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Abstract
A human retinal cDNA clone A.H631.2 detects human and rat poly(A)^
mRNAs of 2.2kb and 2.3kb, respectively, which are highly enriched in the brain.
The D NA sequence encodes a putative protein of 299 amino acid residues, with
an estimated M, of 34,339 and pi 7.35. The N-terminal portion has 38-50%
identity with corresponding regions in the C la and C lb regulatory region of
protein kinase C, bearing the motif HXFX 10CX 2CX 13/ 14CX 2CX 4HX 2CX 7C, part
of which is also found in many transcription factors. The C-terminal portion
containing 171 amino acid residues has 42% identity with the C-terminal
region of BCR, the product of the breakpoint cluster region gene involved
in

Philadelphia (Ph’) chromosome translocation associated with chronic

myelogenous leukaemia. The link between two distinct protein families led to the
designation /i-Chimaerin, for this novel brain protein.
Portions of the XH631.2 cDNA were cloned into various bacterial expression
systems to produce /3-galactosidase-(/3-Gal-), anthranilate synthase-(rzpE-) and
glutathione S-transferase- (GST-) fusion proteins of n-Chimaerin, as well as an
unfused /z-Chimaerin product. TrpE/n-Chimsienn expressed proteins were most
effective at producing «-Chimaerin specific antibodies in rabbits. Greater
specificity was achieved by further absorption of the antibodies to jS-Gal/nChimaerin fusion proteins. Affinity purified antibodies detected the presence of
/z-Chimaerin and related molecules in the brain, various tissue culture cell lines
and specifically in cytosol from brain and testes, in agreement with mRNA
analyses. Preliminary immunocytochemical analyses of rat brain sections,
demonstrated the presence of zi-Chimaerin in neurones. Extraneous signals were
also detected; these may be to related proteins or proteins with shared epitopes.
TrpEjj GST//z-Chimaerin and purified /z-Chimaerin C-terminal proteins were
used by others to establish functional assays, showing the N-terminal to bind
phorbol esters in a zinc-dependent manner and the C-terminal to act as a
GTPase-activating protein (GAP) for R acl, a member of the Ras superfamily.
These studies have provided a basis for the functional characterization and
localization of zz-Chimaerin in the brain, and will facilitate an understanding of
its specific role in signal transduction in neurones.

Abstract
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MAG/1B236

Myelin-associated glycoprotein

MalBP

Maltose-binding protein

malE

gene encoding MalBP

MAP

Microtubule-associated protein

MAPK

mitogen-activated protein kinase

MAPKK

MAPK kinase/also known as Mek

MCS

multiple cloning site

MOPS

morpholinopropanesulphonic acid

MSH

melanocyte-stimulating hormone

MT-I

metallothionein gene

N

any nucleotide (A, C, G, T or U)

N-CAM

Neural cell adhesion molecule

N-terminal

Amino terminal

NF -1

Neurofibromatosis gene coding for neurofibromin

NP40

Nonidet P40; ethylphenyl-polyethylene glycol

cNMP

nucleotide 3’,5’-cyclic monophosphate

NTP

nucleotide 5’-triphosphate

dNTP

deoxynucleotide 5’-triphosphate
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ddNTP

2’,3’-dideoxynucleotide triphosphate

N Sl

HAT sensitive BALB/c plasmacytoma P 3/N S l/l-A g4.1

NSE

Neuron specific enolase

OD

optical density

OPI

oxaloacetate/pyruvate/insulin

ORF

open reading frame

PAGE

polyacrylamide gel electrophoresis

PBS

phosphate buffered saline

PBS-T

PBS/0.1%(v/v)TWEEN20

PCR

polymerase chain reaction

PDGF

platelet-derived growth factor

PEG

polyethylene glycol

pfu

plaque forming units

Ph’

Philadelphia chromosome

PH

pleckstrin homology

Phenol solution

phenol/chloroform/isoamyl alcohol (25:24:1)

pi

isoelectric point

PKC

Protein kinase C

cPKC

conventional PKC

nPKC

novel PKC

PLP

proteolipid protein

PMSF

phenylmethylsulphonyl fluoride

PNS

peripheral nervous system

poly(A)+/-

polyadenylated / non-polyadenylated

POMC

pro-opiomelanocortin

PPT

preprotachykinin

PC

phosphatidylcholine

PS

phosphatidylserine

Pur

Purines - (Adenine and Guanine)

Pyr

Pyrimidines - (Cytosine, Thymine and Uridine)

RNA

Ribonucleic acid

hnRNA

heterogeneous nuclear RNA
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mRNA

messenger RNA

tRNA

transfer RNA

rRNA

ribosomal RNA

RNaseA

ribonuclease A

mRNPs

ribonucleoprotein particles

RT

room temperature

SDS

sodium dodecyl sulphate

sev

sevenless

SH2

src homology 2

SH3

src homology 3

sina

seven-in-absentia

Sos

son-of-sevenless

SRE

serum response element

SRF

serum response factor

SSC

standard saline citrate

T

Thymidine

TEMED

N,N,N’,N’-tetramethylethylene diamine

TGF-a

transforming growth factor-a

TRIS

2-amino-2(hydroxymethyl)-l,3-propandiol

trpE

component I of anthranilate synthase

TWEEN20

polyoxyethylenesorbitan monolaurate

TLCK

Na-p-tosyl-L-lysine chloromethyl ketone

TPCK

N-tosyl-L-phenylalanine chloromethyl ketone

Triton X-100

octylphenoxypolyethoxyethanol

U

Uridine

UTR

untranslated region

v/v

volume by volume

w /v

weight by volume

X-gal

5-bromo-4-chloro-3-indolyl-)9-D-galactoside
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1.1: Introduction
In this thesis I will not attempt to cover in detail the many specialized areas,
such as neuroanatomy, neurophysiology or neurochemistry, which have been used
classically to unravel the complexities of the brain. I will instead concentrate on
how the molecular approach, with its increasingly powerful techniques, has been
used by other workers in the study of the brain. I will then attempt to show how
some of these methods have been employed in the study of one human brain
cDNA clone and the evaluation of its role in the brain.
This human brain cDNA, A.H631.2, was considered for further characterization
because preliminary Northern analysis had shown that expression of its mRNA
was restricted to the brain and it could therefore be used as a tool to examine the
basis of neural specificity. While others concentrated on characterizing the
genomic organization of the gene from which this cDNA was derived, this study
has concentrated on analyzing the expression and possible function(s) of the
putative protein encoded by the A.H631.2 cDNA.
This protein was designated «-Chimaerin based on it consisting of separate
domains structurally related to two different protein families. The N-terminal
contains a cysteine-rich domain with identity to the C l regulatory region of PKC,
whereas the C-terminal domain has identity to the product of the breakpoint
cluster region (BCR) gene involved in the Philadelphia chromosome translocation
associated with chronic myelogenous leukaemia. This C-terminal domain has been
found in many other proteins and functions as a GTPase-activating protein (GAP)
acting on members of the Rho subfamily of p21s. The latter are members of the
much larger Ras superfamily of small GTP-binding proteins, involved in cellular
processes such as cell growth, differentiation, secretion and intracellular
trafficking.

1.2: The Nervous System
The nervous system serves to collate the information gathered by the sense
organs and perform the relevant responses. In general there is a separation into
a central computing region - brain - and a peripheral set of nerve fibres carrying
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information to and from the ’brain’. In chordates this central computing region
is termed the central nervous system (CNS) and consists of the brain and spinal
cord. The peripheral nervous system (PNS) consists of the cranial and spinal
nerves.

13: The Brain
In lower vertebrates, like fish, amphibia and reptiles, the brain is little more
than a centre for the co-ordination of information from the sense organs. The
brain can produce simple reflex behaviour but the extent to which it leams is very
limited. The mammalian brain also co-ordinates simple reflex actions but is
capable of the far more complex process of learning from past experiences. In
fact, information can be stored and used later to solve problems and increase the
complexity of behaviour. The human brain is the ultimate example of this, being
capable of complex physical co-ordination such as playing a musical instrument,
and complex mental processes like solving mathematical problems, or even
grasping the brain’s own complexity.
Since many of the properties and functions of the brain are unique it would be
expected that among the many proteins expressed some of them would be unique.
These would include proteins involved in neurotransmission, neurotransmitter
receptors, ion channels, components of neurones such as axonal, dendritic and
synaptic proteins, glial structures such as myelin, proteins that regulate neural
connectivity during development, and molecules that may mediate higher mental
processes such as memory and learning. Some of these proteins may be expressed
in all cells whereas others may be cell-type specific or produced only at particular
times during development.

1.4: Cell Types - Neurones and Gila
The two major types of cells in the brain are neurones and neuroglia (glia). It
is only the neurones that are thought to be able to transmit nerve impulses either
within the CNS or to muscles and glands. It has been estimated that there are as
many as

neurones in the human CNS making up to

synaptic

connections. Histologists have classified neurones on the basis of their
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phylogenetic occurrence, location within the CNS, and by means of the
transmitter substances that they produce into over 50 major types and many
subtypes. These include pyramidal, stellate, Purkinje, Martinotti, mitral, granule
cells, etc. From the cell body (perikaryon) shorter dendrites or the much longer
axons emerge. Neurones are thus polarized with inputs coming from the dendrites
to the perikaryon and then output along the axon. All neurones contain a
structural cytoskeleton which in addition to providing the cellular architecture also
enables the dynamic processes of neurotransmission to occur. The glia seem to
play a much more supportive role. Glia cells, unlike neurones, do not stop
multiplying by the time of birth and out number neurones by an estimated ten to
one. They have been characterized histologically into three major types: astroglia
(astrocytes), oligodendroglia and microglia.

