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ABSTRACT
lonotropic GAB A receptors are the major sites of fast synaptic inhibition in the brain and 

retina, and can be divided into two subtypes based on physiology, pharmacology and 

subunit composition; GABA^and GABAc receptors. The clustering of neurotransmitter 

receptors at synaptic sites is critical for efficient neurotransmission; glycine receptors are 

clustered in synapses by gephyrin which anchors the receptor to microtubules; nicotinic 

acetylcholine receptors are clustered at the neuromuscular junction by rapsyn which is 

thought to link the receptors to the actin cytoskeleton. No such mechanism has been 

identified for a GABA receptor. In this study, the yeast two-hybrid system was used to

isolate molecules which might play a role in clustering ionotropic GABA receptors at

synaptic sites.

GABAc receptors were studied because of their simpler subunit composition, comprising 

p ( l-3 )  subunits, in contrast to the more complex structure of GABA^ receptors composed 

of a ( l - 6 ), (3(1-3), y(l-3), Ô, e & 7t. The large intracellular loop between transmembrane 

regions three and four was considered to be the most likely part of the molecule to

interact with a cytoskeletal anchoring protein, and would possibly also yield other

interesting binding partners. Therefore, a bait comprising the large intracellular domain 

of p i was constructed and used to screen a retinal yeast two-hybrid cDNA library. This 

yielded three positive interacting clones; a C-terminal variant of the glycine transporter 

GLYT-1, a region of microtubule-associated protein MAPIB, and a novel protein. The 

majority of the work in this thesis concentrates on the p i-M A PIB  interaction.

Polyclonal antibodies were raised against p i intracellular loop and against the GLYT-1 C- 

terminal variant as part of this study.

The interaction with M APIB was confirmed by an in vitro overlay assay, affinity- 

purification (“pull-dow n”) assays and immunoprécipitation from retina. 

Immunofluorescence microscopy on retinal sections and dissociated bipolar cells 

demonstrates colocalisation of pi-containing GABA receptors and M APIB at synapses in 

the inner plexiform layer. Furthermore, M APIB influences the subcellular distribution o f 

p i  subunit in transiently transfected COS cells. The binding site for p i  on M APIB was 

mapped to a region just N-terminal to the proposed microtubule-binding domain, and the 

reciprocal site on p i was found to be a region close to transmembrane domain 4.

This study demonstrates that M APIB is a strong candidate for a GABAc receptor synaptic 

anchoring protein, and also that a glycine transporter and a novel, uncharacterised protein 

also interact with these receptors.
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CHAPTER 1 
Introduction
1.1. GABA is an inhibitory neurotransmitter in the central nervous system.

The earliest suggestion that y-aminobutyric acid (GABA) is a neurotransmitter came from  

studies where the activity of crustacean neurons was inhibited by a mammalian brain 

extract, in which GABA was the active agent (Bazemore et al,, 1956; Kuffler and 

Edwards, 1957; Dudel et al., 1963; Kravitz et al., 1963). It has long been known that 

GABA exists in high concentrations in the mammalian brain (Awapara et al., 1950) and 

Curtis et al. (1968) showed that application of GABA to cat spinal cord neurons had an 

effect which was very similar to endogenous spinal inhibitory synaptic potentials.

Virtually all neurons are sensitive to GABA (Rabow et al., 1995). In addition to CNS 

neurons, some central glial cells (MacVicar et al., 1989), neurons of the autonomic 

nervous system (deGroat, 1970), and even non-neuronal endocrine cells (Rorsman et al., 

1989) have also shown GABA-sensitivity. The identification of a receptor for this 

important inhibitory agent employed pharmacological and electrophysiological 

techniques, and identified the classical GABAa response as a chloride conductance with a 

Hill co efficient of approximately 2, modulated by benzodiazepines & bicuculline, and 

sensitivity to muscimol (MacDonald and Olsen, 1994). The GABAa response, and 

molecular studies of the GAB A A receptor will be discussed in more detail later. A second 

type of response, insensitive to bicuculline and benzodiazepines and also to muscimol, was 

termed GABAg. This response could be activated by baclofen, and blocked by 2- 

hydroxysaclofen (Bettler et al., 1998; Bowery et al., 1980; Hill and Bowery, 1981), and is 

mediated by a G-protein coupled receptor, which modulates the activity of adenylate 

cyclase. Activation of GABAg receptors results in an increase in outward currents 

and/or reduced inward Ca^  ̂ currents resulting in a hyperpolarisation of the membrane 

potential. A receptor for the GABAg response has only recently been cloned, showing that 

the GABAgR is a member of the seven-transmembrane G-protein coupled receptor family 

(Kaupmann et al, 1997). More recently, a third type of GABA response, which is similar 

to the GABAa response in that it involves a chloride ion conductance, but has very distinct 

pharmacological and physiological properties, has been identified and termed GABAc 

(Bormann and Feigenspan, 1995; Cherubini and Strata, 1997).
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II. lonotropic GABA receptors; A comparison of GABA^ and GABAc sub-types,

a) Pharmacology

The GABAa response is represented by a GABA-gated chloride conductance, which is 

antagonised by bicuculline. This antagonist is thought to bind to the GABA recognition 

site, as are the agonists muscimol and rranj-4-amino-crotonic acid (TACA) which mimic 

the action of GABA (Johnston et al., 1975; Nistri and Constanti, 1979). The response is 

potentiated allosterically by benzodiazepines (e.g. flunitrazepam, diazepam [valium]) 

(Study and Barker, 1981), barbiturates (e.g. pentobarbital) (Study and Barker, 1981) and 

steroids (e.g. alphaxalone) (Cottrell et al., 1987). Another agent which is active at 

GABAaR is picrotoxinin, which blocks the chloride channel of the receptor non- 

competitively (Barker et al., 1983).

The existence of the GABAc receptor was first implied by Johnston et al. (1975), when 

they discovered a response in spinal intemeurons which was activated by an analogue o f 

GABA in folded conformation, c/j-4-amino-crotonic acid (CACA), and was insensitive to 

bicuculline. The extended enantiomer, rr<2/i5-4-amino-crotonic acid (TACA), activated 

currents which were reduced by bicuculline. The term “G A BA c” was first coined by 

Drew et al. (1984), who showed that CACA did not displace (-)-baclofen (another folded 

GABA analogue which had already been shown to activate a bicuculline-resistant 

inhibitory response) when bound to synaptic membranes isolated from rat cerebellum. 

This implied that there may be a baclofen and bicuculline-insensitive GABA response. 

Confirmation of this suggestion came with the discovery of a bicuculline-insensitive 

GABA response in frog optic tectum neurons (Nistri and Sivilotti, 1985), and also a 

benzodiazepine, barbiturate and bicuculline-resistant component of GABA-activated 

recordings from Xenopus oocytes injected with poly-(A)^ mRNA derived from bovine 

retina (Polenzani et al., 1991). Apart from GABA, CACA (which does not activate 

GABABR) and TACA, GABABR are also activated by the classical GABABR agonist 

muscimol (Nistri and Sivilotti, 1985). Picrotoxinin has a variable effect on GABABR, 

depending on species and subunit composition, but in general GABA^Rs are slightly less 

sensitive to picrotoxinin than GABA^Rs. Until recently, there has been no known specific 

GABAcR antagonist, but (l,2,5,6-tetrahydropyridine-4-yl)methylphosphinic acid 

(TPMPA) has now been identified as a selective agent (Ragozzino et al., 1996). However, 

some studies have utilised 3-aminopropyl(methyl)phosphinic acid (3-APMPA) to 

antagonise GABA^Rs, an agent which has previously been used as a GABAgR agonist (Pan 

and Lipton, 1995).



b) Electrophysiological Properties (based on recordings from retinal neurons)

An important general observation is that there is a large degree of heterogeneity in 

GABAa responses throughout the CNS, This implies a functional and structural diversity, 

some details of which will be discussed in later sections. The dose response curve for the 

GABAaR shows an EC50 (concentration at which half-maximal activation is achieved) o f 

lO-lOOpM. The Hill co-efficient, giving an estimate of the number of agonist binding 

sites, is about 2, With equal concentrations of chloride on either side of the membrane, the 

reversal potential is close to OmV, demonstrating that the receptor is a Cl- channel. 

GABAa responses are transient; they quickly reach a peak and then desensitise to a lower 

steady current. Single-channel recordings in the presence of saturating concentrations o f 

GABA give mean open times of about 25ms, mean conductances of 30pS, and current 

amplitudes of about 2pA (Feigenspan and Bormann, 1997; MacDonald and Olsen, 1994). 

The GABAcR shares a similar dose-response curve as the GABAaR, with a Hill coefficient 

of about 2, implying two GABA binding sites, and the reversal potential reaching zero 

with an equal [Cl ] across the membrane, demonstrating that the receptor is a chloride 

channel (Feigenspan and Bormann, 1997; Feigenspan et al., 1993). However, the 

GABAcR is much more sensitive to GABA than the GABAaR, with an FC 50 of l-5 |iM  

(Qian and Dowling, 1993). In a retinal bipolar cell, a typical FC 50 for GABAaRs is about 

30pM, and for GABAcRs it is about 4pM  (Feigenspan and Bormann, 1997). In contrast 

to the GABAaR, the GABAcR generates a sustained current in the prolonged presence o f 

GABA, and desensitises little, if at all (Polenzani et al., 1991; Qian and Dowling, 1993). 

The single channel characteristics of the GABAcR are also distinct from those of the 

GABAaR. The open times are considerably longer, with a mean of about 150ms, the 

conductances smaller (~8 pS), and the current amplitudes also smaller (~0.5pA) 

(Feigenspan and Bormann, 1997; Feigenspan et al., 1993).

In summary, GABAcRs are more sensitive to GABA, and wiU result in a more sustained, 

lower-level inhibition than the transient GAB A A response.

c) Molecular structure

The use of benzodiazepine affinity chromatography to purify GABAaRs from bovine 

cerebral cortex allowed peptide microsequencing and consequently the cloning of cDNAs 

encoding receptor subunits from a cDNA library (Schofield et al., 1987). Two different 

subunits, designated a  and p, were cloned in this first study. The in vitro transcription o f 

the cDNAs, and subsequent injection of the cRNA into Xenopus oocytes, produced GABA
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receptors with many of the features of receptors generated by injection of whole-brain 

RNA. No GABA-gated channels were produced from injection of either the a  or the p 

subunit alone, and the aP  heteromers were insensitive to benzodiazepines, implying that 

(at least) a third subunit is required to make up the native receptor (Schofield et al., 

1987). Hydrophobicity plots suggest a membrane topology of four transmembrane 

domains (TM l-4), a long extracellular N-terminus, and a large intracellular loop between 

TM3 and TM4 (figure 1). Analysis of the cloned sequences for the GABAAR subunits 

showed that they share a common subunit structure with each other and also with the 

nicotinic acetylcholine receptor (nAchR). Molecular cloning has increased the size of this 

ligand-gated ion channel superfamily to include the GABAAR, nAchR (Noda et al., 1982), 

GABAcR (Cutting et al., 1991), glycine receptor (GlyR) (Grenningloh et al., 1987), and 

the 5-hydroxytryptamine type 3 receptor (5-HTgR) (Maricq et al., 1991). The nAchR is 

probably the most intensely studied member of this family, due in part to the fact that it is 

enriched to very high concentrations in the electric organ of the electric ray. Torpedo 

californica (Unwin, 1998). From this organ, it can be purified into a semi-crystalline 

array which has allowed detailed structural characterisation of the receptor using high 

resolution electron microscopy. These studies have suggested that the nAchR is a 

pentameric complex, with the five subunits of the pentamer arranged in a specific order 

around a central aqueous pore through which cations flow on activation of the receptor. 

Based on the sequence similarities of the two classes of receptor, a similar structure as the 

nAchR for the GABAAR is suggested. It has proven more difficult to elucidate the 

quaternary structure of GABAaRs directly, because they are not present in such high 

concentrations as the nAchR in the Torpedo electric organ, and they are m ore 

heterogeneous. However, analysis of the rotational symmetry of isolated GABAaRs 

suggests that at least the majority of GABAAR are pentamers (Nayeem et al., 1994).

In order to clone the p i  subunit of GABAAR, Cutting et al. (1991) took advantage of the 

sequence homology observed between members of this ligand-gated ion channel 

superfamily, and designed oligonucleotide primers which hybridised with a region o f 

cDNA which shows a very high sequence similarity between the a l  and p i  subunits o f 

GABAaR and also glycine receptor subunits, for use in a Polymerase Chain Reaction 

(PCR). cDNA libraries were subsequently screened to yield the full-length clone. 

Injection of the p i  RNA into Xenopus oocytes, followed by electrophysiological 

recording demonstrated the expression of a fully-functional GABA-gated chloride 

channel (Cutting et al., 1991). This receptor was later shown to display the same unusual
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Figure 1. Proposed tertiary and quaternary structure of 
ionotropic GABA^ and GABA^ receptors

A.

extraceilular

piasma
membrane

intraceliuiar

B.

A. Transmembrane topology of an ionotropic GABA receptor subunit. 
The protein has a long extracellular N-terminus, four putative 
transmembrane domains (TM 1-4), and a large intracellular domain 
between TM3 and TM4.
B. Plan view of proposed pentameric arrangement of subunits within the 
receptor complex indicating the channel lined by subunit TM2 domains.
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pharmacological characteristics as the GABA responses recorded from visual pathways 

(Nistri and Sivilotti, 1985; Shimada et al., 1992). The p i  subunit shares the same 

proposed membrane topology as GABAAR subunits and other members of the 

superfamily (figure 1), and GABAaRs are assumed to share the pentameric arrangement 

of subunits shown by nAchRs.

d) Subunit diversity

Since the cloning of the first a  and (3 subunits of GABAAR (Schofield et al., 1987), an 

array of different subunits has been identified from the mammalian genome; a (l-6 ), p ( l-  

3), y(l-3), Ô, e & 71 (Rabow et al., 1995; Hedblom & Kirkness, 1997). These subunits are 

grouped together on the basis of sequence homology, with 70-80% identity shown within 

a family (e.g. a ), and identity between families ' is around 30-40%. Further diversity 

provided by alternative splicing can occur for certain subunits, including y2 (Kofuji et al.,

1991), a 6  (Korpi et al., 1994), and in the chicken, P2 (Harvey et al., 1994).

The expression of the p i  subunit in Xenopus oocytes demonstrated that a hom o- 

oligomeric channel comprising just this subunit can show the full pharmacological and 

physiological profile of GABAc responses recorded in the retina and also in oocytes 

injected with retinal mRNA (Polenzani et al., 1991; Shimada et al., 1992). It was therefore 

postulated that the GABAcR might be a simple homo-oligomer of the p 1 subunit. p2 and 

p3 subunits were subsequently cloned by screening cDNA libraries, and expression o f 

these subunits in oocytes led to homo-oligomeric GABA-gated channels which were very 

similar to the recombinant p i receptor (Ogurusu and Shingai, 1996; Wang et al., 1994). 

An exception to this is the rat p2 subunit, which does not efficiently form hom o- 

oligomeric channels (Zhang et al., 1995). It has recently been suggested that p i subunit 

can be alternatively spliced at its N-terminus, leading to three variants, two of which are 

truncations of the full-length protein (Martinez-Torres et al., 1998). One of the variants 

has the same electrophysiological and pharmacological characteristics of the full-length 

p 1. The shortest variant does not form functional channels in Xenopus oocytes, but when 

co-expressed with full-length p i ,  forms channels with a reduced responsiveness to GABA.

e) Receptor subunit composition: which subunits co-assemble to form a receptor?

If all possible combinations of GABAAR subunits could freely assemble into a pentameric 

complex, there would be the potential for 14^=537,824 different combinations. However, 

the implication from early recombinant studies that at least one a , one (3, and one y
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subunit are required to forrn a complex with the properties of native receptors (Pritchett et 

al., 1989a; Schofield et al., 1987), limits this to about 10,000. The contributions o f 

specific subunits to the binding sites for GABA (a  and p) and benzodiazepines ( a  and y) 

(Smith and Olsen, 1995) also restrict the possibilities. Further limitations are imposed by 

the fact that not all neuronal cell types express all GABAAR subunits, and some subunits 

are expressed in a very narrow range of cell types in the brain; for example, the a 6  

subunit is expressed almost exclusively in cerebellar granule cells (Wisden et al., 1992). 

Immunoprécipitation studies using subunit-specific antibodies have suggested some rules 

for assembly and also the more common GABAAR subunit combinations (Benke et al., 

1990; Benke et al., 1991; McKeman and Whiting, 1996; Stephenson, 1995). For example, 

more than one a  subtype can be found co-associated (Pollard et al., 1993), a situation 

which was not observed for P subunits until recently (Li and De Bias, 1997). Small 

populations of receptors have been identified with more than one type of y subunit (Quirk 

et al., 1994), but generally only one y subtype is found. The Ô subunit is found 

predominantly in the cerebellum (Wisden et al., 1992), where it sometimes appears to 

substitute for a y subunit. It is generally accepted that by far the most common GABAAR 

is composed of a l ,  p2, y2, making up almost half of all mammalian receptors (Benke et 

al., 1991), with a2 , p3, y2 and a3 , PX, y2 together accounting for a further 35% 

(McKeman and Whiting, 1996; Wisden et al., 1992). The ability to reach the cell surface 

is a prerequisite for a functional receptor-channel. The expression of a l ,  P2, and y2L 

subunits in Human Embryonic Kidney (HEK) 293 cells, followed by 

immunofluorescence staining has shown that a ip 2  and a ip 2 y 2 L  are found at the cell 

surface, all other combinations and single subunits being retained in the endoplasmic 

reticulum (Connolly et al., 1996a).

As stated earlier, GABAc responses can be fully reconstituted in a recombinant system by 

expressing either the p i, p2 (except rat p2), or p3 subunits as homo-oligomers in 

Xenopus oocytes. However, this does not preclude the possibility of a combination o f 

these three subunits co-assembling into hetero-oligomeric receptors. There is also the 

possibility that the p subunits might associate with GABAaR, or even GlyR subunits, and 

retinal neurons which express p subunits also express a wide range of GlyR and GABAaR 

subunits, providing the opportunity for interaction (Fletcher et al., 1998; Koulen et al., 

1998; Pan and Lipton, 1995). The pharmacological and electrophysiological properties 

of GABAaRs are dependent on their subunit composition (Pritchett et al., 1989a; Pritchett 

et al., 1989b; Wisden and Seeburg, 1992). Given the distinct pharmacology of homomeric
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p receptors, it would be expected that their inclusion in a GABAaR would alter its 

sensitivity to GABA, bicuculline, or other active agents. However, co-expression of p i with 

a l ,  p i or y2 subunits of GABAaRs in Xenopus oocytes had no effect on the 

pharmacology of the expressed channels, suggesting that p i does not associate with these 

subunits (Enz and Cutting, 1998; Shimada et al., 1992). To investigate the possible 

biochemical interaction between GABAaR and GABAAR subunits, Hackam et al. (1997a) 

generated p i-  and p2-specific antibodies for use in in vitro immunoprécipitation studies. 

Co-translation in vitro of p i  or p2 subunit and each of a l ,  a5 , and p i , followed by 

immunoprécipitation with p i or p2-specific antibodies demonstrated that neither of the 

GABAcR subunits interact with any of the GABAaR subunits tested. There is also good 

evidence from immunohistochemical analysis of GABAaR and GABAAR subunit 

distributions in the retina that the p subunits do not co-localise with GABAaR subunits 

a l ,  a2 , a3  or p2/3 (Fletcher et al., 1998; Koulen et al., 1998). Koulen et al. (1998) also 

demonstrated distinct expression patterns for p subunits and GlyR subunits. There is 

therefore electrophysiological, biochemical and anatomical evidence to suggest that p 

subunits do not co-assemble with GlyR or GABAaR subunits, and consequently constitute 

a distinct class of receptor.

To address the question of whether or not different p subunits could associate with each 

other to form a hetero-oligomeric receptor, Hackam et al. (1997b) utilised the same in 

vitro immunoprécipitation technique as they used to demonstrate lack of interaction 

between GABAAR and GABAaR. In vitro co-translation of p i  and p2 subunit followed by 

immunoprécipitation with either anti-p 1 or anti-p2 subunit antibody precipitated both 

subunits, suggesting that p i and p2 can associate with each other in vitro. By using 

truncation mutants of p i subunit, representing the N-terminal portion as far as the first 

transmembrane domain (TM l), and the C-terminal portion from TM1-TM4, they also 

demonstrated that the N-terminal region is important for both homo- and hetero

association (Hackam et al., 1997b). Electrophysiological studies have taken advantage o f 

the fact that the rat p2 subunit is unusual amongst the p subunits in that it does not form  

robust homo-oligomeric GABA receptor channels in Xenopus oocytes (Zhang et al., 

1995). Rat p i subunit homo-oligomers form picrotoxinin-sensitive GABA receptors in 

this system. When rat p i  and rat p2 are co-expressed, the resulting GABA receptors are 

insensitive to picrotoxinin, implying that the p2 subunit has hetero-oligomerised with p i 

to induce this altered pharmacology. Picrotoxinin-sensitivity could be re-established in 

this heteromeric receptor by mutating a methionine residue in TM2 of rat p2 to a
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threonine, which is the conserved residue across a wide range of GABA^R, GlyR, and 

other GABA^R subunits (Zhang et al., 1995), GAB Ac responses in the rat retina are 

insensitive to picrotoxinin (Feigenspan et al,, 1993), so this would be explained by the 

existence of heteromeric p l/p 2  receptors.

In summary, GABA^Rs are complex heteromeric structures with a high degree o f  

structural, and therefore functional heterogeneity. In contrast, GABAcRs are likely to be 

relatively simple receptors composed of a much smaller range of subunits, leading to less 

diversity. It is still unknown whether GABAcRs are homomers or heteromers in vivo.

f) Modulation by protein phosphorylation

GABA^R function is subject to modulation by the activity of a number of protein kinases 

(Moss and Smart, 1996). Recombinant studies have proved to be very powerful in 

establishing which subunits are phosphorylated and what effects these modifications have 

on receptor function, a lp ( l-3 )y 2  receptors expressed in HEK 293 cells are 

phosphorylated by cAMP-dependent protein kinase (PKA) on the (3 subunit (Moss et al,, 

1992), and a ip iy 2  receptors are phosphorylated on p i by Ca^Vphospholipid-dependent 

protein kinase (PKC) (Krishek et al„ 1994), GABAcRs are also phosphorylated by the 

tyrosine kinase v-src, predominantly on the y2L subunit (Moss et al., 1995), which is also 

phosphorylated by PKC (Krishek et al,, 1994), The functional effects of GABA^R 

phosphorylation depend on the subunit composition and the specific kinase involved, 

(Moss and Smart, 1996), For example, tyrosine phosphorylation of y2L by v-src in 

a ip iy 2 L  receptors expressed in HEK293 cells results in an enhancement of channel 

activity in response to GAB A, which is supported by similar studies in SCG neurons (Moss 

et al,, 1995), It has recently been demonstrated that the functional effects of PKA 

critically depends on the identity of the p subunit present in the receptor (McDonald et 

al,, 1998), Phosphorylation of P3 leads to an enhancement of GABA-gated currents in 

receptors composed of a ip3y2S , whereas PKA-phosphorylation of p i, results in an 

inhibition of the channel activity. Investigations of GABA^R phosphorylation in neuronal 

preparations have demonstrated a wide range of functional effects. For example, GABA^ 

responses in amacrine cells of rat retinal slice cultures are enhanced on the application o f 

dopamine (Feigenspan and Bormann, 1994a), This effect is mediated by dopamine 

receptors, which are G-protein linked receptors coupled to adenylate cyclase. 

Furthermore, application of either PKA, cAMP or forskolin (a specific PKA activator) 

produces the same enhancement. Although no attempt has been made to demonstrate
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biochemically that there is direct phosphorylation of GABA^R subunits, the data is in 

agreement with the recombinant studies showing that direct phosphorylation of p subunits 

by PKA will lead to an altered sensitivity to G ABA (McDonald et ah, 1998; Moss et al.,

1992). These results therefore suggest that the activation of dopamine D1 receptors on 

retinal amacrine cells will lead to a modulation of GABA^R function via phosphorylation 

by PKA.

Before this study, there have been no attempts to investigate the direct phosphorylation o f 

GABAcR subunits in recombinant systems. p (l-3 ) subunits do have consensus sites fo r 

phosphorylation by the serine/threonine kinases PKA, PKC, cGMP-dependent protein 

kinase (PKG), and Ca^Vcalmodulin-dependent protein kinase type II (CamKII), with the 

exception of the human p2 subunit, which has two alanine residues instead of the serines 

found in the rat p2 (Zhang et al., 1995). Experiments carried out on retinal slice cultures 

have demonstrated that GABAcRs may be modulated by PKC. When recording 

bicuculline-insensitive GABAc responses in rat retinal preparations, the responses are 

reduced by PKC-activating phorbol esters (Feigenspan and Bormann, 1994b). In contrast, 

the responses are unaffected by application of PKA catalytic subunit, suggesting that the 

effect is specific to PKC. Metabotropic glutamate type 6 receptor (mGluR6) and 5- 

hydroxytryptamine type 2 receptor (SHTj) receptor agonists reduce the response, 

suggesting that GABAcR responses may be modulated by the activation of G-protein 

linked mGluR6 and SHTj receptors. These receptors are coupled to phospholipase C 

(PLC) which generates diacylglycerol (DAG) to activate PKC which may phosphorylate 

the receptor. PKC is found in very high concentrations in the axon terminals of rod 

bipolar cells where p subunits are expressed (Enz et al., 1996; Greferath et al., 1990). A 

recent study investigated the possibility of direct p subunit phosphorylation by mutating 

the serine residues in the large intracellular domain of p i  subunit to alanines, and 

expressing the mutants in Xenopus oocytes (Kusama et al., 1997). The lack of PKC 

phosphorylation sites did not abolish the effect of PKC activation, suggesting that there 

may be a GABAcR-associated protein which is the PKC substrate and mediates the effect, 

or alternatively there are other PKC sites in p 1 intracellular domain which have not been 

recognised. Another study suggests that a similar D, dopamine receptor/cAM P-dependent 

pathway described above for GABAcRs also reduces the GABAergic response at retinal 

bipolar terminal GABAcRs in tiger salamander (Wellis and Werblin, 1995).
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g) Spatial expression patterns throughout the CNS

GABAcRs are expressed on virtually all neurons in the brain and retina. As mentioned in 

the previous section, there are some subunits which show a restricted spatial expression 

pattern, and some brain regions which express only a small and specific range of subunits. 

Most notably, the a 6  subunit is expressed exclusively in the granule cells of the 

cerebellum, and the a5  and 5 subunits also have a restricted pattern of expression (Wisden 

et al., 1992). In contrast, a l  is found in all regions except certain olfactory neurons, and 

y2 is also ubiquitous. The hippocampus and the neocortex expresses all GABACR subunits 

(except a6), whereas cerebellar Purkinje cells express only a l ,  (32, (33, and y2 (Wisden et 

al., 1992)

p subunits of GABAcRs show a very restricted pattern of expression. By Northern blot

analysis, p i  subunit is expressed predominantly in the retina, with a low level o f

expression seen in the cerebellum (Cutting et al., 1991). p2 is also found at the highest

level in the retina, with significant expression also detected in the cerebellum and spinal

cord (Ogurusu et al., 1995). In a study employing reverse-transcriptase polymerase chain

reaction (RT-PCR: a much more sensitive technique), to detect mRNA transcripts, p i is

found almost exclusively in the retina, with negligible levels in other CNS regions. p2 also

appears to be expressed at highest levels in the retina, but is seen in all other regions at a

low level, with the cerebral cortex and hippocampus showing relatively high signals (Enz

et al., 1995; Ogurusu and Shingai, 1996). Enz et al. (1995) also carried out in situ

hybridisation studies to examine the tissue distribution o f p subunits. Again, both p i and

p2 are found at high levels in the retina, but neither subunit can be detected in brain

sections. Spinal cord was not tested in this experiment. p3 subunit is detected only in

retina by Northern blot (Ogurusu and Shingai, 1996). More recent studies have suggested 
a significant expression of p subunits in CNS regions outside the retina. By northern blot, in situ hybridisation 

and RT-PCR, Boue-Grabot et al. (1998) determined that p2 is found in high levels relative to pi in superior 

colliculus and cerebellar Purkinje neurons, and that p3 is expressed alongside pi and p2 (except in superior 

colliculus). With the use of a pl-specific antibody, this subunit was detected in the somatodendritic domain of 

cerebellar Purkinje neurons. A similar study demonstrated that p l i s  found expressed most highly in retina and 

dorsal root ganglion, with low levels in other regions. Apart from the retina, p2 is also found in high levels in 

CAl hippocampal regions and visual cortex. p3 was found to be expressed most strongly in the hippocampus 

(Wegelius et al., 1998).

These data suggest that GABAcRs are expressed predominantly in the retina, with significant levels also in brain 

and spinal cord. There have been electrophysiological reports of GABA^ responses in the neonatal hippocampus 

which are down-regulated after two weeks of age and might play a role in synaptogenesis (Martina et al., 1995; 

Strata and Cherubini, 1994). It should be noted that the earliest reports suggesting the existence of GABAcRs 

detected the novel receptors in spinal cord (Johnston et al., 1975), cerebellum (Drew et al., 1984) and optic 

tectum (Nistri and Sivilotti, 1985) rather than the retina.
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h) Receptor subunit expression and distribution in the retina

The mammalian retina expresses most GABACR subunits (Greferath et al., 1995; 

Grigorenko and Yeh, 1994; Rabow et al., 1995), and the receptors are found to have a 

clustered distribution in the plexiform layers (particularly the inner plexiform layer, IPL). 

The IPL is a synapse-rich region where bipolars pass information to ganglion cells (whose 

axons terminate in the thalamus), with amacrine cells forming lateral connections between 

bipolar terminals, or between bipolars and ganglion cells. The outer plexiform layer 

(GPL) is where rod and cone photoreceptor cells pass information to bipolar cells, with 

horizontal cells forming the equivalent lateral connections. The synaptic connections o f  

the retina are illustrated in figure 2. The IPL is the more complex region with a greater 

density of synaptic connections. Immunohistochemical analysis of retinal sections using 

subunit-specific antibodies shows that GABACR subunits have differential distributions in 

the retina (Greferath et al., 1995; Greferath et al., 1993). They are expressed in different 

substrata of the IPL, which correspond to synapses involving different classes of amacrine 

and bipolar cell, which, in turn, carry different kinds of visual information (Waessle and 

Boycott, 1991). y2 is expressed throughout the IPL, as are |32/3. The a  subunits (1-3) 

show an interesting distribution pattern in that they do not colocalise with each other, even 

when expressed on the same cell type (Koulen et al., 1996). By staining thick horizontal 

sections, alpha ganglion cells express a l ,  a2  and a3  subunits, but they are found in 

distinct clusters. Staining vertical sections through the IPL demonstrated that these a  

subunits are distributed in distinct sublaminae within the IPL, suggesting that their 

differential clustering on ganglion cells corresponds to different presynaptic amacrine cell 

types (Waessle et al., 1998). Bipolar cells express at least the a l ,  a3 , P2/3 and y2 subunits 

(Greferath et al., 1995; Greferath et al., 1993).

