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Abstract

Glutamate transporters play a crucial role in the central nervous system, helping
to terminate synaptic excitatory transmission by lowering the extracellular glutamate
concentration, keeping the extracellular glutamate concentration below neurotoxic
levels, and being involved in the pathology of ischaemia. Little is known about the
proteins that target and anchor these transporters to the plasma membrane or modulate
their activity. Using electrophysiological, molecular, biochemical and cell biological
techniques, I have studied the role of such interacting proteins.

I dialysed into retinal Miiller cells peptides homologous to the amino- or
carboxy- terminals of the GLAST glutamate transporter to competitively disrupt
interactions of the terminals with endogenous proteins. By studying their effects on the
membrane current generated by the transporter, using whole-cell patch-clamping, I have
shown that protein interactions at the carboxy-terminal of GLAST modulate the apparent
glutamate affinity of the transporter.

Using the yeast two-hybrid system, I identified two proteins, the I, imidazoline
receptor candidate protein and the ajuba protein, that interact with the amino-terminal of
the glutamate transporter GLT-1. To further characterise the interaction between GLT-1
and ajuba, I generated polyclonal antibodies to ajuba. Ajuba and GLT-1 interact directly
in biochemical assays, and they co-localise and interact in a heterologous mammalian
system. Furthermore, they are both expressed in brain and retina and they may interact
and co-localise in retinal bipolar cells and cerebellar structures in vivo.
Electrophysiological studies suggest that ajuba does not modulate the apparent affinity

of GLT-1 for glutamate.



Previous work has shown that ajuba activates MAP kinase and c-jun kinase, that
it shuttles between the nucleus and the cell membrane and that it is likely to interact with
the cytoskeleton. I demonstrate here that ajuba is a component of adherens junctions and
binds to the epithelial-cadherin complex in biochemical assays, implying that ajuba

might also have a role in the formation or regulation of adherens junctions.
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Chapter 1: Introduction

1.1 Introduction

Glutamate is the major excitatory amino acid in the central nervous system.
Glutamate released during synaptic transmission is ultimately removed from the
extracellular space by the action of sodium dependent glutamate transporters. Thus, the
operation of glutamate transporters is crucial for normal synaptic transmission, and
modulation of glutamate uptake could alter the information processing carried out by the
brain. Glutamate transporters also play an important role in some types of brain
pathology. This thesis describes experiments that were conducted to identify proteins
which interact with these glutamate transporters. This chapter gives the background on
this family of transporters and their role in physiological and pathological events, which
is necessary to put the experiments of this PhD thesis in context. It also gives a brief
overview of the different technical approaches I employed and of other areas of research

that are relevant to understanding the results presented in the thesis.
1.2 Glutamate as a neurotransmitter

The majority of excitatory synapses in the central nervous system (CNS) use
glutamate as the neurotransmitter (reviewed in Monaghan et al. 1989). Glutamate
released from the presynaptic terminal can activate several different types of
postsynaptic receptors, as well as presynaptic autoreceptors. The glutamate receptors

can be broadly divided into two groups: the ionotropic receptors, which open ion
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channels, and the metabotropic receptors, which are coupled to G-proteins. The
ionotropic receptors can be further sub-divided, based on the pharmacological agents
which also activate them, into NMDA (N-methyl-D-aspartate), AMPA (a-amino-3-

hydroxy-5-methyl-4-isoxazole propionate), and kainate receptors.

1.2.a Glutamate receptor properties

The NMDA receptor channel is permeable to sodium, potassium and calcium,
and is blocked in a voltage-dependent manner by external magnesium ions (Mayer et al.
1984, Nowak et al. 1984). To be activated it needs to bind both glutamate and glycine
(Johnson and Ascher 1987). The entry of calcium through the NMDA receptor can
initiate cell signalling inside the cells. It is important for triggering the increase of
synaptic strength occurring during long-term potentiation (reviewed by Collingridge and
Bliss 1995), and for mediating glutamate-induced neurotoxicity which is known to occur
in anoxia (Choi and Rothman 1990). Currently, there are six cloned sub-units of the
NMDA receptor: NR1, NR2A-D, and NR3A (reviewed by Hollmann and Heinemann
1994). Complete NMDA receptors are thought to exist as pentamers containing both
NR1 and NR2 sub-units, which, respectively, contain the receptor's glycine and
glutamate binding sites. The NR3A sub-unit co-immunoprecipitates with the NR1 and
NR2 sub-units, alters the NMDA receptor kinetics when co-expressed with NR1 and
NR2 subunits in oocytes, and is expressed primarily during brain development, but its
exact role in vivo remains unclear (Das et al. 1998).

The AMPA receptor channel is permeable to sodium, potassium, and (depending
on the sub-unit composition) calcium (Hollmann and Heinemann 1994). Functional
AMPA receptors are multimeric complexes of the homologous sub-units GluR1-GluR4,
the receptor's permeability to calcium being suppressed if GluR2 is present (Hollmann

and Heinemann 1994, Rosenmund et al. 1998). The specific sequence in GluR2 which
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suppresses the calcium permeability is produced by post-transcriptional RNA editing
(Hollmann and Heinemann 1994).

The kainate receptor channels are permeable to sodium, potassium and (again
depending upon RNA editing) calcium. Two classes of kainate receptor sub-units can
be distinguished by their affinity for kainate: high-affinity sub-units (KA1 and KA2),
and low-affinity sub-units (GluR5-7). The sub-unit composition of these receptors in
vivo is still unclear.

Metabotropic glutamate receptors activate GTP-binding proteins (G-proteins)
upon binding of glutamate. They can be classified into three groups (reviewed by Pin
and Duvoisin 1995). The mGluR1 and mGluRS are group-I receptors, mGluR2 and
mGluR3 are group-II receptors, and mGluR4, 6, 7 and 8 are group-III receptors. Group-
I receptors couple to G-proteins which activate phospholipase C, producing inositol
trisphosphate and releasing calcium from internal stores. Group-II and group-III
receptors show different pharmacological properties, but both types of receptors usually
couple to G-proteins which inhibit adenylate cyclase, decreasing the intracellular

concentration of cAMP.

1.2.b Glutamate neurotoxicity

The neurotoxic properties of glutamate were first described by Olney and Sharpe
(1969), who demonstrated that injection of glutamate into monkeys resulted in neuronal
death. Later, experiments by Choi et al. (1987) established an EC,, of 50-100 uM for
causing the death of neurones exposed to glutamate for five minutes. Normally, the
extracellular glutamate concentration in the brain is maintained at a low micromolar
level by glutamate transporters (see section 1.3.f). However, pathological conditions
such as brain anoxia or ischaemia, as would be caused for example by a stroke, perinatal

asphyxia, cardiac arrest, carbon monoxide poisoning or drowning, may lead to an
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increase in the extracellular glutamate concentration to several hundred micromolar
(Hagberg et al. 1985).

The neurotoxicity of extracellular glutamate is thought to be mediated by
excessive activation of the glutamate-gated ion channels. Opening of sodium-permeable
channels results in sodium influx, followed by an influx of chloride and water, resulting
in rapid cell swelling which can cause early necrotic cell death (Rothman 1985). More
importantly, excessive activation of NMDA receptors and calcium-permeable AMPA
receptors results in an influx of calcium, which produces a delayed neuronal
degeneration (Choi 1987). During ischaemia, it is thought that this calcium influx
triggers a type of long term potentiation of the NMDA receptor response which results
in a delayed neuronal death due to excessive calcium influx after the ischaemic insult
(reviewed by Szatkowski and Attwell 1994). Glutamate transporters are believed to play
arole in producing the elevated glutamate concentration which triggers delayed neuronal

death during ischaemia, as reviewed later in section 1.3.f.

1.3 The sodium-dependent glutamate transporters

Normal brain function depends critically on the operation of several glutamate
transporters. Amino acid transporters do not belong to a single homogenous family of
proteins. They can be split up into three major groups depending upon whether the
amino acids transported are basic, acidic or neutral, and each of these is then sub-divided
into carriers which are dependent upon the presence of sodium, and those which are not
(reviewed in Masson et al. 1999). In this introduction I will focus on the family of

sodium-dependent glutamate transporters.
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1.3.a Molecular and cellular characterisation of sodium-dependent glutamate
transporters

To date, five distinct mammalian plasma membrane sodium-dependent glutamate
transporters have been cloned: GLAST, GLT-1, EAAC-1, EAAT-4, and EAAT-5. They
belong to a discrete family of transporters, with little homology to transporters of other
neurotransmitters (Amara and Kuhar 1993, Kanai et al. 1993), but they do bear some
structural homology to a neutral amino acid transporter (Arriza et al. 1993, Shafqat et al.
1993). These five glutamate transporters have specific expression characteristics, which
will be described for each transporter below.

The first member of the family of glutamate transporters, GLAST, was isolated
from rat brain (Storck er al. 1992). It shows 96% sequence identity to its later cloned
human homologue EAAT-1 (Arriza et al. 1994). GLAST is located predominantly in
glial cells of the CNS, being highly expressed in Bergmann glia of the cerebellum and
Miiller cells of the retina, and expressed at a lower level in most astrocytes (Rothstein et
al. 1994, Lehre et al. 1997). Expression of this protein has also been reported in
neurones of the brain and recently detected in bone (Rothstein et al. 1994, Mason et al.
1997). In the brain, GLAST mRNA is present at a low level prenatally, but becomes
enriched in cerebellar Bergmann glia early postnatally and then is also present to a lesser
extent in the forebrain (Furuta et al. 1997).

The glutamate transporter GLT-1 was also cloned from rat brain (Pines et al.
1992). It shows 95% identity to its human homologue EAAT-2 (Arriza et al. 1994). Itis
the most abundant transporter in the brain and is mainly distributed in astrocytes
throughout the adult brain and the spinal cord. The highest levels of expression are
found in the forebrain including the striatum, cortex and hippocampus (Lehre et al.
1995, Furuta et al. 1997). GLT-1 expression has also been reported in the dendrites, cell

body and axon of the cone bipolar neurones and in some amacrine cells of the retina (see
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section 1.7 and the diagram of the structure of the retina in figure 1.6: Rauen and Kanner
1994, Rauen et al. 1996, Euler and Wissle 1995). GLT-1 expression was also reported
in Miiller cells of the salamander retina (Eliasof et al. 1998). GLT-1 is also present in
liver and in bone (Utsunomiya-Tate et al. 1997, Mason et al. 1997).  Alternative
splicing of the GLT-1 mRNA has been demonstrated in brain and in liver, but the role of
these splice variants is still unknown (Utsunomiya-Tate et al. 1997, Meyer et al. 1998).
There is very little GLT-1 expression (if any at all) before birth in the CNS (Furuta et al.
1997, Ullensvang et al. 1997) with the highest amounts seen in the spinal cord. GLT-1
levels increase dramatically with brain maturation, notably in the forebrain, to reach
high levels of expression by adulthood. A transient expression of GLT-1 has been
reported along axonal pathways during embryogenesis (Furuta et al. 1997, Yamada et al.
1998), but the significance of this developmentally regulated neuronal expression is still
unknown.

Interestingly, detailed analysis of the subcellular localisation of GLT-1 (and
GLAST) in the cerebellum showed that GLT-1 (and GLAST) are not uniformly
expressed in the membranes of astrocytes. There are more transporters in astrocyte
membrane areas that face nerve terminals, axons and dendritic spines, than in membrane
areas that face other glial cells, capillaries, pia or stem dendrites (Chaudry et al. 1995),
consistent with a major role for glial uptake being to maintain the glutamate
concentration around neurones below toxic levels. This localisation of the transporters
suggests the existence of specific proteins which interact with these transporters and
target them to particular locations. In this thesis I attempt to identify such proteins.

The transporter EAAC-1 was cloned from rabbit small intestine (Kanai and
Hediger 1992). It shows 92% identity to its human homologue EAAT-3 (Arriza et al.
1994). It is expressed in small intestine, kidney, liver, heart, and neurones throughout

the brain, with highest CNS expression levels in the forebrain, diencephalon and
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hindbrain (Kanai and Hediger 1992, Furuta et al. 1997). Detailed studies of the
expression pattern of EAAC-1 in the cerebellum have shown that this transporter is
highly expressed on the soma and dendritic spines of Purkinje cells, which suggests a
postsynaptic role for glutamate uptake (Rothstein et al. 1994), either to terminate
synaptic transmission (Takahashi et al. 1996), or to provide glutamate as a precursor for
formation of GABA (the Purkinje cell transmitter). It is also expressed to a lesser extent
in glia (Conti et al. 1998), and is found in the horizontal, amacrine, displaced amacrine,
and ganglion cells of the retina (see section 1.7 and figure 1.6; Rauen et al. 1996).
Expression of EAAC-1 increases with maturation of the brain, reaching maximum levels
around postnatal day 5 to 16, and decreases thereafter (Furuta et al. 1997).

The transporter EAAT-4 was first cloned from human cerebellum (Fairman et al.
1995). It is almost exclusively found at postsynaptic sites on cerebellar Purkinje cells in
the adult CNS (Yamada et al. 1996). Detailed sub-cellular analysis of this transporter
showed that it was concentrated near the climbing and parallel fibre synapses onto the
Purkinje cells, in parts of the Purkinje cell dendritic membrane facing astroglia (Dehnes
et al. 1998). Expression of EAAT-4 is low prenatally and at birth, and increases with
maturation to reach maximum level of expression around postnatal day 26 (Furuta et al.
1997).

The EAAT-5 transporter was first isolated and cloned from salamander and
human retina (Arriza et al. 1997). It is highly expressed in glia and neurones of the
salamander retina (Eliasof et al. 1998). In photoreceptors, this transporter is localised at
the synaptic terminal (Sarantis et al. 1988, Eliasof et al. 1998). The developmental

regulation of this transporter has not been detailed as yet.
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Table 1.1 Distribution of the five cloned mammalian sodium-dependent glutamate

transporters

The distribution of the five mammalian glutamate transporters GLAST (human
clone EAAT-1), GLT-1 (EAAT-2), EAAC-1 (EAAT-3), EAAT-4 and EAAT-S is
summarised in this table (‘esp.' means especially). Some distribution patterns reported

are put in brackets, as they are awaiting confirmation by further studies.
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Transporter sub-
type (human clone)

Brain and spinal
cord distribution

Retinal
distribution

Other tissues
distribution

GLAST (EAAT-1)

Bergmann glia of
cerebellum
Expressed at low
level in astrocytes
throughout the brain
(Neurones)

Miiller cells

Bone

GLT-1 (EAAT-2)

Astrocytes
throughout brain
esp. hippocampus,
striatum and cortex

spinal cord

(Neurones during

Cone bipolar cells
(Amacrine cells)

(Miiller cells in the
salamander retina)

Liver (splice
variant)

Bone marrow

development)
EAAC-1 (EAAT-3) | Neurones Horizontal cells Small intestine
throughout the brain
esp. in forebrain, Amacrine cells Kidney
diencephalon and
hindbrain Displaced amacrine | Liver
cells
(glia) Heart
Ganglion cells
EAAT-4 Purkinje neurones Placenta
of the cerebellum
EAAT-5 Glia and neurones
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Finally, another transporter sub-type has recently been cloned in Drosophila
(Seal et al. 1998). dEAAT is a neuronal transporter that has 40-50% homology with the
mammalian transporters.

None of the plasma membrane transporters cloned to date are present in
presynaptic terminals apart from EAAT-5 in photoreceptors of the retina (although of
course the structurally unrelated vesicular glutamate transporter is present in vesicles in
the presynaptic terminals, Takamori et al. 2000). However, antibodies to D-aspartate
(which is taken up by glutamate transporters), demonstrate the presence of a brain
presynaptic plasma membrane neuronal glutamate transporter, which has not yet been
identified (Gundersen et al. 1993). A summary of the expression patterns of the

mammalian transporters described above can be found in table 1.1.

1.3.b Structure of the sodium-dependent glutamate transporters

All five cloned mammalian sodium-dependent glutamate transporters show
between 36% and 65% identity with each other. A dendrogram of the rat and human
transporter sequences cloned to date is shown if figure 1.1A and the sequences of the
three transporters used in this study (salamander GLAST, rat GLAST and rat GLT-1)
are aligned in figure 1.2B. The EAAT-5 protein sequence is omitted as it was only
cloned from salamander and human tissue. This thesis will focus on the GLAST and
GLT-1 transporters. The GLT-1 sequence shown in figure 1.1 is that of the commonest
splice variant found in brain (Pines et al. 1992, Utsunomiya-Tate et al. 1997).

Although the hydropathy plots of the mammalian glutamate transporters are
almost identical, four different topology models have been proposed (Storck et al. 1992,
Pines et al. 1992, Kanai and Hediger 1992, Grunewald et al. 1998). The latest model by
Grunewald et al. (1998) was obtained from detailed analysis of the biotinylation of

cysteines incorporated into the GLT-1 transporter. The structure derived from this study
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Figure 1.1 Sequence analysis of the plasma membrane sodium-dependent

glutamate transporters

A) Dendrogram of all the rat and human plasma membrane sodium-dependent
glutamate transporters cloned to date. The dendrogram was generated from the optimal
alignment of the available full-length rat and human sequences of the glutamate
transporters to determine ancestral relationships between the sequences (there is no rat
sequence of EAATS available yet). Branch distance from the ancestral node
corresponds to sequence divergence (derived with the Clustal method of alignment using
the Megalign program in the Lasergene program). This dendrogram shows that the
sequence divergence between homologous transporters in rat and human (e.g. EAATI1
and GLAST) is much smaller than the difference between the different subtypes of

transporter.

B) Alignment of the amino acid sequences of the 3 sodium-dependent glutamate
transporters studied in this thesis: rat GLAST (GenBank accession number P24942),
salamander GLAST (GenBank accession number AF018256), and rat GLT-1 (GenBank
accession number P31596). The putative alpha-helical membrane spanning domains (I-
VI) are indicated by bars. LHCS, large hydrophobic conserved domain. Conserved

residues are in red.
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Figure 1.2 Predicted structure of the sodium-dependent glutamate transporters

Predicted topological model of the GLT-1 glutamate transporter based on studies
by Grunewald et al. (1998). The transmembrane domains that are long enough to cross
the membrane as a-helices are indicated by Arabic numerals from 1 to 8. The structure
reminiscent of a pore loop and outward-facing hydrophobic linker are denoted by

Roman numerals (I-IIT). The N-glycosylation sites are also depicted.
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is shown in figure 1.2. GLT-1 (and presumably the other glutamate transporters) has
eight transmembrane domains long enough to span the membrane as o helices. Between
the seventh and eighth domains, a structure reminiscent of a pore loop and outward-
facing hydrophobic linker are positioned. Both the amino- and the carboxy- terminals
are intracellular (a finding consistent with all the models proposed previously). The
topology of the stretch of the protein located between transmembrane domains 7 and 8 is
still a matter of controversy (Grunewald et al. 1998, Masson et al. 1999).

A stretch of 76 amino acids between residues 364 and 439 is partly contained
within the pore-loop structure in the model of figure 1.2. This stretch of residues was
shown to contain at least part of the binding site for the glutamate analogue
dihydrokainate, and two adjacent amino-acids in this stretch are involved in the binding
of the coupling ions Na* and K* (see section 1.3.c, Vandenberg et al. 1995, Kavanaugh
et al. 1997, Zhang et al. 1998a). This stretch of amino acids is highly conserved, not
only between the five mammalian glutamate transporters, but also in the small neutral
amino acid transporters (Arriza et al. 1993, Shafqat et al. 1993) and in the bacterial
glutamate and dicarboxylic acid transporters (Tolner et al. 1995).

The size of the transporters ranges between 523 and 572 amino acids, resulting in
them migrating in a broad band centred around 65-75 kDa on SDS-PAGE gels (Haugeto
et al. 1996, Grunewald et al. 1998). They contain two N-glycosylation sites (see figure
1.2), and putative protein kinase A and protein kinase C phosphorylation sites (Conradt
et al. 1995, Grunewald et al. 1998). They were shown to form homomultimers both by
biochemical techniques (trimers: Haugeto et al. 1996) and by direct observation

(pentamers: Eskandari et al. 2000).
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1.3.c Stoichiometry of glutamate uptake

Sodium-dependent glutamate transporters move glutamate up a strong
electrochemical gradient. The extracellular glutamate concentration is in the micromolar
range, while the intracellular values are millimolar (Attwell ef al. 1993), and in addition
glutamate is a negatively charged molecule. Consequently energy is needed for the
transport process. This is not derived directly from ATP, but it is obtained from the co-
transport of inorganic ions down their electrochemical gradients.

Early studies on the stoichiometry of uptake were based on measuring the uptake
of radiolabelled glutamate or aspartate. The dependence of uptake on the concentration
of various intra- and extracellular ions was determined. All studies of glutamate uptake
show a first order Michaelis-Menten dependence of uptake on the external glutamate
concentration, indicating that one glutamate molecule is transported per transporter
cycle.

It was demonstrated that sodium ions are required for glutamate uptake, and
tracing of radioactive sodium showed that it is co-transported into the cells on the active
transporter (Hertz 1979, Erecinska 1987). Flux measurements suggested that at least
two sodium ions move into the cell with each glutamate (Stallcup et al. 1979, Erecinska
et al. 1983). Potassium ions in the cytosol are also a requirement for radioactive
glutamate uptake, suggesting either that they are counter-transported (Kanner and
Sharon 1978, Burkhardt et al. 1980, Nelson et al. 1983) or that internal K* is needed to
generate a negative membrane potential. Measurements of pH outside cells during
transport showed an alkalinization when glutamate is transported (Erecinska et al. 1983,
Nelson et al. 1983), suggesting that a pH-changing ion is transported, either on the
glutamate transporter itself, or on Na*-dependent pH-regulating carriers which respond

to the Na* influx on the glutamate transporter.
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Figure 1.3 Stoichiometry of the sodium-dependent glutamate transporters

Sodium-dependent glutamate transporters accumulate glutamate by co-
transporting 3 Na* and 1 H*, and counter-transporting 1 K*. In addition the transporters
can generate a current by virtue of an anion conductance in their structure which is gated

by transport activity.
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The ionic dependence of glutamate uptake was investigated further by studying
the electrical currents produced by glutamate transporters using whole-cell patch-
clamping (as detailed below, the transporter process is electrogenic). This technique
confirmed a first-order Michaelis-Menten dependence on external glutamate
concentration with a K, of 22 uM in salamander Miiller cells (Brew and Attwell 1987).

There is a sigmoid dependence of the glutamate uptake current on external
sodium concentration, consistent with at least two sodium ions being required for
transport (Barbour et al. 1991). The glutamate uptake current measured at a constant
negative voltage shows a first-order Michaelis-Menten dependence on the internal
potassium ion concentration (Barbour et al. 1988), and K*-sensitive electrodes detect K*
leaving the cell during glutamate uptake (Amato et al. 1994), indicating that one internal
potassium ion is transported out of the cell during each carrier cycle. Analysis of the
intra- and extracellular pH changes stimulated by glutamate uptake was used to suggest
that one hydroxide ion is counter-transported (Bouvier et al. 1992). However, the
discovery that glutamate transporters activate an anion conductance (see section 1.3.d
below) undermines the method used to reach this conclusion. Most recent studies by
Zerangue and Kavanaugh (1996) on EAAT3 transporters expressed in oocytes, and by
Levy et al. (1998) on GLT-1 transporters expressed in a Chinese hamster ovary cell line,
demonstrated that three sodium ions and one proton are co-transported with each
glutamate molecule, while one potassium ion is counter-transported (figure 1.3).

The ionic stoichiometry of the glutamate uptake thus implies that for each
glutamate ion transported, there will be a movement of two net positive charges in the
same direction. Glutamate uptake is thus an electrogenic process, allowing it to be
studied as a membrane current by the whole-cell patch-clamp technique (Hamill et al.
1981). When salamander Miiller cells are whole-cell voltage-clamped, an inward

membrane current can be measured when glutamate is externally applied (Brew and
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Attwell 1987). I will use this method in chapter 3 to study the role of endogenous
proteins interacting with retinal Miiller cell GLAST transporters.

This electrical method of assessing glutamate uptake has an advantage over the
radiotracing methods, in that the membrane voltage can be controlled. The rate of such
an electrogenic process would be expected to be affected by the membrane voltage, and
this was found to be the case for glutamate uptake. A positive membrane potential
inhibits the current evoked by external glutamate, but does not cause it to reverse (Brew
and Attwell 1987), consistent with the activation of a transporter which moves net

positive charge inwards when glutamate is applied to the outside of the cell.

1.3.d Glutamate transporters gate an anion channel

The existence of an anion conductance associated with glutamate uptake
transporters was first noted in oocytes expressing the human clone EAAT-4 (Fairman et
al. 1995). The presence of sodium and glutamate in the extracellular medium stimulates
activation of this anion channel, but actual transport of glutamate is not necessary as the
anion conductance can function even when transport is blocked by the absence of
counter-transported potassium (Billups et al. 1996). Ion movement through the channel
is not thermodynamically linked to transport: glutamate transport is the same whether
anions move inwards or outwards through the channel. Thus the chloride gradient
across the plasma membrane does not contribute to the driving force for glutamate
uptake. Subsequent examination of GLAST, GLT-1 and EAAC-1 showed that they also
have an associated chloride conductance, but that the proportion of the total glutamate-
gated current which it contributes is much smaller (Wadiche et al. 1995a). In contrast,
EAAT-5 and dEAAT have chloride conductances, which, as for EAAT-4, generate the
majority of the charge movement seen during transporter activation in oocytes (Arriza et

al. 1997, Seal et al. 1998). The chloride conductance gated by EAAT-5 (which is found
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predominantly in the vertebrate retina) is similar to that which has previously been
reported to generate large membrane currents in salamander retinal cones and fish retinal
bipolar cells, suggesting that this transporter may function mainly as a glutamate gated
chloride channel, and participate in visual processing (Sarantis et al. 1988, Eliasof and

Werblin 1993, Grant and Dowling 1995).

1.3.e Modulation of the sodium-dependent glutamate transporters

Recent studies demonstrate that the activity of several neurotransmitter
transporters can be rapidly regulated by direct activation of intracellular signalling
molecules (protein kinase C or cAMP-dependent protein kinase: see for example Quick
et al. 1997, Beckman et al. 1998). There is now some evidence for modulation of the
surface expression and transport activity of the sodium-dependent glutamate transporters
by various mechanisms.

The modulation of glutamate transporters by phosphorylation was first reported
by Casado et al. (1993). In this study, they showed in vitro phosphorylation of a
purified pig brain glutamate transporter by protein kinase C (PKC), and phorbol ester
induced stimulation of transporter activity in C6 glioma cell lines. Recent studies have
focused on the regulation of the transporter EAAC-1 in these C6 glioma cell lines.
Davis et al. (1998) demonstrated that activation of PKC with phorbol esters increases
the activity and cell surface expression of EAAC-1 in these cells, that EAAC-1 cell
surface expression can also be rapidly increased by platelet-derived growth factor
(PDGF) through activation of phosphatidylinositol 3-kinase (PI3-K) (Sims et al. 2000).
PKC regulation of transporter activity and cell-surface expression was also reported in
Miiller glial cells (Gonzalez et al. 1999).

Analysis of transporter cell-surface expression in primary cultures of astrocytes,

or of mixed neurones and astrocytes, demonstrated that GLT-1 expression is up-
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regulated by an unidentified soluble neuronal factor and by cAMP analogues
(Gegelashvili et al. 1997, Swanson et al. 1997, Schalg et al. 1998), and that GLAST
cell-surface expression is up-regulated by glutamate (Duan et al. 1999). Expression of
the transporters is also regulated in response to various brain injuries (Levy et al. 1995,
Torp et al. 1995, Miller et al. 1997). Other studies have shown that the activity of
transporters can be regulated by sulfhydryl oxidation (Trotti et al. 1997), zinc (Spiridon
et al. 1998, Vandenberg et al. 1998) and arachidonic acid (Barbour et al. 1989, Zerangue
et al. 1995).

The in vivo relevance of the mechanisms of modulation mentioned above is still

unknown.

1.3.f The role of the sodium-dependent glutamate transporters in the brain

Glutamatergic synaptic transmission in the mammalian CNS is terminated not by
the degradation of the transmitter, but by its removal from the synaptic cleft by diffusion
and by the action of the glutamate transporters. Whilst this method differs from the well
known example of acetylcholine and its associated enzyme acetylcholinesterase, it is in
fact the most common method of terminating neurotransmitter action in the mammalian
CNS. In addition to glutamate, the transmitters GABA, glycine, noradrenaline,
dopamine and serotonin all have associated transporters that terminate their action
following release.

Blocking glutamate uptake, to examine its functional role, is possible with a
variety of antagonists, although there is currently a paucity of specific blockers for the
different members of this transporter family. Studies in which uptake was blocked have
shown that the role of transporters differs in different parts of the brain. For example,
inhibition of glutamate uptake in the cerebellum leads to an increase in the duration of

excitatory post-synaptic currents (EPSCs) in Purkinje cells (Barbour et al. 1994,
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Takahashi et al. 1995), indicating a direct relationship between synaptic performance
and the rate of glutamate removal by transport in this region. By contrast, similar studies
in the hipppocampus failed to produce comparable results, suggesting that even a low
(inhibited) level of uptake is sufficient to maintain rapid removal of glutamate from the
synaptic cleft by diffusion in this region of the brain (Sarantis et al. 1993).

The maintenance of a generally low extracellular concentration of glutamate by
these transporters is essential to prevent cell death by neurotoxicity (reviewed in
Takahashi et al. 1997). Studies involving the knocking out of the glial transporters
GLAST and GLT-1 transporters have demonstrated their importance in preventing
glutamate excitotoxicity. Rothstein et al. (1996) used antisense RNA to prevent
expression of these transporters in vivo, and observed an elevated extracellular glutamate
level resulting in neurodegeneration and progressive paralysis. Blocking the expression
of EAAC-1 using this antisense technique did not elevate extracellular levels of
glutamate in the striatum, but mild neurotoxicity and epilepsy were evident, possibly as
a result of impaired removal of synaptically released glutamate, or impaired provision of
glutamate for synthesis of the inhibitory transmitter GABA (Rothstein et al. 1996).

Similarly, homozygous mice deficient in GLT-1 show lethal spontaneous
seizures and increased susceptibility to acute cortical injury, presumably due to elevated
levels of residual glutamate in the brains of these mice (Tanaka et al. 1997). Also,
although knock-out mice lacking the GLAST protein develop normally and can manage
simple co-ordination tasks such as staying on a stationary or a slowly rotation rod, they
fail more challenging tasks, such as staying on a quickly rotating rod. Detailed analysis
of these mice indicates that GLAST plays an active role in cerebellar climbing fibre
synapse formation, in preventing excitotoxic damage after acute brain injury, and in
determining seizure susceptibility (Watase et al. 1998, Watanabe et al. 1999). EAAC-1

knockout mice, lacking the most widespread neuronal transporter, developed
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dicarboxylic aminoaciduria, but no neurodegeneration was observed in these mice,
although homozygous mutants displayed a significantly reduced spontaneous locomotor
activity (Peghini et al. 1997).

Finally, during pathological conditions such as severe brain ischaemia,
transporter-mediated glutamate homeostasis has been shown to fail dramatically. The
loss of cellular energy supply to the Na*/K* pump results in a run-down of the ion
gradients driving uptake to the extent that, instead of removing extracellular glutamate to
protect neurones, transporters release glutamate (i.e. the transporters run backwards),
triggering neuronal death (Attwell et al. 1993, Takahashi et al. 1997, Rossi et al. 2000).
Glutamate transport defects may also be involved in the neurodegenerative disease
amyotrophic lateral sclerosis, which is thought to be due at least in part to an
inefficiency of glutamate removal from the extracellular space caused by abnormal

processing of the GLT-1 transporter's mRNA (Lin et al. 1998).

1.4 Proteins interacting with neurotransmitter receptors and transporters

Neurotransmitter receptors and transporters are known to adopt a differential
spatial distribution within single neuronal and glial cells (as described above for the
various glutamate transporters), implying that they are specifically targeted to particular
sites. Furthermore, expression and activation of these membrane proteins are regulated
by phosphorylation and other signalling pathways (as described above for glutamate
transporters). Numerous studies in recent years have focused on the identification of
proteins that mediate the specific targeting and regulation of neurotransmitter receptors,
often using the yeast two-hybrid system (see section 1.5.b), which I will use in chapter 4

to identify proteins interacting with GLT-1 transporters.
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1.4.a Proteins interacting with neurotransmitter receptors

The first studied, and hence best-characterised, system regulating
neurotransmitter receptor localisation is at the vertebrate neuromuscular junction (NMIJ),
where the concentration of nicotinic acetylcholine receptors (nAChRs) reaches
approximately 10,000 molecules um at the site of contact with the motor axon terminal.
The protein found to be responsible for this specific clustering is named rapsyn. It was
first isolated biochemically by co-immunoprecipitation with nAChRs, and was found to
colocalise with nAChRs at the NMJ (Froehner et al. 1981, Sealock et al. 1984). The
importance of this clustering has been demonstrated in mice lacking the gene for rapsyn.
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. These symptoms are
attributed to severely impaired neuromuscular function (Gautam et al. 1995). 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
nAChHR at the NMJ. Rapsyn is suggested to be a linker protein anchoring the nAChR to
the dystrophin-associated glycoprotein complex (DGC), which is in turn associated with
the actin cytoskeleton (Apel et al. 1995, Ervasti and Campbell 1993).

The identification of rapsyn as a clustering molecule for nAChRs led to a search
for proteins involved in the clustering, anchoring and targeting of the other
neurotransmitter receptors. For both the excitatory glutamate receptors (NMDA, AMPA
and metabotropic receptors) and the inhibitory receptors (GABA and glycine receptors),
which are specifically targeted at synaptic sites within neurones, the yeast two-hybrid
screen has been used to identify a variety of interacting proteins, which have roles in
targeting and clustering.

The yeast two-hybrid approach has revealed anchoring mechanisms involving the

cytoplasmic carboxy-terminal tails of sub-units of the NMDA and AMPA receptors. The
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first binding partner isolated for NMDA receptors was PSD-95, also known as SAP-90,
which binds to all NR2 sub-units and also to some splice variants of NR1 (Kornau et al.
1995). PSD-95 is a member of a large family of related proteins characterised by three
so-called PDZ domains at the amino-terminal, an SH3 domain in the middle, and an
enzymatically inactive guanylate kinase domain at the carboxy-terminal. The term 'PDZ'
domain comes from the initials of three proteins containing this motif: PSD95,
Drosophila discs-large, and zona occludens-1. The NMDA receptor sub-units can
interact with multiple members of this family, including PSD-95/SAP90, SAP97, PSD-
93, SAP102 and chapsyn 110 (reviewed in Sheng 1996, Kennedy 1997). The 3 most
carboxy-terminal amino acid residues of NMDA receptor sub-units are critical for their
binding to PDZ domains, and conform to the consensus S/T - X - V/I sequence
identified for the PDZ domain binding motif (Saras and Heldin 1996). PDZ domain
containing proteins form a large family of proteins, some of which are involved in
synapse assembly and signalling, as well as in the targeting of K* channels (reviewed in
Garner et al. 2000). A large number of other proteins have since been shown to interact
directly, or via other proteins, with the sub-units of the NMDA receptor, including the
actin binding protein o-actinin II, CaM kinase II and nitric oxide synthase (reviewed in
Conti and Weinberg 1999, Sheng and Lee 2000). The picture emerging is that of a
NMDA receptor-associated protein complex (NRC), which regulates the targeting,
anchoring, clustering, signalling and modulation of this receptor. The exact role of
several members of the NRC is still unclear. However, the interaction with the actin
cytoskeleton via a-actinin II is known to modulate NMDA receptor channel opening
(Wyszynski et al. 1997), and CaM kinase II is involved in calcium-dependent
desensitisation of the receptor and downstream cell signalling (Zhang et al. 1998b).
Fewer proteins have been identified, as yet, that interact with AMPA receptor

sub-units. The yeast two-hybrid system has allowed the identification of two classes of
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proteins interacting with the carboxy-terminal of the GluR2 sub-unit. The first class of
molecular partner is a PDZ-domain containing family including GRIP1, GRIP2, ABP,
and PICK1 (Dong et al. 1997, Dong et al. 1999, Srivastava et al. 1998, Xia et al. 1999).
These proteins bind to the extreme carboxy-terminal of the GluR2 sub-unit, which
contains a PDZ-domain binding consensus site. PICK1 has been shown to mediate
clustering of AMPA receptors in heterologous expression systems (Xia et al. 1999), but
the exact role of these proteins in vivo is still unclear. The second class of molecular
partner is the protein N-ethylmaleimide-sensitive fusion protein (NSF), which also plays
a central role in general membrane fusion events (Nishimune et al. 1998, Osten et al.
1998, Song et al. 1998). NSF is required to maintain surface expression of AMPA
receptors in neurones (Noel et al. 1999, Liischer et al. 1999).

