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Abstract

Myelin Basic Protein is a major structural protein of vertebrate myelin.
The gene that codes for MBP is contained within the golli-MBP complex. This
gene complex consists of two overlapping transcription units, golli and MBP,
which are regulated by two distinct promoters.

The golli unit is expressed in cells of the oligodendrocyte lineage
(Central Nervous System), neurons, B and T lymphocytes, testis and thymus.
However, the MBP unit is expressed exclusively in oligodendrocytes and
Schwann cells (Peripheral Nervous System).

The expression of the MBP unit is regulated mainly at the level of
transcription by proteins that bind in a specific manner to DNA sequences
located within its promoter region. The identification of these proteins and
DNA sequences is essential to understanding the mechanisms that regulate
the transcription of the MBP unit.

This project was initiated by the isolation of the putative promoter
region of the mouse myelin basic protein (MBP) gene. To achieve this the
Hind Ilf — Sac I fragment of pEX1 plasmid was subcloned in the vector
pBluescript. The cloned insert, which corresponds to the region between
nucleotides — 1319 and + 227 relative to the transcription start site of the
mouse MBP gene, was subsequently sequenced manually using the chain
termination method. Sequence analysis revealed a number of putative binding
sites for transcription factors. The region — 609 to — 577 was selected for
further studies because work published by other groups suggested that it
‘contains a cell-type specific (for oligodendrocytes) transcription activator. The
presence of protein factors specifically binding to the region — 609 to — 577
was demonstrated by electrophoretic mobility shift assay (EMSA).

For this purpose, nuclear extracts were prepared from rodent brain or
established glial cell lines e.g. Ce glioma cells. Extracts from tissues and cell
lines, which do not express myelin basic protein e.g., HeLa cells served as a
control. Nuclei were isolated by Dounce homogenisation of cultured cells or
brain tissue. The proteins were then isolated by high salt extraction of the
nuclei followed by ammonium sulphate fractionation.

Putative protein(s) binding to the region located between nucleotides
— 609 to — 577 of the myelin basic protein gene promoter were identified
using the yeast one-hybrid system. This assay is based on the interaction
between a specific protein DNA binding domain and the target DNA
sequence. Proteins are expressed as fusions to the GAL4 activation domain
(AD) in the yeast reporter strain in which the target sequence has been
inserted upstream of the HIS3 gene minimal promoter. Binding of AD fusions
to the target sequence increases activity of the HIS3 promoter enabling
growth on medium lacking histidine. In this work a yeast reporter strain
containing four copies of the —609 to —577 region tandemly repeated
upstream of the H/S3 gene minimal promoter was constructed. A library
containing rat brain cDNAs fused to the activation domain of GAL4 was
screened using this strain as a host. Seven clones were obtained on medium
lacking histidine in the presence of 30 mM 3-aminotriazole. DNA from these
clones was automatically sequenced and analysed for sequence homology
with known transcription factors by comparing the nucleotide and protein
sequences to EMBL/Genbank and Swissprot/Swall databases using the



FastA and Blast search tools. From the results of the homology searches the
clones were identified as follows: the activating transcription factor 2 (ATF-2),
the pituitary specific positive transcription factor 1 (Pit-1) or general
transcription factor 2i, the E2F family transcription factor, the PASK protein
and two of the clones were identified as c-jun. One clone, however, remains
unidentified and this could be a novel transcription factor.
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Chapter 1

Introduction

The principal role of the myelin sheath is to allow the faster
transmission of the nerve impulse along the axons, which it surrounds, by
acting as an insulator. The membrane of the myelinated axon expresses
several physiologically active molecules that intervene directly in the
transmission of the nervous impulse e.g. the voltage-sensitive sodium
channels are responsible for the propagation of the action potential along
the axon and are concentrated at the non-insulated axonal segments known
as the nodes of Ranvier (Figure 1), and the fast and slow potassium
channels responsible for various secondary electrophysiological activities
involved in the recovery to resting-state conditions following the passage of
the action potential (nerve impulse) (Waxman and Ritchie, 1993; Salzer,
1997). The myelin sheath, through its electrical resistance and low
capacitance, allows the depolarisation of the internodal axonal membrane
with a minimal consumption of energy (Sutcliffe, 1987). Due to the segmental
nature of the electrically insulating myelin membrane, the action potential
appears to jump from one node of Ranvier to the next: hence the term
‘saltatory conduction’. By imposing a saltatory conduction on the nerve
impulse, myelin not only allows an increased speed of conduction, it also
saves energy and space, e.g. in order to achieve an equal conduction
velocity, an unmyelinated axon would need to have a 40 times greater
diameter than a myelinated one and would consume 5000 times more

1



energy (Garbay et al., 2000). The myelin sheath is produced in the central
nervous system (CNS) by oligodendrocytes and in the peripheral nervous
system (PNS) by Schwann cells. At the outset it consists of loosely spirally
wrapped extensions of the oligodendrocyte or Schwann cell plasma
membrane. During maturation of myelin, compaction at both the apposed
cytoplasmic and extracellular membrane surfaces occurs to form the tight
multilamellar structure characteristic of myelin (Lemke, 1986). This
compacted, spirally wrapped multilayer membrane system consists of
approximately 80% complex lipids and cholesterol, and 20 % protein
(Streicher and Stoffel, 1989). The decision to myelinate is critical both for the
functioning of the nervous system and for the physiology of the sheath cell.
For the cell, the formation of myelin entails a radical reorganisation of both
morphology and metabolism, the most obvious being the massive increase
in plasma membrane biosynthesis and surface area, and in the induction
and high-level expression of a set of genes and proteins unique to the
myelinating glia (Lees and Brostoff, 1984).

Myelination is a major event in the development of the nervous
system of higher animals. In the central nervous system of rats and mice it
occurs postnatally and follows a period of rapid proliferation of
oligodendroglial cells. Myelination generally proceeds from the top of the
spinal column and the base of the brain towards the frontal areas of the

brain.



Myelinated Axon mm (20 nsac)

110004im

] Density of
Unmyelinated Axon voltage-sensitive Na+
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Figure 1. A diagrammatic representation of nerve conduction in a
myelinated and unmyelinated axon.

KEY:

1. The arrival of an action potential in the form of a wave sodium ions.
2 and 4. Entry of sodium ions by the activation of sodium channels.

3. The passive diffusion of the wave of sodium ions along the axon

following the concentration gradient.

(After Garbay et al., 2000)



In the myelin of the central nervous system the major proteins are the
basic proteins and the proteolipid protein (representing 70 - 80% of the
protein content of the membrane). The proteolipid protein plays both a
structural role in the association of apposed extracellular myelin membrane
surfaces, and functions as an ionophore. Both the myelin basic protein and
the proteolipid protein consist of multiple polypeptide chéins derived through
alternative splicing of single genes (deFerra et al. 1985). Less abundant
CNS proteins include myelin — associated glycoprotein (MAG) and 2’, 3’ —
cyplicnucleotide 3'-phosphodiesterase (CNP). Schwann cells form the myelin
of the peripheral nervous system; with the major proteins being Py
glycoprotein and myelin — associateq glycoprotein (MAG) (Campagnoni,
1988).

P, is an integral membrane glycoprotein serving as a bi-functional
structural element linking adjacent lamellae and therefore stabilising the
myelin assembly. The myelin-associated glycoprotein has been localised to
the periaxonal regions and is involved in the association of the myelin
membrane with the axon, with its structure related to a cell adhesion
molecule (Salzer et al., 1987).

The myelin basic proteins (MBPs) represent a family of structurally
related proteins, varying in molecular mass from 14 to 21.5 kDa (deFerra ef
al., 1985, Newman et al., 1987a; 1987b). The mouse myelin basic protein
isoforms are referred to by their apparent molecular weights on SDS
polyacrylamide gels or by their masses obtained through cDNA or protein
sequencing studies. There are four isoforms in humans (Kamholz et a/.,

1986, Roth et al., 1986, Roth ef al., 1987).
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The myelin basic proteins are hydrophilic extrinsic membrane proteins
with isoelectric points greater than 10.6 (more basic than the histones),
which have been localised to the major dense line of myelin that is formed by
apposition of the cytoplasmic surfaces of the extruded oligodendroglial
plasma cell membrane during myelinogenesis (Morell ef al., 1994). Unlike
the proteolipid proteins, which are believed to be transmembrane proteins
traversing the unit bilayer, the myelin basic proteins appear to remain
associated with the cytoplasmic side of the unit bilayer. The myelin basic
proteins undergo a number of post-translational modifications, including N-
terminal acetylation, phosphorylation and methylation. Evidence suggests
that methylation of the myelin basic protein may be important for the
compaction of the membrane during myelin maturation (Amur ef al., 1986,

Kim et al., 1997).

1.1. Myelin Basic Protein gene structure

Cell-free translation of rat and mouse brain mRNA indicated that the
major isoforms of the myelin basic proteins were encoded by separate MBP
mRNAs (Yu and Campagnoni, 1982 and Colman et al., 1982) and this
understandably led to investigations into whether or not more than one gene
bodes for the multiple myelin basic protein isoforms. Southern blot analysis
showed the presence of only a single gene in the mouse and the human,
suggesting these isoforms, which are homologous over most of their
sequences, are produced from a single primary MBP transcript through

alternative patterns of RNA splicing (Takahashi et al., 1985 and deFerra et
5



al., 1985). In situ hybridisation and somatic cell hybridisation studies have
mapped the gene to the distal end of chromosome 18 in both the mouse
(Roach et al., 1985) and the human (Saxe et al., 1985 and Sparkes et al.,
1987).

The mouse MBP gene is large and part of a complex genetic locus,
termed the golli-mbp locus, (Figure 2). The term golli-mbp signifies the fact
that most of the products of the gene are expressed in the o/igodendrocyte
lineage in the brain as myelin basic proteins. Structural analysis has shown
this locus to be conserved among most species (Pribyl etal., 1993). The
murine golli-mbp is distributed over a length of 215 kb and comprises 11
exons, with exons 5b - 11 encoding the myelin basic proteins. The human
locus is smaller (179 kb) with 10 exons. The exons are interrupted by introns
some of which are quite long (Takahashi etal., 1985 and deFerra etal.,

1985).
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Figure 2. A diagrammatic representation of the mouse MBP gene and its
relationship to the golli-mbp gene.

Exons 1 to 11 represent the golli-mbp gene (marked above the
horizontal line representing the introns).

MBP represents the ‘classical’ MBP gene comprising exons 0 to 7
(marked below the horizontal line representing the introns).

Boxes indicating the exons are interrupted by introns indicated by the solid
lines. Window-type boxes represent exons unique to golli-mbp transcripts.
The stippled box represents an embryonic exon,; transcripts containing this
exon are initiated at the S2 site. Cross-striped boxes represent the exons
shared by ‘classical’ MBP isoforms.

S1 represents the transcriptional start site of the golli-mbp gene transcripts.
S2 corresponds to the transcriptional start site for embryonic MBP gene

transcripts.
S3 represents the transcriptional initiation site of the ‘classical’ MBP gene

transcripts.
Alternative splicing of the primary transcripts results in a diversity of golli-

mbp and MBP isoforms.

(After Asipu and Blair, 1997).