The distribution of p subunits in the retina has been studied using an anti serum raised 

against the N-terminus of pi subunit, which was also found to cross-react with p2 and p3 

but not GABACR subunits (Enz et al., 1996). Immunofluorescence studies using this 

antibody on vertical sections of rat retina and also dissociated rod bipolar cells, 

demonstrated that GABAcRs are expressed predominantly on the axon terminals of rod 

and cone bipolar cells in the IPL, with a lower level of immunoreactivity seen on the 

dendrites of these cells, corresponding to weaker staining seen in the GPL (Enz et al., 

1996; Koulen et al., 1997). In the mammalian retina, p subunits are not expressed in any 

other cell type apart from bipolars (Enz et al., 1995; Enz et al., 1996), although horizontal 

cells of two different species of fish have been shown to exhibit GABAc responses (Dong
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Figure 2. Schematic representation of ceii-types and synaptic 
connections in the vertebrate retina
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et al., 1994; Qian and Dowling, 1993), and in situ hybridisation studies in chick retina 

suggest that p subunits might be expressed in amacrine and horizontal cells (Albrecht and 

Darlison, 1995). Immunocytochemical data in chicken and fish do not necessarily 

support this, although it is possible that the anti-p anti serum used in this study (raised 

against rat p i subunit) does not recognise all possible p subunits in these other species 

(Enz et al., 1996; Koulen et al., 1997).

The possibility of a differential distribution of p i, p2 and p3 subunits has not been fully 

addressed due to the fact that all immunohistochemistry to date has been carried out with 

the anti-panp antibody (Enz et al., 1996). In situ hybridisation has suggested that in the 

chicken retina p i is expressed predominantly in bipolar cells, whereas p2 is expressed by 

amacrine and horizontal cells (Albrecht and Darlison, 1995). In the rat retina, p i and p2 

are both found to be expressed exclusively bipolar cells (Enz et al., 1995), whereas p3 

expression has been localised to ganglion cells, conflicting with the 

immunohistochemistry which suggests that all p subunits in the rat are on bipolar cells 

(Enz et al., 1996; Ogurusu et al., 1997). Immunohistochemical analysis using p-subunit 

subtype specific antibodies will be necessary to confirm this possibility, 

p subunit clusters do not colocalise with a l ,  a2 , a3 , (32/3 and y2 subunits of GABACR, 

even though at least a l ,  a3  and y2 are found on the same bipolar cell axon terminals 

(Fletcher et al., 1998; Koulen et al., 1998). This is in agreement with electrophysiological 

studies which demonstrate that bicuculline-sensitive and bicuculline-insensitive GABARs 

co-exist on bipolar cell terminals (Euler and Waessle, 1998; Pan and Lipton, 1995; Qian 

and Dowling, 1995). This distinct clustering pattern suggests that there is a mechanism to 

segregate GABAcRs and GABAcRs into distinct synaptic localisations, and that these two 

types of ionotropic GABAR have distinct functions in visual information processing.

i) Possible functions of GABA^ and GABAc receptors in retinal bipolar cells

It has been demonstrated electrophysiologically and immunohistochemically that bipolar 

cell axon terminals express both GABACR and GABAcRs (Fletcher et al., 1998; Pan and 

Lipton, 1995), so the reason for expressing these distinct classes of GAB A receptor in the 

same region of the same cell but in distinct synaptic clusters is an important question. It is 

well established that GABAergic amacrine cells form synaptic connections with the axon 

terminals of bipolar cells (Tachibana and Kaneko, 1987), and that the action of G ABA on 

these terminals can modulate the release of the neurotransmitter glutamate from bipolar 

cells to ganglion cells by inhibiting Ca^  ̂influx (Lukasiewicz and Werblin, 1994; Pan and
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Lipton, 1995). It appears that both GABAcRs and GABAcRs mediate inhibition of Ca^  ̂

influx at rat bipolar terminals (Pan and Lipton, 1995), whereas in the tiger salamander, it 

is mediated predominantly by GABAcRs (Lukasiewicz and Werblin, 1994), It has been 

suggested that negative feedback from GABAergic amacrine cells onto bipolar terminals 

is the major mechanism for generating transient responses in the inner retina. Bipolar cells 

give sustained, non-spiking responses to light (Tessier-Lavigne, 1991), so a feedback 

inhibition directly onto the bipolar terminal from an amacrine which was itself stimulated 

by the bipolar’s response will temporally sharpen the subsequent response in the ganglion 

cells. It has recently been demonstrated that this is likely to be mediated by GABAcRs 

(Dong and Werblin, 1998). The high affinity of GABAcRs for GAB A and their slower, 

sustained responses make them ideal for fine-tuning the neurotransmitter release from  

bipolar cell terminals. This is especially relevant considering that GABAcRs are expressed 

only on cells that are non-spiking (i.e. they show a graded response, proportional to the 

amount of excitation, rather than all-or-none action potentials). At low synaptic G ABA 

concentrations, they could function as a gain control to set the level of excitability of the 

neurotransmitter release mechanisms without interfering with the more transient inhibitory 

effects from GABA^ responses stimulated by higher GABA concentrations (Pan and 

Lipton, 1995; Zhang and Slaughter, 1995). It is also possible that feedback inhibition 

from an amacrine cell to neighbouring bipolar cell terminals, rather than the bipolar 

which stimulated it, will help to generate the centre-surround receptive field of ganglion 

cells which is crucial for contrast sensitivity (Tessier-Lavigne, 1991). A recent study 

investigating the relative contributions of GABAcRs and GABAcRs to rod or cone bipolar 

cell inhibition, suggested that rod bipolars are influenced more by GABAc responses 

(70% GABAc, 30% GABA^), whereas GABA^ responses exert a greater effect (80% 

GABAa, 20% GABAc) at cone bipolars (Euler and Waessle, 1998). Given the different 

contributions of rod and cone pathways to attributes such as motion, form and brightness, 

the speed and strength of inhibition to mould the responses of the bipolar cells mediating 

these pathways is likely to be of crucial importance.

It remains unclear why GABAcRs and GABAcRs are clustered at distinct synaptic sites on 

the same bipolar terminal. It is possible that they receive input from distinct types o f 

amacrine cells, which may be stimulated by different pathways, and release differing levels 

of GABA.
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Table 1 summarises the characteristics of GABA.R and GABArR.

GABA* receptor GABAc receptor

Agonists muscimol, TACA, CACA

Antagonists bicuculline TPMPA, 3-APMPA

Channel block picrotoxinin picrotoxinin

General physiology fast, transient, less sensitive to 
GABA

slower, sustained, more sensitive 
to GABA

Extracellular modulation benzodiazepines, barbiturates, 
steroids

Intracellular modulation PKA, PKC, src possibly PKA, PKC

Molecular structure Pentameric Cl- channel. 
a ( l —6), P (l—3), y(1-3), 8, e 
subunits. Multiple 
combinations possible

Pentameric Cl- channel. 
p (l-3 ) subunits. Homo
oligomers or possibly 
hetero-oligomers

Localisation within 
mammalian CNS

Ubiquitous. Tissue-specific 
subunit expression patterns

Mainly retina

Localisation within 
mammalian retina

Ubiquitous. Cell-type-specific 
subunit expression patterns

Bipolar cell terminals

Synaptic clustering 
mechanism

Unknown, (possibly gephyrin) Unknown

j) Evidence for clustering of GABAc receptors.

Staining retinal sections with an antiserum which recognises all p subunits demonstrates 

j that p subunit-containing receptors have a punctate, clustered distribution in the inner 

plaexiform layer of the retina. Treatment of dissociated retinal bipolar cells with the same 

antibody reveals that this pattern corresponds to the axon terminals o f these cells (Enz et 

al., 1996). Little p-subunit immunoreactivity is found on the somato-dendritic domain o f 

bipolar cells, implying that some kind of anchoring mechanism is employed to maintain 

the clustered distribution.
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III. Mechanisms of synaptic localisation of neurotransmitter receptors (NTRs). 

a) Introduction

It clearly beneficial to localise receptors close to sites of release of their ligand in order to 

produce the fastest and most specific synaptic response. As described in the previous 

section, ionotropic GABA receptors are found clustered at synaptic sites in the retina. 

Other ion channels are also specifically localised to synapses in the nervous system, for 

example ionotropic glutamate receptors (Craig et al., 1993) and glycine receptors (Triller 

et al., 1985). The most intensively studied and hence best characterised system with 

respect to ion channel localisation is the vertebrate neuromuscular junction (NMJ), where 

the concentration of nicotinic acetylcholine receptors (nAchRs) reaches approximately

10,000 molecules pm   ̂ at the site of contact with the motor axon. The concentration of the 

receptor at extrasynaptic sites is less than 10 molecules pm   ̂ just a few microns away from 

the motor endplate (Froehner, 1991). The importance of this clustering has been 

demonstrated in mice lacking the gene for the nAchR clustering protein rapsyn (Gautam 

et al., 1995). The mutation is lethal; homozygotes die within hours after birth. They are 

unable to breathe efficiently, to stand on all fours or to hold their heads up; symptoms 

attributed to severely impaired neuromuscular function.

The details of the mechanism for the synaptic localisation of AchRs at the NMJ will now 

be discussed, followed by the equivalent mechanism for glycine receptors, another 

member of the ion-channel superfamily, at inhibitory CNS synapses. A section has also 

been devoted to the discussion of the mechanism of clustering of ion channels at 

excitatory CNS synapses.

b) Clustering of the nicotinic acetylcholine receptor at the neuromuscular junction

RAPSYN

One of the main reasons why knowledge of the nAchR and the NMJ have preceded other 

synaptic specialisations is the availability of the Torpedo electric organ (Unwin, 1998). 

Early studies on the electric organ with respect to receptor clustering showed that a 43kD 

protein (later referred to as rapsyn) co-purifies and colocalises with the nAchR (Froehner 

et al., 1981; Neubig et al., 1979; Sealock et al., 1984), and that removal of rapsyn results 

in an increase in mobility of the nAchR within the membrane without affecting receptor 

function (Rousselet et al., 1982). A direct biochemical interaction between rapsyn and the 

nAchR has yet to be demonstrated, although chemical cross-linking and high-resolution
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electron microscopy has indicated that this is likely to be the case (Burden et al., 1983; 

Mitra et al., 1989; Toyoshima and Unwin, 1988). With the advent of molecular cloning, 

cDNA sequences for rapsyn (Frail et al., 1987) and for the nAchR (Noda et al., 1982) 

were ascertained, allowing recombinant studies in heterologous systems. nAchRs 

expressed in Xenopus oocytes or quail fibroblasts show a uniform plasma m em brane 

distribution, but co-expression with rapsyn results in a redistribution of the receptor into 

clusters which precisely colocalise with rapsyn, strongly suggesting that rapsyn is 

responsible for nAchR clustering at the NMJ. (Froehner et al., 1990; Phillips et al., 

1991a). These studies also demonstrate that rapsyn will form similar clusters even in the 

absence of nAchRs. The rapsyn-knockout mouse shows a diffuse, non-clustered

distribution of nAchR in muscle fibres and cultured myotubes, indicating that rapsyn is 

necessary for the aggregation of nAchR at the NMJ (Gautam et al., 1995). An early study 

suggested that rapsyn binds directly to actin to anchor nAchR to the cytoskeleton (Walker 

et al., 1984) and there are a number of additional proteins specifically expressed at high 

levels at the NMJ, which together form the dystrophin-associated glycoprotein complex 

(DOC) (Apel and Merlie, 1995; Froehner, 1993). Rapsyn can induce the clustering of p- 

dystroglycan, a transmembrane constituent of the DOC (Apel et al., 1995), and binds 

directly to it (Cartaud et al., 1998). This suggests that rapsyn may be a linker protein 

anchoring the nAchR to the DGC, which is in turn associated with the actin cytoskeleton 

(Apel et al., 1995; Ervasti and Campbell, 1993). Furthermore, DGC proteins are not

clustered to synaptic sites in the rapsyn-knockout mouse (Gautam et al., 1995),

confirming that rapsyn is the primary intracellular protein involved in localising proteins 

to the NMJ. Rapsyn is the protein most intimately involved in nAchR clustering, so is the 

most relevant protein with respect to this study, and some structural features of rapsyn 

which are important in its role should be discussed. 75% of the protein is made up o f 

eight tetratricopeptide repeats (TPRs), which may form a-helices to mediate protein- 

protein interactions. At the N-terminus is a myristoylation site, and at the C-terminus a 

potential zinc-finger motif (Colledge and Froehner, 1998). The importance of these 

domains has been investigated by co-expression of rapsyn truncation mutants with

nAchRs in fibroblasts. The myristoylated N-terminus is involved in plasma membrane 

targeting (Phillips et al., 1991b), the TPR domains are involved predominantly in rapsyn 

self-association, and a putative coiled-coil region extending beyond TPR8 seems to be the 

important domain for nAchR interaction (Ramarao and Cohen, 1998). 3-dimensional 

modelling of this coiled region predicts that four basic lysine residues line up along one
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face of the helix, and acidic residues line up in a similar way adjacent to the lysines. It is 

possible that these charged residues are important for the interaction with nAchRs. It is 

unknown how other proteins which have been implied in binding to rapsyn, such as 

MuSK and p-dystroglycan, form their interaction. Interestingly, rapsyn can also cluster 

GABAaRs ( a l ,  p i, y2) as efficiently as nAchRs in fibroblasts (Yang et al., 1997), and will 

form intracellular aggregates of neuronal nicotinic nAchRs in a similar system (Feng et 

al., 1998; Kassner et al., 1998). However, there is no evidence that these interactions occur 

in vivo’, and only weak evidence that rapsyn is expressed in the CNS (Bums et al., 1997). 

The rapsyn knockout mouse has normal cholinergic intemeuronal synapses in the 

superior cervical ganglion, indicating that rapsyn is not required for clustering of these 

neuronal nAchRs. There is also evidence to suggest that rapsyn is expressed in some 

tissues which do not express muscle or neuronal AchRs, implying it has more diverse 

functions than clustering AchRs at synaptic sites (Musil et al., 1989).

AGRIN

The importance of the DGC in NMJ organisation became more apparent on further 

studies of the basal lamina protein agrin (Ruegg and Bixby, 1998), which is released from  

motor neurons and can induce clustering of nAchRs on the surface of cultured myotubes 

without affecting the number of receptors present (Reist et al., 1992; Wallace, 1989). The 

generation of an agrin knockout mouse confirmed that agrin is likely to be an nAchR 

clustering agent, as muscle fibres in the mutant mouse do not have well-formed 

postsynaptic clusters (Gautam et al., 1996). Agrin stimulates the phosphorylation o f 

nAchR P subunit on tyrosine residues, as well as y and Ô subunits on serines (Wallace et al., 

1991), an event which is likely to be important in the signal transduction process leading 

to the clustering of nAchR, (Wallace, 1991; Wallace, 1995). Agrin does not interact with 

the nAchR, but can bind to an extracellular component of the DGC (a-dystroglycan). 

However, a-dystroglycan does not constitute the entire agrin receptor (Gee et al., 1994). 

M uSK

MuSK is a muscle-specific receptor tyrosine kinase which is expressed throughout the 

myotube in the embryo, and restricted to the NMJ as the neuromuscular system matures 

(Jennings et al., 1993; Valenzuela et al., 1995). A MuSK knockout mouse was generated 

(DeChiara et al., 1996) which had a very similar phenotype to the agrin knockout animal 

(Gautam et al., 1996); essentially a lack of nAchR clusters. Furthermore, cultured 

myotubes from MuSK knockout mice will not form nAchR clusters in response to 

exogenously applied agrin, which suggests that MuSK is an agrin receptor (Glass et al..
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1996). MuSK is still aggregated at synaptic sites in the rapsyn knockout mouse, indicating 

that in vivo rapsyn is not in fact required for MuSK clustering (Apel et al., 1997). It 

appears that MuSK can form a “primary scaffold” at synaptic sites which then requires 

rapsyn for phosphorylation of nAchR by MuSK and also for the subsequent recruitment 

of other NMJ proteins (Apel et al., 1997).

In summary, agrin is released from the motor neuron and binds to MuSK, resulting in 

autophosphorylation of MuSK and the establishment of a primitive MuSK cluster. Rapsyn 

is then recruited to the synapse, and clusters nAchRs, which involves phosphorylation o f 

nAchR subunits by MuSK. The DGC complex is also aggregated at the nascent NMJ, and 

these proteins may interact with the underlying actin cytoskeleton to anchor the NMJ in 

place.

c) Clustering of glycine receptors by Gephyrin at inhibitory postsynaptic sites in the 

CNS.

Glycine receptors (GlyRs) are the major inhibitory neurotransmitter in the spinal cord, 

and they are also found in the retina and lower brain regions (Vannier and Triller, 1997). 

They are concentrated in clusters at postsynaptic sites (Koulen et al., 1996; Triller et al., 

1985). A 93kD peripheral membrane protein (later known as gephyrin) co-purifies with 

the GlyR complex on affinity-purification (Pfeiffer et al., 1982; Schmitt et al., 1987), and 

binds directly to tubulin in an overlay assay (Kirsch et al., 1991). An early attempt to 

clone gephyrin used an expression-cloning system to screen a fusion-protein library 

derived from rat spinal cord cDNA with antibodies raised against the purified postsynaptic 

GlyR complex. This yielded a clone named neuraxin which satisfied the criterion o f 

binding to microtubules, and was approximately the correct size (Rienitz et al., 1989). 

However, neuraxin was later found to correspond to the C-terminal half of microtubule- 

associated protein MAP5 (later known as M APIB); the methionine representing the 

putative initiation codon of neuraxin is an internal methionine in M APIB (Kirsch et al., 

1990). The possibility of glycine receptors binding to M APIB was not investigated 

further. The subsequent cloning of gephyrin showed that it is expressed in kidney, lung, 

liver as well as neuronal tissue, suggesting that it does not have an exclusive role in GlyR, 

or even neuronal, function (Prior et al., 1992). This can be explained by the fact that a 

number of splice variants of gephyrin exist, which show some distinct spatial and temporal 

expression patterns, and only a proportion of which may be associated with GlyRs (Kirsch 

et al., 1993a; Prior et al., 1992). A direct function for gephyrin in the clustering of GlyRs
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to synaptic sites is shown by the prevention of clustering in cultured E14 rat spinal cord 

neurons by the application of gephyrin antisense oligonucleotides. GlyR 

immunoreactivity in anti sen se-treated cells is found in an intracellular, vesicular 

compartment, not at the cell surface (Kirsch et al., 1993b). In untreated cultures, 3 days 

after plating the neurons, gephyrin staining is seen at sites of focal cell attachment; after a 

week, gephyrin aggregates are seen at the periphery of soma and neurites. GlyR 

immunoreactivity is seen intracellularly at day 3 in vitro, and only by day 10 do GlyR 

and gephyrin co-localise. So it appears that gephyrin clusters become established at 

synaptic sites, and GlyRs are subsequently recruited (Kirsch et al., 1993b; Vannier and 

Triller, 1997). A recent extension of this study suggests that receptor activation is 

required for the efficient formation of postsynaptic GlyR/gephyrin complexes. Strychnine 

blockade of GlyR activity inhibits the clustering of gephyrin and GlyR, and results in an 

intracellular (probably endocytic) GlyR immunoreactivity, and gephyrin staining at focal 

cell attachments, both akin to the situation early in development in untreated cultures 

(Kirsch and Betz, 1998; Kirsch et al., 1993b). The model these authors propose is that 

GlyRs are diffusely incorporated into the plasma membrane, and release of glycine from  

presynaptic terminals results in Ca^  ̂ influx which somehow causes gephyrin to aggregate 

at the nascent postsynaptic membrane. GlyRs are then trapped in this raft of synaptic 

gephyrin, and then stabilised by an interaction of gephyrin with the cytoskeleton. These 

experiments are in contrast to the nAchR and rapsyn as described in the previous section, 

where rapsyn will cluster nAchR in fibroblast plasma membranes, and agrin induces the 

clustering in vivo, with no requirement for the release of acetylcholine from the m otor 

neuron (Ruegg and Bixby, 1998). The dependence on receptor activity of cell-surface 

clustering of GlyRs by gephyrin is supported by the fact that expression of gephyrin in 

human embryonic kidney (HEK) 293 cells, where there will clearly be no receptor 

activation, results in the formation of intracellular aggregates of gephyrin. Co-expression 

of GlyR a(3 heteromers with gephyrin in HEK293 cells results in the targeting of GlyR to 

these gephyrin aggregates (Kirsch et al., 1995). The gephyrin-induced aggregation o f 

GlyR is dependent on a minimal 18 amino acid binding site in the P subunit (Meyer et al., 

1995); GlyR a  subunit homomers remained at the cell surface in HEK293 cells, 

implicating the P subunit as the specific gephyrin binding partner (Kirsch et al., 1995). 

There has been little progress in elucidating functional domains within the gephyrin 

polypeptide which might mediate its interaction with tubulin or other synaptic proteins, 

although it does have a sequence m otif which is homologous to the m icrotubule-binding
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domain of MAP2 (Kirsch et al., 1996). It is quite common for cytoskeleton-associated 

proteins to be able to bind both actin and tubulin (Pedrotti et al., 1994; Pedrotti and Islam, 

1996; Sattilaro, 1986), and it appears that gephyrin might also interact with both of these 

cytoskeletal elements. Glycine receptor clustering by gephyrin can be affected by 

disruption of either microtubules or microfilaments in cultured spinal neurons with 

specific drugs (Kirsch and Betz, 1995). This study suggests that there may be an 

antagonistic effect of microtubules and microfilaments, in such a way that interaction o f 

gephyrin with microtubules generates denser postsynaptic clusters, and that 

microfilaments tend to favour larger, more diffuse clusters (Kirsch and Betz, 1995). By 

regulating the interaction of gephyrin with actin and tubulin, the density of GlyR in the 

postsynaptic membrane could be controlled, which might be an important way o f 

modulating synaptic transmission at these synapses. It has been demonstrated that the 

density of GlyR in heterologous cells has a profound influence on receptor function 

(Taleb and Betz, 1994). The interaction of many microtubule-associated proteins (MAPs) 

with the cytoskeleton is regulated by phosphorylation (Brugg and Matus, 1991; Lindwall 

and Cole, 1984; Pedrotti and Islam, 1996), so it is possible that the interaction of gephyrin 

with the cytoskeleton is regulated in a similar way to control the density of GlyR clusters 

at synaptic sites. Gephyrin is phosphorylated by a novel serine/threonine kinase which co- 

purifies with the GlyR complex, so it is possible that this kinase might regulate the 

interaction of gephyrin with the cytoskeleton, or its interaction with GlyR (3 subunit. Both 

GlyR P subunit and tubulin are also phosphorylated to low stoichiometry by this kinase 

(Langosch et al., 1992).

A very striking feature of gephyrin is its pattern of expression. It is not exclusively found 

at glycinergic synapses, and is often expressed at GABAergic synapses, for example in the 

hippocampus (Craig et al., 1996), spinal cord (Cabot et al., 1995) and retina (Sassoe- 

Pognetto et al., 1995). This has led to much speculation about the possibility that 

gephyrin also clusters GABAcRs at synaptic sites and thus may be a general organising 

molecule for inhibitory ligand-gated ion channels at CNS synapses. A direct interaction 

between GABACR subunits and gephyrin has not been demonstrated (Meyer et al., 1995), 

although the p3 subunit is partially targeted to intracellular gephyrin aggregates in co 

transfected fibroblasts (Kirsch et al., 1995). In the retina, gephyrin is expressed at high 

levels in the inner plexiform layer (IPL), where GlyR, GABACR and GABACR are also 

highly expressed, and it colocalises with both GABACR and GlyR (Sassoe-Pognetto et al., 

1995). Interestingly, there is no significant colocalisation of gephyrin and GABACR
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subunits (Koulen et al., 1998); in fact, gephyrin is not expressed on bipolar cell axons 

which is the major site of GABACR expression (Enz and Bormann, 1995; Enz et al., 1996; 

Sassoe-Pognetto et al., 1994). So there remains the possibility that gephyrin can cluster a 

GABACR subtype, likely to be pS subunit-containing receptors (Kirsch et al., 1995). In 

the retina, this might occur on amacrine-ganglion cell or amacrine-amacrine synapses, but 

not at amacrine-bipolar GABAergic synapses (Sassoe-Pognetto et al., 1994). It could also 

be concluded that GlyRs in bipolar cells ( a l  and p i subunits are detected by RT-PCR 

(Enz and Bormann, 1995)) are clustered by a mechanism distinct from gephyrin.

d) The excitatory glutamatergic synapse

The Postsynaptic Density (PSD) is a specialised structure found at the synaptic junction, 

densely packed with an array of cytoskeletal and signalling proteins (Kennedy, 1997; 

Ziff, 1997). Particularly prominent in the PSD are the ionotropic glutamate receptors, and 

immunostaining for the N-methyl-D-aspartate (NMDA) subtype (Komau et al., 1995; 

Wyszynski et al., 1997) or a-am ino-3-hydroxy-5-m ethyl-4-isoxazoleproprionic acid 

(AMPA) subtype (Craig et al., 1993) in hippocampal neurons indicates that they have a 

clustered distribution at these postsynaptic sites. These ionotropic glutamate receptors 

have a different subunit topology compared to nAchR, GlyR and GABA^/cR» having a 

long intracellular tail at the C-terminus instead of a TM3-TM4 loop (Westbrook, 1994). 

Most studies investigating the nature of the clustering mechanism for ionotropic 

glutamate receptors have focused on NMDARs, which are important for synaptic plasticity 

particularly in long-term potentiation (LTP) (Bliss and Collingridge, 1993). The subunit 

composition of NMDAR comprises N R l, which has a number of variants brought about 

by differential splicing of the C-terminal tail, and NR2, of which there are 4 subtypes 

NR2A-NR2D (Monyer et al., 1992). It was postulated that there might be an anchoring 

mechanism involving the C-terminal tail of NR and GluR subunits, so yeast two-hybrid 

screens have been employed to investigate this possibility (Dong et al., 1997; Ehlers et al., 

1998; Komau et al., 1995; Lin et al., 1998; Wyszynski et al., 1997). The first binding 

partner isolated for NMDAR was PSD-95, also known as SAP-90 (Cho et al., 1992; 

Kistner et al., 1993), which binds to all NR2 subunits and also restricted splice variants o f 

NRl in the yeast two-hybrid system (Komau et al., 1995). PSD-95 is one member of a 

large family of related proteins characterised by three PDZ domains at the N-terminus, an 

SH3 domain in the middle, and an enzymatically inactive guanylate kinase domain at the 

C-terminus (Sheng, 1996). NMDAR subunits can interact with multiple members of the
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family, including PSD-95/SAP90 (Komau et al., 1995), SAP97 (Niethammer et al., 1996), 

PSD-93 (Brenman et al., 1996a), SAP 102 (Mueller et al., 1996) and chapsyn 110 (Kim et 

al., 1996). The C-terminal 4 amino acid residues of NMDAR subunits are critical for their 

binding to PDZ domains, and conform to the consensus - Asp/Glu - Ser/Thr - X - Val. 

Chapsyn-110 and PSD-95 can induce membrane clustering of NMDARs in COS 

fibroblasts (Kim et al., 1996), showing a similar pattern to rapsyn’s effect on nAchR 

(Phillips et al., 1991a). The presence of NR2 subunit is required for this activity; N R l 

subunits expressed alone with PSD-95 or chapsyn-110 do not form clusters. SAP97 will 

not induce cell-surface clustering of NRs in heterologous cells, but instead forms 

intracellular aggregates akin to the effect of gephyrin on GlyRs (Kim and Sheng, 1996; 

Kirsch et al., 1995). The relevance of this might be that PSD-95 and chapsyn-110 are 

predominantly postsynaptic (although PSD-95 can be found presynaptically), whereas 

SAP97 is concentrated at presynaptic sites, and there are likely to be different 

requirements for the organisation of pre- and postsynaptic domains (Sheng and 

Wyszynski, 1997). PSD-95 family members induce the membrane clustering of NMDARs 

by forming disulphide bonds with other PSD-95 or chapsyn-110 molecules to form a raft 

to which ion channels can bind via the three PDZ domains (Hsueh et al., 1997). PSD-95 

family proteins bind not only to NRs, but also to various types of potassium channel, 

including voltage-gated shaker Kv 1 (Kim et al., 1995), inward rectifiers Kir 2 (Cohen et 

al., 1996) and Kir 4 (Horio et al., 1997). The interaction of these channels with PSD-95 

proteins results in membrane clustering, and also regulates their activity (Horio et al.,

1997). The fundamental role of the PSD-95 proteins in synaptic organisation is further 

demonstrated by the fact that they are able to interact with a wide range of other proteins 

which are crucial for synaptic transmission. For example, neuroligins are transmembrane 

proteins which interact with P-neurexins on neighbouring cells, and are thus involved in 

cell-cell junctions (e.g. synapses). The intracellular domains of neuroligins interact with 

PSD-95 proteins and may be involved in targeting PSD-95, and hence NMDARs, Kirs, etc. 

to the synapse to establish and maintain synaptic structure (Irie et al., 1997). Neuronal 

nitric oxide synthase (nNOS) is an enzyme whose product, nitric oxide (NO) is thought to 

act as a retrograde neurotransmitter mediating information transfer to bring about 

presynaptic changes during LTP (Brenman and Bredt, 1997). A PDZ domain in nNOS 

interacts with the second PDZ domain in PSD-95 & PSD-93 to localise it to the PSD, and 

also with a PDZ domain in syntrophin, localising nNOS to the neuromuscular junction 

(Brenman et al., 1996a; Brenman et al., 1996b). PSD-95 and SAP 102 can interact with a
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brain-specific Ras-GTPase activating protein (RasGAP) named synGAP, therefore 

bringing an important element of intracellular signalling into the PSD (Kim et al., 1998). 

These studies have demonstrated that the PSD-95 family of proteins do not exclusively 

cluster excitatory neurotransmitter receptors, but play a role in bringing together a wide 

range of molecules important for neurotransmission and downstream signalling events 

(Craven and Bredt, 1998).

PSD-95 proteins are clearly involved in clustering ion channels and other important 

synaptic proteins, but there is little evidence that they interact directly with the 

cytoskeleton to anchor the structure in place. A novel protein named CRIPT has recently 

been cloned which may function to link PSD-95 to microtubules (Niethammer et al., 

1998). A range of NMDAR subunits also bind to the actin cytoskeleton via a-actinin-2 at 

dendritic spine synapses (Wyszynski et al., 1997), and also to brain spectrin (Wechsler and 

Teichberg, 1998). Both of these proteins are components of the PSD (Ziff, 1997), but the 

effect of co-expression in heterologous cells has not been investigated, possibly because 

most cells express at least a variant of these proteins. Interestingly, these interactions are 

sensitive to regulation by Ca^"^activated calmodulin, and phosphorylation by a number o f 

protein kinases, which could play a significant role in synaptic plasticity (Malenka, 1994; 

Wechsler and Teichberg, 1998; Wyszynski et al., 1997). Yet another potential mechanism 

for anchoring NMDARs is provided by the fact that a specific splice variant of NRl binds 

directly to neuronal intermediate filament subunit (NF-L) (Ehlers et al., 1998). An earlier 

study demonstrated that the targeting of NMDAR to clustered domains in QT-6 

fibroblasts was dependent on the existence of the same variant of N R l, so it is possible 

that these fibroblasts express a form of intermediate filament to which NRl can bind 

(Ehlers et al., 1995). Another protein which interacts with the same splice variant of NRl 

as NF-L is Yotiao, which is postulated to have a cytoskeletal function based on its coiled- 

coil structure and poor detergent extractability (Lin et al., 1998). This protein is also 

found in high levels at the neuromuscular junction (where NMDARs are not expressed), 

so an additional role distinct from anchoring NMDARs is implied.