The carboxy-terminal of the metabotropic glutamate receptors (mGluRs) was
shown to bind, using again the yeast two-hybrid system, to the homer protein family
(Brakeman et al. 1997, Xiao et al. 1998). This protein family is believed to behave as an
adaptor protein connecting the mGluRs to the inositol trisphosphate receptors (IP;R), an
association that was shown to be important for the signalling properties of mGluRs in
neurones (Tu et al. 1998).

Interacting partners for the GABA and glycine receptors present at inhibitory
synapses have also been identified using the yeast two-hybrid system. GABA, receptors
interact with GABARAP (Wang et al. 1999), and the GABA(. receptors were shown to
interact with the microtubule associated protein MAP1B (Hanley et al. 1999). The exact
role of these interacting partners is unknown. GABARAP was recently shown to interact
with the glycine receptor interacting protein gephyrin (see below) and is unlikely to be
involved in synaptic anchoring of GABA, receptors (Kneussel et al. 2000). Our lab has
recently shown that the GABA. receptor-MAPI1B interaction alters the EC,, for

activating GABA( receptors (Billups et al. 2000, submitted). Recently, a novel family of
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ubiquitin-related proteins (named GIMP! and GIMP2) was identified as binding
partners of the o and B sub-units of the GABA, receptor (Bedford et al. 1998). Their
function with respect to the GABA, receptor is still under investigation, but they are
likely to be involved in the insertion or removal of these receptors at the cell surface (Dr.
F.K. Bedford, UCL, London, UK, personal communication). Glycine receptors (GlyRs)
interact with the protein gephyrin (Schmitt ef al. 1987). A direct function for gephyrin in
GlyR function is suggested by the observation that in gephyrin knock-out mice the
clustering of GlyRs is impaired (Feng et al. 1998). Gephyrin is also likely to play a role
in GABA, receptor clustering, as the localisation of these receptors is disrupted in the

gephyrin knock-out mice (Kneussel et al. 1999).

1.4.b Proteins that interact with neurotransmitter transporters

By contrast with the neurotransmitter receptors, there is little knowledge on
proteins that interact with neurotransmitter transporters. These transporters, as for the
receptors, are targeted to specific sites in the membrane. For example, glutamate
transporters exhibit a specific spatial distribution in both neurones and glia (see section
1.3.a, Chaudry et al. 1995. Dehnes et al. 1998). Similarly, the glycine transporter
(GLYT?2), the proline transporter (PROT) and the GABA transporter sub-type 1 (GAT1)
are expressed mainly in the axon terminals of neurones (Jurski and Nelson 1995, Velaz-
Faircloth et al. 1995, Riback et al. 1996).

The cellular mechanisms and molecular signals that are responsible for the
targeting and clustering of transporters are just beginning to be investigated. Polarised
cells, such as the Mardin-Darby canine kidney (MDCK) epithelial cell line, have been
used extensively for this investigation. The plasma membrane of these cells can be
divided into two functionally and structurally different compartments. The basolateral

membrane of an epithelial cell seems to correspond to the somatodendritic domain of a
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neurone, whereas the apical side is apparently equivalent to nerve terminals (Dotti and
Simons 1990). For example, GATI is found only at the apical domain of the plasma
membrane of transfected epithelial cells, in line with its observed neuronal targeting
(Pietrini et al. 1994). Although this approach could be useful in understanding the
targeting and modulation of transporters, other approaches are clearly needed to achieve
any significant advance in the field.

In this thesis, I use two alternative approaches to study the interaction of the
sodium-dependent glutamate transporters with other proteins. In the first approach, I
investigate whether interactions with the extreme amino- and carboxy-terminals of the
GLAST transporter are involved in modulating the transporter, using electro-
physiological techniques. This approach will be discussed in section 1.5.a below as a
background to the experiments described in chapter 3 of this thesis.

The second approach makes use of the yeast two-hybrid system to identify
proteins that interact with the glutamate transporters. This approach will be discussed
in section 1.5.b below. The use of this system to identify proteins interacting with the
glutamate transporters was also reported last year by another group. To date, two
proteins interacting with the EAAT-4 transporter and one protein interacting with the
EAAC-1 transporter have been isolated (Jackson et al. 1999, Lin et al. 1999). All three
proteins have been reported in conference abstracts to alter the kinetics of their
respective interacting transporter in heterologous cell lines (see chapter 3 for details), but
full reports of these interactions are still awaited. Interestingly, the EAAT-5 transporter
has a carboxy-terminal sequence that is highly homologous to the consensus site for the
PDZ-domain binding motif, suggesting that an as yet unidentified PDZ-domain
containing protein might interact with this transporter (Arriza et al. 1997). No proteins

interacting with the other sodium-dependent glutamate (or other transmitter) transporters
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have been identified as yet. In chapter 4 of this thesis, I report the isolation of two

proteins that interact with the glutamate transporter GLT-1.

1.5 Approaches used in this thesis to study the interaction of the sodium-dependent

glutamate transporters with other proteins

In this section, I briefly introduce the two approaches that were used during this
study of the interaction of the sodium-dependent glutamate transporters with other

proteins.

1.5.a Intracellular dialysis of competitive peptides during electrophysiological
recordings

This approach is used to identify the effect of interacting proteins without
needing to identify them. I used the whole-cell patch clamp technique to monitor the
current generated during glutamate uptake by GLAST transporters in salamander retinal
Miiller cells (chapter 3). To disrupt potential interactions that could occur at the amino-
or the carboxy-terminals of the transporter, I introduced peptides with sequences
identical to those of the first 8 and last 8 amino acids of the transporter. These peptides
should compete with the homologous sites on the transporter for binding to endogenous
proteins. If the binding of these (putative) proteins normally modulates the transporter-
physiology, disruption of the interaction should alter the properties of the transporter's
mediated current. Disrupting interactions between two proteins with competitive
peptides has been used extensively in recent years to study the relevance of protein-
protein interactions during electrophysiological recordings (e.g. Nishimune et al. 1998),

and in experiments on protein targeting and clustering (e.g. Passafaro et al. 1999). This
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approach was used to show that interactions with the last 8 amino acids of the carboxy-
terminal of the GLAST protein modulate the K, of the transporter (see chapter 3).

One limitation of this technique is that identification of the endogenous
interacting protein is not possible. Nevertheless, this approach allows one to find the
domains on the transporter that are involved in the modulation of its properties. These
domains could then be used in the yeast two-hybrid system to identify the interacting

proteins (see section 1.5.b below).

1.5.b The yeast two-hybrid system

I used the yeast two-hybrid system to identify potential binding partners of the
most abundant glutamate transporter GLT-1. This system was developed by Fields and
Song (1989), taking advantage of the domain structure of the yeast Saccharomyces
cerevisiae transcriptional activator GAL4. In wild-type yeast, GAL4 is involved in
regulating the transcription of genes encoding enzymes for utilisation of galactose (the
lac operon, including the lacZ gene). The amino-terminal domain of GAL4 (the GAL4
DNA binding domain) binds to specific DNA sequences upstream of the lacZ gene
(upstream activation sequences, UAS). The GAL4 carboxy-terminal domain (the GAL4
activation domain) binds to other components of the transcription machinery to activate
transcription. Both domains are essential for function: expression of either domain alone
is not sufficient to drive transcription of the lacZ gene. These two domains, however, do
not need to be physically linked, but require only to be in close proximity to activate
transcription. This specific feature allows this transcription factor to be used in the yeast
two-hybrid system, in which proteins encoding the two GAL4 domains fused to two
different polypeptides of interest are expressed in yeast cells. If the polypeptides interact
with each other then the GAL4 transcription factor will be reconstituted (i.e. the two

domains are brought close to each other), and transcription of lacZ is resumed. The lacZ
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gene encodes the enzyme [-galactosidase, which forms a blue reaction product from the
substrate X-gal. The expression of the lacZ gene can therefore be used as a reporter for a
positive interaction between the candidate polypeptides by the appearance of blue yeast
colonies. A strain of yeast is required which has the endogenous GAL4 activator
mutated out, so that it can be transformed with plasmids encoding the DNA-binding and
activation 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 the amino acid histidine (the HIS3 gene). This strain of yeast is engineered
so that the reconstituted GALA4 transcription factor will also activate the HIS3 gene and
allow growth on medium lacking histidine (synthetic dropout, SD-his). Expression of the
HIS3 gene is therefore used as another reporter of a positive interaction between the two
polypeptides. This allows for two rounds of selection based on the expression of the two
reporter genes; positive interactions will activate HIS3 allowing growth on SD-his, and
expression of the lacZ gene will produce the blue product in a reaction with X-gal.
Furthermore, mutations in the yeast strain (in this study, Y190), enable selection for one
or the other of the two plasmids expressing proteins encoding the DNA-binding and
activation domains of GAL4 fused to their respective polypeptides, as follows. Y190
does not have functional LEU2 or TRPI genes, preventing growth on medium lacking
leucine or tryptophan, respectively. These genes are instead encoded on either one of the
(GALA4 DNA binding domain or activation domain) plasmids that will be expressed. In
the system used in this study, the protein of interest (the GLT-1 amino terminal) was
expressed as a fusion with the DNA-binding domain of GAL4 in the vector pPC97 (the
“bait”), and the library proteins (among which I hope to find an interacting protein) were
expressed as fusions with the activation domain in the vector pPC86.

The yeast two-hybrid system has many advantages over traditional techniques for

investigating protein-protein interactions, such as immunoprecipitation and covalent
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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. Furthermore, the interaction
occurs inside a living cell (a yeast cell), and the proteins are therefore more likely to
adopt their native conformation than in cell-free assays. Low affinity interactions can be
detected; those with dissociation constants of up to 70 UM have been detected (Yang et
al. 1995).

Unfortunately, there are also a number of limitations of the system, which have
to be circumvented or controlled for. Some 'bait' proteins may have inherent activation
activity, a property that would prevent their use in the system. This can be checked by
ensuring that the 'bait' protein will not activate the reporter genes when expressed alone.
Similarly, some library fusion proteins may be able to bind DNA, and therefore activate
the reporter genes in the absence of 'bait' fusion protein. This can be checked for by
expressing the library fusion protein without the 'bait' protein. The eukaryotic cellular
environment was listed above 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. Indeed, certain post-translational modifications such as
phosphorylation, which could influence the interaction between two proteins, 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 also be toxic to yeast, so the use of vectors
with low copy numbers or weaker promoters might be necessary. For these reasons, if a
positive interaction is isolated, and survives the “bait-only” and “library-only” controls,
subsequent confirmation by biochemical means is required to confirm that the
interaction occurs in vivo, and also to investigate the relevance of the interaction in the

mammalian system.
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In chapter 4 of this thesis I report the isolation of two proteins that interact with
the glutamate transporter GLT-1 using the yeast-two hybrid system. An introduction to

both protein families is given below in section 1.6.

1.6 The imidazoline receptor family, the LIM-domain containing protein family,

and the adherens junction: brief overviews

In chapter 4 of this thesis, I report the isolation of two proteins that interact with
the GLT-1 transporter. The first protein is a member of the imidazoline receptor family,
while the second protein is the recently cloned ajuba protein that is a member of the
LIM-domain containing protein family. In addition, I show in chapter 8 that ajuba is a
component of the cadherin-associated complex present at adherens cell junctions. This
section briefly introduces these diverse research areas to put the results presented in this

thesis into context.

1.6.a The imidazoline receptor family

Imidazoline receptors were first reported as 'sites' pharmacologically related to
o,-adrenoceptors (Eglen et al. 1998). They were shown to preferentially bind o,-
adrenoceptor agonists containing an imidazoline ring and were later divided into three
classes, type 1 (I,), type 2 (I,) and type 3 (I;). I,-sites were first defined as being
predominantly labelled by the agonists [*H] clonidine or [*’H]-para-amino clonidine. I,-
sites are predominantly labelled by [*H]-idazoxan. I;-sites appear distinct from I, and I,
sites pharmacologically, and yet compounds that act at these "atypical" sites are
invariably imidazolines or closely related compounds (see Eglen et al. 1998 for review).

Today, although there is still some debate on whether or not imidazoline binding sites
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fulfil all the essential criteria for identification as true receptors, they are referred to as
the I, ,,3 (imidazoline) receptors.

The I, receptors were shown to mediate the hypotensive effects of clonidine in
the brainstem, notably in the lateral reticular nucleus (LRN). There is evidence that these
receptors are coupled to choline phospholipid hydrolysis, leading to the generation of
diacylglyceride, arachidonic acid, and eicosanoids (Ermsberger 1999). In addition to
their role in the modulation of blood pressure, these receptors were shown to stimulate
neuronal firing in the locus coeruleus, to increase water and sodium excretion in the
kidneys, to be markers of depression and dysphoric premenstrual syndrome in platelets,
and to regulate insulin secretion in the pancreas (for a review see the web site
http://www.tocris.com/imidazoline.htm and references therein).

Cloning of these receptors is still in the early stages. A clone, recently isolated,
is believed to represent the I, receptor mRNA (Piletz et al. 1999, Piletz et al. 2000), and
the I, receptor is now believed to represent a domain on the enzyme monoamine oxidase
(MAO) (Lalies et al. 1999, Raddatz et al. 1999). The cloning of the I, receptor has not
yet been reported. In chapter 4 of this thesis, I report the isolation of the I; mRNA

candidate as a protein potentially interacting with the GLT-1 transporter.

1.6.b The LIM-domain containing protein family

The LIM domain is a zinc finger motif discovered ten years ago in a variety of
different proteins. It was named by the initials of the three proteins Lin-11, Isl-1, and
Mec-3 in which it was first discovered. This domain is an important protein structure
involved in protein-protein interactions (Schmeichel and Beckerle 1997 and references
therein). LIM-domain containing proteins have been attributed essential functions in a
variety of different biological processes, the detailed description of which is beyond the

scope of this thesis (reviewed in Bach 2000). The LIM-domain containing proteins can
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be categorised into three classes based on the sequence relationships among their LIM
domains and on the overall structure of the proteins (reviewed in Dawid et al. 1998,
Bach 2000). The first class consists of LIM homeodomain factors (LIM-hd), which all
share two tandemly repeated LIM domains fused to a conserved homeodomain. These
proteins are transcription factors. This class also contains LIM only proteins (LMO) and
LIM kinase proteins (LIMK). The LMO proteins consist of only two LIM domains and
little else. They are thought to act as molecular adapters, linking proteins of various
types together. The LIMK proteins contain two LIM domains and a kinase domain.
Proteins in this class are primarily nuclear. The second class of proteins consists of
proteins with related LIM domains and only a short additional conserved motif. The
third class of proteins is quite heterogeneous. The LIM domains of this class are more
closely related to each other than to those in classes 1 and 2. Most proteins in this class
contain carboxy-terminal LIM domains (from 1 to 5 in number) and an unrelated amino-
terminal domain carrying additional functional protein domains. Class 2 and 3 proteins
are mostly cytoplasmic but some can shuttle between the nucleus and the membrane or
the cytosol.

Ajuba, the protein identified in chapter 4 as a protein interacting with the GLT-1
transporter, is a member of class 3 of the LIM-domain containing proteins. Most
proteins in this class have been shown to associate with the cytoskeleton. Some shuttle
between the nucleus and the cell membrane and are present at sites of cell-cell contacts
(i.e. adherens junctions, see section 1.6.c, below) and at sites of cell-substratum contact
(focal adhesion sites). All these properties have been demonstrated for ajuba (see
chapter 4 and chapter 8 of this thesis, Goyal et al. 1999, and Kanungo et al. 2000). One
of the closest relatives of ajuba that has been well characterised is the protein zyxin, the
relevant functions of which will be described in section 1.6.c below, and in chapters 4

and 8 (Drees et al. 1999, 2000, and references therein).
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1.6.c Properties of adherens junctions between cells

In chapter 8 of this thesis, I report experiments examining the localisation at
adherens junctions of the protein ajuba, which interacts with the glutamate transporter
GLT-1. In this section, I will give a brief overview of the structure and function of
adherens junctions, as a necessary background for understanding the experiments that I
performed.

Adhesive interactions between cells are dynamic, and can be regulated both
during tissue development and during normal function. Classical cell-cell adhesion,
mediated by adherens junctions, is produced by a family of molecules called cadherin
receptors, which are calcium-dependent single transmembrane glycoproteins (see figure
1.4). The cadherin family comprises tissue-specific members, the best-characterised
members of which are neuronal cadherin (referred to as N-cadherin), epithelial cadherin
(E-cadherin) and placental cadherin (P-cadherin) (Vleminckx et al. 1999). Their
extracellular domain allows lateral dimerisation between two adjacent cadherin receptors
(see figure 1.4A). This dimer changes conformation in response to calcium, engaging in
homotypic interactions between identical types of cadherin dimers in adjacent cells to
form adhesive connections (see figure 1.4B, Shapiro et al. 1995). The cytoplasmic
domain of cadherin receptors forms a tight complex with a so-called cadherin-associated
complex (CAC). The CAC present at adherens junctions comprises members of the
armadillo (arm) family of proteins, namely B-catenin (or the related protein plakoglobin)
and p120 (all of which contain arm sequence motifs), as well as o-catenin (see figure
1.5A). The current understanding of how cell adhesion occurs is that the cadherin
cytoplasmic domain binds to B-catenin (or plakoglobin), which binds to ai-catenin (see
figure 1.5A), which in turns connects the complex to the cytoskeleton (see figure 1.5B),

so that cadherins indirectly link the cytoskeletons of adjacent cells. o-catenin interacts
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with actin-binding proteins, including a-actinin, vinculin, and ZO-1, as well as actin
itself, none of which is present exclusively at adherens junctions (figure 1.5B, Knudsen
et al. 1995, Rimm et al. 1995, Watabe-Uchida et al. 1998, Imanura et al. 1999). The
role of these various interactions in cadherin-based cell adhesion are only beginning to
be analysed.

Further interactions occur downstream of a-actinin (figure 1.5B), which has been
shown to bind other proteins including zyxin. Zyxin is structurally related to the ajuba
protein I have isolated (see chapter 4) that binds to the GLT-1 transporter. Zyxin also
binds members of the Ena/VASP family, a family of proteins, which recruits profilin and
is involved in actin assembly (Crawford et al. 1992, Drees et al. 2000).

In chapter 8, I will also mention another cell adhesion structure, the focal
adhesion site, which denotes areas where the cell adheres to the underlying substratum.
The major component of these structures is the integrin receptor family. The cadherin
receptor and the CAC are, however absent from these sites, and the integrin receptor is
linked to the cytoskeleton via o-actinin and other actin-binding proteins (reviewed in
Yamada and Geiger 1997). In particular, zyxin was shown to be a member of this
multiprotein complex that mediates the interaction between the integrins and the actin
cytoskeleton (Drees et al. 1999).

A number of important issues concerning the formation and maintenance of the
cadherin-based adherens cell junctions remain unsettled. In particular, it is unclear how
calcium-dependent aggregation of cadherin receptors occurs, and how the actin
cytoskeleton is recruited to the junction. In Chapter 8 of this thesis, I will report the
localisation of ajuba at adherens junctions, with properties that could implicate ajuba in

regulating the formation of these junctions.
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Figure 1.4 Models of cadherin receptor binding at the adherens junction

(A) Cadherins engage in lateral dimerisation between receptors of the same cell, and

(B) in calcium-dependent homotypic binding between receptor dimers present on

adjacent cells.
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Figure 1.5 Proteins interacting with cadherin receptors

(A) The core of the cadherin-associated complex (CAC) and P120 bind to the

cytoplasmic tail of the cadherin receptor.

(B) Diagram of the multi-protein complex present at sites of adherens junctions,

which mediates the association of a-catenin with the actin cytoskeleton.
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1.7 Structure of the retina

Experiments in this thesis were performed on Miiller cells (glial cells) isolated
from salamander retina (chapter 3) and on sections of rat retina (chapter 7). In this
section I will briefly describe the structure of the vertebrate retina to give some
indication of the location and the role of the different cells in this structure (see Rodieck
1973 for a more detailed review). A schematic diagram is given in figure 1.6.

The vertebrate retina consists of two synaptic layers: the inner and outer
plexiform layers (IPL and OPL, respectively), which separate three layers of cells
bodies: the ganglion cell (GCL), inner nuclear (INL) and outer nuclear (ONL) layers
(figure 1.6). The photoreceptors of the ONL contain a visual pigment, which is located
in the outer segment (OS). Two types of photoreceptors lie in this layer, the rods and
cones, which are concerned with night and daytime vision, respectively. The retina is, in
a sense, inverted, i.e. the outer nuclear layer is the most distal, and light must pass
through all the other layers before reaching the photoreceptors (reviewed in Nicholls et
al. 1992).

Glutamate is the neurotransmitter released by the photoreceptors and bipolar
cells. Glutamate release from the photoreceptors is maximal during darkness, and is
inhibited by the detection of light which makes the photoreceptors hyperpolarise. The
distance across the retina is relatively short (approx. 200 wm), so action potentials are
not required to propagate a detectable electrical signal through the intra-retinal neurones.
The light stimulus is transduced into a graded membrane potential change in the
photoreceptor cells, which send output to the bipolar cells. Bipolar cells receive an input
from rod or cone photoreceptors, and are therefore termed rod or cone bipolar cells.
Bipolar cells project to the ganglion cells, which produce the final output from the

retina. Their axons (the fibre layer) form the optic nerve, encoding the visual signal as
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action potentials. In addition to this vertical pathway from photoreceptors to ganglion
cells, horizontal and amacrine cells mediate lateral interactions in their outer and inner
plexiform layers, respectively. These cells transmit and modify signals travelling
through the retina. Although the cell bodies of the horizontal and amacrine cells are
generally found in the INL, some amacrine cell bodies are located in the GCL and are
therefore referred to as 'displaced’ amacrine cells. Similarly, there are 'displaced’
ganglion cells found in the INL.

The Miiller cells are glial cells which span the entire width of the retina,
extending vertically from the outer nuclear layer to the fibre layer. They are in intimate
contact with the other cells and synapses. Their position and abundance of glutamate
transporters makes them ideally placed to take up the glutamate released by the
photoreceptors and bipolar cells (Brew and Attwell 1987). These cells possess the
glutamate transporter sub-types GLAST, GLT-1 and EAAT-5 (see section 1.3.a and
table 1.1), but the pharmacology and low anion conductance of their glutamate evoked
responses indicates that most of the current is generated by GLAST transporters
(Spiridon et al. 1998). Neurones of the retina also possess glutamate transporters, with
GLT-1 mainly restricted to the cone bipolar cells, EAAC-1 to horizontal, amacrine and
displaced amacrine cells, while EAAT-5 is present in all neurones (see section 1.3.a and
table 1.1). Differences in the localisation and functional properties (particularly chloride
conductance: see section 1.3.d) of these transporters suggest that they might play distinct
roles in shaping synaptic transmission in the retina. The chloride conductance may be
particularly important in regulating glutamate release from cone photoreceptors (Sarantis
et al. 1988, Picaud et al. 1995), and in synaptic transmission to depolarising bipolar cells

(Grant and Dowling 1995).
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Figure 1.6 Structure of the adult vertebrate retina

A schematic diagram of the cell types and their position in the adult vertebrate
retina. Rod and cone photoreceptors are shown (RP and CP, respectively), the visual
pigments of which are contained in the outer segments of the cells (OS), while their cell
bodies lie in the outer nuclear layer (ONL). The photoreceptors synapse onto the bipolar
cells (BC) and horizontal cells (HC) in the outer plexiform layer (OPL). The bodies of
the bipolar cells lie in the inner nuclear layer (INL) along with those of the horizontal
cells and amacrine cells (AC). The HC and AC mediate lateral interactions in the OPL
and IPL, respectively. The bipolar cells synapse onto the ganglion cells (GC) and
amacrine cells in the inner plexiform layer (IPL). The ganglion cell bodies lie in the
ganglion cell layer (GCL), and their axons combine in the fibre layer (FL) to form the
optic nerve. The Miiller cells (MC) span the entire length of the retina with their cell

bodies located in the INL.
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1.8 Aims of this thesis

It is clear from studies described in this introduction that the sodium-dependent
glutamate transporters are targeted to specific subcellular locations and that their
expression and kinetic properties are modulated by specific mechanisms. These
mechanisms are likely to involve proteins that interact with the transporters and link
them to other proteins such as cytoskeleton associated proteins or proteins involved in
cell signalling pathways. There are no full reports as yet of proteins that interact with
glutamate transporters, nor are there any extensive studies on which domains of the
glutamate transporters are crucial for these regulatory mechanisms. The aim of this
thesis was to use a variety of techniques to identify domains on the glutamate
transporters that interact with other proteins, to identify the interacting proteins, and to
study the relevance of these interactions.

In chapter 3, I describe experiments using the electrophysiological whole cell
patch-clamping method to determine whether endogenous proteins interact with the
amino- and carboxy- terminals of the GLAST transporter of salamander retinal Miiller
cells and modulate its properties. In addition to providing insight into the modulation of
glutamate transporters (see chapter 3), this approach allowed me to become familiar with
basic electrophysiological techniques, a tool widely used in the study of ion channels
and transporters. In chapters 4-8, I describe the use of the yeast two-hybrid system to
isolate proteins that interact with the GLT-1 transporter, and further investigation of
these interactions and their significance using cell biological and electrophysiological
techniques.

A discussion of the results obtained is given at the end of each chapter, with a

brief global summing up being presented in chapter 9.
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Chapter 2: Materials and Methods

The experiments in this thesis used a combination of molecular biological,
biochemical, cell biological and electrophysiological methods to study proteins interacting
with glutamate transporters. In this chapter, I give recipes for the different protocols used for
each experimental approach. In brief, the techniques used were as follows:

(i) the whole cell patch-clamping method to study the effect of peptides on the properties of
the GLAST glutamate transporter;

(ii) the yeast two-hybrid screen to identify interacting proteins;

(iii) a combination of molecular, biochemical and cell biological techniques to further
characterise interactions between the proteins identified and the glutamate transporters;

(iv) the generation and characterisation of antibodies.

Recipes for the commonly used media and buffers are given in section 2.6. A list of

abbreviations used in this chapter, and the rest of this thesis, can be found on page 18.
2.1 Electrophysiology

2.1.a Dissociation of salamander retinal Miiller cells

GLAST glutamate transporter activity was monitored electrically, at 23-25°C, in glial
(Miiller) cells isolated enzymatically from the retinae of aquatic tiger salamanders (killed by
stunning followed by destruction of the brain) as described in Brew & Attwell (1987). Briefly,
the retinac were incubated for 15 min at 34°C in a dissociation buffer [1 mM Na-pyruvate, 66
mM NaCl, 25 mM NaHCO,, 10 mM NaH,PO,, 3.7 mM KCl, 10 mM cysteine, 15 mM

glucose] supplemented with 170 pg/ml papain. The retinae were then gently washed 4 times in
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external solution (see section 2.1.c) and finally triturated to dissociate the cells. The cells were

transferred to the bath and left to settle for 10 min prior to patching.

2.1.b Sequences of peptides applied to Miiller cells

Peptides (and scrambled versions of them) were produced identical to the amino- and
carboxy-terminals of the salamander GLAST glutamate transporter (the main transporter
expressed in Miiller cells), based on the sequence in Eliasof et al. (1998). Peptides were
produced by Immune Systems Limited.
The sequences were
Normal N-terminal (Ng): MTKSNGED
Scrambled version (Ng qrampies): ENMDKGST
Normal C-terminal (Cg): PIDSETKM
Scrambled version (Cg (. ampieq): MDKISTPE
Peptides were stored under argon to prevent oxidation at -20°C, and were made up freshly
before experiments into pipette solution bubbled with argon and containing peptidase
inhibitors (see below). Experiments with C- and scrambled C-terminal peptides, or N- and
scrambled N-terminal peptides, were carried out in an interleaved manner, with alternate cells

clamped with pipette solution containing either normal or scrambled peptide.

2.1.c Whole cell patch clamping
Miiller cells:

External solution contained: 105 mM NaCl, 2.5 mM KCI, 3 mM CaCl,, 0.5 mM
MgCl,, 15 mM glucose, 5 mM HEPES, 6 mM BaCl,. The pH was adjusted to 7.4 with NaOH.
BaCl, was added to block inward rectifier K* channels and improve the signal to noise ratio.
The pipette solution for whole-cell clamping contained: 95 mM KCI, 5 mM NaCl, 5 mM
HEPES, 2 mM MgCl,, 5 mM MgATP, 1 mM CaCl,, 5 mM K,EGTA, 0.2 mM peptides, 0.01
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mM bestatin, 0.001 mM pepstatin, 0.105 mM leupeptin. The last three constituents are
peptidase inhibitors used to block peptide breakdown in the cell. The pH was adjusted to 7
with KOH. Pipette series resistance in whole-cell mode was around 4 M2, leading to series
resistance voltage errors < 2mV. Pipette junction potentials have been compensated for.
Whole-cell patch-clamp data are presented as mean + S.E.M.

COS-7 cells:

External solution contained: 140 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl,, 2 mM
MgCl,, 10 mM glucose, 10 mM HEPES, 1 mM NaH,PO,. The pH was adjusted to 7.4 with
NaOH. The pipette solution for whole-cell clamping contained: 135 mM KCl, 10 mM HEPES,
2 mM MgCl,, 0.5 mM CaCl,, 1 mM Na,ATP, 5 mM Na,EGTA. The pH was adjusted to 7.1
with KOH. Pipette series resistance in whole-cell mode was around 4 M(), leading to series
resistance voltage errors < 2mV. Pipette junction potentials have been compensated for. All
experiments were performed at room temperature. The membrane potential was held at -60

mV.

2.1.d Perforated patch clamping

The solutions used for the perforated patch clamping method are the same as the ones
described for whole-cell patch clamping of COS-7 cells in section 2.1.c. Except that 200
pg/ml of the antibiotic amphotericin B (dissolved in DMSO) was added to the intracellular
solution. Currents were recorded once the series resistance had stabilised at around 20 MQ.
Amphotericin forms pores within the membrane that are permeable to monovalent cations and
CI', but exclude multivalent ions and larger molecules (Axon Guide for Electrophysiology &

Biophysics Laboratory Techniques 1993).
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2.2 Yeast two-hybrid system

The yeast two-hybrid system was described in detail in section 1.5.b of chapter 1. It is
used to identify proteins that interact with each other. Briefly, a protein of interest (or a part of
it) is used as a 'bait' to screen for interacting proteins expressed from a library of cDNAs. The
generation of the cDNA constructs used in the screen is as follows. The bait is expressed as a
fusion with the GAL4 DNA binding domain by cloning the bait cDNA into the pPC97 vector.
The library proteins are expressed as fusions of the GAL4 activation domain by cloning of the
cDNA library into the pPC86 vector. pPC97 and pPC86 carry the LEU2 and TRP1 genes,
respectively, to select for yeast transformants on medium lacking leucine or tryptophan.
Details of the methods for cloning, and maps of the vectors used, can be found in section 2.3

of this chapter.

2.2.a Yeast strain and growth media

All experiments used the yeast strain Y190 (genotype: MATa, ura3-52, his3-200, lys2-
801, ade2-101, trpl1-901, leu2-3, 112, gal4A,gal80A, cyh’2, LYS2 : : GALIUAS-HIS3TATA-
HIS3, URA3 : : GALIUAS-GALITATA-lacZ). This genotype allows the user to select for
activation of the reporter genes HIS3 and lacZ upon the expression of interacting proteins. For
growth of non-transformed Y190, YPD medium was used (20 g/L peptone, 10 g/L yeast
extract; Difco). The 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.
These dropout media were made as follows: 6.7 g/L. yeast nitrogen base without amino acids
(DIFCO), 0.64 g/ CSM-leu-trp-his (complete supplemented mixture lacking the three amino

acids, Bio101), and then according to dropout requirements, one to three of these amino acids
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at the following concentrations were added back: 0.1 g/LL L-tryptophan, 0.2 g/L L-leucine, 0.1
g/L L-histidine. The pH was adjusted to 5.8, followed by autoclaving. Glucose was then added
to 2%. For dropout medium lacking histidine, more stringent selection of yeast expressing the
reporter gene HIS3 was achieved by adding the HIS3 product competitive inhibitor 3-amino

triazole (3-AT, to 20 mM) after the medium was autoclaved.

2.2.b Yeast transformation

The following protocol was used for small-scale transformations to insert DNA
constructs into yeast. A sweep of yeast colonies was added to 5 ml of medium (YPD for
untransformed yeast or SD-trp to select for yeast already carrying the bait plasmid) and grown
at 309C overnight with shaking. 50 ml of the same medium was inoculated with enough
culture to have a starting starting optical density at 600 nm (ODy,,) of 0.2. This was then
grown to an ODg, of approximately 0.6 (no more than 0.9). The yeast cells were then
centrifuged at 2,500 rpm for 3 min and washed once in 20 ml sterile water, and resuspended in
0.1 M lithium acetate to a final concentration of 2x10° cells/ml. 10® cells (as pellet) were used
per transformation, to which was added (in order) 0.1 pg plasmid DNA in a total of 50 pl
water, 240 pl 50% polyethyleneglycol (MW 3350), 0.25 mg boiled single stranded salmon
sperm DNA, and 36 pl 1 M lithium acetate. The mixture was vortexed to fully resuspend the
yeast and was then incubated at 30°C for 30 min with occasional shaking, followed by 30-50
min in a 42°C waterbath. The time of incubation at 42°C was determined for each yeast two-
hybrid bait to obtain the best efficiency of transformation. The cells were centrifuged at full
speed in a bench-top microfuge for 30 sec, resuspended in 100 pl water and spread onto the

appropriate plates. The plates were left to incubate at 30°C for a few days.

Library transformations were performed using a scaled-up version of the above. This

protocol was used to express the cDNA library in yeast. The first 10 ml of culture was grown
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overnight, then scaled up to 50 ml during the next day and further scaled up to 500 ml
overnight. The next morning, the cell concentration was estimated with a densitometer and a
500 ml YPD flask was seeded at a concentration of 0.5x107 cells/ml (ODg,, =0.2), and grown
to ODyy= 0.6 (2x107 cells/ml). The yeast cells were then centrifuged at 3,000 rpm for 5 min
and washed once in 25 ml water, and then resuspended in 10 ml 0.1 M lithium acetate (LiAc).
The cells were centrifuged again as above and the following reagents were added (in order) to
the pellet: 50 pg library plasmid DNA in a final volume of 5 ml of water, 24 ml 50% PEG
(MW 3350), 25 mg salmon sperm DNA and 3.6 ml 0.1M LiAc. This mixture was incubated at
300C for 30 min with shaking, followed by 20-40 min in a 420C waterbath. The cells were
centrifuged at 2,500 rpm for 5 min, resuspended in 100 ml TE and spread onto large plates
(20cm X 20cm) with SD-leu-trp-his/20mM 3-AT. To check transformation efficiency, 100 pl

of a 1:1000, 1:100, and 1:10 dilution of the mixture was plated onto small SD-leu-trp plates.

