors inhibit P/Q-type channels in a Gilo dependent manner. Whereas the 

inhibition of N-type channels is conducted through an alternative pathway, that 

involves Gilo and another pertusis toxin resistant G-protein [McCool B.A et al 

1998]. Heterologous expression of Group I mGluRs in Xenopus oocytes has 

demonstrated a functional modulation of GIRK [G-protein activated inward 

rectifYing K+ channel] conductance. GIRK channels are activated by the ~y 

subunits of Gi proteins, both Group II and III mGluR subtypes [mGluR2, 3, 4, 6 

and 7] couple to Gilo pathways and strongly activate GIRK channels [Sharon, D 

et al 1997]. The Group I receptors inhibit GIRK conductance through a Gq 

mediated pathway but at higher levels of receptor expression, GIRK channels 

have been shown to be activated by mGluRl a through a Gi/o pathway. 

Furthermore distinct regions of the mGluRla receptor have been shown to trigger 

the activation of Gs and couple the receptor to different intracellular targets 

[Francesconi, A et al 1998]. 

Depending on the recombinant cell system mGluR subtypes are expressed 

in, different G-proteins can be switched on and different targets activated. In BHK 
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cells, mGluR1a can activate both Gq/Il and Gilo subclasses of G-protein to 

modulate signal transduction through PLC [Hermans, E et al 2000]. This, 

however, was not reproducible when mGluR1 a was recombinantly expressed in 

CHO cells [Selkirk, l.V. et a12001]. It would appear mGluRs have the capacity to 

activate more than one G-protein in a cell type dependent manner. 

1.13 The regulation of mGluR signalling 

The mGluRs are regulated by heterologous and homologous mechanisms 

[Hermans, E et al 2001, De Basi et al 2001]. Group I receptors undergo agonist

induced desensitisation through a PKC specific mediated phosphorylation. PKC 

directly phosphorylates Serine and Threonine residues of the intracellular loops 

and C-terminal ofmGluR5 [Gereau, RW et aI1998]. GPCR kinases [GRKs] have 

been identified as an additional mechanism of Group I regulation [Sallese, M et al 

2000]. GRKs target the C-terminal of the agonist bound receptor for 

phosphorylation, creating an interaction site for P arrestin, which is involved in 

disrupting G-protein coupling and receptor sequestering [Krupnick, lG et al 

1998]. 

1.14 The Regulators of G-protein signalling [RGS] 

The RGS family contains approximately 20 different subtypes, which can 

control the signalling properties of GPCRs and their G-proteins. RGS proteins 

interact directly with members of the G-protein families to negatively regulate 

their activity. This is achieved by accelerating the intrinsic GTPase activity of the 

Gu subunit and by the modulation of Gu-GTP interactions with intracellular 

mediators[Ishii M et al 2003]. Group I and Group III mGluR subtypes have been 

identified as substrates for RGS. The RGS4 subtype is specifically expressed in 

brain and abolishes mGluR1 a and mGluR5a mediated signalling via Gq in Xenopus 

oocytes and hippocampal CAl neurons [Saugstad, l.A et al 1998]. The RGS2 

subtype has been shown to modulate the activation of different G-protein 

pathways by mGluR1a when heterologously expressed in rat sympathetic neurons 

[Kammermeir, P.l. et aI1999]. In the retina mGluR6 couples to a GOl transduction 

pathways to mediate the ON bipolar cell response [Nawy S.1999]. Using the 

constitutively active a subunit of GOl as bait in a GAL4 yeast-2-hybrid screen a 
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retinal specific RGS was isolated and classified as Ret-RGS1 [Dhingra, A et al 

2004]. Immunocytochemistry has identified Ret-RGS1 is localised to the dendritic 

compartments of bipolar cells along with mGluR6 and Gol . The co- expression of 

Ret-RGS1 in Xenopus oocytes with mGluR6 and GOl accelerates the inactivation 

of the signalling cascades and reveals a role for Ret-RGS1 as a potent GTPase 

activator for GOl and regulator of mGluR6 signalling. 

1.15 The mGluR C-terminal can direct receptor signalling pathways 

The C-terminal can direct subtype specific coupling to neuronal voltage

gated calcium channels. The swapping of mGluR7 and mGluR2 C-terminals 

causes each to take on the other receptors functional properties. The activation of 

mGluR2 and 7 stimulates characteristic cellular responses; mGluR 2 inhibits N

and L-type Ca2
+ channels and mGluR 7 blocks P/Q-type Ca2

+ channels [Perroy, J 

et al 2001]. A chimera of mGluR7 and the mGluR2 C-terminal coupled mGluR 7 

activation to the inhibition of N and L-type Ca2
+ channels. A chimera of mGluR2 

and the mGluR7 C-terminal coupled mGluR2 activation to the inhibition of P/Q

type Ca2+ channels. 

The C-terminal domain is also capable of regulating ion channels 

independently of G-protein activation. The C-terminal of the mGluRl a receptor 

subtype can interact directly with the C-terminus and long intracellular loop of the 

Cav2.1 subunit of PlQ-type C;+ channels to modulate their conductance 

properties [Kitano, J et al 2003]. Through this mechanism mGluRl a has the 

potential to co-ordinate Ca2+ signalling events. 
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1.16 Receptor scaffolding complexes 

It is now apparent receptor signalling can no longer be thought of as a 

linear process, consisting of a GPCR coupling to a G-protein and activating a 

intracellular messenger. Instead receptor signalling cascades are emerging as 

complex three-dimensional protein networks (see figure 1. 3) and the interactions 

between components of these networks leads to the modulation and regulation of 

the signal being conducted. Scaffolding proteins have been identified that 

organize and cross-link signalling molecules within these networks, at specific 

membrane domains, for efficient intercellular communication. In-light of this 

scaffolding proteins can be thought of as performing three important roles for 

receptor function: 

• Signalling: The assembly of the receptors intracellular signalling 

cascade 

• Targeting: The localization of receptors to specific compartments 

• Anchoring: The retention and stabilization of receptors within 

ultrastructural domains 

Scaffolding proteins that target and anchor receptors within distinct sub-cellular 

compartments perform an important role in the cellular polarisation of signalling 

pathways (see section 1.21). 
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Figure 1.3 Receptor signalling cascades are 3-dimensional networks of protein-protein 

interactions. [Adapted from Grant, S. et al 2001]. The diagram represents the complexity and 

highly ordered nature of signalling networks. PSD-95 is a prominent example of a scaffolding 

protein of the postsynaptic density and organises NMDA receptor signalling. The arrows represent 

how communication within these networks is multi-directional and not solely in a linear fi eld , 

allowing cross talk between different receptors and downstream components of different signalling 

pathways. 

1.17 The PDZ Domain- a backbone for organizing scaffolding networks 

The PDZ domain is so called because of its initial isolation in proteins that 

direct protein-protein interactions: .r.SD-95, a mammalian postsynaptic density 

protein; the Drosophila septate junction protein, Discs-large; the mammalian 

epithelial tight-junction protein Zona occ1udens. The human genome predicts 440 

PDZ domains in 259 different proteins [Hung, A.Y et a12002]. Crystallization has 

shown the structure of the PDZ domain is highly organized and globular [Doyle, 

D et al 1996]. A PDZ domain is typically ~90 amino acids and folds to generate a 
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peptide binding groove that is capable of recognising specific sequence motifs. 

Such motifs reside in a variety of signalling molecules, including GPCRs and ion 

channels, at the extreme C-terminus [Harris, BZ et al 2001]. The motifs 

recognised by different PDZ domains can be subclassed into three types 

[Sonyang, Z et al 1997] (see table 1.4). PDZ domains are capable of novel 

interactions, for instance PDZ:PDZ dimerization has been reported [1m, YJ et al 

2003]. Furthermore interactions between tandem PDZ domains are required for 

substrate binding by some proteins containing multiple PDZ domains [Feng, Wet 

a12003]. 

The PDZ domain performs a variety of functions in different proteins. 

Predominantly PDZ-domain containing proteins contribute to the organization of 

signal transduction cascades, receptor clustering and maintenance of cell polarity. 

Novel roles have been reported, for instance in the bacterial stress sensor, DegS, 

the PDZ domain regulates the catalytic activity of the enzyme's protease domain. 

This mechanism can ultimately regulate the downstream expression of stress 

response genes during adverse external conditions [Walsh, N.P. et al2003]. 

PDZDOMAIN 

Class I 

Class II 

Class III 

Consensus binding sequence 

SIT X <P - COOH 

<P X <P - COOH 

X X C - COOH 

Table 1.4 Classification of PDZ Domain Recognition motifs. X denotes any amino acid, <I> 

denotes a hydrophobic amino acid, usually Valine, Isoleucine or Leucine. 

1.18 mGluR subtype interactions with scaffolding proteins 

The C-terminal domain of the mGluR subtypes is an important domain for 

scaffolding mGluR function in terms of its signalling, targetting and trafficking 

(discussed in sections 1.19.1 and 1.21 respectively). The functional importance of 

the mGluR subtypes intracellular C-terminal is further highlighted by the 

interactions it specifies with a variety of scaffolding proteins (see table 1.5), not 

all of which contain a PDZ domain. The most characterized scaffold protein 

interactions are known to perform important cellular functions. The scaffolding 
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proteins in table 1.5 are involved in either targeting or anchoring of mGluRs or 

they are involved in mGluR signalling. In some cases a single scaffolding protein 

is involved in all three processes. The importance of mGluR targeting and 

anchoring for synaptic signalling is discussed in section 1.21 and the molecular 

mechanisms involved are highlighted and using Homer as an example, the role 

performed by scaffolding proteins in mGluR signalling is discussed in the next 

section. 

GROUP RECEPTOR SUBTYPE INTERACTORS 

mGluR 1 HomerllJ, CalmodulinL1J, Siah-
lA[3], Tubu1inH], Tamalin[6] 

I CaV2.l [~] 

mGluR5 CalmodulinL3J, Siah_IAI3J, 
Homer[l] Tamalin[6] Filamin 

, A[5) , 

mGluR2 
MicroUlbule associated 
serine/threonine kinase 

II 
[MAST] P] Syntrophin 

associated serine/tlu-onine 
kinase [SASTf] Rhophillin, 

mGluR3 Protein Interacting(7] Cousin of 
Thyrodoxin [PICOTf] , 

Syntenin[S], GRIP[ ] 

mGluR4 
SynteninL8J, GRIpL8J, G-

protein ~y subunit complex, [13] 
Filamin A[5], Calmodulin[13] 

mGluR 6 SynteninL8J, GRIPL8J 

III 
G-protein ~y subuni ts(1 0], 

mGluR 7 PICKl [9, 12], Callnodulin[13], 
PKC (11], Syntenin[S], GRIP[8], 

Filamin A[5] 

mGluR 8 Filamin Al5J, CallnodulinLl 3J, G-
protein ~y subunit complex[13] 

Table 1.5 Identified mGluR scaffolding proteins. [1] Tu , JC et al 1998. [2] Kitano, J et al 2003 

[3] Ishikawa, K et al 1999. [4] Ciruela, F et al 1999 [5] Enz, R et al 2002 [6] Kitano, J. et al 2002 

[7] Pilkington, B [unpublished] 2004 [8] Hirbec, H et al 2002. [9] Enz, R et al 2003 . [10] 

O'Connor, V et a11999. [11] Nakijima, Y et a11999. [12] EI Far, 0 et al2000 [13] EI Far, 0 et al 

2001. 
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1.19 Homer: a family of scaffolding proteins 

In mammals three genes encode Homer proteins and give rise to the three 

major isoforms: Homer! [HI], Homer2[H2] and Homer3[H3] [de Bartolomeis A, 

Iasevoli F. 2003]. A single Homer-related gene (homer) has been isolated and 

characterized in Drosophila [Diagana, T.T. et a12002]. However, searches of the 

C. elegans genome with either mammalian or Drosophila protein sequences did 

not identify a C. elegans homologue of Homer. The three mammalian Homer 

proteins share a common domain architecture. An EVHl [Drosophila 

Enabledlyasodilator-stimulated phosphoprotein Homology 1] domain is located at 

the N-terminal [Kato, A et al 1997] and the C-terminal contains a coiled-coil [CC] 

motif [Sun, J et al 1998]. Both domains are involved in protein-protein 

interactions. The coil-coiled domain mediates the assembly of Homer proteins 

into multimeric complexes [de Bartolomeis A, Iasevoli F. (2003)]. The EVHl 

domain is required for interactions with the IP3-gated calcium channel [Tu, JC et 

al 1998], potentially ryanodine receptors [Hwang, SY et al 2003], Group I 

mGluRs [Tu, JC et al 1998] and SHANK proteins [Tu, JC et al 1999]. 

Splice variants of each isoform have been identified and can be subdivided 

into short [Hla] and long variants [Hlb, Hlc, H2a, H2b and H3] [de Bartolomeis, 

A et al 2003]. With the exception of Hla all variants are constitutively expressed 

[Xiao, B et al 1998]. Hla was the first Homer protein to be identified and 

characterised as an immediate-early gene in the hippocampus and cortex 

[Brakeman, PR et al 1997]. Synaptic activity regulates transcription from the HI 

gene. Increased synaptic activity switches transcription of the HI gene from the 

constitutive isoforms Hlc and Hlb to the shorter transcript for Hla. Transcription 

terminates in an intron after the EVH 1 domain and before the CC motif, 

consequently the Hla protein lacks the CC domain [Bottai, D et aI2002]. This has 

important functional implications. The long Homer isoforms can multimerize, via 

the CC domain [Kato, A et al 1998] and this is an important feature for cross 

linking signalling proteins. As Hla lacks the CC domain, it cannot self-associate 

but can compete with the longer isoforms for binding to signalling molecules. 

Because Hla cannot oligomerize it disrupts the assembly of scaffolding networks 

and functions as a dominant negative regulator [Tu JC et al 1998 and Xiao, B et al 

1998] . 

32 



1.19.1 Homer interacts with the C-terminal of Group I receptors and 

scaffolds their signalling 

The Horner proteins bind to a proline rich motif in the C-terrninal of 

Group I mGluR subtypes mGluRl a, mGluR5a and mGluR5b. Horner recognises 

similar ligand motifs in the IP3-gated Ca2
+ channel, ryanodine receptors, TRP 

channels and SHANK proteins [Tu JC et al 1998]. Multirners of Horner assemble 

targets of mGluR signalling. The mGluR, IP3-gated receptor and Horner have 

been shown to assemble into a complex using biochemical techniques [Tu, JC et 

al 1998]. In this complex Horner functions as a physical cross-link between the 

mGluR and the IP3 receptor to optimise the mobilisation of calcium from the ER 

upon mGluR activation. The SHANK proteins are known to interact with the 

NMDA receptor scaffolding protein PSD-95 [Naisbitt, S et al 1999]. Complex 

formation between Homer-shank-PSD-95 may cross-link the mGluRs to the 

NMDA receptors [Tu, JC et a11999]. 

The expression of mGluRl a and mGluR5a in cultured cerebellar granule 

cells has identified interactions with Horner that can directly regulate the activity 

of the receptor. The disruption of the interaction between the mGluRs and the 

endogenously expressed H3 protein, by either RNA anitisense knockdown of H3 

or mutagenesis of the Horner ligand motif, leads to constitutive receptor activity. 

The induction of native Hla expression by exposure of the cultured neurons to 

NMDA and kainate also switches on constitutive signalling by mGluR1 a and 

mGluR5a [Ango, F et al 2001]. This reveals a Homer dependent mechanism for 

the regulation of mGluR receptor activity in response to neuronal excitation. 

1.20 Neurons are morphologically and functionally polarised structures 

As highlighted previously (see section 1.2), neuronal cells are polarized 

structures containing two morphological specializations, these are dendritic 

branches and a single axon. The two compartments are functionally distinct from 

each other and can extend from opposite poles of the cell body [Bradke, F and 

Dotti CG 200]. The dendrites receive extracellular signals from neighbouring cells 

and at the synapse the dendritic membrane is postsynaptic. The axon transmits 

signals to neighbouring cells and at the synapse the axon membrane is 

presynaptic. This functional polarization within the same cell is achieved by the 
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selective targeting of proteins to the two different compartments and their 

anchoring within these compartments. 

1.21 The differential targeting and anchoring of the mGluR subtypes is 

important for synaptic signalling 

The metabotropic glutamate receptor subtypes have been identified as 

being differentially targeted to specific neuronal compartments. The Group I 

mGluRs are predominantly targeted to the postsynaptic membrane and localised 

to perisynaptic sites [Nusser, Z et al 1994 and Lujan, R et al 1997], forming an 

annulus around a central core of NMDA receptors. The Group II mGluRs are 

targeted to both the pre and postsynaptic membranes, here they are localised to 

preterminal membranes [Lujan, R et al 1996 and Azkue, 1.1 et al 2000]. The 

Group III mGluRs are predominantly targeted to the presynaptic membrane, 

where they are localised close to the site of vesicle fusion and neurotransmitter 

release [Shigemoto, Ret al1996 and Blumcke, I et aI1996]. The mGluR subtypes 

expressed presynaptically can regulate the neurotransmitter release properties of 

the presynaptic membrane in response to glutamate [Dietrich, D et al 2002 and 

Valenti, 0 et a12003]. The Group III receptor subtype specific agonist LAP-4 can 

inhibit glutamate and GABA release from presynaptic terminals [Matsui, T et al 

2003, Lorez, Met a12003]. 

Postsynaptic mGluRs are involved in modulating components of the 

postsynaptic signalling cascade. Reciprocal cross talk between Group I mGluRs 

and NMDA receptors has been shown to occur and contributes to long term 

changes in synaptic transmission (discussed in section 1. 7) [Cho, K et al 2002]. 

The mGluRl a subtype interacts with the TRPCl cation channel biochemically 

and colocalizes in perisynaptic domains of Purkinge neurons of the cerebellum. 

The activation of mGluRl a at purkinje neurons evokes a slow excitatory 

postsynaptic potential [EPSC] mediated by the TRPCl cation channel [Kim, S.l 

et aI2003]. 

The spatial arrangement of mGluRs in sub-structural micro do mains at the 

synapse has an important biological function. One important property of the 

presynaptic membrane is the amount of neurotransmitter it releases into the 

synaptic cleft. This is predominantly governed by the strength of neuronal 

stimulation. Under high frequency stimulation the amount of neurotransmitter 
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released into the synaptic cleft is higher compared to low frequencies [Katz, B and 

Miledi, R 1965]. Due to the physical location of the mGluR subtypes their 

activation is dependent upon the quantity of neurotransmitter released. This 

provides a mechanism for the neurotransmitter release properties of the 

presynaptic membrane to be interpreted and translated into distinct signalling 

events, depending on where the receptors are positioned relative to the source of 

transmitter release (see below) [Scanziani, M. et al 1997]. 

The Group I receptors are located towards the edge of synapses and have 

evolved a relatively high affinity for glutamate [Conn, Pl and Pin, JP 1997], they 

are activated by bursts of synaptic activity [Batchelor, A.M et al 1994]. The 

Group II receptors are located further away from the synaptic cleft, they are 

activated by the diffusion of glutamate from the synaptic cleft to extra synaptic 

sites during high frequency stimulation [Tempia, F et al 1998]. This is referred to 

as 'spill over' and can lead to the activation of mGluRs located at the same sites 

on neighbouring neurons. A role for mGluRs as heteroreceptors has been 

described in the cerebellum. The release of glutamate from mossy fibres onto the 

axon terminal of inhibitory Golgi cells depresses GABA release [Mitchel, S.l et al 

2000]. The Group II receptors are exposed to low levels of glutamate and so have 

evolved a high affinity for the molecule [Conn, Pl and Pin, JP 1997]. The Group 

III receptor subtype mGluR 7 is activated by low frequency stimulation. Under 

these conditions the receptor experiences a high concentration of neurotransmitter 

because of its localisation in the active zone membrane [Shigemoto, R et al 1997]. 

Consequently mGluR 7 has evolved with a lower affinity for glutamate [Okamoto, 

Net a11994]. 

1.22 The mGluR intracellular C-terminal plays a key role in specifying 

receptor targeting and polarisation 

The signal for this highly selective targeting resides in the intracellular C

terminal [Stowel, 1 et al 1999]. mGluRl a and mGluR2 are targeted to the 

dendrites and excluded from the axons of cultured hippocampal neurons. The 

mGluR 7 subtype is targeted to both sites. The substitution of the mGluR 7 C

terminal for the mGluR 2 C-terminal causes mGluR 7 to be excluded from axons. 

Whereas the reciprocal of this causes axonal targeting of mGluR 2 [Stowell, 1 et 

al 1999]. Thus the expression of mGluRs is controlled by both exclusion and 
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targeting signals residing in the intracellular C-terminal domain. How these signal 

are interpreted by the cell to achieve this specific targeting is unclear and may 

involve directing the receptors into specific vesicular populations, directing 

specific degradation or stabilization of the receptors within micro domains at the 

membrane [Marchand, S. and Cartaud, J 2002]. Alternative splicing has been 

reported to unveil targeting motifs in the C-terminal domain [Francesconi, A et al 

2002] of the mGluRl subtype. When expressed in cultured retinal neurons 

mGluRh and mGluRl a are addressed to axonal and dendritic compartments 

respectively. The signal for this differential distribution has been mapped to a 

tripeptide motif common to all mGluRI subtypes. The longer C-terminal of 

mGluRl a can mask this motif and contains a dominant dendritic targeting signal. 

1.23 Homer directs the targeting and anchoring of Group I mGluRs 

The role of Homer proteins in targeting Group I mGluR subtypes has been 

addressed using various heterologous cell expression systems. In HEK-293 and 

COS-7 cells Homer lc increases the amount of cell surface mGluRl a clusters and 

enhances the signalling capacity of the receptor in response to agonist [Ciruela et 

al 2000]. Whereas Homer 1 b has been demonstrated to cause retention of mGluR5 

and mGlul a in the ER of HeLa cells [Roche, K. W. et al 1999]. In cultured 

cerebellar granule cells the distribution of mGluR5a has been shown to be 

regulated by neuronal excitation and is dependent upon the Homer 1 subtype 

variant that is being expressed [Ango et al 2000]. In undifferentiated primary 

cultures the Homer 1 blc variants organise mGluR5a into clusters in the neurite 

processes through their capacity to multimerize. This is dependent upon a direct 

interaction between Homer Ib and the mGluR5a receptor, disruption of the Homer 

ligand motif causes mGluR5a to be restricted to the soma. When co-expressed 

with Homer 1 a mGluR5a shows a diffuse expression in the cell body and neurites. 

Differentiated cerebellar granule cells are fully polarised and have been 

used to demonstrate Homer Ib and la differentially localise mGluR5a [Ango, F et 

al 2000]. In the presence of Homer 1 b, mGluR5a is targeted to the cell body and 

the dendrites but not the axon. In the presence of Homer 1 a the pattern of 

distribution is different, with mGluR5a being targeted to the axons and dendrites. 

The distribution of mGluR5a can be modulated by the induction of Homer 1 a in 

response to neuronal activity. At rest mGluR5a is detected throughout the cell 
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body and neurites of undifferentiated cultured neurons, strong depolarisation 

causes endogenous Homerla expression and exclusive mobilization of mGluR5a 

to neurite processes. 

The trafficking of mGluR5a to the cell surface of cerebellar granule 

neurons has been shown to also be regulated in a Homer 1 a dependent manner. 

The induction of Homer 1a expression in response to NMDA and kainate 

exposure, reverses the intracellular retention of mGluR5a by Homer 1 b [Ango, F 

et al 2002]. Functional cell surface signalling by mGluR5a is demonstrated by 

cells co-expressing the receptor with Homer 1a but not Homer lb. This was 

recorded as an increased amplitude of Ca2
+ signalling in response to selective 

activation of mGluR5a. An increased latency in calcium signalling was also 

recorded from cells co-expressing mGluR5a with Homer1a, which likely to be due 

to a lack of direct interaction between the mGluR5a-Homerla complex and the 

IP3 receptor. 

1.24 Scaffolding proteins contribute to complex mammalian behaviours 

Metabotropic glutamate receptors are distributed throughout the cortical 

and limbic compartments of the brain [Kenny, PJ et al 2004]. The transmission 

between structures of these brain regions comprises the brain reward circuitry. 

Drugs of abuse reduce the threshold for signalling through the brain reward 

circuitry and cause an increase in brain reward function [Bespalov, A et al 1994]. 

The use of selective pharmacological agents have demonstrated mGluR2/3 

receptors are involved in the development of drug addiction and symptoms of 

withdrawal [Kenny, PJ et al 2003], mGluR5 drives drug consumption 

[Chiamulera, C et al 2001] and mGluR1 facilitates activation of brain reward 

function by addictive drugs [De Vry, Jet a12001]. 

More recently, proteins known to scaffold glutamate receptors have been 

demonstrated to regulate drug induced behaviours. The knockout of Homer 2 

causes mice to exhibit behaviours characteristic of cocaine addiction [Szumlinski, 

K.K et al 2004]. These include self administration of cocaine, locomotor 

hyperactivity and conditioned rewarding. 

A micro array screen of mouse models of cocaine addiction, generated by 

the targeted knockout of either individual plasma membrane monoamine 

(dopamine and norepinephrine) transporters or the vesicular monoamine 
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transporter (VMAT), identified a down-regulation in the levels ofPSD-95 mRNA 

in the striatum [Yao, Wet al 2004]. PSD-95 is a prominent scaffolding protein of 

the post-synaptic density and has a number of interaction partners, including 

NMDA receptor subunits [Komau, HC et al 1995]. Furthermore, the ablation of 

PSD-95 recapitulates specific behaviours characteristic of cocaine addiction. 

1.25 Outstanding issues and how C. e/egans can assist 

An array of mammalian mGluR scaffolding molecules have been 

identified (see table 1.5) and studies performed at the molecular, biochemical and 

cellular levels have enhanced our understanding of how these interactions occur 

and their relevance to receptor function. However, with few exceptions (described 

in section 1.24) the physiological significance of these receptor signalling 

complexes remains unclear, primarily because of the complexity of the 

mammalian nervous system. 

The nematode C. elegans provides a model system in which to better 

understand the link between interacting genes, signalling complexes, neuronal 

circuitries and behaviour within a single animal. The advantage of C. elegans is 

that the physiological relevance of the receptor interaction identified in-vitro can 

be immediately assessed by determining if the receptor and candidate interacting 

protein are co-localized within the same neurons at the level of the intact animal. 

The behavioural assays C. elegans offers then enable the function of the 

receptor scaffolding complex to be assessed. Characterizing the biological 

relevance of a mammalian protein-protein interaction is a much longer process. 

For example the role of the scaffolding protein PSD-95 in addiction behaviour has 

only just begun to be understood [Yao, W et al 2004], 10 years after it was 

initially identified as interacting with the NRI subunit in 1995 [Komau, H.C. et al 

1995]. Therefore C. elegans provides a complimentary approach to further our 

understanding of how glutamatergic signalling complexes are organised and how 

signalling through protein-protein interaction networks mediate behaviour. 
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1.26 The use of model organisms in neuroscience 

The human nervous system is comprised of billions of neurons that make 

billions of connections. These neurons are arranged into neural circuits that 

function to process information and mediate behaviour. Model organisms with 

simpler nervous systems provide a basis for studying how neural networks operate 

to control behaviour. 

Invertebrate model organisms have made a significant contribution to our 

understanding of neuronal function. The nervous systems of invertebrates share 

many of the same biological principles as the mammalian nervous system. This is 

highlighted by the historical contribution invertebrates have made to our 

understanding of how neurons work, in terms of axon conductance [Hodgkin AL, 

Huxley AF 1952] and synaptic transmission [Katz, B. et al 1965]. The use of 

invertebrate model systems has now progressed to analysing the relationship 

between genes, molecules, neurones, circuitries and behaviour [de Bono, M and 

Maricq, A.V 2005]. 

The nematode C. elegans is one such model system that is being used to 

probe complex behaviours, such as social behaviour at the genomic, cellular and 

systems biology level [de Bono, M. 2003]. Such studies have been made possible 

by the availability of the sequenced genome together with: the powerful genetics 

of C. elegans; its amenability to transgenic techniques and the behaviours it 

displays (see Section 1.27). 

1.26.1 General description of C. e/egans 

C. elegans is a small non-parasitic nematode found free-living in soil, 

where it feeds on bacteria. It has a life cycle of 3 days, consisting of 4 larval 

stages before reaching adulthood. The mature adult grows to 1mm in size and is 

fertile for four days. The two sexes are male and hermaphrodite, the latter produce 

oocytes and sperm enabling self-fertilization and easy laboratory cultivation. The 

basic body plan is composed of two concentric tubes. The outer tube consists of 

cuticle, hypodermis, neurons and muscles, which surround the pseudo coelomic 

space that contains the intestine and gonad (seejigure 1.4). 
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A 

B 

Figure 1.4 The C. elegans hermaphrodite. A. General anatomy of an adult hermaphrodite. 

[Taken from Wood, W.B 1988] B. Cross-section through the hermaphrodite worm revealing the 

basic body plan . [m] muscle, [h] hypodermis, [nc] nerve chord, [i] intestine, [g] gonad [Taken 

from Wood, W.B 1988] 

1.26.2 Organization of the C. e/egans nervous system 

The adult hermaphrodite nervous system contains 302 neurons, with a 

total of 5000 chemical synapses [White, J.G. et aI1986]. The connectivity of the 

nervous system has been reconstructed and mapped using serial electron 

microscopy [Albertson, D et al 1976 and White, J et al 1986]. The C. elegans 

nervous system is segregated into the pharyngeal and central nervous system. The 

two systems function almost independently of each other but are connected by 

two intemeurons [RIP]. In the central nervous system processes of motomeurons 
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and intemeurons extend in bundles, either as longitudinal tracts or circumferential 

commissures (see figure 1. 5a). The ventral cord is the main process bundle and 

contains processes belonging to intemeurons and motomeurons. The dorsal cord 

mainly contains motomeuron processes that come from the ventral cord via 

circumferential comnnssures. The ventral cord extends from the 

circumpharyngeal nerve ring, a dense area of neuropil (see figure 1.5b). Sensory 

neurons are predominantly located in the head as well as the tail where they are 

involved in chemo-, thermal- and mechanosensation. 

1.26.3 The Pharyngeal Nervous System 

The C. elegans pharynx is required for feeding and connects to the 

intestine via the pharyngeal-intestinal valve. Anatomically it is a highly 

specialised muscular structure, this optimises the efficiency of feeding. The 

pharyngeal nervous system controls feeding and is comprised of 20 

morphologically defined neurons, six of which are bilaterally symmetrical (see 

Chapter 4). In keeping with other neural networks signalling is achieved by the 

release of neurotransmitters. These include classical transmitters acetylcholine, 

glutamate, octopamine and 5-HT as well as non-classical signalling molecules 

that include neuropeptides [Rogers, C. et al 2001] and pharyngeal function is 

modulated by the concerted actions of these transmitters. 
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Figure 1.5a Organization of the C. elegans somatic nervous system. Process tracts in the left and right hand side of the body are shown [White JG et al 1986] . Neurons are 

given names consisting of three upper case letters. The last letter can alternatively be a number of up to two digits. Bilateral pairs of neurons are referred to together by a 3-

letter name and separately by the same name followed by Lor R to indicate the left or right member of the pair and D or V to indicate the dorsal or ventral ofthe pair. Ventral 

cord motorneurons have 2-letter names, followed by a number that corresponds to their place in order along the ventral cord. 
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1.27 C. elegans exhibits simple behaviours that allow receptor function to 

be assayed 

In C. elegans the motor circuits that mediate locomotion [Chalfie, Met al 

1985], egg-laying [Waggoner, LE et al 1998], defecation [Avery, L et al 1997], 

pharyngeal pumping [ Avery, L et al 1997] and proprioception [Driscoll, M and 

Kaplan, J 1997] have been defined. The relative simplicity of these neural circuits 

and their behavioural outputs makes them tractable for study. Components of each 

behaviour can be quantified and so provide a basis for the characterization of gene 

function within neural networks. The components of C. elegans locomotion that 

can be measured include body bend frequency, thrashing, frequency of 

spontaneous backward movement, radial locomotion and run duration [Tsalik, EL 

and Hobert, 0 2003]. 

The C. elegans sensory nervous system can process basic senses that 

include olfaction [smell], chemosensation [taste], mechanosensation [touch], 

osmolarity, ambient temperature, noxious heat and food. The integration of these 

sensory inputs within motor circuits controlling for example locomotion, enables 

the worm to modulate how it behaves in response to its external environment. 

How the worm modulates its behaviour can be measured using more sophisticated 

assays, such as the chemotaxis maze [Bargmann, CI et al 1993]. Here the worm 

must modulate several components of its locomotion in order to navigate its way 

through a maze constructed from an aversive chemical stimuli to reach a chemical 

attractant. 

The behaviours described provide simple models for assaying receptor 

signalling involved in complex behaviours such as sensory integration, 

habituation, learning and memory [Hobert, 0 2003]. This featUre allows C. 

elegans to be used as a tool to further understand receptor signalling in circuitries 

controlling complex mammalian behaviours. Indeed, C. elegans has provided 

further insight into the function of several receptor classes (see table 1.6). 
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Receptor 
Receptor Class 

Class 
Biological Function 

Group Representative 

unc-38 Cation selective channel subunit required tbr 

nAChR [nAChR a -
body wall muscle contraction dming 

locomotion 
subunit] [Fleming, JT et al 1997] 

unc-49 Inhibitory anionic channel required for 

~ [GABAA] 
body wall muscle relaxation during locomotion 

0 GABAR 
[Bamber, BA et al 1999] 

~ 
Excitatory cationic chmmel required fbr 

0 
exp-i enteric muscle contraction [Beg, AA et a1 

2003] 

~ Inhibitory Chloride channel that modulates 

~ 5-HTR l11od-i locomotion in response to food [Ranganathan, 

0 Ret al 2000] 
Cation selective channel sublU1i t involved in 

"'C nmr-l 
the timing of backward and forward movement 

~ [NMDA] n [Brockie, P J et al 200 1 
Cation selective channel sublU1it required for 

iGluR 
glr-l 

mechanosensory responses [Mellem, JE et al 
[AMPA] 2002] 

avr-i5 Inh ibitory Chloride Channel sublU1it involved 
in pharyngeal muscle relaxation [Dent, JA et al 

[GluCl] 1997] 
GAR-3 couples to PLC when expressed in 

mAChR gar-3 CHO cells and is involved in pharyngeal 
muscle relaxation [Park, Y -S et a1 2003] 

dop-i Modulation of locomotion and 
DopR mechanosensory behaviours [Sanya1, S et al 

[DI -Like] 2004] 
~ ser- 7b SER-7b couples to the production of cAMP 
"'C 5-HT [5-HT7] 

when expressed in COS-7 cells and is 

n predicted to be involved in pharyngeal 

~ function [Hobson, RJ et al 2003] 

C05H2.1 Positive regulation of growth rate and 

Peptide Receptors 
[FSHR] embryonic developm ent 

npr-l 
Social aggregation [de Bono, M et a l 1998] 

[NPY-R] 

Table 1.6 Receptor classes identified from C. e/egans and their biological functions. The grey 

boxes highlight receptors belonging to class ical sub-classes but with novel signalling 

characteristics. 
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1.28 Mediators of Glutamatergic Signalling in C. elegans 

Glutamate is an important signalling molecule in the mammalian and C. 

elegans nervous system. A number of proteins involved in glutamatergic 

transmission are conserved between mammals and C. elegans, they include 

members of the iGluR subclass, bio-synthetic enzymes and synaptic vesicular 

transporter [Bargmann, CI 1998] (see Figure 1.6). In addition to this the C. 

elegans genome encodes novel mediators of glutamatergic signalling, such as the 

glutamate gated chloride channels [GluCI]. The simple behaviours exhibited by C. 

elegans and its amenability to transgenic approaches has allowed novel insights 

into the biological function of conserved molecules and has expanded our overall 

understanding of the molecular, cellular systems and behaviours regulated by 

glutamate. 
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Figure 1.6 An idealized organization of glutamatergic receptors and transporters at the 

mammalian and C. eJegans synapse. A. The majority of the key components of glutamatergic 

transmission in mammals, are also conserved in C. elegans. These include classical post-synaptic 

iGluRs (NMR and GLR) and vesicular glutamate transporter (EAT-4). The C. elegans 

glutamatergic synapse also displays the GluCI channels, a novel class glutamate receptor. B. A 

diverse profile of glutamate receptors and transporters are differentially distributed at the synapse, 

in both neuronal and non-neuronal cells, in mammals. Group I mGluRs are predominantly peri

synaptic at the post-synaptic membrane (the peri-synaptic compartment of the synapse is shaded in 

green) (Lujan et al 1996). Group II mGluRs (mGluR2 and 3) are located at extra-synaptic sites 

(highlighted in orange) (Lujan et al 1997). Group ill mGluRs, mGluR7 and 8 are localised 

immediately adjacent to the active zone (Shlgemoto et al 1996). 

[Abbreviations: EAAC-l , neuronal glutamate and aspartate transporter in rat brain; GLAST, rat 

glial glutamate and aspartate transporter; GL T-l, rat glial glutamate transporter; V -GLUT, 

vesicular glutamate transporter; NMR-l, NMDA receptor homologue; GluCI, Glutamate gated 

chloride channel; EAT-4, vesicular glutamate transporter; GLT-l , excitatory amino acid 

transporter homologue.] 
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1.28.1 Ionotropic Glutamate Receptors in C. elegans 

Ten genes have been identified from the C. elegans genome as encoding 

ionotropic glutamate receptor subunits, they have been named glr-1 to glr-8, nmr-

1 and nmr-2. The proteins they encode are classified into characteristic groups 

[NMDA and non-NMDA] based upon their homology to the mammalian classes 

of ionotropic receptors (see section 1.5). The C. elegans iGluR subunits have 

conserved structural features with their mammalian counterparts. These include 

the membrane topology and the ligand binding domain, as well as specific 

features that determine the ion channel properties of the different SUbtypes. All 10 

iGluR subunits are expressed by the C. elegans nervous system. As in the 

mammalian eNS the iGluR subunits have a differential and overlapping 

distribution potentially generating Ion channels with different subunit 

compositions and functional properties [Brockie, PJ et al2001]. 

1.28.2 C. elegans locomotion and the iGluRs 

The ability of an organism to modulate its movement in response to its 

environment is intrinsic to its survival. Locomotion is a complex behaviour, it 

encompasses a number of different aspects, such as speed, direction, duration and 

frequency of altering direction. All of these parameters must be tightly controlled 

and optimized if the animal is to survive within its environment. For example, 

when food is sparse an animal increases it duration of movement in one direction 

to optimise its search strategy. C. elegans has provided insight into how neuronal 

circuits achieve this and glutamatergic transmission is involved. 

The glr-1 gene was the first to be identified as an iGluR subunit in 1995. 

glr-1 encodes a subunit with 40% amino acid identity to the rat GluR1 subunit. 

GLR-1 is the best studied of the C. elegans glrs and is expressed in the command 

intemeurons of the locomotory circuit of C. elegans (see figure 1.7). This circuit 

mediates backward and forward locomotory responses. The central role of GLR-1 

in this circuitry was first established by phenotypic analysis of the glr-1 knockout, 

using a simple 'nose-touch' assay. The glr-1 mutant was unable to reverse its 

direction of movement in response to a mechanical stimuli applied to the nose. 

Expression of a dominantly active GLR-1 in the command intemeurons showed 

the circuit functions to gate whether the worm moves forward or backwards 
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movement and that the activity of this circuit is modified by sensory inputs from 

external cues, such as touch. 

The C. elegans genes nmr-J and nmr-2 encode iGluR subunits that most 

resemble the mammalian NMDA subtype. The nmr-J subunit is most similar to 

the NRI subunit of the mammalian iGluR family, both in terms of sequence 

homology and biophysical properties. These similar properties allow C. elegans 

NMDA receptors to perform roles in common with the mammalian receptors at 

the synapse. 

Wild-type worms modulate their movement through their environment as 

part of a foraging strategy. Phenotypic analysis of the nmr-J deletion strain nmr

J (ak4) first established a role nmr-J in the decision to switch from a forward to 

backward direction of movement. Subsequently it has been shown NMR-l 

signalling controls the probability of backward movement by regulating the 

balance of neural activity between components of the locomotory control circuit 

that initiate forward and backward movement [Brockie, P J et al 2001]. 

In the mammalian CNS the properties of the NMDA receptors contribute 

to neural mechanisms of synaptic plasticity [Collingridge, GL and Bliss, TVP 

1995]. In C. elegans the conserved channel properties of the NMR-l receptor are 

hypothesised to provide a mechanism for the temporal integration of sensory 

stimuli. A slowly desensitizing GLR-l variant, with similar kinetic properties to 

the NMR -1 dependent current, was expressed in the nmr-J (ak4) strain under the 

control of the nmr-J promoter. The behavioural phenotypes caused by the deletion 

of nmr-J were successfully rescued by the GLR-l variant [Brockie, PJ et aI2001], 

supporting the view that it is the slow kinetics of the NMR -1 receptor 

conductance that underlies its function and allows the worm to optimize its 

movement in complex environments .. 

1.28.3 The conductance properties of the C. e/egans AMP A-like receptors 

are similar to their mammalian counterparts 

The subunits GLR-l and GLR-2 are coexpressed ill the command 

interneuron A V A, where they assemble into a functional heteromeric ion channel. 

The amino acid sequence of GLR-l and GLR-2 displays the highest percentage 

similarity to the AMPA receptor subunit GluRl, in rats. Despite this, the 
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pharmacological profile of the heteromeric channel is more characteristic of 

Kainate receptors. The application of Kainate elicits large, rapidly activating and 

inactivating currents in AVA that is dependent upon the expression of the GLR-1 

and GLR-2 subunits. Furthermore, the GLR-lIGLR-2 dependent current displays 

properties characteristic of Kainate receptors in the mammalian CNS [Mellem, 1£ 

et al 2002]. This highlights that conservation at the level of amino acid sequence 

does not always correlate with conserved functional properties. 

1.28.4 Novel mechanisms regulating GLR-l function 

The GLR-1 receptor conductance is the subject of a novel mode of 

regulation, involving a transmembrane protein encoded by the gene sol-l [Zheng, 

Y et al 2004]. Initially identified as a suppressor of a constitutively active variant 

of GLR-1, the SOL-1 protein co-localizes with GLR-1 at postsynaptic sites but is 

not required for receptor targeting. Co-immunoprecipitation and 

electrophysiological analysis suggests SOL-1 directly interacts with GLR-1 at the 

plasma membrane and is required for GLR-1 channel conductance. The SOL-1 

protein is almost entirely extracellular and contains protein-protein interaction 

domains that may recruit proteins important for GLR-1 function. 

~ 
~, 

\ 

Figure 1.7 Locomotory command circuit in C. elegans. Reciprocal inhibitory connections 

between the forward (A VB, PVC) and backward (A V A, A VD/E) command intemeurons controls 

the initiation of either forwards or backwards movement. Sensory information is integrated into 

the command circuitry to activate distinct classes ofmotomeuron [A class and B class]. Synaptic 

connections are indicated by arrows and gap junctions as [.1]. Forward neurons are grey and 

backward neurons are white. Boxes outlined in green express iGluR subunits. [Figure taken from 

Zheng, Y et a11999]. 

50 



1.28.5 GluCI Channels 

The glutamate gated chloride channel [GluCI] family is a novel class of 

ionotropic receptor, expressed only in invertebrate muscle and nerve cells. To date 

eight GluCI genes have been identified. The GluCls are closely related to the 

GABAA and glycine gated chloride channels in vertebrates. The features they 

have in common are a large extracellular N-terminal domain, four transmembrane 

domains and putative N-linked glycosylation sites in the extracellular domain. 

The first GluCI subunits to be cloned were GluClal and GluCI~ [Cully, D.F et al 

1994]. Coexpression of the two subunits in Xenopus oocytes identified they can 

assemble to create a heteromeric ion channel. The GluCla1/GluCI~ ion channel 

was selectively permeable to chloride and reversibly activated by glutamate. It 

was also sensitive to the anthelmintic ivermectin, the application of IVMP04 

(Ivermectin-4"-O-phosphate, monosodium salt) activates rapid and irreversible 

chloride currents. 

Gluel subunits are required for the normal electrical activity of the 

pharynx. Specific subtypes have been identified as having an important role in 

mediating glutamate signalling at the neuromuscular junction in the C. elegans 

pharynx. The M3 motomeuron controls the timing of pharyngeal muscle 

hyperpolarization and relaxation, which is important for efficient feeding [Heyi, 

Li et al 1997]. M3 signalling is mediated by a GluCI channel located on the 

muscle plasma membrane and encoded by the gene avr-15. Two alternatively 

spliced subunits GluCla2A and GluCla2B are encoded by avr-15. The synaptic 

targets of M3 are the metacorpus [pm4] and the isthmus [pm5], the GluCla2A 

subunit is expressed in both of these muscle cell types. It is 'likely to be a 

component of the postsynaptic GluCI channel responsible for M3 transmission. 

Recombinant cell expression has shown GluCla2A can assemble into functional 

homomeric channels that are activatable by glutamate and sensitive to ivermectin 

[Dent, J A et al 1997]. 

1.28.6 eat-4 encodes a glutamate vesicular transporter 

The polypeptide encoded by eat-4 is 48% identical to a mammalian brain 

specific sodium-dependent inorganic phosphate cotransporter [BNPI] [Avery, L et 

al 1993]. The protein BNPI transports glutamate into synaptic vesicles. Based 
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upon this homology and phenotypic analysis of eat-4 mutants, it is likely to 

perform the same function in C. elegans neurons. The expression of EAT -4 is 

widespread in the C. elegans nervous system. It is expressed.in pharyngeal and 

extrapharyngeal neurons. An eat-4::reporter gene construct identified a total of 34 

different cell types express EAT-4 [Lee, RYet al1999]. In the pharynx the EAT-

4 protein is expressed in the M3 motorneuron, neurosecretory motorneuron 

[NSM] and the interneuron 15. The remaining neurons include both glutamatergic 

neurons and neurons with unknown neurotransmitter content. The co-expression 

of eat-4 in the 5-HT containing neuron NSM may represent a novel interplay 

between the two neurotransmitter molecules, glutamate and 5-HT, that underlies 

the control ofNSM signalling (see Results Chapter 4). 

Phenotypic analysis of eat-4 mutants show that it is required for glutamate 

release from presynaptic terminals and the glutamatergic control of pharyngeal 

pumping by M3 requires eat-4. [Raizen, DM and Avery, L 1994]. The 

mechanosensory neurons PLM, A VM and ALM express eat-4. A presynaptic role 

for eat-4 in chemical transmission between these sensory neurons and their 

interneuron targets has been described [Lee, R.Y.N et al1999]. 

1.28.7 The Metabotropic Glutamate Receptors 

The C. elegans genome predicts three genes encoding metabotropic 

glutamate receptors [mgls]. Existing analysis [Ishihara et al1996] has defined the 

genes as mgl-l [ZC506.4], mgl-2 [F45Hl1.2] and Y4C6A.2a [in the absence of a 

C. elegans Genetics Centre [CGC] approved name this will be referred to as mgl-

3]. Existing analysis of the mgl-l and mgl-2 amino acid sequences has predicted 

they couple to classical intracellular signalling molecules, Gai and Gaq 

respectively [Ishihara, T et al1996]. Furthermore, HEK293 cells expressing mgl-2 

cDNA increase phosphoinositide turnover in response to glutamate [Ishihara, T et 

al 1997]. However little is known about the signalling role mgls perform in C. 

elegans. 

1.29 Cellular assays of C. e/egans receptor function 

C. elegans receptors have been successfully expressed in mammalian cell 

lines and by doing so a number of them have been functionally characterized 
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[Mertens I et al 2006]. Cellular assays of receptor signalling have made it possible 

to profile C. elegans GPCRs pharmacologically and to determine the molecular 

basis of their function. This has been particularly beneficial in the ongoing 

process of de-orphanizing C. elegans receptors and it has been applied 

successfully to members of the C. elegans family of neuropeptide GPCRs 

[Mertens, I. et al 2005]. 

1.30 Pharmacology of function 

The genetics of C. elegans has been used to identify and characterize the 

molecular targets of therapeutic molecules [Kaleta, T. and Hengartner, M.O 

2006]. 'Chemical genetic screens' have been utilised to identify C. elegans genes 

that either confer resistance or hypersensitivity to a compound of interest and 

these genes can either be the primary drug target or a component of the same 

pathway as the primary drug target. In using this approach the in vivo mode of 

action of a drug can be explored and all targets potentially identified. For 

example, it is known that Fluoxetine (Prozac™) affects 5-HT levels, but other 

than this its therapeutic mode of action is ill-defined. To address this a genetic 

screen performed on a transgenic strain of C. elegans deficient in 5-HT identified 

a second drug target, involving a G-protein signalling pathway [Dempsey, C.M. et 

al 2005]. Such genetic screens have been used to establish the molecular networks 

underlying the mode of action of a number of other drugs and these are 

summarised in table 1. 7 

The reverse genetic approach is where a gene of interest has been 

identified from the genome and this guides the pharmacological agents that are 

used to perform the functional characterization of the gene. For example 42 genes 

have been identified from the C. elegans genome that could encode nicotinic 

acetylcholine receptors, however, the function of most of these remains to be fully 

defined. The broad-spectrum mammalian nAChR agonist, 1,1-dimethyl-4-

phenylpiperazinium (DMPP) has been shown to cause developmental defects in 

C. elegans. Knockdown of these drug effects by RNAi of nAChR genes has 

identified those nAChR genes that signal in the timing of C. elegans development. 

Subsequently chemical genetic screens using DMPP has identified genes required 

for nAChR signalling in C. elegans development. 
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COMPOUND FUNCTION REFERENCE 

Levamisole Anthelmintic Brenner, S. 1974 

Aldicarb Anthelmintic Nguyen, M et al1995 

Benzimidazole Anthelmintic Driscoll, M et al 1989 
Vassilatis, D .K. et al 1997, 

Ivermectin Anthelmintic Dent, J .A. et al 1997 & 
2000 

Nicotine Drug of addiction Waggoner, L.E. et al2000 

Alcohol Drug of addiction 
Davies, A.G. et al 2004 and 

2003 
Volatile general 

Human drug Hawasli, A.H. et al 2004 
anaesthetics 

Famesyl transferase 
Anticancer drug Lackner, M.R. et al2005 

inhibitors 
Ranganathan, R. et al2001 

Fluoxetine (Prozac) Anti -depressant & Dempsey, C.M. et al 
2005 

Imipramine Anti -depressant Dempsey, C.M. et al 2005 

Table 1.7 Drugs at the centre of 'chemical genetic screens.' C. elegans has been used to 

characterise the molecular targets of drugs with varied uses; ranging from anthelmentics to human 

anti-depressants. 

1.31 Tool kit for C. eJegans research 

A major asset of C. elegans as a model organism is the availability of a 

sequenced genome, which can be screened for homologues of human genes of 

interest. Once a candidate gene is identified the genomic sequence can be used to 

design molecular reagents for the analysis of cDNA and characterization of the 

encoded transcripts. Analysis of the translated cDNA sequence, by comparisons to 

mammalian homologues, allows conserved structures, motifs and residues 

underlying functionality to be identified [Harteneck, C .et a12000]. 

Once the protein sequence and the gene structure is known transgenic 

reporter constructs can be generated to characterize the spatial and temporal 

expression of both the gene and the protein at the level of the whole animal 

[Dupuy, E. et al 2005] . Identification of the neurons expressing the gene and 

phenotypic analysis of transgenic mutants allows the physiological role of the 

gene within the animal to be assessed. Assays used to perform the phenotypic 

analysis can be behavioural, pharmacological or electrophysiological and the type 
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of assay used can be guided by the processes involved with the neural circuits 

containing the gene [Rankin, C.H. et al2002 and Suo, S. et al2004]. 

1.32 Scaffolding mechanisms in C. e/egans 

As outlined in section 1.16 receptor scaffolding is functionally relevant. In 

a similar way the results discussed for sol-l reflect similar processes in the 

organization of C. elegans receptor function. Indeed, scaffolding mechanisms 

underlie a number of different biological processes in C. elegans, including 

embryonic development [Caruana G 2002], vulval differentiation [Ferguson, EL 

et al 1985], defecation rhythm [lee, C et al 2004], cell junction assembly and 

synaptogenesis [Yeh, E 2005] . This highlights scaffolding is involved in both 

essential and non-essential processes in C. elegans. As previously described, the 

PDZ domain plays a major role in organizing cell signalling complexes and the 

sequenced genome of C. elegans predicts 138 PDZ domains in 96 proteins [Hung 

A Y et al 2002]. The PDZ domain has been identified as an important module in 

embryonic development [Hung, T.l. et al 1999], vulval differentiation [Kaech, 

S.M. et a11998] and possibly the specialization of axon identity [Hallam, S.l. et al 

2002]. 

1.32.1 Polarization in the C. e/egans nervous system 

The principles of a pre- and postsynaptic domains as discussed in the 

mammalian nervous system (see sections 1.2 and 1.3) are conserved in C. elegans 

neurons, but there are some subtle differences. The invertebrate nervous system is 

predominantly composed of unipolar cells. This class of neuron is characterised 

by a single process or neurite extending from the soma. Both presynaptic and 

postsynaptic membrane compartments can exist along the length of a single 

unbranching process. In this case the process is not strictly a dendrite or an axon 

(see figure 1.8). 

