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ABSTRACT

y-Aminobutyric acid type A (GABAa) receptors are the most abundant inhibitory 

neurotransmitter receptors in the mammalian central nervous system. They are ligand- 

gated chloride ion channels. Each receptor is composed from 5 of the 16 known 

subunits al-6, pi-3, yl-3, ô, 7i, 0 and s. Each subunit type confers different properties to 

the fully assembled receptor, leading to a diverse range of possible receptor subtypes. 

However, very few of the theoretically possible subtypes are actually observed in vivo. 

Here, a series of studies has been undertaken, using the yeast two-hybrid system, to 

investigate various aspects of GABAa receptor assembly and trafficking, to understand 

the molecular basis of the observed receptor diversity. Firstly, since GABAa receptor 

N-terminal domains have been implicated in subunit associations, a l and p2 subunit N- 

termini were studied to identify assembly motifs, using 3 different yeast two-hybrid 

systems, the GAL4, modified LexA and CytoTrap® systems. Secondly, trafficking of 

receptors and the development and stabilisation of GABAergic synapses were 

investigated by screening a rat brain cDNA library using the GABAa receptor P3 

subunit intracellular loop (p3-IL) and p2 N-terminal domain, respectively, to identify 

novel interacting proteins. The P2 N-terminus was found to interact with a DnaJ- 

domain-containing sequence, TIDIL. Thirdly, receptor trafficking was investigated by 

further characterisation of the previously identified novel protein, GABAa receptor 

interacting factor (GRIF-1). The binding specificity of GRTF-l with the GABAa 

receptor p2-IL was analysed. Structural and functional similarities between GRIF-1 and 

other members of the novel coiled-coil domain-containing gene family of proteins were 

investigated. GRTF-l and a human homologue, KIAA1G42, were compared for 

interactions with the GABAa receptor P2-IL and with kinesin heavy chain (KHC), 

KTF5C, as a KHC has been shown to associate with Milton, the Drosophila 

melanogaster orthologue of GRIF-1. Despite the high degree of amino acid homology 

between GRTF-l and KTAA1042, only GRTF-l was found to bind to the GABAa 

receptor p2-IL and to KTF5C, suggesting that the subtle differences between GRIF-1 

and KJAA1042 lead to differences in functional specificity.
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INTRODUCTION
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1.1. THE LIGAND-GATED ION CHANNEL FAMILY OF 

NEUROTRANSMITTER RECEPTORS
The ligand-gated ion channels (LGICs) include three main superfamilies of proteins, 

grouped according to their evolutionary history (Le Novere and Changeux, 1999). 

These families are:

(i) the cationic, excitatory glutamate receptors, including N-methyl D-aspartate 

(NMDA), a-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA) and 

kainate receptors.

(ii) the adenosine tri-phosphate (ATP)-gated receptors, which include the P2X 

receptors.

(iii) the nicotinic acetylcholine (nACh) receptor superfamily, which includes the 

excitatory nACh and 5-hydroxytryptophan type 3 (5-HTs), and the inhibitory y- 

aminobutyric acid (GABA) and glycine neurotransmitter receptors.

This thesis focuses on the nACh receptor family and in particular on the GABAa 

receptors. Members of the nACh receptor superfamily all share a common ancestral 

protein and significant amino acid sequence homology. Figure 1.1 is a diagram of an 

evolutionary tree showing the diversity of the nACh receptor family of proteins. 

Analyses of the DNA and amino acid sequences of the nACh receptor superfamily 

suggest that the common ancestor diverged early on into cationic and anionic receptors, 

the most ancient subtypes being the 5-HT] receptor subunits and GABA type A 

(GABAa) receptor 5 subunits (Orteils and Lunt, 1995). The cationic receptors then 

diverged to form the 5-HTs and nACh receptors, while the anionic receptors formed the 

GABA and glycine receptors. The close evolutionary relationship between these 

receptors is shown by their structural similarity and allows structural and fimctional 

information deduced from one receptor type to be applied to studies on other members 

of the superfamily. The muscle type nACh receptors, found at the neuromuscular 

junction, are the first and best characterised of the ligand-gated ion channels and are 

commonly used as a model for the study of other members of this superfamily.

1.1.1. THE NICOTINIC ACETYLCHOLINE RECEPTORS AS A MODEL FOR 

LGIC STRUCTURAL AND FUNCTIONAL STUDIES

The electric organ of Torpedo electric rays contains a high concentration of nACh 

receptors. The isolation of these receptors from Torpedo, through the use of a-
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neurotoxin binding, has provided a source of protein in large enough quantities to allow 

investigation of their structure and function (Changeux et al., 1970). The nACh 

receptors were the first LGIC receptors to be cloned and sequenced. The cDNA and 

protein sequences for all subunits have been compiled into an LGIC database (Le 

Novere and Changeux, 1999) which can be found online at 

http://www.pasteur.fr/units/neubiomol/LGIC.html. The nACh receptors are pentameric 

proteins, as determined by electron microscopy (Kistler and Stroud, 1981; Brisson and 

Unwin, 1985). Each subunit contains a large extracellular N-terminal domain that 

includes a disulphide bonded loop, four membrane spanning domains, a large 

intracellular loop between transmembrane (TM) domains 3 and 4 that contains 

regulatory sites, e.g. phosphorylation sites, and a short extracellular C-terminal domain. 

Muscle-type nACh receptors are composed of a, p, y (or e) and 5 subunits. Each 

receptor is composed of 2a, Ip, 16 and either a y (embryonic) or an e (adult) subunit. 

These subunits are arranged in a quasi-symmetrical pentamer around a central cationic 

pore. Figure 1.2 is a diagram showing the general topology of a typical nACh receptor 

subunit and the arrangement of subunits in a receptor. When activated by ligand 

binding, the channel conformation is altered to an 'open' state, which is permeable to 

Na"̂  and ions. This allows a net influx of Na^ ions and a net efflux of ions, giving 

rise to an overall depolarisation of the post-synaptic cell and transmission of an 

electrical signal through the neurone.

Nicotinic ACh receptor channels play an important role in the control of voluntary 

movement by providing a link between motor neurones and skeletal muscle. They are 

activated by binding of the endogenous neurotransmitter, ACh, at two ACh binding 

sites which are found at the a-y and a-0 subunit interfaces. Simultaneous binding of 

ACh at both sites is necessary for channel opening. Residues involved in ligand binding 

have been identified at both sites, using photo-affinity methods (reviewed by Corringer 

et a l, 2000). For the a subunit, residues W86 and Y93, W149 and Y151, Y190, C l92, 

C l93 and Y 198 were found to be involved in agonist binding (Middleton and Cohen, 

1991; Chiara et al., 2003). For the y/0 subunits, homologous residues for each subunit 

have been identified corresponding to the y subunit domains 55-59, 109-119 and 161- 

180 (reviewed by Corringer et al., 2000; Karlin, 2002). The distribution of amino acids 

involved in agonist binding suggested that 6 distinct interacting domains, 3 from each 

subunit, are brought together to form a binding pocket. Further resolution of the
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structure of nACh receptors was aided greatly by the discovery of an ACh binding 

protein that is homologous to the extracellular N-termini of nACh receptor subunits 

(Brejc et al., 2001; Smit et a l, 2001).

1.1.2. THE NICOTINIC ACETYLCHOLINE BINDING PROTEIN

The acetylcholine binding protein (AChBP), released from glia in the CNS of Lymnea 

Stagnalis molluscs, was identified as a novel protein that inhibits neurotransmission by 

sequestering ACh at the synaptic cleft (Smit et a l, 2001). The crystal structure of the 

AChBP was also determined (Brejc et a l, 2001) showing it to be a homopentamer 

formed from subunits that are each 210 amino acids in length and lack transmembrane 

and intracellular domains. The deduced structure of the AChBP is shown in Figure 1.3. 

Each AChBP subunit contains an a-helix followed by two 3io helices and ten P-strands 

which are folded into an immunoglobulin-like sandwich topology (Brejc et a l, 2001). 

The overall structure of the AChBP is equivalent to the extracellular N-terminal 

domains of the nicotinic acetylcholine receptor superfamily of proteins, sharing ~20% 

amino acid identity with the nAChR subunits. Since its discovery, the AChBP has been 

used as a molecular model for nAChRs and other members of the nAChR family of 

receptors to elucidate their structure and function.

Each AChBP monomer forms two contact interfaces with neighbouring subunits, one 

on either side. The crystal structure produced by Brejc et al. (2001) showed the 

positions of amino acids found at these interfaces on an AChBP subunit. These residues 

are not well conserved across the nAChR subunits and native nACh receptors contain 

non-identical subunits, however, at homologous positions on the nAChR a subunit, 

residues 16, 18, 20, 47, 89, 97, 98, 99, 127, 128, 129, 150, 151, 152, 155, 191 are shown 

to be present at the first, '+', interface and the residues 4, 5, 8, 9, 39, 41, 55, 79, 81, 101, 

103, 104, 105, 107, 119, 123, 168, 169, 173 and 175 are found at the second, 

interface (Brejc et a l,  2001; reviewed by Karlin, 2002).
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1.2. THE GABA RECEPTORS
1.2.1. y-AMINOBUTYRIC a c id

y-Aminobutyric acid (GABA) was first isolated from brain in 1950 by paper 

chromatography (Awapara et al., 1950; Roberts and Frankel, 1950; Udenfriend, 1950). 

It was shown to be a major fraction of the total amino acids in brain. Later, a previously 

unidentified extract, known as factor I, with an inhibitory effect in crayfish stretch 

receptor neurones was identified as GABA, thus demonstrating the role of GABA as an 

inhibitory transmitter (Bazemore et al., 1957). GABA is now known to be the most 

abundant inhibitory neurotransmitter in the adult mammalian central nervous system 

(CNS), being present in 30% of all neurones in the brain (Bloom and Iversen, 1971). 

GABA is synthesised from glutamic acid by a-decarboxylation using the enzyme 

glutamic acid decarboxylase (GAD) and the co-enzyme, pyridoxal 5'-phosphate. The 

mechanism by which GABA exerts its effects involves binding of GABA to specific 

chloride (Cl ) ion channel proteins in the post-synaptic membrane. GABA binding 

causes a conformational change in these channel proteins, opening a central ionic pore 

that allows an influx of Cl" anions into the post-synaptic neurone. This hyperpolarises 

the neurone and inhibits action potentials, thus preventing signal transmission. Once 

used, GABA is removed from the synapse by high affinity sodium (Na^)-dependent 

GABA transporters (GATs) that are present in the pre-synaptic terminal and 

surrounding glial cells. GABA is metabolised by GABA transaminase to form succinic 

acid semialdehyde which is then oxidised to form succinic acid and re-cycled via the 

citric acid cycle.

In addition to its role in inhibitory neurotransmission in the adult brain, GABA also acts 

as a trophic factor during neural development. During the early stages of neural 

development, the effects of GABA are excitatory (Cherubini et al., 1991). This may be 

due to a reversed transmembrane Cl" gradient, resulting in a higher intracellular than 

extracellular concentration of Cl" ions and the net efflux of Cl' ions upon opening of 

GABAa receptor channels, thus depolarising the post-synaptic neurone (Misgeld et al., 

1986). The shift in Cl" ion gradient during early postnatal development that leads to the 

switch from excitatory to inhibitory effects of GABA activation, is due to an increase in 

expression levels of the Cl" ion-extruding neuronal K^/Cl" co-transporter 2 (KCC2) 

(Rivera et al., 1999). KCC2 counters the effects of the Cl"-accumulating KCCl, which
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is strongly expressed from birth. GABA neurotransmission thus begins to display its 

characteristic inhibitory effects.

Some evidence has also been found for an excitatory response to GABA in adult 

neurones, although the mechanisms of action are not always clear. Neurones in the rat 

hippocampus were excited by a GABA induced efflux of bicarbonate ions (Staley et al., 

1995). GABA also had a Na^-dependent excitatory effect on neurones in the rat 

accessory olfactory bulb (Goldmaker and Moss, 2000). Hilar cells of the Guinea pig 

hippocampus showed a GABA receptor mediated excitatory response to GABA, leading 

to an overall inhibitory response by hippocampal intemeurones (Michelson and Wong, 

1991). In the nematode worm, Caenorhabditis elegans, a cation selective GABA 

receptor, EXP-1, has been identified (Beg and Jorgensen, 2003). This receptor contains 

a pattern of charged residues in its pore-forming TM2 region necessary for cation 

selectivity (Imoto et al., 1988; Beg and Jorgensen, 2003).

1.2.2. CLASSIFICATION OF THE GABA RECEPTORS

There are three receptor subtypes activated by GABA. These are designated GABAa, 

GABAb and GAB Ac. GABAa and GAB Ac receptors are fast acting, ionotropic, ligand- 

gated chloride ion channels, whereas GABAb receptors are slower acting G protein- 

coupled metabotropic receptors.

GABAa receptors represent the majority of GABA activated receptors. They are 

activated by GABA and the receptor agonist, muscimol. The receptor competitive and 

non-competitive antagonists, bicuculline and picrotoxin, respectively, are allosterically 

regulated by the cage convulsant, t-butylbicyclophosphorothionate (TBPS). Most 

GABAa receptors are also sensitive to the classical anxiolytic benzodiazepines, valium 

and librium. They are modulated further by a range of other compounds including 

barbiturates and neurosteroids. This makes the GABAa receptors important targets for 

the treatment of neurological conditions such as epilepsy and anxiety (reviewed by 

Stephenson, 1995).

The GABAb receptors are G protein-coupled receptors. Activation of GABAb receptors 

leads to a slow-acting inhibition of neurones by inhibition of voltage-gated Ca^  ̂

channels and stimulation of G protein-coupled channels. GABAb receptors are 

insensitive to bicuculline, but are sensitive to the GABAb receptor agonist, baclofen, 

and the antagonists, phaclofen and saclofen. There are 3 GABAb receptor subunits, 

GABABRla, GABABRlb and GABAbR2. These are heptahelical membrane proteins
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which function as heterodimers at both pre- and post-synaptic sites (Kaupmann et al., 

1997; 1998). There are several effects of GABAb receptors including the suppression of 

neurotransmitter release by closing voltage-gated Ca^^ channels, hyperpolarisation of 

the post-synaptic neurone by opening channels and regulation of adenylate cyclase 

by activation of G-proteins (Bettler et al., 1998). GABAb receptors are involved in the 

induction of long term potentiation (LTP) (Davies et al., 1991). It has been suggested 

that control of gene expression leading to LTP may be regulated by direct interactions 

between GABAb receptors and transcription factors (Nehring et a l, 2000).

GAB Ac receptors are a separate sub-class of ionotropic GABA receptor channel. They 

are composed of the subunits p i -3 which have not been shown to associate with 

GABAa receptor subunits (Hackman et al., 1998; Enz and Cutting, 1998). GAB Ac 

receptors also have a distinct pharmacological profile to the GABAa receptors 

(Bormann, 2000). For example, unlike GABAa receptors GAB Ac receptors are 

insensitive to benzodiazepines, bicuculline and baclofen. There are five GABA binding 

sites per GAB Ac receptor and it is thought that three GABA molecules are required for 

activation of these channels (Amin and Weiss, 1996). The remaining two sites may be 

involved in regulation of channel sensitivity or stabilisation of the open state of the 

receptor. GAB Ac receptors are mainly found in the retina, where they are expressed 10- 

fold higher than GABAa receptors and do not desensitise on prolonged activation. It 

was suggested that GAB Ac receptors are involved in the regulation of graded potentials 

in retinal neurones as they mediate smaller currents at lower concetrations of GABA 

compared to the GABAa class of receptors (Enz and Cutting, 1998). The focus of this 

thesis is on the GABAa receptors and these are discussed in more detail below.

1.2.3. THE GABAa RECEPTOR FAMILY OF PROTEINS 

X.2.3.1. THE GABAa RECEPTOR SUBUNITS

There are 16 known GABAa receptor subunits in mammals. These are al-6, pi-3, yl-3, 

5, s, 0 and %. A fourth p subunit and a fourth y subunit exist only in chicks (Bateson et 

al, 1991; Harvey et a l, 1993). Each GABAa receptor subunit shares a conserved 

topology. A typical GABAa receptor subunit is represented in Figure 1.4. From the 

diagram, it can be seen that approximately half of each subunit comprises a large 

extracellular N-terminus, which contains 2-3 N-glycosylation motifs, a conserved 15 

residue disulphide-bonded loop and residues important for ligand binding. This is
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followed by 4 TM domains of approximately 20 amino acids each and a large 

intracellular loop o f -120-150 residues between TM domains 3 and 4. The loop domain 

contains several regulatory sequences, including phosphorylation sites for protein kinase 

A (PKA), protein kinase C (PKC) and tyrosine kinase. GABAa receptors have a very 

short extracellular C-terminus with few or no residues protruding from the outer face of 

the membrane. The subunits share -30-40% amino acid sequence identity between 

subunit subclasses and -70-80% amino acid identity between subunits of the same class 

(Macdonald and Olsen, 1994). The large intracellular loop of each subunit is the most 

divergent region with little or no identity between subunits of the same or different 

classes. Three of the GABAa receptor subunits are known to exist as splice variants. 

The a6 subunit has an alternative splice form lacking amino acids 57-66 from the N- 

terminal domain; however, this short form of a6 produces non-functional receptors 

(Korpi et al., 1994). The p3 subunit gene encodes 2 alternative transcripts, differing in 

their signal peptide, which may be indicative of regulatory control of p3 subunit 

expression (Kirkness and Fraser, 1993). The y2 subunit exists as a short (y2S) and a 

long (y2L) form (Whiting et a l, 1990). y2L differs from y2S by 8 additional amino 

acids which are found at the beginning of the cytoplasmic loop region and which encode 

a phosphorylation site for PKC. The s subunit may be substituted for a y subunit or a ô 

subunit and confers insensitivity to anaesthetics (Davies et a l, 1997). The n and 0 

subunits show greatest amino acid sequence identity with the p subunits. The n subunit 

is only found outside of the CNS (Hedblom and Kirkness, 1997), while 0 will assemble 

with a, P and y subunits in the brain to form receptors with a 4-fold reduction in 

sensitivity to GABA (Bonnert et al., 1999). Combinations of these GABAa receptor 

subunits associate to form pentameric integral membrane proteins, arranged to form a 

central ionic pore. Each subunit confers particular molecular and pharmacological 

properties to the fully assembled receptor. This allows for the formation of a range of 

receptor subtypes (McKeman and Whiting, 1996).

I.2.3.2. THE QUARTERNARY STRUCTURE, SUBUNIT COMPOSITION AND 

SUBUNIT STOICHIOMETRY OF GABAa RECEPTORS

The pentameric nature of the GABAa receptor has been demonstrated by electron 

microscopy (Nayeem et al., 1994), co-expression of monomeric and tandem subunit 

constructs (Im et al., 1995) and by sucrose density gradient centrifugation (Klausberger
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et a l, 2001a). The aip2/3y2 pentamer is by far the most common GABAa receptor 

subtype in adult brain tissue (Wisden et al., 1992; Laurie et al., 1992a; Fritschy et al., 

1992; Benke et al., 1994; Pirker et al., 2000). The subunit composition of this receptor 

subtype was determined by quantitative Western blotting (Tretter et al., 1997). For this 

technique, chimeric al-p3, al-y2 and p3-y2 subunits were constructed to contain pairs 

of subunit-specific antibody epitopes, which could be compared for their relative 

strengths of detection. These antibodies were then used to detect receptors produced by 

co-transfected, wild-type a l, P3 and y2 subunits in HEK 293 cells and the subunit ratios 

were then calculated. A ratio of 2:2:1 was calculated for co-expressed a:P:y subunits. 

The same ratio was also found by comparing the relative fluorescence energy transfer of 

tagged a l, P2 and y2 subunits co-transfected into HEK 293 cells (Farrar et al., 1999). 

The subunits of apy subunit-containing GABAa receptors are arranged in the order 

yapap clockwise when viewed from the outer surface of the synaptic membrane. This 

stoichiometry and arrangement is represented in Figure 1.4. It was determined by 

molecular modelling (Trudell, 2002) using the acetylcholine binding protein (Smit et 

al., 2001; Brejc et al., 2001) as a model (Section 1.1.2.) and by expression of tandem 

and triplet linked subunit cDNA constructs (Baumann et al., 2002). The aPy pentamer 

contains the subunit requirements to represent the pharmacological profile of a classical 

native GABAa receptor i.e. shows potentiation by benzodiazepines. It has been shown, 

using subunit specific antibodies, that a single aPy pentamer may contain two different 

a subunits and two different p subunits (Duggan et al., 1991; Pollard et al., 1993; 

Pollard et al., 1995; Li and De Bias, 1997; Jechlinger et al., 1998). This allows for 

additional receptor diversity. This variation in a and P subunit combinations, together 

with receptors that include the ô, e, 0 or ti subunits, provides a range of receptor 

subtypes with alternative pharmacological profiles. GABAa receptor heterogeneity will 

be discussed further in Section 1.2.4.

I.2.3.3. LIGAND BINDING SITES OF THE GABAa RECEPTORS

As mentioned in Section 1.2.2, the GABAa receptors are sensitive to a variety of 

ligands, such as benzodiazepines, barbiturates and neurosteroids. This makes them 

important targets for the treatment of neurological disorders including epilepsy and 

anxiety. The effects of receptor activation by each of these compounds is dependent on 

the particular combination of subunit subtypes in the receptor. Studies showed that
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cloned GABAa receptors composed of a and p subunits are responsive to GABA, but 

not to benzodiazepines and that the presence of the y subunit is a requirement for the 

formation of the benzodiazepine binding site (Pritchett et al., 1989; Stephenson et a l, 

1990). Studies undertaken to reveal the locations of the binding domains for these 

ligands are discussed below.

I.2.3.3.I. The GABA Binding Domain

GABA, the endogenous ligand for GABAa receptors, causes inhibition of post-synaptic 

action potentials by binding to specific interaction sites on GABAa receptors. There are 

two low affinity binding sites for GABA located at the interfaces between the a and p 

subunits. These sites are activated by pM concentrations of GABA and are important 

for channel gating. Studies using photoaffinity labelling, site-directed mutagenesis, or 

the substituted cysteine accessibility method (SCAM) have been used to locate residues 

involved in the GABA binding domain on a l and p2 subunits (Amin and Weiss, 1993; 

Smith and Olsen, 1994; Boileau et al., 1999; Wagner and Czajkowski, 2001). The two 

homologous domains of the p subunit, Y157/T160 and T202/Y205, were found to be 

involved in GABA binding (Smith and Olsen, 1994). The distance between the 

Y157/T160 and the T202/Y205 binding domains suggested that a loop structure may be 

necessary to bring these domains together. The a l subunit residues F64, R66 and S68 

(Boileau et al., 1999) and the p2 subunit residues S204, Y205, R207 and S209 (Wagner 

and Czajkowski, 2001) were all shown to line the GABA binding pocket, while p2 

F200, S201, T202 and G203 do not line the binding pocket, but affect the affinity of 

GABA binding. The high affinity binding sites for GABA are thought to be formed 

from conformational variants of the low-affinity binding sites (Baur and Sigel, 2003) 

and to be involved in stabilisation of the desensitised state of the GABAa receptor 

(Newell and Dunn, 2002). Ô Subunit-containing GABAa receptor subtypes have a 

higher affinity for GABA than those containing a y subunit. They do not show 

desensitisation on prolonged activation (Nusser et al., 1998). This suits them to tonic 

inhibition. These receptors are found mainly in cerebellar granule cells on extra- 

synaptic somatic and dendritic membranes, where GABA is found in low, but constant, 

concentrations, y Subunit-containing receptors have a lower sensitivity to GABA than 

5-subunit containing receptors and are desensitised on prolongued activation, therefore 

they are more suited to phasic inhibition (Nusser et al., 1998). These receptors are
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mainly localised to synaptic sites where GABA is found at higher concentrations but for 

short periods of time.

I.2.3.3.2. The Benzodiazepine Binding Domain

The benzodiazepine drugs are central nervous system (CNS) depressants that act on 

GABAa receptors to allosterically modulate the effects of GABA. These drugs are 

commonly used to treat anxiety. Benzodiazepine drugs are variously anxiolytic, anti- 

convulsive, sedative/hypnotic, amnesic and muscle-relaxing. The binding site for the 

benzodiazepines is found at the a-y interface. It is the y subunit that confers 

benzodiazepine sensitivity to the receptor, while the particular effects of a 

benzodiazepine are modulated by the a subunit subtype associated with the GABAa 

receptor. There are 3 y subtypes. The y2 and y3 subunits confer benzodiazepine 

sensitivity to fully assembled aPy receptors. y2 Subunits are widespread throughout the 

brain and mediate most of the effects of benzodiazepines, while y3 is only weakly 

distributed throughout the brain (Pirker et al., 2000). The yl subunit is widely 

distributed throughout the brain, but confers a benzodiazepine sensitivity 10 times 

weaker than that of the y2 subunit (Ymer et al., 1990). The a subunit variant receptor 

subtypes aipy2, a2Py2, a3py2 and aSPy2 are benzodiazepine-sensitive. The a l subunit 

confers benzodiazepine type I pharmacology in that it displays a high affinity for the 

non-benzodiazepine agonist, CL 218 872, 2-oxoquazepam and the inverse agonist, 

methyl p-carboline-3-carboxylate (p-CCM) (Pritchett et al., 1989). a Variant receptor 

subtypes a2Py2, a3Py2 and aSPy2 are relatively insensitive to these compounds, i.e. 

display benzodiazepine type II pharmacology. These subunits mediate the anxiolytic 

effects of benzodiazepines. In particular, a5 is thought to be involved in regulating the 

amnesic effects as it is found mainly in the hippocampus, as detected by radioligand 

binding (Sur et al. 1999a). Knockout mice for the a5 gene have been shown to possess 

an enhanced ability to remember the location of a hidden platform in a water maze test 

(Collinson et a l, 2002). The a4py2 and a6py2 receptor subtypes are benzodiazepine- 

insensitive.

Studies have been carried out to identify amino acids that are important for the binding 

of benzodiazepines. Site-directed mutagenesis of amino acids in the y2 subunit have 

implicated M57, M58, M130 (Kucken et a l, 2000; Buhr and Sigel, 1997), F77, A79 and 

T81 (Teissere and Czajkowski, 2001) as components of the benzodiazepine binding
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pocket. Further, it is thought that the involvement of alternating residues between y2 

F77 and T81 are due to the presence of a p-sheet structure in this region (Teissere and 

Czajkowski, 2001). The p-sheets are indicated in Figure 1.5 which shows a homology 

model of the N-terminal domains of the GABAa receptor, based on the AChBP.

A number of studies have also been carried out on the a subunits, again using site- 

directed mutagenesis of particular residues to assess their effects on benzodiazepine 

binding. Mutation of the a3 subunit glutamate, at residue 225, to the glycine of the a l 

subunit in the same position, increased the displacement of the benzodiazepine 

antagonist [^H] Ro 15-1788 by CL 218 872. Thus, the benzodiazepine type II properties 

of the a3 subunit were converted to the benzodiazepine type I properties of an a 1 

subunit (Pritchett and Seeburg, 1991). Conversion of the a l subunit histidine at position 

101 to an arginine as that of the a6, benzodiazepine-insensitive, subunit. The 

displacement of the benzodiazepine antagonist [^H] Ro 15-4513 binding by diazepam 

was decreased by this mutant (Wieland et al., 1992). In the reciprocal assay, conversion 

of the a l subunit arginine at position 100 of the a6 subunit to a histidine (Wieland and 

Luddens, 1994) or a glutamine (Korpi et ah, 1993) induces benzodiazepine sensitivity, 

indicating the importance of this residue in benzodiazepine sensitivity. Mutations in the 

a6 subunit of P I61 to T and V211 to I both caused selective sensitivity to 

benzodiazepines (Wieland and Luddens, 1994). The widespread distribution of residues 

found to be involved in benzodiazepine binding suggests that a specific conformation of 

the N-terminal domains is required to bring these residues together to form a binding 

pocket (Wieland and Luddens, 1994).

The CNS depressant class of drugs also include the barbiturates. The effects of 

barbiturate drugs are again modulated by a subunits, although, unlike the 

benzodiazepines, barbiturates act on a4Py and a6Py receptors as well as alpy, a2py, 

a3py, and a5Py. Another difference between benzodiazepines and barbiturates is that 

barbiturates are capable of directly activating a4Py receptors in addition to their GABA 

potentiating effects (Akk et al., 2004).

1.2.4. REGULATION OF GABAa RECEPTOR HETEROGENEITY

I.2.4.I. EXPRESSION OF GABAa RECEPTOR SUBUNITS

As mentioned earlier, the 16 known GABAa receptor subunits (al-6, pl-3, yl-3, 5, tc, e 

and 0) provide the potential for a large number of distinct receptor subtypes. However,
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not all possible combinations have been found experimentally in vivo and the total 

number of different receptors that actually exist is unknown. Table 1.1 lists the most 

common GABAa receptor subtypes found in the brain. From the table it can be seen 

that a very few receptor subtypes account for the vast majority of total GABAa 

receptors. The common alp2/3y2 receptor combination incorporates the y subunit 

which is less sensitive to GABA than the 5 subunit, but which has a higher amplitude 

response (Saxena and MacDonald, 1996) and shows the phasic response to GABA at 

synaptic sites (Nusser et al., 1998). The a l subunit has the second highest sensitivity to 

GABA of the a subunits i.e. it does not significantly reduce the GABA sensitivity of the 

y2 subunit as other a subunits may e.g. a3 (Bohme et al., 2004). The p subunits do not 

affect the receptor sensitivity to GABA (Bohme et al., 2004), but show specific 

targeting of receptors compared to the non-specific targeting by the p i subunit 

(Connolly et al., 1996a). Other receptor subtypes may act to modulate the effects of 

GABA in different brain regions by allowing a range of responses to the same 

GABAergic signal.

Various regulatory mechanisms are employed to limit receptor diversity. The first 

limiting factor is the differential expression of GABAa receptor subunit mRNAs in 

different neurones i.e. not all subunits are expressed in all types of neurone. A number 

of studies have been carried out to determine which subunits are expressed in different 

areas of the brain. The results are outlined below.

The distribution of the GABAa receptor subunits has been studied using in situ 

hybridisation (Wisden et al., 1992; Laurie et al., 1992a; Davies et al., 1997; Hedblom 

and Kirkness, 1997) and by detecting subunit immunoreactivities in particular neurones 

(Fritschy and Mohler, 1995; Pirker et al., 2000; Bonnert et al., 1999). The a l subunit is 

by far the most widely expressed of the a subunits. The a2 and a3 subunits show a more 

localised distribution i.e. o2 is found mainly in the forebrain and cerebellum and a3 

subunits are mainly found in the olfactory bulb and layers V and VI of the cerebral 

cortex (Wisden et al., 1992). The a4 subunit shows the weakest expression of the a 

subunits, followed by a5, which also shows a low overall distribution. The a6 subunit is 

localised almost exclusively to cerebellar granule cells. There are 3 p subunits. The P2 

subunit is the most abundantly expressed p isoform in the brain, closely followed by p3. 

p i is less common. The p subunits have also heen implicated in targeting of receptors to 

distinct subcellular locations (Connolly et al., 1996b). The y2 subunit is the most
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abundantly expressed y isoform, followed by yl. The y3 subunit has a low overall 

distribution in adult brain. Expression of the ô subunit is mainly restricted to the 

cerebellum and frequently co-localises with the a4 and a6 subunits. The e subunit is 

found in the amygdala, thalamus and subthalamic nucleus (Davies et a l, 1997). The 0 

subunit is distributed through the striatum, hypothalamus, amygdala, hippocampus, 

substantia nigra and regions of the hindbrain (Bonnert et al., 1999). The n subunit is 

only found outside of the brain, in lung, prostate, thymus and showing most prominent 

expression in the uterus (Hedblom and Kirkness, 1997).

1.2.4.1.!. Developmental Changes in the Expression of GABAa Receptors

A developmental shift in subunit expression may contribute towards subunit availability 

and therefore GABAa receptor subunit composition. Studies of GABAa receptor 

subunit mRNA expression show a change in subunit composition between embryonic 

and adult receptors (Araki et al., 1992; Laurie at al., 1992). In these studies the a l 

subunit showed an expression pattern consistent with an adult form of subunit, being 

expressed in neonatal neurones, but not during any stage of embryonic development. 

The a2, a3 and a5 subunits were shown to be expressed strongly during embryonic and 

early postnatal development, but to decrease in strength at later stages. This pattern was 

particularly pronounced for the a5 subunit. a4 was found in both differentiated and 

undifferentiated cells. The a6 and ô subunits showed no mRNA expression during 

embryonic development, appearing in early postnatal brain. The p i subunit was present 

in the undifferentiated neuroepithelium and expression increased during development 

and postnatally. P2 and p3 subunits both appeared during cortical development. p3 

expression was strongest perinatally, while P2 expression was highest in adult brain. 

Expression of yl and y3 subunits showed stronger expression at earlier stages of 

development, but neither was widely expressed at any stage. The y2 subunit showed 

strong expression at all stages of development and adulthood. These changes in subunit 

subtype expression reflect the change in function of GABAa receptors during neuronal 

development.

1.2.4.1.2. Induced Changes in GABAa Receptor Subunit Expression

In adult brain, changes in receptor subunit composition may be induced by neuronal 

activity or by neurological conditions e.g. epilepsy (Schwarzer et al., 1997). For
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example, in the pilocarpine-induced temporal lobe epilepsy model in rat brain, an 

altered GABAa receptor pharmacology has been observed in the dentate gyrus (Cohen 

et a l, 2003). Using this model, a decrease in receptor sensitivity to the non

benzodiazepine sedative, zolpidem, and an increase in sensitivity to zinc blockade was 

observed, resulting from a pilocarpine-induced down-regulation of a l subunits and their 

replacement with a4 subunits.

I.2.4.2. RESTRICTED ASSOCIATION OF GABAa RECEPTOR SUBUNITS 

As described above, some neurones express multiple subunit subtypes simultaneously 

(Wisden et a l, 1992; Laurie et a l, 1992a, b; Fritschy and Mohler, 1995; Pirker et a l,

2000). This allows for the formation of a range of receptor subtypes within a single cell 

type, not all of which are observed. Therefore, further mechanisms must reduce the 

number of receptor subtypes formed.

Preferential binding of certain subunits over others is one regulatory mechanism that 

limits the total number of receptor subtypes. For example, a4 subunit containing 

receptors account for -20% of all GABAa receptors in the thalamus and are found in 

both a4py2 and a4pô receptors, but the latter are approximately twice as abundant (Sur 

et a l, 1999b). The lack of functional homomeric GABAa receptors at the cell surface 

shows another limiting factor in receptor diversity, indicating that particular subunit 

compositions are favoured over others. Expression of individual GABAa receptor 

subunits does not result in surface expressed receptors, except in the case of p3 subunits 

which have been shown to form homo-oligomeric, but GABA-insensitive receptors that 

are capable of reaching the cell surface (Taylor et a l, 1999). The amino acid motif 

'GKER’, (G171, K173, E179, R180) is necessary for this homo-oligomerisation (Taylor 

et a l, 1999) and introduction of these residues into the p2 subunit produces p3-like 

homo-oligomerisation of P2 subunits (Bollan et a l, 2003). This shows that particular 

amino acid sequences are important for determining which subunits will coassemble.

1.2.5. ASSEMBLY OF THE LIGAND-GATED ION CHANNELS

Expressed receptor subunit mRNAs are targeted to and translated by ribosomes on the 

endoplasmic reticulum (ER). As the subunit polypeptides are manufactured they are 

targeted through the membrane of the ER by an N-terminal signal peptide. They are 

then exposed to modifying factors within the ER lumen and undergo protein folding and
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processing, including post-translational modifications, such as disulphide bridge 

formation and N-linked glycosylation. Folding events are mediated by chaperone 

proteins and folding enzymes, such as immunoglobulin heavy chain binding protein 

(BiP), calnexin and protein disulphide isomerase (PDI) (reviewed by Kleizen and 

Braakman, 2004). Proper folding of subunits is essential for exit from the ER. The 

correct conformation ensures masking of ER retention signals within subunits, as 

demonstrated for the S-HTsb subunits which contains the 'CRAR' motif that promotes 

ER retention of S-HTsb homomers, but which is masked by assembly with 5-HT3A 

subunits, leading to ER exit of assembled S-HTsaiS-HTsb heteromers (Boyd et a l,

2003). Those subunits that are not properly folded are also retained in the ER by binding 

of chaperone proteins and the mis-folded subunits are subsequently degraded. The 

chaperone proteins, BiP and calnexin, have both been shown to bind GABAa receptor 

subunits that have been retained in the ER (Connolly et al., 1996a). The GABAa 

receptor assembly process was inefficient, such that only -30% of all subunits 

synthesised in baby hamster kidney cells were finally assembled into functional 

receptors (Gorrie et at., 1997). This low assembly efficiency is similar to that found for 

the nACh receptors in mouse muscle cells and fibroblasts (Merlie and Lindstrom, 1983; 

Ross, et a l, 1991).

1.2.5.1 NICOTINIC ACETYLCHOLINE RECEPTOR ASSEMBLY AS A MODEL FOR 
ASSEMBLY OF THE LIGAND-GATED ION CHANNEL RECEPTOR SUPERFAMILY

The order of subunit assembly of the nicotinic acetylcholine (nACh) receptors is 

thought to be determined by one of two mechanisms: the 'heterodimer' mechanism or 

the 'sequential' mechanism. The heterodimer mechanism was proposed after studies 

involving transfection of combinations of Torpedo californica nACh receptor subunits 

into Xenopus oocytes (Saedi et al., 1991). The results suggested that the first stage in 

assembly was the rapid formation of ay and aô dimers. These dimers subsequently 

combine to form a2yô tetramers, before the p subunit binds.

The sequential mechanism was also determined using Torpedo nACh receptor subunits 

(Green and Claudio, 1993). Torpedo nACh receptor subunit assembly does not occur at 

31°C, but occurs at 20°C 10 x slower than mammalian subunit assembly. The subunits 

were synthesised at 37°C, then the temperature decreased to 20°C to induce assembly. 

^^S-labelled subunits were tracked at intervals over 48 h. The results showed that aPy
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trimers are formed rapidly within 5 minutes after synthesis. A ô subunit is then slowly 

incorporated into this complex to form a tetramer, before the second a subunit binds. 

Experiments favouring the sequential formation of receptors disagree with those for the 

heterodimer in the order of subunit binding. The methods of studying receptor assembly 

for each proposed mechanism may explain these differences. Results favouring the 

heterodimer mechanism were based on the final compositions of fully assembled 

receptors observed after co-expression of 2, 3 or 4 nAChR subunits (Saedi et al., 1991). 

Subunit associations occurring in the absence of 1 or more subunits may not be 

representative of native receptor assembly intermediates. The sequential mechanism 

was determined by observing the intermediate stages of receptor assembly on co

expression of all 4 subunits simultaneously (Green and Claudio, 1993). Therefore, this 

method is more likely to represent accurately the intermediate stages of receptor 

assembly.

Experiments based on the method used to determine the sequential formation of nACh 

receptors, were used to show ligand binding site formation on nACh receptors after 

particular subunit rearrangements during assembly (Green and Claudio, 1993; Green 

and Wanamaker, 1998; Mitra et al., 2001). The ACh and a-bungarotoxin (Bgt) binding 

sites are found at the a-y and a-ô subunit interfaces. The a-bungarotoxin (Bgt) binding 

site was found to form on apy trimers, before the binding of the ô subunit. The first 

ACh binding site, found at the a-y interface, was formed on aPyô tetramers and the 

second ACh binding site, found at the a-ô interface, was formed on aPyôa pentamers 

after the binding of the second a subunit. The requirement of the formation of the 

disulphide-bonded loops of the a and P subunit N-terminal domains for efficient 

receptor assembly was also studied and found to be essential for completion of 

assembly (Green and Wanamaker, 1998; Mitra et al., 2001). This is thought to be due to 

cysteine loop-dependent conformational rearrangements that produce recognition sites 

for subunits incorporated at the later stages of assembly. The general mechanism of 

nACh receptor assembly is thought to be similar for all members of the receptor 

superfamily. However, there are a greater number of possible receptor subunit 

combinations for the GABAa receptors than for muscle type nACh receptors, therefore 

additional motifs may exist to allow alternative subunit binding.
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I.2.5.2. GABAa RECEPTOR ASSEMBLY

Several recent studies have identified sequences in GABAa receptor subunit N-terminal 

domains that play an important role in subunit oligomerisation. The results of these 

studies are summarised in Table 1.2. Mutation of the a l subunit tryptophans, W69 and 

W94, and co-expression of the resulting mutant subunit with wild-type p2 and y2 

subunits, showed both alW 69 and a l W94 residues to be important for interactions with 

the p2 and y2 subunits (Srinivasan et al., 1999). Further analyses of alp3y2-type 

receptors were carried out using co-expression of combinations of full-length wild-type, 

truncated, chimeric and/or mutated subunits in mammalian cells. The a l subunit 

sequence 54-68 was identified as important for assembly with the p3 subunit and in 

particular the glutamine at position 67 and the serine at position 68 were key residues 

(Taylor et a l, 2000; Sarto et al., 2002a). The sequence al(80-100) was found to be 

important for assembly with y2(l-104) (Klausberger et al., 2001b). The results show 

evidence for distinct binding domains on each subunit N-terminus that mediate 

interactions with particular subunits. Furthermore, in a comparative study of binding 

between the a l subunit and the various P subunits, the a l subunit arginine residue, R66, 

was found to be necessary for oligomerisation with P2, but not p i or P3 subunits 

(Bollan et a l, 2003), indicating selective binding motifs. It has also been shown that 

homologous domains on each subunit are responsible for oligomerisation. For example, 

the domains p3(52-66) and y2(67-81), which are in a homologous position to a l (54-68), 

were each shown to be involved in oligomerisation with the a subunit (Sarto et a l, 

2002a). In addition, homologous domains between y3 and y2 subunits were shown to be 

important for interactions with a and p subunits (Sarto et a l, 2002b).

1.2.6. REGULATION OF LIGAND-GATED ION CHANNELS BY 

INTERACTING PROTEINS

X.2.6.1. NMDA RECEPTOR REGULATORY PROTEINS

The assembly, processing, trafficking, surface expression, recycling and activity of 

ligand-gated ion channels are all regulated by a range of interacting proteins. Table 1.3 

shows a list of proteins that have been identified as interacting with various members of 

the ligand-gated ion channel superfamily. The functions of these proteins are discussed 

below.

40



The majority of identified NMDA receptor-associated proteins have been found to 

interact with subunit isoform specific regions of the C-terminal domains. NMDA 

receptor subunits have a different topology from the nACh receptor superfamily. Each 

subunit contains a large extracellular N-terminal domain, 4 membrane (M) domains and 

a large intracellular C-terminal domain. Domains M l, M3 and M4 span the membrane, 

while M2 forms a re-entrant loop. Assembled NMDA receptors are composed of NRl 

and NR2 subunits in adult brain. In the developing brain an NR3A subunit is also 

expressed (Das et al., 1998). The NRl subunit exists in 8 distinct spice variants (la, Ib- 

4a, 4b) and there are 4 NR2 subunits (A-D) (reviewed by Stephenson, 2001). The a and 

b forms of NRl subunit differ in the absence or presence of the N-terminal sequence 

encoded by exon 5 of the NMDA receptor gene, respectively. The NRl splice forms 1-4 

differ in the presence or absence of the exon 21 encoded sequence. C l, which is present 

in N R l-la, b and NRl-3a, b, but not NRl-2a, b or NRl-4a, b, and in the presence of 

alternative forms of the exon 22 product, C2 and C2'. N R l-la, b and NRl-2a, b contain 

C2, while NR-3a, b and NRl-4a, b contain C2'.

1.2.6.x.1. Proteins Involved in Anchoring and Localisation of NMDA Receptors

NMDA receptors are found at asymmetrical synapses. At these synapses the post- 

synaptic density (PSD) is much thicker than the pre-synaptic density. A large number of 

PSD proteins have been identified and found to be involved in clustering of glutamate 

receptors at the post-synaptic membrane. The members of this protein family are PDZ 

domain-containing proteins. PDZ domains were named for the first 3 proteins found to 

contain them, i.e. PSD of 95 kDa mwt (PSD-95), Discs large and ZO-1. PSD-95, also 

known as synapse associated protein (SAP), SAP90, was the first of these proteins to be 

discovered. It contains 3 PDZ domains, which are important for mediating protein- 

protein interactions (Saras and Heldin, 1996). PSD-95 was shown to interact with the 

NMDA receptor NR2A subunit C-terminus via the PSD-95 PDZ2 domain (Komau et 

al., 1996). Later, SAP 102 and channel associated protein of the synapse of 110 kDa 

(chapsyn-110)/PSD-93 were identified and were also found to interact with NMDA 

receptors (Lau et a l, 1996; Kim et al., 1996). Thus, members of the PDZ protein 

family, are involved with localisation and stabilisation of NMDA receptors at the 

synapse. In addition, association of PSD-95 with NMDA receptors has also been shown 

to mediate NMDA subunit expression and channel activity (Yamada et al., 1999; Rutter 

and Stephenson, 2000).
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Yeast two-hybrid cDNA library screening was used to identify several proteins that 

interact with the intracellular C-terminal tail of NMDA receptor subunits. a-Actinin-2 is 

a member of the spectrin/dystrophin family and was found to interact with both the NRl 

and NR2B subunits and actin (Wyzynski et a l, 1998). It localised to asymmetrical, but 

not symmetrical synapses and is thought to anchor NMDA receptors at the synapse by 

providing a link to actin filaments. The novel coiled-coil protein, Yotiao, was isolated 

from another yeast two-hybrid screen (Lin et al., 1998). It is a 1640 amino acid protein 

which interacts with a 37 amino acid sequence of the NRl C-terminus via the yotiao 

sequence (970-1241). This protein is also involved in receptor clustering, by linking 

NMDA receptors to the cytoskeleton.

Another link from the NMDA receptor NRl subunits to the cytoskeleton is by 

interaction with the neuronal intermediate filament subunit, NF-L (Ehlers et al., 1998). 

NRl subunits containing a C-terminal Cl cassette bind the ends of NF-L subunits and 

inhibit NF-L assembly. NRl and NF-L were also found to co-localise in growth cones 

(Ehlers et al., 1998). This, in addition to the interaction with EphB receptors, which are 

known to be involved in axon guidance (Dalva et al., 2000), also implicates NMDA 

receptors in axonal outgrowth and the development of synapses.

1.2.6.1.2. Proteins Modulating NMDA Receptor Function

Once anchored at the synaptic membrane further protein interactions are responsible for 

modulating receptor function. The calcium sensor protein, calmodulin (CaM), was 

found by co-immunoprecipitation to associate with, and inactivate, NMDA receptors 

(Ehlers et al., 1996). The C-terminus of the NRl subunit was found to contain two CaM 

binding sites, one mediating high affinity and the other mediating low affinity binding. 

In addition, CaM was found to have two binding sites for NRl subunits (Akyol et al.,

2004). The C-terminal domain binds in a Ca^^-independent manner, while the N- 

terminal site requires Ca^  ̂ for interaction. CaM was also found to bind at the same 

location as a-actinin. Therefore, it is possible that CaM regulates NMDA function by 

displacement of a-actinin (Akyol et al., 2004).

The dopamine D1 receptor also modulates the function of NMDA receptors by a direct 

interaction between the C-terminus of D1 with the C-terminus of NMDA N R l-la  or 

NR2A subunits (Lee et al., 2002). The D1 (387-416) interaction with N R l-la  causes a 

phosphatidyl inositol-3 (PI-3) kinase dependent reduction in NMDA receptor-mediated 

cytotoxicity, while the D1 (417-446) interaction with NR2A leads to a PI-3 kinase
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independent reduction in NMDA receptor-mediated currents. The interaction between 

D1 and NMDA receptors also allows the regulation of D1 activity on stimulation of 

NMDA receptors which causes an increase in D1 receptor number at the plasma 

membrane (Pei et a l, 2004). These interactions allow cross-regulation between the two 

receptor types.

As mentioned in Section 1.2.6.1.1. the extracellular domain of EphB tyrosine kinase 

receptors has also been shown to interact with the extracellular N-terminus of NMDA 

NRl subunits on activation of EphB by its ligand, EphrinB (Dalva et al., 2000). There 

is, thus the potential for extensive regulatory cross-talk between the various receptor 

signalling pathways.

1.2.6.2. AMPA RECEPTOR REGULATORY PROTEINS

12.6.2.1. Proteins Involved in AMPA Receptor Trafficking and Clustering

AMPA receptors are composed of the subunits GluRl-GluR4, which have a similar 

topology to the NMDA receptor subunits (Section 1.2.6.1). The intracellular C-terminal 

domains of these receptors are also responsible for interactions with regulatory proteins. 

SAP97 is another member of the PDZ domain protein family. It was shown by 

immunoprécipitation and chemical cross-linking that SAP97 interacts with the AMPA 

receptor GluRl subunit C-terminus (Leonard et al., 1998).

Yeast two-hybrid screening of the GluR2 C-terminal 50 amino acids isolated the 

proteins glutamate receptor interacting protein (GRIPl) and protein interacting with C 

kinase (PICKl) (Dong et al. 1997; Xia et al., 1999). GRIPl is a -120 kDa protein that 

contains seven PDZ domains. The domains PDZ4 and PDZ5, along with 30 amino acids 

found C-terminally to PDZ5 are required for the interaction with GluR2 (Dong et al. 

1997). A homologue, GRTP2, has also been identified (Dong et al., 1999). Both proteins 

showed widespread expression in rat brain with specific antibodies, with a subcellular 

localisation to dendritic spines, although GRIP2 expression began later in development 

than GRIPl (Dong et al., 1999). GRIPl is an adaptor protein that interacts directly with 

the kinesin heavy chain proteins, KIF5(A-C), and AMPA receptors to guide transport of 

the receptors to dendrites (Setou et al., 2002). PICKl is also a PDZ domain-containing 

protein that is involved in clustering of AMPA receptors at the synapse. As PICKl is 

also a phosphorylation substrate for PKCa (Staudinger et al., 1995) it may have a 

second function in the modulation of AMPA receptor activity. In addition, both GRIPl 

and PICKl have been found to interact with the EphB receptors, which, in turn, interact
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with NMDA receptors (Torres et al., 1998; Dalva et al., 2000). This is another potential 

mechanism for cross-talk between ion channel subtypes.

I.2.6.2.2. Proteins Regulating AMPA Receptor Function

N-ethylmaleimide-sensitive fusion protein (NSF) is an ATPase involved in fusion of 

synaptic vesicles to the pre-synaptic membrane. NSF has 3 domains; an N-terminal 

domain and two ATP binding domains. All 3 domains are required for interactions with 

the AMPA receptor GluR2 subunit. This association plays a role in the regulation of 

AMPA receptor mediated synaptic transmission (Nishimune et al., 1998).

1.2.6.3. NICOTINIC ACETYLCHOLINE RECEPTORS AND RAPSYN

The first protein shown to interact directly with one of the ligand-gated ion channels 

was the 43 kDa protein, rapsyn (Phillips et al., 1991). Rapsyn was found to play a role 

in aggregation of nACh receptors at the plasma membrane. Three separate domains 

mediate the different functions of rapsyn (Ramarao and Cohen, 1998), Myristylation of 

the N-terminus is involved in membrane targeting of the protein. The amino acid 

domain 1-90 contains 2 tetratricopeptide (TPR) domains, which are thought to be 

involved in protein-protein interactions, and this region mediates the association of 

rapsyn with itself. Amino acids 298-331 form a predicted coiled-coil domain and are 

involved in the clustering of nACh receptors. Rapsyn was also shown to stabilise nACh 

receptor clusters at the synaptic membrane, slowing the turnover of receptors at the cell 

surface compared to receptors expressed in the absence of rapsyn (Wang et al., 1999).

1.2.6.4. GLYCINE RECEPTORS AND GEPHYRIN

The glycine receptor interacting protein, gephyrin, has a similar function to rapsyn as it 

is involved in receptor clustering and anchoring (Kirsch et a l, 1991; 1993). Purification 

of glycine receptors by affinity chromatography co-purified a 93 kDa protein (Pfeiffer et 

al., 1982). This protein was found to bind both glycine receptors and tubulin (Kirsch et 

al., 1991) and was thus shown to form a bridge between glycine receptors and the 

cytoplasmic matrix. The clustering of glycine receptors by gephyrin is induced by 

interaction with the novel GDP/GTP exchange factor (GEF), collybistin, possibly by 

activation of a member of the Rho/Rac family of GTPases (Kins et al., 2000), Gephyrin 

is expressed widely throughout the brain at synaptic sites and is not always co

associated with glycine receptors (Kirsch et al., 1993), This suggested that gephyrin
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may be involved at synapses for other LGICs. In wild-type mouse brain gephyrin was 

found to colocalise with y2 subunit-containing GABAa receptors (Esserich et al., 1998). 

y2 Subunit knockout mice resulted in decreased gephyrin immunoreactivity at 

GABAergic synapses. In a reciprocal assay, antisense oligonucleotides blocking 

expression of gephyrin lead to an equivalent reduction in y2 subunit punctate staining. 

This suggested that gephyrin also plays a role in receptor clustering at GABAergic 

synapses. However, a direct interaction between gephyrin and GABAa receptors has not 

been shown. Therefore, other GABAa receptor interacting proteins may provide a link 

between GABAa receptors and gephyrin.

1.2.6.5. GABAa RECEPTOR INTERACTING PROTEINS

Table 1.4 shows a list of GABAa receptor interacting proteins. Some of these proteins 

are described below.

1.2.6.5.1. The GABAa Receptor-Tubulin Complex-Associated Proteins (GTAPs)

In 1997, Kannenberg et al. (1997) carried out an initial study to identify proteins 

associated with mature GABAa receptors. In this study, actin, tubulin and several 

unidentified GABAa receptor-tubulin complex-associated proteins (GTAPs) were 

isolated by co-immunoprecipitation with the receptor a l subunit. One of these, GTAP- 

34 (GTAP of molecular weight 34 kDa), was subsequently found to be a serine kinase 

that interacts directly and specifically with, and phosphorylates, the GABAa receptor P3 

subunit IL (Kannenberg et al., 1999). In an attempt to identify this GTAP, a 34 kDa 

protein was purified from bovine brain by immunoaffinity chromatography using an a l 

subunit antibody (Schaerer et al., 2001). This protein was identified as the multi

functional protein, gClq-R, which is mainly localised in mitochondria. However, while 

it was found to interact strongly with the GABAa receptor p subunits, gClq-R did not 

phosphorylate the P3 subunit IL, making it unlikely to be the previously isolated, 

GTAP-34. It was proposed that gClq-R may be involved in receptor biosynthesis or 

may interfere with receptor phosphorylation, modulating receptor function (Schaerer et 

a l, 2001).
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I.2.6.5.2. Proteins Involved in GABAa Receptor Trafficking and Clustering

The GABAa receptor associated protein, GABARAP, was identified from a yeast two- 

hybrid cDNA library screen using the GABAa receptor y2S intracellular loop as a bait 

(Wang et a l, 1999). GABARAP is a 13.9 kDa protein. It is similar to microtubule- 

associated proteins, MAP-IA, MAP-IB and MAP-light chain 3 (LC3) and contains a 

tubulin binding domain at its N-terminus (Wang et a l, 1999). Affinity chromatography 

studies showed that GABARAP binds to tubulin and GABAa receptors at the same time 

(Wang et a l, 2000). This suggests that GABARAP provides a link between GABAa 

receptors and the cytoplasmic matrix. Further, yeast two-hybrid studies demonstrated an 

interaction between GABARAP and the glycine receptor anchoring protein, gephyrin 

(Kneussel et a l, 2000). However, immunofluorescence labelling of GABARAP 

demonstrated localisation to the ER and Golgi, rather than gephyrin-rich post synaptic 

densities, indicating that a role in targeting of receptors was more likely than anchoring. 