PDZ domains are not exclusively present in PSD-95 family proteins; they are also found 

in nNOS and syntrophin (Brenman et al., 1996b), and additional proteins containing PDZ 

domains have recently been cloned and shown to be involved in neurotransmitter receptor 

localisation. GRIP (glutamate receptor interacting protein) contains seven PDZ domains 

and is involved in clustering AMPA-type glutamate receptors (Dong et al., 1997). It does 

not contain the SH3 domain or guanylate kinase domain of the PSD-95 family. The
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differential clustering molecules may explain the fact that NMDARs and AMPARs do not 

always colocalise with each other at hippocampal synapses in culture (Rao and Craig, 

1997; Rao et al., 1998). Homer contains just one domain which has homology to PDZ 

domains, with no other recognisable domains, and interacts with metabotropic glutamate 

receptors (Brakeman et al., 1997), although it is not known if it is involved in synaptic 

clustering.

Table 2; Summary of neurotransmitter receptor clustering mechanisms

Receptor Clustering
Protein

Cytoskeletal
Attachment

Extracellular
Influences

muscle nAchR rapsyn actin: direct or via 
p-dystroglycan & 
utrophin

agrin released from 
motor neuron. Ach 
release not required.

neuronal nAchR ?? possibly 
rapsyn ??

?? ??

GlyR gephyrin microtubules
actin

glycine released 
from presynaptic 
terminal

GABACR ?? possibly 
gephyrin ??

microtubules
actin

??

GABAcR ?? ?? ??

5 HT3R ?? ?? ??

NMDAR N R l a-actinin-2 actin ??
spectrin actin ??
NF-L direct interaction ??
yotiao ?? ??

NMDAR NR2 PSD-95 family ?? unknown, but PSD-95 
clusters only at synaptic 
sites

AM PAR GRIP ?? ??

e) Clustering neurotransmitter receptors; a ubiquitous concept involving different 

mechanisms.

Rapsyn, gephyrin and PDZ proteins are three well characterised examples of molecules 

involved in the synaptic localisation of neurotransmitter receptors; they are summarised in 

table 2. It appears that there are many different mechanisms for clustering 

neurotransmitter receptors, each one involving a different set of specific molecules, and
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different cytoskeletal elements. This is likely to be of importance in the differential 

localisation of each class of receptor; for example the differential synaptic locations o f 

GlyR, GABACR and GABACR on retinal bipolar cells. The molecular structures of most o f 

the molecules involved in these mechanisms are completely different (except for the PDZ 

domain-containing proteins), so searching for novel anchoring proteins on the basis o f 

sequence homology is likely to prove fruitless. However, there are certain aspects which 

are common to several of the clustering mechanisms. Primarily, there is a connection with 

the cytoskeleton to anchor the receptors in place. Secondly, the clustering proteins are 

able to form clusters at nascent synapses or in heterologous cells in the absence of the 

receptor. Thirdly, there is often the requirement for an extracellular signal from the 

presynaptic element, to drive the formation of the incipient postsynaptic cluster. It is 

possible that another common property of receptor clustering proteins is that they have a 

mechanism for plasma membrane targeting; PSD-95, gephyrin and rapsyn can self-cluster 

at the plasma membrane before the receptor arrives at the synapse. Rapsyn and PSD-95 

have fatty-acid modifications at their N-termini which are required for localisation to the 

intracellular face of the plasma membrane (Phillips et al., 1991b; Topinka and Bredt,

1998). Gephyrin can also be myristoylated, but may require proteolytic processing for 

this to occur (Vannier and Triller, 1997). Gephyrin aggregates do not reach the plasma 

membrane in fibroblasts, but do so in spinal neurons (where neuronal activity is required), 

so it is possible that fatty acid modification only occurs in a neuronal environment. 

Another interesting aspect of many of the anchoring proteins is that they seem to have 

other functions apart from the localisation of neurotransmitter receptors, based on the fact 

that they are expressed in tissues which do not express the receptor, or are found within 

the same tissue (or even the same cell), but at sites distinct from the receptor cluster. This 

in turn implies that the clustering mechanisms must be regulated so that they result in the 

appropriate localisation of the receptor.

f) GABA receptors

GABACR and GABAcRs are clustered at synaptic sites, but currently no firm evidence 

exists for the identity of an anchoring protein for either of these classes of ionotropic 

GABAR. The possibility of an interaction between GABACR and gephyrin (Kirsch et al., 

1995; Sassoe-Pognetto et al., 1995) was described in section c) above, although this has 

not been proven biochemically. Similarly, rapsyn has been shown to cluster GABAcRs in 

fibroblasts (Yang et al., 1997), but no further evidence for an in vivo interaction has been
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provided. No attempts have been made to elucidate the mechanism of clustering o f 

GABAçRs.

The anchoring proteins for nAchR and for GlyR were identified because they co-purify 

with the receptor (Neubig et ah, 1979; Pfeiffer et al., 1982). Several proteins do co 

precipitate with anti-GABA^R a l  subunit antibody from brain extract (including actin 

and tubulin) (Kannenberg et al., 1997), but the identity of these molecules has yet to be 

determined. PSD-95, a-actinin-2, intermediate filament NF-L, yotiao and GRIP were all 

identified as glutamate receptor interactors by means of the yeast two-hybrid system (see 

section c, above). nAchR, GlyR and GABA^/cR subunits have a different transmembrane 

topology compared to NMDAR and AMPAR, the former group having a large 

intracellular loop instead of a C-terminal tail as the most likely binding domain. There are 

no accounts to date where such a loop has been used successfully as a yeast two-hybrid 

bait.

l.IV ) The Yeast 2-Hybrid system.

The yeast two-hybrid (Y2H) system is used to test whether or not two known proteins 

interact with each other, or to screen a library with a protein of interest in the search for 

potential binding partners. It was developed by Fields and Song (1989), taking advantage 

of the domain structure of the Saccharomyces cerevisiae transcription factor GAL4, which 

in wild-type yeast is involved in the regulation of transcription of genes encoding 

enzymes for utilisation of galactose (the lac operon, including lacZ). The N-terminal 

domain of GAL4 binds to specific DNA sequences upstream of the lacZ  gene (upstream 

activation sequence, UAS), and the C-terminal domain, which contains acidic regions, 

binds to other components of the transcription machinery to activate transcription. These 

two domains can be separated so that transcription of the lacZ  gene is abolished. Fusion 

proteins encoding the GAL4 domains with two different polypeptides of interest are then 

expressed in the yeast cells. If the polypeptides interact with each other then the GAL4 

transcription factor will be reconstituted, and transcription of lacZ  resumed. The lacZ  

gene encodes (3-galactosidase, which will form a blue reaction product from the substrate 

X-gal, so acts as a reporter for a positive interaction. A strain of yeast is required which 

has the native GAL4 mutated out, so that it can be transformed with plasmids encoding 

the DNA-binding and transactivation domain fusion proteins. Many commercial systems 

now use a yeast strain which is also null for the transcription factor controlling the gene 

involved in the synthesis of histidine (the HIS3  gene), and is engineered so that the

44



reconstituted GAL4 transcription factor will also activate this gene and allow growth on 

medium lacking histidine (synthetic dropout, SD-his). This allows for two rounds o f 

selection from the expression of two reporter genes; positive interactions will activate 

H1S3 allowing growth on SD-his, and also lacZ  , to produce the blue product in a reaction 

with X-gal. Further mutations in the yeast strain (in this study, Y190), enable selection for 

one or the other of the two plasmids expressing the DNA-binding and transactivation 

domains respectively. Y190 does not have functional LEU2 or TRPl genes, allowing 

growth on SD-leu or SD-trp, and one of these genes is instead encoded on each of the 

plasmids. In the system used in this study (Clontech), the protein of interest (p i 

intracellular domain) is expressed as a fusion with the DNA-binding domain of GAL4 in 

the vector pAS2-l (the “bait”), and the library proteins as fusions with the transactivation 

domain in the vector pACTII.

The Y2H system has many advantages over traditional techniques of investigating protein- 

protein interactions such as immunoprécipitation and covalent cross-linking. Perhaps the 

most important advantage is that the plasmid DNA encoding the binding partner can be 

easily isolated and sequenced to give the identity of the protein; no antibodies or protein 

purification are required. The interaction occurs inside a living cell, (albeit a yeast cell) 

and the proteins are therefore likely to show native conformation. Low affinity 

interactions can be detected; those with dissociation constants of up to 70fiM have been 

detected (Yang et al., 1995) There are also a number of limitations of the system, most o f 

which can be circumvented or controlled for. Some bait proteins may have inherent 

transactivation activity. This can be checked before screening by ensuring that the bait 

alone will not activate the reporter genes and if it does, smaller regions of the polypeptide 

can be tested. Similarly, some library fusion proteins may be able to bind DNA, and 

therefore activate the reporter genes in the absence of bait fusion protein. The cellular 

environment was listed as an advantage of the system, but the fact that yeast cells are used, 

and often mammalian proteins are the subject of study, implies that this situation is still 

not optimal. Certain post-translational modifications such as phosphorylation, which 

could influence the interaction, might not be carried out to the same extent in yeast as 

they would be in a mammalian cell. The over-expression of some fusion proteins can be 

toxic to yeast, so the use of vectors with low copy numbers or weaker promoters might be 

necessary. If a positive interaction is isolated, and survives the “bait-only” and “lib rary- 

only” controls, then it is likely to be real, although the high sensitivity of the system can 

sometimes indicate a positive when it will not be significant in vivo. Less sensitive liquid
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culture (3-galactosidase reactions can be carried out using o-nitrophenyl (3-D- 

galactopyranoside (ONPG) as a substrate to give a more quantitative idea of the strength 

of reaction. Subsequent confirmation by biochemical means is also required to confirm  

that the interaction occurs in vivo, and also to investigate the relevance of the interaction 

in the mammalian system.

l.V ) Aims of this thesis.

It is clear that ionotropic GABAcRs and GABAcRs are clustered at synaptic sites, and it is 

likely that this is brought about by a mechanism involving a protein which anchors the 

receptor to the subsynaptic cytoskeleton. Gephyrin and rapsyn were cloned by the fact 

that they co-purify with the GlyR and nAchR respectively, and PSD-95 was shown to 

interact with NMDARs in the yeast two-hybrid system using the free C-terminal tail as a 

bait. The main aim of this work is to identify a protein which may be responsible for 

ionotropic GABAR clustering, by screening a yeast two-hybrid library with a bait 

encoding the large intracellular loop of ionotropic GABAR subunits. The yeast two- 

hybrid system has not yet been successful in isolating proteins which interact with the 

large intracellular loop of a member of the ligand-gated ion channel superfamily. The 

more limited structural diversity of the GABACR, comprising p (l-3 ) subunits, compared 

to the heterogeneity of GABACR made up from a ( l - 6 ) ,  (3(1-3), y (l-3 ), ô and e, suggests 

that the GABACR will be a simpler system to study.

Once isolated by the yeast two-hybrid system, interactions will be confirmed with 

biochemical and immunohistochemical techniques, and a function investigated by 

transient expression in heterologous cells. It will be interesting to investigate whether or 

not a clustering protein for GABAcRs will also interact with GABAcRs. If not, it is possible 

that the differential distribution of GABACR and GABAcR is due to differential clustering 

mechanisms. Additional proteins isolated by the yeast two-hybrid screen will not be fully 

investigated in this study, but it is possible that they will also be GABAcR-specific, and will 

play a very important role in GABAcR function.
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CHAPTER 2
Materials and methods.

All chemicals were purchased from Sigma unless otherwise stated, and all restriction 

enzymes from New England Biolabs.

Oligonucleotides were produced by Cruachem and MWG Biotech.

Radionucleotides were purchased from Amersham.

2.1. M olecular Biology

Most of the techniques described can be found in Sambrook et al. (1989)

a) Bacterial strains

Subcloning and PCR cloning were performed using the E.Coli strain XL IB lue (F'::Tn 10  

proA+B+lacN A (lacZ)M15/recAl end A l  gyrA95(NaE) thi hsdR17{xK-mK+) supE44  

rel 1 lac (Bullock et al BioTechniques 1987).

Production of GST-fusion proteins was performed using the E.Coli strain BL21 (F-ompT  

[Ion] h sd S B (j^ -m ^-\ an E.coli B strain) with DE3, a X prophage carrying the T7 RNA 

polymerase gene (Studier, F.W. et al. Meth. Enzymol(1990))

b) Growth media and agar plates

Bacteria were grown in Luria-Bertani medium (LB). For plasmids encoding Ampicillin 

resistance, Ampicillin was added to a concentration of 70|ig/ml. For growth of BL21 

bacteria, chloramphenicol was added to a concentration of 30^ig/ml.

For plates, agar was added to 15g/l. All growth was carried out at 37 °C.

c) Preparation of electrocompetent bacterial cells.

Cells were streaked onto an LB agar plate without antibiotics. A single colony was then 

used to inoculate lOmls of LB grown at 37°C overnight. This was added to 1 litre of LB 

and grown to an absorbance at OD^oo of 0.6 (±0.5). The bacteria were spun down at 

4000rpm for lOmins and washed in 500ml sterile ice-cold water. They were then washed 

in 25ml sterile ice-cold 10% glycerol, and finally resuspended in 2.5ml 10% glycerol. 

Aliquots of lOOpl were stored at -80°C.
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d) Transformation of bacteria with plasmid DNA

20|xl of electrocompetent bacteria with the DNA of interest were added to a 0.2cm  

electroporation cuvette kept on ice. A BioRad genepulser was used to give a single pulse 

with the settings of 2.5KV, 2000  and 25|iF. The bacteria were immediately resuspended 

in 200|ll of LB and incubated at 37®C for 30min before plating onto LB-Agar plates with 

the appropriate antibiotics. The plates were then incubated at 37®C overnight.

e) Ethanol precipitation of DNA

To precipitate DNA from an aqueous solution, 0.1 volume of 3M Sodium Acetate pH 5.2 

followed by 2 volumes of 100% ethanol were added, and placed at -20°C for at least 

lOmin. For small amounts of DNA, such as completed ligations and preparation o f 

fragments prior to ligation, l |i l  of glycogen (1 mg/ml) was added before the salt and 

ethanol. After centrifugation at 13,000 rpm for 15 mins, the pellet was washed with 70% 

ethanol and dried at room temperature for 5 mins.

f) Phenol/chloroform extraction.

Phenol/Chloroform (p/c) is a 1:1 mixture of Phenol and Chloroform, equilibrated with 

Tris pH 7.5. Extraction was carried out on DNA samples of volume 400-500p,l, using the 

same volume of p/c in a microfuge tube. After addition of the p/c to the DNA sample, the 

mixture was vortexed thoroughly and centrifuged at full speed for Imin. The aqueous 

phase was then transferred to a fresh microfuge tube and the process repeated. A final 

extraction with chloroform alone was carried out to remove traces of phenol.

g) DNA electrophoresis

See Sambrook et al. (1989) chapter 6.

Briefly, agarose was added to IxTAE, and melted in a microwave oven. The concentration 

of agarose used depended on the size of fragments to be resolved, on a scale of 0.6% for 

large fragments (>5kB) up to 2.5% for small fragments (<0.5kB). Ethidium Bromide was 

added to a concentration of lOOng/ml. A lOx loading buffer of 0.25% brom ophenol 

blue, 0.25% xylene cyanol FF, 15% Ficoll-400 was added to samples prior to loading on 

the gel. DNA was visualised by placing the gel on a UV transilluminator.
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Human p i and p2 cDNAs cloned into bluescript were obtained from Dr. G. Cutting (Johns 

Hopkins, Baltimore, USA). Mouse GABACR cDNAs cloned into pGW l were obtained from 

the Moss laboratory stocks. Yeast two-hybrid baits of the subunit intracellular domains 

were constructed by PCR from these plasmids, to include the transmembrane regions 

(unless otherwise stated). The yeast two-hybrid cDNA library was a gift from Ching-Hwa 

Sung (Cornell University, USA). It was oligo-dT primed from bovine retina mRNA and 

cloned into pACTII (Clontech) with EcoRl and Xhol restriction sites. The library had 

already been amplified once, and it was amplified once more for this study.



II. Subcloning & PCR cloning

a) Plasmids used in this study

Yeast two-hybrid vectors pAS2-l (encoding the GAL4 DNA-binding domain) and 

pACTII (encoding the GAL4 activation domain) were from Clontech. Bacterial expresion 

vectors pGEX-4T3 and pGEX-2TK for GST-fusion protein production were from 

Pharmacia. pSV-SPORT 1, the mammalian expression vector for SV40 promoter-driven 

expression of M APIB, was from Gibco. For CMV promoter-driven expression in 

mammalian cells, pGW l was used (Moss et al., 1990).

b) Preparation of vector fragments

5-10|LLg of plasmid was digested in a volume of 50|il with the appropriate restriction 

enzymes and buffer. If two enzymes were being used, and the sites of digestion for the 

two enzymes were close together, one enzyme was added first and allowed to digest for 

Ih, followed by addition of the second for a further Ih. 2pl of each enzyme 

(approximately 40 units) were used per digest, and digests were carried out at 37®C. To 

reduce the level of self-ligation, Ip l of shrimp alkaline phosphatase (Amersham) was 

added to the reaction mixture after digestion and incubated at 37®C for a further 30min. 

5pi of loading buffer was added to the reaction mixture and this was run on an agarose 

gel (0.6-0.8% agarose) for 1 hour at lOOV, and the gel fragment cut out using a clean 

scalpel blade.

Purification of the fragment was carried out using the Gene Clean kit (Bio 101).

c) Preparation of inserts cut from existing constructs

5-lOpg of plasmid was digested as above, except that both enzymes would be used 

simultaneously, and no phosphatase was used. A higher percentage agarose was used 

depending on the size of insert. Purification was carried out using Gene Clean.

d) Preparation of inserts synthesised by Polymerase Chain Reaction (PCR)

PCR reactions were carried out with the following reaction mixture:

Ip l Tris pH 7 0.2M 

Ipl Tween-20 2%

Ipl KCl IM
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Ifil MgCl2 20,40,60,80,100 mM (many PCR reactions are highly sensitive to [Mg2+],

so this range was tested to find the optimum conditions.) 

l|Lil dNTPs 5mM each of dATP, dCTP, dGTP, dTTP 

Ing template plasmid 

0.5pg 5' sense primer 

0.5p,g 3' antisense primer 

0.5|il TAQ polymerase 

->20pl water.

This reaction mixture was subjected to 30 cycles of the following programme on a BioRad 

Gene Cycler:

30s @ 9 4 0 c

50s @ 50°C (this temperature was sometimes increased to improve the specificity of 

primer annealing to template, and therefore prevent the synthesis of 

unwanted products.)

70s @ 72°C.

After the reaction, the volume was increased to 400pl with water, phenol/chloroform 

extracted twice and ethanol precipitated as described in section 2.1.e/f.

The pellet was then resuspended in 43pl of water, 5|ll appropriate restriction enzyme 

buffer, and Ijitl of each of the restriction enzymes. This reaction mixture was then 

incubated for Ih at 37°C. Gel purification was carried out as above using 1.5-2.5% 

agarose gels.

e) List of primers used for synthesising PCR cloning inserts.

All are written 5' - 3'.

p i  intracellular loop (minus transmembrane regions)->pGEX 4T3 

5* primer CGTGGATCCGAGTATGCGGCCGTCAAC 

3' primer GAATTCTCACCTGGAGTATTTATCAAT

p i intracellular loop (plus transmembrane regions)->pAS2-l 

5' primer GGGATCCGTGTGGACATCTACCTC 

3' primer GGCTGCAGGAATAGACCAGTATAT
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p i intracellular loop (minus transmembrane regions)->pAS2-l 

5’ primer GGGATCCGTGAGTATGCGGCCGTC 

3’ primer GGCTGCAGGCCTGGAGTATTTATC

p2 intracellular loop (plus transmembrane regions)->pAS2-l 

5' primer AAGGAATTCGTGGACATCTACCTC 

3' primer AAAGGATCCTGACCAATAAATTAA

Clone 8^34 _> pACTII

5' primer CGGCACGGATCCGACATCCCAATTTCCTACTTA 

3' primer CACGAATTCCTTCTCCTTGGCGACTTTGGG

Clone sMTB _> pACTII

5' primer GTCGGATCCAAGGAGAAGACGGTGAAG 

3' primer TTTGAATTCTTTGATTTCTTTTTTGACTTCC

Clone 8^85 _>pACTII 

5' primer as for 8^34 above

3' primer CACCGTATGAATTCCTTTGCTTTCAACTTTGGG

Clone 8^65 _> pACTII

5' primer as for 8^34 above

3' primer GGTGAATTCTTTAGACTCCTTTCG

Clone 8^53 _> pACTII 

5' primer as for 8^34^ above

3' primer GCTGAATTCGAGTGGTTTTGCGGCTGG

Clone 8^36 _> pACTII 

5' primer as for 8^34^ above

3' primer CTTGAATTCTTTCAGTTTTACTTGTTTCAC
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Clone 8^19_> pACTII 

5' primer as for 8^^^, above

3' primer GAGAATTCTTCTGGGTGGCCAGCGGCT

C-terminal half of p l intracellular loop (Cl/2)->pGEX 4T3 

5’ primer AATGGATCCCTGGACAACTACATG 

3' primer as for full-length loop, above

N-terminal half of p l  intracellular loop (Nl/2)->pGEX 4T3

5' primer as for full-length loop, above

3' primer GGGGAATTCCTCTCCATTCTCTGGCAT

C-terminal half of C-terminal half of p l  intracellular loop (Cl/2C)->pGEX 4T3 

5' primer GAGGGATCCAGCTCCCCACAGAGGAAA 

3' primer as for full-length loop, above

N-terminal half of C-terminal half of p l intracellular loop (Cl/2N)->pGEX 4T3 

5' primer as for C l/2 , above.

3' primer TCTGAATTCTCAACTTTTCCTCTGTGGGGA

f) Ligations.

A rough estimate of the relative concentrations of vector and insert was made based on the 

intensity of bands on an agarose gel. Two different insert:vector ratios were used; 

approximately 5:1 and 20:1. A control with no insert was also carried out. The reaction 

mixture was as follows: 

vector 

insert

Ip l lOmM ATP (pH 7.5) 

l |i l  NEB T4 DNA Ligase Buffer 

Ip l NEB T4 DNA Ligase 

->10p,l water.

The reaction mixture was then left at room temperature for 3h. After the reaction, the 

volume was increased to 400|Lil with water, phenol/chloroform extracted twice and ethanol 

precipitated as described in section 2.1.e/f. The pellet was then resuspended in 20pl water.
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and lOp.1 of this was electroporated into XL 1 Blue bacteria as described in section 2.1.d. 

Mini-Preps (see next section) were carried out if an enhancement of more than two-fold 

from the control was seen from the numbers of colonies on the plates.

Mini-Preps were screened for successful ligation by restriction digest, using the same 

enzymes which were used to prepare the fragments before ligation.

For ligations carried out by PCR cloning, plasmids containing inserts were sequenced (see 

section 2.II.g) to check for TAQ polymerase mistakes.

g) Mini-preparation of plasmid DNA (mini-preps)

1.5ml of bacterial culture was added to a microfuge tube and centrifuged at 7,000rpm for 

3min in a bench-top microfuge. The medium was removed using an aspirator and the 

bacteria resuspended in 100)il of solution I. To this was added 200pl solution II (made 

fresh on the day of use), and mixed by inverting several times. After 5min, 150pl solution 

III was added. After mixing (not vortexing), and leaving on ice for lOmin, the tubes were 

centrifuged at full speed in a bench-top microfuge for lOmin. The supernatant was then 

removed to a fresh tube, and subjected to phenol/chloroform extraction. 1ml 100% 

ethanol was added to the samples and incubated at -20®C for lOmin, after which they were 

centrifuged at full speed for 15min. The pellet was washed in 400|il 70% ethanol, dried, 

and resuspended in 50|li1 water. If the DNA was to be used for sequencing, 30|xl of 60% 

PEG 6000, 2.5M NaCl was added, and incubated at 4®C for 2h. After centrifugation at 

full speed for 15min, the pellet was washed in 70% ethanol, dried, and resuspended in 

20pl water.

h) DNA sequencing

This was carried out using the United States Biochemical sequencing kit.

4pl of the mini prep (approx. l|ig ) was added to Ip l IM  NaOH and Ip l sequencing 

primer (21ng/pl). This was incubated at 70^C for lOmin, and then allowed to cool slowly 

to 30®C. 4|Li1 TDMN was added and left on ice before proceeding with the labelling 

reaction of the USB protocol.

TDMN: 3.2g TES, 0.5ml chloroform, 0.386g DTT, 4ml IM  M gCli, 2ml 5M NaCl, - 

>50ml water

i) Maxi-preparation of plasmid DNA by caesium chloride banding

This was carried out as described in Sambrook et al (1989) pages 1.38-1.39 & 1.42-1.46.
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500ml of bacterial culture in LB ampicillin grown overnight at 37®C was centrifuged at

4,000 rpm for 15 mins. This was resuspended in 10ml Solution I, to which 20ml Solution 

II was added and mixed well. 15ml Solution III was added and left on ice for 5min. This 

was centrifuged for lOmin at 4,000 rpm. To the supernatant was added an equal volume 

of isopropanol, followed by centrifugation for lOmin at 4,000 rpm. The pellet was 

resuspended in 3ml lOX TE to which was added 3.5g CsCl and 50p.l lOmg/ml Ethidium 

Bromide. This was centrifuged at 100,000 rpm overnight (or at least 4h) in a Beckman 

TEN 100 ultracentrifuge rotor. DNA bands were pulled using a 5ml syringe and wide-bore 

hypodermic needle and the ethidium bromide removed by butanol extraction.

The DNA was precipitated by adding 2 volumes of ethanol and centrifuged at 4,000rpm 

for 2min. It was often necessary to phenol/chloroform extract the DNA preparation if 

destined for cell transfection. The pellet was finally resuspended in TE to a concentration 

of 1 mg/ml.

DNA concentration was determined by reading the absorbance at 260nm.

I ll)  Cell Biology

a) Cell culture

COS cells and HEK 293 cells were most routinely used for transiently expressing proteins 

of interest. They were grown at 37®C with 5% CO2 in Dulbeco's Modified Eagle Medium 

(Gibco) supplemented with Glutamine (Gibco), 10% Foetal Calf Serum (Gibco), O.lu/ml 

penicillin and O.l^g/ml streptomycin.

b) Transient transfection of HEK 293 & COS cells

One 10cm dish of cells at 30-50% confluence was used per transfection. Cells were 

trypsinised from the dish and washed once in 10ml DMEM. After centrifugation at 

LOOOrpm for 2min, the cells were washed once in 10ml Optimem (Gibco), and then 

resuspended in 0.5ml optimem. The cells were transferred to a 0.4cm electroporation 

cuvette (BioRad), and lOjig plasmid DNA was added. When two different plasmids were 

being co transfected, 7.5|lg of each plasmid was added. Because the pSV-M APlB plasmid 

was so large, it was found that 25p.g was required when co-transfected with 7.5|Lig o f 

smaller plasmids such as EX V -pl. Electroporation was carried out with the settings 400V, 

250)LiF, 00 Q. The cells were then added to 5ml DMEM in a 6 cm dish. If the cells were to 

be viewed by immunofluorescence microscopy, 1cm coverslips coated with fibronectin 

and poly-L-lysine were placed in the 5cm dish prior to addition of cells.
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Cells were left at 37® for 16-40h depending on the proteins being expressed.

c) Dissociation of retinal cells

2 -month old albino rats were killed by cervical dislocation and the eyeballs removed. 

Retinae were dissected from the eye-cup in Ringer’s buffer (140mM NaCl, 2.5mM KCl, 

2.5mM CaClj, lOmM HEPES pH 7.4, lOmM glucose, ImM  NaHzPO^, 2mM M gC y, and 

cut into two pieces. One retina would therefore be used for two dissociations, and each 

dissociation would be sufficient for four coverslips. Dissected retina were then incubated 

in Ringer’s supplemented with 0.04% Hyaluronidase and 0.1% Collagenase for 20min at 

37“C. They were then carefully transferred to Mg^"^-free buffer supplemented with 2.5mM  

EGTA, 2mM L-cysteine, and 0.015% papain for 25min at 37°C, and then washed twice in 

Ringer’s plus 0.02% DNAse. Mechanical separation of cells was carried out by trituration

6 - 8  times using a flame-polished glass pasteur pipette. After this process, the preparation 

still had some aggregates, but was essentially a cloudy suspension, which was then placed 

carefully onto individual coverslips coated with fibronectin and poly L-lysine. Cells were 

allowed to settle for at least 30 min (up to 45min) with no disturbance at all. Coverslips 

were then washed three times in PBS, and the cells fixed with 4% paraformaldehyde for 

5mins (no longer). After washing with PBS, the cells were then treated as fibroblasts for 

immunocytochemistry (see below).

d) Immunofluorescence microscopy

Cells on coverslips were washed once with PBS and then fixed with 4% paraform aldehyde 

in PBS for lOmin. For isolation of microtubule staining, an alternative fixation m ethod 

was used; cells were incubated in 100% methanol at -20°C for 6 mins. After washing again 

in PBS, the cells were blocked in 10% horse serum (Gibco) and 0.5% Bovine Serum 

Albumin in PBS for 2 X lOmin. If intracellular antigens were to be visualised, the cells 

were permeabilised with 0.1% NP-40. After another wash in PBS, cells were quenched with 

50mM NH4 CI for lOmin, followed by a further PBS wash. Antibodies were diluted in 

blocking buffer at the appropriate concentration and applied to the cells for one hour. 

Between primary and secondary antibody applications, the cells were washed 3 X 5min in 

blocking buffer. Fluorophore-conjugated secondary antibodies (Jackson 

immunochemicals) were used at a concentration of 1:250 in blocking buffer. The cells 

were finally washed three times in PBS and mounted in N-propyl gallate on glass slides. 

These were then viewed with an MRC 1000 confocal microscope.
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IV) Biochemistry

a) Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

3X SDS PAGE sample buffer (80mM Tris-HCl pH6 .8 , lOOmM DTT, 10% glycerol, 

2%SDS and 0.1% bromophenol blue) was added to samples before loading.