The D-type ventral cord motomeurons of C. elegans, DD and VD, control 

the inhibition of dorsal and ventral body wall muscle contraction during 

locomotion. They are pseudo-unipolar cells. This type of neuron has a single 

process emerging from the soma that splits into two processes. In this example 

one process functions as the axonic compartment exclusively sending synaptic 

signals and the other functions as the dendritic compartment and receives synaptic 
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signals [White, J 0 et al 1986]. This is similar to the sensory neurons of the dorsal 

root ganlion in mammals, these cells are also classified as pseudo-unipolar and 

have a single axon that extends from the cell body and splits into two branches 

. that are functionally distinct. The C. elegans sensory amphid neurons that detect 

external stimuli are similar to the mammalian olfactory and retinal bipolar cells, 

where a single dendrite and axonal process extend from the cell body (see figure 

1.8). The C. elegans amphid neurons have a ciliated dendrite that extends to the 

nose and is exposed to the external stimuli [White, J.O. et al 1986]. The cilia 

represent a specialised compartment and proteins are targeted to the cilia that are 

important for detecting external stimuli [Scholey, J.M. et al2003]. 
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Figure 1.8 C. e/egans neurons are polarized cells. A. Unipolar cell. Pre- and postsynaptic 

compartments exist within a single process (for example nerve ring intemeurons, such as AIA are 

unipolar). B. Pseudo-unipolar cell. The GABAergic VD motomeuron (blue) of the adult worm is 

shown as an example of a pseudo-unipolar cell. The VD motomeuron has an anatomically defined 

presynaptic (blue ovals) and postsynaptic (red ovals) compartments. The VD motomeuron is 

involved in the co-ordination of movement. A cholinergic motomeuron is shown sending inputs to 

the dorsal body muscle and also the GABAergic motomeuron. Release of ACh (red) causes dorsal 

muscle to contract and stimulates VD to release GABA onto the muscles opposite (ventral), which 

stimulates relaxation and together this causes the body to bend. C) A C. elegans amphid sensory 

n()UfOn (for example ASH). 
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1.32.2 Targeting of presynaptic components to the axon of ventral cord 

motorneurons 

During neuronal development processes extending from the cell body 

differentiate into an axon and dendrites. SYD-1 [Synapse Defective] is an 

example of a protein that has been identified as specifying axon identity [Hallam, 

S.J. 2002]. SYD-1 is required for the correct targeting of presynaptic molecules to 

the presynaptic compartments of the VD motomeurons (discussed in section 

1.32.1). The SYD-1 protein contains an N-terminal PDZ domain, a serine/proline 

rich domain containing 6 potential SH3 binding sites, a C2 domain and a domain 

similar to the GTPase activating protein for the Rho GTPase family. The 

presynaptic localization of SYD-1 is dependent upon all of these domains and is 

likely to involve its assembly into protein complexes. This highlights mechanisms 

exist in C. elegans for the targeting of synaptic components to different regions of 

nerve cells and the outcome is the creation of functionally distinct domains 

important for cellular signalling [Yeh, E et al2005]. 

1.32.3 ODR-IO: a prototypical example of a GPCR whose scaffolding 

underlies functionality in the c. elegans sensory nervous system. 

The GPCR ODR-lO is an olfactory receptor targeted to the cilia of the 

olfactory neuron A W A. Cilia are specialised microdomains of the C. elegans 

amphid sensory neurons and are abundant in both intracellular and membrane 

bound signalling molecules. ODR -lOis specifically targeted to the cilia of A W A 

[Dwyer, N.D et al 1998] by odr-4 and odr-8. The targeting of other signalling 

molecules to the cilia, such as ODR-3 [Ga protein subunit], TAX-2 [cyclic 

nucleotide-gated channel subunit] and OSM-9 [cation channel] have been shown 

to be independent of odr-4 and odr-8 [Dwyer, N.D et a11998]. 

ODR-4 is predicted to be almost entirely cytoplasmic with a single C

terminal membrane anchoring region. Models proposed for how ODR-4 targets 

ODR-10 include; a role as a chaperone involved in correctly folding ODR-10 into 

the membrane of the ER; a cargo receptor that sorts ODR-10 into secretory 

vesicles addressed to the cilia; an accessory protein for the trafficking of vesicles 

to the cilia through interactions with neuronal motor proteins [McClintock, T.S. et 

al 2003]. This illustrates the sophistication of the C. elegans nervous system and 
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demonstrates scaffolding is employed by complex physiological processes in the 

worm, such as chemosensation. 

1.32.4 Scaffolding molecules can be shared between different cell types and 

receptor types in C. elegans 

The LET-23IEgfr targeting complex [LIN-lO, LIN-7 and LIN-2] that has 

been implicated in basolateral sorting in vulval cells has also been shown to 

recogmse GLR-l and target it to the basolateral membrane when it is 

heterologously expressed in vulval precursor cells. As like LET-23 the GLR-l 

receptor contains a C-terminal Type 1 PDZ domain allowing it to utilise the same 

trafficking pathways as LET-23 [Rongo, C et al 1998]. This highlights that the 

same molecular signals are recognised by the targeting machinery employed by 

epithelial and neuronal cells. Infact proteins that are targeted to the apical 

membrane of epithelial cells are often targeted to the axon when expressed in 

neurons. Whereas basolateral proteins go to somato-dendritic domains [Bredt, D.S 

1998]. The LIN-lO protein of the LET-23 targeting complex is common to both 

neurons and epithelial cells. In intemeurons it co-localises with GLR-l at the 

synapse and it is required for the targeting ofGLR-1 to the synapse [Rongo, C et 

al 1998]. This demonstrates that scaffolding proteins can be employed by more 

than one signalling pathway in more than one cell type (see figure 1.9). 

1.32.5 The regulation of receptor abundance at the synapse is a conserved 

feature of the mammalian and C. elegans nervous system 

The stabilization and retention of receptors within sub-domains is another 

means of modulating receptor localization and synaptic transmission. In the 

mammalian CNS the make-up of excitatory synapses is continuously being 

modified by the rapid recycling of glutamate receptors between the membrane and 

intracellular compartments [Palmer, C.L. et al 2005; Ashby, M.e. et al 2004; 

Martin, S. et al 2004]. Such mechanisms are conserved in the C. elegans nervous 

system [Grunwald, ME et al 2004]. The abundance of synaptically localized 

GLR-1 is reported as being regulated by ubiquitin mediated endocytosis into 

clathrin coated vesicles. Assessment of C. elegans locomotory behaviours 

supports this process as a mechanism for changing the strength of glutamatergic 

transmission. Mutations that prevent the intemalisation of GLR-1 recapitulate the 
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same behavioural phenotypes exhibited by transgenic lines expressmg a 

constitutively open GLR-l receptor [Burbea, Met al2002]. 

A PRE-SYNAPTIC B 

I Active Zone I C.~I Kln "!1~ poz SH1 CuK T ' 

POST-SYNAPTIC Apic.11 

Figure 1.9 A model for LET-23 targeting to the basolateral membrane of vulval epithelial 

cells and the GLR-I targeting to the postsynaptic domain of interneurons. A Although LIN-

10 is required for GLR-l targeting in intemeurons, a direct interaction between GLR-l and LIN-

10 has not be established, other neuronal specific elements (represented by the grey circle and 

question mark) may be involved in this process, B, The targeting apparatus of LET -23 assembles 

in a co-ordinated manner through specific protein-protein interaction domains [Kaech, SM et al 

1998]. 

1.32.6 Polymodal signalling - A paradigm for glutamate receptor scaffolding 

Scaffolding mechanisms are important for physiological processes in C. 

elegans, which is well demonstrated by the targeting complex ofLET-23 in vulval 

development [Kaech, S.M. et al 1998]. In C. elegans mechanisms of polymodal 

signalling by the ASH sensory neuron has now established a role for the 

subcellular targeting and anchoring of iGluRs in decoding distinct sensory stimuli. 

This shows clear parallels with mammalian glutamate receptors (as described in 

section 1.21 and figure 1.6 ) Mechanical and osmotic stimuli detected by the 
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sensory neuron ASH lead to the differential activation of postsynaptic iGluR 

subunits [Mellem, J.E. et al 2002]. The activation of distinct receptor 

combinations is achieved by the sensory stimuli-specific modulation of glutamate 

release from the ASH neuron and the targeting of receptor subtypes to distinct 

subcellular compartments of the postsynaptic membrane. 

The selective targeting of C. elegans glutamate receptors to specific 

synaptic compartments mimics the organisation of mGluRs in the hippocampus. 

Here Group I receptors are localized to peri synaptic regions of the postsynaptic 

specializations [Lujan, R. et al 1997] and the Group II receptor mGluR2 are 

localized to pre-terminal axonic compartments [Shigemoto, R, et al 1997] (see 

figure 1.10). 
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W NMDA rm GluCl !(f) NON-NMDA ~ mGIuR2 ~ mGluRl 

Low frequency 
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Figure 1.10 Subcellular organization of glutamatergic receptors at the synapse, in C. elegans 

sensory pathways and the mammalian hippocampus. A. C. elegans ionotropic receptors are 

differentially localized to distinguish between sensory stimuli. High osmotic pressures 

stimulate enhanced glutamate release from the sensory neuron ASH, compared to mechanical 

stimuli. Increased amounts of glutamate can diffuse further causing a different profile of receptor 

activation, which encodes the type sensory stimuli encountered. B. mGluR subtypes are targeted 

to distinct post- and pre-synaptic compartments of hippocampal neurons. As in C. elegans, 

the amount of neurotransmitter release from the presynaptic terminal can co-ordinate the signalling 

profile, through activation of different mGluR subtypes. For instance, high frequency stimulation 

[100Hz] causes the release of sufficient glutamate to activate mGluR2 receptor subtypes, which 

are localized away from the synaptic cleft. 
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1. 33 Aims and objectives 

At the outset very little was known about the molecular, cellular, systems 

or behavioural contribution made by the C. elegans mgls to glutamatergic 

transmission. Accordingly we adopted a functional genomic approach to the study 

of mGluR scaffolding in the model organism C. elegans. The plan of research is 

outlined in figure 1.11 and commences with the identification of three mGluR 

genes [mgls J from the sequenced C. elegans genome. In silica techniques will be 

used for the close examination of these predicted protein to validate them as 

mGluRs and identify functional domains and motifs. Bearing in mind the capacity 

of the intracellular C-terminal to scaffold mGluR function, this domain will be 

used for the isolation of mgl binding proteins. Using the yeast-2-hybrid technique 

will allow rapid screening of a C. elegans cDNA library and detection of protein

protein interactions. 

The physiological relevance of the clones derived from the screen will be 

evaluated by characterising their cellular expression pattern. In order to do this we 

will construct gene fusions to fluorescent reporter proteins and express them in 

transgenic lines. Where interactors are co-expressed in the same cells as the 

receptor we will use protein fusions to fluorescent reporter proteins to assess their 

subcellular localization pattern. The identification of neurons in which interactors 

co-localize with the receptor will enable the development of assays to assess the 

biological function of the interaction. The development of these assays will allow 

the significance of the identified scaffold proteins to be analysed. 
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Figure 1.11 A flowchart summarising the approach we have adopted to study mgl 

scaffolding in C. elegans. RACE: Rapid Amplification of cDNA Ends. SL: Splice leader. Y -2-H: 

Yeast-2-Rybrid. 
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CHAPTER 2 
Methods and Materials 
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2.1 Molecular Techniques for Bacteria 

2.1.1 Bacterial Strains 

XL-J Blue E. coli 
Electrically 
competent cell 

TOPJO E.coli 
Chemically 
competent cells 

b.(mcrA)l83 b.(mcrCB-hsdSMR-mrr)l73 Stratagene 
endAl sllpE44 thi-l recAl gyrA96 relAI 

lac [F' proAB laclqZb.Ml5TnlO (Tetr)]. 

F- mcrA b.(mrr-hsdRMS-mcrBC) q>801ac Invitrogen 
Zb.MI5 b.lacX74 recAI araDl39 b.(aralell) 

7697 galU galK IpsL (StrR) endAI nllpG 

Routine cloning 

Topo & TA Cloning 

OP50E.coli Uracil auxotroph Nematode cultivation 

2.1.2 Bacterial Cultures 

Bacterial cultures were grown under sterile conditions using LB (Luria 

Bertani) media (Tryptone 10g/L, Yeast Extract Sg/L, NaCI 10g/L, pH 7) at 37°C 

with shaking. Bacterial colonies were selected for on LB agar plates (Tryptone 

10g/L, Yeast Extract Sg/L, NaCI 10g/L, Agar 20g/L, pH 7). Media was sterilized 

by autoclaving (LTE 300SH 121°C lSmin, 1 BAR), allowed to cool to SO°C and 

supplemented with the appropriate selective antibiotic (see Table 2.1). 

Antibiotic Stock Solution - Concentration Final Concentration 

Ampicilin 100mg/ml in water SO).lg/ml 

Tetracycline Smg/ml in ethanol SO).lg/ml 

Kanamycin SOmg/ml in water SO).lg/ml 

Table 2.1. Antibiotic stock solutions and working concentrations. Stock solutions of antibiotic 

were stored in frozen aliquots at _20DC 

2.1.3 Generation of Electrocompetent Cells 

Single colonies of XL-1 Blue were generated by streaking from a single 

glycerol stock onto tetracycline selective LB agar. From this a single colony was 

picked and grown at 37°C overnight in SOml of YENB (Yeast Extract, Bacto 

Nutrient Broth) media (7.Sg/L Yeast Extract, 8g/L Bacto Nutrient Broth, pH 7). 

The following day the starter culture was diluted in 1L of YENB to an optical 

density (OD600) of 0.1 and grown to an OD600 of 0.6. All vessels at this stage had 
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been incubated at 4°C and all steps from this point onwards were perfonned at 

4°C. The lL culture was divided in half and spun at 4 OOOg (Sorvall Legend RT) 

for 10 minutes and the supernatant removed. The remaining pellet was 

resuspended in 20ml of sterile 10% (v/v) glycerol and spun at 4 OOOg for 10 

minutes (Falcon Tubes), the supernatant was removed and the pellet resuspended 

in a final volume of 3mls of 10% Glycerol. This was divided into 80).!1 aliquots 

and snap frozen in liquid nitrogen. Cells were stored at -80°C until use. 

2.1.4 Electroporation 

The XL-l Blue strain of electrocompetent cells was used for standard 

transfonnations with 1ng of double stranded plasmid DNA. A single aliquot of 

XL-l blue was thawed on ice and the DNA added. Gentle mixing was then 

followed by transfer to a prechilled 2mm gap electroporation cuvette (Qbiogene). 

The cuvette was placed in the electroporation chamber and 2.4KV passed through. 

The cells were recovered with 1ml ofLB and incubated at 37°C with shaking for 1 

hr. Selective LB plates were prewanned to room temperature and dried under 

sterile conditions. The culture was then spread onto selective plates and incubated 

for 16 hrs at 37°C. Colonies were then identified for further analysis. 

2.1.5 Extraction of plasmid DNA from bacteria 

Bacterial colonies were initially screened for plasmid DNA by using a 

crude mini-prep protocol based on an alkaline lysis method (Bimboim, HC and 

Doly, J. 1979). Bacterial colonies were picked and grown overnight in 3mls of 

selective LB media. The next day 1.Smls of the culture was pelleted and 

resuspended in 100).!1 of Buffer PI (SOmM TrisCl, pH 8.0, 10mM EDTA 

100).!g/ml RNase A). To this 200).!1 of Buffer P2 (200mM NaOH, 1 %SDS w/v) 

was added. The sample was mixed by gentle inversion and the lysate neutralized 

by the addition of IS0).!1 Buffer P3 (3.0M potassium acetate, pHS.S). The mix was 

again gently inverted to avoid shearing genomic DNA. The lysate was cleared by 

spinning at 14,000rpm for S minutes. The cleared lysate (~4S0).!1) was removed 

into 900).!1 100% EtOH, desalting and precipitating the plasmid DNA. The 

solution was then vortexed and spun, the supernatant removed and the pellet 

overlaid with 2S0).!1 of 70% Ethanol to remove residual salt and spun again. The 
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supernatant was removed and the pellet allowed to air dry for 30 minutes before 

being resuspended in 20111 of H20. High quality plasmid DNA was generated 

using the QIAGEN Plasmid Purification Kits according to the manufacturers 

(Qiagen) microcentrifuge protocol. Plasmid DNA prepared in this way was used 

for sequencing, cloning and eventually micro-injection. 

2.1.6 Details of the c. eZegans LexA Library 

The C. elegans Lex-A cDNA library was obtained from OriGene 

Technologies Inc. The library has a complexity of 3.8 x106 independent clones, 

with inserts ranging in size from 0.2-3.6kb. The library was constructed from 

cDNA made with a oligo d(T) primed reverse transcription of mixed stage C. 

elegans mRNA. 

2.1. 7 Titration 

The 1ml of library was thawed on Ice and ali quoted into lOX 100111 

volumes, 9 tubes were frozen at -80oe and 1 tube was left on ice and stored at 

4°C. From this serial dilutions were made (1:105
, 1:106

, 2:106
, 1:10\ Serial 

dilutions of the library were plated onto LB plates containing ampicilin (LBamp) 

and incubated at 37°e overnight. The original tube containing 100111 of the library 

was stored at 4°e overnight. The next day the number of colony forming units 

(cfu) were counted on each plate and used to calculate the number of cfu/ml of 

library. This was calculated as 9.55x109 cfu/ml. The volume of library required 

for an amplification 3x the complexity of library (1.1x107 cfu) was calculated as 

1.2111. 

2.1.8 Plating 

1.2111 of the library was diluted into 50111 of cold LBamp and 10111 of this was 

diluted into 13ml of cold LBamp. The 13ml volume was plated out onto LBamp 

plates. 100x, 15 diameter plates (Greiner Bio-1) were plated at a density of 85,000 

cfu/plate and 6x, 20x20cm plates were plated at a density of 450,000 cfu/plate. 

The remaining 40111 volume of the diluted library was diluted and plated in the 

same way. When performing the amplification the library was titred by making 

serial dilutions in LBamp and calculated as 5x109cfu/ml, giving an amplification of 
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Sx 1 06 cfu. A second amplification was performed to combine with the first 

amplification and obtain a total amplification 3x the complexity of the library. 2111 

of the library (Ix 1 07 cfu) was diluted into SO~Ll cold LBamp, lOll1 of this was then 

diluted into 13ml and plated as before. The library was titred during the 

amplification as 6x 109 cfu/ml and from this the amplification was calculated as 

12x106cfu. The final amplification of the library was calculated as the sum of the 

first amplification and second amplification, which was 17x 1 06cfu. 

2.1.9 Extraction of the LexA library plasmid DNA 

Amplification plates were incubated at 4°C for 3hrs to solidify and 

bacteria scrapped from the plates into a total volume of 4x 1 L of LBamp. Cultures 

were incubated for 3hrs at 37°C, then spun at 6 OOOg for IS minutes and the 

supernatant removed. The plasmid DNA was extracted using the QIAGEN 

plasmid purification reagents. Twelve SOml centrifuge tubes were sterilized by 

washing with detergent, rinsing 4x with distilled water and then drying. Once dry, 

tubes were exposed to UV by using a UV Stratalinker 1800 (Stratagene). The 

bacteria yielded from the two amplifications were pooled by resuspending the 

pellets in 160ml of buffer PI (Qiagen) and 13.4ml was aliquoted out into 12x 

SOml centrifuge tubes. To each centrifuge tube 13 .4ml of buffer P2 (Qiagen) was 

added and mixed by inversion, then left at room temperature for S minutes. Then 

13Aml of chilled buffer P3 (Qiagen) was added to each tube, mixed immediately 

and left at 4°C for 30 minutes. The centrifuge tubes were spun at 4°C and 20000g 

(Sorvall RC-SB Refrigerated Superspeed Centrifuge, Rotor: SLA-600TC), the 

supernatant from each tube was removed and pooled. The supernatant was 

ali quoted into 24mls in SOml falcon tubes and 17mls of isopropanol added. The 

tubes were inverted to mix and spun at 4600rpm for 1hr 30 minutes at 4°C. The 

supernatant was removed from each tube and the pellet washed with 70% cold 

ethanol and spun again at 4600rpm for 30 minutes at 4°e. The pellets from each 

of the 20 falcon tubes were resuspended in a total volume of 2Sml sterilised 

ddH20. The library was quantified by spectrophotometry, the concentration of 

DNA was 2.Smgiml. The DNA was aliquoted into 1ml volumes and stored at 

-80°e. 
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2.1.10 Glycerol Storage of Bacterial Cultures 

Bacteria were grown in 3ml of selective liquid media, 0.85 ml of the 

bacterial culture was added to 0.15 ml of 100% glycerol (sterilized by 

autoclaving). The cryogenic tube (sterilized by autoclaving) was then vortexed to 

mix the glycerol and frozen by placing immediately into liquid nitrogen. Tubes 

were transferred to the -80°C freezer for long term storage. The bacteria were 

recovered by taking a scrape from the frozen surface of the culture, using a 

sterilized loop and streaking onto selective LB plates. Plates were incubated 

overnight at 37°C and the glycerol stock returned to -80°e. 

2.1.11 Glycerol storage of Cosmid strains 

Cosmids were freely available from the 'Sanger Genetics Centre' and 

requests made directly by email. Cosmids were received as bacterial agar stabs. 

Immediately upon receipt an 'instant' glycerol stock was made by taking an 

inoculum from the stab into O.lml of LB media + 30).11 glycerol (i.e 30% v/v). 

This was vortex ed, snap frozen in liquid nitrogen and stored at -80°C. In parallel a 

sterile loop was used to streak the bacteria onto selective LB plates. Single 

colonies were selected, large blobby and pin prick sized colonies were avoided. 

Selected colonies were grown overnight in 4ml LB selective media and used to 

make glycerol stocks. 

2.1.12 Extraction of Cosmid DNA 

Cosmid DNA was extracted usmg the QIAGEN Plasmid Purification 

Miniprep Kit (Qiagen). The standard microcentrifuge protocol for the isolation of 

plasmid DNA was modified in the following ways, according to the suppliers' 

(Qiagen) recommendation. A single colony was picked from a freshly streaked 

LB agar plate and used to inoculate a 10ml volume of LB media, containing the 

appropriate antibiotic. When preparing the lysate all mixing was performed with 

very gentle inversion and pipetting was performed using tips with enlarged 

openings. In both cases this minimises shearing of the delicate cosmid DNA. An 

additional wash step with buffer PB, containing isopropanol was included. DNA 
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was eluted from the column using either buffer EB or H20 preheated to 70°C. 

Cosmids were analysed by restriction digests for confirmation. 

2.2 DNA Manipulation 

2.2.1 Restriction Digests 

Restriction digests were used to characterize plasmid DNA and generate 

complementary DNA ends for subcloning. Restriction endonucleases were 

supplied by Roche or New England Biolabs and used in accordance with their 

recommended incubation conditions. Typically restriction reactions were based 

upon an activity of 1 Unit of enzyme digesting If.lg of lambda DNA in 1hr. 

Restriction digests were optimised for linear and circular DNA based upon 

supplemental data provided by the supplier. 

2.2.2 Electrophoresis 

DNA was analysed on ethidium bromide agarose gels underneath ultra 

violet light. Agarose gels were prepared at various percentages to achieve optimal 

separation of DNA fragments. A 1% mini-gel was made by adding O.Sg of 

agarose to 49mls of water and 1ml of SOx Tris-acetate (SOx Concentrated Stock 

Solution: 100ml/L O.SM EDTA pH 8.0, 2M TrisBase, S7.1 mIlL Glacial Acetic 

Acid, make up to 1L with ddH20). The agarose was dissolved by heating the 

mixture in a microwave for 2 minutes. After 2 minutes the molten gel mix was 

allowed to cool slightly and 1f.ll of Ethidium Bromide (EtBr) [10mg/ml] was 

added. The gel was then poured, allowed to set and nm in an electrophoresis 

chamber containing IX Tris-acetate (TAE) buffer. Large gels were nm at 120mV 

and mini-gels were run at 7SmV. When DNA was extracted from the gel 

visualization was performed using low intensity UV and the DNA purified using 

the QIAGEN Gel Extraction Kit (Qiagen) and the microcentrifuge protocol. RNA 

was run on ethidium bromide agarose mini-gels, at high voltage (~lOOmV) for a 

short time span (20-30 min) for analysis. 

2.2.3 peR Reactions 

Enzymes routinely used - platinum pix Invitrogen 
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Hi-Fidelity PCR Master 

Expand Long Template PCR System 

Taq polymerase 

Roche 

Roche 

Qiagen 

The polymerase chain reaction (PCR) was routinely used to generate DNA 

fragments for analytical and cloning purposes. Platinum pix is a proof reading 

enzyme with 3' -5' exonuclease activity. It was used to generate fragments ranging 

in size from 100 - 3kb from cDNA. Hi-Fidelity PCR Master is a mixture of the 

proof reading tgo DNA the taq DNA Polymerase. PCR products are a 

combination of blunt ended and 3' single Adenosine overhangs. The kit was used 

for amplifications of up to ~5Kb from both genomic and cDNA templates. 

Expand long Template PCR system is a proof reading system and was used for 

amplifications ranging from 3kb-22kb, primarily using genomic or cosmid DNA 

as a template. In all cases the PCR reactions were setup on ice. Initial reactions 

were setup using the concentrations recommended by the manufacturer of the 

enzyme for each reagent. The cycling parameters were optimised based upon the 

manufacturers guidelines. Oligonucleotides used in PCR reactions were ordered 

from Invitrogen and melting temperatures predicted according to AlT = 2°C and 

C/G = 4°C. This was done as routine and where specific cycling conditions have 

been used it is stated in the figure legend. PCR products intended for use in 

cloning reactions were purified either directly, using the QIAGEN PCR 

Purification kit (Qiagen), or purified by gel extraction (Qiagen). 

2.2.4 Sequencing 

Double stranded DNA and PCR products were sequenced using the ABI 

PRISM DNA Sequencing kit. Sequencing reactions were setup on ice. A typical 

Dye-labelled terminator reaction consisted of: 

TERMINATOR Ready Reaction Mix 4).l1 

(The ready reaction mix contains BigDye terminators (labelled with dRhodamine 

acceptor dyes), dNTPs, AmpliTaq DNA Polymerase, FS, rTth pyrophosphatase, 

magnesium chloride and buffer premixed into a single tube) 
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Template 

Primer 

Double stranded DNA 

PCRproduct 

The sequencing cycle used was: 

2.2.5 Precipitation of Sequenced DNA 

250-300ng 

50-100ng 

1.6pmol 

up to a final volume of 1 O~l 

96°C lOs 

50°C 5s 

60°C 4min for 30 cycles. 

To each sequencing reaction 1 O~l of ddH20, 2.0~1 of 3M sodium acetate

pH 4.6 and 50~1 of 95% ethanol was added in a 1.5ml eppendorf tube. The tubes 

were vortexed to mix and left at room temperature for 1 hour to precipitate the 

dye-incorporated extension products. Samples were then spun III a 

microcentrifuge for 20 minutes at 14,000 rpm. The supernatant was removed and 

the pellet overlaid with 250~1 of ice cold 70% ethanol, vortexed briefly and spun 

for a further 10 minutes at 14,000 rpm. Again the supernatant was removed and 

the pellet dried in a heat block at 90°C for 1 minute. Automated sequencing was 

performed by the School of Biological Sciences, University of Southampton. 

Chromatogram files were analysed manually using chromas software 

(Tecnelysium Pty Ltd). High quality sequencing data produced a clean signal with 

even peak heights. However, where bases could not be called by the computer 

software, due to poor sequence data, it was performed manually. In 

circumstances where the base could not be called either by the software or 

manually the DNA was re-sequenced. 
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2.2.6 TOPO Cloning Reactions 

The TOPO cloning kits (supplied by Invitrogen) were used to directly clone PCR 

products into a plasmid vector for sequencing. Two types of kit were used in 

parallel, the TOPO TA Cloning kit and the Zero Blunt Topo cloning kit. In brief, 

the TA cloning kit takes advantage of the non-template dependent addition of a 

single deoxyadenosine at the 3' end of PCR products amplified by Taq DNA 

polymerase. The Zero Blunt cloning kit allows PCR products with blunt ends, 

typically generated by proof reading DNA polymerases to be effectively cloned. 

TOPO cloning reactions were performed according to the suppliers' protocol 

(Invitrogen) and suggested modifications made where applicable. A typical Tapa 

cloning reaction consisted of: 

Vector 

PCRProduct 

Salt Solution (I.2M NaCl, O.06M MgClz) 

Total Volume 

1).11 (lOng) 

4).11 

1 ).11 

6).11 

In situations where DNA had been purified by gel extraction for Tapa cloning, 

3' A-overhangs were added by incubating with Ix Taq polymerase buffer 

(Qiagen), 1).11 of 10mM dATP (Promega) and 2 Units of Taq polymerase (Qiagen) 

for IS minutes at 72°C. 4).11 of this was used to transform chemically competent 

TOP-10 cells (Invitrogen). 

2.2.7 Ligation of cohesive ends for plasmid cloning of DNA fragments 

DNA fragments for cloning were digested with the appropriate restriction 

endonucleases to generate cohesive ends and then purified using the QIAGEN 

PCR Purification kit (Qiagen). Plasmid DNA was prepared in the same way and 

where necessary gel purified using the QIAGEN Gel Extraction Kit (Qiagen). The 

plasmid vector was dephosphorylated using Calf Intestinal Alkaline Phosphatase 

(ClAP) (Roche) and purified using the QIAGEN PCR Purification kit (Qiagen). A 

typical dephosphorylation reaction consists of: 

Vector DNA 2S).1l (~4-Sug) 
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lOx Buffer 

CIAP (1 U//-1A) 

ddH20 

Total Volume 

Vector DNA and DNA fragments prepared in this way were used in ligation 

reactions. A typical ligation reaction consists of: 

Vector 50-100ng 

3: 1 molar ratio of insert:vector 

lOx Ligase Reaction Buffer (Roche) 2/-11 

T4 DNA Ligase (Roche) 2 Units 

ddH20 20/-11 final volume 

The ligation reaction was incubated at 16°C overnight and 2/-11 used to transform 

XLI-Blue (Stratagene) electrocompotent cells. 
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Vector 
Name Method Used 

Author 

PGILDA Origene 
pGILDA-MGLlCT JD PCR amplification and insert into EcoRI/SalI 
pGEX-MGL-ICT JD PCR amplification and insert into EcoRI/Sall 

pGILDA-MGL2iiCT JD PCR amplification and insert into EcoRIISalI 
pGEX-MGL2iiiCT JD PCR amplification and insert into EcoRI/SalI 

pGILDA-MGL3iCT JD PCR amplification and insert into EcoRIISall 
pGILDA-MGL3iiCT JD PCR amplification and insert into EcoRI/Sall 
pGILDA-MGL3iiiCT JD PCR amplification and insert into EcoRIISalI 

pGEX-MGL3iiCT 
pPD95-97 NK 

pPD95-97-tag-
JD PCR amplification and insert BamHIIAgeI 

60 (CO 1 F6. 6a) 
pPD95-97 -mpz-l (i) JD PCR amplification and insert HindIII/AgeI 

pPD95-97-mpz-l (ii) JD 
PCR amplification and insert SphIIBamHI into 

pPD9 5-97 -mpz-l (i) 
pHAB200-GFP HB 

pHAB200-GFP-mgl-l JD AscllNotllift out ofpCR2.1-mgl-l 

pHAB200-GFP-MGLl JD 
PCR amplification and insert NgoMIV/Apal into 

pHAB200-GFP-mgl-1 
pHAB200-CFP HB 

pCR2.1 Invitrogen 
pCR2.1-mgl-l SP PCR amplification and insert T A 
pCR2.1-ptp-l JD PCR amplification and insert T A 

pHAB220-CFP HB 
pHAB200-CFP-ptp-l JD Sall/ NotI lift from pCR2.1-ptp-l 

PHAB200-CFP-mpz-l (iii) JD 
SphIlBamHllift out of pPD95-97-mpz-l(ii) and 

PCR amplification and insert BamHIINotl 
PHAB200-mRFP-l-mpz-

JD 
CFP in PHAB200-CFP-mpz-l (iii)substituted for 

1 (iii) mRFP-l 

PHAB200-CFP-ptp-l a JD 
pCR2.1-ptp-l cut and inserted into pHAB200-

CFP 

PHAB200-mRFP-l-ptp-la JD 
CFP in PHAB200-CFP-ptp-l a substituted for 

mRFP-l 
pBX-pha-l N e1ine Kriek 

Table 2.2 Plasmid Constructs. Abbreviations: NK - Neline Kriek, HB - Howard Baylis, SP

Stuart Pullen, JD - James Dillon. 
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PRIMER NAME APPLICATION SEQUENCE 5'73' 
RACE 

MGL-I GSP-I mgl-1 5'RACE GATGGCGAGCTCTCGTCATCTGTCATCCTC 

MGL-I GSP-2 mgl -I 3'RACE CTCCGCCTGGGTCAACGGCATCAAGGTGC 

CeMGLl Gene A nti sen se Intemal m g l-I 5' RACE CCGCnTII ATCCATGGA nTTGG 

CeMGLl Gene Sense Inte rn a l m g l-I 3' RACE CCAAAATCCATGGATAAAAAGCGG 

MGL- l F ull Sequ enc in g (NS) neste d mgl-I 5' RACE 

mgl-2 GSP-l (NS) 5'RACE mgl-2 5' RACE 
CGATGCTGTTCGTGTGACTCCTCCACCCATA 

C 

mgl-2 GSP- I (S) 3'RACE mgl-23'RACE 
GTCGGAGTTGGTTTGATGCGGGATTGGCCG 

GATG 

mgl- 2 GSP (NS) n ested mgl-2 5' RACE GTCGGATAAGTCTGGAGTGGTGGCGGAG 

mgl-3 GSP - l (NS) 5 ' RACE m g l-35'RACE 
GAAACCGGAGGAATTGGCACGCAAAAATG 

AAGAG 

m g l-3 GSP-2 (S) 3'RACE m g l-33'RACE 
GAATGGTGACGGAATCGGACGATATGATGT 

crr 
mgl-3 GSP (NS) n ested m g l-3 5' RACE 

CGGCTCCTGTTGAA CTGTAGCTGACTTGAG 
G 

CO IF6.6a5' RACE c0116.6a 5' RACE 
GCAGTCGATGATTCCTTGTATTGATAAGCC 

GAG 

CO IF6. 6a3' RACE cOil6.6a 3' RACE 
GGACCTTCCAAATATCGAACGAGTTTCTCC 

AATG 

MPZ-l 5' RACE mpz- ia 5' RACE 
CAACTTCTGCTCCTGTTGCTGCTGnTCTGC 

TC 

MPZ-I 3' RACE mpz-ia 3' RACE 
GAATCCCCACCGCTTCCACCTCCACCGCCG 

GAAG 

PTP-l 5' RACE plp-ia 5' RACE 
GTGTTATAGGCCTGCTGATTGGTTGGTGGA 

AGTC 

PTP-I 3' RACE plp-ia 3' RACE 
GCACCGTCTCTCCGTCAGCAACGTCTCAGC 

AAAGA 

SLRACE 
SL-l GGTTTAATTACCCAAGTTTGAG 

SL-l(A) GGTTT AA TT ACCCAAGTTTGAG(A) 

SL-I (T) GGTTT AA TTACCCAAGTTTGAG(T) 

S L-l(C) GGTII AA TT ACCCAAGTTTGAG(C) 

SL- l(G) GGTTT AA TT ACCCAAGTTTGAG(G) 

SL-2 GGTTTT AACCCAGTT ACTCAAG 

YEo a-RID ' .. ';~" ',iii,; "., ,ij .. .. i· 

. PreX2 .. .: • . ·.nl~ii 1 C;;T {EcoRl) . . 
€AQ'AA TT€GAAAAACACAAAAACGT€CGA 

"C . AAG 

,., A' e .k· .••• , , .• " ~{SaI1) "~ CAr\~TCAIrAAGAA"'GlJ'ATQGTGA6C 

J>. "'%\ 1 .;:;) ..... :. €EqoRQ 'Y' '?'i OAim:e.nQCAT0C1iGi\GAA6AA '1' kTCAGA 

1"'\.,. "'];;:0em(jJI' .;( . '\';,.'" ,. ' '. ':f :(SaZI~ . QA'AGliC¢ACTCA:AAAGATl"J'GC'I' rGAAAl'C 

C«ITlt;iftuR3:2a>§ P re . . .. ,. liT I" 3~a CT ~t1cQ'Rn, . .' tA~CAACCATA€AAAAATGTGAGG 

Ceili611lR:1 .~a 3.' fre¥ 
.-' .... OAAGTC6ACTCAAAGAAAAG1'GGAATTAGT 

., mgl-3a c:r (Sall9 GTC 

. " '.' , 'sgl r~ l iF " '" . gl f,~l qF Sense primer E'.Eoom) CA~TTCTTGTATCGAAGTAQGATrG 
AAGC 

"" ~;\, glr-l rR' glr-ICTAnti~ense (Salf) CA~TCAGACAGCTGTGT'rGTAGAGA 
TGT 

LE1'-23C!-<A1§) StOP;YhoI . tet-23 c::'iI' (Xho!) CAQEQt&nAAAGACAAGll1'C€lTrrGl'G 
~ ATAC 

II 
I, ",,;Iet-23 C1[, (Ncol) ,;' 

., 
CA~QACAAAAAGCTGGGAG€CGGA 

GC 

I.".'> ~LE1' - Xh61 3' UTR ' " i~t-23i (;T + 3 'l!JTR (XhQI) 'CA~CMCGGGAAl1GACAAAAAATG 
. "" 'nC'UG 

, 'f" 'j!!,," :;1t' ~ftom) " 
CA~GAGGj'rrFCT'i'ATGG~AGACGGC 

vAG i" . 

;,' . '. N~_l IS)I :;'f.,,;~. 'it' ,,<' ;-1 'CT ~Sal1) ; ",~".: ", ;.: C7\,~TCAOACATAAAAIJ'Cl'AG'l'"l'GAT 
'. CTTG 

" .. NNtR~ 13'tIT,R ", I1l1}r-l CT 4, :i)UT~ ($'a/I) TGQLQQaQGAAATGCCAAA1~CACACATAA 
\.- ,'. . Al\.TC 

,j " . . w 3,'.TF,P ;> " p W4-5 sequenc ipg primer (Anti ~ense) GCCGACACCCTTGATTG 

; ;'; .. ';;' 5i T!?'P ',. pJG4-5 sequencing primer(SeIlse) €TGAG'I,'GGAGATGCdTCC 

A "",".<:' ." . " 
'. 

, c-,,; '~ .. ,." 

pGILDA 3' $eil:AKA BFT:' 3' pCHLDA Sequencing .Y' 
CGTCAGCAGAGCTICAC€ 

·r· ',' ~ ' 
.. , 

::"":'> ."., . 

REPORTERS 
5KB USTR AscI Sense MGL-I : :GFP gen e/protein fusion GGCGCGCCGTC AT ATTT ACGCCTCCTCCG 

3KB USTR AscI Sense MGL- I ::GFP gene/protein fusion GGCGCGCCGAATCGTCTAACGGACGATTC 

IKB DSTRApal (NS) Ver2 MGL-I ::GFP protein fu s ion CAAGGGCCCGTCTTTTGGAGACITATTCTC 
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cDNA Stop NgoMrY A n t isense Ver2 MGL- l: :GFP protei n fusion CAAGCCGGCTCATAAGAAAGTATCGTGAGC 

NOll Sig.Seq-GFP Antisense MGL-I : :GFP gen e/pro tein f us ion 
GCGGCCGCTGTCTGAAAGATCTCTTnnlTG 

T 

GFP-MGL- I Link NgoMrY Ver2 MGL- I ::GFP prote in fusion 
CAAGCCGGCAAACGGAAGCCGTCGACCTCG 

CTCC 

GFP-MGL-I Link EcoRI Sense MGL-I ::GFP protein fusion 
AAGAA TTCACGGAAGCCGTCGACCTCGCTC 

C 

COIF6 R ev 
Construction of rag-60a :: dsRED2 promoter CAACCGGTGGACTATCCGGATCGACGGTAC 

construct CAACG 

CO I F6 Forwd 
Construction of wg-60a ::dsRED2 promoter CAGGATCCGAGCTCAGC1TCAACTTCTCAG 

construct ACAGG 

Tl9E IO Rev 
Construction of mpz-I {i}: :dsRED2 proIlloter CAACCGGTGCTCCTTTCGTA TCGTCGGAGG 

construct AGAC 

Tl9EIO Forwd 
Construct ion ofmpz-l( i): :dsRED2 promoter 

construct 
GCAGAAGCTTCTGTTCATCTACGTGGATGC 

MPZ -l /2 (AS) Not l mpz-I (iii) :: CFP promoter construct 
CAAGCGGCCGCAGGACTGCCTGGTAGAATA 

G 

MPZ -I /2 (S) mpz-I (iii)::CFP promoter construct GACGGGCACCGAGACTTCGTGAGCATG 

mpz-l 5UTR Sense Sphl mpz-l(ii)::dsRED2 and mpz-l(iii) :: CFP promoter 
constructs 

CA TGCA TGCA TCTCCTCTATACnTTCCTC 

mpz-l BamHI A nti sense 
mpz- l(i i) ::dsRED2 and mpz-l(i ii):: CFP promoter 

constmcls 
TTTGGATCCAAAAGGCCATCAAGGAC 

PTP-I 5' UTR-EXON3 (NS) PTP-I ( i): :CFP promoter constru ctio n GCGGCCGCCAACAACGCAAGTGATCCTTC 

PTP-I 5'UTR-EXON3 (S) PTP-I (i) : :CFP promoter construction CGAGCTTGGCAAACGGAAGTTTCG 

PTP-l Intron I Sense PTP-I(ii)::CFP promoter construct GGCAGGTAGGTAGGCAGGCCGCAGG 

PTP-I Common Exon PTP-l(ji)::CFP promoter construct GTCAGCAACGTCTCAGCAAAGAGGCG 

mRFP-1 PCR out Sense Notl Subst itution ofCFP with mRFP-1 
CAGCGGCCGCTATGGCCTCCTCCGAGGACG 

TCATC 

mRFP-l PCR out A ntisense Nhel Substitution of erp with mRFP-I 
CTGCTAGCCAGGGCGCCGGTGGAGTGGCGG 

CC 

pHAB GFP N-terminal Sequencing (Originat ing from Vector Backbone) CAACAAGAATTGGGACAACTCCAGTG 

pi-lAB GFP C-terminal Sequencing (Originat ing fro m Vector Backbone) GCTGCTGGGATTACACATGGCATG 

pHAB GFP (NS) Sequencing MCS2 Sequencing (Originating fro m Vector Backbone) AATTTGTGCCCATTAACATCACCATC 

pHAB 5 ' Sequencing (Originating from Vector Backbone) CACTCACAACGATGGATACGCTAAC 

pHAB 3' Sequencing (Originating from Vector Backbone) CAAATAGGGGTTCCGCGCAC 

... ,'·M .·in:i:8~"L' 'r~'!; ~~ ,;J:::jdl ~ . 9\~:( ':'ll \, 
>~ ':<::"'\1: ," ., .... : ,">;1,. -'<'" .. :n. , 

"i,'gR2]3' EFT 'n< ',' 
Genomio charact<;rizatiOlt i,., TCTGCCGCrrrCATCTTf'l'T 

";';" ,gk273 . 1(J Genoniic charac\erization ·f AAA€GAGAGCACAAGCCAAT 

,.;,cf~; gR4nllilJi1l;EF ",,:;:;;:'1';"'. I':"!;~ . . g0eI:lclIl1,ic eharagt.erlzationl : ,I' 'AGGTGOrGl'TiTGGCAGAGAT 
1,,, gk2.73 lNTRIGHT(S). 'i ., .' ;il Genom ic 'CIlaracterization GACGCATTIJ'CGOl'Tl'TIAGC 

.. :d'. '.'pk27] eDNA (fVS) c', :" !> • eDNA characterization .'i'· CTTTTGTCrrr'l'T ACAACCACCACCTC 

,:. ,'" cONIA. e h ar ill;:ttlrizati@fl CTCCGGAAAocm<;:AAATCAGATAATC 

. "'. ·"i'36) .. i'i[·c, ""':;;~i! ~A(s» »> IllifV . l~" ·;,®tlt~:,;;:'/,;:,,- "j'tQ:.":'i.: ':' .. :i,;:~fli: 1,,,,, ,< ~:' ;; 

. ' tmi 1 ~:$E>X1\ i€.A1S),i)!..,;. 
,,,,", '-'~:' .. Gei!O'ii'lic characterization; ,:i: I, CGTAGTG1'l'1'TCAGTOGCTA 

tIu lJ;36 EXif (S1'~, Genoniic' characterization TGGeCGGAATeTGCTAAACT 

~ ~ >",","ii' cl,,,,,,',;utioo GTGTGTTGCGG~CAGACrAw. 

"". ,. tI : <IN :~'i\@en::Qjni c; cha .' . .:. OMiTCC'f,GCe;GATAliAGTGA 

. t II,i'J6 cDNA0(A1SDI m z-l-GS/'RT' ' cDNA ohara'cteri?:~tion/~Irst str COACAATCAACGTTACAGGAGCl'CCAG 
~ "':. , ;'" .' . p . . . ,,.,' e:DNA synthes Is :;: 

tml) 36;cDNA .(S) cD.NA characteli,ization ': CAAATAGGCAA T ATCAACTCACACGGGATG 
;Hi'. ."'!, AG 

EST Sequencing 
Seq YKI004e08 ( I) S GTCTCCTCCGACGATACGAAAGG 

Seq YKI004e08 (2) S GCAGACAAACCAATAGATACTCCAG 

Seq YKI004e08 (3) S GTTAGTCGTAGCAGTAAACGGAATAG 

Seq YKI004e08 (4) S GGAGACGCAAGTGATTGATGTGAAG 

Seq YKI004e08 (5) S CCATTTCTGGCGGCAAACCAGG 

Seq YKI004e08 (6) S CAGGAAACTGTGTGGA TrGGTACAG 

Seq YK I 004e08 (7) S CACATACATCACATCAGCGGATGC 

Seq YK I 004e08 (8) S GTTCAACCAACTCCTCGGGATCTTG 

Seq YK I 004e08 (9) S GTCAAGAGTCACGTCAAGGACACC 

Seq YKI 004e08 (10) S GCTACCACCGACTGCGCTCGTAAC 

Seq YKI 004e08 (II) S GATGAGCCACAGGCAATGTCACC 

Seq YKI004e08 ( 12) S GTACGAAGTGACACGATCACCAGC 

Table 2.3 Oligonucleotide List. OlIgonucleotIdes were stored at - 20oe as stock solutions at 

SOpmol/J-ll. Oligonucleotides were supplied by Invitrogen. 
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2.2.8 In silico analysis. 

The C. elegans gene repository, Wormbase, was used to access the gene 

details for specific proteins of interest. This resource allowed the cDNA sequence, 

genomic DNA sequence and protein sequence to be downloaded and used for 

further in silica analysis. 

The transmembrane topology of the receptor was predicted using two 

separate programmes m parrallel, they were HMMpredict 

(http://www.enzim.hu/hmmtop/) and TMHMM Server v 2.0 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/) The protein sequence of each 

receptor was separately copied into the programmes. Hydropathy plots were 

generated, compared to identify predictions in common and used to map the 

transmembrane domains. 

Protein sequence allignments, for the identification of conserved regions, 

were performed using the ClustalW version 1.82, accessed via the EMBL-EBI site 

(http://www.ebi.ac.uk/clustalw/#). Phylogenetic trees were constructed using 

Clustal W 1.82, default settings. NCBI (National Centre for Bioteclmology 

Information) database screens and homology searches were performed with the 

protein sequence of interest, using the Basic Local Alignment Sequence Tool 

(BLAST). 

Signal peptide cleavage sites were predicted using the SignalP V2.0 server 

(http://www.cbs.dtu.dk/services/SignalP-2.0/)(Nielsen. H et al 1999). The protein 

sequence of interest was downloaded from Wormbase and inserted into the 

programme. The parameters were set to analyse eukaryotic data. 
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2.3 Molecular techniques for Yeast 

2.3.1 Media 

Yeast Media Stock Solutions 

100x Tryptophan (T) 

100x Uracil (U) 

100x Leucine (L) 

100x Histidine (H) 

4mg/ml 

2mg/ml 

6mg/ml 

2mg/ml 

All amino acid solutions were filter sterilized. All other media was sterilised by 

autoc1aving. 

lOx SD Droupout mix (-Histidine, -Uracil, -Tryptophan, -Leucine) 

20x Glucose 

20x Galactose 

40x Raffinose 

40% w/v glucose 

40% w/v galactose 

40% w/v raffinose 

33.5g/L 5x Yeast Nitrogen Base (YNB) 

2x Yeast Nitrogen Base Agar 6.7g YNB, 20g Agar in 500ml H20 

YNB agar was autoc1aved and supplemented with SD, glucose or 

galactose/raffinose and the appropriate amino acid combinations. 

2.3.2 Glycerol Stock Cultures of Yeast Strains 

Yeast strains were grown in 5 ml of the appropriate selective SDO 

medium overnight and 0.75 ml of the yeast culture was added to 0.25 ml of 100% 

glycerol (slerilized by autoc1aving). The cryogenic tube was vortexed to mix and 

placed at -80°e. 

2.3.3 Medium scale yeast transformation 

A 2-3 day old yeast colony was inoculated into 5ml of selective media and 

grown overnight with shaking. The next day the overnight culture was diluted to 

an OD600 of 0.1 in a total volume of 60ml of selective media and grown until the 

OD600 was 0.6-0.8. The cells were pelleted by centrifuging at 1 500g for 5 
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minutes, the supernatant removed, the pellet resuspended in 20ml of ddH20 and 

spun again at 1 500g for 5 minutes. The supernatant was removed and the pellet 

resuspended in Iml of ddH20 in a microcentrifuge tube. The sample was 

centrifuged for 30 seconds at 14 OOOg and all water removed from the tube. The 

pellet was resuspended in 300flA TE/LiOAc (made immediately beforehand: 1 

part lOx TE, 1 part LiOAc, 8 parts ddH20). In a separate eppendorftube 100ng of 

each plasmid being transformed was added to 50ug of salmon carrier DNA, 

maintaining the smallest volume possible. Then lOOfll of the resuspended cell 

suspension was added to the DNA together with 300fll of TE/LiOAc/PEG (made 

immediately beforehand: 1 part 10xTE, 1 part LiOAc, 8 parts PEG). The DNA 

was mixed with the cells by gentle inversion. The samples were placed at 30°C, 

after 30 minutes 70fll of DMSO was added and the cells heat shocked at 40-42°C. 

After 15 minutes the cells were pelleted at 14 OOOg for 5 minutes. The supernatant 

was removed and the pellet resuspended in 500fll of ddH20. The cells were 

centrifuged again and the pellet resuspended in 500fll of ddH20. The cells were 

plated onto selective agar media and incubated at 30°C for 3-4 days. 

2.3.4 p-galactosiadase Filter Lift Assay 

Whatman filters (sterilized by wrappmg m aluminium foil and 

autoclaving) approximately the same diameter as the plate of yeast transformants 

being assayed were soaked in 5ml of Z-Buffer/X-gal (100ml Z Buffer, 0.27ml p

mercaptoethanol, 0.334fll X-gal [100mg/mlJ) solution. A clean filter was placed 

over the surface of the plate of colonies being assayed. The filter was gently 

rubbed with the edge of the forceps. This improves adhesion of colonies to the 

filter but does not completely remove the colony from the agar surface. Holes 

were poked through the filter at three asymmetric positions allowing the filter to 

be orientated with the agar. The filter was then lifted from the plate using forceps 

and transferred to liquid nitrogen for 30 seconds and allowed to thaw. This was 

repeated twice, the filter was then placed onto the pre-soaked filter with the 

colonies facing upwards taking care to avoid creating air bubbles between the two 

filters. The lid, containing the filter lift, was placed back onto the agar plate, 

inverted and incubated at 30°C. Placing the filter lift in the lid of the assayed plate 

prevented the soaked filter from drying before blue colour was observed. The 

80 



filter lifts were checked for blue colour every hour. The ~-galactosidase producing 

colonies were identified by aligning the filter lift with the agar plate using the 

asymmetric marks. The corresponding colonies were picked from the plate and 

streaked onto fresh selective media and incubated at 30°C. Where the colony has 

been completely lifted from the agar surface or cannot be identified accurately the 

colony was picked from the filter and used to make the lift and restreaked onto 

fresh media. 

2.3.5 Crude Plasmid Isolation form Yeast 

A 2-3 day old colony, 2-4mm in size was inoculated into 0.5ml of 

selective SDO liquid media in a 1.5ml microcentrifuge tube. The culture was 

incubated overnight at 30°C with shaking (~230 rpm). The next day samples were 

spun at 14,000 rpm for 5 minutes and the supernatant removed. The cell pellet 

was resuspended in the residual supernatant, 1 O~tl of lyticase solution (5units/IlA 

in TE buffer) was added. The sample was vortexed to mix and incubated at 30°C. 

After 60 minutes the tube was removed, IOll1 of 20% SDS was added, the sample 

was vortexed for 1 minute and placed at -20°C. The tubes were removed after 30 

minutes, allowed to thaw and vortexed for another 1 minute. At this stage the 

yeast cells should be completely lysed and the plasmid DNA can be purified. The 

sample volume was made up to 200111 with TE buffer (pH 7.0), 200111 of 

phenol:choloroform:isoamyl:alcohol (25 :24: 1) was added and the tubes vortexed. 

After 5 minutes of vigorous vortexing the tubes were spun at 14,000 rpm for 10 

minutes, the upper aqueous phase removed to a fresh microcentrifuge tube and 

8~tl of 10M ammonium acetate was added together with 500111 of 95% ethanol. 