While roles in both targeting and clustering of GABAa receptors have been proposed, 

the precise fimction of GABARAP remains unknown.

The ubiquitin-related protein, Plic-1, was also identified from a yeast two-hybrid cDNA 

library screen, but using a GABAa receptor a l subunit IL as a bait (Bedford et a l,

2001). Immunofluorescence labelling of Plic-1 showed co-localisation with GABAa 

receptors both at the post-synaptic plasma membrane and within intracellular 

compartments such as the Golgi body and clathrin-coated pits. This implies that Plic-1 

is involved in regulating the trafficking and recycling of GABAa receptors.

In another yeast two-hybrid cDNA library screen, the novel GABAa receptor 

interacting factor, GRIF-1, was discovered, using the GABAa receptor p2 subunit IL as 

a bait (Beck et a l, 2002 and see Section 5.1.1). This protein was proposed to function as 

a GABAa receptor trafficking factor due to its amino acid sequence homology with the 

Huntingtin-associated protein (HAP-1), which is involved in cellular trafficking (Li et 

a l, 2002) and to its Drosophila melanogaster orthologue, Milton, which was shown to 

be a kinesin-associated adaptor protein (Stowers et al., 2002). GRIF-1 may therefore 

have a similar role to the AMPA receptor interacting protein, GRIPl. The function of 

GRIF-1 is discussed further in Chapter 5.
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1.2.6.5.3. Cross-Inhibition Between GABAa and Dopamine D5 Receptors

Dopamine D5 receptors are G-protein-coupled receptors that effect neurotransmission 

via activation of the adenylate cyclase pathway. These receptors have been shown to co

localise with GABAa receptors in hippocampal neurones (Liu et al., 2000). A direct 

interaction was ascertained between the C-terminal tail of D5 receptors and the GABAa 

receptor y2 subunit IL. This interaction requires agonist stimulation of both D5 and 

GABAa receptors and leads to the cross-inhibition of receptor activity on subsequent 

stimulation with reciprocal agonists.

1.2.6.5.4. GABAa Receptor Phosphorylation and Endocytosis

Recycling of GABAa receptors by endocytosis and reinsertion into the membrane 

provides a mechanism of controlling receptor activity at the cell surface. There is 

evidence that two separate mechanisms are involved in GABAa receptor endocytosis, 

one clathrin-dependent and one clathrin-independent (Herring et al., 2003). The 

clathrin-mediated pathway was shown to regulate constitutive endocytosis of GABAa 

receptors. The adaptor protein, AP2, which is involved in recruitment of cargoes into 

clathrin-coated pits, was shown to bind specifically to GABAa receptor p i, p3, y2S and 

y2L subunits (Kittler et al., 2000). In addition, the dileucine motif at residues 343 and 

344 of p2 subunits has been identified as an AP2 binding site that is critical for clathrin- 

mediated endocytosis (Herring et al., 2003). This mechanism regulates receptor number 

at the cell surface.

A study of mammalian cells containing immunofluorescently labelled GABAa 

receptors demonstrated that PKC reduces the number of GABAa receptors at the cell 

surface (Connolly et a l, 1999). This reduction was achieved by preventing recycling of 

y2 subunit-containing receptors to the surface fi*om intracellular pools, rather than by 

blocking endocytosis. Receptor internalisation continued in the absence of PKC. 

Receptor degradation did not occur, but reinsertion of receptors into the plasma 

membrane was reduced, thus resulting in decreased cell surface expression.

It has been shown that GABAa receptor p and y2 subunits are phosphorylated by 

various kinases (e.g. PKA, PKC, tyrosine kinase, CamKII). Glutathione-S-transferase 

(GST) pull-down assays have identified a direct interaction between PKC and GABAa 

receptor p i and p3 subunits (Brandon et al., 1999). In the same study the receptor for 

activated kinase (RACK-1) was found to associate directly with p i and a l subunit ILs,
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although the presence of RACK-1 was not found to be necessary for the interaction of 

PKC to take place.

1.2.7. AIMS OF THE THESIS

As has been discussed in this introduction, various mechanisms are employed within 

neurones to regulate of the assembly and activity of GABAa receptors. These 

mechanisms may be intrinsic to the GABAa receptor subunits, as in the case of 

assembly motifs, or via interactions with other proteins. The overall objective of this 

thesis was to elucidate further aspects of GABAa receptor subunit processing, assembly 

and trafficking. The first aim was to validate the use of the yeast two-hybrid system for 

identification of sequences within the GABAa receptor a l and p2 subunits that are 

important for receptor assembly. The second aim was to identify proteins interacting 

with GABAa receptors that may play important roles in (i) trafficking and functional 

regulation of receptors and (ii) in the formation, stabilisation and plasticity of 

GABAergic synapses. The third aim of the study was to characterise further the function 

of the GABAa receptor interacting protein, GRIF-1, family of proteins and to 

investigate the possible role of GRIF-1 as a kinesin adaptor protein. All of these aspects 

were addressed using the yeast two-hybrid methodology.
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FIGURE 1.1. EVOLUTIONARY TREE REPRESENTING THE NICOTINIC

ACETYLCHOLINE RECEPTOR SUPERFAMILY OF PROTEINS
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The diagram shows an evolutionary tree for the nicotinic acetylcholine receptor 
superfamily, based on the maximum likelihood method. Taken from Orteils and Lunt 
(1995).
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FIGURE 1.2. STRUCTURAL MEMBRANE TOPOLOGY OF A NICOTINIC

ACETYLCHOLINE RECEPTOR SUBUNIT

Extracellular
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I I
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Intracellular

B

a a

A shows the general subunit membrane topology of a typical nicotinic acetylcholine 
receptor subunit and B shows the arrangement of subunits around the ion channel pore.
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FIGURE 1.3 SUBUNIT STRUCTURE AND ARRANGEMENT OF THE 

ACETYLCHOLINE BINDING PROTEIN

B

N Ten'll, JÜ

M IR

A is a ribbon representation of a single subunit of the acetylcholine binding protein, 
using graded colouring from blue (N-terminus) to red (C-terminus), with an Œ-helix 
indicated in purple. The disulphide bridge is indicated as a ball-and-stick loop. B is a 
diagrammatic representation of the subunit topology, indicating p-strands, loops, the a- 
helix and the disulphide bridge structure. C shows a ribbon representation of subunit 
arrangement. Ligand-binding domains are shown as ball-and-stick structures. Taken 
from Brejc et al. (2001).
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FIGURE 1.4. STRUCTURAL MEMBRANE TOPOLOGY OF A TYPICAL

g a ba a  r e c e p t o r  s u b u n it
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K 73

COOH

Intracellular

B

y2

a l

P2

A shows a typical GABAa receptor subunit indicating potential N-linked glycosylation 
sites ( -▼ ), extracellular N- and C-termini, the disulphide bonded loop -s-s- and the 
transmembrane (TM) domains. B shows the arrangement of subunits around the ion 
channel pore (Trudell, 2002, Baumann et a i, 2002).
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FIGURE 1.5. HOMOLOGY MODEL OF THE GABAa RECEPTOR N- 

TERMINAL DOMAINS BASED ON THE ACHBP

I

The diagram shows a ribbon representation of the pentameric structure of the GABAa 
receptor extracellular N-terminal domains modelled on the structure determined for the 
acetylcholine binding protein and viewed from above. Disulphide bridges are indicated 
in yellow. This diagram was created by Dr Mire Zloh, School of Pharmacy, University 
of London.
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TABLE 1.1. MOST ABUNDANT GABAa RECEPTOR SUBTYPES IN RAT 

BRAIN

GABAa Receptor Subtype Relative Abundance in Rat Brain (%)

alp2y2 43

a2p2/3y2 18

a3p*y2/3 17

a2p*yl 8

a5p3y2/3 4

a6p*y2 2

a6p*0 2

a4p*ô 3

Minor Subtypes 3

Table 1.1 shows a list of the most common GABAa receptor subtypes found in the rat 
brain and their respective percentage abundances. * The P subunit isoform is not known 
in all cases due to the lack of p subunit subtype-selective antibodies. The table is 
modified from Table 1 of McKeman and Whiting (1996).
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TABLE 1.2. SUMMARY OF GABAa RECEPTOR SUBUNIT ASSEMBLY 

CONTACT SITES WITHIN THE N-TERMINAL DOMAIN

Subunit Im portant
Residues Interaction Reference

al 58-67, Q67 +S68 P3 Taylor et al. (2000)

80-100 72(91-104) Klausberger et al. (2000; 
2001b)

54-68 P3 Sarto et al. (2002a)

W69 + W94 p 2 -a l +/or a l ^ 7 2  
interface Srinivasan et al. (1999)

R66 p2 Bollan et al. (2003)

72 91-104 al(80-100) Klausberger et al. (2001b)

83-92 a l + P2 Klausberger et al. (2000)

67-81 a l Sarto et al. (2002a)

y3 70-84 a l + P3 Sarto et al. (2002b)

86-95 a l + p3 Sarto et al. (2002b)

94-107 a l Sarto et al. (2002b)

P3 52-66 a l binding Sarto et al. (2002a)

GKER homooligomerisation Taylor et al. (1999)

Table 1.2 shows a list of the sequences within GABAa receptor subunit N-terminal 
domains that are found to be important for receptor oligomerisation.
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TABLE 1.3. PROTEINS INTERACTING WITH LIGAND-GATED ION 

CHANNEL RECEPTORS

Receptor Interacting
Protein Reference Function

NMDA PSD95/SAP90 Komau et al. (1996) Receptor clustering.

PSD93/
ChapsynllO

Kim et al. (1996) Receptor clustering.

SAP102 Lau et al. (1996) Receptor clustering and 
immobilisation at the synapse.

a-actinin-2 Wyszynski et al. 
(1997)

NMDA receptor anchoring 
protein.

Calmodulin Ehlers et al. (1996) Inactivation of NMDA 
receptors.

Yotiao Lin et al. (1998) Links NMDA receptors to the 
cytoskeleton.

D1 Lee et al. (2002) Receptor cross-talk.

EphB Dalva et al. (2000) Receptor cross-talk.

Neuronal
Intermediate

Filaments
Ehlers et al. (1998) Anchoring and localisation of 

receptors.

AMPA NSF Nishimune et al. 
(1998)

Binds GluR2 and regulates 
synaptic transmission.

PICKl Xia et al. (1999) AMPA receptor clustering.

GRIPl Dong et al. (1997) Adaptor protein for AMPA 
receptor trafficking.

SAP97 Leonard et al. (1998) Receptor clustering.

nACh Rapsyn Phillips et al. (1991); 
Wang et al. (1999)

Clustering and metabolic 
stabilisation of nACh receptors.

Glycine Gephyrin Kirsch et al. (\99\)\ 
Kirsch et al. (1993)

Clustering and anchoring of 
glycine receptors.

Table 1.3 shows a list of proteins identified as interacting with various members of the 
ligand-gated ion channel receptor superfamily and their fimctions.
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TABLE 1.4. A TABLE OF THE KNOWN GABAa RECEPTOR INTERACTING 

PROTEINS

Interacting
Protein

Subunit Specificity Reference Function

Gephyrin Indirect interaction 
with y2

Esserich et al., 
(1998); Giustetto et 
al (1998)

Clustering GABAa 
receptors by 
indirect association.

GABARAP 72 394-411 Wang et al. (1999) Links GABAa 
receptors to the 
cytoskeleton.

Plic-1 al-a3 (346-355), 
a6,pl-P3

Bedford et al. 
(2001)

GABAa receptor 
trafficking factor.

GRIF-1 P2 324-394 Beck et al. (2002) GABAa receptor 
trafficking factor.

gClq-R (34 kDa) pl-P3 (399-413) Shaerer et al. 
(2001)

Multi-functional
protein.

Protein Kinase C 
RACK-1 (Receptor 
for Activated C 
Kinase)

pi P3 (PK-C);al, 
pi (RACK)

Brandon et al. 
(1999)

Down-regulation of 
G ABA receptors at 
the cell surface.

AP2 p3 and y2s, y2L, 
P2-IL (aa 343/344)

Kittler et al. (2000); 
Herring et al.
(2003)

Recruitment to 
clathrin-coated pits 
for receptor 
endocytosis.

D5 Dopamine 
receptors

y2-IL Liu et al. (2000) Receptor cross
inhibition.

GTAP-34 a l subunit- 
containing receptors

Kannenberg et al. 
(1997; 1999)

Phosphorylation of 
P3 subunit.

The table shows a list of GABAa receptor-interacting proteins and their regulatory 
functions.
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CHAPTER 2:
MATERIALS AND METHODS
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2.1. MATERIALS
Agar, peptone, yeast extract and yeast nitrogen base without amino acids were 

purchased from GibcoBRL (Paisley, UK). Agarose, ammonium sulphate, ethanol, 

ethylenediaminetetraacetic acid disodium salt (EDTA), D(+)-galactose, D(+)-glucose, 

glycine, glycerol, hydrochloric acid, hydrogen peroxide, isopropyl alcohol, magnesium 

chloride, magnesium sulphate, methanol, potassium chloride, potassium dihydrogen 

phosphate, D(+)-raffinose, sodium acetate, sodium chloride, sodium hydrogen 

phosphate, disodium hydrogen phosphate, sodium dihydrogen phosphate, and 

tris(hydroxymethyl)methylamine (Tris-base) were purchased from Merck (Dorset, UK). 

Adenine hemisulphate, ampicillin, boric acid, bromophenol blue, chloramphenicol, 4- 

hydroxycinnamic acid (p-coumaric acid), dimethyl formamide (DMF), dimethyl 

sulphoxide (DMSO), DNA sodium salt from salmon testes, dithiothreitol (DTT), 

ethidium bromide, kanamycin, lauryl sulphate (SDS; sodium dodecyl sulphate), lithium 

acetate, 5-amino-2, 3-dihydro-1, 4-phthalazinedione (luminol), lyticase, p- 

mercaptoethanol, mineral oil, 3-N-morpholino propane-sulphonic acid (MOPS), 

pepstatin A, polyethylene glycol (PEG) molecular weight (mwt) 3350, D-sorbitol, 

Tween®-20 and p-xylene cyanole were purchased from Sigma Chemicals (Dorset, UK). 

All DNA molecular weight markers, dNTPs, restriction enzymes and T4 DNA ligase 

were purchased from either Roche (East Sussex, UK) or Helena Biosciences (Tyne and 

Weir, UK). Pfu DNA polymerase was purchased from Promega (Southampton, UK), 

Taq polymerase from HT Biotechnologies Ltd (Cambridge, UK) or Invitrogen 

(Groningen, Netherlands) and shrimp alkaline phosphatase (SAP) from Amersham 

Pharmacia Biotech (Bucks, UK). The SeeBlue pre-stained protein marker and dual 

promoter TOPO TA cloning kit were purchased from Invitrogen (Groningen, 

Netherlands). Qiaprep mini-, midi- and maxiprep kits, Qiaquick PCR purification kit 

and Qiaex II gel purification kit were all purchased from Qiagen Ltd (West Sussex, 

UK). Isopropyl-P-D-thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indolyl-p-D- 

galactopyranoside (X-GAL) and 5-bromo-4-chloro-3-indolyl-a-D-galactopyranoside 

(X-a-GAL) were purchased from Melford Laboratories Ltd. (Cambridge, UK). 

Selective dropout supplements, the Matchmaker"^^ 2 and 3 yeast two-hybrid systems 

and Marathon^^-ready rat brain cDNA were purchased from Clontech Laboratories UK 

Ltd. (Hants, UK). The CytoTrap® yeast two-hybrid system was purchased from 

Stratagene Europe (Amsterdam, Netherlands). DNA sequencing reagents and
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equipment, such as P0P6 (performance optimised polymer 6), BigDye™ terminator 

ready reaction mix, template suppression solution, 10 x buffer with EDTA, capillaries, 

glass syringes and 0.5 ml septa, were purchased from Perkin Elmer Applied Biosystems 

(Warrington, UK). Oligonucleotide primers were purchased from Proligo (Paris, 

France). Commercial antibodies were purchased from Amersham International pic. 

(Buckinghamshire, UK), Upstate (New York, USA) or Roche (East Sussex, UK). The 

anti-GABAA receptor al-IL (324-341) antibody, PEKPKKVKDPLIKKNNT-Tyr 

coupled to keyhole limpet hemocyanin (KLH), characterised by Duggan and 

Stephenson (1990), anti-GABAA receptor P2-IL (381-395) antibody, 

KAGLPRHSFGRNALE-Cys coupled to thyroglobulin, characterised by Pollard and 

Stephenson (1997) and anti-His-tagged GRIF-1 (8-633) were produced in-house and 

affinity-purified by Dr. Kieran Brickley. Protogel (30% [w/v] acrylamide: 0.8% [w/v] 

bis-acrylamide (37.5:1) was purchased from National Diagnostics (Yorkshire, UK). The 

pBluescript II SK^KIAA1042 and pBluescript II SK'^KIAA0531 (KIF5C) plasmid 

constructs were a kind gift from Professor T. Nagase of the Kazusa DNA Research 

Institute, Chiba, Japan.
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2.1.1. YEAST TWO-HYBRID SYSTEM COMPONENTS

2.1.1.1. GAL4 System Cloning Vectors and Control Vectors

Vector Description Selection
Genotype Size (kb)

pAS2-l
(DNA-BD)

ADHl promoter, GAL4 DNA-BD, 
TRPl, Amp', C Y l f l -Trp, Amp' 8.4

pGADlO
(AD)

ADHl promoter, GAL4 AD, LEU2, 
Amp*" -Leu, Amp' 6.6

pGBKT?
(DNA-BD)

ADHl promoter, GAL4 DNA-BD, 
TRPl, Kan' -Trp, Kan' 7.3

pGADT?
(AD)

ADHl promoter, GAL4 DNA AD, 
LEU2, Amp' -Leu, Amp' 8.0

pVA3-l
(DNA-BD)

ADHl promoter, murine p53(72-390) in 
pGBT9, TRPl, Amp' -Trp, Amp' 9.4

pTDl-1
(AD)

ADHl promoter, SV40 large T- 
antigen(84.708) in pACT2, LEU2, Amp' -Leu, Amp' 10.0

2.1.1.2. GAL4 System Yeast Strain Genotype

Yeast Strain Genotype

AH109
MATa, trp 1-901, leu2-3, 112, ura3-52, his3-200, gal4A, galSOA, 
LYS2 : : GAL1ijas~GAL1tata~HIS3, GAL2ijas~GAL2tata~ADE2, URA 
: : M ELluas~^EL1 TATA-lacZ

2.1.1.3. Modified Lex A System Cloning Vectors

Vector Description Selection
Genotype Size (kb)

pMBL33
(DNA-BD)

ADH promoter, LexA DNA-BD with 
SV40 NLS, TÆP7, Kan' -Trp, Kan' 7.3

pGADT?
(AD)

ADHl promoter, GAL4 DNA AD, 
LEU2, Amp' -Leu, Amp' 8.0

2.1.1.4. Modified Lex A Yeast Strain Genotype

Strain Genotype

L40 MATa. his3A200 trpl-901 leu2-3, 112 ade2 LYS2:: (41exAop- 
HIS3) URA3:: (81exAop-/flcZ) GAL4
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2.1.1.5. CytoTrap® System Vectors

Vector Description Selection
Genotype Size (kb)

pMyr
GALl promoter, myristylation signal 
anchor protein, CYCl teminator, 2 
micron ori, fl ori, URA3, Cam*̂

-Ura, Cam^ 5.6

pSos ADHl promoter, hSOS Ras activator, 
ADHl terminator, pUC ori, 2 micron 
ori, LEU2, Amp"̂

-Leu, Amp'^ 11.3

pSos MafB
ADHl promoter, hSOS Ras activator, 
ADHl terminator, pUC ori, 2 micron 
ori, LEU2, Amp% fhll length MafB

-Leu, Amp’’ 12

pMyr MafB

GALl promoter, myristylation signal 
anchor protein, CYCl teminator, 2 
micron ori, fl ori, URA3, Cam% full 
length MafB

-Ura, Cam^ 6.9

pSos Col 1

ADHl promoter, hSOS Ras activator, 
ADHl terminator, pUC ori, 2 micron 
ori, LEU2, Amp% Murine 72 kDa type 
rV collagenase (aa 148-357)

-Leu, Amp'' 11.9

pMyr Lamin C

GALl promoter, myristylation signal 
anchor protein, CYCl teminator, 2 
micron ori, fl ori, URA3, Cam% human 
lamin C (aa 67-230)

-Ura, Cam'^ 6.5

pMyr SB

GALl promoter, myristylation signal 
anchor protein, CYCl teminator, 2 
micron ori, fl ori, URA3, Cam% Sos- 
binding protein

-Ura, Cam'^ 7.2

2.1.1.6. CytoTrap Yeast Strain Genotype

Strain Genotype

cdc25H MATa, ura3-52, his3-200, ade2-101, lys2-801, trpl-901, leu2-3, 112, 
cdc25-2 G a t

2.1.2. BACTERIAL STRAIN FOR MOLECULAR CLONING

Strain Genotype

DH5a
F‘, (|)80/flcZAM15, A(/flcZYA-argF)U169, deoR, recAl, end A l,  
hsdRl7{T\^', m t),p h o A , supE44, thi-l, gyrA96, relA l, X.
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2.1.3. OLIGODEOXYRIBONUCLEOTIDE PRIMER SEQUENCES FOR 

POLYMERASE CHAIN REACTION AMPLIFICATION

Description Primer Sequence*
TM3/P2-IL/TM4 (282- 
450) 5’ cloning primer 5'-ATGAATTCGACATGTACCTAATGGGGTGC-3'

TM3/P2-IL/TM4 (282- 
450) 3' cloning primer 5'-ATGGATCCGGAGGCTGGAGTTTAGTTCAC-3’

P2-IL/TM4 (303-450) 
5’ cloning primer 5'-CGGGATCCAACTACATCTTCTTTGGG-3'

P2-IL/TM4 (303-450) 
3' cloning primer 5'-ATGGATCCGGAGGCTGGAGTTTAGTTCAC-3'

al-IL  (304-384) 5'
cloning primer 5'-ATGAATTCGCCACAGTAAACTATTTCAAC-3’

al-IL  (304-384) 3' 
cloning primer 5'-ATGGATCCGGTTTTCTTGGGTTCTGGCGG-3'

a l-N  (1-224) 5' cloning 
primer 5'-ATGAATTCCAGCCCTCCCAAGATGAAC-3'

al-N  (1-224) 3' cloning 
primer 5'-ATGGATCCGTAGCCGATTTTTCTCTTC-3'

P2-N (1-220) 5’ cloning 
primer 5’-ATGAATTCCAGAGTGTCAATGACCCTAG-3’

P2-N (1-220) 3' cloning 
primer 5'-ATGGATCCGTAGCCAATGTTTCTTTTC-3'

pSOS al-N  (1-224) 5' 
cloning primer 5'-TATTGGATCCGACAGCCCTCCCAAGAT-3'

pSOS al-N  (1-224) 3'
cloning primer 5'-CGGCGGCCGCGTAGCCGATTTTTCTCTTC-3'

pSOS P2-N (1-220) 5' 
cloning primer 5'-TATTGGATCCCTCAGATGGTCAATGACC-3’

pSOS P2-N (1-220) 3'
cloning primer 5’-CGGCGGCCGCGTAGCCATGTTTCTTTTC-3'

pM YRal-N (1-224) 5' 
cloning primer 5’-TATTGAATTCCAGCCCTCCCAAGATGAAC-3’

pM YRal-N (1-224) 3' 
cloning primer 5'-TATTCTCGAGGTAGCCGATTTTTCTCTTC-3’

pMYRp2-N (1-220) 5’ 
cloning primer 5'-ATGAATTCCAGAGTGTCAATGACCCTAG-3'

pMYRp2-N (1-220) 3' 
cloning primer 5'-ATGTCGACGTAGCCAATGTTTCTTTTC-3'

P3-IL (306-425) 5' 
cloning primer 5'-TATTGGATCCTTTTCTTTGGACGAGGCT-3'

63



P3-IL (306-425) 3' 
cloning primer

5'-TATTCTGCAGTCTGTCTATGGCATTCAC-3'

KIAA0531(l-957) 5'-TTATGAATTCATGGCGGATCCAGCCGAAT-3'
KIAA0531(l-957) 5'-TTATGTCGACTTATTTCTGGTAGTGAGTGG-3'
KIAA1042 (1-953) 5' 
cloning primer 5'-TATTGAATTCCACATGGCATTGGTT-3'

KIAA1042 (1-953) 3’ 
cloning primer 5'-TATTGGATCCTCACCGTAAGCTAGT-3'

KIAA1042(124-283) 5' 
cloning primer 5'-TTATGAATTCCGGGATTTAGAATTGGCC-3'

KIAA1042(124-283) 3' 
cloning primer 5'-TTATCTCGAGTTACTCCTCTTGCTGG-3'

pAS2-l 5' sequencing 
primer 5'-GACTGTATCGCCGGTATTGC-3'

pGADT7 5’ sequencing 
primer

5'-
TATTCGATGATGAAGAAGATACCCCACCAAACC-3'

pGBKT7 5' sequencing 
primer 5'-TCATCGGAAGAGAGTAG-3'

DnaJ end sequencing 
primer 5’-CCTCAGGAGTACATCATGC-3'

*Bold sequences show restriction enzyme recognition sites.

2.1.4. PARAMETERS FOR POLYMERASE CHAIN REACTION 

AMPLIFICATION PROGRAM

PCR was carried out following the general program described in Section 2.2.2.6. 

Specific parameters for each sequence are detailed below.

Sequence Annealing Temperature 
(30 s per cycle)

Extension Time Per Cycle 
at 72°C

al(l-224) 55°C, decreasing by 0.5°C 
per cycle for 10 cycles, 
then 50°C for 15 cycles.

2 min
P2(l-220) 2 min
33(306-425) 1 min
32(282-450) 52°C 1 min
32(303-450) 52°C 1 min
KIAA0531(l-957) 52°C 8 min
al(304-384) 53°C 1 min
KIAA1042(l-953) 53°C 8 min
KIAA1042(124-283) 53°C 1 min
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2.2. METHODS
2.2.1. BACTERIAL METHODS
2.2.1.x. MAINTENANCE OF BACTERIAL CELLS

Bacterial cells were streaked onto LB (Luria-Bertani medium: 1% (w/v) peptone, 0.5% 

(w/v) yeast extract, 0.5% (w/v) NaCl, 2% (w/v) agar, pH 7.0) agar and incubated 

overnight inverted at 37°C. Liquid cultures of bacteria were prepared by inoculation of 

1 ml or 5 ml LB liquid medium (as above, but without agar) with a single colony from a 

plate culture and incubated overnight with shaking at 37°C. Stock cultures were stored 

in 15% (v/v) glycerol at -80°C.

2.2.1.2. PREPARATION OF CHEMICALLY COMPETENT BACTERIAL 

CELLS

Competent cells were prepared by growth in medium containing magnesium and a 

carbon source (glucose) and stored in a glycerol-polyethylene glycol (PEG) solution 

(Nishimura et al., 1990). Bacterial cells from a glycerol stock were streaked onto LB 

agar using a sterile loop and incubated overnight at 37°C. A 5 ml LB culture was 

inoculated with a single colony from the overnight plate culture and incubated overnight 

at 37°C with shaking. A 1 ml aliquot of overnight bacterial culture (e.g. DH5a E. coli) 

was transferred to 100 ml sterile LB medium, containing 10 mM MgS0 4  and 0.2% 

(w/v) glucose in a 500 ml flask. The culture was incubated at 37°C with shaking for 2 h. 

After this the OD^ = 600 nm was checked approximately every 30 min on a 

spectrophotometer until OD = 0.7-0.9. The cells were chilled on ice for 10 min and kept 

cold for all subsequent steps.

The cells were harvested by centrifugation at 2500 g for 10 min at 4°C in pre-cooled 

centrifuge tubes. The supernatant was discarded and the pellets were pooled by 

resuspension in 1 ml chilled resuspension solution (LB with 0.2% (w/v) glucose and 10 

mM MgS0 4 ). The cells were added to 5 ml storage solution (LB containing 36% (v/v) 

glycerol, 12% (w/v) PEG and 12 mM MgS0 4 ), mixed thoroughly and 100 pi aliquots 

dispensed into chilled 0.5 ml tubes. Cells were stored immediately at -80°C.

2.2.1.3. PREPARATION OF ELECTROCOMPETENT BACTERIAL CELLS

Electrocompetent bacterial cells were used for electroporation transformations of the 

plasmid DNA recovered from yeast cells since they are more efficient in the uptake of
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DNA. The protocol was carried out as described in the Clontech Yeast Protocols 

Handbook. A 5 ml LB starter culture was prepared by inoculation with a single bacterial 

colony. The culture was incubated overnight at 37°C with shaking. A 250 ml LB culture 

was inoculated with 250 pi of the overnight culture. This was incubated at 37°C with 

shaking until the OD^ = 600nm reached 0.6. The culture was poured into 5 x pre-chilled 50 

ml centrifuge tubes and incubated on ice for 15 min. Cells were harvested by 

centrifugation at 4,000 g and 4 °C for 15 min. The supernatants were decanted and each 

pellet resuspended in 50 ml 10% (v/v) glycerol. The tubes were centrifuged as before. 

The supernatants were removed and each pellet resuspended in 25 ml 10% (v/v) 

glycerol, centrifuged as before and the supernatants discarded. The pellets were pooled 

and resuspended in 5 ml 10% glycerol. The suspension was centrifuged once more. The 

glycerol was removed and the pellet resuspended in 0.5 ml 10% (v/v) glycerol. The cells 

were dispensed in 50 pi aliquots into 0.5 ml tubes. These were stored immediately at - 

80°C.

2.2.1.4. CHEMICAL TRANSFORMATION OF COMPETENT BACTERIAL 

CELLS

Chemically competent bacterial cells were transformed using a 42°C heat-shock. DNA 

(200-400 ng DNA [1-5 pi ligation mix]) was added to 100 pi competent cells (e.g. 

DH5a E. coli) and incubated on ice for 10 min. The cells were heat-shocked at 42°C for 

1 min, then immediately returned to ice and chilled for a further 10 min. Each reaction 

was added to a 1 ml aliquot of SOC (1% (w/v) peptone, 0.5% (w/v) yeast extract, 0.5% 

(w/v) NaCl, 2% (w/v) agar, pH 7.0, 0.2% (w/v) glucose, 25 mM KCl, 10 mM MgCh 

and 10 mM MgS0 4 ) in a 1.5 ml centrifuge tube. This was incubated at 37°C with 

shaking for 1 h. After the incubation, 100 pi of each reaction was spread onto LB agar 

containing the appropriate antibiotic (e.g. 50 pg/ml ampicillin). The plates were 

incubated at 37°C overnight.

2.2.1.5. ELECTROPORATION TRANSFORMATION OF COMPETENT 

BACTERIAL CELLS

Electrocompetent bacterial cells were transformed with plasmid DNA isolated from 

yeast as described in the Clontech Yeast Protocols Handbook. This method was used, 

because it yielded a higher transformation efficiency compared to chemical
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transformation. This increased efficiency is necessary, because the large amount of 

yeast genomic DNA, isolated along with the plasmid DNA, reduces transformation 

efficiency. A 50 pi aliquot of electrocompetent DH5a cells was thawed and transferred 

to a pre-chilled electroporation cuvette with a 0.1 cm gap between electrodes. Plasmid 

DNA was added to the sample and the cuvette placed in a Flowgen EasyjecT Plus 

electroporator. Cells were shocked at 2500 V for 5 msec. The electroporator was set at 

25 pF capacitance and 201 Ohms shunt resistance. The cells were immediately 

suspended in 1 ml SOC solution and transferred to a 1.5 ml tube. The suspension was 

incubated at 37°C for 1 h with shaking. Cells were harvested by centrifugation at 9000 

rpm for 2 min. The pellet was resuspended in 100 pi residual SOC solution and plated 

onto LB agar containing an appropriate antibiotic. Agar plates were incubated at 37°C 

overnight until colonies appeared.

2.2.I.6. SMALL-SCALE PREPARATION OF PLASMID DNA

Up to 20 pg plasmid DNA were purified from bacterial cells using the Qiagen miniprep 

system following manufacturer’s guidelines. In this procedure the bacteria are lysed in 

alkaline conditions then DNA is isolated by adsorption to a silica-gel membrane at a 

high salt concentration. DNA is eluted from the silica membrane by reducing the 

concentration of salt.

Cells from an overnight bacterial culture of 5 ml were harvested by centrifugation for 10 

min at 4000g at 4°C. The supernatant was removed and the pellet resuspended in 250 pi 

resuspension buffer F l (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 pg/ml RNase). 

The suspension was transferred to a 1.5 ml microcentrifuge tube and 250 pi lysis buffer 

P2 (200 mM NaOH, 1% (w/v) SDS) were added. The tube was inverted 4-6 times to 

mix and the lysis reaction was allowed to continue for no more than 5 min. Next, 350 pi 

neutralisation buffer, N3 (contains acetic acid), was added and the tube was inverted 4-6 

times to mix. The cell debris was separated from the suspension by centrifugation at 

15000 g for 10 min, producing a compact white pellet. The supernatant containing the 

DNA was transferred to a miniprep column in a 2 ml collection tube. This was 

centrifuged at 15000 g for 30-60 sec at room temperature and the flow-through 

discarded. The column was washed by adding 500 pi buffer PB (contains isopropanol) 

and centrifuging for 30-60 sec. The flow-through was again discarded. The spin column 

was washed a second time by adding 750 pi buffer PE (contains ethanol) and
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centrifuging for 30-60 sec. The flow-through was discarded and the tube centrifuged for 

an additional 60 sec to remove any residual wash buffer. The spin column was placed in 

a clean 1.5 ml tube and the DNA eluted by addition of 50 pi buffer EB (10 mM 

Tris HCl, pH 8.5) to the centre of the spin column. This was left to stand for 1 min at 

room temperature and the eluted DNA collected by centrifugation for 1 min.

2.2.I.7. MEDIUM-SCALE PREPARATION OF PLASMID DNA

Qiagen midi prep kits were used for medium scale (up to 100 pg DNA) preparations of 

plasmid DNA following manufacturer’s guidelines.

Cells from an overnight bacterial culture of 50 ml were harvested by centrifugation for 

30 min at 4°C and 6000 g. The supernatant was removed and the pellet resuspended in 

4 ml resuspension buffer PI. The cells were lysed by addition of 4 ml lysis buffer P2. 

The tube was inverted gently 4-6 times and the lysis reaction allowed to continue for no 

more than 5 min. The reaction was stopped by addition of 4 ml pre-chilled 

neutralisation buffer P3 (3.0 M potassium acetate, pH 5.5). This was inverted 4-6 times 

to mix and incubated on ice for 15-20 min. The tube was then centrifuged at 20000 g for 

30 min at 4°C. During the centrifugation, a Qiagen Tip-100 was equilibrated by adding 

4 ml buffer QBT (750 mM NaCl; 50 mM MOPS, pH 7.0; 15% (v/v) isopropanol; 0.15% 

(v/v) Triton®X-100). After the centrifugation step, the supernatant was added to the 

column and allowed to flow through by gravity. The column was washed with 2 x 10 ml 

buffer QC (1.0 M NaCl, 50 mM MOPS, pH 7.0, 15% (v/v) isopropanol) and the DNA 

eluted into a new centrifuge tube using 5 ml buffer QF (1.25 M NaCl, 50 mM Tris-HCl, 

pH 8.5, 15% isopropanol). The DNA was precipitated by addition of 3.5 ml isopropanol 

at room temperature and centrifugation for 30 min at 4°C and 20000 g. The supernatant 

was carefully decanted and 4 ml 70% (v/v) ethanol added to the tube. This was mixed 

briefly using a vortex mixer and the DNA harvested by centrifugation for 15 min at 4°C 

and 20000 g. The supernatant was decanted and the tube centrifuged again to remove 

any residual ethanol. The pellet was air-dried for 5-10 min and resuspended in 50-100 

pi buffer EB by incubation at 37°C mixing occasionally. The recovered DNA 

concentration was determined on a spectrophotometer using ODx = 260 nm readings; an 

ODx = 260nm = 1 indicates approximately 50 pg/ml double stranded (ds) DNA.
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2.2.I.8. LARGE-SCALE PREPARATION OF PLASMID DNA

Qiagen HiSpeed Plasmid Maxi preps were used to isolate large scale (up to 750 pg) 

preparations of plasmid DNA following manufacturer’s guidelines.

A single colony from a selective bacterial culture on agar was used to inoculate a 5 ml 

liquid LB selective culture, which was incubated for approximately 8 h with shaking at 

37°C. This culture was used to inoculate a second culture at a 1/1000 dilution in 250 ml 

selective LB, which was incubated for 12-16 h. The cells were harvested by 

centrifugation at 6000 g for 15 min at 4®C. The bacterial pellet was resuspended in 10 

ml buffer PL The cells were lysed by addition of 10 ml buffer P2, mixing gently and 

incubating at room temperature for 5 min. During the incubation, a cap was attached to 

a Qiafilter Maxi cartridge. After the 5 min incubation, 10 ml pre-chilled buffer P3 was 

added to neutralise the reaction. The lysate was poured into the Qiafilter cartridge and 

incubated at room temperature for 10 min to allow the protein precipitate to float to the 

surface. During this incubation a HiSpeed Maxitip was equilibrated by addition of 10 ml 

buffer QBT. After the incubation, the cap was removed from the Qiafilter cartridge, the 

plunger inserted and the lysate filtered through the cartridge into the HiSpeed tip. As the 

cleared lysate flowed through the tip, plasmid DNA bound to the resin. The tip was 

washed with 60 ml buffer QC and the DNA was eluted into a 50 ml tube using 15 ml 

buffer QC. DNA was precipitated from the eluate by adding 10.5 ml isopropanol and 

incubating at room temperature for 5 min. During the incubation, the plunger was 

removed from a 30 ml syringe and a QIAprecipitator Maxi module attached to the 

outlet. The precipitated eluate was poured into the syringe and filtered through the 

precipitator. The DNA in the precipitator was washed with 2 ml 70% ethanol and dried 

by pushing air through the precipitator twice, ensuring that the syringe was removed 

from the precipitator before removing the plunger each time. The DNA was collected in 

a 1.5 ml tube by eluting with 0.5 ml buffer EB.

2.2.2. DNA MANIPULATION
2.2.2.I. FLAT BED AGAROSE GEL ELECTROPHORESIS

Flat bed agarose gel electrophoresis was used to check for the presence and/or purity of 

DNA. A 1% (w/v) agarose gel was prepared in 1 x TBE (89 mM Tris, 89 mM boric 

acid, 2 mM EDTA, pH 8.5). The agarose was heated until dissolved and cooled slightly 

before adding 1 pi ethidium bromide per 50 ml of agarose and pouring it into a gel-
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casting tank with assembled casting gates and a well comb. The gel was left to solidify 

at room temperature before removing the well comb and casting gates. The tank was 

filled with 1 x TBE until the wells were submerged. DNA samples were loaded onto the 

gel with 1 pi 6 X loading dye per 5 pi sample (6  x stock loading dye: 50% (v/v) 

glycerol, 20 mM EDTA, 100 mM Tris-HCl, pH 8.0, 0.1% (w/v) bromophenol blue and

0.1% (w/v) xylene cyanole). The tank lid was affixed and a constant voltage of 56 V 

was applied to the gel for approximately 1 b. The gel was lifted carefully from the tank 

and the DNA visualised over ultraviolet (UV) light. The Kodak ED AS 120 program 

(Electrophoresis Documentation and Analysis System) was used for gel analysis.

2.2.2.2. DNA EXTRACTION FROM AN AGAROSE GEL

The Qiaex II gel extraction procedure was used to purify DNA from agarose gel slices 

for subsequent use in molecular cloning. DNA bands were excised from an agarose gel 

using a scalpel. Exposure of DNA to UV light was minimised by bolding the gel 

slightly away from the light source in a transparent plastic tray. The weight of the gel 

slice was determined by placing in a pre-weigbed 1.5 ml tube (up to 250 mg agarose per 

tube). For DNA fragments 100-4000 bp, 3 volumes buffer QXl (contains sodium 

perchlorate) to 1 volume of gel were added (e.g. 300 pi QXl buffer per 100 mg gel). 

For fragments larger than 4 kb, 3 volumes buffer QXl and 2 volumes H2O were added. 

The Qiaex II was resuspended by vortex mixing for 30 sec, then added to the sample 

and mixed (add 10 pi Qiaex II to <2 pg DNA and 30 pi to 2-10 pg DNA). The agarose 

was solubilised by incubation in an Eppendorf thermomixer at 50°C for 10 min to allow 

the Qiaex II to bind the DNA with shaking to keep the Qiaex II in suspension. The 

Qiaex II was harvested by centrifugation at 15000 g for 30 sec and the supernatant 

removed. The pellet was washed with 500 pi buffer QXl to remove residual agarose, 

washed twice with 500 pi buffer PE each time. The pellet was air-dried for 10-15 min 

(until the pellet became white). To elute the DNA, 20 pi 10 mM Tris-HCl, pH 8.5, was 

added and the pellet resuspended by vortex mixing. This suspension was incubated at 

room temperature for 5 min for fragments <4 kb or at 50°C for 5 min for fragments 4- 

10 kb. Qiaex II silica-gel was collected at the bottom of the tube by centrifugation at 

15000 g for 30 sec and the supernatant, containing the eluted DNA, was carefully 

transferred to a clean tube.
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2.2.2.3. ETHANOL PRECIPITATION OF DNA

This protocol is used for the recovery and purification of DNA. To the DNA sample, 0.1 

volumes of 3 M sodium acetate and 2.5 volumes of 100% (v/v) ethanol were added. The 

sample was then incubated on ice for 15 min. The sample was centrifuged at 15000 g 

for 30 min at 4°C. The supernatant was removed and the pellet washed with 100 pi 70% 

(v/v) ethanol. This was centrifuged again at 15000 g for 1 min. The ethanol was 

removed and the DNA centrifuged again briefly. Any remaining ethanol was removed 

with a pipette and the pellet air-dried for approximately 10 min at room temperature. 

The pellet was then resuspended in 20 pi H2O or 10 mM Tris-HCl, pH 8.5.

2.2.2.4. RESTRICTION ENZYME DIGESTIONS

Small scale (10 pi) restriction enzyme digestions containing ~ 0.5 pg DNA were used to 

analyse DNA samples and large scale (50 pi) restriction enzyme digestions containing 

~2-5 pg DNA were used to prepare DNA for subsequent cloning. The reaction mixture 

contained 1 x enzyme buffer, 1-3 units of enzyme, the DNA sample to be digested and 

was made up to the final volume with sterile H2O. Digestion reactions were incubated 

for l -2ha t37°C.

2.2.2.5. DESIGN OF OLIGONUCLEOTIDE PRIMERS FOR POLYMERASE 

CHAIN REACTION (PCR)

Oligodeoxyribonucleotide primers (see Section 2.1.3 for list of primers used) were 

designed and purchased from Proligo for use in amplification of specific DNA 

sequences by PCR. The amplified products were used for molecular cloning as outlined 

in Figures 2.1 and 2.2. The following criteria were used as guidelines for primer design:

1. Each primer should contain approximately 18-24 annealing bases.

2. The GC content should be 40-60% with minimal internal repeats or 

complementary sequences to avoid internal primer binding.

3. Ideally, a 3' GC ‘clamp’ is included to improve binding specificity at the 3’ end.

4. Where restriction enzyme recognition sites were included in primer sequences, 

extra bases were added to aid enzyme cutting near the end of DNA sequences. 

The number of extra bases added to the primer were chosen following the 

enzyme manufacturer's recommendations.
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5. Where a pair of primers was used, the melting temperatures (Tm) should be 

within 10°C of each other as mismatched Tms lead to mis-priming at different 

annealing temperatures. In general, the annealing temperature is assumed to be 

5°C below the melting temperature.

Melting temperatures were calculated using the Wallace rule:

i.e. Melting Temperature = (4[G + C] + 2[A + T]) (Wallace et al., 1979),

[G + C] = of guanine + cytosine bases, [A + T] = of adenine + thymine bases.

An NCBI BLAST search was always carried out on each primer against the Genbank 

database to check for homology to other sequences.

2.2.2.6. POLYMERASE CHAIN REACTION AMPLIFICATION

PCR reactions were used to amplify specific DNA sequences from either Clontech rat 

brain cDNA, or previously constructed plasmids, for use in subsequent cloning. A PCR 

reaction mix was prepared containing 200-500 ng template DNA, 0.2 mM dNTPs (0.2 

mM each of adenine, thymine, guanine and cytosine deoxynucleotides in 10 mM Tris- 

HCl, pH 8.5), 0.2 pM forward primer, 0.2 pM reverse primer, 1 x Promega Pfu DNA 

polymerase buffer (20mM Tris-HCl, pH 8 .8 , lOmM KCl, lOmM (NH4)2S0 4 , 2mM 

MgS0 4 , 0.1% Triton® X-100 and 100 pg/ml nuclease-ffee BSA), 1.5 units Promega 

DNA polymerase enzyme and the volume made up to 100 pi with sterile H2O. Samples 

were mixed briefly in thin-walled 0.5 ml tubes and PCR was carried out in a Hybaid 

PCR Express thermal cycler.

Typical PCR program:

Step 1: 1 cycle of 94 °C* for 4 min.

Step 2: 30 cycles of 94°C for 30 sec.

50-55°C* for 30 sec.

72 °C^ for 2 min per 1 kb of DNA to be amplified.

Step 3: 1 cycle at 72°C for 7 min.

* Dénaturation step.

 ̂Annealing temperature is calculated as 5°C below the melting temperature (Section

2.2.2.5.). This value varied depending on the primer sequence.

 ̂DNA extension step.
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Once finished, the temperature was held at 4°C. The products were analysed by 

restriction enzyme digestion (Section 2.2.2A) and analysed by flat bed agarose gel 

electrophoresis (Section 2.2.2.1).

2.2.2.T. DNA PURIFICATION

The Qiagen PCR purification kit was used to remove enzymes and other impurities 

from DNA samples after reactions such as PCR (Section 2.2.2.6 ). In this protocol, 

filtration columns containing a silica-gel membrane binds DNA under high salt 

concentrations, but allows elution of DNA when salt conditions are reduced.

Buffer PB was added to the DNA reaction mix in a 5:1 ratio (e.g. 500 pi buffer to 100 

pi reaction mix). The sample was transferred to a Qiaquick spin column and centrifuged 

at 15000 g for 1 min. The flow-through was discarded. The DNA was washed by adding 

750 pi buffer PE and centrifuging as before. The sample was centrifuged again to 

ensure all residual buffer was removed. The Qiaquick spin column was inserted into a 

clean 1.5 ml centrifuge tube. DNA was eluted by adding 30-50 pi buffer EB and 

centrifuging as before.

2.2.2.S. LIGATION OF DNA SEQUENCES INTO CLONING VECTORS

Ligation reactions for insertion of a DNA fragment into a cloning vector were set up 

containing 1 x ligation buffer (66  mM Tris-HCl, pH 7.5, 5 mM MgClz, 1 mM 

dithiothreitol (DTT), 1 mM ATP), 1.5 units T4 DNA ligase and linearised vector and 

insert DNA in a ratio of approximately 1:1. Each reaction was incubated overnight 

either at 16°C or thermocycling between 10°C for 1 min and 30°C for 1 min (Lund et 

a l, 1996).

2.2.2.9. DEPHOSPHORYLATION OF 5’ VECTOR DNA ENDS

For plasmids linearised using a single restriction enzyme, dephosphorylation of 5' ends 

was necessary to prevent recircularisation of the vector during the subsequent ligation 

reaction. If a plasmid had been cut with two different enzymes 5' dephosphorylation 

was not necessary, but was still used to reduce background recircularisation. This 

background is due to incomplete digestion, leaving some plasmids cut by only one 

enzyme. Dephosphorylation was carried out in 1 x shrimp alkaline phosphatase (SAP) 

buffer (20 mM Tris-HCl, pH 8.0, 10 mM MgCb) with 1 unit of SAP enzyme. The
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mixture was made up to its final volume with H2O and incubated at 37°C for 1 h. SAP 

was heat-inactivated by incubation at 65°C for 15 min.

2.2.2.10. TA CLONING OF PCR PRODUCTS USING THE INVITROGEN 

TOPO pCR II VECTOR

Invitrogen TOPO® TA cloning is a method for the non-directional insertion of Taq 

polymerase-amplified PCR products into the pCR®II-TOPO plasmid vector. This 

strategy uses topoisomerase I instead of DNA ligase. When combined with the pCRII 

cloning vector, topoisomerase I binds and activates duplex DNA leading to a fast and 

efficient ligation. PCR products amplified by Pfu polymerase were first supplemented 

with 3’ A overhangs in order to facilitate TA cloning. A reaction mix was prepared 

containing 1 x Taq polymerase buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl and 1.5 

mM MgCl]), 0.2 mM dNTPs, 0.5 units Taq polymerase enzyme and made up to 30 pi 

with purified PCR product. The mixture was incubated at 72°C for 30 min then chilled 

on ice.

A second reaction mix, containing 4.5 pi PCR product (with 3' A overhangs), salt 

solution (200 mM NaCl and 10 mM MgCl]) and 0.5 pi TOPO® TA cloning vector, was 

prepared in a 0.5 ml microfuge tube and mixed briefly. The reaction was incubated at 

room temperature for 5 min and the resultant construct was subsequently transformed 

into competent bacterial cells (Section 2.2.1.4).

2.2.2.11. PCR SCREENING OF RECOMBINANT BACTERIAL COLONIES

Bacterial colonies resulting from transformation of competent DH5a cells (Section

2.2.1.4.) with plasmid DNA were screened by PCR amplification to verify 

recombinants. A PCR reaction mixture containing 1 x Taq polymerase buffer, 0.2 mM 

dNTP stock, 0.2 pM forward (vector) oligonucleotide primer stock, 0.2 pM reverse 

(insert) oligonucleotide primer stock, 1 unit Taq polymerase enzyme, made up to 15 pi 

with sterile H2O, was prepared for each recombinant bacterial colony to be tested. LB 

liquid medium containing an appropriate antibiotic was dispensed in 1 ml aliquots into 

1.5 ml tubes. Sterile 10 pi pipette tips were used to pick recombinant colonies from the 

overnight plate cultures. Each tip containing a colony was swirled in a 15 pi aliquot of 

PCR mix to act as DNA template. An appropriate PCR screening program (see Section

2.2.2.6 . for a typical PCR program) was used to amplify the recombinant vector
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construct DNA in these tubes. The remainder of the colony on the pipette tip was 

ejected into a tube of LB to inoculate the pre-culture. Liquid LB cultures were incubated 

at 37°C for 6-8 h with shaking.

After PCR amplification, each screening product was analysed by 1% agarose flat bed 

gel electrophoresis (Section 2.2.2.1) to identify true recombinants. Overnight cultures 

were prepared for each verified recombinant colony in 15 ml tubes, using 100 pi of the 

pre-culture in 5 ml LB inoculated with the appropriate antibiotic.

2.2.2.12. AUTOMATED SEQUENCING OF DNA

2.2.2.12.1. PCR for Sequencing Samples

Automated DNA sequencing was carried out on the Perkin Elmer ABI PRISM® 310 

Genetic Sequencer. Sequencing reactions were based on the dideoxy chain-termination 

method (Sanger et a l, 1977). Dideoxynucleoside triphosphate terminators tagged with 

fluorescent dyes were used for detection. PCR reactions for sequencing samples were 

prepared using the ABI PRISM® BigDye^^ terminator cycle sequencing ready reaction 

kit version 2.0. The BigDye"^^ terminator ready reaction mix contained premixed dye 

terminators, deoxynucleoside triphosphates, AmpliTaq DNA polymerase, FS, xTth 

pyrophosphatase and MgClz. PCR samples contained 0.5-1 pg DNA, 3.3 pmol forward 

(vector) primer, 2 pi BigDye^^ terminator ready reaction mix, 2 pi 5 x sequencing 

buffer (400 mM Tris-HCl, pH 9.0 and 10 mM MgCl]) and made up to 10 pi with H2O. 

Sequences were amplified by PCR which added fluorescent labels to the ends of each 

sequence. Once amplified, ethanol precipitation was used to purify the DNA (Section 

2.2.2.3) and each DNA pellet was resuspended in 20 pi template suppression solution.

2.2.2.12.2. Preparation of the ABI PRISM® 310 Genetic Sequencer

The sequencing block, buffer vials and polymer syringe of the Perkin Elmer ABI 

PRISM® 310 Genetic Sequencer were cleaned with warm sterile H2O and dried 

thoroughly prior to sequencing. These were reassembled in the machine along with a 

sequencing capillary. The syringe was filled with performance optimised polymer 

(P0P6) and attached to the block. The block was very slowly filled with polymer, 

opening each valve in turn, ensuring no air bubbles remained in the system. The 

capillary was filled with polymer using the Sequence Fill Capillary software function. 

Sample names were added to a Sample Sheet and used to prepare an Injection List for
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the sequencing run. DNA samples in template suppression solution were heated to 95°C 

for 2 min, centrifuged briefly and added to the sample tray. The results were analysed 

using the ABI PRISM® 310 sequencing analysis program and visualised using the 

Chromas or vector NTI program.

2.2.2.13. DNA ANALYSIS PROGRAMS

The cDNA sequences for rat GABAa receptor subunits were found using the NCBI 

Genbank database (http://www.ncbi.nlm.nih.gov/). Sequences of positive clones, 

obtained from yeast two-hybrid library screening, were identified by performing a 

BLAST search of this database. Architectural domains of sequences were determined 

using the online Simple Modular Architecture Research Tools (S.M.A.R.T.) application 

from embl-heidelberg fhttn://smart.embl-heidelbers.de/) and previously published data.