Separating gels were made up as follows:

Tris-HCl pH 8 .8  1.5M 13.3 ml

W ater + PROTOGEL (National Diagnostics) 26.6ml

(relative amounts of water and acrylamide depended upon the size of proteins to be 

resolved. For large proteins (>200KD) a gel of 5% acrylamide was used. For the range 

40-60KD a gel of 8 % was used)

10% SDS 0.8ml

25% Ammonium Persulphate 200|ll1 

N,N,N’,N’-tetramethy 1-ethylene diamine (TEMED) 20|il

Stacking gels were made up as follows:

Tris-HCl pH 6 . 8  0.625M 5ml 

W ater 12ml 

PROTOGEL 3ml 

SDS 10% 0.4ml

25% Ammonium Persulphate lOOpl 

TEMED lOpl

Gels were run in IX PAGE Buffer until the dye front was within 2cm of the bottom of the 

gel. If proteins were to be visualised directly, they were fixed and stained with 1% 

Coomassie Blue in 10% acetic acid/20% methanol and destained in 10% acetic acid/20% 

methanol. If proteins were to be visualised by western blotting, the following protocol was 

used.

b) Western blotting

The SDS-PAGE gel was placed against pre-wetted Hybond nitrocellulose (Amersham) 

with three pieces of Whatman 3mm filter paper on each side, and the completed 

"sandwich" placed in a BioRad western blot cassette. This procedure was carried out with 

all components wet with transfer buffer. Transfer was carried out in a BioRad western 

blotting apparatus with IX Transfer Buffer at 400mA. For large proteins (>200KD),
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transfer was allowed to continue for at least 6 h. For smaller proteins in the range 40- 

60KD, l-2h was sufficient. After transfer the filter was stained using 0.1% Ponceau S in 

5% acetic acid, and the positions of protein lanes and molecular weight markers marked 

with a ball-point pen. Excess Ponceau S was washed away with PBS, and the filter was 

blocked with 5% marvel milk in 0.1% Tween-20 in PBS for Ih  (Anti-clone 6 , although 

essentially unsuitable for western blotting, did give marginally cleaner results with a 3% 

bovine serum albumin (BSA) blocking buffer). Antibodies were diluted to the appropriate 

concentration in blocking buffer and applied to the filter in a sealed plastic bag for 1 h 

with vigorous shaking. Excess antibody was washed off with 0.1% Tween-20 in PBS (3 X 

lOmin). Secondary antibodies were conjugated to Horseradish Peroxidase and detected by 

application of Super Signal Chemiluminescent substrate (Pierce).

c) GST-Fusion protein production

BL21 bacteria were transformed with pGEX constructs and plated onto LB Agar plates 

containing Ampicillin and Chloramphenicol. A 20ml LB Amp/Chlor culture was grown 

overnight at 37®C, and added to 11 LB Amp the following morning. This was allowed to 

grow to an OD A600 of 0.5-0.7 (approx. 2.5 hours), after which isopropyIthio-^-D - 

galactoside (IPTG) was added to a final concentration of 0.5mM. Induction was carried 

out at room temperature, and allowed to continue for 3-4h. The bacteria were centrifuged 

at 4,000 rpm, washed in 10ml buffer A, centrifuged again and resuspended in 10ml IX  

TE containing lOOpM phenylmethylsulfonyl fluoride (PMSF) and lOpg/ml Aprotinin. 

Triton-X 100 was added to 1% and the mixture was sonicated at full power for 3 X 30s. 

The lysate was generally left overnight at -20^C at this stage. The following day, 25ml 

Buffer C + PMSF + Aprotinin was added and the mixture centrifuged at 30,000 rpm for 

30min. To the supernatant was added 1ml of Glutathione-Agarose beads, and the m ixture 

left at 4^C rotating for Ih. Glutathione-Agarose beads were pre-swollen in water for 

30min, and then washed three times in Buffer C before use. After affinity-purification, the 

beads were batch-washed four times with Buffer C + PMSF + Aprotinin. If required, the 

protein was eluted from the beads with Buffer C 4- PMSF + Aprotinin supplemented with 

lOmM reduced Glutathione pH 7.5.

d) In Vitro kinase assays

Phosphorylation of GST-fusion proteins (l-2p.g) was carried out in kinase-specific buffers 

to a final volume of 25 |li1;
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c AMP-dependent protein kinase (PKA): 20mM HEPES pH 7.0, 20mM MgClj. 

cGMP-dependent protein kinase (PKG): 40mM Tris-HCl pH 7.4, 20mM MgCl;,

2mM cGMP.

Ca^Vphospholipid-dependent protein kinase (PKG): 20mM HEPES pH 7.5, lOmM MgClj,

0.5mM CaClj, 40)ig/ml phorbol-12,13-dibutyrate. 

Ca2+/Calmodulin-dependent protein kinase type II (CamKII): 50mM HEPES pH 7.0,

lOmM MgClj, 10ng/|uil calmodulin, 0.2mM EGTA, 0.3mM CaClj.

For all reactions;

0.2mMATP (specific activity 500-1000 cpm/pmol using y-^^P-ATP; Amersham, 

3OOOCi/mmol). 10-50ng purified kinase was used per reaction, which was carried out at 

30°C for 20min. Assays were terminated by adding 25fil SDS-PAGE sample buffer. 

Incorporation of ^̂ P was visualised by separation of the proteins by SDS-PAGE, followed 

by autoradiography.

e) In  Vitro overlay assays

An equal amount of GST and GST-target fusion protein were separated by SDS-PAGE 

and transferred to nitrocellulose membrane. A denaturing-renaturing process was carried 

out by incubating the membrane in 7M Guanidine-HCl in lOmM HEPES pH 7.5, 70mM  

KCl, 5mM EDTA, ImM beta-mercaptoethanol for ten minutes at 4°C . A series of similar 

washes with decreasing Guanidine concentrations (3M, 1.5M, 0.75M, 0.4M, 0.2M, O.IM, 

OM) were then carried out for lOmin each. Non-specific protein binding was then blocked 

by incubation in the HEPES/KCl/EDTA/p-mercaptoethanol buffer supplemented with 5% 

marvel milk and 0.05% Triton X-100 for Ih at 4°C . This was followed by another 

blocking step with 1 % marvel for Ih at 4®C.

32-P labelled GST-pl intracellular loop was produced using a pGEX 2TK version of the 

pGEX plasmid, which has an Arg-Arg-Ala-Ser motif encoded between the GST and the 

poly linker. This makes the resulting protein a very good substrate for phosphorylation by 

PKA. The kinase reaction mixture was made up as follows; 

lOX PKA buffer (see section 2.IV.d, above) 6 \\\

G ST-pl (2TK) lOpg

y-32P ATP redivue (Amersham) 15|iil

Cold ATP lOpM 15|il

10 units PKA catalytic subunit

->60|il water
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Source of kinases:

PKA: Promega

PKC: gift from R. Huganir (Johns Hopkins, Baltimore, USA) 

PKG: Promega

Cam KII: gift from H. Schulman (Stamford, USA)



This was incubated at 30^C for 20min, after which EDTA was added to 20mM, and 

glycerol to 50%.

To separate the unincorporated counts from the labelled protein, a column of Sephadex 

G-25 beads (Pharmacia Biotech) in HEPES/KCl/EDTA/(3-mercaptoethanol buffer was set 

up in a long glass pasteur pipette. The buffer was supplemented with lOOmM Sodium 

Fluoride to minimise dephosphorylation. The kinase reaction mixture was carefully added 

to the top of the column and allowed to run in, with additional buffer added afterwards as 

required. Buffer emerging from the column was monitored for radioactivity and collected 

when radioactivity was detected. The pink colour of unincorporated 32P was left in the 

column.

Approximately 2x10® counts of radiolabelled p l intracellular loop was added to 3ml o f 

the second blocking buffer (1% Marvel) in a sealed plastic bag, and incubated overnight 

at 4®C with vigorous shaking. The following day, the membrane was washed 3 X 1  Omin 

with HEPES/KCl/EDTA/p-mercaptoethanol/0.05% Triton X-100, and exposed to X-ray 

film.

f) Affinity-purification ("pull-down”) assays

GST-fusion proteins were synthesised as described in section 2.IV.C, and were left bound 

to the glutathione agarose beads. Eyeballs from postnatal day 8  (PS) rats were removed 

and stored at -70^C. 8  eyeballs per assay was found to be optimal. Eyeball lysate was 

made by homogenising the tissue in a Down's Homogeniser in 20mM HEPES pH 7.5, 

60mM KCl, lOmM EDTA, 1% Triton X-100, plus protease inhibitors PMSF, aprotinin, 

leupeptin, antipain, pepstatin. This was then centrifuged at 50,000 rpm for 20min at 4°C . 

The supernatant was pre-cleared with 1 OOp.1 of a 1:1 slurry of GST bound to glutathione- 

agarose beads at 4°C rotating on a wheel for Ih. These beads were removed by 

centrifugation, and the supernatant incubated with the target GST-fusion proteins bound 

to beads at 4®C rotating for 2h. About lOOpg fusion protein was used per assay. After 

incubation, the beads were batch-washed four times with 1ml ice-cold lysis buffer, and 

resuspended in 50)Li1 3X SDS-PAGE sample buffer. Proteins were separated by SDS- 

PAGE and detected by western blotting. When a very large protein (>200KD) and a 

smaller protein (40-60KD) were to be detected from the same experiment, a double layer 

gel was made, with the bottom half 8 % acrylamide, and the top half 5% acrylamide, with a 

stacking gel as usual.
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g) Immunoprécipitation

- From retina extract

Eyeball lysate was prepared as above, although a larger number of eyeballs (15) was used 

per experimental condition. After centrifugation, the lysate was precleared with 50|Li1 of a 

1:1 slurry of protein A beads (Pharmacia Biotech) in lysis buffer with 50pg rabbit non- 

immune IgG (Pierce) for Ih  at 4®C, rotating on a wheel. The beads were removed by 

centrifugation, and to the supernatant was added a further SOpI protein A slurry plus the 

antibody of interest. Anti M APIB (a-M A PlB -C l) from Phillip Gordon-Weeks was used 

at 50pl of ammonium sulphate cut per experiment. This was incubated at 4®C for 4h on a 

rotating wheel. The beads were then batch-washed four times with 1ml ice-cold lysis 

buffer, and resuspended in 50pl 3X SDS-PAGE sample buffer. Proteins were separated by 

SDS-PAGE and detected by western blotting.

- From ^®S-labelled transfected cells.

COS cells were transfected with the appropriate expression constructs and left to express 

overnight. The following morning, cells were starved of methionine by washing three 

times in DMEM lacking methionine (met-) (Gibco) and incubating in this medium for 

30min in normal tissue culture conditions. After this time, fresh met- medium 

supplemented with 0.2mCi ^̂ S methionine was added to the cells, and incubated for 4h 

taking usual precautions for use of radioisotopes. The medium was removed from the 

cells, and they were washed in IP buffer lacking detergent (50mM NaF, lOmM Na 

Pyrophosphate, ImM Na Orthovanadate, 5mM EGTA, 5mM EDTA, 16.9mM NagHPO^, 

3 .ImM NaHgPO^, 0.5% Na Deoxycholate, 1% NP-40, lOOfiM PMSF, lOpg/ml Leupeptin, 

Antipain, and Pepstatin). Cell lysate was collected in IP buffer supplemented with 1% 

Triton X-100, and the nuclei removed by centrifugation at full speed in a bench-top 

microfuge for 15min. The lysate was pre-cleared by incubation with 50|xl of a 1:1 slurry 

of protein A-sepharose beads for Ih rotating on a wheel at 4°C. These beads were 

removed by centrifugation, and to the resulting supernatant was added a further 50p.l 

protein A sepharose slurry along with 5-lO pg of antibody. This was incubated for 2h 

rotating on a wheel at 4°C. The beads were washed very thoroughly with IP buffer 

supplemented with 1% Triton X-100 and 500mM NaCl, by three incubations at 4°C for 

lOmin rotating on a wheel. A final wash was carried out with low-salt IP buffer to remove 

excess salt from the bead slurry. The beads were resuspended in 30lll SDS-PAGE sample 

buffer and analysed by SDS-PAGE. The gel was stained with coomassie blue to visualise 

molecular weight markers and then incubated in IM  Sodium Salicylate at room temp for
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20min with gentle shaking. This acts to enhance the signal by emitting light as well as 

beta-radiation. The salicylate was washed off with water, the gel dried, and exposed to 

film.

V) Yeast Two-Hybrid System

a) Yeast strain and growth media

Yeast Strain Y190 was used for all experiments {MATa, ura3-52, his3-200, lys2-801, 

ade2-101, trpl-901, leu2-3, 112, gal4A,gal80A, cyh^2, LYS2 : : G A L l i/AS-H IS3j a T A -  

H1S3, URA3 : : G A L l \ j A T which uses the reporter genes HIS3  and 

lacZ.

For growth of non-transformed Y190, YPD medium was used (20g/L Peptone, lOg/L Yeast 

Extract)(Difco). pH was adjusted to 5.8, followed by autoclaving. Glucose was then added 

to 2% from a stock solution which had independently been autoclaved.

For growth of yeast carrying bait and/or library plasmids, synthetic dropout (SD) medium 

was used, made up to lack either tryptophan (-trp), leucine (-leu), or histidine (-his), or a 

combination of these.

6.7g/L yeast nitrogen base without amino acids, 0.64g/L CSM-LEU-TRP-HIS (B iolO l), 

and then according to drop-out requirements, 0.1 g/L L-tryptophan, 0.2g/L L-leucine, 

0.1 g/L L-histidine.

pH was adjusted to 5.8, followed by autoclaving. Glucose was then added to 2%.

For drop-out medium lacking histidine, 3-Amino Triazole (3-AT) was added after 

autoclaving to 25mM.

b) Yeast transformation

- Small-scale transformations

A sweep of yeast colonies were added to 5ml of medium (YPD for untransformed yeast or 

SD-trp for yeast already carrying the bait plasmid) and grown at 30^C overnight with 

shaking. 50ml of the same medium was inoculated with enough culture to have a starting 

0 0 6 0 0  of approximately 0.2. This was then grown to an 0 0 6 0 0  of approximately 0.6 

(no more than 0.9). The yeast cells were then centrifuged at 3,000rpm for 3min and 

washed once in 50ml 1 X TE pH 7.5, and then 3 times in 1ml O.IM Lithium Acetate/TE. 

They were finally resuspended in 0.5ml LiAc/TE. To a sterile 1.5ml eppendorf tube was 

added 0.2mg Salmon Sperm ONA and l)ig plasmid ONA, followed by lOOfxl yeast 

mixture, and 700pl 40% PEG (MW 3350) in O.IM LiAc/TE. This mixture was incubated
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at 30®C for 30min with shaking, followed by 20min in a 42®C waterbath. The cells were 

centrifuged at full speed in a bench-top microfuge for 30s, resuspended in lOOpl 1 X TE 

and spread onto the appropriate plates.

- Library transformations

The process was essentially a scaled-up version of the above.

The first 5ml culture was grown during the day for 8 h, then scaled up to 50ml overnight. 

The next morning, IL  SD-trp medium was inoculated to give a starting OD^OO of 0 .2 , and 

grown to 0.6. The yeast cells were then centrifuged at 3,000rpm for 3min and washed 

once in 500ml 1 X TE pH 7.5, and then twice in 10ml O.IM Lithium Acetate/TE. They 

were finally resuspended in 8 ml LiAc/TE. To the 8 ml yeast mixture was added 20m g 

Salmon Sperm DNA and lOOpg library plasmid DNA, followed by 60ml 40% PEG (MW 

3350) in O.IM LiAc/TE. This mixture was incubated at 30^0  for 3Omin with shaking, 

followed by 20min in a 42®C waterbath. The cells were centrifuged at 3,000rpm for 3min, 

resuspended in 100ml 1 X TE and spread onto large plates (20cm X 20cm) SD-leu-trp- 

his 25mM 3-AT.

To check transformation efficiency, lOOp.1 of a 1:1000, 1:100, and 1:10 dilution of the 

mixture was plated onto small SD-leu-trp plates.

c) Immunofluorescence microscopy of transformed yeast

Single colonies from transformed yeast on SD plates were picked and grown in 5ml SD 

medium overnight at 30®C. A volume of this culture was added to 10ml SD medium to 

give a starting OD^OO of about 0 .2 , and grown to an OD^OO of about 0 .6 . The yeast were 

centrifuged at 3000rpm for 3min, and resuspended in 5ml O.IM potassium phosphate 

buffer (pH6.5). To this was added 0.6ml of 37% formaldehyde, and incubated at room  

temperature for 2h with gentle agitation. After centrifugation at 3000rpm for 3min, the 

yeast were washed twice with 5ml O.IM potassium phosphate buffer (pH6.5), and once 

with 5ml of phosphate-buffered sorbitol (1.2M sorbitol in O.IM potassium phosphate 

buffer, pH6.5), before final resuspension in 1ml phosphate-buffered sorbitol. To this was 

added 5 |ll1 p-mercaptoethanol and 0.5|Lll lyticase (gift from Dr. K.Romisch) for about 

15min to digest the yeast cell wall. Progress of this reaction was monitored by 

examination of the cells using phase-contrast microscopy. Before digestion they appeared 

as bright, refractile cells, and afterwards as dark grey cells lacking a bright halo. Yeast
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were centrifuged as above and washed once with 5ml phosphate-buffered sorbitol, and 

finally resuspended in 1 ml phosphate-buffered sorbitol.

2 X 50ml tubes containing 100% methanol and 100% acetone were kept at -20^C. 100p,l 

0.1% poly L-lysine was added to a glass coverslip and incubated at room temperature for 

5min, followed by three washes with water. lOOjil fixed cells was added to the coverslip 

and allowed to settle for a few minutes. After removal of the supernatant, the coverslip was 

plunged into the -20^C methanol for 6 min, removed and then submerged in -20®C 

acetone for 30s. The solvent was then allowed to evaporate at room temperature. The 

yeast were blocked with 1% Bovine Serum Albumin in PBS for 5min at room  

temperature. Primary and appropriate secondary antibodies were diluted in BSA/PBS and 

incubated on coverslips for Ih at room temperature, after which the coverslips were 

washed three times in BSA/PBS. Before mounting, coverslips were washed once in PBS, 

and mounted on glass slides with N-propyl gallate. These were then viewed with an MRC 

1 0 0 0  confocal microscope.

d) Confirmation of positive interacting clones

The first indication of a positive interaction is growth on SD-his by activation of the HIS3  

reporter gene. However, not all colonies surviving this selection will be true positives. The 

majority of false positives can be eliminated by screening for expression of the second 

reporter gene, lacZ. His+ colonies were streaked onto fresh SD-leu-trp-his 25mM 3 AT 

plates and allowed to grow for five days.

Colony-Lift Filter Assays were then performed on these plates. For each plate a Grade 1, 

8.5cm diameter Whatman filter was placed in a petri dish and soaked in 2.5ml Z-buffer/X- 

gal (10ml Z-buffer, 27pl p-mercaptoethanol, 167|xl X-gal (20mg/ml in formamide)). A 

second filter was placed against the yeast growth and pressed down firmly. This was then 

submerged in liquid nitrogen for 10s, and then allowed to thaw at room temperature. The 

thawed filter was then placed, colony side up, onto the pre-soaked filter, and left at 30°C 

until blue colonies appeared.

e) Recovery of plasmids from yeast

Y190 is resistant to cycloheximide unless transformed with the bait plasmid (pA S2-l), 

which contains the wild-type CYW 2  gene. Therefore, when grown on -leu plates 

containing cycloheximide, only colonies containing the library plasmid (pACT II) alone 

will survive.

63



From the restreaked SD-leu-trp-his 3AT plates, a colony was picked, resuspended in lOOpl 

sterile water and vortexed to disperse the cells. This suspension was then plated onto SD- 

leu plates supplemented with 10p,g/ml cycloheximide and incubated at 30®C until colonies 

appeared. To make sure that the bait plasmid was lost, colonies were restreaked onto SD- 

trp plates. They would not grow without the bait plasmid.

Colonies from the SD-leu+cycloheximide plate were picked and grown in 5ml SD- 

leu+cycloheximide medium overnight. The yeast cells were then centrifuged at 3,000rpm 

for 5min and resuspended in 400pl yeast lysis buffer (2% Triton X-100, 1% SDS, lOOmM 

NaCl, lOmM Tris (pH 8.0) ImM EDTA). To this was added 150|il acid-washed glass 

beads and 400)0,1 phenol/chloroform, and the mixture was vortexed for 2min in a screw- 

top eppendorf tube. After centrifugation for 5min at full speed in a bench-top microfuge, 

the supernatant was retained and subjected to a Wizard clean-up kit protocol (Promega). 

The resulting DNA sample was then transformed into XL 1 Blue bacteria. Bacterial colonies 

were then picked, grown in LB + Ampicillin and mini-preps carried out to recover the 

DNA. The insert size was determined by performing a Bgl II digest on the plasmid DNA, 

and the sequence determined by the standard procedure as described earlier.

f) Further confirmation of a positive interaction

Y190 were transformed with the bait plasmid alone, and with the library plasmid alone, 

and grown on SD-trp and SD-leu plates respectively. Colony-lift p-gal assays were 

performed on these plates. Y190 carrying bait plasmid were also transformed with the 

positive library plasmids, plated on SD-leu-trp-his 25mM 3AT and subjected to colony- 

lift assays.

VI) Antibody Production

a) Immunisation protocols

Immunisations were carried out by Cocalico Biologicals, Inc.

GST fusion proteins were produced as described earlier.

A nti-pl was produced in Guinea Pigs, and anti-clone 6  was produced in Rabbits. Animals 

were immunised according to the following protocol:

Day 0: Pre-bleed and initial inoculation, (anti-pl lOOpg, anti-clone 6  200|Lig)

Day 14: Boost, (anti-pl SOjLig, anti-clone 6  lOOpg)

Day 21: Boost, (as above)

Day 35: Test Bleed.
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Day 49: Boost (as above)

Day 56: Final Bleed.

Following the test bleed on day 35, dot blots were carried out to monitor the specificity o f 

the IgG being produced. This was performed in a 24-well plate on small fragments o f 

Hybond nitrocellulose filter. For each animal, a range of dilutions of serum was tested 

(1:10->1:10,000 in block buffer) against both GST and the GST-fusion antigen. 5pg GST 

or GST-fusion antigen was dotted onto the fragments of filter. This was allowed to dry, 

and then blocked with 5% Marvel milk, 0.1% Tween-20 in PBS for 30min with shaking.

0.5ml of each dilution of serum was added to the filters for both GST and GST-fusion 

antigen for Ih with shaking. The filters were then washed with 3 X lOmin 0.1% Tween-20 

in PBS, and then exposed to the appropriate HRP-conjugated secondary antibody for 

3Omin with shaking. After three further washes in 0.1% Tween-20 in PBS, bound 

antibody was detected by application of Super Signal Chemiluminescent substrate 

(Pierce).

b) Affinity-purification of antibodies

A 1:1 slurry of Affigel 10 and Affigel 15 (BioRad) was washed with 200ml ice-cold O.IM 

Phosphate Buffer pH 7.5, and put in a Poly-Prep Chromatography Column (BioRad) to 

make a gel column of volume 1ml. 1-1.5mg GST-fusion antigen was dialysed against PBS 

at 4°C (IL  for 4h, then IL overnight). This was then added to the Affigel in the column 

and incubated at 4®C overnight rotating on a wheel to covalently bind the antigen to the 

gel. 200pl IM Tris pH 8  was added the following morning and the column kept at 4®C 

until needed. The column was washed firstly with 2 X column volumes (CV) lOmM Tris 

pH 7.5, 1 X CV 4M MgCl2 , and 1 X CV lOmM Tris pH 7.5. Unbound antigen was then 

eluted with 1 X CV each of 0.2M Glycine pH 3, lOmM Tris pH 8 .8 , lOOmM 

triethylamine, lOmM Tris pH7.5. 5ml serum was diluted to 50ml in lOmM Tris pH 7.5. 

This was centrifuged at 30,000rpm for 20min, and the supernatant passed through the 

column three times. Unbound antibody was washed off with 20 X CV 0.5M Na Cl/lOmM 

Tris pH 7.5, followed by 2 X CV lOmM Tris pH 7.5. Antibody was then eluted with 5 X 

1ml 4M MgCl2 , followed by 5 X 1ml 0.2M Glycine pH 3, and finally 5 X 1ml lOOmM 

triethylamine. IM Tris pH 7.5 was added to each fraction to stabilise the pH around 7.5. 

The IgG concentration was determined by blanking the spectrophotometer with each 

solution in turn and reading OD280 (lO D  unit = 1 .2 mg/ml IgG). The IgG solution was 

then dialysed against PBS.
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c) Protein A purification of antibodies

Protein A-sepharose beads were swollen in lOOmM Tris pH 8  to give a final packed 

column volume of 1ml. The column was washed three times with lOOmMTris pH8 , 10ml 

of crude serum was pH-stabilised with 1ml IM  Tris pH8  and passed through the column 

three times. The column was washed with 10 column volumes of lOOmMTris pH 8  

followed by 10 column volumes of lOmM Tris pH 8 . Bound antibodies were eluted with 

lOOmM glycine pH3 in 500|il steps, each elution being neutralised with 50|Li1 IM  Tris 

pH8 . Antibody concentration was then determined by reading ODjgo-

VII) Commonly Used Buffers

TAE (Tris-Acetate EDTA)

TBE (Tris-Borate EDTA)

40mM Tris-acetate 

ImM  EDTA (pH 8.0) 

90mM Tris-borate 

2mM EDTA

TE (Tris EDTA) usually pH 7.6

SDS-PAGE buffer (Sodium Dodecyl Sulphate 

Polyacrylamide Gel Electrophoresis Buffer)

Western Blotting Transfer Buffer

lOmM Tris.HCl (pH 7.6) 

ImM  EDTA (pH 8.0)

Solution I

Solution II

Solution III

25mM Tris

250mM glycine (pH 8.3)

0.1% SDS 

50mM Tris 

380mM glycine

0.1% SDS 

2 0 % methanol

(For mini-preparation of plasmid DNA) 50mM glucose

25mM Tris pH 8.0

lOmM EDTA

1% SDS

200mM NaOH

5M potassium acetate (made

by adding 29ml glacial acetic

acid to 50ml H 2 O and, on
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Buffer A (For GST fusion protein purification)

Buffer B

Buffer C

Z-Buffer (for yeast p-galactosidase assays)

Phosphate Buffer pH 7.6

ice, adding lOM KOH to pH 

4.8)

50mM Tris pH 8.0 

25% sucrose 

lOmM EDTA 

lOmM Tris pH 7.6 

ImM  EDTA 

20mM HEPES pH 7.6 

lOOmM KCl 

ImM  EDTA 

2 0 % glycerol

5mM DTT (Dithiothreotol) 

65mM Na2 HP0 4 .7 H 2 0  

40mM NaH2 P0 4 .H2 0  

lOmM KCl 

ImM  M gS04.7H 20 

84.5mM N a2H P04 

15.5mM N aH 2P04

67



CHAPTER 3
Screening a Yeast 2-Hybrid cDNA library for proteins which interact with the 

intracellular domain of p l subunit of GABAc receptors. 

3.1. Introduction.

The localisation of neurotransmitter receptors and ion channels to synaptic sites is crucial 

for rapid and specific neurotransmission, highlighted by the lethal phenotype of the 

rapsyn knockout mouse (Gautam et al., 1995). The clustered distribution of various 

neurotransmitter receptors has been shown to be maintained by proteins which link these 

receptors to the cytoskeleton (Apel and Merlie, 1995; Kirsch et al., 1996; Sheng and 

Wyszynski, 1997). The first characterised example, the muscle nicotinic acetylcholine 

receptor (nAchR) is linked to the dystrophin-glycoprotein complex via the 43K protein 

rapsyn (Apel et al., 1995) and therefore anchors the receptor to the actin cytoskeleton. 

Gephyrin links glycine receptors (GlyR) to microtubules (Kirsch et al., 1991; Prior et al., 

1992) via an interaction with the intracellular domain of the P subunit (Meyer et al., 

1995), and a-actinin-2 binds to the intracellular C-terminus of the N R l subunit of N- 

methyl-D-Aspartate receptors (NMDARs) to anchor them to the actin cytoskeleton 

(Wyszynski et al., 1997). A more comprehensive review is given in chapter 1 .

Some neurotransmitter receptor cytoskeletal anchoring proteins were isolated by taking 

advantage of the fact that they co-purify with the channel; this is the case for gephyrin- 

glycine receptor (Pfeiffer et al, 1982) and rapsyn-muscle nicotinic acetylcholine receptor 

complexes (Neubig et al., 1979; Porter and Froehner, 1983). Other studies have used the 

yeast-two hybrid system to identify proteins which bind to the intracellular domains o f 

neurotransmitter receptors, such as the NMDA receptor (Komau et al., 1995; Niethammer 

et al., 1996; Wyszynski et al., 1997) and AMPA receptor (Dong et al., 1997).

G ABA A receptors (GABA^Rs) are complex hetero-oligomers, made up from a possible 14 

subunits (16 when taking into account different splice variants) ; a ( l - 6 ), p (l-3 ), y (l-3 ), Ô 

and e (Rabow et al., 1995), any of which could potentially be involved in anchoring the 

receptor to the cytoskeleton at synaptic sites. It is possible that only a subset of these 

subunits would be involved in such a mechanism, as gephyrin and a-actin in - 2  bind to 

selected subunits of the GlyR (Meyer et al., 1995), and NMDAR (Wyszynski et al., 1997) 

respectively. However, rapsyn has been shown to interact with all known subunits of the 

nAChR (Maimone and Merlie, 1993). There is no precedent to suggest which of the 

fourteen GABA^R subunits would be a likely candidate for an interaction with a
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cytoskeletal anchoring protein. In contrast, GABA^Rs have a relatively simple subunit 

composition, with only three p subunits identified in the mammalian CNS (Cutting et al., 

1991; Ogurusu and Shingai, 1996; Ogurusu et al., 1995).

It has been demonstrated that GABA-gated homo-oligomeric channels made up from just 

p l subunit or p2 subunit expressed in Xenopus oocytes are pharmacologically and 

physiologically very similar to GABAc channels recorded in retinal slices (Shimada et al., 

1992; Wang et al., 1994). This suggests that GABAcRs may be homo-oligomers of the p 

subunits rather than the hetero-oligomeric nature of GABA^Rs. There is biochemical and 

electrophysiological evidence that p l and p2 can interact in vitro (Hackam et al., 1997b; 

Zhang et al., 1995), but if this does occur in vivo, GABAcRs are still a simpler system in 

which to examine possible cytoskeletal anchoring mechanisms. If there is a mechanism 

involving a protein which links GABAcRs to the cytoskeleton, it must involve an 

interaction with the p l subunit if p l homo-oligomers exist in vivo. GABAcRs show a 

punctate localisation in the retina by fluorescence immunohistochemistry, and are 

restricted mainly to the synapse-rich inner plexiform layer, where they are enriched on 

the axon terminals of bipolar cells with little present on cell bodies or proximal neurites 

(Enz et al., 1996). This non-uniform distribution is consistent with the existence of a 

mechanism to anchor GABAcRs at synaptic sites in the retina.

In this study, the yeast two-hybrid system was used to try to isolate proteins which interact 

with the p l subunit of GABAcRs and may be involved in maintaining the localisation o f 

these receptors to synaptic sites. Based on the assumption that such a mechanism would 

involve the intracellular domain of the p l subunit, the large intracellular loop between 

transmembrane regions three and four was used as a yeast 2-hybrid bait. The yeast 2- 

hybrid system utilised in this study uses a strain of yeast (Y190) which does not express 

the GAL4 transcription factor. Instead, the two potentially interacting polypeptides to be 

studied are introduced into the yeast as separate fusion proteins of the GAL4 activation 

domain and DNA-binding domain respectively. If the two proteins interact, the 

transcription factor is reconstituted, and lacZ  and HIS3  will be expressed. This will allow 

growth on medium lacking histidine and expression of p-galactosidase. The bait is 

expressed as a fusion of the DNA binding domain, by transforming the yeast with a 

pAS2-l (Clontech) construct, and the library proteins are expressed as fusions of the 

activation domain by transformation with a library cloned into pACTII (Clontech). pAS2- 

1 and pACTII carry the TRPl and LEU2 genes respectively, to select for transformants on 

medium lacking tryptophan or leucine.
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3.II. Expression of p l  bait protein in yeast strain Y190.

The proposed structure o f an ionotropic GABAR subunit is shown in figure 1 (Rabow et 

al., 1995). The large intracellular domain between transmembrane regions three and four 

was considered the most likely part of the protein to interact with a cytoskeletal anchoring 

protein, so this region was amplified by PCR and cloned in frame into pA S2-l. To try to 

keep the loop in as close to native confirmation as possible, transmembrane regions three 

and four were included in the bait. There was the potential problem that the hydrophobic 

transmembrane regions might stop the bait from reaching the yeast cell nucleus 

(Nishimune et al., 1996), so an equivalent bait was made omitting these domains as a 

contingency. The p l  bait lacking the transmembrane regions (p l-T M pA S2-l) was 

constructed by Dr. Fiona Bedford. Unless otherwise stated, the bait referred to includes 

the transmembrane regions.