The MBP mRNA coding unit of the golli-mbp gene spans 32 kb. Exon 5a is a
region of high transcriptional complexity, functioning as a promoter for the
transcription of the MBP gene. Exon 5a is also the site for the alternative
splicing of several of the golli-mbp transcripts. Not unexpectedly, this region
is highly conserved among sharks, mice and humans (Fors ef al., 1993).
Several laboratories have isolated cDNAs of mMRNAs encoding a wider
variety of MBP isoforms than had at first been anticipated, (deFerra ef al.,
1985, Kamholz et al., 1986, Roth ef al., 1986, Roth ef al., 1987, Newman et
al., 1987a, Kitamura et al., 1990, Aruga et al., 1991, Nakajima et al., 1993)
for example, cDNAs of mMRNAs encoding twelve forms of the mouse MBP
have now been isolated. These cDNAs are derived from mRNAs that arise
through the alternative splicing of the second, fifth and sixth exons of the
‘classical’ MBP gene primary transcript. The relationship between their
molecular masses and exon usage is outlined as follows: the 14 kDa isoform
contains exons 1b, 3, 4, 5b and 7, the 17 kDa — 1 isoform utilises exons 1b,
2, 3,4, 5band7, the 17 kDa — 2 isoform utilises exons 1b, 3, 4, 6, and 7, the
18.5 kDa isoform contains exons 1b, 3, 4, 5b 6 and 7, and the 21.5 kDa
isoform contains all 7 exons (Figure 3). Ifnmunoblot studies have indicated
the existence of additional minor myelin basic proteins such as a 13 kDa
form (containing exons 1b, 3, 4 and 7), a 15 kDa form (utilising exons 1b, 2,
3,4, and 7) and a 20 kDa form (containing exons 1b, 2, 3, 4, 6 énd 7) inthe
mouse CNS, although it has been suggested that these two isoforms are
predominantly embryonic (Nakajima et al., 1993). It is also possible that the
minor MBPs are posttranslationally modified molecules or degradation

products. Other data suggest that there may be even more alternatively
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spliced forms of MBP mRNAs than have been reported. For example in a
study carried out by Aruga et al. (1991) two myelin basic protein mMRNAs
were identified that had a novel internal exon (5a) that could putatively
encode a 19.7 kDa and a 21 kDa myelin basic protein utilising exons 1b, 2,
3, 4, 5a, 5b and7 and exons 1b, 3, 4, 5a, 5b, 6 and 7 respectively. Exon 5a
encodes 22 amino acid residues, which contain six valines, and forms a
hydrophobic domain; therefore, the 21 kDa myelin basic protein (including
exon 5a) might form a similar structure to that of the 18.5 kDa MBP.
Kitamura et al., (1990) also identified an isoform utilising exons 0, 1a, 1b, 3,
4, 5, and 7, which encodes a 14 kDa myelin basic protein.

Complementary DNAs have been isolated that encode two different
17 kDa MBP isoforms that are so close in molecular mass that the
corresponding proteins would be indistinguishable by SDS polyacrylamide
gel electrophoresis. However, from the abundance of the two 17 kDa MBP
cDNA clones in a cDNA library, it appears that one of the isoforms is present
in greater abundance than the other at 18 days of postnatal development. Of
five cDNA clones encoding a 17 kDa mouse MBP isolated in one study one
was missing exons 2 and 5 and four were missing exon 6 (Newman et al.,

1987a).
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Figure 3. MBP gene and transcript structures.

The alternatively excised exons are shaded.
S2 corresponds to the transcriptional start site for embryonic MBP gene
transcripts.
S3 represents the transcriptional initiation site of the ‘classical’ MBP gene
transcripts.

(After Zelenika ef al., 1993).

The sizes of the exons are exaggerated and are not necessarily
proportional.
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All the MBP mRNA structures published to date contain a relatively
short 5’ untranslated region (<48 nucleotides) and a very long 3’
untranslated region (>1 kb). On Northern blots, the ‘classical’ MBP mRNAs
migrate as a broad band of approximately 2.0 to 2.4 kb, presumably
reflecting the heterogeneity of the MBP mRNA population. There are two
polyadenylation signals near the 3’ end of both mouse and human MBP
mRNAs. In addition, there is a second AUG codon in the 5’ untranslated
region 5 bases upstream of the initiator codon, which is immediately followed
by a termination codon. This structural feature has been postulated to
explain the poorer translation initiation efficiencies exhibited by MBP mRNAs

relative to brain fnRNAs as a whole (Campagnoni et al., 1987).

1.2. Myelin Basic Protein gene transcription

1.2.1.Transcriptional control of gene expression

The first step in gene expression is RNA synthesis (which takes place
in the nucleus). RNA polymerase Il catalyses transcription of mMRNA from the
5’ to the 3’ direction and uses the non-coding (antiparallel) strand of DNA as
a template. Transcription can be divided into three stages, initiation,
elongation and termination. In order for a gene to be expressed it must be
placed under the control of a promoter. Promoters are relatively short
sequence elements usually located in the immediate upstream region of the

gene, relative to the transcription start site, and serve to initiate transcription
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i.e. the site at which RNA polymerase initially binds to the DNA. Initiation of
transcription requires the binding of protein factors (frans-acting transcription
factors) to cis-acting regulatory nucleic acid sequences.

The structure of a typical eukaryotic promoter comprising up to four distinct
transcriptional control regions, the core promoter, upstream promoter
elements, regulatory elements and enhancer elements is shown
schematically in Figure 4.

RNA polymerase Il is responsible for transcribing the genes encoding
polypeptides and certain species of ShRNA genes (important for splicing).
RNA polymerase Il is dependent on general transcription factors such as
TFUA, TFIIB, TFIID, TFIE, TFIIF, and TFIIH. In promoters containing a
TATA box TFIID binds to this element and protects a region from —35 to —19
bases upstream of the transcription start site. The binding of TFIID to the
TATA box is the earliest step in the formation of a stable transcriptional
complex, such binding being facilitated by TIIFA. TFIIA may also play a role
in the response to transcriptional activators, acting as a co-activator
molecule linking DNA-bound activators and the basal transcriptional
complex. TFIIB joins the complex by binding to TFIID. This binding of TFIIB
is an essential step in initiation complex formation since TFIIB can also bind
to RNA polymerase ll; hence, it acts as a bridging factor allowing the
recruitment of RNA polymerase to the complex in association with TFIIF.
Following the binding of RNA polymerase |, three other transcription factors
(TFIE, TFIIH and TFI1J) associate with the complex. At this point TFIIH,
which has DNA helicase activity, unwinds the double-stranded DNA allowing

it to be copied into RNA. Subsequently, the kinase activity of TFIIH
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phosphorylates the C-terminal domain of RNA polymerase Il, which converts
it to the phosphorylated form, which is capable of transcriptional elongation
to produce the RNA product. This complex of polymerase and general
transcription factors is known as the basal transcriptional complex, therefore,
TFIIH via its helicase and kinase activities plays a crucial role in allowing the
basal transcriptional complex to initiate transcription. Genes are
constitutively expressed at a minimum rate determined by the core promoter,
unless altered by additional positive or negative regulatory elements. Core
promoter elements are usually located close to the transcription initiation
site, from nucleotide positions —40 to +40, and include elements such as the
TATA box (consensus sequence TATA(A/T)A(A/T) located at approximately
position —25). If a promoter does not contain a TATA box (e.g. housekeeping
genes) an order of bases in the region covering the start site is recognised
by the transcriptional machinery as the transcription initiator region.
Upstream promoter elements are typically located from nucleotide positions
—-50 to —200 relative to the transcription start site, and include multiple
recognition sites for some sequence-specific ubiquitous transcription factors
e.g. GC or Sp1 boxes (consensus sequence GGGCGG) and CCAAT boxes
(consensus sequence GGCCAATCT typically located at nucleotide position
—75 and recognised by the protein factor CTF or NF-1). GC and CCAAT
boxes serve to up-regulate basal transcription of the core promoter.
Regulatory elements function to modulate transcription in response to
specific external stimuli (inducible gene expression) and are located
upstream of the promoter usually within 1 kb of the transcription start site

e.g. glucocorticoid response elements (GRE) or cyclic-AMP response
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elements (CRE). Small hydrophobic hormones e.g. the steroid hormones
diffuse through the plasma membrane of the target cell and bind to
intracellular receptors in the cytoplasm or the nucleus. These receptors are
inducible transcription factors. Following binding 6f the ligand, the receptor
protein associates with a specific DNA response element e.g. the
glucocorticoid response element (GRE) located in the promoter of the target
gene and activates transcription. In the absence of the ligand, the receptor is
inactivated by direct repression of the DNA-binding domain by the ligand-
binding domain or by binding to an inhibitory protein as in the case of the

glucocorticoid receptor.

14



Start of
Transcription

APY AP2 GRE  CRE  CCAMAT Spt TATA

< o .
% <+ oy gy &

Enhancer Element Regulatory Elements Upstream Promoter Elements Core Promoter

Figure 4. Schematic representation of a typical eukaryotic promoter
showing distinctive transcriptional control elements.

(After Latchman, 1998)

15



The second messenger cyclic-AMP is synthesised from ATP by
adenylate cyclase (a membrane bound enzyme). Binding of a hormone e.g.
epinephrine to the cell surface receptor promotes the interaction of the
receptor with a G protein. This results in the activation of the a subunit of thej
G protein causing it to dissociate and activate adenylate cyclase. The
increase in intracellular cAMP activates the transcription of specific target
sequences containing the cAMP response element (CRE). This function of
cAMP is mediated by protein kinase A. Cyclic AMP binds to protein kinase A
and activates it by releasing two catalytically active subunits which enter the
nucleus and phosphorylate a specific transcription factor CREB (CRE-
binding protein). Activated CREB activates the transcription of genes with
the cAMP response element.

Enhancers are positive regulatory elements serving to increase the basal
level of transcription that is initiated through the core promoter irrespective
of their position and orientation.

Some genes encoding polypeptides are housekeeping genes,
however, a large percentage of genes transcribed by RNA polymerase |l
show tissue-specific expression patterns. Since the DNA in different
nucleated cells of an individqal is essentially identical, the identity of a cell is
defined by the proteins made by the cell. Therefore, tissue-specific
transcription factors regulate the expression of many genes that encode
polypeptides by recognising and binding specific cis-acting sequence
elements. Tissue-specificity and developmental-stage specificity of gene

expression are frequently conferred by enhancer and silencer sequences
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and a variety of cis-acting sequences have been identified which are
specifically recognised by tissue-specific transcription factors. In addition to
actively promoting tissue-specific transcription, some cis-acting silencer
elements confer tissue or deveiopmental stage specificity by blocking
expression in all but the desired tissue e.g. the neural restrictive silencer
element (NRSE) represses the expression of several genes in all tissues
other then neural tissue (Schoenherr et al., 1996). A transcription factor
binding to NRSE and called the neural restrictive silencer factor (NRSF) or
RE-1 silencing transcription factor (REST) is ubiquitously expressed in non-
neural tissue and neuronal precursors during early development but
specifically not expressed in postmitotic neurons.

Transcription factors recognise and bind to short nucleotide
sequences generally as a result of very specific molecular recognition
between the surface of the protein and surface features of the DNA double
helix. In eukaryotic transcription factors two functional domains have been
identified, one for DNA-binding and one for transcriptional activation, that
retéin their function when removed from their natural context. The DNA-
binding domains of transcription factors fall into several conserved structural
motifs e.g. helix-turn-helix, helix-loop-helix, zinc finger and basic DNA
binding domain. Each of the motifs use a-helices (or occasionally B-sheets)
to bind to the major groove of DNA. Transcription factors bind to DNA as
either homodimers or heterodimers, with the DNA-binding region of the
protein distinct from the region responsible for forming dimers. The activation
domain functions in activating transcription of the target gene once the

transcription factor has bound to the promoter.
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Zinc finger proteins are so called because of their structure, in which
an atom of zinc tetrahedrally coordinates the repeated cysteine and histidine
(or four cysteine) residues that form the base of a loop of twelve amino acids
containing conserved leucine and phenylalanine residues, as well as several
basic amino acids. The zinc finger motifs have been shown to constitute the
DNA-binding domain of the protein, with DNA-binding being dependent on
their activity. Most notable among the zinc finger proteins are Sp7 and the
steroid receptor family.

