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Abstract

The main content of this thesis is an analysis of brain
cDNAs isolated wusing unorthodox cloning techniques.
The first section, in contrast to the others, describes the
use of conventional methods to study a cDNA encoding the
rat homologue of the Alzheimer’s amyloid A4 peptide. The
second deals with the brain "identifier" (ID) sequence and
its proposed association with brain-specific transcripts.
The 1last section describes studies on the isolation of
brain-enriched and randomly-selected cDNAs, aiming to iden-
tify clones encoding proteins important in brain function.
The inferred sequence of the rat A4 peptide differs from
that of the human homologue and may influence it’s ability
to form amyloid. This could explain the relative rarity of
amyloid plaques in aged rat brain.

ID sequences were found in poly A+ RNA from all tissues
tested, suggesting that the ID element does not mark
brain transcripts and is unlikely to be a brain-specific
transcriptional control element, as proposed by Sutcliffe

et al (1). Moreover, brain-expressed ID sequences were
shown not to differ significantly from typical genomic IDs,
eliminating more subtle variants of this model. Small
ID-RNAs were found in testis RNA, which may act as founding
transcripts in the spread of the ID repeat via
retroposition.

Sequences of 49 randomly-selected and 2 brain-enriched
cDNAs were compared with the contents of the NBRF and
Genbank databases. As expected, the majority of the clones
either encoded anonymous proteins or appeared to be
noncoding. Sixteen clones showed some homology to database
sequences, including one which encoded a protein closely
related to the 'zinc-finger" superfamily of proteins.
This protein may activate transcription of specific genes,
as this superfamily includes transcription factors such as
TFIIIA, SP1 and SWIS5.

This study suggests that the application of non-selective
methods to the study of brain mRNAs could produce a wealth
of data. Furthermore, the same approach could be an effi-
cient and informative means of analysing the sequences ex-
pressed by the whole human genome.
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Chapter 1

Introduction: molecular biology of gene expression and of

genes that are active in the brain

This opening chapter has four main sections, in which I
describe:

1) the extent of the challenge posed by the mammalian
nervous system;

2) our general understanding of the control of gene
expression;

3) specific examples of genes that are expressed in the
brain and which encode members of important protein -
'superfamilies’;

4) approaches to isolating and studying neural-specific

genes.

1.1

The mammalian nervous system

The mammalian nervous system is extremely complex. For
example, a typical rodent has at least 107 neurones, which
form about 1010 synaptic connections. In addition, this
formidable array contains many, perhaps thousands, of
distinct cell types.

These cells form the central and peripheral nervous systems
(CNS and PNS). The CNS consists of the brain, spinal cord

and the specialised sensory neurons of the retina and
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Fig. 1.1
Simplified dorsal view of rodent brain
The major structures of the brain are:
1) the olfactory 1lobes, which are quite prominent,
indicating the importance of the sense of smell in rodents;
2) the telencephalon, divided into the two cerebral lobes;
3) the mesencephalon (which, in this dorsal view, obscures
the diencephalon, situated at the base of the brain);
4) the cerebellum, which has deep transverse folds, not
clear in the diagram;
and
5) the myelencephalon or medulla, which tapers into the

spinal cord.
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cochlea. The PNS is a network of .ganglia, nerves and
sensory receptors which serve to detect and convey
environmental information to the CNS and in return, carry
commands to effector organs, such as muscle.

The adult brain has a convoluted anatomical structure,

consisting of several subregions; the telencephalon,
(divided into two cerebral hemispheres), diencephalon,
mesencephalon, cerebellum and myelencephalon. (Fig. 1.1).

The subregions are highly ordered, for example the cerebral
hemispheres exhibit extensive folding and are divided into
distinct laminae or layers. On examination at the
microscopic 1level, these layers are shown to consist of
neuron cell-bodies (soma), their processes (axons and
dendrites) forming connections with other neurons (Fig.
1.2). There are also neural accessory cells, glia, which

serve to support neurons and their processes.
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Figure 1.2
Schematic diagram of a pair of neurons forming a synapse.
The lower neuron is shown with a single, 1large neuritic
projection or axon, forming a connection with the wupper
cell through a synapse. The upper (post-synaptic) neuron

has several small neuritic processes known as dendrites.
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These two major cell types can be divided by morphological,

histochemical, immunocytochemical, developmental or
functional criteria into further sub-populations.
For example, the term glia includes cells derived

independently from the embryonic neural and mesodermal

tissues. Mesoderm-derived glia are known as microglia and
are similar to the non-neural, phagocytic cells,
macrophages.

The various cell-types in the brain are involved in complex
patterns of interaction and communication. During
development, these patterns are formed by diverse processes
including initial neural induction (see section 1.3.2.2),
proliferation, migration, aggregation, differentiation,
cell-death and synapse-formation.

In the mature nervous system, a major function 1is the
processing and transfer of information. This information
is encoded as impulses carried by the electrically
excitable neuron membranes. Such impulses propagate
without loss along the whole length of an axon. When they
reach a neuronal or neuromuscular junction, i.e. a synapse,
they stimulate the release of a chemical transmitter, which
diffuses across the Jjunction and binds to specific
receptors. In turn, this can give rise to a new wave of

impulses in the post-synaptic cell.
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I have illustrated briefly the complexity of mammalian
nervous systems. This complexity raises many fundamental
guestions, including:
1) how are neural developmental processes regulated ?
2) how are the patterns of neuronal interaction in the
adult nervous system maintained ?
3) how are neural functions such as learning, memory
storage and recall performed ?
I shall not discuss these questions in detail; there are,
however, two opposing viewpoints which attempt to answer
them. One is that the development and function of nervous
systems is encoded exclusively in the genome. In contrast,
there is the "epigenetic" or environmental point of view.
This states that gene expression has a minimal, but
critical role in the nervous system and that information
carried by whole cells is of central importance in neural
interactions.
Evidence refuting the extreme genetic viewpoint is
difficult to obtain, as individual members of a species are
usually not genetically identical. However, the
water-flea, Daphnia, reproduces parthogenetically and so
the offspring of a single animal represent a genetic clone.
The structure of photoreceptor axons projecting from the
retina into the optic lamina has been studied in such
clones by Levinthal et al (255). It was found that the

number of axons and the number of axon bundles were
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consistent features, whereas the pattern of synaptic
interactions varied significantly from one individual to
another. It is clear from these results, that
environmental, rather than genetic factors play a central
role 1in the development of such neural structures in
Daphnia.

If this is true for anv nervous system, what, then, is the
value of molecular genetic studies of the brain *? One
answer 1is that our understanding of cellular interactions
in the brain is constrained by the extent of our knowledge
of the molecules involved. In many situations, the only
means of increasing this knowledge is by the application of
recombinant DNA techniques. Furthermore, regulation of
neural gene expression probably has an important role in
some aspects of development, maintenance and function of
the nervous system. It is necessary, therefore, to study
the mechanisms of regulation of gene expression in neural
cells.

In section 1.3, I describe how our detailed knowledge of
molecules involved in neural cell interactions has been
improved by the use of recombinant DNA techniques. In
particular, I describe studies on specific members of three
"superfamilies’ of neural proteins. These are: 1) the
nicotinic acetylcholine receptor (AchR), which is the
prototype ligand-gated ion-channel (131); 2) the neural

cell-adhesion molecule (NCAM), a glycoprotein involved in
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cell-cell contact formation in embryonic, neural and muscle
tissues (132) and 3) pro-opiomelanocortin (POMC), a
neuroendocrine polyprotein precursor (133).
However, I will first briefly review our current
understanding of the control of gene expression in general
before considering these studies on neural genes. (Figure

1.3 is a flow diagram illustrating the overall scheme.)
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Figure 1.3

Flow diagram showing the main steps in expression of a gene
The hypothetical gene has two exons and a single intron,
shown as a thin line. The flanking genomic regions,
containing regulatory elements such as enhancers are also
shown as thin lines. Coding regions are represented by
empty boxes and the filled boxes, untranslated sequences.
The empty circle at the 5’ end of the primary transcript
represents the cap structure. The protein product of the
gene 1s shown as a stippled box and post-translational
modifications are represented by letters enclosed in
circles. This hypothetical protein is both phosphorylated

("P") and glycosylated ("G").
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1.2

Gene expression

Gene expression is the process in which genetic information
is decoded and gives rise to a functional molecule, such as
an enzyme or neurotransmitter. One of the major aims of
molecular biology is to understand the complex mechanisms
controlling this process; in this section I describe

briefly our current understanding.