2.2.c 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. To assess this, his+ colonies were streaked onto fresh SD-leu-trp-his 20
mM 3AT plates and allowed to grow for five days. Colony-lift filter assays were then
performed on these plates. For each plate a grade 1, 8.5 cm diameter Whatman filter was
placed in a petri dish and soaked in 2.5 ml Z-buffer/X-gal (10 ml Z-buffer (recipe given in
section 2.6), 27 ul B-mercaptoethanol, 167 pl X-gal (20 mg/ml in formamide)). A second filter
was placed against the yeast growth and pressed down firmly. This filter was submerged in
liquid nitrogen for 10 sec, and then allowed to thaw at room temperature. The thawed filter
was placed, colony side up, onto the pre-soaked filter, and left at 30°C until blue colonies

appeared indicating B-galactosidase expression.
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2.2.d Recovery of plasmids from yeast

This protocol was used to recover the cDNA library plasmid clones representing
positive candidates from yeast. Yeast colonies of interest were grown overnight in 10 ml of the
appropriate SD medium to select for the library plasmid. The yeast cells were then
centrifuged at 3,000 rpm for 5 min and resuspended in 400 pl yeast lysis buffer (2.5 M lithium
chloride, 50 mM Tris HCI at pH8, 4% Triton X-100, 62.5 mM EDTA). To this were added
0.2 g of glass beads and 400 pl phenol/chloroform, and the mixture was vortexed for 2 min in
a screw-top Eppendorf tube. After centrifugation for 5 min at 13000 rpm in a bench-top
microfuge, the supernatant was retained and subjected to a Wizard clean-up kit protocol
(Promega) for isolation of the DNA. The resulting DNA sample was then transformed into
DH10B bacteria. Bacterial colonies were then picked, grown in LB with ampicillin, and mini-
preps were carried out to recover the DNA (see section 2.3.t) . The insert size was determined
digesting the plasmid DNA with the appropriate restriction site-cleaving enzyme to cut out the
insert, and the sequence was determined by the standard sequencing procedure as described

later in section 2.3.u.

2.2.e Controls against non-specific interactions.

The following controls were performed for each isolated cDNA library plasmid clone
to eliminate false positive interactions. Y190 cells were transformed with the bait plasmid
alone, and with the library plasmid alone, and grown on the appropriate SD medium. Colony-
lift B-gal assays (section 2.2.c) were performed on these plates. Y190 carrying bait plasmid
were also transformed with the positive library plasmids, plated on SD-leu-trp-his 20 mM 3AT
and subjected to colony-lift assays. Interactions were assessed as false positive if cells
expressing either the bait alone or the library alone showed growth on -his medium or -

galactosidase expression.

77



2.3 Molecular Biology

All chemicals were purchased from Sigma unless otherwise stated, and all restriction
enzymes were from New England Biolabs. Oligonucleotides were produced by Cruachem.
Radionucleotides were purchased from Amersham. Most of the techniques are described in

detail in Sambrook et al. (1989).

2.3.a Bacterial strains

Plasmid DNA amplification was performed as described by Sambrook et al. (1989)
using the E.Coli strain ElectroMAX DH10B™ (genotype: FmcrAA(mrr-hsdRMS-mcrBC)
¢80dlacZAM15 AlacX74 deoR recAl endAl araD139 A(ara,leu)7697 galU galK A rpsL
nupG) (Life Technologies). Subcloning and PCR cloning were performed using the
chemically competent E. Coli strain INVOF' One Shot™ (F' endAl recAl hsdR17(r, ,m.*)
supE44 thi-1 gyrA96 relAl ¢80dlacZAMI15 A(lacZYA-argF)U169 X ) (Invitrogen). The
genotypes of both of these strains make the bacteria efficient at accurately transcribing foreign
DNA as their recombination system is impaired, preventing any rejection or mutation of the
inserted foreign DNA. Production of GST-fusion proteins was performed using the E.coli
strain BL21 (F-ompT [lon] hsdSB(tB-mB-; an E.coli B strain) with DE3, a A prophage
carrying the T7 RNA polymerase gene (Pharmacia). Use of this strain allowed high
translation of inserted foreign DNA due to the expression of the T7 RNA polymerase and little
degradation of the expressed proteins due to the deficiency in the ompT and lon gene products,

which represent proteases.
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2.3.b Growth media and agar plates

These media and plates were used to amplify E.coli bacterial colonies prior to DNA
purification. Bacteria were grown at 37°C in Luria-Bertani medium (LB, recipe given in
section 2.6). For plasmids encoding ampicillin resistance, ampicillin was added at a
concentration of 100 pug/ml. For growth of BL21 bacteria (see section 2.3.a), chloramphenicol
was added at a concentration of 20 pg/ml. For plates, agar was added at 15 g/l. All growth

was carried out at 37°C.

2.3.c Preparation of electrocompetent bacterial cells

Electroporation is a process by which DNA is inserted into bacteria by giving a rapid
electrical shock, which briefly opens pores in the membrane through which the DNA gets
incorporated. The following protocol was used to prepare cells for electroporation. DH10B
cells (see section 2.3.a) were streaked onto a LB-agar plate without antibiotics. A single
colony was then used to inoculate 10 ml of LB grown at 37°C overnight. This was added to 1
litre of LB and grown to a light absorbance at 600 nm of ODy, =0.6. The bacteria were spun
down at 4000 rpm for 15 min and washed in 1 litre of sterile ice-cold water. The bacteria were
spun again as above and further washed in 500 ml sterile ice-cold water. They were then spun
and washed in 20 ml sterile ice-cold 10% glycerol, and finally resuspended in 2.5 ml sterile

ice-cold 10% glycerol. Aliquots of 100 ul were stored at -80°C.

2.3.d Transformation of electrocompetent bacteria with plasmid DNA

This protocol was used to incorporate small quantities of DNA solution (1-2 pl) into
DHIO0B cells. 20 pl of electrocompetent bacteria and the DNA of interest were added to a 0.2
cm electroporation cuvette kept on ice. A BioRad Genepulser was used to give a single pulse
with the settings of 2.5 KV, 200 Q and 25 pF. The bacteria were immediately resuspended in
1 ml of LB and incubated at 37°C for 1 hour. 100 pl of cells were plated onto LB-Agar plates
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with ampicillin. The rest of the cells were spun down for 1 min at 13,000 rpm, resuspended in
100 pl of LB and plated as stated above. The plates were then incubated at 37°C overnight.
For large scale amplification of the seizure-induced rat hippocampal cDNA library, the
efficiency of transformation of the cDNA library into DH10B was deduced by transformation
of 10, 50 or 100 ng of cDNA, and was found to be equivalent to 1.16x10® colonies/pug.

Transformation of 200 ng of cDNA was used to obtain at least 20 million colonies.

2.3.e Transformation of chemically competent bacteria with plasmid DNA

This protocol was used to incorporate larger amounts of DNA (2-7 pl) into pre-treated
chemically competent "ONESHOT" cells. These are cells which were treated by the
manufacturer using the CaCl, treatment described in Sambrook et al. (1989) to render the cells
competent to incorporate DNA upon heat shock (42°C). 2 pl of 0.5 M B-mercaptoethanol and
the DNA of interest were gently mixed with 50 pl of chemically competent bacteria and left
on ice for 30 min to allow the DNA to attach to the cell membrane. The cells were then
incubated for 30 sec at 42°C and immediately placed back on ice for another 2 min to allow for
incorporation of the DNA. The cells were then resuspended in 250 pl of SOC medium (see
section 2.6 for recipe) and incubated at 37°C for 1 hour. 50 pl-200 pl of cells were plated onto

LB-agar plates with ampicillin.

2.3.f Ethanol precipitation of DNA

This protocol was used to precipitate DNA out of solution in order to isolate it and
concentrate it. 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 kept at -20°C for at
least 10 min. For small amounts of DNA, such as completed ligations and preparation of
fragments prior to ligation, 1 pl of glycogen (1 mg/ml) was added before the salt and ethanol

as glycogen acts as an efficient carrier for small amounts of DNA and avoids loss of DNA.
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After centrifugation at 13,000 rpm for 15 min, the pellet was washed with 70% ethanol and

dried at room temperature for 5 min.

2.3.g Phenol/chloroform extraction

The phenol/chloroform extraction protocol was used to achieve better purity of the
DNA of interest by eliminating contaminating proteins. Phenol/chloroform (p/c) is a 1:1
mixture of phenol and chloroform, equilibrated with Tris buffer at pH 7.5. Extraction was
carried out on DNA samples of volume 400-500 pl, 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 S min. 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.

2.3.h DNA electrophoresis

This protocol is used to visualise purified DNA, and is described in detail in Sambrook
et al. (1989) chapter 6. Briefly, agarose was added to TAE buffer (see section 2.6 for recipe),
and melted in a microwave oven. The concentration of agarose used depended on the size of
fragments to be resolved, from 0.8% for large fragments (>5kb) up to 2.5% for small
fragments (<0.5kb). Ethidium bromide was added to a concentration of 100 ng/ml to allow
visualisation of the DNA under UV light. A 10x loading buffer of 0.25% bromophenol blue,
0.25% xylene cyanol FF, and 15% Ficoll-400 was added to samples prior to loading on the

gel. DNA was visualised by placing the gel on a UV trans-illuminator.

2.3.i Northern blotting

This experimental approach was used to identify the messenger RNA of interest in

whole RNA extracted from tissues. The tissue RNA was run onto gel and transferred onto a
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nitrocellulose membrane by the manufacturer. The protocol below describes the making and
use of a radiocative probe representing the RNA that is to be identified from a range of tissue
RNA prepared on filters.

The radioactive probe for Northern blotting was made as follows, using the Stratagene
Random Primer Labelling Kit. 25 ng of double standed DNA template in a volume of 23 pl
water was mixed with 10 pl of random oligonucleotide primers and heated for 5 min at 100°C
for denaturation. After a brief centrifugation, 10 pl of the 5 x concentrated dCTP buffer
provided by Stratagene, 5 pl of o-**P dCTP (3000Ci/mmol) and 1 pl Klenow polymerase (5
unit/pl, large fragment) were added to the mix and the sample was incubated at 37°C for 30
min to allow for polymerisation. The reaction was stopped by addition of 2 ul of 0.5 M EDTA
at pH 8.0. The radioactive probe was purified using Microspin 30 chromatography columns
(Biorad).

Hybridisation to filters was carried out as described in Sambrook et al (1989). A rat
tissues RNA blotted filter was purchased from Clontech (MTN Blot). The blotted filter was
wetted in double strength SSC (NaCl/Na-citrate buffer, see section 2.6 for recipe) and sealed
in a plastic bag with 12 ml of pre-hybridisation buffer [0.72 M NaCl, 40 mM NaH,PO, pH 7.6,
4 mM EDTA, 0.2 mg/ml denatured sonicated single stranded salmon sperm DNA, 2 g/L
polyvinylpyrrolidone, 2 g/L Ficoll, 0.1% SDS] and prehybridized at 65°C for at least 1 hour.
The prehybridisation solution was then removed and replaced by 12 ml of hybridisation buffer
[pre-hybridisation buffer supplemented with 90g/L. dextran sulphate (Na* salt)] and kept at
65°C until the probe was added. The radioactive probe was denatured to make it single
stranded at 100°C for 7 min, and cooled on ice for 5 min, before adding to the hybridisation
buffer. The filter in a sealed bag was hybridised in a shaking waterbath at 65°C overnight
(minimum of 17 hours). Following hybridisation, the filter was washed twice in double
strength SSC containing 0.1% SDS at 65°C for 20 min and then once in 0.1 strength SSC

containing 0.1% SDS at 65°C for 20 min. The filter was then exposed to X-ray film in a
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cassette with intensifying screens at -70°C for amplification of the signal. This allows for a 5
fold enhancement of the signal, as the screen generates light from the radioactive particles,

which is also detected by the film.

2.3.j Plasmids used in this study

The plasmid pPC97 (encoding the GAL4 activation domain, see figure 2.1) was used
to generate the yeast two-hybrid baits (Chevray et al. 1992). The cDNA library used for the
yeast two-hybrid screen was kindly provided by Dr. P. Worley, Johns Hopkins University,
USA. This library was previously used in the yeast two-hybrid screen to identify the mGluR
interacting protein Homer la (Brakeman et al. 1997). It was prepared from seizure-stimulated
adult rat hippocampus and cloned by random priming into the yeast expression vector pPC86
(see figure 2.1, Brakeman et al. 1997 and Chevray et al. 1992). Bacterial pCR2.1 vector (used
for subcloning of PCR fragments) was from the TA Cloning kit (Invitrogen). Bacterial
expression vectors pGEX-4T1/2/3/2TK, for GST-fusion protein production were from
Pharmacia and were used to engineer the different GST fusion proteins (see figure 2.2). These
plasmids contain a promoter and a repressor that allow for regulated induction of translation
by IPTG (isopropylthio-f3-galactoside, see figure 2.2). pGEX-Ajuba, pGEX-LIM, and pGEX-
preLIM, which express GST fusion proteins of full-length Ajuba, its LIM and preLIM
domains respectively, were kindly provided by Dr. G.D. Longmore (Goyal et al., 1999).
pTRE-rGLT mammalian expression vector to subclone GLT-1 was kindly given by Dr. N.
Danbolt, University of Oslo, Norway. The mammalian expression vector pRKS, which
contains the cytomegalovirus promoter for efficient expression, was used to generate the GLT-
1 mammalian expression construct (see figure 2.3 and Moss et al., 1990). The mammalian
expression vector for Ajuba (pCS2-Ajuba) was kindly provided by Dr. G.D. Longmore (see
figure 2.3 and Goyal et al. 1999). The GABARAP cDNA was kindly provided by R. Olsen
UCLA, USA and introduced into the pRKS5 vector by Dr. F. Bedford.
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Figure 2.1 Schematic diagrams of the vectors used in the yeast two-hybrid system

A) pPC97 vector used for generation of the yeast two-hybrid bait, containing the

GAL4 DNA binding domain cDNA (GAL4 BD), the LEU2 gene for selection of yeast

transformants on SD-leu, and the ampicillin resistance gene (AMP") for selection of bacterial

transformants on medium containing ampicillin. The bait cDNA of interest is cloned in frame
with the GAL4 BD into the multicloning site (using the Bgl II and Sac I restriction sites).
Other sequences, such as the promoter, terminator and origin of replication sequences, are not

shown for simplicity. Drawing not to scale.

B) pPC86 vector containing the library cDNA cloned in frame with the GAL4
activation domain cDNA (GAL4 AD). It also contains the TRPI gene for selection of yeast

transformants on SD-trp, and the ampicillin resistance gene (AMP") for selection of bacterial

transformants on medium containing ampicillin. Other sequences, such as the promoter, |

terminator and origin of replication sequences, are not shown for simplicity. Drawing not to

scale.
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Figure 2.2 Schematic diagrams of the pGEX vectors used for generation of GST-fusion

proteins

A) pGEXA4T vector encoding the glutathione-S-transferase (GST) cDNA. The
multicloning site was used to insert the cDNA of relevance in frame with the GST cDNA.
The pGEXA4T variants, pGEX4T1, pGEX4T2 and pGEX4T3 vary in the sequence of their
multicloning site (not shown) to facilitate 'in frame' cloning, and I used whichever was most
suitable for the cDNA I wished to insert. The promoter driving GST-fusion protein expression
is the tac promoter (Ptac). Expression from this promoter is normally repressed in the
presence of the Lacl® inducer (expressed from the Laclg gene also present in pGEX), but can
be induced in the presence of isopropylthio-p-D-galactoside (IPTG). The ampicillin
resistance gene (AMP") allows selection of bacterial transformants on medium containing
ampicillin. Other sequences, such as the terminator and origin of replication sequences, are

not shown for simplicity. Drawing not to scale.

B) pGEX-2TK vector encoding a protein kinase A phosphorylation site (PKA site) in
frame with the GST cDNA for direct radioactive labelling of the GST and GST-fusion |
proteins using PKA. The cloning of cDNA into the multicloning site must be in frame with the
GST-kinase site cDNA for successful expression and phosphorylation of the fusion protein.

The other features of this vector are the same as for pPGEX4T. Drawing not to scale.
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Figure 2.3 Schematic diagram of the vectors used for mammalian expression of GLT-1

and ajuba cDNAs

A) The pCS2-ajuba construct was kindly provided by Goyal et al. (1999) to express the
ajuba cDNA in frame with the penta-myc tag in mammalian cells. The expression was driven
by the cytomegalovirus promoter (CMV promoter) and terminated due to the presence of the
poly A site (Poly A). The ampicillin resistance gene (AMP") allows selection of bacterial
transformants on medium containing ampicillin. Other sequences, such as the origin of

replication sequences, are not shown for simplicity. Drawing not to scale.

B) The pRKS vector was used to clone the GLT-1 cDNA for expression in mammalian
cells using the EcoR I and Xba I restriction sites of the multicloning site. The other features of
this vector are as described in A. Other sequences, such as the origin of replication sequences,

are not shown for simplicity. Drawing not to scale.

88




A) pCS2-ajuba

B)

CMV promoter

penta-myc tag

ajuba cDNA

Poly A

PRKS5

Multicloning site

Including EcoR | and Xba |
CMV promoter

Poly A

89



2.3.k Preparation of vector fragments

This protocol was used to prepare vectors for subsequent ligation with insert DNA. 5-
10 pg of plasmid was digested in a volume of 50 pl with the appropriate restriction enzymes
and buffer. 2 pl of each enzyme (approximately 40 units) were used per digest, and digests
were carried out at 370C for at least 1 hour. To reduce the level of self-ligation, 1 pl of shrimp
alkaline phosphatase (Amersham) was added to the reaction mixture after digestion and
incubated at 379C for a further 30 min. 5 pl of loading buffer was added to the reaction
mixture and this was run on an agarose gel (0.8% agarose) for 1 hour at 100 V, 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).

2.3.1 Preparation of DNA inserts cut from existing constructs

This protocol was used to prepare DNA inserts for subsequent ligation with vectors. 5-
10 pg of plasmid was digested as above, except that no phosphatase was used as it would
prevent ligation of the insert with the vector. A higher percentage agarose was used
depending on the size of insert. Purification was carried out using Gene Clean if the fragments
were longer than 300 bp, or by phenol-extraction (see section 2.3.m) if they were smaller than

300 bp.

2.3.m Purification of inserts by phenol extraction

This protocol was used if the DNA inserts were small (<300 bp) and could not be
efficiently purified using Gene Clean. DNA fragments were run onto low melting point
agarose gel (2.5%), cut out and transferred to an Eppendorf tube. TE buffer (see section 2.6 for
recipe) was added equivalent to 2 volumes of the gel piece weight (defined to be 1 volume, by
assuming 1g/ml) and 3M sodium acetate at pH 5.2 was added as 1/10th of that volume. The

sample was left for 10 min at 60°C. One volume of phenol (buffered with Tris buffer at pH 7)
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was added to the sample and vortexed well. After 5 min centrifugation, the upper phase was
transferred to a fresh tube and subjected to phenol/chloroform extraction and ethanol
precipitation, before being finally resuspended in 10 pl of water. 2 ul of the purified product
was usually run on a 2.5% agarose gel to check for adequate purification and quantity for

ligations.

2.3.n Preparation of inserts synthesised by polymerase chain reaction (PCR)
This protocol was used to generate inserts for subsequent ligation with vectors by PCR
amplification. PCR reactions were carried out with the following reaction mixture:
2.5 Wl Tris buffer, pH 8, 0.2M
2.5 ul Tween-20, 2%
2.5ul KCl, IM
2.5 ul MgCl2, 20,40,60,80,100 mM (many PCR reactions are highly sensitive to
[Mg2+], so this range was tested to find the optimal conditions).
2.5ul dNTPs, 5mM each of dATP, dCTP, dGTP, dTTP
1 ng template plasmid
1 ul 5 sense primer, 10 uM
1 ul 3" antisense primer, 10 pM
0.2 ul TAQ polymerase, 5 u/pul
made up to a final volume of 40 pl with sterile water.
This reaction mixture was subjected to 30 cycles of the following programme on a BioRad
Gene Cycler:
30 sec @ 94°C
45 sec @ 559C (this temperature was sometimes increased to improve the specificity of
primer annealing to template, and therefore prevent the synthesis of unwanted products.)

1 min 20 sec @ 72°C.
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After the reaction, the whole sample was run on an agarose gel (1-1.2%) and the PCR
fragment of interest was cut out and purified using Gene Clean or phenol extraction depending
on the size of the PCR product. The pellet was resuspended in 10 pl of water and 1 pl was run
on an agarose gel to verify successful purification. The PCR product was then directly ligated
into the T-tail pCR2.1 vector. 2-5 pl of the PCR product were used to perform a standard

ligation as described below in section 2.3.s.

2.3.0 Annealing of oligonucleotides.

This protocol was used to synthesise DNA inserts from complementary oligonucleotides prior
to ligation with the vector. 300 pmol of the sense and the antisense oligonucleotides were
mixed with 3 ul of 10x polynucleotide kinase buffer (BioLabs), 2 ul of 10 mM ATP, 1 pl of
polynucleotide kinase and the volume was made up to 30 pl with sterile water. The mix was
left for 1 hour at 37°C. The DNA was then denatured at 65°C for 10 min, transferred to a hot
mini-waterbath and left to cool to room temperature to allow annealing. A dilution of 1/50 to

1/500 was used for the ligation to the vector (see section 2.3.5).

2.3.p List of oligonucleotides used to generate 15 amino acid stretches of the amino
terminal of GLT-1 (GLT-N)

This section lists the oligonucleotide sequences synthesised to engineer the fusion proteins A
to E representing 15 amino acid stretches of the GLT-1 amino-terminal (see chapter 4 for

details). All are written 5'-3'.

Oligo A- Sense
dTCGAACATGGCATCAACCGAGGGTGCCAACAATATGCCCAAGCAGGTGGAAGC
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Oligo A- Antisense
dGGCCGCTTCCACCTGCTTGGGCATATTGTTGGCACCCTCGGTTGATGCCATGT
Oligo B- Sense
dTCGAACGTGCGCATGCACGACAGCCACCTCAGCTCCGAGGAGCCAAAGCACGC
Oligo B- Antisense
dGGCCGCGTGCTTTGGCTCCTCGGAGCTGAGGTGGCTGTCGTGCATGCGCACGT
Oligo C- Sense
dTCGAACCGAAACCTGGGCATGCGCATGTGCGACAAGCTGGGGAAGAACGC
Oligo C- Antisense
dGGCCGCGTTCTTCCCCAGCTTGTCGCACATGCGCATGCCCAGGTTTCGGT

Oligo D- Sense
dTCGAACAATATGCCCAAGCAGGTGGAAGTGCGCATGCACGACAGCCACCTCGC
Oligo D- Antisense
dGGCCGCGAGGTGGCTGTCGTGCATGCGCACTTCCACCTGCTTGGGCATATTGT
Oligo E- Sense
dTCGAACAGCTCCGAGGAGCCAAAGCACCGAAACCTGGGCATGCGCATGTGCGC
Oligo E- Antisense

dGGCCGCGCACATGCGCATGCCCAGGTTTCGGTGCTTTGGCTCCTCGGAGCTGT

2.3.q List of primers used for synthesising/sequencing PCR cloning inserts.
This section lists the primers used during the synthesis and sequencing of cDNA inserts cloned
by PCR or isolated by the yeast two-hybrid screen. All are written 5' - 3'.
The M13Reverse primer and the T7 Promoter primer were used to sequence DNA inserted
into the pCR2.1 vector. GALS' primer was used to sequence DNA inserted into the pPC86
vector. pGEXS5' and pGEX3' primers were used to sequence DNA inserted into the different

pGEX vectors. All are commercially available.
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The two following primers were synthesised (purchased from Cruachem) for cloning the
amino terminal of GLT-1 into pPC97 by PCR and represent the start and end (5' and 3,
respectively) of the amino-terminal sequence with insertion of a Bgl II restriction site at the 5'
end and a Sac I restriction site at the 3' end to allow for cloning into the pPC97 and pGEX-4T2

vectors (see chapter 4 for more details). The sequences synthesised were as follows:

pGLT-N5": dGGAAGATCTTCATGGCATCAACCGAGGGTGCC
pGLT-N3": dCGAGCTCGGTTCTTCCCCAGCTTGTCGC

2.3.r List of primers used for sequencing the N70 clone.

This section lists the primers synthesized to sequence the entire N70 clone, corresponding to
the part of Ajuba I isolated by yeast two-hybrid screening (see chapter 4). The numbers
following the p represent the amino acid from which the primer starts and the last number (5'
or 3') indicates the strand to which the primer will anneal. The last primer listed represents a
sequence in the 3' untranslated region of the gene, which cannot be related to any amino acid
number and is therefore called N70/3'. All are written 5' - 3'. The sequences are as follows:
p242/5': dCCCTGGGCAGCCCCGGAGCTC

p248/3": dGAGCTCCGGGGCTGCCCAGGG

p367/5': dACGCCCCGAAATGTGCAGCCT

pN70/3": dAGTCTCAAAAGATAGGCTACTG

2.3.s Ligations.
This protocol was used to ligate vectors and inserts for cloning of constucts. 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 2:1 and 5:1. A
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control with no insert was also carried out if needed (i.e. if no X-gal selection was possible
because the insertion of the DNA insert did not disrupt the Lac-Z gene. This disruption occurs
when using the pCR2.1 vector but not others). The reaction mixture was as follows:

vector

insert

1 ul NEB T4 DNA Ligase Buffer

1 ul NEB T4 DNA Ligase

made up to a final volume of 10 pl with sterile water.
The reaction mixture was left at 16°C overnight. After the reaction, 5 ul of the ligation was
introduced into chemically competent "ONESHOT" cells as described in section 2.3.e. For
ligations into pCR2.1 vector, the cells were plated onto LBAmp plates supplemented with 100
pg/ml X-gal to select for successful insertion. Mini-preps (see below, section 2.3.t) 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. For ligations carried out by PCR cloning, plasmids containing inserts were

sequenced manually (see section 2.3.u) to check for TAQ polymerase mistakes.

2.3.t Mini-preparation of plasmid DNA (mini-prep)

This protocol was used to purify small amounts of DNA from E.coli cell suspensions
which have been previously transformed with the DNA of interest. A 1.5 ml of bacterial
culture was added to a microfuge tube and centrifuged at 13,000 rpm for 1 min in a bench-top
microfuge. The medium was removed and the bacteria resuspended in 100 pl of solution I (see
section 2.6 for recipe). To this was added 200 pl solution II (made fresh on the day of use, see
section 2.6 for recipe), and mixed by inverting several times. After 5 min, 150 pl solution III
(see section 2.6 for recipe) was added. After mixing, and leaving on ice for 5 min, the tubes

were centrifuged at 13 000 rpm in a bench-top microfuge for 5 min. The supernatant was then
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removed to a fresh tube, and 0.1 volume of 3 M sodium acetate pH 5.2 and 2 volumes of
100% isopropanol were added to the samples and incubated at -20°C for 10 min, after which
they were centrifuged at 13, 000 rpm for 15 min. The pellet was washed in 500 pl of 70%
ethanol, air dried, and resuspended in 50 pl TE + 50 pg/ml RNase A (Qiagen). If the DNA
was to be used for sequencing, it was further phenol/chloroform extracted, resuspended in 1
ml 100% isopropanol and left on ice for 15 min. After 15 min centifugation at 13 000 rpm, the
pellet was washed with 70% ethanol, air dried and resuspended in 50 pl TE + RNase A. The
DNA was left at 37°C for 30 min to allow for digestion of contaminating RNA. Then, 60 pl of
60% polyethyleneglycol 6000, 2.5M NaCl was added, and the sample was incubated at 40C
for at least 1 hour for higher purification of the DNA. After centrifugation at full speed for 15

min, the pellet was washed in 70% ethanol, dried, and resuspended in 20 ul TE + RNase A.

2.3.u DNA sequencing

These protocols were used to read sequences of DNA. The manual sequencing method
was used to read short sequences of DNA, while the automatic sequencing was performed for
extensive sequence analysis.

Manual sequencing was carried out using the T7 Sequenase Amersham sequencing kit.
3-5 ng of miniprep DNA was diluted into 20 pl of sterile water. 2 pul of 2 M NaOH/2 mM
EDTA was added and the sample was incubated for 30 min at 37°C to allow for denaturation.
The DNA was precipitated for 10 min at -20°C by addition of 2 pl 3 M Na-acetate at pH 5.2
and 75 pl 100% ethanol. The sample was centrifuged for 10 min at 13,000 rpm, the pellet
washed with 70% ethanol, air dried and resuspended in 7 pl sterile water plus 2 pl of the 5x
concentrated reaction mix provided in the kit and 1 pl of 2 pmol/ul primer (either 5' or 3'
primer). The DNA was heat denatured for 2 min at 70°C. The samples were allowed to cool
slowly down to 35°C in a water bath while monitoring cooling of the water to allow for primer

annealing. To each tube, 2 pl of 1:5 H,O-diluted dGTP label mix (provided in kit), 1 pul 0.1M
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DTT, 0.5 ul *°S Redivue dATP and 2 pl 1:8 enzyme dilution buffer-diluted Sequenase were
added and the mixture was left for 5 min at 37°C to allow for primer extension. 3.5 pl of each
sample was added to wells containing 2.5 pl of either one of the ddNTPs termination mix.
The samples were incubated for a further 5 min to allow for incorporation of the ddNTPs. The
reaction was terminated by the addition of 4 pl of the 'Stop' solution. 3 pl of the samples were
run onto a 6% acrylamide/urea gel [containing 31.5 g urea, 11.25 ml sequencing acrylamide
mix (acrylamide:bisacrylamide 19:1, ACCUGEL- National Diagnostics), 7.5 ml x10
concentrated TBE buffer (see section 2.6 for recipe), 650 pl 10% w/v ammonium persulfate,
65 ul TEMED, made up to 75 ml with H,0]. The gel was run at 70 W using TBE as running
buffer. It was then dried onto Whatman 3MM paper and visualised by autoradiography.
Automatic sequencing was carried out using the United States Biochemical (USB)

sequencing kit. Briefly, the following PCR reaction mix was prepared :

- 2 pg template DNA

- 8 pl of Terminator Ready Reaction Mix (USB)

- 1 ul of 10 uM primer

made up to a final volume of 20 pl with sterile water.
It was subjected to the following programme on a BioRad Gene Cycler:
30 sec @ 96°C
15 sec @ 50°C
4 min @ 60°C
x 25 cycles.
The PCR product was then precipitated by addition of 2 pl 3M sodium acetate at pH 5.2 and
50 pl 95% ethanol and placed on ice for 10 min. The sample was then centrifuged for 15 min
at 13,000 rpm, washed with 70% ethanol and air-dried. The samples were then sent for
automatic sequencing by the Eisai Institute at UCL as described in the manufacturer's

protocol.
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2.3.v Maxi-preparation of plasmid DNA by caesium chloride banding

The protocol was used to purify large quantities of DNA. This was carried out as
described in Sambrook et al (1989). 500 ml of bacterial culture in LB with ampicillin, grown
overnight at 379C, was centrifuged at 4,000 rpm for 15 min. This was resuspended in 10 ml of
Solution I, to which 20 ml of Solution II was added and mixed well (see section 2.6 for recipes
of the solutions). 15 ml of Solution III was added and left on ice for 5 min. This was
centrifuged for 10 min at 4,000 rpm. To the supernatant was added an equal volume of
isopropanol, followed by centrifugation for 10 min at 4,000rpm. The pellet was resuspended in
6 ml 10x concentrated TE to which was added 6.6 g CsCl and 100 pl 10 mg/ml ethidium
bromide. This was centrifuged at 100,000 rpm overnight (or for at least 4h) in a Beckman
TLN100 ultracentrifuge rotor at room temperature. DNA bands were pulled using a 5 ml
syringe and wide-bore hypodermic needle and the ethidium bromide was removed by butanol
extraction. The DNA was precipitated by adding 2 volumes of ethanol and centrifuged at
4,000 rpm for 2 min. It was often necessary to phenol/chloroform extract the DNA
preparation, if destined for cell transfection, to achieve better purity of the DNA. The pellet
was finally resuspended in TE to a concentration of 1 mg/ml. DNA concentration was

determined by reading the absorbance of 260 nm (UV) illumination.

2.4 Biochemistry

2.4.a Primary antibodies used in this study

Polyclonal rabbit anti-GLT-1 antibodies (B12 and B493) were kindly provided by Dr.
N. Danbolt, University of Oslo, Norway (Haugeto et al. 1996) and were used at 0.2 pg/ml.
Polyclonal guinea-pig anti-GLT-1 was purchased from Chemicon and was used as described

in the manufacturer's protocol. Monoclonal mouse anti-Myc antibody hybridoma cell line
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(9E10) was kindly given to the laboratory by Dr. G. Evan, ICRF Laboratories, UK (Evan et al.
1985). The antibody was affinity purified from the cell line by our laboratory and was used at
5 pg/ml (unless otherwise stated). The mouse monoclonal anti-FLAG antibody (M2) was
purchased from IBI Ltd. and used as described in the manufaturer's protocol. Monoclonal
mouse anti-N-cadherin (13A9) was a gift from Dr. M. Wheelock, Lankenau Medical Research
Center, Pennsylvania, USA (Knudsen et al. 1995) and was used at 3 pg/ml. Monoclonal
mouse anti-E-cadherin (HECD-1) was a gift from M. Takeichi, Kyoto University, Japan
(Shimoyama et al. 1989) and was used at 0.2 pg/ml. Monoclonal mouse anti-B1 integrin
(P5D2) was kindly provided by Dr. V. Braga, UCL, UK (Dittel et al. 1993) and was used at 2
pg/ml. The monoclonal anti-actin antiserum was kindly provided by Dr. V. Braga and was
used at a dilution of 1/100. Polyclonal rabbit anti-zyxin (B38) was kindly provided by Dr. M.
Beckerle, University of Utah, USA (Macalma et al. 1996) and was used at 0.2 pg/ml.
TexasRed-phalloidin reagent was purchased from Molecular Probes as was used according to
the manufacturer's protocol. Anti-Ajuba antibodies (HA34 and HA35) were generated and

characterised for this study (see chapter 5).

2.4.b Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

This protocol was used to separate proteins by molecular weight on a denaturing gel.
Unless otherwise stated, the proteins were isolated from cultured cells or tissue by
homogenisation in a lysis buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 2.5 mM EDTA, 2.5
mM EGTA, 0.5% NP40, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 pg/ml peptsatin , 1
lLg/ml antipain, 1 pg/ml leupeptin and 10 pg/ml aprotinin, the latter S components are protease
inhibitors). The samples were left to solubilise for 1 hour at 4°C on a rotating wheel. They
were then centrifuged for 10 min at 13,000 rpm (for cultured cells) or 30 min at 50,000 rpm
(for tissue) to pellet insoluble proteins and membranes. Three times concentrated SDS PAGE

sample buffer (80 mM Tris-HCl pH6.8, 100 mM DTT, 10% glycerol, 2%SDS and 0.1%
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bromophenol blue) was added to the samples supernatant before loading. Separating gels were

made up as follows (values are for 10 ml, in pl):

% Acrylamide | 8% 10% 12%

Reagent

Protogel * 2660 | 3300 | 4000

1.5M Tris HC1 pH8.8 | 2530 | 2530 | 2530

20% SDS 50 50 50
H20 4750 | 4080 |3420
10% w/v APSA 50 50 50
100%TEMED * 25 25 25

* Protogel is 30/0.8% Acrylamide/Bisacrylamide (National Diagnostics)
A APS is ammonium persulphate [(NH,),S,04]
*TEMED is N,N,N’,N’-tetramethyl-ethylene diamine

The relative amounts of water and acrylamide used depended upon the size of proteins
to be resolved. For large proteins (50-200KD) a gel of 8% acrylamide was used. For the range

40-60KD, a gel of 10-12% was used.