The sample was placed at -80°C or 1 hr. After Ihr the tubes were centrifuged at 

14,000 rpm for 10 minutes, the supernatant removed and the pellet allowed to air 

dry for 20 minutes. The dried pellet was resuspended in 20111 of ddH20 

2.3.6 Large Scale Library Transformation 

EGY48 co-transformed with pGILDAmgl-lct and pSH18-34 was grown 

overnight in -HU YNB(glu) selective media. The culture was diluted to an OD600 

of 0.2-0.3 in lL of -HU YNB(glu). The culture was grown for 4hrs at 30°C to an 

OD600 of 1 and pelleted by centrifuging at 1 OOOg for 5min. The SNT 
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(supernatant) was removed, the cells were resuspended in 500ml TE and pelleted 

again. The cells were washed in 20ml TE/LiOAC, pelleted and resuspended in a 

final volume of 20ml TE/LiOAC. The cells were mixed gently with 10mg of the 

C. elegans cDNA library plasmid (pJG4-5) and 20mg of carrier DNA and 150ml 

of TE/LiOACIPEG added. The suspension was gently mixed and after incubation 

of 30min at 30°C the mix was removed and 17m! ofDMSO added. The cells were 

the heat shocked at 42°C for 15min, with gentle mixing every Imin. Following 

this cells were immediately placed on ice for 5min, washed twice with 20ml TE 

and a volume of 185).l1 plated onto 110 -HUT YNB (glu) selective agar plates. 

Serial dilutions were made and plated onto selective plates, allowing number of 

transformants obtained to be calculated. 

Plates were incubated at 30°C for 3 days and transformants harvested by 

scrapping cells into water. The cells were pelleted at 1 OOOg for 5min, the 

supernatant removed and resuspended in a volume of 50% glycerol equal to the 

volume of the cell pellet. The resuspended cells were alqouted as Iml volumes 

and frozen at -70°C. 

2.3.7 Titration of the number of viable cells 

The transformation efficiency of the C. elegans cDNA library into the 

EGY48 cells containing pGILDAmgl-lct and pSH18-34 was calculated as 

1.1x105/ug of plasmid. A Iml aliquot of frozen transformants was thawed on ice 

and diluted into 10ml of -HUT YNB(galactose) and grown for 4hrs to induce the 

Gall promotor and fusion-protein expression. 100).l1 of the cell culture was used 

to make serial dilutions and 100).l1 of each dilution was plated onto -HUT 

YNB(gal) selective plates. Plates were incubated at 300oC for 3 days. The number 

of viable transformants was titrated to 120xl07 I1ml. 

2.3.8 The Screen 

1 aliquot of transformants was thawed on ice, diluted into 9ml of -HUT 

YNB(gal) and grown at 30°C for 4hrs. After incubation this was added to 110ml 

of -HUTL YNB(gal). 200).l1 of this was spread onto -HUTL YNB(gal) selective 

plates, 200 plates were spread. A total of 400x 1 06 transformants were screened, at 

a density of 2x 1 06 transformants per plate. Plates were incubated for a total of 15 
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days. Clones were selected on the basis of their growth under selection for a 

positive interaction at days 3, 5 and 7 of incubation. By day lOa large background 

growth was evident and ~-galactosidase filter lift assays were perfonned to isolate 

clones expressing the lac-Z reporter gene. Colonies identified as expressing 

reporter genes were picked and spotted onto -HUT YNB(glu) plates as back ups 

and onto -HUTL YNB(gal) + X-gal. Colonies were taken through three rounds of 

selection for reporter gene expression by streaking onto -HUTL YNB(gal) + X

gal. Colonies still exhibiting reporter gene expression after 3 rounds of selection 

were prioritised. Colonies were picked and spotted onto -HUTL YNB(gal) + X

gal, the amount of each colony was standardized by using a 1 O~tl pipette tip to 

perfonn the picks. The incubation of the prioritisation plates at 30DC were 

synchronised. Colonies were classified into 24, 48, 72 and 96 hour groups based 

on their strength of growth under leucine selection and the intensity of blue 

colouration they exhibited. 

2.3.9 Characterization and Cataloguing of clones 

Crude plasmid DNA preparations were made from the yeast colonies 

yielded by the screen. Existing oligonucleotides designed against flanking regions 

of the pJG4-5 library vector multiple cloning site (5' -TFP and 3' -TFP) were used 

to amplify cDNA inserts. 2fll of the crude yeast extract was used in the PCR 

reaction, which was perfonned using Taq enzyme (Qiagen). lOfll of the PCR 

products were analysed by agarose/EtBr and 5 fll of the PCR reaction was used for 

restriction digest with the restriction enzyme HaeIII (Roche). Comparisons 

allowed unique clones to be isolated on the basis of their size and HaeIII 

restriction profile. The identity of unique clones was detennined by the sequential 

purification of the PCR amplified product and sequencing. PCR products were 

purified using )..!-CLEAN (Microzone Ltd) reagents. Sequencing was perfonned 

using the oligonucleotides: 5' -TFP and 3'-TFP. Clones were characterised by 

screening the sequencmg data against genome databases (W onnbase) for 

alignments. 
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2.3.10 Plasmid Rescue from Yeast 

The crude yeast extract was a mixture of the prey, bait and repOlier 

plasmids, it was therefore necessary to isolate the pJG4-5 library vector that 

contains the cDNA of interest. This was done by transforming XLI-Blue 

electrocompotent cells with 5 f-LI of the crude extracts prepared from the 

appropriate yeast colonies. Transformed bacteria were spread onto LB agar plates 

containing ampicilin (LBamp) together with 40f-LI ofIPTG (100mM) and IOf-LI X

Gal (100mg/ml). The XLI-Blue strain of bacteria are deficient for the lac-Z gene, 

therefore in the presence of IPTG the pSH18-34 repOlier plasmid will confer lac-Z 

expression and the ability to metabolise X-Gal. Colonies containing pSH18-34 

could therefore be discriminated by their blue colouration. White colonies were 

picked and crude DNA extractions made. Bacteria containing the prey vector 

(library clone) were characterised by Xho-l/EcoRI restriction digest, to release 

the cDNA clone. 
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2.4 Molecular and Genetic Techniques for C. 

elegans 

2.4.1 C. elegans nomenclature 

Gene names confonn to a structure consisting of three of four italicized 

letters, a hyphen and an italicized number. When the gene name is followed by an 

italicized Roman numeral this indicates the linkage group to which the gene maps. 

The protein product of a gene is written as the gene name in non-italic capitals. 

Transgenes exisitng as extrachromosomal arrays are given italicized names 

consisting of the laboratory allele prefix, the two letters Ex and a number. 

Integrated trans genes are designated in the same way but !s is used instead of Ex. 

Mutations are given names consisting of one or two italicized letters followed by 

an italicized number. When the gene and mutation name is used together, the 

mutation name is included in parantheses after the gene name. 

2.4.2 C. elegans Strains 

Wild-type 

Transgenic strains 

N2 Bristol Strain 

pha-l (e2123)!!!; mgl-l::GFP(utIs35) 

mgl-l: :GFP(ut!s35) 

mgl-2::GFP(ut!s44) 

mgl-2::GFP(ut!s35) and mgl-l::GFP(ut!s35) are integrated lines, which have 

been outcrossed 3 times. The lines were obtained from Ishihara, T. National 

Institute of Genetics, Mishima, Japan. The pha-l (e2123)III (Schnabel, H et al 

1990) strain was obtained from the C. elegans Genetics Centre. (See table 2.3 for 

transgenic mutant strains). 

Available transgenic mutant wonn strains were readily obtainable from 

two sources, the 'c. elegans gene knockout consortium' 

[http://celeganskoconsortium.omrf.org] and the Japanese consortium (Mitani 

Laboratory at the Tokyo Women's Medical University School of Medicine. 

http://shigen.lab.nig.ac.jp/c.eleganslindex.jsp). Strains were despatched as starved 

cultures on NGM media. Acquired transgenic mutant wonn strains are shown in 

Table 2.4. 
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Gene Name Allele Genotype Outcrossed 

mgl-l tm18lJ Homozygous v'(x4) 

mgl-2 tm0355 Homozygous v'(x4) 

mgl-3 tm1766 Homozygous v'(x4) 

mpz-l tmlJ 36 Homozygous X 

Heterozygous 

mpz-l gk273 gk2 73/mln 1 [mIs 1 4 v' (xl) 

dpy-1O(e128) 

pha-l e2123 Homozygous v' 

Table 2.4 A table of acquired mutant strains. Outcrossing of mgl mutants was performed by 

Ting Zeng. In the case of the other outcrossed strains this was performed by the originating 

laboratory. 

2.4.3 C. elegans cultivation media 

Nematode Growth Media (NGM) : 

NaCI 3 giL 

Agar 10g/L 

Peptone 2.Sg/L 

Cholesterol 1ml/L of Smg/ml dissolved in ethanol 

H20 98Sml 

Sterilization by autoc1aving then add: 

1M CaCh 1mllL (Sterilized by autoc1aving) 

1M MgS04 1mllL (Sterilzed by autoc1aving) 

1M KH2P04 2Sml/L(Sterilized by autoc1aving) 

2.4.4 Growing OPSO 

OPSO was generated by picking a single colony from a freshly streaked 

plate (LB) and transferring to lOml LB media. Cultures were grown overnight at 

37°C without shaking. 

2.4.5 Maintenance of C. elegans strains 

Worms were maintained on NGM plates (9cm diameter) seeded with 

1S0fll E.coli OPSO at 20°C (According to Brenner, 1974), unless otherwise stated. 
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Strains were passaged every 4-6 weeks by cutting 1cm2 chunks from existing 

plates and transferring to freshly seeded plates. Cutting was performed using a 

scapel blade sterilized with ethanol and flamed over a bunsen. 

2.4.6 Trizol extraction of Total RNA from C. elegalls 

When preparing RNA several precautions were taken to eliminate 

contamination from RNases. Disposable gloves and lab coat were worn at all 

times to eliminate RNase contamination from the skin. All plasticware used was 

exclusive for RNA preparation and sterilised either by autoclaving or certified as 

RNase and DNase free. The bench space was washed with O.SM NaOH and 

partitioned off to prevent cross contamination. Distilled water was treated with 

Diethylpyrocarbonate (DEPC), a strong inhibitor of RNase activity. DEPC was 

added at 0.1 % v/v, left overnight with stirring and before autoclaving the DEPC 

treated solution (LTE 300SH, 121°C, 30min 1BAR). 

Well fed worms S-7 days old were washed from 40X 9cm diameter NGM 

plates into a total volume of 80ml (2ml/plate) of M9 buffer (KH2P04 22mM, 

Na2HP04 42mM, NaCI 86mM, autoclave and then add sterilised 1M MgS04 to a 

final concentration of 1mM in DEPC.H20). Plates were washed taking care to 

minimise disturbance of the bacterial lawn. Worms were spun down at 4 SOOg for 

10 minutes (RT SOl-vall Legend). The supernatant removed and the worm pellet 

resuspended to a final volume of 2.Sml of M9 buffer. The resuspended wom1S 

were incubated for 1hr at 4°C. Worms settle towards the base of the tube while 

bacteria remain suspended. The supernatant was removed and the mass of the 

worms measured. 1ml of Trizol (Invitrogen) reagent was added per SOmg of 

worms and homogenized with a power homogenizer. This stage makes the 

disruption of the tough surrounding cuticle more efficient, improves cell lysis and 

maximises RNA yield. Insoluble material was removed from the homogenate by 

centrifugation at 12 OOOg for 10 minutes at 4°C. The cleared lysate was left to 

stand at room temperature for a further 30 minutes and then split into 1ml aliquots 

in 1.5ml eppendorf tubes. To each 1ml of lysate O.2ml of chloroform was added, 

the samples were vortexed and incubated at room temperature for 3 minutes. The 

samples were then centrifuged at 12 OOOg for 15 minutes at 4°C. The mix 

separates into a lower, red, phenol-choloroform organic phase containing DNA 

and protein. RNA remains exclusively in the colourless upper aqueous phase. This 
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was removed to a fresh tube and O.S ml of isopropyl alcohol added to each tube to 

precipitate the RNA. The samples were then left at room temperature for 10 

minutes and spun at 12 OOOg for 10 minutes at 4°C. The supernatant was removed 

and the pellet washed with 1ml of 7S% DEPC treated EtOH by vortexing. At this 

stage RNA pellets were safely stored at -80°C until ready for redissolving and 

quality analysis. 

2.4.7 Routine analysis of RNA preparations to assess quality and integrity 

RNA pellets stored at -80°C were spun at 7 SOOg for S minutes at 4°C and 

the supernatant removed. The pellet was air dried for 10 minutes and resuspended 

in SOO).!l of DEPC treated H20 with heating at 60°C. The quality and quantity of 

redissolved RNA was routinely analysed by spectrophotometry prior to mRNA 

purification. The concentration of RNA in solution was calculated from the 

absorbance at 260mn (A26o). In parallel the integrity and size distribution of RNA 

was analysed on EtBr agarose mini-gels. Electrophoresis tanks were cleaned with 

O.S% SDS, rinsed 3 times with DEPC treated H20, then ethanol and allowed to 

dry. RNA was denatured by heating at 70°C for S minutes prior to loading onto 

the EtBr agarose mini-gel. The gel was run at high voltage (~100mV) for 20-30 

minutes for analysis. 

2.4.8 First Strand eDNA Synthesis. 

First strand cDNA synthesis was performed using Supersclipt II Reverse 

Transcriptase (Invitrogen). The reaction was setup in a 200).!1 thin walled PCR 

tube (Star lab ). Reverse transcription was performed on Sug of Total RNA, using 

either 800ng of Oligo(dT) primer (New England Biolabs - NEB), 200ng of 

Random Primers (9mers) (NEB) or 2pmol of gene specific primer (GSP). A 

typical reaction consisted of: 

1. Random primer (SOng/).!/..) or 4).!1 

0Iigo(dT) primer (400ng/).!/..) or 2).!1 

GSP (2pmol/).!/") 1 ).!1 

2. Sug totalRNA 1 ).!l 

3. dNTP Mix (lOmM each) 1 ).!1 
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4. H20 to a final volume of 12).11 

Heated incubations were performed using a Perkin Elmer Thermal Cycler. The 

mixture was heated to 6SoC for Smin, then placed on ice for 2 minutes and the 

following added: 

Sx First Strand Buffer 

O.IMDTT 

H20 

The tubes were mixed by gently flicking and the contents brought to the bottom of 

the tube by a brief centrifugation. When using GSP or Oligo( dT) the tubes were 

placed at 42°C for 2min, when using random primers tubes were placed at 2SoC 

for 2min. After 2min 1).11 of 200units/).11 of Superscript II was added to the tube 

(when using random primers tubes were incubated at 2SoC for 10min). All 

samples were then incubated at 42°C for SOmin and 70°C for ISmin. 1).11 (2units) 

of RNase H (GIBCO) was added to the tube and incubated at 37°C for 20min. 2).11 

of the reverse transcription reaction was used for PCR. 

2.4.9 5'and 3' SMART RACE technique 

l).1g of total RNA was used as the starting material. For the preparation of 

S'RACE cDNA 1-3).11 of the RNA sample was combined with 1).11 of 5'-CDS 

primer and 1).11 of the SMART II A oligo and this was made up to final volume of 

5~Ll with RNase free water in a 200).11 thin walled PCR tube. For the preparation of 

3'RACE cDNA 1-3~Ll of the RNA sample was combined with 1).11 of 3'-CDS 

primer and made upto a final volume of 5).11 with RNase free water in a separate 

tube. From this point onwards the 3 'RACE and 5 'RACE cDNA was prepared in 

the same way. Contents were mixed by a brief vortex and collected at the bottom 

of the tube by spinning briefly in a microcentrifuge. The tubes were then 

incubated at 70°C for 2 minutes and then cooled on ice for 2 minutes. Tubes were 

spun briefly and the following was added to each tube: 2).11 Sx First-strand buffer, 

1).11 DTT, 1).11 dNTP mix (10mM), 1).11 PowerScript Reverse Transcriptase. The 

contents of the tube were mixed by gentle pipetting and spun briefly. Tubes were 
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then incubated for 1.S hours at 42DC in an air incubator. 100/-l1 of Tricine-EDT A 

buffer was then added and tubes were heated at 72DC for 7 minutes. 2/-l1 of the 

RACE cDNA was used for each RACE PCR. PCR conditions used to perform 

RACE reactions and nested RACE reactions are as follows: 

3' and 5' RACE Cycle: Sx(Ssec @ 94DC, 3min @ 72 DC), Sx(Ssec @ 94 DC, 10sec 

@ 70 DC, 3min @ 72 DC), 2Sx(Ssec @ 94 DC, 10sec @ 68 DC, 3min @ 72 DC). 

Nested RACE Cycle: 2min @ 94 DC, 30x(30sec @ 94 DC, 30sec @ 68 DC, 3min 

@ 72 DC), 7min@72 Dc. 

In all cases the Advantage 2 Polymerase Mix, supplied with the kit, was used to 

perform the RACE reactions (unless otherwise stated). PCR was performed using 

aPE GeneAMP 9600 hot-lid thelmal cycler. 

2.4.10 Extraction of Genomic DNA 

Well fed worms S-7 days old were washed from a 9cm diameter NGM 

plate with 2ml of M9 buffer. Wonns were placed at 4DC for 1hr and the 

supernatant decanted, removing suspended bacteria. The remaining worms were 

resuspended in 100/-l1 of lysis buffer (10mM Tris-HCI pH8.3, SOmM KCI, 2.SmM 

MgCh, 1ml of 4S% v/v NP40, 1ml of 4S% v/v Tween 20, 0.01 % w/v gelatin) and 

1/-l1 of Proteinase K (10mg/ml) freshly added. The sample was frozen at -80DC for 

20 minutes and then incubated for 1hr at 60DC and IS minutes at 9S DC in a PCR 

machine. The concentration of the genomic DNA was assessed by 

spectrophotometry before use in PCR amplifications. 

2.4.11 Long term storage of worm strains 

Stocks of wild-type and transgenic C. elegans strains were maintained 

indefinitely by freezing at -70DC. A plate of starved worms were washed off with 

~l.Sml of M9 buffer. 0.7Sml of this worm suspension was added to 0.7Sml of 

freezing solution (NaCI O.lM, KH2P04 O.OSM, glycerol 30% w/v, NaOH, S.6mM; 

autoclave and then add O.lM MgS04 (sterilised by autoclaving) to a final 

concentration of 0.3mM). The mix was vortexed and placed at -80DC m a 
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Styrofoam holder, this enabled slow cooling necessary for survival. The viability 

of the frozen worm strain was assessed by taking a frozen aliquot, rapidly thawing 

at room temperature and distributing onto a large seeded NGM plate. After 24hrs 

at 20°C worms exhibiting normal movement were picked onto a fresh seeded 

NGM plate and counted. 

2.4.12 Decontamination of C. eZegans Cultures 

lOfll of bleach was added to lOfll of 4M NaOH and spotted onto the 

surface of a seeded NGM plate. Gravid adult worms were placed into the solution 

and incubated at room temperature. The adult worms dissolve and the resistant 

eggs hatch, larvae crawl to the bacterial lawn and commence feeding. The 

bleached spot was cut out to remove any contamination that has survived 

bleaching. 

2.4.13 Microinjection of DNA 

Preparing needles for injection 

Injection needles were prepared from alumino silicate glass capillaries 

(l.Omm OD x 0.5m LD.). A single capillary was used to generate two injection 

needles with the model P-2000 (Salter Instruments Co). 

Preparing Injection solutions 

Plasmid DNA prepared from 3 individual colonies using the QIAGEN 

mini-prep kit was pooled, precipitated with 1M KAc at -20°C and resuspended in 

a final volume of20flA ddH20. A typical injection solution consisted of: 

Rescue construct pBX (pha-1) 

Test construct 

5x Injection Buffer 

ddH20 

30-50ng/fll 

30ng/fll 

1 fll 

To a final volume of 50fll 

The mix was purified by centrifugation at 14000rpm for 30 minutes. 40fll of the 

supernatant was removed, leaving lOfll behind, to a fresh tube and centrifuged 
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under the same conditions. This cycle of centrifugation and removal of the 

supernatant for centrifugation, leaving 10).11 behind each time, was repeated 3 

times in total. 

2.4.14 Mounting worms on agarose pads and injection 

Injection needles were inverted and placed into the injection solution, 

loading occurred by capillary action. The filled needle was mounted on the 

microinjector arm. A microscope slide mounted with a broken fragment of 

coverslip provided a suitable jagged edge to break the tip of the needle under high 

power magnification. With this done the flow of the needle was checked to ensure 

it had been sufficiently broken without blocking. A drop of oxygen permeable oil 

was placed on one side of the agarose pad and then placed onto an inverted petri 

dish beneath a light microscope. Agarose pads were made by placing a drop of 

molten 2% agarose onto a microscope slide (76 x 26mm ground edges 90°C 

frosted end, manufacturer: Menzel GmBH), then placing another slide on top. 

This was left for S minutes and then the upper slide removed. The slide with the 

agarose pad was backed for 1hr at 80°e. Three worms were placed into the oil 

with a fine pick. One worm was selected, transferred to the agarose pad so that its 

body is as straight as possible and overlaid with oil. The pad was placed onto the 

microinjection stage with the body aligned for insertion of the injection needle 

into the germ line distal core region. Following injection of the gonad arm the 

worm was rehydrated by applying a wash of the injection mix and removed to a 

seeded NGM plate. 

2.4.15 Generation of the mgl-I::GFP ; ph a-I selectable marker strain 

Sx mgl-l::GFP(utIs35) homozygous males were crossed with 3x pha-

1 (e2123)III homozygous hermaphrodites. After 3 days 3 L4 hermaphrodite wonns 

from the Fl progeny were picked to individual plates and self crossed at 1S°e. 

After 7 days 48 individual hermaphrodites from the F2 progeny of the self crossed 

wonns, were picked to individual plates and placed at 1SoC for S days. Half of the 

total number of worms from each of the 48 lines were passaged to seeded plates 

and placed at the non-permissive temperature of 2SoC to select for the pha

l(e2123) homozygous genotype. Lines identified as being homozygous for the 
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pha-l(e2123) deletion were not viable at 25°C. Visual inspection ofpha-l(e2123) 

homozygous worms allowed identification of the homozygous mgl-

1::GFP(utIs35) genotype. 15 individuals from each line were analysed, only if all 

15 exhibited mgl-l::GFP(utIs35) fluorescence was the line considered to be 

homozygous. 

2.4.16 Dil Filling of Amphid Sensory neurons 

200).ll of stock DiI (Molecular Probes) (2mg/ml III N,N

dimethylformamide and stored at -20°C in a foil wrapped tube) was diluted 1 :200 

in M9 Buffer. Worms were incubated in 150).ll of the diluted DiI solution for 2-

3hrs at room temperature in a 1.5ml eppendorf. After incubation the contents of 

the eppendorf were emptied onto an unseeded NGM plate. Viable wonns were 

picked to fresh, seeded plates and allowed to crawl for 1 hour to destain. 

2.4.17 Preparation of Worms for Microscopy 

Worms were mounted on slides (76x26mm) with 2% Agarose pads and 

immobilized in 20mM sodium azide. Agarose pads were made by dissolving 19 of 

agarose in 50ml of distilled H20. Three micorscope slides were placed side by 

side, the two slides on either side of the central slide were wrapped in autoclave 

tape. A drop of the molten agaorse was placed onto the central microscope slide 

using a pasture pipette and a micorscope slide placed ontop at a 90° angle. The 

agarose was allowed to set on the slide for 5 minutes and the top slide was then 

removed. A 20).l1 of 20mM sodium azide was droped onto the agarose pad. 

Wonns were picked into the sodium azide and a coverslip (No. 1.5 18mmx18mm, 

Chance propper LTD) placed on top. Coverslips were fixed in position using nail 

polish. 

2.4.18 Confocal and Epifluorescence Microscopy 

Images were captured sequentially using the Zeiss confocal laser 

microscope (settings for Dsred2/GFP co expression lines: GFP: 488nm excitation, 

505-530nm band pass filter. DsRed2: 543nm exciation, 560nm long pass filter, 

40x Oil objective). DiI stained worms were imaged using the Leica QFluro 
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epifluorescence microscope, settings: 40x objective, excitation 543mll, emission 

560mn. 

2.4.19 De-sheathing of worms for imaging 

Worms were picked into DENTS saline solution, in a 3cm pebi dish. The 

wonns were immobolized by placing the petri dish at _20De. After 3 minutes the 

worms were removed and placed underneath a light mocroscope. The tip of the 

worms nose was cut using a razor blade, contraction of the stID"ounding cuticle 

exposed the pharyngeal muscle for imaging. 

Figure 2.1 The de sheathed pharynx preparation. The hashed line indicates the site of the 

transverse cut performed at the tip of the nose to des heath the pharyngeal muscle. 
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2.5 Electrophysiological Techniques for C. elegans 

2.5.1 Electropharyngeogram (EPG) Recordings 

5 adult (3 -4 day old animals) hennaphrodites were picked from a non

starved plate and placed into a 3cm petri dish containing Dent's saline (10mM D

Glucose, 140mM NaCI, 1mM MgCh, 3mM CaCh, 6mM KCI and 10mM HEPES, 

pH7.4 with NaOH). A sharp razor blade in a blade holder was then used to cut 

transversely through the wonn directly behind the terminal bulb at the pharyngeo

intestinal valve. Dissected heads were then transfened to a custom built recording 

chamber (volume 1ml) using a Gilson pipette. Suction pipettes were pulled from 

borosilicate glass (Harvard Instruments, diameter 1mm). Tip diameter ranged 

from 20 to 40flM depending on the size of the worm. The suction pipette was 

filled with Dent's saline and mounted in a holder with a tubing port through which 

suction was applied to capture the nose of the wonn. The suction pipette was 

connected to a silver electrode, which was cOlmected to a HS2 head stage (Axon 

Instruments), which in tum was connected to an Axoc1amp 2B-recording 

amplifier. The reference electrode was a silver chloride-coated silver pellet in 

Dent's comlected to the recording chamber by an agar bridge in Dent's saline. 

Data was acquired using axoscope 8.0 (Axon Instruments). All drugs were 

prepared in Dent's saline at the final concentration and applied by exchanging the 

entire solution in the recording chamber using a 1ml Gilson pipette. 

Figure 2.2 Dissection of the pharynx for EPG recordings. The hashed line indicates the 

transverse cut site at the pharyngeo-intestinal valve. 
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2.5.2 Intracellular Recordings 

The recording chamber was mounted on an inverted mIcroscope and 

perfused via gravity feed with Dent's saline at a rate of 5 ml/min. The preparation 

was secured by means of a suction electrode applied to the terminal bulb region of 

the pharynx and impaled with an aluminosilicate glass microelectrode (l.O-mm 

OD glass, with filament, pulled on a Sutter P-2000 micro electrode puller; 60-80 

M _when filled with 4 M KAcetate, 10 mM KCl) connected to an Axoc1amp 2B 

recording amplifier. The reference electrode was a silver chloride-coated silver 

pellet in 3 M KCl connected to the recording chamber by an agar bridge. All 

drugs were applied by addition to the perfusate. Data were acquired and analyzed 

using pc1amp 8 (Axon Instruments). A hard copy of the data, membrane potential, 

and spike frequency was obtained on a Gould chart recorder (taken from Franks, 

C.J et al 2002). All intracellular recordings presented were performed by 

Christopher J Franks. 
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CHAPTER 3 
The molecular characterization of the 

mgl transcripts and the cellular 

expression of mgl-l and mgl-2 
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3. 1 Introduction 

There are two classes of glutamate receptor, ionotropic and metabotropic, 

that both function to co-ordinate glutamatergic transmission in the central nervous 

system (see section 1.5 and 1.6). The use of model organisms has provided insight 

into the function of mGluRs and the importance of mGluR signalling. Phenotypic 

analysis of mGluR knockout mice and rats has shown the neuro-modulatory 

properties of mGluRs are a very important component of glutamatergic circuitries 

that underlie complex physiological processes, such as motor-coordination, vision 

and memory (see table 1.2). The identification and cloning of an mGluR 

homologue, DmGluRA (parmentier, M-L et a11996), from the sequenced genome 

of the invertebrate, Drosophila melanogaster, encouraged the use of this model 

organism to gain further insights into mG1uR function. DmG1uRA has similar 

signalling capabilities and pharmacological properties to mammalian counterparts 

(Parmentier, M-L et a1 2000). As well as this its neuro-modu1atory role in 

glutamatergic transmission is well conserved, within the context of the 

invertebrate neuromuscular junction (Bogdanik, L et a1 2004). In comparison 

there is limited information about mG1uRs in C. elegans. As previously 

highlighted (see section 1.28) the use of C. elegans has provided insight into the 

molecular and cellular organisation of glutamatergic signalling and this is 

particularly well demonstrated by the insights gained from C. elegans into the 

organisation ofiG1uR function. 

Subsequently the sequenced genome of C. elegans has been utilised to 

identify genes encoding mGluRs. The proteins encoded by the identified genes 

have been anna1ysed using in silico techniques to assess if they have the 

archetypal mGluR domain architecture (see figure 1.2) and to identify protein 

motifs that are important directing for mG1uR function. In parallel molecular 

approaches have been used to define the 5' and 3' ends of these transcripts. 

3.1.2 Sequence comparison of mgl subtypes to their mammalian 

counterparts 

The protein sequence of the representative mammalian mG1uR subtype, 

mG1uR1 a was obtained from the NCBI database and used to perform a screen of 

the C. elegans genome database to identify candidate C. elegans mGluRs. 
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Amongst the ~19,000 C. elegans genes, 3 genes were identified as encoding 

proteins with homology to mGluRl a . The use of the Basal Local Alignment 

Search Tool (BLAST) isolated the 3 genes F45Hll.4 (mgl-2) , ZC506.4 (mgl-1) 

and Y 4C6A.2 (mgl-3). The protein sequences of the candidate genes identified 

were used to perform individual BLAST searches of the NCB I database. The 

profile of each screen revealed the C. elegans mgl proteins display the highest 

homology to different mGluR subtypes. The three C. elegans mgls display a 

higher percentage similarity (~40%) to members of mammalian mGluR subgroups 

than to each other. A percentage similarity of 40% is comparable to the 

percentage similarity between iGluR homo logs in C. elegans and mammals, 

which have been demonstrated as having conserved signalling properties. (see 

section 1.28.3). 

This prompted us to constmct a cladogram to ascertain the evolutionary 

conservation between the identified mgls and members of the mGluR GPCR 

family. The protein sequences of mGluR subtypes were obtained from the rat 

genome database, together with other representative Group III GPCRs. Both the 

cladogram (see figure 3.1) and BLAST screens suggest that the mgls are distinct 

from other Group III GPCRs, such as GABAs subunits and CaR and more closely 

related to the mGluR family. Indeed, mgl-2 is most like mammalian Group I 

mGluRs, whereas mgl-1 and mgl-3 are Group WIll like. Perhaps surprisingly a 

cladogram constmcted from the mammalian mGluR subtypes, DmGluRA and the 

predicted protein sequence of the C. elegans mgl subtypes has revealed little 

evolutionary conservation between the Drosophila metabotropic glutamate 

receptor (DmGluRA) and the mgls. 
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GABAB1 
GABAB2 
CaR 
mGluR1 
mGluR5 
mgI.2 
mGtuR2 
mGluR3 
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mGluR4 
mGluR8 
mGluR7 
mGluR6 
mgl·1 
mgl·3 

Group I 

Group II 

Group III 

Group IIIIII like 

Figure 3.1. A cladogram of the sequence homology between mammalian mGluRs and the C. 

elegans mgls. The amino acid sequence of the three C elegans mgls were alligned with the 

mammalian (rat) mGluRs and the Drosophila mGluR, DmGluRA The amino acid sequence of the 

other Group III GPCRs were also included. These are mammalian (rat) GABA receptor subtypes 

GABABI and GABAB2 and the calcium sensing receptor (also from rat) . The C elegans mgl 

subtypes can be classified according to their mammlian counterparts. MGL-I and MGL-3 are 

Group IIIIII-like receptors and MGL-2 is a Group I-like receptor. 

3.1.3 In silico analysis of the mgl-l, mgl-2 and mgl-3 predicted protein 

sequence 

To gain insight into the molecular architecture of the C. elegans mgl 

receptors we have utilised various bio-informatic tools and this has shown that the 

mgls have conserved structural features and motifs characteristic of metabotropic 

glutamate receptors and that are important for function. However, this approach 

has also identified poorly conserved features and highlights that the predicted 

transcripts are likely to be incorrect in these poorly conserved regions of the 

translated sequence. 

Hydropathy plots were performed to define the topology of the mgls and 

both mgl-l and mgl-3 have the archetypal mGluR structure, consisting of a large 

extracellular N-terminal domain, a seven transmembrane domain and an 

intracellular C-terminal. However, hydropathy plots predict the mgl-2 protein 

contains an additional 8th transmembrane domain in the C-terminal (Figure 3.2), 

introducing a 5th intracellular loop and giving rise to a receptor with an 

extracellular C-terminal. 

Alignment between the predicted amino acid sequence of the mgls and the 

mammalian mGluR subtypes were used to identify conserved residues, shown to 

be important to mGluR function. The N-terminal domain of each mgl contains 
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conserved residues for glutamate binding (Tyr236, Thr188, Ser165, Asp208 and 

Arg78. (Sato, T et al 2003)). This suggests each mgl has the capacity to bind 

glutamate as a ligand. Intermolecular interactions are also likely to be conserved. 

Cysteine residues in the extracellular region, with a defined role in mGluR 

homodimerization are conserved. The predicted amino acid sequence of the mgl-l 

and mgl-3 receptors predicts both C-terminals contains a Type I PDZ ligand 

motif, -TFL, indicating that this domain is capable of instigating protein-protein 

interactions. 

The predicted ammo acid sequence of the mgls was also analysed for 

elements important for the receptors targeting. The signal peptide is a stretch of 

amino acids located at the N-terminal end of a polypeptide chain. It functions as a 

sorting signal to direct proteins to specific compartments of the cell. As the mgls 

are likely to be cell surface receptors, they would be initially directed to the ER 

and sorted from there to the cell surface. The ER signal peptide is typically rich in 

hydrophobic residues and 20-30 amino acids in length. In silica analysis identifies 

mgl-2 and mgl-3 possess conventional signal peptides. Whereas the predicted 

signal peptide of mgl-l is less conventional, it is unusually long, ~60 residues and 

the density of hydrophobic residues it contains is lower than would be expected 

(figure. 3.2). 

The current gene models for mgl-l, mgl-2 and mgl-3 are based upon a 

combination of EST data and in silica predictions. The transcripts of the mgl 

subtypes have yet to be fully characterised and as highlighted analysis of the 

predicted protein sequence has identified descrepancies that may represent 

predictive errors. Defining the gene model and the transcript of the gene is 

therefore important since the production of downstream molecular reagents (for 

example expression constructs, see section 3.9.2) will be dependent upon an 

accurate protein sequence. 

101 



3.2 Alignment of C. elegans mgl predicted amino acid sequence with the 

rat mGluRs identifies conserved residues important for function 
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AGSGRYR-----------YQKVGYWA--EG-LTLDTSFIPWASPSAG-PLPASRCSEPCLQNEVKSVQPGEV-CCWLCIPCQPYEYRLDEF-T'CADCGLGYWPNASLTGCFELPQ- -- EY 560 
KSMDKKRRMTDDESSPSDYVEIGHWS- - ENNLTIYEKNLWWOPDHT- - - - PVSVCSLPCK IGFRKQLIKDEQ-CCWACSKCEDYEYLINE'I'- HCVGCEQG\,SWPTKDRKGCFDLSLSQLKY 674 
RNGS- - - - - - - - - - - - AEYKVlGSWT- - DHLHLRI ERMQ\'lPGSGQQ- - LPRSICSLPCQPGERKKTVKGMA -CCWHCEPCTGYQYQVDRY-TCKTCPYDMRPTENRTSCQPI PIVK - - - 580 
NNKS- - - - - - - - - - - -TEYK I IGHWT- - - NQLHLKVEDMQWANREHT- - HPASVCSLPCKPGERKKTVKGVP-CCWHCERCEGYNYQVDEL-SCELCPLDQRPNINRTGCQRI PI IK - - - 576 
TNTTN- - - - - - - - - - - PGYRLIGQWT- - - DELQLNIEDMQ\'IGKGVRE- - IPSSVCTLPCK PGQRKKTQKGTP-CC\,/TCEPCOOYQYQFDEM-TCQHCPYDQRPNENRTGCQNI PI IK - - - 583 
TNGSASS---------GGYQAVGQWA---EALRLDMEVLRWSGDPHE--VPPSQCSLPCGPGERKKMVKGVP-CCWHCEACOOYRFQVDEF-TCEACPGDMRPTPNHTGCRPTPWR- - - 572 
N- - - - - - - - - - - - - - -GVYQKVGKrffiSTDDFLSVEVEK IRHAFKTAHGERPMSVCSTDCPRG- HYRA YQDQT-CCWACI PCDTSTS I HNE'I'- SCEECA VGMVPDRTLHFCVPI PPVS - - - 60 6 
TEANR- - - - - - - - - - - YDYVHVGn/H- - EGVLNIDDYK IQMNK.SGMV- - - - RSVCSEPCLKGQIKVIRKGEVSCCWICTACKENEFVQDEF- TCRACDLGWWPNAELTGCEPI PVRY - - - 58 5 
TKDLDNPYN-- - - - EVGSFKSlNOYG- - VEELDMTAKSMFFDKTELL- - - PESVCSRPCG IGQRQRE- --TMACCWICESCLDIQYVNKTTNQCMNCTLGSWPNANRTGCEYI I PEV- - - 570 

IRWGDA\'lf\VG~C5reA'fX~HNATPWKASGR~tf'VFt~~PSTAVCTL~S~IARIFGGARE--GAQRPRFISPAS 678 
MRWRSMYSLVPTUlAVFGiIATLFV~:rlvV:vVI IYNETPWKASGRELSYr:L.LISMIMCYCM.TFVLLSKPSAIVCAIKRtt.'GrGFAFSCLYSAMFVK~IFRIFS--TR--SAQRPRFISPIS 790 
LE\>IDSPWAVLPL'FUAVVGU3\'J!L YNDTPIVKASGREtsYVLLAGIFLCYATTFLM!1\:EPDLGTCSLruUFLGLGMSISYAALCTKTNRIYRIFEQGKR-- SVSAPRFISPAS 698 
LEWHSPWAWPVE'IAILGIIA'M'f'VIVT YNOTPIVRASGRELSYVLL'I'GIELCYsr.TELln~POTIlcSFruUFI:.GLGMCFSYAA.LL1'KTNRIHRIFEQGKK--SVTAPKFISPAS 694 
LE\'/HSPW~Y.I"PVFLAMLGHA'J!IFVMATF~YNDTPIVRASGR~SYVL~V:;IFLCY..tI'l!FLMIAKPDVAVCSFRIo/FIfGLGMClSYAALbTK~RIYRIFEQGKK- -SVTAPRLISPTS 701 
LTNSSPWAAbPLLLA VLG1MAT'I1'l':I.MATFMRHNDTPIVRASGRELS'lVLLTG1Ft-IYA"ITFUofVAEPCAAICAARRlJLLGLGTTLS'lSALLT.KTNRIYRIFEQGKR- -SVTPPPFISPTS 690 
MQrlOT'l'\>~LrpAA."FS'I'LG.a.STIFWSVFLKFSNTPVIMASGR£hcyC~~IGMCY'l'L'DFFLvdQPTVITCSMT*LMGr.sMsAIY1\A fITK'l'NRLARVFKPD- - - - SAQRPRFITPKA 722 
LEWSDIESI'lAU\FSCLG-ILVl'LFV!I'LIErlLYRDTPVVKSSSRELCYIlLAGrFLG'tVCPFI'LIAKPTTTSCYLQR,LLVGLSSAMCYSALvrKTNRIARIlJI.GSKKKICTRKPRFMSAWA 705 
VSrrrSFGlnli1\LVIiAvn;l~TSMATLAVFLlRHNSTPWKSTTREl.sYIILSGLVACYAVSFAL~TPSTTSCFIT VIPPIAFAWY ALLTKTNRIARlLAGSKKRILTKKPRFLT'I'FS 690 

* • .. : : '."' . '" ••••• . : .: ..••• ,: .:: • 

Q~ICLALT GO~WEAPGTGKETAP-----ERREVVTLRCNHR.DM,MLGSr..).YNVLLIALCTtYAP:KTRKCPENFNEA~·fG ---------~- -------- - ID1tl 774 
QVVMTAMI;AGVQLIGSLIWLSV:VPPGWRHHYP- - - - -- -TRDQVVLTCNVPDHHPLYSlll\YOOFLlVUC'FTYAVKTRKVPENFNETK¥IGPSM--- ~ --- -- - --~ --- --- YTTCVVWU 884 
Q~ITFn:;ISlJQLLGr~PSHSWDFQDQRTLDPRFARGVLKCDISDt-SLtICLLGYSl1LU~~KTRGVPETFNEA~IG.f(l'M- ----- .. - ,... - --- --- - --YTTCIVWU 799 
Q[wVITFSU]SVQLLGVF"Vt.'lFV\{DPPHTI IDYGEQRTLDPENARGVLKCDISDf-SLICSOOYSIL'Llof\ITCWVYA 'KTRGVPETFNEAKW~GFTM- -- -- ----- - - - .. --~ -- YTTCliIWU 795 
Q~IT.SSLIsyQt.'L@VFIWFGVDPPNI I IDYDEHKTMNPEQARGVLKCDlTDl"QIleSLGYSILLt1\fTCTVVA ' TRGVPENFNEAidPIGFTM.- --- ----- .... .. -- --- - - YTTCIvwrl 802 
Q"'VITFGLTSLQWGVIAWLGAQPPHSVIDYEEQRTVOPEQARGVLKCDf>1S~LIGOLGYSLLLt1VTC!l'VY"AIKARGVPETF.NEA*IGFTM- - -- - -_ ... _- - .. - -"" -,..- - 'C'I'TCI 791 
QVGICMGt:vSVQL'IGTFV\>TI~DPPGTMIVF- - - - - - - PTRTEA VLTCKAT'I'Sm...LrSr.LYNILl:.lVACTVYAFKTRKI PENFNET GFTM; - -- - --- - - - --- ---- - YS7'CIllW 816 
Q~IIASILISVQLTLwrL!~J1EPPMPILSYP- - -----SIKEVYLICNTS~WAEVGYNGLLII1SCIl'YYAI?f<TRNVPANFNEA ' ~-------------------YM'CIIW ' 799 
o.wniILy'~~~LMRD\,/PDATYAKY------ALPRKLILECOTETIq?F. rpFEWDl'~~Irrr.CTLY~TRNLPENFNEAKFIGFTISQPAKSLPFFQKEIW!IF v.CTVVVW ' 804 
'" >I : • • :. : ~ : ...... • • >I •• *. : * .• : : • • :: ~ : 
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mGluR2. 
MGL-l 
mGluR4a . 
mGluR8a. 
m:;luR7a . 
mGluR6 . 
MGL-3 
mGluRla . 
MGL-2 

mGlu R2 . 
MGL-1 
mGluR4a. 
mGluR8a. 
mGluR7a. 
mG1uR6. 
MGL-3 
nt11uRla . 
MG L-2 