1.5: Brain Development
The CNS of all vertebrates appears in the very early embryo on the dorsal
surface as a longitudinal strip of neuroectoderm. This soon sinks beneath the
surface of the embryo forming a gutter which later rolls up to form the neural
tube. Three swellings then appear at the anterior end of the tube which develop
into the forebrain (prosencephalon), midbrain (mesencephalon), and hindbrain
(rhombencephalon). As development continues the midbrain remains undivided
while the forebrain subdivides into an anterior telencephalon and a posterior
diencephalon, and the hindbrain subdivides into the anterior metencephalon and
a posterior myelencephalon. Further development of the brain involves extensive
growth of this five-vesicle structure but does not involve any further major
subdivisions. The cerebellum grows from the roof of the metencephalon and is
involved in the co-ordination of the muscles to produce smooth behavioural
movements. In man this is the second largest part of the brain. Associated with
the cerebellum, in the floor of the metencephalon, is the pons which acts as a
junction box through which fibres to and from the cerebellum can interact with
fibres running to and from other parts of the CNS. By far the greatest
development occurs in the telencephalon which grows, and ultimately encloses the
diencephalon (with its associated nerve centres), to eventually form the two
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cerebral hemispheres. In mammals it is in the cerebrum that all information from
the senses is collated and analysed (Smith, 1989).
In humans the vast sheet of tissue that forms the cerebral cortex is about
2000cm^ in area, 3-4mm thick and contains perhaps 2 x 10^° neurones. Although
there is morphological similarity across the entire neocortex - it has a six layered
structure - there are distinctive regional variations in the proportions of different
cell types and the relative thickness of layers. The problem during development
then, is how nerve fibres from one part of the brain find their way to the
appropriate target cells.
During embryogenesis development progresses through each sensory system
from periphery to cortex. Cortical neurones are generated from cells of the
proliferative neuroepithelium near the surface of the cerebral ventricle, and they
migrate up along the processes of radial glia cells towards the surface of the
cerebral wall.
The first postmitotic cells entering the cerebral wall form a layer under the pial
surface called the preplate. Further waves of migrating juvenilé neurones
penetrate the preplate, dividing it into an upper layer, which becomes layer 1 of
the mature cortex, and the subplate. The latter population of cells lie below the
cortical plate in what will become the white matter and most of these cells will
die shortly after birth. The layers of the cortex itself are formed in an inside-out
sequence, each successive generation of immature neurones migrating through the
existing layers to take their place under layer 1. In rodents, all neurones appear
to be generated by birth, but migration of cortical cells is not complete until the
end of the first post-natal week.
There is little regional specialization at the earliest stages in the development
of the cerebral cortex. Apart from anterioposterior and lateromedial gradients in
the timing of overall maturation, all regions of the developing cortex appear
similar until some time after the arrival of axons from the thalamus. There is
therefore the possibility that committed cortical fields emerge from an
undifferentiated, more or less equipotential protocortex (Blakemore and Molnar,
1990).
Regional differentiation might be imposed on each field by some local
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environment influence. Such a process of induced differentiation could simplify
the huge problem of genetic determination of such a complex structure, because
the distinctive characteristics of each cortical zone would not have to be
prespecified directly at the birth of each neuron in the germinal epithelium
(reviewed by, O’Leary, 1990; McConnell, 1991, 1992; Hatten, 1993).
The brain and its associated nervous system is thus the most complex and
highly organised structure of most organisms, particularly mammals. Due to the
complexity of this organ, strategies for examining its functions have therefore had
to be reductionist in nature.

1.6: RNA Complexity in the Brain
Hahn and Laird (1971) pioneered the application of molecular biology to the
CNS (molecular neurobiology).

These workers applying the Cot analysis of

Britten and Kohne (1968) determined the nuclear RNA complexity of various
mouse tissues using the DNA-RNA saturation hybridization technique with single
copy pH]DNA as the probe. They found that about 20% of the scDNA sequence
was transcribed in the adult mouse brain, while that from other tissues was much
lower. This finding was confirmed by Brown and Church (1971) and Grouse et
a l (1972, 1973). The reason(s) for this high complexity could be the summation
of RNA complexities of the numerous cell types present in brain tissue, although
alternative explanations may exist (reviewed by, Bantle and Hahn, 1976; Grouse
et a l, 1980; Kaplan and Finch, 1982; Chikaraishi et a l, 1983; Sutcliffe, 1988;
Takahashi, 1992).
Many studies since then have addressed the question of how many genes the
brain or other tissues may express. mRNA isolated from a particular tissue had
its hybridization parameters measured using either, the extent of hybridization to
an excess of genomic D NA (saturation hybridization), or the kinetics of
hybridization to reverse transcribed copies of the mRNA (competition
hybridization). These studies (reviewed by, Milner et a l, 1987) have consistently
estimated that 1-2 x 10® nucleotides of mature polyadenylated cytoplasmic RNA
are expressed in brain (32-42% of the genome), whereas non-neural tissues such
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as liver or kidney express two to three fold lower amounts of RNA.
In order to calculate the number of genes actually expressed in the brain, the
average length of mRNA molecules needed to be estimated. An estimation of
brain mRNA length was made by Milner and Sutcliffe (1983) by isolating 191
random cDNA clones and measuring the size, abundance and tissue distribution
of each mRNA by Northern analysis. They found that brain-specific mRNA of
the low-abundance class, the class that makes up most of the mRNA mass,
averaged 5,000 nucleotides in length.

This then gave an estimate of 30,000

distinct brain mRNAs, a lot less than the 100,000 mRNA species previously
calculated by Cot analyses. The large size of brain mRNAs has been attributed
to the presence of long 3’ non-coding regions and that on average they encode
large proteins (Sutcliffe, 1988; Takahashi, 1992). The kinetic analyses of
Chaudhari and Hahn (1983) showed that about 65% of brain mRNA is unique,
and by the cloning analyses of Milner and Sutcliffe (1983) that 40-56% of brain
mRNAs are brain specific. Thus, of the estimated 30,000 brain mRNAs, roughly
2 0 ,0 0 0

may be brain specific.

This estimation is of course dependent on the average length of an mRNA
being 5,000 nucleotides and the detection of expression in liver and kidney, the
two tissues used routinely as non-neural controls (Milner and Sutcliffe, 1983).
Another problem has been that these calculations are based on mRNA molecules
with a 3’ poly(A) tail, although reports had suggested that about half of the
nucleotide complexity of brain polysome-bound mRNA is poly(A)" (Chikaraishi,
1979; Van Ness et a l, 1979). This would, therefore, have doubled the number of
brain-specific mRNAs. This seems to have been resolved by Fung et a l (1991)
who have shown that the brain poly(A)' species of mRNAs are likely to be labile
brain-specific mRNAs that lose their poly(A) tails during isolation, and, Harris
and Sherbany (1991) who showed that transcripts of clones derived from a
poly(A)' cDNA library are present in both poly(A)^ and poly(A)" RNA. Thus if
a 5,000bp mRNA is cut in two during isolation, the 3* portion will become
poly(A)^ RNA and the 5’ portion will appear to be poly(A)' RNA of a size
comparable to that of abundant mRNAs.
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1.7: Molecular Basis of Neural-Specific Expression
In higher eukaryotes the genes are located on chromosomes in the cell nucleus
and are thought to be the same in all cells (known exceptions being the genes for
immunoglobulin in B-cells, and the T-cell receptor in T-cells). Three classes of
gene have been defined by their type of promoter and each is transcribed by its
relevant RNA polymerase. Ribosomal RNA (rRNA) is transcribed by RNA
polymerase I, mRNA by RNA polymerase II, and transfer RNA (tRNA) and
other small RNAs by RNA polymerase III. Since all cells would be expected to
require rRNAs and tRNAs for protein translation, tissue-specific expression is
mainly concerned with the activity of RNA polymerase II and the transcription
factors it is dependent on to initiate transcription.
A structural gene to be expressed in a particular tissue is transcribed by the
enzyme RNA polymerase II to generate single-stranded heterogeneous nuclear
RNA (hnRNA). hnRNA still contains any non-coding introns which may interrupt
the coding exons. A 5’ cap structure is added to hnRNA soon after the initiation
of transcription and a 3* polyadenylate tail is added post-transcriptionally. The
process of RNA splicing removes the introns from hnRNA and fuses the exons
to generate mRNA. mRNA has to then translocate from the nucleus to the
cytoplasm where it can be translated on ribosomes into the encoded protein. The
protein may then be co- or post-translationally modified by proteolytic cleavage,
glycosylation, phosphorylation, sulphation, acylation, myristylation or many other
modifications. The protein may then function in the cytoplasm where it has just
been synthesized or be secreted or transported to its site of action. In all of these
processes there is the potential for regulatory mechanisms to operate.

1.7.1: Regulation of Transcription
The molecular interactions which underlie tissue-specific gene expression have
been unravelled in many tissues such as the liver, muscle, pancreas and immune
system, and more recently for the brain (reviewed in Johnson and McKnight,
1989; Struhl, 1991; Mandel and McKinnon, 1993). Transcriptional regulation
occurs through the interaction of cis-acting DNA elements and transcription
factors located in the nucleus.
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The promoters and enhancers which control the transcription of protein coding
genes in mammalian cells are composed of multiple genetic elements which are
modular. Each discrete functional modules may have 7-20bp of DNA and contain
one or more recognition sites for transcriptional activators (Dynan, 1989). RNA
polymerase II has two principal modes of control: the frequency of initiation and
the site of initiation (Serfling et a l, 1985). No extensive sequence identity has
been found at the startpoint of initiation, but in many cases the first base of
mRNA is an *A% flanked on either side by pyrimidines. A conserved AT-rich
motif (TATAAA) is found about 25bp upstream of initiation in higher eukaryotes
(40-90bp upstream in yeast) and this has been named the T A T A ’ box. Another
consensus sequence GGC/TCAATCT is found about 55bp upstream of the
TATA box and has been termed the ’C AAT box. A third motif with the sequence
GGGCGG has been named the ’G C box.
Promoters contain different combinations of ’TATA’, ’C AAT and GC’ boxes
as well as other modules. None of these elements is individually essential for
promoter function since some genes lack a TATA’ box while others lack a
C A A T box and then may or may not have ’GC’ boxes. Mutational and domain
swapping experiments among promoters have shown that the CAAT and GC’
boxes seem to act as modules which influence the rate at which transcription is
initiated by RNA polymerase II by bringing it in the general vicinity of the
startpoint. The TATA’ box however determines the precise point of initiation by
aligning RNA polymerase II via its interaction with TFIID and other factors.
A large number of promoters that are found in constitutive or ’housekeeping’
genes have been found to be GC-rich and lack discernible C A A T and TATA’
boxes. These are normally characterized by the presence of multiple
transcriptional initiation sites and potential binding sites for Spl. Spl recognizes
the GC’ box or its inverted complement and it appears to play an important role
in regulating transcription of many viral and cellular genes (Dynan et a l, 1985).
The human transforming growth factor alpha (TGF-a) gene promoter is an
exception among GC-rich promoters in lacking both a TATA’ and C A A T box
but directing transcriptional initiation from a single start site. Other motifs are
found including those for the Spl and AP2 transcription factors. It has been
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suggested that an alternative sequence element within this promoter can replace
the function of the TA T A ’ box in the positioning of transcriptional initiating sites
(Jakobovits et a l, 1988).
Enhancers are defined as genetic elements that increase transcription from a
promoter located at a distant position on the same molecule of DNA. Enhancers
should meet the following criteria:
1.

strong activation of transcription of a linked gene from the correct
initiation (cap) site,

2.

activation of transcription is independent of orientation

3.

ability to function over long distances ( > 1000 bp) irrespective of their
position relative to the cap site

4.

preferential stimulation of transcription from the most proximal of two
tandem promoters.