Stacking gels were made up as follows: for 6 ml (in pl)
Tris-HCI pH 6.8 0.625M 800
PROTOGEL (defined above) 714
SDS 20% 25
Water 4400
10% w/v APS 25
100% TEMED 12.5

Gels were run in PAGE buffer (see section 2.6 for recipe) until the dye front had run

off the bottom of the gel. If proteins were to be visualised directly, they were fixed and stained
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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.

2.4.c Western blotting

To visualise proteins run on a gel using antibodies, 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" was placed in a BioRad western blot
cassette. This procedure was carried out with all components wet with transfer buffer (see
section 2.6 for recipe). Transfer was carried out in a BioRad western blotting apparatus with
transfer buffer, at 400 mA, and was allowed to continue for 1-2 hours. 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 were marked with a ball-point pen. Excess Ponceau S was washed
away with water, and the filter was blocked with 4% Marvel milk in 0.1% Tween-20 in PBS
for 1 hour (for Western blotting with HA34 and HA35, marginally cleaner results were
obtained when 0.1% bovine serum albumin (BSA) was added to the blocking buffer).
Antibodies were diluted to the appropriate concentration in blocking buffer and applied to the
filter in a sealed plastic bag for 1 hour with vigorous shaking. Excess antibody was washed off
with blocking buffer (5 times 5 min washes). Secondary antibodies were conjugated to
horseradish peroxidase and detected by application of Super Signal Chemiluminescent

substrate (Pierce).

2.4.d GST-fusion protein production
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2.4.e Overlay assays

This experimental approach was used to look at direct interactions between proteins in
vitro. An equal amount of GST and GST fusion protein were separated by SDS-PAGE and
transferred to nitrocellulose membrane. A denaturing-renaturing process was carried out by
incubating the membrane for 10 min at 4°C in a solution containing 6 M guanidine-HCl in 10
mM HEPES at pH 7.5, 70 mM KCl, 5 mM EDTA, 1 mM beta-mercaptoethanol. A series of
similar washes with decreasing guanidine concentrations (3 M, 1.5 M, 0.75 M, 04 M, 0.2 M,
0.1 M) were then carried out for 10 min each. Non-specific protein binding was then blocked
by incubation in the HEPES/KCI/EDTA/B-mercaptoethanol buffer supplemented with 2.5%
BSA and 0.05% Triton X100 for 1 hour at 49C. This was followed by another blocking step
with 1% BSA/0.05% Triton X100 at 4°C. The **P labelled GST-GLT-N-terminal probe was
produced using a version pGEX 2TK of the pGEX plasmid, which has an Arg-Arg-Ala-Ser
motif encoded between the GST and the polylinker. This makes the resulting protein a very
good substrate for phosphorylation by PKA. The kinase reaction mixture was made up as
follows;
8ul  10x concentrated PKA buffer (10 mM HEPES at pH7.6, 20 mM MgCl,, 0.5 mM
CaCl,)

20 pg GST-GLT-N (2TK)

20 pl  y-32P ATP Redivue (Amersham)

20 ul Cold ATP 10pM

15u PKA catalytic subunit

made up to a final volume of 60 pl with sterile water.

This was incubated at 30°C for 30 min, after which EDTA was added to 20 mM. The
labelled protein was purified using Stratagene NucTap columns (provided that the protein was

no more than 35000 Daltons). Approximately 2x10° counts of radiolabelled GST-GLT-N was
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added to the membrane in 5 ml of the second blocking buffer (1% BSA/0.05% Triton X100) in
a sealed plastic bag, and incubated overnight at 49C with vigorous shaking. The following
day, the membrane was washed 3 times for 10 min with the second blocking buffer, and

exposed to X-ray film in a cassette with intensifying screens.

2.4.f Affinity-purification ("pull-down'') assays from COS cells

This experimental approach was used to look at the specificity of protein interaction in
an in vitro system. GST-fusion proteins were synthesised as described in section 2.4.d, and
were left bound to the glutathione agarose beads. COS cells were transfected with Ajuba
cDNA as described in section 2.5.b, and left at 37°C overnight. Two transfected dishes were
used per pull-down. The next day, the cells were gently washed with PBS supplemented with
the protease inhibitor PMSF (1 mM) and then gently scraped off and pooled together in
solubilisation buffer (10 mM ethanolamine pH 7.6, 150 mM NaCl, 5 mM EDTA, 5 mM
EGTA, 50 mM Na-fluoride, | mM Na-orthovanadate, 1 mM Na-orthophosphate, 1% NP40
detergent, plus protease inhibitors PMSF, aprotinin, leupeptin, antipain, pepstatin at the same
concentrations as described in section 2.4.d). The homogenate was left to solubilise for 1 hour
at 4°C while rotating on a wheel at 1500 rpm. It was then centrifuged at 13,000 rpm for 10 min
at 40C. The supernatant was incubated with a 1:1 slurry of GST or GST-fusion protein bound
to glutathione-agarose beads at 49C rotating on a wheel for 2 hours. About 100 pg fusion
protein was used per assay. After incubation, the beads were batch-washed four times with 1
ml ice-cold washing buffer (same as solubilisation buffer but the detergent concentration was
dropped to 0.4%), and resuspended in 50 pl 1x SDS-PAGE sample buffer (see section 2.4.b

for recipe). Proteins were separated by SDS-PAGE and detected by Western blotting.

2.4.g Immunoprecipitation/co-immunoprecipitation
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Rabbit antibody immunisations were carried out by Cocalico Biologicals, Inc, to
produce anti-Ajuba polyclonal antibodies. GST-preLIM fusion protein was produced as
described in section 2.4.d and injected into 2 rabbits. The resulting polyclonal antibodies were
subsequently named HA34 and HA35. Both animals were immunised according to the
following protocol:

Day 0: Pre-bleed and initial inoculation with 250 pg of GST-preLIM
Day 14: Boost (injection of 250 pg of GST-preLIM)

Day 21: Boost (injection of 100 pg of GST-preLIM)

Day 35: Test Bleed 1

Day 49: Boost (injection of 50 ug of GST-preLIM)

Day 56: Test Bleed 2

Day 72 : Boost (injection of 50 pg of GST-preLIM)

Day 86 : Exsanguination

2.4.i Enzyme-linked immunosorbent assay (ELISA)

Following the test bleed on days 35 and 56, ELISAs were carried out to monitor the
specificity of the IgG being produced. This was performed in ELISA 24-well plates. For each
animal, a range of dilutions of pre-bleed and test bleed sera was tested (1:1->1:100,000 in
blocking buffer, see below) against the GST-fusion antigen. Each well was coated with 100 pl
of 25 pg/ul of eluted GST-preLIM fusion protein in PBS and left to bind overnight at 4°C. The
next day, the wells were washed 3 times with PBS and blocked with 4% Marvel milk in PBS
(blocking buffer) for 1 hour at room temperature with shaking. Meanwhile, the sera were pre-
incubated with 15 pg of GST on beads for 30 min at room temperature to remove non-specific
interactions of the antibody with GST. The beads were then centrifuged down and the pre-
absorbed sera were diluted to the appropriate concentration, transferred to pre-coated wells

and left at room temperature for 1 hour. The wells were then washed 3 times with 0.1%
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Tween-20 in PBS, and then exposed to the appropriate HRP-conjugated secondary antibody
for 1 hour at room temperature. After three further washes in 0.1% Tween-20 in PBS, bound
antibody was detected by incubation in 100 pl of detection solution [one tablet of o-
phenyldiazmine dihydroxychloride dissolved in phospho-citrate buffer]. The plate was
wrapped in foil to wait for a colour change. To stop the reaction, 50 pl of HCl (5 M) was

added and the colour change was read on a plate-reader using 490 nm excitation.

2.4.j Affinity-purification of antibodies

2 ml of Affigel 10 (BioRad) was washed three times with 200 ml ice-cold 0.1 M
phosphate buffer at pH 7.0, and put in a Poly-Prep Chromatography Column (BioRad). 1 mg
GST-fusion antigen was dialysed against PBS at 40C (1 litre for 4 hours, then 1 litre
overnight). This was then added to the Affigel in the column and supplemented with
phosphate buffer to make a final volume of 3.5 ml. The column was incubated at 4°C
overnight, rotating on a wheel, to covalently bind the antigen to the gel. 300 ul of 1 M
ethanolamine at pH 8 was added the following morning to neutralise all active groups on the
Affigel, and the column was kept at 4°C until needed. The column was equilibrated with 20
times the column volume (CV) of 10 mM Tris buffer at pH 7.6, then with 10 CVs of 100 mM
glycine at pH 2.8, then 10 CVs of 10mM Tris buffer at pH 7.6 (while checking for the pH of
the column to go back to neutral), and finally with 10 CVs of 100 mM triethylamine at pH
11.5, then 10X CV of 10 mM Tris pH 7.6 (checking for the pH of the column to go back to
neutral). Next, 4 ml serum was diluted to 40 ml in 10 mM Tris buffer at pH 7.6. This was
centrifuged at 30,000 rpm for 20 min to remove any debris, and the supernatant was passed
through the column four times. Unbound antibody was washed off with 20 CV's of 10 mM Tris
buffer at pH 7.6 followed by 20 CVs of 0.5 M Na Cl/10 mM Tris buffer at pH 7.6. The
antibody was then eluted with 5 CVs of 100 mM glycine at pH 2.8. The column pH was
returned to neutral by washing with 10 CVs of 10 mM Tris buffer at pH 8.8. The antibody
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was then further eluted with 5 CVs of 100 mM triethylamine at pH 11.5. 1 M Tris buffer at pH
8.0 was added to each collected fraction to stabilise the pH around 7.5. The IgG concentration
was determined by reading the OD280 (1 OD unit = 1.2mg/ml IgG). The IgG solution was

then dialysed against PBS overnight.

2.5 Cell biology

2. 5.a COS-7 cell culture

African green monkey kidney cells (COS-7 cells) were routinely used for transiently
expressing proteins of interest. They were grown in a humidifying incubator (5% CO0,) at 37°C
in Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10% foetal calf
serum (Gibco), 0.1 pg/ml penicillin and 0.1 pg/ml streptomycin. Approximately 24 hours
prior to transfection, confluent cells were detached from dishes in trypsin, transferred to 10 ml
sterile tubes and pelleted at 1,000 rpm for 2 min. The cells were resuspended in fresh medium

and plated at approximately 2x10° cells/10cm dish.

2.5.b Transient transfection of COS-7 cells

This protocol was used to transiently express cDNA in COS-7 cells for subsequent use
in biochemical assays and immunohistochemistry. One 10 cm dish of cells at 30-50%
confluence was used per transfection cuvette. Cells were trypsinized from the dish and washed
once in 10 ml DMEM. After centrifugation at 1,000 rpm for 2 min, the cells were washed once
in 10 ml Optimem (Gibco), and then resuspended in 0.5 ml Optimem. The cells were
transferred to a 0.4 cm electroporation cuvette (BioRad), and 10 pg plasmid DNA was added.
When two different plasmids were being co-transfected, 10pug of each plasmid was added.
Electroporation was carried out with the settings 400V, 250pF, nominally e €2, and two pulses

were given per cuvette. The cells were then added to 5 ml DMEM in a 6 cm dish. If the cells
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were to be viewed by immunofluorescence microscopy, 1 cm coverslips coated with poly-L-
lysine (50 pg/ml) were placed in the 5 cm dish prior to addition of cells. Cells were left at

370C for 18-24h.

2.5.c Injection of cDNA into the nuclei of COS-7 cells

This protocol was used to inject DNA into nuclei of COS-7 cells for transient
expression of cDNA for subsequent use in patch-clamping studies and immunohistochemistry.
Cells were plated onto poly-L-lysine coated coverslips and left to adhere overnight at 37°C.
The cDNA to be injected was diluted in PBS to a concentration of 50 ng/pl. If two cDNAs
were to be injected simultaneously, 50 ng/ul of each was used. cDNA for the S65T mutant
green fluorescent protein (GFP) with enhanced fluorescence (Heim et al. 1995) was injected
along with the cDNA of interest at a concentration of 50 ng/ul to monitor for successful
injection and identify the cells to be patch-clamped. DNA was loaded into "Pyrex" glass
pipettes (resistance of 30 MQ2 when filled with PBS and immersed in PBS) and injected into
nuclei of single cells. After injection, cells were left for 24 hours in a humidified incubator
(5% CO,) at 37°C. Injected cells which successfully expressed the cDNA were identified as
bright fluorescent cells and were used in the patch-clamp studies. When immunocytochemistry

was performed on injected cells, the GFP marker was omitted.

2.5.d Primary cultures of cortical glial/neuronal cells
E18 primary cortical glial/neuronal cell cultures were kindly provided by J. Kittler

(Banker and Goslin, 1998). They were stained after 1-3 weeks of culture.

2.5.e Cultures of keratinocytes
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Normal cultures of human keratinocytes grown in standard (1.8 mM) and low (0.1

mM) calcium were kindly provided by Dr. V. Braga (Braga et al. 1997).

2.5.f Immunocytochemistry on cultured cells

This protocol was used to visualise proteins in cultured cells using antibodies. Cells on
coverslips were washed once with PBS and then fixed with 4% paraformaldehyde in PBS for
10 min (5 minutes for freshly dissociated retinal cells). Cells were washed 3 times in PBS.
Cells were then blocked in 10% FCS/0.1% Triton X100 (TritonX100 was added to
permeabilise the cells allowing access of antibodies to intracellular antigens) for 10 min. Cells
were washed 3 times in PBS. Antibodies were diluted in 10%FCS/PBS at the appropriate
concentration and applied to the cells for 1 hour. Between primary and secondary antibody
applications, cells were washed 3 times in PBS. Fluorophore-conjugated secondary antibodies
(Jackson Immunochemicals) were used at a concentration of 1:500 in 10%FCS/PBS and
applied to cells for 1 hour. The cells were finally washed three times in PBS and once in water
and mounted in Citifluor (glycerol/PBS solution, Citifluor Ltd) on glass slides. These were
then viewed with an MRC 1000 or Zeiss inverted (LSM 510) confocal microscope.

For the experiment described in chapter 8, figure 8.6, simultaneous fixation and
permeabilisation was done for 10 minutes using 4% paraformaldehyde and 0.5% tritonX100.
The permeabilisation of the cells prior to fixation was done for 10 minutes using the following
buffer: 10 mM pipes buffer at pH6.8, S0 mM NaCl, 3 mM MgCl,, 300 mM sucrose, 1 mM
PMSF and 0.5% triton X100 (Shore and Nelson 1991).

2.5.g Immunohistochemistry on retinal slices
This protocol was used to visualise proteins in tissue slices using antibodies. P14
Sprague-Dawley rats were culled by cervical dislocation, their eyeballs were removed and

incubated overnight in 4% paraformaldehyde. The eyeballs were then washed three times in
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PBS and embedded in 4% agar/PBS. Once set, the embedded tissue was cut into 150 pm thick
slices and used for antibody staining. The slices were incubated in blocking solution [PBS/3%
normal goat serum/0.1% Triton X100] for 1 hour at room temperature. They were then
transferred to 24 well plates and incubated in 500 pl of the appropriate antibody (diluted in
PBS) and left overnight at 4°C while gently shaking. The next day, the slices were washed 3
times for 10 min in PBS and incubated in 500 pl of fluorophore-conjugated or biotin-
conjugated secondary antibody (1/500 dilution in PBS, Jackson Immunochemicals) for 1 hour
at room temperature while gently shaking. The slices were washed 3 times for 10 min in PBS.
For detection of biotin conjugated secondaries, Cy3-streptavidin (Vector Ltd.) was applied at
dilution of 1/5000 for 45 min. The slices were washed 3 times for 10 min in PBS and mounted
with Citifluor on glass slides. The slices were viewed with Zeiss inverted confocal

microscope (LSM 510).

2.5.h Immunohistochemistry on brain slices
150 pum thick cerebellar slices were cut from 14 days old Sprague-Dawley rats killed
by cervical dislocation (Edwards et al. 1989). The slices were incubated in 4%

paraformaldehyde for 10 minutes and the staining was done as described above in section

25.¢g.

2.6 Commonly used media and buffers
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Buffer A (for GST fusion protein purification)

Buffer C "

Luria Bertani medium (LB)

Phosphate Buffer pH 7.6

SDS-PAGE buffer (Sodium Dodecyl Sulphate

Polyacrylamide Gel Electrophoresis Buffer)

SoC
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50mM Tris pH 8.0
25% sucrose

10mM EDTA

20mM HEPES pH 7.6
100mM KCl

ImM EDTA

20% glycerol

SmM DTT (dithiothreitol)

1% bacto-tryptone
0.5% bacto-yeast extact
1% NaCl

pH7.0

84.5mM NapHPO4

15.5mM NaH2PO4

25mM Tris
250mM glycine (pH 8.3)
0.1% SDS

2% bacto-tryptone



Solution I (For mini-preparation of plasmid DNA)

Solution II "

Solution III "

adding 10M KOH to pH 4.8)

SSC X20

TAE (Tris-Acetate EDTA)

TBE (Tris-Borate EDTA)

114

0.5% bacto-yeast extact
10mM NaCl

2.5mM KCl

10mM MgCl,-6H,0
20mM glucose

50mM glucose
25mM Tris pH 8.0
10mM EDTA

1% SDS
200mM NaOH

5M potassium acetate (made

by adding 29ml glacial acetic
acid to 50ml H2O and, on ice,

3M NaCl
300mM Na-citrate
40mM Tris-acetate

1mM EDTA (pH 8.0)

90mM Tris-borate



TE (Tris EDTA)

Western Blotting Transfer Buffer

YPD

Z-Buffer (for yeast B-galactosidase assays)
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2mM EDTA

10mM Tris. HCI (pH 7.6)
1mM EDTA (pH 8.0)

50mM Tris
380mM glycine
0.1% SDS

20% methanol

20g/1 bacto-peptone
10g/1 bacto-yeast extact

2% glucose

65mM Na2HPO4.7H20
40mM NaH2PO4.H20
10mM KCl

ImM MgS0O4.7H20



Chapter 3: Carboxy-terminal interactions modulate
the apparent affinity of GLAST glutamate transporters
in salamander retinal glial cells

3.1 Introduction

This chapter examines the effect of intracellular dialysis of the amino- and
carboxy- terminal peptides of the glial transporter GLAST on the maximum glutamate-
evoked current and the apparent glutamate affinity of the transporter.

As reviewed in Chapter 1, the last three to seven amino acids of the carboxy-
terminals of many ion channels play a crucial role in mediating interactions with other
proteins that may control the subcellular localisation or activity of the channels. For
example, the motif S/T-X-V/I, present at the extreme carboxy-terminal of K* channels
and NMDA receptor subunits, allows binding of these membrane proteins to the best
characterised (PDZ) class of scaffolding protein, including the proteins PSD-95 (post-
synaptic density-95), Dlg (Drosophila discs-large), and ZO-1 (zona occludens-1). By
contrast, little is known about how neurotransmitter transporters interact with other
proteins. Yeast two-hybrid experiments have suggested proteins that may interact with
the carboxy- and amino-terminals of some glutamate transporters (Jackson et al. 1999,
Lin et al. 1999, Marie et al. 1999, see also chapter 4 of this thesis). The proteins isolated
by Jackson et al. were reported to increase the maximum glutamate-evoked current of
the glutamate transporter EAAT-4, while the protein isolated by Lin et al. was reported
to lower the apparent affinity of the transporter EAAC-1. These experimental data were
obtained from co-expression of the transporters and their interacting proteins in a
heterologous mammalian cell system (HEK293 cells), and the relevance of these

interactions in vivo is still unclear. Nevertheless, such interactions may, as for ion
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channels, play an important role in glutamate transporter function, perhaps generating
specific subcellular locations for the transporters (as seen in vivo: Chaudhry et al. 1995),
or controlling their insertion into the membrane under the control of signalling systems,
such as those which activate PKC (Davis et al. 1998, Duan et al. 1999).

Glutamate transporters have both their amino- and carboxy- terminals on the
intracellular side of the cell membrane (Grunewald et al. 1998, see figure 1.2 in chapter
1), which makes them candidates for being sites of interactions with other proteins.
Furthermore, the EAAT-5 transporter has a PDZ-binding domain motif at its carboxy-
terminal, similar to that known to mediate protein-protein interactions for ion channels
(Arriza et al. 1997). The other glutamate transporters have carboxy-terminals which
diverge from the strictly defined PDZ binding motif (see Discussion, section 3.4).

In this chapter, I used a strategy for detecting interaction of proteins with the
glutamate transporter GLAST, expressed in its normal cellular location, which does not
depend on identifying the interacting proteins. If peptides identical to the interacting part
of the glutamate transporter are introduced into the cell, they should compete with the
transporter for binding to the interacting protein. This strategy has previously been used
successfully to disrupt the interaction between the GluR2 subunit of the AMPA receptor
and its binding partner NSF (N-ethylmaleimide-sensitive fusion protein, Nishimune et
al. 1998). If the interacting protein modulates transporter function, its displacement by
the peptide should produce an alteration of glutamate transport. Using this approach, I
studied the effect of introducing peptides expected to disrupt the interactions of proteins
with the amino- and carboxy-terminals of GLAST, and show for the first time that
carboxy-terminal interactions with GLAST modulate its apparent affinity for glutamate.
The term apparent affinity is used to distinguish the dose-dependence of the transporter
current measured during transporter cycling, from the dose-dependence which would be

measured for binding of glutamate to the transporter if subsequent steps in the carrier
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cycle did not occur (i.e. the true binding affinity). The true binding affinity is different
to the apparent affinity measured for the current, but it is the latter which is relevant to

the function of the transporter.

3.2 Cell preparation and peptides used

Glutamate transporters generate a current due to the co-transport of 2 net positive
charges with each glutamate taken up (Zerangue & Kavanaugh 1996, Levy et al. 1998),
and also a current due to CI flux through an anion conductance that the transporter gates
(Eliasof & Jahr 1996, Billups et al. 1996), which is suggested to be proportional to the
rate of glutamate uptake (Otis & Jahr 1998). Experiments were performed on freshly
isolated salamander retinal Miiller glia as shown in figure 3.1. The pharmacology of
glutamate-evoked currents in salamander retinal Miiller glia shows little block by
dihydrokainate and relatively little anion conductance associated with uptake, implying
that they are dominated by the activity of GLAST glutamate transporters, which take up
extracellular glutamate released by retinal photoreceptors and bipolar cells (Brew &
Attwell 1987,Barbour et al. 1991, Spiridon et al. 1998, Eliasof et al. 1998).

The sequence of the salamander GLAST transporter has been reported by Eliasof
et al. (1998), and is shown in figure 3.2. I compared the effect on the glutamate-evoked
current of dialysing cells with pipette solutions containing a peptide (200 pM) with the
sequence of the amino- or carboxy- terminal of the transporter, or scrambled versions of
these peptides (see figure 3.2 for sequences of the peptides). The concentration of
peptides that I used has previously been used successfully to disrupt interactions
between proteins when dialysed from a whole-cell pipette (Drolet et al. 1997,

Nishimune et al. 1998).
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Figure 3.1 Isolated Miiller cell

This image shows a Miiller cell isolated from the salamander retina by papain

dissociation.
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Figure 3.2 The salamander GLAST protein sequence, and sequences of the amino-,

scrambled amino-, carboxy- and scrambled carboxy- terminal peptides used

A) Amino acid sequence of the salamander glutamate transporter GLAST protein
(GenBank database accession number AF018256, Eliasof et al. 1998). The amino-
terminal peptide is underlined and the carboxy-terminal peptide is in bold (see also

3.2B). Numbering of the amino acids is shown on the left of each line.

B) Sequences of the peptides used in this study: amino-terminal peptide (Njy),

scrambled amino-terminal peptide (Ng, ampiea)s Carboxy-terminal peptide (Cg) and

scrambled carboxy-terminal peptide (Cs . rampiea)-
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A)

'MTKSNGEDPRAGSRMERFQQGVRQRTLLAKKKVQNITKDDVKGFLKRNGFVLFTVIAVVVGSIL
$SGFSVRSYHMTFRELKYFSFPGELLMRMLQOMLVLPLIVSSLVTGMAALDSKASGKMGLRAVVYYM
1P TVIAVFIGIVIVIIVHPGKGTKEHMHREGKIEPVTAADAFLDLIRNMF PPNMVEACFKQFKT
193SYEKKIFKVTMPANETAVMTSVLNNVSEAMETLTKMREEMI PVPGAVNGVNALGLVVF SMCFGL
2"V IGNMKEQGKALKDFFDSLNEAIMRLVAVIMWYAPIGILFLIAGKIAEMEDMGVVGGQLGMYTV
MVIIGLLIHAVIVLPLLYFAVTRKNPWVF IGGILQALITALGTSSSSATLPITFKCLEENNKVD
S KRVTRFVLPVGATINMDGTALYEALAAIF IAQVNNYDLNFGQILTISITATAASIGAAGIPQAG

“LVTMVIVLTSVGLPTDDITLIIAVDWFLDRLRTTTNVLGDSLGAGIVEHLSRHELQSGDAEMGN

>3y IEENEMKKPYQLVSQENELEKPIDSETKM

B)

Ng:

NB ,scrambled :

Cy:

C8 ,scrambled :

MTKSNGED
ENMDKGST

PIDSETKM
MDKISTPE

(underlined in A)

122

(in bold in A)



3.3 Dialysis of the carboxy-terminal peptide increases the apparent affinity of the

GLAST transporter for glutamate

Applying glutamate to cells generated an inward current, as reported previously
(Brew & Attwell 1987), which reflects the uptake of glutamate mainly by GLAST
transporters (figure 3.3A). Larger doses of glutamate make the transporter cycle faster
and generate a larger inward current. Dose-response curves were constructed by plotting
the current as a function of the glutamate concentration. For quantitative comparison,
data were measured 10 minutes after entering whole-cell mode to allow the peptides to
enter the cell and compete with endogenous GLAST for binding to interacting proteins.
In similar experiments, Nishimune et al. (1998) found that 15 minutes dialysis of much
larger neurones was sufficient for internally applied peptides to act. Figure 3.3 A and B
show specimen current data from cells dialysed with carboxy- and scrambled carboxy-
terminal peptides. Applying 5 and 20 pM glutamate to cells dialysed with carboxy-
terminal peptide resulted in currents that were a larger fraction of the current evoked by
100 uM glutamate than those in cells dialysed with scrambled carboxy-terminal peptide
(figure 3.4A, P=0.0016 for 5 uM, P=0.034 for 20 uM, 9 cells studied for each peptide,
Student's 2 tailed ¢ test). By contrast, fractional responses to 5 and 20 pM glutamate in
cells dialysed for 10 minutes with amino- and scrambled amino-terminal peptides were
not significantly different (figure 3.4B, P=0.62 for 5 uM and P=0.65 for 20 uM, 8-9
cells studied for each peptide).

To analyse in more detail the effect of the peptides on glutamate transport, a
Michaelis-Menten curve, [Glu] I, /([Glu] +K,,), where I, is the maximum current and
K, is the dose giving a half-maximal current, was fitted to the dose-response data from
each cell (Brew & Attwell, 1987) using the non-linear curve fitting routine in Sigma

Plot (SPSS Inc.). The resulting parameter values were averaged across cells, after
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normalising the maximum current by cell capacitance to reduce variation due to
differing cell size (Barbour et al. 1991). This average gave mean and S.E.M. values for
the K, and normalised maximum current. The maximum current/capacitance was not
significantly different for the different peptides (figure 3.5B), implying no effect of the
peptides on the maximum rate of uptake. Mean glutamate dose-response curves from
such experiments are shown in figure 3.4A. For each cell the data were normalised to the
current obtained with 100 uM glutamate, and then averaged across cells (for each
peptide). The averaged data for each peptide were then scaled to have the same
maximum current at saturating glutamate concentration (because the maximum rate of
uptake was not significantly different for the different peptides).

The K,, for glutamate activating the transporter current was not significantly
different for intracellular dialysis with the amino-, scrambled amino- and scrambled
carboxy- terminal peptides, but was significantly reduced (p=0.009) for the carboxy-
terminal peptide, as shown in figures 3.4A and B, and figure 3.5A. Thus, dialysis with
the carboxy-terminal peptide significantly increases the apparent glutamate affinity of
the transporter. Approximately 80% of this affinity change had occurred 2 minutes after
going to whole-cell mode (the earliest time at which I could measure the dose-response
curve), suggesting that the values used for pipette peptide concentration and series
resistance rapidly resulted in a sufficient concentration of peptide being achieved in the
cell to displace endogenous proteins that bind to the GLAST carboxy-terminal.

The voltage dependence of the transporter current evoked by 100 uM glutamate
was not significantly different when cells were dialysed with carboxy- or scrambled
carboxy-terminal peptides (Figure 3.6, current at +20 mV/current at -80 mV was 0.129 +
0.011 for carboxy- and 0.134 + 0.014 for scrambled carboxy-terminal peptide, 7 cells
each, p= 0.78), suggesting no effect of the carboxy-terminal peptide on rate limiting

steps of the carrier cycle involving transport of charge through the membrane field.
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Figure 3.3 Specimen data showing the effect of including 8 amino acid long
GLAST carboxy- and amino-terminal peptides in the whole-cell pipette on

glutamate-evoked currents produced by GLAST transporters

A) Specimen data showing the current response of a Miiller cell clamped to -63 mV
with a pipette containing carboxy-terminal peptide, 200 uM (last 8 amino acids: Cy),
during superfusion of a solution containing 5, 20 and 100 pM glutamate (record

obtained 10 minutes after going to whole-cell mode).

B) Specimen data (as in A) from a cell with the pipette solution containing scrambled
carboxy-terminal peptide, 200 UM (Cs (. 1ampiea)> DOrmalised to the same current at 100 uM
glutamate as for A for comparison. The fractional responses to 5 and 20 pM glutamate

are less than those in A (dotted lines).
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Figure 3.4 Dose response curves showing the effect of including 8 amino acid long
GLAST carboxy- and amino-terminal peptides in the whole-cell pipette on

glutamate evoked-currents generated by the GLAST transporter

A) Dose-response curves (mean current + S.E.M., which is comparable to the
symbol size) from data obtained as in figure 3.3 A and B (normalised and scaled as
described in text). Smooth curves are Michaelis-Menten curves with K, values of 16.1
UM for the scrambled carboxy-terminal peptide and 11.2 uM for the carboxy-terminal
peptide, i.e. the mean values in figure 3.5 obtained from the 9 cells studied for each

peptide; extrapolated maximum current at high [glutamate] is 1 for both curves.

B) Dose-response data as in A, but for pipette solutions containing amino-

terminal (Ng) or scrambled amino-terminal (Ng . mpiea) PEPtides. Smooth curve is the

same as for the scrambled carboxy-terminal in A.
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Figure 3.5 Effect of carboxy- and amino-terminal peptides on the K,, and I,, of

the GLAST transporter uptake current

Mean values (+ S.E.M.) of K, (A), and extrapolated maximum current at high
[glutamate] normalised by cell capacitance (I,,,,/capacitance) (B), obtained from fitting
Michaelis-Menten curves to dose-response data obtained as in Figure 3.4, for pipettes
filled with 8 amino-acid peptides corresponding to the GLAST carboxy- and amino-
terminals (Cy and Ny, respectively) and scrambled versions of these peptides (Cg crambieds
Ngrambiea)- P values shown are for 2-tailed ¢ tests comparing data for normal and

scrambled peptides.
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Figure 3.6 Voltage dependence of the transporter current evoked by 100 uM
glutamate in the presence of the GLAST carboxy- or scrambled carboxy-terminal

peptides

Voltage dependence of the transporter current (normalised to the current at -80
mV) evoked by 100 uM glutamate in the presence of intracellular carboxy-terminal
peptide (closed circles) or scrambled carboxy-terminal peptide (open circle) (mean

current + S.E.M., data from 7 cells for each peptide).
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3.4 Discussion

The results presented above show that dialysis of Miiller cells with a peptide
identical to the carboxy-terminal of GLAST increases the apparent affinity of GLAST
for glutamate (compared with dialysis with scrambled carboxy-terminal, amino-
terminal, or scrambled amino-terminal peptides). Since this peptide should compete
with the endogenous GLAST carboxy-terminal for binding to other proteins, the
(displaced) interacting proteins must normally decrease the affinity of GLAST for
glutamate. Such a protein has been identified by Lin et al. (1999) for the EAAC-1
glutamate transporter, but a detailed characterisation of this protein has not yet been
published.

The shift of K, from 16.1 to 11.2 uM (Fig. 3.5A) is modest. I cannot rule out the
possibility that, even with peptidase inhibitors present, the peptides introduced are partly
degraded, and that without such degradation a bigger K, change would occur
(experiments with a much higher peptide concentration in the pipette might overcome
such breakdown). Nevertheless, the shift of K, observed implies a 40% increase in
transport current at low glutamate concentrations, which may significantly alter the time
course of the extracellular glutamate concentration during the tail of synaptic currents.
Signal transmission from bipolar cells to ganglion cells in the salamander retina is
profoundly affected by slowing the rate of glutamate uptake into Miiller cells (Higgs &
Lukasiewicz, 1999), with the ganglion cell response becoming greatly prolonged,
because glutamate uptake controls the duration of both AMPA and NMDA receptor-
mediated synaptic responses. Thus, the interaction I have characterised may play a role
in controlling the temporal response characteristics of the retinal output. Conceivably
the interaction may be removed under certain conditions, decreasing the transporter Ky,

and speeding retinal response kinetics.
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The cytoplasmic carboxy-terminal of GLAST is unlikely to be directly involved
in binding extracellular glutamate, indeed, there is some evidence that the glutamate
binding site is in the transporter membrane pore loop region near amino acid residues
400-440 (Zhang & Kanner 1999, Seal & Amara 1998). However, chimeric transporters
in which the carboxy-terminal of EAAT-1 (the human equivalent of GLAST) is replaced
by that of the lower affinity transporter EAAT-2 show a decrease in the apparent
glutamate affinity (Mitrovic et al. 1998), suggesting that the properties of the transporter
carboxy-terminal can modulate glutamate affinity, as is also suggested by the data
presented in this chapter.

The salamander (and human) GLAST carboxy-terminal ends with the amino
acids ETKM, which is fairly similar to the sequence ESXV at the carboxy-terminal of
the NMDA NR2 sub-units. This suggests that the endogenous protein being displaced
by dialysis with GLAST carboxy-terminal peptide is likely to be in the same PDZ family
as the PSD-95 protein which binds to NMDA receptors, although I cannot rule out the
existence of other interacting molecules. An alternative possibility is that the GLAST
carboxy-terminal actually binds to part of the GLAST molecule itself, as occurs for the
amino-terminal of potassium channels (Hoshi et al. 1990).