mGlu R2 . 
MGL-l 
mGlu R4a . 
mGluR8a . 
mG l uR7a . 
nGluR6 . 
MGL-3 
nGluRla. 
MG L-2 

~~~~~:~==~~~~===================================g~~~~=PT~~~_============================ :~~ 
RSLKA VVTAATMSNKFTQKGNFRPN- - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - -GEAKSELCENLE'TPALATKQTYVTYTNHAI - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - 912 
RSFKAVVTAA'mQSKLIQKGNDRPN- - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - -GEVKSELCESLETNTSSTKTTYISYSNHSI - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - 908 
RSFKA YVrM'IMSSRLSHKPSDRPN- - - - - - - - - - - - - - - - - - - -- - - - - - -- - -- -GEAKTELCENVDPNSPAAKKKVVSvma- - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - 915 
RSLKKTS'ItotAAPP-- - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - QNENAEJ)1U{ - - - - - - - - - - -- - - - -- - - - -- - - - - - - - - - - - --- - - - -- - -- - - - - - - - 871 
QSYKPSTEESSHTSNAQVQQPTRAIPPHVIEQLAASLPISDKNDLVKKLSLQDKFFNNNNNNENSEEIRRRRPSSVHTVGAVTNGSSVAHIPPRSYTOEPKSSMIRQDTAKSRTSLAESH 1024 
LSVHVKTNE'TACNQ'rAVIKPLTKSYQGSGKSLTFSOASTKTLYNVEEEONTPSAHFSPPSSPSMWHRRGPPVATTPPLPPHLTAEETPLFLAOSVIPKGLPPPLPQQOPQOPPPQOPPQ 1032 
RGSTHSTD~TQTEAASKFSRSFSIVGRKKQGLDOOVQQLVDACRRYQOEKINSSAANLLLEESEOEVGl\LLADSIENSHRTVLSTVAGKAVVPLVPMVPMIPVVTLPTAPSQEDNFEQA 10)7 

QVDLILEEI~-- - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - --
QPKSLMDQLQGVVTNFGSGIPOFHAVLAGPGTPGNSLRS LYPPPPPPQHLQNLPLHLSTF QEESISPPGEDIOOOSERFKLLQEFVYEREGNTEEOELEEEEOLPTASKLTPEDSPAra 1152 
GFKEKCQLSKOLSRKSPKQFLHVAPKSRCSTSRAVSSYTIMSGNQQLMSPMGSVSSSAGSGSPSPMSSFOHLSOEELAQISVRQLNQKLMGQDRNWMQWKQKRRTLKNRGYALNCRARR 1157 

BlllisVASGSSVPSSPVSESVLCTPPNVTYASVILRDYKQSsa- - - - - - - - - - - - -- - - - - - - - - - -- - - - - - - - - - - - - -
VNNQVQLEADM*!LRNQ I KTLREALSEAQMRLHYVEPVFYQAVPSIVPSTTSPVTVSLP'IIARPIPVPPOSTA'IVl'KFATDFKOIF 

Figure 3.2. Alignment of C. elegans mgl receptors with rat mGluRs (ClustaIW). MGL protein 

sequence is taken from wormbase version WS 160 (31 July 2006). Sequence alignment reveals 

conserved residues identified from crystal structure analysis of mGluRla (Kunishima, N et al 

2000), that are involved in binding glutamate. Transmembranous domains (predicted using 

HMMTOP : http://www.enzim.hulhmmtop/) are highlighted in grey. The 8th transmembrane 

domain of MGL-2 is highlighted in pink, this has recently been amended in the database, which is 

why the sequence was not included in the alignment. Signal peptide sequences (predicted using 

SignalP 3.0 Server) are highlighted in yellow, note the length of the MGL-l signal peptide i 

considerably longer than the other mgls and mGluRs and it does not have the characteristic motif 

features of a signal peptide sequence. Type I PDZ ligand motifs (see table 1.4) are highlighted in 

blue; note mgl-2 is the only subtype whose C-terminal lacks a PDZ ligand motif. Where the MGL 

protein sequence is underlined this indicates the location of the primers used to amplify the 

intracellular C-terminal. The Homer binding motif of the mGluRl a C-terminal is highlighted in 

dark red, note how this motif is not conserved in the C-terminal of the C. elegans MGL-2 receptor. 
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RESULTS 

3.3 Predictive peR has identified that alternative splicing generates 

variation in the C-terminal of the mgls 

The identification of protein-protein interaction motifs within the C

terminal domain of mgl subtypes predicts that it is likely to perform an impOliant 

role in the receptors function. In view of this we set about using molecular 

techniques to clone the C-terminal of the mgl subtypes for use in functional 

studies and to clarify discrepancies highlighted from the predicted amino acid 

sequence. Primers were generated using the database (www.wormbase.org) 

predicted sequence (figure 3.2) to PCR amplify the mgls C-terminal domain from 

C. elegans cDNA. In all cases the antisense primer was designed against the 

predicted stop codon, which was taken as the end of the C-terminal domain and 

sense pnmers were designed immediately after the seventh transmembrane 

domain (figure 3.2). PCR products were sub cloned into the yeast-two-hybrid 

vector pGILDA and the pGEX vector for generating GST fusions, providing the 

tools for the genetic and biochemical detection of protein-protein interactors. 

Analysis of PCR products by ethidium bromide electrophoresis and 

subsequent sequencing suggests the C-tenninal of mgl-2 and mgl-3 subtypes are 

subject to splicing events (see figures 3.3). PCRs were performed using two 

independent sources of template, which were the LexA cDNA Library (Origene) 

and random primed cDNA (O'Connor, V). A single band, of the correct size, 

corresponding to the mgl-1 C-terminal was amplified from both templates. This 

was cloned and sequenced and it confirmed the sequence of the in silico gene 

model in the region corresponding to the intracellular C-terminal (see alignment 

in section 3.2 for the MGL-1 C-terminal protein sequence) 

In the case of mgl-2 and mgl-3 multiple bands were amplified from the 

two independent templates (figure 3.3). The C-terminal cDNA fragments were 

cloned and sequenced and comparison of the sequence data to the available C. 

elegans genome sequence established the multiple products amplified were 

generated by alternative splicing of the C-terminal domain (see table 3.1). 

Sequence analysis was performed using 5' and 3' sequencing primers 

complementary to the pGilda (5' Bait Fusion Primer and 3'Bait Fusion Primer) 

and pGEX vectors. 
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Figure 3.3. PCR amplification of mgl-l, mgl-2 and mgl-3 C-terminal domains. PCR was 

perfOlmed with the Platinum Pft DNA Polymerase (Invitrogen) using the LexA cDNA Library 

(Lanes 1-3 in Figure A and Lane 1 in Figure B) and Random primed cDNA (Lanes 4-6 in Figure 

A and Lane 2 in Figure B) as templates. A). Amplification of mgl-l C-telminal (Lanes 1 and 4) 

and mgl-3 C-terminal (Lanes 3 and 6) . Cycle: Hot start, 94°C 2min, (94°C 15sec, 55°C 30sec, 68°C 

1 min) x 30 cycles, 68°C 10 min. Under these cycling condition a product for mgl-2 C-terrninal 

could not be amplified (Lanes 2 and 5) B). Amplification of mgl-2 C-terminal using a lower 

annealing temperature. Cycle: Hot Start, 94°C 2rnin, (94°C 15sec, 50°C 30sec, 68°C 2rnin) x 30 

cycles, 68°C 2 min. 

3.3.1 mgl-2 C-terminal 

cDNA analysis identified discrepancies in the C-terminal domain of the 

predicted mgl-2 gene model (figure 3.4). Two C-terminal variants (named mgl-2ii 

and mgl-2iii) were identified and both possess a common Type I PDZ ligand 

motif, -TPL (figure 3.5) . In addition the region corresponding to the predicted 8th 

transmembrane domain does not exist in either variant and confirms mgl-2 

conforms to the archetypal mGluR structure. The PCR analysis did not amplify a 

cDNA fragment corresponding to the in silica predicted C-tenninal. 
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Figure 3.4 The analysis of C-terminalcDNA fragments PCR amplified identified two 

alternative mgl-2 splice variants. A) The in silica predicted gene model is shown and denoted 

mgl-2. The gene structure established by the PCR amplification of the mgl-2 C-terminal from 

cDNA is shown below. Two variants were identified, denoted mgl-2ii and mgl-2iii. The green and 

yellow shading corresponds to alternative gene structure to the predicted gene model. In addition 

the green shading corresponds to alternative splicing of the mgl-2ii and mgl-2iii variants. The grey 

line indicates 3' untranslated sequence B) Sequence to support the alternative splicing in the green 

shaded region is shown and the black arrow indicates the newly defined exon boundary of the mgl-

2ii and mgl-2iii variants in this region. 
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igure 3.5 The putative protein sequence of the two MGL-2 C-terminal splice variants 

identified by cDNA analysis. Protein sequence that differs to the database prediction and is 

caused by alternative splicing is highlighted in red. Protein sequence that differs between the two 

splice variants but is the same as the computer prediction is highlighted in yellow. Protein 

sequence in white is predicted in silica and was amplified by PCR. Note: neither of the C-terminal 

splice variants display the Homer binding motif (pPXXFR, where X denotes any amino acid). 

3.3.2 mgl-3 C-terminal 

Three mgl-3 C-terminal splice variants were identified and named mgl-3i

iii. The mgl-3i C-terminal is faithful to the computer prediction. The mgl-3ii 

variant uses an alternative splice acceptor site leading to the insertion of 6 

nucleotides (see figure 3_ 6) and at the protein level this induces a substitution of a 

Threonine residue for the 3 amino acids, Isoleucine, Serine and Alanine. Both 

mgl-3i and mgl-3ii contain a Type I PDZ ligand motif, -TFL (see figure 3.7). In 

the mgl-3iii variant, splicing generates a much shorter C-terminal. Splicing causes 

a downstream frame-shift which gives rise to an alternative reading frame and a 

premature stop codon in the C-terminal. Translation of the altered reading frame 

shows this C-terminal splice variant is unlike the others because it does not 

possess a PDZ ligand motif (see figure 3.7). 
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Figure 3.6 The analysis of C-terminal cDNA fragments PCR amplified identified two 

alternative mgl-3 splice variants. A) The in silico predicted C-terminal was amplified from 

cDNA and this is denoted mgl-3i. The gene structures defined by PCR amplification of the mgl-3 

C-terminal from cDNA are shown. Two alternative variants were identified, denoted mgl-3ii and 

mgl-3iii. The red line in the gene model for ingl-3ii indicates a 6 nucleotide insertion. The yellow 

shading corresponds to the region of alternative splicing in the three variants. The grey line 

indicates 3' untranslated sequence B) Sequence to support the alternative splicing in the yellow 

shaded region is shown and the black arrow indicates the newly defined exon boundary of mgl-3ii 

and mgl-3iii. In the case of mgl-3i the black arrow indicates the in silico and experimentally 

verified exon boundary. 
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Figure 3.7 The putative protein sequence of the three MGL-3 C-terminal splice variants 

identified by cDNA analysis. Protein sequence that differs to the database prediction and is 

caused by alternative splicing is highlighted 'in red. Protein sequence that differs between the two 

splice variants but is the same as the computer prediction is highlighted in yellow. Protein 

sequence in white is predicted in silico and was amplified by PCR. Note the C-terminal of MGL-

3iii does not express a PDZ ligand motif, unlike MGL-3i and MGL-3ii. Note the three amino acid 

substitution in the C-terminal of MGL-3ii, Iso, Ser, Ala. Serine residues in particular are targets 

for phosphorylation, which can modulate receptor function. 
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PCR Interrupted 
Splice Predicted PCR Predicted identified Codon and 

Variant splice identified splice alternative amino acid Notes 
Identified donor splice donor acceptor splice at end of 

acceptor exon 

TATGAG TATGAG ttctag tttcag Exon 15 is spliced out 
MGL-3iii AG*C S886 to give a new reading gtaggt gtaggt CCAATT CAGAGG 

frame 

CTAGTA CTAGTA tttcag ataaag In frame 3 amino acid 
MGL-3ii A*TT I ISA substitution for gtgagt gtgagt CAGAGG TTTCAG T911 

Exon 17 is spliced out 

MGL-2ii 
GAACAG GAT GAG ttgtag tttcag 

GAG * E 'OOB giving a new reading 
gtttgt ~ GCAGGA TTGCTC frame and PDZ ligand 

motif 
Exon 17 is spliced out 

MGL-2iii 
GAACAG GAACAG ttgtag tttcag 

CAG* E1OO8 giving the same 
gtttgt gtttgt GCAGGA TTGCTC reading ll-amc as 

MGL-2ii 

Table 3.1 A summary of the splice sites identified by sequencing of PCR generated C

terminals. This table summarises each newly identified splice donor and acceptor site for each 

individual C-terminal splice variant. Only the splice donor and acceptor sites that do not correlate 

with the original computer predictions are shown. The splicing of mgl-3i corresponds exactly with 

the computer prediction and is therefore not included in the table. All splice variants identified use 

alternative splice acceptor sites to those predicted by the sequenced C. elegans genome and only 

mgl-2ii uses an alternative splice donor site to that predicted. Alternative splicing of mgl-2ii and 

mgl-2iii generates a C-terminal with predicted PDZ ligand motifs. 
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3.4 Characterization of the 5' and 3' ends of the mgt transcripts 

3.4.1 Introduction 

The predictive PCR analysis of the mgls C-terminal highlighted that the 

description of mgl transcripts by the database is likely to be incomplete and 

therefore further sequence data for the mgl cDNAs was required. FurthelIDore, as 

highlighted previously mgl-I has an uncharacteristic signal sequence motif and it 

is known that the start of genes is often poorly defined by in silica gene prediction 

programmes and so requires experimental confirmation (Hwang, B.J et al 2004). 

In view of this our approach to molecular characterization of the mgl subtypes 

was extended to incorporate a RACE characterization of the 5' and 3' ends. This 

has important relevance for the production of gene reporter constmcts (see 

Chapter 6). In parallel to the RACE characterization of the mgl transcripts an SL 

(spliced leader) based approach was adopted. In doing so this took advantage of a 

naturally occurring RNA processing event in C. elegans (see section 3.4.3) and 

facilitated the isolation of mgl 5' cDNA fragments for the characterization of 

important functional motifs. 

3.4.2 Overview of RACE primer design 

The C. elegans 5' and 3' RACE gene specific prnners (GSP) were 

designed against regions of the mgl subtypes, mgl-I, mgl-2 and mgl-3 that were 

strongly conserved in protein sequence alignments between the C. elegans 

subtypes and mammalian subtypes. The 5' and 3' RACE GSP were designed in 

each case to amplify overlapping 5' and 3' RACE products (see figure 3.8). In 

designing primers that give a 400-600bp overlap in the RACE products this 

provided a positive control for the PCR (this is referred to as the Internal Control 

in subsequent sections and figure legends); a control for the quality of the reverse 

transcription and would enable the joining together of RACE fragments by using 

restriction sites located in the overlap. The 5' RACE and 3' RACE GSP were both 

used separately with the adaptor primer (subsequently referred to as AP) in the 

first round RACE PCR. 

A nested 5 'RACE GSP (nGSP) was also designed for each mgl subtype 

and was used in conjunction with the nested adaptor primer (subsequently referred 
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to as the nAP) to perform nested PCR on the primary 5' RACE amplification 

performed using the 5'RACE GSP and AP. Nested 5'RACE PCR was used when 

the level of background was too high with the single GSP. The predicted product 

size range is indicated for each RACE reaction, it was established using the most 

current gene model available from wormbase at the time and was used as the 

criteria to select RACE products for sequencing. 

.. 
.. S' RACE !!EGlON 

REGION OF OVERLAP 
(Internal Contro l) 

3' RACE· REGION 

3 ' - ...... ~ ................................ ~=S ................ NNTTTTT- 5· 

Gencralired lirst strand eDNA 

nested 5" RACE 
r.~p 

5' RACE GSP 

Figure 3.8 A conceptualization of RACE gene-specific primers and their relation to the first 

strand cDNA template. A generalized first strand cDNA synthesis is shown. First strand cDNA 

synthesis is performed using a modified oligo(dT) primer. The overlap between the 5' and 3' 

RACE GSP is highlighted in the diagram and the use of the 3'RACE GSP and 5'RACE GSP 

together served as a PCR control (subsequently referred to as 'Internal Control ' ). The location of 

the nested 5'RACE GSP is also indicated. 

3.4.3 Overview of C. elegans splice leader (SL) 

Spliced leader (SL) addition is a specific type of trans-splicing that occurs 

in C. elegans. It was initially identified by studies undertaken to investigate the 

structure and expression of actin-encoding genes (Krause, M. Hirsh, D 1987). 

Analysis of the transcripts from each of the four C. elegans actin genes revealed a 

22nt 5' terminal leader sequence common to three of the four transcripts. The 

spliced leader (SLl) was subsequently shown to be the first 22 nucleotides of a 

non-polyadenylated RNA, -lOOnt in length. The signals necessary for trans

splicing to occur are very similar (Table 3.2) to those signalling cis-splicing 
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(intron removal). The splice donor site in the spliced leader RNA and the 

sequence for the 5' intron splice site are highly conserved. The trans-splice site 

and 3' intron splice site sequence are the same. C. elegans transcripts can 

undergo both trans-splicing and cis-splicing. The signal for trans-splicing is the 

presence of an outron. An outron is an A and Urich, intron like sequence ending 

in a 3' splice site located at the 5' end of the pre-mRNA without a functional 5' 

splice site upstream. Indeed, the insertion of an intron without the 5' splice site 

(derived from the vit-5 gene) into the 5' untranslated region of a vit-2/vit-6 

trans gene resulted in the transcript being trans-spliced to the SL1 (Conrad, R 

1991). 

The characterization of the glyceraldehyde-3-phosphate dehydrogenase 

gene and mRNA identified a second spliced leader sequence (SL2) (Huang, x.y 

and Hirsh, D 1989). The SL2 sequence is different to SL1 and it is derived from a 

different SL RNA (SL2 RNA). For an mRNA transcript to undergo SL2 trans

splicing the gene from which it is derived must be located downstream within a 

cluster of closely spaced genes transcribed in the same orientation. The promoter 

at the 5' end of the gene cluster is responsible for controlling the transcription of 

the entire cluster, generating a polycistronic mRNA transcript. This is converted 

to monocistronic mRNA by cleavage and 3' polyadenylation of each gene. At this 

stage SL2 is trans-spliced onto the 5' end of genes located downstream. Trans

splice sites located close to the promoter accept only SL1. Trans-splice sites 

located in some downstream genes can accept either SL1 or SL2, whereas others 

will only accept SL2. The reason for this is not known. 

It is estimated that mRNA transcripts of ~ 70% of C. elegans genes 

undergo trans-splicing events, with SL1 accounting for 57% and SL2 16% and SL 

trans-splicing in C. elegans is predicted to perfonn an important biological role in 

the maturation of mRNA transcripts. However, the precise biological function of 

this process is not known. It is not restricted to mRNA encoding a specific class of 

protein and is unlikely to be required for translation or transport of the mRNA 

because some mRNA transcripts are not trans-spliced. The trimethylguanosine 

cap at the 5' end of the SL sequence has been identified as regulating translation 

efficiency. Trans-spliced mRNA transcripts undergo translation with greater 

efficiency compared to the same transcripts possessing a monomethylguanosine 

cap in an Ascaris lumbricoides in-vitro system (Maroney et al 1995). 
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Cis 

SLI 

SL2 

-7 

u 
53 

57 

66 

-6 

u 
89 

92 

66 

-5 

u 
98 

97 

84 

-4 

u 
70 

64 

66 

-3 

c 
83 

82 

78 

-2 -1 

A G 

100 100 

100 100 

100 100 

+1 

A/G 

74 

79 

75 

Table 3.2 The percentage of cis and trans-splice sites that match the consensus 3' splice 

acceptor site. (Riddle, DL C. elegans Book II 1997). 
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3.5 Assessment of total RNA quality and integrity 

Trizol extraction from a 500mg mass of mixed stage W0l111S yielded ~ 7mg 

of total RNA. The examination of the total RNA by EtBr agarose gel 

electrophoresis produced a smear ranging in size from 12kb-0.2kb, with 

prominent ribosomal RNA bands (figure 3.9). The UV absorbance of the sample 

was measured by spectrophotometry and the ratio of readings at 260run and 

280run was taken as an estimate of the purity of the RNA sample. 1: 100 dilutions 

were made in DEPC treated H20. The total RNA gave a 260/280 ratio of 1.7, with 

a ratio of 1.5 being considered representative of a high purity (Okamoto, T and 

Okabe, S 2000). Total RNA was used as the starting material in first strand cDNA 

synthesis reactions for RACE and SL-1 experiments. 

A 

20 Ilg C. 
elegans 

Total RNA 

Figure 3.9 Analysis of the C. elegans total RNA used in SMART RACE. A. 20ug of C. elegans 

total RNA produced a smear on an agarose gel, intense bands represent ribosomal RNA. 
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3.6 SMART RACE system 

Two RACE approaches were used involving poly A + mRNA or total RNA 

as the starting material. The Marathon RACE approach used poly A + rnRNA as 

the starting material and did not work and so instead the SMART RACE approach 

that uses total RNA as the starting material was focused on. 3' and 5' RACE 

cDNA was generated from the human placental total RNA (which served as the 

positive(+) control RACE template) and in parallel the C. elegans total RNA 

(generated from a mixed stage population of animals) (described in section 3.5). 

The (+)control RACE reactions were performed on the 3' RACE and 5' RACE 

cDNA generated from the human placental total RNA and amplify the ends of the 

transferrin receptor (TFR) cDNA. Both the internal control and the 3' and 5' 

RACE positive control reactions amplified cDNA fragments of the correct size, 

O.3Kb, 2.9Kb and 2.6Kb respectively (see figure 3.10). When performing the 

control RACE reaction the touchdown PCR cycling parameters (see legend to 

figure 3.10) in combination with the enzyme BD Advantage II were identified as 

improving specificity and reducing non-specific background. These reagents and 

conditions were subsequently adopted for the 3' and 5' RACE analysis of mgl 

transcripts. 
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Figure 3.10 Coutrol RACE reactions A) Amplification 

of the transferrin receptor 3' and 5' cDNA from the 

human placental control RACE cDNA. Cycle: Imin 94°C, 

5x(94°C 30s, 72°C 3min), 5x(94°C 30s, 70VC 30s, 72°C 

3min), 25x(94°C 30s, 6ff'C 30s, 72°C 3min). Enzyme: BD 

Advantage II. TFR 5'RACE product: 2.6kb. TFR 

3 'RACE product: 2.9kb. Internal controls were performed 

on both 3' and 5' RACE cDNA. In both cases the correct 

sized band (O.3kb) was amplified. 
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3.6.1 mgl-l RACE Characterization 

The mgl-l internal control PCR amplified a prominent band in both the 3' 

and 5'RACE reactions that was approximately 50bp shorter than the predicted 

product size, suggesting the mgl-l gene model is ill defined in this region. The 

mgl-l 5'RACE reaction amplified multiple bands. The two largest bands 

amplified were within range of the predicted product size (see figure 3.llA). 

However, other smaller bands were present and to select for mgl-l specific 

5'RACE cDNA a nested PCR was performed on the first round RACE reaction. 

Several prominent bands were amplified by the nested 5'RACE PCR. The most 

abundant fragments amplified (indicated by the hashed box in Figure 3.11 B) 

were the most similar to the expected product size and subsequently these were 

selected by gel extraction and were cloned and sequenced. The 1st round mgl-l 

3 'RACE PCR amplified a single band that was -lOObp larger than the predicted 

product size of -1677bp (see figure 3.11 C). 
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Figure 3.11 mgl-l 1st round 5' RACE, nested 5' RACE and 3' RACE analysis. A. mgl-l 

5'RACE PCR. B. mgl-l 5'RACE nested PCR performed on the 1st round amplification. C. mgl-l 

3 'RACE analysis. In single primer control PCR reactions the name of the primer is underlined. 
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Sequencing of the mgl-1 5'nested RACE products revealed the multiple 

products amplified were caused by the alternative incorporation of the SMART 

adaptor sequence at the 5' end of the mgl-1 cDNA. The longest mgl-1 nested 

5'RACE cDNA sequenced was not SL-1 trans-spliced (see section 3.7 for the SL-

1 analysis of mgl-l). It identified an alternative 5' ex on structure to that defined 

by the database predicted gene model (shown in figure 3.12) and identifies an 

alternative start codon to the database prediction. 

The size difference between the predicted 3' RACE product and the PCR 

amplified product corresponds to the presence of a 129bp 3'UTR (27bp of which 

is the polyA tail) and the splicing out of a 48bp region located within the cysteine 

rich domain of mgl-1 and in the internal control region of overlap. This 

alternative splicing occurs at exon 12 and it causes the removal of 16 amino acids 

(GKTISIFSSFRLSPFS) that were poorly conserved in alignments of mgl-1 to the 

other C. elegans subtypes mgl-2 and mgl-3 and the mammalian mGluR subtypes 

(see section 3.2). 

mgl-1 

5' &3'RACE 
model 

5'nGSP 

7547bp 

Figure 3.12 Comparison of the mgl-l predicted gene model to the 5' and 3'RACE defined 

model. The black pins indicate the incorporation of the 5'RACE adaptor sequence. Black boxes 

indicate confirmed exons and grey boxes indicate untranslated sequence. Red arrows represent the 

position of translational start codons. Dashed boxes represent exons defined by the predicted mgl-l 

gene model. Alternative exon structure to that predicted is underlined in red. 
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3.6.2 mgl-2 RACE analysis 

The mgl-2 internal control amplified multiple bands from the 3' and 

5 'RACE cDNA, but the most prominent band amplified was very close in size to 

the size of the predicted internal control product. Other bands amplified by the 

internal control (indicated by the asterisks in figure 3.l3A) were not seen in 

subsequent internal control PCRs (data not shown) performed on first strand 

cDNA synthesised with either random primers, a gene specific primer or an 

independent oligo(dT) primer (see section 3.7.1), which suggests these alternative 

bands are likely to be non-specific amplifications. 

The mgl-2 1st round 5'RACE PCR amplified several bands that were 

located in the same size range as the predicted product (~2. 7Kb) (see figure 

3.l3A). To select for mgl-2 5'RACE fragments a nested RACE reaction was 

performed on the first round PCR. A series of prominent bands were amplified 

close to the predicted size (see figure 3.l3B). The two longest mgl-2 3 'RACE 

cDNA fragments amplified (see figure 3.l3C) are very close in size to that 

predicted for the two alternative splice variants identified by PCR amplification of 

the mgl-2 C-terminal (see section 3.3.1). 
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Figure 3.13 mgl-2 1st rouud 5'RACE, uested 5' RACE aud 3' RACE analysis. A. mgl-2 

5'RACE PCR. The red box highlights the PCR product in the predicted size range. Yellow 

asterisks indicate non-specific amplification products. B. mgl-2 5'nested PCR reaction. Red 

asterisks indicate bands gel extracted, cloned and sequenced C. mgl-2 3'RACE PCR. The red box 

highlights the PCR product in the predicted size range that was cloned and sequenced. 

The longest mgl-2 5'nested RACE product that was cloned and sequenced 

was not trans-spliced to either SL-1 or SL-2. The RACE adaptor sequence was 

located 50 nucleotides upstream of the assigned start codon. The translation of the 

50 nucleotide 5' extension in the same frame as the MGL-2 protein sequence did 

not identify an alternative start codon to that already assigned by the in silica gene 

model. The RACE product supports the splicing boundaries 'of the first 4 exons of 

the mgl-2 gene model and it supports the currently assigned translational start 

codon of mgl-2 by the predicted gene model. Alignment of the shorter mgl-2 

5'RACE fragments amplified showed they were produced by the alternative 

incorporation of the 5'RACE adaptor sequence at the 5' end and are likely to be 

incomplete reverse transcriptions. 
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The shorter of the two mgl-2 3' RACE products (see figure 3.13C) was 

cloned and sequencing showed the cDNA fragment corresponded to the sh0l1er 

mgl-2 C-terminal splice variant, mgl-2ii, defined by PCR amplification of the mgl-

2 C-terminal (see section 3.3.1). The RACE product confirms the ex on splicing 

pattern of the mgl-2 C-terminal splice variant mgl-2ii and it identifies a 397bp 

extension of the last ex on, which is in the 3 'UTR (see figure 3.14). In addition the 

mgl-2ii 3 'RACE product identified exon 11 of the mgl-2 gene model defined by 

Wormbase is spliced out. Exon 11 corresponds to 19 amino acids 

(SQP AKSLPFFQKEHVIIPQ) located in the 3rd intracellular loop and in the 

region of overlap amplified by the internal control, which is why the size of the 

internal control amplification was different to the prediction. This 19 residue 

sequence was shown to be poorly conserved by the alignment of mgl-2 to the 

other mgls' and the mammalian mGluR subtypes (see section 3.7.5). The splicing 

causes an I to M substitution and other than this the downstream sequence 

remains the same. The upper band amplified corresponds in size to the longer 

splice variant, mgl-2iii and therefore provides further evidence for the presence of 

this splice variant. 

mgl-2iii 

mgl-2ii 

~ nGSP 3'GSP 5'GSP 

!.::HJ::~J [:::::::H1H::H::':::::H~[1---iII-m 

5' & 3' RACE model 

8947bp 

Figure 3.14 mgl-2 5' and 3'RACE defined gene model. The black boxes represent exons 

confirmed by the analysis of eDNA fragments . The dashed boxes represent predicted exons 

defmed by the available mgl-2 gene model in Wormbase. Yellow boxes represent exons predicted 

by Wormbase but were not identified by the analysis of mgl-2 eDNA. The black pins represent the 

point of incorporation of the 5'RACE adaptor sequence. The red arrow indicates the position of 

the translational start codon. Grey boxes represent untranslated sequence. 
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3.6.3 mgl-3 RACE characterization 

The mgl-3 internal RACE control amplified a product close to the 

predicted size. The mgl-3 5' RACE reaction produced a single band that was very 

close in size to the predicted product (see figure 3.1SA). A nested 5' RACE 

reaction was performed on the first round RACE PCR and multiple bands in the 

size range of the predicted product were obtained (see figure 3.1SB). The mgl-3 

3 'RACE amplification produced what appeared as a single, prominent band close 

to the predicted product size (see figure 3.1S C). 
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Figure 3.15 mgl-3 1st round 5' RACE, nested 5' RACE, 3' RACE reaction. A. mgl-3 5'RACE 

PCR. The white hashed box highlights the PCR product in the predicted size range. B. mgl-3 

nested (Nstd) 5' RACE PCR. The white hashed box indicates PCR product gel extracted, cloned 

and sequenced C. mgl-3 3 'RACE PCR. The white hashed box indicates PCR product in the 

predicted size range that was cloned and sequenced. The red arrow (figure A and B) indicates the 

internal control PCR product of the predicted size. 
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Sequencing showed the multiple mgl-3 nested 5' RACE products were 

because of the alternative incorporation of the 5'RACE adaptor sequence. The 

sequence of the longest mgl-3 5' nested RACE product identified a 57 nucleotide 

ex on located ~ 15kb upstream of the fust assigned ex on of the predicted gene 

model and a 68 nucleotide 5' extension of the first assigned ex on (Figure 3.16). 

Together this identified a combined total of 126 nucleotides upstream of the start 

of the mgl-3 transcript that the in silica model had failed to identify. Translation 

of the upstream 126 nucleotide sequence produced a nonsense amino acid 

sequence when in the same frame as the MGL-3 protein sequence and did not 

identify an alternative translational start to that currently assigned by the predicted 

gene model. 

The mgl-3 3 'RACE product amplified corresponded to the C-terminal 

splice variant previously identified (see section 3.6.3) and assigned the name mgl-

3i. The mgl-3i C-terminal splice variant agrees with the mgl-3 gene model defined 

by wormbase and the 3'RACE product has provided further support for this. In 

addition the 3 'RACE product confirmed the database defined splicing boundaries 

of exons 7, 8, 9, 10, 11 and 12. 3'RACE products that correspond to the C

terminal variants designated as mgl-3ii and mgl-3iii should have been amplified 

but were not identified. 

mgl-3i t .. , ' .. 0 ,., '·r·' : ... , ouo ",. ,··on III I L..r--U-L.r-U i. .n ... r-i~H~H .. ftf-~ -Ht--____ 

mgl-3ii r lj-{Hl lIH·J [IH~KHHi-----I 
mgl-3iii t .. , ' ··0 '·0 '·r·' : ... , , ~, ",. , ··on II I L .. r--1.Hmr-U L .n . .J-{ir-t~M .. JUi--l----" 
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lSkbp 11718bp 

Figure 3.16 mgl-3 5' and 3'RACE defined gene model and comparison to the predicted gene 

model. The black boxes represent exons confirmed by the analysis of cDNA fragments. The 

dashed boxes represent predicted exons defined by the available mgl-3 gene model in Wormbase. 

The black pins represent the point of incorporation of the 5'RACE adaptor sequence. The arrow 

indicates the position of the translational start codon. Grey boxes represent untranslated sequence. 

Analysis of genomic sequence ahows that the 15kb inbtron indetified does not contain any genes. 
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3.7 SLI characterisation identifies discrepancies in the database 

prediction of the mgl-l 5' end 

An SL screen of cDNA reverse transcribed from C. elegans total RNA 

using an mgl-1 gene specific primer was used as the template to perforn1 the SLI 

characterization of mgl-1. A PCR reaction using the primers SL1 and 5' RACE 

GSP amplified a cDNA fragment ~1.7kb in size and a shorter fragment ~1.6kb in 

size (data not shown). The two fragments where cloned and sequenced. The SL2 

amplification performed with the 5' RACE GSP did not produce any 

amplification products. 

SLI trans-splicing identified two mgl-1 transcripts with different 5' ends 

and bona fide trans-splice acceptor sites. The two transcripts differ from each 

other by a ~ 100 nucleotide non-coding exon and differ from the gene ruU1otation 

predicted by the wormbase database (figure 3.17 A). Sequence analysis of the SL1 

trans-spliced fragments identified an alternative 5' end of the mgl-1 gene to that 

defined by RACE analysis (see figure 3.17 A). This difference defines an 

alternative transaltional start codon to that defined by the RACE analysis (see 

figure 3.17B). 

One pronounced feature of signal peptide motif defined from the RACE 

cDNA analysis is that the first predicted methionine is followed by a series of 

three proline residues in very close succession. This proline rich feature is not 

conserved in any of the manU11alian mGluR subtypes or the other mgl subtypes 

and does not conform to the archetypal signal sequence motif, which suggests the 

methionine identified from the RACE is unlikely to be the translational start. The 

signal sequence defined by the SL-1 analysis is in keeping with the archetypal 

signal peptide motif, both in terms of its length and the richness of hydrophobic 

residues. 
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Figure 3.17. SL-l trans-splicing generates two mgl-l transcripts. A. A comparison of the SL-l 

and RACE characterization of the mgl-] gene 5' exon structure. The blue pins correspond to the 

alternative trans-splicing of the SL-l sequence to the 5' end of the mgl-] gene. B. The first 32 

amino acids of the translated MGL-l sequence, upto the predicted signal peptide cleavage site, is 

shown. The methionine residues defined by the RACE analysis and the two SL-l trans-splice 

variants are indicated. Hydrophobic residues are highlighted in yellow. 
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3.7.1 A spliced-leader analysis of the mgl-2 and mgl-3 5' end 

As previously shown the 5'RACE result for mgl-l identified an alternative 

5' exon structure to the SL-l characterization. In light of this SL-l and SL-2 

primers were used to amplify the 5' end of the mgl-2 and mgl-3 transcripts. cDNA 

was generated from total RNA by priming the reverse transcription with either a 

gene specific primer (GSP'cDNA), random primers (R'cDNA) or a polydT 

primer. The GSP used to perform the RT was the same as the antisense primer 

previously used to amplify the C-terminal cDNA fragments and it recognises a 

region of the receptor with known sequence based on the 3'RACE analysis. Either 

the SL-l or SL-2 primer was used in combination with the 5'RACE nGSP (i.e a 

different primer to the GSP used to perform the reverse tranascription). The 

amplification of mgl-2 and mgl-3 5' ends from R'cDNA, polydT'cDNA and 

GSP'cDNA using SL primer did not amplify any product within the predicted size 

range, however, both of the mgl transcripts were detected by the internal controls 

(as described for the RACE experiments, see section 3.4.2; data not shown). 

Subsequently the 1st round 5' RACE amplified cDNA for both mgl-2 and 

mgl-3 was used for the SL PCR because it served as a cDNA pool enriched for 

mgl 5' end. The SL characterization was done for mgl-l as well, to confinn the 

results of the SL-l characterization described in section 3.7. The SL-1 

amplification of the mgl-l 5'end amplified a single prominent band, that was not 

present in the negative primer controls (data not shown). This was sequenced and 

it corresponded to the longest SL-1 trans-splice variant previously identified using 

unamplified cDNA (see section 3.7) . However, the shorter SL-1 trans-splice 

variant that was previously identified (see section 3.7) using unamplified cDNA 

was not amplified in this instance from the first round mgl-l 5'RACE cDNA 

(data not shown). 

Both the SL-l and SL-2 amplification of the mgl-2 cDNA 5'end yielded 

multiple bands but none of the abundant cDNA fragments were located in the size 

range that would be predicted for the mgl-2 5' end amplification using either SL 

primer with the 5'RACE nGSP (see figure 3.1BA). Determining which of the PCR 

products amplified and outside of the predicted size range might be specific and 

correspond to the mgl-2 cDNA 5' end was hampered because of the non-specific 
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amplifications in single primer controls by both SL-1 and 5 'RACE nGSP (see 

figure 3.18A). 

The SL-1 amplification of the mgl-3 5' end yielded a single, prominent band 

of the predicted size that was not amplified by either SL-1 primer or the 5 'RACE 

nGSP in single primer controls (see figure 3. 18B), whereas the SL-2 amplification 

did not amplify anything close to the size predicted. Sequencing of the mgl-3 SL-1 

amplified product showed that SL-1 is trans-spliced to the 5'end of mgl-3 68 

neucleotides upstream of the start codon identified by the 5 'RACE analysis (see 

figure 3.18C and D). This 68 nucleotides correspond to a 5'extension of the first 

coding exon of the mgl-3 gene model. The exon 15kb upstream of the first coding 

ex on and identified by RACE (see figure 3.16) was not identified by the SL-1 

characterization of mgl-3. The SL-1 characterization confinns the 5'RACE 

defined splicing boundaries of the first 2 coding exons at the 5' end of the mgl-3 

gene model, this corresponds to the minimum region of coding sequence 

necessary for constmcting a gene fusion reporter constmct. 

The findings from the molecular analysis of the three mgl subtypes have 

been used to ammend the protein sequence of each mgl subtypes. The ammended 

sequences were used to perfonn an alignment, which is shown infigure 3.19 and a 

cladogram (figure 3.20). The improvements to the alignment and the cladogram 

are outlined in the respective figure legends (see below). 
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ATAAATAATCCCAAAAACCGTTTCAAAACGGAGT 
TCCATCAAGAAATCGCGTCATCGCTTGTCCGGAT 
~CVSFHTPPLLRRYSSILQNLFFFFLLHIPISS 

TVKQLTVPGQIVLGGLFPIHEAGRNASHQCGKI K 
ADQGVQRMVAMLFALEKVNRDRQLLPQASLGAQI 
LDTCSVDSYALEQTLEFIKSVMSNGDGVTCADGS 
TGSYTRQPVVAVVGAAGSQVSVMVASMLQLFKIP 
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Figure 3.18 SL-1 and SL-2 amplifications of the mgl-2 and mgl-3 5' cDNA end performed on 

the 1st round RACE amplification. Either SL-l or SL-2 primer was used in combination with 

the appropriate mgl subtype 5'RACE nGSP (previously used for the SMART RACE 

characterization) to perform a PCR on both the mgt-2 and mgt-3 l SI round RACE amplified cDNA 

A) The SL-l and SL-2 amplification of mgl-2 cDNA 5'end . B) The SL-l and SL-2 amplification 

of mgl-3 cDNA 5'end. The white hashed box indicates PCR product in the predicted size range 

that was cloned and sequenced. C) A selected region of the chromatogram from sequencing the 

mgl-3 SL-l amplification product The point at which SL-l is trans-spliced to mgl-3 is indicated 

by the arrow. The SL-l nucleotide sequence is underlined. D) The protein sequence translated 

from the amplified cDNA The 68 nucleotide non-coding sequence located between the putative 

start codon and point of SL-l trans-splicing is highlighted in red. The putative start methionine is 

underlined, this residue is also proposed by the in silica prediction. 
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3.8 Alignment of the corrected MGL sequences with mammalian subtypes 

mGluR4a 
rrGluRBa 
mGluR7a 
nG1uR6 
MGL-3 
MGL-l 
rrGluR2 
MGL-2 
mGluRla 

rrGluR4a 
mGluRBa 
mGluR7a 
mGluR6 
MGL-3 
MGL-l 
mGluR2 
MGL-2 
1TG1uRla 

mGluR4a 
rrGluRBa 
mGluR7a 
nG1uR6 
MGL-3 
MGL-I 
mGluR2 
MGL-2 
mGluRla 

mGluR4a 
mGluR8a 
mGluR7a 
mGluR6 
MGL-) 
MGL-l 
rrGluR2 
MGL-2 
mGluRla 

rrGluR4a 
m31uR8a 
mGluR7a 
mGluR6 
NGL-3 
MGL-l 
mGluR2 
MGL-2 
mGluRla 

mGluR4a 
mGluR8a 
mGluR7a 
rrGluR6 
MGL-3 
MGL-l 
rrGluR2 
MGL-2 
mGluRla 

mGluR4a 
mGluR8a 
mGluR7a 
rrGluR6 
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Figure 3.19 An alignment of amended MGL receptor protein sequence to representative 

members of the mammalian mGluR family. The sequence underlined was not contained in the 

3' and 5' cDNA fragments analysed and remains to be confirmed experimentally. Note the 

improved homology of transmembrane domain 6; the signal sequence motif of MGL-l is now in

keeping with other mGluR subtypes and the MGL-2 C-terminal displays a Type I PDZ ligand 

motif. (NB. MGL-2 and MGL-3 in the alignment refers to the MGL-2ii and MGL-3i C-terminal 

splice variants) . 
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Figure 3.20 A revised c1adogram produced using the revised protein sequences of the MGL 

subtypes. MGL-l is now distantly related to the Group I mGluR subtypes rather than Group II. 

However, the BLASTp algorithm scores the Group II receptors as those most closely related to 

MGL-l. The position of MGL-3 and MGL-2 remains unchanged. Taken together this suggests 

that MGL-2, MGL-l and MGL-3 are evolutionarily related to Group I, Group II and Group III 

mGluR subtypes respectively. However, further experimental verification will be required to test 

this. The cladogram was generated with sequence for MGL-2ii and MGL-3i C-terminal splice 

variants. 
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3.9 mgls display a differential and selective expression in C. elegalls. 

3.9.1 Analysis of existing transgenic lines 

Existing transgenic worms expressing either an MGL-1 or MGL-2 GFP 

fusion protein (see figure 3.21 a and 3.21 b respectively) revealed mgl receptors are 

differentially expressed within the C. elegans nervous system. MGL-1 expression 

is more widespread, in the nerve ring, pharyngeal motomeurons and intemeurons, 

whereas MGL-2 expression is restricted to the pharyngeal nerve ring and suggests 

the two receptor subtypes are involved in different physiological processes. 

MGL-l::GFP expression in cell bodies of the tail and their processes is 

both punctate and diffuse. The punctate clusters indicate the involvement of 

targeting machinery in MGL-1 localisation, whereas the diffuse expression may 

be a result of mislocalisation caused by interference of the C-tenninal GFP fusion 

with the receptors targetting. Imaging of the unsheathed pharynx identified MGL

l::GFP is expressed within neurons of the pharyngeal neural circuit, the fusion 

protein can be seen in cell bodies and their branching projections, where the 

distribution is diffuse. The gene cat-l encodes a monoamine transporter involved 

in 5-HT vesicular packaging, the cat-l::GFP functional fusion has been used to 

visualize 5-HT expressing neurons (Sze, lY et al 2002). The gene tph-l encodes 

tryptophan hydroxylase, the serotonin biosynthetic enzyme. The fusion of tph-l to 

GFP has also been used to visualise the NSM neurons (Sze, lY et al 2002). Our 

comparisons with these published images of NSM (shown in figure 3.21 a) have 

enabled the identification of the neurosecretory motomeurons (NSM) as 

expressing MGL-1 ::GFP. 

Expression of MGL-l::GFP was also identified in processes that extend 

towards the nose region (indicated by the yellow arrow in figure 3.2la). These 

processes could correspond to either amphid sensory neurons, since the 

mammalian receptor mGluR 4a is involved in taste sensation, or to intemeurons 

of the pharyngeal nervous system (such as II or 12) whose processes extend 

towards the nose. As already described MGL-1 is expressed in both the nerve 

ring, where the amphid cell bodies are located and the pharyngeal nervous system 

where the intemeurons 11 and 12 are located. Dil staining of the amphid sensory 

neurons however did not identify any colocalization with MGL-1: :GFP (see 

section 3.10) and analysis of confocal images (see figure 3.22) argues these 
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processes belong to either the intemeurons 12 or 11 of the pharyngeal nervous 

system. 
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Figure 3.21a Imaging of mgl-l::GFP transgenic worms. mgl-l is expressed in a subset of neurons in 

the nerve ring, ventral cord, tail and pharyngeal nervous system. Expression in the neurosecretory 

motomeuron (NSM) of the pharyngeal nervous system is indicated. A transgenic animal expressing GFP 

in the NSMs is also shown for comparison (image taken from Sze, JY et al 2002) The yellow arrow 

indicates expression in processes extending towards the nose. A cartoon of the MGL-l: :GFP fusion 

construct expressed by transgenic worms is shown. GFP is fused to exon 18 ofthe mgl-l gene at position 

2081 of the ORF, generating a 59 amino acid C-terminal truncation (the transgenic line was supplied by 

Isao Katsura, National Institute of Genetics, Mishirna, Japan). 
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Figure 3.21b Imaging of mgl-2::GFP transgenic worms. mgl-2 is expressed in a subset of neurons in the nerve ring. A cartoon of the 

MGL-2: :GFP fusion construct is shown. GFP is fused to exon 10 of the mgl-2 gene at position 2090 of the ORF using a BamHI restriction 

site generating a 571 amino acid C-terminal truncation. Green represents the GFP fusion site and the location of this tag in relation to the 

receptors structure (the transgenic line was supplied by Isao Katsura, National Institute of Genetics, Mishirna, Japan). 
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Figure 3.22 Expression of mgl-l in pharyngeal nervous system. Confocal images taken from 

the same animal that best represent the expression pattern of MGL-l ::GFP in the pharyngeal 

nervous system are shown. The positions of the neuronal cell bodies are cartooned in 2D. The 

neurons suggested to express MGL-l ::GFP are indicated by the red arrows. Neurons highlighted in 

red and yellow are motorneurons and interneurons respectively. The hashed red line indicates the 

position at which the nose of the worm was cut, to desheath the phamx. 
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Figure 3.23 Depiction ofMGL-l::GFP expression in the adult hermaphrodite nerve ring. A. 

Confocal images MGL-l::GFP expression in the nerve ring. Images shown were selected at 

5 ~m intervals from a z-stack performed on a single animal. B. A diagram of the arrangement of 

neuronal nuclei in the circumpharyngeal nerve ring of the hermaphrodite. Neurons described 

as expressing mgt-] are highlighted in green and the putative corresponding cell body is labelled in 

Figure A. The red box highlights corresponding regions of the head. The 12 interneuron of the 

pharyngeal nervous system is indicated, it is this neuron that is suggested to be responsible for the 

processes expressing MGL-l::GFP that extend towards the nose. 

137 



3.9.2 Independent assessment of mgl-l expression in C. elegans by using an 

N-terminal GFP protein fusion construct 

Placing the GFP at the C-terminal of the NMR-l receptor has been shown 

to prevent correct subcellular targetting. Correct subcellular targetting was 

achieved by placing the GFP at the N-terminal. Therefore, to better define the 

precise subcellular localization of MGL-l an N-terminally tagged mgl-l fusion 

protein reporter was generated. Based upon the SL-l and RACE analysis the GFP 

was inserted into the second coding ex on of the mgl-l gene (see figure 3. 24A). 

The precise position corresponds to 2 amino acids after the predicted signal 

peptide cleavage site. 2.5kb of genomic sequence 5' of the first ex on and lkb of 

3'UTR was included in the construct. The expression of an N-terminally tagged 

mgl-l protein fusion reporter independently confirmed the gross expression of 

mgl-l in neurons of the nerve ring, the tail and the pharyngeal nervous system 

(figure 3.24B). The flourescence of the N-terminally fused GFP reporter appeared 

as a halo, encapsulating the nucleus of the cell body. Very little expression was 

identified in neuronal processes, compared to the MGL-l::GFP expression 
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Figure 3.24 The expression pattern of the mgl-l N-terminal GFP fusion protein reporter. A. 

The site of GFP fusion to the mgl-l gene. Putative translational start codons are defined by the 

black arrows. The position of the SL-l trans-splice sites and the 5'RACE adaptor incorporation 

are indicated. B. The expression of the mgl-l N-terminally tagged GFP protein fusion 

reporter. Expression was identified in the nerve ring, tail and the pharyngeal nervous system. 

Exposure time lOsec. Objective: x60 Oil. 
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3.10 DiI Staining of C. elegans expressing mgl::GFP 

Based on the strong expression of MGL-l::GFP in processes extending 

towards the tip of the nose the lipophilic flourescent dye DiI (1, I-dioctadecyl-

3,3,3,3-tetramethyl indocarbocyanine) was used to stain the amphid 

chemosensory neurons ASK, ADL, ASI, A WB, ASH and AS] in the head and 

phasmid chemosensory neurons PHA and PHB in the tail of existing transgenic 

worms expressing either MGL-l::GFP or MGL-2::GFP. The ciliated dendrites of 

these chemosensory neurons are exposed to the exterior environment and are 

essential for detecting chemical cues that specify food, population density and 

aversive conditions. DiI staining did not colocalise in either MGL-l: :GFP or 

MGL-2::GFP expressing worms. Consequently neither MGL-l nor 2 are 

expressed in the amphid or phasmid chemosensory neurons that take up DiI (see 

figure 3.25A and B respectively). The overlap between Dil staining of the nerve 

ring with MGL-l::GFP and MGL-2::GFP worms confirms these two receptors are 

associated with this dense neuropil. 
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A. 

i. 

ii. 

B. 

Figure 3.25 Dil Staining of MGL-l::GFP and MGL-2::GFP transgenic Lines. Worms were 

incubated in DiI (lmglml in DMF diluted 1:200 in M9 Buffer) for 3 hrs, followed by a 1hr 

destaining period to remove DiI from the worms intestine. A. MGL-1: :GFP DiI staining of the i. 

pharyngeal chemosensory amphid neurons and the ii. phasmid tail neurons B. MGL-2::GFP Dil 

staining of the pharyngeal chemosensory amprud neurons. 
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3.11 Discussion 

In silico analysis corroborates that the 3 genes designated as mgl-l, mgl-2 

and mgl-3 do encode metabotropic glutamate receptors. The amino acid sequence 

predicts characteristic features that are shared with their mammalian counterparts. 

The demonstration that mgls can be segregated into distinct subgroups that are 

evolutionarily conserved further substantiates their identity as metabotropic 

glutamate receptors. Predictive PCR and RACE revealed discrepancies in the 

gene structure annotated by the Wormbase database for mgl-2 and an incomplete 

prediction of the transcripts for mgl-2 and mgl-3. Expression analysis of existing 

transgenic worms revealed mgl-l and mgl-2 are expressed within different 

neuronal populations suggesting they perform distinct physiological roles. 

With this in mind we sought to authenticate the in silico prediction for the 

mgl-l gene using two approaches, RACE and an SL1 characterisation. In doing so 

this would assist us in the construction of a GFP::MGL-1 N-terminal fusion 

protein to better define the subcellular localization of the receptor and confirm the 

expression pattern reported by the exisitng transgenic line. As previously outlined 

the proper localization of a receptor can be achieved more accurately by placing 

the GFP tag at the N-terminal, just after the signal peptide motif, as opposed to the 

C-terminal (Brockie, P.J et al 2001). It is therefore pivotal that the 5' end of the 

mgl-l transcript is known, so as GFP is fused correctly. 

A combination of RACE and SL-1 analysis has identified, in the case of 

the mgl-l transcript three different 5'ends, all of which are different to the in 

silico prediction. This further highlights the weakness of in silico based tools to 

predict the true 5' ends of C. elgans genes [Lamesch, P et al 2004]. Biologically 

this may reflect alternative promoters are involved in the transcriptional control of 

the mgl-l gene [Choi, J. and Newman, A.P. 2006]. The use of alternative 

promoters is a prominent aspect of gene control and confers features such as the 

sex-specific, developmental stage-specific and cell-specific expression of genes 

[McGhee, J.D. and Krause, M.W. 1997]. This is embodied by the organisation of 

the promoter region belonging to the inositol-1,4,5-triphosphate gene, itr-l. The 

itr-l gene has three promoters, each imparts cell specific and individualised 

expression patterns when fused to the reporter gene GFP (Gower, N.J. et al 2001). 

Our findings intimate mgl-l may be the subject of control by distinct regulatory 
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elements. One could envisage the binding of cell specific trans-acting proteins to 

different regulatory elements of the mgls upstream region as a mechanism for 

directing and regulating a differential neuronal or cell type expression. 

The SL1 and RACE based cDNA characterisation of the 5' end of the mgl-

1 transcript combined with in silica analysis provided sufficient information for 

the suitable fusion of GFP to mgl-l just after the signal peptide. The construct for 

the GFP::MGL-1 N-terminal fusion protein confirms the gross expression pattern 

of mgl-l, as reported by the MGL-1::GFP C-terminal fusion reporter. However, 

its expression appears to be restricted to a perinuclear domain of the cell body and 

the expression appears to be less pronounced. This may represent improper 

processing and targetting of the receptor, caused by the presence of GFP at the N

terminal. In addition the N-terminal GFP fusion to mgl-l was not integrated into 

the C. elegans genome, unlike the C-terminal GFP fusion to mgl-l, which could 

be a reason for why expression was weaker and less widespread with this 

construct. 

mgl-3 5'RACE identified a small exon in the promotor region defined by 

the in silica gene model that introduces a 15kb intron. The 15kb intron does not 

contain any other genes and may encompass important promotor elements. 

However, this region is poorly conserved in C. briggsae. The SL-1 PCR identified 

a single SL-1 trans-splice variant and this did not contain the 15kb intron 

indentified by the RACE. Both SL-1 and RACE analysis do, however, confirm 

the in silica defined start codon of mgl-3. This highlights a combination of SL-1 

and RACE allows for a more expansive characterization of C. elegans transcripts. 

This chracterization of mgl-3 lends itself to the more efficient design of 

promotor::reporter constructs to define the cellular expression of mgl-3. 

3.11 Insights into MGL scaffolding and function 

The expression of mgl-l is widespread by comparison to other glutamate 

receptors, the NMR-1 subunit is only expressed in 6 neurons throughout the C. 

elegans nervous system (Brockie, PJ et al 2001). The selective inclusion of mgl-l 

and mgl-2 in a number of different neurons suggests they perform an important 

role in neuronal signalling. The expression of mgl-l in neurons projecting towards 

the nose region is particularly interesting and implicates it has a role to play in 

sensory signalling. However, DiI staining of the animals expressing MGL-1::GFP 
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did not identify MGL-1 in the amphid neurons. Furthennore analysis of confocal 

microscopy suggests the processes extending towards the nose, that express 

MGL-1::GFP are likely to belong to the 12 interneuron of the pharyngeal nervous 

system. 

A role for the C-tenninal domain of the mgls in scaffolding their function 

can be extrapolated from sequencing data obtained from predictive PCR and 

3 'RACE. Analysis revealed the mgl-2 and mgl-3 C-tenninals are subjected to 

splicing events. The alternative splicing of mammalian mGluR subtypes can 

regulate cis-acting signals in the C-tenninal, causing them to be excluded or 

incorporated into regional compartments of neurons [Francesconi, A. and 

Duvoisin R.M. 2002]. The C-tenninals obtained display protein binding motifs. 

Our PCR analysis clarified PDZ interaction domains in the C-tenninal of all three 

mgls (see section 3.5). The presence of a PDZ ligand motif at the extreme end of 

the C-tenninals makes them likely substrates for interacting proteins. 

Subsequently it would seem that there is sufficient criteria to suggest the potential 

for scaffolding of mgl function. Further analysis, such as Northern blot, is 

required to confinn the presence of the alternative splice-variants of the mgl 

receptor subtypes. Subsequently the biological relevance of such alternative 

splicing can be assessed. 
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CHAPTER 4 
Functional analysis of mgl subtypes 
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4.1.1 Introduction 

Glutamate neurotransmission has been shown to be involved in controlling 

various aspects of C elegans behvaiour, such as locomotion, pharyngeal pumping 

and responses to sensory stimuli. The NMR-1 receptor regulates locomotion 

during foraging behaviour (Brockie PJ et al 2001) and GLR-1 is required for the 

integration of mechanical stimuli with the locomotory control circuits (Maricq A 

et al 1995; as earlier described in section 1.28.2). The mutations eat-4 and avr-15 

have highlighted the importance of glutamate in the control of pharyngeal 

pumping. Both mutations cause a longer pharyngeal muscle contraction (Lee, R Y 

et al 1999 and Dent et al 1997), either by reducing or blocking glutamatergic 

transmission respectively. Consequently glutamate is an important transmitter in 

the control of feeding and feeding is impaired in worms where glutamatergic 

transmission is disrupted. 

Both locomotion and feeding can be measured in Celegans. In terms of 

locomotion this can be measured by, for example, timing the duration of forward 

and backward movement counting body bends on plates and counting thrashing, a 

thrash is defined as the change in the direction of bend at the mid-body of the 

worm when swimming in liquid [Miller, K.G. et al 1996]. Pharyngeal function 

can be measured by counting the rate of contraction and relaxation by the terminal 

bulb, which provides a measurement of the pumping rate in the intact animal. 

Alternatively electropharyngeograms can be used, which can provide a more 

detailed insight into the electrical events that occur during pumping (see section 

4.1.4). The expression of mgl-1 in the pharyngeal nervous system suggests that it 

could be involved in signalling within this network and the control of pharyngeal 

function. 

4.1.2 Physiology of the C. elegans pharynx 

The C elegans pharynx is a neuromuscular organ located in the head and is 

used for feeding. C elegans is a filter feeder and it feeds by ingesting bacteria 

suspended in fluid and it then traps bacteria in the pharynx and expels the fluid. 

Normal feeding behaviour is achieved by the co-ordination of two processes, 

which are pharyngeal pumping and peristalsis [Albertson, D.G. and Thomson, 

J.N. 1976]. The pharynx is comprised of three muscle groups: the corpus, the 

isthmus and the terminal bulb [Altun, Z.F. and Hall, D.H. et al 2005]. Pumping of 
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the pharynx involves the synchronized contraction and relaxation of the corpus, 

anterior isthmus and the terminal bulb [Avery, L. and Horvitz, H.R. 1989]. 

Isthmus peristalsis occurs after the relaxation phase of the ' pump has completed 

and usually only occurs every fourth pump. During persitalsis a wave of 

contractions in the posterior isthmus transport bacteria from the anterior isthmus 

to the terminal bulb, where it is ground up [Avery, L and Thomas J.H 1997]. This 

illustrates pharyngeal function is complex [Franks, C.J. et al 2006 ; Avery, L. 

1993] and dependent upon a sequence of motions that occur sequentially and in a 

controlled and tightly regulated manner [Avery, L. and Shtonda, B.B. 2003]. 

pm4 
mel 

pm5 

pmS 

pm7 o Interneuron e Molon« ,ron 13, f/p I)CI)\ldcs expruss,:d posterior 

-- Chlomiwl tnmsmi.ssinn Ek"Ctriotl transmission 

Figure 4.1 The C. elegans pharynx and the major neuronal inputs of the pharyngeal nervous 

system. The pharyngeal muscle cells (pm) and marginal cells (me) are indicated . [Figure taken 

from Papaioannou, S et al 2005] NSM: Neurosecretory motorneuron; MI : Motor-interneuron; 

MC : Marginal Cell neurons. 

4.1.3 The C. elegans Pharyngeal Nervous System 

The C. elegans pharyngeal nervous system consists of 20 neurons (figure 

4.1), which comprises five classes of motorneurons, six classes of interneurons 

and a further three classes that do not fit into either of these categories (See Table 

4.1). Pharyngeal pumping can continue, with the corpus and terminal bulb 

contracting in synchrony, even when the entire pharyngeal nervous system has 
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been laser ablated [Avery, L and Horvitz, H.R. 1989]. However, synaptic inputs 

do play an important role in 'fine-tuning' pharyngeal pumping to make it a more 

efficient process and it is important for modulating pumping in response to 

environmental cues, such as the presence of food (bacteria) [Avery, L 1993]. In 

worms where all neurons except M4, which is required for viability, are laser 

ablated the frequency of pharyngeal pumping is slow (16 pumps/min) and 

irregular compared to wild-type (43 pumps/min) and unlike wild-type animals the 

pumping rate does not increase in response to bacteria [Avery, L et al 1989]. 

Other subtle phenotypes that infer the 'fine-tuning' of pharyngeal pumping is 

disrupted in these worms include a retarded growth rate, a starved appearance and 

the transport of bacteria to the intestine is poor, all of which imply an inefficient 

pharyngeal function. Therefore signalling molecules that control the activity of 

the pharyngeal nervous system are likely to be involved the modulation of 

pharyngeal pumping. A number of different transmitters, both classical and novel 

have been identified as being expressed in neurons of the pharynx (Table 4.1) 

further highlighting the intricacy of the neural control of pharyngeal behaviour. 

Ml ACh, neuropeptide like protein NLP-3 

M2§ ACh, FMRF-amide related neuropeptides 
(FaRP) FLP-18 and FLP-21. NLP-3, NLP-13. 

MOTORNEURONES M3§ Glutamate, FLP-18, NLP-3, FLP-13 

M4 ACh, FLP-21, FLP-5 

M5 ACh, FLP-l, FLP-13, FLP-17 

n§ NLP-3, FLP-6 

12§ NLP-3, NLP-8, FLP-15 

INTERNEURONES 
13 NLP-3 

14 NLP-3, NLP-13, FLP-5 

15 5-HT, glutamate, FLP-2, FLP-4, FLP-13 

16 ACh, NLP-3, FLP-4 

NSM§ 5-HT, glutamate, NLP-13, NLP-18, NLP-19, 

OTHERS 
NLP-4, NLP-3 (right hand cell only) 

MI 

MC§ Acetylcholine, FLP-21, FLP-2 

Table 4.1. Neurons of the pharyngeal nervous system and the transmitters they express. The 

C. elegans pharyngeal nervous system consists 14 neuronal cell types and the putative transmitters 

they contain are indicated. § binuclear. Produced using wormatlas individual neuron pages 

(www.wormatlas.org) 
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4.1.4 Electrophysiological analysis of the c. elegans pharynx 

4.1.4a The electropharyngeogram 

An electropharyngeogram (EPG) IS an extracellular technique that 

measures electrical currents that occur during pumping (Avery, L and Raizen, D 

1995). The EPG represents electrical events that occur in the pharyngeal muscle 

membranes and the EPG can be modulated by neurochemical inputs (see below). 

A single EPG corresponds to a single pump and consists of three distinct phases: 

the E phase is an upwards deflection that corresponds to a depolarization of the 

pharyngeal corpus and terminal bulb muscle; the P phase, where the muscle is 

both depolarized and contracted and the R phase, which is a downwards 

deflection and corresponds to repolarization and relaxation of the corpus and 

terminal bulb muscle [Raizen, D.M. and Avery L 1994] (see figure 4.2). The 

timing of pharyngeal pumps is controlled by the motor neurons MC and M3 

(Niacaris, T and Avery, L 2003). The E phase corresponds to currents elicited by 

the cholinergic motomeuron MC and the P phase typically displays several 

negative spikes that represent inhibitory postsynaptic potentials, mediated by 

glutamate release from the motomeuron M3 onto the pharyngeal muscle during 

action potential firing. EPG recordings can be recorded from intact worms, but 

typically the pharynx and the pharyngeal nervous system is dissected away from 

the rest of the worm by cutting transversely through the body just behind the 

terminal bulb (see Methods section 2.5.1). This is beneficial during 

pharmacological experiments because it allows the drug direct access to the 

pharynx instead of having to cross the cuticle first. 

4.1.4b Intracellular recordings 

Intracellular sharp electrode recordings can be made from the muscle of 

the terminal bulb to examine the resting potential and the shape of the action 

potential in the pharyngeal muscle [Franks, C.J. et al 2002]. The technique has 

been used to characterize the role of various ion channel subtypes in pharyngeal 

muscle action potentials [for example see Davis, M. W. et al 1999]. 
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Figure 4.2 The idealized electropharyngeogram recording of a single pump. The different 

phases of the EPG and the pharyngeal motions that are associated with the different electrical 

transients are indicated. 

4.1.5 The neurochemical modulation of pharyngeal pumping 

Features of EPG recordings that can be measured include duration of 

single pumps (which is the time between contraction and relaxation phases), the 

rate of pumping and the shape of the pump and this provides information about 

the neural control of pumping [Cook, A et al 2006] . Distinct neurochemicals have 

been shown to regulate certain features of the EPG and this has lead to the 

identification or further characterization of their role in the pharyngeal nervous 

system and the modulation of pumping. For example, rapid pharyngeal pumping 

is stimulated by the exogenous application of 5-HT [Avery, L et al 1990], which 

is expressed in the NSMs and I5 neuron in the pharyngeal nervous system (see 

table 4.1). This rapid rate of pumping mimics the response of C. elegans to food 

and so it has been proposed 5-HT is one neurochemical signal of the presence of 

food but that there is likely to be other neurochemicals involved aswell [Franks, 

C.J. et aI2006]. 

Glutamate IS expressed in the M3s, NSMs and I5 and regulates the 

duration of single pumps. Reducing glutamate transmission, as in the eat-4 
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knockout mutant (previously discussed in section 1.28.6), delays the relaxation 

phase of the pump and increases the duration of the EPG [Lee, R. Y. et al 1999], 

and the exogenous application of glutamate reduces the duration of the pump 