Enhancers like promoters are modular in nature. All the modules contain
multiple, overlapping sites for different transcriptional activator proteins. Modules
in turn can be subdivided into ’enhansons*. These are short D N A sequences that
are the basic units of enhancer structure.
Inducible enhancers have been found conserved in the upstream regions of the
metallothionein-I (MT-I) gene from man to Drosophila melanogaster. Several
motifs exist which are involved in the transcriptional induction caused by heavy
metal ions, glucocorticoid hormones and bacterial lipopolysaccharides. Disruption
of the metal regulatory element (MRE) found in the promoter causes a reduction
of the heavy metal response but not its total elimination. This led to the
identification of four homologous copies of the MRE in a more upstream region.
When synthetic copies of these sequences were placed as dimers in a heterologous
promoter (HSV tk gene) it was found that four of the five sequences could confer
heavy-metal regulation (Stuart et a l, 1985).
Tissue-specific enhancers have been detected in the Inununoglobulin (Ig) genes.
During lymphoid cell differentiation, the Ig heavy chain (IgH) genes are
assembled by fusion of one variable (V) gene segment to a diversity (D) and a
joining (J) segment and separated by a large intron, to a constant (C) segment.
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Within the intron, a strong enhancer is present. This was the first genetic element
identified to confer cell-type specificity. The IgH enhancer is required for
establishing stable transcriptional complexes in the early part of B cell
differentiation. Subsequently, its presence is not required for the maintenance of
transcription (reviewed by, Maniatis et a l, 1987; Atchison, 1988).
A number of models have been proposed to explain the interaction of protein
complexes bound at the enhancer and other transcription factors at the promoter
leading to the initiation of transcription. In the looping model, the intervening
DN A sequences between remote sequences and proximal promoter elements is
’looped out’ allowing contact between the two regions. In contrast, the scanning
model proposes that RNA polymerase II (or a transcription factor) recognizes
enhancers/upstream promoter elements, binds and then moves in either direction
along the DNA backbone, until it encounters proximal promoter elements and at
that point a transcription initiation complex is formed.
Evidence has accumulated in support of the looping model. Heuchel et a l
(1989) found that promoter usage is unaffected by enhancer position. If a
scanning model were in existence, the promoter proximal to an enhancer would
be expected to be preferentially activated. It has also been demonstrated that
enhancer sequences can stimulate transcription in trans (Muller and Schaffner,
1990). Again, this is consistent with a looping model, in which enhancers or
promoter elements can stimulate transcription without covalent linkage to the
gene as long as enhancer and promoter are in close proximity.
A variety of reporter gene constructs with different combinations of enhancers
and promoters have been compared by transient expression in mammalian cells.
It has been found that the combination of heterologous elements stimulated
transcription as efficiently as constructs with homologous elements in their
promoter and enhancer regions. This flexibility led to the suggestion that the
interaction between reporter binding sites in an enhancer position and the
promoter is mediated by components of the general transcription machinery. This
idea fits in with the increasing evidence that eukaryotic transcription factors
usually do not bind to D NA cooperatively but nevertheless stimulate transcription
synergistically.
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Synergistic activation has been shown using either in vitro transcription involving
a derivative of the yeast activator GAL4 and the mammalian transcription factor
ATF or multiple-bound copies of GAL4 derivatives. This synergy is thought to be
a consequence of interaction of each of the bound activators with some
component or components of the transcriptional machinery rather than with each
other. This result suggests multiple contacts with a single target or with multiple
copies of a single target (Lin et aL, 1990; Carey et a l, 1990).
At least three different types of activating domains (acidic, glutamine-rich, and
proline-rich) have been identified in transcription factors. These regions of 30-100
amino acids are separate from the DNA binding domain. The first defined
activation regions, in GAL4 and GCN4, have significant negative charge and can
form amphipathic a-helical structures. The position of these regions can be
manipulated within the same protein or actually transferred to a heterologous
DNA binding domain, and yet still retain the ability to activate transcription of
a reporter gene carrying the relevant binding site. The glucocorticoid hormone
receptor and A P-l/Jun also possesses an acidic a-helix (Ptashne, 1988). The
second type of activation domain is the glutamine-rich region found in the two
most potent activation domains of Spl, as well as; the D.melanogaster gene
products of Antennapedia, Ultrabithorax and Zeste; the yeast proteins H A Pl,
HAP2 and G a lll; and the mammalian proteins OCT-1, OCT-2, Jun, AP-2 and
SRF. The glutamine-rich region, like the acidic domain, may actually be
interchangeable since when this region from Antennapedia is linked to the Spl
zinc fingers it can partially substitute for the activation domains of Spl (Courey
et a l, 1989). The third type of activation domain identified in CTF/NF-1, AP-2,
Jun, OCT-2 and SRF is proline-rich. This region in CTF can also activate
transcription when linked to other DNA binding domains including the zinc
fingers of Spl (Mermod et a l, 1989).
These activation domains may facilitate transcription initiation by interacting
with either general components of the initiation complex, such as the TATAbinding factor TFIID or with RNA polymerase II itself or its subunits. The highly
conserved carboxy-terminal heptapeptide repeats of the largest subunit of RNA
polymerase II have been postulated to be one such target. As enhancers and
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upstream promoter sequences have similar structures, it is possible that RNA
polymerase II could function through an initial interaction with either type of
control region. Where RNA polymerase first recognizes transcription factors
bound to a remote enhancer, it might be brought closer to the promoter by
transient looping and/or short range diffusion (Mitchell and Tjian, 1989).

1,12 i Regulation at the Post-Transcriptional Level
Post-transcriptional regulation may occur at the level of:
1. RNA processing.
The roles played by the 5’ untranslated region (UTR), 3’ UTR, 5’ CAP
(m^Gppp, 7-methylguanosine residues joined to mRNAs by triphosphate
linkages), poly(A) tail and alternative splicing of RNA transcripts.
2. mRNA stability.
3. Protein processing, translation and stability.

At the 3* end of most eukaryotic genes is the sequence AATAAA (or more
rarely ATTAAA) which acts as the signal for the addition of the poly(A) tail to
the 3’ end of the transcribed mRNA by poly(A) polymerase. The sequence
AATAAA most likely serves as a signal for a nuclease to clip the nascent RNA
chain at a specific site some 10 to 15 bases further downstream. Poly(A)
polymerase than adds the poly(A) tail. Intact RNAs are not attacked by
exonucleases because they are protected at the 5’ end by the 'cap* structure and
at the 3* end by the poly(A) tail. An mRNA might remain intact as long as its
poly(A) is maintained at some minimal length (Proudfoot, 1991).
A 3’ AU-rich sequence has been found in short lived mRNAs, such as c-fos,
GM-CSF and c-myc to direct rapid shortening of the 3* poly(A) tail in a
translation-dependent manner (Fort et a l, 1987; Wilson and Treisman, 1988;
Brewer and Ross, 1988; Shaw and Kamen, 1986). The resulting de-adenylated (or
oligoadenylated) RNA then forms a labile substrate for further degradation which
seems to occur in a 3’ to 5’ direction. Wilson and Treisman (1988) proposed that
the poly(A) tail and 3’ AU-rich sequences are basepaired and that a polysomeassociated nuclease cleaves at the mismatched regions. Since the c-fos poly(A)
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length becomes heterogeneous within a short time, it was suggested that c-fos
poly(A) shortening may occur by random endonucleolytic cleavage. The frequency
of mismatches within the basepaired region, the length of the AU-rich region and
its distance from the site of polyadenylation are all factors which may influence
the rate of poly(A) tail shortening and hence the effective life of the mRNA.
Replication-dependent histone gene transcripts lack intervening sequences and
a poly(A) tail at their 3’ end. Among almost 50 different histone mRNAs the only
common structural feature is a 3’ stem-loop structure. This consists of a 6 base
stem with a 4 base loop. This structure is critical to post-transcriptional regulation
of histone mRNA levels (Marzluff and Pandey, 1988). Three major requirements
for the regulation of histone mRNA degradation when DNA synthesis is inhibited
have been defined by Graves et a l (1987). First, the hairpin loop must be present
at the 3* end; second, the histone mRNA must be translated to the normal
termination codon for the degradation response to be efficient, and the distance
from the termination codon to the 3’ end is important; and third, no specific
coding sequences between codons 20 and 130 are required for degradation. Ross
et a l (1987) showed that histone mRNA was degraded in a 3’ to 5’ direction by
an exonucleolytic activity in a cell free system. Replacing the 3* end with a
poly(A) sequence stabilizes the mRNA. Thus the 3’ hairpin loop must be at the
end of the mRNA for the mRNA to be degraded in response to inhibition of the
DN A synthesis. The recognition signal is most likely the 3* hairpin loop. A
possible interpretation of these results is that the secondary structure near the 3*
end of the coding region protects the mRNA from degradation and that the
translation of this region makes the 3’ end of the mRNA accessible to the
nuclease.
The transferrin receptor serves as a major means of iron uptake. Its
biosynthesis is decreased when iron is abundant and increased when it is scarce.
Conversely, ferritin, which sequesters iron in the cytoplasm is synthesized at a
higher rate when iron is abundant than when it is scarce. The S' untranslated
region (UTR) of the ferritin heavy chain mRNA contains a stem-loop structure
called an iron responsive element (IRE) which is responsible for the ironmediated control of ferritin translation. A protein termed the IRE-binding protein
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(IRE-BP) binds to the IRE and acts as a translational repressor. The IRE-BP
exists in two states, a high affinity state and a low affinity state (Haile et a l,
1989). The reversible oxidation or reduction of a sulfhydryl is essential for the
switch; the reduced form is of higher affinity while the oxidised form is of lower
affinity. This led to the proposal that the IRE-BP contains a single binding site
for its cognate RNA. This site can exist in two configurations, depending on the
status of at least one sulfhydryl pair. When this pair is oxidized, the site is
available for low affinity interaction with a suitable RNA, whereas, when the pair
is reduced this site can interact at a higher affinity. Therefore, at low iron
concentrations the high affinity interaction between the IRE-BP and the IRE in
the 5’ UTR represses translation of the ferritin mRNA.
The 3’ UTR of the transferrin receptor mRNA also plays a part in the irondependent regulation of mRNA levels since deletion of sequences corresponding
to the 3’ UTR of the transferrin receptor mRNA eliminates most of the iron
regulation of transcript levels regardless of whether the transferrin receptor
promoter region is present (Casey et a l, 1988). A 250bp fragment of the
transferrin receptor cDNA was used to identify residues critical for iron
regulation. Of the 5 IREs present only three were essential for regulation.
Deletion of a single cytosine residue from each of the 3 IREs in the synthetic
regulatory element also eliminated high affinity binding to the IRE-binding
protein in vitro and resulted in low levels of iron-independent transferrin receptor
expression, consistent with production of a constitutively unstable mRNA. This
led to the proposal that a similar iron-dependent interaction (to that of ferritin’s)
between the IRE-BP and IREs in the transferrin receptor mRNA 3’ UTR is
responsible for iron regulation of transferrin receptor mRNA stability. At low iron
concentrations, the high affinity interaction between IRE-BP and IREs would
stabilize the mRNA against the action of a specific nuclease. This nuclease was
proposed to recognize sequences or structures within the regulatory region which
would then constitute a rapid turnover determinant. Conversely, at high iron
concentrations the low affinity interaction between the IRE-BP and IREs would
be insufficient to protect the mRNA from the nuclease.
An alternative model to this has been proposed by Mûllner and Kuhn (1988).
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The sequences of the IREs are not in the characteristic stem-loops but are
engaged in other base pairing that stabilizes the alternative structure. This
structure has a predicted energy close to the structure containing the IRE stemloops and could constitute the nuclease target (Casey et oLy 1989). The binding
of the IRE-BP to IREs would favour the IRE containing structure in the
equilibrium between the two alternative structures. The probability of the mRNA
being a target for the nuclease is hence reduced.
Regulation at the protein level has been found in the expression of the genes
for a- and /3-tubulin. The apparent intracellular concentration of tubulin
heterodimers