1.2.1

Chromatin and gene expression

A basic, yet often neglected, problem of gene expression is
that of the conflict between the accessibility of the
genetic material for transcription and its packaging into
the nucleus. This conflict appears extreme, as the typical
mammalian nucleus contains approximately 1.75 metres of
DNA! The folding of DNA into chromatin is well understood
at the lower levels of organisation (see ref. 134 for
review), however, the higher-order structure is unknown.
The basic structural unit of chromatin is the nucleosome,
consisting of approximately 200 bp of DNA (see below)
partially coiled in two turns around an octameric ’core’
formed by the histone proteins H2A, H2B, H3 and HA4. This
unit contains an additional histone protein, H1, which
interacts with both the DNA of the core and with that

linking the nucleosomes. Histone H1 is also involved in
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maintaining the higher-order chromatin structure of a
30nm-diameter fiber, which consists of nucleosomes coiled
together. However, the exact disposition of nucleosomes in
the fibre is uncertain.

It 1is generally believed that most actively transcribed
chromatin retains the basic nucleosomal structure, but that
it undergoes a conformational change which renders it more
'open’, as measured, for example, by susceptibility to the
nuclease, DNase I. In contrast, there is evidence of more
extensive differences in the chromatin structure of
elements involved in the regulation of transcription, such
as promoters and enhancers (134). These elements often
contain DNase I-hypersensitive sites, some of which
correspond to regions of nucleosome-free DNA.

An intriguing observation, in the context of gene
expression in the brain, is the difference in size of the
nucleosomal DNA repeat between cortical neurons and other
cells (135, 257). In nuclei isolated from rabbit and
bovine cortical neurons, nucleosomes contain about 160 bp
of DNA, in contrast with the typical value of 200 bp, which
was observed in glia and cerebellar neurons. Furthermore,
the amount of histone H1 in cortical neuronal nuclei is
less than that in the nuclei of glia and other, non-neural
cells (256). These data suggest that the structure of
cortical neuronal chromatin may be distinct from that of

other cell-types; but this does not seem to be the case
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when oligonucleosomes from neurones are compared with those
from rat liver or chicken erythrocytes (256).
Nevertheless, this in vitro comparison of the salt-induced,
higher-order chromatin structure may not reflect the
situation in intact nuclei.
It has been suggested that the high transcriptional
activity and short nucleosomal DNA repeat in cortical
neuronal nuclei may be associated in some manner (135), but
contrary examples, such as the similar repeat lengths of
bulk chromatin, transcribed sequences and satellite DNA

(258, 259), indicate that this is unlikely.

1.2.2

Initiation of transcription

It is generally believed that initiation of transcription
is the most important step in the control of gene
expression and much is now known about the regulatory
elements involved (136, 137). These elements include
promoters, enhancers and silencers. Conserved sequence
motifs are associated with each of the elements and in some
cases, have been shown to interact with specific
DNA-binding proteins. In an as vyet uncertain manner,
binding of these proteins to their specific target
sequence(s) can initiate, enhance or repress transcription

of an associated gene.
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Promoters are ’short-range’ elements, usually active in a

unidirectional fashion, over a range of a few tens of

base-pairs. RNA polymerase II - dependent promoters often
include the TATA, CCAAT and GGGCGG sequence motifs. The
TATA 'box’ is found in most promoters, about 20-30

nucleotides upstream of the site of transcriptional
initiation, which it serves to define (138). Certain genes
lack a TATA box, including ’'housekeeping’ genes, which are
transcribed ubiquitously at quite low levels (137,138).
Nevertheless, when the TATA sequence is mutated or deleted
in promoters that normally contain this motif, initiation
of transcription can be abolished in vitro and rendered
inaccurate in vivo (138). The CCAAT and GC-rich sequence
motifs are located upstream from a TATA box (if present)
and have been shown to be necessary for transcription (136,
137).

High levels of transcriptional activity are often
associated with the presence of an enhancer element.
Enhancers differ from promoters in their long-range (up to

several thousand base pairs) activity and orientation

independence (136). It is clear that enhancers act by
increasing the rate of transcription of a gene (136), but
the mechanism of enhancement is uncertain. There are two

main models which attempt to explain enhancer function,
known as the scanning (260) and the looping (261) models.

The former suggests that transcription complexes bind with
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high affinity to enhancer elements, then ’scan’ along the
DNA, in either direction, wuntil they identify a promoter
and then begin transcription. The looping model is based
on the interaction of proteins bound to enhancer and
promoter elements, with the intervening DNA ’looping out’.
The existence of ’silencer’ or repressor elements in
eukaryotic genes is a subject of debate (136). The main
cause of dispute is whether putative silencer elements
depress the basal 1level of transcription or merely
neutralise the effect of an enhancer.

Soon after the initiation of transcription, precursor mRNAs
undergo a 5’7-end modification, by the addition of
methylated GTP by means of an unusual 5’-5’ pyrophosphate
linkage (262). This structure, known as a cap, is involved

in ensuring a high level of translational efficiency.

1.2.3

Transcription termination and polyvadenylation

The process of transcription termination is poorly

understood. Experimental evidence indicates that
transcription continues beyond the polyadenylation
signal(s) and terminates at some point downstream. This

observation was first made in studies of the adenovirus
late transcriptional units and has since been noted in many
other genes (139,140).

Either during transcription or after termination, the
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immature RNA transcript is cleaved downstream from a
polyadenylation signal, followed by the addition of about
200 adenylate residues (see ref. 141 for review). The
consensus sequence AAUAAA is found 10-30 nucleotides
upstream from the poly (A) tail in most mRNAs (142). This
is a highly conserved sequence, yet variations, both
natural and introduced remain active (141). In contrast,
deletion of this motif prevents formation of stable mRNA
(143) and mutation to AAGAAA significantly 1lowers the
accuracy of cleavage of the nascent transcripts (144).
Downstream sequences are also of importance in poly (A)
site selection, as indicated by sequence comparisons (141)
and deletion studies (145). This work has led to the
hypothesis that secondary structure may play a role in
correct 37 end cleavage, perhaps involving U4 snRNP
particles (146). A precedent for such a model is the
involvement of U7 snRNPs in the formation of 3’ ends of
non-polyadenylated histone mRNAs (141).

Polyadenylation is a rapid process, occurring within
minutes of transcription, as measured for certain viral
transcripts (139) and for nuclear RNA from Chinese hamster
ovary and HeLa cells (147). Polyadenylation may precede
splicing of primary transcripts (139,140), but it is not a
pre-requisite for splicing (140) and it is possible that
the two processes occur simultanecusly. It is clear that

the temporal order of these steps in mRNA production is of
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particular importance in genes which have multiple poly (A)
signals.

Some mRNAs have been shown to exist in both polyadenylated
and non-polyadenylated forms including those encoding
histone and actin proteins (263,264). Furthermore, there
are claims of large, complex populations of
non-polyadenylated mRNAs distinct from poly a’ mRNAs,
especially in the brain (7,8). Despite these claims,
detailed characterisation of members of this proposed class

of mRNAs has not been forthcoming.