[Dent, J.A. et al 1997]. The shape of the EPG can provide useful information 

about the neuron activity [Cook, A et al 2006]. As previously outlined the 

inhibitory postsynaptic potentials (1PSPs) of the EPG plateau phase are mediated 

by glutamate release from M3 and so the loss of 1PSPs reflects a loss of M3 

activity and disruption of glutamatergic transmission in the pharynx [Raizen, 

D.M. and Avery, L. 1994]. 

Acetylcholine is expressed in Ml, M2s, M4, M5, 16 and MCs and it 

controls the rate of pharyngeal pumps because genetic or laser disruption to 

cholinergic transmission causes a reduced rate of pumping [Raizen, D.M. et al 

1995]. As highlighted in table 4.1 a number of neurons have been identified as 

expressing neuropeptides and the exogenous application of neuropeptides to the 

pharynx can either increase or decrease the rate of pharyngeal pumping 

suggesting this class of neuro-chemical is also important to the modulation of the 

pumping [Papaioannou, S. et aI2005]. 

This highlights how the activity of the pharyngeal nervous system is 

regulated by distinct neurotransmitters, in keeping with other neural circuits and 

the EPG provides a bio-assay for comparing the activity of this simple neural 

circuit under different experimental conditions [for example see Papaioannou, S. 

et al 2005]. Such comparisons could, for example, be made between different 

transgenic animals, different bio-molecules or different pharmacological agents 

(or a combination of each) to assay the biological activity of a gene, neuron, 

neurotransmitter or receptor signalling pathway within this neural circuit. 

4.1.6 The pharmacological profile of mGluRs is conserved between phyla 

The pharmacological profiling of the Drosophilla mGluR DmGluAR has 

shown that it is very similar to the mammalian receptor mGluR2, which it is 

closest to phylogentically. DmGluAR has a conserved capacity for binding and 

responding to agonists of the mammalian mGluR2 receptor. Furthermore the rank 

potency of mGluR2 agonists is also conserved at DmGluAR, which highlights the 

strong selective pressure during evolution to conserve the ligand recognition site 

of mGluRs across phyla (Parmentier M-L et al 2000). This supports concept of 
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usmg mammalian agonists as a basis for defining the pharmacology of 

orthologous receptors. Also, the Drosophila mGluR homologue DmXR highlights 

that divergence at the level of a few key residues within the ligand-binding 

domain is sufficient to confer different ligand recognition selectivity. Since 

DmXR has high sequence homology to the mGluRs but is completely insensitive 

to glutamate. DmXR orthologues have not been identified from either the 

Celegans or human genomes and the identification of mXRs from Anopheles 

gambiae and Apis melifera could suggest this divergence has only occurred in 

insects (Mitri, C et al 2004). 

Residues that are known from the crystallization of the mGluRI ligand 

binding domain to directly contact glutamate are for the most part well conserved 

in the mXRs. The greatest divergence occurs in the part of the binding pocket that 

interacts with the y-carboxylic part of glutamate [Mitri, C et al 2004] and residues 

Arg-78 and Lys-409 are not conserved in the DmXRs. Analysis of the alignment 

of the C elegans subtypes to mammalian mGluRs identifies Arg-78 is conserved 

in all three mgls but Lys-409 is conserved only in mgl-l and mgl-2. In mgl-3 a 

Tyrosine residue is at this position. However, nearly all other key residues of 

mGluRs involved in glutamate binding [Kunishima, N et al 2000] are conserved 

in all mgls (see section 3.2). In addition mgl-2 is responsive to glutamate in 

heterologously expressed in HEK cells [Ishihara, T et al 1997]. Therefore there is 

good molecular and cellular evidence to suggest the mgls are capable of binding 

glutamate and therefore potentially mGluR agonists. 

As highlighted key mGluR residues involved in ligand binding are mostly 

conserved in the mgls and the pharmacological profiling of DmGluRA from 

Drosophila provides evidence in support of the strong evolutionary conservation 

of the mGluR agonist binding domain in invertebrates. The expression of mgl-l 

in the pharyngeal nervous system suggests it could be important in this circuit. 

Accordingly broad-spectrum mammalian mGluR agonists were used in 

combination with EPG recordings and available mgl mutant strains to investigate 

if mgls regulate this network. 
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4.2.1 Measurement of basal pharyngeal pumping by wild-type animals in 

Dent's saline. 

EPG recordings were made from wild-type worms (Bristol Strain N2) in 

the presence of Dent's saline. The basal rate of pharyngeal pumping was recorded 

for a continuous 15 minutes. This consisted of three 5 minute recording periods 

and each 5 minute period was followed by a Dent's saline wash (figure 4.3A). A 

wash consisted of a complete exchange of the Dent's solution in the recording 

chamber (capacity: 1ml) for new Dent's. The basal rate of pharyngeal pumping 

was not significantly different between each 5 minute recording period and 

comparison of pumping in the first and last 5 minutes showed it did not depreciate 

over the total recording period of 15 minutes. 

A single pump recorded from the wild-type strain consisted of the 

characteristic excitation phase (E), the plateau phase (P) punctuated by inhibitory 

postsynaptic potentials and the relaxatory phase (R). The E 1 phase is also shown 

but this feature was less well defined and harder to consistently distinguish, it 

represents contraction of the corpus and terminal bulb (figure 4.3B). 

Furthermore the mechanical disturbance caused to the dissected pharynx 

by removing and exchanging the solution in the recording chamber during the 

wash did not affect pharyngeal pumping. The median basal rate of pharyngeal 

pumping in the first third was 73 pumps/5min, in the second third it was 79 

pumps/5min and in the final third it was 74 pumps/5min (figure 4.3C). 
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Figure 4.3 Measurement of the wild-type basal pumping rate in Dent's. (A) An EPG recording 

made from a single wild-type worm. Arrows indicate wash periods at the end of each 5 minute 

recording period. (B) An example of a single pump recorded from a wild-type worm in Dent's. (C) 

A comparison of the number of pumps in each of the three 5 minute recording periods. A two

tailed paired t-test between each 5minute period identified the pharyngeal pumping does not 

significantly change between 5 minute periods or over the 15 minute recording period and is not 

affected by mechanical disturbance. Bars indicate median values (n=7). 
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4.2.2 The mammalian mGluR agonist (lS,3R)trans-ACPD has a differential 

effect on basal pharyngeal pumping that is concentration dependent 

(1 S,3R)trans-ACPD is a broad spectrum mammalian mGluR agonist (see 

table LX). It is a potent agonist at Group I (ECso 5-80)lM) and Group II (ECso 8-

18)lM) mGluRs and a less potent agonist at the Group III mGluR subtypes where 

its activity has been defined (mGluR4a and mGluR6 ECso ~300)lM) (Conn P.1 & 

Pin J-P 1997). The application of 100)lM (1S,3R)trans-ACPD to wild-type worms 

had a varied effect on the rate of pharyngeal pumping. In 50% of the worms tested 

(8 out of 15 animals) the application of 100)lM (1S,3R)trans-ACPD caused an 

increase in the number of pharyngeal pumps compared to the basal number by 

20% or more and this effect was reversible. Washing the drug off caused a 

gradual and not immediate return towards basal pumping levels (figure 4. 4a.A). 

In the rest of the worms tested the same concentration of (1 S,3R)trans

ACPD produced either a decrease in basal pharyngeal pumping (figure 4.4a.B) by 

~ 3 7% or had no effect (figure 4. 4a. C) An expanded view of a pump performed 

by a wild-type animal in the presence of 100)lM (1S,3R)trans-ACPD shows the E, 

Rand P phases are unaffected by the agonist (figure 4.4a.E). 
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Figure 4.4a (lS,3R)trans-ACPD has a variable affect on the C. e/gans pharynx. Two EPG 

recordings are shown that are representative of the (A) increase and (B) decrease in basal 

pharyngeal pumping observed in the presence of lOOIlM {lS,3R)trans-ACPD. (C) A graph of the 

change in pumping caused by l OOIlM {lS,3R)trans-ACPD. Each point corresponds to pumps 

made by a single animal and lines connect the pumps made by the same animal in Dent's and 

lOOIlM {lS,3R)trans-ACPD. Pumps connected by a red line signify increased network activity and 

blue lines signify a decreased network activity of the pharynx in the presence of drug. Black lines 

signify no change in network activity. (D) The molecular structure of (lS,3R)trans-ACPD. (E) An 

EPG of a single pump recorded from a wild-type worm in the presence of lOOIlM {lS,3R)trans

ACPD. 
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The basal rate of pharyngeal pumping of wild type animals was, however, 

consistently and reversibly inhibited by 500)lM (1 S,3R)trans-ACPD. The 

application of 500nM 5-HT after the 5 minute recovery period from 500)lM trans

ACPD caused a rapid increase in pharyngeal pumping by all animals tested. This 

is the characteristic 5-HT response of a functional pharyngeal nervous system 

(figure 4.4h.Ai) 

The mutant mgl-l(tmI811) expresses a receptor lacking a functional N

terminal ligand binding domain. The mutant allele mgl-l (tmI811) contains an 

859bp genomic deletion located within the ligand binding domain and it therefore 

lacks key amino acid residues necessary for agonist binding to occur and is 

subsequently assumed to be non-functional. EPG recordings were made from 

homozygous mgl-l (tm1811) adult hermaphrodites. The mutant EPG displayed the 

characteristic E, P and R phases and the glutamate mediated IPSPs. The number 

of pharyngeal pumps by the mgl-l mutant worms (n=16) was not significantly 

different to the wild type worms (n=22) during the 5 minute recording period in 

Dent's saline before the application of (1 S,3R)trans-ACPD (figure 4.4h.B) . 

Since 500)lM trans-ACPD produced a consistent inhibition of pharyngeal 

pumping in wild type animals it was used at this concentration to determine if the 

mgl-l mutant animals are resistant. Indeed mgl-l (tm1811) animals were resistant 

(figure4.4h.Aii). In the presence of 500)lM (1S,3R)trans-ACPD the basal number 

of pharyngeal pumps by mgl-l(tm1811) worms (n = 16) was not significantly 

different to the number of pumps recorded in saline (figure 4.4h.B). The 

application of 500nM 5-HT to mgl-l(tm1811) worms, after the (1S,3R)trans

ACPD had been removed by washing, produced the same response as in wild type 

worms. This was observed as a robust increase in the frequency of pharyngeal 

pumps (figure 4.4h.Aii) and further confirms the pharyngeal nervous system of 

mgl-l (tm1811 ) mutants is functional at the level of exogenous stimulated activity. 

Individual pumps by mgl-l(tmI811) in the presence of 500)lM (IS,3R)trans

ACPD were normal. A comparison of a pump produced by the same mutant worm 

in Dent's and 500)lM (1S,3R)trans-ACPD shows that there is no difference 

between the two at any phase. The glutamate mediated IPSPs and the pump 

duration are unaffected by the application of 500)lM (1 S,3R)trans-ACPD (figure 

4.4h.C). 
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Figure 4.4b. A comparison of the response of wild-type and mgl-l(tm1811) to (lS,3R)trans

ACPD. (A) EPG recording of the basal pharyngeal pumping by a wild-type and mgl-l(tm1811) 

adult hermaphrodite in the presence and absence of 500J-lM (1 S,3R)trans-ACPD and the response 
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to 5-HT. Note that the pharynx of the mgl-l knockout continues to pump in the presence of 

(1 S,3R)trans-ACPD. (B) A scattergram comparing the basal pharyngeal pumping of wild-type 

(n=22) to mgl-l(tm1811) (n=16) worms in the presence and absence of (IS,3R)trans-ACPD. 

Horizontal bars indicate the median number of pharyngeal pumps. Each point is the result for an 

individual animal. Abbreviations, KO: mgl-l(tm1811). (C) An expanded view ofa single pump by 

an mgl-l mutant in the presence of Dent's and 500llM (IS,3R)trans-ACPD. 
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4.2.3 Intracellular recordings in the presence of (lS,3R)trans-ACPD 

The variable response of basal pharyngeal pumping by wild-type worms in 

the presence of 100f-LM (1 S,3R)trans-ACPD and the cessation of pumping at 

500f-LM suggested a depolarization block could be occurring. Glutamate has been 

shown to inhibit the pharynx by causing a depolarization block (Pemberton DJ et 

al 2001). To address this sharp electrode intracellular recordings were made from 

the muscle cells in the terminal bulb of the pharynx of wild-type adult 

hermaphrodites. The same general protocol used for making the EPG recordings 

was applied when the intracellular recordings were made, i.e an initial recording 

in Dent's, followed by drug application and recovery after washing. The solution 

in the recording chamber was exchanged by perfusion as opposed to manual 

pipetting. Each action potential corresponds to a single pump of the pharynx. 

Spontaneous spikes were not affected by the application of lOOf-LM (1 S,3R)trans

ACPD but were inhibited by 500f-LM (1 S,3R)trans-ACPD, At both concentrations 

there was no change in the resting membrane potential (-75mV recorded in 

Dent's) (see figure 4.5). The effect of 500!-lM (1 S,3R)trans-ACPD was reversible, 

spontaneous spiking was restored when the drug was exchanged for Dent's saline. 
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Figure 4.5. Examples of intracellular recordings made from the terminal bulb of wild-type 

adult hermaphrodites in the presence of (lS,3R)trans-ACPD. (A) lOOIlM (IS ,3R)trans-ACPD 

(B) 500llM (IS,3R)trans-ACPD. Recordings demonstrate a depolarization block of the pharyngeal 

muscle does not occur when the agonist is applied_ If the muscle were depolarized, the period of 

agonist application would be associated with the resting membrane potential becoming more 

positive (indicated by the red dashed line in B), but this is not seen and instead the resting 

membrane potential remains constant. 
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4.2.3 The inhibition of basal pharyngeal pumping by L-CCG-I requires 

mgl-l 

L-CCG-1 (figure 4.6A) is a broad-spectrum mGluR agonist and a more 

potent agonist at Group II and Group III receptors than (1 S,3R)trans-ACPD, with 

an ECso of O.3-04~M, l~M and 9-50~M at representative group members 

mGluR2, mGluR3 and mGluR4a respectively. The potency of L-CCG-1 and 

trans-ACPD at Group I receptors is similar, at mGluR1 a the L-CCG-1 ECso is 

reported as 50~M. In the presence of 1 OO~M L-CCG-1 basal pharyngeal pumping 

was inhibited in wild type animals, this effect was reversible. In some cases a 

post-inhibitory rebound was observed in response to the removal of L-CCG-1 by 

the Dent's wash. This was seen as an initial increase in the basal pharyngeal 

pumping rate before returning towards the baseline level recorded prior to the 

drug application. The application of 500nM 5-HT following the 5 minute recovery 

period after the L-CCG-1 was washed off produced a robust increase in 

pharyngeal pumping and this effect was observed in all of the worms tested (figure 

4.6B). 

EPG recordings from mgl-l (tm1811) identified the inhibition of basal 

pharyngeal pumping by 1 OO~M L-CCG-I was reduced in mutant animals. The 

mean number of pharyngeal pumps recorded over 5 minutes in the presence of L

CCG-1 was ~60% of the mean number of pumps recorded in the 5 minutes prior 

to the application of L-CCG-1. In common with wild-type worms, some of the 

mgl-l (tm1811) animals tested exhibited an increase in the basal rate of pharyngeal 

pumping after the drug was washed off. The application of 500nM 5-HT to mgl-

1 (tm1811) animals, after the L-CCG-1 had been washed off and after a 5 minute 

recovery in Dent's, produced the same robust increase in pharyngeal pumping as 

that observed in wild type worms. The 5-HT stimulation of rapid pharyngeal 

pumping was observed in all mgl-l (tm1811) animals tested (figure 4.6B). 
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Figure 4.6. L-CCG-l screening of wild-type and mgl-l(tm181J) worms. A) The molecular 

structure ofL-CCG-I. B) EPG recordings made from wild-type and mgl-l(tm181 1) animals. Note 

the pharynx of mgl-l (tm181 1) animals continue to pump in the presence of lOO!lM L-CCG-I. The 

red bars indicate the post-inhibitory rebound observed after the drug was washed off. C) An EPG 

ofa single pharyngeal pump by an mgl-l(tm18JJ) animal in the presence of IOO!lM L-CCG-I D) 

A scattergram comparing the effect of IOO!lM L-CCG-I on basal pharyngeal pumping by wild

type (n=15) and mgl-l (tm181 J) (n=18) animals. Each point is the result of an individual animal. 
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4.2.5 Intracellular recording of the L-CCG-I inhibition of basal pharyngeal 

pumping by wild-type animals 

Intracellular recordings were made from the terminal bulb of wild-type 

adult pharynxes and the application of 10/-lM L-CCG-I caused a cessation of 

action potential firing (figure 4.7). This inhibition was reversible and as observed 

with the EPG recordings the Dent's wash was followed by a post-inhibitory 

rebound effect, marked by the increased frequency of action potential firing. The 

resting membrane potential (-80mV) was unaffected by the application of 10/-lM 

L-CCG-I, indicating the inhibition of basal pharyngeal pumping is not being 

caused by a depolarization block. 
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Figure 4.7 An intracellular recording made from a wild-type worm in the presence of lOIlM 

L-CCG-I. The application of IOIlM L-CCG-I to wild-type worms inhibited post-synaptic 

potentials without causing a change in the membrane potential. 
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4.2.6 Basal pharyngeal pumping is inhibited in a dose-dependent manner 

by L-CCG-I in wild-type animals and this response involves mgl-l 

Since L-CCG-l was identified as a more potent inhibitor of basal 

pharyngeal pumping than (lS,3R)trans-ACPD and its pharmacological profile in 

the pharyngeal pumping assay was subsequently characterised. The dose response 

analysis was performed by taking single worms and sequentially applying 

increasing concentrations of L-CCG-I, over the range 1f-lM -100f-lM. The drug 

was applied for 2.5 minutes, with a 5 minute recovery period in Dent's between 

each drug application (figure 4.9). The change in pharyngeal pumping, in the 

presence of the drug, was calculated as a percentage of the number of basal 

pharyngeal pumps in Dent's. By doing so the drug mediated effect in each 

animals was normalised to the basal pumping level for each individual animal. 

The percentage inhibition of pharyngeal pumping caused by the drug was 

[ 
Number of pumps in 2.5 min in DRUG - Number of pumps in 2.5min in Dent's] x100 

Number of pumps in 2.5min in Dent's 

calculated as follows: 

The number of pumps in 2.5 minutes in Dent's corresponds to the second half of 

the five minute recovery period, before the drug was applied. 

In the presence of increasing concentrations of L-CCG-1 a direct increase 

in the percentage inhibition of the basal pharyngeal pumping of wild-type worms 

was recorded. The ECso of L-CCG-1 in wild-type animals was 3 f-lM. The basal 

pharyngeal pumping of mgl-l (tm1811) animals was not inhibited by 

concentrations of L-CCG-1 in the range 1f-lM-12.5f-lM. At 25f-lM there was an 

increase in the percentage inhibition of the basal pharyngeal pumping of mgl-

1 (tm1811) animals. At 25 f-lM the percentage inhibition of basal pharyngeal 

pumping plateaud at ~44%, increasing the concentration of L-CCG-1 to 100f-lM 

did not produce any further increase of the inhibition of basal pharyngeal pumping 

(figure 4.8). 
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Figure 4.9. An L-CCG-l dose response trace recorded from a wild-type worm and an mgl-l(tm1811) worm. For a single animal increasing 

concentrations of L-CCG-I were sequentially applied to the recording chamber. Each drug application was separated by a 5 minute recovery 

period in Dent' s saline (black line). Drugs were applied for 2.5 minutes (red line). 
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4.2.7 Rescue of the L-CCG-l response in mgl-l(tm1811) animals by re

introduction of the mgl-l coding sequence 

To confirm the L-CCG-1 inhibition of basal pharyngeal pumping of wild 

type worms is mediated by mgl-l the genomic coding sequence of mgl-l was 

introduced back into mgl-l (tmI811) animals as an extrachromosomal array. The 

cosmid ZC506.4 contains the entire mgl-l coding region, including 3.6Kb of 5' 

intergenic sequence and the entire 3' intergenic sequence. Restriction digest 

profiling and PCR confirmed the identity of ZC506 before it was co-injected with 

the marker pPDl18.33. The co-injection marker consists of GFP and the myo-2 

promoter. The myo-2 promoter specifically drives GFP expression in the 

pharyngeal muscle. Transformed worms exhibiting bright green, non-mOSaIC 

fluorescence in the pharynx represented co-transformants for ZC506 and were 

used to perform the pharyngeal pumping assay. 

The basal number of pharyngeal pumps by mgl-

l(tmI81J),·Ex[pPD1J8.33;zc506] over the first 5 minute period in Dents was not 

significantly different to mgl-l (tmI81J). The EPGs recorded from mgl

l(tmI81J);Ex[pPD118.33;zc506] appeared normal and consisted of the 

characteristic excitatory phase, the inhibitory post-synaptic potentials and the 

relaxatory phase and the duration of single pumps was similar to wild type worms 

(figure 4.10A). The introduction of ZC506.4 into mgl-l(tmI811) animals rescued 

the wild-type phenotype. A direct increase in the percentage inhibition of basal 

pharyngeal pumping was recorded as the concentration of L-CCG-1 increased 

(figure 4.10B). In addition the pharyngeal pumping of mgl-

1(tm181J);Ex[pPD1J8.33;zc506] animals was slightly more sensitive to L-CCG-

1 than wild-type animals, the ECso was recorded as 2.4/-lM (figure 4.10C). 
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Figure 4.10 Genomic rescue of the L-CCG-I response in mgl-l(tm1881) 

animals A) A recording of a single pharyngeal pump from an mgl-

1(tm1811);Ex[pPD118.33;zc506] hermaphrodite. B) A trace recorded from a 

single mgl-l(tm1811);Ex[pPD118.33;zc506] hermaphrodite in the presence of 

increasing concentrations of L-CCG-1: 1 JlM, 3 JlM and 10 JlM. C) A dose response 

curve for mgl-l (tm1811) ;Ex[pPDl18.33;zc506] and L-CCG-l. The data plotted is 

the mean % inhibition of basal pharyngeal pumping ± SEM, recorded from two 

independent lines (n = 5/line). The wild-type and mutant dose response data in the 

same drug range is included on the graph for comparison. 
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4.2.8 mgl-2 and mgl-3 mutant responses to L-CCG-l 

Analysis of transgenic lines expressmg an mgl-2 gene fusion reporter 

construct did not identify this receptor as being expressed in the pharyngeal 

nervous system and the expression of mgl-3 remains to be fully characterized. To 

further investigate if either mgl-2 or mgl-3 receptor subtypes contribute to the L

CCG-1 modulation of basal pharyngeal pumping, EPG recordings were made 

from mgl-2 and mgl-3 mutants. The strain mgl-2(tm355) has a deletion mutation 

in mgl-2 that generates a disrupted gene that enocodes a protein lacking the N

terminal ligand binding domain. Worms that are homozygous for the mutation are 

viable and were used in the L-CCG-1 pumping assay. The allele mgl-3(tm1766) is 

a null mutation in the mgl-3 receptor. Worms that are homozygous for the 

mutation are viable and were used in the L-CCG-1 pharyngeal pumping assay. 

An expanded view of a single pump by each mutant in Dent's shows the 

characteristic E, P and R phases. The glutamate mediated IPSPs appear as normal 

and the pump duration is normal compared to wild-type animals (figure 4.11 Band 

4.12B). Subsequently recordings were made from the strains mgl-2(tm355) and 

mgl-3(tm1766) in the presence of increasing concentrations of L-CCG-1 (figure 

4.11A and 4. 12A) , using the protocol previously described (section 4.2.6). 

The response of basal pharyngeal pumping by both mutant strains showed 

the same general trend, which was inhibition by L-CCG-I, however this was also 

assosciated with subtle differences. A direct increase in the percentage inhibition 

ofmgl-2(tm355) animals was recorded in response to increasing concentrations of 

L-CCG-I above and including 3/lM and the inhibition was reversible. The 

percentage inhibition achieved at 3/lM and 10 /lM concentrations tested was 

similar to wild-type animals, whereas at l/lM L-CCG-I basal pumping was more 

similar to the mgl-l mutant because it increased by 25% (figure 4.11C). 

The dose-response of mgl-3(tm1766) worms to L-CCG-1 had a similar 

trend, at concentrations of 3/lM and above basal pharyngeal pumping was 

inhibited and this effect was reversible with washing. However, unlike both mgl-

1(tm1811) and mgl-2(tm355) at the lowest concentration of L-CCG-I tested, 

which was l/lM, the basal pharyngeal pumping of the mgl-3 mutant was inhibited. 

In addition there was very little increase (3%) in the percentage inhibition of basal 
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pharyngeal pumping when the concentration ofL-CCG-I was increased from IIlM 

to 3 IlM (figure 4.12C). 
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Figure 4.11 The mgl-2(tm355) response to L-CCG-I A) A 

recording made from an mgl-2(tm355) worm in the presence of 

increasing concentrations of L-CCG-I. Drugs were applied for 2.5 

minutes (red bar) with a 5 minute recovery period in Dent's (black 

line) between each drug application. B) An EPG of a single pump 

recorded in Dent's from the mgl-2 mutant. C) A graph of the 

percentage inhibition of basal pharyngeal pumping by mgl-

2(tm355) animals in the presence of increasing concentrations of L

CCG-J (n=6). Each point represents the mean % inhibition +/

SEM. 

172 



A 

Dent's 

B 

185 msec 

L-CCG-I 
111M 

c 
m 
~ 
~ 
~ 
Q. 

iijCl 
I/) C cu·-
..cQ. 
.... E o ~ 
C Q. 
o 

~ 
:.c: 
C 

~ o 

o 

25 

50 

75 

Dent's L-CCG-I 
311M 

100+1 -------.------,------.------~ 
~.5 -6.0 -5.5 -5.0 -4.5 

log[L-CCG-IIM 

Dent's L-CCG-I 
10llM 

Dent's 

Figure 4.12 The mgl-3(tm1766) response to L-CCG-I A) A 

recording made from an mgl-3(tm1 766) worm in the presence of 

increasing concentrations of L-CCG-I. Drugs were applied for 2.5 

minutes (red bar) with a 5 minute recovery period in Dent's (black 

line) between each drug application. B) An EPG of a single pump 

recorded in Dent' s from the mgl-3 mutant. C) A graph of the 

percentage inhibition of basal pharyngeal pumping by mgl-

3(tm1766) animals in the presence of increasing concentrations of 

L-CCG-I (n=6). Each point represents the mean % inhibition +/

SEM. 
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4.3 Discussion 

The pharyngeal nervous system is known to be important for regulating 

pharyngeal pumping, it is especially important for modulating how the worm 

feeds in response to different environmental cues. The metabotropic glutamate 

receptors perform a neuromodulatory role in the mammalian nervous system (see 

section 1.19) and MGL-1 may perfo.rm a similar role in the pharyngeal nervous 

system of C. elegans, where it has a widespread expression. To assay if MGL-1 

regulates the pharyngeal circuitry mammalian agonists were applied to the 

pharynx and the basal pharyngeal pumping was measured electrophysiologically, 

using electropharyngeogram recordings. 

The broad spectrum mammalian mGluR agonists (1S,3R)trans-ACPD and 

L-CCG-I were used to investigate MGL signalling in the pharyngeal pumping 

assay. Both agonists were predominantly inhibitory at the highest concentration 

tested, which was 500/-tM and 100/-tM respectively, suggesting that each agent is 

likely to have a common mode of action. The lower concentration of 

(1 S,3R)trans-ACPD (100/-tM) caused a variable response in pharyngeal pumping. 

Half of the animals tested reversibly increased their pumping in the presence of 

the drug, whereas in the other half of the group pumping either did not change or 

it was reversibly decreased in the presence of the agonist. Intracellular recordings 

confirmed both agonists were not causing a post-synaptic depolarization block of 

the pharyngeal muscle. The different effects of (1 S,3R)trans-ACPD upon 

pharyngeal network activity may be because it is acting at two distinct targets that 

differentially regulate pharyngeal pumping. At the higher drug concentration 

(500/-tM) a single animal out of 22 displayed an increased rate of pumping, 

suggesting at high concentrations the inhibition of network activity predominates 

over the excitation. 

The rank order of potency of L-CGG-I and (1S,3R)trans-ACPD at the 

mammalian mGluRs (see table 2) was conserved in the pharyngeal pumping 

assay, where L-CCG-I was the more potent inhibitor of pharyngeal pumping. At 

10/-tM L-CCG-I inhibited pharyngeal pumping by 80-100% in wild-type animals, 

without affecting the post-synaptic resting membrane potential. The ECso of L

CCG-I was recorded as 3/-tM in the EPG dose response analysis, which agrees 

well with the ECso of L-CGG-I established at other invertebrate mGluR 
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homologues, DmGluRA ECso = 8.95flM and the mammalian Group II receptor 

(Parmentier, M-L et aI2000), mGluR3 ECso = IflM (Conn PJ and Pinn J-P 1997), 

and mGluR3 belongs to the subgroup MGL-l has the closest amino acid identity 

to. 

Analysis of the mgl-l (tmI81l) mutant, which is a putative null, suggests 

the inhibitory effect of L-CCG-I and (lS,3R)trans-ACPD are predominantly 

mediated by the MGL-l receptor SUbtype. In the presence of increasing 

concentrations of L-CCG-I, within the range 1-12.5flM, pharyngeal pumping by 

mgl-l mutants was resistant. The inhibitory effect of L-CCG-I in the range 1-

12.5flM could be rescued by re-introducing the mgl-l gene into the mgl-l mutant 

background. This argues the inhibitory effect of L-CCG-I is mediated by mgl-l. 

At 25flM and lOOflM L-CCG-I began to inhibit the pharyngeal pumping by mgl-l 

mutants, and this plateaud at 44% inhibition. This may be due to signalling 

through a second inhibitory site, with a low affinity for L-CCG-1. 

Basal pharyngeal pumping by mgl-l mutant animals was otherwise 

normal, as was the response of the mgl-l mutant to 500nM 5-HT. This suggests 

MGL-l is not essential for basal pharyngeal pumping, however, when activated 

MGL-1 can modulate pharyngeal pumping. Subsequently MGL-1 may function to 

modulate the network activity of the pharyngeal nervous system and could 

regulate pharyngeal pumping under non-basal conditions, such as when the worm 

must modify its feeding strategy during changes to its environment. 

In wild-type animals the application of high concentrations of 

(lS,3R)trans-ACPD and L-CCG-I inhibits pumping, but with a variable 

effectiveness. In a minority of wild-type animals the pharynx continued to pump 

but at a lower rate, when in the presence of (lS,3R)trans-ACPD. Comparison of 

pumps performed in the presence and absence of (lS,3R)trans-ACPD did not 

identify any differences, in the EPG waveform or the pump duration. This may 

instead reflect the low potency of (1 S,3R)trans-ACPD, since the more potent 

agonist in the mammalian systyem, L-CCG-I, was a more efficient inhibitor. 

The basal pharyngeal pumping of mgl-2 and mgl-3 mutants was normal. 

The reporter construct mgl-2::GFP was not identified in the pharynx, which is 

consistent with the normal pumping behaviour displayed by the mgl-2 mutant 

animals. In addition pumping by the mgl-2 mutant was inhibited by L-CCG-I at 
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3 l-lM and 10 l-lM, with a greater than 80% inhibition of basal pumping recorded at 

lOl-lM, suggesting that this receptor is not responsible for the inhibitory response 

to L-CCG-1. The expression of mgl-3 has not been fully described and since the 

basal pharyngeal pumping of the mgl-3 mutant was inhibited by L-CCG-I at 1, 3 

and lOl-lM it is unlikely to be involved in the inhibitory response. However, at the 

lowest concentration of L-CCG-I used (1 l-lM) the pharyngeal pumping of both 

mgl-l and mgl-2 mutants was increased above the basal pharyngeal pumping rate. 

This response was not seen in the mgl-3 mutant, since at the same concentration 

pharyngeal pumping was inhibited to about the same extent as when 3 l-lM L

CCG-I was applied. This would suggest that at the lower concentrations of L

CCG-I the MGL-3 receptor subtype could be responsible for the upregulation of 

pumping. This would be consistent with the dual response recorded in the 

presence of IOOl-lM (1S,3R)trans-ACPD and the increased pharyngeal pumping 

may be due to (1S,3R)trans-ACPD activating the MGL-3 receptor to produce an 

upregulation of pharyngeal pumping. This highlights how the responses to both L

CCG-I and (1S,3R)trans-ACPD are complex and since both are broad spectrum 

agonists there may be activity at other mgl receptor subtypes, other than mgl-l. By 

crossing mgl subtype mutants together a number of different strains could be 

produced, that are defficient for any combination of the three mgl subtypes. This 

would allow the function of individual receptor subtypes to be studied in isolation, 

without interferrence from other subtypes. 

Both the mgl-l mutant and wild-type animals exhibited a rebound 

excitation after agonist was washed off. This was observed as rapid action 

potential firing (in intracellular recordings) and rapid pumping (in EPG 

recordings) immediately after removal of the drug. Since the rebound excitation 

was common to both the wild-type and mgl-l mutant animals it is likely to 

involve the drug acting upon a pathway that is independent of mgl-l signalling. 

The EPG can provide information about the activity of the glutamatergic 

motomeuron M3 (see section 4.1.5). In animals where M3 transmission is 

disrupted the IPSP transients that occur in the plateau (P) phase are absent and the 

duration of the EPG is doubled from ~200ms to ~400ms [Raizen, D.M. and 

Avery, L 1989]. The two mammalian agonists did not disrupt M3 transmission to 

the pharyngeal muscle in wild-type animals because the P-phase transients and the 
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duration of the EPG were not affected by applying the agonists. Furthermore, M3 

transmission to the pharyngeal muscle is not affected by the absence of individual 

mgl subtypes and it is therefore likely that M3 synaptic inputs to the pharyngeal 

muscle do not require mgl receptor subtypes for normal function. 

Glutamate and ivermectin have been shown to inhibit the pharynx, 

eliciting a chloride-dependent, depolarizing block (Pemberton DJ et al 2001). 

Intracellular recordings from the pharynx of wild-type animals showed the resting 

membrane potential is not affected by either 10/-lM L-CCG-I or 500/-lM 

(lS,3R)trans-ACPD, but pharyngeal action potentials were inhibited as was 

pumping. This supports the view that L-CCG-I and (lS,3R)trans-ACPD do not 

inhibit the pharynx by stimulating a glutamatergic depolarization block. 

Furthermore because the pharynx of wild-type animals is almost completely 

inhibited by L-CCG-I it is unlikely it is doing this by inhibiting glutamatergic 

transmission, because as described earlier mutants where glutamate signalling in 

the pharynx is inhibited (i.e eat-4 (Lee RY et al 1999), avr-I5 (Dent et al 1997), 

M3 laser ablation (Heyi Li et al 1997)) have a distinctive EPG profile and can still 

pump but with a longer pharyngeal muscle contraction. 

The motomeuron MC is the main excitatory neuron in the pharynx, its 

firing triggers pharyngeal muscle action potentials by releasing acetylcholine that 

acts on the muscle nicotinic receptor, eat-2 (Raizen D.M et al 1995). The function 

of eat-2 requires eat-I8 (McKay JP et al 2004). In mutants where cholinergic 

transmission is disrupted, such as eat-I8 mutants (Niacaris T and Avery L 2003) 

and MC ablated animals pumping still occurs, but at a lower rate (approximately 

one fith of wild-type) (Avery, Land Horvit, R et al 1989). This supports the 

argument that L-CCG-I is acting on multiple transmitter pathways, as opposed to 

a single pathway, to inhibit pumping. 

Normal feeding involves the co-ordination of two processes, pharyngeal 

pumping and peristalsis (see section 4.1.2). The cholinergic neuron M4 is required 

for isthmus peristalsis to occur (Avery, L and Horvitz, H.R. 1987) and worms 

with a laser ablated M4 do not grow (Avery, L., Horvitz, H.R. 1989) but do 

continue to pump (Avery, L and Horvitz, H.R. 1987). M4 synapses posteriorly 

onto the pm5 muscle cells to control peristalsis of the isthmus but M4 

postsynaptic potentials are not detected in the EPG (Avery, L and Thomas, J.R. 
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1997). In Chapter 5, it is suggested MGL-1::GFP is expressed in the M4 

motomeuron and therefore mgl-l may regulate the neural control of persitalsis, 

however, this cannot be determined from the EPG analysis. 

As previously described (see Chapter 5) MGL-I: :GFP was identified as 

being expressed in the motomeuron NSM and there is evidence that NSM is 

capable of releasing transmitters, including glutamate, 5-HT and neuropeptides 

(Table 4.1). It has been sugested 5-HT underlies neural mechanisms that are 

involved in the adaptation of pharyngeal behaviour in the presence and absence of 

food. 5-HT stimulates rapid pumping by both reducing the duration of action 

potentials and increasing their frequency in the pharyngeal muscle cells. These 

effects are dependent upon 5-HT acting on MC and M3 motomeurons (Niacaris, 

T and Avery, L 2002) . NSM and 15 are the only source of 5-HT in the pharyngeal 

nervous system, however, laser ablation of the NSM cells does not cause a 

complete inhibition of basal pharyngeal pumping, instead it is reduced by only 

11 % (in unc-31 (e928) animals that diaply constitutive pumping) (Lee, RY et al 

1999). MGL-1 may therefore act presynaptically to inhibit 5-HT release from 

NSM, to inhibit the activity of the pharyngeal network. Of course, NSM expresses 

other transmitters and so it is possible MGL-1 activation may regulate the release 

of any ofthese also to inhibit network activity. 

As shown by intracellular recordings the resting membrane potential of 

pharyngeal muscle is not affected by the presence of either agonist, which 

suggests the mechanism of inhibition is not a direct effect on the pharyngeal 

muscle cells but instead it is an effect on the pharyngeal nervous system. 

Furthermore mgl-l is not expressed in the pharyngeal muscle, therefore the 

activation of MGL-1 affects network signalling in the pharyngeal nervous system. 

In summary the pharynx responds to metabotropic glutamate agonists and 

this response is lost in the mgl-l knockout, supporting the view that MGL-1 is a 

metabotropic glutamate receptor. Furthermore this shows that the pharyngeal 

preparation provides a bioassay for studying mgl-l receptor function and therefore 

be exploited to study the role of scaffolding proteins. 
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CHAPTERS 

A yeast-2-hybrid screen to identify 

MGL scaffolding proteins 
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5.1 Introduction 

The yeast-two-hybrid system IS a genetic technique that allows the 

detection of protein-protein interactions in vitro. It is an established technique for 

the detection of protein-protein interaction and suitable for large scale high

throughput screening. It has been used to generate large protein-protein 

interaction networks (the interactome) within C.elegans (Vidal, M et al 2004), 

S.cerevisiae (Uetz, P et a12000) and the bacterium Helicobacter pylori (Rain, J.C 

et aI2001). 

Variations of the yeast-2-hybrid technique exist (Chien, CT et al 1991 and 

Mendelsohn, AR & Brent, R 1994), but they are all based upon the same 

principle. At its core the yeast-2-hybrid system is based on the reconstitution of a 

functional transcription factor by the interaction of two proteins. Eukaryotic 

transcription factors are comprised of a DNA Binding Domain (DBD) and 

Activation Domain (AD). The DBD recognises and binds to specific promoter 

sequences while the AD directs RNA polymerase II transcription of downstream 

genes. This allows two different hybrid proteins to be made, a protein (X) fusion 

to the DBD and a protein (Y) fusion to the AD. The interaction between proteins 

X and Y brings the AD and DBD together in the nucleus; this is detected by the 

expression of specific reporter genes with promoters that are inducible by that 

transcription factor. The X-DBD hybrid is commonly referred to as the 'BAIT' 

whereas the Y-AD hybrid is the 'PREY'. 

5.2 Variations upon the 2-hybrid theme. 

Variations of the 2-hybrid system have been used to gam alternative 

insights into protein-protein interactions. The reverse hybrid system (Leanna C.A. 

& Hannink M 1996) allows events that disrupt protein-protein interactions to be 

selected for. These disruptive events can either be mutations, drugs or competing 

proteins. The reverse hybrid system utilises a yeast strain in which the expression 

of two interacting proteins induces the transcription of a toxic marker. In yeast 

where this interaction is disrupted the toxic marker is not expressed and instead 

these colonies are able to grow, thereby facilitating detection. The 3-hybrid 

system has been used to study macromolecular interactions consisting of three or 

more proteins (Zhang, 1., Lautar, S. 1996). As the 2-hybrid is a heterologous 

system some types of post-translational modification, necessary for an interaction 
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to occur in the homologous system, do not take place in yeast. The kinase 3-

hybrid system addresses this and allows the detection of protein-protein 

interactions dependent upon tyrosine phosphorylation (Osborne, M.A. & Dalton, 

D et al 1995). This is a type of post-translational modification intrinsic to a 

number of signalling cascades. In the kinase 3-hybrid a mono-specific cytosolic 

tyrosine kinase is introduced into the yeast, together with the 2-hybrid 

components. The protein 3-hybrid system is an extension of the 2-hybrid system, 

whereby a third protein is required to direct the interaction between two proteins. 

The third protein achieves this by either directly mediating the interaction or 

causing a conformational change in one of the other two proteins that enables the 

interaction to occur (Zhang, J & Lautar, S 1996). 

Alternative yeast-based systems to the 2-hybrid have been developed to 

detect protein-protein interactions. These include, for example, the reverse Ras 

recruitment system (Stagljar, I & Fields, S 2002), G-protein fusion technology 

(Ehrhard, K.N et al 2000) and the split-ubiquitin assay (Stagljar, 1. et al 1998). 

These systems have been developed to identify interactions involving proteins that 

are membrane bound, such as receptors. Full-length receptors make poor 

candidates for study using the 2-hybrid system. Primarily because the 2-hybrid 

system relies upon the interaction occurring in the yeast nucleus, a poor 

environment for the correct post-translational modification of membrane bound 

proteins. This is often why a smaller portion of the receptor, corresponding to a 

functionally important domain is used instead. For example, the receptor 

intracellular C-terminal is an important domain that underlies receptor function 

(see Introduction section 1.15, 1.19 and 1.22) and it is ideally positioned on the 

intra\cellular side of the membrane to mediate protein-protein interactions, which 

is why it is often used to screen with using the yeast-2-hybrid system (for example 

Flajolet, M. et al 2003). 

5.3 The proteomic approach to characterizing signal complexes. 

Protein interaction networks are being dissected using proteomic methods 

as well. These are broadly based on mass spectrometry and biochemical 

techniques such as protein affinity chromatography, immunoprecipitation, two

dimensional gels and affinity immunoblotting. The NMDA receptor complex was 

characterised in this way (Husi, H & Ward, M.A. 2000). It was identified as being 
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comprised of 77 proteins that are classified into adaptor, signalling, receptor, 

cytoskeletal and novel proteins. Similar proteomic studies have been conducted 

on the C-terminal domain of the 5-HT2c GPCR (Becamel, C & Galeotti, N et al 

2002) and the mGluR5 GPCR (Farr, C.D. & Gafken, P.R. et al 2004). In the case 

of the mGluR5 receptor the approach used revealed novel protein interactions, 

previously unidentified as components of the signalling complex. This highlights 

receptor signalling complexes can be extensive and a variety of techniques are 

required to characterise them fully. 

The most appealing quality of using the yeast-2-hybrid is that it allows 

direct access to the cDNA encoding the interacting protein. Additionally there is 

minimal requirement for the initiation of a 2-hybrid screen. Only the full-length or 

partial cDNA of the gene of interest is required and the signal amplification 

produced by the reporter gene system allows weak or transient interactions to be 

detected. Biochemical approaches can be dependent on good quality antibodies, 

sometimes-high amounts of purified protein and often protocols require specific 

optimisation. 

5.4 Overview of the LexA Yeast-2-Hybrid Approach 

The LexA system is a variant of the original yeast-2-hybrid approach and 

the main difference is that the DBD and AD are derived from prokaryotic proteins 

as opposed to eukaryotic proteins (van Criekinge, Wand Beyaert, R. 1999). In the 

LexA system the AD is comprised of an 88-residue acidic blob domain. The DBD 

is comprised of the bacterial LexA protein and specifically binds to Lex A 

operators upstream of the two reporter genes, leucine and lac-Z. The leucine 

reporter gene is integrated into the host strain genome and the lacZ reporter 

resides on a plasmid (pSH18-34). Reporter gene expression can be assayed with 

the appropriate selection media. Leucine expression enables growth on leucine 

deficient media and lac-z expression gives rise to p-galactosidase, which turns the 

colourless substrate X-Gal blue. 

The LexA system provides several advantages over other yeast-2-hybrid 

systems. The inducible expression of the DNABD-fusion and AD-fusion proteins 

in the presence of galactose, conferred by the GALl promoter, reduces the threat 

of potentially toxic foreign fusion proteins to the yeast host cell. This 
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subsequently prevents their elimination from the protein pool being screened. 

Both BAIT and PREY plasmid copy number can be amplified in vivo on glucose 

media prior to screening on galactose containing media, increasing the 

opportunity for detecting protein interactors present at low numbers. Additionally 

because the LacZ reporter gene is located on an autonomously replicating 

plasmid, its high copy number amplifies signals from weak interactions. This 

enables ~-galactosidase expression to be assayed directly on the culture plate by 

including the substrate X-Gal in the media (van Criekinge, W and Beyaert, R. 

1999). 

The yeast-2-hybrid system can generate false positives, these are typically 

proteins with an intrinsic ability to transactivate the reporter gene expression. 

Likely candidates include transcription factors and ribosomal subunits. False 

positives can be eliminated from the pool by performing strict controls, for 

instance if a true two-hybrid interaction is occurring reporter gene expression will 

not occur in the absence of the' BAIT' . 

5.5 Organization of the Screen 

The selective expression of MGL receptors and the splicing of the C

terminal, together with the presence of protein-protein interaction motifs, indicate 

this domain is involved in directing MGL receptor scaffolding, targeting and 

anchoring. Subsequently, the C-terminal domains of the MGL receptor subtypes 

were utilised in the LexA yeast-2-hybrid system to identify interactors involved in 

scaffolding their function. The cDNA encoding C-terminal was isolated from the 

rest of the receptor and used for the screen because in the yeast-2-hybrid system 

full-length transmembrane receptors are unsuitable candidates. 

The organisation of the screen is summarised in Figure 5.1. Initial controls 

were performed using splice variants ofMGL-l, MGL-2 and MGL-3 amplified by 

PCR, to identify suitable bait constructs for screening with. The proceeding stages 

are designed to manage the screen output and incorporates the cataloguing of 

clones by PCR amplification, restriction digest analysis and sequencing. Unique 

clones yielded from the screen were prioritised upon the basis of their known or 

inferred biological function and their screen profile. 
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Amplification of the LexA C.elegans cDNA 
library 

~-----------. .-----------~ 

Construction of the MGL receptor C-terminal 
DBD-fusion protein 

'BAIT' 

Controls 

Screen 

Cataloguing of Clones 

Verification 

Controls determine the suitability ofMGL C
terminals for use in a two-hybrid screen. 
Controls include assessment of the nuclear 
targeting and expression of the MGL-CT 
DNABD fusion protein (the BAIT), 
transactivation of the reporter genes by the 
BAIT, toxicity to the host yeast cell and plating 
density. 

The screen will be initially optimised. The MGL 
CT will be used to screen a C.elegans Lex A 
cDNA Library. 
Colonies identified under selection for reporter 
gene expression will be selected at 
predetermined time points. 
Colonies will be subjected to a further four 
rounds of selection to help eliminate false 
positives. 

Cataloguing allows efficient management of 
large clone numbers and prioritisation. The 
clones identified from the screen will be 
catalogued based on : 

- strength of interaction with the MGL-CT as 
determined by reporter gene expression 
- size as assessed by PCR amplification from 
crude yeast extracts 
- HAEIII restriction profile 

At this stage unique clones will be sequenced, 
the resulting data can be used for database 

The tWO-hybrid interaction will be confirmed by 
assessing any intrinsic ability ofthe rescued 
interacting protein to transactivate reporter gene 
expression. 

Figure 5.1. The progression of the yeast-two-hybrid technique for the identification of MGL 

scaffolding proteins. 
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5.6 Assessment of the amplified C.elegans LexA eDNA library 

Before the Celegans LexA cDNA library could be screened it was 

necessary to amplify it. The amplification of the Celegans LexA cDNA library 

yielded 17 million clones (see Section 2.1. 8). The quality of the amplification was 

then assessed. The mgl-3 receptor is representative of a low abundance transcript. 

Robust bands corresponding to the mgl-3 receptor C-terminal splice variants were 

generated from the amplified library (SOng) by PCR (see below). 

A. 

mgl-3 C-Terminal 
splice variants 

Figure 5.2. PCR amplification of the mgl-3 C-terminal splice variants from the amplified 

C.elegans cDNA library. Cycle: (94°C 2min, 30 cycles of 94°C ISs, 55°C 30s, 68°C Imin and 

final extension 68°C 10min) 

5.7 LexA Yeast-2-Hybrid Control Assays 

The intracellular C-terminals MGL-1, MGL-2ii and MGL-3i were each 

individually fused in-frame to the LexA DNA Binding domain protein (BAIT 

constructs pGILDA-MGL-1 Ct, pGILDA-MGL-2iiCt and pGILDA-MGL-3iCt). 

Prior to performing a screen of the Celegans LexA cDNA library each of the 

MGL C-terminal fusion constructs were tested for their suitability. 

To assess the nuclear targeting and expression of the MGL 'BAIT' 

constructs each was transformed into the host yeast strain (EGY48 : Erica 

Golemis Yeast) with the vector pJK101. The vector pJK101 provides a visual 

assay for the nuclear targeting and expression of the BAIT fusion protein in 

EGY 48. It contains the lacZ reporter gene under the control of the inducible GAL

l promoter. Two LexA operators are located between the lacZ gene and the GAL

l promoter. The binding of LexA fusion proteins to the LexA operators represses 

lacZ gene expression. This is seen as a repression of the strength of blue colour, 
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conferred by pJK101 to yeast cells grown on media containing galactose and X

Gal. Each of the MGL 'BAIT' fusion proteins repressed the expression of lacZ, 

confirming each is being nuclear targeted and expressed. The vector pEG202-Max 

was included as a positive control for the repression assay. It constitutively 

expresses the LexA-Max fusion protein. The intrinsic ability of the MGL 'BAIT' 

constructs to transactivate the reporter genes lacZ and leucine was assessed. 

Transactivation occurs when the BAIT possesses the intrinsic ability to activate 

the expression of a reporter gene, in the absence of a 2-hybrid interaction. 

Yeast co-transformed with the vector pSH18-34, which contains the 

reporter gene lacZ, and the individual MGL 'BAIT' constructs were spotted onto 

-HU (Gal) media, supplemented with X-Gal. Yeast growing without turning blue 

confirms the BAIT construct does not transactivate the reporter gene lacZ. The 

construct pGILDA-MGL-1 Ct did not transactivate lacZ (table 5.1). The constructs 

pGILDA-MGL-2iiCt and pGILDA-MGL-3iCt strongly transactivated lacZ. To 

address this the constructs pGILDA-MGL-2iiCt and pGILDA-MGL-3iCt were 

each co-transformed with the less sensitive reporter constructs pJK103 (medium 

sensitivity) and pRB18-40 (low sensitivity). The MGL-2iiCt and MGL-3iCt 

fusion proteins transactivate the pJK103 lacZ reporter construct but not the 

weaker lacZ reporter construct pRB 18-40 (table 5.2). 

To test if the MGL BAITs transactivate leucine, EGY48 were co

transformed with an individual MGL BAIT construct, pSH18-34 and the empty 

library vector pJG4-S. The co-transformed yeast cells were plated onto the media 

-HUTL (Gal), which selects for leucine expression and in parallel -HUT (Gal). 

The inhibition of growth by a leucine deficiency confirms the BAIT cannot 

transactivate leucine expression. The construct pGILDA-MGL-1 Ct did not 

transactivate leucine expression (table 5.1). The constructs pGILDA-MGL-2iiCt 

and pGILDA-MGL-3iCt both transactivated leucine expression (table 5.2). 

The toxicity of each of the MGL C-terminal BAITs to the host yeast strain 

EGY 48 was tested. The MGL-1, MGL-2ii and MGL-3i C-terminal BAIT 

constructs were not toxic. The galactose induction of each of the C-terminal 

fusion proteins did not cause a significant reduction in the number of yeast 

colonies, compared to a non-inducing plate (containing glucose) spread with the 

same density of cells (data not shown). 
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Control Assay Transformation Predicted RESULT 

pJK101 Blue colour 

Nuclear 
Targeting Repression of blue 

colour / LacZ 

pJK101 Repression of LacZ 
pGILDA.MGL-1 C-Tai l confirms targeting 

f3-galactosidase pSH18-34 White colour infers 

reporter gene pGILDA.MGL-1 C-Tai l autoactivation is not 

autoactivation occurring 

Lack of growth on 
Leucine pSH 18-34 Leucine deficient 

reporter gene 
pGILDA.MGL-1 C-Tail media confirms 

pJG4 - 5 autoactivation is not autoactivation 
occurring ~UTL (GAL) -RUT (gAL) 

Table 5.1 Control assays performed with the MGL-1 C-terminal BAIT construct. The control 

assays confrrmed the MGL- l C-terminal is expressed by the host yeast strain and does not 

transactivate leucine or lacZ expression. The leucine and lacZ transactivation assays were 

incubated for 20 days at 30°C, which exceeds the intended duration of the screen. Nuclear 

targeting assays were incubated for 24 hours at 30°C. 
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Control Assay 

Nuclear 
targeting 

LacZ 
Transactivation 

Leucine 
Transactivation 

Plasmids Co-
Transformed 

with MGL C-Tail 
Construct 

pJKI0l 

pSH18-34 
(Strong 

Sensitivity) 

pJK103 
(Medium 

Sensitivity) 

pRB18-40 
(Weak 

Sensitivity) 

pRB18-40 

pGILDA pGILDA 
MGL-2ii MGL-3i 

CT CT 

X 

X 

X 

Table 5.2 Control assays performed with the C-terminal constructs pGILDA-MGL-2iiCt 

and pGILDA-MGL-3iCt. Both MGL-2ii and MGL-3i C-terminals are capable of transactivating 

leucine and to a lesser extent lacZ when the low sensitivity reporter pRB18-40 is co-transformed. 

Images are recorded after a 15 day incubation at 30°C. A tick indicates the control assay has been 

passed successfully, a cross indicates a failure. 

The control assays identified the MGL-l C-terminal was the most suitable 

BAIT for the 2-hybrid screen, it is nuclear targeted and does not transactivate 

either of the 2-hybrid reporter genes. The PDZ binding motif contained in the 

MGL-l C-teminal suggests it possesses the ability to interact with intracellular 

molecules that scaffold its function. Reporter constructs have shown it is 

selectively expressed and widespread in the C.elegans nervous system. To 

identify molecules that participate in the functional scaffolding of MGL-l a 2-

hybrid screen was initiated with the MGL-l C-terminal (Construct pGILDA

MGL-ICt). 
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5.8 Screening Parameters 

The transformation efficiency of the host yeast strain (EGY 48) by the 

C elegans library was optimised by comparing it to an established mammalian 

brain LexA cDNA library, previously screened with the mGluR2 and mGluR3 C

terminals (Pilkington, B). Yeast (EGY 48) was sequentially transformed with 

pSHI8-34, MGL-ICt-pGILDA and then these cells were transformed with the 

Celegans cDNA library (pJG4-5). The number of transformants screened was 

titred to 400 million, which corresponds to approximately three times the titre of 

viable transformants. The screen was performed on media selecting for the leucine 

reporter gene. The transformants were plated at a density of 2x 106 per plate. 

Colonies able to grow in the absence of leucine were selected on days 4, 5 and 7 

of the screen. On day 10 the screen plates exhibited a large background of growth 

(figure 5.3e). For the further selection of interacting clones ~-galactosidase filter 

lift assays were performed on the screen plates (figure 5. 3D). During the course of 

the screen 640 colonies were selected on the basis of their growth (days 4, 5 and 

7) and 1650 colonies were identified by the ~-galactosidase filter lift assay on 

days 10 and II. 

The colonies identified were subjected to sequential rounds of selection, 

by streaking them onto media selecting for both leucine and ~-galactosidase 

expression (figure 5. 3A). Only colonies positive for both reporter genes were 

passaged through each round, negative colonies were eliminated. Screen controls 

were included in each round. The positive control was yeast co-expressing SAST 

(Syntrophin Associated Serine/Threonine Kinase) and the mGluR5 C-tail. This 

was previously characterized as a strong interaction in yeast (Pilkington, B). The 

negative control was yeast co-expressing MGL-l Ct-pGILDA and the empty 

library vector pJG4-5. After the three rounds of selection 1000 colonies were 

selected for prioritisation. 

5.9 The Prioritisation of Selected Colonies 

Colonies were prioritised for further characterization based upon the 

strength of reporter gene expression they exhibited . This was taken as an 

indication of the strength of the protein-protein interaction occurring in the yeast 
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and allows high-affinity interactions to be discriminated from medium to low

affinity interactions. The strength of interaction predicted by the two-hybrid 

Figure 5.3 Colony selection and prioritisation. A. Colonies identified on days 4, 5 and 7 were 

picked on day 7 and streaked onto plates selecting for lacZ and leucine expression. Only colonies 

exhibiting growth and blue colour after 5 days at 30°C were picked and passaged to the next round 

of selection. The red box indicates the position of the positive control (see text) and the negative 

control (see text) is indicated by the blue box. B. Colonies remaining positive for both reporter 

genes after three rounds of selection were picked and spotted onto prioritisation plates (image 

shown). Colonies were prioritised on the strength of the reporter gene expression. Image recorded 

at 96 hours C. On day 10 the screen plates had developed a background growth of yeast colonies. 
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Image taken following 10 days at 30°C. D. ~-galactosidase filter lift assays were performed on the 

screening plates to isolate colonies that are expressing the lacZ reporter genes. Filters were 

allowed to develop for upto 16 hours. Arrows indicate the position of positive yeast colonies. E. 

The lacZ positive colonies were picked from the filter as they turned blue and streaked onto 

selective media. F. Filter selected colonies remaining after three rounds of selection were 

prioritised. 

system generally correlates well that occunng m vitro (Estojak J. , Brent R. , 

Golemis E.A. 1995). 

Colonies were taken from the third round of selection and transferred to a 

fourth selection plate, the prioritisation plate. The amount of each yeast colony 

spotted was standardised (see figure 5.3B and F). The size of the colony and the 

intensity of blue colour at set time points were representative of the strength of 

reporter gene expression. Colonies were selected at time points of 24, 48, 72 and 

96 hours. For example, colonies selected at 24 hrs were the largest and bluest at 

this time point. The 171 clones categorized into the 24-hour group proceeded to 

the next stage of characterization (see table 5.3). 

Time (Hrs) 24 48 72 96 

Example Clone 

NQ Identified 171 284 290 

Table 5.3 Representative colonies selected at 24, 48, 72 and 96 hour time periods. Colonies 

were spotted onto -HUTL X-Gal media. The number of colonies classified into each time period is 

included. 

5.10 The Cataloguing of Library Clones 

The cataloguing of the prioritised colonies enabled clones to be selected 

for sequencing. Performing PCR on crude yeast extracts with pJG4-5 specific 
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primers flanking the insert site assessed the size of the clone and HaeIII restriction 

digest of the PCR product distinguished between clones of the same size (see 

figure 5.4). Comparing the size and restriction profile to previously catalogued 

clones enabled the identification of unique clones. The PCR amplified products of 

unique clones were sequenced using the pJG4-5 specific primer (5 'TFP). This 

primer sequences over the site of fusion between the library clone and the acidic 

blob activation domain. The nucleotide sequence of the library clone must give 

rise to the protein sequence it encodes when it is translated in the same reading 

frame as the activation domain it is fused to. The identity of the unique clones was 

established by screening the sequence obtained against the NCBI database using 

the BLAST facility and the frame of the clone was subsequently confirmed. In 

addition to the 24-hour clones, 100 clones belonging to the 48 hour subgroup were 

catalogued. This did not yield any additional or unique clones. 

A B 

Figure 5.4 The cataloguing of 24hr selected clones. 

(A) peR amplification oflibrary clones, using oligonucleotides (5 'TFP and 3'TFP) specific for the 

library vector (pJG4-5), was performed on crude DNA preparation from selected yeast colonies. A 

representative agarose gel is shown and the clone number is indicated. 

(B) HAEIII restirction digest of the peR products allowed individual clones to be further 

characterized and enabled unique clones to be identified for sequencing. For example clone 21 

and 8 yielded the same size peR fragment and HaeIII restriction pattern and were therefore taken 

as the same clone. 
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5.11 The Screen Profile. 

The identity of clones yielded from the screen are summarised in table 5.4. 

Three proteins were identified more than once and by two independent clones, 

they were C01F6.6a, MPZ-1 (CS2Al1.4a) and PTP-1 (C48DS.2). In all cases the 

clones identified do not represent the full-length protein sequence. The full-length 

sequence of the proteins represented by each clone was screened for conserved 

domain architecture. The region encompassed by the 2-hybrid clone was then 

mapped to establish which domains it contained. 

Clone Identified 
Number of Times Number of 

Identified Independent Clones 
C01F6.6a 

9 2 
2 PDZ Domain Protein 
MPZ-1 

4 2 
9 PDZ Domain Protein 
PTP-1 
FERM, PDZ, Protein Tyrosine 4 2 
Phosphatase Domain Protein 
Arginine Kinase 1 1 
Heat Shock Protein Daf-21 1 1 
Sterol Carrier Protein-x-3-ketoacyl CoA 

1 1 
thiolase 
Tro~onin C (tnc-2) 1 1 
Troponin C (tnc-1/pat-1 0) 1 1 
Superoxide Dismutase SOD-1 1 1 
gpd-2, gpd-3 genes for glyceraldehyde-

1 1 
3 phosphate dehydrogenase 
Putativeprotein with coil-coil domain 1 1 
Dehydrogenase E1 component and 

1 1 
Transketoalse-l:>YI"idine binding domain 
Malate Dehydrogenase 1 1 
Putative protein family member (XI402) 1 1 
Putative protein with coiled-coil 4 

1 1 
domain i1 846) 
Putative protein with 2 coiled-coil 

1 1 
domains(5c3491 
2 5-diketogluconic acid reductase 

1 1 
famil~ member 
Phosphoserine aminotransferase 1 1 

Table 5.4 A Summary table of the MGL-l C-terminal 2-hybrid Screen. Clones identified as 

being 'out of frame' with the Acid Blob activation Domain, therefore not giving rise to the protein 

predicted by the nucleotide sequence have been excluded. As have nuclear proteins, transcription 

factors and ribosomal subunits, these represent low priority clones based on their likely intrinsic 

ability to transactivate the reporter genes. 
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5.12 C01F6.6a 

The gene cOlf6.6 encodes two splice variants, C01F6.6a and C01F6.6b, 

both contain 2 PDZ domains but have alternative N-terminals. The clone 

identified from the screen corresponds to C01F6.6a; it is almost full length and 

contains both predicted PDZ domains. 

A 

• • • • 

B 

LNPHSIQVNEEREISKMTTTTRTETITNSNSAYQYKESSTAYDAYATPPVDSNDLMDEVFGRVNLPGVT 

MSSHTEVLPPTDDISSVSSLSSHRESAVDVPVSHQYVPSYATESHQKHEQHSQTHHHHHQHQQPSPLSN 

GSSHGYAASSTSGYDDDDIYHLSAREARERLRMKNRKHHLHEMSLNEKYQLVSNM* 

Figure 5.5 The COIF6.6a protein and its .predicted sequence. A. The domain architecture of 

COIF6.6a. The arrows map the region of the protein contained within the clones isolated from the 

screen. The red arrow represents the clone used to perform the 2-hybrid confirmations. The black 

arrow represents a distinct clone identified from the screen. B. The predicted CO IF6.6a protein 

sequence. The red arrow signifies the commencement of the 2-hybrid clone, represented by the red 

bar in figure A and identified by sequence generated with the 5'TFP. The regions highlighted in 

blue correspond to sequence comprising PDZ domains predicted by CDART. 

5.13 MPZ-1a 

The gene mpz-1 encodes two splice variants MPZ-1a and MPZ-1b. The 

protein sequence of MPZ-1a contains 10 PDZ domains, 'MPZ-1b is a shorter 

splice variant corresponding to the 5' end of MPZ-1a and contains 5 PDZ 

domains. The clone identified corresponds to the C-terminal end of MPZ-1a and 

contains 4 PDZ domains. 

194 



A 

• • 
B 
MVLSGDWTQVEVIHLNTETGGLGFGIVGGTSTGVVVK LPGSPADKDGRL PGDHILQIGNINSHGMSS 

SPSISCVPIEEEKEEKEPEPEPTTSKEQPIKITTYLPDTIDIRKPCDCAPNYNRRDKRKSSCDDGEHGDGD 

GGGGCKKTKEDHQEEENEIDSKDELGEMVRSPTVETGQSDENSVVTSVSRSSKRNSNSITSRISLKSLQEM 

ALTVFLRENWESTKFELIDVALHRDPALGLGITVAGYVHKKEEIGGIFVKSLVPRSAASSSGVIKVHDLI 

LQVRKLCGLVQLNNIESFILKAIIRQEVRQQHEVNGVSRSEFSMTSWSPCSTRSVSPCGSPISLRGSWAYD 

G~VALDGRIQ~ DFITKINTESL 

TEMTDDETEAPSIMTDSMSEHIKTFDLAEGSSRSHHDEQEVRNRMSRLIDGVEVDDFVNLllKEAITDATI 

ELRVLHKTKDWSNCNHKREERLESPPLPPPPPEVLSSPPKSPVASVQPTPRDLEEVLTRSTASSLEYHSGQ 

RTSQLHILSTEEEVLQATPPSSPENKSSEVPPSISPSGIKLAGEVTAPEEIEVVKEQAENVDRAETAATGA 

EVEATSTPTAEAIGNSKDDESTTTSISQQSVGLQTQALNSTEVNSNMSRVTSRTPSTGSESLQNQARQLVR 

TVTLVREPNKSFGISIVGGRVEVSQKGGLPGTGNTVCGIFIKSVLPNSPAGRSG MNMGDR 

VNDVDLRDATHEQAVNAIKNASNPVRFVL SLHTNQQNMINSASNSTVGSVRFENAKPEEELPPTALVTP 

LKPMISSSGSSTSKPAMNFPPPSISTTTTTSMESESKEEEA~TSSSPDIQRENTVKRRSMDVEREQPEAN 

PVEETSIVKEKTPPRKISAKSNSSQKESNDRKEIKKQKSVEREMSVESKKSVRSIKKHRQESTIIKKSPSN 

ETAPLIVSDVSSSETHEDEPQAMSPSTSFDTRDADAMRALGIDDDSAAFQIKNDGEEPSKFFYTAGKIERK 

YDSDGGELVLVACER A K P LLEINGRLLNKI SHVAA 