(oi:/3) modulates the

stability of tubulin mRNAs by an

autoregulatory pathway. Actively translocating /3-tubulin mRNAs are targeted for
degradation by recognition not of a specific RNA sequence but rather by cotranslational binding (probably by the unpolymerized tubulin subunits themselves)
to the amino terminus of newly synthesized )8 -tubulin immediately after the
nascent chain emerges from the ribosome. It has been determined that the first
13 translated nucleotides of a /3-tubulin mRNA (which encode the first 4 amino
acids, M-R-E-I) are sufficient to confer autoregulated instability if present as the
first translated nucleotides (Yen et al. y 1988). This 13 nucleotide domain is
necessary since deletion of codon 2 or codons 3 and 4 from an otherwise
authentic /3-tubulin gene disrupts autoregulation of its RNA transcripts.
Furthermore, for /3-tubulin mRNAs to be substrates for autoregulation, they must
be associated with polysomes and translation must proceed past 41 codons. A
model for autoregulated mRNA instability has been proposed. As the
unpolymerized tubulin subunit pool is elevated, the initial event that leads
ultimately to regulated degradation of /8 -tubulin is the interaction between the
autoregulatory factor(s), possibly tubulin itself and the nascent amino-terminal
tubulin tetrapeptide just as it emerges from the ribosome.
Protein-protein interaction could lead to degradation of the corresponding RNA
by, activation of a cellular RNase (which itself might be a peripheral ribosomal
component) or alternatively induction of a transient stalling of the ribosome that
leaves the RNA in an exposed conformation that is a better substrate for non
specific nucleases. This could explain why RNAs that yield only short translation

Introduction

34

products fail to be autoregulated even though they are efficiently associated with
the ribosomes. It is known that for bacterial ribosomes, 30 to 40 amino acids are
contained in a tunnel in the large ribosomal subunit, hence this many amino acids
must be translated before the nascent M-R-E-I peptide would be accessible for
binding by the autoregulatory factor(s).
Post-transcriptional processing plays an important part in the synthesis of many
important neuropeptides. Substance P (a neurotransmitter in the brain and spinal
cord) and substance K are derived from the preprotachykinin (PPT) gene. Two
distinct mRNAs, a-PPT and /3-PPT, are derived from the gene by differential
splicing of the hnRNA. a-PPT is processed and eventually cleaved to produce
substance P, whereas /3-PPT produces both substance P and substance K (Harmar,
1984; Nawa et a l, 1984).
The calcitonin/CGRP gene is an interesting example in which the same
hnRNA produces different proteins based on tissue-specific selection of
polyadenylation sites. In the thyroid a polyadenylation site after exon 4 is utilized
while in the pituitary a polyadenylation site after exon 6 is used. The thyroid
therefore synthesizes calcitonin from a precursor protein which is known to be a
calcium-controlling hormone, whereas the pituitary produces CGRP (calcitoningene-related peptide).

1.7.3: Regulation of Protein Transport
Once a protein has been produced by translation of its mRNA, unless it is a
soluble protein that is a component of the cytosol, it will have to follow a pathway
to its appropriate location in the cell. If it is a nuclear protein it will have to cross
the nuclear membrane. Components of mitochondria or other organelles will have
to traverse the organelle membrane. Proteins that are to be secreted will pass
through the plasma membrane to the exterior. Proteins of the endoplasmic
reticulum (ER), golgi apparatus and other membranous bodies within the
cytoplasm may be inserted at the start of their translation into the membranes of
the ER and later be transported by the golgi apparatus.
In all of these pathways for protein sorting/trafficking some part of the protein
sequence or a covalent modification must interact with membrane systems of the
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cell. Membranes must therefore possess specific receptors which recognize these
signals on a protein, and proteins heading for similar destinations would be
expected to bear similar signals or motifs.
Two forms of transfer have been found, one being post-translational and the
other co-translational. In the former, free polyribosomes synthesize the protein
which is released into the cytosol and signals recognized by receptors on for
example the nuclear or mitochondrial membrane lead to its association and
import. In the latter, membrane-bound polyribosomes on the ER direct
translation of proteins which enter the ER while they are being synthesized and
their ultimate location depends on what pathways they may be directed to.
Proteins may be retained in the ER or passed onto the golgi apparatus where
once again they may be retained or transported further to the plasma membrane.
From the plasma membrane proteins can once again either be retained or
secreted. At each of these stages the presence of a signal within the protein or a
covalent modification will target the protein to its rightful destination.
The most common feature of proteins that associate or pass through a
membrane is the presence of a leader sequence at the N-terminal of what is
known as the pre-protein. This leader is essential for membrane insertion but
other sequences within the protein determine whether it passes through the
membrane or is retained to become an integral membrane protein. Leaders are
not found in the mature protein and so their loss is a good indication of their
functional significance. In the brain and endocrine systems many examples have
been found of both pre- and prepro-proteins. The pro- leader is distinct from the
pre- leader in that it marks a stable precursor which is the substrate for
subsequent processing. A well-known example of this is provided by insulin. This
is synthesized as preproinsulin, a single continuous protein of 108 amino acid
residues. The first 24 N-terminal residues constitute the signal sequence that
allows initial insertion into the lumen of the ER. Inside the ER the signal is
removed leaving proinsulin. Proinsulin is stabilized by disulphide formation, after
which a protease removes 33 residues leaving the mature insulin as two separate
chains joined by the disulphide linkages. Important peptides such as the
enkephalins and endorphins are produced from much larger precursors like
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preproenkephalin A, preproenkephalin B and pro-opiomelanocortin (POMC). The
latter as well as producing a- and )9-endorphins also produce the pituitary
hormones ACTH, a- and )S-MSH (Lynch and Snyder, 1986).
Proteins destined for mitochondria usually have 12-70 extra amino acid
residues. Very little homology has been found between leader sequences of
proteins imported into mitochondria. Leader sequences are however usually
hydrophillic, consisting of stretches of uncharged amino acid residues interrupted
by basic residues and lacking acidic residues. These features imply that it is
features of the secondary or tertiary structure that must be more important for
function. The leader sequence once recognized by the outer membrane leads the
whole protein through the membrane and is cleaved by a protease on the other
side of the membrane. Using the leader of cytochrome C l as a tool it has been
shown that the N-terminal 32 amino acid residues leader contains a sequence that
targets it to the organelle matrix, and an additional 19 residues after this are
needed to localize the protein to the intermembrane space or inner membrane.
Co-translationally produced proteins that associate with the ER through their
N-terminal signal leader, are recognized by the signal recognition particle (SRP)
which is a ribonucleoprotein protein. This arrests translation and causes the SRP
to bind to the SRP receptor which allows the ribosome to bind to the membrane
where translation resumes. The protein can then be translocated through the
membrane while it is being synthesized. Proteins to be retained in the membrane
possess an internal stop transfer signal which serves as a hydrophobic anchor to
latch onto the membrane and so stop the protein from passing all the way through
(reviewed by, Siegel and Walter, 1988; Singer and Yaffe, 1990).
Well characterized signals are the presence of mannose-6 -phosphate for the
transport of proteins to lysosomes (Pfeffer, 1991) and the C-terminal peptide
sequence KDEL that targets proteins to the ER (Pelham, 1990).
The neurone being a polar cell would be expected to possess intracellular
sorting mechanisms that lead to the distinct organization of the proteins found in
the axons and dendrites. These mechanisms are as yet unknown although it is well
known that there is an asymmetric distribution of proteins, organelles and
cytoskeletal elements including microtubules which are differentially transported.
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1.8: Isolation of Brain-Specific Proteins
As long ago as 1965, Moore and McGregor set out to identify molecules that
were unique to the brain but not present in liver. Using protein fractionation they
were able to isolate a few abundant species, including a glial protein, called S-100
because of its solubility in 1 0 0 % ammonium sulphate, and a neuronal protein,
termed 14-3-2 because of its electrophoretic and chromatographic properties
(Moore and McGregor, 1965; Moore, 1972). S-100 is one of a subfamily of EFhand calcium-binding and modulatory proteins, which actually exists as a group
of dimeric proteins, consisting of both hetero- and homodimers of a- and )9subunits, the )9- homodimer predominating in the brain (Zimmer et aL, 1991). 143-2 is now known to be neurone-specific enolase a highly acidic protein of 78kDa
which has been found in elements of the CNS and PNS, and also in many
neuroendocrine cells and derivative tumours (Marangos and Schmechel, 1987).
This strategy for identifying brain-specific molecules has the following
disadvantages:
1.

Most abundant brain proteins are also present in other tissues - a notable
exception being myelin and its associated proteins. Isolating the more rare
brain-specific proteins requires several serial fractionations each time
comparing brain and control tissues as peaks from a gradient or bands or
dots on a gel. This has however been done successfully for 14-3-3 (Boston
et a lj 1982), PGP9.5 (Doran et al, 1983) and Spot 35 (Yamakuni et a l,
1984).

2.

Further studies of any potential brain-specific protein require essentially
pure protein, which can be used to raise antisera or from purified peptide
sequences oligonucleotides can be designed to isolate cDNAs for the
establishment of brain specificity rigorously.

3.

No functional or structural information is usually known about the protein.