2.2.3. YEAST PROTOCOLS
2.2.3.I. MAINTENANCE OF YEAST CELLS

GAL4 Yeast Strain

AH 109 yeast cells were streaked onto yeast extract peptone dextrose with adenine 

(YPAD) agar (2% (w/v) peptone; 1% (w/v) yeast extract; 2% (w/v) glucose; 0.003% 

(w/v) adenine hemisulphate; 2% (w/v) agar; pH 5.8) and incubated at 30°C for 2-4 

days. Once cells appeared, agar plates were stored at 4®C. Liquid cultures were 

inoculated by a single colony from the plate culture and incubated overnight at 30°C 

with shaking. Cells were stored in 15% (v/v) glycerol at -80°C.

Modified Lex A Yeast Strain 

Carried out as for GAL4, except:

1. The yeast strain, L40, was used.

CytoTrap® Yeast Strain 

Carried out as for GAL4, except:

1. The yeast strain, cdc25Ha, was used.

2. Incubation steps carried out at 30°C for the GAL4 system were carried out at 22- 

25°C for the CytoTrap® system.
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2.2.3.2. PREPARATION OF COMPETENT YEAST CELLS

2.2.3.2.I. Method 1; Standard High Efficiency Yeast Transformation 

The GAL4 System

This was carried out following the standard high efficiency yeast transformation 

protocol of Agatep et al. (1998). AH109 yeast cultures were grown in medium 

containing lithium acetate, single-stranded (ss) DNA and polyethylene glycol, to 

produce high efficiency competent cells. A 5 ml liquid culture of YPAD in a loose-lid 

15 ml tube was inoculated with a single yeast colony from an agar plate culture and 

mixed thoroughly to resuspend the cells ensuring no clumps remained. The culture was 

incubated overnight at 30°C with shaking. The ODx = 6oo nm was determined and the 

volume of culture containing 2.5x10^ cells was used to inoculate a 50 ml YPAD culture 

in a 250 ml flask to give a starting titre of 5x10^ cells/ml. This culture was incubated at 

30°C with shaking for 3-4 h. The ODx = 600 nm was taken at intervals after 2-3 h until it 

reached >2. The cells were harvested by centrifugation in a 50 ml tube at 2500 g for 5 

min. The supernatant was decanted and the pellet resuspended in 20 ml H2O to wash the 

cells. This suspension was centrifuged again to pellet the cells and the supernatant 

removed. The pellet was resuspended in 900 pi H2O and transferred to a 1.5 ml tube. 

The cells were harvested by centrifugation at 15000 g for 1 min, the supernatant 

removed and the cells resuspended in 700 pi IM lithium acetate. The cell suspension 

was incubated at 30°C for 10 min. Aliquots of 50 pi IM lithium acetate cell suspension 

were dispensed into 0.5 ml tubes. Cells were harvested by centrifugation at 5600 g for 1 

min and the supernatant removed. The samples were then ready to proceed to the 

transformation reaction.

The Modified Lex A System

Carried out as for the GAL4 system, except:

1. The yeast strain, L40, was used.

The CytoTrap® System

Carried out as for the GAL4 system, except:

1. The yeast strain, cdc25Ha, was used.

2. Any incubations carried out at 30°C for the GAL4 system were carried out at 

22-25 °C for the CytoTrap® system.

3. The overnight culture was prepared in 20 ml.

4. The ODx = 600 nm of the overnight culture was ~1.
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5. The starting OD^ = 600 nm for the second culture was 0.2.

6. The second culture was grown until the ODx = 600 nm reached 0.7.

7.

2.2.3.2.2. Method 2: High Efficiency Transformation of Intact Yeast Cells Using 

Single Stranded Nucleic Acids as a Carrier 

The GAL4 System

For some assays an alternative method for the preparation of competent cells was used 

to produce a higher transformation efficiency. This was carried out following the yeast 

transformation protocol of Schiestl and Gietz (1989). For this method, a 5 ml liquid 

YPAD culture in a loose-lid 15 ml tube was inoculated with a single AH 109 yeast 

colony fi-om an agar plate culture and was mixed thoroughly to resuspend the cells 

ensuring no clumps remained. The culture was incubated overnight at 30°C with 

shaking. The OD^ = 600 nm was determined and a second culture of 50 ml was inoculated 

with the first to a starting ODx = 600 nm of 0.15. This culture was incubated at 30°C with 

shaking until the ODx = 600 nm reached 0.4. The cells were harvested by centrifugation at 

2500 g for 5 min and the supernatant removed. The pellet was resuspended in 25 ml 

H2O and centrifuged again as before. The H2O was decanted and the pellet resuspended 

in 10 ml LiSorb solution (100 mM lithium acetate; 10 mM Tris, pH 8.0; 1 mM EDTA, 

pH 8.0; 1 M sorbitol). The cells were centrifuged again and the pellet resuspended in 

300 ml LiSorb solution. To this suspension, 30 pi of 2 mg/ml pre-boiled single stranded 

salmon sperm DNA were added. The cells were dispensed into 0.5 ml tubes in 25 pi 

aliquots and were used immediately or stored at -80°C.

The Modified Lex A System

Carried out as for the GAL4 system, except:

1. The yeast strain, L40, was used.

The CytoTrap® System

Carried out as for the GAL4 system, except:

1. The yeast strain, cdc25Ha, was used.

2. Incubations carried out at 30°C for the GAL4 system were carried out at 22- 

25 °C for the CytoTrap® system.

3. The ODx= 600 nm of the overnight culture was ~1.

4. The starting ODx=600 nm of the second culture was 0.2.

5. The second culture was grown until the ODx = 600 nm reached <0.7.
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2.2.3.3. TRANSFORMATION OF COMPETENT YEAST CELLS

2.2.3.3.I. Method 1: Standard High Efficiency Yeast Transformation 

The GAL4 System

This was carried out following the standard high efficiency yeast transformation 

protocol of Agatep et al. (1998). The transformation mix contained 120 pi 50% (w/v) 

PEG, 18 pi IM lithium acetate, 25 pi 2 mg/ml salmon sperm DNA in TE (10 mM Tris- 

HCl; 1 mM Na2 EDTA, pH 8.0) and 16 pi sterile H2O per transformation. This was 

mixed thoroughly and added to the competent AH109 cell pellets along with 0.2-0.5 pg 

of each appropriate plasmid vector. Each transformation was mixed again and incubated 

at 30°C for 30 min, then heat-shocked by incubation at 42 °C for 30 min. The tubes 

were centrifuged at 5600 g for 1 min to pellet the cells and the transformation mix was 

removed. Each pellet was resuspended in 0.5 ml H2O and 100 pi of the suspension 

plated out onto each appropriate type of dropout medium (plates lacking leucine and 

tryptophan [-leu/-trp] showed successful transformation and those lacking leucine, 

tryptophan, histidine and adenine [-leu/-trp/-his/-ade] showed a protein-protein 

interaction). The plates were incubated at 30 °C for 4 days - 2 weeks for colonies to 

grow.

The Modified Lex A System

Carried out as for the GAL4 system, except:

1. The yeast strain, L40, was used.

2. Plates lacking only leucine, tryptophan and histidine (-leu/-trp/-his) were used to 

test for protein-protein interactions.

The CytoTrap® System

Carried out as for the GAL4 system, except:

1. The yeast strain, cdc25Ha, was used.

2. Incubations carried out at 30°C for the GAL4 system were carried out at 22- 

25 °C for the CytoTrap® system.

3. Transformed cells were plated out only onto plates lacking leucine and uracil (- 

U/-L) at this stage.

4. Once colony growth was seen on plates lacking leucine and uracil they could be 

tested for protein-protein interactions. To do this, 3 x colonies were picked for 

each transformation and patched onto 2 x -U/-L plates containing glucose-based 

media and 2 x -U/-L plates containing galactose-based media. This was done by
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resuspending each colony in 25 pi H2O and dropping 2.5 pi of the suspension 

onto each plate. One of each type of plate was placed at 22-25°C and the two 

remaining plates placed at 37°C. Colony growth on -U/-L plates showed an 

interaction.

2.2.3.3.2. Method 2: High Efficiency Transformation of Intact Yeast Cells Using 

Single Stranded Nucleic Acids as a Carrier 

The GAL4 System

This was carried out following the yeast transformation protocol of Schiestl and Gietz 

(1989).To each tube of competent AH 109 yeast cells was added 5 pi pre-boiled 2 mg/ml 

salmon sperm DNA, 100 pi LiPEG (100 mM lithium acetate; 10 mM Tris, pH 8.0, 1 

mM EDTA, pH 8.0, 40% (w/v) PEG [mwt 3350]) solution and 200-400 ng of each 

plasmid construct. Samples were vortex mixed and incubated at room temperature for 

20 min. Next, dimethyl sulphoxide (DMSO) (12 pi) was added and each sample was 

heat-shocked at 42°C for 10 min. Transformations were centrifuged at 5600 g for 1 min 

to collect the cells and the transformation mix was removed. Each pellet was 

resuspended in 200 pi H2O and 100 pi of transformation mix plated onto each 

appropriate dropout selection media. All plates were incubated at 30°C for 4 days - 2 

weeks for colonies to appear.

The Modified Lex A System

Changes are as above for modified Lex A system, method 1.

The CytoTrap® System

Changes are as above for CytoTrap® system, method 1.

2.2.3.4. LIBRARY-SCALE SEQUENTIAL TRANSFORMATION OF YEAST 

USING THE GAL4 SYSTEM

Library screening of a rat brain cDNA library in the pGADlO fish vector was carried 

out according to the 30 x scaled up sequential transformation of Agatep et al. (1998).

A bait plasmid containing the target protein fusion construct was initially transformed 

into the yeast strain, AH 109, using the 1 x transformation protocol described in Section

2.2.3.3.I. The single transformant was selected for using -Trp dropout media. A single 

colony was picked from the selective plate and used to inoculate a 50 ml selective -Trp 

dropout culture. This was incubated overnight at 30®C with shaking. The ODx = 600nm of
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the overnight culture was determined and the volume of culture containing 7.5 x 10 

cells calculated. The cells from this volume of culture were harvested by centrifugation 

at 3000 g for 5 min. The cell pellet was resuspended in 150 ml YPAD to give a starting 

cell titre of 5 x 10  ̂cells/ml. This culture was incubated at 30°C with shaking until the 

cells had gone through 2 divisions; this corresponded to an ODx = 600 nm of 2.0. The cells 

were harvested by centrifugation as above. The supernatant was removed and the cells 

resuspended in H2O. The centrifugation was repeated and the supernatant removed. The 

pellet was resuspended in 3 ml 100 mM lithium acetate and incubated in a water bath at 

30°C for 15 min. The cells were harvested by centrifugation once more and the lithium 

acetate discarded. The pellet was resuspended by addition of the transformation mix. 

The transformation mix contained 7.20 ml 50% (w/v) PEG, 1.08 ml 1.0 M lithium 

acetate, 1.50 ml 2 mg/ml ssDNA, X* ml plasmid DNA and 1.02 - X ml H2O. The 

resuspended cells were incubated at 30°C for 30 min rotating gently several times to 

keep the contents thoroughly mixed and to maintain even heat distribution. The cells 

were heat-shocked by incubation at 42°C for 45 min mixing the contents at intervals. 

The transformants were harvested by centrifugation at 3000 g for 5 min and the 

transformation mix removed. The pellet was resuspended in 20 ml H2O and plated onto 

50 X -Trp/-Leu/-His/-Ade 150 mm selective plates in 400 pi aliquots. All plates were 

incubated at 30°C for 4-7 days until colonies grew. Potential positive interactors were 

verified as described in Figure 2.3.

* The value of X depends on the amount of library DNA to be screened.

2.2.3.5. THE p-GALACTOSIDASE FILTER LIFT ASSAY

The P-galactosidase assay is a colorimetric assay used to verify positive yeast colonies,

i.e. putative protein-protein interactions, from GAL4 or mLexA assays by detecting the 

presence of p-galactosidase reporter gene activity, induced by GAL4 activation. In this 

assay, 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-GAL) is converted by P- 

galactosidase to indolyl-blue (dichloro-dibromo-indigo) and galactose, causing the 

formation of a blue, water insoluble precipitate.

Filter papers (#5 Whatman) were cut to fit a petri dish. One was soaked in Z buffer (60 

mM Na2HP0 4 , 40 mM NaH2P0 4 , 10 mM KCl, 1 mM MgS0 4 , pH 7.0) with 0.27 ml P- 

mercaptoethanol and 1.67 ml X-GAL (20 mg/ml stock solution) per 100 ml, while the 

other was placed over the plate of colonies to be tested. Once the filter paper was
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completely wetted, it was removed from the plate and dipped in liquid nitrogen for at 

least 10 sec. Once frozen, the filter paper was thawed at room temperature and placed 

colony-side-up onto the filter pre-soaked in Z buffer. The filters were incubated at 30°C 

until the colonies turned blue (30 min-8 h).

2.2.3.6. THE a-GALACTOSIDASE OVERLAY ASSAY

The a-galactosidase assay is used to test for a-galactosidase activity in recombinant 2-4 

day old colonies from GAL4 or mLexA assays, which is induced by GAL4 activation.

A Z-buffer/agarose solution was prepared (10 ml Z-buffer with 0.2% (w/v) agarose and 

25 fil 5-bromo-4-chloro-3-indolyl-a-D-galactopyranoside (X-a-GAL) stock solution per 

30 ml plate) and heated in the microwave to dissolve. The solution was then cooled 

slightly, poured over the yeast test plate and allowed to set. Once solid, the gel was 

incubated at 30°C until the colonies turned blue (30 min-8 h).

2.2.3.7. ISOLATION OF PLASMID DNA FROM YEAST

Plasmid DNA was isolated from yeast cells as described in the Clontech Yeast 

Protocols Handbook. A patch of cells was scraped from a selective agar plate and 

resuspended in 50 pi H2O in a 1.5 ml microfuge tube. A 10 pi aliquot of 5 U/pl lyticase 

solution was added to each sample and mixed thoroughly. Tubes were incubated at 

37°C with shaking for 1 h. A 10 pi aliquot of 20% (w/v) SDS was added to each tube 

and mixed thoroughly for 1 min. Samples were frozen at -20 °C for 1 h, then thawed at 

room temperature to ensure complete lysis of the cells. The tubes were mixed 

vigorously and the sample volume was adjusted to 200 pi with TE buffer (200 mM Tris, 

20 mM EDTA, pH 7.0). A 200 pi aliquot of phenol:chloroform:isoamyl alcohol 

(25:24:1) was added to each tube and the tube mixed vigorously for 5 min. All samples 

were centrifuged at 15000 g for 10 min. The upper (aqueous) phase was transferred to a 

new 1.5 ml tube. DNA was precipitated by addition of 8 pi 10 M ammonium acetate 

and 500 pi 100% ethanol. Tubes were incubated at -80°C for 1 h. Precipitated DNA 

was harvested by centrifugation at 15000 g for 10 min. The supernatant was removed 

and the tubes centrifuged for a further 1 min. Residual supernatant was removed and the 

pellets left to air-dry for 10 min. Each pellet was resuspended in 20 pi 10 mM Tris-HCl, 

pH 8.5 and stored at -20°C until needed.
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2.2.3.S. PREPARATION OF YEAST CULTURES FOR PROTEIN 

EXTRACTION

Yeast protein extracts were prepared as described in the Stratagene CytoTrap® Vector 

Kit instruction manual. For each transformed yeast strain to be assayed a 5 ml culture 

was prepared, using a single colony dispersed in SD medium. A 10 ml culture of 

untransformed yeast in YPAD was also prepared for use as a negative control. Each 

culture was incubated at 30°C with shaking at 220-250 rpm until the GDĵ  = 600 nm 

reached > 1.0. Each culture was centrifuged at 1000 g for 5 min at room temperature to 

pellet the cells and the supernatant was removed. Protein extracts were prepared for 

each cell pellet using the following method.

2.2.3.9. PREPARATION OF PROTEIN EXTRACTS FROM YEAST USING A 

UREA-/SDS METHOD

For each protein extraction a yeast cell pellet, prepared as described in Section 2.2.3.8, 

was resuspended in 1 ml pre-chilled H2O. To each cell suspension, 150 pi freshly 

prepared NaOH/ P-mercaptoethanol (p-ME) buffer (1.85 M NaOH, 7.5% (v/v) p-ME) 

were added. Samples were vortex mixed for 30 s and incubated on ice for 15 min. 

Samples were vortex mixed again for 30 s and 150 pi 55% trichloroacetic acid (TCA) 

were added to each. Cells were vortex mixed as before and incubated on ice for 10 min. 

Protein extracts were harvested by centrifugation at 12 000 g for 10 min at 4°C. The 

supernatant was removed and each sample was centrifuged again to remove any residual 

supernatant. Each pellet was resuspended in 300 pi SU buffer (5% (w/v) SDS, 8 M 

Urea, 125 mM Tris-HCl, pH6.8, 0.1 mM EDTA, 0.005% (w/v) bromophenol blue) with 

15 mg/ml dithiothreitol (DTT) added immediately prior to resuspension of the pellet. 

Tris-base (pH8.0) was used to neutralise the samples if the SU buffer turned yellow on 

resuspeding the pellet. All samples were heated to 65 “C for 3 min and dispensed into 

100 pi aliquots and stored at -80°C until needed.

2.2.3.10. YEAST TWO-HYBRID LIBRARY SCREENING
Yeast two-hybrid screening of a rat brain cDNA library was carried out in order to 

identify proteins interacting with GABAa receptor subunits. All screens were carried 

out in the GAL4 system, using the DNA-BD vector, pGBKTT, and the AD vector, 

pGADlO.
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2.2.3.10.1. Construction of the Bait Plasmid

A fusion protein was constructed, comprising the DNA binding domain (BD) of the 

GAL4 transcription factor fused to the protein fragment to be screened. To do this, 

cDNA encoding the protein of interest was inserted into the multiple cloning site of the 

GAL4 yeast two-hybrid bait plasmid, pGBKT7, ensuring that it was in frame with the 

GAL4 BD. Figures 2.1 and 2.2 summarise the stages in molecular cloning.

2.2.3.10.2. Transformation of Yeast with the Bait Plasmid

In order to maximise the efficiency of library screening, a sequential transformation was 

used. The DNA-BD plasmid was first introduced into yeast by a single small-scale 

transformation (described in Sections 2.2.3.2 and 2.2.3.3) and selected on media lacking 

tryptophan (-W). The resulting yeast strain, containing the DNA-BD construct, was then 

amplified in a selective, -W, liquid culture and transformed with library cDNA in a 

subsequent reaction. This method was chosen to ensure that the amount of DNA-BD 

plasmid would not limit the potential number of interactions with library clones.

2.2.3.10.3. Small-Scale Library Screen

A small-scale test screen was carried out to determine the transformation efficiency of 

the library. Yeast, pre-transformed with DNA-BD plasmid, were transformed in a small- 

scale reaction with 1 pg of rat brain library cDNA and spread onto a large (140 mm 

diameter) plate containing media selective for both plasmids. The number of resulting 

colonies were counted and used to determine the amount of library DNA necessary for 

adequate coverage in a large-scale screen. As the library had a complexity of >10^ 

independent clones, at least this number needed to be screened for adequate coverage.

2.2.3.10.4. Large-Scale Library Screen

To screen the library, a 30 x scaled up transformation was carried out on yeast pre

transformed with DNA-BD plasmid DNA as described in Section 2.2.3.4. 

Transformants from the large-scale library screen were selected for on growth media 

lacking tryptophan, leucine, histidine and adenine (-4 dropout media).
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2.2.3.11. ANALYSIS OF PUTATIVE POSITIVE CLONES

2.2.3.11.1. Reporter Gene Activity

One week after the large-scale library screen a sterile loop was used to pick colonies 

from selective plates and re-streak them onto fresh media. It was possible that excess 

library clones (not interacting with the DNA-BD construct) could have become 

incorporated into a particular cell. These extra clones tend to be lost over time under 

selective conditions. Therefore, to ensure that only the plasmid causing reporter gene 

activity remained, cells were re-plated onto -4 dropout media every week during 

analysis. Selective liquid media was used to grow up colonies for use in preparation of 

glycerol stocks (Section 2.2.3.1). Yeast colonies containing putative positive interactors 

were assayed for P-galactosidase activity, as described in Section 2.2.3.5.

2.2.3.11.2. DNA analysis of positive clones
Plasmid DNA was extracted from yeast cells as described in Section 2.2.3.7 for clones 

which were found to be positive for P-galactosidase activity. Only very small amounts 

of DNA could be obtained using this method, therefore DH5a bacterial cells were 

transformed with plasmid DNA extracts by electroporation (see Sections 2.2.1.3 and 

2.2.1.5) and amplified to increase the number of plasmids. Plasmid DNA was purified 

from bacteria as described in Section 2.2.1.6.

DNA encoding each positive clone was excised from its AD vector by restriction 

enzyme digestion (Section 2.2.2.4). Digestion products were electrophoresed on a 1% 

agarose gel and their size determined. DNA sequencing was also carried out for each 

construct. A BLAST search was performed against the NCBI GenBank database for 

each sequence in order to identify clones and subsequently to determine whether each 

clone was in frame with the GAL4 AD.

2.2.3.11.3. Yeast Analysis of Positive Clones
Interactions of clones which were positive for P-galactosidase activity and which were 

found to be in frame with the GAL4 AD were verified by co-transformation of yeast in 

small-scale reactions with the original DNA-BD construct. If the clones grew on 

selective media on re-transformation, they were then co-transformed with DNA-BD 

constructs containing other GABAa receptor sequences (see Chapter 4, Figure 4.3) to 

check for the specificity of interaction with the original DNA-BD.
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2.2.4. PROTEIN METHODS
2.2.4.1. WESTERN BLOTTING

2.2.4.1.1. Preparation of Sodium Dodecyl Sulphate (SDS)-Polyacrylamide Gels

Sodium dodecyl sulphate (SDS) polyacrylamide gels were used for the electrophoresis 

of protein samples. Clean glass gel casting plates were assembled in a gel casting 

apparatus ensuring a water tight seal. The plates were separated using 0.75 mm plastic 

spacers. A 10% acrylamide separating gel solution was prepared (375 mM Tris, 2 mM 

EDTA, pH 8.8, 10% acrylamide:bisacrylamide [37:1], 0.1% (w/v) SDS and 0.2% (v/v) 

TEMED). The solution was degassed for 20 min in a vacuum. Once degassed, 165 pi 

10% (v/v) ammonium persulphate solution (APS) were added and the mixture poured 

immediately between the gel casting plates (approximately 7 ml per gel), leaving 

enough space between the top of the gel and the top of the glass plates to fit the length 

of the well comb teeth. The gel was overlaid with butanol (60 pi per gel) and left to 

polymerise for 30 min. Once the gel had polymerised, the butanol was removed and the 

top of the separating gel was rinsed with water. Next, a stacking gel solution was 

prepared (125 mM Tris, 2 mM EDTA, pH 6.8, 0.1% (w/v) SDS, 6% (v/v) 

acrylamideibisacrylamide [37:1], 0.125% (v/v) TEMED) and degassed for 20 min. 

Once the stacking gel solution was degassed, 0.2% APS was added and 1 ml of the 

solution was immediately overlaid onto the separating gel. A well comb was inserted 

and the stacking gel was left to polymerise for 30 min. Once the polymerisation was 

complete, the well comb was removed and the gel was ready for use in SDS- 

polyacrylamide gel electrophoresis (SDS-PAGE).

2.2.4.1.2. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS- 

PAGE)

Protein extracts from yeast prepared as described in Section 2.2.3.9 were analysed by 

SDS-PAGE under reducing conditions prior to western blotting. Each gel was placed 

into a gel cassette and assembled in a gel tank. 1 x electrode buffer (50 mM Tris, 384 

mM glycine, 3.6 mM EDTA, pH 8.8, SDS 1.8% (w/v)) was prepared and poured into 

the gel tank to cover the bottom of the gel and the reservoir between the gels. The well 

combs were removed from the gels and each well was rinsed with electrode buffer using 

a pipette. Samples were boiled at 80°C for 5 min. A Hamilton microlitre syringe was 

used to load 15 pi of sample to the base of each well, adding buffer alone to any unused
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well. Electrophoresis was carried out at maximum voltage and 20 mAmp constant 

current for approximately 3 h, until the dye front reached the bottom of the gel.

2.2.4.1.3. Electrophoretic Transfer of Proteins From Polyacrylamide Gels to 

Nitrocellulose Membranes

Once protein samples had been separated on by SDS-PAGE, they were transferred to a 

nitrocellulose membrane. Four pieces of blotting paper slightly larger than the gel and 

one piece of nitrocellulose membrane about the same size as the gel were cut out per gel 

and each soaked in 1 x transfer buffer (12.5 mM Tris; 96 mM glycine; 20% (v/v) 

methanol). The SDS-PAGE apparatus was disassembled and the gel retrieved. A 

transfer cassette was assembled by placing a pre-soaked sponge onto one side of the 

cassette, followed by two pieces of pre-soaked blotting paper. The polyacrylamide gel 

was placed on top of this and the nitrocellulose membrane, pre-soaked in transfer 

buffer, arranged to cover it, being careful to exclude air bubbles. Two more pieces of 

blotting paper were added over the blot and covered by a second piece of sponge. The 

cassette was closed and placed in a Hoefer electro-transfer tank, containing 800 ml 1 x 

transfer buffer, with the nitrocellulose side of the assembly facing the positive electrode. 

Proteins were transferred from the gel to the nitrocellulose by applying a constant 

voltage of 50 V for 2.5 h or 14 V overnight.

2.2.4.1.4. Antibody Detection of Proteins

The transfer apparatus was disassembled and the nitrocellulose membrane was placed in 

phosphate buffered saline (PBS) (136.9 mM NaCl, 2.68 mM KCl, 10 mM Na2HP0 4 , 

1.76 mM KH 2PO4 , pH 7.4) containing 5% (w/v) Marvel milk powder and 100 pi 

Tween®-20 per 100 ml to block non-specific sites on the nitrocellulose membrane. This 

was incubated at room temperature with gentle shaking for 1 h. The blot was incubated 

in a primary antibody solution at an appropriate dilution in PBS containing 2.5% (w/v) 

Marvel milk powder. The antibody solution was removed and the blot washed for 4 x 10 

min each in PBS containing 2.5% Marvel milk powder and 0.1% (v/v) Tween®-20. The 

relevant horseradish peroxidase (HRP) conjugated secondary antibody was diluted to an 

appropriate concentration in PBS containing 2.5% Marvel milk powder. This was added 

to the blot and incubated for 1 h shaking gently at room temperature. As the secondary 

antibody was added, 10 ml 1.25 mM luminol and 100 pi p-coumaric acid were thawed
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in the dark at room temperature. The secondary antibody solution was removed and the 

blot washed for 3 x 20 min in PBS containing 0.1% (v/v) Tween®-20. The 10 ml thawed 

luminol, 100 pi p-coumaric acid and 5 pi H2O2 were added to a tray and mixed. The 

blot was immediately incubated in this solution for 1 min. After 1 min, excess luminol 

was removed from the blot which was then placed between two sheets of plastic along 

with a strip of tracker tape to show the positions of molecular weight standards. The blot 

was developed and analysed on the Syngene GeneGnome chemiluminescence bio

imaging system.



FIGURE 2.1. SUMMARY OF THE STAGES IN DIRECT MOLECULAR

CLONING

Step 1 : Polymerase Cham Reaction. Section 2.2.2.6.

i
Step 2: Digest vector and insert. Section 2.2.2.4.

i
Step 3: Dephosphorylate vector 5’ ends. Section 2.2.2.9.

i
Step 4: Ligate vector and 

insert. Section 2.2.2.8.

i
Step 5: Transform into 

competent bacteria. 
Section 2.2.1.4

i
Step 6: PCR screening of recombinant 

colonies. Section 2.2.2.11.

i

CStep 7: Recover 
DNA from bacteria. 
Section 2.2.1.6.

Step 8: Diagnostic digests and DNA 
sequencing. Sections 2.2.2.4 and 2.2.2.12.
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FIGURE 2.2. SUMMARY OF THE STAGES IN INDIRECT MOLECULAR

CLONING

Step 1 : Polymerase Chain Reaction.

i
Step 2: Add 3'A overhangs and ligate 

PCR product into TOPO cloning 
vector. Section 2.2.2.10.

I
Step 3: Transform into 

competent bacteria 
Section 2.2.1.4.

1
Step 4: PCR screening of recombinant 

colonies. Section 2.2.2.11.

i
Step 5: Recover DNA 
from bacteria. Section 

2.2.I.6.

i
Step 6: Digest TOPO construct and new cloning 

vector. Section 2.2.2.4.

i
The rest of the cloning procedure then continues as 

for direct cloning from step 2, Figure 2.1.

90



FIGURE 2.3. SUMMARY OF THE STAGES IN YEAST TWO-HYBRID 

LIBRARY SCREENING AND VERIFICATION OF PUTATIVE 

INTERACTING cDNA CLONES

Transform DNA-BD 
plasmid. Section

2.2.3.3.

Select on -W

1

Cransform rat brain cDNA library 
into yeast containing DNA-BD 

plasmid. Section 2.2.3.4.

Select on -W/-L/-H/-Ade

i
Re-plate putative interactors on -W/-L/-H/-Ade

p-Galactosidase 
assay. Section 

2.2.3.5.

a-Galactosidase 
assay. Section 

2.2.3.Ô.

I
Isolate plasmid DNA section

i
Digest to determine 
clone size. Section 

2.2.2.4.

Sequence clones for 
identification. 

Section 2.2.2.13.

Co-transform with 
DNA-BD plasmid to 
confirm interaction. 

Section 2.2.3.3.
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3.1. INTRODUCTION TO THE YEAST TWO-HYBRID SYSTEM
3.1.1. DETECTING PROTEIN-PROTEIN INTERACTIONS

Formation of protein complexes, regulation of protein activity and transmission of 

information through cellular signalling pathways are all dependent on protein-protein 

interactions. Identifying which proteins will interact and characterising how they 

interact is important for understanding how cell structure and function is maintained and 

how communication within and between cells is achieved. There are many biochemical 

and molecular techniques available for the study of these interactions.

Classical in vitro biochemical techniques include chemical cross-linking, in which 

protein interactions are studied by inducing covalent linkages between proteins, using 

chemicals chosen for their specific reactivity with certain functional side groups, under 

a particular set of conditions i.e. pH, temperature, chemical concentrations (reviewed by 

Golemis, 2002). Another example is affinity chromatography, in which a protein of 

interest is attached to a solid support matrix either directly or via a fusion protein linker, 

commonly glutathione-S-transferase (GST), and used to isolate associating proteins 

from a protein extract. The associated proteins are then harvested from the complex by 

elution with a competing ligand, a change in pH or by the addition of sodium dodecyl 

sulphate (SDS). The associated protein products obtained using either of these 

techniques may then be visualised by staining with Coomassie Brilliant Blue after SDS- 

polyacrylamide gel electrophoresis (SDS-PAGE). Interactions detected by these 

methods generally need to be substantiated using a second technique such as co- 

immunoprecipitation, to confirm that the interaction is likely to occur under 

physiological conditions. Co-immunoprecipitation is based on the premise that many 

protein associations formed in vivo are conserved after cell lysis under non-denaturing 

conditions. To determine whether two known proteins interact, the first protein of 

interest is precipitated by a specific antibody. A second protein, stably associated with 

the first, may be co-precipitated in this complex and detected by western blotting with a 

specific antibody against the second protein. A potential drawback of co- 

immunoprecipitation is that some interactions may not be stable enough to withstand the 

extraction process. Therefore weak or transient interactions may remain undetected. 

Another drawback of co-immunoprecipitation is the need for further analytical 

techniques, e.g. mass spectroscopy, for the identification of novel interactors. For mass 

spectroscopy, proteins are ionised by electrospray ionisation (ESI) or matrix assisted
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laser desorption ionisation (MALDI). The mass/charge (m/z) ratio of the resulting ions 

is analysed and screened against a protein database to identify the protein, (reviewed by 

Yates III, 2000). The development of tandem mass spectroscopy (MS/MS) negates the 

need for protein separation by SDS-PAGE as particular proteins may be identified 

directly from samples of a protein complex (McCormack et al., 1997).

Fluorescence resonance energy transfer (FRET) (Heim and Tsien, 1996; Mitra et al., 

1996) and, more recently, green fluorescent protein proximity imaging (GFP-PRIM) 

(De Angelis et al., 1998), have been used to study associated proteins in vivo. FRET 

allows the detection of protein-protein interactions by light emission from one 

(acceptor) fluorophore upon excitation by another (donor) fluorophore (e.g. a GFP 

mutant producing, blue, yellow or cyan light emission) when the two fluorophores are 

brought within close enough proximity for energy transfer to occur. This technique is 

useful for detection of heterotypic protein interactions, but is insensitive for detecting 

homotypic interactions as two proteins carrying the same fluorophore will not cause 

FRET. GFP-PRIM was developed specifically for the detection of homotypic 

interactions, using a GFP mutant, thermotolerant GFP (ttGFP) which fluoresces at two 

spectral wavelengths. The ratio of light emission at these peaks is the same for a 

monomeric protein at constant temperature, but differs for the same protein in a homo- 

oligomeric state. The ratio between these spectral peaks can therefore be used to 

measure the extent of homotypic association for a particular tagged protein.

Another important in vivo technique is the yeast two-hybrid assay. This technique has 

been used extensively in this thesis and is discussed in detail below.

3.1.2. THE YEAST TWO-HYBRID SYSTEM AS A METHOD FOR 

DETECTING PROTEIN INTERACTIONS

The yeast two-hybrid system is a sensitive genetic technique for detecting protein- 

protein interactions in vivo (Fields and Song, 1989). The sensitivity of this assay enables 

the detection of weak or transient protein-protein interactions that may not be 

recognised by classical biochemical methods, such as co-immunoprecipitation (see 

Section 3.1.1). The yeast two-hybrid assay can be used to confirm an interaction 

between two known proteins, to characterise these interactions i.e. by determination of 

specific interaction domains, and for the detection of novel interactions of a known 

protein by screening of a yeast two-hybrid cDNA library. The simple library screening 

procedure is a high throughput technique which, once established, can be easily used to
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screen large numbers of proteins and requires only small amounts of cDNA of full- 

length or even partial gene sequences, as opposed to the large amounts of purified 

protein required for some classical biochemical techniques (Criekinge and Beyaert,

1999). There are many cDNA libraries currently available for screening, obtained from 

various species and tissue types. This enables specific screening for interacting proteins 

that are expressed in the native tissue of a test protein, thus reducing the likelihood of 

identifying interactions that would not normally occur in vivo i.e. interactions between 

two proteins that are not expressed in the same tissues. Additionally, the assay is 

performed in vivo which may mean that test proteins are more likely to be found in their 

native conformation.

3.1.3. THE BASIS OF THE GAL4 YEAST TWO-HYBRID SYSTEM

The original, GAL4, yeast two-hybrid assay was developed by Fields and Song in 1989, 

following a series of studies on transcription factors (TPs) and the discovery that they 

are modular proteins, composed of separable, functional domains (reviewed by Fields 

and Stemglanz, 1994). The TF DNA binding domain (DNA-BD) binds the upstream 

activation sequence (UAS) of a gene promoter and the acidic activation domain (AD) 

initiates assembly of gene transcription apparatus. Characterisation of these domains 

showed that when separated, each TF domain retains its independent function, but is 

incapable of activating gene transcription alone (Keegan et a l, 1986). TF function may 

be restored if the two domains are brought within close proximity to each other, or to 

the complementary domain of another transcription factor. For example, the AD of the 

GAL4 TF activates transcription in yeast when fused to the DNA-binding LexA 

repressor if a LexA operator is present near the beginning of the transcription start site 

(Brent and Ptashne, 1985). These studies suggested a novel method for detection of 

protein-protein interactions, as demonstrated by Fields and Song (1989), using the 

known interactors SNFl and SNF4.

In the GAL4 yeast two-hybrid system, the AD and the DNA-BD of the GAL4 TF are 

encoded separately by two yeast expression vectors. Each vector contains a series of 

unique restriction enzyme recognition sites (the multiple cloning site) at the C-terminal 

end of the encoded AD or DNA-BD domain. DNA encoding test proteins is cloned into 

the vectors, such that the C-terminus of each TF domain becomes fused to the N- 

terminus of a protein of interest to create an in frame gene fusion construct. Both the 

AD and DNA-BD fusion constructs are introduced into yeast cells containing an
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inactivated GAL4 gene. A positive interaction between the two test proteins brings the 

AD and DNA-BD together, thus reconstituting transcription factor activity. The 

reconstituted GAL4 TF induces transcription of reporter genes under the control of the 

GAL4 promoter, leading to changes in the yeast reporter strain phenotype, which can be 

detected by growth selection and colorimetric assays. The genetic basis of the GAL4 

yeast two-hybrid assay is represented schematically in Figure 3.1.1.

3.1.4. THE GAL4 YEAST TWO-HYBRID SYSTEM REPORTER GENES

The GAL4 transcription factor, along with its negative repressor, G ALSO, is 

responsible for transcription of genes encoding the a- and P-galactosidase enzymes. In 

the yeast two-hybrid system, yeast strains have been engineered, such that nutritional 

selection genes have also been placed under the control of the GAL4 promoter. Figure 

3.1.2 shows the four reporter genes used in the GAL4 yeast two-hybrid system. 

Screening for expression of these GAL4 dependent reporter genes provides a method 

for demonstrating protein-protein interactions between two-hybrid fusion constructs. 

The commonly used reporter genes HIS3 and ADE2 encode enzymes that are involved 

in the biosynthesis of histidine (H) and adenine (Ade), respectively. Colony growth on 

nutritional selective media lacking histidine and adenine (-H, -Ade) is a quick and 

simple assay for activation of HIS3 and ADE2 reporter genes. Colorimetric assays for 

the a- and p-galactosidase enzymes are commonly used as secondary screens for protein 

interactions, a- and p-Galactosidase enzymes are involved in facilitating proper 

digestion of carbohydrates. When expressed in yeast, P-galactosidase activity can be 

detected by a filter lift assay in which addition of 5-bromo-4-chloro-3-indolyl-P-D- 

galactopyranoside (X-GAL) is broken down into dichloro-dibromo-indigo (indolyl- 

blue) and galactose, causing the formation of a blue, water insoluble precipitate, a- 

Galactosidase activity is detected similarly to p-galactosidase, but uses 5-bromo-4- 

chloro-3-indolyl-a-D-galactopyranoside (X-a-GAL) as a substrate and, since a- 

galactosidase is a secretory protein, activity may be assayed directly on solid yeast 

media.

3.1.5. THE GAL4 YEAST TWO-HYBRID SYSTEM EXPRESSION VECTORS

In this thesis a combination of MATCHMAKER system 2 and system 3 plasmid vectors 

was used. Figure 3.1.3 shows plasmid maps for the GAL4 yeast two-hybrid vectors of
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Clontech MATCHMAKER systems 2 and 3. The DNA-BD vector for 

MATCHMAKER GAL4 yeast two-hybrid system 2 is pAS2-l. This vector contains the 

GAL4 DNA-BD and replication origins for expression in bacteria and yeast. An 

ampicillin resistance gene provides antibiotic selection in bacteria and a tryptophan (W) 

marker allows nutritional selection in yeast. Unique restriction enzyme recognition sites 

in the multiple cloning site at the C-terminus of the TF domain facilitate insertion of 

DNA sequences into the vector. The AD vector used in this system was the 

MATCHMAKER library vector, pGADlO. This vector contains the GAL4 AD, 

replication origins for expression in bacteria and yeast, an ampicillin resistance gene for 

selection in bacteria, a leucine (L) marker for nutritional selection in yeast and a 

multiple cloning site for insertion of DNA encoding test proteins.

The MATCHMAKER 3 system vectors are pGADT? and pGBKTT. These improved 

vectors are high copy number plasmids that include a hemagglutinin (HA) and a c-myc 

epitope tag, respectively. This makes specific antibodies unnecessary for detection of 

fusion proteins expressed in yeast. System 3 vectors also contain a nuclear localisation 

signal (NLS) which is incorporated into the N-terminus of the multiple cloning site. 

This enables test proteins that do not contain an intrinsic NLS to be directed to the 

nucleus. Compatible multiple cloning sites in pGADT? and pGBKT? aid direct transfer 

of inserts between these vectors. Incorporation of pGBKT? into yeast allows increased 

transformation efficiency of AD vectors over yeast containing other DNA-BD vectors. 

This increases the likelihood of obtaining interacting proteins from a cDNA library. In 

the pGBKT? vector the ampicillin resistance gene is replaced by a kanamycin resistance 

gene. This is useful for isolation of yeast AD plasmids from bacteria after library 

screening, as bacteria cannot accommodate more than one type of resistance marker at a 

time, leading to the expulsion of plasmids containing alternative resistance markers to 

those under selection.

The positive control plasmids for MATCHMAKER system 2 are pTDl-1 and pVA3-l. 

pVA3-l is a DNA-BD vector, derived fi*om pAS2-l, which contains a (W) yeast 

nutritional selection marker and encodes the murine oncogene, p53. pTDl-1 is the AD 

vector, derived jfrom the AD plasmid, pACT2, which contains a (L) yeast selection 

marker and encodes the SV40 large T-antigen, respectively. As p53 and the large T- 

antigen are known to interact these fusion constructs are used to confirm the 

authenticity of the system. Empty AD and DNA-BD vectors, i.e. vectors containing no 

insert DNA, are used as negative controls to show that co-transformation of the AD and
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DNA-BD domains alone does not lead to activation of reporter genes. The vectors for 

all MATCHMAKER systems are designed to be compatible, such that system 2 and 

system 3 vectors are interchangeable.

3.1.6. THE YEAST STRAIN, AH109

The yeast strain, AH 109, was used for all GAL4 system assays. The genotype of 

AH 109 yeast is shown in Section 2.1.1.2. Inactivation mutations in tryptophan and 

leucine genes ensure that yeast cannot grow on selective media lacking these amino 

acids unless transformed with plasmid vectors containing functional copies of these 

genes. Deletion mutations in the GAL4 and G ALSO genes prevent transcription 

activation of genes under their control. Histidine, adenine and LacZ genes have been 

placed under the control of the GAL4 responsive promoters GALl, GAL2 and MELl, 

respectively. Functional transcription of the GAL4 responsive genes is only restored by 

interactions of exogenously introduced proteins fused to the separate GAL4 AD and 

DNA-BD TF domains. Introduction of two nutritional selection markers i.e. histidine 

and adenine, rather than histidine alone (as found in many other yeast strains), provides 

added stringency to the assay and reduces the occurrence of false positives due to leaky 

HIS activity. In these strains HIS activity must be regulated by addition of 3-amino-1, 2, 

4,-triazole (3-AT), a selective inhibitor of the enzymatic activity of the HIS3 gene 

product. The MELl promoter controls the MEL7and LacZ reporter genes. These genes 

encode the a- and p-galactosidase enzymes, respectively.

3.1.7. THE LEXA AND MODIFIED LEXA YEAST TWO-HYBRID SYSTEMS

The LexA yeast two-hybrid system works on the same principle as the GAL4 system 

i.e. through reporter gene activation, but uses a prokaryotic rather than a eukaryotic TF. 

The DNA-BD fusion protein is the full-length LexA transcription factor, and the AD 

fusion protein is the blob 42 (B42) protein. These protein domains are used to activate 

transcription of the E. coli LacZ reporter gene. The LexA system reduces non-specific 

activation of reporter genes by protein-protein interactions between the TF fusion 

domains and endogenous yeast proteins since a prokaryotic TF is used in a eukaryotic 

system. It is not possible to tell prior to screening whether the GAL4 or the LexA 

system is more likely to identify a particular interactor for any given protein. Table
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3.1.1 shows a comparison between reporter gene activation in the GAL4, LexA and 

mLexA yeast two-hybrid systems.

3.1.8. THE MODIFIED LEXA YEAST TWO-HYBRID SYSTEM EXPRESSION 

VECTORS

The modified (m) LexA yeast two-hybrid system is a hybrid-hybrid system between the 

GAL4 and LexA systems. The pGADT7 AD vector remains the same, but the pGBKTT 

DNA-BD vector is replaced by pMBL33. Figure 3.1.4 shows the expression vectors 

used in the mLexA yeast two-hybrid system. The pMBL33 vector was constructed from 

the backbone of the GAL4 vector, pGBKTT, and the LexA DNA-BD of the LexA 

vector, pEG202-NLS, by homologous recombination (created by Dr Mike Beck). This 

gives the pMBL33 hybrid vector the same yeast nutritional selection marker (i.e. -W) 

and the same bacterial antibiotic selection marker (i.e. kanamycin) as the pGBKTT 

vector, but the LexA transcription factor fusion protein and multiple cloning site of the 

LexA pEG202-NLS vector. Thus, reporter genes are activated by a LexA-GAL4 hybrid 

TF. Brent and Ptashne (1985) showed that this combination of TF domains is capable of 

activating reporter genes. Detection of reporter gene activation is by histidine nutritional 

selection (-His) and p-galactosidase activity only. Therefore, selection is less stringent 

than for the GAL4 system. The yeast strain, L40, is used for this assay as it contains 

LexA, rather than GAL4, activated reporter genes. In this assay the mLexA system was 

used in an attempt to study proteins which showed auto-activation in the presence of the 

eukaryotic GAL4 DNA-BD fusion protein while keeping similar selection criteria to the 

GAL4 assay (see Section 3.3).

3.1.9. THE YEAST STRAIN, L40

The yeast strain, L40, was used for all mLexA assays. The genotype of L40 yeast is 

shown in Section 2.1.1.4. This yeast strain contains deletion mutations in the tryptophan 

and leucine genes creating nutritional selection for expression of plasmid vectors 

containing functional copies of these genes. The HISS and lacZ genes have been placed 

under the control of the LexA operator and transcription may only be induced by 

reactivation of the LexA transcription factor i.e. due to interactions between test 

proteins fused to the TF domains. Hence detection of protein-protein interactions is by
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nutritional selection for histidine on solid yeast media and by P-galactosidase activity in 

filter lift assays.

3.1.10. THE CYTOTRAP® YEAST TWO-HYBRID SYSTEM

The CytoTrap® yeast two-hybrid system, originally the Sos recruitment system 

(Aronheim et a l, 1997), differs from both the GAL4 and the mLexA systems in that it 

is not dependent on transcription factor activation in the nucleus for detection of 

protein-protein interactions. Instead, interactions are detected in the cytoplasm of the 

temperature-sensitive yeast strain, cdc25H. Figure 3.1.5 shows a schematic 

representation of the basis of the CytoTrap® two-hybrid assay.

The CytoTrap® assay is based on a point mutation in the yeast cdc25 gene which 

encodes a guanyl nucleotide exchange factor (GNF). Cdc25 is the yeast homologue of 

the human (h) Sos protein, responsible for activation of the Ras signalling pathway and 

regulation of cell growth. The mutation in the cdc25 gene leads to a temperature- 

sensitive cdc25 protein, thus preventing cell growth at 37 °C, but not at the permissive 

temperature of 25 °C. It is possible to rescue the Ras signalling pathway with the hSos 

protein. However, a myristylation signal is required to target the hSos protein to the cell 

membrane where the interaction takes place. Expression vectors for this assay each 

contain a protein of interest fused to the N-terminus of either a myristylation signal, to 

carry the first protein to the cell membrane, or a functional copy of the human GNF, 

which activates Ras, but is not targeted to the membrane when expressed alone. A 

positive interaction between the two test proteins results in transport of hSos to the cell 

surface where it initiates the Ras signalling pathway, enabling cdc25H yeast cells to 

grow at 37 °C. In this way, the CytoTrap® system allows the study of proteins that have 

an intrinsic transcription factor activity, or that require post-translational modifications, 

dependent on localisation to the cytoplasm, to be functional.

3.1.11. THE CYTOTRAP® YEAST TWO HYBRID EXPRESSION VECTORS

The CytoTrap® expression vectors are pMyr and pSos. The pMyr vector encodes the v- 

Src myristylation signal under the control of the GALl promoter and contains origins 

of replication for bacteria and yeast. A chloramphenicol resistance gene allows 

antibiotic selection in bacteria and a uracil (U) marker allows nutritional selection for 

plasmid expression in yeast. The pSos vector encodes amino acids 1-1067 of the hSos
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gene under the control of the ADHl promoter and contains replication origins for both 

bacteria and yeast. Bacterial antibiotic selection is via an ampicillin resistance gene and 

nutritional selection in yeast is conferred by a leucine (L) marker. Plasmid maps for the 

pMyr and pSos vectors are shown in Figure 3.1.6.

There are five control plasmids for the CytoTrap® system. These are pSos-MafB, pSos- 

Coll, pMyr-MafB, pMyr-Lamin C and pMyr-SB. pSos-MafB and pMyr-MafB each 

encode the full-length v-maf musculoaponeurotic fibrosarcoma oncogene homologue B 

(MafB) protein which is known to form dimers in vivo and pMyr-SB encodes a Sos 

binding protein. Therefore the co-transformation of pSos-MafB with pMyr-MafB and 

pSos-MafB with pMyr-SB are used as positive control transformations that should 

result in cell growth at 37°C. pSos-Coll encodes amino acids 148-357 of murine 

collagenase type IV and pMyr-Lamin C encodes amino acids 67-230 of human lamin C. 

Neither collagenase IV nor human lamin C interact with MafB, therefore the pairwise 

combinations pSos-MafB with pMyr-Lamin C and pSos-Coll with pMyr-MafB are 

used as negative control reactions and should not allow cell growth at 37°C. Co

transformation of empty pMyr and pSos vectors is an additional negative control for this 

assay.

3.1.12. THE YEAST STRAIN, CDC25H

The yeast strain cdc25H was used for all CytoTrap® assays. The genotype of cdc25H 

yeast is shown in Section 2.1.1.6. Deletion mutations in this strain allow for nutritional 

selection of plasmid vectors expressing uracil and leucine marker genes. The point 

mutation in the cdc25 gene renders cell growth of this yeast strain temperature- 

sensitive. Introduction of expression vectors containing interacting proteins into yeast 

allows recruitment of hSos to the cell membrane and reconstitutes the Ras pathway to 

permit cell growth at 37°C.

All pSos vector fusion proteins are under the control of the ADHl promoter which is 

constitutively expressed. However, the pMyr vector fusion proteins are under the 

control of the GALl promoter which is inhibited when yeast cells are grown on 

glucose-based media, but activated on galactose-based media. This means that cells 

containing interacting fusion proteins are able to grow on galactose-based, but not 

glucose-based media at 37°C. At 25°C cdc25H yeast do not require activation of the
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Ras pathway by hSos, Therefore cells are able to grow on both glucose and galactose- 

based media, whether or not they contain interacting fusion proteins.

3.1.13. LIMITATIONS OF THE YEAST TWO-HYBRID SYSTEM

While the yeast two-hybrid assay provides a simple and convenient method for the rapid 

identification of protein-protein interactions, there are some limitations to this 

technique. The main drawback is the occurrence of false positives (MATCHMAKER 

GAL4 Two-Hybrid System 3 and Libraries User Manual). This is mainly due to 

activation of reporter genes by proteins with intrinsic transcription factor (TF) 

properties. It is also possible for a protein that does not normally function as a 

transcription factor to exhibit TF properties when localised to the nucleus in the yeast 

two-hybrid system (Ma and Ptashne, 1987). In addition to spurious TF properties, 

protein-protein interactions detected in the cytoplasm and/or nucleus may not represent 

actual interactions (reviewed by Fields and Stemglanz, 1994). In a yeast two-hybrid 

assay, proteins are overexpressed, making non-specific interactions more likely, due to 

the large quantities of protein present, although this does not seem to contribute 

significantly to the number of false positives detected. A list of the most common false 

positives identified using the yeast two-hybrid system is available at: 

http://www.fccc.edu/research/labs/golemis/main_false.html.

As well as the possible identification of false positives it is also possible that some true 

interactions may fail to be detected in the yeast two-hybrid system i.e. false negatives. 

This could be partially due to proteins that are not easily targeted to the nucleus, e.g. 

those containing particular localisation signals that target them to other subcellular 

locations. The incorporation of a nuclear localisation signal (NLS) into more recent 

yeast two-hybrid expression vectors was introduced to alleviate this problem. In 

addition, one reason for the smaller average size range of the MATCHMAKER library 

cDNAs, compared to those of other manufacturers, is that partial clones are less likely 

to include a competing localisation signal (Fields and Stemglanz, 1994). Post- 

translational modifications in yeast differ from those in mammalian cells and improper 

processing may prevent interactions dependent on these modifications, e.g. 

glycosylation and disulphide bond formation. However, it has been shown for some 

proteins that interactions dependent on these modifications are still possible 

(Ozenberger and Young, 1995). Attachment of the TF fusion domain may prevent 

interactions dependent on a free N-terminal domain. Test proteins are usually inserted at
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the C-terminus of the TF fusion moiety for ease of cloning. However, for the LexA 

system, an expression vector has been created in which the test protein is inserted at the 

N-terminus of the TF domain. This has been shown to identify successfully interacting 

partners that were not found using the GAL4 system (Beranger et al., 1997).

3.1.14. VARIATIONS OF THE YEAST TWO-HYBRID SYSTEM

Since the introduction of the original yeast two-hybrid system (Fields and Song, 1989), 

a number of modified versions of the assay have been created to allow the investigation 

of different types of protein interaction. The yeast one-hybrid assay was created to 

identify proteins that interact with DNA (Wang and Reed, 1993). In this assay the 

chosen target DNA element, together with specific reporter genes, is incorporated into 

the genome of a yeast reporter strain by homologous recombination. The resulting 

recombinant yeast strain is subsequently transformed with a plasmid encoding the AD 

of the GAL4 TF fused to a potential DNA-binding protein. Positive interactions are 

detected by the activation of inducible reporter genes which confer nutritional or 

enzymatic selection to recombinant yeast cells. Indirect protein-protein interactions or 

interactions dependent on the modification of one or both of the test proteins may be 

studied in another system, the yeast tribrid system (Osborne et al., 1995). In this assay a 

third protein is transformed into a yeast reporter strain, together with the two test 

proteins. This protein may be a bridging protein that provides a link between two 

indirect interactors or may be required to stabilise a weak interaction. Alternatively, the 

third protein may be a modifying enzyme, required to activate one or both of the 

interactors, e.g. for interactions dependent on phosphorylation. These hybrid assays are 

all used to study positive interactions. However, proteins that dissociate interactions are 

also an important control mechanism in cells and these would not be detected in any of 

these systems. Thus, the reverse two-hybrid assay was created to enable identification of 

these inhibitory proteins through the use of a counter-selectable marker (Vidal et al., 

1996a; b). A positive interaction between proteins causes expression of a marker that is 

toxic to the cell. Inactivation mutations in proteins that normally interact, or addition of 

a third protein that blocks a known interaction prevents expression of the toxic marker, 

thus allowing cell growth on selective media.

The dependence of some protein interactions on post-translational modifications that 

only occur in mammalian cells is a particular problem in a yeast-based system. In an 

attempt to overcome this problem the mammalian two-hybrid system was developed
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(Dang et al., 1991; Vasavada et al., 1991). Fusion proteins expressed in mammalian 

cells are more likely to fold into their native conformation and, therefore more likely to 

display their native function. Interactions may be assayed after 2-3 days, which is much 

faster than the 1-2 weeks for yeast. However, transfer of DNA is inefficient in this 

system and as a result screening of cDNA libraries for novel interactions is difficult. 