The helix-turn-helix motif is a common motif found in homeoboxes and
a number of other transcription factors. It consists of two short a-helices
separated by a short amino acid sequence that induces the turn. It is thought
that while the HTH motif in general mediates DNA binding, the more C-
terminal helix acts as a specific recognition element fitting into the major
groove of the DNA and controlling the precise DNA sequence that is
recognised.

Leucine zipper proteins derive their name from a helical stretch of
amino acids rich in leucine residues precisely seven amino acids apart.
However, unlike the zinc finger or helix-turn-helix motifs the zipper itself is
not the DNA-binding domain of the molecule and does not directly contact
the DNA. Rather it facilitates DNA binding by an adjacent region of the
molecule, which is rich in basic amino acids and can therefore interact
directly with the DNA. The leucine zipper is believed to serve an indirect
structural role in DNA binding, facilitating dimerisation, which in turn results
in the correct positioning of the two basic DNA-binding domains in the

dimeric molecule for DNA binding to occur. Hence the DNA-binding
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specificity of the leucine zipper-containing transcription factors is determined
by the sequence of their basic domain with the leucine zipper allowing
dimerisation to occur. As expected with this notion, the basic DNA binding
domain can interact with DNA in a sequence-specific manner in the absence
of the leucine zipper, if-it is first dimerised via an inter-molecular disulphide
bridge. The helix-loop-helix (HLH) motif plays a similar role to the leucine
zipper family allowing dimerisation of the transcription factor molecule (as
either homodimers or heterodimers), and thereby facilitating DNA binding by

the basic domain.

1.2.2. Tissue specific expression of the MBP gene

Non-typical TATA and CAAT boxes are present in the MBP promoter,
located at positions —34 and —85 bp respectively and a non-typical GC box
sequence has been identified at position —92 bp from the transcriptional
initiation site at +1. The TATA box-like sequence is indispensable for the
promoter function. Tamura et al., (1988) suggested that the GC box
functions co-operatively with upstream sequences including the myelin basic
protein transcription element (MBTE) a cis-acting element located between
nucleotide positions —130 to —106 relative to the transcription initiation site.
The MBTE was crucial to direct maximal transcription, and also functioned
with a heterologous promoter in a direction-dependent manner. Tamura et
al., (1988) identified a ubiquitous binding factor, which interacted specifically
with the MBTE and activated transcription. Intensive footprinting studies

(Tamura et al., 1988) demonstrated that the MBTE had an NFI-binding
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sequence. The MBTE was considered to be one of the strongest NFI-binding
motifs among known cellular genes. Interestingly, similar strong NFI-binding
motifs are present in the enhancer of JC virus whose genes are expressed,
like the MBP gene in the nervous system.

By fusing segments from different regions of the 1.3 kb 5’ flanking
region to the chloramphenicol acetyltransferase (CAT) reporter gene it has
been observed that the proximal regulatory sequence from —-50 to —14 bp
(which includes the TATA box-like sequence) constitutes the basal
transcription element (Asipu and Blair, 1994; Devine-Beach et al., 1992, and
Tamura ef al., 1990). The myelin basic protein promoter also contains a
number of DNA specific cis-acting elements, which interact with specific
trans-acting factors (DNA binding proteins) present in both oligodendrocytes
(OL) and Schwann celis (SC). The interactions of these factors, with each
other and with the RNA polymerase Il initiation complex, directly regulate the
tissue-specific and developmental expression of MBP mRNA. Proof that
specific DNA sequences within the MBP gene can support tissue-specific,
developmentally regulated MBP gene expression has been demonstrated in
vivo by the construction of transgenic mice carrying an MBP transgene.
Kimura ef al. (1989) used an MBP transgene consisting of 1.3 kb of the MBP
5’ flanking sequence fused to an MBP cDNA encoding the 14 kDa MBP
isoform to demonstrate that the transgene was expressed predominantly in
the brain in a tissue-specific manner. Tamura et al. (1989) reported specific
transcription from the MBP promoter in brain nuclear extracts. They aiso
observed that there are no differences between mouse and rat brain nuclear

extracts in specific transcription of the MBP gene. Tamura et al. (1989)
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divided the MBP promoter into two domains referred to as the distal
promoter from —253 to —54, and the proximal promoter from —53 to +60. The
distal region was able to direct tissue-specific transcription when linked to
the heterologous adenovirus type 2 major late core promoter, suggesting
that the distal region contains some tissue-specific cis-acting elements and
that the brain is rich in the cognate frans-acting factors. The MBP distal
promoter region appears to function in a direction-dependent manner. Only a
native orientation of the distal region linked to the major late core promoter
or the MBP proximal promoter can enhance transcription in brain-derived
nuclear extracts. Cooperative interaction of transcription factors in the distal
and proximal regions may be required for tissue specific transcription.
Alternatively, inhibitory sequences in an upper part of the distal region may
contribute to the different profiles of transcription activation. Transcriptional
inhibitory sequences associated with the distal region may be dominant in
non-expressing tissues. Wrabetz et al. (1993) transfected primary cultures of
both oligodendrocytes and Schwann cells, as well as a number of cell lines
not expressing MBP, with a series of human MBP promoter-CAT reporter
gene constructs and monitored CAT activity as a measure of MBP promoter
activity. They demonstrated in both OL and SC that the 150 bp region
upstream of the MBP cap site is enough to promote CAT expression in a cell
type-specific manner, and that this expression is mediated by multiple
positive and negative acting modules. Wrabetz ef al. (1993) also confirms
the results of Tamura ef al. (1989) that the MBP distal promoter region
functions in an orientation-dependent manner. These transfection studies

suggested that there are cell type-specific frans-acting factors present in
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both OL and SC that interact with specific bNA sequences within the first
150 bp of the MBP promoter region to increase MBP transcription thereby
contributing to the tissue-specific developmentally regulated expression of
MBP. Work carried out by Asipu and Blair (1994 and 1998) showed that cell-
type specific transcription of the MBP gene in primary oligodendrocytes (OL)
and Schwann cells (SC) is regulated by cis-acting regulatory elements both
upstream and downstream of the TATA-like box region of the MBP promoter.
The cell-type specific regulatory elements were defined using constructs
containing varying lengths of the &' flanking region and exon 1 of the MBP
gene linked to the CAT repbrter gene followed by transfection into several
cell types e.g. primary cultures of differentiated OL, SC, and neuronal and
non-neuronal cell lines. Several upstream cis-acting regulatory elements
were identified, with sequences located between nt -655 to —397(including
the region between nt —609 to —577 studied in this project) and nt -394 to
—-54 showing enhancer and repressor effects respectively in
oligodendrocytes. Whereas, in Schwann cells the sequence located between
nt =394 to —253 showed a positive regulatory effect whilst those between nt
—655 to —397 and —253 to —54 showed negative regulatory effects.
Downstream cis-acting regulatory elements were identified between nt
positions +20 to +70 and +70 to +200 showing strong silencer and enhancer
activities respectively, specifically in oligodendrocytes (Asipu and Blair
1994). The expression of MBP is therefore controlled by basal positive
regulatory elements which function in different cell types, but both positive
and negative regulatory elements located on either side of the basal

promoter play an essential role in regulating the transcription of MBP in
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myelin-forming oligodendrocytes (Asipu and Blair 1994). To identify the cell-
type specific factors binding to the downstream (relative to the transcription
initiation site) regulatory elements in more detail Asipu and Blair used
DNase | footprinting analysis and gel retardation assays (EMSA). Two
regions from nt —17 to +17 and +47 to +58 were protected specifically in
oligodendrocytes whereas three regions nt +17 to +22, +43 to +49 and +58
to +64 were protected only with C6 nuclear extracts. Analysis of the
protected regions for homology with known transcription factor binding sites
showed the sequence between +47 to +58 and +56 to +68 had extensive
homology to the negative regulatory element of the mouse rennin gene and
to the interferon (IFN) consensus sequence of the MHC class | genes
respectively. Several other trans-acting factors have been identified binding
to the cis-acting regulatory elements (both upstream and downstream of the
TATA-like box region of the MBP promoter) and these include: the thyroid
hormone a-receptor (TRa) at nt —209 to —169 (Farsetti et al. 1992 and Asipu
and Blair 1997), the M1 factor from mouse brain and rat liver extracts at nt
-110 to —97 (Aoyama et. al. 1990), the Ets-consensus sequence at nt +31 to
+39 (Farsetti et al. 1992), the viral (adenovirus, polyoma) enhancer
sequences and the human B-interferon regulatory element between nt +41 to
+48 (Goodbourn et al. 1986). Other regulatory sequences have been
identified which show homology to previously identified prokaryotic and
eukaryotic transcription factor binding sites e.g. the PEA3-consensus site
(AGGAGG) at nt position —283, the E coli MalT binding site and the PER3
site of the mouse peripherin promoter at nt —216 (Desmaris ef al. 1992) and

the AP1 transcription factor binding site at nt —93.
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The golli-mbp gene has multiple promoters; as a result the developing
brain appears to make use of these multiple promoters to control the
transcriptional initiation site, to confer tissue-specific and developmentally
regulated expression of the MBP gene. Expression initiated by one promoter
also appears to regulate the expression from a different promoter (Schibler
and Sierra, 1987). The promoter controlling the transcriptional initiation site
S3 (Figure 2) located between golli-mbp exons 5a and 5b is active in the
brain dUring myelination. Evidence currently available from studies in mice
suggest the golli-mbp gene is transcribed into at least three primary
transcripts (Campagnoni ef al., 1993), with each primary transcript
undergoing alternative splicing resulting in three sets of mMRNA transcripts.
Each transcript is of a different length and also differs in spatial and temporal
expression. For example, the G, primary transcript undergoes alternative
splicing of golli-mbp exons G5a, 5b, 6, 9 and 10 with the resulting transcripts
covering the size range 2.3 to 5.1 kb. These mRNA transcripts are generally
expressed from the embryonic to the neonatal period. The 5.1 kb mRNA
transcript is expressed from the embryonic state to the early post-natal
period. The 2.3 to 2.6 kb mRNA isoforms are expressed post-natally and
then follow the developmental profile of the 5.1 kb mRNA. Expression of
these mMRNA transcripts is not solely confined to the brain but they are also
expressed in several other tissues including the bone marrow, thymus,
spleen, heart, kidney and lung. It is thought that in the case of myelin basic
protein gene transcription, inhibition may be relieved at the onset of
myelination when a specific trans-acting factor(s) is activated from the S3
initiation site.
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1.3. Developmental changes in Myelin Basic Protein
expression

With development, myelin isolated from the brains of mice and rats is
increasingly enriched in the major myelin proteins relative to the higher
molecular weight polypeptides. In addition it has been consistently noted
that the 14 . 18.5 kDa ratio of MBP isoforms increased considerably with age
(Campagnoni and Macklin, 1988). No clear consensus has emerged with
respect to changes in the ratio of proteolipid proteins to basic proteins with
development (Campagnoni and Macklin, 1988).

Developmental studies on the expression of myelin proteins in whole
brain have largely fallen into two categories:

(a) those measuring changes in the myelin proteins either through
biochemical isolation of the protein or immunobiot analysis;

(b) those measuring synthesis of the myelin proteins in vivo or in vitro
(i.e. cell-free synthesis) or by titering the mRNAs with cDNA probes.

Clearly all these techniques reveal important information generally related to
the expression of the myelin genes, but individual techniques measure
different aspects of expression.