With the discovery and application of monoclonal antibody technology, many
of the disadvantages of the protein purification approach were circumvented. In
this approach crude neural protein preparations were used to raise panels of
monoclonal antibodies. These were screened to find antibodies that showed

Introduction

38

neural specificity. Even though the initial immunogen is very complex each
monoclonal antibody in a panel is potentially elicited in response to different
single components. Cloning of the hybridoma cell lines has led to the
identification of unique molecules that exhibit striking patterns of cellular
expression in single cells or small subsets of cells within the nervous system
(reviewed by McKay, 1983; Valentino et al, 1985; Barnstable et a l, 1983;
Barnstable, 1988).
The main disadvantage of this approach is that although interesting
distributions and subcellular localizations of brain-specific antigens may be
identified the structure and function of the protein must still be elucidated.
A good example of this method is its use in the study of eye development in D.
melanogaster. The monoclonal antibody 24B10 derived from mice immunized with
retina specifically stained cell bodies of photoreceptor neurones and their axonal
projections to the optic ganglia in the developing eye, and also detected a 160kDa
glycoprotein. Protein sequence data obtained from the purified glycoprotein was
used to design oligonucleotides and isolate A. genomic DNA clones (Zipursky,
1984,1985; Venkatesh et a l, 1985). Using an immunological screen mutants were
identified which exhibited striking abnormalities in mutant photoreceptor cells.
This led to the designation chaoptic for the genetic locus and chaoptin for the
encoded glycoprotein. The complete cDNA sequence revealed that chaoptin has
41 potentially amphipathic repeats. The membrane topology and phenotype of
mutants has led to the proposal that chaoptin is involved in cell-specific
membrane adhesion within photoreceptors (Van Vactor et a l, 1988; Reinke, et
a i, 1988).
With the advent of molecular biological techniques the isolation and structural
characterization of cDNA copies of mRNAs has superseded the above
approaches. The study of the normally chemically labile mRNAs has been made
possible by the use of reverse transcriptase for copying mRNA into extremely
stable complementary DNA (cDNA). The cDNAs will then still reflect the
definable 5’ and 3’ ends of the mRNAs, and this primary sequence of their coding
regions will exactly correspond to the encoded amino acid sequences. The relative
ease and ever increasing speed of nucleotide sequence analysis compared to
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protein sequence analysis, now means that most new amino acid sequences come
from deciphering nucleotide sequences. The cloning of a particular cDNA will
thus allow its uniqueness to be analyzed quite easily by the Northern analysis of
brain mRNAs compared with other tissues. Sequencing of cDNAs of interest will
reveal the putative primary protein structures. The expression of these mRNAs
and the resulting proteins in the central nervous system (CNS) can be detected
by in situ hybridization techniques using labelled DNAs, oligonucleotides or
antibodies to probe brain sections.
In the first major attempt to clone brain-specific cDNAs, Milner and Sutcliffe
(1983) analyzed 191 essentially random clones and assigned them into three
classes based on their expression and abundance in brain, liver and kidney. Class
I mRNAs were present in brain, liver and kidney RNA populations to the same
extent and thought likely to encode ’housekeeping’ proteins that are expressed in
all cells at similar levels. Class II mRNas were also present in different tissues but
with a marked variation in their abundance. These might encode proteins that
function in many tissues but are required at quite different concentrations in
different cells types. Class III mRNAs were expressed in brain and not detected
in liver or kidney. These were operationally defined as encoding proteins likely
to have functions that are specific to the brain. 47 of these clones were identified
as being brain-specific. The main results of this study are reviewed by Sutcliffe et
a l (1983a) and Milner et a l (1987).
In Sutcliffe (1988) the structural information of 39 well characterized brain
mRNAs which are specific or highly enriched was collated. At least 30 of these
mRNAs fell into the Class III category. The mRNAs could be grouped as follows:

Myelin proteins:

myelin basic protein
myelin proteolipid protein
Pq protein

Cytoskeletal Components: a- and jS-tubulin (brain-specific forms)
Microtubule-associated proteins (MAPs)
GFAP (Intermediate filament of astrocytes)
Neurofilaments
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Developmental mRNAs:

Cell Adhesion Molecules
(N-CAM, Ll/Ng-CAM )
Myelin-associated glycoprotein (MAG)/ 1B236

Trophic Factors:

Nerve growth factor

Enzymes for Transmitter
Biosynthesis:

Tyrosine hydroxylase
Glutamic acid decarboxylase

Peptide Hormones:

Proopiomelanocortin, prepro...
Substance P & K

Signal Transduction
and Ion Channels:

Transducin
muscarinic AChR (K^ channels)
Voltage-gated sodium channels I & II

Other Brain-specific:

SlOO
NSE (14-3-2)
Synapsin I

Since studies of this type, the vast improvements in automated sequencing
techniques have led Venter’s Group to expand this random approach to identify
2,375 human brain genes (Adams, M.D. et aL, 1991, 1992).
While studies of this type may be useful in generating many probes which may
be useful as probes or markers for neural function or the ongoing human genome
project (Venter et aL, 1992), they do not actually enhance our knowledge of what
biochemical or physiological relevance these proteins may have in the brain. In
an attempt to focus more precisely on the function of particular regions or cell
types within the brain, more sophisticated methods such as differential screening
or subtractive cloning have been employed (Milner, 1990). As an example of this,
in an attempt to isolate mRNAs expressed in the cortex but absent from the
cerebellum, plasmid DNA from a monkey cerebellum cDNA library was
hybridized in large excess to radiolabelled monkey cortex cDNA in a phenol
emulsion-enhanced reaction. The unhybridized cortex cDNA was then isolated by
chromatography on hydroxyapatite and used to probe colonies from a monkey
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cortex cDNA library. 163 clones were isolated from screening 60,000 colonies and
shown to be specific or highly enriched in cerebral cortex (Travis and Sutcliffe,
1988). Two of the clones were found to encode the neuropeptides cholecystokinin
and somatostatin, both highly enriched in cortex compared to cerebellum (Bemal
et a l, 1990). A forebrain-enriched cDNA probe was also used to identify clones
of rare mRNAs with regionally distinct patterns of expression in canary brain.
Other studies of this type have also identified cerebellum enriched mRNAs, one
of which is specifically expressed in cerebellar granule cells (Schaal et a l, 1987),
and another which is specific to Purkinje cells encodes a protein similar to PDGF
(Oberdick et a l, 1988).
In attempts to look for proteins involved in development, a differential
hybridization approach was used to look at markers for neural crest development
by screening for cDNAs expressed in adult superior cervical ganglion cells but not
in adrenal chromaffin cells (Anderson and Axel, 1985). Subtractive hybridization
techniques were also used to identify mRNAs enriched in the embryonic rat brain
but absent from the adult brain (Miller et a l, 1987).
The best example of this approach has been its use in the cloning of the rds
(retinal-degeneration-slow) gene of mice which was known to be located on
chromosome 17. In mice homozygous for the rds gene retinal development is
normal until the third postnatal week when photoreceptor neurones gradually
begin to degenerate until cell loss is nearly complete by 1 year. Since
degeneration is limited to photoreceptor neurones, a subtractive hybridization
approach was used in which cloned retinal RNA from rd (retinal-degeneration)
mice, an unrelated genetically blind strain which produces no photoreceptor
neurones, was subtracted from radioactive cDNA made from normal mouse retina
RNA. This allowed the isolation of putative photoreceptor-specific clones which
were screened by Northern analysis. Distinct groups of clones were then used to
probe panels of mouse x hamster somatic cell hybrid lines for chromosome 17
specific clones, which would be candidates for rds. A clone which matched all of
these criteria was used in Northern analyses of normal versus rds retinal mRNA,
and detected a reduced abundance and very much larger transcript in the mutant
retinas. The cDNA encoded a putative membrane-associated glycoprotein of 346
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amino acid residues and in mutant retinas an insert of 1 0 ,0 0 0 nucleotides
interrupted the coding region at amino acid 258, thus explaining the mechanism
of the rds mutation (reviewed by, Sutcliffe and Travis, 1991).
Whereas classical biochemical analyses have identified many molecules for
which functional assays are known, it is hopefully through these latter kind of
approaches that molecules with as yet unknown functions or those involved in
memory and disease will be isolated.

1.9: Expression and Purification of Recombinant Proteins
Many vectors have been constructed that simplify the purification of foreign
polypeptides expressed in Escherichia coli (E. coli) (reviewed by, Marston, 1986;
1987). This has all been made possible by the development of techniques for the
in vitro manipulation of D N A in the 1970s.
Foreign proteins expressed in E. coli may either be produced in the cytoplasm,
or if a leader sequence is incorporated before the coding sequence, the proteins
may be secreted through the cell membrane. Up to 25% of total cell protein may
accumulate when recombinant polypeptides are expressed intracellularly
compared to approximately 1% of total cell protein when they are secreted. The
higher level of expression intracellularly is countered by the fact that many
polypeptide products form insoluble aggregates which require solubilization. The
stringent chemical conditions required to solubilize recombinant proteins from
these inclusion bodies can however alter the antigenicity and functional activity
of the purified product.
High level expression of recombinant protein in E. coli is dependent on the
interplay of:
1.

limitation of transcription from a strong promoter;

2.

the presence of multiple copies of the gene in each cell;

3.

controlled expression from the plasmid, since the synthesis of recombinant
products puts a metabolic burden on cells.
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Earliest expression plasmids have used the strong metabolic promoters trp or
lac to direct transcription, with the recombinant gene inserted downstream of the
promoter/operator region.

Better control has since been found using the

temperature regulated expression plasmids, incorporating the bacteriophage X
promoters Pl and P^.

These promoters are controlled by the temperature

sensitive X repressor gene product 0/357 which is denatured at temperatures
greater than 37°C.
There are two strategies for the synthesis of recombinant proteins. Either the
insert can be cloned in-frame with synthetic or bacterial coding sequences leading
to expression as a fusion protein, or alternatively the insert can be expressed
directly. The expression of eukaryotic polypeptides as fusion proteins has been
favoured since the suggestion that E. coli recognized these proteins as foreign and
degraded them. This is particularly apparent with smaller polypeptides, but by
linking to bacterial proteins significantly higher levels of protein accumulate.
Therefore, if the polypeptide alone is required then a strategy for cleavage of the
fusion protein will be required (Marston, 1986).
Expression of recombinant proteins which are secreted into the periplasmic
space has advantages over that of intracellular expression, even though the level
of expression is much lower. If the signal sequence is correctly processed then
recombinant protein will be cleaved to leave the authentic protein. Secretion into
the periplasm may also prevent degradation of protein.

By far the greatest

advantage is that disulphide bond formation can occur, leading to correctly folded
active products.
There are many examples of recombinant proteins expressed as fusion proteins.
E. coli ;3-galactosidase (Gray et a l, 1982; Koenen et a l, 1982; Rûther and MûllerHill, 1983) can be purified from crude lysates by substrate-affinity or immunoaffinity chromatography (Germino et a l, 1983; Ullman, 1984).

TrpE fusion

proteins which are generally insoluble (Itakura et a l, 1977; Kleid et a l, 1981;
Young and Davis, 1983; Stanley and Luzio, 1984) can be purified from the
insoluble fraction of lysed bacteria.