1.2.4

mRNA splicing

Many eukaryotic genes and their derived mRNAs are not
co-linear, the transcription unit being interrupted by
intervening sequences (introns) which are removed from
primary transcripts by splicing (148). The process of
intron removal and splicing together of exons (representing
coding and non-coding regions of mature mRNAs) requires
great precision to ensure fidelity of expression. This
process is made more complex by the frequent wuse of
alternative patterns of splicing to generate protein
isoforms. One example, amongst many, is the NCAM gene,
from which at least eight different mRNAs are derived,
encoding an equivalent number of related proteins (211).

Splicing has been shown to be a two-step process, in which
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the transcript is first cleaved at the 5’ splice site and
an unusual 2’-5’ phosphodiester bond is formed between the
5’ end of the intron and the 2’/-OH group of a specific
"branch-point" nucleotide within the intron. This
transient, c¢yclic structure is known as a lariat. In the
second step, the 3’ splice site is cleaved and the two
exons ligated together. Mutational analyses have shown
that the short consensus sequences found at exon-intron
boundaries are important signals in splicing, as is the
specific branch-point nucleotide, which is usually an A
(148-150). Other, less well-defined sequence motifs,
including a region rich in pyrimidines located upstream
from the 3’ splice site and the sequence surrounding the
branch-point are also involved in splicing. All of these
sequences interact with multiple protein and RNA factors to
form a functional splicing complex - the '"spliceosome'.

Various essential components of the spliceosome complex
have been identified, including the small nuclear RNAs
(snRNAs) U1, U2, U4, U5 and U6, which form
ribonucleoprotein particles or snRNPs. The 5’ splice site
binds to U1l snRNP by base pairing with the U1 RNA (151) and
the branch-point sequence binds to U2 snRNP (152). The
roles of the other snRNPs and the interactions and relative
importance of the 3’ splice elements, the polypyrimidine
tract, the branch point and the 3’ splice site AG are not

clear.
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The central problem of splicing is the correct choice of 5’
and 3’ splice sites. A scanning mechanism, in which the
spliceosome moves along the mRNA precursor in a linear
fashion and searches for potential splice sites, has been
proposed (154,155). However, data from in vitro splicing
experiments are not all consistent with such models (156)

and this problem remains a subject of intense study.

1.2.5

Translation

Translation is a well-understood process (157), but
examples of genes that are regulated at this step 1in
expression are rare. One example 1is the preferential
expression of uncapped poliovirus RNA, in which host
protein synthesis is inhibited, probably due to

inactivation of mRNA cap-binding factor(s) (157).

1.2.6

Post-translational modifications

There is a host of chemical modifications made to proteins
after, or during, translation. These include:

1) proteolysis, producing specific peptides (133),

2) phosphorylation (159),

3) glycosylation (160),

4) C-terminal phosphatidylation,

5) acetylation, amidation,
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6) ubiquitinylation.
Any, or several, of these modifications may play a critical
role in the expression of a gene product.
1) Specific proteolysis is of particular importance in the
neuroendocrine system, as most peptide hormones and
neurotransmitters are synthesised as larger precursor
. proteins (re&iewed in ref. 133). The processing of these
precursors often varies in a tissue-specific manner, so it
is necessary to analyse both transcription of the precursor
gene and protein processing to determine which
neuropeptide(s) may be expressed.
2) There 1is extensive evidence implicating protein
phosphorylation as one of the mechanisms by which
extracellular signals regulate intracellular functions in
the brain, including neuronal growth and differentiation,
neurotransmitter biosynthesis and release, neuronal
excitability and metabolism (159). For example, tyrosine
hydroxylase, the first enzyme in the pathway for
biosynthesis of catecholamines (161), is phosphorylated and
activated by cyclic-AMP-dependent protein kinase (162). It
is possible that this modification may be involved in the
increased catecholamine synthesis observed in response to
stimulation by neurotransmitters or nerve impulse
conduction in nervous tissue in vivo (163).
3) Glycosylation of proteins is a widespread chemical

modification of uncertain biochemical function. However,
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one clear demonstration of the importance of glycosylation
is that functional acetylcholine receptors are not
assembled in its absence (164).
4) Modification of the carboxyl-terminal of some proteins
by a phosphatidylinositol group, for example, isoforms of
NCAM (165), has been shown to act as a means of membrane
attachment.
5) Acetylation and amidation are frequent modifications of
neuropeptides, for example, some peptides require
C-terminal amidation for biological activity (133).
6) Ubiquitin is a widely-distributed small peptide which
may have several roles. In certain situations, it is found
as a normal modification of proteins (such as histones H2A
and H2B), attached to a lysine residue by a branched
peptide 1linkage (166). In others, it is transiently
attached and then removed as part of an ATP-dependent
proteolytic pathway (167). Ubiquitin is one of the protein
components of the neurofibrillary tangles (NFTs) found in
Alzheimer’s disease brain, which may reflect some defect in
the normal proteolytic processes in this condition
(168,169).
In this section I have described the various steps involved
in gene expression from initiation of transcription to the
production of a biologically active protein product. Any,
or all of these steps may be regulated to ensure the

appropriate tissue- or developmental stage-specific
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expression of a gene.

1.3

Molecular biology of specific neural genes

In this section, I consider the products of three genes
which are either expressed in the nervous system, or are
representative of a gene family which includes other,
neural-specific members. The three examples are:

1) the .acetylcholine receptor (AchR), which 1is the
archetype of a ligand-gated ion-channel superfamily whose
other members include the glycine receptor (170) and the
GABA receptor (171). As a neurotransmitter receptor, the
AchR is an excellent example of a macromolecular complex
involved in a neural function - the electrochemical
transmission of information.

2) the neural cell adhesion molecule (NCAM) (132), which
also functions at the level of cellular interaction, but
NCAM mediates these interactions by direct cell-contact
rather than electrochemical means.

3) pro-opiomelanocortin, (POMC), which is an example of a
molecule with multiple activities, both known and potential
(133). For example, one of the peptides derived from POMC,
ACTH, is involved in the regulation of metabolism, whereas
another derivative, beta-endorphin, may, as one of its

functions, act as a neuromodulator.
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1.3.1

Acetyvlcholine receptor

The nicotinic acetylcholine receptor (AchR) is a
ligand-gated ion-channel, involved in the conduction of
nervous impulses across the neuromuscular Jjunction. The
AchR is the best understood of the ligand-gated receptors
and so I shall discuss its molecular biology in some
detail. There are also nicotinic AchRs at interneuron
synapses, distinct from those at the neuromuscular junction
(172), which are not yet well characterised and will be
discussed briefly.

The AchR was first isolated from the electric organs of the
marine ray, Torpedo californica, as these are the richest
known source of the receptor. It is an integral membrane
glycoprotein consisting of four subunits, known as alpha,
beta, gamma and delta. These are assembled in a pentameric
complex, consisting of two molecules of the alpha subunit
and a single molecule of each of the other subunits. The
overall mass of the receptor is about 250 kd and it
sediments as a 9S particle in sucrose gradients.

The snake neurotoxin, alpha-bungarotoxin (Butx), binds very
strongly to the nicotinic AchR and blocks receptor
function. This toxin can be radiolabelled without
affecting binding and has been invaluable in preparative
and analytical studies of the receptor.

Biophysical techniques, including image analysis of
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electron micrographs (173) have shown that the subunits of
the receptor are arranged in almost pentagonal symmetry
about a central pore. When acetylcholine binds to the
receptor, there is believed to be a conformational change
which causes the channel to open and ions to flow through
this pore. The AchR is selective for cations,

predominantly Na+ and K+ and perhaps also Ca+ (131).

1.3.1.1

AchR subunit cDNAs

Despite the existence of rich sources of the AchR and
specific ligands for its study, there are many problems
involved in its purification and characterisation. TwO
major problems have been the inability to reconstitute
active receptors from dissociated subunits and difficulties
in obtaining complete amino-acid sequences. As discussed
below, these obstacles have been largely overcome by the
application of recombinant DNA techniques.