Therefore, this assay is generally used to confirm and characterise interactions already 

identified in yeast. Another variation on this assay is the bacterial two-hybrid system. 

The rapid growth-rate and high transformation efficiency of bacteria makes screening 

large cDNA libraries faster and increases the likelihood of identifying interactions with 

rare clones. Another advantage of using this prokaryotic system is that the number of 

false positives due to interactions with endogenous homologous proteins is reduced. The 

main drawback in this system is the inability to perform post-translational 

modifications. It has been shown here that there is a wide variety of hybrid systems, 

each developed with its own advantages and disadvantages. However, the original yeast 

two-hybrid assay remains the most widely used.
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3.2. GABAa r e c e p t o r  SUBUNIT ASSEMBLY
3.2.1. RATIONALE FOR THE STUDY OF GABAa RECEPTOR a l AND p2 

SUBUNIT N-TERMINAL DOMAINS IN THE YEAST TWO-HYBRID SYSTEM

To understand the observed diversity of GABAa receptors, it is important to identify 

factors that are involved in determining which receptor subunits will co-assemble. Each 

GABAa receptor is composed of 5 from the 16 known subunits found in the adult 

mammalian central nervous system. These are a 1-6, p i-3, y 1-3, 8, e, 0 and n. Each 

subunit confers distinct physiological and pharmacological attributes to the fully 

assembled receptor e.g. the y2 subunit confers a benzodiazepine sensitivity (Pritchett et 

al., 1989), which is modulated by the a subunit subtype associated with it (reviewed by 

Sieghart, 2000). The theoretical range of GABAa receptor subtypes with different 

properties, produced by all possible combinations and arrangements of the 16 subunits, 

is vastly greater than the number for which there is experimental evidence in vivo 

(Benke et a l, 1991, 1994; Duggan et al., 1991; McKeman et al., 1991; Fritschy et al., 

1992; Fritschy and Mohler, 1995; Jechlinger et al., 1998). For example, the two most 

widely expressed GABAa receptors contain a l, P2 and y2 or a2, P3 and y2 subunits and 

these two subtypes alone account for 75-85% of all diazepam-sensitive GABAa 

receptors in rat brain, as determined by co-immunoprecipitation studies using subunit- 

specific antibodies (Benke et al., 1991; Benke et al., 1994). Other subunits are much 

less common. For example, the 8 subunit is mainly found extrasynaptically in cerebellar 

granule cells and is most commonly associated with a l and a6 subunits (Shivers et al., 

1989; Nusser et al., 1998).

Multiple receptor subunits are often expressed at the same time in certain neurones, as 

determined by in situ hybridisation using antisense oligonucleotides to specific subunits 

(Wisden et al., 1992; Laurie et al., 1992a, b) and by the detection of subunit 

immunoreactivities in particular neurones (Fritschy and Mohler, 1995; Pirker et al.,

2000). However, not all subunits that are co-expressed in a particular cell type will co- 

assemble. For example, y and 8 subunits are both expressed in cerebellar granule cells, 

but form distinct receptor subpopulations i.e. y2-containing receptors are found at 

synapses, while 8-containing receptors are found extrasynaptically (Nusser et al., 1998). 

Therefore there must be mechanisms, other than transcriptional control, that regulate 

GABAa receptor subunit composition.

The N-terminal domains of GABAa receptor subunits have been implicated in receptor
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assembly by studies involving the expression of full-length and truncated subunits in 

mammalian cells (Klausberger et al., 2000; 2001; Sarto et al., 2002a, b). Full-length a l, 

p3 and y2 subunits were co-expressed in HEK 293 cells with or without truncated y2 

(y2x) subunits containing only the extracellular N-terminal domain. The y2x fragments 

reduced the surface expression of alp3y2 receptors, showing them to be competent for 

incorporation into the assembled receptor i.e. aip3y2x, but not for surface expression. 

Mutant and chimeric a l and y2 subunits were also used to identify specific sequences 

within the N-termini that are important for inter-subunit associations. For example, y2 

(91-104) and y2 (83-90) are involved in binding to a l and p3 subunits, respectively and 

a l (80-100) is involved in binding to y2 subunits (Klausberger et al., 2001). Factors 

regulating GABAa receptor heterogeneity are discussed further in Section 1.2.4.

3.2.2. AIM OF THE STUDY

The aim of this study was to test the validity of the yeast two-hybrid system in the 

identification of GABAa receptor a l and p2 subunit extracellular N-terminal assembly 

motifs. The yeast two-hybrid system has been used successfully to study assembly 

domains in K^ channel intracellular N-terminal domains (Xu et al., 1995) and in 

extracellular regions of a and P Na' /̂K'  ̂ ATPase subunits (Colonna et al., 1997). 

Further, the soluble acetylcholine binding protein (AChBP), which is structurally 

similar to the subunit N-terminal domains of the nicotinic acetylcholine receptor super

family of which the GABAa receptors are members, has been shown to form a 

pentameric homo-oligomer in yeast (Smit et al., 2001) i.e., N-terminal regions are 

capable of co-association in the absence of transmembrane domains. Therefore, it 

should be possible to use the same methodology to study GABAa receptor subunit 

assembly. The a l and P2 GABAa receptor subunit N-terminal regions were chosen for 

initial studies as they, together with the y2 subunit, produce the most abundant GABAa 

receptor subtype expressed in adult brain.
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3.3. RESULTS
3.3.1. PREPARATION OF THE GAL4 PLASMID GABAa RECEPTOR a l AND 

(32 SUBUNIT N-TERMINAL FUSION CONSTRUCTS

GABAa receptor a l (1-224) and p2(1-220) subunit N-terminal domains were cloned in 

frame into the GAL4 yeast two-hybrid AD vector, pGADT7, to generate the fusion 

constructs GAL4 A D -al(1-224) and GAL4 AD-p2(l-220). The direct cloning method 

was used and is outlined in Figure 2.1. PCR amplification was performed as described 

in section 2.2.2.Ô and specific program parameters for amplification are detailed in 

Table 2.1.4. Oligonucleotide primers specific for each sequence are shown in Table

2.1.3. Figures 3.2.1-3.2.3 represent the different stages of construction i.e. amplified 

PCR product, diagnostic digestion of PCR products and diagnostic digestion of 

recombinant plasmids to confirm that the correct sequences had been inserted. Similar 

results were seen for all constructs generated in this chapter, a l (1-224) and p2(1-220) 

were then sub-cloned into the GAL4 pGBKT7 plasmid to produce the fusion constructs 

GAL4 DNA-BD-a1(1 -224) and GAL4 DNA-BD-p2( 1-220). Figure 3.2.4 shows the 

results of nucleotide sequencing for each plasmid construct, focussing on the restriction 

insertion site to demonstrate that each insert sequence is in-frame with the TF domain 

encoded in each vector. Figure 3.2.5 shows the plasmid maps representing a l (1-224) 

and P2( 1-220) fusion constructs for the GAL4 system and figures 3.2.6 and 3.2.7 show 

the results of immunoblotting of protein extracts from yeast cells transformed with 

individual constructs GAL4 AD-al(l-224), GAL4 AD-p2(l-220), GAL4 DNA-BD- 

a 1(1-224) or GAL4 DNA-BD-P2(1-220) to confirm expression of each fusion protein in 

yeast. Each AD fusion protein contains an HA epitope tag and each DNA-BD fusion 

protein contains a c-myc epitope tag. A band corresponding to the predicted size of ~43 

kDa was seen for each DNA-BD fusion protein and ~41 kDa for each AD fusion 

construct.

3.3.2. YEAST TWO-HYBRID RESULTS FOR THE CO-TRANSFORMATION 

OF GABAa RECEPTOR a l AND P2 SUBUNIT N-TERMINAL DOMAINS IN 

THE GAL4 SYSTEM

Combinations of GAL4 AD and DNA-BD fusion constructs containing a GABAa 

receptor a l or P2 subunit N-terminal domain were co-transformed into the GAL4 yeast 

strain AH109. N-terminal domain test transformations contained al/p2, a l /a l  or p2/p2
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combinations. The positive control plasmids, pTDl-1 and pVA3-l, contain the proteins 

p53 and the SV40 large T antigen, respectively. These proteins are known to interact 

and were co-transformed to ensure that known interactions could be detected. Single 

DNA-BD negative controls included pGADT7al( 1-224) or pGADT7p2(1-220) co

transformed with an empty pGBKT7 vector. Single AD negative controls contained 

pGBKT7al(1-224) or pGBKT7p2(1-220) co-transformed with an empty pGADT7 

vector. These were used to assess whether either of the N-terminal domains was capable 

of autonomous reporter gene activation. A double negative control contained both 

empty pGADT7 and empty pGBKT7. All co-transformants were plated onto -2 and -4 

dropout media and assayed for p-galactosidase reporter gene activity. The results are 

summarised in Table 3.2.1. Figure 3.2.8 shows the results of the p-galactosidase assay 

for these co-transformations.

From Table 3.2.1, it can be seen that all plasmids were successfully transformed into 

yeast as all co-transformants were able to grow on -2 dropout media. The positive 

control plasmids pVA3-l and pTDl-1 showed growth on -4 dropout media and were 

positive for P-galactosidase activity. The double negative control transformants showed 

no growth on -4 media and no p-galactosidase activity. pGADT7a 1(1 -224) co

transformed with pGBKT7p2(1-220) showed some growth on -4 media but this was 

very weak. The combination pGADT7p2(l-220)/pGBKT7al(l-224) showed a higher 

degree of reporter gene activity. pGADT7al(1-224) with pGBKT7al( 1-224) showed 

the same level of reporter gene activity as pGADT7a 1 (1 -224)/pGBKT7P2(1 -220). 

pGADT7p2( 1-220) with pGBKT7P2(1 -220) showed the highest degree of reporter gene 

activation of the double combinations. Single negative control combinations of 

pGBKT7al(l-224) or pGBKT7P2(1 -220) with an empty pGADT7 plasmid showed no 

reporter gene activation. However, single combinations of pGADT7al(1-224) or 

pGADT7p2(l-220) co-transformed with an empty pGBKT7 vector did show both 

growth on -4 dropout media and were positive for P-galactosidase activity, indicating 

that both a l and p2 N-termini are capable of auto-activating reporter genes. This meant 

that it was not possible to know whether the reporter gene activity seen for any of the N- 

terminal domain combinations al/p2, p2/al, a l /a l  or p2/p2 represented true 

interactions or were due to auto-activation by a single sequence in the AD vector.
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3.3.3. THE MODIFIED LEX A YEAST TWO-HYBRID SYSTEM

Since the GABAa receptor a l  and p2 N-termini both showed auto-activation of reporter 

genes when co-transformed in the AD plasmid with an empty DNA-BD plasmid, a 

second yeast two-hybrid system was tested. The modified (m)LexA system is similar to 

the GAL4 system in that it uses re-constitution of transcription factor activity to detect 

protein-protein interactions. However, the DNA-BD plasmid, pMBL33 contains the 

prokaryotic LexA promoter rather than the eukaryotic GAL4 promoter (Section 3.1.8). 

If the auto-activity seen in the GAL4 system was due to the GAL4 DNA-BD protein 

then it should still be possible to test the N-terminal domain interactions in the mLexA 

system.

3.3.4. SUB-CLONING OF THE a l AND P2 N-TERMINAL DOMAINS INTO 

THE mLEXA DNA-BD VECTOR

The GABAa receptor subunit sequences a l(  1-224) and P2(1-220) were sub-cloned in- 

ffame into the mLexA plasmid pMBL33 from the pGADT7al(1-224) and P2( 1-220) 

constructs. Creation of the fusion proteins was verified using nucleotide sequencing, as 

shown for the GAL4 AD and DNA-BD fusion constructs in Figure 3.2.4. Plasmid maps 

showing the a l (1-224) and p2( 1-220) fusion constructs for the mlexA yeast two-hybrid 

system are shown in Figure 3.2.9.

3.3.5. YEAST TWO-HYBRID RESULTS FOR THE CO-TRANSFORMATION 

OF GABAa RECEPTOR a l AND P2 SUBUNIT N-TERMINAL DOMAINS IN 

THE mLEXA SYSTEM

The yeast strain, L40, was co-transformed with the same combinations of a l and p2 N- 

terminal domain fusion constructs as for the GAL4 system, but in pGADT7 and 

pMBL33 vectors (Table 3.2.2.). The interaction between GRTF-l(8-633) and the 

GABAa receptor p2-IL(303-427) was used as a positive control for this system.

As can be seen in Table 3.2.2, all plasmid combinations were successfully co

transformed, showing growth on -2 dropout media. The GRIF-l(8-633)/p2-IL(303-427) 

positive control showed reporter gene activity in this system on both -4 dropout media 

and for P-galactosidase activity. The double empty vector negative control showed no 

activity. Double N-terminal domain combinations showed a similar pattern of results to
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those obtained in the GAL4 system. pGADT7al (1-224) co-transformed with 

pMBL33p2(l-220) showed some growth on -4 media and was positive for p- 

galactosidase activity. pGADT?p2(1-220) with pMBL33a 1 (1 -224) activated reporter 

genes more strongly. Negative controls containing a l (1-224) or p2(1-220) in the DNA- 

BD and an empty AD vector showed no reporter gene activity. However, as for the 

GAL4 system, when a l (1-224) or p2(1-220), fused to the GAL4 AD, were co

transformed with an empty DNA-BD, reporter genes were activated, leading to both 

growth on -4 media and to p-galactosidase reporter gene activity. This result indicates 

that altering the transcription factor used to activate reporter genes does not remove any 

intrinsic transcription factor activity of either a l (1-224) or p2(l-220). It is therefore not 

possible to show conclusively in either the GAL4 or the mLexA system, whether the 

GABAa receptor a l and p2 subunit N-terminal domains interact.

3.3.6. THE CYTOTRAP® YEAST TWO-HYBRID SYSTEM

The CytoTrap® yeast two-hybrid assay differs from the GAL4 and the mLexA systems 

in that detection of protein-protein interactions is not dependent on transcription factor 

activity. (Section 3.1.10). Instead, the yeast strain, cdc25H, is employed, which contains 

a mutant Sos protein. Sos is a guanyl nucleotide exchange factor (GNEF) which is 

necessary for activation of the Ras signalling pathway. The mutant Sos renders the Ras 

pathway inactive making the cdc25H yeast strain temperature-sensitive, i.e. allowing 

growth at the permissive temperature of 25°C but preventing growth at the restrictive 

temperature of 37°C. Detection of protein-protein interactions is based on reconstitution 

of the Ras signalling pathway. The first protein of interest, cloned in frame into the 

pMyr vector, is fused to a myristylation signal that targets the construct to the plasma 

membrane. The second protein of interest, cloned into the pSos vector, is fused to the 

hSos protein and if the two test proteins interact, Sos is brought to the cell surface where 

it activates the Ras signalling pathway, allowing cells to grow at 37°C.

3.3.6.I. PREPARATION OF THE CYTOTRAP® YEAST TWO-HYBRID 

SYSTEM

As the CytoTrap® yeast two-hybrid system had not been previously established in our 

laboratory, it was important to verify this assay as a means of testing protein-protein 

interactions. Firstly the phenotype of the yeast strain, cdc25Ha, was tested for
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temperature and nutritional revertants. Cells from a glycerol stock were streaked onto 2 

YPAD agar plates. One plate was incubated at 25°C and the other at 37°C. Both plates 

were then observed daily for 4 days. Colonies were observed on the plate incubated at 

the permissive temperature of 25 °C, but no colonies grew at the restrictive temperature 

of 37°C. This showed that the cells were not temperature revertant. Next, cdc25H cells 

were streaked onto a series of glucose-based dropout media plates, individually lacking 

uracil, leucine, histidine or tryptophan, to test their nutritional phenotype. Each plate 

was incubated at 25°C and observed daily for 4 days and no cell growth was seen on 

any plate. This showed that the yeast cells were not nutritionally revertant.

3.3.Ô.2. YEAST CO-TRANSFORMATIONS OF CYTOTRAP® POSITIVE AND 

NEGATIVE CONTROL PLASMIDS

Once the phenotype of the yeast strain, cdc25H, had been verified, control co

transformations were carried out to confirm that the system was working properly. The 

CytoTrap® control plasmids are described in Section 3.1.11. Double combinations of 

the positive control plasmids, pMyrMAFB/pSosMAFB and pMyrSB/pSosMAFB and of 

the negative control plasmids, pMyrMAFB/pSosColl, pMyrLaminC/pSosMAFB and 

pMyr/pSos were used to co-transform cdc25H yeast cells. All control co-transformants 

were plated onto dropout media and any resulting colonies observed after 1 week were 

analysed as described in Section 2.2.3.3. The results are summarised in Table 3.2.3. 

Both pMyrMAFB/pSosMAFB and pMyrSB/pSosMAFB positive control co

transformants grew at 37°C on galactose-based media whereas pMyrMAFB/pSosColl, 

pMyrLaminC/pSosMAFB and pMyr/pSos negative control combinations showed no 

growth. These results confirmed the authenticity of the CytoTrap® system.

3.3.7. SUB-CLONING OF THE GABAa RECEPTOR a l AND p2 N-TERMINAL 

DOMAINS INTO pMYR AND pSOS VECTORS

Having established the CytoTrap® yeast two-hybrid system in the laboratory, this assay 

was used to test for associations between the GABAa receptor a l and P2 subunit N- 

termini. Firstly, the a l (1-224) and p2(l-220) sequences were cloned into the pMyr and 

pSos expression vectors. The restriction enzyme recognition sequences in the multiple 

cloning sites of these vectors were not compatible for sub-cloning with any of the other 

yeast two-hybrid vectors used so far. Therefore, GABAa receptor N-terminal domain
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sequences were each PCR amplified using a previously produced GAL4 a l (1-224) or 

p2( 1-220) construct as a template. The specific PCR parameters are described in Table 

2.1.4 and the specific oligonucleotide primers are shown in Table 2.1.3. The PCR 

products were cloned in fi*ame into the pMyr and pSos vectors. Correct insertion of 

GABAa receptor a l (1-224) or p2( 1-220) subunit N-termini was verified by nucleotide 

sequencing, as shown for the GAL4 AD and DNA-BD fusion constructs in Figure 3.2.4. 

Plasmid maps for the a l (1-224) and P2(1-220) sequences in the CytoTrap® vectors are 

shown in Figure 3.2.10.

3.3.8. YEAST TWO-HYBRID RESULTS FOR THE CO-TRANSFORMATION 

OF GABAa RECEPTOR a l AND P2 SUBUNIT N-TERMINAL DOMAINS IN 

THE CYTOTRAP® SYSTEM

The yeast strain, cdc25Ha, was co-transformed with combinations of a l and p2 N- 

terminal domain constructs in pMyr and pSos vectors. Transformants were grown on 

glucose-based media lacking uracil and leucine (-U/-L) to ensure that both constructs 

were present. After 3-6 days colonies were patched onto 2 x glucose-based and 2 x 

galactose-based -U/-L media agar plates. One of each type of plate was incubated at 

25°C and the two remaining plates were incubated at 37°C. At 25°C all co-transformants 

should be able to grow. At 37°C glucose-based media inhibits the GALl promoter, 

preventing cell growth. Positive interactions are indicated by growth on galactose-based 

media at 37°C. The results are shown in Table 3.2.4. Figure 3.2.11 shows an example of 

the CytoTrap® yeast two-hybrid results seen for co-transformants on galactose-based - 

UL dropout media after incubation at 37°C.

The positive control co-transformations were pSos MAFB with pMyr MAFB and pSos 

MAFB with pMyr SB. Both of these combinations produced growth on galactose-based 

media at 37®C. The negative control combinations were pSos MAFB with pMyr lamin 

C, pSos Coll with pMyr MAFB and empty pSos with empty pMyr. None of these 

combinations produced colony growth on galactose-based media at 37®C. No growth 

was seen for any of the single negative N-terminal domain control combinations. 

However, none of the double test combinations containing a l (1-224) and P2( 1-220) 

produced growth on galactose-based media at 37°C. These results, therefore, do not 

show any interactions between the a l and p2 GABAa receptor N-termini.
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3.4. DISCUSSION

3.4.1. THE GAL4, MODIFIED LEXA AND CYTOTRAP® YEAST TWO-HYBRID 

SYSTEMS

In this chapter, three different yeast two-hybrid systems have been used to examine 

interactions between the GABAa receptor a l and P2 subunit extracellular N-terminal 

domains. The first system to be tested was the GAL4 assay which relies on the activity 

of the eukaryotic GAL4 transcription factor (TF) to detect protein-protein interactions. 

In this system, although the N-terminal domain co-transformations produced reporter 

gene activity, single negative controls containing either an a l(  1-224) or a p2( 1-220) N- 

terminus fused to the GAL4 AD co-transformed with an empty DNA-BD plasmid also 

produced reporter gene activity, indicating that both the a l and p2 subunit N-termini are 

capable of autonomous activation of reporter gene transcription. This suggests that both 

N-termini have some intrinsic TF activity or that they bind to other proteins in the 

nucleus that do. The auto-activation produced by both sequences meant that it was not 

possible to determine whether the N-terminal domains associated. Interestingly, reporter 

gene activity was stronger for the p2 than for the a l subunit and for each subunit, 

activation was stronger when the N-terminus in the AD vector was co-transformed with 

an empty DNA-BD vector than when co-transformed with another N-terminus. This 

indicates that the presence of a second protein hindered the TF properties of each 

sequence.

Since it was not possible to study the N-terminal domains in the GAL4 system a second 

system was employed. The modified LexA system is also dependent on transcription 

factor activity, but in this case, uses the prokaryotic LexA TF DNA-BD rather than the 

eukaryotic GAL4 TF. The same experiments were carried out in this system to 

determine whether changing the TF apparatus would abolish the auto-activity seen in 

the GAL4 system. Unfortunately, a similar pattern of results was seen. Both the a l( l-  

224) and p2(1-220) sequences caused auto-activation of reporter genes when co

transformed into yeast in an AD vector with an empty DNA-BD vector, reporter gene 

activity was stronger for the p2 than for the a l subunit and for each subunit, activation 

was stronger when the N-terminus in the AD vector was co-transformed with an empty 

DNA-BD vector than when co-transformed with another N-terminus. Therefore, neither 

of these systems could be used for further studies.
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The TF properties of a l and p2 subunit N-termini prevented their being studied in a 

system based on reconstitution of reporter gene activation. Interactions in the 

CytoTrap® system occur in the cytoplasm, therefore TF properties of test proteins do 

not affect the detection of two-hybrid interactions. As no reporter gene activity was 

detected in any of the N-terminal domain co-transformations, the results indicate that 

any reporter gene activity detected for these experiments in either the GAL4 or mLexA 

systems was due to auto-activation by individual a l (1-224) or p2( 1-220) AD fusion 

constructs. Since GABAa receptor subunit N-termini have been shown to assemble in 

mammalian cells (Klausberger et al., 2000; 2001; Sarto et al., 2002a, b), the results 

described in this chapter suggest that the receptor fusion constructs studied here were 

not folded correctly in yeast cells and were, thus not competent for oligomerisation.

3.4.2. PROTEIN FUSION CONSTRUCTS USED IN THE YEAST TWO-HYBRID 

ASSAY

Figure 3.2.12 shows schematic diagrams representing the fusion proteins used in each 

yeast two-hybrid system. The relative sizes of each fusion protein domain can be seen. 

For the GAL4 system the AD and DNA-BD TF domains comprise approximately one 

third of the total fusion protein and for the LexA system, the DNA-BD TF domain is 

approximately half of the total fusion protein. For the CytoTrap® system the Myr signal 

is only 15 amino acids in length, whereas the hSOS protein is approximately 5 times 

larger than the N-terminal domains. It is possible that the attachment of a relatively 

large protein sequence to the test protein of interest could inhibit some interactions. For 

example, the N-terminus of each protein of interest to be studied in the yeast two-hybrid 

system is fused to the C-terminus of a hybrid construct protein encoded by the host 

vector. This order of sequences could potentially inhibit interactions between test 

proteins that require a free N-terminus for binding. The sequences identified so far in 

GABAa receptor N-termini that are in involved subunit assembly are located towards 

the N-terminal side of the sequences (see Figure 3.2.13), but may be close enough to the 

centre of the sequences that they are not restricted by the fusion conditions. In the LexA 

system, it is possible to construct fusion proteins in which the order of the hybrid 

domains is reversed, with the test protein fused to the N-terminus of the hybrid protein 

encoded by the vector (Beranger et al., 1997). These constructs may be used to detect 

some interactions that are blocked by a restricted N-terminus.
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3.4.3. PROTEIN PROCESSING IN THE YEAST TWO-HYBRID SYSTEM

To avoid counteracting the nuclear localisation signal (NLS) of the yeast two-hybrid 

vectors, the a l and P2 subunit signal peptides were not included in the fusion 

constructs. These signals are normally responsible for targeting the proteins through the 

exocytic pathway i.e. endoplasmic reticulum (ER) and Golgi, to the membrane. TFs are 

nuclear proteins that are normally targeted to, and translated by, cytosolic ribosomes. 

Therefore, in the GAL4 and the mLexA systems, yeast two-hybrid fusion constructs, 

once incorporated into yeast cells, are transcribed in the nucleus and then exported 

directly into the cytoplasm where they are translated into protein. Once formed, the 

mature fusion proteins are targeted back to the nucleus and it is here that any 

interactions between test proteins cause the activation of reporter genes. In the 

CytoTrap® system, fusion proteins are not targeted back to the nucleus, but remain in 

the cytoplasm and any protein-protein interactions are detected at the cell membrane. 

GABAa receptor subunits are normally processed through the ER (Connolly et al., 

1996) which contains particular enzymes and chaperone proteins that are important for 

proper protein folding. However, in all three yeast two-hybrid systems, (with the 

exception of the pMyr vector, which encodes a membrane protein and may therefore be 

targeted through the exocytic pathway) the fusion proteins bypass this stage of receptor 

assembly when directed to the cytoplasm. This means that they are not subjected to 

many of the post-translational modifications that occur during normal protein synthesis 

and folding, such as disulphide bond formation and N-linked glycosylation. GABAa 

receptor subunit N-termini contain sites for both N-linked glycosylation and for 

disulphide bridge linkages. NIO and N llO  of the a l N-terminus are potential N-linked 

glycosylation sites and C l38 and C l52 are involved in disulphide bonded loop 

formation. In the P2 N-terminus there are 3 potential N-linked glycosylation sites, N8, 

N80 and N135, where N135 occurs between residues C l36 and C l50, which are 

involved in the formation of the p2 subunit N-terminus disulphide bonded loop. It has 

been observed in immunoprécipitation studies that a lack of N-linked glycosylation does 

not prevent receptor subunit assembly, but rather that GABAa receptor subunits show a 

preferential binding to subunits with un-glycosylated or partially glycosylated N-termini 

(Connolly et al., 1996). Mutation of cysteine rsidues in a and P subunits of the nACh 

receptors showed that subunits retained their ability to oligomerise in Xenopus oocytes, 

but at a greatly reduced efficiency (Sumikawa and Gehle, 1992). Since the mutant
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subunits were cotransfected with wild type y and Ô subunits and were sill processed 

through the ER, all other ER mediated folding events would still occur and the 

oligomerisation of mutant subunits may have been stabilised by the presence of the wild 

type subunits. These experiments showed that sisulphide bridge formation is not an 

absolute requirement for assembly of nACh receptor subunits, but greatly stabilise the 

process.

In the lumen of the ER, through which receptors are normally trafficked, disulphide 

bond formation is catalysed by protein disulphide isomerase (PDI). The folding process 

involved in forming these linkages requires a kinetically complex series of 

oxidation/reduction reactions to ensure that the correct disulphides are linked (Schwaller 

et a l, 2003). It was thought that the reducing conditions of the yeast cytoplasmic 

environment would inhibit these disulphide linking reactions. However, some proteins 

which contain disulphide bonds that are essential for the formation of their native 

structure, e.g. prolactin, growth hormone (GH) and vascular endothelial growth factor 

(VEGF), have been successfully shown to interact with their respective ligands in yeast 

(Ozenberger and Young, 1995), suggesting that in some cases, disulphide bond 

formation in the cytoplasm is possible.

The thiol-disulphide redox buffer, glutathione, which is found in the cytoplasm, is 

competent to mediate correct disulphide linkage formation (Gilbert, 1990). The standard 

laboratory conditions under which the cells are maintained e.g. acidic, may cause an 

oxidative stress within the cytoplasm that would cause a decrease in the concentration 

of glutathione found in its reduced state, making the yeast cytoplasm more oxidising 

and hence more conducive to disulphide bonds formation than was previously thought. 

In addition, Vallejo and Serrano (1989) showed that whatever the pH surrounding the 

cells, the yeast cytoplasm remains neutral. This is due to the proton pumping activity of 

a membrane ATPase. The increased efflux of positive ions out of the cell may cause 

localised changes in redox potential within the cytoplasm, making disulphide bond 

formation more likely. However, PDI mediated disulphide bond formation is much 

faster and more efficient than when mediated by the glutathione redox buffer alone 

(Gilbert, 1990). The complexity of receptor subunit folding and the sub-optimal redox 

conditions in the cytosol may mean that the peptides studied here were incorrectly or 

incompletely folded. Therefore the yeast two-hybrid system may not be amenable to the 

study of GABAa receptor subunit assembly, using subunit N-terminal domains.
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FIGURE 3.1.1. THE GENETIC BASIS OF THE GAL4 YEAST TW O-HYBRID 

ASSAY

B

D

MOOAAnCCOilCOCAAIC

G A Ll UAS

GALl UAS

G A Ll UAS

G A Ll UAS

DNA-BD

DNA-BD

AD

AD

reporte r gene

rep o rte r gene

rep o rte r gene

rep o rte r gene

DNA-BD

AD

Figure 3.1.1 is a schematic representation showing the mechanism of activation of
reporter genes in the GAL4 yeast two-hybrid system. A shows reporter gene
transcription activated by the complete GAL4 transcription factor. B and C show that 
the DNA-BD-test protein 1 fusion construct or the AD-test protein 2 fusion construct 
alone is unable to activate transcription. D shows that an interaction between test
proteins 1 and 2 bring the two TF domains together, thus restoring transcription
activation.
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FIGURE 3.1.2. THE R EPO R TER  GENES UNDER THE CONTROL OF THE GAL4 TRANSCRIPTION FACTOR IN TH E GAL4 

YEAST TW O HYBRID SYSTEM

G A Ll UAS G ALl TATA

G A Ll UAS GAL2 TATA
J m

M E L l UAS M E L l TATA

M E L l UAS M E L l TATA MELl

The diagram represents the four reporter genes integrated into the GAL4 yeast two-hybrid system. The His and Ade nutritional markers are both 
under the control of the GALl UAS, but differ in their promoter sequences. The lacZ and MELl reporter genes encode the p- and a- 
Galactosidase enzymes, respectively and expression of each is controlled by the MELl UAS.
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FIGURE 3.1.3. VECTOR DIAGRAMS OF THE MATCHMAKER GAL4 YEAST

TWO-HYBRID SYSTEMS 2 AND 3

B

2p origin

ADHl lerminalor 

/iVviRl (59881

lues
Dl1/FlOepiiope 
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GAL4 BD

Trp1

f1 ssDNA ongin

AmpR

ADH1 promoter

GAL4AD

ADH1 term

pGADIO
6 6 5 0  b p

Leu2

D

GAL4 DNA-BD

ADHteim
pGBKT7
7304  bp

pUCon

2uon

AmpR

PADH1

pGADTZ
HA lag 

/•2.,RI|1991l

The pAS2-l (A) and pGADlO (B) plasmids encode the GAL4 DNA-BD and AD, 
respectively. Each of these genes is followed by a multiple cloning site for insertion of 
test sequences. Both plasmids also contain an Amp*̂  gene that allows growth on media 
containing ampicillin. pAS2-l contains a Trp marker that allows the plasmid to grow on 
media lacking tryptophan, while pGADlO contains a Leu marker that allows yeast to 
grow on media lacking leucine. These are the MATCHMAKER system 2 plasmids. 
pGBKT? (C) and pGADT? (D) vectors are the MATCHMAKER system 3 plasmids. 
The Amp"" gene of pAS2-l is replaced by a Kan*̂  gene in pGBKTV to allow bacterial 
cells to discriminate between BD and AD vectors. pGBKT? and pGADT? also contain 
compatible multiple cloning sites to allow ease of transfer of inserts between vectors.
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FIGURE 3.1.4. VECTOR DIAGRAM FOR THE MODIFIED LEXA YEAST

TWO-HYBRID PLASMID

PADH1

NLS/GM4 AD

pGADTT
7988 bpAmp R

T ADH1

LEU2

B
P ADH1

TRP1
LexA

NLS

ADH term
pMBL33
7332 bp

KanR

The modified yeast two-hybrid system uses the pGADT7 (A) vector of the GAL4 
system with the hybrid vector, pMBL33 (B). The pMBL33 vector was created from the 
GAL4 plasmid, pGBKT7, and the LexA plasmid, pEG202-NLS. The hybrid vector 
contains the prokaryotic LexA DNA-BD and multiple cloning site of pEG202-NLS, 
vector fused to the backbone of the pGBKT7 vector i.e. contains the bacterial selection 
gene, Kan% for kanamycin selection and the yeast selection gene, Trp, to allow growth 
on media lacking tryptophan.
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FIGURE 3.1.5. SCHEMATIC DIAGRAM SHOWING THE BASIS OF THE

CYTOTRAP® YEAST TWO-HYBRID ASSAY

p V lY R I
1

CELL MEMBRANE

GDP

X
B

CELL MEMBRANE

GDP

X

p M Y R

CELL MEMBRANE

GDP

GTP

V

YEAST GROWTH AT 37°C

Figure 3.1.5 shows the basis of the CytoTrap assay. A and B show that either the pMyr 
or pSos fusion construct alone will not activate the Ras signalling pathway. Only the 
presence of both constructs, brought together by an interaction between two test 
proteins, leads to the activation of Ras and yeast growth at 37°C.
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FIGURE 3.1.6. VECTOR DIAGRAMS OF THE CYTOTRAP® PLASMIDS

pMYR AND pSOS

promGMI

ivVristyation fusion peptide 

£foRl (74)

CYCIterm

f1 on C0IEI on

pMYR
6023 bp

CAIVf2u on

URA3

B

ADH 1 prom

hSOS fusion protein

fcoRI (2658)pSOS
11259 bp

2u on

LEU2
C0IEI ori

AfvPr

The pMyr vector (A) encodes the v-Src myristylation signal to direct the fusion protein 
product to the cell surface. Downstream of this is the multiple cloning site. The bacterial 
selection marker, Cam% allows growth on media containing chloramphenicol and the 
yeast selection marker, Ura, allows growth on media lacking uracil. The pSos vector (B) 
encodes the human Sos gene for activation of the Ras signalling pathway. pSos carries 
the bacterial selection marker, Amp% for growth on media containing ampicillin and the 
yeast selection marker. Leu, for growth on media lacking leucine.
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FIGURE 3.2.1 AN AGAROSE GEL SHOWING AMPLIFIED PCR PRODUCTS 

FOR THE GABAa RECEPTOR SUBUNIT N-TERMINAL DOMAIN 

SEQUENCES, «1(1-224) AND p2(l-220)

lOObp DNA ladder fragment sizes (bp):

1000, 900, 800, 700, 600, 500, 400, 300, 200, 100, 80

1 2 3 4 5 6 7

Lane Sample Predicted Sizes (bp) Observed Sizes (bp)
1 100 bp DNA ladder See above -

2 a l (1-220) PCR product 660 -650
3 "No DNA" negative control - -

4 No sample - -

5 100 bp DNA ladder See above -

6 p( 1-224) PCR product 672 -680
7 "No DNA" negative control - -

The GABAa receptor subunit N-terminal domain sequences a l (1-224) and p2( 1-220) 
were amplified by PCR from rat brain cDNA. The "No DNA" negative control samples 
contained no template for amplification and demonstrated that no contaminating DNA 
was present in either reaction. All samples were electrophoresed on a 1% agarose gel. 
Arrowheads indicate the positions of PCR products.
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FIGURE 3.2.2. ANALYSIS OF THE GABAa RECEPTOR SUBUNIT N-

TERMINAL DOMAIN SEQUENCES, a l(l-224 ) AND p2(l-220), BY

DIAGNOSTIC RESTRICTION ENZYME DIGESTION

lOObp DNA ladder fragment sizes (bp):

1000, 900, 800, 700, 600, 500, 400, 300, 200, 100, 80

1 2 3

Lane Sample Predicted Sizes (bp) Observed Sizes (bp)
1 100 bp DNA ladder See above -

2 aI(l-220) 436, 236 -250, 450
3 P( 1-224) 532,128 -150,550

Diagnostic digests were performed on the amplified GABAa receptor a l and P2subunit 
N-terminal domains to verify that the correct sequences had been amplified. a l(  1-224) 
was digested by Ncol and P2( 1-220) was digested with EcoRV. Both samples were 
electrophoresed on a 1% agarose gel along with a 100 bp DNA ladder. Arrowheads 
indicate the positions of restriction digestion products. It can be seen from the gel that 
the expected fragment sizes were produced.
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FIGURE 3.2.3. DIAGNOSTIC RESTRICTION ENZYME DIGESTION OF

pG A D T7al(l-224), pGADT7p2(l-220), pG BK T7al(l-224) AND pGBKT7p2(l-

220) FUSION CONSTRUCTS

Ikb DNA ladder fragment sizes (bp):

10000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, 250

B
1 2 3 4 5 1 2 3 4 5

Lane Sample Predicted Sizes (bp) Observed Sizes (bp)
1 1 kb DNA ladder See above -

2 Undigested pGADT7al(1-224) 8638 -9000
3 Digested pGADT7al(1-224) 7960,672 -8000,700
4 Undigested pGADT7p2(l-220) 8626 -8500
5 Digested pGADT?p2( 1-220) 7960, 660 -8000,650

B

Lane Sample Predicted Sizes (bp) Observed Sizes (bp)
1 1 kb DNA ladder See above -

2 Undigested pGBKT7al( 1-224) 7972 -10000
3 Digested pGBKT7al(1-224) 7300,672 -8000,650
4 Undigested pGBKT7p2(l-220) 7960 -10000
5 Digested pGBKT7p2( 1-220) 7300,660 -8000, 650

Purified pGADT7al( 1-224), pGADT7p2(l-220), pGBKT7al( 1-224) and
pGBKT7p2( 1-220) fusion constructs were digested by EcoR\ and BamHl. Each digest 
was electrophoresed on a 1% agarose gel together with a sample of each non-digested 
construct. Arrowheads indicate the positions of restriction digestion products.
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FIGURE 3.2.4. DNA SEQUENCING RESULTS FOR GAL4 YEAST TWO-

HYBRID DNA-BD AND AD VECTOR FUSION CONSTRUCTS

Vector Insert

B.

D.

A M E A S E F 

GC C A T G G A G G C C A G T G A A T T(

Q P S  G D E L K D  

C A G C  C C T C  C C A A G A T G A A C T T A A G G A C

Vector Insert

A M E A S E F 

G C CA r G G A G G C CA G T G A A I  T C

Q S V N D P S N M  

C A G  A G T G T C A A T G A C C  C T A G T A A T A T G

Vector Insert

A M E A E F 

GC C A T G G A G G  C C G A A T  TC

Q P  S G D E L K  D 

C A G C  C C T C C C A A G  A T G A A C T  TA A G G A C

Vector Insert

A M E A E F 

GC C A T G G  A GG C C G A A T  TC

Q S V N D  P S  N M  

GA G  AG T G T C A A T G A  C C C T A G  T A A T A T G

Nueleotide sequencing was carried out on the ABI PRISM 310 Genetic Analyser to 
confirm each insert was present and in-frame with the vector fusion protein. A-D 
represent pGADT7o:l( 1-224), pGADT7p2(l-220), pGBKT7c^l( 1-224) and
pGBKT7p2( 1-220) respeetively. The insert start codon, within the vector, is highlighted 
in Red and the EcoRX restriction site is highlighted in Blue.
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FIGURE 3.2.5. VECTOR DIAGRAMS OF THE GAL4 SYSTEM CONSTRUCTS

USED TO STUDY THE INTERACTIONS BETWEEN Oil AND P2 N-

TERMINALS
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The GABAa receptor subunit N-terminal sequences a l(  1-224) and P2( 1-220) were 
cloned into the GAL4 yeast two hybrid AD and DNA-BD vectors.
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FIGURE 3.2.6. AN IMMUNOBLOT SHOWING THE EXPRESSION OF THE 

GAL4 DNA-BD FUSION PROTEINS CONTAINING A GABAa RECEPTOR al 

OR p2 SUBUNIT N-TERMINAL DOMAIN IN THE YEAST STRAIN, AH109

1 2  3 4

30—

16—

4—

Lanes:

1. Untransformed AH 109 cells

2. GAL4 DNA-BD

3. GAL4 DNA-BD a l(  1-224)

4. GAL4 DNA-BD P2( 1-220)

Key: g  = GAL4-DNA-BD

I I  = C-myc e p i to p e

□  = p2( 1-220) 

■  = a l (  1-224)

Construct Predicted Mp (kDa) Observed My (kDa)
GAL4 DNA-BD 17 -14
GAL4 DNA-BD a l(  1-224) 43 -39
GAL4 DNA-BD P2( 1-220) 43 -43

The GAL4 DNA-BD vector containing a GABAa receptor a l or P2 subunit N-terminal 
domain sequence was transformed into the yeast strain, AH 109. Fusion proteins were 
extracted from yeast and analysed by immunoblotting using a monoclonal anti- c-myc 
antibody. The arrowhead indicates the positions of the a and p N-terminus fusion 
proteins.
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FIGURE 3.2.7. AN IMMUNOBLOT SHOWING THE EXPRESSION OF THE 

GAL4 AD FUSION PROTEINS CONTAINING A G A B A a RECEPTOR a l OR P2 

SUBUNIT N-TERMINAL DOMAIN IN THE YEAST STRAIN, AH109

98'
64'
50'

36'

30'

16'

6 '

4—

Lanes:

1. Untransformed AH 109 cells

2. GAL4 AD

3.GAL4 AD a l(  1-224)

4. GAL4 AD P2( 1-220)

Key: 0  = GAL4-AD

1 I = HA e p i to p e

■  = a l (  1-224) 

□  = (52(1-220)

Construct Predicted M- (kDa) Observed Mr (kDa)
pGADT? vector 15 -15
pGADT7al( 1-224) 41 -39
pGADT7P2( 1-220) 41 -41

The GAL4 AD vector containing a GABAa receptor a l or p2 subunit N-terminal 
domain sequence was transformed into the yeast strain, AH 109. Fusion proteins were 
extracted from yeast and analysed by immunoblotting using a monoclonal anti-HA 
antibody. The arrowhead indicates the position of a l and P2 N-terminus fusion 
constructs.
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FIGURE 3.2.8. AN EXAMPLE OF A P-GALACTOSIDASE ASSAY FOR LacZ 

REPORTER GENE ACTIVITY IN YEAST TRANSFORMED WITH GABAa 

RECEPTOR a l AND P2 N-TERMINAL DOMAINS

□ 8

Plasm id com binations

1. pGADT7al-N (l-224)/pGBKT7/52-N( 1-220)

2. pGADT7/52-N( 1 -220)/pGBKT7al -N( 1 -224)

3. pGADT7al -N( 1 -224)/pGBKT7al -N( 1 -224)

4. pGADT7/?2-N( 1 -220)/pGBKT7/32-N( 1 -220)

5. pGADT7ü!l-N(l-224)/pGBKT7

6. pGADT7/32-N (l-220)/pGBKT7

7. pGADT7/pGBKT7/32-N( 1-220)

8. pGADT7pGBKT7al-N( 1-224)

9. pGADT7/pGBKT7

10. pTDl-l/pVA3-l

A P-galactosidase assay was carried out on yeast co-transformed with combinations of 
a l and P2 subunit N-termini to test for LacZ reporter gene activity which results in a 
blue colour.
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FIGURE 3.2.9. VECTOR DIAGRAMS OF THE MODIFIED LEXA SYSTEM

CONSTRUCTS USED TO STUDY THE INTERACTIONS BETWEEN a l AND

P2 N-TERMINALS
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The GABAa receptor subunit sequences a l(  1-224) and P2( 1-220) were each sub-cloned 
into the modified LexA system DNA-BD vector, pMBL33.
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FIGURE 3.2.10. VECTOR DIAGRAMS OF THE CYTOTRAP® SYSTEM

CONSTRUCTS USED TO STUDY THE INTERACTIONS BETWEEN a l AND

P2 N-TERMINALS
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The GABAa receptor subunit sequences a l(  1-224) and p2( 1-220) were each sub-cloned 
into the CytoTrap® vectors, pMyr and pSos.
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FIGURE 3.2.11. AN EXAMPLE OE COLONY GROWTH ON -U/-L GLUCOSE- 

BASED MEDIA AFTER CO-TRANSFORMATION OF CYTOTRAP® YEAST 

STRAIN, CDC25H, WITH al AND |32 N-TERMINAL DOMAINS

1 2 3 4 5 6 7 8 9 10 11 12 13

A

B

C

Patch SOS CONSTRUCT MYR CONSTRUCT
1 A C pSOSMAFB pMYRMAFB
2 A-C pSOSCOLL pMYRMAFB
3 A-C pSOSMAFB pMYRSB
4 A-C pSOSMAFB pMYRLAMIN C
5 A-C pSOSo:l-N( 1-224) pMYR(32-N( 1-220)
6 A-C pSOS(32-N( 1-220) pMYRcd-N( 1-224)
7 A-C pSOSo!l-N( 1-224) pMYRo!l-N( 1-224)
8 A-C pS0Sp2-N( 1-220) pMYR(32-N( 1-220)
9 A-C pSOSal-N( 1-224) pMYR
10 A-C pSOS(32-N(l-220) pMYR
11 A-C pSOS pMYRal-N( 1-224)
12 A-C pSOS pMYR(32-N( 1-220)
13 A-C pSOS pMYR

The CytoTrap yeast strain, cdc25H, was co-transformed with combinations of GABAa 
receptor a\ and (32 subunit N-termini. Protein interactions were detected by growth on 
galactose-based selection media, lacking leucine and uracil and incubated at 37°C. Grey 
circles indicate areas of yeast growth after 5 days at 37°C.
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FIGURE 3.2.12. SCHEMATIC REPRESENTATION OF THE RELATIVE SIZES OF FUSION PROTEIN CONSTRUCT DOMAINS 

USED IN EACH YEAST TWO HYBRID SYSTEM

I  = fx1 N-temiinus T224 amino acidsl

I I = (32 N-terminus (220 amino acids)

H  = GAL4-AD (138 amino acids)

I I = HA epitope tag (9 amino acids

I  = GAL4-DNA-BD (147 amino acids)

I I = C-myc epitope tag (11 amino acids)

I  = LcxA-DNA-BD (202 amino acids)

I I = MYR (15 amino acids)

I I = hSOS (1021 amino acids)

B

The diagram shows the relative sizes of the components of the fusion proteins used in each yeast two-hybrid system. The GAL4 system 
constructs, (A), produced from pGADT7 and pGBKT7 vectors, contain HA or c-myc epitope tags, respectively, for detection of expression in 
yeast by immunoblotting. The modified LexA system uses the same AD construct to the GAL4 system, but a different DNA-BD, (B). The 
CytoTrap® system, (C), uses two fusion proteins of very different sizes to the other two systems and to each other.
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FIGURE 3.2.13. SCHEMATIC REPRESENTATION OF THE GABAa RECEPTOR SUBUNIT N TERMINAL DOMAINS SHOWING 

SEQUENCES IMPORTANT FOR ASSEMBLY

al-N

P3-N

y2-N

y3-N

4 5 6

7 8 9

219

234

239

1 = 54-68

2 = 80-100

3 = 67-81

4 - 83-92

5 - 91-104

6 = 52-66

7 = 70-84

8 = 86-95

9 = 94-107

The diagram shows a schematic representation of the o:l, (33, y2 and y3 GABAa receptor subunit N-terminal domains. The numbered red boxes 
represent the positions of sequences identified as important for subunit assembly and specific amino acid numbers are indicated on the right.
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TABLE 3.1.1. COM PARISON OF THE GAL4, LEXA AND M ODIFIED LEXA

YEAST TW O-HYBRID SYSTEMS

Yeast Two-Hybrid 

System
GAL4 LexA mLexA

Transcription 

Factor Type
Eukaryotic Prokaryotic Prokaryotic

Yeast Strain AH109 EGY48 L40

AD Vector pGADT7 pJG4-5 pGADT7

DNA-BD Vector pGBKT7 pEG202-NLS pMBL33

Reporter Genes
Adenine

Histidine
Leucine Histidine

The table shows a comparison between the GAL4, LexA and mLexA yeast two-hybrid 
systems, showing the features of each system that have been incorporated into the 
modified hybrid system.
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TABLE 3.2.1. CO-TRANSFORM ATION OF THE GABAa RECEPTOR a l  AND

P2 N-TERM INALS IN THE GAL4 YEAST TW O-HYBRID SYSTEM

Activation
Domain

Construct

DNA-Binding
Domain

Construct

-2 Selective 
Media

-4 Selective 
Media

P"
Galactosidase

Activity
pGADTV
al-N(l-224)

pGBKT7
P2-N(l-220)

++ (+) 4-

pGADT?
p2-N(l-220)

pGBKT7
al-N(l-224)

++ +

pGADT?
al-N(l-224)

pGBKT7
al-N(l-224)

++ (+)

pGADT?
P2-N(l-220)

pGBKT7
P2-N(l-220)

++ ++

pGADT?
al-N(l-224)

pGBKT7- ++

pGADT?
p2-N(l-220)

pGBKT7- ++ 4-1- 4-

pGADT7-
pGBKT7
al-N(l-224)

4-H - -

pGADTT-
pGBKT7
P2-N(l-220)

++ - -

pGADT?- pGBKT7- -H- - -

pTDl-1 pVA3-l + 4-

The results are representative of n = 4 independent co-transformations

Key: -2 Selective media lacks leucine and tryptophan
-4 Selective media lacks adenine, histidine, leucine and tryptophan
For nutritional selection - = no growth, (+) = 1-10 colonies, + = 11-100
colonies, ++ = 101-200 colonies
For p-galactosidase assay + = enzyme activity observed, - = no enzyme 
activity observed

GABAa receptor a l and P2 subunit N-terminal domains were cloned into the GAL4 
AD and DNA-BD vectors to produce in frame fusion constructs. Combinations of these 
constructs were co-transformed into AH 109 yeast and assayed for reporter gene activity, 
i.e. for growth on selective media and for P-galactosidase activity.
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TABLE 3.2.2. CO-TRANSFORM ATION OF THE GABAa RECEPTOR a l  AND

p2 N-TERM INALS IN THE (m) LEXA YEAST TW O-HYBRID SYSTEM

Activation
Domain

Construct

DNA-Binding
Domain

Construct

-2 Selective 
Media

-3 Selective 
Media

P"
galactosidase

Activity
pGADT?
al-N(l-224)

pMBL33
p2-N(l-220)

+++ (+) +

pGADT?
P2-N(l-220)

pMBL33
al-N(l-224)

+++ + +

pGADTV
al-N(l-224)

pMBL33
al-N(l-224)

+4-4- (+) +

pGADT?
p2-N(l-220)

pMBL33
P2-N(l-220)

+-H- + +

pGADT?
al-N(l-224)

pMBL33- +++ ++ +

pGADT?
P2-N(l-220)

pMBL33- +++ +++ +

pGADT7-
pMBL33
al-N(l-224)

+++ - -

pGADTT-
pMBL33
P2-N(l-220)

+++ - -

pGADTV- pMBL33- -H-+ - -

pGADlO
GRIF-l(8-633)

pMBL33
P2-IL(303-427)

++ + ++ +

The results are representative of n = 3 independent co-transfomiations.

Key: -2 Selective media lacks leucine and tryptophan.
-3 Selective media lacks histidine, leucine and tryptophan and contains 2.5 
mM 3-amino triazole
For nutritional selection - = no growth, (+) = 1-10 colonies, + = 11-100 
colonies, ++ = 101-200, colonies, +++ = >200
For p-galactosidase assay + = enzyme activity observed, - = no enzyme 
activity observed

GABAa receptor a l and p2 subunit N-terminal domains were sub-cloned in frame into 
the (m) LexA DNA-BD vector. Combinations of AD and DNA-BD constructs were co
transformed into L40 yeast and assayed for reporter gene activity, i.e. for growth on 
selective media and for p-galactosidase activity.
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TABLE 3.2.3. CO-TRANSFORM ATION OF THE POSITIVE AND NEGATIVE

CYTOTRAP* YEAST TW O-HYBRID SYSTEM  CONTROL PLASM IDS

pSOS
Construct

pMYR
Construct

-UL 
Glucose at 

25°C

-UL 
Galactose 

at 25°C

-UL 
Glucose at 

37°C

-UL 
Galactose 

at 37°C
pSOSMAFB pMYRMAFB + + - +
pSOSCOLl pMYRMAFB + + - -
pSOSMAFB pMYRLamin C -f- + - -
pSOSMAFB pMYRSB + + - +
pSOS- pMYR- + + - -

The results are representative of n = 3 independent co-transformations.

Key: -UL media lacks uracil and leucine.
+ = cell growth, - = no cells growth

The CytoTrap yeast strain, cdc25H, was co-transformed with double combinations of 
positive and negative control plasmids. The table shows that the positive control co
transformants pMyrMAFB/pSosMAFB and pMyrSB/pSosMAFB grew at 37°C on 
galactose-based media whereas pMyrMAFB/pSosColl, pMyrLaminC/pSosMAFB and 
pMyr/pSos combinations show no growth.
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TABLE 3.2.4. CO-TRANSFORM ATION OF THE GABAa RECEPTOR a l  AND

P2 N-TERM INALS IN THE CYTOTRAP® YEAST TW O HYBRID SYSTEM

pSOS
C o n stru c t

pMYR
C onstruc t

-UL 
G lucose a t 

25°C

-UL 
G alactose 

a t 25°C

-UL 
G lucose a t 

37°C

-UL 
G alactose 

a t 37°C
pSOSMAFB pMYRMAFB + + - +
pSOSCOLl pMYRMAFB + + - -
pSOSMAFB pMYRLamin C + + - -
pSOSMAFB pMYRSB + + - +
pSOS- pMYR- -H + - -
pSOS
al-N(l-224)

pMYR
P2-N(l-220)

+ + - -

pSOS
p2-N(l-220)

pMYR
al-N(l-224)

+ -h - -

pSOS
al-N(l-224)

pMYR
al-N(l-224)

+ + - -

pSOS
P2-N(l-220)

pMYR
P2-N(l-220)

+ + - -

pSOS
al-N(l-224)

pMYR- + + - -

pSOS
P2-N(l-220)

pMYR- + + - -

pSOS- pMYR
al(l-224)

+ + - -

pSOS- pMYR
P2-N(l-220)

+ + - -

The results are representative of n = 3 independent co-transformations.