Staphylococcal protein A fusions can be

purified by affinity chromatography on IgG-sepharose (Uhlen et a l, 1983; Nilsson
et a l, 1985; Abrahmsen et a l, 1986; Lowenadler et a l, 1986).
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Glutathione-S-transferase (GST) fusion proteins can also be purified by affinity
chromatography on glutathione-agarose. The vectors produced by Smith and
Johnson (1988) have the advantage that they were engineered with the sitespecific proteases thrombin or blood coagulation factor X , (FX,) in the Cterminal of the GST carrier allowing its easy removal. In the majority of cases the
fusions produced have been found to be soluble and can be purified under non
denaturing conditions (Gearing et a l, 1989).
Maltose-binding protein (MalBP) fusion vectors have been produced in much
the same way as the GST/fusion vectors (Guan et a l, 1988; Maina et a l, 1988).
Like the GST vectors a FXa protease site has been placed just 5’ of the polylinker
used for cloning foreign inserts, allowing MalBP to be cleaved from the protein
of interest. The major advantage of this series of vectors is that the rnalE gene is
present either with or without its signal sequence and fused to the lacZa gene.
This allows the blue/white colour selection of positive clones, and when required
the direction of hybrid proteins to the periplasm where disulphide bond formation
can occur. The one step affinity purification using amylose resin can also be
performed under non-denaturing conditions.
In some cases, such as using affinity bound proteins to investigate specific
protein-protein interactions, it may be preferable to minimize the amount of
carrier protein and be able to attach the C-terminal rather than the N-terminal
to a matrix. For example the ^-Gal domain is 116kDa, MalBP is 40kDa and GST
is 26kDa and all are fused to the N-terminus of the target protein. A recently
constructed vector that allows more flexibility is one in which proteins expressed
inE. coli contain a stretch of six histidine residues at either their N or C terminus.
This oligo-histidine domain allows the single-step purification of the recombinant
protein under non-denaturing conditions, by immobilized metal affinity
chromatography on Ni^"^ bound to iminodiacetic acid-agarose (Van Dyke et a l,
1992). A very similar system to this is one in which an epitope known to be
recognized by a monoclonal antibody is engineered into the expressed protein
thus allowing the recombinant protein to be purified on columns of immobilized
monoclonal antibody. For example, p l2 0 ^ °'^ was engineered to express the
tripeptide, Glu-Glu-Phe (E-E-F), at its C-terminus. This motif is recognized by the
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commercially available Y L l/2 monoclonal antibody to a-tubulin. Protein was then
purified from E. coli extracts by means of a single-step affinity column on
immobilized Y L l/2, followed by elution under mild conditions with the dipeptide,
Asp-Phe (D-F) (Skinner et al,. 1991).

1.10: Expression and Functional Characterizations
Once a clone has been selected for study, much more can be learnt about its
corresponding mRNA and the protein that it encodes. An advantage of cDNA
cloning is that the putative amino acid sequence can be determined directly from
DNA sequence data and comparisons of the protein against the protein databases,
which are now readily accessed, often reveals identities or similarities with other
proteins (Doolittle, 1986). Antibodies can be generated against synthetic peptide
fragments o f the protein sequence (Lerner et a l, 1981; Sutcliffe et a l, 1983b,
1983c) or against all or part of the protein expressed in bacterial or eukaryotic
systems. These antibodies can then be used to characterize the protein and its
anatomical distribution by conventional fractionation and immunocytochemical
techniques. Similarly, the expression of the mRNA can be analyzed by Northern
analysis and in situ hybridization.
The ultimate goal is to place a protein in its functional context within neurone
or glial cells. With detailed neuroanatomical mapping of the protein and its
mRNA the possible functions of the protein can be postulated. These hypotheses
can then be tested in the appropriate model systems which may include transgenic
animals or one day gene targeting (Milner, 1990; Sutcliffe et a i, 1991).

1.11: Protein Kinase C
PKC was originally studied from separate points of view, until it was realized
that the various groups were assaying different activities of the same protein. One
group were characterizing what they referred to as ’phorbol ester receptor activity*
while Nishizuka’s group were assaying a ’serine-threonine protein kinase*
enzymatic activity.

In both cases, activity was highest in the brain, lung and

neutrophils. In 1982 it was demonstrated that under appropriate conditions with
limiting amounts of calcium (Ca^^) and phospholipid - the required cofactors for
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PKC - phorbol esters were able to stimulate the serine-threonine kinase activity
(Castagna et al, 1982). Several laboratories then demonstrated that the phorbol
ester receptor and serine-threonine protein kinase activities copurified ultimately
to homogeneity (Niedel et al, 1983; Kikkawa et al, 1983; Leach et al, 1983).
PKC owes its current prominence to the key insight of Nishizuka (1984a) that
diacylglycerol (DAG), produced by receptor-stimulated inositol lipid breakdown
is likely to be the second messenger regulating the activity of PKC, and that
tumour promoting phorbol esters (analogues of DAG) act through PKC as a
phorbol ester receptor. The known effects of phorbol esters have implicated PKC
in many biological roles, from growth, differentiation, exocytosis and modulation
of ion channels and receptors (Nishizuka, 1984b, 1986, 1988; Kikkawa and
Nishizuka, 1986).
Using preparations of purified bovine brain PKC, Parker et a l (1986) obtained
peptide sequences of PKC by microsequencing, prepared cDNA libraries and
screened with synthetic oligonucleotide probes. Three distinct PKC sequences,
a,

and y, were identified in bovine, human, and rat genomes. An apparently

homogenous protein thus led to the localization of distinct genes on different
human chromosomes, and Northern and Southern hybridization suggested an even
greater complexity (Coussens et a l, 1986). Further molecular cloning experiments
have established that PKC consists of a protein family which can be classified into
at least two major classes, conventional PKC (cPKC; isoforms a, jSl, fill and y)
and novel PKC (nPKC; isoforms 6 , e, (, %and 0) (PKCa-8 reviewed by, Ohno
et a l, 1991; Nishizuka, 1992; Osada et a l, 1992).
The distribution of conserved residues allowed the division of the PKC family
into four conserved (C1-C4) and four variable (V1-V4) regions . The regulatory
domain is composed of domains C l and C2. The C l region contains two adjacent
cysteine-rich motifs CX2CX 13CX 2CX7CX7C. Part of this motif, CX 2CX 13CX 2C, has
the potential to form a ’zinc-finger’ (Klug and Rhodes, 1987; Freedman et al,
1988). This partial motif has a role in the DNA binding of steroid-hormone
receptors (Green and Chambon, 1988) and certain fungal transcription factors
(Johnston, 1987). The C2 region, when present, is responsible for the Ca^^ dependence of both kinase activity and phorbol ester binding (Ohno et al, 1988;
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Ono et al, 1988). The C3 region bears the ATP binding consensus sequence
(GXCXjG-K) and together with the C4 region forms the kinase domain of PKC
(Parker et al, 1986); having greatest homology with the cAMP- and cGMPdependent protein kinases.

Molecular cloning therefore confirmed earlier

knowledge that PKC could be split into two fragments by a calcium-dependent
neutral protease, one fragment the C-terminal being a constitutively active kinase
(Takai et a l, 1979; Kikkawa et a l, 1982), while the N-terminal regulatory domain
recognized phosphatidylserine (PS), calcium and DAG/phorbol esters (Figure

1.1).
DAGs, products of phosphatidylinositol turnover, lower the Ca^'*’ requirement
for PKC activity from millimolar to micromolar concentrations in the presence of
PS, indicating that PKC is a target of DAG (Kishimoto et a l, 1980; Takai et a l,
1979). Tumour promoting phorbol esters also bind to and activate PKC (Castagna
et a l, 1982; Kikkawa et a l, 1983). The action of phorbol esters has been explained
as mimicking the activity of PKC by substituting for the physiological PKC
activator, DAG.

Recent experiments have suggested that there may be an

alternative pathway of DAG generation, through the hydrolysis of phosphatidyl
choline (PC; Exton, 1990), rather than through the receptor-mediated hydrolysis
of inositol phospholipids.
It has been shown that whereas the cPKCs are potent histone kinases the
nPKCs are poor histone kinases in vitro (Schaap et a l, 1989; Olivier et a l, 1991;
Dekker et a l, 1992). This difference it appears is due to a sequence element in
the regulatory domain, termed the pseudosubstrate site (Dekker, 1993). The
pseudosubstrate site has an amino acid sequence similar to a consensus PKC
phosphorylation site and is thought to interact with the substrate binding site on
the catalytic domain of PKC, thereby keeping the kinase in an inactive
configuration under resting conditions. Activation by Ca^^, PS and DAG (or
phorbol ester), weakens this interaction allowing substrates to compete with the
pseudosubstrate site and gain access to the catalytic domain. Deletion of the
pseudosubstrate site from PKC-r? generates a cofactor-independent kinase.
With the molecular cloning and expression of members of the PKC family it
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Schematic representation of the PKC family; cPKC and nPKC.

Introduction

49

has therefore been possible to analyze the tissue distribution, responsiveness to
extracellular signals and biochemical properties of each PKC isotype (Akita et
fl/1,1990; Mizuno et a l, 1991; Hata et a l, 1993).
The PKCs are distributed heterogeneously in the brain where neurones contain
the highest level. The cPKC group have been most widely studied; starting with
polyclonal monospecific antibodies and then monoclonal antibodies to types I, II

&in ( y ,
and

& a). PKC-y is expressed in the CNS and spinal chord and PKCs a

in both the CNS and peripheral tissues. Comparison of the three types in

cerebellum shows that PKC-y is localized largely in the cell bodies and dendrites
of the Purkinje cells, with very little in the nuclei or axons of these cells in the
granule cell layer or the white matter. PKC-)3 is localized mainly in cerebellar
granule cells and PKC-a in both the granule cells and Purkinje cells (Ase et a l,
1988; Hosoda et a l, 1989; Huang et a l, 1987,1988; Ito et a l, 1990; Kikkawa et a l,
1988; Kitano et a l, 1987; Kose et a l, 1988; Saito et a l, 1988, 1989).