When yeast strain Y 190 was transformed with the p lpA S 2-l construct, the GA L4-pl 

fusion protein could be detected by immunofluorescence microscopy (figure 3), using an 

antibody specific to the p 1 subunit intracellular domain (see chapter 4). The bait did not 

appear to be uniformly distributed in the cytoplasm, but was associated with a 

compartment which was possibly the golgi apparatus (Segev et al., 1988). Presumably a 

proportion of the bait did reach the nucleus when bound to its interacting library proteins 

in order to activate the expression of the reporter genes HIS3  and lacZ.

An important criterion of a yeast 2-hybrid bait is that it will not activate the reporter genes 

p-galactosidase and HIS 3 when expressed alone in yeast. Figure 4 shows that Y190 

transformed with the p lpA S 2-l bait grew on SD-trp because pAS2-l contains the TRPl 

gene, but not on SD-trp-his 4- 3-AT, nor did the colonies on SD-trp turn blue in a (3- 

galactosidase assay. In all (3-galactosidase assays, a positive control was used, which was 

the small GTPase rho and ROCK (rho kinase; Tapon and Hall, 1997). 3-amino triazole 

(3-AT) is added to SD-his because the mutation in Y190 which removes the expression o f 

the enzyme which synthesises histidine is somewhat “leaky” . That is, the yeast can 

synthesise a small amount of histidine despite the mutation. 3-AT inhibits the production 

of histidine so that non-interactors cannot grow on SD-his.
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Figure 3. Fluorescence immunocytochemical detection of p1 
subunit intracellular domain expressed as a fusion with the GAL4 
DNA binding domain in yeast strain Y190.

Y190 were transformed with p1pAS2-1 and plated onto SD-trp. 
Colonies were grown in liquid SD-trp medium and prepared for 
immunofluorescence, p i intracellular domain was detected with 
Spg/ml anti-pl antibody, and visualised with a secondary antibody 
conjugated to fluorescein.
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Figure 4. p1 pAS2-1 alone does not activate HIS 3 or /acZgenes in Y190.

-trp
-trp-his

+25mM 3-AT p-gal

P1

+ve +ve

p1

+ve

The GAL4-DNA binding domain fusion vector pAS2-1 contains the TRP1 
gene, allowing Y190 transformed with p1pAS2-1 to grow on synthetic 
dropout medium (SD) lacking tryptophan (-trp). Transformation with 
p1 pAS2-1 does not activate the HISS gene, so yeast will not grow on 
medium lacking both tryptophan and histidine (-trp-his). Nor does it 
activate the lacZgene, so yeast will not turn blue in a colony-lift p- 
galactosidase assay (p-gal). A positive control for the assay (+ve) is 
shown (interaction between rho GTPase and rho kinase (Tapon & Hall, 
1997))
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3.III. Screening of the p i bait against the retinal cDNA library led to the isolation of 

three pi-interacting proteins.

A cDNA library produced from bovine retina and cloned into pACTII (Clontech) was 

obtained from Dr. Ching-Hwa Sung, Cornell University, U.S.A. containing approximately 

2 X 10^ independent clones. This vector contains the LEU2 gene, enabling growth on 

medium lacking leucine, and encodes the library proteins as fusions with the 

transactivation domain of the GAL 4 transcription factor. The library was amplified by 

transforming highly competent E.coli with a quantity of the library DNA to give 

approximately four million colonies (twice the number of independent clones in the 

library). The bacterial colonies were then harvested and the DNA collected by CsCl m axi

preparation.

Library screens were carried out against the bovine retinal library using the Y 190 strain 

transformed with the p lpA S2-l bait. A total of approximately 3.5 X 10^ clones were 

screened, from which 48 his+ clones were tested for (3-galactosidase activity. This yielded 

three positives (figure 5). Although colony-lift P-galactosidase assays do not give a good 

indication of the strength of the interaction, it would appear from the weaker blue colour 

on the filter that the interaction between p i and clone 14 is slightly weaker. Purification 

of the plasmids from these colonies and re-transformation of the Y 190plpA S2-l strain 

with bacterial mini-prep plasmids of cloneb pACTII, cloneS pACTII, and clone 14 pACTII 

confirmed the interactions. To ensure that the library plasmids did not activate the 

reporter genes when expressed alone, Y190 was transformed with each of clone 6  pACTII, 

clone 8  pACTII, and clone 14 pACTII. Figure 6  shows that these strains grew on SD-leu, 

but not on SD-leu-his, nor did the colonies on SD-leu turn blue in a (3-galactosidase assay. 

Subsequent sequencing from a bacterial mini-prep followed by screening the 

SWISSPROT database showed that clone 6  encodes the entire intracellular C-terminal tail 

(amino acids 608-666) of a subtype of the glycine transporter, GLYT-1 (figure 7). Clone 

6  shows 100% identity with the bovine clone of this portion of GLYT-1. GLYT-1 has a 

number of splice variants of the intracellular C- and N-terminal portions, with the rest o f 

the polypeptide constant (Jones, 1998).

Clone 8  encodes a portion of the microtubule-associated protein M APIB (figure 8 ). It 

corresponds to amino acids 460-690, and shows 95% identity to the human clone (Lien et 

al., 1994). Clone 8  overlaps with the putative microtubule-binding domain comprising 

multiple KKE repeats (Noble et al., 1989).
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Figure 5. Colony-lift p-galactosidase assay for the p1-Interacting 
clones 6, 8, and 14.

+ve control 
clone 14 ^  forp-gal

clone 8

% -ve controls 
for p-gal

clone 6 ”

Screening of the p1 bait against the retinal cDNA library led to the 
isolation of three p1 -interacting proteins, p-galactosidase-positive 
clones were restreaked onto a fresh SD-leu-trp-his+25mM 3-AT plate 
and subjected to a colony-lift p-galactosidase assay. A blue colour 
denotes a positive interaction. Positive and negative controls for the 
assay are also shown.
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Figure 6. Cione6 pACTIl, cloneS pACTll, and clone14 pACTIl do not
activate lacZor HIS3 genes in Y190.

-leu-hls
+25mM 3-AT 

8

p-gal
8

14 6 14 6 14

+ve

  --%.

+ve

The GAL4-activation domain fusion vector pACTIl contains the LEU2 gene, 
allowing Y190 transformed with clone 6, 8 & 14 pACTII to grow on synthetic 
dropout medium (SD) lacking leucine (-leu). Transformation with clones 6, 
8 or 14 pACTII does not activate the HIS3 gene, so yeast will not grow on 
medium lacking both leucine and histidine (-leu-his). Nor does it activate 
the lacZ gene, so yeast will not turn blue in a colony-lift p-galactosidase 
assay (p-gal). The same positive control as used in fig 3 is shown.
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Figure 7. Clone 6 encodes the C-terminal intracellular 
domain of a variant of the glycine transporter GLYT-1.

i . QSSQTGLPLFTCQIAPAHVPQPLSGARTPSPKPWSVRVSVLRAPLCSDSPGR
i i . QSSQTGLPLFTCQIAPAHVPQPLSGARTPSPKPWSVRVSVLRAPLCSDSPGR

AASNPL clone 6 
AASNPL bovine G LYT-1E/F

B

extracellular

nfl

) \ J  J W \
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Clone 6

666
LL.5S
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GLYT-1A_______________
Core Region

GLYT-1 B
B Core Region

GLYT-1 E
Core Region

GLYT-1 F
B Core Region

A. Alignment of clone 6 ( i)  with bovine GLYT-1 E/GLYT-1F variant C- 
terminal intracellular domain ( i i ) .  The two proteins show 100% 
identity.

B. The proposed transmembrane topology of GLYT-1. GLYT-1 is 666 
amino acids long and has twelve transmembrane domains with 
intracellular N- and C-termini. Clone 6 is identical to the C-terminal 58 
amino acid residues of GLYT-1 E/GLYT-1 F.

C. Alternative splicing of GLYT-1 at the N- and C- termini gives rise to 
4 different isoforms in the retina. There are two potential N-terminal 
exons (A and B) and two potential C-terminal exons (C and D). The 
core region is constant for all variants and extends from the start of 
transmembrane region 1 to the end of transmembrane region 11. 
GLYT-1 C and GLYT-lD use an additional exon which is not expressed 
in the retina.
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Figure 8. Clone 8 encodes an N-terminal portion of microtubule-
associated protein MAP1B.

i . DIPISYLTSVSSLIVWHPANPAEKIIRVLFPGNSTQYNILERLEKLKH
i i .  D+PISYLTSVSSLIVWHPANPAEKIIRVLFPGNSTQYNILE LEKLKH
i i i . DLPISYLTSVSSLIVWHPANPAEKIIRVLFPGNSTQYNILEGLEKLKH

LDFLKQPLATQKDLTGQVATPAVKQVKLKQRADSRESLKPAAKPLPSKTVRK 
LDFLKQPLATQKDLTGQV TP+VKQ KLKQRADSRESLKPAAKPLPSK+VRK 
LDFLKQPLATQKDLTGQVPTPWKQTKLKQRADSRESLKPAAKPLPSKSVRK

ESKEETPEVTKGL EKAPKVESKEKWTVKKDKPVKTETKPPVTEKETPSK 
ESKEETPEVTK EK PKVESKEKW VKKDKPVKTETKP VTEKE PSK 
ESKEETPEVTKVNHVEKPPKVESKEKWMVKKDKPVKTETKPSVTEKEVPSK

EELPPAKAEGAEKQGTDVKPKVAKEKTVKKETKPKAEEKKEEKKEKEKPKKE 
EE P KAE AEKQ+TDVKPK AKEKTVKKETK K E+KKEE KEKPKKE 
EEPSPVKAEVAEKQATDVKPKAAKEKTVKKETKVKPEDKKEE KEKPKKE

VAKKEEKTPVKKEEKPKKEEVKKEVKKEIKK 
VAKKE+KTP+KKEEKPKKEEVKKEVKKEIKK 
VAKKEDKT PIKKEEKPKKEEVKKEVKKEIKK

B
1 230

Clone 8 I I
MTB

1 460 690 2464

Human MAP 1B

A Alignment of clone 8 amino acid sequence ( i )  with human MAP1B 
( i i i )  shows 95% homology. The conserved residues are shown in ( i i ) .

B. MAP 18 is 2464 amino acids long, with two putative microtubule- 
binding domains. Clone 8 corresponds to amino acid residues 460-690 of 
MAP1B (numbers as in Noble et al., 1989), and overlaps with the proposed 
N-terminal microtubule-binding domain (MTB).
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Figure 9. Clone 14 encodes a portion of an unknown protein.

CGAATTCGGCACGAGGAACAATTGAATGGATTGGAAAACCTTGCTCCTTCCCACATGGG
★

AAGGGCCCCTCTCACTGT TAGAAGAGTTCTGCTGCCAGAAACTGGTCTCCATGTTTGT

GATCCAGCAGAGTGTGGCAGACTTCCTGGTCCTGTCCCCTCTCACCTAAATATCTCTTT

GTCATTGAAGGTAAAGAATGACACCTTTTGA

CATAAAACTTGAGCCATTTGGAGATTTACTCCTCACACTGCAGTATTTGAATCTTTCCATTTCCTCCTGCTTAACTCACCTTG
GTGGTGAAAAGAGACCAGAAGCATCTTTTCTATAATGTTAAAAATTGCGGAAAGAACTTATCATTTAAGACAACAAATTCTAA
ATGTAAAGCCGTAATTCTGCCCCACCAAGGAGCTCAGCCTGTCTCTTCTTTTTCTCCTGGGAATAAGGGATATCTTGGGCTTC
TTCCTGAATGCCTGCAACTTCCTTCCTCTTCTCTGGCTTGGCTTCCCTGTCTGCGCGCATGTGTGTGCAGGAATGGCTGTGTG
CTCTGGACTGGCCCCAGCTGGAAGCATGCTTTCTTTGCCCCCGTTAACTGTTGAAGAAACCTTCTAGCCCTAGATGGGGCCAT
TTTTGTCAAGTCGTCAACTGTATTTTTGTCTTGGGATTAACAACAAAAAAAGAAAAAATATTAATTGTTCCATTAAACTTTAA
TAAAACTTTAAAAGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

B
i . TAGAAGAGTTCTGCTGCCAGAAACTGGTCTCCATGTTTGTGGATCCAGCAGAGTG
i i .  T GAAGAGTTCTGCT CAGAA CTGGTCT CATGTTTGTGGATCCAGC GAG G
i i i . TGGAAGAGTTCTGCTAACAGAAGCTGGTCTGCATGTTTGTGGATCCAGCGGAGAG

TGGCAGACTTCCTGGTCCTGTCCCCTCTCACCTAAATATCTCTTTGTCATTGAAGGTAA 
TGGCAGACTT CT TCCT T CCCTCTCACCTAAAT TC TTGTCATTGAA GTAA 
TGGCAGACTTTCTTCTCCTTTTCCCTCTCACCTAAATGTCAACTTGTCATTGAATGTAA

AGAATGACACCTT c lo n e  14  
AGAATGA ACCTT 
AGAATGAAACCTT EST 206292

RIRHEEQLNGLENLAPSHMGRAPLTVRRVLLPETGLHVCDP
AECGRLPGPVPSHLNISLSLKVKNDTF

A. Nucleotide sequence of clone 14 insert. The EcoRI site marking the start of 
the insert is underlined, as is the putative stop codon. The 3' untranslated 
region followed by the poly A tail is also shown. The star (*) denotes the start of 
the region of homology shown in B.
B. Clone 14 (i)shows homology to an expressed sequence tag (EST), clone 
206292 ( i i i ) ,  which has a total length of 512 nucleotides. Identical 
nucleotides are shown in ( i i ) .
C. Translated amino acid sequence of clone 14. This shows no homology to 
proteins in the database.
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Clone 14 shows no homology with any protein in the databases searched. The DNA 

sequence is shown in figure 9A, with the 3’ untranslated region and poly A tail also 

shown. Figure 9B shows that this sequence shows 8 8 % homology with a portion o f 

expressed sequence tag gb/H58312/H58312yr25a07.rl Homo Sapiens cDNA clone 

206292. The translated amino acid sequence of clone 14 is shown in figure 9C.

3.IV. The strength of the interactions between p i and clones 8 & 14 are reduced when 

transmembrane regions three and four are omitted from the bait.

To test the hypothesis stated earlier that the transmembrane regions might influence the 

efficiency of the interactions, the p i  bait lacking TM3 and TM4 was co-transformed into 

Y190 with clone 6 , clone 8  and clone 14, and tested for growth on SD-leu-trp-his and 

activation of (3-galactosidase. Figure 10 shows that the interaction between p i  and clone 8  

is slightly weaker when TM3 and TM4 are omitted, demonstrated by a reduced growth on 

SD-leu-trp-his, but the fact that there is some residual binding implies that the interaction 

is not mediated by direct binding to the TM regions. In the case of the p i-clone 14 

interaction, omission of the transmembrane regions results in the loss of any interaction 

between these two proteins. This may be because clone 14 binds directly to the 

transmembrane regions, or that the interaction requires a complex three-dimensional 

binding site which is only achieved by the presence of the transmembrane regions. The 

interaction with clone 6  is completely independent of the transmembrane regions, shown 

by equal levels of growth on SD-leu-trp-his and activation of (3-galactosidase for both 

baits.

3.V. The interactions with clones 6 and 8 are specific to the p i subunit. Clone 14 also 

interacts with p2.

To investigate whether the interacting clones were specific to the p i  subunit, or com m on 

to other ionotropic GABARs, clones 6 , 8  and 14 were tested against a range of GABA^R 

subunits and also the p2 subunit of GABA^Rs in the yeast 2-hybrid system. The majority 

of GABAaRs in the CNS are made up from at least one a , one p, and one y  subunit, and 

within these classes, the a l ,  y2L and P3 are particularly common subtypes (M cKernan 

and Whiting, 1996; Rabow et al., 1995). In the retina, a l ,  P3, and y l  subunits are also 

widely expressed, including in bipolar cells, which express p subunits of GABA^Rs (Enz et 

al., 1996; Greferath et al., 1995; Grigorenko and Yeh, 1994).
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Figure 10. Ommission of the transmembrane regions of pi 
reduces the strength of interaction with ciones 8 and 14, but 
not cione 6

-leu-trp
-leu-trp-his

+25mM 3-AT p-gal

14+ 1 4 +
6-

8- 8+

14- _  6+

14+ .
1 -  j  ■ . * '6 -

8- 8+

Y190 was co-transformed with one of clone 6, clone 8 or clone 14 pACTII 
constructs and either p1pAS2-1 (pi bait including transmembrane 
domains, +) or p1-TMpAS2-1 (pi bait without transmembrane regions, -). 
Double transformation allows them all to grow on medium lacking leucine 
and tryptophan (-ieu-trp), due to expression of TRP1 and LEU2 genes 
from pAS2-1 and pACTII respectively.
Colonies were then assayed for expression of reporter genes HIS3 and 
lacZ. Growth on SD-leu-trp-his+3AT (-ieu-trp-his), and a blue colour in 
the p-galactosidase assay (p-gal) denotes a positive interaction.
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Figure 11. Clones 6, 8 & 14 do not Interact with GABA^ receptor 
subunit Intracellular domains.

8

-leu-trp -leu-trp-his
+25MM 3-AT

+ve

+ve

14
+ve A .

gal

&

r

Y190 were co-transformed with each of p1, p2, a1, p3 & y2L intracellular 
domains in pAS2-1 and clones 6, 8 & 14 in pACTII. Double transformation 
allows them all to grow on medium lacking leucine and tryptophan (-leu-trp), 
due to expression of TRP1 and LEU2 genes from pAS2-1 and pACTII 
respectively.
Colonies were then assayed for expression of reporter genes HIS3 and lacZ. 
Growth on SD-leu-trp-his+3AT (-leu-trp-his), and a blue colour in the p- 
galactosidase assay (p-gal) denotes a positive interaction.
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Yeast 2-hybrid baits for the GABA^R subunits a l ,  (33, and y2L, and also for the GABAcR 

subunit p2 were constructed in pAS2-l ( a l  and y2L baits were constructed by Dr. Fiona 

Bedford). Each of these baits was tested for interaction against each of clones 6 , 8 , and 14 

in Y 190 by assaying for activation of reporter genes HIS3 and lacZ. Figure 11 shows that 

none of these other GABAR intracellular loops interact with clones 6  or 8 , as 

demonstrated by lack of growth on medium lacking histidine (SD-leu-trp-his -k25mM 3- 

AT) and lack of (3-galactosidase activity. All of these control baits show appropriate-sized 

fusion proteins in a western blot probed with anti-GAL4 antibody (Dr. F. Bedford, 

personal communication). Interestingly, clone 14 co-expressed with p2 and with p i  both 

show comparable growth on SD-leu-trp-his 4-25mM 3-AT, and activation of (3- 

galactosidase, demonstrating a similar interaction with p2 as with p i .  This interaction is 

therefore still specific to GABACR, but is not subunit-specific.

3.VI. Confirmation of a direct interaction between p i and clones 6 & 8 by in vitro 

overlay assays.

Having demonstrated an interaction between two proteins in the yeast 2-hybrid system, it 

is necessary to confirm the interaction in a cell-free system. Techniques involving live 

cells (including the yeast two-hybrid system) or cell lysates do not preclude the possibility 

of a third protein being involved in the interaction. The importance of an in vitro overlay 

assay is that it will demonstrate whether or not the two proteins bind directly to each other 

with no other proteins present.

Overlay assays have previously been used to demonstrate a direct interaction between two 

proteins (Li et al., 1992; Niethammer et al., 1996; Wechsler and Teichberg, 1998; 

Wyszynski et al., 1997).

The p i intracellular domain was expressed as a GST fusion with a Protein Kinase A 

(PKA) phosphorylation site between the GST and the p i  intracellular domain 

polypeptide, by PCR cloning into pGEX-2TK. ^̂ P was then incorporated into the fusion 

protein in a kinase reaction using the catalytic subunit of PKA and ^^P-y-ATP. ^̂ P 

incorporation into the G ST-pl intracellular loop is shown in figure 12B, and was 

quantified by Cerenkov scintillation.

11.380.000 cpm used in kinase reaction to phosphorylate p l-2T K  (32.5pmol ATP) 
Therefore 11380000 ^  32.5 = 350,000 cpm/pmol ATP

1.345.000 cpm incorporated into lp,g p 1-2TK after kinase reaction (25pmol p l-2T K )
1.345.000 -  350,000 = 3.8 pmol ATP/|ig p l-2T K
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Assuming Cerenkov is approximately 30% efficient, 12pmol ATP incorporated/pg p l -  
2TK
12 4- 25 = 0.5 pmol ^^P/pmol protein

This shows that approximately 50% of the fusion protein was radiolabelled, 

corresponding to an activity of 1.3 X 10  ̂ counts per minute per microgram of protein. 

GST-clone 8  and GST-clone 6  were constructed by excising the inserts from pACT II and 

subcloning directly into pGEX 4T3. GST-clone 8  was difficult to purify in large 

quantities, possibly due to insolubility or toxicity to the bacteria, so it was not eluted from  

the glutathione-agarose beads, but instead the beads were added directly to SDS-PAGE 

sample buffer and loaded on a 10% SDS-PAGE gel. GST-clone 6  and GST-clone 8  are 

shown by SDS-PAGE in figure 12A. Approximately 5pg of GST-clone 6 , GST-clone 8  

and of GST as a control were used in the overlay assay. Figure 12C & D show that ^̂ P- 

labelled GST-pl binds specifically to GST-clone 6  and GST-clone 8 , but not to GST 

alone.
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Figure 12. In vitro overlay assays show that p1 binds directly to 
clones 6 and 8.

B
kD 1 2 3 4 kD 1
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pi intracellular domain was expressed as a GST-fusion protein with a 
consensus site for phosphorylation by cAMP-dependent protein kinase 
(PKA) by PCR cloning into pGEX2TK. (pi 2TK).

A. Expression of p i 2TK (lane 1), clone 6 (lane 2) and clone 8 (lane 3) as 
GST fusions. GST alone is shown in lane 4,
B. p1-2TK fusion protein can be radiolabelled with y-^^P-ATP by PKA (lane 
1). pi expressed as a GST fusion in pGEX-4T3 lacks the PKA site 
(Iane2).

C. Radiolabelled GST-pl binds directly to GST-clone 6 (lane 2), but not to 
GST alone (lane 1).
D. Radiolabelled GST-pl binds directly to GST-clone 8 (lane 2), but not to 
GST alone (lane 1).
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3.VII. Discussion

a) Yeast 2-hybrid screens

This work has demonstrated that the large intracellular loop of the GABAcR is a suitable 

bait for screening a yeast two-hybrid library. It is therefore possible that the equivalent 

domains of other members of this ligand-gated ion channel superfamily (GlyR, nAchR, 

GABACR, 5 -HT3R) would also be suitable. There are no published reports where the 

equivalent domains of these other ligand-gated ion channels have been successfully used 

as yeast 2-hybrid baits. NMDARs have a different proposed membrane topology with the 

C-terminal tail as the major intracellular domain, and these proteins have been shown to 

make very effective yeast 2-hybrid baits (Ehlers et al., 1998; Korn au et al., 1995; Lin et 

al., 1998; Wyszynski et al., 1997). Instead of reducing the efficiency of the assay, the 

inclusion of the hydrophobic transmembrane regions at either end of the loop increases 

the affinity of some interactions, presumably by maintaining a more natural 3- 

dimensional conformation of the loop. It may be that the transmembrane regions of the 

bait protein actually insert into a yeast cell internal membrane, allowing presentation o f 

the loop to the library proteins. However, the complex must somehow enter the nucleus in 

order to activate the reporter genes. The pAS2-l plasmid does not have a nuclear 

localisation sequence, whereas pACTII does (SV40 large T-antigen NLS). Therefore, bait 

fusion proteins might not necessarily reach the nucleus until they are associated with a 

library fusion protein, which would be specifically targeted to the nucleus.

It is interesting that all three interactions appear to be specific to GABA^Rs, showing no 

interaction with a range of GABACR subunits. Assuming that the interaction of the 

receptor with these associated proteins has some functional significance, this observation is 

consistent with the GABACR as a class of ligand-gated ion channel distinct from the 

GABACR in function and localisation (Bormann and Feigenspan, 1995; Cherubini and 

Strata, 1997; Waessle et al., 1998). The fact that clones 6  and 8  interact with p i  and not 

with p2 (p3 was not tested, but there remains the possibility of an interaction with this 

subunit), implies either a division of labour between subunits of a hetero-oligomeric 

receptor, or a further subdivision within the GABACR class into homo-oligomeric p 1 and 

p2 receptors which may have differing functions and distribution. There is evidence that 

p i and p2 can interact in vitro (Hackam et al., 1997b), and form heteromeric channels in 

Xenopus oocytes (Zhang et al., 1995) which are similar to GAB Ac responses recorded 

from rat retinal bipolar cells (Feigenspan et al., 1993). There is also good evidence that p i 

and p2 can form homo-oligomeric GABA-gated chloride channels in Xenopus oocytes
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which are similar to other retinal GABAcRs (Shimada et al., 1992; Wang et al., 1994). 

Clone 14 can interact with both GABACR subunits tested, suggesting that subtypes o f 

GABAcR may also have some functional aspects in common with each other.

The in vitro overlay assays show that the interactions with clone 6 and clone 8 are direct 

and do not require a further factor to be involved.

One of the three clones isolated as a pi-interactor (and also a p 2-interactor), clone 14, was 

not found in any of the databases consulted (GENBANK, SWISSPROT). However, it does 

show 88% homology to a portion of an expressed sequence tag gb/H58312/H58312 

yr25a07.rl Homo Sapiens cDNA clone 206292. Clone 14 came from a bovine yeast 2- 

hybrid library, so 88% homology at the nucleotide level suggests that it is homologous to 

this human gene.

b) Clone 6 (GLYT-IE/F)

Clone 6 encodes a recently-cloned splice variant (Jones, 1998) of the glycine transporter 

GLYT-1 (Guastella et al., 1992). GLYT-1 is a member of the twelve m em brane-spanning 

Na+/Cl- coupled neurotransmitter transporter family with cytoplasmic N- and C-termini 

(Kanner, 1994; Olivares et al., 1997). They are powered by co-transporting two Na+ ions 

and one Cl- ion for each molecule of glycine taken into the cell (Kanner, 1994). The re

uptake of neurotransmitters into neighbouring glia or presynaptic terminals is an efficient 

way of terminating their postsynaptic action. It has also been suggested that these 

transporters may act in reverse to actually release the neurotransmitter into the synapse in 

a vesicle-independent manner (Attwell et al., 1993). This could occur if the neuron 

expressing the transporter has a more depolarised membrane potential, and therefore a 

higher [Na+]j, resulting in an outward electrochemical gradient driving the transport . This 

family of neurotransmitter transporters may also be electrogenic (Sonders and Amara, 

1996). In the case of the homologous transporter GATl, which transports two Na+, one 

Cl- and one zwitterionic GAB A molecule, there is a net charge transfer of +1 per cycle, 

which would usually be an inward, depolarising, current. Glycine molecules are also 

zwitterions, so presumably glycine transporters could also function in this way. Therefore 

their expression on bipolar cell axon terminals in the retina could respond to glycine and 

influence the membrane potential and consequently the release of the neuro transmitter 

glutamate. Activation of the transporter by glycine would result in an inward Na^ ion flux, 

and consequently a depolarisation of the axon terminal and an increase in Ca^^-dependent 

glutamate release. It is thought that the function of GABAcRs on bipolar cell axon
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terminals is to regulate release of the glutamate from these neurons (Lukasiewicz and 

Werblin, 1994; Pan and Lipton, 1995; Tachibana and Kaneko, 1987). Activation o f 

GABAcRs leads to local hyperpolarisation of the terminal and hence a reduction in Ca^^- 

dependent glutamate release.

GLYT-1 is alternatively spliced, producing polypeptides with different domains for the N- 

terminal intracellular region, and two different versions of C-terminal tail (Jones, 1998) 

(figure 1C). Clone 6 corresponds to one of these alternative C-termini, which is found in 

subtypes GLYT-IE and GLYT-IF. The different splice variants have slightly different 

tissue expression patterns, with GLYT-IE/F showing highest expression in hypothalamus, 

retina and kidney (Jones, 1998). Another glycine transporter type named GLYT-2 (Liu et 

al., 1993), is also very similar to GLYT-1, differing only in the 5 ’ non-coding region and 

the first 44 nucleotides (GLYT-1) and 29 nucleotides (GLYT-2) of the open reading 

frame. Interestingly, it has been suggested that GLYT-2 is found predominantly in 

regions expressing strychnine-sensitive glycine receptors (Jursky and Nelson, 1995), 

whereas GLYT-1 is also expressed in regions which do not express significant levels o f 

these receptors (Smith et al., 1992). In the CNS, GLYT-1 can be found in regions which 

express NMDA receptors (Smith et al., 1992), whose sensitivity to glutamate is potentiated 

by, or even dependent on, the binding of glycine (Thomson, 1989). So GLYT-1 may 

function to regulate the levels of glycine in the vicinity of NMDA receptors, and 

therefore play a role in the modulation of glutamatergic synaptic transmission. Bipolar 

cell-ganglion cell synapses in the inner plexiform of the retina use glutamate as their 

neurotransmitter, and NMDA receptors are present at these synapses (Brandstaetter et al, 

1994). It has been demonstrated that glycine does indeed modulate the excitatory inputs 

from bipolar cells to ganglion cells (Lukasiewicz and Roeder, 1995), so it is possible that 

this glycine transporter isoform uses its interaction with GABA^ receptors to localise it to 

this synaptic region.

c) Clone 8 (MAPIB)

Clone 8 encodes a region of microtubule-associated protein IB (MAPIB; previously 

known as MAP5, M APl.X, M A PI.2), which binds to microtubules in vivo and in vitro 

(Noble et al., 1989; Pedrotti et al., 1996; Sato-Yoshitake et al., 1989) and also to actin in 

vitro (Fujii et al., 1993; Pedrotti and Islam, 1996). It therefore satisfies an important 

criterion for a neurotransmitter receptor-cytoskeleton anchoring molecule.
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FUNCTIONS OF M APIB

The role of M APIB is currently thought to be to regulate microtubule dynamics in the 

process of neurite outgrowth during development (Gordon-Weeks, 1997). It has been 

demonstrated that PC 12 cells up-regulate the levels of M APIB during NGF-induced 

neurite outgrowth, (Brugg and Matus, 1988) and that disruption of M APIB translation by 

antisense oligonucleotides in these cells prevents neurite growth (Brugg et al, 1993). 

Consistent with this function, it has high expression levels throughout the nervous system 

during early development, and is present in lower amounts in the mature animal (Riederer 

et al., 1986; Safei and Fischer, 1989; Tucker et al, 1989). It is arguably the most abundant 

microtubule-associated protein in newly-forming neurons. These differential levels o f 

expression in developing and mature animal are thought to be brought about by the 

existence of two alternative promoters controlling the M APIB gene transcription; one 

inducible (developmental) and one constitutive (adult) (Liu and Fischer, 1996). There are 

a number of regions in the CNS where expression of M APIB is maintained at a high level 

throughout adulthood; the olfactory bulb (Viereck et al, 1989), the CA3 region and 

dentate gyrus of the hippocampus, cerebellar Purkinje cell dendrites (Schoenfeld et al., 

1989) and the retina (Tucker and Matus, 1988). In the retina, the highest levels o f 

expression are in the photoreceptor layer and the inner plexiform layer.