Key: -UL media lacks uracil and leucine.
+ = cell growth, - = no cells growth

GABAa receptor subunit domains a l (1-224) and p2(1-220) were sub-cloned into the 
CytoTrap® pSos and pMyr vectors. Combinations of Myr and Sos constructs were co
transformed into cdc25Ha yeast and assayed for reporter gene activity, i.e. growth at 
37°C on galactose-based media lacking uracil and leucine.
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CHAPTER 4: 
RESULTS 2
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4.1. RATIONALE FOR THE USE OF THE GABAa RECEPTOR P2 N- 

TERMINUS AND P3-IL TO SCREEN A YEAST TWO-HYBRID cDNA 

LIBRARY TO IDENTIFY INTERACTING PROTEINS

In parallel with the al/p2  N-terminal domain interaction co-transformations, a yeast 

two-hybrid rat brain cDNA library was screened to try to identify novel proteins 

interacting with GABAa receptor subunits that may be involved in receptor assembly, 

trafficking and stabilisation at the synapse. The first consideration was which GABAa 

receptor subunit to use to screen the library.

4.1.1. THE GABAa RECEPTOR P3-IL

The GABAa receptor P2 subunit IL was used in a previous yeast two-hybrid library 

screen in this laboratory. It resulted in the identification of the novel protein, GABAa 

receptor interacting factor, GRIF-1 (Beck et al., 2002), a putative trafficking factor 

(Section 1.2.6.5.2 and Chapter 5). Particular GABAa receptor subtypes are localised to 

distinct regions of neuronal membranes e.g. ô subunit-containing receptors are always 

found extra-synaptically (Nusser et al., 1998). The GABAa receptor p subunits were 

shown to play a role in receptor targeting in polarised, MDCK cells (Connolly et a l, 

1996a). The p i subunit-containing receptors showed a non-polarised distribution, 

whereas p2 subunit- and P3 subunit-containing receptors were localised to the 

basolateral membrane. The p2 and p3 subunits differed in their transport mechanisms in 

that p2 subunits were targeted directly to the basolateral membrane, whereas the P3 

subunits were firstly localised to the apical membrane, reaching the basolateral 

membrane by transcytosis over time. Of the p subunits P2 and p3 are the most 

abundantly expressed in rat brain, i.e. the P2 subunit is present in 55-60% of all GABAa 

receptors in rat brain membranes, the p3 subunit is present in 19-25% and the pi 

subunit in 16-18% of these receptors (Benke et al., 1994). Both the P2 and P3 subunits 

are good candidates for yeast two-hybrid baits to identify trafficking proteins. The P3 

subunit isoform, the second most common form of P subunit, is widely expressed 

throughout the brain and displays a specific receptor trafficking function. Therefore, this 

subunit was chosen for use as the bait in the first yeast two-hybrid cDNA library screen. 

The intracellular loop (IL) of GABAa receptor subunits shows the most sequence 

variability among members of the same subunit subclass. The IL region is known to
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contain binding domains for intracellular regulatory proteins such as kinases. Indeed, 

the serine kinase, GABAa receptor-tubulin complex-associated protein of molecular 

mass 34 kDa (GTAP-34), was identified by co-immunoprecipitation as interacting 

specifically with the IL of the P3 subunit (Kannenberg et al., 1999). GABAa receptor 

subunit ILs have also been shown to interact selectively amongst themselves (Nymann- 

Andersen et al., 2002) i.e. y2-ILs will interact with y 1-3 subunit ILs and p i -3 subunit 

ILs, but not with the a subunit ILs. The same region of the y2-IL that interacts with 

itself is also the binding motif for the GABAa receptor-associated protein, GABARAP, 

suggesting that IL interactions may be involved in receptor transport and clustering. 

Therefore, on the basis of abundance the IL of the GABAa receptor p3 subunit was 

chosen to screen the rat brain cDNA library for interacting proteins.

4.1.2. THE GABAa RECEPTOR P2 N-TERMINUS

A second library screen was carried out in an attempt to identify proteins involved in 

GABAa receptor assembly and synapse formation.

The formation of an intricate matrix of intracellular and extracellular proteins is 

involved in the development, stabilisation and plasticity of synapses. At the 

neuromuscular junction, for example, the extracellular protein, agrin, a synaptogenic 

factor secreted from the nerve terminal, indirectly mediates clustering of acetylcholine 

receptors at the synapse (Moransard et al., 2003). Agrin binds its postsynaptic 

membrane receptor which contains a muscle specific kinase (MuSK) that clusters at 

synaptic sites. The extracellular domain of MuSK then interacts with acetylcholine 

receptor associated protein, rapsyn (Apel et al., 1997). Since rapsyn is entirely 

intracellular, an as yet unidentified membrane spanning linker protein must also be 

involved in this interaction. Activated MuSK phosphorylates ACh receptors which 

initiates receptor clustering at the synapse. In this way, a series of protein-protein 

interactions is involved in the formation of synaptic specialisations.

Another example of protein interactions with neurotransmitter receptor extracellular 

domains is the interaction between the EphrinB receptor, EphB, and the NMDA 

receptor NRl subunit. (Dalva et al., 2000). EphrinB is a transmembrane signalling 

protein found on the pre-synapse. The interaction between EphrinB and its receptor, 

EphB, which is found on the post-synapse, causes the extracellular domain of EphB to 

interact with the extracellular domain of the NMDA receptor NRl subunit. This
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interaction suggests that EphrinB signalling causes clustering of EphB receptors with 

NMDA receptors at newly forming synaptic junctions. The association could also be 

indicative of cross-talk between the two receptor signalling pathways and could be 

important in synaptic plasticity.

The N-terminal domain of each assembled GABAa receptor subunit, when expressed at 

the cell surface, is located outside the cell where it interacts with the ligands that 

activate GABAa receptor activity, e.g. GABA, benzodiazepines and neurosteroids. This 

also leaves the extracellular N-termini open for interactions with proteins found in the 

synaptic cleft. The N-terminal domain of the AMP A receptor subunit GluR2 has been 

shown, through the use of deletion and chimeric constructs, to be important for dendritic 

spine formation in hippocampal neurones (Passafaro et al., 2003). Chimeric constructs 

of NMDA receptor subunits expressed in HEK 293 cells have also been used to identify 

two domains of the NR2 subunits that are involved in the glycine-independent 

desensitisation of NMDA receptors (Krupp et a l, 1998).

It was therefore decided that a GABAa receptor subunit N-terminal domain would be 

used to screen a yeast two-hybrid rat brain cDNA library, to identify proteins that may 

be involved in the formation, stabilisation or plasticity of GABAa receptor synaptic 

specialisations. The rat p2 subunit N-terminus was chosen for use as a bait since, as 

discussed above, along with the a l and y2 subunits, it forms the most common receptor 

subtype in adult brain and it is widely distributed in both perinatal brain (when 

synaptogenesis begins) and in adult brain (Fritschy et a l, 1994).
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4.2. RESULTS
4.2.1. CONSTRUCTION OF THE DNA-BD BAIT PLASMIDS

Construction and characterisation of the GABAa receptor P2(1-220) N-terminal domain 

DNA-BD plasmid is described in Section 3.3.1.

The GABAa receptor P3 subunit IL construct was prepared by direct cloning into the 

pGBKT? vector (method summarised in Figure 2.1). The p3 subunit sequence, 306-425, 

was amplified by PCR fi'om a previously prepared GABAa receptor p3 subunit plasmid 

construct, using specific oligonucleotide primers listed in Table 2.1, and specific 

tbermocycling parameters, detailed in Table 2.1.4. This sequence was used to generate 

the construct pGBKT7p3-IL(306-425). The insertion and orientation of each sequence 

was confirmed by oligonuceotide sequencing, as shown for the GAL4 AD and DNA- 

BD fusion constructs in Figure 3.2.4. Plasmid maps for the bait constructs are shown in 

Figure 4.1. Figure 4.2 shows an immunoblot demonstrating expression of the P3-IL 

fusion protein, GAL4 DNA-BD p3-IL(306-425), in yeast. From the figure it can be seen 

that a band representing the P3-IL sequence was detected at ~26 kDa.

4.2.2. SMALL-SCALE LIBRARY TRANSFORMATION

A sequential transformation protocol was employed for the cDNA library screen to 

ensure that the availability of DNA-BD plasmid would not limit potential interactions 

with library clones. In this procedure the GAL4 yeast strain, AH 109, was initially 

transformed individually with either the GABAa receptor p2-N(1-220) or the p3- 

IL(306-425) DNA-BD construct using a small-scale transformation procedure (Sections 

2.2.3.2 and 2.2.3.3). Colonies were selected on dropout media lacking tryptophan to 

ensure that the resulting yeast contained the DNA-BD plasmid.

A small-scale test screen was carried out for each DNA-BD construct by transformation 

of yeast already containing the DNA-BD vector, with 1 pg of library cDNA. The 

transformation efficiency of the library was determined fi’om this screen. A rat brain 

cDNA library with a complexity of ~1 x 10  ̂independent clones was used. To screen 1 

X 10  ̂ clones on 50 large plates would require 20000 clones screened per plate. Test 

transformations using 1 pg of library DNA produced approximately 5000 clones on 1 

plate, therefore 4 x the amount of DNA per plate was needed to achieve 1 x library 

coverage (i.e. 200 pg DNA per screen).
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4.2.3. LARGE-SCALE LIBRARY TRANSFORMATION

Rat brain mRNA for the MATCHMAKER yeast two-hybrid cDNA library was 

obtained from Clontech Laboratories UK Ltd. Each library contains genomic DNA from 

approximately one-hundred 10-12 week old male Sprague-Dawley rats 

(MATCHMAKER library user manual, Clontech). mRNA is reverse transcribed using 

oligo d(T) primers. Adaptor sequences are added to each clone to aid excision from the 

vector and cDNAs smaller than 400 bp are removed before the remaining clones are 

ligated into the AD plasmid. Libraries are guaranteed to have at least 1 x 10  ̂

independent clones. The library titre was 10  ̂ colony forming units (cfu)/ml, which is 

greater than 10-fold the number of independent clones in the library, therefore the 

library was suitable for screening.

Large-scale library transformations were carried out using AH 109 yeast cells pre

transformed with a DNA-BD construct (Section 2.2.3.4). For each screen, cells were 

transformed with 200 pg of library cDNA. Colonies were selected on 50 x 140 mm -4 (- 

W, -L, -H, -Ade) dropout agar plates after 1 week at 30®C.

4.2.4. LIBRARY SCREENING USING THE GABAa RECEPTOR P3-IL(306-425) 

AS THE BAIT

For the GABAa receptor p3-IL(306-425) cDNA library screen, 7 putative interacting 

colonies were obtained. Each colony was re-streaked onto -4 dropout agar to allow time 

for the excess plasmids to dropout of the cells, since yeast cells containing interacting 

library clones may also contain extra AD plasmids which are not involved in the 

interaction. If kept under continuous selection, yeast tend to lose these plasmids leaving 

only the true interactor. Re-streaked cells were then tested for P-galactosidase reporter 

gene activity. Each putative positive clone showed p-galactosidase activity after 4 h, 

AD plasmids were extracted from yeast (Section 2.2.3.7) and amplified by 

electroporation transformation of bacteria. Selection for yeast AD plasmids from DNA 

isolated from yeast library transformants containing both AD and DNA-BD plasmids is 

possible because pGADlO and pGBKT7 vectors contain different antibiotic resistance 

genes and DH5a bacteria cannot accommodate both of these plasmids simultaneously. 

Therefore, selection on LB-AMP agar caused selection of AD vectors and expulsion of 

DNA-BD vectors i.e. those containing a KAN*̂  gene. Each isolated library plasmid was 

purified from bacteria and digested by the restriction enzyme, EcdRl, to excise the clone
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fragment and thus determine its size. Figure 4.3 shows the digestion products for each 

of the clones. Three bacterial clones were analysed for each putative interacting clone 

isolated from yeast. Clones 1, 4, and 7 contained no insert and were disregarded as false 

positives. Clone 2 contained an insert of -740 bp. Clone 3 contained an insert of -915 

bp. Bacterial clones for yeast clone 5 each contained a different profile, i.e. the first 

contained 2 insert fragments of -650 and -315 bp, the second contained no insert and 

the third contained a fragment of -2950 bp. Clone 6 contained an insert of -350 bp. 

Each of the purified plasmids was co-transformed in yeast with the p3-IL(306-425) 

DNA-BD to confirm their interaction. Table 4.1. shows the results of these co

transformations. On re-co-transformation with the p3-IL(306-425), only clone 2 showed 

a positive interaction after 1 week under selection on -4 media, therefore clones 3, 5 and 

6 were disregarded as false positives from the original screen. Clone 2 was next tested 

for its interaction specificity with the p3-IL(306-425). However, inclusion of a single 

negative control containing clone 2 co-transformed with an empty DNA-BD vector 

showed it to auto-activate reporter gene activity, therefore clone 2 was also disregarded.

4.2.5. LIBRARY SCREENING USING THE GABAa RECEPTOR P2-N(l-220) AS 

THE BAIT

For the p2-N( 1-220) cDNA library screen 200pg DNA was used for screening and 10 

putative interacting colonies were obtained. Each colony was re-streaked onto -4 

dropout agar and tested for p-galactosidase reporter gene activity. All clones were 

positive for P-galactosidase reporter gene activity, therefore AD plasmids were 

extracted from yeast and amplified by electroporation transformation of bacteria, as in 

Section 4.2.4. Restriction enzyme digestion by EcoRi was carried out on each clone to 

determine the insert size. Figures 4.4 and 4.5 show the results of each digestion. Clones 

1 and 9 contained no insert and were disregarded. Clones 2-8 and 10 all contained 

inserts. Clone 2 contained an insert of -400 bp. Clone 3 contained an insert of -600bp. 

Each bacterial clone from clone 4 contained a different insert, i.e. the first contained a 

-480 bp insert, the second contained a -290 bp insert and the third contained a -375 bp 

insert. Clone 5 contained a 430 bp insert. One of the 3 bacterial clones for clone 6 

contained an insert of -2900 bp, whereas the remaining 2 contained no insert. Clone 7 

contained an insert o f -1000 bp. Clone 8 contained an insert of -2650 bp and clone 10 

contained an insert of -1420 bp. Each bacterial clone was re-co-transformed with the
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original P2-N(1-220) DNA-BD construct to verify their interactions together with 

positive and negative controls i.e. the pTDl-1 and pVA3-l plasmids and empty AD and 

DNA-BD plasmids, respectively. The results of the co-transformations are shown in 

Table 4.2. The pTDl-l/pVA3-l positive control showed colony growth on -4 dropout 

media. The empty vector double negative control showed no growth. Clones 3 and 7 

showed colony growth and a-galactosidase activity on co-transformation with the P2- 

N(l-220). Clones 2, 4-6, 8 and 10 showed no reporter gene activity and were 

disregarded. Co-transformations to test interaction specificity were carried out for 

clones 3 and 7. Each clone was co-transformed with a variety of DNA-BD constructs. 

The GABAa receptor constructs tested were p2-IL(303-427), P2TM3/IL/TM4(282- 

450), p2-IL/TM4(303-450), al-IL(304-384), al-N(l-224) and the original GABAa 

receptor construct p2-N( 1-220). Positive and negative controls were also included. 

Clone 7 co-transformed with an empty DNA-BD vector showed it to auto-activate 

reporter genes, therefore it was disregarded. The results of the specificity test co

transformations for Clone 3 are shown in Table 4.3. The pTDl-l/pVA3-l positive 

control showed reporter gene activity. The double empty vector negative control 

showed no reporter gene activity. The single negative control containing Clone 3 co

transformed with an empty DNA-BD vector also showed no reporter gene activity. 

Clone 3 showed reporter gene activity when co-transformed with either al-N(l-224) or 

P2-N(l-220), but not with p2-IL(303-427), p2TM3/IL/TM4(282-450), P2-IL/TM4(303- 

450) oral-IL(304-384).

4.2.5.I. NUCLEOTIDE SEQUENCE ANALYSIS AND DATABASE SEARCHING OF 

CLONE 3

Having confirmed the interaction of clone 3 with the GABAa receptor P2-N(1-220), 

oligonucleotide sequencing, using the ABI PRISM 310 Genetic Analyser, was carried 

out in order to identify the insert. The 504 bp oligonucleotide sequence was determined 

for clone 3 using a vector specific primer that hybridised upstream of the multiple 

cloning site. A second primer (shown in Table 2.1.3) was designed from initial 

sequencing results to hybridise within the clone 3 sequence and was used to determine 

the remainder of the sequence. The compiled sequence is shown in Figure 4.6. 

Translation of the nucleotide sequence was performed using a Translator program 

available at www.justbio.com. This translation revealed an open reading frame (ORF) in 

the +2 frame of the inserted sequence, which extended throughout the clone (Figure
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4.7.). The ORF was also in frame with the GAL4 AD of the pGADlO vector. Frames +1 

and +3 contained stop codons near the beginning of the sequence. A nucleotide BLAST 

search of GenBank, RefSeq Nucleotides, EMBL, DDBJ and PDB databases, available 

via the National Centre for Biotechnology Information (NCBI) website 

(www.ncbi.nlm.nih.gov) was carried out and the search showed clone 3 to be 99% 

homologous to the cDNA sequence of the computationally predicted rat gene, TIDIL, 

similar to the tumorous imaginai discs protein (Tid56-like protein), which is a DnaJ 

homologue. Greater than 90% nucleotide sequence homology was also found to 

numerous other DnaJ-domain-containing proteins.

4.2.5.2. AMINO ACID SEQUENCE DATABASE SEARCHING AND SEQUENCE 

ANALYSIS OF CLONE 3

A protein BLAST search of the Swissprot database was carried out on the deduced 

amino acid sequence of clone 3. This search found the protein to be 98% identical to a 

mouse tumorous imaginai discs protein. The search also showed clone 3 to be -40% 

identical to the DnaJ chaperone protein of several species.

The protein sequence of clone 3 was analysed by the Simple Modular Architecture 

Research Tool program at smart.embl-heidelberg.de and by comparison to the DnaJ-like 

protein, TIDIL. This analysis revealed the presence of DnaJ-like protein motifs. Clone 

3 contains part of a J-domain motif, a glycine/phenylalanine-rich motif and a cysteine- 

rich zinc fmger-like motif. An amino acid sequence alignment between TIDIL and 

clone 3 is shown in Figure 4.8. The frmctional domains mentioned above are indicated 

on the alignment. Also indicated on the TIDIL sequence is the HPD motif, which is 

conserved across all DnaJ homologous proteins. This motif lies outside the range of the 

clone 3 partial sequence.

4.2.5.3. SUB-CLONING OF CLONE 3 AND THE P2 N-TERMINAL DOMAIN INTO 

MAMMALIAN EXPRESSION VECTORS

Clone 3 and p2-N(1-220) sequences were each sub-cloned into a mammalian expression 

vector for transfection into HEK 293 cells. Clone 3 was sub-cloned into pCMV4a which 

yields a protein product with an N-terminal c-myc tag and the p2-N( 1-220) was sub

cloned into pcDNA4a which yields a protein product with an N-terminal His tag. HEK 

293 cells were transfected with the respective constructs and analysed by 

immunoblotting. Uridine diphospho-A-acetylglucosamine: polypeptide p-A-
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acetyglucosaminyl transferase (OGT) was used as a positive control for the anti-his 

antibody and C-myc-tagged GRIF-1(1-913) was used as a control for the anti C-myc 

antibody. Figure 4.9 shows that both clone 3 and p2-N(l-220) were expressed with the 

correct molecular sizes. Time limitations prevented further use of these constructs to 

validate their interaction.
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4.3. DISCUSSION
The library screen of the GABAa receptor P3-IL produced 7 potential interactors, but 

all of these were eventually proven to be false positive colonies. The screen of the 

GABAa receptor p2 N-terminal domain produced 10 potential interactors; 9 of these 

were proven to be false positives, but the 1 remaining clone, clone 3, was found to be a 

novel protein, 99% identical to the rat DnaJ-like protein, TIDIL. Protein motifs 

identified within the sequence suggested that it was a class I DnaJ homologue. The 

library clone is an incomplete sequence that contains a J-domain, a G/F-rich domain and 

a cysteine-rich domain. The nucleotide sequence of clone 3 is 99% identical to the 

corresponding region of the computationally derived rat gene, TIDIL sequence. The 

protein sequence is 100% identical over this region.

4.3.1. THE DnaJ PROTEINS

DnaJ (a homologue of hsp40) is a co-chaperone protein, which is involved in the DnaJ, 

DnaK (hsp70), GrpE (hspl05) heat-shock response where it aids refolding of unfolded 

proteins, by recruiting them to DnaK (Cyr et a l, 1994). Under normal cellular 

conditions the heat-shock proteins are involved in a variety of functions such as gene 

expression, translation initiation, protein folding and protein translocation. Different 

combinations of DnaK and DnaJ proteins are found in different sub-cellular 

compartments.

DnaJ homologues fall into three classes (Linke et al, 2003). Class I DnaJ homologues 

contain four domains. The first is the J-domain which contains 4 a-helical regions with 

a conserved HPD motif between helices 2 and 3 and this region forms a binding site for 

the chaperone protein, DnaK. Next, there is a G/F-rich domain that is involved in 

ATPase activation. This is followed by a cysteine-rich domain which forms zinc 

binding centres I and II. Zinc binding centre I is involved in the autonomous activity of 

DnaJ i.e. binding of substrate proteins to prevent their irreversible aggregation, whereas 

zinc centre II is involved in the co-chaperone functions by providing a second binding 

site between DnaJ and DnaK (Linke et a l, 2003). Finally, there is a poorly conserved 

C-terminal domain. Class II DnaJ homologues lack the zinc binding centre domains and 

class III DnaJ homologues contain only the DnaJ domain.
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It is thought that those DnaJ homologues that contain the zinc centre domains are 

involved in recruiting a variety of substrate proteins to DnaK, whereas those that lack 

this region may have developed a more specific function (Kelly, 1998), DnaJ is also 

able to bind and recruit proteins that contain secondary or tertiary structures to DnaK, 

whereas DnaK itself binds only unfolded proteins.

4.3.2. TIDl PROTEINS

The human TIDl gene encodes two splice variants (long and short forms) of the hTid-1 

protein. These proteins are the human homologues of the Drosophila tumour suppressor 

protein, Tid56, which is a DnaJ homologue. The long and short forms of hTid-1 were 

shown to have opposing effects on apoptosis induced by tumour necrosis factor a 

(TNFa) and mitomycin C in human U20S cells (Syken et a l, 1999). hTid-1 L increased 

apoptosis, while hTid-1 g suppressed apoptosis induced by TNFa and mitomycin C. This 

study also suggested that Tid-1 proteins were predominantly localised to the 

mitochondrial matrix. However, both long and short forms of hTid-1 have been found to 

interact with Jak2 which has a nucleocytoplasmic localisation (Sarker et a l, 2001). 

HTid-1 proteins were also shown to interact with cytoplasmic hsp70. Analysis of 

nuclear and cytoplasmic cellular fractions of Hep2 cells in this study detected mature 

hTidl proteins.

More recently three rat isoforms of the Tid-1 protein (rTid-1 long, intermediate and 

short isoforms) were identified (Fujita et a l, 2004) however these sequences have not 

yet been published. The intermediate isoform of rTid-1 was found to interact with the 

hsp70 chaperone protein, mortalin. Mortalin is predominantly found in mitochondria, 

but has also been detected in the ER, cytoplasm, cytoplasmic vesicles and at perinuclear 

sites (Ran et al., 2000 and reviewed by Wadhwa et al., 2002). Mortalin has been 

implicated in various cellular functions outside of mitochondria including receptor 

trafficking and internalisation (Sacht et al., 1999; Mizakoshi et al., 1999), inactivation 

of the tumour suppressor, p53 (Wadhwa et al., 1998) and unfolding of proteins outside 

of mitochondria (reviewed by Wadhwa et al., 2002) suggesting that the function of 

mortalin is dependent on its subcellular location.

4.3.3. POSSIBLE FUNCTION OF CLONE 3

Figure 4.10 shows a schematic diagram showing an alignment of a typical DnaJ protein 

and the isolated p2-N( 1-220) screen library clone 3. In chapter 3 it was concluded that
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the GABAa receptor a l and P2 subunit N-termini do not fold correctly in yeast. 

Therefore, in this study it is likely that the isolated DnaJ homologue is involved in 

rescuing inappropriately folded proteins by recruitment of the polypeptides to a DnaK 

protein for folding. One way to test this theory would be by co-expression of the DnaJ 

clone in mammalian cells with the full-length p2 subunit, which would be expected to 

fold correctly, and testing for an association by co-immunoprecipitation 

The results from chapters 3 and 4 suggest that, although it is possible to use the yeast 

two-hybrid system to study some proteins which require complex folding or post- 

translational modifications (Section 3.4.3), it is not a good strategy for the study of 

GABAa receptor subunit N-termini. Therefore, an alternative method would need to be 

employed for further studies. Some possibilities are discussed in Section 3.1.1.
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FIGURE 4.1. VECTOR DIAGRAMS OF THE GAL4 SYSTEM CONSTRUCTS 

USED TO SCREEN A RAT BRAIN cDNA LIBRARY
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The GABAa receptor sequences p2( 1-220) and (33(306-425) were cloned into the GAL4 
yeast two-hybrid DNA-BD vector, pGBKTT, for use as bait constructs to screen a rat 
brain cDNA library for interacting proteins.
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FIGURE 4.2. IMMUNOBLOT SHOWING THE EXPRESSION OE THE GABAa 

RECEPTOR GAL4 DNA-BD P3-IL(306-425) FUSION PROTEIN YEAST 

STRAIN, AH 109

1 2 3

30—

4—

6—

Lanes:

1. Untransformed AH 109 cells

2. GAL4-DNA-BD

3. GAL4-DNA-BD p3-IL(306-425)

Key: I  = GAL4-DNA-BD

I I = C-myc e p i to p e

□  = p3-lL(306-425)

Construct Predicted Mr (kDa) Observed Mr (kDa)
GAL4-DNA-BD 17 -12
GAL4-DNA-BDp3-IL(306-425) 31 -26

The GAL4 DNA-BD vector containing a GABAa receptor p3 subunit IL sequence, 
306-425, was transformed into the yeast strain AH 109. The fusion protein was extracted 
from yeast and analysed by immunoblotting using a monoclonal anti-c-mye antibody. 
The arrowhead indicates te position of the P3-IL fusion protein. Bands seen at -16 kDa 
represent theC-mye epitope tagged GAL4 DNA-BD.
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FIGURE 4.3. RESTRICTION ENZYME DIGESTION ANALYSIS OF CLONES

1-7 RESULTING FROM A GABAa RECEPTOR P3-IL(306-425) YEAST TWO-

HYBRID cDNA LIBRARY SCREEN

Ikb  DNA ladder fragm ent sizes (bp):

10000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, 250

B
I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19

mm mm mâ## *# à.»

ham

I I i H I 1 H Hj, jwuLuwUu WWW

Lane Sample Calculated Insert Sizes (bp)
1 Ikb DNA ladder -

2-4 P3-IL screen clone 1 -

5-7 P3-IL screen clone 2 -740
8-10 P3-IL screen clone 3 -915
11-13 P3-IL screen clone 4 -

14-16 p3-IL screen clone 5 (315,650, 2950)
17-19 P3-IL screen clone 6 -350

B

Lane Sample Calculated Insert Sizes (bp)
1 Ikb DNA ladder -

2-4 P3-IL screen clone 7 -

Plasmid DNA extracted from each p3-IL(306-425) yeast two-hybrid library screen 
clone was used to transform electrocompetent DH5a cells. Three bacterial clones were 
isolated for each yeast clone. Library plasmids were purified from each bacterial clone 
and digested by the restriction enzyme £coRI. The digestion products for clones 1-7 are 
shown on the 1% agarose gel.
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FIGURE 4.4. RESTRICTION ENZYME DIGESTION ANALYSIS OF CLONES

1-5 RESULTING FROM A GABAa RECEPTOR p2-N(I-220) YEAST TWO-

HYBRID cDNA LIBRARY SCREEN

Ik b  DNA ladder fragm ent sizes (bp):

10000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, 250 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Lane Sample Calculated Insert Sizes (bp)
1 Ikb DNA ladder -

2-4 P2-N screen clone 1 -

5-7 p2-N screen clone 2 -400
8-10 P2-N screen clone 3 -615
11-13 p2-N screen clone 4 -(480, 290, 375)
14-16 p2-N screen clone 5 -430

Plasmid DNA extracted from each g2-N( 1-220) yeast two-hybrid library screen clone 
was used to transform electrocompetent DH5a cells. Three bacterial clones were 
isolated for each yeast clone. Library plasmids were purified from each bacterial clone 
and digested by the restriction enzyme EcoRl. The digestion products for clones 1-5 are 
shown on the 1% agarose gel.
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FIGURE 4.5. RESTRICTION ENZYME DIGESTION ANALYSIS OF CLONES

6-10 RESULTING FROM A GABAa RECEPTOR p2-N(l-220) YEAST TWO-

HYBRID cDNA LIBRARY SCREEN

Ik b  DNA ladder fragm ent sizes (bp):

10000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, 250 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Lane Sample Calculated Insert Sizes (bp)
1 Ikb DNA ladder -

2-4 P2-N screen clone 6 -2900
5-7 P2-N screen clone 7 -1000
8-10 p2-N screen clone 8 -2650
11-13 p2-N screen clone 9 -

14-16 p2-N screen clone 10 -1420

Each library clone was excised from its vector by EcoKl restriction enzyme digestion of 
the extracted AD constructs. The digestion products for clones 6-10 are shown on the 
1% agarose gel.
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FIGURE 4.6. COMPILED NUCLEOTIDE SEQUENCE OF THE GABAa 

RECEPTOR p2-N(l-220) INTERACTING CLONE, CLONE 3

5 ' -GGATGATCCCAAAGCCAAGGAGAAGTTTTCCCAGCTGGCAGAAGC 4 5  

TTATGAGGTGTTGAGTGACGAGGTGAAGAGGAAGCAGTATGATGC 9 0 

TTACGGCTCCGCTGGCTTTGACCCTGGAGCCAGCAGCTCTGGGCA 1 3 5  

GGGCTACTGGAGAGGAGGTCCTTCTGTTGACCCCGAGGAGCTATT 1 8 0  

CAGGAAGATCTTTGGAGAGTTCTCATCTTCTCCTTTTGGTGATTT 2 2 5  

CCAGAATGTGTTTGATCAGCCTCAGGAGTACATCATGGAGTTGAC 2 7 0  

ATTCAATCAAGCCGCCAAGGGTGTCAACAAAGAGTTCACCGTGAA 3 1 5  

TATCATGGACACCTGTGAGCGCTGCGATGGCAAGGGGAACGAGCC 3 6 0  

TGGAACCAAAGTGCAGCATTGTCACTACTGCAGCGGCTCAGGCAT 4 0 5  

GGAAACCATCAATACAGGGCCTTTTGTGATGCGTTCCACGTGTCG 4 5 0  

GAGATGTGGTGGACGGGGCTCCATCATCACAAACCCTTGTGTGGT 4 9 5  

CTGCAGAGG-3' 5 0 4

Purified plasmid DNA, encoding library clone 3, was extracted from yeast and 
sequenced using the ABI PRISM 310 Genetic Analyser in order to identify the 
sequence. The compiled sequence is shown above.
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FIGURE 4.7. TRANSLATION OF THE p2-N(l-220) INTERACTING CLONE,

CLONE 3 INTO PROTEIN

Frame

+1
GAA TTC GCG GCC GCG TCG ACG GAT

SI
+2 
+ 3

E F A A A S T D

CTG GCA GAA GCT TAT GAG GTG TTG
+ 2 
+ 3

L A E A Y E V L
STC

+2 GCT TAC GGC TCC GCT GGC TTT GAC
A Y G S A G F D

TGG AGA GGA GGT CCT TCT GTT GAC
+ 2 W R G G P S V D

GAG TTC TCA TCT TCT CCT TTT GGT
+2 E F S S S P F G

GAG TAC ATC ATG GAG TTG ACA TTC
+ 2 E Y I M E L T F

TTC ACC GTG AAT ATC ATG GAC ACC
+ 2 F T V N I M D T

CCT GGA ACC AAA GTG CAG CAT TGT
+ 2 P G T K V Q H C

ATC AAT ACA GGG CCT TTT GTG ATG
+2 I N T G P F V M

GGC TCC ATC ATC ACA AAC CCT TGT
+2 G S I I T N P C

AAA GCC AAG GAG AAG TTT TCC CAG

K A K E K F S Q

GAG GTG AAG AGG AAG CAG TAT GAT
E V K R K Q Y D

GCC AGC AGC TCT GGG CAG GGC TAC
A S S S G Q G Y

GAG CTA TTC AGG AAG ATC TTT GGA
E L F R K I F G

CAG AAT GTG TTT GAT CAG CCT CAG
Q N V F D Q P Q

GCC GCC AAG GGT GTC AAC AAA GAG
A A K G V N K E

CGC TGC GAT GGC AAG GGG AAC GAG
R C D G K G N E

TGC AGC GGC TCA GGC ATG GAA ACC
C S G S G M E T

ACG TGT CGG AGA TGT GGT GGA CGG
T C R R C G G R

TGC AGA GG
C R

Protein translation of the GABAa receptor P2-N( 1-220) library clone 3, using the 
Translator program available at www.justbio.com, revealed an open reading frame in 
the +2 frame. This corresponds to the reading frame set by insertion into the pGADlO 
vector. Frames +1 and +3 contain stop codons near the beginning of the sequence.
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FIGURE 4.8. PROTEIN SEQUENCE ALIGNMENT BETWEEN THE RAT 

TUMOROUS IMAGINAL DISCS PROTEIN, TIDIL, AND THE GABAa 

RECEPTOR p2-N(l-220) INTERACTING CLONE, CLONE 3

T I D I L  M A ARCSPRW FR V A V G TPR LPA A A G RG V Q Q PQ G G W A A SLC R K LC V SA FG L

T I D I L  SM G A H G PR A L L T L R PG V R L T G T K SFPFV C T A SFH T SA SL A K D D Y Y Q IL G V

T I D I L  P R N A SQ K D IK K A Y Y Q L A K K Y H P D T N K pD P m K E K F S gL A E A T E yL S D E V H  
C3 ------------------------------------------------- BW^tAKEKFSQLAaAYSVLSDEV^

T I D I L  R K Q Y D A Y G S A G F D PG A SSSG Q G Y W R G G PSV D PE E L FR K IFG E FSSSPFG D  
C3 R K Q Y D A Y G SA G FD PG A SSSG Q G Y W R G G PSV D PE E L FR K IFG E FSSSPFG D

T I D I L  FQ N V FD Q PQ EY IM ELTFN Q A A K G V N K EFTV N IM D TCER CD G K G N EPG TK V  
C3 FQ N V FD Q PQ EY IM ELTFN Q A A K G V N K EFTV N IM D TCER CD G K G N EPG TK V

T I D I L  bH C H Y C S G SG M E T IN T G PFV M R ST C R R C G G R G SIIT N PC W C R IG A G Q A K Q  
C3 Q H C H Y C S G S G M E T IN T G P F V M R S T C R R C G G R G S IIT N P C W C R ---------------

T I D I L  K K R V T V PV PA G V E D G Q T V R M PV G K R E IFV T FR V Q K SPV FR R D G A D IH SD L  

T I D I L  F IS IA Q A IL G G T A K A Q G L Y E T IN V T IP A G IQ T D Q K IR L T G K G IP R IN S Y G  

T I D I L  Y G D H Y IH IK IR V P K R L S S R Q Q N L IL S Y A E D E T D V E G T V N G V T H T S T G G R T  

T I D I L  M D SST G SK D R R E A G E D N E G FL SK L K K IFT S

An alignment of the protein sequences of the GABAa receptor P2-N( 1-220) library 
screen clone 3 and the tumorous imaginai discs protein, TIDIL, which was identified 
from the BLAST search of clone 3. The alignment highlights the features of the DnaJ- 
like protein that are present in the library clone. The J-domain motif is highlighted in 
blue, the glycine/phenylalanine-rich domain is highlighted in yellow and the cysteine- 
rich domain is highlighted in red.
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FIGURE 4.9. IMMUNOBLOT SHOWING EXPRESSION OF THE GABAa 

RECEPTOR p2 SUBUNIT N-TERMINUS AND CLONE 3 IN HEK 293 CELLS 

1 2 3 4 5 6 7 8
250—

98 — 
64— 
50—

36—

30—

16—
6 —

his myc

Lanes:

1. Untransfected HEK293 cells

2. P2( 1-449) (untagged)

3. P2-N( 1-220)

4. OGT (335 aa)

5. Empty lane

6. Untransfeeted HEK293 cells

7. Clone 3

8. GRIF-1(1-913)

Key:
□  = 
□  = 
■  =
□  =

his epitope 
e-myc epitope 
p2( 1-450) 
P2-N( 1-220)

□  -  OGT(335 aa)

I I =  c lo n e  3(167 aa)

□  = GRIF-1( 1-913)

Construct Predicted Mr (kDa) Observed Mr (kDa)
P2( 1-449) (untagged) 55 not detected in this assay
His-P2-N(l-220) 27 -38
His-OGT (335aa) 37 -48
C-mye-clone 3 20 -21
C-myc-GRIF-l(l-913) 102 -133

pCMVp2-N( 1-220) and pCMVclone 3 were each transfected into HEK 293 cells. 
Expressed proteins were analysed by immunoblotting. Arrowheads indicate the 
positions of Clone 3 (lanes 7) and GRlF-1 (lane 8). His-tagged OGT and C-myc tagged 
GR1F-1(1-913) were used as positive controls for their respective antibodies.
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FIGURE 4.10. SCHEMATIC DIAGRAM SHOWING A COMPARISON BETWEEN A TYPICAL TYPE I DNAJ-LIKE PROTEIN 
AND THE GABAa RECEPTOR p2-N(l-220) INTERACTING CLONE, CLONE 3

127 293

= J-domain

I I  = glycine/phenylalanine-rich domain 

= cysteine-rich zinc-binding domain

The figure shows an alignment between a typical DnaJ domain-like protein and the GABAa receptor p2-N interacting clone, clone 3. Clone 3 
contains motifs for the 3 main features of a type I DnaJ homologue i.e. part of the J-domain motif, a glycine/phenylalanine-rich linker domain 
and a eysteine-rich domain.
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TABLE 4.1. RESULTS OF THE CO-TRANSFORMATION OF THE GABAa 

RECEPTOR P3-IL(306-425) WITH PURIFIED PLASMIDS OF PUTATIVE 

INTERACTING LIBRARY SCREEN CLONES

Activation Domain 
Construct

DNA-Binding 
Domain Construct -2 Selective Media -4 Selective Media

pGADlO
Clone2

pGBKT7
P3-rL(306-425)

+++ ++

pGADlO
Clone3

pGBKT7
P3-IL(306-425)

+++ -

pGADlO
Clones

pGBKT7
P3-IL(306-425)

+++ -

pGADlO
Cloned

pGBKT7
p3-IL(306-425)

+++ -

pGADlO pGBKT7
P3-IL(306-425)

+++ -

pTDl-1 pVA3-l + +

The results are representative of n = 3 independent co-transformations

Key: -2 Selective media lacks leucine and tryptophan
-4 Selective media lacks adenine, histidine, leucine and tryptophan
For nutritional selection - = No growth, + = 11-100 colonies, ++ = 101-200
colonies, +++ = >200 colonies.

Each potential p3-IL(305-425) interacting clone, identified fi*om the library screen and 
found to contain an insert sequence, was used to co-transform yeast along with the 
pGBKT7p3-IL(306-425) to confirm the interaction.
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TABLE 4.2. RESULTS OF THE CO-TRANSFORMATION OF THE P2-N(l-220) 

WITH PURIFIED PLASMIDS OF PUTATIVE INTERACTING LIBRARY 

SCREEN CLONES

Activation
Domain

Construct

DNA-Binding
Domain

Construct

-2 Selective 
Media

-4 Selective 
Media

a-
galactosidase

Activity
pGADlO
Clone2

pGBKT?
P2-N(l-220)

-H- - -

pGADlO
Clones

pGBKT?
P2-N(l-220)

++ ++ +

pGADlO
Clone4

pGBKT?
P2-N(l-220)

++ - -

pGADlO
Clones

pGBKT?
p2-N(l-220)

++ - -

pGADlO
Cloned

pGBKT?
p2-N(l-220)

++ - -

pGADlO
Clone?

pGBKT?
P2-N(l-220)

++ ++ +

pGADlO
Clones

pGBKT?
P2-N(l-220)

++ - -

pGADlO 
Clone 10

pGBKT?
p2-N(l-220)

++ - -

pGADlO pGBKT? - - -

pVA3-l pTDl-1 ++ +4- +

The results are representative of n = 3 independent co-transformations

Key: -2 Selective media lacks leucine and tryptophan
-4 Selective media lacks adenine, histidine, leucine and tryptophan
For nutritional selection - = No growth, + = 11-100 colonies, ++ = 101-200
colonies.
For a-Galactosidase assay + = Enzyme activity observed, - = No enzyme 
activity observed.

Each potential p2-N( 1-220) interacting clone, identified from the library screen and 
found to contain an insert sequence, was used to co-transform yeast together with the 
pGBKT?p2-N(1-220) to confirm the interaction.
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TABLE 4.3. RESULTS OF THE TEST FOR SPECIFICITY OF INTERACTION 

OF LIBRARY SCREEN CLONE 3 WITH THE p2-N(l-220)

Activation
Domain

Construct

DNA-Binding Domain 
Construct

-2 Selective 
Media

-4 Selective 
Media

pGADlO
Clones

pAS2-l
P2-IL(S0S-427)

+ -

pGADlO
Clones

pAS2-l
P2TMS/IL/TM4(282-450)

++ -

pGADlO
Clones

pGBKT7-MB2
P2-IL/TM4(S0S-450)

++ -

pGADlO
Clones

pAS2-l
al-IL(S04-S84)

++ -

pGADlO
Clones

pGBKT7
al-N(l-224)

++ +

pGADlO
Clones

pGBKT7
P2-N(l-220)

++ ++

pGADlO
Clones

pAS2-l- ++ -

pVAS-1 pTDl-1 + +
pGADlO- pAS2-l- ++ -

The results are representative of n = 3 independent co-transformations

Key: -2 Selective media lacks leucine and tryptophan
-4 Selective media lacks adenine, histidine, leucine and tryptophan 
For nutritional selection - = No growth, + =11-100 colonies 
colonies.

+ +  =  101-200

Library screen clone 3, which was found to activate reporter genes on re-co- 
transformation with the GABAa receptor p2(1-220) DNA-BD construct, was tested for 
interaction specificity, by co-transformation with GABAa receptor constructs, as 
shown.
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CHAPTER 5: 
RESULTS 3
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5.1. INTERACTIONS OF GRIF-1 AND KIAA1042 WITH THE GABAa 

RECEPTOR P2 SUBUNIT IL AND THE KINESIN HEAVY CHAIN, KIF5C

The aims of this chapter were (i) to investigate the specificity of interaction between the 

novel GABAa receptor interacting factor, GRIF-1 and the GABAa receptor p2-IL (ii) to 

compare binding of the GABAa receptor P2-IL to GRIF-1 and to the human GRIF-1 

homologue, KIAA1042 (iii) to compare binding of the kinesin heavy chain clone, 

KIF5C, to GRIF-1 and to KIAA1042 and (iv) to test for dimérisation of KIAA1042.

5.1.1. RATIONALE

The GABAa receptor interacting factor, GRIF-1, was identified in a yeast two-hybrid 

library screen of a rat brain cDNA library, through its specific interaction with the 

human GABAa receptor P2 subunit intracellular loop (IL). As discussed earlier in this 

thesis, it is thought to be a GABAa receptor trafficking factor (Beck et a l, 2002). 

GRIF-1 was found to share approximately 47% similarity, over 297 amino acids, with 

Huntingtin-associated protein, HAP-1, which has been shown to play a role in vesicular 

trafficking from early to late endosomes, via its interaction with Hrs, a hepatocyte 

growth factor regulated tyrosine kinase substrate (Li et al., 2002). The Drosophila 

melanogaster orthologue of GRIF-1 is Milton (Stowers et al., 2002). Milton was 

identified by genetic mutation screening in the Drosophila retina and was shown to 

colocalise with mitochondria in HEK293 cells and Drosophila nerves. Co- 

immunoprecipitaion showed that Milton also associates with kinesin heavy chains. 

Axons from mutant Drosophila lacking Milton contained no mitochondria. These 

experiments suggested that Milton acts as a kinesin-associated adaptor protein involved 

in localisation of mitochondria to synapses. GRIF-1 shares approximately 40% amino 

acid similarity over 848 residues with Milton. Apart fi-om these two proteins, GRLF-1 

has no homology with proteins of known function. However, it does share 

approximately 86% homology over 468 amino acids with its human orthologue, 

ALS2CR3/KIAA0549, whose function is unknown, but which also interacts with the 

GABAa receptor p2-IL (Beck et a l, 2002). A second human gene, KIAA1042, whose 

function is also unknown, shares approximately 60% similarity, over 857 amino acids, 

with GRIF-1. KIAA1042 was also identified as a uridine diphospho-A- 

acetylglucosamine: polypeptide P-V-acetyglucosaminyl transferase (OGT) interacting 

protein and is also known as GIF 106 (Iyer et al., 2003). Each of these proteins contains
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predicted coiled-coil motifs in their N-terminal domains, shown in Figure 5.1. Coiled- 

coil domains are found in many proteins throughout the cell and in the extracellular 

matrix and are important for mediating protein-protein interactions (Beck and Brodsky, 

1998). The GABAa receptor p2-IL interacting domain of GRIF-1 was localised to 

residues 124-283. This region of GRIF-1 also corresponds to the end of the first, and the 

beginning of the second, predicted coiled-coil region. The peptide sequence in 

KIAA1042 which is homologous to the P2-IL binding domain identified in GRIF-1, i.e. 

residues 124-283, has a similarity of nearly 80% with GRIF-1 over this region, 

compared to -60% for the full-length sequence. This similarity is also found within a 

coiled-coil domain of KIAA1042.

The first part of this investigation was the further characterisation of the interaction 

between GRIF-1 and the GABAa receptor P2-IL in the yeast two-hybrid system using a 

series of GABAa receptor subunit constructs. Secondly, since there was such a high 

degree of sequence homology between GRIF-1 and KIAA1042, an investigation was 

carried out to compare the binding of these two proteins to the p2-IL. Next, due to the 

similarity of GRIF-1 to Milton, which is known to bind kinesin heavy chains, both 

GRIF-I and KIAA1042 were tested for an interaction with kinesin heavy chain, KIF5C. 

Finally, since GRIF-1 has been shown to form dimers in the yeast two-hybrid system 

and in mammalian cells (Ojla, G., Beck, M., Brickley, K. and Stephenson, F. A., 

unpublished results), KIAA1042 was tested for dimer formation with itself and with 

GRIF-1.
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5.2. RESULTS

5.2.1. CONSTRUCTION OF THE TM3/p2-IL/TM4, al-IL AND P2-IL/TM4 DNA- 

BD PLASMIDS

An initial project was undertaken to substantiate the interaction between the putative 

trafficking factor GABAa receptor interacting factor (GRIF-1) with the GABAa 

receptor p2 subunit IL and, further, to investigate the GABAa receptor subunit binding 

specificity and conformational dependence. These were investigated in the GAL4 yeast 

two-hybrid system, using yeast two-hybrid constructs, the GABAa receptor al-IL, 

GABAa receptor P2-IL with transmembrane domains TM3 and TM4 (TM3/p2- 

IL/TM4) and GABAa receptor P2-IL with TM4 only (p2-IL/TM4). Plasmid maps for 

each fusion construct are shown in Figure 5.2.

The GABAa receptor p2 subunit intracellular loop with both transmembrane domains 3 

and 4 i.e. TM3/p2-IL/TM4(282-450) was cloned into the yeast two-hybrid DNA-BD 

vector pAS2-l indirectly, using the method outlined in Figure 2.2. The sequence 

TM3/p2-IL/TM4(282-450) was amplified by PGR from rat brain cDNA using the 

specific oligonucleotide primers shown in Table 2.1.3. These primers were designed to 

incorporate the restriction enzyme sites EcoKl and BarriRl to facilitate directional 

cloning. Specific parameters for PGR are shown in Table 2.1.4. Oligonucleotide 

sequencing was used to verify the construct and to show that the insert was in frame 

with the GAL4 DNA-BD.

DNA-BD plasmids containing GABAa receptor al-IL(304-384) or GABAa receptor 

P2-IL/TM4(303-450) were constructed in a similar way to the GABAa receptor 

TM3/p2-IL/TM4(282-450) sequence, but were cloned non-directionally using only one 

restriction enzyme site. The GABAa receptor al-IL(304-384) insert was cloned into the 

EcdRl restriction site of the pAS2-l vector. The p2-IL/TM4(303-450) sequence was 

sub-cloned into the BamYil restriction site of the vector, pGBKT7-MB2 (pGBKT7 

vector engineered to ensure the BamYil restriction site is in frame). Template DNA for 

amplification of GABAa receptor p2-IL/TM4(303-450) was the previously prepared 

TM3/p2-IL/TM4 DNA-BD construct. In this way, the fusion constructs pAS2- 

lTM3/p2-IL/TM4(282-450), pAS2-lal-IL(304-384) and pGBKT7-MB2p2-

IL/TM4(303-450) were generated. Oligonucleotide sequencing was used to ensure the 

inserts were in the correct orientation and were in frame with the GAL4 DNA-BD. 

Figure 5.3 shows immunoblots confirming expression of these fusion proteins in yeast.
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Bands representing each fusion construct can be seen at ~41 kDa for GAL4 DNA-BD 

p2-IL(303-427) and GAL4 DNA-BD TM3/p2-IL/TM4(282-450), -38 kDa for GAL4 

DNA-BD p2-IL/TM4(303-450) and -28 kDa for GAL4 DNA-BD al-IL(304-384). 

These correspond to the calculated size of each fusion protein.

5.2.1.1. SUBSTANTIATION OF THE INTERACTION OF GRIF-l(8-633) WITH 

THE GABAa RECEPTOR SUBUNIT p2-IL(303-427) IN THE GAL4 YEAST 

TWO-HYBRID SYSTEM

The GAL4 DNA-BD construct pAS2-lp2-IL(303-427) and the AD library fusion clone 

pGADlOGRIF-1(8-633) were used to substantiate previous results showing an 

interaction between GRIF-1 and the GABAa receptor p2-IL(303-427) (Beck et a l, 

2002). The GAL4 yeast strain, AH109, was co-transformed with the two yeast two- 

hybrid fusion proteins. The plasmids, pTDl-1 and pVA3-l, were used as a positive 

control for interacting proteins and the empty vectors, pAS2-l and pGADlO, were used 

as a double negative control. pAS2-ip2-IL(303-427) was co-transformed with an empty 

AD vector and pGADlOGRTF-1(8-633) was co-transformed with an empty DNA-BD 

vector as single negative controls to ensure that neither fusion construct caused auto

activation of reporter gene activity. Colony growth on -W/-L selective medium showed 

that the transformation had been successful. Colony growth on -W/-L/-H/-Ade selective 

medium demonstrated an interaction between GRIP-1(8-633) and the GABAa receptor 

P2-IL(303-427). The results of these co-transformations are summarised in Table 5.1. 

where it can be seen that the positive control plasmids, pTDl-1 and pVA3-l showed 

reporter gene activity and the negative control plasmids, empty pAS2-l and empty 

pGADlO showed no reporter gene activity. However, reporter gene activity was seen 

for the GRIP -1 (8-633)/p2-IL(303-427) co-transformation, confirming that GRIP-1(8- 

633) does indeed associate with the GABAa receptor p2-IL(303-427).

5.2.1.2. SUBUNIT SPECIFICITY OF THE ASSOCIATION OF GRIF-l(8-633) 

WITH GABAa RECEPTORS

AH 109 competent yeast cells were co-transformed with the constructs pA S2-lal- 

IL(304-384) and pGADlOGRIP-1(8-633) to investigate the GABAa receptor subunit 

specificity of the GRIP-1(8-633) interaction. The full-length protein sequences for a l 

and p2 subunits are 34% identical; however, the intracellular loops of these subunits do
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not show any significant homology. pTDl-1 co-transformed with pVA3-l was used as a 

positive control. Negative controls contained pAS2-lal-IL(304-384) co-transformed 

with an empty AD vector or both an empty AD vector with an empty DNA-BD vector. 

The results of these co-transformations are shown in Table 5.2. It can be seen that the 

pTDl-l/pVA3-l positive control showed reporter gene activity on selective media and 

for P-galactosidase activity. Neither of the negative controls showed any reporter gene 

activity. Co-transformation of GRIF-l(8-633) with the GABAa receptor al-IL(304- 

384) did not result in reporter gene activation. This shows that GRIF-1 (8-633) does not 

interact with the GABAa receptor al-IL(304-384).

5.2.I.3. SPECIFICITY OF THE CONFORMATION OF THE GABAa 

RECEPTOR P2-IL NECESSARY FOR ASSOCIATION WITH GRIF-l(8-633)

The constructs pAS2-lTM3/p2-IL/TM4(282-450) and pGBKT7-MB2p2-IL/TM4(303- 

450) were used to test whether inclusion of both TM domains 3 and 4 which flank the 

P2-IL sequence, or of TM4 alone, affects the interaction of GRIP-1(8-633) with the 

GABAa receptor p2-IL(303-427) i.e. whether a specific GABAa receptor p2-IL 

conformation is important for the interaction. The pTDl-1 and pVA3-l plasmids were 

used for a positive control. Empty AD and DNA-BD vectors were used as a double 

negative control. Single negative controls contained either pAS2-lTM3/p2-IL/TM4 or 

pGBKT7-MB2p2-IL/TM4 with an empty AD vector. The results for these co

transformations are shown in Table 5.3 where it can be seen that the pTDl-l/pVA3-l 

positive control co-transformation showed both colony growth on -4 selective media 

and p-galactosidase activity. The double negative control, containing two empty vectors 

showed no reporter gene activity. Single negative controls showed no activation of 

reporter genes. However, neither of the constructs containing flanking TM domains 

activated reporter genes on co-transformation with GRIP-1(8-633). These results 

demonstrate that neither construct interacts with GRIF-l(8-633), indicating that 

introduction of the transmembrane domains influences the association of the GABAa 

receptor p2-IL(303-427) with GRIF-1 (8-633). This may be due to a change in the 

conformation of the protein.
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5.2.2. CONSTRUCTION OF THE KIAA1042 PLASMIDS

A full-length cDNA clone of KIAA1042(l-953) in the vector pBluescript II SK+ was 

obtained from Professor T. Nagase, Kazusa Research Institute, Chiba, Japan. The clone 

was excised from its vector by restriction enzyme digestion. KIAA1042(l-953) was 

excised using Sali and Noti. The digestion products were used as template DNA for 

PGR amplification. Specific oligonucleotide primers used for amplification reaction are 

shown in Table 2.1.3 and specific PCR parameters are shown in Table 2.1.4. The 

KIAA1042 sequence was cloned into the mLexA yeast two-hybrid vectors at their 

EcoKiJBamiai restriction sites to generate the constructs pGADTTKIAAl042(1-953) 

and pMBL33KIAAl042(1-953). The sequence KIAA1042(124-283) was obtained by 

PCR amplification using the full-length clone in pGADT7 as template DNA and cloned 

into the EcoKUXhoi restriction sites of pGADTT to generate the construct 

pGADT7KIAA1042(124-283) All constructs were verified by oligonucleotide 

sequencing using the ABI PRISM 310 Genetic Analyser. Plasmid maps representing 

each KIAA1042 and GRIF-1 fusion construct are shown in Figure 5.4. Figure 5.5 shows 

an immunoblot confirming the expression of the KIAA1042 construct in yeast. A band 

can be seen at -96 kDa representing the KIAA1042(l-953) construct and a band at -45 

kDa represents the KIAAl 042(124-283) construct.