Investigators have used different criteria to define the order of
expression of the myelin proteins. Some workers have attempted to rely on
the earliest age at which a protein could be detected to determine its order of
expression, however, differences in the sensitivities of the antibodies, or the
specific activities of cDNA probes could lead to misleading results. Another
complication is the finding that alternative splicing mechanisms may

generate related but not identical mMRNAs containing common sequences but
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encoding different proteins. Therefore, early detection of mMRNAs hybridising
to myelin protein cDNAs may be detecting structurally related but not
identical MRNAs. The same problems exist with antibodies that might react
with related but separate proteins.

The extent of the multiplicity of the MBP isoforms was not fully
appreciated until immunochemical and recombinant DNA approaches were
used to study the problem. In the late 1970s, immunochemical techniques
revealed the presence of four major mouse MBPs with apparent molecular
masses of 14, 17, 18.5 and 21.5 kDa (Barbarese ef al., 1977). Subsequent
work using immunoblots of the whole brain to meésure the different MBP
isoforms, and cell-free synthesis of brain mRNA to measure the levels of
individual MBP mRNAs indicated that each isoform exhibited its own
developmental pattern of expression and accumulation (Carson ef al., 1983).

Sequence analysis has proved that the rat 14 kDa MBP was
structurally similar to the 18.5 kDa bovine and human MBPs except for the
deletion of a 40- amino acid sequence within the interior of the molecule. In
retrospect, there was evidence for the presence of other MBP variants
(Agrawal et al., 1986, and Sorg ef al., 1986) but it was difficult to rule out the
possibility that these were degradation products of genuine MBPs.

From studies carried out during the late 1980s other MBP isoforms
have been identified for example, a second mouse 17 kDa MBP has been
identified (Newman ef al., 1987a). This second 17 kDa MBP is apparently
the only form present in humans (Kamholz et al., 1986; Roth ef al., 1986;
Roth et al., 1987 and Deibler ef al., 1986). A 20 kDa MBP has been

identified in foetal human spinal cord, and immunoblots suggest it exists in
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other species as well (Kerlero de Rosbo et al., 1984) although it may be
more prevalent in some regions of the CNS than others (Newman et al.,
1987b, Nakajima ef al., 1993). In rat brain, Agrawal et al (1986) have
identified a 23 kDa phosphorylated protein that is immunologically related to
MBP. Immunoblots of whole brain homogenate with both polyclonal (Carson
et al., 1983) and monoclonal (Bansal ef al., 1987) anti-myelin basic protein
antibodies indicate the presence of higher molecular weight immunoreactive
proteins. The structural relationship among all these proteins and the better-
characterised MBP isoforms is not clear at the present time.

In the course of studying promoter activity in primary cultures of brain
cells Nakajima ef al. (1993) found that the myelin basic protein gene was
expressed in brain cells obtained from embryonic mice at a very early stage
of neural development, i.e., as early as embryonic day 12 (E12). The
predpminant myelin basic protein isoforms in the embryonic stage were
identified as exon 5-deleted forms, and peaked during the late embryonic
stage (days E15 to E18) and decreased to very low levels at postnatal day
18 (P18). The cell type producing the early embryonic myelin basic proteins
(days E12 to E14) remains to 4be clarified. If, however, the myelin basic
proteins are produced in cells of the same cell lineage as those producing in
the later stage, there may be é group of cells that are committed to generate
oligodendrocytes later and produce the MBPs. The existence of this type of
committed cell at this early stage of development has been suggested by

Luskin et al. (1988).
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1.4. Sites of myelin protein synthesis and transport to the
membrane

The majority of evidence favours the view that the myelin basic proteins are
synthesised on free polysomes, (Campagnoni ef al., 1980, Campagnoni,
1985, Brophy et al., 1993) and that the proteolipid proteins are synthesised
on membrane bound ribosomes (Benjamins and Morell, 1987, Colman et al.,
1982). Neither the MBP nor the PLP are synthesised with “signal” (or
‘leader”) sequences.

The subcellular trafficking pathway for MBP mRNA in the
oligodendrocyte has been defined using micro-injection experiments (Ainger
et al., 1993) and involves three discrete steps: (a) assembly of the RNA into
granules in the perikaryon, (b) transport along cellular processes and (c)
localisation to the myelin compartment. Ainger et al., (1997) have identified
specific regions in the 3’ untranslated region (UTR) of myelin basic protein
mMRNA that are required for the latter two steps. The first region is the RNA
transport signal (RTS), which~ is a 21-nucleotide sequence that is required
for transport of MRNA along oligodendrocyte processes. The second region
is the RNA localisation regions (RLR) and is necessary for localisation of
MBP mRNA to myelin. This region may be implicated in stabilising or
anchoring MBP mRNA in the myelin compartment of the oligodendrocyte
(Ainger et al., 1997). The presence of the RTS in oligodendrocyte process
localised isoforms of myelin oligodendrocyte basic protein (MOBP) 18A RNA
suggests the RTS functions to target the expression of other proteins, in

addition to MBP, in oligodendrocytes (Holz et al., 1996). If the RTS
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represents a cis-acting transport signal, which is conserved in different
RNAs, it most probably interacts with a cognate trans-acting factor that is
expressed in different cell types. In vitro binding experiments indicate that
the RTS sequence specifically interacts with hnRNP A2, a member of a
family of heterogeneous nuclear ribonucleoprotein (hnRNP) proteins that
shuttle between the nucleus and cytoplasm (Hoek ef al., 1998, Kwon ef al.,
1999, Shan et al., 2000). This suggests that hnRNP A2 binding to the RTS is
required for the transport of RTS containing RNA in oligodendrocytes
(Ainger et al., 1997). Localisation involves translocation from the
oligodendrocyte processes to the myelin; this apparently involves
dissociation from the transport apparatus in the processes and in the case of
coding mRNAs association with the translational machinery in the myelin
compartment. Translocation across the boundary between these two
compartments is RLR dependent for coding RNA and RLR independent for
non-coding RNA. A possible explanation for this could be that coding RNA
associates with ribosomes, making translocation RLR dependent, while
translocation of ribosome-free non—codihg RNA is RLR independent (Bacher
et al., 1996). The RNA localisation regions contain a predicted stable
secondary structure at a conserved position in rat, mouse and human MBP
mRNA (Ainger ef al., 1997). Endogenous MBP RNA-containing granules in
oligodendrocytes contain many components of the translational machinery,
suggesting they also represent the unit of RNA translation. Therefore, the
granule represents a common unit for transport, localisation and translation

of RNA (Barbarese ef al., 1995).

29



1.5. Translational and Post-Translational Events

Cell-free synthesis studies have shown that the myelin basic protein
mRNAs are poorly initiated during translation relative to the other brain
mRNAs as a whole, and this appears to be related to the presence of an
additional translational initiation signal within the 5’ untranslated region of
the MBP mRNAs which is immediately followed by a termination signal
(Campagnoni et al., 1987a). The role of post-translational modification such
as acylation, phosphorylation, methylation, glycosylation, acetylation,
deamidation, and attachment of fatty acids has been shown to play a
significant role in directing the function of various proteins. In CNS myelin
basic protein, these post-translational modifications include: the methylation
of a specific arginine residue, the phosphorylation of specific serine and
threonine residues, the acylation of the N-terminal amino acid, the
deamidation of a glutamine residue and the conversion of arginine residues

to citrulline by the enzyme peptidyl arginine deiminase.

1.5.1. Methylation

Myelin basic protein has an unusual amino acid at residue-107, a
mixture of N®-monomethylarginine and N®, N*®-dimethylarginine. The
formation of these methylarginine derivatives is catalysed by one of the
protein methyltransferases, utilising S-adenosyl-L-methionine as the methyl
donor. It is now apparent that each protein methyltransferase with a

specificity towards any given amino acid residue can be further subclassified
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according to the specific methyl acceptor protein (Kim et al., 1997). Protein
methylase | is one such enzyme, however, it is only recently that
unequivocal molecular evidence for the presence of subclasses of the
enzyme e.g. MBP-specific and nuclear protein/histone-specific has been
obtéined (Ghosh et al., 1988, Rajpurohit ef al., 1994). The NC®-
methylarginines occur in nature in a limited number of highly specialised
proteins such as MBP, nuclear and contractile proteins. The reaction is very
specific for the amino acid sequence around the methylation site, e.g. among
18 arginine residues in MBP, only the arginine at residue-107 (in the
sequence Lys-Gly-Arg-Gly-Leu) is present as a mixture of MMeArg and
Di(sym)MeArg. Park ef al., (1986) demonstrated that the histone specific
protein methylase | was incapable of methylating MBP and was inhibited by
MBP. The activity of the MBP-specific methylase has been observed to be
abnormal in both the jimpy and shiverer mouse mutants (Kim ef al., 1984,
and Kim et al., 1986).

Multiple sclerosis is one of the demyelinating diseases in humans and
as a result of this myelin basic protein is dissociated from the membrane.
MBP fragments formed by intracellular proteolysis and free amino acids find
their way into the body fluids (Park ef al., 1986). Since methylarginines are
not reutilised for in vivo protein synthesis, it would appear practicable to
assess myelin abnormalities by analysing urinary concentrations of these
methylarginines and MBP-like material in multiple sclerosis patients
(Whitaker et al., 1993, 1994).

The specific location of methylarginine in MBP (residue-107), together

with the chemical nature of hydrophobicity enhanced by methylation, has
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been implicated in helping to stabilise the myelin structure (Park ef al.,
1986). Cells treated with a methylation inhibitor e.g. sinefungin produced a
membrane structure lacking compactness which resembled vitamin Bi,-
deficient myelin with a concomitant reduction in MBP-protein methylase |
activity (Kim et al., 1997).

It is of interest that the only methylated amino acid residue (residue-
107) in MBP identified to date lies within the region of the protein encoded
by exon 5. Therefore, presumably the 20 and the 17 kDa MBP (missing
exons 2 and 5) and present in the very early stages in the developing human

spinal cord, are incapable of being methylated.

1.5.2. Phosphorylation

Phosphorylation is a ubiquitous post-translational modification of
proteins, which is particularly prominent in nervous tissue. Myelin has
traditionally been regarded as metabolically inert with a wholly structural
role. However, recent findings indicate it possesses biochemical components
associated with signal transduction in which protein phosphorylation plays a
significant part (Eichberg and lyer, 1996). The myelin basic proteins possess
multiple consensus sequences for phosphorylation by cyclic AMP-dependent
protein kinase (PKA) and protein kinase C (PKC). In fact MBP has been
shown to be a substrate for Ca®*-calmodulin-dependent protein kinase,
glycogen synthase kinase-3 (known as protein kinase F,) and ’rnitogen

associated protein (MAP) kinase (Yung, 1986, Yu and Yang, 1994, Hickson
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et al., 1990). Variable phosphorylation is responsible in part for the charge
microheterogeneity of myelin basic protein e.g. the phosphorylation of thr*
in bovine MBP has been sﬁown to increase conformational order for the
protein in aqueous solution which is consistent with the stabilisation of the -
pleated sheet structure (Deibler et al., 1990). The dynamic state of the
phosphate groups suggests that phosphorylated MBP would be
concentrated in non-compacted areas of myelin with close proximity to the

cytoplasm (Des Jardins and Morell, 1983).

The introduction of negative charges by phosphorylation of the major
myelin proteins during deposition may create electrostatic repulsion between
adjacent proteins or between proteins and neighbouring acidic lipids.
Phosphorylation of MBP may in part serve this purpose, a notion supported
by the finding that protein phosphorylation activity is inversely proportional to

the degree of myelin compaction (Deibler et al., 1990).