Microtubules which are associated with M APIB do not form bundles, as is the case for 

other MAPs such as MAP2 and tau, but are stabilised against depolymerisation by 

nocodazole (Takemura et al., 1992), implying a role in the regulation of m icrotubule 

dynamics. However, MAP IB-associated microtubules are not as stable as MAP2 or tau- 

stabilised microtubules in this assay; it has been demonstrated that the affinity of MAPIB 

for microtubules is relatively low compared to that of MAP2 (Pedrotti et al., 1996). 

Electron microscopy studies have suggested that M APIB has a rod-like structure (Sato- 

Yoshitake et al., 1989) forming an arm projecting from the microtubule. This is consistent 

with the protein having a role in binding to other proteins to link them to the 

cytoskeleton, as well as linking to neighbouring microtubules or microfilaments. Very 

little is known about the function of M APIB in the mature nervous system, with most 

efforts going into studying its role in developing neurons in culture. It is possible that 

M APIB in the mature animal has alternative functions; for example, there has been a 

suggestion that M APIB may have a role in neurotransmission (Popa-Wagner et al., 1997). 

Induction of seizures in rats by administration of the convulsant pentylenetetrazole results 

in an elevated expression of M APIB in the hippocampus. This increased M APIB is
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reported to occur at patches which the authors of this study presume to be synaptic 

contacts. They suggest that the altered expression is in some way associated with the 

changes in synaptic inhibition encountered in seizure.

In order to gain a better idea of the function of MAPIB, two different groups have 

produced MAPIB knock-out mice (Edelmann et al., 1996; Takei et al., 1997). The two 

studies provide very different results, possibly due to the different strategies employed. 

Edelmann et al. (1996) did not delete the entire gene, but instead inserted the neomycin- 

resistance gene at a position corresponding to amino acid residue 571, which lies just N- 

terminal to the KKE-rich putative microtubule-binding domain. Therefore, whilst clearly 

disrupting the gene, a truncated version of M APIB, 571-amino acids in length should still 

be synthesised (although the authors claim that it was undetectable). This mouse is known 

as M aplb571. The homozygote was lethal in embryogenesis, and the phenotypic features 

of the heterozygote were a loss of visual acuity, ataxic gait, spastic tremor of the 

hindlimbs, and an overall reduction in body weight of up to 50%. Histological analysis 

revealed the most striking abnormalities in the cerebellum and retina.

In a later study, Takei et al. (1997) inserted the neomycin resistance gene immediately 

after the ATG in the first exon of the M APIB gene, so disrupting the synthesis of the 

entire protein. This mouse is known as R21. Even the homozygous mice in this study 

generally survived to adulthood, and did not display the dramatic behavioural effects o f 

the M aplb571 mice. The most striking effect they seemed to show was a delayed 

myelination of optic nerve neurons. The lack of phenotype seems surprising considering 

the apparent necessity for M APIB expression in neurite outgrowth in PC 12 cells. It has 

been demonstrated that M APIB and the low molecular weight MAP tau can be 

functionally substituted with regard to axonal elongation in cultured cerebellar neurons 

(DiTella et al., 1996), so it is possible that the lack of phenotype for the R21 mouse is due 

to the functional substitution of M APIB with another MAP, such as tau. It may be the 

case that the Maplb571 mouse shows such profound deficits because the remaining 571 

amino acid truncation acts in a dominant negative manner to prevent any such 

substitution. The phenotype of M aplb571, with deficits in visual acuity is consistent with 

a role for M APIB in the processing of visual information, such as anchoring GAB Ac 

receptors at synaptic sites. However, it is also likely that the loss of function of M APIB in 

the photoreceptor layer contributes to this phenotype.
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BINDING TO MICROTUBULES

Clone 8 actually overlaps with a region of M APIB thought to be involved in the binding 

of the protein to microtubules (Noble et al., 1989). This putative m icrotubule-binding 

domain has a high concentration of the amino acid sequence lysine-lysine-glutamic acid 

(KKE motifs) from amino acids 646-732 (numbers from Noble et al., 1989), and it has 

been suggested that the protein folds into an alpha helix with the basic lysines lining up 

on one side of the helix (Avila, 1990) so that an interaction with the acidic C-terminus o f 

tubulin can occur. However, Noble et al. also demonstrated that although the region o f 

KKE repeats alone is able to bind microtubules, these repeats were not essential for 

microtubule binding, but that the flanking regions (524-848) could bind microtubules in 

their absence.

Apart from direct binding to micro tubules, an N-terminal region of M APIB is thought to 

be involved in binding two polypeptides known as light chain (LC) 1 and 3 

(Hammarback, 1997; Hammarback et al., 1991; Schoenfeld et al., 1989). LC l is encoded 

in the same mRNA as M APIB heavy chain (HC), the polyprotein undergoing subsequent 

proteolysis to produce LCl and HC (Hammarback et al., 1991). LC3 is encoded on a 

separate gene (Mann and Hammarback, 1994). It is thought that the binding of LCl and 

LC3 to the HC close to the KKE-rich domain might result in a complex microtubule- 

binding domain, providing a means for modulation of the interaction with the 

cytoskeleton (Hammarback et al., 1991). If the polyprotein were not processed and LC l 

remained attached to the C-terminus of the HC, then in theory the unprocessed M APIB 

could self-associate to form aggregates or clusters (Hammarback et al., 1991). This would 

be a useful property if M APIB is playing a role in synaptic clustering of GABAcRs. 

Although there is currently no evidence for the presence of unprocessed M APIB 

polyprotein in vivo, Langkopf et al. (1992) demonstrated that an antibody raised against 

LC2 (the equivalent light chain for MAPI A, which is also translated as a poly protein) 

recognised a protein equivalent to full-size M API A, implying that some unprocessed 

MAPI A polyprotein does exist. There is also a more C-terminal region of M APIB which 

has been postulated to be involved in microtubule binding (Rienitz et al., 1989; Zauner et 

al., 1992), although in the latter study (Zauner et al., 1992), the site identified is within the 

region later identified as L C l.

PHOSPHORYLATION OF M APIB

MAPIB has been shown to be phosphorylated by a number of different protein kinases, 

including various proline-directed protein kinases (PDPKs, e.g. cdk5, GSK3 (Lucas et al..
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1998; Pigino et al., 1997)), and casein kinase II (Diaz-Nido et al., 1988). The 

phosphorylation of M APIB by these different kinases is to some extent developmentally 

regulated, and is thought to have an effect on the efficiency of binding to cytoskeletal 

elements. It appears that phosphorylated MAPIB has a higher affinity for microtubules 

(Pigino et al., 1997; Ulloa et al., 1993) and can be detected at early stages of neural 

development during neurite outgrowth, with a reduction in phosphorylated forms o f 

M APIB as the neuron matures (Fischer and Romano-Clarke, 1990; Gordon-Weeks et al., 

1993). There are thought to be two major forms of M APIB phosphorylation: mode I and 

mode II (Ulloa et al., 1993). Mode I phosphorylation, mediated by PDPKs such as GSK3, 

is found only at early stages of neuronal differentiation, and tends to be restricted to the 

distal portions of growing axons (Black et al., 1994; Bush et al., 1996; Ulloa et al., 1994). 

One study suggests that mode I phosphorylation may reduce the affinity of M APIB for 

microtubules (Pedrotti et al., 1996). Mode II phosphorylation, mediated by casein kinase 

II, is found in dendrites as well as axons and is more constitutive; it is maintained in later 

stages of neuronal maturation (Ulloa et al., 1994). Depletion of casein kinase activity in 

neuroblastoma cells releases M APIB from microtubules and inhibits neurite outgrowth 

(Ulloa et al., 1993).

Binding of M APIB to actin filaments is also regulated by phosphorylation. M APIB 

purified from brain extract is highly phosphorylated and will not bind actin, but 

dephosphorylation, especially at the PDPK sites, allows it to bind (Pedrotti and Islam, 

1996). This implies that M APIB will only interact with actin filaments during the later 

stages of neuronal maturation, when mode I phosphorylation is down-regulated. This 

might allow cross-linking of microtubules to microfilaments in neurites in later 

development, and is consistent with the cytoskeleton stabilising and becoming less 

dynamic as the nervous system matures.

None of the consensus sites for the kinases mentioned above are within the sequence for 

clone 8, so it is unlikely that these kinases have a direct influence on the interaction 

between p i and M APIB. However, there are consensus sites for phosphorylation by 

Ca^Vphospholipid-dependent protein kinase (PKC) or cAMP-dependent protein kinase 

(PKA) (Kennedy and Krebs, 1991) within clone 8, and M APIB has been shown to be 

phosphorylated to very low stoichiometry by PKA (Diaz-Nido et al., 1988). This will be 

discussed further in chapter 5. The fact that there is much scope for differentially 

phosphorylated isoforms of M APIB would suggest that the functions of M APIB are 

strictly regulated and possibly highly varied.
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CHAPTER 4
Production and characterisation of polyclonal antibodies for use in this study.

4.1. Introduction

In order to analyse further the interactions between the p i  subunit and the proteins 

isolated in the yeast 2-hybrid screen, and confirm that they occur in vivo, it was necessary 

to obtain antibodies against the p i subunit, M APIB, and GLYT IF. The ability to detect 

the native proteins in vivo and in transfected cells is essential to show that they co-localise, 

and also to analyse the interactions by immunoprécipitation and western blotting.

A rabbit polyclonal antibody against M APIB was obtained by kind donation from Dr. 

Phillip Gordon-Weeks, The Randall Institute, Kings College London. Use of this antibody 

was first published by Johnstone et al. (1997); it was raised against amino acids 1674- 

2102 of murine M APIB, and is known as anti-M A PlB-Cl. A monoclonal anti-MAP IB, 

clone AA6 (Sigma) was also used in some experiments.

Polyclonal antibodies have been successfully raised against polypeptides expressed as 

fusions with bacterial Glutathione-S-Transferase (GST) as demonstrated previously 

(Krishek et al., 1994; Moss et al., 1992). GST-fusions are a convenient way of producing 

and purifying large quantities of a small protein (Smith and Johnstone, 1988). A common 

problem with synthesising proteins in E.Coli is that they are often produced as insoluble 

precipitate in inclusion bodies (Sambrook et al., 1989). GST-fusions tend to be soluble 

and therefore easily purified.

A nti-pl was raised against the large intracellular loop between TM3 and TM4, because 

this is the region of the polypeptide which shows the highest sequence divergence from  

other ionotropic GAB A receptor subunits. Therefore, antibodies raised against this region 

should be highly specific to the p i  subunit. Anti-clone 6 was raised against a GST-fusion 

of the full-length clone 6 insert. This polypeptide corresponds to the intracellular domain 

of GLYT-IE/GLYT-IF and is common to only these two variants of GLYT-1. Other 

variants have intracellular domains with no homology to clone 6.

Antibodies must be tested for specificity, and a convenient way of doing this is to express 

the antigen-containing protein in cells which do not usually express it. Western blotting 

and immunocytochemistry can then be used to compare the transfected and non

transfected cells.
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4.II. Production of GST-pl and GST-clone 6

The intracellular loop of p 1 was amplified by Polymerase Chain Reaction, and cloned into 

the bacterial expression vector pGEX 4T3. Clone 6 was excised directly from pACTII and 

cloned into pGEX 4T3. The E.Coli strain BL21 was transformed with these constructs by 

electroporation. Subsequent production and purification was carried out as described in 

section 2.IV.c).

The purified proteins are shown by SDS PAGE in figure 13.

4.III. Animal immunisation protocols and antibody purifîcation.

Anti p i was raised in guinea pigs, and anti clone 6 was raised in rabbits, as detailed in 

section 2.VI.

After the test bleeds, dot blots were carried out to analyse the affinity of the antibodies. 

Dot blots are essentially simplified western blots, where the GST-fusion protein antigens 

are spotted onto nitrocellulose filters and crude serum tested for binding of antibodies at 

various dilutions. The dot blots (figure 14) indicated that there were high affinity 

antibodies in the crude serum, so after one further boost, the animals were killed and the 

sera collected. Anti-pl antibody was affinity-purified against the pi-G ST-fusion protein, 

and was most efficiently eluted with 4M M gC lj. However, affinity-purified anti-clone 6 

was found to be inferior to antibody purified from serum on a protein A column. Protein 

A purification isolates all antibodies in the serum, not just those raised against the desired 

antigen, so specificity may be reduced. However, the advantage of this method lies in the 

fact that the highest-affinity antibodies are collected. These are sometimes lost in affinity- 

purification because they bind so strongly to the column and are not easily eluted. The 

protein A purified anti-clone 6 was used in fluorescence immunocytochemistry at a 

concentration of 4|Lig/ml and the affinity-purified antibody would not give a good signal 

at less than 25|Ltg/ml. Similarly, the fluorescence immunohistochemistry on retinal sections 

was carried out with protein A purified anti-clone 6 at 2.5|ig/ml, but no signal was 

observed with the affinity-purified antibody at a concentration of 50pg/ml.

4.IV. Characterisation of antibodies.

Purified antibodies were tested for efficiency in detecting the full-length p i  and GLYT- 

lE /F in retina and transfected fibroblasts, by western blotting and by imm unofluorescence 

microscopy.
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Figure 13. Expression and purification of pi subunit intracellular 
domain and clone 6 as GST-fusion proteins.

GST- GST-
clone 6 p i

-66

-45

-31

DNA inserts encoding p1 intracellular domain and clone 6 were cloned 
into the pGEX bacterial expression vector, and transformed into E.coli 
strain BL21. Fusion proteins were then purified against glutathione- 
agarose beads.
Both protein preparations show degradation products which are still 
useful as antigens in the production of polyclonal antibodies.
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Figure 14. Dot-blot detection of GST-pl and GST-clone 6 by crude 
serum.

B
anti-p1 anti-clone 6

UCL12 UCL13

GST GST
GST -p1 GST -pi
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1/50 # •  #
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UCL25 UCL26
GST GST

GST -6 GST -6

A. GST-pl fusion protein and GST dotted onto nitrocellulose was incubated 
with varying dilutions of crude anti-p1 antiserum from guinea pigs UGL12 and 
UCL13, and bound antibodies detected by HRP-conjugated secondaries and 
ECL

B. GST-clone 6 fusion protein (GST-6) and GST dotted onto nitrocellulose 
was incubated with varying dilutions of crude anti-clone 6 antiserum from 
rabbits UCL25 and UCL26, and bound antibodies detected by HRP- 
conjugated secondaries and ECL.

96



a) A nti-p l.

i) Western blotting.

Human Embryonic Kidney (HEK)293 fibroblasts were transiently transfected with an 

expression construct for the p i subunit under the control of the cytomegalovirus (CMV) 

promoter (p i bluescript was a kind gift from Dr. G. Cutting). After 24h, the cells were 

harvested in SDS-PAGE sample buffer, separated on a 10% SDS-PAGE gel and analysed 

by western blotting. Figure 15 shows that anti-p l recognises a band of 45kD which is 

not present in the non-transfected cells. The antibody worked well at dilutions down to 

1:20 (approximately 5|Xg/ml). Although the antibody was raised against a human p i 

sequence, it recognised a similar sized band in whole-retina lysate from rats (figure 15). 

The recognition of this band, as well as the equivalent band from transfected fibroblasts 

was blocked by pre-incubation of the antibody solution with the G S T -p l antigen.

ii) Fluorescence immunocytochemical analysis of transfected fibroblasts.

HEK 293 fibroblasts were transfected with expression constructs for the p i or p2 subunit. 

After 24h, the cells were prepared for immunofluorescence including permeabilisation 

with 0.1% NP-40 and stained with anti-pl antibody. Figure 16A shows that an ti-p l stains 

the p i subunit predominantly on the cell surface, and does not show any background 

staining in untransfected cells. It was used at a dilution of 1:20 (5pg/ml). The antibody 

was raised against the intracellular domain of p i ,  so permeabilisation of cells is necessary 

to access the epitope. Therefore it can not be concluded from this experiment that p i is 

definitely on the cell surface. However, electrophysiological recordings from these cells 

demonstrated the presence of bicuculline-insensitive picrotoxin-sensitive GABA-gated 

chloride channels on the plasma membrane (Prof. T. Smart, personal communication). 

The antibody does not recognise the p2 subunit, which is recognised by an antibody 

raised against the N-terminus of p i (Enz et al., 1996) (figure 16B, C & D). The N- 

termini of different ionotropic GABAR show a higher degree of homology with each 

other than the large intracellular domain, which accounts for the cross-reactivity of this 

antibody with p2 (and also p3). It does not cross-react with GABACR ccl, a3 , (33, y2 or 5 

subunits (Enz et al., 1996). This antibody, a polyclonal raised in rabbits, was a gift from  

Professor Heinz Waessle, and is used in later sections of this study. It will be referred to as 

anti-panp. Anti-panp was found to be unsuitable for western blotting.

HEK293 cells were also co-transfected with expression constructs for p i and each of the 

GABAa receptor subunits a l ,  (32, and y2L, modified with the myc 9E10 epitope at the N-
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Figure 15. Western blot detection of full-length pi subunit in
transfected fibroblasts and rat retina with affinity-purified anti-pi
antibody.

293 
+ ret kD

-45

-31

Total cell lysate of HEK 293 cells transfected with an expression 
construct for full-length p1 subunit (293+), or untransfected cells (293-), 
and total tissue lysate of rat retina (ret) were separated by SDS-PAGE 
and subjected to western blotting. The blot was probed with Spg/ml 
affinity-purified anti-p1.
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Figure 16. Fluorescence immunocytochemical detection of p1
subunit and not p2 subunit In transfected fibroblasts with afflnlty-
purlfled antl-pl antibody.

anti-p1 anti-panp

p1

i

p2

HEK293 cells were transfected with expression constructs for p1 (A & B) or 
p2 (C & D), prepared for immunofluorescence including permeabilisation 
with 0.1% NP-40, and stained with Spg/ml affinity-purified anti-pi (A & C) 
and 3pg/ml anti-panp (B & D). Transformation efficiency was approximately 
30%. Non-transfected cells show very low background staining.
Scale bar=10pm.
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terminus (figure 17), These subunits do not reach the cell surface when expressed alone 

in fibroblasts, but instead are retained in the endoplasmic reticulum (E.R) (Connolly et al., 

1996a). An a  subunit will co-assemble with a P subunit and reach the plasma m embrane 

to form a GABA-gated chloride channel which although insensitive to benzodiazepines, is 

picrotoxin-sensitive. Similarly, P subunits require an a  subunit to hetero-oligomerise and 

traffic successfully from the E.R. to the cell surface. There is one exception to this rule; 

the pS subunit can be expressed alone in fibroblasts and form constitutively open chloride 

channels at the plasma membrane (Connolly et al., 1996b; Wooltorton et al., 1997). The y 

subunits will not reach the plasma membrane with either an a  or a P subunit, but require 

both of these to be present before it can be detected at the cell surface (Connolly et al., 

1996a). The cells were then prepared for immunofluorescence, and stained with anti-pl 

and anti-myc 9E10. A nti-pl can be seen to stain the p i subunit on the cell surface (figure 

17D, E & F), while anti-myc stains the E.R.-retained GABA^ receptor subunits (figure 

17A, B & C). There is no overlap in the staining with the two antibodies. This experiment 

suggests that p i subunit does not co-assemble with GABA^ receptor subunits, in 

agreement with in vitro immunoprécipitation studies (Hackam et al., 1997a) and in vivo 

immunohistochemical staining (Koulen et al., 1998) and it also shows that anti-pl does 

not cross react with the a l ,  P2 or y2L subunits by immunofluorescence.

iii) Fluorescence immunohistochemical analysis of retinal sections.

A nti-pl was found to be unsuitable for staining sections of retina. The reason for this is 

unknown, but may be due to masking of the epitope by proteins binding to the 

intracellular loop of p i subunit. It was for this reason that anti-panp was used for 

immunohistochemical studies on the retina. Retinal sections were prepared as described 

(Enz et al., 1996) and stained with anti-panp. Figure 18 shows that anti-panp recognises p 

subunits mainly in the inner plexiform layer (IPL) of the retina, and that they have a 

punctate, clustered distribution in this synapse-rich layer, consistent with their expression 

on bipolar cell axon terminals (Enz et al., 1996). There is also weak staining in the outer 

plexiform layer (OPL), which probably represents a lower expression on bipolar cell 

dendrites. A control using only the secondary antibody showed no fluorescence signal.
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Figure 17. Fluorescence Immunocytochemical analysis of fibroblasts 
co-transfected with pi subunit and a range of GABA^ subunits shows 
specificity of antl-pl and also suggests a lack of Interaction between 
pi and GABAa subunits.

a1 myc /p1 p2myc /p1 Y2Lmyc /p1

anti- 
myc

anti
p1

HEK293 cells were co-transfected with pi subunit (D, E & F) and each 
of the GABAa receptor subunits a1 (A), p2 (B), & y2L (C), and the cells 
processed for immunofluorescence in the presence of 0.1% NP-40.
The GABAa receptor subunits were tagged with the myc epitope, so 
were detected with 5pg/ml anti-myc 9E10 (A, B & C) and visualised with 
a secondary antibody conjugated to fluorescein, pi subunit was 
visualised with 5pg/ml affinity-purified anti-pl (D, E & F) and visualised 
with a secondary antibody conjugated to texas red.
Scale bar=10pm
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Figure 18. Fluorescence Immunohistochemical detection of p 
subunits in the rat retina with anti-panp antibody.
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Sections of adult rat retina were processed for immunofluorescence 
including permeabilisation with 0.1% NP-40, and stained with 3pg/ml 
anti-panp.
ONL: outer nuclear layer 
OPL: outer plexiform layer 
INL: inner nuclear layer 
IPL: inner plexiform layer 
GCL: ganglion cell layer 
Scale bar=10pm.
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b) Anti-clone 6.

i) Western blotting.

Unfortunately, anti-clone 6 antibody did not recognise a specific band by western 

blotting. A previous study where antibodies were raised against a Na^/Cl coupled glycine 

transporter showed that the protein runs at approximately lOOkD by SDS-PAGE (Lopez- 

Corcuera et al., 1993). Although a protein of this molecular weight was recognised by 

anti-clone 6 in retinal extract and fibroblasts, it was apparently present in equal levels in 

transfected and non-transfected cells. Northern blot analysis of GLYT-1 expression in 

various tissues suggests that the exon represented by clone 6 is expressed in kidney 

(Jones, 1998), so this could explain its presence in human embryonic kidney cells. 

However, it would be expected that the transfected cells would express a higher level than 

the endogenous protein in the untransfected cells. Several other bands were also 

recognised by the antibody, so it could not be assumed that any of the bands were specific 

to the glycine transporter (figure 19).

ii) Immunoprécipitation.

To demonstrate the specificity of anti-clone 6, it was tested in an immunoprécipitation 

assay as an alternative to western blotting. HEK293 cells were transfected with an 

expression construct for GLYT-IE, and labelled with ^^S-methionine. 6pg of protein-A 

purified anti-clone 6 was then used to immunoprecipitate protein from transfected and 

non-transfected cells. Figure 20 shows that a protein of approximately 65kD is 

precipitated by anti-clone 6 from transfected cells, but not from non-transfected cells. 

Omitting anti-clone 6 from the assay from transfected cells resulted in the precipitation 

of no specific band.

iii) Fluorescence immunocytochemical analysis of transfected fibroblasts.

HEK 293 fibroblasts were transfected with expression constructs for GLYT-IE. After 24h, 

the cells were prepared for immunofluorescence including permeabilisation with NP-40, 

and stained with anti clone 6 antibody. Figure 21 shows that anti-clone 6 stains the 

transporter mainly in the endoplasmic reticulum (21 A), with a minority of cells showing 

cell-surface expression (21B). The antibody shows very low background staining in 

untransfected cells. It was used at a dilution of 1:600 (4|ig/ml).
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Figure 19. Attempt at western blot detection of GLYT-1 E/F in
transfected fibroblasts and rat retina with protein A-purified anti
clone 6 antibody.
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ret kD
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Total cell lysate of HEK 293 cells transfected with an expression 
construct for full-length GLYT-1 E (293-h), or untransfected cells (293-), 
and total tissue lysate of rat retina (ret) were separated by SDS-PAGE 
and subjected to western blotting. The blot was probed with lOpg/ml 
protein A-purified anti-clone 6.
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Figure 20. Immunoprécipitation of GLYT-1 E from transfected 
fibroblasts with protein A-purified anti-clone 6 antibody.
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HEK293 cells were transfected with an expression construct for the 
glycine transporter GLYT-1 E (lanes 1 and 2) or left untransfected (lane 3). 
After metabolic labelling with %-methionine, Triton X-100 cell extract 
was incubated with protein A purified anti-clone 6 (lanes 1 and 3) and 
protein A sepharose, or protein A sepharose alone (lane 2). Bound 
proteins were separated by SDS-PAGE and detected by autoradiography.
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Figure 21. Fluorescence Immunocytochemical detection of GLYT-IE
in transfected fibroblasts with protein A-purified anti-clone 6
antibody.

V  >■

HEK293 cells were transfected with an expression construct for GLYT-1 E, 
prepared for immunofluorescence, and stained with S^ig/ml protein A- 
purified anti-clone 6 in the presence of 0.1 % NP-40. The antibody 
suggests that GLYT-1 E is mainly retained in the endoplasmic reticulum 
(A), with a minority of cells showing significant expression at the plasma 
membrane (B). Transformation efficiency was approximately 20%. 
Non-transfected cells show very low background staining.
Scale bar=10^m.
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Figure 22. Fluorescence Immunohistochemical detection of 
GLYT-1 E/F In the rat retina with protein A-purlfled anti-clone 6 
antibody.

ONL

GCL

Sections of adult rat retina were processed for immunofluorescence, 
including permeabilisation with 0.1% NP-40, and stained with 2)Lig/ml protein 
A-purified anti-clone 6.
ONL; outer nuclear layer 
OPL: outer plexiform layer 
INL: inner nuclear layer 
IPL: inner plexiform layer 
GCL: ganglion cell layer 
Scale bar=10)Lim.
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iv) Fluorescence immunohistochemistry.

This part of the work was carried out by Peter Koulen, Max-Planck Institut fur 

Himforschung, Deutschordenstrasse, Frankfurt, Germany. Figure 22 shows that anti

clone 6 stains the plexiform layers of the retina. There is some suggestion of a punctate 

labelling in the inner plexiform layer (IPL), which may represent a synaptic distribution 

of this variant of GLYT-1, although there is also a diffuse label in this region. The 

photoreceptor layer (outer nuclear layer; ONL) and the inner nuclear layer (INL) show a 

much lower level of staining. The ganglion cell layer (GCL) shows the most intense level 

of staining. It is not possible to determine which specific cell types are labelled with anti

clone 6 in this figure, but one could speculate that bipolar cells whose dendritic trees in 

the OPL receive their input from photoreceptor cells and make synaptic connections in 

the IPL with ganglion cells and amacrine cells, are showing clone 6 immunoreactivity. A 

control using only the secondary antibody showed no fluorescence signal.

c) A n ti-M A P IB -C l

i) Western Blotting

The expression construct available for MAP IB was an SV40 promoter-driven plasmid (a 

kind gift from Dr. P. Gordon-Weeks), so HEK 293 cells, which do not express the large t- 

antigen were unsuitable. Therefore, COS cells were used instead. COS cells transiently 

transfected with M APIB were harvested in SDS-PAGE sample buffer, separated on a 6% 

SDS-PAGE gel and analysed by western blotting. Anti-MAPIB was used at a 

concentration of 1:500. The antibody recognises a band of approximately 330kD which 

can only be detected in untransfected cells at very low levels. It recognises the same sized 

band in rat retinal lysate (figure 23).

b) Fluorescence Immunocytochemistry.

COS cells were transfected with the expression construct for M APIB. After 24h, the cells 

were prepared for immunofluorescence and stained with anti M APIB antibody. The 

staining pattern achieved was critically dependent upon the fixation conditions used. 

Figure 24 shows that with methanol fixation, anti-MAPIB stains microtubules in 

transfected cells, but with paraformaldehyde fixation, a diffuse cytoplasmic staining is 

observed. This difference is consistent with the results of previous studies with other 

antibodies against M APIB (Noble et al., 1989), and is probably due to the presence of an 

extensive pool of over-expressed M APIB which is not associated with microtubules. This
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Figure 23. Western blot detection of MAPI B in transfected
fibroblasts and rat retina with anti-MAPI B-C1.

cos
+ - ret kD

330

-200

Total cell lysate of COS cells transfected with an expression construct for 
full-length MAP1B (COS+), or untransfected (COS-), and total tissue 
lysate of rat retina (ret) were separated by SDS-PAGE and subjected to 
western blotting. The blot was probed with Spg/ml anti-MAPI B-C1
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Figure 24. Fluorescence Immunocytochemical detection of
MAPI B In transfected fibroblasts with anti-MAPI B-C1.

COS cells were transfected with an expression construct for 
MAP1B, prepared for immunofluorescence with fixation by either 
paraformaldehyde (A) or methanol (B), and stained with 10 iLig/ml 
anti-MAP1 B-C1. Methanol fixation did not require detergent; 
paraformaldehyde fixation was followed by permeabilisation with 
0.1% NP-40. Transformation efficiency was approximately 10%. 
Non-transfected cells show very low background staining.
Scale bar=10^m.
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pool is washed away with methanol fixation, but is retained with the use o f 

paraformaldehyde.

4.V. Discussion

Immunisation of guinea pigs with a GST fusion protein of p 1 intracellular loop led to the 

production of high affinity antibodies which recognise the p i subunit by 

immunofluorescence and western blotting. This antiserum does not recognise the 

homologous p2 subunit in transfected fibroblasts by immunofluorescence. The anti-panp 

antibody donated by Professor Waessle was not suitable for western blotting, so there was 

no positive control for p2-transfected cells with this technique. Although an ti-p l was 

raised against the human p i  clone, it also recognises the same sized protein from rat 

retina, and detection of this band was eliminated by pre-incubation of the serum with 

G ST-pl, showing that it is a specific interaction. This allowed the antibody to be used for 

biochemical studies in the rat retina. Some attempts were made to immunoprecipitate p i 

subunit from retina and from transfected fibroblasts, but unfortunately they were 

unsuccessful. This is surprising given the high efficiency of the antibody-antigen 

recognition by other techniques. In a recent study, Hackam et al. (1997b) raised 

antibodies against the p i  and p2 subunits and used these to investigate whether or not p i 

and p2 can bind to each other in vitro by immunoprécipitation. Their anti-pl subunit 

antibody recognised a protein of 62kD, much larger than the 45kD in this study. The in 

vitro translated protein did not run as a sharp band, but as a smear from 50-65kD. This 

could represent different degrees of glycosylation or degradation products. The 

predicted molecular mass of p i subunit from amino acid sequence is 55kD. It is not 

uncommon for proteins to run at unpredicted molecular weights on SDS-PAGE gels. For 

example, the a  subunit of the nAchR runs at 38kD (Anderson and Blobel, 1981), whereas 

its predicted mass is 52kD. Similarly, y2L subunit of GABA^R runs at 42kD (Benke et al., 

1990; Moss et al., 1995) but has a predicted molecular mass of 54kD.