5.2.2.I. COMPARISON BETWEEN THE INTERACTION OF THE P2-IL WITH 

GRIF-1 AND WITH KIAAl 042 SEQUENCES

The GRIF-1 constructs, pGADT7GRIF-l(l-913), pGADlOGRIF-1(8-633) and 

pGADT7GRIF-1(124-283), have each been shown to interact with the GABAa receptor 

P2 subunit IL and were, therefore, each co-transformed into the mLexA yeast strain L40 

along with the bait construct pMBL33p2-IL(303-427) as positive controls (Beck et al., 

2002). Expression of these constructs in yeast is shown in Figure 5.3. The KIAAl042 

constructs pGADT7KIAA1042(l-953) and pGADT7KIAAl042(124-283) were each 

co-transformed with the GABAa receptor p2-IL(303-427) to test for direct interactions. 

Single negative control co-transformations were carried out for each GRIF-1 and 

KIAAl042 construct with an empty DNA-BD plasmid and a double negative control 

contained both an empty AD and an empty DNA-BD plasmid.

From the results shown in Table 5.4 it can be seen that each of the GRIF-1 fusion 

constructs GAL4 AD GRIF-1 (1-913), GAL4 AD GRIF-l(8-633) and GAL4 AD GRIF-
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1(124-283) interacted with the GABAa receptor p2-IL(303-427). Colony growth on -3 

dropout media and p-galactosidase activity were seen for each co-transformation. No 

reporter gene activity was seen for any of the single negative co-transformations 

containing pGADT7GRIF-l(l-913), pGADlOGRIF-1(8-633), pGADT7GRIF-l(124- 

283), pGADT7KIAA1042(l-953) or pGADT7KIAA1042(124-283) with an empty 

DNA-BD plasmid or for the pMBL33 p2-IL(303-427) co-transformed with an empty 

AD plasmid, demonstrating that no auto-activation had occurred for any construct. No 

reporter gene activity was detected for the double negative control co-transformations. 

However, no reporter gene activity was detected for either KIAA1042 construct, 

indicating that despite being 60-80% homologous to GRIF-1, they do not interact with 

the GABAa receptor p2-IL(303-427).

5.2.3. CONSTRUCTION OF THE KIF5C PLASMID

A full-length cDNA clone of KIF5C(l-957) in the vector pBluescript II SK+ was 

obtained from Professor T. Nagase, Kazusa Research Institute, Chiba, Japan. The clone 

was excised from its vector by restriction enzyme digestion using EcdRL. The digestion 

products were used as template DNA for PCR amplification. Specific oligonucleotide 

primers used for the amplification reaction are shown in Table 2.1.3 and specific PCR 

parameters are shown in Table 2.1.4. The KIF5C(l-957) sequence was cloned into the 

mLexA DNA-BD yeast two-hybrid vector at the EcdRUSali restriction sites to generate 

the construct pMBL33KIF5C(1-957). The construct was verified by oligonucleotide 

sequencing using the ABI PRISM 310 Genetic Analyser. The KIF5C plasmid map is 

shown in Figure 5.6. Figure 5.7 shows an immunoblot confirming the expression of the 

KIF5C construct in yeast. The LEXA DNA-BD was Two bands can be seen for the 

KIF5C(l-957) construct at ~143 kDa and -117 kDa. The band at -143 kDa corresponds 

closely with the predicted size of the fusion protein. A faint band of the same size as the 

lower in the KIF5C lane is present in the untransformed cells lane and may therefore 

represent non-specific binding of the anti-KHC antibody.

5.2.3.I. COMPARISON BETWEEN THE INTERACTION OF THE KINESIN 

HEAVY CHAIN CONSTRUCT, KIF5C, WITH GRIF-1 AND WITH KIAAl 042

The three GRIF-1 constructs pGADT7GRIF-1 (1-913), pGADlOGRIF-1(8-633) and 

pGADT7GRIF-1 ( 124-283) and the KIAAl042 constructs pGADT7KIAA1042(l-953)
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and pGADT7KIAA1042(124-283) were each co-transformed with the kinesin heavy 

chain construct pMBL33KIF5C(l-957) in the mLexA yeast strain L40. Single negative 

controls contained an AD plasmid containing one of the GRIF-1 or KIAA1042 

sequences, co-transformed with an empty DNA-BD vector or the KIF5C( 1-957) 

construct co-transformed with an empty AD vector. A double negative control 

contained an empty AD and an empty DNA-BD vector. The pMBL33p2-IL(303-427) 

co-transformed with pGADlOGRIF-1(8-633) was used as a positive control.

As shovm by the results in Table 5.5 reporter gene activity was seen for the GRIP-1(8- 

633)/p2-IL(303-427) positive control co-transformation. No reporter gene activity was 

seen for the double negative control. None of the single negative controls for GRIF-1 or 

KIAA1042 sequences in the AD vector co-transformed with an empty DNA-BD vector 

showed any reporter gene activity. For each of the GRIF-1 constructs pGADT7GRIF- 

1(1-913), pGADlOGRIF-1(8-633) and pGADT7GRIF-1 (124-283) co-transformed with 

KIF5C(l-957), colony growth and P-galactosidase activity were detected with a 

stronger interaction for the shorter sequences. Neither of the KIAA1042 sequences, i.e. 

KIAAl042(1-953) or KIAA1042(124-283), showed any reporter gene activity when co

transformed with the kinesin heavy chain clone.

5.2.3.2. TEST FOR DIMERISATION INTERACTIONS OF FULL-LENGTH 

KIAAl 042 WITH GRIF-1 AND KIAAl 042 CONSTRUCTS

Since it is now known that GRIF-1 can form dimers (Ojla, G., Beck, M., Brickley, K. 

and Stephenson, F. A., unpublished results) it was of interest to determine if the yeast 

two-hybrid system could be used to investigate if KIAAl 042 formed dimers with itself 

or indeed with GRIF-1. The full-length KIAAl042 sequence was sub-cloned from the 

pGADT7 vector into pMBL33 and the resulting construct used to test for 

homodimerisation. The plasmid map for KIAA1042 in the DNA-BD vector is shown in 

Figure 5.6. The three GRIF-1 AD constructs containing GRIF-1(1-913), GRIF-l(8-633) 

or GRIF-1 (124-283) were each co-transformed with KIAAl042(1-953) in the DNA-BD 

vector. Single negative controls were also carried out for each construct. The positive 

control contained pMBL33p2-IL(303-427) co-transformed with pGAD10GRIF-l(8- 

633). The double negative control contained an empty AD and an empty DNA-BD 

vector. Table 5.6 shows the results for these co-transformations.
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The double negative control containing two empty vectors showed no reporter gene 

activity. The GRIF-l(8-633)/p2-IL(303-427) positive control showed both colony 

growth and p-galactosidase activity. All single negative control reactions for the GRIF- 

1 and KIAA1042 constructs contained in the AD vector were negative for reporter gene 

activity. However, the single negative control for the KIAA1042(1-953) contained 

within the DNA-BD vector showed both colony growth and strong p-galactosidase 

activity, indicating that this construct is capable of auto-activation of reporter genes. 

Therefore, although each of the dual combinations of GRIF-1 and KIAA1042 in the AD 

vector with KIAA1042 in the DNA-BD vector showed reporter gene activity, it was not 

possible to know whether this represented a true interaction and thus evidence for dimer 

formation.
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5.3. DISCUSSION
5.3.1. SPECIFICITY OF THE INTERACTION BETWEEN THE NOVEL 

PROTEIN, GRIF-1, AND THE GABAa RECEPTOR P2 SUBUNIT IL

Here, a series of yeast two-hybrid co-transformations were carried out in order to 

characterise further the novel GABAa receptor interacting factor, GRIF-1. Firstly, the 

subunit and conformational specificity necessary for the interaction between GRIF-1 (8- 

633) with GABAa receptors was tested. The GAL4 yeast two-hybrid assay showed that 

GRIF-l(8-633) does not interact with the al-IL(304-384). It has also been shown that 

GRIF-1 does not interact with the GABAa receptor pl-IL, P3-IL or y2-IL (Beck et al., 

2002). The conformation of the P2-IL is also important for the interaction as the P2-IL 

sequences that either included both flanking TM domains 3 and 4 or TM4 alone did not 

interact with GRIF-1. Since TM3 and TM4 are hydrophobic, they may tend to cluster 

together in the cytoplasmic environment, where they are not supported by insertion into 

the cell membrane, resulting in incorrect folding of the p2-IL compared to folding in the 

absence of TM domains. Addition of TM4 alone will not cluster in the same way as 

when both TMs are present, but may still confer conformational distortions that prevent 

association of the p2-IL with GRIF-l(8-633). In addition, these loop constructs 

containing hydrophobic domains may be excluded from the yeast nuclei as they may not 

easily be able to cross the nuclear membrane.

5.3.2. INTERACTIONS OF THE GABAa RECEPTOR P2-IL WITH GRIF-1 AND 

KIAAl 042

Having determined the interaction specificity of GRIF-1 with the GABAa receptor p2- 

IL, studies were next carried out to determine any structural and functional homologies 

between GRIF-1 and the human homologue, KIAAl042. First the possible association 

between KIAAl042 and p2-IL(303-427) was investigated. Three GRIF-1 constructs 

were used as positive controls: the original library clone, GRTF-l(8-633), full-length 

GRIF-1(1-913) and the identified P2-IL interacting domain, GRIF-1 (124-283). All three 

of these fusion proteins associated with P2-IL in yeast two-hybrid assays. However, 

neither the full-length KIAA1042(l-953), nor KIAAl042(124-283), the domain 

homologous to the P2-IL interacting site of GRIF-1, interacted with the P2-IL despite 

sharing -45% and -60% amino acid sequence identity, respectively, with the 

corresponding GRIF-1 sequences.
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Since GRIF-1 and its human orthologue, KIAA0549, both bind the GABAa receptor 

P2-IL whereas KIAAl 042 does not, it may be that KIAAl042, as part of the same gene 

family, has a similar function to GRIF-1 and KIAA0549, but with a different protein 

binding specificity. A single amino acid change is enough to cause a difference in 

protein-protein binding interactions. Figures 5.8 and 5.9 show amino acid sequence 

alignments between GRIF-1 and KIAAl042. Figure 5.8 shows a comparison of the two 

full-length sequences, while Figure 5.9 is focussed on amino acids 124-283, i.e. the 

identified GRIF-1 GABAa receptor p2-IL interacting domain. There are 43 

conservative and 26 non-conservative amino acid changes between residues 124-283 of 

GRIF-1 and KIAAl042. The region of greatest dissimilarity between the two sequences 

that occurs within this domain is located at the short gap between the two coiled-coil 

domains of each protein. Slight differences in sequence between GRIF-1 and 

KIAA1042 could change residues that are necessary for binding, or lead to a difference 

in the overall protein conformation, thus preventing an association between KIAAl 042 

and the GABAa receptor p2-IL.

It was shown previously that both the first coiled-coil domain and the first half of the 

second coiled-coil domain of GRIF-1 are necessary for binding to the GABAa receptor 

P2-IL. Each coiled-coil domain alone was not sufficient for an interaction (Beck et al., 

2002). Figure 5.10 shows a schematic diagram showing the localisation of the GABAa 

receptor p2-IL interaction domain of GRIF-1. Neither construct GRIF-1 (8-206), 

containing coiled-coil domain 1, nor GRIF-1 (207-633), containing coiled-coil domain 2, 

interacted with the p2-IL (Beck et al., 2002). Interestingly, the construct GRIF-1(135- 

633), which contains both coiled-coil domains, but not the sequence 124-134, also did 

not interact with the p2-IL. These findings suggest that residues outside the coil 

domains are important for the interaction and that more than one site is involved in the 

association. The results from this chapter show that, although KIAAl 042 shares a high 

degree of homology with GRIF-1, the differences between them are great enough to 

prevent an interaction between KIAA1042 and the p2-IL(303-427).

5.3.3. THE KINESINS

The Drosophila melanogaster orthologue of GRIF-1, Milton, was shown to aid 

mitochondrial transport to synapses via an association with a kinesin heavy chain 

(Stowers et al., 2002). Kinesins are molecular motor proteins involved in the
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anterograde transport of vesicles along microtubules (Verhey and Rapaport, 2001). 

Conventional kinesin molecules contain four subunits, two light chains (KLC) and two 

heavy chains (KHC). The light chains contain a-helical heptad repeats, responsible for 

interacting with the KHCs and six tetratricopeptide repeats involved in protein-protein 

interactions with cargoes. The KHCs contain the catalytic motor domains used to power 

the movement of kinesin along microtubules and a stalk domain that contains two 

coiled-coil domains that interact with KLCs and are responsible for dimérisation of 

KHCs. The KHC tail domain is also thought to bind cargo proteins. The overall strength 

of binding between kinesin and its vesicular cargoes is energy dependent and involves 

more than one interaction domain on both the heavy and light chains (Tsai et a l, 2000). 

There are more than 30 members of the kinesin family of proteins (KEFs). The KIF5s 

are the KHCs of conventional kinesin. There are three KIF5s, KIF5A, KTF5B and 

KIF5C (Kanai et al., 2000). KIF5A and C are both neurone specific. KIF5A is pan

neuronal, whereas KIF5C is localised to motor neurones. KIF5B is found in both 

neuronal and non-neuronal cells.

GRIF-1 binds to both KIF5C and the P2-IL which may support the role for GRIF-1 as a 

trafficking factor. However both proteins bind to the same stretch of sequence i.e. 

between residues 124-283, which means that they would be competing for the same 

binding site. This may suggest a role for GRIF-1 in the loading or unloading of GABAa 

receptor containing vesicles to kinesin. The AMPA receptor interacting protein, GRIPl, 

has been found to interact with all 3 KIF5 isoforms (A-C) (Setou et al., 2002; see 

Section 1.2.6.2.1). Therefore, it may be expected that GRIF-1 would also associate with 

KTFSA and B. Since KIF5C was seen to interact with GRIF-1, but not KIAAl042, it 

could be that KIAA1042 has a separate function in the cell, or alternatively a different 

KTF binding specificity.

5.3.3.I. INTERACTIONS OF KIF5C WITH GRIF-1 AND KIAAl042

To investigate the functional similarity of GRIF-1 and KIAA1042 with Milton, both 

were investigated for an interaction with a KHC. The KHC, KIF5C was chosen for 

investigation since it is neurone specific (Kanai et al., 2000) and has a similar size to the 

KHCs detected in co-immunoprecipitation studies with GRIF-1 in HEK 293 cells and 

rat forebrain (Brickley, K., Smith, M., Beck, M. and Stephenson, F. A., results in 

preparation). The full-length KIF5C clone was available from the Kazusa Research
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Institute, Japan. The sequences GRIP-1(1-913), GRlF-l(8-633) and GRlF-1 (124-283) 

were all shown to interact with KIF5C. The interaction with full-length GRlF-1 was 

very weak, whereas the strength of interaction was stronger for each of the shorter 

sequences. The shortest fragment i.e. 124-283 was expressed at a significantly higher 

level compared with GRIP-1(8-633) and GRTP-1(1-913) (Figure 5.5.). This explanation 

may account for the stronger interaction with K1P5C. Neither full-length KIAA1042(1- 

953), nor KIAAl042(124-283) showed any interaction with K1P5C, despite showing 

strong expression in yeast.

5.3.4. DIMERISATION INTERACTIONS OF FULL-LENGTH KIAA1042 WITH 

GRIF-1 AND KIAAl 042

Full-length KIAA1042 was investigated for dimer formation both with itself and with 

GRlF-1. The three GRJF-l sequences, GRJF-1(1-913), GRlF-l(8-633) and GRTF- 

1(124-283) and the two KIAA1042 sequences, KIAA1042(1-953) and KIAA1042(124- 

283), were each co-transformed with the full-length KlAA1042(l-953). Unfortunately, 

as has been seen previously for full-length GRIF-1 and the original library clone, GRIF- 

1(8-633), full-length KIAAl042 shows strong auto-activation of reporter genes when 

transformed into yeast in the DNA-BD vector. This meant that the yeast two-hybrid 

system is inappropriate for the study of KIAAl 042 homo- and heterodimer formation.
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FIGURE 5.1. SCHEMATIC DIAGRAM COMPARING COILED-COIL MOTIFS IN GRIF-1, K IA A l042, MILTON AND HAP-1

Sequence comparison Similarity over full-length sequence Similarity over homologous GKIF-I- 
P2-IL binding domain

GRIF-1 + KIAA1042 -60 -80

GRIF-1 + MILTON -^0 -54

GRIF-1 -t- rHAP-1 -47 -51

B

GRIF-1

P2-IL binding domain 
A

913

KIAAl 042

MILTON

HAP-1
262-305

599

953

1116

The figure shows a comparison between the coiled-coil domains ( ^ 0  ) of the GABAa receptor interacting factor, GRIF-1, family of proteins.
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FIGURE 5.2. VECTOR DIAGRAMS OF THE GAL4 SYSTEM CONSTRUCTS 

USED TO TEST THE SPECIFICITY OF INTERACTION BETWEEN GRIF-1 (8- 

633) AND THE (32-IL(303-427)

B
AmpR 2(j ongin

ADH1 lem inalor Tfp1

fl ssONA origin

ADH1 pnomoler
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The GABAa receptor subunit sequences A, p2-IL(303-247), B, O!l-IL(304-384), C, 
P2/TM3-IL/TM4(282-450) and D, p2-IL/TM4(303-450) were each cloned into a GAL4 
DNA-BD vector to produce in frame fusion proteins for use in the GAL4 yeast two- 
hybrid system.
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FIGURE 5.3. AN IMMUNOBLOT SHOWING THE EXPRESSION OF THE 

GAL4 DNA-BD FUSION PROTEINS CONTAINING GABAa RECEPTOR p2-IL 

OR al-IL  SEQUENCES IN THE IN THE YEAST STRAIN, AH109

1 2 3 4 5 6 7 8 9
250'

Lanes:

1. Untransformed AH 109 cells

2. GAL4 DNA-BD

3. GAL4 DNA-BD p2-IL(303-427)

4. GAL4 DNA-BD P2-IL (282-450)

5. GAL4 DNA-BD P2-IL303-450)

6. Empty lane

7. Untransformed AH 109 cells

8. GAL4 DNA-BD

9. GAL4 DNA-BD od-IL(304-384)

1 ■  = GAL4-DNA-BD

-------- 1 O  "
c - m y e  e p i to p e

■  = al-IL(304-384)

'----------- ' □  - P2-IL(282-450)

II 1 □  = P2-IL(303-450)

□  = P2-lL(303-427)

Construct Predicted Mr (kDa) Observed Mr (kDa)
GAL4 DNA-BD 17 Not observed
GAL4 DNA-BD P2-IL(303-427) 31 -41
GAL4 DNA-BD p2TM3-ILTM4(282-450) 37 -41
GAL4 DNA-BD p2-ILTM4(303-450) 34 -38
GAL4 DNA-BD od-IL(304-384) 26 -28

The GABAa receptor subunit peptides p2-IL(303-427), p2TM3-ILTM4(282-450) and 
p2-ILTM4(303-450) and o:l-IL(304-384) were transformed into AH 109 yeast. Fusion 
proteins were extracted from yeast and analysed by immunoblotting using polyclonal 
antibodies against the GABAa receptor p2-IL(381-395) or od-IL(324-341). The upper 
arrowhead indicates B2 loop constructs in lanes 3, 4 and 5. The lower arrowhead 
indicates the a l loop in lane 9. Other bands on the immunoblot are also found in 
untransformed cells and represent non-specific antibody binding.
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FIGURE 5.4. VECTOR DIAGRAMS OF THE MODIFIED LEXA AD VECTOR

CONSTRUCTS USED TO TEST THE FUNCTIONAL HOMOLOGIES

BETWEEN GRIF-1 AND K IA A l042

firoRI (10745) 
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AV«RI|8437|
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The GRIF-1 sequences A, GRIF-1(1-913), B, GRIF-1 (8-633) and C, GRIF-1 (124-283) 
and the KIAA 1042 sequences D, KIAAl042(1-953) and E, KIAAl042(124-283) were 
each cloned into a GAL4 yeast two-hybrid AD vector to be tested for an interaction 
with the GABAa receptor p2-IL(303-427), KIF5C(I-957) and with KIAAl042(1-953).
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FIGURE 5.5. AN IMMUNOBLOT SHOWING THE EXPRESSION OF THE 

GAL4-AD FUSION PROTEINS CONTAINING GRIF-1 OR KIAAl 042 

SEQUENCES IN THE YEAST STRAIN, L40

1 2 3 4 5 6 7
98—

64— 
50— 
36—

30—

Lanes:

1. Untransformed L40 cells

2. GAL4-AD

3.GAL4-AD GRIF-1(1-913)

4. GAL4-AD GRIF-1 (8-633)

5. GAL4-AD GRIF-1 (124-283)

6. GAL4-AD KIAAl042(1-953)

7. GAL4-AD KIAA 1042(124-283)

Key: ■  = GRIF-1(1-913)
□  = GRIF-U8-633)
□  = GRIF-1 (124-283)

g  = KIAAl 042(1-953)
□  = KIAA1042(124-283)

EH = HA epitope
■  = GAL4-AD

Construct Predicted (kDa) Observed Mr (kDa)
GAL4-AD 15 N/A
GAL4-AD GRIF-1 (1-913) 117 -96, 78
GAL4-AD GRIF-1 (8-633) 86 -86
GAL4-AD GRIF-1 (124-283) 34 -41
GAL4-AD KIAA 1042(1-953) 121 -96
GAL4-AD KIAA 1042(124-283) 33 -45

The GAL4 AD vector containing a GRIF-1 or a KIAA 1042 sequence was transformed 
into the yeast strain, L40. Fusion proteins were extracted from yeast and analysed by 
immunoblotting using the anti-GRIF-1(8-633) polyclonal antibody that recognises both 
GRIF-1 and KIAA 1042.
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FIGURE 5.6. VECTOR DIAGRAMS OF THE MODIFIED LEXA DNA-BD

VECTOR CONSTRUCTS USED TO TEST THE FUNCTIONAL

HOMOLOGIES BETWEEN GRIF-1 AND KIAAl042

/■jfmarm)
M.S beIa2-IU303427)

B
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/■ i»RI(IOI89l
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PADH1

pM BL33KlAA1042(lJ957)
10193 bp
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The sequences A, p2-IL(303-427), B, KIF5C(l-957) and C, KIAAl042(1-953) were 
each cloned into the mLexA yeast two-hybrid DNA-BD vector to test for interactions 
with GRIF-1 and KIAA 1042 constructs.
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FIGURE 5.7. AN IMMUNOBLOT SHOWING THE EXPRESSION OF THE 

LEXA DNA-BD FUSION PROTEIN CONTAINING KIF5C(l-957) IN THE 

YEAST STRAIN, L40

250'
98'
64'
50'

36'

30—

16

6 '

Lanes:

1. Untransformed AH 109 cells

2. LEXA DNA-BD

3. LEXA DNA-BD K1F5C( 1-957)

anti-KHC

Lane 2 

Lane 3

Key: □  = KIF5C(l-957)
■  = GAL4-DNA-BD

Construct Predicted Mr (kDa) Observed Mr (kDa)
LEXA DNA-BD 23 Not detected
LEXA DNA-BD KIF5C(l-957) 133 -143,-117

The modified LexA DNA-BD vector pMBL33 containing the kinesin heavy chain clone 
KIF5C was transformed into the yeast strain, L40. The fusion protein was extracted 
from yeast and analysed by immunoblotting using the monoclonal anti-KHC antibody, 
AKIN02. Two bands can be seen in lane 3. The lower band correcponds to a faint band 
in the untransformed cells and may represent non-specific antibody binding. The upper 
band corresponds clsely to the expected size of the KIF5C fusion peptide.
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FIGURE 5.8. AMINO ACID SEQUENCE ALIGNMENT BETWEEN GRIF-1(1 

913) AND KIAA1042(I-953)
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ITYEEKEQQLVNDCVKELRDANVQIASISEELAKKTEDAARQQEEITHLLSQIVDLQKKA 2 98

KEHVIEKEELRLHLQASKDAQRQLTMELHELQDRNMECLGMLHESQEEIKELRNKAGPSA 3 58
KACAVENEELVQHLGAAKDAQRQLTAELRELEDKYAECMEMLHEAQEELKNLRNKTMPNT 3 58

HLCFSQAYGVFAGESLAAEIEGTMRKKLSLDEESVFKQKAQQKRVFDTVKVANDTRGRSV 4 1 8
TSRRYHSLGLFPMDSLAAEIEGTMRKELQL-EEAESPDITHQKRVFETVRNINQWKQRS 4 1 7

TFPVLLPIPGSNRSSVIMTAKPFESGVQQT EDK TLPNQGSS TEVP- - GN 4 6 5
LTPSPMNIPGSNQSSAMNSLLSSCVSTPRSSFYGSDIGNWLDNKTNSIILETEAADLGN 4 77

SHP-RDP--PGLPEDSDLATALHRLSLRRQNYLSEKQFFAEEWERKLQILAEQEEEVSSC 522
DERSKKPGTPGTPGSHDLETALRRLSLRRENYLSERRFFEEEQERKLQELAEKGELRSGS 53 7

EALTENLASFCTDQ--SETTEL-GSAGCLRGFMPEKLQIVKPLEGSQTLHHWQQLAQPNL 57 9
LTPTESIMSLGTHSRFSEFTGFSGMSFSSRSYLPEKLQIVKPLEGSATLHHWQQLAQPHL 597

GTILDPRPGVITKGFTQMPK--DAVYHISDLEEDEEVGITFQVQQPLQLEQKPAPPPPVT 63 7
GGILDPRPGWTKGFRTLDVDLDEVYCLNDFEEDD-TGD--HISLP-RL ATSTPVQ 6 4 9

GIFLPPMTSAGGPVSVATSNPGKCLSFTNSTFTFTTCRILHPSD-ITQVTPSS-GFPSLS 6 95
 HPETSA---------------- HHPGKCMSQTNSTFTFTTCRILHPSDELTRVTPSLNSAPTPA 6 97

CGSSAGSASNTAVNS PAASYRLSIGESITNRRDSTITFSSTRS LAKLLQERGISAKVYHS 7 55
CGSTSHLKS- TPVATPCTPRRLSLAESFTNTRESTTTMSTSLGLVWLLKERGISAAVYD- 755

PASEN PLLQ-LRPKALATPSTPPNSPSQSPCSSP--VPFEPRVHVSENFLASRPA 807
PQSWDRAGRGSLLHSYTPKMAVIPSTPPNSPMQTPTSSPPSFEFKCTSPPYDNFLASKPA 815

ETFLQEMY--GLRPSRAPPDVGQLKMNLVDRLKRLGIARWKT PVP RENGKSRE 859
SSILREVREKNVRSSESQTDVSVSNLNLVDKVRRFGVAKWNSGRAHVPTLTEEQGPLLC 87 5

AEMG LQK PD------------ S AVYLNSGGSLLG- GLRRNQSLPVMMGS----- FGAPVC 901
GPPGPAPALVPRGLVPEGLPLRCPTVTSAIGGLQLNSGIRRNRSFPTMVGSSMQMKAPVT 93 5

TTS-PKM G--ILKED  913
LTSGILMGAKLSKQTSLR 953

sequence identity 

conservative amino acid changes

The figure shows an amino acid alignment between full-length GRIF-1 (1-913) and 
KIAA 1042(1-953). Coiled-coil domains are indicated in grey.



FIGURE 5.9. AMINO ACID SEQUENCE ALIGNMENT BETWEEN GRIF-1 (124-283) AND KIAAl042(124-283)

1 2 4
g r i  f - 1  RDLELAARIGQALLKRNHVLSEQNESLEEQLGQAFDQVNQLQHELSKKEELLRIVSIA 1 8 1
1 0 4  2 RDLELAARIGQSLLKKNKTLTERNELLEEQVEHIREEVSQLRHELSMKDELLQFYTSA 1 8 1

g r i f - 1  SEESETDSSCSTPLRFNESFSLSQGLLQLDMM HEKLKELEEENM ALRSKACHIKTETF 23  9
1 0 4  2 AEESEPESVCSTPLKRNESSSSVQNYFHLDSLQKKLKDLEEENW LRSEASQLKTETI 23  9
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2 8 3

= Sequence Identity 

1^1 = Conservative amino acid changes

The figure shows an amino acid sequence alignment between GRIF-1 and KIAAl042, focussing on the region 124-283. This region corresponds 
to the first coiled-coil domain and the first half of the second coiled-coil domain GRIP-1 (highlighted in grey) and has been identified as the 
GRlF-l/p2-lL interacting domain. Over these 160 amino acids, GRlF-1 and KIAA 1042 show an amino acid sequence identity of 58%.
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FIGURE 5.10. SCHEMATIC DIAGRAM SHOWING THE LOCALISATION OF

THE P2-IL INTERACTION DOMAIN OF GRIF-1

GRIF-1 Construct P2-IL Interaction

1 -9 1 3

8 -6 3 3

5 0 0 -9 1 3

8 -2 0 6

2 0 7 -6 3 3

1 3 5 -6 3 3

8 -1 2 5

3 5 5 -5 4 4

8 -3 6 5

1 2 4 -2 8 3

The diagram shows a series of full-length and truncated GRIF-1 constructs tested for 
their interaction with the GABAa receptor P2-IL. Red boxes indicate the positions of 
coiled-coil domains within GRIF-1. Adapted from Beck et al. (2002)
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TABLE 5.1. RESULTS FOR THE CO-TRANSFORM ATION OF YEAST WITH

GRIF-1 (8-633) AND THE GABAa RECEPTOR p2-IL(303-427) IN THE GAL4

YEAST TW O-HYBRID SYSTEM

AD Construct DNA-BD
Construct

-2 Selective 
Media

-4 Selective 
Media

p-Galactosidase
assay

pVA3-l pTDl-1 -H-H ++ +
pGADlO
GRIF-l(8-633)

pAS2-l
P2-IL(303-427)

++ + +

pGADlO pAS2-l
p2-IL(303-427)

++ - -

pGADlO 
GRIF-1(8-633)

pAS2-l -H- - -

pGADlO pAS2-l ++ - -

The results are representative of n = 4 independent co-transformations.

Key: -2 Selective media lacks leucine and tryptophan
-4 Selective media lacks adenine, histidine, leucine and tryptophan
For nutritional selection - = no growth, + = 11-100 colonies, ++ = 101-200
colonies
For p-galactosidase assay + = enzyme activity observed, - = No enzyme activity 
observed

The GAL4 yeast strain, AH109, was co-transformed with the cloned pAS2-lp2-IL(303- 
427) and pGADlOGRIF-1(8-633) two-hybrid constructs as described in section 2.2.3.2. 
and 2.2.3.3., to substantiate the positive interaction shown in previous experiments 
(Beck et aL, 2002). Growth on -2 selective medium shows that the transformation has 
been successful. Colony growth on -4 selective medium shows an interaction between 
the two proteins of interest.
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TABLE 5.2. RESULTS FOR THE CO-TRANSFORM ATION OF YEAST W ITH

G R IF-l(8-633) AND THE GABAa RECEPTOR al-IL (304-384) IN THE GAL4

YEAST TW O-HYBRID SYSTEM

Activation
Domain

Construct

DNA-Binding
Domain

Construct

-2 Selective 
Media

-4 Selective 
Media

P"
Galactosidase

assay
pGADlO
GRIF-l(8-633)

pAS2-l
p2-IL(303-427)

++ -h 4-

pGADlO
GRIF-l(8-633)

pAS2-l
al-IL(304-384)

++ - -

pGADlO pAS2-l
al-IL(304-384)

++ - -

pVA3-l pTDl-1 ++ 4-4- 4-

pGADlO pAS2-l 4-4- - -

The results are representative of n = 3 independent co-transformations.

Key: -2 Selective media lacks leucine and tryptophan
-4 Selective media lacks adenine, histidine, leucine and tryptophan
For nutritional selection - = no growth, + = 11-100 colonies, ++ = 101-200
colonies
For P-galactosidase assay + = enzyme activity observed, - = no enzyme activity 
observed

The construct pAS2-1 a 1 -IL(304-384) was transformed into yeast with pGADlOGRTF- 
1(8-633) to investigate the subunit specificity of the interaction between GRIF-1 and the 
GABAa receptor ILs.
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TABLE 5.3. RESULTS FOR THE CO-TRANSFORM ATION OF YEAST WITH

GRIF-1 (8-633) AND THE GABAa RECEPTOR TM 3/p2-IL-TM 4(282-450) AND

p2-IL/TM 4(303-450) IN THE GAL4 YEAST TW O-HYBRID SYSTEM

Activation
Domain

Construct

DNA-Binding Domain 
Construct

-2 Selective 
Media

-4 Selective 
Media

P"
Galactosidase

assay
pGADlO 
GRIF-1(8-633)

pAS2-l
p2-IL(303-427)

++ + (+)

pGADlO
GRIF-l(8-633)

pAS2-l
TM3/P2-IL-TM4
(282-450)

++ - -

pGADlO pAS2-l
TM3/P2-IL/TM4
(282-450)

++ - -

pGADlO 
GRIF-1(8-633)

pGBKT7_MB2
P2-IL/TM4(303-450)

+ - -

pGADlO pGBKT7_MB2
p2-IL/TM4(303-450)

+ - -

pVA3-l pTDl-1 ++ + +
pGADlO pAS2-l ++ - -

The results are representative of n = 3 independent co-transformations.

Key: -2 Selective media lacks leucine and tryptophan
-4 Selective media lacks adenine, histidine, leucine and tryptophan
For nutritional selection - = no growth, 1-10 colonies, + = 11-100 colonies, ++ =
101-200 colonies
For P-galactosidase assay (+) = weak enzyme activity observed + = enzyme 
activity observed, - = no enzyme activity observed

The constructs pAS2-lTM3/p2-IL/TM4(282-450) and pGBKT7_MB2p2-IL/TM4(303- 
450) were each co-transformed into yeast along with pGADlOGRIF-1(8-633) to test for 
the conformational specificity of the GRIF-l/p2-IL interaction by inclusion of either 
both TM3 and TM4 flanking the P2-IL sequence or, of TM4 alone.
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TABLE 5.4 RESULTS FOR THE CO-TRANSFORM ATION OF YEAST W ITH

THE GABAa RECEPTOR p2-IL(303-427) AND GRIF-1 OR K IA A l042

AD Vector DNA-BD Vector -2 Dropout 
Media

-3 (2 mM 3- 
AT) Dropout 

Media

P"
Galactosdase

Activity
pGADT?
GRIF-1(1-913)

pMBL33
p2-EL(303-427)

4-+ ++ +

pGADlO 
GRIF-1(8-633)

pMBL33 
P2-IL (303-427)

++ ++ +

pGADT?
GRIF-l(124-283)

pMBL33
P2-IL(303-427)

++ ++ +

pGADTT 
KIAAl 042(1-953)

pMBL33
P2-IL(303-427)

++ - -

pGADT?
KIAA1042(124-283)

pMBL33
P2-IL(303-427)

++ - -

pGADT? pMBL33
P2-IL(303-427)

++ - -

pGADT?
GRIF-1(1-913)

pMBL33 ++ - -

pGADlO
GRIF-l(8-633)

pMBL33 ++ - -

pGADT?
GRIF-l(124-283)

pMBL33 ++ - -

pGADT?
KIAA1042(l-953)

pMBL33 ++ - -

pGADT?
KIAA1042(124-283)

pMBL33 ++ - -

pGADT? pMBL33 ++ - -

The results are representative of n = 3 independent co-transformations.

Key: -2 Selective media lacks leucine and tryptophan
-3 Selective media lacks histidine, leucine and tryptophan and contains 2.5 
mM 3-amino triazole
For nutritional selection - = no growth, colonies, ++ = 101-200 colonies
For p-galactosidase assay + = enzyme activity observed, - = no enzyme
activity observed

Functional homologies between KIAAl042 and GRIF-1 were investigated by co
transformation of the yeast strain, L40, by each of the AD constructs containing GRIF- 
1(1-913), GRIF-l(8-633), GRIF-1(124-283), KIAA1042(l-953) or KIAA1042(124- 
283) along with the P2-IL in the DNA-BD plasmid pMBL33.
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TABLE 5.5. RESULTS FOR THE CO-TRANSFORM ATION OF YEAST W ITH

KIF5C AND GRIF-1 OR K IA A l 042

AD Vector DNA-BD Vector -2 Dropout 
Media

-3 (2 mM 3- 
AT) Dropout 

Media

P-
Galactosdase

Activity
pGADT7
GRIF-1(1-913)

pMBL33
KIF5C(l-957)

++ (+) (+)

pGADlO
GRIF-l(8-633)

pMBL33
KIF5C(l-957)

++ ++ +

pGADT7
GRIF-l(124-283)

pMBL33
KIF5C(l-957)

++ +++ +

pGADT7
KIAA1042(l-953)

pMBL33
KIF5C(l-957)

++ - -

pGADT7
KIAAl 042(124-283)

pMBL33
KIF5C(l-957)

++ - -

pGADT7
GRIF-1(1-913)

pMBL33 ++ - -

pGADT7
GRIF-l(8-633)

pMBL33 ++ - -

pGADlO
GRIF-l(124-283)

pMBL33 ++ - -

pGADT7
KIAA1042(l-953)

pMBL33 ++ - -

pGADT7
KIAA1042(124-283)

pMBL33 -H- - -

pGADT7 pMBL33
KIF5C(l-957)

++ - -

pGADT7 pMBL33
P2-IL(303-427)

-H- - -

pGADT7 pMBL33 -H- - -
pGADlO 
GRIF-1(8-633)

pMBL33
P2-IL(303-427)

++ + +

The results are representative of n = 3 independent co-transformations.

Key: -2 Selective media lacks leucine and tryptophan
-3 Selective media lacks histidine, leucine and tryptophan and contains 2.5 
mM 3-amino triazole
For nutritional selection - = no growth, (+) = 1-10 colonies, + = 11-100 
colonies, ++ = 101-200 colonies, +++ = >200 colonies
For p-galactosidase assay + = enzyme activity observed, - = no enzyme 
activity observed

The yeast strain L40 was co-transformed with the kinesin heavy chain clone, KIF5C, 
along with a GRIF-1 or KIAAl042 sequence to determine functional homologies with 
each other and with the drosophila protein, Milton.
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TABLE 5.6. RESULTS FOR THE CO-TRANSFORM ATION OF YEAST W ITH

K IA A l 042 AND GRIF-1 OR K IA Al 042

AD Vector DNA-BD Vector -2 Dropout 
Media

-3 (2 mM 3- 
AT) Dropout 

Media

P-
Galactosdase

Activity
pGADT?
GRIF-1(1-913)

pMBL33
KIAA1042(l-953)

+4- ++ 4~h

pGADlO 
GRIF-1(8-633)

pMBL33
KIAA1042(l-953)

+ + ++ -f-f

pGADT?
GRIF-l(124-283)

pMBL33
KIAA1042(l-953)

++ 4-4- 4-4-

pGADT?
KIAA1042(l-953)

pMBL33
KIAA1042(l-953)

-H- ++ ++

pGADT?
KIAA1042(124-283)

pMBL33
KIAA1042(l-953)

++ 4—f- 4-4-

pGADT?
GRIF-I(1-913)

pMBL33
+4- - -

pGADT?
GRIF-l(8-633)

pMBL33 ++ - -

pGADlO
GRIF-I(124-283)

pMBL33
4-4- - -

pGADT?
KIAAl 042(1-953)

pMBL33 ++ - -

pGADT?
KIAA1042(124-283)

pMBL33 ++ - -

pGADT? pMBL33
KIAA1042(l-953)

4-4- ++ -I“ f-

pGADTV pMBL33
P2-IL(303-427)

4-4- - -

pGADT? pMBL33 4-4- - -

pGADlO
GRIF-l(8-633)

pMBL33
P2-IL(303-427)

4-4- -k 4-

The results are representative of n = 3 independent co-transformations.

Key: -2 Selective media lacks leucine and tryptophan.
-3 Selective media lacks histidine, leucine and tryptophan and contains 2.5 
mM 3-amino triazole
For nutritional selection - = no growth, + = 11-100 colonies, ++ = 101-200 
For p-galactosidase assay + = enzyme activity observed, - = no enzyme 
activity observed

The yeast strain L40 was co-transformed with full-length KIAAl042(1-953), along with 
a GRIF-1 or KIAA1042 sequence to test for dimérisation interactions.
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CHAPTER 6:
GENERAL DISCUSSION
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6. GENERAL DISCUSSION
6.1. REGULATION OF GABAERGIC INHIBITION IN THE BRAIN

GABAergic inhibition is important for the regulation of excitatory synaptic potentials in 

the brain. In turn, GABAergic inhibition is controlled by several factors including the 

number of transmitter release sites, transporter activity, the pharmacological properties 

and cellular localisation of receptor subtypes and modulation of receptor activity by 

both endogenous and exogenous mechanisms (Cherubini and Conti, 2001). Figure 6.1 

shows a schematic diagram representing the pathway from receptor subunit 

transcription to receptor cell surface expression at synapses and indicates some of the 

factors regulating the process.

The overall aim of this thesis was to identify factors involved in GABAa receptor 

subunit oligomerisation and cellular processing and, ultimately, in the regulation of 

receptor diversity.

6.1.1. G ABA a RECEPTOR DIVERSITY

The pharmacological properties of GABAa receptors are dependent on subunit 

composition. Receptor diversity is limited by selective subunit expression in particular 

neurones, as well as the need for correct subunit folding and post-translational 

modifications for exit from the ER, and specificity of subunit oligomerisation. These 

factors ensure that receptors with the necessary pharmacological properties are 

expressed in particular neurones.

The first aim of this thesis was to identify residues in the N-terminal domains of the 

GABAa receptor a l and (32 subunits that are important for subunit oligomerisation and 

to assess the usefulness of the yeast two-hybrid assay for these investigations. The 

subunit sequences a l (1-224) and p2(1-220) were cloned into the plasmid vectors of 

three different yeast two-hybrid systems to create in frame fusion constructs for each 

assay. Various combinations of GABAa receptor subunit N-terminal domains fused to 

yeast two-hybrid transcription factor GAL4 AD or DNA-BD domains were co

transformed into the GAL4 yeast strain, AH109. However, N-termini fused to the 

GAL4 AD were found to cause auto-activation of yeast reporter genes in the absence of 

a DNA-BD fusion sequence. The same result was found for co-transformation of N- 

termini, fused to the GAL4 AD and mLexA DNA-BD, into the mLexA system. A third 

two-hybrid system, the CytoTrap® system, which is not reliant on TF activation was
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also established in the laboratory and the receptor sequences were tested using this 

assay. This system detects protein-protein interactions via reconstitution of the Ras 

signalling pathway, which is found in the cytoplasm. Therefore, false positive results 

due to TF activation by test proteins should not affect this assay. In this system, no 

interactions were observed between any combination of the a l and/or P2 N-termini. 

Since other techniques have shown the GABAa receptor subunit N-termini to contain 

sequences that are important for subunit oligomerisation, these results suggest that the 

subunit sequences are not folded properly in yeast and, therefore, that yeast two-hybrid 

system was not useful for the study of GABAa receptor subunit N-terminal assembly 

domains.

6.1.2. GABAa RECEPTOR LOCALISATION AND STABILISATION AT THE 

SYNAPSE

Targeting of receptors to the cell surface and stabilisation of receptors in the plasma 

membrane are controlled by various interacting proteins. Trafficking proteins direct 

receptors through the exocytic pathway, via the ER, Golgi apparatus and in vesicles. 

Once inserted into the membrane, anchoring proteins stabilise receptor clusters. 

Extracellular proteins are also involved in stabilising receptor position e.g. the agrin- 

MuSK-rapsyn complex interaction with nACh receptors (discussed in Section 4.1.2). 

These extracellular interactions provide a physical link to the presynaptic neurone and 

are important for synaptogenesis and synaptic plasticity. However, evidence of this type 

of interaction is lacking for GABAergic synapses. Hence, the second aim of this thesis 

was to identify proteins that may be involved in GABAa receptor trafficking and the 

formation and plasticity of GABAergic synapses. The IL of the p3 subunit was used to 

screen a yeast two-hybrid cDNA library for trafficking proteins and the N-terminus of 

the p2 subunit was used to screen a rat brain cDNA library for proteins involved in 

synapse formation and plasticity. The P2 N-terminus screen isolated a putative novel 

chaperone protein which shares 99% cDNA sequence identity and 100% amino acid 

identity with the rat DnaJ-like protein, TIDIL. Protein motifs within the sequence 

suggest that it is a class I DnaJ homologue. As mentioned earlier, chaperone proteins 

have been found to play a role in the trafficking (Mizukoshi et a l, 1999) and assembly 

(Sacht et a l, 1999) of receptors. However, since the data from Chapter 3 suggests that 

the N-termini of GABAa receptors may not be properly folded in yeast, the DnaJ-like

199



protein may be involved in the folding of incompletely folded receptor subunits, or in 

the re-folding of incorrectly folded subunits.

The P3-IL cDNA library screen did not identify any new GABAa receptor interacting 

partners. Several clustering and anchoring molecules have been identified for the 

glutamate receptors (discussed in Section 1.2.6). An equivalent protein scaffolding 

complex to the glutamate receptor post-synaptic density has not been found for the 

nACh receptor superfamily. The only clustering/anchoring proteins identified for these 

receptors are nACh receptor interacting protein, rapsyn, and the glycine receptor 

interacting protein, gephyrin. Studies carried out to identify a similar molecule for 

GABAa receptors have been unsuccessful. The intracellular loops of the nACh family 

of receptors are more conformationally restricted in comparison with the free C-termini 

of glutamate receptors. This may limit the number of proteins that can interact with this 

domain. Gephyrin has been shown to play a role in GABAa receptor clustering, but has 

not been shown to interact directly with GABAa receptors. GABARAP has been shown 

to bind directly to GABAa receptors, but its function at the synapse remains uncertain. 

This lack of GABAa receptor clustering/anchoring proteins may mean that use an 

alternative mechanism of clustering and anchoring at the synaptic membrane, or that an 

equivalent GABAa receptor clustering molecule exists that has not yet been identified.

6.1.3. CHARACTERISATION OF THE NOVEL GABAa RECEPTOR INTERACTING 
FACTOR, GRIF-1

The GABAa receptor interacting factor, GRIF-1, was identified as a GABAa receptor 

interacting protein in a yeast two-hybrid screen of a rat brain cDNA library, using the 

P2 subunit as a bait (Beck et al., 2002). It was found to share amino acid sequence 

similarity with several proteins of unknown function (discussed in Section 5.1.1). The 

third aim of this thesis was to characterise further the GRIF-1 family of coiled-coil 

proteins. The interaction of GRIF-1 with the GABAa receptor was found to be specific 

for the p2 subunit IL. The conformation of the loop was also shown to be important, as 

the interaction was abolished by addition of one or both of the flanking transmembrane 

domains. Structural and functional homologies were assessed between GRIF-1 and the 

human homologue, KIAA1042, by comparison of their interactions with the GABAa 

receptor p2 subunit IL. KIAA1042 did not interact with the P2-IL, despite sharing a 

high degree of amino acid sequence homology with GRIF-1.
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The possible role of GRIF-1 and KIAA1042 as GABAa receptor trafficking factors was 

also investigated by testing for interactions with the kinesin heavy chain clone, KIF5C. 

Full-length GRIF-1 showed a weak interaction with KIF5C. Shorter sequences of 

GRIF-1, each containing the coiled-coil domain, i.e. GRIF-1 (8-633) and GRIP-1(124- 

283), displayed a stronger interaction with KIF5C. Both full-length KIAA1042 and 

KIAAl042(124-283) did not interact with KIF5C. These results support the role of 

GRIF-1 as a p2 subunit-containing GABAa receptor trafficking factor and suggest a 

high specificity of function since the homologous protein, KIAAl042 did not display 

the same characteristic interactions. An investigation into the dimérisation of 

KIAAl042 and GRIF-1 proteins proved inconclusive, as KIAAl042 transformed into 

yeast as a DNA-BD fusion protein results in auto-activation of reporter gene activity. 

Similar auto-activation has been shown for GRIF-1.

6.2. FUTURE WORK

6.2.1. YEAST TWO-HYBRID SYSTEM MODIFICATIONS

The limitations of the yeast two-hybrid assay were discussed in section 3.1.13. In both 

the study of assembly domains for the GABAa receptor a l and P2 subunit N-terminal 

domains (Chapter 3), and in the p2 N-terminus screening of the yeast two-hybrid cDNA 

library (Chapter 4), it is likely that the N-terminal fusion proteins were not folded 

correctly in yeast cells. This is possible because the sequences would have been 

manufactured in the yeast cytoplasm rather than in a mammalian cell ER as would be 

expected for normal membrane protein processing through the exocytic pathway 

(discussed in Section 3.2.11.3). The yeast cytoplasm lacks the particular folding 

proteins and modifying enzymes necessary for proper processing of receptor subunits 

such as BiP and PDI. Although it has been shown that certain proteins which do require 

these factors can be properly processed in the yeast cytoplasm (Ozenberger and Young, 

1995), the results described here suggest that the GABAa receptor N-termini are mis- 

folded.

In some cases it is possible to produce the correct structural conformation of complex 

proteins by co-expression of the required modifying factors (Sobhanifar, 2003). 

Therefore, further studies of GABAa receptor N-termini in yeast may be possible if the 

lacking factors are introduced in parallel. Another problem encountered here which may 

be overcome by proper folding of the subunit sequences, is the auto-activation observed
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in both GAL4 and LexA TF based assays. In some cases it is possible to prevent auto

activation by truncating the test proteins until a fragment is found that does not activate 

reporter genes. However, a drawback of this is that it may involve removing a part of 

the peptide that is necessary for the interactions being studied or for the 3 dimensional 

stability of the protein. An alternative method of studying the GABAa receptor 

assembly motifs therefore may be preferable.

The DnaJ-like protein (clone 3) isolated from the yeast two-hybrid library screen 

(Chapter 4) appears to be involved in re-folding of incorrectly folded proteins. It may be 

useful to obtain the full length sequence using rapid amplification of cDNA ends 

(RACE). It would be interesting to test the GABAa receptor p2(1-224) interaction with 

clone 3 in mammalian cells to determine whether it represents a physiological 

interaction. It would also be interesting to compare the interaction of the P2 N-terminus 

to that of a full-length p2 subunit which is more likely to be correctly folded.

6.2.2. RECEPTOR TRAFFICKING FUNCTIONS OF GRIF-1

Further work on the characterisation of GRIF-1 to elucidate the physiological 

significance of this protein in neurones is ongoing. Interactions between KIF5A, KIF5B 

and KIF5C are being screened for association with GRIF-1 in brain tissue (Brickley et 

a l, in preparation). Kanai et al. (2000) have shown that KIF5C knockout mice are non- 

lethal and KIF5B knockout mice, while not viable, can be rescued by injection of 

KIF5A, KIF5B or KIF5C, suggesting some functional redundancy between the 

isoforms. Therefore, it may be expected that GRIF-1 will interact with all three 

isoforms. It would also be interesting to determine whether KIF5A and KTF5B interact 

directly with GRIF-1 in the yeast two-hybrid system. The AMP A receptor trafficking 

protein, GRIPl, was shown to associate with all three KIF5C isoforms (Setou et a l, 

2002) and the AMP A receptor GluR2 subunit. It was thus found to play a role in the 

trafficking of AMP A receptors (discussed in Section 1.2.6.2.1). GRIF-1 may have a 

similar role to GRIPl in the trafficking of GABAa receptors, although no significant 

amino acid or DNA sequence homology exists between GRIF-1 and GRIPl. Similar 

studies could also be carried out to determine the functional significance of the 

interaction between GRIF-1 and kinesin, as were carried out for GRIPl and kinesin, 

such as determination of the GRIF-1 binding domain in KTF5s and the subcellular 

colocalisation of GRIF-1 and GABAa receptors in neurones.
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FIGURE 6.1. REGULATION OF GABAa RECEPTOR ASSEMBLY THROUGH

THE EXOCYTIC PATHWAY
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Figure 6.1 shows a schematic representation of the GABAa receptor exocytic pathway 
from gene expression to membrane insertion, indicating factors involved in regulating 
the process.
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IDENTIFICATION, M O LECULAR  CLONING AND CHA RACTERIZATION OF A NOVEL GABA, 
R E C EPTO R  ASSOCIATED PROTEIN, GRIF-1

Kieran Brickley Mike Beck Helen Wilkinson Seenia Sharma Miriam J. Smith Paul L. Chazot Simon Pollard
F. Anne Stephenson

School o f Pharmacy, University of London, 29/39 Brunswick Square, London, W CIN 1 AX, UK.

INTRODUCTION
G A B A , icccpiors. major m ediators oC inh ib ito ry  ncuro transm ission  in the  ecn tral n ta^ous system , are localized 
predom inantly  in the post synaptic m em brane C om pared  to excita to ry  synapses, the re  is a paucity  o f  inform ation 
a t a ilable regard ing  the trafllck ing , c lu stering  and  ancho ring  o fO  A B A , receptors at synaptic sites It h as been shovni 
that G A B A , receptor P subunits sclcetively target assem bled receptor contplcxes to d istinct subcellu lar locations 
(1). T his suggests tltat p  subunits ntay be pivotal for appropria te  cell su rface receptor expression In adu lt b rain, o f  
the p  subunits. p2  and p3 arc the  m ost abundatit T herefore, w e used the  G A B A , receptor P2 in tracellu lar loop (P2- 
IL) as a bait in a yeast tw o-hybrid screen to  iden tify  G A B A , receptor-associated p ro te in s  W e report here  the 
c lon ing  and ch a rac te ri/a tio n  o f  a novel p rotein. G R IF-1. G A B A , receptor in terac ting  factor, tha t specifically 
associates with P2 subunits (21

RESULTS
1 A B L E  I A su m m aM  of Ihc  specificil> o f ih e  C R IF -I /G A B A ^  r fc e p lo r  subun it in te ra c tio n s  in  th e  

veasi tH o -h ^ b r id  assa>

F IG U R E  I

• r»> Y ..........