In mature myelin, it would be expected that the protein kinases would
be concentrated in the regions of myelin closest to a supply of cytosolic ATP,
i.e. the outer, inner and lateral loops in CNS myelin and the paranodal loops
and Schmidt-Lanterman clefts in PNS myelin. This would suggest that the
fraction of myelin protein molecules undergoing phosphorylation would be
confined to a population resident in these regions, and that in the case of
MBP and Py, this proportion would be small. However, evidence suggests
the turnover of phosphate groups in both these proteins occurs in compact
myelin, suggesting that the myelin structure may be less rigid than generally

assumed so that cytoplasmic components may gain at least limited access

33



throughout (Lowery et al., 1989, Ledeen, 1992). In fact, in mature myelin, the
extent of protein phosphorylation may modulate the penetration of cytosolic
constituents between myelin lamellae. An indication of a possible functional
relationship between cell signalling mechanisms and myelin protein
phosphorylation is provided by the finding that cultured oligodendrocytes
subjected to hypoxic conditions show evidence of an 80% decrease in MBP
and CNPase phosphorylation, as well as a failure of agonist stimulated PLC-
mediated phosphinositide breakdown (Qi and Dawson, 1993). Nevertheless,
the remaining phosphorylating ability retains its sensitivity to stimulation by
phorbol esters, suggestive of PKC activity. Eichberg and lyer (1996)
therefore conclude that diminished MBP and CNPase phosphorylation may
result from impaired signal transduction via heterotrimeric GTP binding
proteins and as a result such a mechanism may contribute to the

vulnerability of myelination to hypoxia.

1.5.3. Deimination

Deimination of myelin basic protein has been implicated in the
chemical pathogenesis of multiple sclerosis. Degradation of bovine myelin
basic protein by cathepsin D, a myelin-associated protease, was increased
when 6 arginyl residues were deiminated and became even more rapid when
all 18 arginyl residues were deiminated (Pritzker ef al., 2000). Myelin basic
protein containing methylated arginine has been shown to increase the

association of lipid vesicles into dimers, signifying that methylated arginine
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may increase the interaction between MBP and the myelin lipids (Young et
al., 1987). In subacute combined degeneration (SCD) of the spinal cord in
humans, demyelination results from a deficiency in vitamin B;,, which
decreases the amount of S-adenosyl-L-methionine (the major methyl donor)
with a subsequent decrease in the methylation of MBP (Surtees, 1993). The
conversion of arginine to citrulline by the enzyme peptidylarginine deiminase
has been implicated in demyelination in multiple sclerosis (Moscarello et al.,
1994). In addition, the severity of MS has been correlated with the number of
afginine residues converted to citrulline in MBP (Wood et al., 1996). Pritzker
et al., (2000) show that human MBP isolated from normal and MS white
matter contained greater amounts of citrulline in MBP in which the proportion

of unmethylated arginine-107 was increased.

1.6. Myelin Protein Gene Expression in Cultured Cells

Myelin protein gene expression has been studied in a variety of
cultured cell systems. Primary cultured oligodendrocytes differentiate to
produce galactosyl ceramide (GC), CNP, MBP, PLP, and other myelin
markers in the apparent absence of any neural signals, their differentiation
process in vitro is somewhat more “plastic” than in vivo, and differences
among studies may result from this plasticity. An important early element of
this plasticity is whether the oligodendrocyte will differentiate from its
progenitor cell. Raff ef al., (1983) reported the existence of a cell type in rat

optic nerve primary cultures, which can differentiate into a type 2 astrocyte in

35



the presence of foetal calf serum or into an oligodendrocyte in defined media
with no foetal calf serum. This oligodendrocyte progenitor cell appears to
stop dividing and begin to aifferentiate into oligodendrocytes or type 2
astrocytes within 2 to 3 days in culture whereas in vivo, these progenitor

cells continue to divide (Raff ef al., 1983 Temple and Raff, 1985).

From studies on mixed glial cultures, it has been possible to
determine that the rat oligodendrocyte progenitor cells (by the late foetal
period) are committed to express myelin markers two or three weeks later in
culture. Neurons are not required to induce the synthesis of MBP, PLP,
CNP, GC, or cerebroside sulphotransferase (M°Carthy and deVellis, 1980;
Pfeiffer ef al., 1981b, Dubois-Delacq et al., 1986). During the early stages of
myelination in vivo studies have shown that the 14 kDa MBP is expressed at
lower levels than the 18.5 kDa MBP. With development, the ratio of the 14 :
18.5 kDa MBP increases significantly until the 14 kDa isoform predominates.
In contrast in culture the 14 kDa MBP is expressed first, and it remains the
predominant isoform up to 39 days in culture. However, the other isoforms
accumulate from 27 - 39 days in culture (Barbarese and Pfeiffer, 1981).
Conflicting results have been reported on the timing of MBP expression in
cultured rat oligodendrocytes (Pfeiffer et al., 1981b, Dubois-Delacq et al.,
1986); however, a possible explanation for the differences may provide

insight into the regulation of MBP expression.

Rat oligodendrocytes in mixed glial cultures express approximately
20-fold more MBP and CNP per oligodendrocyte than do isolated

oligodendrocytes purified away from astrocytes and other cells in the mixed
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culture (Bhat ef al., 1981). When the isolated oligodendrocytes are added
back to the astrocyte-containing cultures, they express the higher levels of
MBP and CNP. This suggests that the presence of cell(s) and / or factor(s) in
mixed primary glial cultures plays some role in regulating the expression of
these two myelin components. Bhat and Pfeiffer (1986) established that a
soluble astrocyte factor(s), which is non-dialyzable, heat-labile, and trypsin-

sensitive, enhances MBP and CNP expression in purified oligodendrocytes.

1.7. Gene Expression in Dysmyelinating Mutants

For two of the mutants, shiverer and jimpy, the mutation has been
localised to the structural genes for the myelin basic protein and the myelin
proteolipid protein, respectively (Roach et al., 1985, and Sidman et al.,

1985).

1.7.1. Shiverer (shi) and Myelin Deficient (shi™)

The shiverer mutation (shi) and its allele myelin deficient (shi™)
(Doolittle and Schweikart, 1977 and Doolittle ef al., 1981) are autosomal
recessive, and map to the mouse chromosome 18 (Roach ef al., 1985 and
Sidman et al., 1985). These mice exhibit tremors beginning approximately at
day 12 (postnatally), which become progressively worse. Convulsions
appear in older animals and these animals do not survive past 90 days
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(Chernoff, 1981). Morphological analyses indicate that many axons have no
myelin, and those that are myelinated have only low amounts of myelin. A
striking feature of shiverer CNS myelin is the absence of the major dense
line but the presence of the intraperiod line (Inoue ef al., 1981). This
suggests there is a greater loss of myelin basic protein in these animals than
of proteolipid protein or of other proteins expressed on the extracellular
surface of myelin. Biochemical analysis of shiverer tissue indicates
essentially the total absence of myelin basic protein in shiverer brain (Bourre
et al., 1980 and Barbarese et al., 1983). As with shiverer animals, sh™ mice
appear to have a major deficit in MBP. Myelin is poorly compacted, and the
major dense line of myelin is essentially absent (Matthieu ef al., 1980).
However, more MBP (between 3% and 10% of normal levels) was observed
in shi™ brains than in shiverer brains. The level of MBP mRNA in shi™ mice
was quite low, approximately 2 - 5% of normal in young animals, (Ginalski-
Winkelman ef al., 1983; Campagnoni et al., 1984; Roch et al., 1986 and
Popko ef al., 1987) but the size of the shi™ MBP mRNA was normal, 2.2 -

2.4 kb (Roch et al., 1986 and Popko et al., 1987).

It has been established that the shiverer and shi™ mutations are
within the structural gene for the myelin basic protein. The alleles map to the
distal end of mouse chromosome 18, which contains the MBP gene (Doolittle
and Schweikart, 1977; Roach ef al., 1985 and Sidman et al., 1985). When
the myelin basic protein gene in these mutants was analysed, clear
alterations in the gene were identified. The shiverer mutation (Figure 5)

results in a deletion of exons 3 to 7 of the MBP gene (Roach et al., 1983;
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Roach et al., 1985; Kimura et al., 1985 and Molineaux et al., 1986), and the
production of low levels of MBP-related RNA. This MBP-related mRNA is
aberrantly spliced and poorly polyadenylated. In contrast, in shi™ mice,
there appears to be a tandem duplication of exons 3 to 7 with the more
upstream set of exons inverted (Figure 5). There is one complete MBP gene,
and at least one extra-partiai or complete gene that is closely juxtaposed to
the complete MBP gene (Popko et al., 1987, Popko et al., 1988). Thus, it
would appear that the partial or complete duplication of the MBP gene near
a normal gene can reduce the expression of the normal gene to 2% of

normal and alter the normal developmental expression of the gene.

Readhead ef al., (1987) produced transgenic shiverer mice carrying
one or two copies of the MBP transgene. The transgene is expressed in a
tissue-specific manner with the correct developmental pattern. Shiverer mice
carrying the MBP transgene produce more MBP mRNA and protein than the
original shiverer mice, and they live longer, with a less severe disorder.
However, shiverer mice carrying a single transgene produced approximately
12.5% of normal MBP mRNA and 8.5% of normal protein, whereas mice
homozygous for the transgene produced roughly twice as much mRNA as
protein. The heterozygous transgenic mice survived longer than the original
shiverer mice but they still had convulsions and died at approximately 6
months. Homozygous transgenic mice appeared to be phenotypically closer
to normal, for example, they had no tremors or convulsions, but some subtle
behavioural abnormalities were observed. Despite the presence of only 25%

of normal levels of MBP mRNA in the homozygous transgenic mice, the
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myelination of the optic nerve, spinal cord and cerebellar white matter was

significantly increased relative to the heterozygous transgenic mice.

These studies with transgenic mice suggest that insertion of a normal
MBP gene into the genome of mice carrying either a deletion or a duplicatioh
of the normal gene can produce a tissue-specific and developmentally
accurate expression of the transgene. However, the level of expression was
not normal, since even with two copies of the transgene, only 25% of normal
MBP mRNA was observed. The fact that the transgene was expressed at
comparable levels in shiverer and shi™ mice suggests that the deleterious
effect of the MBP gene duplication on MBP gene expression in shi™ mice is
cis-acting, not frans-acting. Clearly the production of these transgenic mice,
and the future use of these mice will provide new insight into myelin gene

expression.
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Figure 5. Diagrammatic representation of golli-mbp gene structure in
dysmyelinating mutant mice.

Shi, shiverer mouse where there is a deletion of MBP exons 3to 7
and mld, myelin deficient mouse, where MBP exons 3 to 7 are
repeated with an inversion in the upstream gene, shown as exons 7

to 3.

(After Asipu and Blair (1997) Regulation of transcription and translation in the central
nervous system — from Molecular Biology of Multiple Sclerosis.)
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1.7.2. Jimpy (jp) and Myelin Synthesis Deficient (jp™*)

The Jimpy mutation (jp) and its allele Myelin Synthesis Deficient
(ip™) are recessive X-linked mutations. This is exclusively a central nervous
system disorder with no PNS involvement. These mice exhibit tremors, which
become progressively worse, beginning at postnatal day 11. Convulsions
appear in older animals and these animals do not survive past 25 — 30 days.
The MBP proteins are significantly reduced in jimpy mice, relative to normal
animals (Delassale et al., 1981, Kerner and Carson, 1984). Delassale ef al.
(1981), found that the deficit in MBP in jimpy mice ranged from 94 - 98% in
different regions of the jimpy brain at 25 days of age. When the distribution
of the four major MBPs was studied, it appeared that in young jimpy mice,
the deficit of the 21.5 kDa MBP was less than the deficit in the other three
MBPs. The overall deficit in MBP accumulation in animals in this study was
92% at all ages (Kerner and Carson, 1984). When MBP accumulation was
compared in jimpy optic nerve and sciatic nerve, a significant reduction in
MBP content was observed throughout development in the optic nerve,
whereas no reduction was apparent in sciatic nelive (Jacque et al., 1983).
Thus, there are differences in the regulation of the MBP gene in jimpy
oligodendrocytes and Schwann cells. The level of MBP mRNAs was also

measured in jimpy mice but with contradictory results Carnow et al., 1984).