Two other members of the glutamate transporter family have related carboxy-
terminals, the retinal EAAT-5 ending with ETNV and the Purkinje cell EAAT-4 ending
with ESAM, which suggests that they may also have their affinity modulated by proteins
of the PDZ family interacting with their carboxy-terminal. Indeed, Arriza et al. (1997)
mention preliminary data from the yeast two-hybrid system that support a EAATS-PDZ
domain interaction. By contrast, the two other glutamate transporters, i.e. the
commonest splice variant of the most abundant glial transporter GLT-1, and the
neuronal EAAC-1, have very different carboxy-terminals (KREK and TSQF,

respectively, see figure 1.1) suggesting that they interact with a different class of protein.

134



Efforts to identify proteins interacting with glutamate transporters are described

in the next chapter.
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Chapter 4: Identification of proteins that interact with
the glutamate transporter GLT-1

4.1 Introduction

As reviewed in chapter 1, the subcellular location and activity of the glutamate
transporters is likely to be controlled by interacting proteins. Both the amino- and the
carboxy-terminals of the glutamate transporters are intracellular (see figure 1.2 in
chapter 1, Grunewald et al. 1998), which make them suitable sites for interaction with
other proteins. The carboxy-terminals of some glutamate transporters have been used in
the yeast two-hybrid system to identify proteins that interact with this domain of the
protein. In particular, novel proteins have been identified that interact with the carboxy-
terminal of the EAAT-4 and EAAC-1 transporters, and both proteins alter the kinetics of
uptake of the transporters (Jackson et al. 1999, Lin et al. 1999). No proteins interacting
with the amino-terminal of glutamate transporters have been identified as yet, and no
proteins have been identified that interact with the most abundant transporter GLT-1.

In this study, I used the yeast two-hybrid system to try to identify proteins that
interact with the amino- and carboxy- terminals of the GLT-1 transporter. Having
obtained two candidates for proteins interacting with the amino-terminal, for one of
them I then further studied the interaction in detail using a combination of biochemical

and cellular assays.
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4.2 Expression and characterisation of the amino-terminal of GLT-1 (GLT-N) bait

used in the yeast two-hybrid system

A detailed description of the yeast two-hybrid system can be found in section
1.5.b in chapter 1. Briefly, the yeast two-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 proteins (or parts of them) to be studied are introduced
into the yeast as separate fusion proteins with either the GALA4 activation domain or its
DNA-binding domain, respectively. If the two proteins (or protein domains) interact, the
GALA transcription factor is reconstituted, and induces the expression of the LacZ and
HIS3 genes. Expression of these genes allows the yeast to grow on medium lacking
histidine and to produce the enzyme [B-galactosidase, the activity of which can be
detected by the appearance of blue colonies during a colony lift assay (see section 2.2.c
in chapter 2).

The amino-terminal of GLT-1, which will be referred to in this chapter as GLT-
N (amino acids 1-44 of the rat protein sequence, Pines et al. 1992), was cloned into the
pPC97 vector to use this domain of the protein as a bait in the yeast two-hybrid system.
The carboxy-terminals of GLT-1 (amino acids 485-573 of the rat cDNA sequence, Pines
et al. 1992) and of GLAST (amino acids 495 to 543 of the rat cDNA sequence, Wahle
and Stoffel 1996) were also constructed for use as baits in the yeast two-hybrid system,
but failed to fulfil the necessary requirements for successful yeast two-hybrid screening,
which are depicted below (figure 4.1) for the GLT-N bait. Both carboxy-terminal
constructs, when expressed alone, allowed growth of yeast on medium lacking histidine
and expression of the B-galactosidase enzyme (data not shown). Thus, the fusion of the
carboxy-terminals with the GAL4 DNA-binding domain somehow activated expression

of the genes controlled by GAL4 even in the absence of the GAL4 activation domain.
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Figure 4.1 Expression and characterisation of the GLT-N bait in the Y190 yeast

strain

A) Expression of the GLT-N bait in Y190 yeast

Western blot against the amino-terminal of GLT-1 (GLT-N) on the protein lysate
of Y190 yeast in the absence (Y190 lane) or presence (Y190, pPC97-GLT-N lane) of the
pPC97-GLT-N construct. 50 pug of protein was loaded per lane. The B12 antibody was

used to detect GLT-N as it recognises amino acids 12-26 of the GLT-1 protein.

B) Characterisation of the GLT-N bait

Left panel: Y190 yeast transformed with pPC86 (empty library vector) and
pPC97-GLT-N or pPC97 (lacking the GLT-N cDNA) were grown on medium lacking
tryptophan, leucine and histidine in the presence of 25 mM 3-amino triazole (3-AT)
(SD-trp-leu-his+3AT). Y190 yeast transformed with positive interactors (intracellular
loop of the GABA, receptor o sub-unit and the GIMP1 protein, Bedford et al. 2000)
were used as positive ("+") control.

Right panel: the transformed Y190 yeast mentioned above were grown on
medium lacking tryptophan and leucine (SD-trp-leu) and submitted to a colony-lift assay
to assess for B-galactosidase activity (i.e. LacZ expression). The results are depicted in
this table with "-" representing no detection and "+" representing detection of [-

galactosidase activity.
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These results cannot be explained satisfactorily but, due to these shortcomings, these
baits were not used in this study.

For cloning into the pPC97 vector (see figure 2.1 in Chapter 2 for map of the
vector), the GLT-N region of the protein was first amplified by PCR using suitable
synthesised primers (pGLT-NS5' and pGLT-N3', see section 2.3.q in chapter 2), was then
subcloned into the pCR2.1 vector, and finally introduced into the Bgl II and Sac I
restriction sites of pPC97. This pPC97-GLT-N construct was transformed into Y190
yeast and successful expression was detected by Western blot using the B12 antibody,
which recognises amino acids 12-26 within GLT-N, as shown in figure 4.1A (Haugeto et
al. 1996). The pPC97-GLT-N bait can be detected at around 30kD (right lane in figure
4.1A), 25kD of which represent the GAL4 DNA binding domain and the last SkD the
GLT-N domain. No protein was detected in non-transformed Y190 (left lane in figure
4.1A), implying that the protein detected was due to the expression of the bait construct.

For the bait construct to be of use in the yeast two-hybrid system, it should not
allow activation of the two reporter genes (the HIS 3 gene and the LacZ gene), when
expressed with the empty pPC86 vector (i.e. not carrying the library cDNA). Figure
4.1B (left) shows that Y190 yeast transformed with pPC97-GLT-N and pPC86 do not
grow on medium lacking histidine (as well as lacking leucine and tryptophan for
selection of the plasmids, i.e. medium SD-leu-trp-his). Successful expression of the
plasmids was checked by prior growth on medium lacking leucine and tryptophan (SD-
leu-trp, data not shown). Figure 4.1B (right) shows that these transformed Y190 yeast,
when grown on SD-leu-trp medium, did not allow expression of -galactosidase. In all
assays, a positive control was used (representing GABA , receptor o.-subunit interaction
with the novel protein GIMP1, Bedford et al. 1998), which is known to allow both
growth on a medium lacking histidine, and expression of the LacZ gene. Also, co-

expression of pPC97 and pPC86 was used as negative control, as these plasmids, when
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co-expressed, do not allow expression of the HIS3 and LacZ genes (Chevray et al.
1992). The mutation in Y190 yeast, which removes the expression of the HIS3 enzyme
responsible for the synthesis of histidine, is somewhat “leaky”, implying that the yeast
can synthesise a small amount of histidine despite the mutation. The compound 3-amino
triazole (3-AT) was used during the yeast-two hybrid screen to overcome this and thus
increase the stringency of the screen. 3-AT is a competitive inhibitor of the HIS3
enzyme and inhibits the production of this small amount of histidine. The amount of 3-
AT used in this screen (25 mM) was chosen so that it removed any leakiness observed
when Y190 yeast co-expressing pPC97-GLT-N and pPC86 were plated on SD-leu-trp-
his (data not shown). Together, these results proved that the pPC97-GLT-N bait could

be used in the yeast two-hybrid system to screen for interacting proteins.

4.3. Screening of the GLT-N bait against a rat hippocampal cDNA library led to

the isolation of two GLT-N interacting clones

A cDNA library produced from seizure-stimulated adult rat hippocampus, and
cloned into the yeast expression vector pPC86 (Chevray et al. 1992), was obtained from
Dr. P. Worley, Johns Hopkins University, USA. It had been previously used to isolate
the mGluR interacting protein Homerla (Brakeman et al. 1997). The library contained
approximately 6 X 106 independent cDNA clones. This vector contains the TRPI gene,
enabling growth on medium lacking tryptophan, and encodes the library proteins as
fusions with the activation domain of the GAL4 transcription factor. The library was
amplified by transforming highly competent E.coli (DH10B strain) with a quantity of the
library DNA to give approximately 20 million colonies (at least twice the number of
independent clones in the library, see section 2.3.d in chapter 2). The DNA was

collected by CsCl maxi-preparation (see section 2.3.v in chapter 2).
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Two screens were carried out against the rat hippocampal library using the Y190
yeast strain transformed with the pPC97-GLT-N bait. A total of approximately 6 x 10°
and 3 x10° library clones were screened for each screen, respectively, and a total of 294
his+ clones (i.e. cell colonies growing on medium lacking histidine, potentially
indicating proteins interacting with GLT-1), were tested for [-galactosidase activity.
From these 294 candidates, two true positive clones, clone N1 and clone N70, were
identified which showed [-galactosidase activity. It took 4 hours for both of these clones
to produce enough visible blue product during the colony lift assay. Purification of the
N1 and N70 plasmids from these colonies (see section 2.2.d in chapter 2), and their re-
transformation into the Y190pPC97-GLT-N strain (see section 2.2.b in chapter 2),
confirmed the presence of a protein interacting with GLT-N, as shown in figure 4.2. N1
and N70 (figure 4.2A and 4.2B, respectively) allowed growth on medium lacking
histidine, and also showed [-galactosidase activity in presence of the pPC97-GLT-N
bait.

To ensure that these library plasmids did not activate the reporter genes when
expressed in the absence of the GLT-N bait, the Y190 yeasts were transformed with
each clone and the empty pPC97 vector. For each transformation, successful expression
of the plasmids was monitored by prior growth on medium lacking the selection markers
(i.e. SD-leu-trp, data not shown). Neither growth on SD-leu-trp-his+3AT medium, nor
LacZ expression were detected in the absence of the GLT-N bait (figure 4.2A and 4.2B)

Although colony-lift -galactosidase assays do not give a good indication of the
strength of the interaction, it would appear from the weaker blue colour on the filters in
figure 4.2 that the interactions between GLT-N and clones N1 and N70 are weaker than
those of the positive control used (GABA, receptor o subunit interacting with the
GIMP1 protein). Nevertheless, the results show that these two clones, even if only

weakly, interact with GLT-N in the yeast two-hybrid assay.
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Figure 4.2 Identification of two clones N1 and N70 that interact with GLT-N

A) The N1 clone allows growth on SD-leu-trp-his+3-AT and LacZ expression in the
presence, but not in the absence of GLT-N.

Y190 yeast were re-transformed with the isolated pPC86-N1 plasmid, along with
the bait (pPC97-GLT-N) or the empty vector (pPC97), and grown on SD-leu-trp to
allow expression of the proteins. The Y190 transformants were then plated on SD-leu-
trp-his+3-AT medium to look for expression of the HIS3 gene (top picture). They were
then subjected to a colony-lift assay to detect B-galactosidase activity (i.e. LacZ
expression, bottom picture). Y190 yeast transformed with positive interactors (the
intracellular loop of the GABA, receptor o subunit and the GIMP1 protein) were used
as a positive ("+") control. It took 1 hour for the positive control to turn blue and 4

hours for the N1 clone.

B) The N70 clone allows growth on SD-leu-trp-his+3-AT and LacZ expression in the
presence, but not in the absence of GLT-N.

Y190 yeast were re-transformed with the isolated pPC86-N70 plasmid, along
with the bait (pPC97-GLT-N) or the empty vector (pPC97), and grown on SD-leu-trp to
allow expression of the proteins. The Y190 transformants were then plated on SD-leu-
trp-his+3-AT to look for expression of the HIS3 gene (top picture). They were then
subjected to a colony-lift assay to detect B-galactosidase activity (i.e. LacZ expression,
bottom picture). It took 4 hours for the N70 clone to turn blue. Y190 transformed with
positive interactors (the intracellular loop of the GABA, receptor and the GIMP1

protein) were used as a positive ("+") control (data not shown).
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4.4 The clone N1 represents a portion of the imidalozine receptor candidate (I,)

protein cDNA

The insert representing the N1 clone was 2.5 kb in size. When first isolated, a
stretch of the N1 clone, long enough to compare against the database, was sequenced.
The N1 clone was in frame with the GAL4 activation domain. Comparison against the
GenBank database did not show significant homology to known DNA sequences of the
database. The interaction between N1 and GLT-N was not further studied, due to this
complete lack of information on this novel clone. Two years later, the N1 sequence was
screened again against the GenBank database to look for homology to new database
entries. This stretch of the clone N1 cDNA sequence was then found to be highly
homologous (84 %) to the Homo sapiens type I imidazoline receptor candidate (I,)
cDNA (also called IRAS cDNA), as shown in figure 4.3A (Piletz et al. 1999, 2000).
Such high homology between the two sequences suggests that N1 represents a partial
sequence of the rat homologue of the human I, gene, and that the slight differences in the
sequence are due to species-specific mutations in the genes. The comparison of the
protein sequence between the N1 partial sequence and the I, cDNA is shown in figure
4.3B. NI is likely to represent two thirds of the I, cDNA (as deduced from the start
point of the N1 clone and its length).

As described in section 1.6.a in chapter 1, imidazoline receptors were first
reported as 'sites' pharmacologically related to a,-adrenoceptors (Eglen et al. 1998). The
cDNA candidate, to which the N1 clone isolated during the yeast two-hybrid screen in
this study is homologous, is the only report of a gene coding sequence that could
represent the I, receptor. It was identified by screening a human hippocampal lambda
gt11 cDNA expression library with two antisera directed against candidate imidazoline

receptor proteins (isolated biochemically) (Piletz et al. 1999, 2000).
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Figure 4.3 Partial sequence comparison of the clone N1 rat cDNA and the Homo

sapiens imidazoline receptor candidate (I,) cDNA

A) A partial sequence of the N1 clone cDNA (2.5 kb) isolated during the yeast
two-hybrid screen (N1, top sequence, bold) was compared to the Homo sapiens
imidazoline receptor candidate (I;) cDNA (I,, bottom sequence) (GenBank accession
number 6005787) using the BLAST sequence homology search programme. Vertical
lines show nucleotides that are identical in the two sequences. Numbers on the left and
right of each stretch of sequence represent the position of the first (left) and last (right)
nucleotide with respect to the partial N1 sequence used for homology identification

(from nucleotides 1 to 421) and to the I, cDNA sequence (from nucleotides 99 to 518).

B) The deduced protein sequence of the partial N1 sequence (top) is compared to

the I, protein sequence (bottom). The middle red lines represent identity (letters),

homology (+), or disparity (-) between the two sequences.
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A)

N1 ; “gagctcgtggacacgtccacggtatatgtcatacaggttaccgatggcaaccat?*

I1: "Mgagcettgtggacacttatacggtttacatcatccaggtcactgatggcagceccat "™’
N1: ”gagtggacgatcaaacaccgctatagtgattttcatgacctccatgaaaagettr®®
I1: ~"""gagtggacagtaaagcaccgctacagcgacttccatgacctgcatgaaaagctc”®°®

Nl : *°~gttgctgagagaaaaattgacaaaactctacttccacccaaaaagataattgga”™
I1: A°"gttgcagagagaaagattgataaaaacctgcttccgecccaaaaagataattggg " ®°
N1 : "aagaactcgagaagcttggtagaaaagagggagaaagacctggaggtgtacctctt®
I1: "™aaaaactcaagaagcttggtggagaagagggagaaggatctggaggtctacctc """
Nl : “~ cacactctcctgaagaccttccctgatgtggetcccagagttetggeccactter”®
I1: ~""cagaagctcctggcetgceccttccetggegtgaccecccagagtactggeccacttc"® ®
Nl : “~“ctgcattttcacctctatgaaataaatggtgtcactgcagcactggctgaagaa”**
Il: AN ANttgcattttcacttctatgagataaatggceatcaccgecggceactggetgaagag'* ™"
Nl : “*““ctctttgaaaaaggagaacagcttctaggagccggtgaggtctttgccatcagg**®
I1: ““Actctttgagaaaggagaacagcetcetgggggeccggegaggtetttgeccattgga'* AN

Nl ; “~“cccttgcagctctatgctatcacagaacagctgcagcagggaa'**4

I1: ‘““Ncceccectgecagetgtatgececgtcacggagecagetgecagecagggaat'®

B)

N1 1 ELVDTSTVYVIQVTDGNHEWTIKHRYSDFHDLHEKLVAERKIDKTLLPPKKIIGKNSRSL 60
ELVDT-TVY+IQVTDG+HEWT+KHRYSDFHDLHEKLVAERKIDK-LLPPKKIIGKNSRSL

hul 25 ELVDTYTVYIIQVTDGSHEWTVKHRYSDFHDLHEKLVAERKIDKNLLPPKKIIGKNSRSL 84

N1 61 VEKREKDLEVYLHTLLKTFPDVAPRVLAHFLHFHLYEINGVTAALAEELFEKGEQLLGAG 120
VEKREKDLEVYL--LL— FP-V-PRVLAHFLHFH-YEING+TAALAEELFEKGEQLLGAG

hul 85 VEKREKDLEVYLQKLLAAFPGVTPRVLAHFLHFHFYEINGITAALAEELFEKGEQLLGAG 144

N1 121 EVFAIRPLQLYAITEQLQQG 140
EVFAI-PLQLYA+TEQLQQG

Il 145 EVFAIGPLQLYAVTEQLQQG 164
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The interaction of GLT-N and the I, receptor was not further investigated in this study.
It will be interesting to further characterise this interaction. If GLT-1 and the I, receptor
prove to be true interactors, this research could lead to a better understanding of the

function of both proteins in the CNS.

4.5 The clone N70 represents a portion of the ajuba protein

The insert representing the N70 clone was 2.5 kb in size. It was fully sequenced
and screened against the GenBank and SWISSPROT databases. N70 was in frame with
the GAL4 AD and encodes 2/3 of a recently identified protein named ajuba (and some of
the untranslated 3' region of its mRNA). N70 represents the rat homologue of the mouse
ajuba protein missing the first 176 amino acids. The two protein sequences are aligned
in figure 4.4 and show 97% homology. The minor differences between the sequences
are likely to represent species specific mutations that have occurred during evolution.

Ajuba is a protein of approximately 60 kDa cloned recently by Dr. Longmore's
laboratory in the Washington University School of Medicine, St Louis, USA (Goyal et
al. 1999). Ajuba was first isolated during a yeast-two hybrid screen using the mouse
erythropoietin receptor as bait. Although the interaction between those two proteins
could not be confirmed by Goyal er al. (1999), the ajuba protein was nevertheless
sequenced fully and further characterised. Ajuba contains potential SH3 (src homology
3) recognition motifs (underlined with a dotted line in figure 4.4), two putative nuclear
export sequences (underlined with a broken line in figure 4.4) and three LIM domains
(underlined in bold in figure 4.4). The significance of each of these domains will be
discussed in turn below (see figure 4.5 for schematic summary).

SH3 recognition motifs are proline rich motifs which allow binding of a protein

to SH3 domain-containing proteins (Feng et al. 1996). Ajuba was actually found to
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interact with the SH3-containing Grb2 protein (both biochemically and in cell lines), and
its related protein Grap (Goyal et al. 1999). Grb2 is an adapter protein that couples
signals from activated cell surface growth factor receptors, or other activated cytosolic
signalling intermediates, to the activation of Ras and subsequently to mitogen-activated
protein kinase (MAP kinase) activation (Lowenstein et al. 1992). The MAP kinase
pathway (also called ERK pathway) is a major mechanism for controlling transcription
in eukaryotes (Seger and Krebs, 1995, Treisman 1996). MAP kinase is activated by
phosphorylation and then translocates to the nucleus, where it phosphorylates and
activates transcription factors. Furthermore, ajuba was shown to activate MAP kinase in
cell lines, and to promote meiotic maturation in Xenopus oocytes (a process mediated
mainly by the MAP kinase pathway) in a Grb2- and Ras-dependent manner (Goyal et
al.1999). Together these results suggest that ajuba might play a role in intracellular
signalling by activating the MAP kinase pathway, a process mediated (at least in part) by
its interaction with the Grb2 protein.

Within the ajuba protein sequence there are two potential leucine-rich nuclear
export signals (H X, HX, ;LXH, where H represents a hydrophobic residue such as
leucine, Bogard ef al. 1996). The nuclear export signal at position 289-297 is required
to export the protein out of the nucleus (Kanungo et al. 2000). Furthermore, endogenous
ajuba was shown to shuttle between the nucleus and the cell membrane in the P19
embryonic carcinoma cell line (Kanungo et al. 2000). Together, these results suggest
that ajuba might play a role in cell signalling from the membrane to the nucleus (or vice
versa).

Finally, ajuba contains three LIM domains in its carboxy-terminal. Ajuba was
therefore classified as a LIM domain containing protein. As briefly reviewed in 1.6.b in
chapter 1, LIM domains are define a unique double zinc finger motif structure found in a

class of protein involved in cell identity, differentiation, and growth control (Dawid, et

149



al. 1998, Bach 2000). They have been shown to mediate protein-protein interactions
(Schmeichel and Beckerle 1997). The function of the different LIM domains of ajuba
was analysed (Kanungo et al. 2000) and it was shown that the LIM domains 1 and 2
were involved in the regulation of proliferation in P19 embryonic cells, while LIM
domain 3 was involved in the regulation of differentiation. This latter regulation was
correlated with the capacity of ajuba to activate c-Jun kinase (JNK) (Kanungo et al.
2000). The significance of these results is still unclear, but they implicate ajuba in
regulating cell growth and differentiation decisions. The sequence containing the LIM
domains was also used in a yeast two-hybrid screen and was found to associated with the
actin-binding protein profilin (Dr. G. Longmore, personal communication). This
interaction was confirmed by biochemical assays. Profilin is a protein that binds actin
monomers and is involved in the control of actin polymerisation during cytoskeleton
remodelling (Tilney et al. 1983). Also, ajuba was found to bind directly to actin via its
LIM domains (Dr. G. Longmore, personal communication). These new interactions need
to be better characterised, but the results already suggest that ajuba might be involved in
the dynamics of the actin-based cytoskeleton, a theme to which I will return in chapter 8,
or in tethering GLT-1 to the cytoskeleton.

Ajuba belongs to the group 3 class of LIM domain-containing proteins, which
contain one to five tandem LIM domains at the carboxy-terminal in association with
distinct amino-terminal domains (Dawid et al. 1998). Members of this group include ril,
zyxin, enigma, paxillin, and pinch (Dawid et al. 1998 and references therein). The
closest relative of ajuba found in the SWISSPROT database is the zyxin protein
(Beckerle 1986, Crawford et al. 1994). Ajuba shows high homology in its LIM domains
to zyxin (44% identity and 65% homology with chicken zyxin), while its amino-terminal

domain is very distinct to that of zyxin (Goyal et al. 1999).
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Figure 4.4 Amino acid sequence comparison between the full-length N70 clone and

the mouse ajuba protein

Amino acid sequences of murine ajuba (in bold black, GenBank accession
number NPO34720) and N70 sequence (partial rat ajuba sequence, in bold red) were
aligned. Amino acids are numbered on the left. The amino acids that differ between the
two sequences are highlighted in grey. The three LIM domains are underlined in the
ajuba sequence (black). Potential SH3 recognition motifs are underlined with a dotted
line and putative nuclear export sequences are underlined with a broken line in the ajuba

sequence (black).
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Figure 4.5 Schematic diagram of the ajuba protein and the putative role of each of

its domains

The ajuba is represented schematically showing its different domains (SH3
recognition motifs, diagonal stripes; putative nuclear export signals, horizontal stripes;
and LIM domains 1,2, and 3, white areas). This drawing is not to scale. The arbitrary
division of the protein into the preLIM (amino acids 1 to 340) and the LIM domain
(amino acids 341-547) is shown by double-headed arrows. The portion of ajuba that is
represented by the N70 clone is also shown by a double-headed arrow (amino acids 176

to 547). The putative role of the different motifs is briefly summarised.
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Figure 4.6 Northern blot analysis for the N70 clone and ajuba mRNA expression

A) Top picture: Northern blot analysis of adult rat tissues mRNA (approximately
2 ug per lane) using a probe against the N70 clone (Sal I-stu I fragment representing
amino acids 176-340 of the rat ajuba). Bottom picture: a control probe against -actin
mRNA (1.8 and 2kb isoforms) was used to determine the amount of mRNA loaded per
lane. RNA size markers (in kD) are indicated on the left. 's.m." denotes the skeletal
muscle lane. Different actin loading in the different lanes is inherent in the blot

purchased for this experiment.

B) Northern blot analysis for Ajuba mRNA expression in adult mouse tissues
(reproduced from Goyal et al. 1999). S/C Tissue represents subcutaneous tissue, MEL
represents mouse erythroleukemia cell mRNA. The size of the mRNA was compared to
that of the ribosomal RNAs, 18S and 28S, which migrate at 1.9 and 4.7 kb, respectively.

The site of migration of these ribosomal RNAs is indicated on the left.
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Ajuba can be arbitrarily divided into two domains: the preLIM domain (amino
acids 1-340) and the LIM domain (amino acids 341-547) (see figure 4.5). The Stu I
restriction enzyme site present around amino acid 340 allows the sub-cloning of either
domain for further use in the study of ajuba (Goyal et al. 1999, Kanungo et al. 2000).
The distribution of the N70 clone mRNA was determined by Northern blot
analysis of different rat tissues. The results are shown in figure 4.6A. A single mRNA
product of about 3kb was present in most tissues using a probe against a portion of the
N70 clone (Sal I-Stu I fragment of the clone, representing amino acids 176 to 340 of the
ajuba protein). Abundant expression was found in heart, lung and kidney. N70
expression was also found, although at a lower level, in liver, testis and (although hardly
visible as reproduced in figure 4.6A) in brain. Low expression of higher mRNA bands
were found in some of the tissues (e.g. heart, lung and skeletal muscle), which are likely
to represent non-specific binding of the probe. A control probe against B-actin was used
to determine the amount of mRNA loaded in each lane (as shown in figure 4.6A, bottom
blot). Analysis of murine ajuba expression was also performed by Goyal et al. (1999)
and the results of this analysis are shown in figure 4.6B. Ajuba was found in tissues of
the genito-urinary tract (epididymis, ovary, uterus), in skin and placental tissue, and
(weakly) in brain. CNS expression of ajuba will be shown in more detail in later

chapters.

4.6 Discussion

The yeast two-hybrid screen was used in this study to identify proteins that

interact with the amino-terminal of the glutamate transporter GLT-1. Two proteins were

isolated from a hippocampal library, which were identified as a putative imidazoline
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receptor protein and the ajuba protein. Both proteins are expressed in brain (Mallard et
al. 1992, Goyal et al. 1999).

Despite the high screening efficiency obtained (6 millions and 3 million library
clones for the two screens, respectively), only two true positive interactions were
isolated, and each produced only one hit per clone isolated. Furthermore, both positive
interactions showed low levels of PB-galactosidase activity compared to the positive
control (GABA, o subunit interaction with the GIMP1 protein, figure 4.2). Together,
these results suggest that the interactions between the amino-terminal of GLT-1 and the
isolated proteins are weak or that the clones isolated do not represent the full binding
sites required for GLT-1 to bind. To validate these interactions, further experiments
were clearly required.

The interaction between the N1 clone and GLT-1 was not further characterised
for this study as, at the time it was isolated, the N1 clone did not provide me with
enough information on what it represented to warrant its full length isolation, and time
consuming cloning of the protein encoded by N1 would have been required to further
characterise the interaction. Instead, I focussed on characterising the interaction
between GLT-1 and the N70 clone. The full sequencing of the N70 clone showed that it
was highly homologous to its murine homologue ajuba (figure 4.4), a protein that was
already fully cloned and partly characterised (Goyal et al. 1999). By obtaining GST
(glutathione-S-transferase) fusion proteins containing part or all of ajuba, and a
mammalian expression vector of this protein, from Dr. Longmore's laboratory, I could
rapidly generate polyclonal antibodies and validate the interaction between ajuba and

GLT-1, in vitro and in mammalian systems, as described in the following chapters.
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Chapter 5: Production and characterisation of poly-
clonal antibodies against ajuba for use in this study

5.1 Introduction

To further characterise the interaction between GLT-1 and ajuba, it was
necessary to obtain an antibody against ajuba. Such a polyclonal antibody had already
been generated by Goyal et al. (1999), but proved to show low specificity and could not
be used efficiently for Western blots, immunoprecipitation or immunofluorescence (Dr.
G. Longmore, personal communication). I therefore generated two polyclonal
antibodies against the pre.LIM domain of ajuba (amino-terminal part, amino acids 1-340,
see figure 4.5 in chapter 4) using as an antigen the glutathione-S-transferase (GST)
fusion protein expressing the preL.IM domain which I obtained from Dr. Longmore.

Polyclonal antibodies have previously been successfully raised against
polypeptides expressed as fusion proteins with bacterial GST (see for example Krishek
et al. 1994, Schopperle et al. 1998). GST-fusion proteins are a convenient way of
producing and purifying large quantities of a small protein (Smith and Johnstone 1988).

The amino-terminal half (preLIM domain) of ajuba was used as the antigen for
the production of the antibodies, as it did not show any homology to known proteins
(unlike its LIM domain carboxy-terminal half: see section 4.5 in chapter 4). This
reduces the risk of cross reactivity of the antibodies with other LIM domain-containing

proteins.
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5.2 Production of the GST-preLIM fusion protein and immunisation of animals

The preLIM domain of ajuba (amino acids 1 to 340) had previously been cloned
into the EcoR I site of the pGEX2T vector (Goyal et al. 1999) to generate a GST-
preLIM fusion protein, and the clone was given to me for transformation into the E.Coli
strain BL21. Subsequent production and purification of GST-preLIM was carried out as
described in section 2.4.d. Successful purification of the fusion protein is shown in
figure 5.1. 10 pl of the purified preparation was run onto an SDS-PAGE gel and stained
with Coomassie blue. GST-preLIM migrates at about 63 kDa (as denoted by the arrow
in figure 5.1), as expected from its predicted molecular weight of 64.760 kDa: the
preLIM domain represents 38.760 kDa (assuming that one amino acid weighs on
average 114 daltons), and the GST protein represents 26 kDa. The control GST protein
was run in parallel in the left lane and can be detected at 26 kDa as expected (denoted by
arrow in figure 5.1, Smith and Johnstone 1988). A substantial percentage of the GST-
preLIM fusion protein was degraded into a complex mixture of fragments. This
degradation could not be prevented by modifying the protein expression protocol
(lowering the temperature for expression or shortening the time of expression, for
example), as suggested in Sambrook et al. (1989). The fragments migrating above the
GST-fusion protein are likely to represent protein contaminants collected during the
isolation of the protein from the bacterial lysates as they have been observed during the
purification of other GST fusion proteins (data not shown). This purified GST-preLIM
protein was used as antigen during the immunisation of rabbits.

Anti-ajuba antibodies were raised in rabbits as detailed in section 2.4.h. Two
rabbits were immunised with the antigen and the antibodies generated from each rabbit

were arbitrarily called HA34 and HA3S.
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Figure 5.1 Detection of the expression of the glutathione-S-transferase (GST)-

preLIM fusion protein by electrophoresis

10 pl of the purified GST or GST-preLIM fusion protein preparation (left lane
and right lane respectively, each representing approximately 10 g of protein) was run
onto an SDS-PAGE gel and the proteins were detected by Coomassie blue staining. The
GST protein is detected at 26 kDa (as denoted by the arrow on the left). The GST-
preLIM fusion protein is detected at about 63 kDa (as denoted by the arrow on the right).

Size markers are shown on the left in kDa.
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5.3 Measure of the antisera reactivity against the preLIM domain of ajuba by

enzyme-linked immunosorbent assay (ELISA)

A sample of the serum of each rabbit was collected before initial inoculation with
the antigen (pre-bleed, representing pre-immune serum). A sample of the immunised
serum was collected after two boosts of antigen (test bleed 1) and after the third boost of
antigen (test bleed 2). Enzyme-linked immunosorbent assays (ELISAs) were carried out
to analyse the reactivity of the antisera (i.e. affinity of the antibodies) for the antigen
using the antisera of each test bleed. ELISAs are colour (horse radish peroxidase
(HRP)-based) assays that test the antibody affinity to the antigen without purification of
the antibody from the crude antiserum. A matrix is coated with the GST-fusion protein
antigen and the crude antisera are tested for binding of antibodies to this matrix using
various dilutions of the antisera. The binding of the primary antibodies is detected by
HRP-linked secondary antibodies. The presence of the HRP-linked antibodies complex
is detected by performing an HRP-based reaction that generates a colour change that can
be read at an excitation wavelength of 490 nm (see section 2.4.i for details). Crude
antisera obtained after test bleed 1 and test bleed 2 were compared with the pre-bleed
serum (pre-immune) for each rabbit in the ELISA assay. The results are shown in figure
5.2. For both antisera, there was high immune specificity against the antigen, as
observed by a generally much higher reading at 490 nm compared to pre-bleed serum.
The highest specificity of the antisera compared to the pre-bleed serum was achieved by
diluting the antisera between 100 and 10000 fold. HA35 showed a slightly higher
specificity after both test bleeds compared to HA34. Together, these data confirmed a
positive immune response of both rabbits against the antigen injected. A last boost of
antigen was then given to each rabbit and the serum was later collected for affinity

purification of the antibodies as described in section 2.4.j.
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Figure 5.2 Enzyme-linked immunosorbent assay (ELISA) data to measure the

affinity of the HA34 and HA3S anti-ajuba antibodies

ELISA data obtained using antisera from test bleed 1 for HA34 (A) and HA35
(C), and from test bleed 2 for HA34 (B) and HA35 (D). Each ELISA was also
performed with the pre-bleed antiserum (non-immunised serum) of the appropriate
rabbit (see colour legend in figure). The absorbance readings obtained at an excitation
wavelength of 490 nm for each sample were collected and plotted into the histogram
presented here. ELISA data were collected using range of dilution of the antisera from
neat to 10°. The dilution factor corresponding to each set of data is shown below each

graph.
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5.4 Characterisation of the specificity of the HA34 and HA3S antibodies for ajuba
by Western blot.

The affinity-purified antibodies were tested for their efficiency at detecting full-
length myc-tagged ajuba in transfected COS-7 cells (immortalised African green
monkey kidney fibroblast cells). The full-length ajuba cDNA had been previously
cloned into the mammalian vector pCS2, which contains an amino-terminal penta-myc
tag for recognition of the protein by the anti-myc antibody (Goyal et al. 1999, see figure
2.2 in chapter 2 for a simplified map of the vector: the sequence of myc is
EQKLISEEDL). This was used for expression of ajuba in mammalian cells.