Production of anti-clone 6 by immunisation of rabbits with GST-clone 6 also produced a 

high affinity antibody which recognises GLYT-IE by immunofluorescence and 

immunoprécipitation in transfected fibroblasts. However, it does not recognise a specific 

protein by western blotting. It is possible that the predominant antibodies in the 

polyclonal antiserum recognise a complex, three-dimensional epitope, which is retained in 

immunofluorescence and immunoprécipitation assays where native protein conformations 

are available for recognition, but is lost under denatured conditions, as encountered in
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western blotting. It is likely that a smaller polypeptide fragment used as antigen would 

have been more suitable for producing antibodies that would work under denatured 

conditions, as they would probably recognise a simple linear sequence rather than a 

folded conformation. The band generated by immunoprécipitation from GLYT-IE 

transfected fibroblasts is smaller than might be expected by comparison with previous 

studies. Lopez-Corcuera et al. (Lopez-Corcuera et al., 1993) raised antibodies to an 

unspecified glycine transporter and showed that they recognised a protein of 95-lOOkD. 

The protein in this study is approximately 65kD, which is similar to the predicted mass by 

amino acid residues before accounting for glycosylation. So it may be that in the 

transfected fibroblast system, the protein is not glycosylated to the extent that it would be 

in vivo. This is consistent with the fact that in the majority of transfected cells, the protein 

is found to reside in the endoplasmic reticulum (E.R.) rather than on the cell surface. If, 

for some reason, the protein is not undergoing full processing in the E.R., then it would 

not continue through the secretory pathway to the cell surface. Alternatively, the protein 

might be highly susceptible to degradation, and therefore the full-length polypeptide 

might not be detected. However, it should be stressed that the 95kD protein in this earlier 

study was most likely a different isoform of GLYT-1.
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CHAPTER 5
Further characterisation of the pl-M A PlB  interaction 

5.1. Introduction

Using a yeast two-hybrid screen with the intracellular loop of the p 1 subunit as bait, the 

microtubule-associated protein M APIB was isolated as a potential linker between the 

cytoskeleton and pi-containing GAB Ac receptors. To confirm that this interaction occurs 

in vivo, and to characterise it further, it was investigated using a range of biochemical and 

cell biological approaches. The yeast 2-hybrid system is a powerful technique for 

suggesting whether or not a given interaction takes place. However, the unnatural 

environment of a yeast cell, and the tendency of the system to produce false positives 

warrant the confirmation of 2-hybrid data with other techniques. Affinity purification, or 

pull-down assay, is a technique which can be used to show that two known proteins 

interact with each other. The GST-fusion protein of p i  intracellular domain which was 

made in order to raise polyclonal antibodies and to carry out in vitro overlay assays is 

itself purified from E.coli lysate using glutathione agarose beads. In this immobilised 

form it can be incubated with detergent extracts of retinal tissue to investigate whether or 

not a given protein (e.g. M APIB) will bind to it. Many studies have used this technique 

previously to confirm yeast 2-hybrid data (Brenman et al., 1996b; Komau et al., 1995; 

Wyszynski et al., 1997).

GABAa and GAB Ac receptors are differentially clustered in the retina (Koulen et al., 

1998). It would therefore be interesting to investigate whether this could be attributed to a 

different cytoskeletal anchoring mechanism. It was reported in section 3.V. of this study 

that clone 8 (MAPIB) does not interact with a range of GABA^ receptor subunits in the 

yeast 2-hybrid system. Pull-down assays using GST-fusions of a range of ionotropic 

G ABA receptor subunits are a useful way of investigating the specificity of the p l-  

M APIB interaction. For M APIB to function as a cytoskeletal linker protein for GAB Ac 

receptors, it must be able to bind both p 1 and tubulin or actin at the same time; affinity 

purification can be used to show the presence of both M APIB and tubulin or actin 

binding to GST-pI. Investigating the binding sites involved in an interaction between two 

proteins can give vital information about other possible binding partners and also about 

possible modes of regulation of the interaction. By making truncations of the p i 

intracellular domain as GST-fusions and using them in pull-down assays, it should be 

possible to determine the region involved in binding to M APIB. Pull-down assays and 

immunoprécipitation, another essential method of demonstrating an in vivo interaction.
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will show that two proteins can interact, but it must still be demonstrated that the two 

proteins are found in the same cells and, if possible, in the same cell compartment. An 

intracellular interaction will clearly not occur if the two proteins are found in different cell 

types. The best way of showing this is to carry out immunohistochemical staining of tissue 

slices or primary cultures using specific antibodies (see chapter 4) and look for 

colocalisation of, in this case, p i and M APIB. This interaction most likely occurs in the 

retina, and retinal cells are notoriously difficult to culture, so as well as co-staining 

sections of intact retina, the tissue can be enzymatically and mechanically dissociated to 

give individual cells which can be fixed and processed for immunocytochemistry 

immediately (Enz et al., 1996), so that the subcellular localisation of p i  subunit and 

MAPIB will be maintained. The hypothesis is that M APIB may be responsible for 

maintaining the synaptic localisation of p 1-containing GABA^ receptors. To investigate 

whether this is the case, a system is required which allows expression of p 1 subunit both 

with and without M APIB, in order to compare the distribution between the two situations. 

Previously, similar studies have used fibroblasts such as HEK293 cells or COS cells to 

express, for example GlyR subunits with and without gephyrin (Kirsch et al., 1995), or 

nAChR subunits with and without rapsyn (Phillips et al, 1991a). In both cases, the 

neurotransmitter receptor has a drastically altered distribution on co-expression with the 

anchoring protein.
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5.II. p i  intracellular loop selectively “pulls down” full-length M APIB from retinal 

extract.

A useful way of demonstrating an interaction between two proteins is by affinity- 

purification, or pull-down assay. This procedure uses a bait, usually a polypeptide, which 

is immobilised on beads and incubated with a cell extract containing target proteins. If the 

target protein binds to the bait, it will be retained on the beads after extensive washing.

In this instance, G ST-pl bound to agarose beads was incubated with 1% Triton X-100 

extract of rat retinae, and the interacting proteins analysed by western blotting (figure 25). 

MAPIB can be seen to bind to G ST-pl, but not to GST alone.

Microtubule-associated protein lA  (MAFIA) shares high sequence homology with 

MAPIB, especially in the N-terminal part of the molecule, including the region encoded 

by clone 8 (Langkopf et al., 1992) (figure 26). Segment 1 in figure 26 shows 88% 

homology between the two proteins, and segment 2 (the KKE motifs) shows 26% 

homology. The possibility of an interaction between p i and MAPI A was therefore 

investigated in a pull-down assay. GST-pl on agarose beads was incubated with Triton X- 

100 retinal extract and the bound proteins detected by western blotting with an antibody 

against MAPI A (Sigma). MAPI A was not detected bound to G ST-pl beads (figure 25). 

This result gives a preliminary indication of the probable location of the binding site for 

p i on M APIB, suggesting that it is within the region of divergence between MAPI A and 

M APIB rather than the homologous regions. The region of divergence is found between 

segments 1 and 2 as shown in figure 26, and corresponds to amino acid residues 519-654 

on MAPIB.

GABAaR and GABA^R are differentially clustered in the retina, so that they are found at 

separate synaptic sites (Koulen et al., 1998). It would therefore be interesting to 

investigate whether or not this could be attributed to differential cytoskeletal anchoring 

mechanisms for the two types of receptor. In chapter 3, it was observed that in the yeast 

two-hybrid system, the intracellular loops of a l ,  (33, and y2 subunits of GABA^ receptors 

do not interact with clone 8. These subunits were selected because they are widely 

expressed in the CNS, including the retina (McKeman and Whiting, 1996; Rabow et al., 

1995). Furthermore, bipolar cells where p subunits are predominantly expressed (Enz et 

al., 1996) also express a l ,  (33, and y2 subunits of GABA* receptors (Greferath et al., 

1995; Grigorenko and Yeh, 1994). The lack of an interaction between clone 8 (M APIB) 

and these GABA^ receptor subunits in the yeast 2-hybrid system does not preclude the 

possibility of these subunits binding to another region of M APIB away from the p i
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Figure 25. GST-p1 binds to MAP1B, but not MAPI A, from rat retinal 
extract in a pull-down assay.

GST
input GST p1

350 kD - mm -MAPI A

330 kD - # #  . -MAP1B

GST-p1 and GST immobilised on agarose beads were incubated 
with Triton X-100 extract of rat retina, and bound proteins 
detected by separation by SDS-PAGE, followed by western 
blotting. MAPI B was detected binding to GST-pl, but not to 
GST alone. MAPI A was not detected in the GST-pl pull-down. 
The input lane shows 2% of the lysate used in the assay. Both 
antibodies used were from Sigma.
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Figure 26. MAP1B has regions of homoiogy with MAPI A

I  2 |3
MAPI A HEAVY CHAIN

M A PIB  HEAVY CHAINa a a2 m 3

519 654 2800

B
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i i .  M+G+ EF+EY+SE+V+VPSPFD+LEPPTSGGFLKLSKPCCYIFPGGRGDSALFA VNGFN L+GGS+RKSC+WKL+RHLDR+D
i i i .  MEGLSEFTEYLSESVEVPSPFDILEPPTSGGFLKLSKPCCYIFPGGRGDSALFAVNGFNMLINGGSERKSCFWKLIRHLDRVD

SVLLTHIGADI^PGINGIÆjQRKVAELEEEQSQGSSSYSDWVKNLISPELGVVFFNVPEKLRLPDASRKAKRSIEEACLTLQHLNRLG 
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SILLTHIGDDNLPGINSMLQRKIAELEEEQSQGSTTNSDWMKNLISPDLGWFLNVPENLKNPEPNIKMKRSIEEACFTLQYLNKLS
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P EKI+RVLFPGN Q ILEGLEKL+HLDFL+ P+ATQKDL G VPT +K +K+KQRADS+ESLK K SK +E 
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654

A. Schematic diagram showing regions of homology (1-8) between MARIA and 
IB. Scale denotes number of amino acid residues from the N-terminus for 
MAPIB. LC=light chain.
B. Alignment starting at the beginning of region 1, showing 8 8 % homology 
between MARIA ( i )  and MAPIB ( i i i ) ,  for region 1, 26% homology for region 2, 
and the region of high divergence between regions 1 and 2 . Conserved residues 
are shown in ( i i ) .
Adapted from Langkopf et al. (1992).
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binding site. To address this question, pull-down assays were performed with GST fusions 

of a l ,  (33, and y2 (plasmids constructed by Dr. Bernard McDonald. Purified fusion 

proteins are shown in figure 27A). M APIB did not bind to any of these proteins (figure 

27B), suggesting that MAPIB does not anchor GABA^ receptors, but their synaptic 

localisation is maintained by an alternative mechanism.

5.III. The pool of MAPIB which binds to p i  intracellular loop can interact with the 

cytoskeleton.

The ability to bind GABA^R and elements of the cytoskeleton simultaneously is the basic 

criterion for M APIB to be designated as a cytoskeletal anchoring protein. It has been 

shown that M APIB can bind tubulin both in vivo and in vitro (Noble et al., 1989; Pedrotti 

and Islam, 1995; Sato-Yoshitake et al., 1989) and also actin in vitio  (Fujii et al., 1993; 

Pedrotti and Islam, 1996). It was important to discover if the binding of the p i  subunit to 

M APIB inhibits its binding to actin or tubulin, especially as the binding site for p i on 

MAPIB is very close to the putative microtubule-binding domain comprising numerous 

KKE repeats (Noble et al., 1989). Using pull-down assays from retinal extract, it was 

shown that both actin and tubulin are present with the pi-M A PIB  complex (figure 28). 

However, these cytoskeletal components did not bind to GST-pl in pull-downs from COS 

cell extract. These cells do not express significant levels of M APIB, so the absence of 

actin and tubulin binding suggests that p i  subunit intracellular domain does not bind 

directly to the cytoskeleton, and that M APIB must be present to act as a linker protein.

5.IV. p i  subunit co-immunopreclpitates from retinal extract with anti-M APlB  

antibody.

To demonstrate an interaction between both full-length proteins in the retina, 

immunoprécipitations were carried out using anti-MAP IB -C l antibody (figure 29). 

Subsequent western blotting with anti-pl antibody showed that the p i subunit was present 

in the M APIB immunoprecipitate, and therefore does indeed bind to M APIB in the 

retina. An antibody against the y2 subunit of GABA^R was used to investigate the 

presence of GABA^R in the immunoprecipitate. This antiserum was raised in guinea pigs 

against a peptide corresponding to the first 29 amino acids at the N-terminus of y2 and 

was made by Nicholas J Brandon. In the retina, the y2 subunit has a ubiquitous pattern o f 

expression (Greferath et al., 1995), and its presence in retinal lysate is shown in figure 29.
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Figure 27 .Only GST-pl, not a range of GST-GABA^ receptor subunit 
intracelular domains, binds to MAP1B from rat retinal extract in pull
down assays.

B

a l  p3 t2L GST kD

GST GST GST GST GST
input - p1 a1 P3 y2L

■ •

I t -MAP1B
- gmmmgwK

A. GST fusions of a1, (33, and t 2 L intracellular domains and GST alone 
were purified and separated by SDS-PAGE.

B. GST, GST-pl and GST-fusions of a1, (33 & t2L subunit intracellular 
domains of GABA^ receptors immobilised on agarose beads were 
incubated with Triton X-100 extract of rat retina. Bound proteins were 
separated by SDS-PAGE, and detected by western blotting. The input 
lane shows 2% of the lysate used in the assay. Anti-MAPI B antibody 
was from Sigma.
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Figure 28. The GST-p1-MAP1B comolex can bind actin and tubulin.

GST GST
p1 GST p1 

in COS ret retw -MAP1B

-TUBULIN

-ACTIN

GST-p1 and GST were incubated with "riton X-100 extract of rat retina, and 
bound proteins detected by western blotting.
To show that actin and tubulin were not binding to pi directly, GST-pl was 
incubated with Triton X-100 COS cell extract, which contains negligable 
levels of MAPIB. Input lanes show 2% of the lysate used for MAPIB, and 
0 .1% for actin and tubulin.
Anti-MAPI B and anti-tubulin were from Sigma, and anti-actin was from ION.
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Figure 29. Full-length p1 subunit co-immunoprecipitates with MAP1B 
from retinal extract.

control
anti- 

MAPI B input

-MAP1B

-igG

-p i

-IgG

-Y 2

Triton X-100 extract of rat retina was incubated with 20jLig anti-MAPI B-C1 
(lane anti-MAPI B) or 20 ng non-immune rabbit igG (lane CON) and 
protein A sepharose beads. Bound proteins were detected by western 
blotting with anti-MAPI B (Sigma), anti-pl or anti-7 2 .
Input lane shows 1% of lysate used.
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The y2 subunit confers benzodiazepine sensitivity to GABA^R (Pritchett et al., 1989a; 

Gunther et al., 1995), and more than 50% of all GABA^R in the brain contain this 

subunit (Benke et al., 1990; Benke et al., 1991). Therefore, the lack of interaction between 

this subunit and M APIB suggests that there is no interaction between M APIB and a large 

proportion of GABA^R. The immunoprecipitate was also probed for the presence o f 

MAPIB itself by western blotting with Sigma anti-MAP IB (clone AA6). M APIB was 

detected as shown in figure 29.

5.V. p subunits colocalise with MAP IB in the inner plexiform layer of the retina.

This work was carried out by Peter Koulen, at the Max-Planck Institut fur Himforschung, 

Deutschordenstrasse, Frankfurt, Germany.

It is very important to be able to demonstrate that p i and M APIB colocalise in vivo. Co- 

immunoprecipitation is carried out in a whole-tissue lysate where membrane- 

compartmentalisation between and within cells is removed. A positive result with this 

technique is a good indication that the two proteins interact, but still does not preclude the 

possibility that the proteins are expressed in different cell types or in a different 

compartment within the same cell. Therefore, immunohistochemical analysis of sections 

of rat retina was carried out to show colocalisation of p subunits and M APIB. 

Unfortunately, the anti-pl antibody did not work well for immunohistochemistry in 

retinal sections (data not shown), so an antibody against all p subunits (anti-panp(Enz et 

al., 1996)) was used instead (B, D & F). A Sigma anti-MAPIB antibody was used (clone 

AA6) to recognise M APIB (A, C & E). (figure 30). Three different developmental ages 

of rat were studied; PC (A & B), P21 (C & D), and adult (P64; E & F). The staining 

patterns for the two proteins are shown as mirror images of each other, so that 

colocalisation is seen as symmetry across the midline. Co-localisation can be seen in the 

inner plexiform layer (IPL), where bipolar cell axons form synapses with ganglion cells. 

In this region, amacrine cells make lateral connections between bipolar cell terminals 

carrying parallel streams of information, and also between bipolars and ganglion cells. It 

is very interesting to note that as well as being present in the outer retina, M APIB is 

clearly concentrated in this synaptic layer, as a previous study (Tucker and Matus, 1988) 

suggested that the majority of MAPIB immunoreactivity was present in the outer retina. 

In the adult, although all the p immunoreactivity in the IPL colocalises with M APIB, there 

is a sublamina in the mid-IPL, and also the ganglion cell layer both of which are strongly
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There is an interesting change in distribution of p subunits and M APIB from the juvenile 

rat through to adulthood in the inner retina. In new-born rats, M APIB is found to be 

expressed throughout most cells of all retinal layers. At later stages, M APIB expression 

becomes restricted to the photoreceptor layer and to the synaptic inner plexiform layer. As 

the inner plexiform layer develops, M APIB does adopt a more punctate, clustered pattern 

of expression in this region, corresponding to the clustered distribution of p subunits. This 

might reflect a change in the post-translational modification of M APIB, possibly by 

phosphorylation to alter its affinity for cytoskeletal elements, and hence affect its 

subcellular distribution (Pedrotti and Islam, 1996; Ulloa et al., 1993). This change also 

highlights the down-regulation of expression of M APIB with developmental time 

(Riederer et al., 1986). It is also interesting to note that the clustering of GABAcRs/MAPlB 

appears to occur very soon after rat eyes are opened (around P I2), suggesting that the 

clustering mechanism might be dependent upon synaptic activity.



Figure 30. p subunits colocalise with MAP1B in the inner plexiform
layer of the retina by immunohistochemistry.

Rat retinal sections from P7 (panels A and B), P14 (panels C and D) and adult 
(P64, panels E and F) were co-stained with a monoclonal for MAP 18 linked to 
fluorescein (panels A, C and E) and anti-p linked to Cy3 (panels B, D and F). 
Images were collected from each channel and then printed as mirror images, 
cut and aligned along a common border. Symmetry across the midline 
therefore represents co-localisation. The arrows indicate the orientation of the 
mirror images. ONL = outer nuclear layer, OPL = outer plexiform layer, INL = 
inner nuclear layer, IPL = inner plexiform layer, GCL ganglion cell layer. 
Scale bar represents 25 pM.
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stained for M APIB but do not correspond to strong p immunoreactivity. The low level o f 

p staining in the outer plexiform layer (OPL) does not always correspond to the presence 

of M APIB in this region. This can be explained by the fact that the anti-pan p antibody 

used in this experiment recognises p2 and p3 as well as p i (Enz et al., 1996), and there is 

some evidence that predominantly p2 mRNA is expressed in the OPL, rather than pi 

(Albrecht and Darlison, 1995).

5.VI. p subunits colocalise with M APIB at the axon terminals of dissociated retinal 

bipolar cells.

The amount of detail that can be resolved with whole-retina sections is limited due to the 

dense packing of cells and synaptic connections in the inner plexiform layer. Therefore, 

the localisation of p subunits and M APIB was investigated in single dissociated bipolar 

cells (figure 31). Retinae from adult rats were dissociated by enzymatic and mechanical 

means and allowed to settle onto poly-L lysine-coated coverslips before processing for 

immunofluorescence. The resulting preparation was a mixture o f all retinal cell types, with 

bipolar cells making up approximately 2% of all cells. Bipolars were identified by their 

characteristic morphology, with a long axon ending in one or more varicosities, and short 

dendritic processes extending from the opposite side of the soma (Enz et al., 1996). The 

small size of the dendrites is likely to be an artefactual result of the mechanical 

dissociation process. In some cells, M APIB immunoreactivity can be seen along the entire 

length of the axon, including the terminals where p immunoreactivity is found (figure 

31 A); whereas in others M APIB seems to be restricted to the terminals (figure 31B). p 

subunit immunoreactivity is found predominantly at the axon terminal, with some in the 

soma which presumably corresponds to the site of synthesis of the protein in the E.R. 

Although MAPIB is found in parts of the cell where p subunit is absent, there are no 

regions of the cell where p is found in the absence of M APIB.

S.VII. M APIB influences the subcellular distribution of p i  subunit in co transfected 

fibroblasts.

If a function of M APIB is to cluster pi-containing GABARs at synapses, then it is 

possible that when the two proteins are expressed together in heterologous cells, there 

would be some change in the distribution of the GABAR compared to the situation where 

the receptor is expressed alone. This technique has been used with other neurotransmitter
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Figure 31. p subunits colocalise with MAPIB In the axon
terminal of dissociated retinal bipolar cells

merge MAPIB

B

Rat retinae were enzymatically and mechanically dissociated 
and prepared for immunofluorescence including permeabilisation with 
0.1 % NP-40. p subunits were detected with anti-panp and visualised 
with a secondary antibody linked to fluorescein. MAPI B was detected 
with anti-MAPI B (Sigma), followed by a secondary linked to texas red. 
The overlap of the two channels is shown in the central panel.
Two different classes of bipolar cell with distinct morphologies are 
shown.
Scale bar=5|im
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receptor anchoring proteins to demonstrate an influence on the subcellular distribution o f 

the channel. For example rapsyn will redistribute nAChR into surface clusters in 

fibroblasts (Phillips et al., 1991a) and in Xenopus oocytes (Froehner et al., 1990), and 

gephyrin redirects GlyR into intracellular aggregates in HEK293 fibroblasts (Kirsch et al., 

1995). Figure 32 shows COS cells transiently expressing p i subunit alone (A), M APIB 

alone (B), and both together (C & D). p i  subunit will reach the cell surface and form  

fully functional GABA-gated chloride channels when expressed alone in these cells (Prof. 

T. Smart, personal communication), and as shown in figure 32A, there is also a large 

amount of intracellular staining for p i .  M APIB shows a diffuse cytoplasmic staining 

when fixed in paraformaldehyde (fig 32B), as has been previously reported (this study, 

(Noble et al., 1989). When M APIB is co-expressed with p i, there is a dramatic 

redistribution of the GABA^R into a more aggregated, perinuclear pattern (figure 32C & 

D). These aggregates are intracellular, with little p immunoreactivity remaining on the cell 

surface. M APIB also appears to be restricted to this part of the cell when co-expressed 

with the p i  subunit (figure 32D & E).

To show that this is a specific effect on the p i  subunit, a control using the P3 subunit o f 

GABAaR was used (figure 33). It has been demonstrated in this study that M APIB does 

not interact with P3, neither in the yeast 2-hybrid system, nor in pull-down assays. P3 was 

chosen as the control in this experiment because it reaches the cell surface very efficiently 

in COS cells (figure 33A), and forms constitutively open chloride channels (Wooltorton et 

al., 1997). As a homomeric channel, it therefore has the greatest similarity of the GABA^R 

subunits to p i in its behaviour in this system. Figure 33B shows that the distribution of the 

P3 subunit is unaffected by the co-expression of M APIB; it remains uniformly 

distributed at the cell surface.

5.VIII. Mapping the binding sites of the pl-M A PlB  interaction,

a) Possible regulation of the p l-M A P lB  interaction.

It is possible that the interaction between p i and MAPIB is regulated in some way. It has 

been demonstrated that GABA^ responses recorded in retinal slices are down-modulated 

by the activation of Ca^Vphospholipid dependent protein kinase (PKC) with phorbol esters 

(Feigenspan and Bormann, 1994), and by the activation of Dj dopaminergic receptors, 

which activate adenylate cyclase, and therefore cAMP-directed protein kinase (PKA) 

(Wellis and Werblin, 1995). To investigate whether or not p i subunit intracellular domain 

is itself phosphorylated by serine kinases, the intracellular domain expressed as a GST-
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Extra note to section S.VII.

The aggregated p i subunit in p l/M A PlB  cotransfected COS cells could only be detected 

when the cells were permeabilised prior to application of antibodies. With cells transfected 

with just p i subunit, protein could be detected on the cell surface without permeabilisation. 

This demonstrates that the vast majority of p i subunit is captured intracellularly by 

M APIB and is not allowed to remain at the cell surface. The relevance of this is discussed 

in section 5.IX.



Figure 32. MAP1B Induces a redistribution of p1 subunit in co
transfected fibroblasts.

COS cells were transfected with expression constructs for p1 subunit 
alone (A), MAPI B alone (B), and both p1 subunit & MAPI B together (C 
& E, respectively) and processed for immunofluorescence in the 
presence of 0.1% NP-40. pi subunit was detected with anti-panp and 
visualised with a secondary antibody conjugated to fluorescein (A & C). 
MAPI B was detected with anti-MAPI B (Sigma), and visualised with a 
secondary antibody conjugated to texas red (B & E). The overlap of C 
and E is shown in D.
Scale bar=10pm.
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Figure 33. The subcellular distribution of the p3 subunit of 
GABA^ receptors Is unaffected by MAP1B.

COS cells were transfected with expression constructs for p3 myc 
alone (A) and pS myc & MAPI B together (B & C respectively) and 
processed for immunofluorescence in the presence of 1% NP-40. 
pSmyc was detected with anti-myc 9E10 and visualised with a 
secondary antibody conjugated to fluorescein (A & B). MAPI B was 
detected with anti-MAP1 B (Sigma) and visualised with a secondary 
antibody conjugated to texas red. Scale bar=10|mm.
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fusion (G ST -p l) was tested in an in vitro kinase assay with a range of purified protein 

kinases; PKC, PKA, cGMP-dependent protein kinase (PKG) and Ca^^-calmodulin 

dependent protein kinase II (CamKII). The p3 subunit of GABA^Rs was used as a positive 

control for the assay, as it has been shown to be phosphorylated by PKA, PKC, PKG and 

CamKII with this technique (McDonald and Moss, 1997). Figure 34 shows that p i  is not 

significantly phosphorylated by any of the kinases tested, including PKC. This is in 

agreement with a recent study (Kusama et al., 1997) in which it was shown that mutating 

the serine residues in the putative PKC phosphorylation sites in p i subunit to alanines had 

no effect on the phorbol ester-induced down-modulation of GABA^ responses. The lack 

of direct phosphorylation of p i subunit itself implies that a GABAcR-associated protein is 

the substrate for PKC, and the phosphorylation of this protein results in the down- 

modulation o f the GAB Ac response. MAPIB is a good candidate for this GABAcR- 

associated PKC substrate. The interaction between PSD-95 and potassium channel Kir2.3 

is regulated by PKA phosphorylation of a serine residue close to the PDZ-domain 

binding m otif (Cohen et al., 1996). The interaction between the NRl subunit of NMDAR 

subunits and a-actinin-2 is disrupted in the presence of Ca^^^-activated calmodulin 

(Wyszynski et al., 1997), and between NRl and spectrin by both PKA and PKC 

phosphorylation (Wechsler and Teichberg, 1998). All of these mechanisms are likely to 

be physiologically important in the functional modulation of the ion channel. To 

investigate the possibility of M APIB being phosphorylated by PKC in the vicinity of the 

pi-binding site, GST-clone 8 was subjected to an in vitro kinase assay using purified PKC. 

Figure 35 shows that GST-clone 8 is phosphorylated by PKC; a degradation product o f 

this protein is a particularly good substrate. The stoichiometry of ^̂ P incorporation by 

clone 8 was approximately 0.3mol ^^P/mol protein, which is similar to that of p3.

This suggests that M APIB might be a substrate for PKC in vivo, although this is in 

contrast to a study which showed that MAPIB was not phosphorylated by PKC (Diaz- 

Nido et al., 1988).

As a prelude to looking at possible modes of regulation of a protein-protein interaction, it 

is useful to have more detailed knowledge of the amino acid sequences involved in the 

binding, as the presence of protein kinase consensus sites or known motifs involved in 

protein-protein interaction can give helpful clues.

b) The binding site for p i  on MAPIB

The yeast two-hybrid system was used to test the strength of interaction between the
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Figure 34. The Intracellular loop of p1 subunit is not significantly 
phosphorylated by PKA, PKC, PKG, or CaMKII in vitro.

PKA PKC PKG CaMKII

p1 p3 p1 p3p1 B3

m #

GST-fusions of p1 subunit and p3 subunit of GABA^ receptors (positive 
control) were subjected to in vitro kinase assays with cAMP-dependent 
protein kinase (PKA), Ca^Vphosphoiipid dependent protein kinase (PKC), 
cGMP-dependent protein kinase (PKG), and Ca^+Zcaimoduiin-dependent 
protein kinase (CaMKII). Incorporation of ^^p-y-ATP was detected by 
separation of proteins by SDS-PAGE, followed by autoradiography.
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Figure 35. GST-Clone 8 is phosphorylated by PKC in vitro.

clone  
8 p3 kD

-66

-45

-31

GST fusions of clone 8  and the (33 subunit of GABA^ receptors (positive 
control) were subjected to in vitro kinase assays with Ca^Vphospholipid- 
dependent protein kinase (PKC). Proteins were separated by SDS- 
PAGE, and y-^^P-ATP incorporation detected by autoradiography. A 
degradation product of GST-clone 8  is a good PKC substrate, whereas 
the full-length polypeptide shows weaker incorporation.
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plpA S2-l bait used to isolate clone 8, and various truncation mutants of clone 8 

(MAPIB) in pACTII, Clone 8 overlaps with the more N-terminal microtubule binding 

domain (MTB) of M APIB, composed of numerous KKE repeats (Noble et al., 1989), so 

p i was first assayed for interaction with clone 8 with the MTB deleted (8̂ '̂*), and also with 

MTB alone (8^^™). Yeast cotransformed with p i  and 8”̂ ®̂ did not grow on SD-leu-trp-his 

+25mM 3-AT, whereas yeast cotransformed with p i  and 8^^ grew equally well on this 

medium as with the full clone 8, and also activated P-galactosidase equally strongly 

(figure 36). Truncations were then made to progressively delete stretches of the 

polypeptide towards the N-terminus of clone 8. The interactions of p i  with 8̂ *̂  and 8̂ ^̂  

were both as strong as clone 8 and 8^^, as assayed by growth on SD-leu-trp-his +25mM 3- 

AT, and activation of P galactosidase. However, 8̂ ^̂  did not grow as efficiently on SD-leu- 

trp-his as clone 8, and 8”  ̂ showed virtually no growth on this medium, although the yeast 

which did grow showed some residual activation of (3-galactosidase. Further truncation to 

8 '̂  ̂ did not remove this low-level binding. So it would appear that the binding site for p i 

on M APIB is found between residue 536 and 563 (fig 38), although the maintenance o f 

some low-level interaction after truncation down to 519 suggests that the binding site 

might be quite complex, depending on the 3-dimensional folding of a large stretch o f 

sequence.

Because of the persistence of the low-level interaction between p i  and the shortest 

truncation of clone 8, an attempt was made to more accurately quantify the strength o f 

interaction between p i  and the various truncation mutants by means of a liquid (3- 

galactosidase assay. However, in liquid SD-leu-trp-his culture, yeast co-transformed with 

p i and 8̂ ^̂  or 8 '̂  ̂ did not show any significant growth, and therefore could not be assayed 

for P-galactosidase activity. This strengthened the conclusion that 8̂ ^̂  and 8 '̂  ̂ do not 

contain the binding site for p i on M APIB.

c) The binding site for MAPIB on p i

Owing to the result obtained in section 3.IV that the pl-M A PIB  interaction in yeast is 

more efficient with the p l  transmembrane regions present, it was decided that the yeast 

two-hybrid system might not be suitable for this part of the investigation. M aking 

truncations of p l  intracellular loop would be a complicated procedure if transmembrane 

regions were included, requiring two PCR inserts or alternatively site-directed 

mutagenesis. Pull-downs were used instead, as these worked efficiently without the 

presence of the transmembrane regions in the GST- p l.
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Figure 36. The binding site for pi on MAPIB is just N-terminal to
the microtubule-binding domain between residues 519-553.