In vitro translation studies by Campagnoni et al. (1984) indicated a
reduction in the level of all MBP mRNAs. The mRNAs for the 17, 18.5, and
21.5 kDa proteins were approximately 43 to 48 % of normal, and the 14 kDa

MBP mRNA was approximately 7% of normal. When the level of total MBP
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mRNA was analysed by dot blots, it ranged from 19 to 42 % of normal age-
matched controls during development (Roth et al., 1985), and these
reductions were observed for both polysomal and nuclear RNA (Sorg ef al.,
1987). Despite differences in MBP mRNA levels measured in these studies,
the level of detectable protein was significantly below the level of detectable
MRNA, suggesting that whereas the MBPs may be synthesised to some
extent, the amount that accumulates is quite low. This would suggest that the
MBP that is not inserted into an appropriate membrane is “turned over”. This
would be consistent with the conclusions drawn from experiments on the
quaking mutant where the synthesis of MBP is significantly above the level

of accumulation.

1.8. Quaking (qk)

Quaking viable (gk") is an autosomal recessive mutation resuilting in
dysmyelination in the CNS and PNS (Hardy et al., 1998). The quaking"*™®
mutant mouse (gk) has a deletion on chromosome 17 (Ebersole et al., 1992).
A candidate gene, gk/, has recently been identified and evidence suggesting
abnormalities leading to diminished expression of the selective RNA-binding
protein QKI in myelin producing cells are involved in the quaking phenotype
(Ebersole et al., 1996, Hardy et al., 1996). QKI contains amino acid domains
characteristic of RNA-binding and interaction with Src homology 3 (SH3)-
containing signalling molecules, and therefore belong to a fast growing

family denoted as signal transduction activators of RNA (STAR) (Vernet and
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Artzt, 1997). Isoforms of the QKI proteins are expressed in myelin-forming
cells, in other CNS glia, as well as in non-hervous tissue; it is therefore
suggested that they are involved in RNA splicing or metabolism (Ebersole et
al., 1996, Kondo ef al., 1999, Wolf et al., 1999). The proteins might play
roles not only in myelination but also in embryonic development (Ebersole et
al., 1996). These mice exhibit tremors, which continue throughout their
lifetime beginning at approximately P12. Tonic seizures occur in these
animals, although they have a normal lifespan. The morphologic phenotype
includes thin myelin which often fails to compact, and is thrown into
exuberant loops and whorls. Studies on the accumulation of MBP in different
regions of the quaking nervous system showed that the developmental curve
was different between quaking and normal mice and that there was a delay
in the appearance of MBP in every CNS region tested. Furthermore, the
level of MBP was severely depressed, ranging from 5 — 20 % of normal
(Delassale ef al., 1981 and Jacque et al., 1983). Interestingly the
accumulation of MBP in spinal cord myelin did not stop at any particular time
during development, as it normally does (Delassale et al., 1981). Therefore
at day 80 MBP content in the spinal cord was approximately 25 % of normal,
whereas at 1 year it had risen to'35 % of normal. An early study on MBP
biosynthesis in quaking mice suggested the synthesis of the MBPs occurred
at the normal rate, but it was the incorporation of the myelin into the
membrane that was deficient (Brostoff et al., 1977). Both the stability and
localisation of MBP mRNA are potentially coupled with its translation status
(Ueno et al., 1994a, 1994b, Ainger ef al., 1997) and QKI has recently been

reported to act as a translation suppressor (Saccomanno et al., 1999),
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therefore, interactions of MBP mRNAs with QKI may influence MBP
expression at multiple posttranscriptional levels, including mRNA turnover,

translation and subcellular localisation (Li et al., 2000).

1.9. TAIEP mutant rat

The name of this mutant is derived from the clinical signs observed in
affected animals, e.g. at 3 weeks old taiep rats show a tremor (t), especially
in the hind quarters, ataxia (a) is seen at 3 to 4 months of age, followed by
immobility (i), epilepsy (e€) and a gradually worsening hind limb paralysis (p)
in animals over 6 months of age. Studies have confirmed an autosomal
recessive mode of inheritance (Duncan ef al., 1992). All the myelin proteins
including MBP, PLP, MAG, and CNP are present in the mutant CNS albeit in
reduced levels. This agrees with the finding that taiep myelin sheaths show
positive immunostaining for both MBP and PLP (Duncan et al., 1992). The
microtubule accumulations in the taiep oligodendrocytes are a striking and
unique finding focussing attention on the role of the oligodendrocyte
cytoskeleton in the functioning of this cell. The cytoskeleton of the
oligodendrocyte is likely to influence the transport of both myelin proteins
and their message (Ainger et al., 1993). A close association between MBP
and CNP and the cytoskeleton has been observed in the oligodendrocyte,
and it would appear that MBP colocalises with tubilin, whereas CNP
associates with microfilaments (Wilson and Brophy, 1989). It has also been

known for some time that the myelin protein mMRNAs are spatially segregated
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within the oligodendrocyte (Trapp, 1990). The messages for PLP and MAG
are found in the perinuclear region, whereas the MBP message is more
diffusely distributed throughout the cytoplasm. The role of the cytoskeleton
in the transport of MBP mRNA was demonstrated by Ainger et al., (1993)
using digoxigenin-labelled MBP mRNA microinjected into cultured
oligodendrocytes. The mRNA formed granules that were transported from
the cell body along the oligodendrocyte processes. It would not be
unreasonable to suggest this transport would be disrupted by the massive
accumulations of microtubules in the taiep oligodendrocytes. As a result this
could lead to the inefficient incorporation of myelin components into the
myelin sheath with the resulting inadequate myelination of the developing
CNS, and failure of myelin maintenance in the longer term (Lunn et al.,

1995),

1.10. Myelin basic protein is a zinc-binding protein in brain

Zinc is an abundant transition element in the brain that has been
implicated in a variety of metabolic processes. In humans, zinc deficiency
has been known to cause many neurological and neuropsychiatric disorders
(Frederickson, 1989). In the brain zinc, like calcium, is another impc;rtant
divalent cation in the CNS, is unevenly distributed with the highest level in
the hippocampus. As zinc in nervous tissue rarely exists as a free ion but

usually associated with proteins, it is not known whether this uneven

46



distribution in different regions of the brain is related to different

concentrations of zinc-binding proteins present (Tsang ef al., 1997).

Tsang et al., (1997) showed that three major zinc-binding proteins
(ZnBPs) of molecular weight 53, 42 and 21 kDa were present in porcine
brain. The 563 and 42 kDa zinc—binding proteins were present in all
subcellular fractions whereas the 21 kDa protein was mainly found in the
particulate fractions. It was suggested that of the three major zinc-binding
proteins in the brain only the 21 kDa protein appears to be brain-specific and
was later identified as myelin basic protein (Tsang et al., 1997). Since no
cysteine residues are present in mammalian MBPs the probable zinc binding
sites in myelin basic protein may consist of imidazole or carboxylate groups
(Riccio et al., 1995). These groups are fairly abundant in MBP, about 6%
each of aspartic acid, glutamic acid and histidine. Although the structural
motif responsible for zinc-binding in MBP is still unknown, studies on other
ZnBPs have revealed a common structural motif of His-X, s-His (Berg,

1986). From the amino acid sequence of porcine MBP, é structural motif of
His-Ala-Arg-His has been found between amino acid residues 23-26, which
may be responsible for zinc binding in MBP (Tsang et al., 1997). The
association of zinc with myelin and the fact that myelin basic protein is a zinc
binding protein show that zinc plays a structural and/or functional role in
myelin. Myelin basic protein is located on the cytoplasmic side of the
multilamellar membrane at the major dense iine and is responsible for the
compaction of the two opposing membrane bilayers. The fact that MBP can

bind zinc implies that zinc may be involved in myelin compaction by
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interacting with MBP. There are developmental studies that showed that
maternal zinc deficiency caused poor myelination in foetuses and decreased
amounts of MBP associated with foetal myelin membranes (Liu et al., 1992).
Furthermore, recent fluorescence studies have confirmed the role of zinc
ions in the formation of myelin basic protein aggregates (Cavatorta et al.,
1994). In myelin compaction, bimolecular interactions, MBP-membrane, as
well as MBP-MBP interactions are involved in multilamellar myelin formation.
Therefore, the effect of zinc on myelin compaction is probably by promoting
or stabilising the MBP-membrane and/or MBP-MBP interaction (Berlet et al.,
1994). As zinc has been shown to stabilise the binding of macromolecules to
plasma membranes in peripheral tissues, and that zinc has been shown to
prevent the dissociation of MBP from membrane, it is not surprising that zinc
is involved in the stabilisation of MBP in myelin sheath formation (Berlet ef

al., 1994).
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1.11. Aims of the project

The MBP unit is expressed in oligodendrocytes (Central Nervous
System) and Schwann cells (Peripheral Nervous System) and is regulated at
the level of transcription by proteins binding in a specific manner to DNA
sequences located within its promoter region. The identification of these
proteins and DNA sequences is essential for understanding the
mechanism(s) that regulate the transcription of the MBP gene.

The major aims of this project were to clone and sequence the
promoter region of the mouse myelin basic protein (MBP) gene and to
identify a transcriptional activator(s) (transcription factor(s)) which interact
with an oligodendrocyte-specific element(s) in the myelin basic protein gene

promoter. To achieve this the following steps had to be taken:

» cloning and sequencing of the Hind !/l — Sac I fragment (from the
plasmid pEX1). This fragment is located between nucleotides — 1319
and + 227 relative to the transcription start site and comprises the

promoter region and exon 1 of the mouse myelin basic protein gene.

» analysis of the interaction of oligodendrocyte specific protein factor(s)
with the region of the MBP promoter between nucleotides — 609 to
— 577. This region was selected for further study because work
published by other groups suggested that it contains an
oligodendrocyte specific transcription activator (Asipu and Blair 1994).
To achieve this electrophoretic mobility shift assay (EMSA) and
competition binding with oligonucleotides corresponding to this region

were performed.
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» jdentification using the yeast one — hybrid system cDNAs encoding
proteins, which bind to the —609 to —577 region of the mouse myelin
basic protein promoter. The one-hybrid system is a functional in vivo
genetic assay used for isolating and studying novel genes encoding
proteins which bind to target DNA. In this system a reporter construct
containing at Ieast three tandemly repeated copies of a putative
binding sequence are inserted upstream of a H/S3 gene minimal
promoter in a specially designed plasmid. This reporter construct is
integrated by homologous recombination into a mutated H/S3 gene in
the yeast host genome to create a yeast reporter strain carrying a
normal copy of the HIS3 gene. A library of cDNAs encoding GAL4 AD
fusions is expressed in the reporter strain. If an AD/library protein
interacts with the target DNA sequence, HIS3 promoter activity is
increased resulting in increased amounts of histidine produced.
Therefore, clones expressing histidine at a level higher than the
reporter strain are selected by growth on medium lacking histidine in

the presence of 3-aminotriazole (3-AT) for further study.

» sequencing of cDNAs encoding proteins, which bind to the —-609 to
=577 region of the myelin basic protein promoter.