~~~C~HQNIEIVLRRRNGALNECAVRSDTITSSQSLPSPPTSPSTLAPSESKSTAPQMPTTTEGIEN 

ETANRVHAATQALAKSATTPRTTENNNDPVRPVAVAVSSPAATPSTSASVTVTSAPATSVPEPNVVVEPIP 

GPTSAREERNDVPPPAPPMRPIITHTSPEGCETQQEPAGLSPVTEEPSSGCDFMSVQEEEQPRTPTTTTSS 

SNNNNSLAIDIIHDLKEEGSDT 

PVSDQLSAVTFVKASGQRLYL 

Figure 5.6 The MPZ-la protein and its predicted sequence. A. The domain architecture of 

MPZ-la. The arrows map the region of the protein contained within the clones isolated from the 

screen. The red arrow represents the clone used to perform the 2-hybrid confirmations. The black 

arrow represents a distinct clone identified from the screen. B. The predicted MPZ- la protein 

sequence. The red arrow signifies the commencement of the 2-hybrid clone, represented by the red 

bar in figure A and identified by sequence generated with the 5'TFP. The regions highlighted in 

blue correspond to sequence comprising PDZ domains predicted by CDART. 
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5.14 PTP-1 

The gene ptp-1 encodes three splice variants PTP-1a (C48D5.2A), PTP-1b 

(C48D5.2b) and PTP-1c (C48D5.2c). The N-terrninal isaltematively spliced, 

PTP-1a is the longest and contains an N-terrninal FERM domain and towards the 

C-terrninal a PDZ domain and tyrosine phosphatase catalytic domain. The splice 

variants PTP-1b and PTP-1c are very close in size and do not contain the FERM 

domain. The longest 2-hybrid clone corresponds to a homologous regiol? of the 

three splice variants, consisting of the PDZ and tyrosine phosphatase domain. It 

does not distinguish between them. 

A 

• • 
• • 

B 

MRLGSNSYDVQRTEAIGQTPVKTPPPNQIRCTVTFLDSTSYHFEIEKNSLGIVLLEKVFNYLEIIEKDY 

FGLVFIAVDNSSAQQKKWLDPSKNLRKQMICPPYHLFFRVKFYVRDPNRLRDEFTRFQFYQQVRQNLEE 

GRLPCNEGSLALLASYVVQAEVGDFEEKTHGMSRTCLCYKIQFATLPDDFSDRVAELHQLHIGQTPDVA 

EQNFLDHARRLEMYGMDVYDGVDANHLPIEIGVGAVGIKVFHEGIKMNEYAWVRIRKLSFKKKQFQVLV 

ANEDGVSETIMIFNIMSAKICKLLWKCCIEQHTFFRLKTPPKTPQRKVFNFGSKFRYSGRTEYQTLEEN 

EHRKSAGHRNFHRSLSKSSFLRSTFSGNTQSIDSSRYTNTTTTDSPELPSSGQLLARRLLSAARHDTDS 

SDALGYASDGAVVCAPLTTPLSPRRTRDYATD~SESSAPSLRQQRLSKEAIYYGTQESCDEKSWTPSM 

ACTSTSPGIHASTASVRPVSSGSTPNGASRKSANSGYSGYGYATQTQQPTSTTNASYSPYLNGTISRSS 

GAAVAKAAARGLPPTNQQAYNTSSPRNSVASYSSFASAGIGGSPPRSKRSPQSNKSSSPVGED 

MRPDRHGRFGFNVKGGADQ PVIVSRVAPGSSADKCQPRLNEGDQVLFIDGRDVST~SHDHVVQFIR 

SGLNGGELHLTI PNVYRLGEEVDEPDSTMVPEPARVADSVPNSDKLSKSLQLLADSLNSGKVVDHF 

EMLYRKKPGMSMNICRLTANL M 

G 

YHDGTIKPLAEYSKR* 

Figure 5.7 The PTP-la protein and its predicted sequence. A. The domain 

architecture of PTP-la. The arrows map the region of the protein contained within the 

clones isolated from the screen. The red arrow represents the clone used to peform the 2-

hybrid confirmations. The black arrow represents a distinct clone id~ntified from the 

screen. B. The predicted PTP-la protein sequence. The red arrow signifies the 

commencement of the 2-hybrid clone, represented by the red bar in figure A and 

identified by sequence generated with the 5'TFP. The highlighted sequence corresponds 

to the FERM (Band 4.1, Ezrin, Radixin, Moesin) domain (yellow), the PDZ domain 

(blue) and the tyrosine-phosphatase (pink), predicted by CDART. 
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5.15 Confirmation of protein-receptor C-terminal interaction 

The longest clones of the three prioritised proteins, MPZ-1, C01F6.6a and 

PTP-1 were rescued in the electrocompetent bacterial strain XLI Blue and crude 

DNA preparations were made. Restriction digest analysis (EcoR1IXho1) of the 

DNA extracted selected for bacterial colonies carrying the pJG4-5 vector 

containing the interacting clone. High quality DNA preparations were 

subsequently made and sequenced to confirm the fusion protein is in-frame. The 

clones were transformed back into the yeast EGY 48 host strain alone and in 

combination with the pGILDA-MGL-lCt construct and the pSH18-34 reporter 

plasmid. Yeast transformed with either library clone alone did not report leucine 

or lacZ gene expression, confirming that the clones did not transactivate either 

reporter gene. The re-introduction of pGILDA-MGL-lCt to these yeast enabled 

reporter gene expression and confirmed the specific interaction between the 

MGL-1 C-terminal and the library clone is responsible (see table 5.5). 

Confirmation Assay 

Leucine 
Transactivation 

LacZ 
Transactivation 

Reconstitution 
of protein-

protein 
interaction 

X 

../ 

Transformation 
and Selection 

pJG4-5-Cloue 
-TLGAL 

pJG4-5-Cloue 
pSH18-34 
-TX-GAL 

pJG4-5-Cloue 
pSH18-34 
pGILDA-
MGLlCt 

-HUTLX-GAL 

Expected 

No 
Growth 

No Blue 
Colour 

Blue 
colour 

and 
growth 

Confirmation 

MPZ-l COIF6.6a PTP-l 

Table 5.5 Confirmation of MGL-l C-terminal interactions with rescued clones identified 

from the yeast-2-hybrid screen. Images are of representative colony streaks after 10 days 

incubation at 30°C, in each case an approximately equal colony pick was streaked. 
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5.16 Characterizing the specificity of the MGL-1 C-terminal interactors. 

The specificity of the interaction between the MGL-1 C-terrninal and the 

proteins prioritised from the screen was assessed using the yeast-two-hybrid 

system. C-terrninal domains that have known roles in directing protein-protein 

interactions important for a receptors scaffolding were screened against the MGL-

1 interactors. The C-terminal domains used belonged to the ionotropic glutamate 

receptors GLR-1 (an AMPA-like receptor) and NMR-1 (an NMDA-like receptor) 

and the tyrosine kinase receptor LET-23 (the EGFR homolog) (figure 5.8). The C

terminal of GLR -1 contains a type I PDZ binding motif and directs the receptors 

targeting in neurones. The C-terminal of NMR-1 contains 'a type II PDZ ligand 

and is required for the targeting of NMR-1 to the synapse. The C-terminal of 

LET-23 contains a type I PDZ binding motif. It is responsible for interacting with 

the protein LIN -7, a component of the heterotrimeric complex that targets LET -23 

to the basolateral membrane of the vulva precursor cells. 

NMR-1 C-terminal 
EVSYGRRLADKGRRRRIVTRYFQKWHDLTLGKKRRPYRLKYNLDRMIVRRGFSGLERC 

SFQELRERRQIRGLPTSKVDPYCFWPDLDFKDKPLVLFCSRCRNlVESDVHRETGLFA 

FLSCFLFAILFLWPCSPLPCFLSSFSDFVHICPLCSHIMGRFRRARSTRFYV 

GLR-1 C-terminal 
FLYRSRIEARKSNSNSMVANFAKNLKSALSSQLRLSVEGGAVAQPGSQSHNAIRRQQV 

AAFLPANEKEAFNNVDRPANTLYNTAV 

LET -23 C-terminal 
DKKLGAGAFGTVFAGIYYPKRAKNVKIPVAIKVFQTDQSQTDEMLEEATNMFRLRHDN 

LLKIIGFCMHDDGLKIVTIYRPLGNLQNFLKLHKENLGAREQVLYCYQIASGMQYLEK 

QRVVHRDLATRNVLVKKFNHVEITDFGLSKILKHDADSITIKSGKVAIKWLAIEIFSK 

HCYTHASDVWAFGVTCWEIITFGQSPYQGMSTDSIHNFLQELLRCWMADPKSRPGFEI 

LYERFKEFCKVPQLFLENSNKISESDLSAEERFQTERlREMFDGNIDPQMYFDQGSLP 

SMPSSPTSMATFTIPHGDLMNRMQSVNSSRYKTEPFDYGSTAQEDNSYLipKTKEVQQ 

SAVLYTAVTNEDGQTELSPSNGDYYNQPNTPSSSSGYYNEPHLKTKKPETSEEAEAVQ 

YENEEVS 

Figure 5.8 The sequence of the receptor C-terminals used to screen against the MGL·l C· 

terminal interactors. The PDZ interaction motif is highlighted in red and underlined. 
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The suitability of each receptor C-terminal domain for use as the 'BAIT' in 

the LexA two-hybrid system was verified (table 5.6). Yeast co-transformed with 

the C-terminal domains and the individual interactors were spotted onto a single 

assay plate at the same time point to standardise the growth conditions and the 

incubation period. The clones C01F6.6a and MPZ-1 display a specific and strong 

interaction with the MGL-1 C-terminal. No 2-hybrid interaction was detected 

between the other C-terminal domains screened and either MPZ-1 or C01F6.6a. 

The clone PTP-1 interacted specifically with the GLR-1 C-terminal and to a 

similar extent in the 2-hybrid system as the MGL-1 C-terminal. No 2-hybrid 

interaction was detected between PTP-1 and either the NMR-1 or LET-23 C

terminal (table 5.7). 

ASSAY Vector Expected Confirmation 
Transformation Result 

=: 
pGILDA-GLR-I Ct & 

pSH18.34 
0 E-<E-< No transactivation .,. ..... ....... CI) pGILDA-NMR-ICt & = co: <r.I..1 pSH18.34 No blue N ~ COE-< 

I 
.,. 

colouration ~ 
..... pGILDA-LET-23Ct & 
~ 

~ co: pSH18.34 
rI1 =: (-) pRFHMI & pSH18.34 WHITE 
co: 
1-1 
~ (+) pSHI7.4 & pSH18.34 BLUE 

pGILDA-GLR-ICt & 

Leucine 
pSH18.34 

No transactivation 
pGILDA-NMR-1 Ct & = 

Transactivation pSH 18.34 No Growth 
pGILDA-LET-23Ct & 

pSH18.34 

pGILDA-GLR-ICt & 
pJK IOI 

Nuclear targeting E-<E-< 
~ ....... CI) pGlLDA-NMR-ICt & = 1-1 =: <r.I..1 pJKIOI Repression of blue co: .,. COE-< 

~ ..... - ~ pGTLDA-LET-23Ct & colouration 
~ ~ pJKIOI 

= 1-1 
Z co: (+) pEG202MAX& WHITElFEINT BLUE 
~ pJKlO1 

(-) pJKIOI BLUE 

Table 5.6 The yeast-2-hybrid controls performed using the C-terminals of GLR-l, NMR-l 

and LET-23 (Constructs pGlLDA-GLR-ICt, pGlLDA-NMR-lCt and pGlLDA-LET-23Ct). Each 

construct was nuclear targeted and did not transactivate either Leucine or LacZ expression. 
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~ 
MGL-l C-tail GLR-l C-taiJ NMR-l C-tail LET-23 C-tail 

PREY 
Type I PDZ Motif Type I PDZ Motif Type n PDZ Motif Type I PDZ Motif 

(-TFU (-TAY) (-FYY) (-EYS) 

COIF6.6a ~ X X · X 

MPZ-l [i] X X X 

PTP-l GJ GJ X ' X 

Table 5.7 A directed 2-hybrid screen of the MGL-l C-terminal interactors. The 2-hybrid 

interaction between the MGL-1 C-terminal and each of the interactor's is shown for reference. 

Where a 2-hybrid interaction was recorded it is shown in the table for comparison. The absence of 

a two-hybrid interaction is represented by a cross Images were recorded after 5 days @ 30°C. The 

screen was allowed to proceed for 10 days. The time course of the GLR-1 interaction with PTP-l 

was similar that ofMGL-l and was detected on day 3. 
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5.17 Discussion 

The LexA yeast-2-hybrid system was selected to identify scaffolding 

molecules of the metabotropic glutamate receptors, MGL-l, MGL-2 and MGL-3. 

2-hybrid controls were performed with C-terminals belonging to each of the 

receptor subtypes. In the case of MGL-2 and MGL-3 the longest splice variants 

identified were used. The MGL-l C-terminal was identified as the only suitable 

BAIT for the 2-hybrid screen. 

The large-scale screen of a C. elegans cDNA library with the mgl-1 

receptor C-terminal harvested three proteins of specific interest. Based upon their 

domain architecture and similarities to known scaffolding proteins, the three 

clones selected for further analysis were, COlF6.6a, MPZ-l and PTP-l. The 

characteristics of the screen suggest that the interactions are authentic. Each 

protein was identified more than once with independent clones, at early stages of 

the initial screening process and each belongs to the group of clones prioritised as 

the strongest interactions (24 hour colonies). Sequencing over the point of fusion 

with the acidic blob AD confirmed each clone gives rise to bona fide protein. 2-

hybrid controls have confirmed each is a genuine two-hybrid interaction with the 

MGL-l C-terminal. 

The three proteins were screened against the C-terminal of the receptors 

NMR-l, GLR-l and LET-23. These alternative receptor C-terminals were 

selected to test the specificity of the identified two-hybrid interaction with MGL-l 

and to gain insight into the biological function of the three proteins. In C. elegans 

proteins involved in directing a receptors scaffolding can be conserved between 

different receptor types. An example of this is LIN-lO, a protein containing two 

PDZ domains. It is a shared component of the scaffolding machinery belonging to 

both receptors GLR-l and LET-23 and it performs this role in different cell types 

(Rongo, C. et al 1998). 

The C-terminal of each receptor has been implicated in its scaffolding (see 

section 1.32.4). Both LET-23 and GLR-l contain a TYPE-I PDZ domain binding 

motif, as like MGL-l. In the case of LET-23, interactions with intracellular 

molecules are dependent only on the C-terminal PDZ motif. It directly mediates 

the interaction between the receptor and LIN -7, another component of its 

scaffolding complex (Kaech, S.M. et al 1998). In the 2-hybrid system MPZ-l and 

COlF6.6a did not interact with either the GLR-l or LET-23 C-terminal. This 
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suggests the specificity of the interaction between the MGL-I C-terminal and both 

of the proteins MPZ-I and COIF6.6a is dependent upon more than the terminal 

PDZ binding motif. 

The MPZ-I and COIF6.6a clones each contains more than a single PDZ 

domain. It has been established that in some cases tandem PDZ domains are 

necessary for PDZ mediated target binding (Feng, W et al 2003). Multiple PDZ 

repeats also provide a basis for dual specificity contained within a single 

molecule. An example of this is the mammalian homolog of MPZ-l, MUPP-I. It 

contains 13 PDZ domains and interacts with several different targets through 

alternative PDZ domains (see section 5.18.3). Also ionotropic and metabotropic 

glutamate signalling cascades within mammals are known to be interconnected 

through scaffolding networks, providing a circuitry for cross-talk to occur. The 

mGluR5 and mGluRl subtypes are indirectly linked to NMDA receptor subtypes 

via the protein Shank (Ehlers, M.D. 1999). This is perhaps a mechanism for the 

strategic positioning of different receptor types relative to each other, enabling 

mGluRI regulation of NMDA receptor signalling. The NMR-I receptor C

terminal, which contains a TYPE-II PDZ binding motif, did not directly interact 

with any of the identified proteins. GLR-I did interact with the protein tyrosine

phosphatase, PTP-l in the 2-hybrid system. The PTP-I could function as a 

physical bridge between GLR-I and MGL-I or it may function as a generic 

scaffolding protein of different receptor types, as in the case ofLIN-IO. 

As LET -23 is a receptor tyrosine kinase, the phosphorylation of its C

terminal is intrinsic to its function. The activation state of the receptor regulates 

the protein interactions that occur at the C-terminal. Upon ligand induced receptor 

dimerization specific tyrosine residues are autophosphorylated in the C-terminus 

and are recognised by SH2 domains of target proteins belonging to the 

downstream signalling pathway. Therefore the regulation of the C-terminal 

phosphorylation state, by a tyrosine phosphatase, represents a potential 

mechanism for modulating the receptors signalling. For this reason PTP-I was 

screened against the LET -23 C-terminal but did not interact. However, it is 

important to realise the C-terminal, when used in isolation in a heterologous cell 

system, is unlikely to be in the same phosphorylated state that exists under normal 

circumstances. Subsequently if the interaction between PTP-l and the LET-23 C-
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terminal is dependent upon the activated state of the receptor it could be 

undetectable in yeast. 

5.18 Insights into MGL scaffolding by identified interactors 

5.18.1 Protein Tyrosine Phosphatase (PTP-l) 

Three splice variants of protein tyrosine phosphatase 1 are predicted from 

the C.elegans genome, the longest of these (C48DS.2a) exhibits an N-terminal 

FERM domain (4.1 protein, Ezrin, Radixin and Moesin) followed by a PDZ and 

C-terminal tyrosine phosphatase domain. The FERM domain is absent from the 

shorter N-terminal splice variants (C48DS.2b, C48DS.2c). 

The FERM domain has been identified as a molecular linker connecting 

cell-surface proteins to the actin cytoskeleton and is located at the N-terminus of 

the majority of FERM containing proteins (Ollis, D et al 1985). The co-assembly 

ofFERM and PDZ domains within the same protein is well established. Examples 

of such proteins can be found in mammals (PTP-MEG and PTP-BAS) and 

C.elegans (PTP-2). 

A physiological role for protein tyrosine phosphatase regulation of 

mGluRl signalling has been described at parallel fibre to Purkinje neuron 

synapses of the cerebellum, a region of the brain involved in motor co-ordination. 

The activation of mGluRl can trigger a nonselective cation channel conductance 

and generate a slow EPSP. The coupling pathway involved is independent of the 

classical mGluR1 second messenger, PLC and can be turned on and off by 

tyrosine dephosphorylation and phosphorylation respectively (Canepari, M et al 

2003). Similarly phosphatase activity has been demonstrated to modulate the 

depression by Group I subtypes of the slow duration after-hyperpolarization 

(sAHP) in hippocampal CAl pyramidal neurons (Ireland, DR et al 2004). The 

depression of this current by the Group I selective agonist DHPG is gated by a 

delicate balance between tyrosine phosphatase and tyrosine kinase activity. 

Disruption of this steady state by inhibition of phosphatase activity promotes a 

heightened state of tyrosine kinase target phosphorylation and impedes the 

depression of the sAHP by GroupI mGluR activation in CAl neurons of 

hippocampal tissue slices. The outcome is an enhancement of neuronal cell 
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excitability. Again, the mode of this regulation is independent of classical Group I 

signalling mediators (PKC, IP3 and PLC). A GAL-4 based Y-2-H screen 

performed with the C-terminal of mGluR 3 has identified a direct interaction with 

protein phosphatase 2C (PP2C) (Flajolet, M et al 2003). However, other than 

regulatory factors that control this interaction there is little functional data to 

define its physiological purpose. 

5.18.2 COIF6.6a 

COIF6.6a contains two PDZ domains and is predicted to be cytoplasmic. 

Its closest mammalian homologue is the NaJH-exchange regulatory factor 2 / 

EBP-50 but lacks the C-terminal ERM interaction domain. NHERF-2 has been 

shown to direct parathyroid hormone receptor (PTHIR) signalling, switching it 

from a cAMP to a PLC~1 pathway by simultaneously binding PTHIR and PLC~l 

via PDZ interactions and coupling PTHIR to the inhibitory G-protein Gi (Mahon, 

M et al 2002). EBP-50 has been identified in the sorting of agonist induced 

internalised ~2-adrenergic receptors into recycling endosomes, which is 

dependent upon intact interactions between the PDZ domain of EBP-50 and the 

receptor C-tail and the ERM domain of EBP-50 and the actin cytoskeleton (Cao, 

T et al 1999). CO 1 F6.6a may be capable of mediating similar events in C.elegans 

with respect to MGL-l signalling. 

5.18.3 MPZ-l 

In silico analysis predicts MPZ-l contains 10 PDZ domains, this domain 

architecture suggests a scaffolding function. Its closest human homologue is the 

multiunit PDZ protein 1 (MUPP-l), which has been identified as containing 13 

PDZ domains. Protein alignments show the PDZ domains of MPZ-l are very 

similar to those in MUPPI and the structural organization of the PDZ domains is 

evolutionarily conserved. (Ullmer, C et al 1998). Northern Blot analyses have 

shown tissue distribution of the MUPP 1 transcript is widespread, in the brain, 

heart, liver, placenta, skeletal muscle, kidney and pancreas. 

MUPP-l was cloned from a GAL4 Y-2-H screen of a human fetal brain 

cDNA library with the C-terminal domain of the 5HT 2C receptor (Ullmer, C et al 

1998). The 5HT2C receptor possesses a Type I PDZ ligand motif (-SSV) and 
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interacts specifically with the 10th PDZ domain of MUPP-l (Becamel, C et al 

2001). This interaction is regulated by agonist dependent phosphorylation of 

Serine residues in the C-terminal PDZ ligand motif (Parker, L et al 2003). Serine 

phosphorylation causes a loss of MUPP-l association, identifying this event as a 

modulator of PDZ:protein interactions, although in the case of MUPP-l the 

purpose of this in 5-HT2c receptor function and signalling remains to be 

established. In situ hybridization and immunohistochemistry have verified the 

MUPPI transcript is distributed to the same regions of the brain as the 5HT2c 

receptor. These include the choroid plexus, cerebral cortex, piriform cortex and 

hippocampus. 

The mouse equivalent of MUPP-I and MPZ-l is Mpdz, this has been 

cloned (Simpson, E.H. et al 1999). QTL (Quantitative Trait Loci) analysis of 

genetic determinants of acute alcohol withdrawal liability has identified the Mpdz 

gene from genetic animal models of alcohol withdrawal syndrome (Fehr, C et al 

2002). Quantitative RT -PCR has demonstrated the Mpdz mRNA transcript is 

more abundant in animal models of acute mild ethanol withdrawal compared to 

animal models of severe ethanol withdrawal (Shirley, R. et al 2004). Additionally 

sequencing has identified 18 polymorphosims in Mpdz alleles between acute mild 

and severe models of ethanol withdrawal. 10 of these have been predicted as 

changing the protein amino acid sequence. This implicates changes in Mpdz 

protein structure and Mpdz gene expression may be genetic determinates of 

alcohol withdrawal liability and ultimately the onset of alcoholism . 

MPZ·1 •..• tII--II ........... II .. I1 ..... I1 ........ . 
55.4 43.7 43.4 58.2 45.9 54.2 40.7 

.... j 

28.6 I 

134· 254· an· 541· 68i- 991· 1134- 1333· 1466· 1809. 1705. 1842-
225 338 463 627 779 1017 1231 1420 1 S51 16\18 1791 1932 

Figure 5.9 Alignment of MPZ·1 and MUPP·1 PDZ domains. The percentage identity between 

MUPP·! and MPZ·! PDZ domains is indicated by numbers beneath MPZ·!. Numbers above 

MUPP·! indicate amino acid positions (Taken from Ullmer, C et al 1998). 
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CHAPTER 6 

Molecular characterization and 

expression analysis of the yeast-2-

hybrid prioritised clones 
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6.1 Introduction 

The 2-hybrid screen provides a suitable starting point for the isolation of 

protein-protein interactions. Nevertheless, it is an in-vitro approach and further 

analysis is required to assess the physiological function of the interactions 

identified. An initial starting point for addressing this issue is the demonstration of 

a cellular co-expression pattern for the genes encoding the two interacting 

proteins. If the genes encoding the interacting proteins yielded by the 2-hybrid 

screen are not expressed in the same cells as the mgl-1 receptor in-vivo, the 

occurrence of a physical interaction between the identified protein and the 

receptor is very unlikely. At this time the cellular expression pattern of the three 

proteins prioritised from the 2-hybrid screen were not available from the 

published literature. Defining the cellular distribution of the mgl-1 interactors at 

the level of the whole organism was therefore necessary and an important 

requirement to facilitate their further prioritisation. 

6.2 Methods for the detection of cellular expression patterns in C.elegans 

There are various techniques that have been successfully used to define 

cellular expressIon patterns within C.elegans, although none are without 

their own caveats. Antibody staining allows the localization of a protein, 

derived from the gene of interest, to be assessed. A substantial insight into a 

proteins function can be gained by determining the precise subcellular 

compartment it is localized to. However this is dependent upon the production or 

availability of a suitable antibody. Currently there are no antibodies available that 

are capable of recognising any of the three proteins prioritised from the 2-hybrid 

screen. In-situ hybridisation allows the localization of the mRNA transcript 

encoding the protein of interest. In-situ hybridisation has been used in C.elegans 

to study the expression of various genes (Tabara H et al 1996). However the non

specific recognition of homologous transcripts can yield high backgrounds and 

misleading results. 

A third technique practised in C.elegans involves the production of 

transgenic animals expressing a promoter fused in vitro to a reporter gene such as 

LacZ or fluorescent proteins (eg. GFP). Such a chimera (promoter::LacZlGFP) is 

commonly referred to as a gene fusion reporter construct and it allows the 

expression of a fluorescent reporter protein to be placed under the control of a 
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foreign promoter (Hope 1., et al 1998 and 1991) This is typically the promoter 

belonging to the gene of interest. Hence, in transgenic animals transfonned with 

the gene fusion reporter construct the fluorescent protein will only be expressed in 

cells where the gene of interest is being transcribed. The process takes advantage 

of the transparent nature of Celegans, which enables the expression of a 

fluorescent or coloured reporter to be easily assessed in the intact, living organism 

throughout development. However, for reasons that will become apparent in 

subsequent sections, this technique is absolutely dependent upon a defined gene 

model and a defined ORF translation start site. We have initiated our approach to 

define the cellular expression pattern of the three proteins interacting with the 

mgl-l C-tenninal by generating transgenic lines expressing gene fusion reporter 

constructs for the three proteins, PTP-l, MPZ-la and COIF6.6a. 

6.3 Overview of the design approach used to generate gene fusion 

reporters, with reference to published criteria. 

In eukaryotes the promoter encompasses the DNA sequences responsible 

for the correct regulation and initiation of transcription of a gene (Harbison, CT et 

al 2004). The promoter contains a spectrum of transcription control elements. In 

general the foundation of a promoter is the core promoter; this is the site at which 

the RNA polymerase and transcription factors assemble together to generate an 

initiation complex (Lee, TI and Young, RA 2000). Proteins that bind to other 

sequences (promoter elements) within the promoter ( or elsewhere) can regulate 

the assembly of this complex, to mediate transcription control. Enhancer proteins, 

for example can bind to promoter elements upstream of the core promoter and 

promote gene expression, whereas repressor proteins serve as negative regulators 

[Brown, T.A. 2002] 

The promoters of several Celegans genes have been studied in depth to gain 

insight into the mechanisms that underlie the process of sex, stage and tissue 

specific regulation. For example, unc-54 is one of the four myosin heavy chain 

genes. The expression of unc-54 is the subject of multiple control elements that 

reside in the 5' flanking region of DNA, within the body of the gene and in the 3' 

untranslated region (Okkema, P.G. et al 1993). A 200bp region of 5' flanking 

sequence and the third intron can both independently confer tissue specific 

expression to unc-54, whereas the 3' untranslated region is required for expression 
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and not tissue specificity. This highlights that upstream and downstreanl 

sequences can serve as sites for activating enhancers that regulate the properties of 

a genes expression (Brown, TA 2002). 

In our approach the promoter region for a gene of interest was defined as the 

expanse of genomic DNA between the ATG start codon of that genes open 

reading frame and the 3' extremities of the nearest upstream gene. This is 

commonly referred to as the intergenic region. In setting this as our definition we 

have ignored any potential downstream regulatory elements residing within 

introns or the 3' untranslated region. Despite this it has been demonstrated that the 

promoter fusion approach provides a suitable first-pass assessment of cellular 

expression patterns and it avoids the need to amplify the entire gene. This is a 

distinct advantage since the genes encoding the hybird identified proteins range 

from 12kb -35kb (this does not include the intergenic region or the 3'untranslated 

region) and long distance peR can present a significant obstacle. 

The amount of promoter sequence that is used in the promoter: :reporter 

approach is highly variable. In an independent report, the analysis of 200 

randomly selected publications describing an expression pattern derived from a 

promoter: :reporter-approach identified the amount of promoter sequence utilised 

ranges between three hundred and several thousand base pairs (Dupuy. D et al 

2004). In the majority of pUblications specific expression was obtained without 

using the entire intergenic region, but instead a small propOliion of it and the size 

of the region used was typically governed by the presence of a convenient 

restriction site. As mentioned previously as little as 200bp of 5' flanking sequence 

was sufficient for the specific expression of unc-54. 

This analysis formed a component of the strategy used to generate the 

C elegans promoterome (Version 1.1) (Dupuy. D et al 2004). The C elegans 

promoterome IS a genome-wide resource that was generated by the peR 

amplification and cloning of ~6600 promoters. The database represents 

approximately a third of the total number of unique Celegans promoters. Similar 

gene expression databases are being compiled for other species that include 

humans, mice and Xenopus. 

In generating the Celegans Promoterome the upper size limit of the peR 

fragment was set to 2kb. This was done primarily to facilitate cloning efficiency. 

It was justified on the basis that sequence homology between Celegans and 
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Cbriggsae dramatically decreases 1500bp upstream of the ATG start codon for 

the majority of genes and the consensus in the literature is that the entire 

intergenic region is not required to obtain expression. 

In our approach, where a substantial amount of intergenic sequence was 

present, the amount of promoter sequence deemed to be acceptable was set 

initially, as a first pass, to a minimum threshold of 2kb (although the minimum 

used was actually 2.4kb). Alignments between the Celegans and Cbrigssae 

intergenic region of the genes of interest, was used to identify conserved promoter 

elements. This served as a guide for determining the minimum amount of 

intergenic sequence required for all potential upstream cis-regulatory elements to 

be included. The fluorescent marker protein was fused in-frame, to either the 

second or third exon of the gene by sub cloning of the peR amplified genomic 

fragment into either the vector pPD95.75.DsRED2 or pHAB.mRFP-l. The first 

intron was included to take account of any additional cis-acting elements or 

enhancers that are located within it and it is known that processing by the 

endogenous splicing machinery improves the expression efficiency and levels of 

promoter fusion reporter constmcts (Fire, A., Seydoux, Gc., Xu, SQ. 1995, 

unpublished observation). The vectors pPD95.75.DsRED2 and pHAB.mRFP-l 

both contain generically used 3' untranslated regions from the genes unc-54 and 

let-858 respectively. The alternative to subcloning for the production of gene 

reporter constmcts is the PeR-fusion based approach (Hobert, 0 2002). 

Essentially two primary peR products are merged together using nested primers 

to generate apromoter::reporter fusion. The peR reaction is then injected into the 

gonad of Celegans without further purification. This technique is dependent upon 

the primary peR working, which can be hindered when large fragments, several 

thousand base pairs in size are required. 

6.4 Practical steps taken in the production of gene fusion reporters and 

transgenic animals. 

Primers designed to amplify the necessary region of genomic DNA for 

sub cloning were initially based upon the Wormbase gene submission. It became 

apparent the gene models provided were subject to inaccuracies, primarily these 

inaccuracies resided in defining exons, intron boundaries and ATG start co dons 

(See Chapter 3). It was determined that as a minimum requirement, it was 
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important to experimentally validate the 5' region of the gene using a RACE 

approach. In parallel a 3 'RACE analysis was performed. The information gained 

from this was intended for use in the production of protein fusion reporter 

constructs (promoter-ORF: : reporter) , should the promoter: :reporter construct 

identify a cellular co-expression with mgl-l. The definition of the 5' and 3' end of 

a transcript enables primers to be designed for the amplification of the full-length 

transcript, including 5' and 3' untranslated sequence. Furthennore 

characterization of the transcript is necessary if the fluorescent marker is to be 

fused correctly when generating protein fusion repOliers. 

PCR amplifications were performed on genomic DNA, prepared from wild

type worms and in parallel cosmid DNA. Cosmids were first characterized by 

restriction digest analysis to confirm their identity. The initial PCR amplification 

was analysed by electrophoresis, to ensure a product of the correct size was 

obtained. Both restriction digest analysis and partial sequencing was performed to 

confinn the correct region of genomic DNA was fused to the repOlier, prior to 

microinj ection. 

Upon successful transformation of the genn line cells the trans gene is 

expressed as an extra-chromosomal array (Stinchcomb, D.T et al 1985). To screen 

for transgenic lines expressing the gene reporter constructs, rescue of the 

temperature sensitive developmental mutation pha-l(e1213)ts was utilised as a 

co-injection marker (see Methods section 2.4.15). The protein encoded by pha-l is 

required for the correct development of the pharyngeal muscle during 

embryogenesis. At 25°C the pharynx does not develop in pha-l (e1213) mutants, 

inhibiting feeding in larvae and causing death. At 15°C pharyngeal muscle 

development is normal. Micro-injection was performed using the mgl

l::GFP;pha-l(eJ213)ts selectable marker strain (generated by crossing the stable, 

integrated transgenic line mgl-l: :GFP (Supplied by Katsura, I) with a strain 

carrying the allele pha-l(eI213)ts, Methods and Materials Section 2.4.15). 
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6.5 The RACE characterization of mpz-l and its cellular expression 

6.5.1 Constructing a gene fusion reporter to elucidate the cellular 

expression of mpz-1. 

The MPZ-1a protein IS encoded by the gene mpz-l. At the time of 

identifying MPZ-1a as a 2-hybrid interaction partner of the MGL-1 receptor C

terminal, the mpz-1 gene model was derived from an in-silica prediction 

(http://wslOO.wormbase.org). There were no available ESTs to support the areas 

of sequence defined as exons and introns and the predicted model represented the 

only available information regarding the structure of mpz-1. The design of the 

mpz-1 gene reporter construct, mpz-1(i)::DsRED2 was therefore based upon the 

in-silica defined gene model (figure 6.1A). 

The construct mpz-1(i)::DsRED2 contained 2.8kb of 5' un-translated 

sequence. This incorporates the entire intra-genomic sequence between mpz-1 and 

the nearest upstream gene T19ElO.2 (figure 6.1A). The fluorescent protein 

DsRED2' was fused in-frame to the second coding exon of mpz-l. The mpz-1 gene 

is separated over the two cosmids T19ElO and C52A11. The region of mpz- 1 

required to make mpz-1(i)::DsRED2 resided in the cosmid T19ElO. This cosmid 

was obtained but failed to produce the correct restriction pattern when digested 

and failed to yield a product when used as the template for PCR. The desired 

region of mpz-1 was successfully PCR amplified from wild-type genomic DNA 

(figure 6.1B). 
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Figure 6.1 The molecular basis of the promoter construct mpz-1(i)::DsRED2. A. The in-silica 

predicted exonlintron structure of mpz-l (denoted as C52AII.4 in http://ws100,wormbase.org; 10 
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May 2003). Key: Boxes = exons, Chevrons = introns. The red bar indicates the genomic region 

used to produce the reporter construct mpz-l(i)::DsRED2. The nearest upstream gene, T19EIO.2, 

is shown. The grey arrow indicates the gene orientation of mpz-l (right to left) as it is documented 

in Worrnbase. B. peR amplification of the mpz-l genomic DNA. Cycle parameters: 

Jx(2min@94°C), IOx(J Os@94°C, 30s@57"C, 3min30s@68°C), 20x(J 5s@94°C, 30s@57"C, 

3min35s@68°C), 7min@72°C. 
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6.5.2 Establishment of an altered mpz-l gene model and its implications for 

the fidelity of the reporter mpz-l(i)::DsRED2. 

The construct mpz-1(i)::DsRED2 was partially sequenced at the 5' end. To 

confirm the sequence as being correct a BLAST search was performed of the 

C.elegans genome repository, Wormbase. Upon alignment of the mpz-

1(i)::DsRED2 sequence to mpz-1 it was realised the original mpz-1 gene model 

had in the mean time been significantly altered and also a splice variant of mpz-1 

(C52A11.4b) had been identified. The modified mpz-1 gene model is now denoted 

as mpz-1(C52A11.4a). The majority of the changes to the mpz-1 predicted gene 

model had occurred in the 5' region of mpz-l. Consequently the portion of mpz-1 

that was used for the construct mpz-1 (i): :DsRED2 did not possess the correct 

molecular components required to report on the cellular expression pattern of 

mpz-l (Figure 6.2). 
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Figure 6.2. Comparison of the old and new mpz-l gene models. The 'new mpz- l gene structure 

is denoted as mpz-l(C52Al1.4a) and it is depicted beneath the heading "Gene Models." The old 

gene model for mpz-l (C52Al1.4:wpll1) and T19ElO.2 (wp57, wp91 and wplll represent 

consecutive modifications to the gene model) are depicted beneath the heading "Obsolete gene 
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models." The predicted gene T19ElO.2 does not exist in the context of mpz-l(C52All.4a). The 

newly identified splice variant mpz-l(C52All.4b) is shown. The red bar indicates the "Genomic 

region PCR amplified" and used to make the construct mpz-l(i)::DsRED2. The position of the 

"new" and "old" translation start codon is indicated by the blue triangles. The ESTs aligning to 

mpz-l are shown as "ESTs aligned by BLAT (best)." The 5' exons of the mpz-l gene model 

defined as non-coding by the EST ykl 004e08 (indicated by the red asterisk) are circled in red. 

The 5' regIOn of mpz-l was changed because of the EST submission 

yk 1 004e08 (originating from the National Institute of Genetics, Mishima, Japan. 

figure 6.2) that defines an SL-l trans-splice acceptor site; re-defines the 5' end of 

the mpz-l transcript and re-defines the nearest upstream gene. Compared to the 

other available ESTs ykl004e08 provides the largest coverage of the mpz-l 

transcript, ~8kb. The ykl004e08 cDNA had been only partially sequenced at the 

3' and 5' end by the EST consortium and was fully sequenced by us. The 

sequence obtained from yk 1 004e08 contained SL-l sequence trans-spliced to the 

5' end of the mpz-l gene. The sequencing data confirmed the revisions to the mpz-

1 gene model within the region encompassed by the EST ykl004e08. 