Initial attempts to produce functional AchRs from subunit
mRNAs that had been translated in cell-free systems were
not successful, perhaps due, in part, to incorrect or
incomplete glycosylation (174). However, microinjection of
Torpedo mRNA into Xenopus oocytes has been demonstrated to
produce active, membrane-bound receptors which bind BuTx
(175) and can respond to Ach in a manner similar to that of

the native Torpedo receptor (176). These findings were of
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particular importance in the subsequent analysis of cloned
AchRs, as they provided an expression system in which to
test the biological activity of the recombinant molecules.

A variety of approaches were used to clone cDNAs encoding
receptor subunits, including hybridisation with
oligonucleotide probes based on partial amino acid data
(177) and hybrid selection, using subunit-specific antisera
(178). Once partial clones or sequences were available,
full-length clones for all four subunits were soon isolated

(179).

The availability of the complete amino acid sequence of
each of the four subunits allowed new predictions to be
made about the structure of the AchR. These included the
putative sites of post-translational modifications and
models for the folding of subunits across the cell
membrane.

Comparison of the amino-terminal sequences of the receptor
subunits with the sequences deduced from cDNAs showed that
each had a signal or leader peptide of 17 to 24 amino acids
(131). This is not unexpected for a group of transmembrane
proteins.

The sequence motif Asn-X-Ser/Thr (where X represents any
amino acid), is the consensus sequence for
asparagine-linked glycosylation. The alpha and beta

subunits each contain one copy of this sequence, the delta
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subunit carries three copies and the gamma subunit, either
four or five, as there are differences in the published
sequences for this subunit (172). Direct analysis of the
carbohydrate content of purified receptors proves the
predicted figures to be correct for the alpha, beta and
delta subunits, but the gamma subunit appears to carry only
two units of asparagine-linked oligosaccharide (180). This
apparent discrepancy can be explained if one takes into
account two other predictions about the structure of the
gamma subunit. Firstly, one model of the transmembrane
arrangement (181) of the gamma subunit predicts that only
two or three of the putative glycosylation sites are
extracellular. Secondly, sequence comparison of the gamma
subunit of Torpedo with that of other species (172)
suggests that there are only two potential extracellular
glycosylation sites.

A further post-translational modification of the AchR is
phosphorylation; experiments conducted in vitro with crude
membrane preparations from Torpedo electric organ show that

at least three different enzymes can phosphorylate the

receptor. These are an endogenous tyrosine kinase, which
modifies the beta, delta and gamma subunits, (182)
cAMP-dependent protein kinase (PKA), which modifies the

gamma and delta subunits (183) and protein kinase C (PKC),
which phosphorylates the delta and possibly the alpha

subunits (184). These modifications have effects on the
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electrophysiological properties of the AchR and also on the
numbers of cell-surface receptors. For example,
stimulation of PKA activity increases the rate at which
AchRs become desensitised i.e. the state in which the
receptor channel does not open after prolonged exposure to
Ach or other agonists (185). Increased PKA activity is
also correlated with increase in the number of AchRs on the
cell surface (186,187), whereas PKC has the opposite effect

(187).

1.3.1.2

Structure of the AchR

The cloning and sequencing of cDNAs encoding each of the
four AchR subunits (172) allowed the formulation of models
for the arrangement of the subunits across the membrane.
This is a contentious area, with different immunochemical
and biochemical data supporting each model and is reviewed
in detail by Claudio (172). Figure 1.4 shows the model -

favoured by most authors.
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Fig. 1.4
Model of the transmembrane folding of a subunit of the
acetylcholine receptor.
M1, M2, M3 and M4 are the four putative membrane-spanning
domains, which are involved in forming the receptor

ion-channel.
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The N-termini of the subunits are located extracellularly
in all of the models, on the basis of proteolytic and in
vitro translation studies performed on the delta subunit
(188,189). However, the models differ in the number of
transmembrane domains and the location of the C-terminus.
Four of the putative transmembrane domains, M1-M4, were
predicted by analysis of hydropathy in the receptor subunit
sequences (172,181). These domains contain predominantly
hydrophobic and few polar residues, which some workers
suggested was not consistent with the dual functions of
membrane anchorage and formation of an ion channel. This

lead to further models which postulated the existence of

additional transmembrane domains, some of which could form
amphipathic alpha-helices, i.e. with hydrophobic and
hydrophilic surfaces. The hydrophilic surfaces contain

charged residues which could be involved in forming the

lining of the channel pore (172,190,191).

1.3.1.3

Structure and expression of AchR subunit genes

High-stringency hybridisation analysis of genomic DNA from
different species suggests that single genes encode each of
the AchR subunits. Molecular cloning has demonstrated a
common exon-intron structure for the gamma and delta genes
(12 exons in chicken and man) and also the alpha genes (9

exons in chicken and man) (172). As has been noted with
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many other gene products, specific structural domains of
certain subunits are sometimes encoded by single exons.
This is exemplified by the transmembrane domains M1 and M4,
which are each encoded by individual exons in the alpha,
gamma and delta genes. In contast, M2 and M3-encoding
sequences are carried on a single exon in the alpha gene,
but by two exons in gamma and delta genes.
Isolation of subunit-encoding genes has also allowed the
identification of genomic regions involved in regulation of
expression of the AchR. Sequences upstream from the
promoter in the chicken alpha (192) and the mouse gamma and
delta genes (193,194) have been shown to be sufficient to
confer tissue and developmental specificity.
It has long been known that increased expression of AchRs
in certain systems required mRNA synthesis (195). With the
advent of molecular cloning of cDNAs encoding each subunit,
it became possible to follow changes in the levels of the
corresponding mRNAs. In surgically denervated chicken leg
muscle, AchR expression is increased by about 150-fold and
levels of the subunit mRNAs are increased by 24- to
112-fold (196). Analysis of intermediates in processing of
alpha-subunit mRNA indicated that‘the observed increase in
steady-state 1level is probably due to an accelerated rate
of transcription from the alpha gene, rather than changes
in turnover of the message (197).

The differences between the increase in levels of the
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subunit mRNAs and of the receptor itself suggest that
mechanisms other than transcriptional activation are
involved in regulating receptor expression. These
mechanisms could operate at any of the other stages of gene

expression discussed in section 1.2.

1.3.1.4

Neuronal AchRs

Nicotinic AchRs are found in many areas of the central
nervous system (198) and pharmacological studies suggest
the existence of several receptor subtypes (199). However,
little was known about these receptors prior to the
molecular cloning of the subunits of the muscle AchRs.
Complementary DNAs (cDNAs) encoding neuronal subunits have
been isolated by cross-hybridisation with muscle or Torpedo
subunit cDNAs under low stringency conditions. There are
at least five different mammalian neuronal AchR subunit
genes, which have been named alpha-2, alpha-3, alpha-4,
beta-2 and beta-3 (172,200). In this nomenclature, alpha-1
and beta-1 are the genes encoding muscle-specific nicotinic
AchR subunits (172). The neuronal ‘alpha‘’ subunits are
so-named on the basis of features shared with muscle and
Torpedo alpha subunits, including the following:

1) four conserved cysteine residues, at positions 128, 142,
192 and 193 (according to the numbering of the Torpedo

alpha subunit), the latter two being in the region of the
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acetylcholine-binding site (201).
2) a proline residue in the middle of transmembrane domain
M1
3) a potential N-linked glycosylation site at the Asn
residue at position 141.
The neuronal ’beta’ subunits are not necessarily analogous
to muscle beta subunits, although there has been one report
of functional substitution of the mouse muscle beta subunit
by the neuronal beta-2 (202).
Microinjection of in vitro transcribed rat neuronal mRNAs
into Xenopus oocytes has shown that various combinations
are able to form functional receptors, including alpha-3 +
beta-2, alpha-4 + beta-2, alpha-4 alone (203) and alpha-2 +
beta-2 (204). The stoichiometric composition ‘of these
receptors is unclear, but studies of a locust neuronal
AchR, which consists of a single, 65 kd subunit, indicate
that functional AchRs can be assembled from 4-5 subunits
(172).
Once the neuronal AchRs that are synthesised in vitro have
been shown to mimic perfectly the properties of receptors
in the CNS, it will be interesting to compare their
structure with that of skeletal muscle AchRs. This
comparison may illuminate the evolutionary relationship of
the two classes of receptor and of the putative ancestral
AchR.