To determine the specificity of the antibodies by Western blot, proteins were
harvested from COS-7 cells, 24 hours after transfection by electroporation of myc-
tagged ajuba, using the transfection and protein extraction protocols described in section
2.5.b and 2.4.b, respectively. Mock transfected COS-7 cells (i.e. for which the
transfection protocol was performed in the absence of the plasmid cDNA) were used as
controls for specificity determination. Although it was at the time unknown if COS-7
cells express endogenous ajuba, the specificity of the antibodies could still be
determined using this control for two reasons. First of all, the myc-tagged ajuba will
migrate at a higher molecular weight than the endogenous ajuba due to the addition of
the myc pentamer at its amino-terminal (adding 5 kDa to the ajuba protein molecular
weight). This would make the detection of the transiently expressed protein easy to
differentiate from any endogenous one. Also, the 9E10 antibody against the myc-tag
epitope could be used to compare the expression of the myc-tagged protein in
transfected versus non-transfected cells. Seventy-five g of total protein lysates of
untransfected and transfected COS-7 cells were run in triplicate onto an SDS-PAGE gel

and a Western blot was performed using the HA34 and HA35 antibodies against ajuba,
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Figure 5.3 Characterisation of the affinity purified anti-ajuba antibodies by

Western blot

COS-7 cells were either transfected with myc-tagged ajuba (75 pg, lanes 1 in all three
panels) or mock transfected (75 pg, lanes 2 in all three panels). Total cell lysate was
separated by SDS-PAGE and blotted with affinity-purified HA34 (2 pg/ml, left panel),
affinity-purified HA35 (2 pg/ml, middle panel), or the 9E10 anti-myc antibody (5 png/ml,
right panel). The molecular weight size markers (in kDa) are shown on the right of each

panel.
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or the 9E10 anti-myc antibody for detection of the myc-tag on the ajuba protein. The
results are shown in figure 5.3. All three antibodies recognise a protein in the
transfected cells that migrates at around 70 kDa as predicted (lane 1 of each panel).
Ajuba is composed of 547 amino acids, which gives it a roughly estimated molecular
weight of 63 kDa (assuming one amino acid weighs on average 114 daltons). The
pentamer of myc sequences adds on 5 kDa, which gives a total predicted molecular
weight of 68 kDa. There was no detection of endogenous ajuba in COS-7 cells by the
anti-ajuba antibodies (figure 5.3, lanes 2 of left and middle panels). The optimal range
of dilution for each antibody was determined as 2 pg/ml for both antibodies (data not

shown).

5.5 Detection of endogenous ajuba protein in adult rat brain lysate using the HA34

antibody

The HA34 antibody was used to detect endogenous ajuba protein in an adult rat brain
protein lysate obtained as described in section 2.4.b. 150 pg of brain protein was run
onto an SDS-PAGE gel along with control lanes, consisting of lysates of COS-7 cells
expressing myc-tagged ajuba and of mock transfected COS-7 cells. A Western blot was
performed using the HA34 antibody at 2 yg/ml. The results are shown in figure 5.4.
Endogenous brain ajuba can be detected at 63 kDa in lane 1 of the top left panel. The
myc-tagged ajuba expressed in COS-7 cells can be seen migrating at 68 kDa in lane 2 of
the top left panel. No protein was detected in lane 3 of this panel, which represents
mock transfected COS-7 cells. To confirm that these bands recognised the ajuba
protein, an identical gel was run in parallel and a Western blot was performed in the
presence of the antigen (the GST-preLIM fusion protein) to prevent any specific binding

of HA34 to the preLIM domain. The presence of the antigen during the blotting
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Figure 5.4 Detection of endogenous ajuba protein in adult rat brain lysate using the

affinity purified HA34 antibody

Total adult rat brain lysate (150 pg, lane 1 in all panels), total cell lysate of COS-
7 cells expressing myc-tagged ajuba (75 pug, lane 2 in all panels), or lysate of mock
transfected COS-7 cells (75 ug, lane 3 in all panels), were separated by SDS-PAGE and
blotted with HA34 (top left panel) or with HA34 in the presence of the GST-preLIM
fusion protein (12 pg, top right panel). The bottom half of these gels were blotted with
the anti-actin antibody (bottom left panel), or with the anti-actin antibody in the presence
of the GST-preLIM protein (12 pg, bottom right panel). Molecular weight size markers

(in kDa) are shown at the right of each panel.
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procedure prevented the antibody from recognising both the endogenous and the myc-
tagged ajuba proteins as shown in figure 5.4, top right panel. This inhibition was
specific to the anti-ajuba antibody as detection of actin with an anti-actin antibody was
not changed. Actin was labelled in all three lanes of both gels as shown in the bottom
panels of figure 5.4. An identical 63 kDa ajuba band was detected in brain lysates by the
HA35 antibody (data not shown). Together these results show that the anti-ajuba
antibodies recognise specifically the endogenous ajuba protein, which migrates at 63

kDa. Importantly, they also confirm the expression of ajuba in the brain.

5.6 Characterisation of the specificity of the HA34 and HA3S5 antibodies for ajuba

by immunoprecipitation

Immunoprecipitation of proteins by their antibodies is an essential criterion for
determining the specificity of the antibodies, and can be a valuable tool in the study of
the protein and its associating partners (Harlow and Lane 1988).

Both anti-ajuba antibodies were tested for immunoprecipitation of the myc-tagged ajuba
protein from COS-7 cells. COS-7 cells were transfected with myc-tagged ajuba and
used for **S-immunoprecipitation assays as described in section 2.4.g. Briefly, the
transfected (or mock transfected) COS-7 cells were incubated in the presence of **S-
methionine for a few hours to label newly synthesised proteins. The lysate collected
from these cells was then incubated overnight with either the HA34 or HA35 antibodies,
or the control IgG fraction from non-immune serum, to allow for the binding of the
antibodies to the proteins. After washes, the radiolabelled proteins bound to the
antibodies were run onto a SDS-PAGE gel and detected by autoradiography. The
optimal concentration of the anti-ajuba antibody for immunoprecipitation was

determined to be 5 pg/ml (data not shown). The results of this experiment are shown in
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Figure 5.5 Immunoprecipitation of myc-tagged ajuba from COS-7 cells using the

affinity purified HA34 and HA35 antibodies

COS-7 cells were mock transfected (lanes 1 and 3) or transfected with myc-
tagged ajuba (lanes 2, 4 and 5). After **S-methionine labelling of proteins, the COS-7
lysates were collected for immunoprecipitation with 5 ug of HA34 (lanes 1 and 2),
HA35 (lanes 3 and 4) or the IgG fraction from non-immune rabbits (lane 5). Samples
were separated by SDS-PAGE, and analysed by autoradiography. Molecular weight size

markers are shown on the left (in kDa).
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figure 5.5. The precipitation of myc-tagged ajuba by both the HA34 and HA35
antibodies can be seen in lanes 2 and 4, respectively. The most heavily labelled band
represents the radiolabelled myc-tagged ajuba, as it migrates to the position expected for
its size (68 kDa) and is absent in immunoprecipitates from mock transfected cells (figure
5.5, lanes 1 and 3 for HA34 and HA35, respectively). This immunoprecipitation of
ajuba from transfected COS-7 cells was specific to the anti-ajuba antibodies, as it was
not seen when the IgG molecule, lacking the anti-ajuba epitope, was used (lane 5 of
figure 5.5). The detection of other **S-labelled proteins in all lanes of figure 5.5 is
expected and represents non-specific binding of radiolabelled proteins to the IgG

molecules, which cannot be fully removed.

5.7 Characterisation of the specificity of the HA34 and HA35 antibodies for ajuba

by immunofluorescence.

Immunofluorescence is an essential technique used to localise proteins in situ.
The ability of antibodies to display the protein they have been raised against by
immunofluorescence can be a valuable tool in the characterisation of the protein
(Harlow and Lane 1988).
Both anti-ajuba antibodies were tested for their ability to recognise myc-tagged ajuba in
transfected COS-7 cells using immunofluorescence. COS-7 cells were transfected with
myc-tagged ajuba and plated onto coverslips. Twenty-four hours after transfection, the
coverslips were processed to visualise the protein by immunocytochemistry, as
described in section 2.5.f. The cells were permeabilised using detergent during the
staining protocol to allow access of the antibodies to the preLIM domain epitope. This is
likely to be intracellular since it was shown previously that ajuba has a cytoplasmic

distribution when expressed in cell lines (Goyal et al. 1999).
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Figure 5.6 Immunofluorescence detection of myc-tagged ajuba with affinity-

purified HA34 and HA35

COS-7 cells were transfected with myc-tagged ajuba. Cells were stained with 5
png/ml of affinity purified HA34 (top row), HA35 (middle row) or the 9E10 anti-myc
antibody (bottom row). The staining in the middle column was done in the presence of
the GST protein (10 pg). The staining in the right column was done in the presence of
the GST-preLIM fusion protein (10 pug). The bar in the top left panel represents 20 pm.

A scale bar representing 20 pum is shown in the top left panel.
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The concentration of the anti-ajuba antibodies used for the immunofluorescence
was optimised to 5 pg/ml (data not shown). Myc-tagged ajuba was successfully detected
by HA34, HA3S or the 9E10 anti-myc antibody as shown in the left panels of figure 5.6.
The distribution of the protein was mainly cytoplasmic with an obvious exclusion from
the nucleus (as previously observed in Goyal et al. 1999). The detection of the myc-
tagged ajuba by the anti-ajuba antibodies was not perturbed by the presence of the GST
fusion protein (top two middle panels in figure 5.6), but was abolished in the presence of
the (competing) GST-preLIM antigen (top two right panels in figure 5.6). Detection of
myc-tagged ajuba by the anti-myc antibody was unchanged in presence of either fusion
protein (middle and right bottom panels). Together these results show that the anti-ajuba
antibodies specifically detect the preLIM domain of the ajuba protein in these

transfected cells.

5.8 Discussion

The GST-preLIM fusion protein was used to generate two rabbit polyclonal
antibodies against ajuba. These antibodies showed high specificity for the ajuba protein
in all assays tested in COS-7 cells. These antibodies do not recognise any proteins
migrating between 50 and 100 kDa in untransfected COS-7 cells, implying that these
cells do not express endogenous ajuba. Furthermore, the antibodies identified an
endogenous protein in the adult rat brain that migrates at the predicted molecular weight
of 63 kDa.

Both HA34 and HA35 worked equally well and were used interchangeably at the
same concentration during the work of this thesis (2 pg/ml for Western blot and 5 pg/ml

for immunoprecipitation and immunofluorescence). They will be generally referred to
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as the anti-ajuba antibodies and no particular reference to either one or the other will be
made in the subsequent chapters of this thesis.

The anti-ajuba antibodies characterised in this chapter proved to be very useful in
the characterisation of the GLT-1 and ajuba interaction (see chapters 6 and 7) and in the

study of the role of the ajuba protein at adherens junctions (see chapter 8).
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Chapter 6: In vitro characterisation of the interaction
between GLT-1 and ajuba

6.1 Introduction

In chapter 4 of this thesis I described how, by using the yeast two-hybrid system,
I isolated the LIM-domain containing protein, ajuba, as a potential interacting protein for
the amino-terminal of the glutamate transporter GLT-1. The yeast two-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 the yeast two-hybrid data with other
techniques. In this chapter, I further characterise the interaction between GLT-1 and
ajuba using a range of biochemical and cellular techniques. The specificity of the
interaction was investigated using cell-free systems, such as overlay and 'pull-down’
assays, the results of which are reported in the first sections of this chapter. The
localisation and interaction of the two proteins were also investigated in a mammalian

culture system (COS-7 cells) as reported in the later sections of this chapter.

6.2 The amino-terminal of GLT-1 interacts directly with the preLIM domain of

ajuba in an overlay assay

Techniques which involve the use of live cells (including the yeast two-hybrid system)
or cell protein lysates to study interactions between proteins do not preclude the
possibility of a third protein being involved in the interaction. The in vitro overlay assay,
by contrast, demonstrates whether or not two proteins bind directly to each other, with

no other proteins present (see for example Niethammer et al. 1996, Hanley ez al. 1999).
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Figure 6.1 GLT-N interacts directly with ajuba via its preLIM domain in an in vitro

overlay assay

A) 10 pl of purified GST or GST-K-GLT-N fusion protein preparations (left lane
and right lane respectively, representing approximately 10 pg of protein) was run onto
an SDS-PAGE gel and the proteins were detected by Coomassie blue staining. The GST
protein is detected at 26 kDa (as denoted by the arrow on the left). The GST-K-GLTN
fusion protein is detected at about 33 kDa (as denoted by the arrow on the right). Size

markers are shown on the left in kDa.

B) Coomassie blue staining of a gel showing the different fusion proteins used
for the overlay assay: 10 pl of the protein preparation was run for each fusion protein
(representing about 10 pg). GST lane: GST protein alone; Ajuba lane: full-length ajuba,
LIM lane: LIM domain of ajuba (amino acids 340 to 547); preLIM lane: preLIM domain
of ajuba (amino acids 1-340). The asterisk at the left of each lane represents where the
full-length (undegraded) fusion proteins migrate. Molecular weight size markers are

shown on the right in kDa.

C) Results of the overlay assay performed on a replica of the gel shown in B.
Binding of the *P radiolabelled GST-K-GLT-N was revealed by autoradiography. The
asterisk at the left of each lane represents where the full-length (undegraded) fusion

proteins migrate (as deduced by comparison with the gel in B).

181



A)

GST GST-K
-GLT-N
I I1 1
B) 9)
GST Ajuba LIM  PreLIM GST Ajuba LIM  PreLIM
Fusion proteins GST-K-GLT-N labelling
(Coomassie blue) (autoradiography)

82



I therefore used an overlay assay to assess whether ajuba and GLT-1 interact directly,
and this overlay assay was used to determine to which domain of the ajuba protein (the
preLIM or the LIM domains) GLT-1 binds.

The GLT-1 amino-terminal (GLT-N) was expressed as a GST fusion protein
(denoted GST-K-GLT-N) with a cAMP-dependent protein kinase (PKA)
phosphorylation site between the GST and the GLT-N polypeptide, by PCR cloning into
pGEX-2TK (see figure 2.2 in chapter 2 for a map of this vector). The successful
expression and purification of the GST-K-GLT-N fusion protein is shown in figure
6.1A. GST-K-GLT-N migrates at 33 kDa (close to its predicted molecular weight of 31
kDa) as shown in the right lane of figure 6.1A. The control GST protein is shown in the
left lane migrating at 26 kDa. **P was then incorporated into the GST-K-GLT-N fusion
protein in a kinase reaction using the catalytic subunit of PKA and **P-y-ATP. P
incorporation into the GST-K-GLT-N was quantified by a Cerenkov scintillation
detector. This method counts the radioactivity of dry samples using a standard
scintillation counter and is assumed to be 30% efficient (Sambrook et al. 1989). The
values obtained with the scintillation counter were multiplied by 3.33 to obtain the total
count per minute (cpm) values. To assess the success of the incorporation of **P-ATP
into the fusion protein, the fractional labelling was calculated as described below.

The specific activity of the ATP used in the kinase reaction to phosphorylate
GST-K-GLT-N was 3.46x10° cpm/pmol ATP. After the kinase reaction, 15x10° cpm
was incorporated into 1 g of GST-K-GLT-N. The fusion protein was estimated to have
a molecular weight of 31,000 daltons (g/mol), so 1 pg of the protein corresponds to 32
pmol. Thus the number of moles of ATP incorporated is 15x10% 3.46x10°= 4.33 pmol
ATP/pug GST-K-GLT-N, i.e. 4.33 pmol ATP/32 pmol GST-K-GLTN. This is equivalent

to 0.135 pmol **P-ATP/pmol protein. Thus approximately 13.5% of the fusion protein
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was radiolabelled, corresponding to an activity of 15x10° counts per minute per
microgram of protein.

Full-length ajuba, its preLIM domain and its LIM domain (see figure 4.5 in
chapter 4) were previously cloned into the pGEX4T vector to generate fusion proteins
(Goyal et al. 1999). These constructs were transformed into BL21 E.Coli bacteria to
generate large quantities of purified fusion proteins (see section 2.4.d in chapter 2).
Successful purification of the proteins is shown in figure 6.1B. 10 pl of each protein
preparation was run onto an SDS-PAGE gel, which was then stained with Coomassie
blue to label the proteins. The GST alone (GST lane), full-length ajuba (ajuba lane), the
LIM domain of ajuba (LIM) and the preLIM domain of ajuba (preLIM lane) fusion
proteins are denoted by an asterisk in their respective lane. The ajuba protein and its
domains show significant degradation into a complex mixture of fragments. Changing
the conditions (e.g. lowering the temperature for expression in BL21 cells, or shortening
the time of expression) did not prevent this degradation. This protein degradation has
also been reported for expression of portions of the human zyxin protein (the closest
relative of ajuba) in the same GST-based cell-free system (Reinhard et al. 1999). This
problem was not encountered when purifying GST fusions of other protein fragments
(see for example figure 6.4). This would suggest that expression of these LIM-domain
containing proteins is not well tolerated by the bacteria, which degrade them rapidly.

Nevertheless, the fusion proteins were used to perform an overlay assay. An
identical gel to the one shown in figure 6.1B was run and the proteins were transferred
onto a nitrocellulose membrane. After renaturation of the proteins by incubation with
decreasing amounts of guanidine, the membrane was incubated with 2x10° cpm of
radiolabelled GST-K-GLT-N fusion protein (see section 2.4.e for details). Binding of
GST-K-GLT-N to ajuba and its domains was detected by autoradiography and the

results are shown in figure 6.1C. The migration position of GST alone and of each

184



fusion protein are shown in their respective lane by an asterisk (deduced by comparison
with the gel in figure 6.1B). The radiolabelled GLT-N fusion protein was shown to bind
specifically to the full-length ajuba and to the preLIM domain of ajuba. It also bound
to the degradation products of both fusion proteins, but did not bind to GST alone or to
the LIM domain of ajuba. Together, these results suggest that the amino-terminal of

GLT-1 binds directly to the preLIM domain of ajuba.

6.3 GLT-N selectively 'pulls-down' full-length ajuba expressed in COS-7 cells

Affinity purification, or 'pull-down' assay, is a technique used extensively to
characterise the interaction of two proteins in a cell-free system. The amino-terminal of
GLT-1 was cloned into a pGEX4T vector to generate a GST-fusion protein (figure 6.4,
GLT-N lane, shows the successful expression and purification of the fusion protein).
This fusion protein was used to "pull-down’' ajuba from COS-7 cells. These cells were
mock transfected (i.e. no cDNA present during the transfection protocol), or transfected
with myc-tagged ajuba (Goyal et al. 1999, see figure 2.2 in chapter 2 for a simplified
map of the vector), or transfected with the cDNA of an unrelated protein, myc-tagged
GABARAP, which has previously been shown to bind to the GABA,, receptor (Wang et
al. 1999). Twenty-four hours after transfection, the COS-7 cell protein lysates were
harvested and used in the pull-down assay as described in section 2.4.f. Briefly, COS-7
lysates were incubated in the presence of the GLT-N fusion protein attached to
glutathione beads. The GLT-N coated beads and their interacting partners were then
isolated by sequential washes and the attached proteins were identified by Western blot.
The results of this assay are shown in figure 6.2. The position of ajuba and GABARAP
was identified using the anti-myc antibody. Successful expression in the COS-7 cells of

GABARAP (which migrates at 17 kDa, lane 2, bottom panel) and ajuba (which migrates
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Figure 6.2 GLT-N interacts with ajuba, but not with GABARAP, in an in vitro pull-

down assay

COS-7 cells were either mock transfected (lanes 1, 4 and 7), transfected with 10
ng of myc-tagged GABARAP cDNA (lanes 2, 5 and 8), or with 10 pg of myc-tagged
ajuba cDNA (lanes 3, 6 and 9). Twenty-four hours after transfection, the COS-7 cell
protein lysates were harvested and used in a pull-down assay in the presence of either
GST-GLT-N (lanes 4, 5 and 6) or GST (lanes 7, 8, and 9). Detection of ajuba (migrating
at 68 kDa, top panel) and GABARAP (migrating at 17 kDa, bottom panel) was by
Western blot using the 9E10 anti-myc antibody (10 pug/ml). Successful expression of
GABARAP and ajuba is shown in lane 2 and 3 of the input lanes, respectively
(representing 1/20th of the total protein lysate used in the pull-down assay). Molecular

weight size markers are shown on the left in kDa.
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at 68 kDa, lane 3, top panel) can be observed in figure 6.2. There was no expression of
either protein in mock transfected COS-cells as shown in lane 1 (top and bottom panels).
Ajuba was pulled down by GLT-N as seen in lane 6 (top panel), while GABARAP was
not (lane 5, bottom panel). Neither protein was pulled down by GST alone (lanes 7 to 9).

The non-specific background observed in this Western blot is an artefact, which
is probably due to the slightly higher anti-myc antibody concentration used during the
Western-blotting of this pull-down assay (10 pg/ml), compared to the one used in
subsequent assays (5 pg/ml. see for example figure 6.4).

These results demonstrate that, at least in vitro, GLT-1 binds specifically to the

full-length ajuba protein.

6.4 Identification of the ajuba binding site on GLT-1 using the pull-down assay

The pull-down assay described in section 6.3 was used to identify the binding
site of ajuba on the amino-terminal of GLT-1. Fifteen amino-acid stretches of the
amino-terminal of GLT-1 were synthesised, annealed and cloned into the pGEX4T
vector as described in chapter 2, sections 2.3.0 and 2.3.p. A schematic diagram of GLT-
N and the five polypeptides, representing approximately fifteen amino-acid stretches of
GLT-N, is shown in figure 6.3A. The polypeptide stretches were labelled A to E. In
frame cloning of each polypeptide to GST in the pGEX4T vector was monitored by
manual sequencing (data not shown), and their successful expression and purification is
shown in figure 6.3B. 10 pl of GST, GLT-N and fusions A-E protein preparations
(section 2.4.d) were run onto an SDS-PAGE gel and the proteins were labelled with
Coomassie blue. The GLT-N fusion protein can be seen to migrate at about 33 kDa
(lane GLT-N). Each of the fusion proteins A to E migrate higher than GST alone,

because of the presence of the 15 amino acid GLT-1 polypeptide. The migration relative
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Figure 6.3 Construction of GST fusion proteins representing 15 amino acids

stretches of GLT-N

A) Schematic diagram of the polypeptides generated, representing approximately
fifteen amino acid stretches of the amino-terminal of GLT-1 (GLT-N). The full-length
GLT-N is represented at the top, comprising amino acids 1 to 44 of the rat GLT-1 cDNA
sequence (Pines et al. 1992). The polypeptides generated were labelled A to E, with A
representing amino acids 1 to 15, B representing amino acids 16-30, C representing
amino acids 30-44, D representing amino acids 9-23, and E representing amino acids 23-
37. Each stretch of amino acids, as well as the full-length GLT-N, was cloned into the

pGEXA4T vector to generate GST fusion proteins.

B) 10 pl of purified GST (lane GST), GST-GLT-N (lane GLT-N), and GST-A to
E fusion protein preparation (lanes A to E), representing approximately 10 ug of protein,
was run onto an SDS-PAGE gel and the proteins were detected by Coomassie blue
staining. The GST protein is detected at 28 kDa (lane GST). The GST- GLT-N fusion
protein is detected at about 33 kDa (lane GLT-N). Polypeptide fusions can be detected
in their respective lanes (all migrating around 30 kDa, lanes A to E). Molecular size

markers are shown on the left in kDa.
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Figure 6.4 Ajuba interacts with amino acids 9 to 23 of the amino-terminal of GLT-1

in an in vitro pull-down assay

A) Western blot (using the 9E10 anti-myc antibody, 5 pg/ml) of a pull-down
assay performed with COS-7 cell lysates expressing myc-tagged ajuba. Successful
expression of ajuba is shown in the input lane (representing 1/20" of the protein lysate
used in the pull-down assay). Results of the pull-down assay using GST, GST-GLT-N,
or the GST fusion proteins A to E, are shown in lanes GST, GLT-N and lanes A to E

respectively. Molecular size markers are shown on the right.

B) Schematic diagram of the GLT-1 transporter with an expanded display of the
polypeptide D sequence representing amino acids 9 to 23 in the amino-terminal of the
rat GLT-1 sequence (Pines et al. 1992). The amino acid sequence is shown in the one

letter code.
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to GST was slightly dependent on the composition of the polypeptide. All fusion
proteins generated expressed equally well, and were used to pull-down ajuba from
transfected COS-7 cells as described previously (see section 6.3).

The results of the pull-down are shown in figure 6.4A. Successful expression of
myc-tagged ajuba is shown in the input lane. GLT-N, but not GST, pulled-down ajuba
(as shown previously in figure 6.3). Only the polypeptide D, representing amino acids 9
to 23 of the rat GLT-1 sequence, pulled-down significant amounts of ajuba. The very
faint binding of ajuba to the polypeptide C which is visible may represent non-specific
binding, since it was also sometimes seen with GST (data not shown). This experiment
identifies the binding site of ajuba as the stretch of amino acids 9 to 23 of the rat GLT-1
sequence (Pines et al. 1992). This sequence and its position in the GLT-1 transporter is

shown schematically in figure 6.4B.

6.5 Co-localisation of full-length GLT-1 and ajuba in COS-7 cells

The study of the interaction between ajuba and GLT-1 in cell-free systems, as
described in sections 6.2-6.4, allows one to study the specificity of the interaction and to
identify the binding sites mediating this interaction. These systems, however, cannot
mimic, to any degree, the environment encountered by the two full-length proteins in
vivo. Expression and distribution studies in mammalian cell lines (e.g. Tu et al. 1999,
and Hanley et al. 1999) give a better insight into the interaction occurring in vivo, as
these cells contain the basic cell biological machinery present in all mammalian cells to
which the proteins studied are normally exposed. I therefore used COS-7 cells to study
the distribution and interaction of full-length GLT-1 and myc-tagged ajuba in a
mammalian system. These cells do not normally express either protein endogenously

(as assessed using antibodies, data not shown).
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COS cells were transfected by electroporation (see section 2.5.b in chapter 2)
with either GLT-1 or ajuba, or with both proteins together. Twenty-four hours after
expression, the cells were used for immunocytochemistry as described in section 2.5.f in
chapter 2. The cells were permeabilised to allow access of both antibodies (rabbit
polyclonal B12 for GLT-1 and mouse monoclonal anti-myc for ajuba) to their epitope.
An FITC-conjugated secondary was used to detect the GLT-1 protein (green
fluorescence) and a Texas Red-conjugated secondary was used to detect the myc-tagged
ajuba protein (red fluorescence). The distribution of the proteins was observed under a
confocal microscope.

The results of this experiment are shown in figure 6.5. GLT-1, when expressed
alone is distributed at the cell surface, but also in undefined intracellular compartments
(figure 6.5A). Ajuba, when expressed alone, is mainly distributed in the cytoplasm, with
a clear exclusion from the nucleus (figure 6.5B). A similar distribution of full-length
ajuba in other cell lines has been reported previously (Goyal et al. 1999). When
expressed together, as in the cell shown in the three panels of figure 6.5C, GLT-1
conserves its membrane distribution (figure 6.5C, left panel). Although the distribution
of GLT-1 in this co-expressing cell looks slightly altered to give more surface membrane
staining, this slight alteration in membrane distribution of GLT-1 was not always
observed in all the co-expressing cells and no conclusions can be drawn. The
distribution of ajuba, however, was dramatically altered in all cells in the presence of
GLT-1, as shown in the right panel of figure 6.5C. Ajuba redistributes to the cell
membrane, presumably due to its binding to GLT-1. Both proteins co-localise at the
membrane as observed by the yellow staining in the superimposed double-labelling

(figure 6.5C, bottom panel).
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Figure 6.5 Distribution of full-length GLT-1 and ajuba in mammalian COS-7 cells

A) COS-7 cells were transfected with full-length GLT-1 alone. The distribution
of the protein was detected by immunofluorescence using confocal microscopy. The
B12 antibody was used in conjunction with an FITC-conjugated secondary, resulting in

green labelling.

B) COS-7 cells were transfected with full-length myc-tagged ajuba alone. The
distribution of the protein was detected by immunofluorescence using confocal
microscopy. The 9E10 anti-myc antibody was used in conjunction with a TexasRed-

conjugated secondary, resulting in red labelling.

C) COS-7 cells were co-transfected with full-length GLT-1 and myc-tagged
ajuba. The distribution of the proteins was detected by immunofluorescence using
confocal microscopy (as detailed in A and B). The left panel represents the distribution
of GLT-1 in the co-expressing cell. The right panel represents the distribution of myc-
tagged ajuba in the co-expressing cell. These two labelling patterns are superimposed in

the bottom panel. Co-localisation of the proteins appears yellow in the bottom panel.

A scale bar representing 20 pm is shown in the top left panel.
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Figure 6.6 Myc-tagged ajuba does not co-localise with the beta 3 subunit of the
GABA, receptor in COS-7 cells

COS-7 cells were co-transfected with full-length FLAG-beta 3 subunit of the
GABA , receptor and myc-tagged ajuba. The distribution of the proteins was detected by
immunofluorescence using confocal microscopy. The mouse monoclonal anti-FLAG
antibody was used in conjunction with an FITC-conjugated secondary to detect the
FLAG-beta 3 subunit, resulting in green labelling. The rabbit polyclonal anti-ajuba
antibody was used in conjunction with a TexasRed-conjugated secondary to detect

ajuba, resulting in red labelling.

The distribution of the beta subunit and of ajuba in a co-expressing cell is shown
here. The beta-3 subunit distribution is shown in green in the top panel. The ajuba
distribution is shown in red in the middle panel. Superimposition of the two labelling
patterns is shown in the bottom panel (SI). A scale bar representing 20 pm is shown in

the top panel.
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A possible artefact that could generate such a co-localisation was controlled for:
the same distribution of each protein was observed when the images were taken while
closing off one of the excitation lasers, reducing the possibility of a "bleed-through"
from one photomultiplier channel to another (data not shown). Also, no yellow staining
was seen when either protein was expressed alone (as in cells of figure 6.5A and B),
proving again that bleed-through could not account for such co-localisation. The use of
the B12 antibody to detect GLT-1 in this assay could seem inappropriate, as this
antibody recognises amino acids 12 to 26 of the GLT-1 sequence (Lehre et al. 1995), a
sequence that overlaps with the sequence to which ajuba binds (amino acids 9-23 of the
GLT-1 sequence: see section 6.4; in fact this experiment was done before the binding
site was identified). Successful detection of GLT-1 in this assay is likely to be due to
the strong detergent used during after fixation (0.1% TritonX100), which is likely to
partly denature the proteins and expose the epitope on GLT-1. The hypothesis that the
B12 antibody might compete with ajuba for binding to GLT-1 under other conditions
was not further investigated in this study.

Co-expression of another membrane protein, such as the beta 3 subunit of the
GABA, receptor, with ajuba in these COS-7 cells did not lead to the extensive
membrane redistribution of ajuba that was observed above in the presence of GLT-1.
The results of this experiment are shown in figure 6.6. The beta 3 subunit was tagged
with the 'FLAG' epitope which is recognised by an anti-FLAG antibody (Taylor et al.
1999). This subunit has been shown previously to distribute to the surface membrane
when expressed in cell lines (Taylor ez al. 1999). The cell shown in figure 6.6 expresses
both the beta 3 subunit of the GABA, receptor (green staining) and ajuba (red staining),
which are seen at the membrane (and also in undefined interacellular compartments),

and in the cytoplasm, respectively. There is little co-localisation of the two proteins at
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the membrane (as shown by the lack of yellow in the superimposed double labelling in
the bottom panel).

Together, these results show that in a mammalian system both full-length GLT-1
and ajuba proteins co-localise at the membrane when co-expressed. The redistribution
of ajuba from the cytoplasm to the membrane is specific to the presence of GLT-1 and

suggests that, at least in these COS-7 cells, ajuba follows GLT-1 to the membrane.

6.6 The anti-GLT-1 antibody co-immunoprecipitates ajuba from COS-7 cell lysates

The co-localisation of the GLT-1 and ajuba proteins in COS-7 cells does not
prove that this localisation is generated by the proteins actually interacting with each
other. However, evidence suggesting this interaction can be obtained by performing a
co-immunoprecipitation assay using protein lysates of these co-expressing cells.

Twenty-four hours after co-transfection of GLT-1 and ajuba, COS-7 cell lysates
were incubated with either an anti-GLT-1 antibody (B493, recognising the carboxy-
terminal of GLT-1, Haugeto et al. 1996), or the anti-ajuba antibody.
Immunoprecipitates obtained using either one of the antibodies were run onto an SDS-
PAGE gel and the presence of GLT-1 or myc-tagged ajuba was detected by Western
blot, using the B12 or anti-myc antibody, respectively. The results of this experiment
are shown in figure 6.7. Successful expression of both proteins in the COS-7 cells is
shown in the input lane (top panel, Western blot against GLT-1; bottom panel, Western
blot against myc-tagged ajuba). Antibody labelling, as in section 6.5, showed that
approximately 25% of the cells were co-transfected. GLT-1 and ajuba were
immunoprecipitated by their own antibodies (top panel, lane B493 for GLT-1, and
bottom panel, lane HA34 for ajuba). Ajuba was co-immunoprecipitated along with

GLT-1 by the anti-GLT-1 antibody, as seen in lane B493 of the bottom panel.
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Figure 6.7 The anti-GLT-1 antibody co-immunoprecipitates ajuba from

COS-7 cells

GLT-1 and myc-tagged ajuba were co-expressed in COS-7 cells. Twenty-four
hours after transfection, the COS-7 cell lysate was harvested and used in an
immunoprecipitation assay in the presence of an antibody to the carboxy-terminal of
GLT-1, B493 (lane B493), or the anti-ajuba antibody (lane HA34), or the rabbit non-
immunised whole IgG fraction (lane IgG). Detection of GLT-1 and myc-tagged ajuba in
the immunoprecipitates was done by Western blot using the B12 antibody for GLT-1
(top panel) and the 9E10 anti-myc antibody for ajuba (bottom panel). Successful
expression of both proteins is shown in the input lane of their respective blot
(representing 1/20" of the lysate used in the assay). GLT-1 is seen to migrate as two
bands, probably representing the transporter in different stages of post-translational

modifications. Molecular weight size markers are shown on the right in kDa.
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GLT-1 however was not co-immunoprecipitated along with ajuba by the anti-
ajuba antibody, as seen by the lack of staining in lane HA34 of the top panel. Neither
protein was immunoprecipitated in presence of the control IgG molecule (whole, non-
immunised, rabbit IgG pool).

Immunoprecipitation of ajuba by the anti-GLT-1 antibody suggests that these
two proteins interact in the COS-7 cells. The absence of reciprocal immunoprecipitation
of GLT-1 by the anti-ajuba antibody could be explained by the fact that the anti-ajuba
antibody binds to the preLIM domain of ajuba (i.e. the part of ajuba against which it was
raised, see chapter 5). This preLIM domain has been shown by overlay assay to be the
site of interaction between GLT-1 and ajuba (see figure 6.1 in this chapter), and so the
antibody may actually compete with GLT-1 for binding to the preLIM domain and
therefore prevent any co-immunoprecipitation. Although attractive, this hypothesis
needs to be further investigated. Nevertheless, the immunoprecipitation of ajuba by the
anti-GLT1 antibody, and not by the non-immunised whole rabbit IgG molecule, shows

that GLT-1 and ajuba are likely to interact specifically in these COS-7 cells.

6.7 Discussion

In this chapter, I have described results obtained with various biochemical and
cellular techniques that further characterise the interaction between the amino-terminal
of GLT-1 and ajuba.

The overlay assay proved valuable in demonstrating that both proteins interact
directly with each other and that the amino-terminal of GLT-1 recognises and binds to
the preLIM domain, but not to the LIM domain of ajuba. Extensive degradation of the
fusion proteins used in this assay is an obvious drawback and cannot be easily explained,

but does not invalidate the results obtained. Better characterisation of the GLT-1
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binding site on ajuba could not be successfully achieved during this study because of
subcloning difficulties. The yeast two-hybrid data show that the binding site of GLT-1
must be downstream of amino-acid 176 of the ajuba sequence, as amino acids 1-176 are
absent in the isolated N70 clone. The overlay assay shows that the preLIM domain
contains the binding site. Together, these data allows the GLT-1 binding site to be
located between amino acids 176 and 340 of the ajuba sequence. This portion of ajuba
also harbors the nuclear export signal sequences, but not the SH3 recognition motifs (see
figure 4.5 in chapter 4).