In the new model the position of the translational start codon has been re

assigned and is further towards the 3' direction of the gene. The predicted 

translational start codon in the original gene model is intronic. Upstream of the re

assigned start codon are 4 non-coding exons. One of these was incorrectly defined 

as the second coding exon by the original mpz-l gene model. The three additional 

exons were incorrectly predicted as belonging to T19E10.2, the nearest upstream 

gene to mpz-l at that time. In the context of the genomic re-modelling that has 

occurred it is evident T19E10.2 is based upon an inaccurate prediction and it does 

not exist. The nearest upstream genes to mpz-l(C52All.4a) is now ect-2 

(T19E10.1b and T19EIO.la), which are 6kb away from the first mpz-1 exon and 

encode a mammalian Rho-GEF (guanine nucleotide exchange factor) homolog. 

The new mpz-l gene model documented by wormbase defines 3 new exons, 

which are exons numbered 8, 33 and 36. When the new exons are introduced they 

do not alter the reading frame of the mpz-l a transcript or the domain architecture, 

10 PDZ domains are still present. 
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6.5.3 Alignment of mpz-l to the C.briggsae genome for the identification of 

conserved promoter elements 

Comparisons between genomes can assist in the annotation of functional 

genomic elements, in particular the resolution of protein-encoding genes. 

Caenorhabditis briggsae is a soil dwelling nematode and one of C elegans ' 

closest known relatives. The two species diverged from each other ~ 100 million 

years ago; they are virtually indistinguishable in their morphology and possess the 

same developmental programming. Areas of genomic sequence that encode 

protein are mostly conserved between the two organisms (Stein, L.D. et al 2003). 

Alignment of mpz-1 (CS2All.4a) to the Cbriggsae genome identified strong 

sequence homology (indicated by the dark blue squares) over the coding regions. 

The nucleotide sequence ofthe four mpz-1(CS2A11.4a) non-coding exons are also 

highly conserved in the intergenic region of the Cbriggsae orthologue, 

CBP00807. This would suggest they are conserved elements that are important for 

the correct expression of mpz-1. There are additional elements also in the 

intergenic region between mpz-1 and T19E10.1a!b that are conserved in 

Cbriggsae and are also likely to be important for the gene's expression (Figure 

6.3). 
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Figure 6.3 Alignment of the C.elegans gene mpz-l(C52All.4a) to the C.briggsae genome identifies conserved features of the two genomes in the mpz-l 5'UTR. The 

gene mpz-I(C52AI1.4a) is shown and its alignment to part of the C.briggsae supercontig cb25.fpc0058. The four non-coding exons defined 'by yklOO4e08 are circled in red . 

The dark blue, light blue and grey boxes correspond to coding, strong and weak alignments as determined by the algorithm Woble Aware Bulk Aligner (W ABA) (Stein. L et 

al 2003). Dotted lines represent regions that do not align. Strong blocks of identity cover the mpz-l(C52AI1.4a) coding DNA sequence. The intergenic region (-6,000bp) of 

mpz-l (C52AII.4a) contains coding, strong and weak blocks of identity that may represent conserved functional elements of the upstream promoter region. 
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6.5.4 Characterization of mpz-l 5'end by SL-l PCR and RACE 

In parallel to the EST based definition of the mpz-l gene model an 

independent RACE and SL-l analysis of the mpz-l 5' region was perfonned. This 

was done to confinn the 5' region of the gene model established by sequencing 

the EST ykl004e08 and to identify if alternative splice variants exist in this 

domain. If this were to be the case it could have important consequences for 

generating an mpz-l gene reporter construct. 

It has previously been shown by the characterization of the mgl-l 

transcript that SL-l can be alternatively trans-spliced to generate different 5' 

ends. The EST ykl004e08 defines one SL-l trans-spliced variant. To establish if 

there are others a nested PCR reaction was perfonned on a first round RACE 

amplification. The first round RACE was performed with the primer pairs, mpz-J 

5'RACE GSP, located in exon 29 of mpz-l(C52All.4a) and the adaptor specific 

primer (AP). The nested RACE reaction was perfonned with an SL-l primer and 

the nested gene specific primer (nGSP) T19R located in exon 4 of mpz-l (figure 

6.4B). 

Three specific bands were generated by the PCR that were not amplified 

by the single primer control reactions (see figure 6.4A). The three bands were 

named mpz-l(Bl), mpz-l(B2) and mpz-l(B3). mpz-l(Bl) is the longest product 

amplified (~500bp) and mpz-l(B3) (~lOObp) is the shortest (see figure 6.4). mpz-

1 (B2) was closest in size to the expected product, which is 381 bp. Each of the 

three bands were gel extracted, to facilitate TA-cloning of each product and 

selected clones were then sequenced. The sequence was aligned to the C. elegans 

genome. 

The sequencing of mpz-l(Bl), mpz-l(B2) and mpz-l(B3) confinned each 

is alternatively trans-spliced to SL-l. mpz-l (B2) corresponds to the 5' end of the 

SL-l trans-splice variant contained in the EST clone ykl004e08. It confinns the 

trans-splice site and exon splicing at the 5' end identified by ykl004e08. mpz

l(Bl) and mpz-l(B3) are alternative SL-l trans-splice variants that have not been 

previously characterized. mpz-l (B 1) is the more robust band compared to mpz-

1 (B2) and mpz-l (B3). Qualitatively it represents the most abundant transcript 

(figure 6.4A). mpz-l(Bl) is different because it contains two exons upstream of 

the first exon defined by the EST ykl004e08. The first exon of mpz-l(Bl) 

contains an alternative start codon to that assigned by yk 1 004e08 (figure 6.4 B). 
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The protein sequence of mpz-1 (B 1) does not alter the existing PDZ domain 

architecture. mpz-1(B3) has the same start codon in common with mpz-l(B2) but 

contains only a single non-coding exon upstream of it (figure 6.4C). 

In addition the 5' region of the mpz-1 transcript was characterized by the 

SMART RACE technique. A nested RACE reaction was perfonned using the 

nested RACE adaptor primer (nAP: nested Adaptor Primer) and the nested gene 

specific primer (nGSP), T19R. The primer T19R was previously used to perfonn 

the SL-1 characterization of mpz-1. The nested RACE reaction confinned the SL-

1 trans-splice site and the exon splicing defined by the variant mpz-1(B1). It also 

identified shorter variants that were not trans-spliced to SL-l (data not shown). 

The shorter variants contained the RACE adaptor sequence and alignment did not 

identify any alternative exon splicing to that already established by the SL-l 

analysis. The size difference was assigned to the alternative incorporation of the 

SMART RACE adaptor sequence. 
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ALPVSDQLSAVTFVKASGQRLYLQIARPHS IPQQ* 

Figure 6.4. The SL-l characterization of the mpz-l 5' region. A) The SL-l characterization of 

the mpz- l(C52Al1.4a) 5' region identified three alternative SL-l trans-spliced variants (mpz

l(B1), mpz-l(B2) and mpz-l(B3). B) The exon configuration defmed by each variant is indicated 

beneath "SL-l defined mpz-l 5'Region." The position of the first round RACE primer, mpZ-l 

5'RACE GSP and the nested RACE primer, T19R(nGSP) are indicated. The position of the mpz-

1 (Bl) defined translational start codon is represented by the blue triangle labelled as (B 1). The 

position of the translational start codon defmed by mpz-l(B2), mpz-l(B3) and the EST yklO04e08 

is indicated by the blue triangle labelled as (B2/3/EST). C) The protein sequence of MPZ-la is 

shown and has been modified to include the protein sequence of the mpz-l(Bl) cDNA fragment. A 

blue arrow indicates the position of alternative SL-l trans-splicing defined by mpz-l(B2) and mpz-

1(B3). The ATG start codon defined by the longest SL-l trans-splice variant is in red and the start 

defined by the shorter SL-l variants is highlighted in blue. 
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6.5.5 Modification of the mpz-l(i)::DsRED2 gene fusion reporter. 

Upon experimentally defining the 5' exon structure of mpz-1 it was 

apparent · the genomic region amplified to generate the construct mpz-

1(i)::DsRED2 (represented in figure 6.5) is not sufficient to adhere to the 

necessary requirements for efficient reporter gene expression (see section 6.3). To 

address this a second construct was made, mpz-1(ii)::DsRED2 that incorporates 

nearly the entire inter-genomic region between mpz-1 and the nearest upstream 

gene, ect-2(T19ElO.aIb) (figure 6.5). This region is a 5' extension of that used to 

generate mpz-1(i)::DsRED2 and according to the molecular criteria established it 

is sufficient to report on the two longest SL-1 trans-spliced variants. It extends in 

the 5' direction to the first exon of the longest SL-1 trans-spliced variant (mpz-

1(B1)) and 4.5kb beyond that. The DsRED2 is fused at the same genomic position 

in mpz-1(ii)::DsRED2 as its predecessor. However, due to the remodelling of the 

exon structure this now corresponds to exon 6 of the mpz~1(B1) variant and to 

non-coding ex on 4 of the yklO04eOSlmpz-1(B2) variant. 
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Figure 6.5. The molecular basis of mpz-l(ii)::DsRED2. The mpz-l(C52Al1.4a) gene model is 

shown, together with the alternative 5' exon structures defmed by SL-l trans-splicing. The 

genomic region used to manufacture the construct mpz-l(ii)::DsRED2 is indicated by the solid red 

line, labelled as DsRED2. The region used to make the construct mpz-l(i)::DsRED2 is represented 

by the red line labelled as mpz-l(i)::DsRED2. 
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6.5.6 Expression analysis of mpz-l(ii)::DsRED2 

The microinjection of the mpz-l(ii)::DsRED2 reporter construct into mgl-

1: :GFP expressing worms did not produce an identifiable co-expression pattern. 

The expressed mpz-l(ii)::DsRED2 reporter construct appeared as discrete 

punctate aggregations, that were irregular in both size and their intensity of 

fluorescence. The puncta were distributed in the head, along the length of the 

worms' body, on the ventral and dorsal surfaces and displayed a more 

concentrated aggregation at the vulva. The focal plane of the puncta was towards 

the periphery of the worm, in close proximity to the hypodermis and the cuticle 

(figure 6.6). This gross distribution of mpz-l(ii)::DsRED2 was consistent between 

three stable transgenic lines. 

Figure 6.6 The expression pattern of mpz-l, defined by the construct mpz-l(ii)::DsRED2 in 

the adult hermaphrodite co-expressing mgl-l::GFP. Two worms are present in the image, the 

asterisk indicates the nose tip of a worm strongly expressing the transgene. The white arrow 

indicates the position of the vulva and ventral surface. Objective : x40 DIe. 
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6.5.7 Modification of the mpz-l(ii)::DsRED2 gene fusion reporter 

The cellular distribution of mpz-l reported by the construct mpz

l(ii)::DsRED2 correlates poorly with existing descriptions (Xiao, H et al 2004). 

Abstract publications have described mpz-l as having a widespread distribution in 

Celegans, where it is expressed in both the nervous system and distinct types of 

muscle. A comparison between the neurons named as expressing mpz-l and mgl-l 

by independent abstract publications indicates the two proteins are co-expressed 

in the nervous system. The nerve ring motorneuron, RMD is common to the 

expression patterns described for mpz-l (Xiao, H et al 2004) and mgl-l (Ishihara 

and Katsura 1996) in separate reports. In light of this, the construct mpz

l(ii)::DsRED2 ill defines the complete cellular expression pattern of the gene 

mpz-l. 

The construct mpz-l (ii): :DsRED2 was subsequently modified to generate 

mpz-l(iii)::CFP. The construct mpz-l(iii}::CFP incorporates two key molecular 

alterations from its predecessor. The first is the fluorophore DsRED2 was 

substituted for CFP (Cyan Fluorescent Protein), a modified version of GFP 

(Heim, Rand Tsien, RY. 1996). An alternative fluorescent reporter was used 

because DsRED has been reported to oligomerize into aggregates when expressed 

in cells (Sacchetti, A et al 2002). The punctate aggregates yielded by the micro

injection of mpz-l(iii}::DsRED2 are a potential artefact of the DsRED2 

undergoing self-oligomerization (Sahai, E. Wyckoff, J. et al 2005). 

It is well established several promoters can drive the expression of a single 

gene. Abstract publications have reported, in brief, that mpz-l is no exception to 

this. Alternative promoters are capable of driving the expression of mpz-l in 

different cell types (Xiao, H et al 2004). In these circumstances the amount of 

genomic sequence used to generate the reporter construct mpz-l(ii}::DsRED2 

could have been insufficient and selected for an alternative promoter that drives a 

previously un-characterized expression pattern of mpz-l. To address this, the 

second modification to construct mpz-l(ii)::DsRED2 was made by extending the 

region of genomic DNA in the 3' direction. In doing so this incorporated the exon 

containing the start codon defined by the EST ykl004.e08 and the next exon 

downstream of that, which is fused to the fluorescent reporter protein (figure 6.7 

illustrates the region of promoter used to make the modified version of mpz-

1 (iii): :DsRED 2, denoted mpz-l (iii): CFP ImRFP-l). 
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The construct mpz-l(iii)::CFP was micro-injected into the line pha-

1(eI213);MGL-l ::GFP. Worms successfully injected were selected for and 

analysed by confocal microscopy. Specific CFP fluorescence could not be 

detected using filter settings that adhere to the excitation/emission profile of CFP 

(Clontech, Living Colors User Manual®, PT2040-1(PRYIY691), 2001). The 

generalised CFP fluorescence observed was the same in wild-type worms, not 

transformed with the construct mpz-l(iii)::CFP and the transgenic lines. 

Subsequently the CFP was replaced in the construct by the fluorophore mRFP

l(monomeric red fluorescent protein-I) (Campbell, RE et al 2002 via Hannah, 

M). The construct mpz-l(iii)::mRFP- l was injected into the line pha-

1(eI213);MGL-l: :GFP and the successful transgenics were analysed by normaski 

and confocal microscopy. 
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Figure 6.7 Molecular basis of the construct mpz-l(iii): :CFP. The red line labelled mpz

l(iii)::CFP/mRFP-l indicates the genomic region used to make the constructs by the same name. 
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6.5.8 Analysis of the expression pattern reported by mpz-l(iii)::mRFP-l. 

The cellular expression of mpz-l reported by the construct mpz-

1 (iii): :mRFP-l was significantly different to mpz-l (ii): :DsRED2. The intense 

punctate aggregates reported in the first instance with mpz-l (ii): :DsRED2, were 

predominantly absent. Instead, the fluorescence emitted by mRFP-l was diffuse in 

the majority of cell types. In some circumstances the fluorescence appeared as 

puncta superimposed upon a weak, diffuse background and this was typically 

associated with both muscle and neuronal cells (see figures 8e and 12). 

The cell types identified as expressing mpz-l by the construct mpz

l(iii)::mRFP-l generally correlated with the existing reports (Xiao, H et al 2004). 

Weak fluorescence was detectable in the body wall muscle cells, extending from 

the head to the tail, the vulva muscle cells (see figure 6.8) and the nervous system. 

The expression within the nervous system encompassed nerve-ring neurons 

(figure 9B) and pharyngeal neurons (figure 6. 9A) body neurons (figure 6.10) and 

tail neurons (figure 6.10), 
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Figure 6.8 mpz-l::mRFP-l is expressed in distinct muscle cell types. A) The expression of 

mpz-l::mRFP-l in the vulval muscle cells of the adult C.elegans hermaphrodite. The 

expression in the vulva muscles is imaged in two planes. In Ai) the worm is positioned on its side 

and in Aii) the worm is positioned with the ventral surface facing upwards. In Aii a cartoon of the 

adult vulva (in the same orientation as the microscope images) depicts the positioning of the vulva 

muscle cells (vm) and the organization of the neuronal innervations. Objective 60x oil DIC. B) 

The expression of mpz-l(iii)::mRFP-l in the body wall muscles of a young L3 

hermaphrodite. MGL-l::GFP is co-expressed with mpz-l(iii): :mRFP-l in neurons of the nerve 

ring and not in the body wall muscle. Objective 60x Oil DIC. 
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The cells expressing mpz-l(iii}::mRFP-l in the pharyngeal nervous system 

were amongst the most consistent, between individual transgenic worms. In the 

de-sheathed pharynx mpz-l expression could be observed in 12 neurons of the 

pharyngeal nervous system. Of these 12 neurons MGL-l ::GFP fluorescence was 

present in them all. Independent analysis has identified mpz-l is expressed in the 

motomeurons M4 and NSM of the pharyngeal nervous system, which both have 

distinct anatomical morphologies (figure 9A). Our own analysis has confim1ed 

mpz-l is expressed in these cells and enabled the cellular expression of MGL

l::GFP to be further defined, as GFP fluorescence is observed in NSM and M4 

also. 

By comparing reports that describe separately the expression of mgl-l and 

mpz-l, a common neuron belonging to the nerve-ring was identified as expressing 

both genes this was RMD. Our analysis has identified mpz-l and MGL-l are co

expressed by neurons within the vicinity of the nerve ring corresponding to the 

anatomical location of this cell. The expression of mpz-l (iii): :mRFP-l can be seen 

in the nerve ring as early as the developmental stage L2 in the same neurons as 

MGL-l: :GFP (figure 6.8B). 
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Figure 6.9 The expression of mpz-l::mRFPl in the nerve ring and de-sheathed pharynx of an 

adult hermaphrodite C.elegans expressing MGL-l::GFP. The images displayed are 

representative sections taken from a Z scan performed on the de-sheathed pharynx (A) and head 

(B) of a single worm. White arrows point toward cells co-expressing mpz- l ::mRFP-l and mgl

l::GFP and blue arrows point towards co-expression in neuronal processes. Scan mode: Z Stack, 

interval 0.98Ilm; Objective: Plan-Neoflaur40x/1.3 Oil DIe. GFP excitation 488nm excitation, 505-

530 band pass fIlter; mRFPl excitation 453nm, 560-615 band pass filter. 

Body neurons previously identified as expressing mpz-l are AVM, SDQR, 

PVM, SDQL, HSNLIR. Using this description body neurons expressing mpz

l(iii)::mRFP-l have been proposed. A neuronal expression corresponding to 

HSNLIR was not identified. Tail neurons independently identified as expressing 

mpz-l are ALNLIR, PVCLIR, PVQLIR and PVNLIR. The expression of mpz

l(iii)::mRFP-l in the tail neurons was inconsistent between transgenic worms. In 

229 



the majority of worms the expression of mpz-l(iii)::mRFP-l in tail neurons was 

not overt. The mRFP-l fluorescence was not observed in the same neurons of the 

tail as MGL-l::GFP. 

Figure 6.10 The expression of mpz-1(iii)::inRFP-1 in mid-body and tail neurons of an adult 

hermaphrodite. The identities of neurons expressing mRFP-l are proposed on the basis of their 

similar anatomical localization to those neurons that have been previously reported as expressing 

MPZ-l (Xiao, H et al 2004). The region of the worm the image was taken of is indicated A) Image 

recorded anterior to the vulva B) Image recorded posterior to the vulva. Objective: 60x, Oil DIe. 

Exposure time 8.5 seconds. 

C) Image recorded from the tail. Three neurons of the tail were identified as expressing mRFP-l. 

The inset highlights an example of where a combination of diffuse and punctate expression was 

observed in the same cell. The overlay shows mgl-l ::GFP was not co-expressed with mpz

l(iii)::mRFP-l in the tail cells. Objective: 60x Oil DIe. Exposure time: 5 seconds. 

230 



6.6 The RACE characterization of tag-60(C01F6.6a) and its cellular 

expression 

6.6.1 Introduction 

The gene tag-60 (temporarily assigned gene name) encodes two splice 

variants, C01F6.6a and C01F6.6b (figure 6.11). The two variants have alternative 

N-terminals and this produces the different domain architecture in the two 

proteins. The protein C01F6.6a contains an N-terminal PDZ domain whereas 

C01F6.6b does not, but both possess a common C-terminal PDZ domain. Since 

C01F6.6b was not identified from the 2-hybrid screen it is likely the C-terminal is 

not responsible for the interaction with the MGL-1 C-terminal. Cunently there is 

no information available for the biological function of tag-60 or the proteins it 

encodes, in C. elegans. 

The clone identifying C01F6.6a as a 2-hybrid interaction partner of the 

MGL-1 C-terminal was incomplete and lacked the predicted start codon. 

Subsequently a first round 5' RACE characterization was performed with a GSP 

that recognised coding sequence common to both C01F6.6a and C01F6.6b and 

was located over exons 6 and 7. An internal control was performed with the 5' 

RACE GSP and the 3' RACE GSP. The 3' RACE GSP was' designed sufficiently 

towards the N-terminal of tag-60(C01F6.6a), in exon 3, to allow specificity for 

this transcript. 
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Figure 6.11 The tag-60(COIF6.6a) and tag-60(COIF6.6b) gene models (WormBase website, 

http://www.wormbase.org.WS152.112006). The tag-60(COIF6,6a) gene model contains 10 exons 

and these are numbered in red. Exons 4 to 10 of tag-60(COIF6.6a) are common to tag-

60(COIF6.6b). 
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6.6.2 5'RACE Characterization of tag-60(COIF6.6a) 

Both the 5' RACE reaction and the internal control produced multiple 

bands that were not predicted from the tag-60(C01F6.6a) gene model (figure 

6. 12B). To enrich for tag-60(C01F6.6a) RACE products a nested PCR was 

perfonned with the 5' RACE reaction as the template. The nGSP was located in 

the second exon of C01F6.6a and was used to select against the transcript 

C01F6.6b. The nested RACE reaction produced two prominent bands, 

superimposed upon a feint smear (figure 6. 12C) . An aliquot of the nested PCR 

was used in a T A cloning reaction and four unique clones were selected by size. 

The longest RACE product cloned (205bp) corresponds to the larger of the 

two prominent bands visualised. It identified C01F6.6a is trans-spliced to SL-l 

and analysis of the genomic sequence confinned that the trans-splice site is very 

similar to the consensus SL-1 trans-splice sequence. Aligmnent of the RACE 

products' sequence to the C01F6.6a gene confinned the exon-intron boundaries of 

exon 1-intron 1- exon 2 and it identified the start codon is correctly defined by the 

available gene model (figure 6. 12C) . The shorter RACE products were not trans

spliced to SL-1 and alignment of the sequences to the 5'end ofC01F6.6a revealed 

they were not representative of alternative splice variants. Instead each product 

was generated by the alternative incorporation of the RACE adaptor at the 5' end 

of the transcript. 
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Figure 6.12 The 5' RACE characterization of the gene tag-60(C01F6.6a). A) An outline of the 

5'RACE approach documenting the primer annealing sites and the product sizes predicted by the 

available tag-60(COIF6.6a) sequence. B) tag-60(COIF6.6a) 5'RACE reaction. Primer pairs used 

were: lane 1. AP & GSP; lane 2. 5' RACE GSP & 3' RACE GSP; lane 3. GSP (-tive control) . 

Cycle: 5x (94°C 5sec, nOc 3min); 5x (94°C 5sec, 70°C lOsec, nOc 3min); 25x (94°C 5sec, 68°C 

lOsec, nOc 3min). C) tag-60(COIF6.6a) nested 5'RACE analysis. Primer pairs used were: lane 1. 

nGSP & nAP; lane 2. nAP (-tive control); lane 3. nGSP (-tive control). Cycle: 25x (94°C 5sec, 

68°C lOsec, noc 3min). l)ll of a 1 :50 dilution of the l SI round reaction was used as the template. 

D) Alignment of the four RACE products' sequence to the tag-60(COlF6 .6a) 5 ' end (performed 

using ClustalW 1.82). SL-l sequence is highlighted in yellow and the start codon is highlighted in 

green. Exon land 2 are highlighted in blue and purple respectively. 
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6.6.3 3' RACE Characterization of tag-60(COIF6.6a) 

The 3' RACE characterization of the transcript tag-60(COIF6.6a) 

identified the C-terminal is alternatively spliced to generate three distinct 

transcripts. The 3' RACE reaction and the internal control both yielded a 

prominent band upon a weak background signal (figure 6.13B). On this occasion 

fewer bands were produced by the internal RACE control, compared to previously 

(figure 6.12B). After an aliquot of the 3' RACE reaction was T A cloned more 

than one RACE product was identified by EcoRI restriction digest analysis. The 

region of tag-60(COIF6.6a) amplified by the 3 'RACE reaction contains an 

internal EcoRI site. According to the sequence of the transcript tag-60(CO 1 F6.6a) 

an EcoRI digest will produce two bands at l050bp and 580bp. Four clones were 

selected for sequencing and this was based upon their alternative EcoRI restriction 

profiles (figure 6.13C). The clones were designated tag-60(COIF6.6a)1' tag-

60(COIF6.6a)2' tag-60(COIF6.6a)3, tag-60(COIF6.6ak 

All of the variants contain a characteristic poly (A +) tail attached at the 3' 

end. The four transcripts can be divided into two pairs and each pair shares a 

common attachment site of the poly(A +) tail. The difference between the points of 

attachment is two nucleotides. The clone tag-60(COIF6.6a)1 is consistent with the 

EcoRI restriction profile predicted by the gene model documented in the 

Wormbase repository (figure 6.13D). The clone tag-60(COIF6.6a)2 is the largest 

transcript characterised (1680bp) and it contains sequence defined as being 

intronic by the tag-60(COIF6.6a) gene model. The additional sequence 

corresponds to a new exon located between exons currently numbered as 3 and 4 

and it causes one amino acid substitution (S 120 ~ R) in addition to 20-odd 

additional amino acids (figure 6.13E). Other than this the downstream reading 

frame, the domain architecture and the stop codon is the same as that for tag-

60(COIF6.6a). The clone tag-60(COIF6.6a)3 has this new exon in common with 

the transcript tag-60(COIF6.6a)2 but in addition exon 7 is spliced out (figure 

6.13D). When these changes are made to the nucleotide sequence of COIF6.6a, 

the protein reading frame, the domain architecture and the stop codon remain the 

same (figure 6.13E). The tag-60(COIF6.6a)4 variant is the same as the transcript 

tag-60(COIF6.6a)] except for a point mutation that converts a T to a C and 

introduces a second EcoRI site. It is not known if this is a site ofmRNA editing or 

an error introduced by the PCR. The amino acid encoded by the tri-nucleotide 
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containing the substitution (F126
) is unaltered. Sequence obtained from the Y-2-H 

clone, identified as interacting with the MGL-l C-terminal IS sufficient to 

determine it is consistent with the splice variant tag-60(COIF6.6a)1. The full 

protein sequence of tag-60(C01F6.6a) is shown in figure 6.13E, the sequence 

confirmed by 5' and 3' RACE is highlighted for each variant. 
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Figure 6.13 tag-60(COIF6.6a) is alternatively spliced at the 3' end. A) An outline of the 3' 

RACE approach documenting the predicted product sizes and the EcoRI restriction site in base 

pairs. B) The 3 'RACE reaction and internal control PCR both produced a prominent band of the 

expected size_ C) EcoRI restriction analysis of TA cloned 3'RACEproducts. The restriction 

profiles produced were: (COIF6.6a), 580bp and 1030bp; (COIF6_6a)z 652bp and l030bp; 
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(COIF6.6a)3 652bp and 826bp; (COIF6.6a)4 1030bp, 442bp and I 38bp (the third fragment at 3.9kb 

corresponds to the pCR II vector backbone). C) Diagrammatic representation of the alternatively 

spliced tag-60(COIF6.6a) 3' RACE products. Chevrons indicate sequence spliced out 

corresponding to an exon; white boxes are coding sequence; the black box is a newly identified 

coding exon; lines are 3 'UTR sequence; the dashed red line indicates EcoR! restriction sites. D) 

Alignment of the protein sequences encoded by the tag-60(COIF6.6a) mRNA splice variants. 

Protein sequence in grey is not contained within the region amplified by. the 3 'RACE or 5' RACE 

reaction. Protein sequence in dark grey was confirmed by the 5'RACE analysis. 

6.6.4 Construction of a tag-60(COIF6.6a) gene reporter ·construct. 

The gene reporter construct tag-60(COIP6.6a)::DsRED2 was generated by 

amplifying a genomic region consisting of 3.3Kb of promoter sequence and the 

first and second coding exons of the gene tag-60(COIP6.6a). The fluorescent 

reporter protein DsRED2 was fused in-frame to the second coding ex on of the 

gene. Alignment of tag-60(COIP6.6a) to part of the C.brigssae supercontig 

cb25.fpc4260 identified the 5'UTR of tag-60(COIP6.6a) contains both strong and 

weak blocks of sequence conservation. The amount of 5'UTR used to produce the 

tag-60(COIP6.6a) gene reporter construct was sufficient to incorporate these 

conserved elements, which are potentially important for controlling the gene's 

expression (figure 6.14A). 
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Figure 6.14 The molecular components of the gene reporter construct tag-

60(COIF6.6a)::DsRED2. A) The gene tag-60(COIF6.6a) is shown in relation to the nearest 

upstream gene, aly- l (located -9kb away). The 'genomic region PCR amplified' and fused to 

DsRED2 is indicated by the red line labelled as COIF6.6a::DsRED2. The alignment of tag-

60(COIF6.6a) to the C.brigssae supercontig cb25 .fpc4260 is shown. B) PCR amplification of the 

tag-60(COIF6.6a) genomic fragment was performed on the cosmid COlf6.6a and produced a 
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single band of the correct size, 3.7Kb. Cycle: lx(2min@9¢'C), lOx(10s@9¢'C, 30s @57'C, 

3min30s@6SOC), 20x(15s@94°C, 30s@57'C, 3min35s@6SOC), 7min@ 72°C. 

6.6.5 Expression analysis of the construct tag-60(COIF6.6a)::DsRED2. 

The microinjection of mgl-l::GFP expressing lines with the gene reporter 

construct tag-60(COIF6.6a)::DsRED2 produced two stable lines with a consistent 

expression pattern. The gene is expressed anatomically within close proximity to 

mgl-l but is not co-expressed within the same cells (see below). The tag-

60(COIF6.6a)::DsRED2 is expressed in both muscle cells and neurons. Intense 

fluorescence is distributed throughout the intestine but in the pharynx it is more 

specific and selectively confined to · distinct pharyngeal muscle cells, pm3 and 

pm4. A neuronal expression of tag-60(COIF6.6a)::DsRED2 was detectable in 

both the pharynx and the tail. In the pharynx tag-60(COIF6.6a)::DsRED2 

expression was identified in three neurons, whose cell bodies were situated in the 

terminal bulb. 

Figure 6.15 Transgenic lines expressing mgl-l::GFP and tag-60(COIF6.6a): :DsRED2. Worms 

were immobilised in 0.5% NaAzide and mounted on microscope slides with 2% agarose. A) tag-
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60(COIF6.6a)::DsRED2 is expressed within a specific subset of pharyngeal muscle cells and the 

intestine. B) A more detailed analysis using confocallaser-scalming microscopy reveals a neuronal 

distribution in the region of the (i) head and (ii) tail. Images shown are representatives selected 

from a z-stack performed on an adult hermaphrodite. Confocal settings: Objective: 63x Oil DIe. 

GFP excitation 488nm, band pass filter 505-530nm. DsRED2 excitation 543nm, long pass filter 

560nm. Z-slice width: O.9J1M. 
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6.7 The RACE characterization of ptp-l and its cellular expression 

6.7.1 Introduction 

As described in Section 5.14 the gene ptp-l encodes three splice variants, 

PTP-la, PTP-lb and PTP-lc, which are alternatively spliced at the N-tenninal. 

PTP-l a is the longest splice variant and is the only one to contain an N-tenninal 

FERM domain. The Y-2-H clone identified as interacting with the MGL-l C

tenninal corresponds to a common C-tenninal region of each PTP-l splice variant 

and does not distinguish between them. Without knowing which splice variants 

can interact with the C-tenninal of MGL-l, it was decided a gene reporter 

construct would be initially produced for the longer splice variant PTP-l a. 

6.7.2 5' RACE Characterization ofptp-Ia 

Both the 5 'RACE GSP and the 3 'RACE GSP were designed against exons 

common to each of the three ptp-l splice variants. The 5 'GSP was positioned in 

exon 11 of ptp-l a (designated exon 4 in ptp-l band ptp-l c gene models). This was 

initially done to obtain race products corresponding to the three transcripts, should 

this infonnation be required for the design of splice variant specific gene reporter 

constructs. The 3' GSP was positioned in exon 9 of ptp-l a (designated exon 2 in 

ptp-l band ptp-l c gene models). The expected RACE products are shown in 

figure 6. 15A. 

The first round 5 'RACE reaction produced multiple bands, none of which 

precisely correspond to the amplification size predicted for each of the three splice 

variants (ptp-la: l742bp; ptp-lb: 536bp and ptp-lc: 417bp. Sizes given include 

the adaptor sequence, which is 27nt) (figure 6. 15B). The internal control produced 

a prominent band of the predicted size (358bp) together with a weaker 

background signal. Subsequently a nested 5 'RACE PCR was perfonned on the 

first round reaction. The nGSP was designed against the third exon of ptp-l a and 

was used to specifically enrich for 5 'RACE products of this transcript. 

The nested RACE reaction amplified three prominent bands, with a size 

range of 525bp, 433bp and 336bp (figure 6.15C). The largest nested RACE 

product defined the ATG start codon assigned by the gene model; it identified the 

transcription start site as -42bp upstream of the ATG; it confinned the intronlexon 

239 



boundaries of exons 1, 2 and 3. The alignment of the three RACE products 

identified the two shorter variants are produced by the alternative incorporation of 

the RACE adaptor sequence and do not identify any alternative splicing within the 

5' end of the ptp-1a transcript (figure 6.15D). The ptp-1a transcript was not 

identified as being trans-spliced to neither SL-1 nor SL-2. 
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Figure 6.16 5'RACE characterization of ptp-1a. A. The annealing sites of the RACE primers 

PTP-Ia 3'RACE GSP, PTP-la 5'RACE GSP and PTP-la nGSP are shown in relation to the three 

ptp-l transcripts . Together with the predicted amplicon size for each RACE reaction. B. 1 Sl Round 
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3'RACE GSP. Lane 3: PTP-la 5'RACE GSP. Cycle: 5 'SMART RACE PCR (Methods Section 

2.4.9) C. Nested 5'RACE Amplification. Lane 1: PTP-la nGSP & nAP. Lane 2: Single Primer 

Control-nAP. Lane 3: Single Primer Control- PTP-la nGSP. Cycle: 5 'SMART RACE NESTED 

PCR (Methods Section 2.4.9) D. Sequence alignment of the three 5'RACE products amplified by 

the nested PCR. The ATG start codon is highlighted green. The untranslated sequence is 

highlighted in purple. This does contain an ATG (highlighted white) but this is directly proceeded 

by the stop codon T AA. 
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6.7.3 3'RACE Characterization ofptp-l transcripts 

The 3 'RACE characterization did not discriminate between the three PTP-

1 transcripts. The largest and most abundant RACE product from the first round 

reaction was ~2.2Kb and ~400bp larger than the predicted amplification size 

(figure 6. 16A). This band and a secondary band, very close in size, were gel 

extracted together and T A cloned. Upon the restriction mapping of clones with 

EcoRI three different sized RACE products were identified and then sequenced. 

The size difference between the ptp-l 3 'RACE products and the predicted 

amplification is attributable to size of the 3 'UTR of ptp-l. The size variation 

between the three RACE products identified upon cloning is accounted for by the 

alternative trans-splicing of the poly(A) tail to the 3' end. Sequencing of the PTP-

1 2-hybrid clone confirmed the sequence of the 3 'UTR established by the RACE 

products and identified a fourth alternative poly-adenylation site, localized close 

to the sites defined by the 3' RACE products 2 and 3 (figure 6. 13B). 

243 



A 

w :;- en w 
:Ii iii :Ii :Ii 
fi 3 » » 

() () 
m !!!. m m 
-u () G) G) 
() 0 (f) (f) :J 
JJ ~ 

-u -u 

~ 
8 w 

en 
cr OJ 
"0 cr 

"0 

B 

3 'RACE Produc t3 GATCAAAGGGCAATGC'M'ATTCAGACACCGGGCCAATACACATTTGTGTGTGAATCAA'M' 

"I1f- !o,:.!o!("~ ":'.~'i'·t.{ ~~·'\.I'<"\,."·l: .\~'\~"\(.~ 1'\\"', ,,"1 ,t'l'\"\;l'\~~ ' ~""'1_'\ "\i" TGA\~I'l' 

j" ".:',.' ", d\,~t/ \ :,,1 ":~.'\ rn '.: '.j, \.' ....... !\ ... ',I .,',,' i, \':' \;~,' \.,\ "i 'TGA'. l' 

3 'RACE Product3 CTACGTGCCTACCACGACGGAACCATCAAACCGC'M'GCTGAATATTCGAAACGTrQAGCT ***_* ___ ••• *_** ____ ** __ *_*_. __ * _____ *** _______ * _______ *k*. __ 

~ fL'.(·~ '."'- _I~\J' , : l'-~ ";'.Y;\·' I \/ ,,;, ;'\( .. ·!·l·!i .. i~ • ~:,. ;'Tl'i "! 1'-' ',") ... , \. 'i"":-, '1 :'i '! '\\ ". Y!,' 

i'.I ... \: ';:o.j:.l": :._' t';~/:'('\ ), .... /\, ,.: _I j'.\";"'l" ;1'''\-J''~·,i''1'~\'r·I\.v \1_'·'·:~"'\"l.'{:\ ' , '.,', \","( 
3 'RACE Produc t 3 T'M'ATCCAAAAAATACATATATCG'M'T'M'G'M'TCTTCAAATTCTTC'M'CCCATCGAACTC 

.----*--****._-*--*----**--****-*--*****---*_._._***--*****-
-f".l 1', r-dti ..;L r iv.·\·l··-.Il':'i.":·i.,· ... i'\·.~\ .• ,,:-.;">~"";'.,.-::\..~ ~-:· ; 'f-.:_ '( -· ' , ; ~!·:..:r,·\~ ',\ ,,:. I;'·'''t' 
'\':,~I."J; "·O':.:UC~ !"I~'!'J''\'';' "C;GJ\'!'( 1,'1,.. '\.,,\.;( ;'.~L'l ,.'~ 'i'lyr ! :-'(:1 ':-1-' :'~~11 , .... ,. 'i"1"': i~"~ 

3' RACE Product3 TCATGAATCACGGATCCCGCGAGGTGCTAGCTAT'M"M'GCCT'M"M'TC'M'TCTTC'M'T'M' 
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3' RACE Product2 C.'! 0\,.' ' -"'.;('.'0 oj AG'M'AA'M'AGCTATTGT'M'TCCTACACAAAACTAGTCAATG'M"M'AAGTA 
3'RACE Product3 T'M'ATTGCATAGTTAATTAGCTATTGT'M'TCCTACACAAAACTAGTCAATG'M"M'AAGTA 

3 'RACE Productl .1\.':""1' 'v,A1.'i·'·r'i 'i ('!lo'U"!. 1/ 'r .. ~"'r :', .1/ CAAAAAATCTATCTCAATGGGTCACCCGATGTG 
3 'RACE product2 ATTAAATATCATCAT'M'AATA'M'TCAACAAAAAATCTATCTCAATGGGTCACCCGATGTG 
3' RACE Product3 A'M'AAATATCAT------- - --------- -------------------------------

3' RACE Productl AT'M'TCGTACCAATTGTTCCCCATCACTACGTCATAATTGTACCACCCCCCCCCATC'l"M' 
3'RACE Product2 AT'M'TCGTACCAATTGTTCCCCATCACTACGTCATAATTGTACCACCCCCCCCCATCT1~ 
3 ' RACE product3 ------ --- - ------------ --------------------------------------

3' RACE Productl CATGTACGAAAAATCGCCCAAACTTGTATG1'AAAAAAAACAAAAAAGTCCTCTCAAATCA 
3'RACE Product2 CATGTACGAAAAATCGCCCAAACTTGTATGTAAAAAAAACAAAAAAGTCCTCTCAAATCA 
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3'RACE Productl TCACAAAC'M'TCCTT~CT'M'TTCATATAAAATGTTACAGTCTGTG 
3'RACE Produc t2 T - -------- ----------------------------------
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Figure 6.17 The 3' RACE characterization of ptp-l. A. The 3'RACE amplification of ptp-L 

Lane 1: PTP-la 3'RACE & AP. Lane 2: PTP-la 3'RACE GSP & PTP-Ja 5'RACE GSP, Lane 3: 

Single Primer Control - PTP-la 5'RACE GSP, Lane 3: Single Primer Control - PTP-la 3'RACE 

GSP. Cycle: 3 'SMART RACE PCR (See Methods Section 2.4.9) B. Alignment of sequences of the 

three largest 3'RACE products amplified, The arrow indicates the poly adenylation trans-splice 

site of the PTP-l 2-hybrid clone. Sequence obtained from the individual RACE products is in 

black and the ORF stop codon assigned by the ptp-la, band c gene model is in red. 

244 



6.7.4 Making the ptp-la gene reporter construct 

The gene C48D5.3 is 8.5Kb away from ptp-1a and the nearest upstream 

gene. Alignment to the C.briggsae super-contig cb25.fpc2234 identified the 

intergenic region between ptp-1a and C48D5.3 contains blocks of sequence 

homology that are coding, strong and weak (figure 6. 18A). To generate a 

construct containing the entire intergenic region it was decided to pelform the 

amplification in two halves and utilise an internal Sal-1 restriction site to clone the 

fragments sequentially into the expression vector pHAB.mRFP-1. 

The construct ptp-1a::mRFP-1 represents the first sequential step in the 

cloning process. It was generated by the PCR amplification of a genomic region, 

encompassing exons 1-3 and 2.4kb of 5' un-translated sequence (figure 6. 18B). 

The fluorescent reporter protein mRFP-1 was fused in-frame to the third exon of 

ptp-1a. The construct ptp-1a::mRFP-1 was utilised as a gene reporter to 

preliminarily assess the expression pattern of the ptp-1 gene. 
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Figure 6.18 The ptp-l(a,b and c) gene models and alignment to the C.brigssae super-contig 

cb25.fpc2234. A) The intergenic region between ptp-l and the nearest upstream gene, C48D5. 3, is 

shown. The blue line indicates the entire genomic region intended for production of the ptp-l gene 

reporter construct. The blue triangle indicates the position of the internal Sal-l site intended for the 

sequential cloning of the two ptp-l genomic fragments into the vector pHAB.mRFP-l. The red 

line indicates the first ptp-l genomic fragment cloned and used to generate the construct ptp

la::mRFP-l. The colour coding of the Cbriggsae alignment is the same as for Figure 6.3. B) The 

genomic PCR of the ptp-l a promoter region. 
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6.7.5 Analysis of the ptp-la reporter construct expression 

The construct ptp-la::mRFP-l was injected into the transgenic line mgl

l::g:fp; pha-l(e1213). The expression of the reporter construct ptp-la::mRFP-l 

was identified in the adult hermaphrodite's head, midbody and tail. In the head 

mRFP-l fluorescence was observed in neuronal cells of the nerve ring and the 

pharyngeal nervous system. Neurons of the nerve ring and the pharyngeal nervous 

system were identified as co-expressing ptp-la and mgl-l (figure 6.19 and 6.20 

respectively). In the de-sheathed pharynx mgl-l::GFP and ptp-la::mRFP-l were 

identified as being co-expressed in one neuron of the pharyngeal nervous system. 

The cell body of the neuron was located in the terminal bulb of the pharynx and 

displays a single process extending towards the corpus (figure 6.19 and 6.20). In 

the extrapharyngeal nerve ring at least four neurons co-express the two genes 

together. In addition there are neurons within the nerve ring that express the gene 

ptp-la and not mgl-l. 
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Figure 6.19 ptp-la::mRFP-l and mgl-l::GFP are co-expressed by neurons belonging to the 

nerve ring and pharyngeal nervous system. The expression of ptp-Ia was also observed in 

neurons of the nerve ring independently to mgl-l. Representative sections of a Z-stack performed 

on the head of an adult hermaphrodite are shown. White arrows indicate cellular co-expression. 

White asterisk indicates a pharyngeal neuron (see figure 6.21 for further detail) Confocal Settings: 

Objective: 40x Oil D1e. GFP excitation 488nm, band pass filter 505-530nm. mRFP-1 excitation 

543nm, band pass filter 560-615nm. Z-Slice: O.98j..IM. 
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Figure 6.20 The desheathed pharynx identifies co-expression of ptp-la::mRFP-l and mgl

l::GFP in a single neuron of the pharyngeal nervous system. The neuron indicated corresponds 

to that indicated by an asterix infigure 6.20. The anatomical localization of the cell body suggests 

this neuron is either: MI, M2, 14 or 16. MI and M2 are motomeurons. 14 and 16 are intemeurons. 

Objective: x60, oil. 
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In the tail ptp-la::mRFP-l expression was not identified in the same four 

tail neurons expressing mgl-l::GFP (figure 6.21). In the mid-body ptp-la::mRFP-

1 was identified in the canal neuron, CAN. Anatomically the cell body of CAN is 

located at the mid-body, lateral sides, within close proximity to the vulva (figure 

6.2B). The morphology of CAN is distinct with apical ' and distal processes 

extending from the cell body, along the excretory canal and towards the head and 

tail. The expression of ptp-la::mRFP-l in CAN was identifiable as early as the 

developmental stage Ll (figure 6.22A). 

Figure 6.21 ptp-1a::mRFP-1 is expressed in the tail of the adult hermaphrodite. ptp

la: :mRFP-l was not co-expressed in the same tail cells as mgl-l::GFP. Objective: x60, oil. 

Exposure time: 6 seconds. 
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A) 

B) 

Figure 6.22 The expression of ptp-la::mRFP-l in the CAN neuron. A) Ll hermaphrodite. B) 

Adult hermaphrodite. Objective: x60 oil. Exposure time: 8 seconds. Infigure A the white arrow 

indicates the position of CAN. 
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6.7.6 ptp-la::mRFP-l expression in relation to glr-l 

The ptp-l 2-hybrid clone, initially identified as interacting with the MGL-

1 receptor C-tenninal, was subsequently shown to interact with the C-tern1inal of 

the GLR-l receptor in yeast. The published expression pattern of glr-l describes it 

in both interneurons and motorneurons of the nerve ring and interneurons of the 

tail [Brockie, P.J. et al 2001]. The expression of the gene reporter ptp-la::mRFP-

1 was associated with neurons of the nerve ring also, but a more detailed analysis 

is required to establish if the cells expressing ptp-Ia are the same as those 

expressing glr-l. 
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6.8 Discussion 

The three proteins, MPZ-1a, PTP-1 and C01F6.6a were identified as 

interacting strongly with the MGL-1 receptor C-terminal in yeast, a heterologous 

system. As a first step to determining if the interaction is genuine it was necessary 

to confirm the 2-hybrid identified proteins are transcribed in the same cells as 

MGL-1 in-vivo at the level of the whole organism. This was done by taking 

transgenic Celegans expressing mgl-1::GFP and transfornling them with 

promoter: :reporter fusion constructs that report on the cellular expression of the 

genes encoding each of the three proteins of interest. The technical issues 

encountered with the approach will be discussed together with the biological 

implications of them. Expression patterns were produced for the genes encoding 

each of the three proteins of interest. Analysis of the cellular expression pattern 

has provided insight into the biological function of the proteins and specifically 

the physiological significance of the 2-hybird identified interaction with the 

MGL-1 C-terminal. 

6.8.1 mpz-l(C52All.4a) 

In total three gene reporter constructs were generated to characterize the 

cellular expression pattern of mpz-1(C52All.4a), the gene encoding the protein 

MPZ-1 a. Each successive gene reporter was a modification made to improve the 

reliability of the cellular expression pattern. The first gene reporter, designated 

mpz-1(i)::DsRED2 was designed and manufactured on the basis of an imprecisely 

defined in-silica gene model. Errors in the predicted 5' boundary of the gene and 

the exonJintron boundaries at the 5' end meant that the genomic region amplified 

was not appropriate for the reliable detection of gene expression. 

The inaccuracies of the in-silica gene model were brought to light by the 

EST yk1004e08, which identified mpz-l mRNA is trans-spliced to SL-l. This 

was confirmed independently and in the process two additional alternative SL-1 

trans-spliced variants were characterized. As discussed previously (see Chapter 3) 

the precise function of SL-1 trans-splicing is poorly understood. It has been 

suggested that it is a mechanism for the post-transcriptional control of gene 

expression (Davis, R.E 1996) and infers mpz-1(C52Al1.4a) cellular expression is 

regulated by different control elements. The alternative trans-splicing to SL-1 

252 



may reflect the processing of the mpz-l gene by the different cellular machinery 

of the different cell types it is expressed in. 

The gene reporters mpz-l(ii)::DsRED2 and mpz-l(iii)::mRFP-1 both contain 

the entire 5' intergenic region ofmpz-I(C52AI1.4a), now more clearly defined by 

the SL-I characterization of the mpz-l 5' boundary, but produced very different 

cellular expressions. The expression reported by mpz-l (ii): :DsRED2 was punctate 

and appeared as discrete aggregates towards the level of the hypoden11is and 

cuticle, along the length of the wonn. The puncta were not associated with cells 

expressing mgl-l ::GFP. This was in marked contrast to the expression reported by 

mpz-l(iii)::mRFP-l. In transgenic animals carrying this reporter the fluorescence 

appeared more diffuse, as it was observed in both the processes and cell body of 

neurons and throughout individual muscle cells of the body wall and vulva. In 

addition the expression pattern was more extensive because red fluorescence was 

now identifiable in cells expressing mgl-1::GFP. 

In generating this cellular expression pattern an increased amount of the 

mpz-l(C52All.4a) gene was used and DsRED2 was substituted for the 

monomeric red fluorescent protein mRFP-l. The different cellular expression 

could be attributed to either of these changes or a combination of them both. 

Fusion of the marker further downstream in the mpz-l gene encapsulated two 

additional introns and the translation start codon defined by the EST yk 1 004e08 

and two of the identified SL-I trans-splice variants. This inclusion may be 

important for the gene's correct expression in an increased number of cells, since 

5' intronic sequences are known to serve as regulatory sites for the cell-specific 

control of gene expression and gene expression levels. The cell type-specific 

expression of mpz-l and the intricate processing of the 5' end by trans-splicing to 

SL-I, generating alternative transcripts, would imply that the expression of mpz-l 

is regulated by complex promoter elements. The punctate appearance of the 

fluorescence in transgenic wonns expressing DsRED2 could be an artefact of its 

aggregation. DsRED2 is known to fon11 an obligate dimer during maturation and 

using a monomeric, non-dimerizing mutant (Campbell. RE et al 2002) instead 

produced a more diffuse fluorescence. 

An abstract (Xiao, H et al 2004) has described mpz-l as being expressed in 

40 neurons of the nerve ring, 6 neurons in the body, 8 neurons in the tail, 2 

pharyngeal motorneurons, body wall and vulval muscles. The expression reported 
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by mpz-l(iii)::mRFP-l in the nervous system was not as abundant. The abstract 

does not report how this expression was produced but the region of mpz-l used 

could be a major source of variation and the reason for the observed differences. 

In generating the mpz-l gene fusion reporters, mpz-l (ii) and mpz-l (iii) it was 

apparent that by increasing the amount of mpz-l genomic coding sequence used, a 

wider expression pattern could be obtained. Hence, utilising the entire mpz-l 

gene, including all 5' and 3' intergenic sequence, would incorporate all potential 

regulatory elements and based upon the co-expression of mgl-l with mpz-l, 

reported by mpz-l(iii)::mRFP-l, this would be a purposeful process. Furthennore 

this would yield a protein reporter that would allow the subcellular localization of 

MPZ-l to be detennined, in relation to MGL-l. 

6.8.2 Insights to mpz-l function 

The mpz-l gene was identified in two different cell types, neurons and 

muscle cells. Furthennore the expression was cell type-specific, mpz-l was not 

expressed in the pharyngeal muscle but was expressed in the body wall and vulval 

muscle. In the nervous system mpz-l is more widespread and expressed in the 

pharyngeal nervous system, the nerve ring, midbody neurons and tail neurons. 

The mouse homologue of mpz-l, mpdz, shares this characteristic of having a 

widespread expression pattern. It is expressed in different cell types of the brain 

(neurons and epithelia) and it is expressed in different tissues throughout the 

periphery and central nervous system, including heart, brain, placenta, kidney, 

liver, pancreas and skeletal muscle. The complexity of mpdz's expression is 

reflected by the array of different signalling molecules it interacts with via the 

thirteen PDZ domains it contains. As MPZ-l has a similar type of expression and 

protein architecture to mpdz it is conceivable it too binds different proteins and 

organises signalling within different cell types. The function of both muscle cells 

and neurons relies upon the correct localization of receptors and the organization 

of the signalling cascades they couple to. In addition mpz-l was identified in cells 

not expressing mgl-l::GFP suggesting it is multi-functional. It has been reported 

to interact biochemically with both the 5-HT receptor SER-l (Xiao, Hand 

Komuniecki, R.W. et al 2004) and the PTEN homologue DAF-18 (Lin, Land 

Komunieki, R.W. et aI2004). 
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6.8.3 Insights into the physiological significance of the co-expression 

between mpz-l and mgl-l 

The genes mpz-l and mgl-l were co-expressed m neurons of the 

pharyngeal nervous system and in neurons of the nerve ring. However, co

expression was not identified in any neurons ofthe tail. The co-expression of mpz-

1 and mgl-l suggests MPZ-l has a role in MGL-l function and this is mediated by 

an interaction with the MGL-l intracellular C-terminal. In the pharyngeal nervous 

system mgl-l and mpz-l were co-expressed in 12 neurons and this included the 

motomeurons NSM and M4 (see Section 4.3 for a discussion of these neurons and 

their function). Taken together this suggests the scaffolding of MGL-l by MPZ-l 

has a role in pharyngeal function and feeding behaviour. Also co-expression in the 

nerve ring motomeuron RMD is proposed, this neuron is involved in controlling 

head movements of the worm and foraging behaviour, 

As described previously (see Section 5.18.3) the 10th PDZ domain of MPZ-l 

interacts with the 5-HT 2C receptor homologue, SER-l, in yeast and biochemically. 