1.3.2
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Neural cell adhesion molecule (NCAM)

Interactions between cells are central to the development
of the nervous system. In part, these interactions are
mediated by cell-surface adhesion molecules, the
best-characterised of which is the neural cell adhesion
molecule, NCAM (132). In this section I describe the
characterisation of this molecule, its expression and
possible role(s) in neural development.

NCAM was first isolated from chick neural retinal cell
cultures, wusing a combination of repetitive immunological
characterisation and cell-binding assays (205, 206).
Edelman and co-workers initially produced an antiserum
against the whole retinal cell surface which inhibited
normal neural cell adhesion. Purified antibodies were
tested as monovalent Fab fragments rather than as intact,
bivalent molecules to prevent artefactual crosslinking of
cells. To isolate the putative adhesion antigen(s) which
these polyclonal antibodies recognised, fractionated
extracts from neural retinal cell conditioned-media were
assayed for their ability to neutralise antibody action.
Neutralising fractions were used to generate a secondary
antibody, which was also shown to inhibit retinal cell
adhesion. Furthermore, this antibody was relatively
specific, as shown by the immunoprecipitation of a major
140 kd antigen from retinal cell membranes. Closely

related antigens have been found throughout the nervous
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system of the chick and other higher vertebrates (132).
Although isolated from adult retinal neural cells, NCAM is
also widely distributed in embryonic tissues, where it is
believed to be involved in cellular interactions during
development (207).
A single NCAM gene gives rise to several related

glycoproteins (about 180, 140 and 120 kd in adult mouse and

rat brain), translated from mRNAs derived by alternative
exon splicing of the primary transcript. As described
below, alternative splicing generates further
microheterogeneity in NCAM molecules (208-211). The three

major forms of NCAM diverge in their carboxyl-terminal
regions, the larger two possessing similar transmembrane
domains and different-sized cytoplasmic tails. In
contrast, the smallest, 120 kd form of NCAM lacks a
transmembrane domain and instead is anchored to the

membrane by a phosphatidylinositol linkage (165) (Fig. 1.5)
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Fig. 1.5

Major isoforms of the Neural Cell Adhesion Molecule, NCAM.
The three major forms of NCAM have a common amino-terminal
structure, but differ in their membrane-attachment and
C-terminal regions. NCAM can be post-translationally
modified by attachment of post-sialic acid (PSA), which is
shown as filled circles. The smallest (120 kilodalton, kd)
NCAM isoform is bound to the membrane by a
phosphatidylinositol group, whereas the larger isoforms
have membrane-spanning protein domains. The 180 kd form
differs from the 140 kd protein by insertion of an extra

sequence into its cytoplasmic domain.
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A further important post-translational modification of NCAM
is the addition of alpha-(2 - 8)-linked polysialic acid
(PsSAa) (212).

There are developmental variations in both the peptide
forms of NCAM and also in the extent of their PSA
modification. For example, there is a dramatic reduction
in the PSA content of brain NCAM between embryo and
adulthood (213). Treatment of brain NCAM with
neuraminidase to remove sialic acid converts a
heterogeneous preparation into predominantly 140 and 180 kd
forms in the embryo and 120, 140 and 180 kd forms in the
adult. Furthermore, there is an interesting correlation
between the expression of epitopes specific to the 180 kd
NCAM molecule and neuronal differentiation, as these
epitopes are detected on differentiating neurons, but not
on NCAM-positive neurons in regions of cellular

proliferation (213).

The available evidence indicates that NCAM mediates
intercellular adhesion by homophilic binding, i.e. adhesion
requires the expression of NCAM on the surface of each
interacting cell (214).

It has been shown that, at least in vitro, PSA modification
decreases the rate of association of NCAM molecules (215).
This suggests that the reduction in PSA modification of

NCAM observed during neural development may be associated
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with strengthening or stabilisation of cellular contacts
(216).

The three major forms of NCAM may differ in their precise
functions, therefore preferential expression of individual
species could modulate the effects of intercellular
adhesion. For example, the 180 kd form of NCAM binds to
fodrin, an important component of the cytoskeleton, whereas
the 120 and 140 kd forms do not (217). Further
microheterogeneity in NCAM polypeptides may exist in
post-natal and adult mouse brain, as Santoni, et al (211)
have isolated several cDNAs carrying additional exons
introduced by alternative splicing. The mouse NCAM gene is
very lérge, at least 100kb in length and contains a minimum
of 21 exons. In such a large gene, it is possible that as
yet uncharacterised exons may exist and could contribute to
further NCAM variants with novel patterns of expression

and/or adhesive properties.

1.3.2.1

NCAM and related cell adhesion molecules

cDNAs encoding all three forms of chicken NCAM and the 120
kd and 140 kd forms of mouse NCAM have been isolated and
sequenced (132). As might be expected, the predicted amino
acid sequences show a high level of homology (86%) between
the two species. Analysis of the sequence shows that there

are five repetitive domains in the extracellular part of
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the molecule, which exhibit homology with each other and
also with members of the immunoglobulin superfamily. This
observation is made yet more intriguing by the findings
that other neural cell adhesion molecules also show
homology to this superfamily (218). Two myelin adhesion
proteins, myelin associated glycoprotein (MAG) and Po’ and
a predominantly neuron-associated adhesion molecule, L1,
each have immunoglobulin-like extracellular domains
(219-221). Comparisons of NCAM, L1 and MAG show that they
form a subgroup within the immunoglobulin superfamily,
sharing 32-34% sequence identity, whereas they each share

only 15-17% identity with Po'

1.3.2.2

Involvement of NCAM in neural development

NCAM is expressed in embryonic tissues as well as the adult
nervous system. I describe below some of the work
indicating that NCAM is involved in cellular interactions
during neural development.

The first step in the development of the vertebrate nervous
system is the formation of the neural tube, which is
derived from a longitudinal groove in the ectodermal cell
layer of the embryo. The edges of this groove, in a
zipper-like movement, rise and coalesce into a tube.
Comparison of the patterns of expression of NCAM and the

liver cell adhesion molecule (LCAM) (222) during this
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process 1indicates that these molecules may be involved in
the segregation of neural and lateral ectoderm. Prior to
neural tube formation in the chick, NCAM and LCAM are
co-expressed on ectodermal cells. As the neural tube
develops, so NCAM begins to be expressed only on cells of
the neural ectoderm and LCAM becomes restricted to the
other ectodermal cells (207).

The neural crest is an ephemeral structure which is derived
from the neural ectoderm at the time of neural tube
closure, before its component cells migrate to various
specific regions of the embryo. These migratory cells give
rise to the sensory and sympathetic ganglia of the
peripheral nervous system (223), the adrenal medulla and
melanocytes. NCAM is expressed at low levels on neural
crest cells during migration and when these cells begin to
form autonomic ganglia, the level increases significantly.
This suggests that induction of expression of NCAM may be
involved in the formation of these ganglia.

Later in the development of the nervous system, NCAM is
implicated in the bundling together or fasciculation of
axons. This process can be observed in vitro (132); using
cultures of neurons on a relatively non-adhesive surface,
such as typical tissue culture plastic, neurite outgrowths
form thick bundles. Fab fragments of anti-NCAM antibodies
cause defasciculation of neurite outgrowth from chick

dorsal root ganglia (DRG) (224). However, this
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defasciculating effect varies in neural cultures from
different regions of the nervous system and from different
stages in development. It has been suggested that the
developmental variations are due, at least in part, to
differences in the 1level of polysialyic acid (PSA).
modification of NCAM (132). Treatment of cultures of early
embryonic DRG with endoneuraminidase, which specifically
degrades polysialic acid, causes an increase in bundling of
neurites (225). The increase in fasciculation could be
reversed by anti-NCAM Fabs, yet was not observed with DRG
cultures from later embryonic stages. This is probably due
to the reduction in levels of PSA modification of NCAM seen
in these later stages.