1.12: BCR - The Breakpoint Cluster Region gene product
As long ago as 1960 it was known that a reciprocal translocation between the
ends of chromosomes 9 and 22 could produce what was termed the Philadelphia
(Ph’) chromosome (Nowell and Hungerford, 1960). Interest in this phenomenon
arose with its strong association with several forms of human leukaemias,
including chronic myelogenous leukaemia (CML), acute lymphocytic leukaemia
(ALL) and acute myelogenous leukaemia (AML) (Priest et a l, 1980; Champlin
and Golde, 1985). The finding that the small region of chromosome 9 transferred
included the oncogene abl prompted studies to elucidate the molecular
mechanisms involved in these diseases.
All Ph* positive patients examined had a breakpoint within a 5.8kb region on
chromosome 2 2 for which the name ’breakpoint cluster region’ (BCR) was
adopted (Heisterkamp et a l, 1985). In a search for protein encoding regions
probes from the BCR’ were tested for their ability to hybridize to cDNA
sequences. Several cDNA clones were isolated from a human fibroblast cDNA
library. BCR cDNA sequences identified the presence of a chimeric BCR/oh/
mRNA in the leukaemic cells of Ph’-positive CML patients. cDNA clones were
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also isolated containing both BCR and abl sequences, confirming that in CML an
8.5kb mRNA specific to the disease was found to be a fused transcript of the two
genes (Shtivelman et a l, 1985). A variable number of BCR exons have been
found in chimaeric 'QCR/abl mRNAs. Breakpoints are situated in Alu-repetitive
sequences either on chromosome 9 or 22 which seem to be hot spots for
recombination (de Klein et a l, 1986; Chen et a l, 1989).
The 8.5kb mRNA encodes a 210kDa BCR/abl fusion protein with elevated
tyrosine kinase activity (Konopka et a l, 1984; Ben-Neriah, 1986b) which does not
transform NIH/3T3 cells (Daley et a l, 1987), but can induce CML in mice
(Hariharan et a l, 1989; Daley et a l, 1990; Kelliher et a l, 1990). A 185kDa
BCR/abl protein is also generated from translocations with breakpoints within the
first intron of the bcr gene, which are associated with ALL and AML (Hermans
et a l, 1987; Kurzrock et a l, 1987; Heisterkamp et a l, 1988).
Knowledge of the normal BCR and abl proto-oncogene products it is hoped
will expedite the determination of, how translocation into the respective coding
regions is responsible for the transition of these cellular proto-oncogenes into
oncogenes.

1.12.1: Abl
Most early experiments were directed at the elucidation of how this protein
leads to transformation. The cellular abl protooncogene encodes a protein
tyrosine kinase and is expressed in many cell types in two or three mRNA size
species. In the mouse four types of c-abl cDNAs from lymphoid cells have been
cloned which differ at their 5’ ends (Ben-Neriah et a l, 1986a). In the human,
transcripts initiate in different promoter regions and give rise to two major
transcripts with alternative 5’ exons (Shtivelman er a l, 1986). This 5’ heterogeneity
seems to be generated by alternative addition of 5’ exons onto a common set of
y exons. Alternative splicing occurs at the same site at which BCR sequences join
to abl sequences in the Ph’ chromosome translocation. This gives rise to proteins
that vary in their N-termini. The structure and expression of abl genes and their
role in transformation is reviewed by Ramakrishnan and Rosenburg (1989).
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1.12^: BCR
Cloning of normal BCR cDNA sequences predict proteins of 1227 and 1271
amino acid residues differing only in the presence or absence of an exon in the
major breakpoint region associated with CML (Heisterkamp et a l, 1985;
Hariharan and Adams, 1987; Lifshitz et a l, 1988). These are predicted to have
relative molecular weights of 137.7kDa and 142.8kDa, respectively.
A 160kDa cytosolic phosphoprotein with associated kinase activity (Stam et a l,
1987; Timmons and Witte, 1989) has been identified as BCR. Antibodies also
detect a 130kDa protein, although its relationship to p l60 BCR is unclear (Dhut
et a l, 1990; Amson et a l, 1989). Sequences within the N-terminal 427 amino acid
residues contain a serine/threonine kinase activity which can also specifically
activate the BCR/abl tyrosine kinase, enhance the F-actin binding properties of
Abl (McWhirter and Wang, 1991; Muller et a l, 1991) and are required for
transformation (Pendergast et a l, 1991). This region is extremely serine/threonine
rich and contains at least two binding sites for the SH2 domain of Abl. The
interaction is unusual in requiring phosphoserine or phosphothreonine, rather
than phosphotyrosine (Pendergast et a l, 1991). BCR binds to a limited sub-set of
SH2 domains, including those of phospholipase Cy and src in a phosphotyrosine
independent manner (Muller et a l, 1992). However, in cells expressing BCR/abl,
specific tyrosine phosphorylation (Y^^) mediates binding to GRB2 (Pendergast
et a l, 1993). The connection with GRB2, an SH2/SH3 containing adaptor protein
linking receptor tyrosine kinases to the exchange factor Sos (Buday and
Downward, 1993) implicates Ras activation as a component of the oncogenic
process. Normal BCR does not appear to be tyrosine phosphorylated.
Nevertheless the presence of a specific GRB2 binding sequence is intriguing since
GRB2 localizes to membrane ruffles (Bar-Sagi et a l, 1993), the formation of
which involves Rac (Ridley et a l, 1992).
The CDC24/(ih/-like region of BCR has not been shown to be functional, but
the related part of dbl acts as a G DP/GTP guanine-nucleotide exchange protein
stimulator for CDC42Hs (Hart et a l, 1991). The PH domain comprising
approximately 100 amino acids was originally detected as several repeats in
pleckstrin, a major PKC substrate in platelets. PH domains are found in several
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other signalling proteins, including

phospholipase Cy, akt serine kinase

and certain cytoskeletal proteins. These domains have been postulated to mediate
protein-protein interactions and may be involved in binding G protein subunits
(Mayer et a l, 1993; Haslam et a l, 1993; Musacchio et a l, 1993).
The GAP domain of BCR expressed in E. coli as a myc epitope-tagged or GST
fusion protein functions as a GAP for R acl, but not RhoA (Diekmann et a l,
1991, Tan et a l, 1993). It is also an effective CDC42HsGAP (Hart et a l, 1992),
although quantitatively this activity was slightly lower than with R acl (Manser et
a l, 1994; Tan et a l, 1993). BCR activity on CDC42Hs-GTP is inhibited by the
tyrosine kinase, p l 2 0 ^ ^ , which has a very strong affinity for the p2 1 , in
comparison with the GAP (Manser et a l, 1993).
The function of the GAP domain of BCR must be of fundamental importance
since related GAP domains are found in organisms ranging from yeast to Man
(Fry, 1992). The relationship of BCR and these other proteins to /z-Chimaerin is
discussed later.
The pl85 BCR/abl protein is now known to contain the N-terminal 427 BCR
amino acid residues and lack the (f6 /-homology region, whereas the p210 BCR/abl
protein contains 902 or 928 BCR amino acid residues. It has recently been shown
that in CML-associated translocations, 3' BCR exons encoding the GAP domain
are translocated to chromosome 9. A bl-3 BCR mRNAs are transcribed which
are predicted to encode hybrid proteins of 370-414 amino acids, although it is not
clear whether a functional Abl/bcr GAP protein is produced (Melo et a l, 1993)
(Figure 1.2).
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Figure 1.2:
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1.13: Ras
This section will concentrate on the role of the Ras superfamily members in
signal transduction with particular reference to the Rho subfamily and associated
effector proteins. Since some of these interacting proteins will be described in
detail in the discussion because of their relationship to n-Chimaerin their present
consideration will be brief.

The small GTP-binding proteins of the ras gene family were originally
identified as transforming proteins of 21kDa encoded by the Harvey and Kirsten
rat sarcoma viruses (H-ras and K-ras). A third form, N-ras, was also identified in
a human neuroblastoma cell line which has no viral equivalent. The finding that
up to 30% of human cancers contain mutated alleles of the cellular ras genes
which when transfected into NIH/3T3 cells cause transformation, led to intensive
interest in these proteins (reviewed in Barbacid, 1987; Bos, 1989; Bourne et a l,
1991; Hall, A., 1990a; Grand and Owen, 1991; Satoh et a l, 1992).
In these mutated transforming Ras proteins it was found that Ras was
permanently in the GTP-bound state probably due either to a reduced intrinsic
GTPase activity, an inability to respond to an inactivating protein or a lowered
affinity for GDP (Downward, 1990; Polakis and McCormick, 1993).
The ability of Ras to bind GTP and hydrolyze the bound GTP to GDP and
inorganic phosphate, as well as its significant structural similarity to EF-Tu (the
elongation factor of protein synthesis) and heterotrimeric G protein a subunits
suggested that Ras functions as a signal transducer in a manner similar to other
signal-transducing GTP-binding proteins. The GTP-bound conformation is 'active'
in the sense that it can interact with a target molecule, which transduces signals
downstream. On the otherhand, the GDP-bound conformation is 'inactive' since
it cannot stimulate the downstream target. However, it can interact specifically
with an upstream regulator. The workings of this molecular switch has been
particularly enhanced with the discovery of regulatory proteins which act on both
arms of the cycle. The activation of GTP hydrolysis is promoted by GTPaseactivating proteins (GAPs) (Trahey and McCormick, 1987; Gibbs et a l, 1988),
whereas the dissociation of GDP for GTP is stimulated by guanine nucleotide
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dissociation stimulators (GDSs; also known as ’exchange factors’) (Huang et a l,
1990; Downward et a l, 1990; Wolfman and Macara, 1990).
The 120kDa protein GAP (pl20”*°^ ) greatly stimulates the hydrolysis of GTP
on normal Ras but fails to stimulate the GTPase activity of activated mutants of
ras, even though it can still bind. Based on this p l2 0 ^ ° ^ behaves as a negative
regulator of Ras function. Some evidence however suggests that p l2 0 ^ ° ^ may
also be a downstream target of Ras (McCormick, 1989; Hall, A., 1990b). Ras
proteins that contain mutations in the effector region have no measurable affinity
for pl20^°"^ and are incapable of transforming cells. Since by definition the
effector site is the region where the target for Ras should interact it is therefore
possible that p l20”®^'^ is a target. It is of course also possible that both
regulatory and effector proteins interact with Ras at this or overlapping sites. In
vivo studies have indeed shown that p l 2 0 ^'^°'^ can also function as an effector for
Ras mediated coupling of

channels (Martin et a l, 1992). The regulation of the

GTPase arm of the cycle has been further complicated by the discovery that the
neurofibromatosis (NF-1) gene product, neurofibromin, contains a region with
30% sequence identity to the catalytic domains of p l2 0 ^ ° ^ and the IRA proteins
of yeast. In fact, some sequence similarity exists outside of the GAP-related
domains of neurofibromin and IRA-1, suggesting that the NF-1 protein may be
more closely related to the yeast protein (Ballester et a l, 1990; Maxim et a l, 1990;
Xu et a l, 1990a & b). In expression studies, the GAP-related domain of NF-1
does indeed like pl20”®^'^^ stimulate the GTPase activity of normal Ras but not
that of oncogenic mutants. Neurofibromin however binds Ras 20 times more
tightly than pl20"^°^ but the latter has a 30-fold higher specific activity.
Mutations in NF-1 would thus serve to explain the pathogenesis of
neurofibromatosis: in the normal situation neurofibromin would deactivate Ras
leading to down regulation, but in the mutated state it is unable to deactivate Ras
therefore leading to unregulated growth in Schwann cells and the development
of neurofibromas. Both pl20^^^"^ and neurofibromin have different isoforms
generated by alternate mRNA splicing (Trahey et a l, 1988; Nishi et a l, 1991).
p l 2 orasGAP contains two SH2 domains and one SH3 domain which are critical for
effector function (Martin et a l, 1992). These domains are absent in neurofibromin
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possibly suggesting that it is the true regulator of Ras or has as yet unidentified
effector domains.
The genetic studies outlined below identified the expected guanine nucleotide
exchange factors CDC25 in Saccharomyces cerevisiae and Sos in D. melanogaster.
Using the polymerase chain reaction (PCR) or screening with degenerate
oligonucleotides, mammalian homologues were quickly identified (Chardin et aL,
1993). Ras-GRF (guanine releasing factor) has homology to CDC25 at its Cterminal but at its N-terminus it has homology to the dbl oncogene which is an
exchange factor for members of the Rho family (described below). Whereas RasGRF appears to be brain-specific the murine homologues of Sos, m Sosl and
mSos2, are ubiquitous.