F IG U R E  2 T issue  d is tr ib u t io n  of G R I F - U  m R ^  A a nd  G R I F - la  p ro te in

A is a  tio n h em  blot probed w ith (’T ]  G R IP -Im i,  revealing a m ajor transcript o f  6,2 kb in all tissues except testes B. C  
and D  arc in im unoblots o f  PI (nuclearI. P2 (m entbrane) and S (soluble) fractions respectively Blots w ere probed w ith 
a lfinily-purified an ti-G R IF -lw ,)  antibodies M ajor im m unoreaetive bands w ith M.S 115 000  and 106 (X)0 w ere found in 
b rain , heart and skeletal muscle

F IG U R E  3 D em onstra tion  of b in d in g  o f n a lis e  G A B A , r e c e p to r  o l  a n d  PZ subun its  to  G R IP  I ,  
im m ob ilized  G R I F - I „ „  a ffin ity  c h ro m a to g rap h y  pu rifica tio n

The yeast stra in  A H 109 w as c o-transfom tcd  w ith bail and fish constn ic is and  tran sfo rm an ts grow n on -W . -L. -H. 
-A dc (i c SD- 4) pla tes -, +. +++ . rela tive  m easu re  o f  colony growtlt; p -galaclosidasc  activity  w as m easured by 
filter lift assay and Mel I activity  by grow ih on SD -4  pla tes w ith agarose  X -a  G al overlay  T he streng th  o f  the  bail 
and  fish in terac tions a rc  expressed as a pe rcen tage  o f  w ild type G al4  protein transform ants

T he  ded u ce d  am in o  a c id  se q u e n c e  o f G  R IF  I a lig n ed  w ith  th e  h u m an  orthW ogue 
K IA A 0549/A L S2C R 3

G R I F - I |^ ,  w as identified a s  a partial cD N A  encoding a 
novel G A B A a receptor p2  subun it in terac ting  clone 
from a lib ra ry  screen o f  1.5 x 10“ independent 
tran sfo rm an ts T he  full leng th  sequence w as determ ined 
by 5' and  3' RA CE A m ino acids iden tical between rat 
G R I F - 1  a n d  t h e  h u m a n  o r i h o l o g u e  
K.IAA 0549/A LS2CR3 a rc  ^ o w n  a s* , sites o f  consensus 
sequences for protein k inase A and tyrosine  kinase  arc 
show n as ▼ and  respectively T he ha tched  areas 
show  the  position o f  tw o pred ic ted  coiled-coil regions 
T he C -term inal proline-rich  reg ion  is m arked with a 
round-edged  rec tang le  G rey  open rec tangles indicate 
the  position o f  tw o reg ions th a t a rc  h igh ly  conserved 
am ong m em bers o f  the  G RIF-1 family. T he  G en Bank 
accesion num ber for G R IF-I is A J288898

(  (^associa tion  o f G R IE -I a nd  G A B  A  ̂ re c e p to r  p2  su b u n its  in  H E K  293 cells t r a n s fe c te d  w ith 
G R I F - la ^  M, a nd  G A B A * re c e p to r  P2 su b u n its  a s  show n b> im m u n o p ré c ip ita tio n

HEK 293 c ells w ere transfected w ith e ither G R l F - 1 + G A BA * receptor p2  subunit ( I ); G A BA ^ recep tor p2  alone 
(2K G R IF-lp,j^o alone  (3) o r G R IF -U haü + G A B A a receptor a  I subunit (4 ) Im m unoprécipita tion assays w ith anti- 
FLA G  agarose w ere carried  out on detergen t ex tracts o f  the various transfected c ells a nd  the  resu ltan t im m une pellets 
analyzed by im m unoblo tling  A, probed w ith affin ity-purified an li-G R IF -I^*„. B. w ith anti-G A B A ^ receptor p2  381- 
395 subunit and C . with anti-G A B A ^ receptor a l  1-15 subunit an tibodies It is seen tha t G R IF-lpL w  specifically  
precip ita ted  G A BA ^ receptor p2  subunit im m unorcactivity

F IG U R E  6 S c h e m atic  d ia g ra m  show ing  th e  in te ra c tio n  be tw een  G R I F - I ^ j  a n d  G A B A * re c e p to r  P2-IL  
c onst m e ts  a n d  be tw een  G A B A ^ re c e p to r  p 2 -IL  a n d  tru n c a te d  G R IF -1  c o n s tru c ts  using  the  
veast tw o-hs b r id  assa>

T riton  X -100 extracts o f  P2 m em brane fractions from rat brain w ere  in cu b ated  w ith e i th a  Ni*' agarose. pTrcHis-Ni* 
agarose  or pTrcH isG R1F-1 w n 'N i ' agarose and the  resu ltan t agarose pellets analyzed by im m unoblo tling  A. prob ing  w ith 
anti-G A B A * receptor p2  381-395. B. anti-G A B A * receptor a l  413-429 and C . anti-neuron  specific enolase antibodies 
It can  be seen that G R I F - l ^ r N i ' '  agarose specifically  p recipitates both a l  and p2  subunit im m unorcactiviiics

F I C I  RE 4 L ocalization  of G R l F I  a nd  G A B A * re c e p to r  P2 subun its  in H E K  293 ceils tran s fe c te d  w ith  G R IF - 
\Mu  *,. a nd  a lp 2 y 2  G A B A * rec ep to rs

A. un transfected cells . B. transfected w ith G RIP- 
C  transfected w ith G A BA * receptor a lp 2 y 2  

subunits. D -l transfected w ith both G R iF -lan ^ -, and 
G A B A a recqMor a ip 2 y 2  subunits A. B probed w ith 
a ffin ity-purified a n t i-G R lF - l^ n  antibodies. C  probed 
w ith anti-G A B A * receptor p2 subunit m onoclonal 
antibody*. D > 1 probed w ith both affinity-purified anti- 
GRIF-1 antibodies and the  aiiti-G  A BA a receptor p2 
subunit m(Miocl(Mial antibody A -F are  projections o f  
num erous ccm focal p lanes G . H and  I a re  sing le  planes 
frw n the  com posites in D. E and F respectively Arrow 
poin ts ind icate  yd low  colour w here G RIF and  p2 
subunits co-localizc

CONCLUSIONS

★ GRIP-1 a. identified as interac ting  w ith the  G A BA a receptor p2-IL  in a yeast tw o-hybrid screen, is 
a  novel, soluble. 913 am ino  acid, M, 102 kD a protein G RlF-1 ex ists in tw o splice  form s. G R IF -la  
a nd  a C -tem iina l truncated  form . G R lF -lb . w ith 672 am ino  acids

i f  GRIF-1 m R N A  has a w ide tissue distribu tion  w ith a m ajor transcrip t size  o f  6.2 kb G RlF-1 protein
was detected on ly  in excitable tissues

★ C o-expression o f  G R IF -la  and  a lp 2 y 2  G A B A a receptors in m am m alian  cells revealed som e co- 
localization in the  cell cytoplasm

★ A m i-FL A G  agarose  specifically  precip ita ted  G RIF-1 flag and  G A B A a receptor p2  subunits from 
HEK 293 c ells co-ex pressing  G R IF -IaA ^and  G A B A a receptor p2  subunits

★ In v itro  ̂ o tc in  in terac tions dem onstrated  an association betw een G R1F-1 and  assem bled G  ABA* 
receptors

★ A m ino acid s im ila rities  w ith H untingtin  associated protein suggest tltat GRlF-1 m ay fulfil a ro le  in 
the  transport o r ta rgeting  o f  p2  subunit-con tain ing  G A BA * receptors to  the  postsy n a p tic  m em brane 
o f  inh ib ito ry  synapse

A C K N O W L E D G E M E N T S
T his w ork w as supported by th e  BBSRC ( UK) W c thank  Professor T N agasc. K asu /a  Research Institute, C hiba. Japan
for the  gift o f  the  partial K1A A0549 cDN A

R E F E R E N t ES
1 Connolly. C.N . Wooltorton. J.R A . Smart. T.O & Miws.S.J (1996) Proc Naü Ac*d Sa t SA 93 9S99 99D4 Subcellular iocalualion of y-
amioobulync aad type A receptor» is determined by receptor ft subunits
2 Iteck. M . tînckley. K . Wilkinson. IM .. Sharrna. S . Smith. M J . (Ttazot, P I . . Pollard, S & Stephenson. KA. (2002) J Hiol ('hem. 277 30079.
.KK)90 Idcnhficabon. molecular cloning and charactenzation of a novel OAHA* reccpUir-asaoaaled protein. t}RlF-l



CAN THE YEAST TWO-HYBRID SYSTEM BE USED TO STUDY ASSEMBLY 
DOMAINS OE GABAa RECEPTOR SUBUNITS?

M iriam  J. S m ith , M ike B eck  and K. A n n e S tep h en so n  
S ch o o l o f  P h a rm a cy , U n iv ersity  o f  L o n d o n , 29 /3 9  B ru n sw ick  S q u a re, L o n d o n , W C IN  1 A X , U K .

INTRODUCTION

The 16 Y-aminobutyric acid type A (G A BA ,) receptor subunits found in the mammalian central 
nervous system, a  1-6, p i-3 , y I -3, Ô, e , 0  and Tt, give rise to  potentially 16* receptor subtypes 
using all possible pentameric permutations Relatively few o f  these combinations are actually 
found in vivo Since multiple receptor subunits are often expressed at the same time in certain 
neurons, there must be mechanisms in the assembly process, other than transcriptional control, that 
regulate G A B A , receptor subunit composition Identifying assembly boxes in G A B A , receptor 
subunits that dictate which subunits will associate may give an insight into the processes 
controlling receptor diversity Assembly domains in K ' channels' and the N a '/K ' ATPase' have 
been successfully studied using the yeast two-hybrid system offering an alternative approach to  
identify these sequences Such an approach should be feasible for G A B A , receptors since the 
soluble acetylcholine binding protein (A ChBP)', the structural equivalent to  the N-terminal domain 
o f  nicotinic acetylcholine receptors, is able to  co-assemble to form a pentameric homo-oligomer 
i e , assembly o f  N-terminal regions in the absence o f  transmembrane domains. Further, the N- 
terminal portions o f  G A B A , receptor subunits have been implicated in receptor assembly from 
studies involving the expression o f  different combinations o f  full-length and truncated subunits in 
mammalian cells'
The aim o f  this study was to  test the validity o f  the yeast two-hybrid system in the delineation o f 
assembly motifs in G A B A , receptor subunit N-terminal domains The a l  and P2 subunit 
extracellular N-terminals were chosen for initial studies as they, together with the y 2 subunit, form 
the most abundant G A B A , receptor subtype in adult brain

A B

T a b l e t :  G A B A , rece p lo r  subun it hi te rm in a l dom ain  in te rac tio n s  in th e  G A I 4 tw o -h y b rid  system

Fish Bail Selection Media 
Lacking W /L T i'A de

P-G alaclosidasc
Activity

pG A D T T ol (1-224) pG B K T 7p2 (1-220) ( + ) /

pG A D T 7p2 (1-220) p G B K T 7 a l (1-224) + /

p G A D T 7 a l (1-224) p G B K T 7 a l (1-224) (+) /

pG A D T 7p2 (1-220) p G B K T 7p2( 1-220) ++ /

p G A D T 7o l (1-224) pG BK T7- + /

pG A D T 7p2 (1-220) pG BK T 7- ++ /

pG A DT7- p G B K T 7 a l (1-224) X

pG A DT7- PG B K T7P2 (1-220) X

pG A D T 7- PG B KT7- X

pG A D I0G R IF -t(8 -633 ) p A S 2 -ip 2 -IU 3 0 3 -4 2 7 ) + /

(+ ). +, ++. r e p r e s tm  re la tiv e  colon) g r o m h . / =  ft-gn lac tosidase  a r t iv i t ) .
X  = no p -aa lac lo s id a se  actlvilv  W -  Irv p io p h an , 1.* lenclne ,
H = h is tid ine , A de  -  aden ine

THE MODIFIED LEX A YEAST TWO HYBRID SYSTEM

THE (  YTOTRAP" YEAST TWO HYBRID SYSTEM

The CytoTrap* yeast two-hyttrid system differs from both the GAL4 and the mLexA systems in 
that it is not dependent on transcription factor activation for detection o f  protein protein 
interactions Instead, interactions are detected in the cytoplasm o f  the temperature-sensitive yeast 
strain, cdc25H
The CytoTrap* assay is based on a mutation in the yeast cdc23 gene which encodes a guanyl 
nucleotide exchange factor (GNF) This leads to an inactive Ras signalling pathway that prevents 
cell grow th at 37°C but not at the permissive temperature o f  25°C Bait and fish constructs for this 
assay each contain a protein o f  interest fused to  either a myristylation signal to  carry the first 
protein to  the cell membrane or a functional copy o f  the human GNF, hSOS, which activates Ras, 
but is not targeted to  the membrane A positive interaction between the tw o test proteins results in 
transport o f  the GNF to the membrane where it initiates the Ras signalling pathway, thus restoring 
the ability to  grow at 37°C Thus, the G A B A , receptor N-terminal sequences a l (  1-224) and P2(l- 
220) have been cloned into the CytoTrap* vectors, pMYR and pSOS and initial control 
experiments are being carried out to validate this system  for study o f  G A B A , receptor inter
subunit contact sequences

A, T yp ical C A B .A , re c e p to r  subnn il topology . B , A m odel o f th e  m ost a b u o d a n i G A B A , 
re c e p to r  sub type  e x p ressed  in  m a m m a lia n  b ra in  show ing  th e  p red ic te d  su b u n it 
sto ich io m etry  a n d  a rra n g e m e n t.

THE GAL 4 YEAST TWO-HYBRID SYSTEM

The G A B A , receptor N-terminal sequences a  1( 1 -224) and P2( 1 -220) were amplified by PCR from 
adult rat brain cDNA using specific oligonucleotide primers The PCR products were cloned in- 
ffame into the GAL4 plasmids pGADT7 (fish) and pGBKT7 (bait), to  generate the fusion 
constructs pG A D T7a 1(1-224), pGADT7p2( 1 -220), pG B K T7a 1 ( 1-224) and pGBKT7P2( 1 -220) 
Combinations o f  a l ( l - 2 2 4 )  and P2( 1-220) were co-transformed into the yeast strain AH109 
Negative controls were em pty fish or bait vectors co-transformed with a l (  1-224) or P2( 1-220) 
constructs The G A B A , receptor interacting factor (GRIF-1 )’ was co-transformed with the G A BA , 
receptor P2 subunit intracellular loop as a positive control Table 1 shows the results from n=3 
independent co-transformations

Since it was observed that the pG A D T7ol( 1-224) and pGADT7p2( 1-220) sequences auto
activated reporter gene activity when co-transformed with an empty bait vector, an alternative 
yeast two-hybrid system  was tested The modified LexA system works on the same principle as 
the GAL4 system, except that it uses the prokaryotic LexA transcription factor (TF) rather than 
the eukaryotic GAL4 TF and hence, a different transcription apparatus The G A B A , receptor N- Figure 3 
terminal sequences a  1(1-224) and P2( 1-220) were sub-cloned into the modified LexA plasmids 
pGADT7 (fish) and pMBL33 (bait) to  generate the fusion constructs pG A D T 7al(l-224), 
pGADT7p2( 1-220), pM BL33o 1 ( 1 -224) andpM BL33p2( 1 -220) Combinations o f  a  1 ( 1 -224) and 
P2( 1-220) constructs were co-transformed into the yeast strain, L40, together with positive and 
negative controls, as above for the GAL4 system Table 2 shows the results from n=3 independent 
co-transformations

S c h e m atic  d ia g ra m  o f  th e  C y to T ra p *  tw o -h y b rid  syalem .

CONCLUSIONS

G A B A , re c e p to r  subun it IS te rm in a l dom ain  in te rac tio n s  in th e  m odified  LexA  two- 
h v b r id  sx stem

Fish Bail Selection M edia 
Lacking W /L /H

P-G alaclosidase
Activity

p G A D T 7 a l( l-2 2 4 ) p M B U 3  P2( 1-220) + /

pG A D T 7 P2( 1-220) pM BL 33 01(1-224) ++ /

p G A D T 7 a l( l-2 2 4 ) p M B L 3 3 o l( l-2 2 4 ) + /

pG A D T 7 P2( 1-220) pM BL33 P2( 1-220) ++ /

p G A D T 7 a l( l-2 2 4 ) pM BL33- +++ /

pG A D T 7 P2( 1-220) pM BL33- +++ /

pG A D T7- p M B L 3 3 o l( l-2 2 4 ) X

pG A D T7- pM B L 33p2( 1-220) X

pG A D T 7. p M B U 3 - X

pG A D I0G R IF -l(8 -633 ) pA S 2 -lp 2 -IU 3 0 3 -4 2 7 ) +++ /

+++ re p re se n t re la tive  colony g row th . P -ga lac to sidase  activ ity .
) p -g a la c to s id ase  activity  VS ■ try  p to p h a n , L-= leucine , H -  h is tid ine

□  Reporter gene activity was produced following co-transformation o f  G A B A , receptor N- 
terminal sequences a  1 ( 1 -224) and P2( 1 -220) into GAL4 yeast strain AH 109 Unfortunately 
colony growth and P galactosidase reporter gene activity were also present when the fish 
construct containing either a  1 ( 1 -224) or P2( 1 -220) was co-transformed with a bait plasmid 
that contained no insert sequence This is indicative o f  auto-activation o f  reporter gene 
activity by both a l (  1-224) and P2( 1-220)

□  The modified LexA system showed similar results to  the GAL4 system, i e fish constructs 
containing either a  1 ( 1-224) and p2( 1 -220) sequences caused auto-activation o f  reporter gene 
transcription when co-transformed with a bait vector containing no insert sequence

□  The auto-activation seen in both the eukaryotic GAL4 and prokaryotic modified LexA assays 
means that neither is useful for the study o f  G A B A , receptor subunit assembly domains

A<K\OV»1.EIX;HMK>TS
I wooidhkclOKknmlnlgc tbeSocwty for I xpenmroul HioIogy(SEH) ind the Cofn»ny of HiologisU(roB) ftw ihe ivurdof* Wmv-el grant 
to ancnd ÜUS TTKCting
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DOES KIAA1042, A MEMBER OF THE GRIF-1, COILED-COIL NOVEL GENE 
FAMILY, ASSOCIATE WITH GABA^ RECEPTORS?

Miriam J. Smith Mike Beck Kieran Brickley and F. Anne Stephenson
School of Pharmacy, University of London, 29/39 Brunswick Square, London, WCIN 1 AX, UK.

IN TR O D K TIO N

G A B A , receptor interacting factor-1 (GRIF-1) was identified as a GABA* receptor-associated 
protein in rat brain by virtue o f  its specific interaction with the GABA* receptor P2 subunit 
intracellular loop (P2-1L, Beck ei at., 2002) It has been proposed to  function as a P2 subunit 
trafficking factor GRlF-1 shares ~  47% amino acid sequence similarity over a stretch o f  297 
amino acids with Huntingtin-associated protein (HAP-1), recently shown to be involved in the 
regulation o f  endosomal vesicular trafficking o f  hepatocyte grow th factor-regulated tyrosine 
kinase substrate and G A B A , receptors (Li e! at., 2002, Kittler el at., 2002) Otherwise, GRlF-1 
has no homology with proteins o f  known function GRlF-1 is the rat orthologue o f  
ALS2CR3/K1AA0549, a human gene o f  unknown function A second human gene, K1AA1042, 
again o f  unknown function shares -  45%  amino acid identity with GRIF-1, thus K1AA1042 and 
GRlF-1 potentially constitute members o f  a new gene family The Drosophila melanogaster 
GRlF-1 orthologue is probably Milton, a kinesin-associated adaptor protein that shares ~  40% 
homology with GRlF-1 Milton was shown to play a role in mitochondrial transport in the retina 
(Stowers el at.. 2002)
FI ere. we explored structural and functional homologies between GRlF-1 and K1AA1042, by 
comparing their sequences and investigating the possible association o f  K1AA1042 with the 
GABA* receptor P2 subunit IL

Figure I: S ch em a tic  d ia g ra m  e o m p a r in g  th e  fu n c tio n a l d o m a in s  o f  G R I F - i ,  K IA A I0 4 2 ,  

M ilton  and  H A P-1
The schematic diagram shows the 
relative sizes o f  the proteins 
G R lF -l, K1AA1042, Milton, and 
H A P-1 Hatched boxes represent 
the positions o f  predicted coiled- 
coil regions, the only identified 
functional domain, for each 
protein For H A P-1 the huntingtin 
binding dotnain (HB) is also 
shown

F igure 2; S ch em a tic  d iagram  sh o w in g  th e  in te r a c t io n  o f  th e  G A B A , recep tor  P2-1L  w ith  
tru n cated  G R IF -1  c o n stru c ts  a s  d eterm in ed  u sin g  th e  y ea st tw o -h y b r id  a ssay .

T he tru n ca ted  G R lF-1 construc ts  
illustrated were co-expressed in yeast with 
theGA BA receptor p2-lL  Protein protein 
interactions were detected by reporter gene 
activities + = detectable interaction, - = no 
detectable interaction Hatched areas 
indicate the positions o f  predicted coiled- 
coil domains
The GRlF-1 /P2-1L subunit binding domain 
maps to GRlF-1 (124-283), a region that 
coincides with the first predicted coiled- 
coil domain o f  GRlF-1 and the predicted 
coiled-coil domains o f  K1AA1042, Milton 
and HAP-1

F igure 3: A m in o  acid  seq u en ce  a lign m en t o f  G R lF -1  w ith  K 1A A I042 .
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Figure 3A shows an alignment o f  the full- 
length amino acid sequences o f  GRlF-1 and 
KIAA1042 Regions o f  sequence identity are 
highlighted in red Sequence similarity i e 
conservative amino acid changes, are 
highlighted in pink The two proteins share 
-  45%  sequence identity and -  60% 
homology over the full length sequences, 
this increases to  -  60% identity and -  80% 
honxjlogy over the region 124-283 in the N- 
terminal domain, i e the GRIF-1 GABA^ P2 
subunit IL binding domain

T a b le  I : A sum m ary o f  th e  resu lts  in v estig a tin g  th e  p o ssib le  a sso c ia tio n  b etw een  K IA A I0 4 2  
and  Ibc G A B A , recep to r  P 2-1I. u sin g  the yeast tw o -h y b r id  system .

AD \TXTOR DNA-BD VTCTOR REPORTER (ÎENE 

DFTE<'TED

pMBlJ.I/p2-IL p<:a d t7/(;r i f i (1-913) /

p.MBIJJ»/p2-IL p(:AD10/(;RIF /

pMBIJ.vpi-lL pC;ADT7y(;RIF-I(I24-28.1) /

pMBU.1/p2 II p(;ADT7yKI AAI042II -95.M

pMBL.VI/p2-IL p(:ADT7/KlAAI 042(124-28,1)

pM BIJJ/pM L p<;a d t7

pMBIJ.» p( ;ai>T7/c;r if - i (1-9i .1)

pMBKLï PGAD10A;R1F-1(8-0.1.1)

pM B lJt pdADI 7/<;RIF-I(124-28.1)

pMBIJ.1 P<;ADT7/KI AA1042( 1 -953)

pMBIJ.ï P(;ADT7/KI AA1042( 124-283)

pMBIJ.ï pc;a d i 7

Figure 3B is an alignment o f  the GRIF-1/ G A B A , receptor P2-1L binding domain (GRlF-1 124- 
283) with the equivalent domain o f  KIAA 1042 (K1AA1042 124-283)

METHODS

The full-length KIAA 1042 sequence KIAA 1042 (1-953) and the region o f  KIAA 1042 which is 
equivalent to  the G A B A ,receptorp2-lL  binding domain o fG R lF-1 , KIAA 1042 (124-283), were 
tested for association with the G A BA , receptor P2-1L in a modified version o f  the LexA yeast 
two-hybrid system (mLexA) The K1AAI042 gene in pBluescript 11 SK+ was used as a PCR 
template to amplify the KIAA 1042 cDNA sequences encoding the amino acids 1-953 and 124- 
283 The amplified PCR products were cloned in frame into the modified LexA activation domain 
(AD) vector, pGADT7 These constructs were then co-transformed into L40 yeast with the 
GABAa receptor P2-1L which had been cloned into the mLexA DNA binding domain (DNA-BD) 
vector, pMBL33 Protein protein interactions were detected by reporter gene activation o f  
nutritional markers and P galactosidase activity Interactions between the G A B A , receptor P2-1L 
and G R IF-1(1-913), (8-633) and (124-283) were used as positive controls

The results show that full-length GRIF 1 (1-913), GRIF 1 (8-633) and GRlF-1 (124-283) all 
produced reporter gene activity when co-transformed into the yeast strain L40 with the GABA* 
receptor P2-1L Neither full-length KIAA 1042 (1-953), nor KIAA 1042 (124-283) produced 
reporter gene activity on co-transformation with the GABA* receptor P2-1L Single negative 
controls containing either an empty DNA-BD vector co-transformed with an AD fusion construct 
o f  G RIF 1 or KIAA 1042, o r an empty AD vector co-transformed with the DNA-BD vector 
containing the GABA* receptor P2-1L produced no reporter gene activity The double negative 
control containing empty AD and DNA-BD vectors also showed no reporter gene activity

CONCLLSIONS

The proteins G R IF -1 and KIAA 1042 both contain coiled-coil domains within their 
N-terminal region and constitute a novel gene family o f  proteins by virtue o f  their 
conserved amino acid sequence homology

«■ In a yeast two-hybrid assay, G R IF -1(124-283) was shown to encompass the
GABA* receptor P2 subunit IL binding domain

Full length KIAA 1042 (1-953) and K1AAI042 (124-283), the equivalent o f  the 
GRIF-1 GABA,, receptor P2 subunit IL binding domain, despite sharing -  45%  
and -  60%  sequence identity with GRIF-1, respectively, do not associate with the 
GABA, receptor P2 subunit IL in yeast two-hybrid assays.

Comparing the amino acid sequences o f  GRIF-1 (124-283) and KIAA1042 (124 
-283) revealed four candidate regions where the two sequences w ere most 
divergent Using this information studies are on-going to refine the GRIF-1 
G A BA , receptor P2 subunit IL binding domain
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A novel 913-amino acid protein, y-aminobutyric acid 
type A (GABA^) receptor interacting factor-1 (GRIF-1), 
has been cloned and identified  as a GABA^ receptor- 
associated protein by virtue o f its specific interaction  
with the GABA^ receptor /32 subunit intracellular loop 
in a yeast two-hybrid assay. GRIF-1 has no homology 
with proteins of known function, but it is the rat ortbo- 
logue of the human ALS2CR3/KIAA0549 gene. GRIF-1 is 
expressed as two alternative splice forms, GRIF-la and a 
C-terminally truncated form, GRIF-lb. GRIF-1 mRNA 
has a wide distribution w ith a major transcript size of
6.2 kb. GRIF-la protein is only expressed in excitable 
tissues, i,e. brain, heart, and skeletal m uscle major im- 
munoreactive bands of ~  115 and 106 kDa and, in 
muscle and heart only, an additional 88-kDa species. 
When expressed in human em bryonic kidney 293 cells, 
GRIF-1 a yielded three im m unoreactive bands w ith ~  
115, 106, and 98 kDa. Co-expression of GRIF-la and 
al/32y2 GABA^ receptors in mammalian cells revealed  
some co-localization in the cell cytoplasm . Anti-FLAG- 
agarose specifically precipitated GRIF-Iflaq and 
GABAy  ̂ receptor /32 subunits from human embryonic 
kidney 293 cells co transfected w ith GRIF-lapLAQ and ^2 
subunit clones. Further, im mobilized GRIF-l-(8-633) 
specifically precipitated in vitro  GABA^. receptor a l  and 
/32 subunit im m unoreactivities from detergent extracts 
of adult rat brain. The respective GABAy  ̂ receptor 
subunit/GRIF-1 binding domains w ere mapped using  
the yeast two-bybrid reporter gene assays. A possible 
role for GRIF-1 as a GABAy  ̂receptor /32 subunit traffick
ing factor is proposed.

y-A m inobutyric acid  type A  (GABAy^)^ receptors, fa st-actin g  
ligand-gated  ch loride ion  ch a n n els , are th e  m ajor inh ibitory
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n eu rotran sm itter  receptors in  th e  m am m alian  cen tra l nervous  
sy stem . T here are m u ltip le  GABAy^ receptor su b u n it gen es  
encod ing  th e  a l - 6 ,  /31-3 , y  1 -3 , 8, e, 0, and tt su b u n its . T hese  
su b u n its  co -assem b le in  d ifferen t p en tam eric com binations 
through ou t develop m en t to form  fun ction al receptors (review ed  
in , e.g.. Ref. 1). T he m ajor GABAy^ receptor subtype in  adu lt 
b rain  is  com posed o f  a l ,  (52/3, an d  y2 su b u n its w ith  a probable 
sto ich iom etry  o f 2 a l ,  2(5213, ly 2 .  T h is su b u n it com bination  is 
exp ressed  p red om inan tly  a t th e  sy n a p se , w h ereas other su b 
u n it com binations h a v e  d ifferen t su b cellu lar loca lization s, e.g. 
8 su b u n it-con ta in in g  GABAy^ receptors are localized  extrasyn- 
ap tica lly  in  cerebellar gran u le  ce lls  (2) and a2  su b u n it-con ta in 
in g  receptors are found u n iq u ely  a t axon  in itia l segm en ts in  
hippocam pal pyram idal ce lls  (3). B y  analogy  w ith  other neuro
tra n sm itter  receptor sy stem s, it  is  th ou gh t th a t GABAy^ recep
tor-associated  p rotein s e x is t  th a t  determ in e receptor su b cellu 
lar loca lization , m ed ia te  receptor c lu sterin g , and regu late  
receptor activ ity . For exam p le , S ig e l and colleagues (4) re 
ported co-purification  o f n l  su b u n it-con ta in in g  GABAy^ recep
tors and severa l p rote in s in c lu d in g  actin  and tubu lin . Som e o f  
th e se  proteins w ere  id en tified  as GABAy^ receptor-tubulin  com 
p lex -assoc ia ted  p rote in s, th u s  sh o w in g  a lin k  b etw een  th e  re
ceptors and th e  cytosk eleton . O ne o f  th e se  proteins, GABAy^ 
receptor-tubu lin  com p lex -associa ted  protein  34, w a s show n to  
be a n ovel ser in e  k in a se  w ith  sp ec ific ity  for j33 su b u n its (5). 
M ore recently , th e  sam e group id en tified  th is  protein  as the  
m itochondrial, m u ltifu n ction a l protein , g C lq -R  (6). T he glycine  
receptor-associated  p rotein , gep h yrin , h a s a lso been  im plicated  
in  th e  syn ap tic  c lu ster in g  o f GABAyy receptors, a lthough  a 
direct associa tion  b etw een  th e  tw o protein s h a s not been  show n  
(review ed  in  R efs. 7 and  8). K nock-out y2 ( - / - )  m ice h ave a 
p ara lle l d eficiency in  b oth  gep h yrin  and clustered  post-synaptic  
GABAy^ receptors (9). M ore recently , th e  y ea st  tw o-hybrid  sy s 
tem  h a s been  u sed  to  id en tify  GABAyy receptor-associated  pro
te in s. P rotein s id en tified  v ia  th is  route in clu d e GABARAP  
(GABAy^ receptor-associated  protein ), P lic-1 (GABAy^ receptor- 
associa ted  u b iq u itin -lik e  protein ), and  m icrotubu le-associated  
protein  IB  (M A P-IB ). M A P -IB  w a s sh ow n  to lin k  GABAq 
receptors to th e  cy tosk eleton  a t retin a l sy n a p ses (10). 
GABARAP is  a  13 .9 -kD a m icrotu b u le-associa ted  protein  th a t  
binds sp ec ifica lly  to  th e  j2  su b u n it  and  prom otes th e  c lu sterin g  
o f  GABAy^ receptors exp ressed  in  Q t-6 quail fibroblasts (1 1 ,1 2 ). 
D ifferen ces in  fu n ction a l p rop erties w ere  reported betw een  th e  
clu stered  and u n clu stered  receptors (12). It  h as a lso  recently  
been  reported to m ed ia te  in tra ce llu la r  transport o f GABAy^ 
receptors by v irtu e  o f  its  sp ec ific  in teraction  w ith  iV-ethylm a- 
le im id e-sen sitiv e  factor (13). P lic-1  (form erly G R U B l) is  a

bryonic kidney; HAP-1, huntingtin-associated protein; IL, intracellular 
loop; NSE, neuron-specific ^y'-enolase; RACE, rapid amplification of 
cDNA ends; TM, transmembrane region; TBS, Tris-buffered saline; 
contig, group of overlapping clones.
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GABA  ̂ receptor-associated ubiquitin-like protein that binds 
the a l subunit and plays a role in the stabilization of cell 
surface receptors (14, 15).

W e h a v e  u sed  th e  y e a s t  tw o-hybrid  sy stem  to identify  
GABA^ receptor-associated  p rote in s. U s in g  th e  GABA^ recep
tor /32 in tra ce llu la r  loop (/32-IL) as a  b a it, w e  h av e  discovered  a 
n ovel protein  G ABA^ receptor in te ra c tin g  factor (GRIF-1) th a t  
is  exp ressed  p red om inan tly  in  excita b le  t is su e s . T he ch aracter
ization  o f  th is  p rotein  is reported  in  th is  paper.

EXPERIMENTAL PROCEDURES 
Constructs

The IL of the GABA^ receptor 02 subunit was selected as a bait in a 
yeast two-hybrid screen. The coding sequence of the human 02-IL (aa 
301-426; Ref. 16) was amplified by the polymerase chain reaction 
(PCR) utihzing primers that contained EcoRl and BamHl restriction 
enzyme sites. The product was subcloned into the EcoRl and BamHl 
sites of the bait vector, pA S2-l (Matchmaker Two-Hybrid System 2, 
CLONTECH, Palo Alto, CA). Likewise, constructs encoding Gal4 DNA 
binding domain (BD) fusion proteins of the rat GABA^ receptor a l  (aa 
304-384), 01 (aa 293-426), 03 (aa 293-426), and y2^ (aa 317-411) 
subunit ILs and 02-TM3/lI/rM4 (aa 292-439) and 02-1L/TM4 (aa 
272-439) in pA S2-l were prepared. The authenticity of all constructs 
was verified by nucleotide sequencing utilizing ABl PRISM dye termi
nator chemistry on an ABl 310 Genetic Analyzer and immunoblotting of 
respective yeast protein extracts. All bait constructs tested negative for 
auto-activation of reporter gene activity in the yeast two-hybrid re
porter strains, CG1945 and AH109.

Yeast Two-hybrid Screening
Yeast cultures were grown on standard solid or in liquid media using 

either YPAD (yeast, peptone, adenine, dextrose; 2% (w/v) peptone, 1% 
(w/v) yeast extract, 2% (w/v) glucose, 0.003% (w/v) adenine) or SD 
(synthetic dropout medium; 0.67% (w/v) yeast nitrogen base (BD 
PharMingen, Cowley, Oxford, UK), 2% (w/v) glucose, I X  dropout sup
plement (CLONTECH) as appropriate for the selection involved). All 
transformations were performed using the lithium acetate/polyethylene 
glycol method (17). Saccharomyces cerevisiae strain CG1945 (MATo, 
ura3-52, his3-200, ade2-101, lys2-801, trpl-901, leu2-3, 112, gal4- 
542, gal80-538, cyh'-2, LYS2::GALlaAs-GALlrATA-HIS3,
U RA 3::G A L4^^^-C YC Itata'I^cZ) was used to screen a rat brain 
cDNA library (in vector, pGADlO; CLONTECH) with pAS2-102-lL as 
a bait. Resulting colonies were assessed for reporter gene activation 
by initial nutritional selection (growth on SD -H is )  and subsequent 
lacZ activity assay. lacZ activity was determined by filter lift analy
sis, including appropriate positive and negative interaction controls. 
Clones encoding putative interacting proteins were isolated and an
alyzed following standard procedures (18). Their association with the 
GABA,  ̂ receptor 02-lL was verified by reconstitution assays with a 
selection of different bait constructs introduced by both yeast mating 
assays and repeated co-transformation.

Quantification o f p-Galactosidase Reporter Gene Activity
0-Galactosidase reporter gene activity was determined by liquid 

culture assays using o-nitrophenyl 0-D-galactopyranoside as substrate 
according to protocols provided by CLONTECH. Briefly, double trans
formants of yeast strain AH109 expressing the appropriate GAL4 BD 
and AD fusions were grown overnight in selective medium followed by 
expansion to mid-log phase in YPAD medium. Cells were harvested, 
washed once with Z-buffer (0.1 M sodium phosphate, pH 7 .0 ,1  m M  KCl, 
1 m M  MgSO^), and resuspended in 0.2 of the original volume in Z-buffer. 
For each sample, 100 pi of cell suspension was subjected to three 
freeze-thaw cycles in liquid nitrogen, and then 0.96 ml of Z-buffer 
containing 38 m M  0-mercaptoethanol and 0.16 m M  o-nitrophenyl 0-D- 
galactopyranoside was added. The mixture was incubated at 30 °C for 
10 min to overnight depending on the time taken for color development. 
Reactions were stopped by the addition of 1 M Na^COg (0.4 ml), cellular 
debris removed by centrifugation, and CD at A = 420 nm measured 
against Z-buffer blanks. Values of 0-galactosidase activity were normal
ized to the cell density of the expansion culture and then expressed as 
a percentage of wild-type Gal4p.

Cloning of the Entire GRIF-1 cDNA and Sequence Analysis
The full-length GRlF-1 cDNA was obtained by a combination of 

cDNA library screening and rapid amplification of cDNA ends (RACE).

The clone resulting from the initial yeast two-hybrid screen was labeled 
with a-^^P by the random primer method (19). It was used to screen a 
rat brain cDNA Ubrary by colony hybridization. DNA from positive 
clones were sequenced and used for subsequent screenings. In addition, 
5'- and 3 '-RACE was performed on rat brain cDNA using the Marathon 
cDNA amplification system (CLONTECH). RACE products were TA- 
subcloned into pCR2.1 (Invitrogen, Groningen, The Netherlands) for 
further analysis. Cloned fragments and RACE PCR products were 
sequenced as described. The GRlF-1 contig was assembled using La- 
sergene software (DNAstar Inc., Madison, Wl). The assembled cDNA 
and deduced amino acid sequence were subjected to analysis by a 
variety of predictive algorithms. BLAST searches were conducted 
against GenBank^'^ and EMBL data bases. Procrustes (20) analysis 
and a selection of hits obtained by BLAST searches against the human 
subset of GenBank™ and EMBL sequences were used to assemble the 
cDNA sequence of the human homologue of GRlF-1. Sequence align
ments were performed with CLUSTAL. Structure predictions used a 
variety of publicly available resources such as psort (Ref. 21; psort. 
nibb.ac.jp) and SMART (Ref. 22; smart.embl-heidelberg.de).

GRIF-1 mRNA Expression and mRNA Analysis
Northern Blotting—GRlF-1 cDNA fragments were radiolabeled with 

a-^^P by a standard random priming method and used to probe a rat 
multiple tissue Northern blot (CLONTECH). Hybridization was carried 
out using ExpressHyb solution according to the manufacturer’s instruc
tions. After final washing (O.lx SSC, 0.1% (w/v) SDS, 50 °C), the blot 
was exposed to imaging plates for 20 h. Plates were read with a Phos
phor Imager (Amersham Biosciences, Aylesbury, Bucks., UK) and ana
lyzed using ImageQuant software.

Reverse Transcription-PCR Analysis—A set of PCR reactions with 
primers spanning the whole GRlF-1 coding region was employed to 
screen for alternative spliced isoforms in rat brain. Amplification was 
usually performed in a total volume of 25 p.1 containing 1X PCR buffer 
(10 m M  Tris-HCl, pH 9.0, 50 m M  KCl, 0.1% (v/v) Triton X-100; Promega 
Corp., Madison, Wl), 1.5 m M  MgClg, 0.5 m M  each dNTP, 0.2 pM each 
primer, 0.5 unit of Tag DNA polymerase, and 0.5 pi of cDNA (CLON
TECH). Reactions were cycled through a profile consisting of 5 min of 
initial dénaturation at 94 °C, followed by 30 cycles consisting each of 
25 s at 94 "C, 25 s at 55 °C, and 1 min at 72 "C, followed by a final 
extension step of 7 min at 72 °C on a Hybaid OmniGene thermal cycler. 
PCR products were separated by flatbed agarose gel electrophoresis, 
visualized by ethidium bromide staining, and analyzed using the 
EDAS120 imaging system (Eastman Kodak Co.).

Generation o f Anti-GRIF-1 Antibodies
A fusion protein was used to generate anti-GRlF-1 polyclonal anti

bodies in rabbits. For the fusion protein, the DNA encoding G RlF-l-(8- 
633), i.e. the original library clone, was subcloned into the bacterial 
expression vector, pTrcHisB (Invitrogen). BL 21 Escherichia coli trans
formed with the recombinant pTrcHisBGRlF-l-(8-633) were cultured 
overnight, diluted 1:50 with LB and grown at 37 °C until mid-log phase 
(CD A = 600  nm = 0 6)- Expression of the poly(His)-GRlF-l-(8-633) fu
sion protein was induced by the addition of 1 m M  isopropyl-0-D-thioga- 
lactopyranoside for 3 -5  h at 30 °C. The E. coli culture was centrifuged 
at 5000 X g for 10 min at 4 ”C, the supernatant discarded, and the pellet 
resuspended in lysis buffer, which was 20 m M  sodium phosphate, pH
7.8, 6 M guanidine hydrochloride, 500 m M  sodium chloride (10 ml) at 
37 °C. The lysate was stirred gently at room temperature for 10 min 
followed by sonication (three 5-s pulses at high intensity) on ice. The 
cleared suspension was centrifuged at 3000 X g for 15 min at 4 °C and 
the poly(His)-GRlF-1-(8-  633) fusion protein purified from the super
natant by Ni^^ affinity chromatography using ProBond columns exactly 
as per the manufacturer’s instructions (Invitrogen) followed by prepar
ative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE). The purified fusion protein, M , — 70 kDa, was used to generate 
anti-G RlF-l-(8-633) polyclonal antibodies in rabbits. Anti-GRlF-l-(8- 
633) antibodies were affinity-purified by GRIF -1-(8 -  633)-Ni^ ̂ -agarose 
affinity chromatography prior to use (23).

Immunoblotting
SDS-PAGE was carried out using 10% polyacrylamide slab gels un

der reducing conditions. Samples were prepared using the chloroform/ 
methanol method of protein precipitation, and immunoblotting was 
carried out as previously described using affinity-purified anti-GABA^ 
receptor a l  subunit (24), anti-02 subunit (25), affinity-purified anti- 
G R lF-l-(8-633), and anti-neuron-specific y,y'-enolase (NSE) antibod
ies in conjunction with the enhanced chemiluminescence (ECL) Plus
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T a b l e  I
A summary of the specificity of the GRIF-1/GABreceptor subunit interactions in the yeast two-hybrid system 

The yeast strain AH109 was co-transformed with bait and fish constructs and transformants grown on SD —Trp, —Leu, —His, —Ade, i.e. SD — 
4 plates. Colonies were patched to either SD — 4 plates and j3-galactosidase activity measured by filter lift assays or alternatively to — 4 plates 
with agarose X-a Gal overlay to measure M el activity all as described under “Experimental Procedures.” The strength of the bait and fish 
interactions are expressed as a percentage of wild-type Gal4 protein transformants which were determined using the yeast strain, AH109. ND, not 
determined.

Gal4 binding domain 
fusion construct Activation domain construct HIS3, ADE2, lacZ, M ELl 

reporter gene activities lacZ activity

pAS2—lofl-IL pGAD10GRIF-l-(8-633)
%

ND
pAS2—1^1-IL pGAD10GRIF-l-(8-633) - ND
pAS2-1^2-IL pGAD10GRIF-l-(8-633) 4- 1.5 ± 0.4 {n = 3)
pAS2-1^3-IL pGAD10GRIF-l-(8-633) - ND
pAS2-l/32-TM3/IL/TM4 pGADlOGRIF-1(8-633) - ND
pAS2-1^2-IL/TM4 pGAD10GRIF-l-(8-633) - ND
pAS2—Iy2-IL pGAD10GRIF-l-(8-633) - ND
pAS2-1^2-IL pGADT7GRIF-1(1-913) 4- 1.7 ± 0.4 (n = 3)
pAS2-lj32-IL pGADT7KIAA0549-( 1-483) 4- 1.2 ± 0.4 (n = 3)
pAS2-lf32-IL pGAD 10KIAA0549-(446-914) - ND

pGAD10GRIF-l-(8-633) - ND
pVA3-l pGAD10GRIF-l-(8-633) - ND
pVA3-l P T D l-1 4-4-4- 100

PCL-1 4-4-4- 100

Western blotting detection system (Amersham Biosciences) for the de
tection of immunoreactive species. Anti-rabbit and mouse immunoglob
ulin horseradish peroxidase-linked whole antibodies (Amersham Bio
sciences) were used at a final dilution of 1:2000. Where applicable, 
immunoblots were quantified by densitometry using a Personal Densi
tometer and ImageQuant (Amersham Biosciences) in the linear range 
of the film.

Subcellular Fractionation o f Rat Tissues
Tissues from rat forebrain, cerebellum, liver, kidney, heart, and 

spleen were each homogenized in nine volumes of homogenizing buffer 
(20 mM  Tris-HCl, pH 7.4, 0.25 M sucrose, containing benzamidine (1 
/xg/ml), bacitracin (1 pg/ml), soybean trypsin inhibitor (1 jug/ml), 
chicken egg trypsin inhibitor (1 p,g/ml), and phenylmethylsulfonyl flu
oride (1 m M )) at 4 °C using a hand-held glass-glass homogenizer. Skel
etal and cardiac muscle was removed, minced using scissors, and ho
mogenized using an Ultra-Turrax (six 10-s pulses at medium speed) 
followed by homogenization as above. Homogenates were centrifuged at 
600 X g for 10 min at 4 °C. The supernatants were collected and the PI 
nuclear pellets re-homogenized in three volumes of homogenizing buffer 
and re-centrifuged at 600 X g for 10 min at 4 °C. Both supernatants 
were combined and centrifuged at 100,000 X g for 40 min at 4 °C to 
yield the soluble (S) and P2 membrane fractions. The PI and P2 pellets 
were re-suspended in homogenizing buffer and stored at - 2 0  "(Î until

Co-expression ofGABAj^ Receptors and GRIF-la in Human 
Embryonic Kidney (HEK) 293 Cells

The cDNA encoding the full-length GRIF-la was obtained by PCR 
from rat brain cDNA and subcloned into both the mammalian expres
sion vectors, pCIS and pCMV-Tag4 (Stratagene, La Jolla, CA). The 
latter yielded a C-terminal FLAG-tagged GRIF-1. HEK 293 cells were 
cultured and transfected in 250-ml flasks using the calcium phosphate 
method as described previously (26). Cells were transfected with pCIS 
GRIF-la or pCMV-Tag4GRIF-la alone (10 jag of DNA) or with the 
GABA^ receptor clones pCDMSal (bovine), pCISB2 (rat), pCDM8y2L 
(bovine), and pCISGRIF-1 or pCMV-TagGRIF-1 in a 1:1:1:1 ratio with a 
total of 10 pg of DNA. Cells were harvested 2 4 -4 8  h following trans
fection and analyzed by immunoblotting. For immunocytochemical 
studies, transfections were carried out by the calcium phosphate 
method on HEK 293 cells adhered to poly-L-lysine-coated cover slips. 
Transfected cells were cultured for 40 h, the cover slips washed three 
times for 5 min each at 20 “C with 20 m M  Tris-HCl, pH 7.25, 145 mM  
NaCl (TBS), followed by fixation with 4% (w/v) paraformaldehyde in 
TBS for 10 min at 20 °C. Cells were washed three times for 5 min each 
with TBS containing 0.15% (v/v) Triton X-100 followed by three 5-min 
washes with TBS containing 20% (v/v) goat serum, 2% (w/v) bovine 
serum albumin, and 0.1% (w/v) DL-lysine. Transfected cells were incu
bated for 2 h at 20 °C with the primary antibody diluted appropriately 
in TBS containing 10% (v/v) goat serum, 1% (w/v) bovine serum albu
min, and 0.1% (w/v) DL-lysine followed by five 5-min washes with TBS 
at 20 °C. Incubation with the secondary antibody, either goat anti

rabbit Ig-Alexa Fluor 594 or goat anti-mouse Ig-AlexaFluor 488 
(Molecular Probes, Eugene, OR) diluted 1:150 in TBS. Finally, cells 
were washed five times for 5 min each time with TBS, mounted in 
UV-free mounting medium (H.D. Supplies, Muratech Scientific, Ayles
bury, Bucks., UK), and viewed with a Leica TCSSP confocal microscope.

Co-immunoprecipitation Assays
HEK 293 cells were co-transfected with pCMV-Tag4GRIF-la 4- 

pCIS/32; pCIS/32 + pCIS, pCMV-Tag4GRIF-la 4- pCDM8al, or pCMV- 
Tag4GRIF-la 4- pCIS (1:1 ratio with 10 pg of total DNA). Cells were 
harvested 48 h after transfection and solubilized for 1 h at 4 °C with 10 
m M  HEPES, 150 mM  NaCl, 5 m M  EDTA, 5 m M  EGTA, 1% (v/v) Triton 
X-100, and protease inhibitors as described above under “Subcellular 
Fractionation of Rat Tissues.” The solubilized material was collected by 
centrifugation at 100,000 X g, diluted 1:3 in 10 m M  HEPES, 50 mM  
NaCl, 16 m M  KCl, 1 m M  EDTA 4- protease inhibitors, and incubated (8 
ml) with anti-FLAG M2-agarose (30 pl\ Sigma, Poole, Dorset, UK) for 
1 h at 37 °C. Samples were centrifuged for 20 s at 3000 X g and the 
pellet washed with two 0.5-ml (17 volumes) amounts of 10 mM  HEPES, 
75 m M  NaCl, 12.5 m M  KCl, 2 m M  EDTA, 1.25 m M  EGTA 4- protease 
inhibitors, 0.25% (v/v) Triton X-100, followed by 17 volumes of the same 
buffer but with a Triton X-100 concentration of 1% (v/v). The pellets 
were collected by centrifugation as above and analyzed by 
immunoblotting.