The examples given above indicate the importance of NCAM in
mediating cellular interactions in the developing nervous
system. The modulation of these interactions seems to be
controlled at almost all of the steps in gene expression

described in section 1.2.

1.3.3

Pro-opiomelanocortin (POMC)

POMC is a member of the important class of neuroendocrine
peptide precursors known as polyproteins, which act as
precursors to more than one functional peptide. The
processing of POMC is differentially regqulated in a

tissue-specific fashion, giving rise to alternative
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families of peptides (13). The control of expression of
the POMC gene also varies between tissues, overlaying an

additional level of regqgulatory complexity.

1.3.3.1

Structure of the POMC precursor protein

POMC was first identified by means of the classical
approach of peptide analysis (226), but its low
concentration precluded determination of the complete amino
acid sequence, which required cloning of the POMC cDNA
(227). Analysis of the deduced sequence showed that POMC
contained at least five biologically active peptides
including the opioid peptide, beta-endorphin, the
steroidogenic hormone, ACTH and three

melanocyte-stimulating hormones. (Fig. 1.6)
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Fig. 1.6
Proteolytic processing of pro-opiomelanocortin

the lobes of the pituitary.

Abbreviations:
ACTH - adrenocorticotrophin hormone
LPH - lipotropin hormone

CLIP - corticotropin hormone
MSH - melanocyte stimulating hormone

J - Jjoining peptide

(POMC)

in
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1.3.3.2

Structure of the POMC gene

Genes encoding POMC have been isolated from several
species, including man, rat, mouse and domestic cattle
(228-231). The overall exon/intron structure is highly
conserved between these mammals and is shown in schematic
form in figure 1.7. A large 3’ exon encodes the majority
of the precursor, including all of the known biologically
active peptides. Two smaller, upstream exons carry
sequences for the remainder of the N-terminal region of
POMC (including the initiator methionine and a short part
of the 5’ untranslated region) and the 5’ non-coding

region, respectively.
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Fig. 1.7
Schematic diagram of the pro-opiomelanocortin (POMC) gene.
The structure of this gene is highly conserved amongst
those mammals which have been studied. Boxed regions
represent exons and thin lines introns or flanking genomic

sequences.
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1.3.3.3

Requlation of POMC gene expression

The regulation of expression of the POMC gene is subject to
complex tissue-specific mechanisms - various factors
influence the rate of transcription or steady-state levels
of mRNA (13).

Northern blot analysis has shown that the POMC gene is
expressed in many regions of the rat brain, includingv the
cerebral cortex, hypothalamus and amygdala (232). This
data has often been correlated with the 1levels of POMC
derived peptides, thereby demonstrating that these are
sites of local synthesis of the precursor, rather than of
import from elsewhere (13).

To identify the specific cell types expressing POMC mRNA,

workers have made wuse of the technique of in situ

hybridisation (e.g. 45,129). This revealed that about 3-5%
of the cells in the anterior lobe of rat pituitary contain
POMC transcripts, whereas more than 90% of the cells in the

intermediate lobe hybridise with POMC cDNA probes (233).

The expression of the POMC gene has been most intensely
studied in the pituitary. It is the major site of
synthesis of POMC-derived peptides and various substances
differentially regulate levels of the peptides in the lobes
of this organ. The peptides derived from POMC that are

produced in each lobe are shown in figure 1.6.
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Corticotropin-releasing factor (CRF) has a positive
influence on the secretion of POMC peptides from the
anterior lobe (AL) (234), whereas glucocorticoids
(synthesised by the adrenal cortex) reduce both secretion
and synthesis (235). However, glucocorticoids have no
effect on the production of POMC in cells of the
neurointermediate lobe (NIL) (236).

Hypothalamic neurons forming dopaminergic pathways interact
with the POMC-containing cells of the NIL and inhibit the
secretion of POMC-derived peptides (237). This observation
correlates with the results of treatment of rats with
dopamine antagonists, such as haloperiodol, which increases
the levels of POMC peptides in the NIL and also stimulates
their release (238,239). In contrast, dopamine antagonists
have no effect on secretion of POMC peptides from cells of

the anterior lobe.

It has become clear that the substances discussed above
also alter the steady-state (and in some cases, the
dynamic) 1levels of POMC mRNA in the different regions of
the pituitary. For example, following adrenalectomy (and
hence loss of all endogenous glucocorticoids), steady-state
levels of POMC mRNA in the rat anterior 1lobe increase
dramatically, wup to 20-fold control level. This rise 1in
mRNA levels could be reversed by treatment with the

synthetic glucocorticoid, dexamethasone (Dex) (240). Using
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in situ hybridisation, the increase in POMC mRNA levels
after adrenalectomy has been shown to be due, at least in
part, to cell enlargement and increase in the number of
cells expressing the POMC gene (241). Nuclear run-off
experiments, which reflect the rate of synthesis of mRNA,
rather than steady-state levels, indicate that some of the
effect of adrenalectomy is due to increased rate of
transcription of the POMC gene (240).

In contrast, in the NIL, 1levels of POMC mRNA and rates of
transcription from the POMC gene were almost unaffected by

adrenalectomy and administration of Dex (240).

The effects of glucorticoid administration or adrenalectomy
on levels of POMC transcripts described above suggested a
possible direct repression of POMC gene transcription.
Sequences upstream of the POMC promoter have been shown to
confer tissue-specific expression and regulation by
glucocorticoids in pituitary tumour cells and transgenic
mice (242,243). Furthermore, the glucocorticoid receptor
has been shown to bind specifically to these sequences in
vitro and to repress transcription of the POMC gene in a
hormone-dependent manner (244). These data indicate that
the known physiological negative-feedback loop formed by
adrenal glucocorticoid and pituitary ACTH production is
due, at least in part, to the direct inhibition of POMC

gene activity.
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1.3.3.4

Post-translational processing of POMC

As noted in section 1.2 above, an essential part of the
expression of neuropeptide genes is the post-translational
processing of protein precursors. This 1is particulariy
complex in the case of POMC, as it contains several
bioactive peptides which are differentially processed in a
tissue-specific fashion. This has been most extensively
studied in the anterior and neurointermediate lobes of the
pituitary. However, the detailed sequence of processing
steps has been unravelled in cultured cells and is reviewed
by Eipper and Mains (245).

In common with many other secretory proteins, POMC has a
short, hydrophobic N-terminal signal sequence, which is
removed during translation, as the precursor passes through
the membrane of the endoplasmic reticulum (246).

The component peptides of POMC are flanked by pairs of
basic amino acids, a feature typical of many neurocendocrine
peptides, which are probably the site(s) of initial
cleavage by a trypsin-like enzyme. The remaining basic
residues at the ©N- and C-termini are then ‘removed to
produce the active peptide.

There are other modifications of POMC, prior to cleavage,
including glycosylation (247), phosphorylation (248),

acetylation (249) and sulphation (250).
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As noted above, there are tissue-specific differences in
the processing of the POMC precursor, which are best
understood in the work on the lobes of the pituitary. The
main difference is found in the peptides derived from the
ACTH-beta-LPH part of the molecule (Fig. 1.6). In the

anterior lobe, the major peptide is ACTH whereas in

1-39’
the neurointermediate 1lobe, there are high 1levels of

alpha-MSH (ACTH acetylated at the N-terminus and with

1-137
C-terminal amidation) and corticotropin-like intermediate
lobe peptide (CLIP) (reviewed in ref. 13). There are
further differences in the extent of processing of the
C-terminal region of POMC, with beta-endorphin found mainly
in the neurointermediate lobe and beta-LPH predominantly in
the anterior lobe (13,249).