The pull-down assays showed that the interaction between GLT-1 and ajuba was
specific, and also allowed me to narrow down the site of interaction of ajuba on GLT-1
to fifteen amino acids. This ajuba binding site protein motif (amino acids 9 to 23 of the
rat GLT-1 sequence) is not present in any of the amino-terminals of other glutamate
transporters (see figure 1.1 in chapter 1), suggesting that ajuba might specifically bind to
GLT-1. This hypothesis, however, needs to be tested.

Co-expression of the full-length GLT-1 and ajuba protein in COS-7 cells gave a
better insight into behaviour of both proteins in a mammalian environment. Although
these are only preliminary results, it appears that GLT-1 does not require ajuba to be
targeted to the cell membrane, as it does go to the surface membrane in these cells in the
absence of ajuba. The ajuba protein, however, seems to be recruited to the membrane
by GLT-1 in these cells, a result which is of likely relevance to the functional role of this
interaction in vivo.

Ajuba and GLT-1 are likely to interact in the co-expressing COS-7 cells.
However, time was not spent on improving the co-IP results from COS-7 cells as it was
found that, when co-transfected with GLT-1 and ajuba cDNAs, only 20-30% of COS-7
cells expressed both cDNAs. The reason for this is unclear, but it made co-transfected

COS-7 cells a sub-optimal preparation for performing co-IPs. It was therefore decided
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to work on brain tissues (which contain higher amounts of endogenous ajuba and GLT-1

proteins) to study co-immunoprecipitation of the two proteins (see chapter 7).
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Chapter 7: In vivo characterisation and functional
relevance of the interaction between GLT-1 and ajuba

7.1 Introduction

In this chapter, I describe experiments performed to characterise the interaction
between the amino-terminal of GLT-1 and ajuba in vivo, using a combination of
biochemical and immunohistochemical techniques. I also present preliminary
experiments studying the functional relevance of this interaction.

Experiments in the previous chapters (chapters 4 and 6) identified and
investigated the interaction between GLT-1 and ajuba in yeast, in cell-free systems and
in a heterologous mammalian system. Those experiments do not provide evidence that
this interaction occurs ir vivo in cells where GLT-1 and ajuba are normally expressed.
As extensively discussed in chapter 1, the GLT-1 transporter is the most abundant glial
glutamate transporter in the adult rat brain (Furuta et al. 1997). It is present in all areas
of the brain with varying degrees of expression (Lehre et al. 1995, Furuta et al. 1997). 1t
is also present, although less abundant than in the brain, in bipolar neurones of the retina
(Rauen et al. 1996). The expression of GLT-1 is developmentally regulated. It is absent
in late embryogenesis and at birth, but becomes increasingly abundant from postnatal
day 7 onwards (Furuta et al. 1997). It was shown by Northern blot and Western blot that
ajuba is expressed in the rat brain (see figure 4.6 and 5.4 in chapters 4 and S,
respectively). The brain and retinal distribution, and the developmental regulation of
ajuba expression have not, however, been studied previously. To correlate them with the
expression of GLT-1, Western blots were performed as described in section 7.2 of this
chapter. To investigate whether GLT-1 and ajuba interact in vivo, co-

immunoprecipitation assays (see for example Niethammer et al. 1998, Hanley et al.
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1999, Naisbitt et al. 1999) were performed on brain and are discussed in section 7.3.
Finally, in collaboration with Daniela Billups, I used a heterologous mammalian system
(COS-7 cells) to study electrophysiologically the possible modulation of glutamate
transport by GLT-1 transporter in the presence of ajuba. The results of this study are

described in section 7.4.

7.2 The brain and retinal distribution of ajuba compared to that of GLT-1

The presence of ajuba at different developmental stages of the rat brain was
studied by Western blot and compared to that of GLT-1. Embryonic day 18 (E18),
postnatal day 10 (P10) and adult rat brain tissues were isolated and their proteins
extracted as described in section 2.4.b of chapter 2. Seventy-five micrograms of each
tissue protein lysate was run on an SDS-PAGE gel and the expression of GLT-1 and
ajuba was detected by Western blot. A Western blot against actin was also performed to
control for equal loading of proteins in all lanes. The results are shown in figure 7.1.
The developmental pattern of expression of GLT-1 described previously can be seen in
the top panel. There is no expression at E18, while low levels of expression can be
detected at P10 and abundant expression is seen in the adult brain (Ad). The
developmental pattern of expression of ajuba is distinct from that of GLT-1. There is
already substantial ajuba expression at E18. This level of expression is maintained at
P10 and there is an increase in the levels of expression observed in the adult brain.
These results are only semi-quantitative and no further in depth study of this
developmental regulation of ajuba expression was performed for this thesis.
Nevertheless, these results show that, although not tightly correlated developmentally,

both GLT-1 and ajuba are present in the rat brain from the time GLT-1 is expressed.
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Figure 7.1 Expression of GLT-1 and ajuba in the rat brain during development

Rat brain lysates of embryonic day 18 (E18), of postnatal day 10 (P10) and of
adult (Ad) animals were isolated and 75 pg of each lysate was run on two SDS-PAGE
gels in parallel. These gels were processed to detect the presence of GLT-1 using the
B12 antibody (top panel), or ajuba using the anti-ajuba antibody (middle panel). Actin
present in the gel used for the detection of ajuba was also detected by Western blot

(bottom panel).
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Figure 7.2 Distribution of GLT-1 and ajuba in different brain regions, in retina and

in lung

Protein lysates of the cerebellum (Crb), cortex (Ctx), hippocampus (Hip), retina
(Ret) and lung from an adult rat were isolated and 50 pg of the brain and retinal lysates,
and 20 pg of the lung lysate were run on two SDS-PAGE gels in parallel. Detection of
GLT-1 (top panel) and ajuba (bottom panel) was done by Western blot using the B12

antibody and the anti-ajuba antibody, respectively.
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The expression of ajuba in different areas of the brain and in the retina was
studied by Western blot and compared to that of GLT-1. The cerebellum, cortex,
hippocampus, and retina of an adult rat were isolated and their proteins extracted as
described in section 2.4.b in chapter 2. Fifty micrograms of each tissue protein lysate
was run onto an SDS-PAGE gel and the presence of ajuba or GLT-1 was detected by
Western blot. Loading of 20 pg of lung tissue protein lysate was used as a positive
control for the detection of ajuba as it was shown by Northern blot that ajuba is highly
expressed at the mRNA level in this tissue (see figure 4.6 in chapter 4). The results of
the Western blots are shown in figure 7.2. The tissue distribution of GLT-1 observed is
as reported previously (Furuta et al. 1997, Rauen et al. 1996), with high expression in
the cortex (Ctx) and hippocampus (Hip), and less expression in the cerebellum (Crb).
The lowest expression was observed in retina as expected (Rauen et al. 1996). There
was no GLT-1 expression in lung as previously reported (Pines et al. 1992). Ajuba was
present in all the tissues looked at, but did not follow the same expression pattern as
GLT-1, as it was present in equal amounts in the different regions of the brain and gave
a slightly higher level of expression in the retina (although this is only a semi-
quantitative technique). It was also highly abundant in lung where GLT-1 is absent.
These results suggest that, although there is no tight correlation of the distribution
pattern of GLT-1 and ajuba in tissues, ajuba is always present where GLT-1 is
expressed, but it is also present in tissues lacking GLT-1, suggesting that ajuba has

functions in addition to that which may be conferred by its interaction with GLT-1.

7.3 Ajuba and GLT-1 co-immunoprecipitate from brain

To try to demonstrate an association of GLT-1 and ajuba in their natural environment, I

performed a co-immunoprecipitation assay (similar to that described for COS-7 cells in
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section 6.6) on P14 rat brain protein lysate, the results of which are shown in figure 7.3.
Briefly, the lysate was incubated with either the anti-ajuba antibody (lane 2) or the
control non-immunised rabbit IgG molecule (lane 3). The immunoprecipitates were run,
after salt washes to remove non-specific interactions, onto a SDS-PAGE gel and the
presence of GLT-1 was detected by Western blot. A control lane was included where
the anti-ajuba antibody was loaded without prior incubation with the brain protein lysate
(lane 4). Successful extraction of GLT-1 from the brain can be seen in lane 1, where
two hundred micrograms of the lysate was run. GLT-1 migrates as multiple bands
(arrow in figure 7.3: a similar width of band was also seen less intensively in the
Western blots of GLT-1 shown in figures 7.1 and 7.2). This phenomenon has been
previously reported by others (Levy et al. 1993), but its significance is still unclear. It
does not seem to be due to glycosylation of the protein, since treatment with N-
glycosidase F did not reduce the width of the band detected (Levy et al. 1993). The
presence of GLT-1 was detected in immunoprecipitates obtained when using the anti-
ajuba antibody (lane 2), but not when using the control IgG molecule or when the anti-
ajuba antibody was run without exposure to lysate. The denatured antibody heavy chain
migrates around 50 kDa (as denoted by the arrowhead in figure 7.3) and is recognised by
the secondary (anti-rabbit) antibody used to detect the B12 antibody. Slightly less
control IgG molecule was used (unintentionally) during the assay as seen in lane 3. This
mishap could somewhat bias the results of the assay, but is unlikely to be sufficient to
explain the total absence of GLT-1 in lane 3. Such co-immunoprecipitation could not be

obtained satisfactorily from retinal extracts.
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Figure 7.3 Co-immunoprecipitation of GLT-1 from P14 rat brain using the anti-

ajuba antibody

A P14 rat brain protein lysate was obtained and used in a co-
immunoprecipitation assay. Two hundred micrograms of the lysate was run onto a SDS-
PAGE gel (lane 1), along with immunoprecipitates obtained in the presence of the anti-
ajuba antibody (lane 2) or the non-immunised whole rabbit IgG fraction (lane 3). A
control lane representing the anti-ajuba antibody, which was not previously exposed to
the brain lysate, was run in lane 4. Detection of GLT-1 was done by Western blot using
the B12 antibody. It migrated as a broad band in lanes 1 and 2 as denoted by the arrow
and bracket on the left. The denatured heavy chains of the rabbit antibodies, which
migrate at around 50 kDa and are recognised by the secondary (anti-rabbit) antibody
used, are pointed out by the arrowhead on the right. Molecular weight size markers are

shown on the right in kDa.
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The difficulties in reproducing such experiments in retina could be due to the lower
expression of GLT-1 in this tissue.

It is somewhat surprising that the anti-ajuba antibody could co-
immunoprecipitate GLT-1 from brain lysate. In section 6.6 of chapter 6, the use of this
antibody did not allow co-immunoprecipitation of GLT-1 from COS-7 cell lysates.
There is no clear explanation for this disparity in the results obtained. It could be due to
the different lysates used in each assay, which expose the interacting proteins to a
different environment, or to the differing abundance of each protein in the different
lysates. Attempts to use the anti-GLT-1 antibodies to co-immunoprecipitate ajuba from
brain and retinal lysates were unsuccessful. This was mainly due to the fact that the anti-
ajuba antibodies were highly reactive against the IgG molecule, which prevented their
use in the detection of ajuba in the immunoprecipitates by Western blotting. The
reasons for such an artefact are unclear. This problem was not encountered during COS-
7 cell lysate co-immunoprecipitations because ajuba was detected using the anti-myc
antibody in that procedure.

These results suggest that GLT-1 and ajuba are likely to associate in brain, but

further work would be required to unequivocally prove this possibility.

7.4 Ajuba and GLT-1 partly co-localise in the retina

The distribution of GLT-1 and ajuba in 14 day old (P14) rat retina was
investigated by immunohistochemistry. The results of these experiments are shown in
figure 7.4 and 7.5. The ajuba protein was labelled with the rabbit anti-ajuba antibody
followed by conjugation to an FITC-labelled secondary antibody (green labelling). The
GLT-1 protein was labelled with a guinea-pig anti-GLT-1 antibody followed by a biotin-

streptavidin-Cy3 conjugation (red labelling, see section 2.5.g). The retina sections

216



depicted in figure 7.4 and 7.5 do not lie in exactly the same orientation, and the different
layers of the retina are labelled in the top panel of each section (see chapter 1 figure 1.6
for a schematic diagram of the layers of the retina).

Figure 7.4 shows co-labelling of GLT-1 and ajuba in three different sections of
the retina chosen to illustrate different features of the results. Panels in 7.4A and B were
taken under a X40 lens and panels in 7.4C were taken under a X63 lens focusing mainly
on the outer plexiform layer (OPL) and the inner nuclear layer (INL). A white light
image of each section is shown for better identification of the retinal layers. GLT-1 was
most highly expressed in the cell bodies of the bipolar cells (top right panels of figure
7.4A, B and C). This specific expression was previously reported by Euler and Wissle
(1995), where they identified the GLT-1 positive cells as cone bipolar cells (see section
1.7 in chapter 1). Their work and that of others (see also Rauen et al. 1996) reported the
expression of GLT-1 in axons descending into the inner plexiform layer (IPL), but this
labelling was not detected in my preparation (see for example top right panel of figure
7.4B). The reason for this discrepancy is still unclear. There was also some GLT-1
expression in the outer plexiform layer (OPL, top right panels in figure 7.4A, B and C),
probably in the bipolar cell dendrites as reported previously (Rauen et al. 1996). Ajuba
was present in most layers of the retina, with high expression in the bipolar cell bodies
of the INL and in the OPL, where the bipolar cell dendrites are located (top left panels in
figure 7.4 A, B, and C). The extensive staining of most of the cells observed in the INL
suggests that ajuba might also label amacrine and horizontal cells, the cell bodies of
which are also present in this layer. There was also significant expression of ajuba in the
ganglion cell bodies in the ganglion cell layer (GCL) as seen in figure 7.4B. The inner
plexiform layer (IPL) was faintly labelled for ajuba (figure 7.4B). GLT-1 and ajuba co-
localised in the GLT-1 expressing bipolar cells as denoted by the arrowheads in the

superimposed pictures (bottom right panels in figure 7.4A, B, and C). There might also
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be some colocalisation in what may be horizontal cell bodies that lie just beneath the
OPL. There was also some co-staining, although less prominent, in the OPL. The co-
labelling observed in the outer segments (OS) is likely to be an artefact of the secondary
antibodies, as it was observed in the absence of the primary antibodies (data not shown).
Negative controls were performed to eliminate the possibility of signal bleed-
through from one photomultiplier channel to the other (on the confocal microscope), or
non-specific labelling by the antibodies. One control consisted of pre-incubating the
anti-ajuba antibody with its own antigen (the GST-preLIM fusion protein, see chapter 5
for details), prior to use in the immunohistochemistry experiment. This procedure
should remove the specific staining obtained with this antibody. The results are shown
in figure 7.5A. The GLT-1 labelling was unchanged using this procedure: the bipolar
cell bodies in the INL as well as their dendrites in the OPL were still labelled (figure
7.5A, GLT panel). The ajuba labelling in these regions disappeared in the presence of
the antigen (figure 7.5A, AJ panel), implying that this staining is specific to the antibody
used and not caused by the bleed-through of the GLT-1 staining into the other channel.
The other control consisted of omitting the guinea-pig anti-GLT-1 antibody during the
procedure. The results of this experiment are shown in figure 7.5B. The ajuba labelling
was still present in the cell bodies of the INL and in the OPL (figure 7.5B, AJ panel),
while the specific GLT-1 labelling disappeared in these areas (figure 7.5B, GLT panel).
There was a faint bleed through of the FITC (ajuba) channel into the Cy3 (GLT-1)
channel as can be seen in the GLT-1 panel of figure 7.5B. In this panel a faint staining,
identical to that seen in the AJ panel above can be observed. This bleed-through,
because of its very low intensity, could by no means account of the co-localisation

observed in the co-stained retinal sections shown in figure 7.4A, B and C.
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Figure 7.4 Co-localisation of GLT-1 and ajuba in GLT-1 expressing bipolar cells of

the P14 rat retina

P14 rat retinal sections were used for immunohistochemistry to detect the
distribution of endogenous GLT-1 and ajuba, using a guinea-pig anti-GLT-1 antibody
conjugated to a biotin/streptavidin/cy3 secondary complex (red labelling), and the anti-
ajuba antibody conjugated to an FITC secondary antibody (green labelling),
respectively. The images were taken using confocal microsocopy. Three co-stained
sections of the retina are shown in A, B and C, respectively. The images in A and B
were taken using a X40 lens, and the images in C were taken using a X63 lens. A scale
bar, representing 40 wm, is shown in the top left panel of each section. The different
layers of the retina that can be seen in each section are labelled as follows: OS represents
the photoreceptor outer segments, ONL the outer nuclear layer, OPL the outer plexiform
layer, INL the inner plexiform layer, IPL the inner plexiform layer and GCL the
ganglion cell layer (see section 1.7 and figure 1.6 in chapter 1 for detailed description of
the structure of the vertebrate retina). Not all layers can be seen in all sections. The
distribution of ajuba is shown in the top left panels of A, B and C; the distribution of
GLT-1 is shown in the top right panels; and the superimposition of these two labelling
patterns is shown in the bottom right panels. A white light image of each section is also
shown in the bottom left panel of A, B and C. Bipolar cells which express both GLT-1

and ajuba are denoted by arrowheads in the superimposed image of each section.
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Figure 7.5 Controls performed during the co-labelling of retinal sections prove that

the GLT-1 and ajuba staining detected is specific

P14 rat retinal sections were used for immunohistochemistry to detect GLT-1
and ajuba following the same staining procedure as for figure 7.4, but certain parameters
were changed in A and B to control for the specificity of the labelling (see below).
White light pictures of the sections in A and B are shown in the top panels (WL). The
different layers of the retina are labelled on the right of each white light picture with
ONL representing the outer nuclear layer, OPL representing the outer plexiform layer,
and INL representing the inner nuclear layer (see section 1.7 and figure 1.6 in chapter 1
for detailed description of the structure of the vertebrate retina). The ajuba distribution
is shown in the second panel from the top (AJ). The distribution of GLT-1 is shown in
the third panel from the top (GLT). The superimposed pictures of the double-labelling
are shown in the bottom panels (SI). These images were taken under a X63 lens using a
confocal microscope. A scale bar, representing 40 um, is shown in the top left panel.
All panels of the same wavelength in each section (except for the white light picture)

were taken using the same linear look-up table for displaying light intensity.
For column (A) the anti-ajuba antibody was incubated with its antigen (GST-
preLIM fusion protein, 10 pg) for 30 minutes prior to use in the immunohistochemistry

procedure.

For column (B) the guinea pig anti-GLT 1 antibody was omitted during the

procedure.
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Together, these results show that GLT-1 and ajuba co-localise in GLT-1
expressing bipolar cells. Ajuba, however, adopts a much wider distribution in the retina

and is not tightly correlated with the GLT-1 expression pattern.

7.5 Ajuba and GLT-1 partly co-localise in the rat cerebellum

Co-labelling experiments similar to the ones described in section 7.4 were
performed on sections of rat cerebellum. Preliminary results of such co-staining are
shown in figure 7.6A and B. In figure 7.6A, the lens was focused on the granule cell
layer (GL) of the cerebellum with the Purkinje cell layer (PCL) and the molecular layer
(ML) appearing in the bottom right corner (see legend of figure 7.6). GLT-1 was highly
expressed in the astrocytes surrounding the granule cells in the granule cell layer (figure
7.6A, top left panel) as reported previously (Lehre et al. 1995). Ajuba was also present
in the granule cell layer (figure 7.6A top right panel), and co-localised partly with GLT-
1 in this layer, as revealed by the yellow staining in the bottom left panel of figure 7.6A.
The co-localisation of the two proteins is shown by the arrowheads in the superimposed
picture (figure 7.6A bottom left panel). These structures could represent the glomeruli
of the granule cell layer due to their morphology, but this hypothesis needs to be
confirmed by additional labelling with antibodies that identify glomerular structures
(e.g. antibodies against the vesicular inhibitory amino acid transporter, VIAAT,
Dumoulin et al. 1999). Co-localisation of the two proteins in the molecular layer is
shown in figure 7.6B, which shows that ajuba is present in Bergmann glia. These glia

are the sites of GLT-1 expression in this cerebellar layer (Lehre et al. 1995).
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Figure 7.6 Co-localisation of GLT-1 and ajuba in the P14 rat cerebellum

A) P14 rat cerebellar sections were used for immunohistochemistry to detect the
distribution of endogenous GLT-1 and ajuba, using a guinea-pig anti-GLT-1 antibody
conjugated to a biotin/streptavidin/cy3 secondary complex (red labelling), and the anti-
ajuba antibody conjugated to an FITC secondary antibody (green labelling),
respectively. The images were taken using confocal microscopy. The images were
taken using a X63 lens. A scale bar representing 40 pm is shown in the top left panel.
The different layers of the cerebellum that can be seen in this section are labelled as
follows: GL represents the granule cell layer, PCL represents the Purkinje cell layer, and
ML represents the molecular layer. The distribution of ajuba is shown in the top left
panel, the distribution of GLT-1 is shown in the top right panel, and the superimposition
of these two labelling patterns is shown in the bottom right panels. Cerebellar structures
which express both GLT-1 and ajuba are denoted by arrowheads in the superimposed
image. The negative control, which consisted of omitting the primary antibodies, is
shown in the bottom right panel. The lens is focussed on the granule cell layer in that
picture. The same linear look-up table was used for displaying light intensity for all four
panels.

B) The distribution of GLT-1 and ajuba in the Bergmann glia of P35 rat
cerebellum is shown in these panels. Ajuba (red in the merged picture) is found in the
granule cell layer as in A, and staining of ajuba is also seen in the GLT-1-containing
(green in the merged picture) Bergmann glia around the Purkinje cell somata and
traversing the molecular layer. Note that the secondary fluorophores were reversed for

this experiment compared to A.
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The only control experiment done to date on these sections has been to co-label
slices while omitting the primary antibodies to check for non-specific staining by the
secondary antibodies used. The result of this control experiment is shown in the bottom
right panel of figure 7.6A. There is a faint non-specific staining of the tissue by the Cy3
dye. This artefact, due to its low intensity, could by no means account for the staining
observed in presence of the anti-GLT-1 antibody (compare the two right panels of figure
7.6A).

The ajuba labelling observed in these cerebellar slices needs further
characterisation, and additional controls (like the ones shown for the retinal slices) need
to be performed. Nevertheless, these preliminary results suggest that ajuba and GLT-1
partly co-localise in specific cerebellar structures. Co-localisation of the two proteins in

other areas of the brain have not yet been studied.

7.6 Ajuba does not appear to modulate the apparent affinity or V,,,, of uptake by

GLT-1 in a mammalian heterologous expression system

The COS-7 cell mammalian heterologous expression system was used to study
the effect of ajuba on glutamate transport mediated by GLT-1. As described in chapter 1,
and shown for salamander GLAST transporters in chapter 3, glutamate transporters
generate an inward membrane current due to the co-transport of net positive charges
with each glutamate taken up (Brew and Attwell 1987). For GLT-1, it is established that
2 net positive charges accompany each glutamate transported into the cell, and that this
transporter can be studied by whole-cell patch clamping when expressed heterologously
in a cell line (CHO cells; Levy et al. 1998). Such mammalian systems have been used
previously to study membrane channels' pharmacological properties (see for example

Surprenant et al. 2000), and the effect of interacting proteins on receptor and ion channel
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physiology, such as the effect of the protein Slob on the kinetics of the slowpoke
calcium-dependent potassium channel (Schopperle et al. 1998), or the effect of the
dopamine D5 receptor on GABA , receptor mediated currents (Liu et al. 2000).

To test whether ajuba affected glutamate transport by GLT-1, I expressed GLT-1
transiently in COS-7 cells in the absence or presence of myc-tagged ajuba. Either the
GLT-1 cDNA or both cDNAs were micro-injected into the nuclei of COS-7 cells (as
described in section of 2.5.c chapter 2). Successfully injected cells were identified 24
hours later prior to patching by the expression of the green fluorescent protein (GFP),
the cDNA of which was co-injected with that of GLT-1 and myc-tagged ajuba.
Approximately 95% of the injected cells co-expressed both the GLT-1 and ajuba cDNA
when co-injected. An example of a co-expressing cell is shown in figure 7.7. This cell
was not co-injected with the GFP cDNA, as it was later processed for
immunohistochemistry to identify the presence of GLT-1 and ajuba using flurophores
coupled to the B12 and anti-myc antibodies (as described in section 6.5 in chapter 6).
GLT-1 is labelled in green (top panel of figure 7.7) and ajuba in red (middle panel of
figure 7.7). There is extensive co-localisation of both proteins in these co-injected cells
as observed by the yellow staining in the superimposition of the double-labelling
(bottom panel of figure 7.7), although not as much ajuba is located near the membrane
as in cells transfected by electroporation (Figure 6.5). My collaborator Daniela Billups
then voltage-clamped these cells at -60 mV, and applied different doses of glutamate to
generate a dose-response curve for the transporter current. Initial experiments were
performed in the whole cell clamp mode (see section 2.1.c in chapter 2). Mean dose-
response curves obtained for cells expressing GLT-1 alone or GLT-1 plus ajuba using
these parameters are shown in figure 7.8. They are not significantly different in their Ky,
values (p=0.13, Student's 2-tailed  test), suggesting that the presence of ajuba does not

modulate the apparent affinity of GLT-1 for glutamate in this system.
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Figure 7.7 Co-localisation of GLT-1 and ajuba in co-injected COS-7 cells

COS-7 cells were co-injected with full-length GLT-1 and myc-tagged ajuba
cDNAs. The distribution of the proteins was detected by immunofluorescence using
confocal microscopy. The B12 antibody was used in conjunction with an FITC-
conjugated secondary for detection of GLT-1, resulting in green labelling, and the 9E10
anti-myc antibody was used in conjunction with a TexasRed-conjugated secondary for

detection of ajuba, resulting in red labelling.

The top panel represents the distribution of GLT-1, the middle panel represents

the distribution of myc-tagged ajuba, and these two labelling patterns are superimposed

in the bottom panel. Co-localisation of the proteins appears yellow in the bottom panel.
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Figure 7.8 Dose-response curves obtained from COS-7 cells expressing GLT-1

alone or GLT-1 plus ajuba, using the whole-cell patch clamp method

Dose-response curves for the glutamate transporter current (mean current +
S.E.M.) obtained from COS-7 cells expressing GLT-1 alone (full circles, n=15), or
GLT-1 plus ajuba (open circles, n=10), using the whole-cell patch clamp method. The
cells were held at -60 mV. The data for each cell were normalised to the current for 100
UM glutamate in that cell. Best fitting a Michaelis-Menten curve to the data for each
cell gave a K, value for each cell. These values were averaged, and the mean value for
each set of cells is shown in the histogram (+ S.E.M.). These were not significantly
different (p=0.13, Student's 2-tailed ¢ test). Smooth curves in the top panel have a K,
equal to the mean of the K, values for each set of cells. For these experiments, I

injected the cells and Daniela Billups did the electrophysiology.
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It was not possible to simply compare the maximum glutamate-evoked current
(Vumay in cells expressing GLT-1 alone with that in cells expressing GLT-1 plus ajuba,
because of differing expression levels of GLT-1 in different cells. To compare the
maximum uptake rate per transporter, we had to quantify the number of transporters
expressed in each cell. We therefore made use of the discovery of Wadiche et al.
(1995b), that Na" binds to the transporter within the membrane field and can be
displaced by a positive voltage step. This generates a capacity current that is
proportional to the number of transporters expressed, and which is blocked by external
kainate (a non-transported blocker of GLT-1 which locks the transporter in a
conformation with Na* bound). Thus, the maximum glutamate evoked current
(produced at a saturating glutamate dose) was normalised by the kainate-suppressible
charge movement, to obtain a measure of the maximum transport rate per transporter.
Inherent in this approach is the assumption that ajuba does not alter Na* binding to the
transporter. The resulting normalised maximum current showed no significant
difference in cells expressing GLT-1 alone or GLT-1 plus ajuba as shown in figure 7.9
(p=0.52, Student's 2-tailed ¢ test), suggesting that ajuba does not alter the V,,, of the
uptake of the transporter in this system.

In case the attaching of the whole-cell electrode resulted in the ajuba and GLT-1
interaction being disrupted (because of the change in intracellular milieu and possible
dialysis of ajuba from the cell), some experiments were performed using the less
disruptive perforated patch technique (see section 2.1.d in chapter 2). Using this
method, dose-response curves were obtained for cells expressing GLT-1 alone or GLT-1
plus ajuba as shown in figure 7.10. The K, for glutamate was again not significantly
different between the two sets of cells (p=0.97, Student's 2-tailed ¢ test). The high series
resistance of perforated patches precluded using the capacity transients to compare the

maximum uptake per transporter. In conclusion, it appears that, at least in this
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Figure 7.9 The maximum uptake rate per transporter (V,,,) is not modulated by

ajuba

COS-7 cells expressing GLT-1 alone or GLT-1 plus ajuba, were patch clamped
using the whole-cell method and the maximum glutamate evoked current was recorded
in the presence of 100 M glutamate. To obtain a measure of the number of glutamate
transporters present, the capacity current evoked by a voltage step from -120 to +20 mV
was measure in the presence and absence of 300 UM kainate, which prevents bound Na*
from being displaced from the transporter (see section 7.7). The maximum glutamate-
evoked current was divided by the kainate-suppressible capacitance to obtain a measure
of the maximum uptake rate per transporter, and is plotted in the histogram. Data (+
S.E.M.) from cells expressing GLT-1 alone (left, n=11), or GLT-1 plus ajuba (right,
n=>5) did not differ significantly (p=0.52, Student's 2-tailed ¢ test)
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Figure 7.10 Dose-response curves obtained from COS-7 cells expressing GLT-1

alone or GLT-1 plus ajuba using the perforated patch clamp method

Dose-response curves (mean current + S.E.M.) obtained from COS-7 cells
expressing GLT-1 alone (full circles, n=5) or GLT-1 plus ajuba (open circles, n=3) using
the perforated patch clamp method. The cells were held at -60 mV. The data for each
cell were normalised to the value at 100 uM glutamate in that cell. Smooth curves are
Michaelis-Menten curves. The mean K,, values were obtained as described in figure 7.8
and are shown in the histogram (+ S.E.M.). These were not significantly different

(p=0.97, Student's 2-tailed ¢ test).
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heterologous mammalian system, ajuba does not affect the apparent affinity or
maximum uptake rate of GLT-1 transporters. A slight reservation about this result is
that ajuba is not as membrane associated in these cells (figure 7.7) as in cells shown in
figure 6.5. The reason for this is unclear, but it could be argued that ajuba is not

properly associating with GLT-1 in the membrane of these cells.

7.7 Discussion

In this chapter, I presented results obtained to suggest that GLT-1 and ajuba may
co-localise and interact in vivo. Western blots demonstrated that GLT-1 and ajuba are
co-expressed in the same tissues, although ajuba adopts a wider distribution to that of
GLT-1. A co-immunoprecipitation assay suggested that GLT-1 and ajuba are likely to
interact in the rat brain, and immunohistochemistry showed that these proteins partly co-
localise in the retina and in the cerebellum.

More studies need to be done to better characterise this interaction in the brain
and in the retina. Nevertheless, the results obtained during this study show that ajuba is
present wherever GLT-1 is expressed. The wider distribution of ajuba in all tissues
looked at suggests that the expression of ajuba is not tightly correlated with that of GLT-
1, and that ajuba probably plays other roles in cells that do not express GLT-1. The
interaction between ajuba and the other glutamate transporters has not been investigated
in this study. These other transporters are expressed in some cells that do not express
GLT-1 (see table 1.1 in chapter 1), and the possibility cannot be excluded that the
presence of ajuba in other cells is due to its binding to the other glutamate transporters.
Also, in chapter 8 I will show that ajuba is part of the complex present at adherens

junctions. This characteristic of the protein could explain its wider distribution in all

240



tissues looked at. Other proteins interacting with transmitter receptors also often have
multiple functions and a broader distribution than the receptor they interact with. For
example the GluR2 subunit of the AMPA receptor interacts with the N-ethylmaleimide-
sensitive fusion protein (NSF), which has been shown to regulate AMPA receptor-
mediated neurotransmission (Nishimune et al. 1998). NSF is however a widely
distributed protein also playing a central role in membrane fusion events in cells that do
not express the AMPA receptor (Whiteheart et al. 1994). Similarly, members of the
family of Homer-related proteins, which interact with metabotropic glutamate receptors
(mGlurRs), are also expressed in tissues lacking mGlurRs, suggesting other functions of
these proteins in these tissues (Xiao et al. 1998).

In collaboration with Daniela Billups, I also examined the possibility of ajuba
being involved in modulating transport of glutamate by GLT-1, using
electrophysiological techniques. The results showed that, at least in a heterologous
mammalian system, the presence of ajuba does not appear to alter the affinity of the
transporter for glutamate, nor did it change the maximum uptake rate of the transporter.

One could argue that the COS-7 cell expression system does not reflect the
properties of an in vivo environment, and cannot give a true evaluation of what occurs in
the brain or retina for the GLT-1 and ajuba interaction. Concerned with this possibility,
I looked for a more reliable system to study the interaction between GLT-1 and ajuba. I
attempted to study the interaction between GLT-1 and ajuba in primary cultures of glia
and neurones. The expression of GLT-1 in primary neuronal and glial cultures has been
investigated previously (Gegelashvili ef al. 1997, Schlag et al. 1998). There appears to
be a complex regulation of GLT-1 expression in these cultures: GLT-1 expression is
down-regulated in glial cultures in the absence of neurones (Schlag et al. 1998) and is
up-regulated in the presence of (non-characterised) soluble factors released from

neurones or cyclic AMP analogues (Gegelashvili et al. 1997, Swanson et al. 1997,
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Schlag et al. 1998), suggesting that diffusible molecules secreted by neurones induce
expression of GLT-1 via a cAMP-dependent signalling pathway. It was also found in
postsynaptic neuronal processes in these cultures (Mennerick et al. 1998) although in the
intact brain this is not seen. The detailed subcellular distribution, and the kinetics of the
GLT-1 transporters in this system were not characterised in those studies. I attempted to
study the co-localisation of GLT-1 and ajuba in glial cells in mixed glial-neuronal
cultures, but GLT-1 was found to be too abundant (and surprisingly mainly cytoplasmic)
in these glial cells to obtain any reliable data on the GLT-1/ajuba interaction (data not
shown). While studying these cultures, however, I discovered that ajuba was not only
expressed in these cells, but localised at cell adherens junctions. This observation led on

to the project described in the following chapter.
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Chapter 8: The detection and properties of ajuba at
adherens junctions

8.1 Introduction

This chapter examines the location and properties of ajuba at cadherin-based
adherens junctions. As described briefly in chapter 1 (see section 1.6.c, figure 1.4 and
1.5), the adherens junction protein complex is composed of cadherin receptor dimers,
which are linked via their intracellular domains to the cadherin-associated complex
(CAC). The CAC is composed of B-catenin, which binds to the intracellular domain of
the cadherin receptor and to a-catenin (the other member of the CAC). a-Catenin, in
turn, binds to a multi-protein complex, composed of actin-binding proteins and other
proteins believed to be involved in remodelling the actin cytoskeleton upon junction
formation (see figure 1.4 and references in chapter 1). Of notable interest is the presence
of a close relative of ajuba, a protein named zyxin, which is predominantly present at
focal adhesion sites (sites of contact between cells and the substratum: Beckerle 1986,
Macalma et al. 1996), but which has also been reported to be present at adherens
junctions (Vasioukhin et al. 2000). Ajuba and zyxin are highly similar in the sequence
of their carboxy-terminal LIM domains. Their preLIM domains (the amino terminal half
of the protein), however, do not show any significant homology (see section 4.5 for
more details).