In Vitro Protein Interaction Assay
BL 21 cells were transformed with either pTrcHisBGRIF-l-(8-633) 

or the empty, pTrcHisB expression vector and the respective bacterial 
cell lysates prepared as detailed under “Generation of Anti-GRIF-1 
Antibodies.” ProBond resin (Invitrogen) was washed three times with 
seven volumes of distilled HgO followed by seven volumes of denaturing 
binding buffer, which was 20 m M  sodium phosphate, pH 7.8, 8  M urea, 
500 m M  NaCl. The resin (25 p\) was incubated with either the pTrcHis- 
GRIF-(8-633) lysate, the pTrcHis lysate or lysis buffer (1 ml) for 10 min 
at 20 °C. Each resin was then washed two times with 14-volumes native 
binding buffer, which was 20 m M  sodium phosphate, pH 7.8, 500 mM  
NaCl. A detergent-solubilized rat forebrain P2 extract was prepared by 
re-suspension of a 100,000 X g  P2 pellet in 10 m M  HEPES, pH 7.5, 50 
m M  KCl, 1 m M  EDTA, 1% (v/v) Triton X-100, benzamidine HCl (1 
jxg/ml), bacitracin (1 jxg/ml), soybean trypsin inhibitor (1 jxg/ml), 
chicken egg trypsin inhibitor (1 p,g/ml), and phenylmethylsulfonyl flu
oride (1 m M ) to a concentration of 3 mg of protein. Solubilization was 
carried out for 1 h at 4 ”C and the detergent extract cleared by centrif
ugation at 100,000 X g for 40 min at 4 °C. The derivatized resins were 
incubated with the solubilized P2 membrane proteins diluted 1:3 with 
10 m M  HEPES, pH 7.5, 17 m M  KCl, with the protease inhibitors as 
above to give final concentrations of 0.25% (v/v) Triton X-100 and 25 mM 
KCl (1 ml of 1 mg/ml protein) overnight at 4 °C. The supernatant was 
removed by centrifugation of the resins at 200 X g for 10 s at 4 °C. Each 
resin was washed once with 40 volumes of 20 m M  sodium phosphate, pH
7.8, 500 m M  NaCl., 0.05% (v/v) Triton X-100. The bound proteins were 
extracted with SDS-PAGE sample buffer (50 /xl), heated for 5 min at
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1 C gcagctcca  10

11 a g g to g c c c tg tg a tg a tg tg a g g g o g o c - ta o c a g ttc c tg c c a c g œ c g g g g g tta g c t  70
71 g c a g c a g t^ ta g c t tc a g c tg c tg c tc tc a g g c tg c c g c a g c a t ta g g g g c c tx t tC c t  130

131 g ag o g a g tg p g g e g t tg g a g c g a g g a o g c c g g g c c a ttc c c g c c a tg a c tg tc c a g g g g  190

191 tg g ta a c c a c a tg a g a g c g c tta c tg c tg c a g a tg tc a c c tg a u L - ic t tc a c a g a g a a tc t  250
251  g t c c ta a a g a s a a c a t c t a ta tg a u x » c t t c c a t c t c tC ta c t a a a c g g c t t a a c g g a t t  310
311 tc c tt ta e tc g g a t to a ta o g ? > a a g c tg c c c c tt t .c a a c c a M a g n a a g a a a c ^ t te tg c  370

I H S L S Q N A I F K S Q T G E E N L M S  20 
371 A3<»gItriCTCOCftGAATKXATrrTCAAgIX2U3ÜU«2f t g n ^ ^  430

21 S N H R D S E S I T D V C S N E D L P E  40
431 A2CRAaaTaGAt3 wrro3GftGAocATa«rKaaCTCixxT0CftATxaaaTCTCO2^ ^  490

4 1 V E L V N L L E E 0 L P Q Y K L R V D S  60  
491  CTOSACCTOgrCAACTTCCrQaAGMO^XTOJCACAim 550

f i l L F L Y B N C D W S Q S E H Q O Q D A S  BO

a i  E T L S P V L A E E T F R Y M I L G T D  100  
611 GAGACXCTCTCiYxacrocroacnGMGaGACxnTaiGcrAavTYarTcrAoacftCMac 67o 
101 R V E Q M T K T Y N D I D M V T H L L A  120 
671 AGACfTAGAOCaCaTGACCAAAACCTACftATaACanGACATOCnTaOGCATCTCCTI^^ 730 

121 E R D R D L B L A A R I G Q A L L K R N  140 
731 C»CMCXlUXXltCMCT»C»OCKCCTXXrTaXATK^^ 790

1 4 1 H V L S E Q N E S L E E Q L G 0 A F D Q  160 
791 CATGTCrrATCTGJVXAaUTCAATCTClTXiACXaVSCAaCiaXWaAGOCnTGATGAA 850 

1 6 1 V N Q L Q H E L S K K E E L L R I V S I  180  
851 GTOUVTCAQCTOCAQJ^OaWXTgroCAAGAAAGAaiACCrOCTCaiAATCCr^^ 910 

181  A S E E S E T D S S C S T P L R F N B S  20 0  
911 GCCTCRCAQG28agTCAGACaGATTCX383aX ?n tO ^C A O C arrc^  970

2 0 1 F S L S Q G L L 0 L D H M H E K L K E L  22 0  
971 TTC%O(nT&rCTCAA00O2T0nGCmOCm]ACATY%T0CAO3AGAAG^ 1030

2 2 1 E E E N M A L R S K A C H I K T E T F T  24 0 
1031 CAAGAAGAGAACATaxaTTTCOGTOaAOGCTItna^amaAGAavaAAACaTrrACC 1090 

2 4 1 Y E E K E Q K L I N D C V N E L R E T N  2 6 0  
1091 TATGAAGAGAAaiAACAAAACCnxaTCAATCAaCTTITAATGAACrCOGIGMACCAAT 1150 

261 A Q M S R H T E E L S G K S D E L L R Y  2 80  
1151 OCACACATGrCCAGAATGACnt2W a 83CTOX10gaAAgACOC»TCW3CTtyTrCQGrAC 1210 

2 8 1 Q E E I S S L L S Q I V D L Q H K L K E  300 
1211 CAAGAAGACaTCTCTrCCCnXTOTCTCftaVTCCTOSACCITCftCOVCaAAClGAAAGAA 1270 

3 0 1 H V I E K E E L R L H L Q A S K D A O R  320 
1271 CATGrGATCCAGAAOlAACAACIGAaACTICAOnGCAOCKGICCAAAGATGOC^^ 1330 

321 O L T M E L H E L O D R N M B C L G M L  3 40  
1331 aCCTa«XaTOGAOCrTO«33AgnACAQGACacaWkC3kTOC28GIGCCIOaGaA 1390

3 4 1 H E S 0 E E I K E L R N K A G P S A H L  3 60  
1391  GAIGACnCTOUVlAAGAAATAAAAGflOCrTCOGAACAAAQCCXXXXXTnXGCTCaTCTC 1450

361 C F S Q A Y O V F A O E S L A A E I E G  3 80  
1451  TOCTrCTOCCaaiCTrAaiOQJ r r r i ^ GCAOQGGAOriYaCroGCAQCIGAQATOa^^ 1510 

381 T M R K K L S L D B E S V F K Q K A Q Q  400 
1511 ACCATGOSTAAAAAQCIGftgrTTOGSlTGAOQAATCTOrcmAAAaUWUaCXXCa^^ 1570 

4 0 1 K R V F D T V K V A N D T R G R S V T F  420 
1571  AAAa3QgIXnTroATACTgKW83CriTCCaUVaîACaCTmMGO^^ 1630

4 2 1 P V L L P I P G S N R S S V 1 M T A K P  4 40  
1631  CCAPIXXTOCTQCCCATaxa30CTCCAACOGnY3g8GKTOa'CATGAGAGCAAAGar 1690

4 4 1 F E S G V Q Q T E D K T L P N Q G S S T  4 60  
169 1  TnXaWTIYXIXJltJlUaVXAAAaVGAaGACAAAACACTCœGAACaVftGQGACCAGCACA 1750 

4 6 1 E V P G N S H P R D P P G L P E D S D L  4 80  
1751  GAGGTrCOIGOGAACrCTCATCCCAOa3W3rCCCCAOGACTœCTGAAGATA 1810

4 8 1 A T A L H R L S L R R Q N Y L S E K Q F  500 
1811  (X7IACaGCAriGaaXXXXTn8XCIiaGftAGACa3AACDUXTA«GrCaGAaGCaCrTC 1870 

5 0 1 F A E E W E R K L Q I L A E Q E E E V S  520 
1871 TirGCTGAAGAATOGGAAOGGAAOCn'CCAGATTCTOGCrGAGCAGGAOGAAGAACTrAOC 1930

5 2 1 S C E A L T E N L A S F C T D 0 E E T T  5 40  
193 1  A3CTGIG183GCCCrC3^a3GAGAAOTIGCCTOlTrCItX3CTGACCaGra>G«aCCAOG 1990

S4 1 E L G S A G C L R G F M P E K L Q I V K  5 60  
1991 GAGCroaOCaGIXXXriQCroCCTOGAQSCITOaXlCCKaAAACTrAOtfiftT^ 2050

5 6 1 P L E G S Q T L H H W Q Q L A Q P N W G  580 
2 0 5 1  CCCCrAGAAQGATC»CftGAOGCrACATCATrQGa83CftaCnXXTOW:CaAACTQa 2110

5 8 1 T I L D P R P 0 V I T K G F S E M P K D  600 
2111 ACCATCnraTCC»CCXrC3«WGrC»TCACT»AAOGCTrCAGOaGATCm»AOGAT 2170

6 2 J Q Q P L Q L E Q K P A P P P P V T G I F  640 
22 3 1  CAGa83CCTCTTCAAClTXaOCKaACXXnGCftCX31(XCCCXXXACTAAOa^ 22 9 0

6 4 1 L P P M T S A G G P V S V A T S N P G K  660 
2291  CTGCXXm3 CrCaanX3 CG»0QCaQGACCagICKACnTGCAACTrC^ 23 5 0

6 6 1 C L S F T N 5 T F T F T T C R I L H P S  6 80

681 O I T Q V T P S S O F P S t , S C G S S A  7002411 GAornanoEacrg^^ 2470
7 0 1 G G A S N T A V N S P A A S Y R L S I G  720 

2471 OGCACrrCX3m 33GVC3«35OCn?K3 G «ncrC Cr0CTGCrriCCTACA^ 253 0

7 2 I E S I T N R R D 6 T I T F S 6 T R S L A  740 
2531 GAATCGATC3VCAAA03GQCQaiACTCCMXATAAa7ITCUTAaC»aSM3GM3CTTAGa2 259 0  

7 4 1 K L L 0 E R G I S A K V Y H S P A S E N  760 
2591 AAACTCCTO3WGAGa3MGCATCmiXXaAAflTCTACOiC3V3CCCaOCITC3tfAAAAC 265 0

7 6 1 P L L Q L R P K A L A T P S T P P N S P  780 
2651  ccrcT iC T A cacxT ra3Cccx3y \a G a x ia x x 3VccxxTrcnu:AcrA(XAAATrcxxxi3 2 7 io______c>rn_______ ^

781 S Q S P C S  i  P V P T E P R V H V S E N  800
27 1 1  TCCCACn3833^ T C m r i7XCC0GIXXXXTnX3U8CXXX37K m ^ ^  277 0

801 F L A S R P A E T F L Q E M Y G L R P S  820
2771  TTCTK3GCrrCC343ACCAr.CTOGtfka4TTCCTCC3G«AAATCTATOGCTT^^ 283 0

821 R A P P D V G Q L K M N L V D R L K R L  840
2831  AaXXmnxrraATCTTOGCCAaCTrjOtflATGAACTro^^ 2890

8 4 1 G I A R V V K T P V P R E N G K E R E A  860 
2 8 9 1  C3GAATAOCCAt53GfrocnY3UWACOCCP3rrCCXX33aaMAATt>3GAAAAOCa3A ^  29 5 0

8 6 1 E M G L 0 K P D S A V Y L N S G G S L L  88 0  
2 9 5 1  GAAATGOGirma^AAAACCAGACTCniCKTICTATTDWaTCTQCnOOCaGmATIG 3010

881 O G L R R N Q S L P V M M G S F G A P V  900
3011 OCraGACTaflaa833AATO«aC?rCrOXACr]X»K»TaOCTACCTnGGAGO^ 3070

9 0 1 C T T S P K M G I L K E D *
3071 TGCACAACC]733CCO\AAATO:y'ATOCIGAA%WCACIGAggggtccma

3131 o c t c g ta a a t a a a t  ta g c a c a tg a a g g a ta g a tg o a c tg a g M C tg g g a c c g g c c ta a e t  
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3251 a g o g t tc g g a a g a g g tc ttc g a g g a c g g a g tc ta g c a a c g tg g g g a c c a g c g a g ta a ttc  
3 311 g g a g a c a g a a a tg gaaga aa gg g c t a g t t g t t c c t t t a g c t a c a t t t t t c t t g c c t t g a a  
3 371 a a o a a g tg a a ta g j^ a a a ta a a c c a a a t tc ta tc g a a a c g tg a c a g ta a ta c o g a a g tg c  
34 31 tg g c a c c ttg tc tc ta g a g a a c a c a a g c a tg g a a g c g c c tg c c r .a c g a a g g a a a c o c g g g  
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23 0 9  CATCACTGrrCCTCItX»AGCA6n G a 30QC38JTGCATa3 VACA03GCrGrtaGkCTCTC^ 236 8
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601 A V Y H I S D L E E D E E V O I T F Q V  620 

2171 GCOGTCTAICAOa'CroOGATrKXlftGGftGGATGAAiGAACIOQaîATCACTmaûCrT 2230

Fig. 1. Nucleotide and deduced amino acid sequence of full-length GRIF-la and the alternative splice variant, GRIF-lb. A, the
complete nucleotide and deduced amino acid sequence of GRIF-la. The nucleotide sequence was compiled from the original clone isolated during 
the initial yeast two-hybrid screen (underlined), —400 bp (nucleotides 1-400) derived from clone 1.2.B isolated by cDNA library screening and 5'- 
and 3'-RACE. The positions of the primers used for 5'- and 3'-RACE as well as for the reverse transcriptase PCR for detection of alternative splicing 
are shown as arrows. N um bers in italics are the amino acids of the full-length protein. ATG  defines the start of the longest open reading frame. 
Alternative splicing resulted in a deletion of the nucleotide sequence double underlined in A  yielding an altered and truncated protein of 672 aa. 
The amino acid sequence of the truncated protein, GRIF-lb, is shown in B. C shows the results of PCR amplification of rat brain cDNA using 
oligonucleotide primers cs2150 and ca3119. Flatbed agarose gel electrophoresis revealed two products of 970 and 860 bp, corresponding to two 
alternatively spliced transcripts. The sequence in A has been deposited in the EMBL/GenBank™/DDBJ data base with accession no. AJ288898.
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Fig. 2. Alignment of the amino acid 
sequence of GRIF-1 and full-length 
KIAA0549. The figure depicts the rat 
GRIF-1 deduced amino acid sequence 
aligned with that deduced for the human 
orthologue, labeled here as 0549. Amino 
acids identical between the two sequences 
are shown as the original KIAA0549 
sequence is underlined. K*, the single 
amino acid difference (K55R) found be
tween the deduced human sequence and 
that reported by Hadano et al. (37) for 
ALS2CR3; T, the sites of consensus se
quences for protein kinase A; *  the site of 
the tyrosine kinase consensus sequence. 
The hatched areas show the positions of 
the two predicted coiled-coil regions in the 
N-terminal domain. The C-terminal pro
line-rich region is marked with a round- 
edged rectangle. Gray open rectangles in
dicate the position of two regions that are 
highly conserved among members of the 
GRlF-1 family.

GRIF 1 
0549  1 • T .P , .N .
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1 LFLYfe 
1

INQDWSQSSHQQQDASETLSPVLAEETFRYMILGTDRVEQMTKTYNDIDMVTHLLA 12 0 
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GRIF 420 
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0549 481
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0549 541

GRIF 599 
0549 601

GRIF 659 
0549  661

GRIF 719 
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GRIF 779 
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YEEKEQKLINDCVNELRETNAQMSRMTEELSGKSDELLRYQEEISSLLSQIVDLQHKLKE 3 0 0 
...............Q .V S . . .K ............................................................ I .............L .........................................  300

HVIEKEELRLHLQASKDAQRQLTMELHELQDRNMECLGMLHESQEEIKELRNKAi ÎPSAHL 360
,K. • SRS • T . . .  360

CFSQAYGVFAGESLAAEIEGTMRKKLSLDEE-SVFKQKAQQKRVFDTVKVANDTRGRSVT 419 
Y. . .S .  . A . T ......................................................S . L ....................................R I ......................IS  420

PPVLLPIPGSNRSSVIMTAKPFESGVQQTEDKTLPNQGSST-EVPGNSHPRDPPGLPEDS 4 78

DLATALHRLSLRRQNYLSEKQFFAEEWERKLQILAEQEEEVSSCEALTENLASFCTDQSE 538 
.......................................................................Q . . I . V . . D . K . G . . G . V T P . . S . . . L . . T . . .  540

TTELGSAGCLRGFM >EKLQIVKPLEGSQTLHHWQQLAQPNWGTILDPRPGVITKGFSSMP 598
1 2 1 ^  600

KDAVYHISDLEEDEEVGITFQVQQPLQLEQKPAPPPPVTGIFLPPMTSAGGPVSVATSNP 6 58
660

GKCLSFTNSTFTFTTCRILHPSDITQVTPSSGFPSLSCGSSAGSASNTAVNSPAASYRLS 718 
 C ........................................................................................... G S . S .......................L ............  720

IGESITNRRDSTITFSSTRSLAKLLQERGISAKVYH3PASENPLLQLRPKALATPSTPPN 778 
............................. T ............M..............................................L l .............QP . -  . . 5 .  , I ..............  77 9

SPSQSPCSSPVPFEPRVHVSENFLASRPAETFLQEMYGLRPSRAPPDVGQLKMNLVDRLK 838 
■ ■ ,H . . .P .  ,L , ■ , . . , . L ..............................................................N .........................................  839

GRI F 839 RLGIARWKTPVPRENGKSREAEMGLQKPDSAVYLNSGGSLLGGLRRNOSLPVMMGSFGA 898 
0549  840 ...................... N.GAQ. ■ . RCO . . . I . P ..............................S ......................................I  . . .  .A.  899

GRI F 899 PVCTTSPKMGILKED 913 
0549 900 ■ ■ ■ . S  V. . . . 914

100 °C, and the supernatants analyzed by quantitative immunoblotting 
using affinity-purified anti-/32 fragment 381-395 (25), anti-al fragment 
413-429 (27), and anti-NSE antibodies (Affiniti Research Products 
Ltd., Mamhead, Exeter, UK). The results were analyzed by paired 
Student’s t test.

D eterm in ation  o f  the GRIF-1 a n d  P2-IL In terac tin g  D om ain s

A series of GRIF-1 fragments were constructed by either standard 
subcloning techniques from the isolated library clone, 03, or PCR am
plification. These were subcloned into pGADlO, pACT2, or pGADT7 
(CLONTECH) to yield Gal4 AD fusion proteins. Similarly, fragments of 
the /32-lL (aa 303-427, 303-370,355-427, 371-427, 303-394, 324-394, 
and 324-427) were fused to the GAL4 BD in pAS2-l. The yeast strain 
AH 109 (MATa, trp l-9 0 1 . leu2-3, 112, ura3-52, his3-200, gal4à, 
gaiaOD, LYS2v.GALly^s-GALlrATA-HIS3, GAL2^AS-GAL2rATA-ADE2, 
URA3::MEL1^as'^ ^ ^ G ata-^^^^’ CLONTECH) was transformed with 
pair-wise combinations of /32-ILBD and GRIF-IAD fusions. The inter
action between pairs of proteins was assayed by nutritional selection on 
SD -4  (-His, -Trp, -Ade, -Leu) plates as well as /3-galactosidase and 
a-galactosidase (Mell) activity. a-Galactosidase activity was deter
mined by overlaying the plates with X-« Gal-top agar (0.4% (w/v) low 
melting point agarose, 0.001% (w/v) X-a Gal (Melford Laboratories, 
Cambridge, UK) in Z-buffer. Coloration usually occurred within 3-6 h.

RESULTS

Id en tif ic a tio n  o f  a  N o v e l P r o te in  T h a t I n te ra c ts  w ith  the  
G A B A a R ecep to r  (32 S u b u n it—The GABA^ receptor [3 subunits

have been reported to determ ine the  subcellular localization of 
a[3y receptors (28). The /32 subunit is the m ost abundantly  
expressed of the (3 isoform s in  adult brain (see, e.g .. Refs. 29 and 
30). Therefore, the GABA^ receptor /32-IL w as selected as a bait 
to identify /3 subunit in teracting proteins that may function as 
targeting or clustering m olecules. A yeast two-hybrid cDNA  
library screen of 1.5 X 10® independent transform ants w ith the  
GABAa receptor /32-IL as the bait yielded  in itia lly  36 positively  
growing clones of w hich one, C3, showed la c Z  reporter gene  
activity. The p lasm id isolated contained a 1.8-kb insert w ith an 
in-fram e fusion encoding 626 aa. Re-transform ation of this  
clone into yeast strain , A H 109, w ith  a variety of different 
GABAa receptor subunit IL bait constructs, i.e. a l ,  /31, /33, and 
y2-ILs, show ed th at C3 interacted  specifically w ith the /32-IL 
(Table I). Further, C3 did not y ield  reporter gene activity when  
alternative /32-IL constructs th a t incorporated either both TM3 
and TM4, i.e. /32-TM3/ILTM4, or TM4 only, i.e. /32-IIVTM4, 
were used  as baits (Table I). Q uantification of la c Z  reporter 
gene activ ity  revealed a relative strength  of the C3//32-IL in 
teraction of —1.5% relative to 100% of the pCL-1 (Gal4p wild- 
type) positive control (Table I).

T he cD N A  E n c o d es  a  N o v e l P r o te in  T h a t Is  C o n served  in  
M a m m a lia n  E v o lu tio n — N ucleotide sequencing revealed that
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C3 contained an open reading fram e o f novel sequence fused  
in-fram e to the GAL4 activation dom ain. The full-length  cDNA  
of the protein w as obtained by cD N A  library screening using  
the C3 probe in conjunction w ith  5'- and 3 '-RACE. The assem 
bled cDNA sequence (3641 bp) contains an open reading frame 
of 2739 bp predicting a protein o f 913 aa residues, a calculated  
m olecular m ass o f 102 kDa, and an acidic p i = 5.14. W ithin the  
protein, the original two-hybrid in teracting fragm ent (03 ) ex 
tends from aa 8 to 633. We have called the protein, GRIF-1, for 
GABAa receptor in teracting factor. The nucleotide and deduced  
am ino acid sequence of GRIF-1 are show n in Fig. 1. Expression  
of a transcript o f the  predicted sequence w as verified by PCR 
am plification from adult rat brain cDNA utiliz in g  a variety of 
oligonucleotide prim ers (resu lts not show n). U sin g  the prim ers 
cs2150 and ca3119, two PCR products w ere obtained (Fig. 1). 
N ucleotide sequencing o f the PCR products revealed a deletion  
of 107 bp in the sm aller product th a t altered the reading frame 
of GRIF-1. Thus, an a lternative, C -term inally truncated splice  
form of GRIF-1 w ith  672 aa w as identified  and term ed GRIF- 
lb , w ith the original 913-aa protein now denoted G R IF-la. 
Both G R IF -la  and G R IF -lb  w ere show n to associate w ith  the  
GABAa receptor )32-IL in the y ea st two-hybrid assay. Q uanti
tative analysis of th e  resu ltant reporter gene activity showed  
that G R IF-la and the original C3 clone yielded a sim ilar  
strength  of in teraction  w ith  )32-IL (Table I).

A nalysis o f the GRIF-1 deduced am ino acid sequence re
vealed a hydrophilic protein w ith  no predicted transm em brane  
dom ains and no hydrophobic sign al peptide. Structure predic
tion analysis indicated a high a-helica l content (31) and the  
presence o f a coiled-coil identified by both the Lupas and the  
paircoil algorithm s (32, 33). The GRIF-1 aa sequence contains 
consensus sequences for protein k inase A phosphorylation at 
aa 384 and 726 and tyrosine k in ase at aa 273, as well as 16 
potential protein k in ase  C and 15 potential casein  k inase II 
phosphorylation sites . There is also a proline-rich dom ain w ith  
29% proline residues betw een  aa 756 and 793 (Fig. 2).

D ata base searches revealed th at GRIF-1 has no significant 
hom ology w ith  proteins of known function. However, amino 
acid sequence sim ilarity  w as found betw een GRIF-1 and two 
hum an genes of unknow n function identified  in  a brain gene  
cloning project, a chrom osom e 2 gene, KIAA0549 (—78% over 
469 aa; Ref. 34) and K IAA1042 (—45% identity  over 913 aa; 
Ref. 35). Hom ology o f —47% over 297 aa w as also found w ith  
the rat h u n tingtin -associated  protein  (rHAP-1; Ref. 36). The 
sim ilarity  betw een GRIF-1, HAP-1 and the related protein, 
H AP-like protein, w as restricted to the N  term inus in a region  
that coincided w ith  the first predicted coiled-coil dom ain (Fig. 
2), w hereas it becam e evident th a t GRIF-1 and KIAA0549 are 
species orthologues.

Procrustes an alysis of GRIF-1 versus the draft hum an ge
nom e sequence of chrom osom e 2 predicted the existence of a 
gene com prising at least 15 exons and extended the reading  
fram e of KIAA0549 toward its N  term inus. From these resu lts, 
in conjunction w ith  a num ber of expressed  sequence tag  
sequences (dbEST accession nos. A A 338224, A A 075951, 
AW 952742, and B E 070051), the full-length  KIAA0549 cDNA  
sequence w as assem bled. The deduced cDNA encodes a 914- 
am ino acid protein w ith  an overall —88% am ino acid sequence  
identity  to GRIF-1. The expression  of th is novel sequence w as  
verified by its PCR am plification from hum an fetal brain cDNA  
(data not shown). This cDNA corresponds to one recently re
ported by Hadano et al. (37), ALS2CR3, w ith  the exception of 
one conservative am ino acid change, K55R (Fig. 2). ALS2CR3 
w as show n to contain  16 exons (37). Functional equivalence  
betw een GRIF-1 and full-length  K IAA 0549 w as dem onstrated  
by a sim ilar strength  of interaction w ith  the GABAa receptor

m

Fig. 3. Tissue distribution and heterogeneity of GRIF-1 
mRNA. A, a multiple tissue Northern blot was probed with a 1.9-kb 
fragment of GRIF-1 labeled with by random priming as described 
under “Experimental Procedures.” Major transcripts of 6.2 kb were 
present in all tissues except testes, where the major transcript was 2.9 
kb. A minor 4.2-kb hybridizing species was also present, with the 
highest expression being found in the spleen, fi, rat brain cDNA was 
subject to 3'-RACE using the oligonucleotide primer cs2150 and the 
Marathon adaptor API as described under “Experimental Procedures.” 
Flatbed agarose gel electrophoresis yielded two products of 1.9 and 
4.2 kb.

/32-IL in the y ea st two-hybrid reporter strain , AH 109 (Table I). 
Furtherm ore, the deletion  found in the G R IF-lb isoform w as  
found to be equ iva lent to exon 15 of the hum an ALS2CR3/ 
KIAA0549 gene.

More recently, sim ilarity  w as found betw een GRIF-1 and the  
Drosophila melanogaster gene product, CG13777 (also known  
as LD313316p and m ltLD8CG 13777; G enB ank™  accession  
nos. A E003616, A Y 051825, and A Y 038001, respectively) and 
the Macaca fascicularis hypothetical protein, BAB41149 (Gen- 
pept accession no. A B 060210). U sin g  expressed sequence tag  
data (AK 014647) as w ell as the C elera discovery system , par
tial sequences o f the  m ouse orthologues of both KIAA0549  
(ALS2CR3)/GRIF-1 and KIAA1042 were identified. Block- 
m aker and MEME an alysis (38) identified  conserved regions 
and predicted a sim ilar dom ain structure for all these proteins. 
The conserved dom ain structure includes the N -term inal 
coiled-coil region and two m otifs outside th is region, nam ely  
GRIF-1 aa 3 0 - 6 0 ,  w ith  a consensus sequence: TDVC(S/N)(N/ 
S)EDLPEVE(IÆ )(V/I)SLLEEQLPQYKLRVD(S/T)(L/I)(F/Y)(IV  
G)Y and aa 5 5 3 -5 9 5 , co n se n su s  seq u en ce PEKLQIVKP- 
LE G S(Q /A )T L H H W Q Q L A Q P(H /N )L G (G /T )IL D PR R G V (W ) 
TKGF(S/T) (Fig. 2). T hus GRIF-1 is a member of a new protein  
fam ily w ith  as yet, two known m em bers in m am m als and a 
single hom ologue in  D. melanogaster. GRIF-1 (rat), KIAA0549 
(ALS2CR3) (hum an), and mCP 20802/m C P20839 (mouse) are a 
group o f sp ec ie s  orth o lo g u es as are K IA A 1042 (hu m an ), 
BAB41149 (M. fascicularis), and m C P13834 (mouse).

Tissue Distribution o f GRIF-1 mRNA and GRlF-1 Pro
tein— A rat m ultip le t issu e  N orthern blot probed w ith  
[^^P]GRIF-1 revealed  a major hybridizing transcript o f 6.2 kb, 
which w as present in  all tissu es tested  except testis, w here a 
transcript o f 2.9 kb w as found (Fig. 3). The rank order of 
expression w as sp leen  >  heart >  lung >  brain >  kidney — 
skeleta l m uscle. A m inor transcript of 4.2 kb w as also detect
able w ith h igh est expression in the spleen. Electrophoretic 
separation of 3 '-RACE products revealed two major species of
4.2 and 1.9 kb, w hich correspond in size to the 6.2- and 4.2-kb  
transcripts identified  in the N orthern blot (Fig. 3). T hese two 
transcripts are m ost likely derived by alternative use o f poly- 
adenylation sites  in the 3 '-untranslated region.

Soluble, P I nuclear fractions and P2 m em brane fractions
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A

F i g . 4. Subcellular and tissue distribution of GRIF-1 protein by immunoblotting. Rat tissues were homogenized and subjected to 
subcellular fractionation to yield the Pi (nuclear fraction), the P2 (membrane fraction), and S (soluble) proteins. Samples (10 pg of protein/gel lane) 
were analyzed by immunoblotting using affinity-purified anti-poly(His)-GRIF-l-(8-633) fusion protein antibodies all as described under “Exper
imental Procedures.” A, B, and C are immunoblots of PI, P2, and soluble fractions, respectively, with tissues as indicated. The last lane of each 
blot contains pCISGRIF- 1-transfected HEK 293 cell homogenates. A major immunoreactive band with M , 115,000 was found in PI, P2, and S 
fractions for forebrain, cerebellum, heart, skeletal muscle, in HEK cells transfected with pCISGRIF-la and in the S fraction of testes (n = 3-10). 
In PI and P2 membrane preparations of rat forebrain, cerebellum, and heart, an additional band with ~  106,000 (n = 11) was found. HEK 293 
cell homogenates transfected with GRIF-la showed two additional bands with values ~  106,000 and 98,000. Heart and skeletal muscle PI 
fractions both expressed a M , ~  88,000 immunoreactive species. Molecular size markers ( X  10̂  kDa) are shown on the right.

were prepared from all tissu es used in the Northern blot except 
lung. T hese w ere analyzed  by im m unoblotting using  affinity- 
purified a n ti-G R IF -l-(8 -6 3 3 ) antibodies. The resu lts are 
shown in Fig. 4. It can be seen  that, in all subcellu lar fractions 
of forebrain, cerebellum  and heart, the antibodies recognized  
two bands w ith  ~  115,000 (major) and ~  106,000 (n = 3). 
In sk eleta l m uscle, a s in g le  im m unoreactive species w ith  ~
115,000 w as found in the P I and soluble fractions; th is band  
w as also present in the soluble fraction of testes. An additional 
im m unoreactive band w ith  ~  88 ,000 w as observed in heart 
P I and P2 fractions, in  P I  for m uscle and P2 for forebrain. A 
m olecular w eight o f 115,000 is in the range of th a t predicted for 
a 913-aa protein. Im portantly, the band is coincident w ith  the  
major im m unoreactive species obtained follow ing expression of 
the full-length  GRIF-1 in HEK 293 cells. The lower molecular 
m ass Mr ~  106,000 band, w hich is also observed in the tran s
fected cells, m ay be a proteolytic product. The M^ ~  88,000  
im m unoreactive sp ecies expressed predom inantly in the heart 
has a m olecular size con sisten t w ith  the predicted size of the  
G R IF-lb variant.

In Vitro Protein Interaction Assay— To dem onstrate that 
GRIF-1 can associate w ith  j32 subunit-containing GABA^ re
ceptors, in vitro protein  interaction  a ssays were carried out. 
Thus, po ly (H is)-G R IF -l-(8 -633) im m obilized on Ni^'^-agarose, 
poly(H is)-Ni^^-agarose, or Ni^^-agarose w as each incubated  
w ith Triton X-100 detergent extracts o f rat forebrain and a s
sociated proteins identified  by precipitation followed by im m u
noblotting. The resu lts are show n in Fig. 5. It can be seen  that 
poly(H is)-G RIF-l-(8-633)-Ni^"^-agarose specifically precipi
tated GABAa receptor (52 and «1 subunit im m unoreactivities. 
No im m unoreactivities w ere precipitated by the resin alone 
Some j32 and a l  im m unoreactivity w as alw ays associated w ith  
the control poly(H is)-N i^*-agarose, but the respective im m uno
reactivities were a lw ays greatest for precipitation by poly(His)- 
G R IF -l-(8-633)-N i^ ^ -agarose. As an additional control, the  
agarose p ellets w ere probed w ith  anti-N SE  antibodies. No anti-

N SE im m unoreactivity w as detected in either the control poly- 
(H is)-Ni^^-agarose or the poly(H is)-G R IF-l-(8-633)-N i^^-aga- 
rose p ellets (Fig. 5 0 .  The relative in tensities of the a l  and j32 
im m une signals betw een the control poly(His)-Ni^^-agarose 
and the test, poly(His)-GRIF-1-(8 -  6 3 3 )-Ni^^ -agarose were 
found to vary w ith  assay  incubation conditions. Optimal results 
w ere obtained by reducing the concentration of Triton X-100 to 
0.25% (v/v). The resu lts of the pull-dow n assays in the presence 
of 0.5 and 0.25% (v/v) Triton X-100 w ere analyzed by quanti
tative im m unoblotting w ith  the follow ing resu lts, w hich are 
expressed as the -fold increase in im m unoreactivity precipi
tated  by poly(H is)-G R IF -l-(8-633)-N i^^-agarose w ith respect 
to th a t precipitated by poly(His)-Ni^ *-agarose; 0.5% Triton 
X-100, 2.9 ±  0.5 (152) (n = 5; p < 0.01) and 1.6 ±  0.2 (a l)  (n = 
4;p  <  0.05); 0.25% Triton X-100, 4.0  ±  0.7 (p2) (n = 4 ;p<  0.03) 
and 1.9 (a l)  (n = 2). The ratio for the -fold increase in im m u
noprécipitation for /32/al w as 1.8 (0.5% Triton X-100) and 2.1 
(0.25% Triton X-100). Thus, G R IF -l-(8 -6 3 3 ) does interact w ith  
both a l  and (52 GABA^ receptor subunits, suggesting co-asso
ciation w ith  assem bled  (52 subunit-containing GABA^ recep
tors. It w as noted, however, th a t the percentage of (52 subunit 
im m unoreactivity precipitated w as alw ays significantly higher  
than  that found in a l  (see “D iscussion ”).

Expression o f GRlF-1 in HEK 293 Cells— U ntransfected  
H EK 293 cells show ed no anti-GRIF-1 im m unoreactivity when  
analyzed by either im m unoblotting or im m unocytochem istry  
(Fig. 6A). As described above, w hen  HEK 293 cells were trans
fected w ith  either pC ISG R IF-la or pCMVTag4GRIF-laFLAG.  ̂
major band w ith  M,. ~  115,000 w as recognized in whole cell 
hom ogenates by both a n ti-G R IF -l-(8 -6 3 3 ) or anti-FLAG anti
bodies (Fig. 4); two minor bands w ith  M^ values of 105,000 and
98,000 were also detected. All three im m unoreactive bands 
were detected in the P I , P2, and soluble cell cytoplasm  fraction 
(resu lts not shown). In perm eabilized, transfected cells, GRIF-1 
or GRIF-lpLAQ expressed alone had a diffuse, intracellular  
localization (Fig. 65). This w as in contrast to the pattern ob-
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Fig. 5. Demonstration of the binding of native GABA^ receptor a l and ^2 subunits to GRIF-1 (8-633) using immobilized 
GRIF-l-(8-633) affinity chromatography purification. The fusion proteins, pTrcHis and pTrcHis-GRIF-l-(8-633), were generated in E. coli 
and immobilized to washed and equilibrated Ni^*-agarose. Triton X-100 extracts (1 mg of protein; 1 ml) of rat brain were incubated with 
Nî  ' -agarose, pTrcHis-Ni^^-agarose, or pTrcHis-GRIF-l-(8-633) -Ni^^-agarose overnight at 4 °C in the presence of 0.25% (v/v) Triton X-100 and 
25 m M  KCl. Agarose pellets were collected by centrifugation and analyzed by quantitative immunoblotting using anti-/32 381-395 (A), a l 413-429 
(S), and neuron-specific enolase (C) antibodies all as described under “Experimental Procedures.” The gel layout is identical for each blot. Lane 1, 
Triton X-100 extract of rat forebrain; lane 2, Ni '̂ -̂agarose pellet; lane 3, pTrcHis-Ni^^-agarose; lane 4, pTrcHis-GRIF-l-(8-633)-Ni^*-agarose. The 
positions of molecular size standards are shown on the right.

F i g . 6. Localization of GRIF-1 and GABA^ receptor /32 subunits in HEK 293 cells transfected with GRIF-lap^AG and a lf i2 y2  GABA^ 
receptors. HEK 293 cells adhered to poly-L-lysine-coated cover slips were transfected with the appropriate clones by the calcium phosphate 
method. Cells were fixed 24-40 h after transfection, permeabilized with 0.15% Triton X-100, and immunolabeled with primary antibody, which 
was either monoclonal antibody bd-17 or affinity-purified anti-GRIF-l-(8-633) polyclonal antibodies, followed by the appropriate fluorescent 
secondary antibody and visualization by confocal microscopy all as described under “Experimental Procedures.” Panels A -F  are composites of 
multiple focal planes viewed at a magnification of 40,000 and zoom, 2. A, B, and E, staining was with anti-GRIF-1-(8-633) polyclonal antibodies 
and anti-rabbit-Ig Alexa Fluor 594; C and D, staining was with monoclonal antibody bd-17 and goat anti-mouse-Ig AlexaFluor 488. A, 
untransfected HEK cells; B, HEK 293 cells transfected with pCMVTag4GRIF-lapLAQ; C, HEK 293 cells transfected with GABA  ̂receptor alfi2y2  
clones; D-F, HEK 293 cells transfected with pCMVTag4GRIF-laFLAG and GABA  ̂receptor alg2y2 clones. F is D and E  merged, where yeZ/oio shows 
areas of co-localization. G and H  shows a section of a z series for D, E, and F, respectively; arrowheads in H  show areas of co-localization. The results 
shown are representative of observations found for n = 6 independent transfection experiments.

served for HEK 293 cells expressing a l/32y2  GABA^ receptors 
probed w ith  the anti-GABA^ receptor )32//33 subunit m ono
clonal antibody, bd-17. Here, the im m unoreactivity showed a 
punctate, plasm a m em brane localization in addition to som e 
cytoplasm ic sta in in g  (Fig. 6C). Fig. 6 (D-F) show s the d istri
bution of G R IF -la  and /32 subunit im m unoreactivity w hen  
GRIF-lpLAQ w as co-expressed w ith  the GABA^ receptor a l ,  )32, 
and y2 subunit clones. The (52 subun it is again localized pre
dom inantly to the  p lasm a m em brane, but som e intracellular  
sta in ing  is evident. For G R IF -la , im m unoreactivity is still 
m ostly distributed  in the cell cytoplasm . M erging of the 
G R IF -la  and (52 subun it im m unoreactivities revealed som e 
areas of co-localization w ith in  the cell cytoplasm  (Fig. 6F).

Co-immunoprecipitation Assays— To su b stan tia te co-associ
ation of GRIF-1 and GABA^^ receptor (52 subunits, HEK 293

cells were co-transfected w ith  pCM VTagdGRIF-lapi^Q and 
pCISj32 and im m unoprécipitation assays carried out. The re
su lts are show n in  Fig. 7. In Fig. 7A, it can be seen  that GRIF-1, 
M,. ~  115,000, is present in the im m une pellets following incu
bation w ith  anti-FLAG M 2-agarose only w hen cells were trans
fected w ith  the GRIF-1 clone. T his confirms the im m unocyto
chem ical stud ies, i.e. HEK 293 cells have no detectable 
endogenous GRIF-1. GABA^ receptor (52 subunit im m unoreac
tiv ity  w as also precipitated by anti-FLAG M 2-agarose in the 
presence of GRIF-1 (Fig. IB). Anti-j32 3 8 1 -3 9 5  antibodies rec
ognized four m olecular w eigh t species w ith  in the range of 
4 8 -5 8  kDa in cells co-transfected w ith  GRIF-1 and GABA^ 
receptor /32 subunit clones and precipitated w ith  anti-FLAG  
M 2-agarose. An additional im m unoreactive band w ith ~
26,000 w as detected by the anti-/32 antibodies; however, this
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F ig . 7 .  C o-association of GRIF-1 and GABA^ receptor /32 sub
un its in HEK 293 ce lls transfected  w ith GRIF-lapj^c and GABA^ 
receptor /32 subunits as show n by im m unoprécipitation. HEK
293 cells were co-transfected with the appropriate clones by the calcium 
phosphate method. Cells were harvested after 48 h, Triton X-100 de
tergent extracts prepared, immunoprécipitation carried out using anti- 
FLAG M2-agarose, and the resultant immune pellets analyzed by im
munoblotting all as described under “Experimental Procedures.” A, 
immunoblotting with affinity-purified anti-GRIF-la-(8-633); B, with 
anti-/12 381-395; C, with anti-nl 1-15 antibodies. In A -C , 1 is co
transfection with pCMVTag4GRlF-la .̂LAG + pCIS/32; 2, co-transfection 
with pCISj32 + pCIS; 3, pCMVTag4GRIF-layLAo + pCIS; 4, HEK 293 
cells co-transfected with pCMVTag4GRIF-lapLAG + pCDM8al. The 
immunoblots are representative of n = 3 independent co-transfection 
experiments. The positions of molecular size standards are shown on 
the right.

w as the resu lt o f the anti-FLAG  m onoclonal antibody because 
it w as present in control experim ents w hen im m unoprécipita
tion w as carried out from buffer so lution  (Fig. IB). Further 
specificity controls show ed that j32 subunit im m unoreactivity  
w as not precipitated in  the absence of GRIF-1 (Fig. IB). HEK  
293 cells co-transfected w ith  GRIF-1 and GABA^ receptor a l  
subunits did not resu lt in the precipitation of a l  subunits by 
anti-FLAG -agarose (Fig. 7C). Anti-j32 subunit antibodies rec
ognized only two bands w ith  56,000 and 58,000 in forebrain 
but three to four bands in solubilized  preparations of tran s
fected HEK 293 cells. D eglycosylation of native GABA^ recep
tor (32 subunits y ielded  two additional im m unoreactive bands 
(39). Thus, because the /32 subunit is  overexpressed in the HEK  
293 cells, it is probable th a t the tw o additional bands are 
non-Af-glycosylated forms of the /32 subunit. It is relevant to 
compare the in ten sities  o f the im m unoreactive signals. The 
solubilized sam ple (Fig. IB, 1) is —0.25% of the total (32 im m u
noreactivity applied for the resu ltan t im m une pellet (Fig. IB), 
suggesting, in accord w ith  the im m unocytochem ical observa
tions, a w eak or tran sien t in teraction  betw een  GRIF-1 and the  
GABAa receptor /32 subunit.

Determination o f the GRIF-1 and GABA^ Receptor p2-IL 
Interacting Domains— The G RIF-l/G ABA^ receptor /32-IL in 
teracting dom ains w ere determ ined by the creation o f a series 
of both G R IF -l-(8 -6 3 3 ) and GABA^ receptor /32-IL truncation  
m utants followed by the analysis o f proteiniprotein association  
using the yeast two-bybrid assay. T hese stud ies w ere all car
ried out w ith  the GRIF-1 constructs subcloned into the GAL4 
AD fish vectors b ecause several N -term inal fragm ents from aa 
1 to 543 of GRIF-1 fused to the GAL4 BD all yielded strong

auto-activation of reporter genes w ithout requirem ent for the 
GAL4 BD (data not shown). The resu lts are sum m arized in 
Figs. 8 and 9. For the /32-IL truncation m utants, it can be 
deduced that the binding site  for GRIF-1 is located betw een  
am ino acids 324 and 394 (Fig. 8). Q uantitative analysis showed  
that the relative strength  o f the interaction betw een /32-IL- 
(3 2 4 -3 9 4 ) and GRIF-1 w as 1.4 ±  0.1% {n = 3) of wild-type 
Gal4p in the yeast strain  AH 109. This value is sim ilar to that 
found for the com plete /32-IL (Table I). For the GRIF-1 trunca
tion m utants, G R IF-l-( 1 2 4 -2 8 3 ) w as the sm allest fragm ent 
that still resu lted  in reporter gene activity follow ing co-expres
sion w ith  the GABAa receptor /32-IL-Gal4 BD fusion protein. 
T his 1 2 4 -2 8 3  region largely coincides w ith  the first coil of the 
predicted coiled-coil region (Fig. 2). Interestingly, the Lupas 
algorithm  predicts three coil regions w ithin  the /32 subunit 
intracellular loop. One of these , /32 3 4 8 -3 6 1 , is com pletely  
contained w ithin  the region o f the /32 subunit intracellular loop 
that retains an in teraction  w ith  GRIF-1; a second, /32 3 1 6 -3 3 9 , 
is partially  w ith in  the /32 3 2 4 -3 9 4  interacting domain (Fig. 8).

DISCUSSION

In th is paper, w e have characterized a novel 913-am ino acid 
protein, GRIF-1, w hich w as identified  by virtue of its specific 
interaction w ith  the GABAa receptor /32-IL in the yeast two- 
hybrid assay  system . GRIF-1 m RNA has a wide distribution  
w ith major transcripts o f 6.2 kb being detected in all t issu es  
analyzed except testis , w here a major 2.9-kb transcript was 
found. GRIF-1 protein, how ever, is expressed only in excitable 
t issu es , where it  w as detected  in soluble, nuclear, and P2 
m em brane subcellu lar fractions o f brain, heart, and skeletal 
m uscle by im m unoblotting. O verexpression of GRIF-1 or GRIF- 
IpLAG m am m alian cells yielded an intracellular localization. 
Som e intracellular co-localization o f GRIF-1 and GABAa recep
tor (32 subunits w as evident follow ing co-expression of GRIF-1 
and al/32y2 receptors in m am m alian cells. GRIF-1 affinity  
purification show ed in vitro association w ith  /32 subunit-con
tain ing GABAa receptors in detergent extracts of rat brain. 
Further, GRIF-1 co-im m unoprecipitated GABAa receptor j32 
subunits, albeit at low efficiency, follow ing co-expression in 
HEK 293 cells.

Functional Motifs Yielding Insights into the Putative Func
tion o f GRIF-1— GRIF-1 and the hum an orthologue, ALS2CR3, 
are novel protein sequences. N eith er GRIF-1 nor ALS2CR3 
have d istin gu ish ing  am ino acid sequence m otifs that m ay have 
helped to reveal in sigh ts into their respective functions. 
ALS2CR3 w as cloned by virtue o f its being located in the 
critical region for juvenile  am yotrophic lateral sclerosis on 
chrom osom e 2q33-q34. H owever, no evidence w as found to 
su ggest that ALS2CR3 w as a causative gene for th is form of 
am yotrophic la tera l sclerosis (37). Secondary structure analy
ses for both GRIF-1 and the full-length  KIAA0549, i.e. 
ALS2CR3, does predict the  presence o f two coiled regions 
w ithin  their respective N -term inal regions. T hese could form a 
coiled-coil dom ain that is recognized as being im plicated in 
protein-protein interactions and oligom erization of proteins 
(reviewed in Ref. 40). Interestingly , one of the coil regions w as 
found to coincide w ith  a region of GRIF-1 that w as homologous 
to HAP-1 A and -IB  (Fig. 2). H A P-IA  and -IB  are neuronal 
cytoplasm ic proteins that bind to the protein huntingtin  and to 
m icrotubules. Their subcellu lar localization is consistent w ith  a 
role in intracellu lar transport (36, 41). Indeed more recently, 
HAP-1 proteins w ere found to bind to dynactin pl50*^*“‘'‘̂  
(P150), an accessory protein for cytoplasm ic dynein that par
ticipates in m icrotubule-dependent retrograde transport of 
m em branous organelles (42). HAP-1 A w as also found to asso
ciate in  a yeast two-hybrid screen w ith  GRIP, a PDZ domain- 
containing protein that is thought to be involved in the target-
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Fig. 8. Schematic diagram showing 
the interaction between GRIF-l-(8- 
633) with truncated GABA^ receptor 
/32-IL constructs as determined using 
the yeast two-hybrid assay. GRIF-1- 
(8-633) and the depicted truncated 
GABA  ̂receptor ^2-IL constructs were co
expressed in the yeast strain AH 109 as 
fusions to the GAL4 AD and BD, respec
tively. Protein-protein interactions were 
determined by nutritional selection and 
reporter gene activities as under “Exper
imental Procedures.” - ,  no detectable in
teraction; 4-, detectable interaction. The 
hatched areas show the positions of 
coiled-coil domains predicted by the 
Lupas algorithm.

GRIF-1 C o n s t ru c t

P2 IL construct

303-427

303-370

355-427

371-427

303-394

324-427

324-394

In te rac t io n  with p2-IL

Interaction with GRIF-1 8-633

1-913

8-633 

500-913

9-494 

8-206

207-633 

135-633 

395-633 

8-125 

355-544 

8-633 A355-544 

8-365 

124-283

Fig. 9. Schematic diagram showing 
the interaction of the GABÂ  ̂ recep
tor /32-IL with truncated GRIF-1 con
structs as determined using the yeast 
two-hybrid assay. The GABA  ̂receptor 
02-IL and the depicted truncated GRIF-1 
constructs were co-expressed in the yeast 
strain AH 109 as fusions to the GAL4 BD 
and AD, respectively. Protein-protein in
teractions were determined by nutritional 
selection and reporter gene activities as 
under “Experimental Procedures.” —, no 
detectable interaction; 4-, detectable in
teraction. The hatched areas show the po
sitions of coiled-coil domains predicted by 
the Lupas algorithm.

ing of AMPA glutam ate receptors (43). The a lignm ent of all the 
GRIF-1-related protein sequences revealed the presence o f two 
highly conserved motifs; how ever, the functional significance of 
these rem ains unknown.

Tissue Distribution o f GRlF-1— GRIF-1 mRNA, like other 
GABAa receptor-associated proteins such as gephyrin and 
GABARAP, has a w ide t issu e  distribution. GRIF-1 protein, 
however, w as expressed only in excitable tissu es. This m is
m atch betw een m RNA and protein distribution  m ay be a result 
of the long cDNA probe used  for the N orthern blot. It is possible  
that the G R IF -l-(8 -6 3 3 ) cDNA probe also hybridized to mRNA  
transcripts o f the rat hom ologue of KIAA1042. In brain, heart, 
and sk eleta l m uscle, GRIF-1 im m unoreactivity w as found in all 
subcellular fractions. O verexpression o f G R IF -la  in HEK 293  
cells yielded an intracellular, non-nuclear distribution. The 
method used for the subcellu lar fractionation stu d ies does not 
generate pure organelles; thus, the ubiquitous presence of 
GRIF-1 is probably a resu lt of the fact that it is a soluble 
protein. Interestingly, an 88,000 im m unoreactive band w as 
found in the nuclear fraction o f both sm ooth and sk eleta l m us
cle. This m olecular size corresponds to th a t predicted for the 
C-terminal truncated variant, G R IF-lb. GRIF-1 does contain a 
w eak leucine zipper motif.

Heterogeneity of GRlF-1— Two alternative splice forms of

GRIF-1 were discovered, G R IF -la  and G R IF-lb. The short 
variant, G R IF-lb, w as found to have a deletion that corre
sponded to exon 15 of the ALS2CR3 gene (37). There is only a 
w eak splice acceptor site  at the  intron/exon boundary for exon 
15; thus, it m ay be readily skipped to yield  G R IF-lb. G RIF-lb  
has 672 am ino acids and thu s a predicted molecular m ass of 
—7 0 - 8 0  kDa. As described above, a 88-kD a species w as recog
nized by anti-G RIF -1-(8 -  633 ) antibodies in P I from m uscle. In 
som e im m unoblots o f adult brain, th is 88-kD a species w as 
som etim es detected but it w as a lw ays less abundant than  the 
115- and 106-kD a species; thus, G R IF -la  is the m ost prevalent 
of the expressed  splice variants in brain. H eterogeneity of 
GRIF-1 m RNA because of possib le alternative polyadenylation  
sites in  the 3 '-untranslated region w as also apparent in the  
Northern blot and RACE experim ents. Again, analysis of the  
hum an KIAA0549/ALS2CR3 gene revealed several strong poly
adenylation sites  w ith in  exon 16 th a t could give rise to tran
scripts differing by —2 kb in  size. In the N orthern blot, the  
sm aller less abundant 4.4-kb transcript is clearly visible, but, 
because GRIF-1 m RNA has q u alitatively  the h ighest expres
sion level in sp leen, th is m ay ju st be a reflection of the overall 
abundance of GRIF-1 expression.

Specificity o f Interaction between GRIF-1 and the GABA^ 
Receptor (i2-IL— The interaction of G R IF -l-(8 -6 3 3 ), the origi
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nal isolated interacting clone, was specific to the /32-IL of the 
GABAy  ̂receptor subunits tested (Table I). The GRIF-l-(8-633) 
binding domain was localized to a region of 70 amino acids 
toward the N-terminal end of the bait, i.e. the intracellular loop 
of the /32 subunit (Fig. 8). It is notable that, when the TM3 and 
TM4 regions or the TM4 domain alone were included as part of 
the /32-IL bait, no reporter gene activity was detected (Table I). 
This suggests, not surprisingly, that the presence of the hydro- 
phobic transmembrane domains affects the conformation of the 
fusion protein and thus its association with putative interact
ing partners. GRIF-l-( 124-283), which coincides with the first 
predicted coil domain of GRIF-1, was the smallest fragment 
that still interacted with the /32-IL-GAL4 BD fusion protein. 
Full-length GRIF-1 and the N-terminal domain of the human 
orthologue, KIAA0549, which includes the 124-283 /32-IL bind
ing site, both associated with the /32-IL (Table I). Quantifica
tion of the strength of GRIF-1//32-IL binding showed that the 
interaction was weak, being —1-2% of positive control samples. 
This may reflect either a low affinity of association or a tran
sient interaction. Alternatively, we have recently shown that, 
in the yeast two-hybrid screen, GRIF-l-(8-633) associates with 
high affinity with itself.^ Thus, within the co-transformed 
yeast, there may be competitive interaction between GRIF-1- 
(8-633)/G RIF-l-(8-633) and GRIF-l-(8 -  633)//32-IL.

A ssocia tion  o f  GRIF-1 w ith  GABAy^ Receptors —The associ
ation between GABA^ receptor ^2 subunits and GRIF-1 was 
demonstrated by two different experimental paradigms. In  
vitro  protein interaction assays demonstrated that G RIF-l-(8- 
633) specifically associated with /32 and a l  GABAy  ̂ receptor 
subunits in detergent extracts of rat brain, implying that 
GRIF-1 can associate with assembled GABAy  ̂ receptors. Co- 
immunoprecipitation of GRIF-1 and GABAy  ̂receptor p2 sub
units from HEK 293 cells transfected with the respective clones 
showed that the two proteins do indeed co-associate. For the in 
vitro protein interaction assays, interestingly, the percentage 
of /32 subunit immunoreactivity specifically precipitated by 
poly(His)-GRIF-1-(8-  633)-Ni^^ -agarose was always higher 
than that found for the a l  subunit. This may be explained by 
the co-association of /32 with other a subunits in the brain 
detergent extracts. Alternatively, Tehrani et al. (44) reported 
that, in clathrin-coated vesicles, GABAy  ̂receptors appear to be 
uncoupled with respect to the GABA modulation of [®H]fluni- 
trazepam binding activity. This is accompanied by a reduction 
of the al//32 subunit ratio in clathrin-coated vesicles compared 
with synaptic membranes. It was suggested that a selective 
decline of the a l  subunits could account for the uncoupling (44). 
The higher percentage of /32 compared with a l  subunits pre
cipitated by poly(His)-GRIF-l-(8-633)-Ni^^-agarose may be 
explained by an association with unassembled /32 subunits as 
found in clathrin-coated vesicles; thus, GRIF-1 may play a role 
in the intracellular trafficking or sequestration of /32 subunits.

Although GRIF-1 and /32 subunits were co-immunoprecipi- 
tated from transfected cells, it is important to note that the 
association between the two proteins was not stoichiometric. 
This again suggests a low affinity or a transient association in 
agreement with the quantitative yeast two-hybrid assays, the 
in  vitro  protein interaction studies, and the HEK 293 co-local
ization studies.

Co-immunoprecipitations have also been attempted using 
native tissue as the source of GRIF-1 and GABAy  ̂receptor /32 
subunits. These experiments have been unsuccessful so far, a 
major technical difficulty being the presence of the IgG heavy 
chain in immunoprecipitates. IgG heavy chains have a similar 
molecular weight to the /32 subunit; thus, detection of the latter 
is masked.

 ̂M. Beck and F. A. Stephenson, unpublished observations.

Conclusions— N  euro tra n sm itter  receptors are targeted  pre
dom in an tly  to th e  p o st-syn ap tic  m em brane. A lthough  it  is  rec
ognized  th a t  th e  tran sp ort o f  th e se  p rote in s to th ese  s ite s  is 
m ed iated  v ia  m olecu lar m otors, it  is  n o t y e t  know n how  th is  
sortin g  process occurs. R ecently , S etou  et al. (45) reported th a t  
th e  neuron-specific  m icrotu b u le-associated  protein, K IF17, 
form s a com plex w ith  m L in-10  to tran sp ort vesic les  containing  
th e  N R 2B -con ta in in g  N M D A  receptors to excitatory post-syn- 
aptic m em branes. It is  th u s  sp ecu la ted  from  the hom ology  
found to know n p rote in s th a t  th e  n eu ron al protein , GRIF-1, 
w h ich  m ay fu lfill a  s im ila r  fu n ction  in  th e  transport o f  /32 
su b u n it-con ta in in g  GABAy^ receptors to inh ib itory post-synap- 
tic m em branes, m ay  be a n ovel GABAy^ receptor traffick ing  
factor.
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