The processing of the N-terminal region of POMC differs
between mammals, giving rise to a cysteine rich N-terminal
fragment and either a 24 residue peptide, gamma-3-MSH (251)
or the amidated undecapeptide, gamma-2-MSH (252). This
difference is due to the substitution, in rodents, of a
proline residue for an arginine, causing the loss of a
proteolytic cleavage site (251). Amidated gamma-2-MSH has

been detected in the intermediate lobe of the bovine

pituitary, but not in the anterior lobe (252,253).

The differential processing of POMC in the lobes of the
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pituitary is probably due to the expression of alternative

sets of tissue-specific enzymes. This means of producing

peptide diversity from a single precursor is used
throughout the neuroendocrine system, other examples
include the processing of gastrin, cholecystokinin,

proenkephalin and glucagon (13).

I have described the structure and expression of three
genes which are of importance in the molecular biology of

the brain, either directly, or as models for related

molecular systems, in the case of the acetylcholine
receptor. The products of these genes were characterised
without prior knowledge of the genes themselves. However,

to understand the details of synthesis, regulation of
expression and complete primary structure of the proteins
required the cloning of specific cDNAs.

Study of these cloned cDNAs or genes allowed the deduction
of protein precursor sequences and revealed, in the case of
POMC, new peptides which may function as hormones or
neuromodulators. Models for the membrane-spanning
structure of the acetylcholine receptor were formulated and
have been tested by analysis of mutated forms of receptor
produced in vitro. Novel forms of the cell adhesion
molecule, NCAM, have been identified, which are expressed

in specific subpopulations of neurons and may possess
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altered adhesive properties. These discoveries would have
been extremely difficult to achieve without the techniques
of gene cloning and sequencing, due to the large size or

rarity of the proteins.

1.4

Approaches to studying brain-specific genes

The gene products described above were chosen for study
because of their known biological function in
well-understood model systems. However, it is clear that
the majority of neural gene products are unlikely to be
amenable to a similar analysis. This problem is compounded
by the enormous diversity of neural proteins. Many
techniques have demonstrated this diversity, including
direct methods, such as 2-D electrophoresis (2,3) and
immunochemistry (4) and indirect, such as saturation
hybridisation of RNA with single-copy genomic DNA (5-8) and
analysis of cloned genes and cDNAs (9-11). At least 200
different soluble brain proteins are detectable by standard
staining of 2-D gels (2), which has allowed the
identification of brain-specific species (2,3).
Hybridisation of rodent brain polysomal mRNA with unique

genomic DNA, suggests that there may be as many as
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170,000-190,000 different mRNA species (7,8), implying a
similar number of proteins. However, direct analysis of
cDNAs (9) indicates that this figure may be nearer 30,000.
These estimates are similar to, or exceed those for the
total number of structural genes (254), an astonishing
observation. However, since the work in this thesis was
begun, it has been demonstrated that there is a 1low, but
detectable level of transcription of tissue-specific genes
in "inappropriate'" tissues (265). Using a combination of
reverse transcription of mRNA, sequence amplification by
the polymerase chain reaction (PCR) and transcription by T7
RNA polymerase, Sarkar and Sommer (265), were able to
detect spliced and polyadenylated transcripts of, for
example, the phenylalanine hydroxylase gene, 1in liver,
chorionic villus and white blood cells.

This suggests that there may be a basal 1level of
non-specific transcription in all cells. Furthermore, it
raises the possibility that some of the sequence complexity
claimed for brain RNA is due to an increase in this basal
level, rather than specific transcription of genes in many
distinct cellular populations. This possibility might be
investigated using a quantitative reverse-transcription/PCR
assay.

If we accept the more modest estimates of the number of
genes active in the brain, we are still presented with the

daunting task of studying 20-30,000 distinct mRNA species.
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Without protein sequence data, specific antisera or
physiological assays, how can this complexity be
unravelled?

One approach was suggested by the work of Sutcliffe’s group
(18). This group found that a short repetitive sequence
was present in several rat brain cDNA clones. On the basis
of this finding, they postulated that this repeat marked
brain-specific genes and named it the brain "identifier"
or ID sequence. If true, then the ID sequence could be
used as a means of isolating such genes for detailed study.
Although the ID sequence might provide a simple and elegant
approach to this problem, there are alternatives which have
great potential for characterising the enormous number of
neural mRNAs. One is to isolate brain-enriched mRNAs using
differential hybridisation techniques, as explained below.
This has typically been used in situations where there are

only a few differences in expression between tissues or

developmental stages (15,16). As 30-50% of brain mRNAs are
specific to the brain (7-9), applying this technique would
mean dealing with large numbers of clones. These

considerations lead naturally to a further approach which
is to select cDNA clones at random for sequence analysis.
This is capable of generating data rapidly and is suitable
for the study of less abundant mRNAs, unlike some methods
using differential hybridisation (15). A prerequisite of

this approach is some means of making sense of the data.
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We must be able to recognise potential coding regions and
to assign 1likely functions to the encoded proteins by
comparison with similar proteins. For example, an
anonymous T-cell specific cDNA was proposed (16) to encode
a candidate T-cell antigen receptor, as the putative
protein had sequence homology to the immunoglobulin
superfamily. Subsequent expression studies indicated that,
together with another species, the corresponding mRNA did
indeed encode a functional T-cell receptor (17).

In this thesis, these approaches to the isolation of brain
cDNAs have been explored and the advantages and
disadvantages of each have been examined. Both of these
approaches required cDNA libraries which were
representative of functional mRNAs, which, by definition,
are derived from polysomes. A method was developed for the
preparation of polysomes from rat brain and was used as the
source of mRNA for cDNA synthesis. This method is outlined
in chapter 2. The subsequent chapters present the results

in logical, rather than chronological order.

1.4.1

Isolation of a specific gene

The traditional, '"directed" approach of studying brain gene
expression was exemplified by the isolation of a rat c¢DNA
on the basis of published human peptide sequence data.

This cDNA encoded the rat homologue of the main protein
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component of the amyloid plaques found in the brains of
patients with Alzheimer’s disease. The human and rat
sequences were shown to be 97% homologous, but there were
amino-acid substitutions which may affect the potential
amyloidogenic properties of the rat peptide. Despite this,
such an approach is 1limited by the requirement for
information about the gene of interest prior to c¢loning.
This information is not available for the vast number of
rare brain mRNAs, which represent perhaps the most

interesting of brain transcripts.

1.4.2

The ID sequence.

There were serious doubts about the claim that the 1ID
sequence marked brain-specific transcripts (18). The model
that repetitive sequences are regqulatory elements in the
control of gene expression was developed by Britten and
Davidson (19,62) in the late 1960’s. However, now that it
is possible to analyse individual genes, it is clear that
in general, their regulatory elements are not typical
members of repetitive sequence families. It was possible
that the ID sequence would prove to be the exception. At
the time the work described in this thesis was begun, there
was no reason to dispute the claims made by Sutcliffe and
co-workers, other than for the reasons outlined above.

Subsequent published work, including the observation that
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the copy number of the ID repeat differs by orders of
magnitude between rodent species (20), indicated that it is
most unlikely that it is a central control element in the

expression of brain genes.

1.4.3

Differential hybridisation

Differential hybridisation followed by RNA blot analysis
was used to identify seven brain-enriched clones from an
0ligo-dT primed cDNA library. The method employed was to
probe a c¢cDNA library with radiolabelled cDNAs reverse
transcribed from brain or liver mRNA and then to select
those recombinants which were negative with the liver c¢DNA
and positive with the brain cDNA. Although there are more
sensitive variants (16) of this technique, none of these
would be able to detect the extremely rare fraction of
brain cDNAs. Furthermore, as at least 30% of the library
was expected to be brain-specific, it was felt that these

approaches were not worth the time and effort involved.