= search of nucleotide databases (e.g. EMBL and Genbank) and
protein databases like Swissprot or Swall for homology with other
transcription factors using the FastA and Blast sequence alignment

programs.
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Chapter 2

MATERIALS AND METHODS

2.1. MATERIALS AND SUPPLIERS

2.1.1. BACTERIAL STRAINS

Escherichia coli strain HB101 (containing plasmid pEX1)
Donated by Arthur Roach, Division of Biology, California
Institute of Technology, Pasadena, California.

Escherichia coli strain (DH5w.).

2.1.2. CLONING VECTORS

Bluescript sK* Promega

pHISi -1 Clontech

2.1.3. ENZYMES

Hind Il 20 Ufpl NEB (104 S)
Sac | 20 U/yl NEB (156 S)
EcoR 1 20 U/l NEB (101 XL)
Miu 1 10 U/l NEB (198 S)
Xho 1 20 Uiyl NEB (146 S)
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T4-DNA Ligase (E.C.6.5.1.1.) 400 U/ul NEB (202 S)
Alkaline. phosphatase (E.C.3.1.3.1.) 10 U/ul NEB (290 S)
Polynucleotide kinase 10 U/ul NEB (201 S)

Lysozyme (E.C.3.2.1.17.) SIGMA (L 6876)

2.1.4. OLIGONUCLEOTIDES
The oligonucleotides used for chain termination sequencing,
electrophoretic mobility shift assays, PCR amplification were synthesised on

a Pharmacia Gene Assembler Plus using the phosphoramidite chemistry.

2.1.5. KITS
Mini-Prep Kit Plus Pharmacia Ltd.
T7 Sequencing Kit Pharmacia Ltd.

HYDRO-LINK™ DNA Sequencing System A.T. Biochem.
Sequenase ™ DNA Sequencing Kit United States Biochemical

Corporation.

2.1.6. RADIOCHEMICALS

Deoxyadenosine triphosphate o-thiol (*S) 500 Ci mmol™ (10 mCi mI™)
NEN (DUPONT) Hertfordshire.

Adenosine 5’ triphosphate, tetra (triethylammonium salt) (y - P)

>4000 Ci mmol™ (10 mCiml")  ICN Biomedicals Ltd Buckinghamshire.
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22. LARGE SCALE ISOLATION OF PLASMID DNA BY A
MODIFIED CLEWELL AND HELINSKI TECHNIQUE

An overnight culture (4 ml) of Escherichia coli harbouring the pEX1
plasmid was inoculated into 400 ml of Luria broth (see Appendix Il), and
incubated at 37° C with vigorous shaking until the absorbance at 600 nm
reached 1.00. Chloramphenicol (4ml of stock solution at a concentration of
10 mg/ml in 50% ethanol) was added and the incubation continued for a
further 18 h.

Cells were harvested by centrifugation at 4 krpm for 20 min at 4° C
using the Sorvall GS3 rotor, and the cell pellet was resuspended by gentle
agitation in 3.0 ml of ice-cold Buffer | (see Appendix Il). After transferring the
bacterial suspension to a suitable centrifuge tube 500 pul of a freshly
prepared ice-cold lysozyme solution (at a concentration of 10 mg/ml in buffer
I) were added. Following incubation at 0° C for 4-5 min (for chloramphenicol
amplified cultures) 1 ml of ice-cold 0.25 M EDTA pH 8.0 was added and the
4-5 min incubation at 0° C repeated.

Finally 4.0 ml of Triton X-100 lysis solution (see Appendix Il) were
added and the lysis of the cells was monitored by observing the viscosity of
the mixture. Separation of the chromosomal DNA and cell debris from the
plasmid DNA was achieved by centrifugation at 18 krpm for 1 h at 4° C using
the SL50T rotor.

The plasmid DNA was stored at 4° C before purification by

centrifugation to equilibrium on caesium-chloride density gradients.
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2.3. PURIFICATION OF PLASMID DNA BY
CENTRIFUGATION TO EQUILIBRIUM IN CAESIUM
CHLORIDE-ETHIDIUM BROMIDE GRADIENT

The volume of cleared lysate prepared as described in section 2.2.
was accurately measured.

For every 10 ml of lysate, exactly 9.62 g of solid caesium chloride and
625 ul of a solution of ethidium-bromide (stock concentration 10 mg/ml in
water) were added, and mixed gently by inversion until all the caesium
chloride had dissolved, (the final density of the solution being 1.55 g

n = 1.3680 and the final concentration of ethidium bromide approximately
600 pg/ml). It should be noted that in this procedure the furry purple
aggregates that float to the top of the solution are complexes formed
between the ethidium-bromide and bacterial proteins.

Centrifugation was carried out at 40 krpm for 40 h at 18° +1° C
using a Sorvall T865 rotor. Two bands of DNA were evident in both visible
light and UV light, the upper band consisting of chromosomal DNA and the
lower band of plasmid DNA. The lower band of DNA was collected with a
hypodermic needle, and transferred into a fresh tube.

Ethidium bromide was removed by extraction with caesium chloride
saturated isopropanol (discarding the top layer each time and re-extracting
until the bottom layer was colourless, usually six times).

Following dialysis against three changes of TE buffer pH 8.0 (see
Appendix Il), the solution of DNA was extracted three times with phenol

(transferring the top layer to a fresh tube each time).
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The DNA was precipitated with 0.1 volume 3 M sodium acetate, 2.5
volumes of ethanol at -70° C for 15 min and pelieted by centrifugation using
a Sorvall ST-micro rotor. The pellet was dried in vacuo and resuspended in
400 ul of sterile water. The concentration of the DNA was determined by

measuring the absorbance at 260 nm (1 Axso unit of double stranded DNA =

50 pg/mi).

24. ANALYTICAL AGAROSE GEL ELECTROPHORESIS OF
DNA

Gels were prepared by adding 300 mg of agarose to 30 ml of 1X Tris-
acetate buffer (1% wi/v) (see Appendix IlI) and heating in a microwave oven
until all the agarose had dissolved. After cooling to 50° C in a water-bath,

3 ul of ethidium bromide were added to give a final concentration of

0.5 pg/mi ethidium bromide (stock Et-Br 10 mg/ml stored at 4° C). The
agarose slurry was then poured into a pre-levelled gel former and allowed to
set at room temperature for 30 minutes.

Tris-acetate buffer (1X) (see Appendix Il) was added to the
electrophoresis chamber so that the gel was covered to a depth of 1 mm.

Samples (5 pl in loading buffer — see Appendix Il) were loaded below
the surface of the running buffer into the pre-formed sample wells. The gel
was electrophoresed at a constant voltage (100 V), until the bromophenol
blue in the loading buffer was 1 cm from the anode end of the gel.

After electrophoresis the gel was analysed on a UV transilluminator.
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2.5. ANALYTICAL SCALE DIGESTION OF DNA WITH
RESTRICTION ENDONUCLEASES

Plasmid DNA (2 ug in 5 pul) was mixed in a sterile Eppendorf tube with
1 pl of the appropriate 10X restriction buffer (supplied with each enzyme),
and 3 ul of sterile deionised water.

For single restriction enzyme digests, 1 ul of enzyme (20 U/ul) was
added and the digest incubated at 37° C for 1 h after mixing by gentle
flicking.

For double endonuclease digestions (where the buffer conditions are
identical), only 5 pl of sterile water were added followed by 1 pl (20 U/ul) of
the second enzyme, the contents mixed and incubated as above.

The digestion was terminated by the addition of 2 ul of loading buffer

(see Appendix Il) and the products analysed by agarose gel electrophoresis.

2.6. CLONING OF THE Hind lll - Sac | FRAGMENT OF pEX1 IN
pBLUESCRIPT PLASMID

2.6.1. PREPARATION OF THE Hind Iif - Sac | FRAGMENT OF
pPEX1 PLASMID FOR CLONING

2.6.1.1. LARGE-SCALE DIGESTION OF THE PLASMID pEX1

Digestion with restriction endonucleases was performed essentially as

described in 2.5, with the minor modifications indicated below.
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Plasmid pEX1 (37.5ug in 95 pl) was mixed with 35 pl of the
appropriate 10X restriction buffer, 180 pl of sterile distilled watér and 20 pl
(20 U/pl) of Hind 11l and 20 pl (20 U/ul) of Sac I. After an incubation for 2h at
37° C the progress of the digestion was monitored by analytical scale

agarose gel electrophoresis.

Preparative gel electrophoresis was performed after 3h 45 min of

digestion.

26.1.2. ELECTRO-ELUTION OF THE Hind Il - Sac |
FRAGMENT

The band containing the Hind /lI-Sac | fragment was excised from the
preparative agarose gel and fastened securely in "pre-wetted" dialysis tubing
for electro-elution at a constant voltage (100 V). The progress of the elution
was monitored every 10 min on the UV transilluminator. When the ethidium
bromide had migrated out of the gel slices the elution of DNA was ended and

the samples stored at -20° C for subsequent purification and concentration.

26.1.3 PURIFICATION AND CONCENTRATION OF THE
‘Hind Ill - Sac | FRAGMENT

An ion-exchange column was plugged with sterile siliconized glass
wool and filled with approximately 2 ml of DE-52 cellulose matrix. The

solution containing the Hind /ll-Sac | fragment (produced as described in
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section 2.6.1.2.) was loaded onto the column, the flow-through collected, and
passed through the column a second time.

After washing the column with "low salt" solution (0.3 M NaCl), the
DNA fragment was eluted in a small volume (1000 pl) of "high salt" solution
(1.0 M NaCl), and collected in a Corex tube. Nucleic acid precipitation was
carried out by the addition of 0.1 volume of 3 M sodium acetate and 2
volumes of ice-cold ethanol followed by incubation at -20° C for 24h.

The DNA was pelleted by centrifugation at 10 krpm for 1h at 2°C
using a Sorvall ST-micro rotor. After decanting the supernatant any
remaining ethanol was evaporated under vacuum and the pellet dried.

Finally the pellet of DNA was resuspended in 170 pl of sterile distilled

water and stored at -20° C.

2.6.2. PREPARATION OF THE PLASMID pBLUESCRIPT FOR
CLONING

2.6.2.1. DIGESTION OF pBLUESCRIPT WITH RESTRICTION
ENDONUCLEASES Hind Ill and Sac |

The vector DNA (pBluescript) was cleaved with Sac I and Hind IlI
using a similar protocol to that outlined in section 2.5., and the restriction
enzymes inactivated by heating at 60° C for 10 min. The completeness of the

digestion was established by running a 2 pl sample on an analytical scale

agarose gel.
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2.6.2.2. PHOSPHATASE TREATMENT OF pBLUESCRIPT

Digested plasmid pBluescript (20 ug in 20 ul) was treated with
alkaline phosphatase to remove 5’ phosphate groups. The reaction mixture
consisted of 20 pul of cleaved vector, 2.5 ul of 1 M Tris pH 8.0 (to give a final
concentration of 50 mM), 21.5 pl of sterile distilled water and 6 pl of alkaline
phosphatase (10 U/ul). After mixing the tubes were incubated at 37° C for 45
min.

The alkaline phosphatase was inactivated by adding an equal volume
(50 pl) of water-saturated phenol, (discarding the lower layer and repeating
usually twice). Water-saturated diethyl ether was added, and after removing
the organic phase (upper layer) the procedure was repeated a further six
times.