SER-l, as like mgl-l, is co-expressed with mpz-1 in NSM and M4. MPZ-l may be 

responsible for organising both receptors function either independently or it 

provides a point of cross-talk between serotonergic and glutamatergic intracellular 

signalling pathways. The multi-PDZ domain structure ofMPZ-l makes it an ideal 

candidate for interacting with multiple binding partners simultaneously, enabling 

it to assemble larger protein complexes. The multi-PDZ Drosophila protein InaD 

exemplifies such a role, since it is central to the co-localization of signalling 

components of the light transduction cascade (Tsunoda, S et al 1997). 

6.8.4 tag-60(C01F6.6a) 

The 5' RACE characterization of the tag-60(COIP6.6a) transcript 

confirmed the intronlexon boundaries of the coding region fused to DsRED2 and 

this corresponded to exon 1 and 2 at the 5' end. A single RACE product was 

identified as being trans-spliced to the spliced leader sequence SL-l and this 

corresponded to the longest tag-60(COIP6.6a) RACE product identified. The 

ATG start codon of the tag-60(COIP6.6a) open reading frame assigned by the 

gene model was confirmed and the ATG of DsRED2 was fused in frame with this. 
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The 3' RACE characterization identified that the C-tenninal of COIF6.6a 

is alternatively spliced to generate three different splice variants, two of which 

have previously not been identified. A fourth variant, containing a silent 

nucleotide substitution is likely to have arisen by PCR error and is unlikely to be 

biologically relevant. The alternative splicing did not alter the PDZ domain 

architecture of the COIF6.6a protein but the alternative splicing of PDZ-domain 

flanking sequence has been identified as a source of functional diversity (Sierralta, 

J and Mendoza C, 2004). Insertions can confer: alternative cellular localization; 

inteilliolecular interactions that allow the alternative regulation of protein binding 

specificities; alternative sites of post-translational modification that regulate the 

proteins function. The COIF6.6a 3'RACE products differ in the use of alternative 

exons in two different sites. The first of these sites corresponds to a region 

localized between the two PDZ domains and the second is localized in the C

tenninal distal of the second PDZ domain. They define the presence of 24 and 68 

amino acid inserts respectively and may confer alternative functions to COIF6.6a. 

The 2-hybrid clone identified as interacting with the MGL-I C-tenninal 

corresponds to the identified splice variant containing the amino acid insertion at 

the C-tenninal site but not at the site localized between the two PDZ domains. 

The cellular expression of COIF6.6a implies that it may interact with different 

proteins as part of its function. 

The gene tag-60 was specifically expressed in the pharyngeal muscle 

subtypes pm3 and pm4, the intestine and neurons of both the tail and the 

pharyngeal nervous system. The use of approximately 3.3kb of the 9kb 5' 

intergenic region incorporated conserved promoter elements identified by 

alignments to the Cbriggsae genome and this was sufficient to drive the 

expression of the fluorescent reporter DsRED2 in several different cell types. 

Furthennore it correlates with a subsequent description of the expression of tag-

60 (McKay, SJ et aI2004). A gene fusion reporter containing a similar amount of 

the intergenic region identified tag-60 as being expressed in the pharynx, intestine 

and cells in the tail. 

The interaction of tag-60 with the MGL-I C-tenninal was not 

recapitulated at the level of the whole organism, since tag-60 was not identified as 

being co-expressed in the same cells as mgt-I. A possible explanation for this is 

the inherent promiscuity of PDZ domains and PDZ recognition motifs. This is 
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particularly well demonstrated by the C-tenninal of the neuroligin (Nlg) subtypes, 

Nlg1 and Nlg2. Neuroligin is a postsynaptic adhesion molecule that is postulated 

to have a role in aligning the postsynaptic membrane with the presynaptic active 

zone. The intracellular C-tenninal of neuroligin contains a Type-I PDZ binding 

motif and is devoid of all other interaction motifs. ALexA yeast-2-hybrid library 

screened with the C-tenninal identified 13 PDZ domain-containing proteins that 

interacted with the Nlgs and each of the 13 identified interaction partners also 

interacted with a large number of alternative protein targets as well (Meyer, G et 

al 2004). At least 32 other target proteins were identified as having a PDZ-domain 

binding specificity that overlapped with the Nlgs. This highlights that a single 

PDZ domain does not bind to a single target in-fact PDZ domains can be dual 

specific. That is a single PDZ domain can bind both a Class I and a Class II PDZ

binding motif and this further adds to the promiscuity and complexity of PDZ 

domain interactions. This was found to be the case for the 2nd PDZ domain of 

syntenin, a synaptic adaptor protein with two PDZ domains and a role in coupling 

transmembrane proteoglycans to cytoskeletal proteins (Grootjans, J.J et al 1997). 

Specificity can instead be conferred by the differential cellular expression 

of PDZ domains and their alternative target ligands and post-translational 

modifications, such as phosphorylation. The first of these is demonstrated by the 

interaction of the MGL-1 C-tenninal with C01F6.6a. The interaction between 

MGL-1 and C01F6.6a observed in yeast does not occur in vivo because of the 

spatial segregation of the two proteins. However, it should be noted that target 

proteins with overlapping specificities to Nlgs are expressed at the same types of 

synapse and are simultaneously present. 

In the case of C01F6.6a the advantages of utilising the transgenics of 

Celegans have been demonstrated. The biological relevance of an in-vitro 

identified protein-protein interaction can be immediately assessed at the systems 

level and categorized as a low priority for further investigation. It also highlights 

the caveats of the 2-hybrid system and the nature of using it as a tool to identify 

protein-protein interactions. Although it is suitable for isolating protein interacting 

partners it is in discriminate and has no preference for whether these interactions 

can occur within the context of a biological system. This disadvantage is further 

enhanced by protein-protein interactions that are promiscuous in nature, such as 

those mediated by PDZ domains and PDZ binding motifs. 
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6.8.5 ptp-la 

The gene ptp-l encodes three splice variants, PTP-l a, b and c. The 5' 

RACE characterization of the longest transcript PTP-la confirnled the intron

exon boundaries of the coding region fused to the reporter mRFP-l. This 

corresponded to the first three exons of ptp-la. The longest 5' RACE product 

identified confirmed the ATG start codon of the PTP-la open reading frame 

assigned by the gene model. The ATG of mRFP-l was fused to PTP-l a in frame 

with the confirmed start codon, to generate a gene reporter fusion for the longest 

transcript. The 3 'RACE characterization identified three different sized products, 

which were accounted for by the use of alternative poly adenylation sites. 

The gene reporter fusion identified PTP-l a is expressed in the pharyngeal 

nervous system, the nerve ring, the tail and the midbody neuron CAN. Using 

2.4kb of the 9kb 5' intergenic region generated this expression pattem. The 

proportion of the intergenic region used was governed by the presence of a 

convenient saIl restriction site and the constmct ptp-l: :mRFP-1 represents the 

first stage of the sequential cloning of the entire 5' intergenic region of ptp-

1: :mRFP -1. This then reports the first step in the process of generating a ptp-l 

reporter constmct. 

The canal neuron CAN is essential to the worms' survival but it has not been 

identified as making synapses and its function is unknown. Gene expression 

suggests CAN is capable of signalling, since it expresses markers of monoamine 

transmission (Duerr l.S et al 1999) and neuropeptide like proteins (Nathoo A et al 

2001) as well as receptors that include a splice variant of the tyramine receptor 

SER-2 (Tsalik, E.L. et al 2003). The expression of ptp-1 was identified in the tail 

but it was not associated with neurons expressing the mgl-1::GFP reporter. A sub

popUlation of the neurons in the nerve ring expressing ptp-1 were identified as co

expressing mgl-1::GFP. In the pharyngeal nervous systemptp-l was expressed by 

a single neuron that also expressed mgl-l::GFP. This suggests PTP-1a is involved 

in the organization of MGL-1 function within both the pharyngeal and extra

pharyngeal nervous systems. 

The ptp-l gene is complex and the use of alternative ATG start co dons is 

predicted to produce alternative splice variants that encode proteins with different 

domain architectures and therefore different functions. For this reason the ptp-1 
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promoter IS likely to be intricate, with alternative promoters regulating the 

expression of the different splice variants. It cannot be said for certain that the 

gene reporter fusion ptp-1 a: : mRFP -1 is reporting on all three of the different ptp-

1 splice variants, particularly since the structural organization of the ptp-1b and 

ptp-1c coding sequence suggests downstream promoter elements are likely to be 

involved in their expreSSIOn (See figure 6.24). Furthermore, use of the entire 

intergenic region may yield a more comprehensive expression pattern. Since 

alignment to the Cbriggsae genome identified conserved elements within the 

intergenic sequence that were not encompassed by the region used to generate 

ptp-1::rnRFP-l. However, ptp-1::rnRFP-1 has provided a preliminary assessment 

of where ptp-1 is expressed and its identification in the ' same cells as mgl-1 

suggests larger gene reporter fusions, that report on all isoforms, may identify a 

more widespread co-expression pattern. 
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Figure 6.24 Potential promoter elements of the ptp-l gene. Large introns of the ptp-l gene, such 

as those circled in red are candidates for harbouring promoter elements required for the cellular 

expression of ptp-l isoforms. Inclusion of such regions in gene reporter fusions may be necessary 

to obtain a comprehensive expression pattern that encompasses all of the ptp-l isoforms. 

A BLAST search performed with the protein sequence of PTP-1a identified 

the protein PTP-MEG as the closest mammalian homologue. PTP-MEG is a 

protein tyrosine phosphatase that was initially cloned using cDNA from a human 

megakaryoblastic cell line [Gu, M. et al 1991]. PTP-MEG belongs to the PTPase 

subfamily and it has the same domain organisation as PTP~ la, from the N to C

terminal it contains a Band 4.1 domain, a PDZ domain and a PTPase domain. The 

N-terminus of PTP-1a is 42% identical to PTP-MEG (amino acids 28-362) and 

the C-terminus is 57% identical (amino acids 610-1026). PTP-MEG has been 
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shown to interact with the C-terminal of the ionotropic receptor subunits GluR82 

and NR2A in a PDZ dependant manner and regulates the receptor activity through 

tyrosine phosphorylation [Hironaka, K et al 2000]. This suggests the interaction 

identified between PTP-IA and the C-tenninal of the C. elegans ionotropic GLR-

1 subunit in yeast may be an evolutionarily conserved feature of iGluR 

scaffolding and that PTP-IA may be a component of the GLR-l signalling 

complex in C. elegans. As highlighted (see section 6.7.6) the expression of glr-l 

has been published. The expression of the gene reporter constructptp-la::mRFP-

1 in a glr-l:: GFP integrated transgenic line would enable the interaction 

identified in yeast to be assessed in vivo and further insights to the role perfOlmed 

by the PTPase subfamily in ionotropic receptor scaffolding. 
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6.9 Summary 

The expression pattern of three proteins, identified as interacting with the 

MGL-I C-terminal were defined by gene reporter fusions. Two of the genes, ptp-

1 a and mpz-l a, were identified as being co-expressed by the same neurons 

expressing mgl-I. However, a population of neurons expressmg mgl-l still 

remains for which co-expression was not identified. This may reflect the 

expression pattern produced for MPZ-Ia and PTP-la is not complete and in both 

cases the production of a full-length gene reporter fusion is required. This is 

especially when there is evidence for a gene undergoing alternative processing 

and more than one isoform of the protein is being expressed. Despite this, the 

identification of ptp-Ia and mpz-I(C52All.4a) in the same neurons as mgl-1 

provides a basis for producing protein reporter fusions to define the subcellular 

localization of each protein in relation to the MGL-l receptor. A subcellular co

localization between the MGL-1 receptor and the 2-hybrid identified protein 

would provide conclusive confirmation that the interaction is biologically 

significant. 
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CHAPTER 7 

The functional significance of mpz-l 
co-expression with mgl-l in the 

pharyngeal nervous system 
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7.1 Introduction 

The co-ordination of synaptic signalling depends on the correct 

organization of the cellular machinery that conducts and terminates signalling. For 

instance neurons must direct neurotransmitter containing vesicles to their site of 

release and co-ordinate their fusion with the presynaptic membrane. 

Neurotransmitter transporters must be localized correctly at the membrane, in 

relation to the site of neurotransmitter release, to facilitate the re-uptake and 

recycling of the released neurotransmitter [Gonzalez, M.l. and Robinson, M.B. 

2004] and membrane bound receptors and the intracellular signalling molecules 

they couple to must be targeted and anchored at the correct subcellular 

compartment of the neuron in relation to the neurotransmitter release site [Gamer, 

C.C. et al 2000]. As previously described scaffolding proteins perform an 

important role in organizing this cellular machinery and signalling complexes (see 

Introduction section 1.16). Therefore interfering with the normal function of a 

scaffolding protein has the potential to disrupt neurotransmission and impair the 

behaviours it underlies. As discussed in Chapter 6 mpz-1 is co-expressed with 

mgl-1 in neurons of the pharyngeal nervous system and therefore, MPZ-l could 

be involved in scaffolding MGL-I signalling in this circuit to modulate pumping 

behaviour. 

As discussed previously glutamatergic receptor mutants combined with 

simple behavioural assays have provided insight into both the role of these 

proteins and glutamate in controlling C. elegans behaviour (see section 1.28). In 

Chapter 4 the pharyngeal preparation was established as a bioassay for studying 

mgl-1 receptor function and potentially the role of scaffolding proteins. The 

expression pattern of mgl-1 and mpz-1 has shown that the two genes are co

expressed by neurons of the pharyngeal nervous system. The pharyngeal 

preparation was used to assay mgl-1 receptor function in the available mpz-1 

mutants and to investigate if mpz-1 is required for scaffolding mgl-1 signalling in 

neurons of the pharyngeal nervous system. 
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7.1.2 Introduction to the available mpz-l mutants 

Two mutant mpz-l strains are currently available, these are mpz-

1 (tml136), which was obtained from the National Bioresource Project for the 

Experimental Animal Nematode C.elegans (Japan-NBP) and VC599, which was 

obtained from the C.elegans Genetic Consortium. The strain mpz-I (tmlI36) is 

homozygous for the mutant mpz-I allele tm1136 and has a viable phenotype. In 

the existing description of tmI136 the mutation is defined as a genomic deletion 

of 1124bp and a 3bp insertion. The genomic region deleted contains two exons at 

the 5' end ofmpz-l. 

The strain VC599 carries the allele mpz-I (gk273), that is a homozygous 

lethal deletion and chromosome balanced by the GFP - and dpy-IO marked 

inversion mInI. The genetic balancer mInI is an inversion of a large central 

portion of Chromosome II. It carries the recessive morphological marker dpy-IO, 

which encodes a cuticle protein. The dpy-IO mutation causes animals to have a 

short, dumpy phenotype. In addition mInI carries an integrated trans gene 

comprised of a transcriptional fusion between GFP and the myo-2 promoter. This 

confers GFP fluorescence to the pharyngeal muscle. Heterozygotes, mpz-

1(gk273/+) have wild-type morphology and weak GFP expression in the 

pharyngeal muscle. The mpz-l(gk273) mutation is defined as an 1191bp genomic 

deletion and 8 nucleotide insertion (ATTTTTTT). The genomic region deleted 

encompasses a single exon located within the 5' end of mpz-I. 

264 



7.2 Confirmation of the genomic break-points ofmpz-l(tml136) 

The primers defined by the Japanese-NBP (ExtFwd and ExtRev) were 

used to perform a peR amplification on genomic DNA prepared from mpz-

1 (tml136) animals. The primers flanked the genomic region defined as containing 

the 1224bp deletion and 3bp insertion. The peR conditions were first optimised 

using a control template, which was genomic DNA, prepared from a plate of wild

type worms. The peR amplification yielded a single band of the expected size 

(the expected/predicted size is based upon the sequence analysis of the est clone 

ykl004e08), which was 1783bp. The negative controls, which were the anti-sense 

and sense primers each on their own, did not produce any bands (figure 7.2A). 

The established peR protocol was used to perform a single wonn peR on 

a wild-type worm and on mpz-l (tm1136) animals in duplicate. A single band of 

the expected size, 1783bp was amplified from the wild-type animal and both of 

the mutant duplicates produced a size shift in the genomic product of 1124bp, 

corresponding to the size difference caused by the deletion, to yield a band 662bp 

in size (figure 7.2B). The product amplified by the mpz-l (tm 11 36) single wonn 

peR was cloned and sequenced. The sequence obtained from the peR product 

was aligned to the Celegans genome. The deleted region documented was 

confirmed (See Figure 7.4 for the location of the deletion in the mpz-l gene) and 

the 3bp insertion at the site of the deletion was also confirmed as TTG (Figure 

7.2C). 
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Figure 7.2 Defining the genomic break-points of mpZ-l(tm1136) A) mpz-/(tmJJ36) primers 

were optimised on the wild-type type genomic preparation. A single PCR product of the correct 

size, 1783bp was amplified. B) the mpz-l(tmJJ36) single animal genomic PCR (performed in 

duplicate) amplified a single band, approximately llOObp smaller than the wild-type product. C) 

A portion of the chromotogram from the sequenced mpz-l(tmJJ36) genomic fragment amplified, 

indicating the breakpoints (arrows) and the three neucleotide insertion, TTG (underlined). 
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7.2.1 Confirmation of the genomic break-points of mpz-l (gk273) 

Primers defined by the CGC (GK273_Ext_f and GK273_Ext_b) were used 

to perform a single worm PCR on mpz-l (gk2 73/+) animals. The primers flanked 

the defined mutation site. Genomic DNA extracted from a plate of wild-type 

worms was used as a control template to optimise the PCR conditions and a single 

band of the predicted wild-type size, 1957bp, was amplified (figure 7.3A). The 

negative controls did not produce any product. 

A single worm PCR was performed under the optimised conditions on a 

wild-type and mpz-l(gk273/+) animal. A single band of the expected size was 

amplified from the wild-type animal and the mpz-l(gk273/+) single wonn PCR 

reaction was performed in duplicate on two separate animals and both reactions 

yielded a prominent amplification product, 774bp in size. The size difference 

between the mutant and wild-type amplifications is ~1200bp and corresponds to 

the defined deletion size. In addition to the mutant cDNA fragment the mpz

l(gk273/+) PCR reactions amplified a weak wild-type product and two additional 

bands, 2000bp and 1500bp in size, which were not observed in the wild-type 

control reaction (figure 7.3C). A likely explanation for the poor amplification of 

the wild-type product is the preferential amplification of the shorter, mutant 

fragment predominates over the larger, wild-type fragment in the PCR. 

The 774bp product corresponding to the mpz-l (gk273) mutant allele was 

cloned and sequenced. The sequence obtained was aligned to the C. elegans 

genome and the mutation genomic break points were confirmed and so was the 

8bp insertion, ATTTTTTT (figure 7. 3D). The region of the genomic deletion is 

shown in figure 7.4. 
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Figure 7.3 Defining the genomic break-points of mpz-l(gk273) (A) The primers GK273_Ext_f 

and GK273_Ext_b were optimised on genomic DNA prepared from a large population of wild

type animals. A single, specific band of the expected size was amplified. B) The optimised 

conditions were used to amplify from genomic DNA of a single wild-type worm. A single band 

was amplified of the predicted size. C) Amplification from genomic DNA of a single mpz

J(gk273/+) worm was performed in duplicate. Mutant product: 774bp; wild-type product: 1957bp. 

Two additional bands, 2kb and 1.5kb were amplified. D) A chromotogram of the seqeunced mpz

J (gk2 73) deletion product. The break points are indicated by the arrows and the 8 neucleotide 

insertion, ATTTITTT, is underlined. 
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7.3 The significance of the mutations to the SL-1 defined gene model 

7.3.1 Primer design for the analysis of mpz-l(tml136) and mpz-l(gk273) 

mutant cDNA 

Primers were designed to characterise the transcripts expressed in mpz-

1(tm1l36) and mpz-l(gk273/+) animals (figure 7.4). The characterisation of the 

genomic break points confinned in both cases that the genomic deletions are 

located at the 5' end of the mpz-l gene. The 5 'RACE and SL-l characterisation of 

mpz-l was used as the basis to design primers, complementary to the mpz-l 

cDNA sequence flanking the deletion site. The SL-l characterisation of mpz-l 

detennined alternative splicing of SL-l to the 5' end of mpz-l generates three 

alternative SL-l trans-splice variants and suggests the use of alternative start 

codons. The sense primer was designed against exonic sequence common to the 

three mpz-l SL-l splice variants and this was used to characterise both mpz-l 

mutants. The same antisense primer, gk273 AlS, was used to characterize mpz-

1 (gk273)and mpz-l (tml136) cDNA, and this was located in exon 13 of the longest 

variant (see figure 7.4). 

IIzpz-1(B I) 

mpz-1(B2) 

mpz-1(B3) 

l 
gk273 insertion/deletion 

/1111136 
insertion/deletion 

Figure 7.4. The genomic position of the mutations tml136 and gk273 in the SL-l defined mpz-

1 gene models. The position of the genomic deletion/insertion of each mutant allele and defined 

by the analysis of mpz-l (tm 1136) and mpz-l(gk273) mutant genomic DNA is indicated on each 

gene model by the greyed region. The location of mutant cDNA cmacterization primers T1gelOF 

and gk273 AJS are indicated. The asterisk defines start codons defined by alternative trans

splicing of mpz-l to SL-l. The primer mpz-l GSP-RT was used as a gene specific primer to 

perfOlID reverse transcription (see below) 
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7.3.3 Qualitative analysis of the mpz-l(gk273/+) and mpz-l(tml136) mutant 

eDNA 

Total RNA was extracted from wild-type and mutant worm strains 111 

parallel and spectrophotometry was used to quantify the yield. The quantification 

was confirmed by the electrophoresis of equivalent amounts (5/lg) of each 

preparation (see figure 7.5A). Based upon the gel analysis an equivalent amount of 

each total RNA sample (5/lg) was used to perform a reverse transcription using 

the same primer in each case (mpz-l GSP-RT; see figure 7.4) and an equal volume 

of the first strand cDNA synthesised was used to perform the qualitative peR 

analysis of the mutant transcripts. 

Samples were taken from the wild-type and each mutant peR at 18,25,32 

and 40 cycles to compare the abundance of each cDNA species. Samples (10/ll) 

were analysed by agarose gel electrophoresis. The wild-type control sample 

yielded a single peR product of the expected size. The mpz-l (gk273/+) sample 

yielded two products, one corresponding in size to the wild-type transcript and a 

shorter fragment, corresponding to the transcript with the gk273 deletion. The 

longer, wild-type product was qualitatively more abundant than the shorter gk273 

deletion product and this was consistent between samples taken at the different 

cycle intervals (figure 7.5B) and suggests the gk273 mutant transcript is unstable 

and poorly expressed. The mpz-l (tml136) sample yielded a single product, 

smaller than wild-type and corresponding in size to the predicted mpz-l (tml13 6) 

cDNA fragment. Qualitatively the mpz-l (tml136) cDNA fragment was as 

abundant as the mpz-l wild-type control (figure 7.5B), suggesting the tml136 

deletion does not affect the stability of this mutant transcript. Mutant cDNA 

fragments were cloned, sequenced and analysed. 
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Figure 7.5 Qualitative ana lysis of the mpz-l(gk273/+} and mpZ-l(tm1l36} mutant eDNA A) 

51lg of total RNA extracted from wild-type worms and worms expressing the mpz-l alleles mpz-

1 (gk273/+) and mpz-l (tm1136). This amount was used to perfotm a first strand cDNA synthesis 

with the primer mpz-l GSP-RT B) A qualitative cDNA characterization of the two mpz-l deletion 

alleles and wild-type allele. Sample volume run on gel : IO~ll. The white arrows point to the mutant 

cDNA fragments . Note: in the case of gk273 /+ the larger, wild-type fragment is more abundant 

than the mutant fragment in both duplicates. Cycle: 94"C, 1 min 30sec; 30x(94"C, 30sec; 68"C, 

30sec; 72"C, lOmin); 72"C, l Omin. Primers: T19F and g273 A/S. 
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7.3.4 Significance of the mpz-l(gk273) deletion to the SL-l defined mpz-l 

transcripts 

The sequence of the mpz-I (gk273) cDNA fragment was aligned to 

sequence of the mpz-I (C52All.4A) (confirmed by sequencing of the est 

yk1004.e08) and the mutation was defined as a 152 nucleotide deletion in a region 

common to all three of the SL-1 trans-splice variants and corresponded to a single 

exon. Analysis of the cDNA established the splicing machinery utilizes the next 

available acceptor site downstream of the deleted exon. The 8 nucleotide genomic 

insertion was not identified at the level of cDNA (figure 7.6B). The cDNA 

deletion caused a frame shift that introduces a premature stop codon in the 

translated sequence of the longest SL-1 trans-splice variant of mpz-I (denoted 

mpz-I (BI)) , which was the most abundant trans-splice variant amplified by the 

SL-1 characterization (see section 6.5.4). The missense mutation causes a stop 

codon in the longest trans-splice, prior to the first PDZ domain (See Figure 7. 6A). 

In the case of the two shorter SL-1 trans-splice variants (mpz-I (B2) and 

mpz-I (B3)) which were qualitatively less abundant in the SL-1 peR 

characterization (see figure 6.4) the deletion is located upstream of the start 

codon, defined by the position of the SL-1 trans-splice site. The deletion is 

therefore predicted to be located within the un-translated region of these two mpz

I variants. It was predicted that a functional protein could still be made from the 

mpz-I (gk273) allele (See Figure 7.6A) if these shorter SL-1 trans-splice variants 

are biologically significant. However, as mentioned already the SL-1 analysis 

revealed these two transcripts were rare and are unlikley to be as biologically 

important as the longer SL-1 variant (mpz-I (BI)) because it was more abundant. 

Furthermore, as discussed in section 7.3.2 the peR analysis of mutant cDNA 

suggests the gk273 transcript is unstable and very poorly expressed and so it is 

unlikely that the gk273 mutant transcript would give rise to any protein. 
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Figure 7.6 Significance of the mpz-l(gk273) deletion to the mpz-l gene model and transcript 

A) The three SL-l defined gene models are depicted together with the deletion site defined by 

analysis of mpz-l(gk273) genomic DNA. The protein predicted to be translated from each SL-l 

trans-splice variant is shown. Protein regions in black are predicted to be translated whereas those 

in grey are not, based upon the analysis of mpz-l(gk273) mutant cDNA. Note: The mpz-l SL-l 

splice variants predict different proteins. The gk273 deletion causes a frame shift in the longest 

SL-l trans-splice variant leading to the introduction of a premature stop codon (indicated in thy 

figure) prior to the first PDZ domain. However, the gk273 does not interfere with the translated 

cQding sl'!quence of the other two mpz-l SL-l splice variant:;. lJ) A chromatogram of the mpz-

1 (gk273) mutant cDNA. The arrow indicates the position of the deletion breakpoint. 
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7.3.4 Significance of the mpz-l(tml136) deletion to the SL-l defined mpz-l 

transcripts 

The sequence of the mutant mpz-l (tmll3 6) cDNA fragment was aligned 

to the wild-type mpz-l transcript and the deleted region was defined as 167 

nucleotides, which corresponds to two exons. The region deleted is common to 

the three alternative SL-l trans-splice variants and analysis verifies the splicing 

machinery utilises the next available splice acceptor site downstream of the two 

deleted exons. This causes a frame-shift in the reading frame and the introduction 

of a premature stop-codon. The 3 nucleotide genomic insertion was not identified 

at the level of cDNA (figure 7.7B). The premature stop codon is predicted to 

occur within the first PDZ domain ofMPZ-la (See Figure 7.7A) and subsequently 

the predicted protein translated from the tmll36 would not contain the region of 

the 2-hybrid clone identified as interacting with the MGL-l C-telminal. 

However, as highlighted by the qualitative cDNA analysis (section 7.3.2) 

the tm1l36 mutant transcript is as stable as the wild-type mpz-l transcript. 

Subsequently it may be that protein translation could still be initiated from the 

tmll36 transcript but at alternative Methionine residues downstream of the 

Methionine residues assigned as starts by SL-l trans-splicing. This could give rise 

to alternative versions of MPZ-l sufficient to perform the same functions as the 

wild-type protein and explain why mpz-l (tmll36) animals are viable (see section 

7. 7 for further discussion). 
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Figure 7.7 Significance of the mpz-l (tml136) deletion to the mpz-l gene model and transcript 

A) The three mpz-l SL-l trans-splice variants are shown and the position of the region of the 

tml136 deletion defined by analysis of mutant genomic DNA is indicated in grey. The predicted 

protein product of each SL-l splice variant is shown. Note: The same protein product is predicted 

from each of the SL-l splice variants. The tml 136 deletion introduces a premature stop codon into 

the transcript of each SL-l variant. The stop codon causes the protein sequence to terminate in the 

first PDZ domain. 

B) A chromotogram of the sequenced mpz-l(tm1l36) cDNA peR product. The black arrow 

indicates the breakpoint introduced by the deletion. 
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7.5 Phenotypic characterization of the mutant strain mpz-l(gk2731+) 

In the existing description of the strain VC599 WOffilS homozygous for the 

mutant allele mpz-l (gk273) undergo embryonic arrest. To confiml the lethality is 

caused by the mpz-l deletion mutation an analysis of the phenotypic segregation 

of mpz-l(gk273/+) progeny was performed. Heterozygous mpz-l(gk273/+) adult 

hermaphrodites were transferred to a fresh seeded plate and allowed to lay eggs. 

Six hours after being transferred l04 eggs were picked and placed onto a fresh 

seeded plate. The eggs were incubated at 20°C and monitored over a five-day 

period, at 24 hour intervals. In parallel a similar amount of eggs were collected 

from wild-type WODns and worms homozygous for the mInI [mIsl4 dpy-

10(e128)] inversion. The latter were identifiable by the dumpy phenotype and 

strong pharyngeal GFP expression. 

28% of the mpz-l (gk2 73/+) eggs picked underwent embryonic arrest 

(figure 7.BA) and were staged at 3-6 hours after being laid, corresponding to early 

gastrulation (Figure 7. BE). A subtle lethality was associated with the mInI 

inversion, 12% of mInI [mIsl4 dpy-l0(e128)] homozygotes underwent embryonic 

arrest (figure 7.Be) and 2.5% underwent Ll larval arrest. This correlates with an 

independent report describing 10% of the progeny from homozygous mInI [dpy-

10] hermaphrodites fail to hatch from the egg or arrest as Ll larvae (Edgley, M.L. 

and Riddle, D.L. 2001). However no explanation for these observed phenotypes is 

provided. 50% of the mpz-l (gk272/+) progeny were heterozygous, displaying a 

weak pharyngeal GFP signal and wild-type body morphology and 20% were 

homozygous for the mInI marked inversion. All of the viable offspring expressed 

a pharyngeal GFP signal, indicating that animals homozygous for the allele mpz-

1 (gk273) and lacking a GFP signal account for the population of the offspring 

undergoing embryonic arrest. 
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Figure 7.8 Phenotypic characterization of the mutant strain mpz-l(gk273/+) 

A) The number of eggs that either: hatched, were heterozyous mpz-J(gk273/+) or homozygous 

mlnl[mls14 dpy-l O(e128)] are shown as a percentage of the total number of eggs that were 

picked. The genotypes tested were wild-type (mpz-J(N2»), heterozygous mpz-J(gk273/+) and 

homozygous mlnl[mls14 dpy-1O(e128)] hermaphrodites. B) DIe image of a homozygous mpz

J (gk273) egg, staged at 3-6 hours after fertilization. The image was taken 3 days after picking and 

did not exhibit GFP fluorescence. C) A homozygous mInl[mls14 dpy-lO(e128)] egg, expressing 

GFP, that failed to hatch. Image recorded at 50hrs post picking. 
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7.6 Measuring mgl-l function in mpz-l mutants 

Electrophysiological recordings from the pharynx have established the 

pharmacological activation of MGL-l regulates network activity of the 

pharyngeal nervous system (see Chapter 4). This bioassay was used to measure 

mgl-I function in the mpz-I mutant strains to determine if the MGL-l signalling 

complex is perturbed by the absence ofMPZ-I. 

EPG recordings were made from the pharynx of mpz-I mutants in the 

presence of increasing concentrations of L-CCG-I (1/lM, 3/lM and lO~LM). A 

comparison between the pharyngeal pumping of the two mutant strains and wild

type, in the first 5 minute period in Dents directly preceding the application of the 

lowest concentration of L-CCG-I (1/lM), showed there was no difference in the 

basal pharyngeal pumping. The response of both mutant strains to L-CCG-I was 

essentially the same as wild-type animals (figure 7.9A), the inhibition of 

pharyngeal pumping increased with the concentration of L-CCG-I that was 

applied and the inhibition was reversible, with pharyngeal pumping resuming 

after the drug was replaced by Dents (figure 7.9B). 

To determine if a detectable loss of MGL-I signalling could be produced 

by combining the two mutant alleles the trans-heterozygote mpz-I (gk273ItmII36) 

was generated by crossing the two mpz-I mutant strains together. mpz-I (tmII36) 

males were mated with mpz-I (gk2731+) hermaphrodites and mpz-

1 (gk273Itm1136) hermaphrodites were selectable in the FI generation by an 

absence of the pharyngeal GFP signal (marking the mInI inversion). Subsequently 

EPG recordings were made in the presence of increasing concentrations of L

CCG-I and the animals were not resistant (figure 7.9A).The dose-response profile 

of mpz-I (gk2 7 31tm113 6) was essentially the same as the wild type animals and 

both mutant animals (figure 7.9B). 
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Figure 7.9 EPG recordings made from mpz-l mutants mpz-l(tm1136), mpz-l(gk273/+), mpz-l(tm1136/gk273) EPG recordings were made in the presence of increasing 

concentrations of the agonist L-CCG-I, IIlM, 31lM and 10 IlM. An expanded view of a single pump produced by each mutant strain in Dents saline is shown. 
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Figure 7.10 L-CCG-I dose response graph for the three mpz-l mutant strains. Each point 

represents the mean % inhibition +/- the SEM. mpz-l (tm 11 36) n = 10, mpz-l(gk273/+) n = 12 and mpz-

1 (tml 136/gk273) n = 12. Wild-type and mgl-l (tmI811) responses are shown in grey for comparison. 
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7.7 Discussion 

As stated in chapter 5, mpz-l was identified as being co-expressed with mgl-l 

in neurons of the pharyngeal system. Therefore the inhibition of pharyngeal pumping 

by the L-CGG-I activation of MGL-l was used as an assay to measure the intact 

scaffolding of MGL-l by MPZ-l. Two mpz-l mutants were available, mpz

I (gk2 73/+) and mpz-l (tm113 6). The phenotypes of the two mutants were very 

different, mpz-l (gk273) was confirmed as being homozygous lethal and underwent 

embryonic arrest. Whereas mpz-l (tm113 6) was homozygous viable with no obvious 

phenotype. 

Characterization of both mutants cDNA predicts that the allele mpz-l (tmI136) 

contains the more severe deletion and is a putative null, whereas the allele mpz

I (gk2 73) only prevents the longest SL-l trans-splice variant from being expressed. 

Therefore the two shorter trans-splice variants could be translated to generate a 

functional protein despite the gk273 deletion. The pharyngeal pumping of both 

mutants was inhbited by L-CCG-I suggesting the MGL-l signalling complex is still 

intact. Furthermore combining the two alelles to generate the transheterozygote mpz

I (tm113 6/gk2 73) did not affect the response to L-CCG-I and pumping was still 

reversibly inhbited. 

A possible explaination for the discrepancy between the severity of the mpz

I (tm113 6) mutation and phenotype is that the mpz-l (tm113 6) transcript IS 

alternatively spliced to generate a functional protein. As the primers used to 

characterize the mutant cDNA closely flank the deletion breakpoints the PCR 

amplification would not have detected alternative splicing to exons located distally of 

the antisense primer annealing site. The identification of alternative SL-l trans-splice 

variants suggests that the splicing of mpz-l is complex and tightly regulated and the 

mpz-l gene could be alternatively spliced to generate shorter proteins that are still 

functional. Also the qualitative analysis of the tml136 cDNA suggests this mutant 

transcript is stable and suggests alternative Methionine residues could be utilised, 

downstream of the deleted region to initiate transaltion of from the tml136 transcript 

and generate MPZ-l variants that retain the functional properties of the wild-type 

protein. This could also explain why the MGL-l response to L-CCG-I is essentially 

normal in these animals, because splice variants of mpz-l could still give rise to 

proteins that are capable of scaffolding MGL-l function. 
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Prediction based on cDNA analysis suggests the gk273 deletion only affects 

the protein sequence of the longest SL-l trans-splice variant, which was the most 

abundant variant amplified during the SL-l characterization of the mpz-l gene 5' 

region. However, the qualitative analysis of the mutant cDNA suggests the gk273 

transcript is unstable and poorly expressed. If this reflects the situation in vivo, 

protein encoded by alternative SL-l trans-splicing of the gk273 transcript is also 

likely be very poorly expressed and may not even be translated due to the instability 

of the transcript. mRNA stability is thought to perform an important role in 

development [Newbury, S.F. 2006] and this could be a possible explaination for why 

the gk273 deletion causes an embryonic lethality. Also it is known that proteins 

containing PDZ domains are involved in defining cell polarity during the initial stages 

of mitosis and the PAR (abnormal PARtitioning of embryonic cytoplasm) proteins are 

the prototypic example of such a class of proteins (Nance J 2005). 

However, the MGL-l regulation of pharyngeal pumping was not dismpted in 

the mpz-l (gk2 73/+) mutants. This may be because these animals are heterozygous 

and the wild-type mpz-l transclipt is being stably made in these animals, which is 

sufficient for nonnal cellular function involving MPZ-l to proceed. Furthennore as 

highlighted above alternative variants of MPZ-l could be expressed from the tm1136 

transcript that retain functionality, which is why MGL-l function may not have been 

dismpted in the trans-heterozygote either. 

Therefore further analysis of the mpz-l mutant strains and the proteins 

expressed from the mutant alleles is required to ascertain how useful the mutants are 

for defining the role of MPZ-l in MGL-l scaffolding. Alternatively these findings 

raise the issue of how significant PDZ domains are to robust function. The deletion of 

the C-terminal PDZ ligand of the AMP A receptor GluRl was recently shown to have 

little effect on GluRl function in the hippocampus. Knock-in mice expressing GluRl 

lacking the PDZ ligand displayed normal synaptic transmission and GluRl synaptic 

localization (Kin C-H et al 2005). This is surprising, since GluRl has been described 

as interacting with a number of different PDZ-domain containing proteins (Song I 

and Huganir RL 2002) but illustrates GluRl can function normally in the absence of 

these interactions. However, in a more recent study synaptic transmission and 

synaptic trafficking of GluR2 was dismpted in the cerebellum of knock-in mice 

expressing GluR2 with a deleted C-terminal PDZ ligand (Steinberg JP et al 2006). 

This highlights that the significance of PDZ mediated interactions to robust function 
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is receptor specific and there is presedence supporting the findings reported here for 

the the non-essential role ofPDZ domains in receptor function. 
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Chapter 8 
General Discussion and Future Work 
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The evolutionarily conserved role of glutamate as a neurotransmitter and the 

significant role glutamate plays in a number of complex biological processes of the 

mammalian nervous system demonstrates it is an important bio-molecule. 

Understanding how glutamatergic signalling is organised could provide the key to 

unlocking higher brain functions, such as complex human behaviour. The aim of this 

study was to expand upon what is currently known about the organisation of 

glutamatergic signalling. In particular the project aimed to address the current deficit 

in our understanding of the relationship between receptor scaffolding mechanisms, 

neuronal cicuitries and the regulation of complex behaviour. 

The important role scaffolding mechanisms perform in the organisation of the 

metabotropic glutamate receptors was introduced in Chapter 1. This study has 

exploited the mGluR receptor subclass as a model to study receptor scaffolding and 

combined it with the well-defined, simple neural circuits of C. elegans and the 

quantifiable behaviours they regulate (also introduced in Chapter 1). At the outset of 

this project there was very little known about the molecular, cellular or functional 

organisation of the mGluR subclass of receptor in C. elegans (designated mgls) , 

compared to the iGluR subclass. The findings of this study have added to our current 

understanding of glutamate signalling in C. elegans and specifically the role 

performed by the mgls. 

In Chapter 3 the in silica chacterization of three C. elegans mGluR 

homologues, mgl-i, mgl-2 and mgl-3 (Y4C6A.2a) identified conserved structural 

features of mGluR function. Analysis of cDNA ends experimentally defined the 

presence of motifs at the N and C-terminals important for both post-translational 

processing and scaffolding and the alternative splicing of the C-terminal further 

highlighted the conserved scaffolding role of this domain in C. elegans. Sequence 

alignments identified the mgls can be classified into characteristic subgroups based 

upon homology to their mammalian counterparts (mgl-l and mgl-3 are Group II -like 

whereas mgl-2 is Group I-like) and suggests that these subgroups are evolutionarily 

conserved. The characterization of the cDNA ends of the mgl transcripts will 

facillitate the future amplification of the full length mgl transcripts, which will serve 

further in silica and molecular/cellular studies. 

The cellular characterization of mgl-l and mgl-2 in Chapter 3 revealed a 

differential and widespread expression pattern in the C. elegans nervous system and a 
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selective expression of mgl-l in the pharyngeal nervous system. In keeping with other 

neural circuits the interaction between distinct neurotransmitters controls pharyngeal 

function and ultimately feeding behaviour in C. elegans. Accordingly in Chapter 4 

mammalian mGluR agonists were used to identify if mgls regulate this network. 

Electropharyngeogram recordings were used to measure pharyngeal pumping and 

identified network activity was alternatively modulated by mgl receptor subtypes. The 

agonist L-CCG-I decreased network activity in an mgl-l dependent manner, whereas 

at low concentrations L-CCG-I increased network activity in an mgl-3 dependent 

manner. Both findings support the contention that mgls perform a neuromodulatory 

role in the control of C. elegans feeding. 

In order for an animal to survive it must be able to modulate its feeding 

behaviour in response to an ever changing environment. For example when food is 

becoming less available the animal may decide to increase its rate of feeding as a 

strategy for survival. In adult C. elegans mgls may be involved in this decision 

making process and may serve in the pharyngeal nervous system to modulate the 

worms feeding behaviour when it is exposed to different environmental cues, such as 

the abundance of food. This raises a number of interesting issues, such as how the 

sensory cue of food is detected, how it is integrated into the pharyngeal nervous 

system and what is the importance of mgl scaffolding to this process. 

The role of the C. elegans iGluRs in the locomotory command interneurons 

(introduced in Chapter 1) sets a precedent for the importance of glutamatergic 

signalling in the process of sensory integration in the C. elegans nervous system. 

Interestingly the NSMs (putative neurons expressing mgl-l) have been suggested to 

have neurohumoral functions and signal the presence of food. This is unproven, but 

anatomically the NSMs have been identified as having sensory-like endings located at 

the point of bacterial accumulation in the pharynx and the NSMs contain a cocktail of 

transmitters that have established roles in regulating network activity of the pharynx; 

these include glutamate, 5-HT and various neuropeptides. Combined this would 

suggest the NSMs are ideal candidates for integrating sensory cues with the regulation 

of pharyngeal pumping and this may be dependent upon mgl-l signalling in this 

neuron. Initial observations have shown that mgl-l animals do not modulate their 

feeding behvaiour in the same way as wild-type animals in response to food being 

taken away (Sara Luedtke, unpublished). 
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The pharmacological approach taken in this study has highlighted mgl 

signalling is important in the pharynx but the major caveat is that it relies upon the use 

of mammalian agonists. Although the Drosophila mGluR sets precedent for the strong 

evolutionary conservation of the mGluR agonist binding domain, in the current study 

the agonists have been applied to a neural circuit which may contain alternative sites 

of action in addition to the mgls. In view of this an important aspect of future study 

would be defining the role of the mgls under native conditions and one way of 

tackling this issue would be to generate a transgenic animal expressing a constituvely 

active receptor and to then determine if the pharmacological phenotype is 

recapitulated. Recent studies performed on mammalian mGluR subtypes sets 

precedent for such an approach, where a constitutively active receptor has been made 

by mutating a conserved Glutamine residue to a Valine, in the C-terminal region of 

the second intracellular loop of mGluR8 that is involved in G-protein coupling 

[Yamashita, T et aI2004]. This Glutamine residue is conserved in all three of the mgl 

receptor subtypes. 

The molecular characterization of protein scaffolding motifs in the C

terminal of the mgls (Chapter 3) supported the view that these receptors are subject to 

scaffolding mechanisms mediated by this domain. In Chapter 5 controls performed 

with the mgl receptor C-terminals identified the mgl-l C-terminal as the most suitable 

candidate for use in the LexA yeast-2-hybrid screen. Three interacting genes were 

prioritised from the screen with homology to known scaffolding proteins with 

established roles in receptor scaffolding. These were mpz-1IMUPP-1. ptp-1IPTP

MEG and tag-60INHERF-2 (the mammalian homologues are underlined). 

The mouse homologue of mpz-l, Mpdz has been identified as a genetic 

determinant of alcohol addiction. This is a complex behaviour that is likely to involve 

a number of different molecular targets and Mpdz-l has been identified as interacting 

with a diverse array of molecules. Ethanol has been shown to have a physiological 

effect on C. elegans by depresssing locomotory behaviour and this has encouraged its 

use as a model to identify the molecular targets of ethanol (Davies AG et al 2004). As 

like its mammalian counterpart, mpz-l has the molecular capabilities to interact with a 

number of different protein partners and it has been described elsewhere as binding to 

5-HT receptors. Antagonists of Group I mammalian receptors have been shown to 

have anti-alcohol addiction effects in mouse strains that have a high preference for 

alcohol [Lominac, KD et aI2006]. This suggests that mGluR subtypes are involved in 
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ethanol effects upon the brain and behaviour. The scaffolding of mgl-l by mpz-l and 

in C. elegans may provide future insights into the molecular organisation of mGluR 

signalling underlying alcohol addiction. 

In Chapter 6 the biological significance of the three proritised interactions was 

assessed in vivo within the context of the whole animal at the level of gene co

expression. Two genes, mpz-l and ptp-l were verified as being co-expressed with 

mgl-l in neurons and were prioritised as being biologically relevant. In the case of 

tag-60(COIF6.6a) gene co-expression was not identified and demonstrates C. elegans 

provides a strong model to study protein-protein interactions because it facilitates the 

rapid prioritisation of an in vitro identified interaction in vivo and bypasses the need 

for in vitro biochemical verifications dependent upon antibodies. 

Furthermore in Chapter 6 the reliability of promoter: : reporter constructs was 

adressed and the limitations of the genome annotatations were highlighted. This lead 

to a redefined understanding of the molecular criteria and experimental verifications 

required for generating promotor: :reporter constructs to report upon the accurate 

expression pattern of genes, such as mpz-l, with complex promotors. The expression 

pattern established for ptp-l and tag-60 has provided the first description of the 

cellular distribution of these genes and suggests scaffolding functions outside of the 

mgl-l receptor. It is important to realise, however, that subcellular co-localization of 

mgl-l with the 2-hybrid interactors at the level of protein would be a more definitive 

verification that the interaction occurs in vivo. The characterization of the cDNA ends 

of the interacting proteins in this study would enable full length cDNAs to be 

amplified for the production of such protein: :reporter constructs. 

In Chapter 6 the co-expression of mpz-l with mgl-l in the pharyngeal circuit is 

described and the putative neuronal correlates of this co-expression are suggested. 

The molecular and functional chracteristics of two neurons, NSM and M4, makes 

them good candidates for the mgl-l modulation of feeding behaviour. In Chapter 7 the 

pharyngeal assay was used to determine if mpz-l is required to scaffold mgl-l 

function in the pharyngeal neural network. The L-CCG-I pharmacological assay was 

performed on the two available mpz-l mutants; mpz-l(gk273/+), mpz-I(tm1I36) and 

the trans-heterozygote mpz-l (gk273/tmI136). The analysis of mutant cDNA predicts 

both alleles are likely to be nulls, however the two mutant alleles give rise to very 

different phenotypes, mpz-l (gk273) is homozygous lethal and mpz-l (tmlI 36) is 

homozygous viable. Qualitative analysis of mutant cDNA suggests the mpz-l (gk273) 
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transcript is unstable and it is unlikely to encode protein. The mpz-I (tmII36) 

transcript looked as stable as the wild-type transcript and may therefore still encode 

protein if alternative downstream starts are utilised. This does highlight further work 

is required to expand upon the molecular characterization of mpz-I and the two 

mutants used in this study because of the complexities of the mpz-I promoter and 

trans-splicing events described in Chapter 6. This would potentially involve 

generating an antibody to analyse the MPZ-l protein being expressed in the two 

mutant strains. mgl-lfunction was found to be intact in the mpz-I mutant pharynxes, 

which responded as wild-type to L-CGG-I and suggests the mgl-I signalling complex 

is intact in the mpz-I mutant animals. 

This highlights the need to further characterise the neuronal basis of the L

CCG-I response and establish the cells through which mgl-I signalling is regulating 

neuronal activity in the pharynx. It may be that the response to L-CGG-I is being 

mediated by mgl-I through a cell type that does not express mpz-I or that in this cell 

type mpz-I is not required to scaffold mgl-I function, which may be why the mutant 

pharynxes still respond to the agonist. This issue could be addressed by neuronal 

ablation studies and by a process of elimination the relevant cell could be identified. 

For instance, if laser ablation of the NSMs were to cause a loss of the L-CGG-I 

response it would provide good evidence for mgl-I signalling in this neuron and 

identify the NSMs as the neuronal component of the pharyngeal circuit by which mgl

I modulates feeding. 

Pharmacological assays have established mgl-I and mgl-3 subtypes serve as 

neuromodulators in the pharyngeal neural network that controls feeding behaviour in 

C. elegans. However, the expression of mgl-I and mgl-2 in neurons outside of the 

pharyngeal nervous system suggests these receptors may perform neuromodulatory 

roles in other circuits as well. The co-expression of mgl-I with mpz-I and ptp-I in 

neurons outside of the pharyngeal nervous system highlights the need to develop 

additional assays to study mgl-I scaffolding within these cells Phenotypic 

characterization of mgl-I, mgl-2 and mgl-3 mutant animals has highlighted a 

neuromodulatory role for the mgls in locomotory behaviours (Ting Zeng, unpublished 

findings) which may be exploited to assay mgl scaffolding outside of the pharynx. 

Until now there has been little information about the molecular, cellular and 

functional organisation of the mgl class of glutamate receptor in C. elegans. Instead 
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research has focused primarily upon the ionotropic class, which is surprising since 

glutamate performs a number of important roles in C. elegans (as discussed in 

Chapter 1). The identification of mgl-l and mgl-3 as neuromodulators of the 

pharyngeal nervous system provides the first functional description of any mgl 

receptor in C. elegans. In addition it has established that mgl-l is a metabotropic 

glutamate receptor and it is involved in the pharyngeal response to mammalian 

mGluR agonists. The expression of mgl-l and mgl-3 in heterologous cell lines will 

enable the pharmacological profile of these receptors to be further probed and would 

enable them to be further classified into the subgroups of metabotropic glutamate 

receptors already established from the mammalian system and Drosophila. 

The alternative splicing of the MGL-2 and MGL-3 C-terminals described in 

Chapter 3 could underlie functional diversity. Alternative splicing of mGluR1 has 

been shown to activate different patterns of calcium release in Xenopus oocytes (Pin 

JP et al 1992) and confer different sensitivities to agonist (Flor, P.I et al 1996). As 

discussed in Chapter 1 the intracellular C-terminal performs an important role in 

mediating interactions with scaffolding proteins that organise the signalling, targeting 

and anchoring of the receptor. The alternative splicing of mGluR1 C-terminal 

generates different molecular signals that are responsible for targeting different splice 

variants to different cellular compartments (Francesconi, A. and Duvoisin R.M. 

2002). In the case of the mGluR7 splice variant mGluR7b the C-terminal consists of 

several motifs that each are responsible for binding distinct proteins (Enz, R. Croci, C. 

2003). It could therefore be envisaged that alternative splicing of the C-terminal can 

alter the profile of binding motifs and therefore give rise to C-terminal with different 

binding specificities. Future work may involve performing 2-hybrid screens with 

different C-terminal splice variants to identify alternative scaffolding proteins. 

The identification of proteins interacting with the C-terminal of MGL-1 has in 

some cases supplemented what is already known about them, as is the case for mpz-l. 

Whereas in the case of tag-60(CO 1 F6. 6a) and ptp-l there is nothing published about 

their function in C. elegans and their interaction with MGL-1 has shed the first light 

upon the purpose these proteins serve. As highlighted in Chapter 6, gene promoter 

constructs are useful tool to define the cellular expression pattern of a protein, 

however, they are not infallable. Hence, in the case of tag-60(COIF6.6a), where no 

co-expression was seen with mgl-l, future work may entail generating several gene 

reporter constructs that incorporate more extensive regions of the promoter to fully 
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define the expression of this gene in C. elegans. Both what is already known about 

mpz-i in C. elegans, in terms of its interaction with other GPCRs and signalling 

molecules and what is known about the role of mammalian homologues make this a 

very interesting protein for future study. Already it appears the multifunctional role of 

this protein is conserved betwen mammals and C. elegans. 

The pharyngeal bioassay failed to establish if mpz-i is required to scaffold 

mgl-i function in this neural network, however as highlighted further characterization 

of the mpz-i mutant strains is needed. Furthermore, currently there are no availbale 

knockouts for ptp-i which was also identified as being co-expressed in the pharyngeal 

nervous system. Therefore the bio-assay may still be useful in shedding light upon the 

physiological significance of the interaction between ptp-i and mgl-i. As mentioned 

previously the development of additional assays for mgl function will assist in 

furthering our understanding of the role of these receptors in C. elegans and provide a 

basis by which to study the role of mgl scaffolding proteins outside of the pharyngeal 

nervous system. 
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