1.4.4

Random selection of cDNAs

For this approach to be effective, it was necessary to be
able to isolate and analyse a large number of clones
quickly and easily. To this end, a random-primed cDNA

library was constructed from polysomal brain mRNA and the
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cDNA inserts were transferred n masse into M13 for

sequencing. Random-primed, rather than oligo dT-primed
cDNAs, were synthesised and cloned as they are more likely
to represent coding sequences, which are more informative
in database searches. The success of this method 1is
critically dependent on the availability of computer
programs which are able to recognise potential coding
regions and sequence homologies. The other requirement 1is
for a sufficiently large sequence database. Both these
factors are limiting at present, but are likely to improve

in the near future.

Both the specific and general approaches are valid and
should be considered complementary rather than
antagonistic. The existing databases would not have
meaning if they had not been assembled from the sequences
of genes of known function. However, the general,
non-directed approach allows the study of genes which have
unknown functions and whose protein products have not been

characterised.
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Chapter 2

Materials and Methods

2.1

DNA preparation methods

2.1.1

MiniPreps of Supercoiled DNA from Bacteria.

This i1is a variation on the method of Birnboim and Doly
(21), which is based on the lysis of bacteria by SDS at

high pH, followed by neutralisation.

Culture conditions

1) An individual colony was used to innoculate 2ml of L
broth (LB) containing appropriate antibiotic(s) and grown
overnight in a 25 ml Sterilin vial on an orbital incubator
rotating at 120 rpm.

2) For large-scale preps of plasmid DNA a single colony was
used to innoculate 10 ml of L broth/antibiotic, grown for
about 4-5 hours, then used to innoculate 400 ml of medium.

3) This was grown to an OD of 1-1.5 and chloramphenicol

600
added to 1.5 mg/ml and then grown overnight. Alterna-
tively, large cultures were simply grown overnight without
chloramphenicol. Use of chloramphenicol increased the

yield of plasmid by a factor of 2-5.

The volumes described below are those for the small-scale
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plasmid preparation, which were increased proportionately

for the large culture volume.

DNA preparation

1) 1.5 ml of the 2 ml culture was chilled on ice in a
microfuge tube, then centrifuged 5 min, 6 k rpm, 4%,

2) The cell pellet was resuspended in 0.5 ml TSE, then cen-
trifuged 5 min, 6 k rpm, 4°.

3) Cells were resuspended in 90 ul GTE, then 10 ul Lysozyme
solution was added and left 10 min at room temperature.

4) 200 ul of alkaline SDS was added to the cell suspension,
mixed gently by inversion and left 5 min on ice.

5) 150 ul of cold 5 M potassium acetate was added, mixed by
inversion and left at least 15 min on ice, then centrifuged
10 min at 12000 rpm, 4°

6) The supernatant was transferred into a clean microfuge
tube, taking care not to carry over the white precipitate.
Nucleic acid was precipitated by the addition of 0.6 volume
of isopropanol and centrifuged for 10 min at 12000 rpm at
room temperature.

7) The pellet was drained, dissolved in 100 ul TE, RNase A
added to give a final concentration of 10 ug/ml and incu-
bated at 37° for 20 mins.

8) The crude plasmid DNA was deproteinised by extraction

with 100 ul of phenol:chloroform, then traces of phenol re-

moved by ether extraction.
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9) Finally the plasmid was ethanol precipitated, the pellet
rinsed with 70% ethanol, air-dried and then dissolved in 20
ul GDW. This DNA was usually clean enough to cut with a
five-fold excess of restriction enzyme, but if problems
were experienced, the DNA was purified further by PEG pre-
cipitation, (see section 2.1.6). The DNA was always puri-
fied by PEG precipitation if the plasmid was going to be

sequenced directly.

2.1.2

Purification of plasmid DNA on CsCl-EthBr gradients

1) The plasmid miniprep protocol (scaled-up for the 400 ml
culture) was followed as far as step 6, then the pre-
cipitate was resuspended in 12.75 ml of TE.

2) The crude plasmid was digested with RNase at 100 ug/ml
for 15 min at 370, followed by proteinase K (PK) digestion
at about 10 ug/ml for a further 15 min.

3) Thirteen grams of CsCl was added to the crude plasmid
and 0.25 ml of 10 mg/ml ethidium bromide added before
transferring into a vertical rotor (Sorvall TV865B) tube.

o)
and

The tube was sealed and centrifuged overnight at 25
45,000 rpm.

4) The plasmid band was visualised by illumination with UV
light and removed from the gradient using a 200 ul capil-

lary linked to a peristaltic pump.

5) The ethidium bromide was removed by 3 or 4 extractions
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with CsCl saturated isopropanol until all traces of pink
colouring disappeared, then the plasmid was dialysed
against TSE for 1-2 hours at room temperature.
6) To remove any PK contaminating the sample, it was ex-
tracted with phenol/chloroform and ethanol precipitated.
Finally, to remove oligoribonucleotides, the plasmid was

purified by PEG precipitation, as described in section

2.1.6.

2.1.3

M13 RF preparation

Small-scale preparation of replicative form M13 DNA was
done essentially by combining the culture conditions of the
ss M13 preparation and the plasmid DNA miniprep.

Thus a 1.5 ml culture of male E.coli cells were infected
with a single M13 plaque and grown as described in section
2.1.7, the cells were centrifuged and the supernatant saved
to make single-standed DNA or to infect further cells.
Replicative form DNA was prepared from the cell pellet as

described in section 2.1.1.
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2.1.4

Preparation of lambda gt10 phage vector

This method was based on that described by Huynh et al

(22).

2.1.4.1

Making plating cells

1) 10 ml L-broth / 10 mM MgSO "LBM") supplemented with

a
0.2% maltose was inoculated with C600 cells picked from a
single, well-defined colony and the culture grown
overnight.

2) Cells were pelleted at 6K rpm, for 10 mins, room tem-

perature. The supernatant was discarded and the pellet

resuspended in sterile 10mM MgSO, (0.4-0.5 x original cul-
4

ture volume). The cells were stored at 4° and used for up
to 3 weeks. For best results, freshly prepared cells were
used.

2.1.4.2

Streaking out phage on lawn of cells and picking plaques

1) A small (90mm) LBM/1.5% agar plate was dried and kept
warm in a 37° incubator before pouring the soft agar. 0.1
ml of plating cells was mixed with 3 ml molten 0.7%
agar/LBM (kept at 470) and poured quickly onto plate, tilt-
ing and swirling to distribute evenly. This was allowed to

set for 10-15 minutes, without it’s 1lid in the laminar flow
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cabinet so that moisture can escape.
2) A loop of phage stock was gently streaked across the
soft agar and then incubated upside down at 37°. The lawn
of cells grew in 3-4 hours and plaques were visible in 6-8
hours.
3) Several turbid plaques were picked from which to prepare
phage stocks. Plagues were picked when small and well
separated, using a sterile pasteur with a bulb. The
pasteur was stabbed through the chosen plaque into the hard
agar beneath and the agar plug gently sucked into the
pasteur and ejected into 0.5 ml SM phage buffer. A drop of
chloroform was added and the phage stored at 4%¢.
I found that single gt10 plaques yielded about 107 pfu.
Phage particles are supposed to remain viable indefinitely

if stored at 4° in sM containing 0.3% chloroform.

2.1.4.3

Small plate lysate stocks

ILBM plates were supplemented with 0.2% glucose and poured
and wused whilst still wet or put into the fridge immedi-
ately after setting for later use. Glucose increased the
phage titre of lambda gt10 by tenfold.

1) 50,000-100,000 pfu of phage were added to 0.1 ml plating
cells and pre-adsorbed at 37° for 20 min. This was mixed
with 3 ml molten agar LBM/0.2% glucose and p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>