In this chapter I report for the first time the localisation of ajuba at adherens
junctions in two different cell cultures, a primary mixed cortical astrocyte and neuronal
culture, and a human keratinocyte culture. I further compare the distribution of ajuba in
the keratinocyte cultures with that of zyxin. Finally, I present biochemical evidence for

the interaction of ajuba with the cadherin-associated complex.
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8.2 Ajuba localises to adherens junctions in primary mixed neuronal/glial cultures

In an effort to better understand the distribution of ajuba in the central nervous
system, cortical mixed neuronal and glial cultures were double-stained with the anti-
ajuba antibody (see chapter 5 for detailed characterisation of the antibody) and an
antibody to the glial cell marker glial fibrillary acid protein (GFAP) (see Nicholls et al.
1992). The result of this double labelling is shown in figure 8.1. The glial cells can be
recognised by their GFAP-positive staining (figure 8.1 top panel). The ajuba
distribution looked very distinct from the GFAP distribution (figure 8.1 middle panel),
and suggested a distribution of ajuba at the surface of cells and possibly at sites of cell-
cell contacts (see arrowheads in bottom panel). Some apparent nuclear labelling was
observed with the ajuba antibody, the significance of which will be discussed later. The
ajuba distribution in astrocytes shown in figure 8.1 was independent of the presence of
neurones in the culture, as it was also detected in pure primary astrocyte cultures (data
not shown). The surface distribution of ajuba seen in figure 8.1 was apparently not
being maintained by the binding of GLT-1 (as seen in the COS-7 cells of figure 6.5).
Indeed, GLT-1 (surprisingly) appeared to be largely cytoplasmic in neurone/glia mixed
cultures (see discussion in chapter 7), and there was no change in the ajuba distribution
in pure astrocyte cultures, where GLT-1 is down-regulated and undetectable (data not
shown, Swanson et al. 1997, Schlag et al. 1998).

To further characterise the distribution of ajuba in these cells, double labelling of
mixed cultures was carried out for ajuba and using phalloidin, instead of GFAP, to label
actin stress fibres. Phalloidin identifies filamentous actin (F-actin) present in areas
undergoing active organisation of the actin cytoskeleton including sites of cell-cell

contacts (such as adherens junctions) and cell-substratum contacts (such as focal

244



adhesion sites) (see Darnell et al. 1990). The result of this double labelling is shown in
figure 8.2 (top panels, A, B and C). The actin cytoskeleton lying beneath the cell
membrane and actin filaments protruding from it can be easily recognised by the
labelling of the stress fibres (bundles of actin filaments) (panel A). Ajuba is distributed
at the surface of the cells and also at the tips of protruding actin filaments, which are
likely to represent sites of cell-cell contacts (panels B and C, and arrowheads in C).
Again, apparent nuclear staining was observed with the anti-ajuba antibody, which will
be discussed later.

To confirm the presence of ajuba at sites of cell-cell contacts in these cultures, I
performed double labelling using an antibody against the neuronal-cadherin receptor (N-
cadherin), which is a marker of adherens junctions in neural tissues (it is present in both
neurones and glial cells, Vleminckx et al. 1999). The result of this double labelling is
shown in figure 8.2 (bottom panels C, D, and E). The anti-N-cadherin antibody labels
cell junctions that have formed between the glial cells (as recognised by their
morphology, figure 8.2, panel D) and ajuba intensively co-localises with the cadherin
receptors at these structures, as revealed by the yellow labelling in panel F of figure 8.2.

These results show for the first time that ajuba is present at adherens junctions.
To further characterise the distribution and role of ajuba at these junctions, human
epidermal keratinocytes were used, because they constitute a well defined system for the
study of adherens junction formation (Braga et al. 1997, Vasioukhin et al. 2000). The

results obtained using these cultures are examined in the following sections.
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Figure 8.1 Ajuba is present in primary cultures of mixed cortical neurones and glia

Primary mixed cortical neurones and glia were cultured for two weeks. Cells
were processed for immunofluorescence using confocal microscopy, with anti-GFAP to
identify glial cells (red, top panel) and anti-ajuba (green, middle panel).
Superimposition of the double labelling is shown in the bottom panel with arrowheads

denoting areas that could represent cell-cell contacts. Bar in top panel represents 20 pum.
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Figure 8.2 Ajuba is present at adherens junctions in primary cultures of mixed

cortical neurones and glia

Primary mixed cortical neurones and glia were cultured for two weeks.

Top panels: cells were processed for immunofluorescence using confocal
microscopy, with phalloidin to identify filamentous actin (red, panel A), and anti-ajuba
(green, panel B). The superimposed double labelling is shown in panel C. Arrowheads
in panel C denote the presence of ajuba at tips of protruding actin stress fibres. Bar in

panel A represents 20 pm.

Bottom panels: cells were processed for immunofluorescence using confocal
microscopy with anti-N-cadherin to identify adherens junctions (red, panel D) and anti-
ajuba (green, panel E). The double labelling is shown in panel F. Bar in panel D

represents 20 pm.
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8.3 Ajuba localises to adherens junctions in keratinocyte cultures

When cultured in low calcium (0.1 mM) medium, human epidermal keratinocyte
cultures form a robust network of actin stress fibres, but do not form adherens junctions
(Braga et al. 1997, Vasioukhin et al. 2000). Upon addition of calcium (1.8 mM) to the
medium, the cells rapidly remodel their cytoskeleton to form adherens junctions, as
detected by the redistribution of the E-cadherin receptor (Braga et al. 1997, Vasioukhin
et al. 2000). The junction formation process in keratinocytes is mostly complete within
one hour after addition of calcium (Braga et al. 1995). When grown in calcium (1.8
mM), these cultures exhibit fully formed junctions. Having a system in which adherens
junctions can be induced by adding calcium allows the experimenter to study in more
detail the dynamics of the formation of these junctions.

The distribution of ajuba was characterised in this culture by performing similar
double-labelling to that performed on the mixed neuronal/glial cultures. Figure 8.3
(panels A, B and C) shows the double-labelling of ajuba and phalloidin in keratinocytes
grown in the presence of calcium, exhibiting fully formed adherens junctions. The actin
filaments can be clearly seen in panel A, forming a robust network just beneath the cell
membrane as mentioned above. Ajuba can be detected at sites of cell-cell contact (see
panels B and C).

Keratinocyte cultures exhibiting newly formed junctions (after three hours in the
presence of calcium) were stained for ajuba and epithelial cadherin (E-cadherin) and the
result of this double-labelling is shown in figure 8.3 (panels D, E, and F). Similar results
were obtained on junctions that were a few days old (see figure 8.4 below). The three
cells seen in these panels exhibit formed adherens junctions as shown by the presence of
the E-cadherin receptor (panel C), and ajuba intensively co-localises at these sites as

seen in panels E and F. The difference in morphology of the cells seen in the top panels
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Figure 8.3 Ajuba is present at adherens junctions in epidermal keratinocyte

cultures

Top panels: Epidermal keratinocytes were cultured to confluence in medium
containing 1.8 mM calcium. Cells were processed for immunofluorescence using
confocal microscopy, with phalloidin to identify filamentous actin (red, panel A), and
anti-ajuba (green, panel B). The superimposed double labelling is shown in panel C.

Bar in panel A represents 20 um.

Bottom panels: Epidermal keratinocytes were cultured for 3-4 days in medium at
a calcium concentration of 1.8 mM. Cells were then switched to a lower calcium
concentration (0.1 mM) to remove adherens junctions and cultured for another 4 days.
To induce junction formation, the cells were switched back to a medium containing 1.8
mM calcium. After three hours in this medium, new junctions were formed and the cells
were processed for immunofluorescence using confocal microscopy with anti-E-
cadherin to identify adherens junctions (red, panel D) and anti-ajuba (green, panel E).
The superimposed double labelling is shown in panel F. Arrowheads point to the newly

formed junctions. Bar in panel D represents 20 pm.
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compared to the bottom panels is only due to the cell density, as these cells tend to get
smaller and lose their round shape as they become more aggregated.

To confirm the specificity of the ajuba staining in these cells, an antibody/antigen
absorption assay was performed. Keratinocytes grown in medium containing 1.8 mM
calcium were double-stained in parallel for ajuba and E-cadherin in the presence or
absence of the ajuba antigen (the GST-preLIM fusion protein, see chapter 5). When the
antigen and antibody are co-incubated during the staining of the coverslips, the antigen
competes with the endogenous ajuba protein for the antibody binding site (the
antibody:antigen molar ratio used was 1:10). The result of this experiment is shown in
figure 8.4. The top three panels of figure 8.4 represent a standard double-labelling in the
absence of antigen (as previously shown in figure 8.3 bottom panels). Adherens
junctions are represented by the staining of E-cadherin in panel A. This ‘pavement’
pattern is typical of adherens junctions in areas of high cell density in these cell cultures.
Ajuba is seen to co-localise intensively with these structures in panel B and as the
yellow labelling in panel C. This labelling of ajuba is specific, as it disappears in the
presence of the antigen (bottom panels): the 'pavement’ pattern seen for ajuba in panel B
is missing in panel E, and the yellow labelling representing co-localisation of ajuba and
E-cadherin disappears in F. Both top and bottom panels exhibit high background with
the anti-ajuba antibody, which is non-specific as it does not disappear in the presence of
the antigen. This staining cannot be explained, but could due to the recognition of
another unidentified protein by the ajuba antibody in these cells. Nevertheless, this
experiment showed that the ajuba labelling at adherens junctions is specific.

Taken together, these experiment demonstrate the presence of ajuba at adherens
junctions in keratinocyte cultures. This cell system was then used to look at the

distribution of ajuba during junction formation, as described in the next section.

253



Figure 8.4 The labelling of ajuba at adherens junctions is specific

Epidermal keratinocytes were cultured to semi-confluence in medium containing

1.8 mM calcium.

Top panels: cells were processed for immunofluorescence using confocal
microscopy, with anti-E-cadherin to identify adherens junctions (red, panel A), and anti-
ajuba (green, panel B). The superimposed double labelling is shown in panel C. Bar in

panel A represents 20 pm.

Bottom panels: cells were processed for immunofluorescence using confocal
microscopy, in the presence of ajuba antigen to compete with endogenous ajuba for
binding to the anti-ajuba antibody (see text for details), and using anti-E-cadherin to
identify adherens junctions (red, panel D), and anti-ajuba (green, panel E). The double

labelling is shown in panel F.
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8.4 Ajuba is recruited to adherens junctions as soon as they are formed

When grown in low calcium, keratinocytes do not form junctions and the E-
cadherin receptor lies at or near the membrane of these cells, as seen in panel A of figure
8.5. Upon addition of calcium, the E-cadherin receptor rapidly aggregates to form tight
adherens junctions. This process is initiated within 5 minutes of calcium application and
is mostly complete within 1 hour. This phenomenon can be seen in figure 8.5 (panels A,
D, G, and J). To determine how the ajuba protein behaves during the course of junction
formation, these cultures were also stained with the anti-ajuba antibody (Figure 8.5,
panels B, E, H, and K). When no junctions are present, ajuba remains mainly
cytoplasmic (figure 8.5 panel B). Upon junction formation, ajuba rapidly follows E-
cadherin to the junction sites, as seen by the emergence of punctate ajuba protein
staining in panel E, and the yellow labelling in panel F. Within 15 minutes after
initiation of junction formation, ajuba already co-localises intensively with the E-
cadherin receptor at the junctions (panels G-I). One hour after the addition of calcium,
the junctions are fully formed and ajuba is abundant at cell junctions (panels K and L).

This time course shows that ajuba redistributes to adherens junctions as soon as
they are formed, suggesting that it might be a crucial component of the junctions, or

involved in junction formation.

8.5 Ajuba becomes partly insoluble once at adherens junctions

It has been reported previously that the cadherin receptor, and other proteins of

the adhesion complex, become insoluble once at the keratinocyte junction (Braga et al.

1995).
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Figure 8.5 Ajuba is recruited to adherens junctions as soon as they are formed

Epidermal kératinocytes were cultured for 4 days in medium at a calcium
concentration of 1.8 mM. Cells were then switched to a lower calcium concentration
(0.1 mM) to remove adherens junctions, and cultured for another 4 days. To induce the
formation of new junctions, the cells were switched back to a medium containing 1.8
mM calcium for 0 minutes (panels A, B, and C), 5 minutes (panels D, E, and F), 15
minutes (panels G, H, and I) or 1hour (panels J, K, and L). The cells were processed for
immunofluorescence confocal microscopy using E-cadherin to identify adherens
junctions (red, panels A, D, G, and J), and anti-ajuba (green, panels B, E, H, and K).
The superimposed double labelling for each experimental condition is shown in panels

C,F, I, and L. Bar in panel A represents 20 p,m.
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Detergent insolubility is commonly used as an indicator of association of proteins with
the actin cytoskeleton (see for example Shore and Nelson 1991), and in the case of E-
cadherin, of the formation of stable cell-cell contacts (McNeill ez al. 1993). In the next
experiment, I asked whether ajuba exhibited a similar change in its properties once at the
junction.

I performed parallel staining for E-cadherin and ajuba on keratinocytes after ten
minutes of calcium application to initiate junction formation, using three protocols that
differ in the extent to which soluble proteins are removed (see Materials and Methods,
section 2.5.f). Briefly, the first protocol was a standard staining preventing removal of
soluble proteins, consisting of 4% paraformaldehyde fixation followed by standard
detergent permeabilisation. In the second protocol, fixation and permeabilisation were
performed simultaneously using a higher detergent concentration, presumably allowing
part of the soluble pool of the proteins to be removed during fixation. For the third
protocol, the cells were pre-permeabilised to remove most soluble cytoplasmic proteins,
leaving only insoluble proteins. The results of this experiment are shown in figure 8.6.
When the standard protocol was used, E-cadherin and ajuba were co-localised at cell
junctions (figure 8.6, top panels). When simultaneous permeabilisation and fixation
was used, there was still a substantial pool of both E-cadherin and ajuba proteins at sites
of cell junctions (figure 8.6, middle panels). When the cells were permeabilised before
fixation, most of the cytoplasmic E-cadherin and ajuba protein pools were removed, but
an insoluble pool of both proteins remained at the junctions (figure 8.6, bottom panels).
These results suggest that, as for E-cadherin, ajuba becomes partly insoluble once at

adherens junctions, presumably due to its association with the cytoskeleton.
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Figure 8.6 Ajuba becomes partly insoluble once at adherens junctions

Epidermal keratinocytes were cultured for 4 days in medium with a calcium
concentration of 1.8 mM. Cells were switched to a lower calcium concentration (0.1
mM) to remove adherens junctions and cultured for another 4 days. To induce the
formation of new junctions, the cells were switched back to a medium containing 1.8
mM calcium for 10 minutes. The cells were processed for immunofluorescence confocal
microscopy using three different protocols : (row A) standard fixation followed by
permeabilisation; (row B) simultaneous fixation and permeabilisation; or (row C)
permeabilisation prior to fixation (see text for details). All cultures were labelled for E-
cadherin, to identify adherens junctions (red, column on the left) and anti-ajuba (green,
column in the centre). The superimposed double labelling for each experimental

condition is shown in column on the right. Bar in top left panel represents 20 pm.
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8.6 Ajuba localises to adherens junctions, but not to focal adhesion sites, in

keratinocyte cultures

Zyxin, a close relative of ajuba, has been shown to localise at focal adhesion
sites, which represent areas of cell-substratum contact and exhibit high levels of
continuous cytoskeleton remodelling (Beckerle 1986). Zyxin is also found, to a lesser
extent, at adherens junctions (Vasioukhin et al. 2000). To compare the distribution of
ajuba and zyxin in the keratinocyte cultures, two stainings were performed, using either
an antibody against B1-integrin, a marker of focal adhesion sites but also of adherens
junctions in keratinocytes (figure 8.7, Braga et al. 1998), or an antibody against E-
cadherin to mark adherens junctions only (figure 8.8). This procedure was employed
because there were no markers available to us which label focal adhesion but not
adherens junctions.

While zyxin was present at focal adhesion sites, co-localising with integrin
(arrows in figure 8.7, panels E and F), ajuba was absent at these sites (arrows in figure
8.7, panels B and C). Ajuba was, however, present at adherens junctions (as described
in previous sections and shown by the arrowheads in panels B and C of figure 8.7).
When E-cadherin was used to mark only adherens junctions (figure 8.8, panel A), ajuba
was found to co-localise at these junctions (figure 8.8, panels B and C, arrowheads),
while zyxin was mainly present at focal adhesion sites (figure 8.8, panels E and F,
arrows). There was however some zyxin present at adherens junctions, as shown by the
arrowheads in figure 8.8 panels E and F.

The lack of staining of both ajuba and zyxin at most cell-cell junctions present
within the cell cluster in figure 8.7 (identified by the integrin marker) is most probably

due to the plane of focus used. E-cadherin and integrins have been shown to localise
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Figure 8.7 Ajuba preferentially localises at adherens junctions. Double-labelling of

ajuba or zyxin with 1- integrin

Epidermal keratinocytes were cultured to semi-confluence in medium containing

1.8 mM calcium.

Top panels: cells were processed for immunofluorescence using confocal
microscopy, with anti-B1-integrin to identify focal adhesion sites and adherens junctions
(red, panel A), and anti-ajuba (green, panel B). The superimposed double-labelling is
shown in panel C. Arrows denote focal adhesion sites, arrowheads denote adherens
junctions. The asterisk represents what might be a newly forming junction with strong

ajuba staining but minimal integrin staining.

Bottom panels: cells were processed for immunofluorescence using confocal
microscopy, with anti-B1-integrin to identify focal adhesion sites and adherens junctions
(red, panel C), and anti-zyxin (green, panel D). The superimposed double-labelling is

shown in panel F. Arrows denote focal adhesion site. Bar in panel A represents 20 um.
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Figure 8.8 Ajuba preferentially localises at adherens junctions. Double-labelling of

ajuba or zyxin with E-cadherin

Epidermal keratinocytes were cultured to semi-confluence in medium containing

1.8 mM calcium.

Top panels: cells were processed for immunofluorescence using confocal
microscopy, with anti-E-cadherin to identify adherens junctions (red, panel A), and anti-
ajuba (green, panel B). The superimposed double-labelling is shown in panel C.
Arrowheads denote adherens junctions. The two cells at the top expressing ajuba are

fibroblasts (feeder layer), which were not studied in detail in this work.

Bottom panels: cells were processed for immunofluorescence using confocal
microscopy, with anti-E-cadherin to identify adherens junctions (red, panel C), and anti-
zyxin (green, panel D). The double-labelling is shown in panel E. Arrows denote focal

adhesion sites, arrowheads denote adherens junctions. Bar in panel A represents 20 pwm.
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differentially at adherens junctions in keratinocytes. Braga et al. (1998) showed that E-
cadherin and integrin are present at the top of such junctions (>6 um above the
substrate) and in the middle (3-5 um above the substrate), while only integrin was found
at the base (1-2 um above the substrate) of fully formed adherens junctions. It is at the
base of these junctions, where the microscope was focussed for figure 8.7, that integrins
also mark focal adhesion sites. The lack of staining of ajuba at the base of most of these
junctions would suggest that ajuba localises preferentially with E-cadherin, further up
(as shown in figure 8.8 which, of necessity to reveal the E-cadherin staining, was
obtained from a higher focal plane than figure 8.7). This hypothesis needs to be further
investigated. The exact location of zyxin at both the adherens junctions and focal
adhesions is still unclear in these keratinocyte cultures. Little zyxin staining is observed
at adherens junctions, while it is present at focal adhesion sites in both planes of focus as
seen in figures 8.7 and 8.8. Furthermore, ajuba staining was found to be variable in
intensity along the length of the adherens junctions, but intense staining was always
observed where new junctions form as neighbouring cells make contacts (pointed out by
the asterisk in figure 8.7, and also seen in other data not shown). The staining at these
sites was specific as it disappeared in the presence of the ajuba antigen (data not shown).
The significance of this variable staining requires further clarification.

These results imply that, unlike its relative zyxin, ajuba is preferentially localised

to adherens junctions, suggesting a specific role at these junctions.

8.7 Ajuba interacts with the cadherin-associated complex in vitro

The antibody labelling above suggests that ajuba may bind to the cadherin-

associated complex (CAC). To investigate this, an affinity pull-down assay was

performed using GST-fusion proteins expressing either full length B-catenin, full length

267



Figure 8.9 Ajuba interaction with the CAC studied by pull-down assay

A) Schematic diagram of the GST-fusion proteins used in the pull-down assay.

GST-B-catenin; full-length B-catenin (dotted area) fused to GST (black area);
GST-o-catenin: full-length a-catenin (grey, hatched and white areas) fused to GST;
GST-a-N-catenin: amino terminal (amino acids 1-228, grey area) of o-catenin fused to
GST;

GST-o-C-catenin: carboxy terminal (amino acids 447-907, white area) of o-catenin

fused to GST.

B) Pull-down of myc-tagged ajuba expressed in COS-7 cells, displayed as a
Western blot against the myc tag (the 9E10 antibody was used at 5 pg/ml). The input
lane (1/20th of sample used for each pull-down) shows successful expression of ajuba.
Ajuba was not pulled down by GST alone (GST lane, negative control). Ajuba was
pulled-down by GLT-1 amino-terminal (GLT-N, positive control), by B-catenin (f lane),
by o-catenin (0 lane), and by the amino terminal of a-catenin (a-N lane). Ajuba was

not pulled down by the carboxy-terminal of a-catenin (o-C lane).
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o-catenin, the amino-terminal portion of a-catenin (amino acids 1 to 228), or the
carboxy-terminal portion of o-catenin (amino acids 447 to 907) (see figure 8.9A, and
Rimm et al. 1995). These two portions of o-catenin have been shown to bind distinct
proteins. The carboxy- terminal portion is known to mediate interactions with actin-
binding proteins and actin itself, while the amino-terminal binds to B-catenin (Provost
and Rimm 1999). These fusion proteins were used to pull-down myc-tagged ajuba
expressed in COS-7 cells. The results of this experiment are shown in figure 8.9.
Expression of the myc-tagged ajuba construct is shown in the input lane of figure
8.9B. Ajuba was not pulled down by GST alone (a negative control, figure 8.9B, lane
GST), but as a positive control, ajuba was pulled down by the amino-terminal of GLT-1
(figure 8.9B, lane GLT-N) as described in chapter 6. Ajuba was also pulled down by
full-length B-catenin, by full-length a-catenin and by the amino-terminal of o-catenin
(figure 8.9B, lanes: B, o and a-N, respectively), but not by the carboxy-terminal of -
catenin (figure 8.9B, lane a-C). These results imply that ajuba can associate with the
CAC in vitro. However, they do not determine which, out of B- and a-catenin, ajuba
directly interacts with ir vivo, because (for example) the GST-fusion of o-catenin may
bind endogenous B-catenin (or a completely different protein) from the COS-7 cells

which then associates to ajuba (or vice-versa).

8.8 Discussion

These results described in this chapter demonstrate that ajuba is a component of
adherens cell junctions. Ajuba was shown to be present at the junctions as soon as they
form, and to become partly insoluble at the junctions, suggesting an early association to
the CAC and to the cytoskeleton (figures 8.5 and 8.6). Furthermore, ajuba was not

found at focal adhesions to the substrate, suggesting a specific role at adherens junctions
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(figure 8.7 and 8.8). Finally, ajuba was shown to associate with the CAC in vitro,
implying that it is a component of the multi-protein complex found at adherens
junctions. Which protein of the CAC ajuba associates with primarily, and whether this
association is direct or via other proteins, are still unknown. The amino-terminal of o-
catenin, which was shown to pull down ajuba, also binds B-catenin (amino acids 54-148
on the o-catenin protein, Provost and Rimm 1999), and ajuba also binds B-catenin.
Whether these interactions are complementary or competitive remains unknown, but
they may help to regulate the function of the CAC at the junctions. Also, the relationship
of ajuba to other members of the multi-protein complex present at adherens junctions
(figure 1.5B in chapter 1) still needs to be investigated. Ajuba has been shown,
however, to associate with profilin and actin in pull-down assays and actin binding
assays (Dr. G.D. Longmore, Washington University, St Louis, USA, personal
communication). These properties of ajuba would make it a good candidate to regulate
remodelling of the actin cytoskeleton upon junction formation.

Ajuba has been shown to be involved in cell signalling, as it can activate the
MAP kinase pathway and the JNK pathway in cell lines and primary cell cultures (Goyal
et al. 1999, Kanungo et al. 2000). Ajuba also shuttles between the cell membrane and
the nucleus (Kanungo et al. 2000), suggesting a role in cell signalling from the
membrane to the nucleus. Interestingly, B-catenin is also known to shuttle between the
nucleus and adherens junctions, and to have a role in activation of transcription
(reviewed in Benze'ev and Geiger 1998). Although, as for ajuba, these properties of -
catenin have not yet been satisfactorily correlated with the regulation of junction
formation, it seems possible that in concert both these proteins could play a crucial role
in this process.

Ajuba appears to behave differently from its close relative zyxin in keratinocyte

cultures, as it was only present at sites of adherens junctions (figures 8.7 and 8.8). The
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function of zyxin at focal adhesions is not well understood, but it is believed to recruit
members of the ENA/VASP protein family, which promote actin assembly at these sites
(Drees et al., 1999). The role of zyxin at the adherens junctions has not been studied in
any detail. It is known, however, that members of the ENA/VASP family are recruited
via a-catenin and not by zyxin at these sites: in o-catenin null cells the localisation of
ENA/VASP proteins at adherens junctions is lost, while zyxin remained at these sites
(Vasioukhin et al. 2000). This result argues against an identical role of zyxin at focal
adhesion sites and adherens junctions. Whether ajuba binds to members of the
ENA/VASP family still needs to be investigated. Furthermore, zyxin was shown to bind
to the actin-binding protein ol-actinin via its amino-terminal (preLIM) domain. Ajuba
does not contain any sequence similarity in its preLIM domain to the a-actinin-binding
region in zyxin, suggesting that it is not likely to bind ot-actinin, although this possibility
needs to be investigated. Finally, zyxin failed to activate the JNK pathway in
experiments where ajuba does (Kanungo et al. 2000), suggesting also different roles of
ajuba and zyxin in cell signalling. The fact that both ajuba and zyxin are present at
adherens junctions is intriguing, but they are likely to play different, and possibly
complementary, roles at these sites.

The nuclear staining of ajuba observed during immunofluorescence on the two
cell types needs further investigation. Although it has been shown that ajuba does
translocate to the nucleus (Kanungo et al. 2000), this nuclear staining was not clearly
removed during the antibody/antigen absorption assays (figure 8.5), suggesting that
another protein might be detected at these sites. Further experiments need to be done to

resolve this issue.
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Chapter 9: Discussion

The individual results chapters in this thesis each contain separate discussions of
the results presented. In this chapter, I will briefly discuss the main points presented in
each results chapter, mention points of interest that require further investigation and at
the end briefly describe two other projects that I was involved with during my PhD, but

which are not included in this thesis.

9.1 Protein interactions with the amino- and carboxy-terminals of the GLAST

transporter

Dialysis of a peptide identical to the carboxy-terminal eight amino acids of the
GLAST glutamate transporter during whole-cell patch-clamp recordings increased the
apparent affinity of this transporter for glutamate (chapter 3). This suggests that
interactions with this domain of the protein (which are disrupted by the presence of the
peptide) modulate the apparent affinity of the transporter. A 40% decrease of K, was
recorded when the peptide was introduced, implying a 40% increase in the glutamate
removal rate at low glutamate concentrations. This modulation of uptake by the GLAST
transporter could have a significant impact on synaptic transmission in the retina, and is
likely to play a role in shaping the temporal response of the retinal output.

Dialysis of a peptide identical to the amino-terminal eight amino acids of the
GLAST transporter did not alter the kinetics of the transporter. However, these results
do not exclude this domain of the protein as being important in transporter function.
Proteins interacting with this part of the protein could be involved in other functions,

such as targeting or clustering of the transporter. Disruption of their interaction with the
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transporter need not alter the kinetics of the transporter and therefore might not change

its properties as studied during short-term electrophysiological recordings.

9.2 Use of the yeast two-hybrid system for identification of proteins interacting with

glutamate transporters

Although the peptide dialysis approach does not allow identification of the
protein that is responsible for modulating the Ky, of GLAST transporters, it identifies the
domain on the transporter that is involved in this modulation. The next logical step
taken to identify the interacting protein(s) was to use the carboxy-terminal of GLAST in
the yeast two-hybrid system. This approach proved unsuccessful as the whole carboxy-
terminal of GLAST, when used as 'bait', showed 'self-activation' properties (see chapter
4), which prevented its use in the two-hybrid system. Identification of proteins
interacting with the carboxy-terminal of GLAST might be possible if smaller portions of
this domain, which do not show 'self-activation' properties, were used in the two-hybrid
system.

However, the yeast two-hybrid system did prove successful in identifying two
protein clones that interact with the amino-terminal of GLT-1. The interaction of GLT-1

with each protein is discussed below.

9.2.a The interaction of GLT-1 with the I, imidazoline receptor

The first clone identified was a candidate cDNA clone for the imidazoline
receptor 1 protein (chapter 4). A functional interaction of these membrane proteins has
not been previously reported and imidazoline receptors are still poorly characterised.

Nevertheless, if this interaction is confirmed in other systems, it would be interesting to
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investigate what role this interaction might have on glutamate uptake and on activation

of these imidazoline receptors.

9.2.b The interaction of GLT-1 with ajuba

The second clone identified with the yeast two-hybrid system, was the LIM-
domain containing protein ajuba (chapter 4). This interaction was confirmed in vitro
and in heterologous mammalian cells (chapter 6) and preliminary results suggest that
this interaction also occurs in vivo (chapter 7).

The functional relevance of this interaction is still being investigated.
Preliminary data using electrophysiological techniques suggest that ajuba does not
modulate the kinetics of the transporter, at least when both proteins are expressed at a
high level in mammalian COS-7 cells (chapter 7). The identification of the binding site
of ajuba on GLT-1 (chapter 6) may allow the use of a peptide mimicking this site, that
competes with GLT-1 for binding to ajuba, to study electrophysiologically the effect of
the ajuba interaction on uptake in glial cells. Also, this peptide could be used to
investigate the effect of disrupting the interaction between GLT-1 and ajuba on
transporter targeting, clustering and recycling. The relevance of other protein
interactions has been investigated in this manner (see for example Passafaro ez al. 1999),
but the difficulties associated with the study of glutamate transporters in neurones and
glia (as discussed in chapter 7) might make this investigation difficult.

Ajuba has only been cloned recently (Goyal et al. 1999), but has already had
various properties attributed to it (see figure 4.5 in chapter 4), that make it an attractive
candidate for regulating cytoskeleton anchoring and for being a possible mediator of
signalling from glutamate transporters. Ajuba was shown recently to be able to bind
profilin and actin (Dr. G. D. Longmore, personal communication). Although the

interaction of ajuba with these cytoskeletal proteins needs to be further investigated, it
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suggests that ajuba associates with the cytoskeleton. Anchoring GLT-1 to the
cytoskeleton could, therefore. be a possible role of ajuba. Many other proteins
interacting with ion channels, such as rapsyn for acetylcholine receptors, or GABARAP
and MAPIB for GABA,, receptors, are believed to have a role in anchoring the ion
channels to the cytoskeleton (Apel et al. 1995, Ervasti and Campbell 1993, Hanley et al.
1999, Wang et al. 1999). Also, ajuba activates the MAP kinase and c-jun kinase
pathways in cell lines, which suggest that it has signalling properties in vivo (Goyal et al.
1999, Kanungo et al. 2000). Signalling properties of glutamate transporters have not
been described previously, but the possibility that activation of GLT-1 with glutamate
could allow activation of protein kinases via ajuba needs to be investigated. Binding of
glutamate (or analogues) to its NMDA- or metabotropic receptors, has been shown to
induce MAP kinase activation (Xia et al. 1996, Peavy et al. 1998), so glutamatergic
control of these kinases is not unprecedented.

Another possibility, suggested by the binding of cytoplasmic ajuba to GLT-1
(figure 6.5), and by the fact that ajuba is thought to be able to shuttle from the cytoplasm
to the nucleus (Kanungo et al. 2000), is that ajuba informs the nucleus when more
glutamate transporters need to be expressed. When the level of GLT-1 in the surface of
membrane falls, more ajuba will be freed into the cytoplasm, allowing it to enter the

nucleus where it could activate GLT-1 expression.

9.3 Ajuba at adherens junctions

The presence of ajuba at adherens cell junctions was investigated, when I

discovered that ajuba co-localised with neuronal cadherins in cultured glial cells (chapter

8). The use of keratinocyte cultures allowed me to study in detail the presence of ajuba

at these junctions. Ajuba is present during junction formation, localises exclusively at
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adherens junctions, and is likely to associate with the cytoskeleton once there.
Furthermore, I showed that it interacts with the cadherin-associated complex in vitro.
This interaction needs to be confirmed by other experiments, such as co-
immunoprecipitation assays. Also, experiments are required to understand the relevance
of the targeted distribution of ajuba at these junctions. It will be important to investigate
if ajuba is absolutely required for junction formation or if it plays a modulatory role
during junction formation. The binding of ajuba to cytoskeletal proteins and its
signalling properties make it an attractive candidate for a role in cytoskeleton
organisation and cell signalling at these junctions, two phenomena that are as yet poorly
understood.

Although the role of ajuba at adherens junctions is an interesting area of research
in itself, it is as yet difficult to correlate it with its functional relevance with respect to
GLT-1. GLT-1 has never been shown to be specifically targeted to adherens junctions
in previous studies. Also, the functions of ajuba are still poorly understood and a better
understanding of its properties might be required before a link between its role at
adherens junctions and as a protein interacting with GLT-1 can be revealed. Further
insights into its different, but perhaps, correlated roles should be gained from the
analysis of mice lacking the ajuba gene, which are currently being generated (Dr. G. D.

Longmore, personal communication).

9.4 Other work done during my PhD

In addition to the work described in this thesis, I also carried out genotyping and
immunohistochemistry work on two other projects involving mice lacking the glutamate
transporters GLAST or GLT-1. The first breeding mice were provided by Dr. K. Tanaka

(National Institute of Neuroscience, NCNP, Kodaira, Tokyo, Japan), and I then
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established breeding colonies. These projects are not described in detail here because I
only carried out a small part of the work on them.

The first project was on the role of glutamate in bone. GLAST expression has
been shown to be mechanically regulated in bone, leading to the suggestion that the
resulting change in extracellular glutamate level might alter bone formation (Mason et
al. 1997). However, my collaborators (C. Gray, M. Arora, A. Boyde, S. Jones and D.
Attwell) and I found no difference in the bones of GLAST knock-out mice and their
wild-type siblings.

The second project was on the role of GLT-1 transporters in ischaemia. Rossi et
al. (2000) showed that glutamate transporters reverse and release glutamate in
ischaemia. My collaborators (D. Rossi, M. Hamann and D. Attwell) and I showed that
the 'anoxic depolarization' (Rossi et al. 2000) was essentially identical in GLT-1 knock-
out mice and their wild-type siblings, suggesting that it is not GLT-1 transporters that

are responsible for the ischaemia-evoked glutamate release.
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