MTB
M A PI B  ” "1-----------------------------------------------

460  690

clone 8
8 6 3 4

gMTB

0 5 8 5

0 5 6 3

0 5 5 3

0 5 3 6

0 5 1 9

SD-leu 
-trp-his 
+3 AT P-gal
+++ +++
4--H- +++

+++ +++
+++
++ ++
+/- +
+/- +

Y190 were co-transformed with p1pAS2-1 and truncation mutants of clone 8  
pACTII, and grown on SD-leu-trp-his +25mM 3-AT. Colonies were then 
subjected to a colony-lift p-galactosidase assay. 8 ®̂̂ denotes truncation 
extends to amino acid residue number 585. 8 "^^^denotes the truncation 
encoding the portion of clone 8  overlapping with the proposed microtubule- 
binding domain of MAPIB.
+++ colonies >2 mm after 1 week growth / turn blue in <2 h in b-gal assay 
++ colonies 1-2mm after 1 week growth / turn blue in 2-3h in b-gal assay 
+ colonies <1mm after 1 week growth / turn blue in >3h in b-gal assay
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Truncations of p l intracellular loop were made simply by making a C-terminal half 

(C l/2; residues 402-454) and an N-terminal half (N l/2; residues 355-412) of the loop by 

PCR-cloning into pGEX 4T3. Pull-down assays were carried out from retinal lysate and 

M APIB binding analysed by western blotting. Figure 37A shows that M APIB binds very 

strongly to Cl/2, and not at all to N l/2. It is interesting to note that the binding to the 

truncated loop is considerably stronger than to the full-length loop. This presumably 

reflects an effect of the 3-dimensional conformation of the proteins; the binding site must 

be somewhat hidden in the full-length loop. This may be consistent with the situation in 

yeast; it is possible that the same truncation would have bound efficiently in the yeast two- 

hybrid system. C l/2  was further truncated by dividing it into halves; C1/2N (residues 402- 

434) and C1/2C (residues 428-454), and testing these GST fusions in the pull-down assay. 

Again, a clear result was obtained; M APIB bound strongly to C1/2C and not at all to 

C1/2N (figure 37B). This suggests that the binding site is in the region 428-454. The first 

7 amino acids of this region (SSPQRKS) overlap with C1/2N, so they are less likely to be 

involved in binding, and the last 9 amino acids (THAIDKYSR) of this sequence are 

identical to those of p2, which has been shown by yeast two-hybrid assay to be non

interacting with clone 8 (MAPIB). This would imply that these residues are not important 

for binding of M APIB, narrowing down the probable binding site to QRSSYVSMRID. 

Figure 38 summarises the binding site data to show the suggested regions of both p l  and 

M APIB involved in the interaction.
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Figure 37. The binding site for MAP1B on p1 is towards the C-terminal
end of the intracellular domain, between residues 428-454.

GST GST GST GST 
p1 Nl/2 C1/2 - input

Ü -MAP1B

B GST GST GST
p1 C1/2N C1/2C

W -MAP1B

GST GST GST GST GST GST
C1/2N C1/2C N1/2 C1/2 pi input 

"  f H  -MAPIB

Truncation mutants of the intracellular domain of p1 subunit expressed as 
GST fusions immobilised on agarose beads were incubated with Triton X-1 0 0  
extract of rat retina in pull-down assays.

A The intracellular domain of p1 was first divided into two halves.
C1/2 : C-term half of p1 intracellular domain from residues 402-454.
Nl/2 : N-term half of p1 intracellular domain from residues 355-412.

B. The positively-interacting G1/2 was then itself divided into halves.
C1/2C: C-term half of C1/2 from residues 428-454.
C1/2N: N-term half of C1/2 from residues 402-434.

0. Pull-down assay with all truncations used.

Input lanes show 1% of the lysate used in the assay.
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Figure 38. Summary of binding site data

N clone 8 0

M A P IB l MTB MTB

weakest
interaction

strongest
interaction

dltgqvatpavkqvklkQRAD^R E ^ L K P  A A K P L P S K T V R  K E^K EE tpevtkglekapkves 
519 536 553 563

B

454

428

C1/2N
overlap

P2
homology

sspqrksQRSSYVSMRIDthaidkysr 
428 454

A. The binding site for p1 subunit on MAP1B is likely to lie between residues 
536-563, just N-terminal to the microtubule-binding domain (MTB). Consensus 
sites for phosphorylation by PKA/PKG are underlined.

B. The binding site for MAPIB on p i subunit is likely to lie between residues 
428-454, close to TM4, although it is possible that the first 5 residues and the 
last 9 residues are not involved for the reasons given.
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5.IX. Discussion.

This work has strengthened the observation from the yeast 2-hybrid screens in chapter 3 

that the p l  subunit of GAB Ac receptors interacts with M APIB.

Specificity of the interaction.

Affinity-purification or pull-down assays have proved to be a very powerful technique in 

this study, and also in previous studies (Cohen et al., 1996; Wyszynski et al., 1997; 

Mueller et al., 1996) The GST-pl fusion protein will pull down full-length M APIB from  

retinal extract, but not MAPI A (figure 25). M APIA and M APIB are highly hom ologous 

proteins as demonstrated in figure 26. However, there is a region from amino acids 519- 

654, where there is a high degree of divergence between the two proteins. As shown in 

figures 36 & 38, the binding site for p l  on M APIB does indeed lie within this region. 

Like M APIB, M APIA is found in high levels in the inner plexiform layer of the retina, so 

it could also be a candidate as an anchoring protein for a different class o f 

neurotransmitter receptor.

In chapter 2, it was demonstrated that a range of GABA^R subunits do not interact with 

clone 8 (MAPIB) in the yeast 2-hybrid system. This has been confirmed by pull-down 

assays, with the further conclusion that these subunits do not bind to any other region o f 

M APIB. Although outside the range of this study, it would be interesting to investigate 

whether or not any GABA* receptor subunits can interact with M APIA using this 

technique.

p subunits show a higher level of sequence homology to the a  subunits of the glycine 

receptor than to a , y (and ô & e) subunits of GABA^Rs, and only the (3 subunits of the 

GABA^R are more closely related to p subunits. The possibility therefore remains that 

glycine receptor subunits could interact with M APIB. Whilst attempting to clone the 

93kD protein now known to be gephyrin, Rienitz et al (Rienitz et al., 1989), instead 

isolated a protein identical to the C-terminal half of M APIB, which they named neuraxin. 

This was done by screening an expression library with antibodies raised against the 

postsynaptic glycine receptor complex. Although it has since been demonstrated that 

neuraxin itself does not exist in the mammalian nervous system (Kirsch et al., 1990), it is 

still possible that glycine receptors can bind to a C-terminal portion of M APIB. In this 

case, the binding site for the glycine receptor would be in a different region of the 

molecule than that of p l . A population of GlyR clusters on retinal bipolar cells are not 

immunoreactive for gephyrin, implying that there must be an alternative mechanism for
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clustering (Zucker, 1998). If M APIB were also responsible for the synaptic clustering o f 

GlyRs in bipolar cells, then the question arises as to how they could be maintained at 

distinct synapses; there is little colocalisation between p and GlyR subunits (Koulen et al., 

1998).

The detection of actin and tubulin in G ST-pl pull-downs from retina extract, but not 

from HEK293 cell extract, has demonstrated that the pool of M APIB which binds to p l 

subunit can also bind to these two cytoskeletal components. This implies that M APIB can 

indeed function as a GABAcR-cytoskeleton linker protein. However, it can not be 

concluded that when p l binds to M APIB, it wül always be associated with both actin and 

tubulin, only that it has the available binding site or conformation to do so. It is possible 

that, via MAPIB, anchoring of GABA^Rs to either actin or tubulin will predominate, 

depending on regulation by phosphorylation (Diaz-Nido et al., 1988; Pedrotti and Islam, 

1996; Pedrotti et al., 1996), or by some other cellular processes. It has been demonstrated 

that glycine receptor clustering by gephyrin can be affected by disruption of either 

microtubules or microfilaments (Kirsch and Betz, 1995). Treatment with various agents to 

disrupt tubulin or actin polymerisation led to the conclusion that interaction of gephyrin 

with microtubules generates denser postsynaptic clusters, and that microfilaments partially 

antagonise this effect, tending to favour larger, more diffuse clusters. So it is possible that 

the interaction of the p l-M A PlB  complex with different constituents of the cytoskeleton 

is regulated in a similar way to control GABA^R distribution at bipolar cell axon terminals 

in the retina.

The M A P lB /p l interaction in vivo,

Co-immunoprecipitation of p l subunit with anti-MAP IB demonstrated that full-length p l 

subunit binds to MAPIB in the retina, showing that it is a true in vivo interaction. This 

experiment also confirmed once again that GABA^Rs do not interact with M APIB in the 

retina, by showing that the y2 subunit, a constituent of the majority of GABA^Rs, does not 

bind to M APIB.

The fluorescence immunohistochemistry of retinal sections co-stained for p and M APIB 

demonstrate colocalisation of the two proteins in the inner plexiform layer. However, it is 

clear that there is a significant pool of M APIB which does not colocalise with p subunits, 

consistent with the protein having functions other than its interaction with GABA^Rs. 

There is a high level of MAPIB expression in the photoreceptor cell layer, where p 

subunits are not expressed. The role of M APIB in the photoreceptor layer is thought to
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be a continuation of its proposed developmental function; that is, to regulate m icrotubule 

dynamics in neuritogenesis. The photoreceptor cells continually regenerate through 

adulthood, and it is for this reason that such high levels of M APIB are found in this 

region (Hicks et al., 1994; Mandell et al., 1993; Tucker and Matus, 1988). Within the IPL 

where MAPIB does colocalise with p, there are also some regions where M APIB is clearly 

present in the absence of p subunits. In particular, in the adult retina, there is a definite 

stratum of intense M APIB staining in the mid-IPL which shows a relatively low level of p 

subunit immunoreactivity. These may represent ganglion cell dendrites, which do not 

express p subunits (Enz et al., 1996), but may express M APIB (Viereck and Matus, 

1990). At the single cell level, dissociated bipolar cells can be seen to express p subunits 

exclusively at the terminal, where they colocalise with M APIB (figure 31). However, in a 

proportion of the cells examined, M APIB is also found in other parts of the cell where p 

subunits are not expressed (figure 31 A). This would imply that the interaction is regulated 

rather than constitutive, to prevent the interaction occurring at the more proximal parts o f 

the axon whilst the p subunit is trafficking to the terminal. There is presumably a 

mechanism such as phosphorylation and/or binding of other proteins (e.g. light chains, 

actin), which determines whether or not the interaction takes place. There is also the 

possibility that the bipolar cell in figure 31A expresses GABA^Rs comprising p2 subunits 

rather than p l ,  and therefore would not interact with M APIB.

Figure 32 demonstrates that M APIB can influence the subcellular distribution of p l 

subunit when expressed together in a heterologous cell system. Therefore, M APIB could 

also influence the distribution of GABAcRs in retinal cells, and be involved in maintaining 

their synaptic localisation. However, the redistribution is to intracellular aggregates, rather 

than a surface clustering pattern, so it is not reasonable to conclude from this experiment 

that M APIB is entirely responsible for the clustering of GABA^Rs at retinal synapses. 

Glycine receptors aggregate intracellularly when co-expressed with gephyrin in HEK 293 

cells (Kirsch et al., 1995), and a similar effect is seen with rapsyn/neuronal nAchR (Feng 

et al., 1998). Gephyrin is still accepted to be a synaptic clustering protein, despite its 

inability to induce surface clustering of the receptor in a heterologous cell system, 

because of further experiments such as the disruption of glycine receptor clustering in 

cultured neurons by injection of gephyrin antisense oligonucleotides (Kirsch et al., 

1993b). Likewise, further experiments will need to be carried out with M APIB and 

GABAcRs to ascertain whether or not GABAgR clustering is mediated by their interaction 

with M APIB. The pattern of p l subunit staining in the co-transfected cells is reminiscent
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of the golgi apparatus, so a possible explanation of the result is that as p 1 is synthesised 

and is processed through the secretory pathway, it is arrested by binding to M APIB, 

Microtubules organise most of a cell’s organelles, including the endoplasmic reticulum 

and the golgi apparatus, the latter being closely associated with the perinuclear 

microtubule organising centre (MTOC) (Wehland et al., 1983). The MTOC is a region of 

particularly high microtubule concentration, so in M APIB transfected cells, p l  subunit 

would tend to accumulate in this region as it passes through the golgi. In retinal bipolar 

neurons, this does not appear to happen, as GABAcRs do successfully traffic to the cell 

surface at the axon terminal. So there must be a form of regulation (which could be cell- 

type specific, and therefore absent in this heterologous cell system) of the interaction 

either between M APIB and p l subunit or between M APIB and the cytoskeleton (or 

both). This might allow the p l  subunit to bypass the MAP IB on the way to the plasma 

membrane, and only interact at specific cellular domains. Alternatively, the intracellular 

aggregates might represent an endosomal compartment where the receptor has trafficked 

successfully to the plasma membrane and is then held inside the cell during endocytic 

recycling. It is possible that the function of the interaction between M APIB and p l is 

actually to keep the receptor away from the plasma membrane rather than anchor it there, 

and that when required, the cell surface expression is up-regulated by activating some 

signalling pathway to disrupt the interaction between p l and M APIB.

It has recently been demonstrated that gephyrin-glycine receptor complexes require 

activation of the receptor in order to establish cell-surface clusters (Kirsch and Betz, 

1998). If glycine receptor activity is blocked by strychnine, then the receptors are found 

to be in an intracellular compartment. So in the case of GABA^R-MAP1B and glycine 

receptor-gephyrin aggregates in heterologous cells, it might be the lack of a neuronal 

environment and hence receptor activation which is incompatible with surface cluster 

formation. Receptor activation aside, the use of fibroblasts to try and mimic the situation 

at a synapse is arguably inappropriate, owing to the high degree of specialisation found at 

these intercellular junctions. That M APIB can influence the subcellular distribution of p l  

is perhaps all that can be concluded from this experiment. The relevance of further 

deductions to the situation in retinal bipolar cells is limited.

The pl-M A PlB  binding sites.

As stated earlier, the rationale for mapping more precisely the regions of M APIB and p l 

which interact with each other was to find possible mechanisms for regulation of the
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interaction. The more interesting of the two binding regions may be that on M APIB. In 

the binding domain there are a number of consensus sites for phosphorylation by serine 

protein kinases, particularly PKC & PKA (Kennelly and Krebs, 1991). These are 

highlighted in figure 38. It has been demonstrated that when recording GAB Ac responses 

from retinal preparations, activation of PKC by application of phorbol esters causes a 

down-modulation of these responses (Feigenspan and Bormann, 1994b). The mechanism 

by which this occurs is as yet unknown, but it is possible that the activated PKC 

phosphorylates M APIB and disrupts its interaction with GABAcRs, allowing the receptors 

to drift away from the synapse or be internalised by endocytosis. Or, in the alternative 

hypothesis suggested earlier, the phosphorylation of M APIB by PKC enhances the 

interaction with GABAcRs, and captures them inside the cell during endocytic recycling. 

PKC is highly enriched in the terminals of rod bipolar cells and some subtypes of cone 

bipolar cells, and GABAcRs colocalise with PKC a-isoform in these cells (Enz et al., 1996; 

Greferath et al., 1990). PKC does not phosphorylate the intracellular domain of p l 

subunit directly in an in vitro kinase assay, but it does phosphorylate the region o f 

MAPIB encoded by clone 8 in a similar assay. So PKC might influence GABAcR 

function by regulating the interaction with M APIB. The fact that PKC is so enriched in 

the bipolar cell axon terminal might provide a reason for why p l  and M APIB only 

interact in this specific location, p l binds to a region of M APIB very close to, or even 

within, the proposed microtubule-binding domain (Noble et al., 1989), suggesting that 

either GABAcRs are very tightly bound to subsynaptic microtubules, or (more likely) they 

bind to M APIB preferentially when it is dissociated from microtubules.

This work has demonstrated that GABAcRs containing the p l subunit bind to MAPIB in 

the retina. The function of this interaction is yet to be fully established, but is likely to be 

involved in the anchoring of the receptors at synaptic sites by linking them to the 

subsynaptic cytoskeleton. There remains the possibility that the interaction is involved in 

more subtle mechanisms to control the trafficking or the cell-surface expression of the 

receptors, and it is likely that the interaction is tightly regulated.
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CHAPTER 6
C o n clu d in g  D isc u ss io n

This work has identified a mechanism for anchoring GABAcRs to the cytoskeleton, which 

may be responsible for the clustering of these receptors at retinal synapses. A yeast two- 

hybrid screen using the intracellular domain of p l subunit isolated MAPIB as a 

cytoskeletal linker protein for GABAcRs which is specific to p l subunit, showing no 

interaction with GABACR (xl, (33, yZ subunits or GABAcR p2 subunit. The interaction was 

shown to exist in vivo by a range of biochemical, histochemical and cell biological 

techniques. MAPIB can influence the subcellular distribution of pl-containing GABAcRs 

in fibroblasts, suggesting that the interaction could be important for receptor localisation 

in retinal bipolar cells. These results have been discussed in the previous chapters, and this 

final chapter will speculate on some further possibilities and implications for the 

mechanisms involved in the p l -MAPIB interaction.

What is the function of the M A PlB/pl interaction?

The most likely role for the interaction between p l subunit and M APIB is a synaptic 

anchoring protein. Studies into other neurotransmitter receptors and their interactions 

with the cytoskeleton, have provided evidence for mechanisms which utilise cytoskeletal 

connections to maintain a synaptic localisation for the receptor (Apel and Merlie, 1995; 

Kirsch et al., 1996; Sheng and Wyszynski, 1997). Other possibilities are a role in 

trafficking, where an interaction with M APIB guides GABAcRs along microtubules and 

hence along the axon to their destination at axon terminals, or where the receptor is kept 

away from the synapse by binding to M APIB beneath the plasma membrane. There is no 

precedent for either of these functions from previous work on GABARs or other 

neurotransmitter receptors, in contrast to the concept of synaptic clustering of the receptor 

by means of a link to the cytoskeleton. Another possibility is that the interaction is 

important during development. M APIB is known to have a crucial function in regulating 

microtubule dynamics during neurite outgrowth (Gordon-Weeks, 1997; Ulloa et al., 

1997), and it has been suggested that GAB A may also play a role in development as a 

chemoattractant, with the different classes of GABAR mediating a different kind o f 

response (Behar et al., 1996). Application of GABA to developing neurites can induce an 

elevation of intracellular calcium, which is thought to be important in neurite outgrowth 

(Obrietan and Pol, 1996). It is possible that GABAcRs are localised to growth cones by 

interacting with MAPIB so that they are well placed for responding to GABA. This is
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supported by the observation that a GABAc response can be detected in hippocampal 

neurons only during the first week or two postnatally, when synaptic connections are 

becoming established (Martina et al., 1995; Strata and Cherubini, 1994).

This work has suggested very strongly that M APIB is responsible for the synaptic 

clustering of GABAcRs in the retina. However, the experiments presented in this thesis 

have not provided absolute proof that this is the case. Gephyrin and rapsyn were shown to 

be responsible for the clustering of GlyR and nAchR by blocking expression of the 

clustering molecule with antisense oligonucleotides or generating a knockout mouse. 

M APIB knockout mice do exist, and it would be very interesting to investigate the 

distribution of GABAcRs in the bipolar cells of these animals with the same techniques as 

used in this study. Retinal neurons are difficult to culture over long periods of time, so 

antisense treatment of wild-type cells would be unsuccessful. Alternatively, a peptide 

corresponding to the binding site on p l or M APIB might also be effective in disrupting 

the interaction, and would act much more quickly than application of antisense 

oligonucleotides. If M APIB is involved in the synaptic clustering of GABAcRs, then it 

would be expected that the distribution of receptor in knockout or peptide-treated cells 

would be more diffuse rather than clustered at synapses.

Due to the lack of studies providing information about the subunit composition o f 

GABAcRs in vivo, it is not possible to conclude that all GABAcRs in the retina interact 

with MAPIB. If p2 homomers exist, then these receptors would not be anchored by 

MAPIB (unless p2 binds to a different region of MAPIB). There remains the possibility 

that p2 is anchored by a different protein, and a yeast two-hybrid screen using a p2 bait 

could be carried out to address this question.

How is the interaction regulated?

W hichever of these possible functions is correct, the expression of M APIB in regions o f 

retinal bipolar cells which do not express GABAcR, raises the question of how the 

interaction of p l subunit with M APIB is inhibited in these parts of the cell. If M APIB is 

involved in the synaptic localisation of GABAcRs at bipolar cell terminals, then receptors 

trafficking to the terminal along the axon must bypass the M APIB along the axon shaft. 

Alternatively, MAPIB could bind to GABAcRs in the cell body, and the whole complex 

transported to the terminal. This situation would necessitate a blockade of the interaction 

between M APIB and microtubules so that movement along the axon would be possible. 

The binding site for p l on M APIB is within a region demonstrated by Noble et al. (1989)
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to be capable of binding to microtubules. Amino acids 524-848 must be deleted from the 

MAPIB clone in order to abolish microtubule binding, even though the KKE repeats 

alone from 646-732 are able to bind microtubules. So it is possible that when M APIB is 

bound to microtubules, the p l binding site is masked, and receptors can not interact. This 

could provide a mechanism for the non-interaction of GABAc receptors with MAPIB 

along the length of the axon, where M APIB is likely to be bound to microtubules. At the 

axon terminal, there may be a pool of M APIB which is not strongly associated with 

microtubules (Mansfield et al., 1991), which could therefore bind to p l  subunit and 

anchor GABAc receptors to the actin cytoskeleton. This does not contradict with the pull

down data which demonstrated that tubulin could interact with the p l-M A PIB  complex. 

In this case, GST-pl is in a vast molar excess, and will compete for M APIB binding, but 

will leave the KKE region of M APIB free to bind microtubules. In the in vivo situation, 

tubulin would be present in much higher molar amounts than p 1 subunit, so it would bind 

preferentially to M APIB along the length of the bipolar cell axon, and might use the full 

524-848 binding site, therefore masking the binding of p l .  M APIB has a low affinity for 

microtubules compared to other MAPs (Pedrotti et al., 1996), and can bind to specific 

acidic membrane phospholipids, especially phosphatidylserine, which inhibits its 

interaction with tubulin (Yamauchi et al., 1997). Therefore, at the axon terminal where 

M APIB comes into contact with the plasma membrane, it could bind to these m embrane 

phospholipids, rather than microtubules, and also bind p l  subunit of GABAcRs. An 

ability to interact with the plasma membrane is clearly a useful property of a putative 

synaptic anchoring protein; rapsyn and PSD-95 also have this ability, via fatty acid 

modification (Phillips et al., 1991b; Topinka and Bredt, 1998). In this situation, the 

M APIB anchoring mechanism would be via actin filaments (Fujii et al., 1993; Pedrotti 

and Islam, 1996).

Another likely mode of regulation to specify the spatial limits of the interaction is 

phosphorylation. M APIB is subject to phosphorylation by a wide range of kinases which 

is thought to regulate its interaction with the cytoskeleton (Gordon-Weeks, 1997; Ulloa et 

al., 1997). It is possible that the interaction with p l subunit is also regulated by 

phosphorylation, in such a way that a local change in M APIB phosphorylation state in the 

vicinity of the synapse allows the interaction to occur, whereas in other subcellular regions 

the interaction will be inhibited. Preliminary data in this study suggest that M APIB might 

be phosphorylated by PKC close to the p l binding site, and in vivo electrophysiological 

recordings suggest that GABAcRs are modulated by PKC despite no apparent direct

144



phosphorylation of the receptor (this study, Feigenspan and Bormann, 1994b). 

Furthermore, PKC is present in high levels in bipolar cell terminals (Greferath et al., 

1990), and is activated by binding to phosphatidylserine (Newton, 1997). Therefore, if 

MAPIB also binds to phosphatidylserine, it will be ideally positioned to be a PKC 

substrate. It would be interesting to investigate the effect of phosphorylation on the p l-  

M APIB interaction as part of a further study. The effect that phosphorylation of M APIB 

has on the interaction with p l could be investigated by affinity-purification of MAPIB 

transiently expressed in fibroblasts by G ST-pl. The phosphorylation of M APIB could be 

controlled by application of kinase activators and inhibitors, and the effects o f 

phosphorylation by various kinases assayed by the efficiency of M APIB binding to GST- 

p l .

Postsynaptic neurotransmitter receptor clusters form opposite presynaptic neurons 

releasing the appropriate transmitter (Craig et al., 1994; Kirsch and Betz, 1998; Reist et al., 

1992). The clustering of GABAcRs on bipolar cell terminals is also likely to involve some 

kind of signal of presynaptic origin, although this is hard to investigate without a long

term culture system.

How could MAPIB cluster GABAcRs?

The fact that MAPIB can associate with membrane lipids, and that the binding site for 

MAPIB on p l is very close to TM4, suggests that M APIB will lie alongside GABAcRs 

and might link together neighbouring receptors at the plasma membrane. If M APIB is 

inducing the synaptic clustering of GABAcRs, then either there must be at least two 

binding sites for p l on MAPIB, or MAPIB must be able to self-associate, or there must 

be a further factor required to mediate a M APIB-M APIB interaction. PSD-95 and rapsyn 

are known to be able to self-associate, and the domains responsible have been elucidated 

(Hsueh et al., 1997; Ramarao and Cohen, 1998). Gephyrin can probably behave in a 

similar way, as it forms intracellular aggregates in heterologous cells in the absence o f 

GlyRs (Kirsch et al., 1995). The potential for self-association of M APIB does exist with 

the involvement of light chain 1 (LCl). LC l is synthesised as a C-terminal extension o f 

M APIB heavy chain (HC), which is then cleaved from the polyprotein by the action of an 

unidentified protease, and binds to the HC near the microtubule-binding domain 

(Hammarback et al., 1991). If M APIB remained as a polyprotein, then the C-terminus 

corresponding to LC l could bind to a neighbouring M APIB molecule and form dimers
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Figure 39. Post-translational processing of MAP1B poiyprotein  
and possible models for subsequent receptor clustering.

MAP1B polyprotein 

HC

A) proteolysis

LC1

B) self-association
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1= 0 ;

A
GABA^R

A

V

or C)

A

A) would not allow clustering of GABA^Rs per se; B) would induce clustering 
of GABAgRs by the formation of a raft of MAP1B to which p1 subunit could 
bind. C) would allow clustering on the assumption that more than one p1 
subunit exists in a GABA^R. Each MAP1B dimer could bind a receptor at 
each end, and each receptor could bind as many MAP1B dimers as p1 
subunits exist in the receptor, (modified from Hammarback et al., 1991).

Q denotes p i binding site on MAP1B.
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or aggregates as shown in figure 39. It is interesting to note that the NMDAR anchoring 

protein a-actinin-2 forms dimers in a similar way as shown in fig 36C). Although there is 

no direct evidence that unprocessed MAP IB exists in vivo, it seems likely that if it is 

synthesised in the form of a polyprotein, then a small proportion of it will remain in this 

form. Given the availability of an anti-LCl antibody, an interesting experiment to test this 

hypothesis would be to carry out a simple pull-down assay with G ST-pl from retinal 

extract, and probe the western blot with anti-LCl as well as anti-MAPlB. This would 

indicate whether or not LCl is still covalently attached to the HC C-terminus, rather than 

non-covalently associated with the N-terminus after proteolytic processing.

Comparison with other neurotransmitter receptor clustering mechanisms.

An attempt was made in chapter 1 to compare some of the characteristics o f 

neurotransmitter receptor clustering mechanisms. The molecular structures of clustering 

proteins seem to be very diverse, and M APIB does not share any sequence hom ology 

with any of the other known proteins. It is clear that interacting with GABA^Rs is not the 

only function of M APIB; it has a very important developmental role in the process o f 

neuritogenesis (Gordon-Weeks, 1997; Ulloa et al., 1997). Gephyrin must also have other 

functions; it is found at focal adhesions in spinal cord neurons at early developmental 

stages and is expressed in a wide range of tissues which do not express GlyRs (Kirsch et 

al., 1993a; Prior et al., 1992). In hippocampal neurons, a-actinin-2 is found not only 

associated with NMDARs at the PSD, but also with microtubules in dendritic shafts 

(Wyszynski et al., 1998). This poses the same question as in the p l/M A PlB  situation; how 

do receptors avoid an interaction with the anchoring protein along the length of the 

neurite, but interact at the synapse? The NM DAR/a-actinin-2 interaction is disrupted by 

Ca^Vcalmodulin, but this is more likely to occur at the synapse than in the dendritic shaft, 

suggesting that there may be some other regulatory mechanism. M APIB has the potential 

for an interaction with both actin and tubulin (Fujii et al., 1993; Pedrotti et al., 1996), 

which has also been implied for gephyrin (Kirsch and Betz, 1995), and the observation 

that a-actinin-2 decorates microtubules in dendritic spines suggests that it can also bind 

both cytoskeletal elements (Wyszynski et al., 1998). It is interesting that the behaviour o f 

M A PlB/pl complexes in fibroblasts is similar to that of gephyrin/GlyR, rapsyn/neuronal 

nAchR and SAP97/NMDAR; that is, it forms intracellular aggregates rather than surface 

clusters (Feng et al., 1998; Kim and Sheng, 1996; Kirsch et al., 1995). This could reflect a
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similarity in the clustering process or in the mode of interaction with the cytoskeleton for 

these synaptic complexes.

It is useful to compare well-established anchoring mechanisms because they might give 

clues about further properties of the pi/M A PIB  interaction. However, the distinct 

functions of each receptor type would suggest that the differences in the way the 

interactions are maintained and regulated will be more interesting than the similarities. 

This is highlighted by the fact that completely unrelated proteins mediate a similar 

process for each type of neurotransmitter receptor.

GLYT-1 and “clone 14”.

In addition to MAPIB, the yeast two-hybrid screen isolated two further pi-interacting 

clones; clone 6, which is a C-terminal variant of the glycine transporter GLYT-1 E/F, and 

clone 14, which is a portion of a novel protein. The pl-G LY T-IE/F interaction has been 

confirmed by in vitro overlay assay, and GLYT-1 E/F has been localised to the plexiform 

layers of the retina. The interaction awaits further in vivo analysis. It would be of great 

interest to analyse the influence pi subunit has on GLYT-1 function, and vice versa. 

Unfortunately, the antibody raised against clone 6 is not of high quality, which might 

hinder in vivo investigation. Clone 14 is potentially very interesting because it interacts 

with pi and p2 subunits (but not GABA^R a l ,  pS or y2). There is still no strong evidence 

indicating the subunit composition of GABA^Rs in vivo', there is the possibility of pi, p2 

and p3 homomeric receptors, or heteromers formed from combinations of these. 

Whichever is the case, clone 14 is likely to be a protein involved in the biology of all 

GABAcRs, rather than a GABA^R subtype. The identity of the full-length clone for this 

novel protein, and potential functions with respect to GABA^R biology should be 

investigated.

This study has isolated three GABAcR-interacting proteins, M APIB, GLYT-1 E/F, and 

“clone 14” . The majority of the work has involved the characterisation of the M APIB 

interaction, which represents the first cytoskeletal anchoring mechanism for a GABAR.
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