Following the removal of as much of the ether as possible 5 ul of 3M
sodium acetate and 150 pl of ethanol were added. The DNA solution was
then incubated at -20° C for 72 h (approx) to precipitate the DNA. The
dephosphorylated Hind /lI-Sac | cleaved vector DNA was pelleted by
microcentrifugation at 13 krpm for 20 min at 4° C, the supernatant removed
and the pellet dried in vacuo.

| Sterile deionised water (40 pul) was added to reconstitute the pellet,
and the recovery of the dephosphorylated vector was checked by agarose

gel electrophoresis.
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2.6.3. LIGATION

Ligation was performed as follows:

2 pl of dephosphorylated vector (0.5 ug/ul) and 5 ul (2 ug) of the
Hind 11i-Sac | fragment isolated from pEX1 were mixed in a sterile Eppendorf
tube. This was followed by the addition of 1 ul 10X ligation buffer, 1 ul ATP
(10 mM) and 0.5 pul (200 U) T4-DNA ligase. After mixing the contents by

gentle flicking an overnight incubation at 16° C was carried out.

2.6.4 INTRODUCTION OF PLASMID DNA INTO E. coli CELLS

2.6.4.1. PREPARATION OF COMPETENT CELLS

E.coli cells strain DH5a (5 ul) were spread over the surface of an M9
minimal medium plate (see Appendix Il) and incubated overnight at 37° C.

If S ul p’roved too large an inoculum to give individual colonies the
procedure was repeated with a 1 ul inoculum. A single colony was then
inoculated into a tube containing 15 ml of L-broth and the culture incubated
overnight at 37° C with vigorous shaking.

Overnight starter culture (1 ml) was inoculated into L-broth (100 ml)
and incubated at 37° C with vigorous shaking to an absorbance at 650 nm of
0.5. Then 50 ml of the culture was centrifuged at 3 krpm for 5 min at 4° C
using the Sorvall SL50T rotor. Following aspiration of the supernatant the
cells were carefully resuspended in 7.5 ml of ice-cold 0.1 M CaCl, (made

from filter sterilized 2 M stock) and incubated on ice for 15 min before
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centrifugation at 3 krpm for 5 min at 4° C using the Sorvall SL50T rotor. The
cells were resuspended in 1.5 ml (0.1 volume) of ice-cold 0.1 M CaCl,, and

kept on ice until required.

2.6.4.2. TRANSFORMATION
Three transformation mixtures were prepared as follows:
TUBE 1 UNCUT VECTOR: 10 pl of uncut vector (0.1 pug/ul) was added to
20 wl of 1X SSC. This was followed by 200 pul of competent cells prepared as

described in section 2.6.4.1. and the contents of the tube mixed well.

TUBE 2 VECTOR AND FRAGMENT: 10 pl of ligation mixture
(dephosphorylated vector + pEX1 fragment) were added to 20 ul of 1X SSC.
This was then followed by 200 nul of competent cells and the contents mixed

well.

TUBE 3 LINEAR VECTOR: 10 pl of dephosphorylated vector (0.1 ng/ul) and
20 pl of 1X SSC were added to 200 pul of competent cells and the contents of
the tube mixed well.

After incubation of all three tubes on ice for 30 min, with occasional
shaking, a heat-shock at 42° C for 2 min was performed. This was followed
by incubation on ice for a further 15 min.

L-broth (2ml) was added to each sample and incubated at 37° C for
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1 - 1.5 h with continuous shaking to allow gene expression. The cells were
then pelleted by centrifugation at 3 krpm for 5 min at room temperature and

each pellet was resuspended in a final volume of 100 pl of L-broth.

2.6.4.3. PLATING-OUT OF THE TRANSFORMANTS

L-broth (80 ul) was pipetted into the centre of pre-dried AlX plate (see
Appendix Il) followed by 20 pl of transformed cells. The cells were spread
over the whole surface of the plate using an "L-shaped" glass rod, kept on
the bench for a few minutes to let the transformed cells absorb into the agar,

and then incubated overnight at 37° C.

2.6.5. ANALYSIS OF THE TRANSFORMANTS

Transformants were analysed for the presence of the recombinant
plasmid by the method of Holmes and Quigley (1981) followed by agarose
gel electrophoresis. Restriction enzyme digestion (Sac / — Hind Ill) was used

to excise the cloned insert.

2.6.5.1. PREPARATION OF PLASMID DNA ON A SMALL-SCALE
(HOLMES AND QUIGLEY (1981) METHOD)

White colonies from the vector plus DNA fragment plate were

resuspended in L-broth containing ampicillin at a final concentration of
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50 pg/ml and incubated at 37° C overnight with constant shaking. Aliquots of
each culture (2 x 1.5 ml) were pipetted into sterile Eppendorf tubes and the
cells pelleted by centrifugation in a microfuge for 30 sec. Each pellet was
resuspended by vortex mixing in 75 pul of STET buffer (see Appendix II) and
the suspensions combined into one 150 pl suspension in one tube. Freshly
prepared lysozyme (12 pul at a concentration of 20 mg/ml) was added to each
tube and the contents mixed by vortexing.

Then the cell lysates were heated in a boiling water bath (40 sec) and
immediately centrifuged in a microfuge for 15 min at room temperature. The
supernatant (approximately 100 ul) was carefully removed from the fluffy
pellet containing chromosomal DNA, and transferred to a fresh sterile tube.
An equal volume of isopropanol (100 ul) was added to the supernatant and
the nucleic acids precipitated in an alcohol dry-ice bath for 10 min.

The nucleic acids were pelleted by centrifugation in a microfuge at 12
to 14 krpm for 15 min in the cold-room. Following the careful removal of the
supernatant with a sterile Pasteur pipette, the pellet was resuspended in
100 ul of sterile distilled water and the nucleic acids precipitated with 10 pl of
3M sodium acetate (pH 6.0) and 300 pl of absolute ethanol (stored at -20° C)
in an alcohol dry-ice bath for 10 min.

The nucleic acid was pelleted by centrifugation in a microfuge at full
speed, the supernatant discarded and the pellet washed carefully with
100 pl of 70 % ethanol (stored at -20° C). The nucleic acid pellets were dried
under vacuum for 3 to 4 min, resuspended in 30 pl of sterile distilled water

and stored at -20° C.
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2.6.5.2. CONFIRMATION OF THE PRESENCE OF THE Hind lll-
Sac I FRAGMENT IN THE RECOMBINANT PLASMIDS

Plasmid DNA prepared according to the protocol described in section
2.6.5.1. was digested with a combination of Hind /Il and Sac I restriction
endonucleases as described in section 2.5.

Agarose gel electrophoresis was used to analyse the products of the

endonuclease digestion as outlined in section 2.4.

3.0. ISOLATION AND PREPARATION OF PLASMID DNA FOR
SEQUENCING '

3.1.1. ALKALINE LYSIS MINI-PREPARATION USING THE
PHARMACIA KIT

SB medium (1.4 ml) (see Appendix ll) containing the appropriate
antibiotic was inoculated with a single colony of the recombinant clone of
interest and incubated overnight at 37° C with constant shaking. The cells
were pelleted by centrifugation in a microfuge for 1 min at full speed, and the
medium removed by aspiration to leave the cells as dry as possible.

Solution I (100 pl) (see Appendix II) was added and the cells
resuspended by vortex mixing. Following incubation on ice for 5 min, 200 pl
of Solution Il (see Appendix Il) were added and the incubation on ice
repeated. After the further addition of 150 ul of Solution Il (see Appendix Il)
and incubation on ice for 5 min the cell lysates were microfuged (Sorvall T21

with ST Micro rotor) at full speed for 5 min at room temperature. The
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supernatant was transferred to a fresh microfuge tube and 1 volume (450 pnl)
of isopropanol was added, mixed by inversion and incubated at room
temperature for 5-10 min.

The DNA was pelleted in a microfuge at full speed at room
temperature for 5 min. Following the removal of the supernatant by
aspiration the DNA pellet was gently washed in 250 nl of isopropanol, and
air-dried.

Since the DNA was to be used for sequencing by the dideoxy chain
termination method the pellet was redissolved in 25 pul of Column Buffer (see

Appendix II).

3.1.2. ESTIMATION OF THE CONCENTRATION OF DNA
BEFORE THE PREPARATION OF SINGLE STRANDS

The approximate concentration of plasmid DNA was determined by
comparing the fluorescence of ethidium bromide-stained DNA with that of
known amounts of caesium chloride purified DNA. An agarose gel (0.8%)
was prepared in 1X Tris-acetate buffer (see Appendix Il), containing
ethidium bromide at a final concentration of 0.5 ug/mil.

Redissolved plasmid DNA (1 nul) prepared as described in section
3.1.1. was combined with 4 ul of sample buffer. Aliquots (2, 4 and 8 pl) of the
pBR322 DNA standard containing 2,4, and 8 ug of DNA respectively were
loaded into three wells of the agarose gel; duplicate samples of the plasmid

DNA and a molecular size marker were loaded into adjacent wells.
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The DNA samples were electrophoresed and the amount of DNA in
the plasmid sample was estimated by comparing the intensity of its
fluorescence under ultra-violet light with that of the three pBR322 DNA
samples. The size of the plasmid was estimated from the molecular size

marker.

3.1.3. PREPARATION OF SINGLE STRANDED DNA FOR
SEQUENCING

Plasmid DNA (20 pl at a concentration of 1.5 ug/ul) prepared as
described in section 3.1.1. was treated with 5 ul of 2 M NaOH at room
temperature for 5 min. The denatured DNA was purified immediately on
Sephacryl S-400 columns (prepared as described in Appendix Ill).

The plasmid solution was slowly applied to the centre of the upper flat
surface of the compacted bed of Sephacryl S-400. In this procedure careful
application of the sample to the centre of the bed was essential for good
separation of the DNA. The column was then centrifuged for 2 min at
approximately 400 x g in a swing out bucket rotor. The effluent collected in a
microfuge tube contained the purified single stranded plasmid DNA in

approximately 25 pl of column buffer.
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4.0. SEQUENCING OF DNA

4.1. PREPARATION OF OLIGONUCLEOTIDE PRIMERS

Oligonucleotide primers were synthesised as described in Appendix
IV using the phosphoramidite chemistry and prepared by the procedure
described below. This procedure gives high yields of de-salted
oligonucleotides which are 20 bases or longer.

The ammonia solution (1 ml) containing the oligonucleotides was
divided into 3 X 330 pl aliquots in flip-top Eppendorf tubes. The
oligonucleotides were precipitated by adding 33 gl of 3M sodium acetate
solution pH 6.0, followed by 915 pl of absolute ethanol (maintained at
-20° C) to each tube. After overnight incubation at -20° C the tubes were
microfuged at 13 krpm for 15 min at 4° C. The ethanol was removed by
aspiration and the pellets resuspended in 500 ul of 80% ethanol (stored at
-20° C).

After pooling the contents of the three tubes into one conical
Eppendorf tube and microfuging at 13 krpm for 5 mins at 4° C the ethanol
was removed and the open tube covered with parafilm. The contents of the
tube were lyophilised on a freeze-dryer once the parafilm had been
perforated with a hypodermic needle.

The oligonucleotide primers could be stored indefinitely ih this
lyophilised form, or could be resuspended in 600 pl of buffer (for example

T.E. pH 7.5 see Appendix Il).
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4.2. DNA SEQUENCING USING THE SEQUENASE KIT ™

All sequencing reactions were carried out according to the
manufacturers instructions in small plastic centrifuge tubes typically 1.5 ml
Eppendorfs; these were kept capped between manipulations to minimize

evaporation of the small volumes used.

4.2.1. ANNEALING THE TEMPLATE AND THE PRIMER

For each of four sequencing lanes, a single annealing and labelling
reaction was used.

Primer (1 pl at a concentration of 0.5 pmol/pl), reaction buffer (2 pl)
and 7 pul (2.0 ug) of template DNA were combined in a centrifuge tube. For
the control, 5 pl (0.2ug) of DNA supplied in the kit and 2 pl of water were
used, this was equivalent to a 1:1 (primer : template) molar stoichiometry.

The capped tubes were held at 65° C for 2 min and then allowed to