1.13.1: Structure of Ras
The three-dimensional structure of both the GTP- and GDP-bound forms of
Ras have been solved using X-ray crystallography. Coupled with mutagenesis
studies this has revealed that residues 12, 13, 59, 61 and 63 reduce the GTPase
activity of the protein because they are at, or near, sites of interaction with the
and Y-phosphates of the nucleotide. Residues 116, 117, 119 and 146 decrease
the affinity for nucleotide and hence increase the rate of exchange of bound GDP
for cytosolic GTP. Residues 32-40 ('switch T) have been described as the
'effector' loop since mutations in this area destroy the transforming ability without
altering its physical or biochemical properties, and undergo a conformational
change between GTP- and GDP-bound forms. Residues 60-76 ('switch 2') also
undergo a conformational change upon GTP hydrolysis, but since this is not
essential for transformation it is thought to interact with one of the regulatory
proteins.
The C-terminal of Ras shows the most divergence between H-, K- and N-ras
proteins and is subject to post-translational modification. These three members
bear the motif CAAX at their extreme C-terminus (where 'C is cysteine, 'A' is
any aliphatic amino acid and X' is any uncharged residue). The last three
residues are proteolytically removed leaving the cysteine (C^^) free to be
carboxymethylated and then polyisoprenylated. This process appears to be
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essential, though not completely sufficient, for membrane localization of Ras.
Further processing also occurs on the two more upstream cysteines,

and

which are palmitoylated. An alternatively spliced form of K-ras (v-K-rasB) does
not possess these upstream cysteines and so cannot be palmitoylated. Instead, it
appears that a string of basic residues near

is responsible for the membrane

localization of K-rasB. A plasma membrane localization is essential for Ras to
have biological function (Marshall, 1993).

1.132; Functions of Ras
Since activated Ras causes the morphological transformation of mammalian
fibroblasts, normal Ras is thought to be a component of a growth signalling
pathway(s). However, in some cell types activated Ras proteins can cause
differentiation or growth arrest. In early studies the pleiotropic effects found in
cells transformed by activated Ras made it very difficult to identify downstream
effects that were due to a Ras-specific pathway(s). More specific results were
obtained in microinjection experiments in which the neutralizing Ras antibody,
Y 13-259, demonstrated that cellular Ras is required for the growth of normal
fibroblasts and that it lies either downstream of growth factor receptors, tyrosine
kinases and phospholipases, or on a separate but synergistic pathway. Further
experiments in which activated Ras protein was injected into Xenopus oocytes
have indicated that Ras has rapid effects on phospholipid metabolism. This is
primarily due to the stimulation of the enzyme choline kinase which results in
increased metabolism of phosphatidylcholine and accumulation of DAG, with
subsequent activation of PKC. The relationship of Ras action and that of PKC in
other systems such as fibroblasts is at present poorly characterized.
In addition to the three mammalian Ras proteins homologues have been found
in all other eukaryotes. The best studied have been those of 5. cerevisiaej R A Sl
(36kDa) and RAS2 (40kDa). Also characterized are the single Ras protein of
Schizosaccharomyces pombe, the three in D. melanogaster and the two in the slime
mould Dictyostelium discoideum.
In S. cerevisiae the activation state of R A Sl and RAS2 are controlled by the
nucleotide-exchange factor encoded by the CDC25 gene. The activity of this
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protein is dependent on the availability of nitrogen in the growth medium. The
GAP homologues encoded by IRAI and IRA2 downregulate RAS proteins by
stimulating their GTPase activity. Active RAS proteins in their GTP-bound form
act downstream on a cyclase-associated protein (CAP) which then stimulates
adenylate cyclase (Field et a lj 1990; Fedor-Chaiken et aL, 1990). Ras proteins in
mammalian cells do not control adenylate cyclase and are not stimulated by
extracellular nutrients. This has led to the suggestion that the exchange proteinRAS-GAP switch is such a successful signalling module that it has been adapted
to various different uses during evolution (Downward, 1990).
In D. melanogaster it has recently been shown, using genetic screens, that Ras
is essential for correct eye development. R7 Photoreceptor cells depend on an
inductive signal from neighbouring R 8 cells to differentiate. Three genes, sevenless
(sev), bride-of-sevenless (boss) and seven-in-absentia (sina) when mutated cause the
R7 precursor cell to become a non-neural cone cell. Sevenless is a receptor
protein tyrosine kinase localized on the R7 surface. Boss is a ligand on R 8 cells
that activates Sevenless and Sina encodes a nuclear factor required in R7. Seven
other genes were identified as components of this Sevenless receptor signal
transduction pathway, two of which were R asl and Son-of-Sevenless the guanine
nucleotide exchange factor (Simon et aL, 1991). Activated R asl was then shown
to be able to induce differentiation in photoreceptor precursor cells in the
absence of the Sevenless receptor (Fortini et a l, 1992). This was Ras protein
specific as Ras2 could not produce the same effects.
In Caenorhabditis elegans genetic and molecular studies have identified over 20
genes that are required for proper specification of vulval cell fates. Three genes
in particular, let-23, let-60 and lin-45 have been shown to act in vulval signalling.
The let-23 gene encodes a protein similar to receptor tyrosine kinases such as the
epidermal growth factor (EGF) receptor, let-60 encodes a Ras protein which
functions as a switch in the vulval induction pathway, and lin-45 encodes a protein
similar to Raf (Han et a l, 1993)
The activation of Ras proteins is now known to be a key step in the
biochemical pathways triggered by ligand-bound cell surface receptors that are
themselves tyrosine kinases or associated with tyrosine kinases. These receptors
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respond to a wide variety of cell modulators including growth and neurotrophic
factors as well as factors involved in the immune response.

1.14: Other proteins of the Ras Superfamily
Biochemical and genetic studies have currently identified more than 50
members which belong to the Ras superfamily. The knowledge gained from
studies on the original Ras genes has therefore formed the basis for further
characterization of each new member.
Based on the degree of relatedness at the structural and functional levels four
sub-groups have been derived: the Ras family, the Rab family, the ARF (ADPribosylation factor) family and the Rho family. Each of these families can be
further divided into subfamilies.

1.14.1: Ras-related subfamily
The Ras proteins H-ras, K-ras and N-ras are about 85% identical to each other
whereas the other identified members, Ral (A and B), R apl (A and B), Rap2, Rras and TC-21, are about 50% identical. All of them possess the C-terminal
CAAX box with either the potential palmitoylation site or the basic amino acidrich region similar to K-ras.
The function of these other members is unclear since even when carrying
mutations known to activate H-, K- and N-ras they are unable to transform
fibroblasts, even though Rapl and R-ras have identical effector loops. Both R-ras
and R apl can bind to pl20^^°'^^ but the GTPase activity of R apl is not
stimulated, probably due to the presence of a threonine in position 61 (T^^) which
in Ras is an activating mutation. The phenotype of Ras-transformed cells can be
reverted by overexpression of Rapl A suggesting that in vivo Rap may compete
with Ras for p l20”*®^ and so block downstream signalling. This is however
probably an oversimplification since a specific GAP has been identified that
stimulates Rap GTPase activity (Kikuchi et al., 1989). It may be that Rap controls
an antagonistic pathway to Ras (reviewed by, Bokoch, 1993). R apl has also been
found in neutrophils associated with a complex involved in superoxide generation.
Rsrl, the R apl homologue of S. cerevisiae is involved in orienting cell polarity

Introduction 6 0

during budding (this is considered further in the discussion).

1.14.2: Rab and ARF subfamily
Members of the Rab family are approximately 30% identical to Ras and are
unusual in not possessing the C-terminal CAAX motif but instead having either
CC or CXC motifs. This is however still essential for their localization to the
membrane.
These members are involved in intracellular vesicle transport (secretory
pathways). The original member of the Rab group, was the S. cerevisiae protein
Y ptl which functions in the early stages of the secretory pathway, between the
endoplasmic reticulum and the Golgi apparatus. Another yeast protein Sec4 is an
essential product in the later stage of secretion, between the Golgi apparatus and
the plasma membrane. The mammalian Rab genes were cloned by looking for
homologues to YPTl in cDNA libraries. These function at various steps in the
secretory process in the Golgi apparatus, targeting vesicle bound proteins to their
relevant compartments (Zahraoui et a l, 1989). RabSa is brain-specific whereas all
the other members seem to be ubiquitous. A guanine nucleotide-dissociation
inhibitor has been found that interacts with Rab3a.
ARF proteins as their name implies were identified because of their essential
role in the ADP-ribosylation of the G protein Gs by cholera toxin. These proteins
are also located on the Golgi being present on non-clathrin coated transport
vesicles along with vesicle coat proteins. Using a cell free intra-Golgi transport
assay it has been shown that ARF and a heterotrimeric G protein are involved
in Golgi transport. Further experiments have suggested a model in which, ARFGTP drives the assembly of coat proteins onto budding vesicles which are
delivered to an acceptor membrane where GTP hydrolysis occurs, this releases
the free coat proteins and ARF-GDP allowing vesicle fusion to occur.
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1.143: Rho subfamily
Members of the Rho subfamily of proteins are about 30% identical to Ras and
at least 50% identical to each other. Identified members are the mammalian
proteins RhoA, B and C, R acl and 2, CDC42Hs and G25K, RhoG and TCIO,
and, the S.cerevisiae proteins R hol, 2, 3, 4 and CDC42Sc. These proteins all
possess the CAAX motif and either the palmitoylation site or the region rich in
basic amino acids, making it likely that their action is at the plasma membrane.
RhoA is a substrate for ADP-ribosylation by exoenzyme C3 from Clostridium
botulinum which ribosylates an asparagine in the effector domain. This was used
in early microinjection experiments as a pointer to the possible functions of Rho.
Activated Rho protein carrying a mutation on

when introduced into

mammalian cells induced a rapid change in cell shape. When endogenous Rho
proteins were then inactivated by microinjection of exoenzyme C3 the cells
rounded up due to the dissolution of actin filaments. Thus suggesting the
involvement of Rho in aspects of cytoskeletal organization (Paterson et a lj 1990;
Chardin et a l, 1989).
Following on from these experiments, a more precise role has been defined for
the RhoA and Racl proteins in controlling actin polymerization. In confluent
fibroblasts starved of serum, polymerized actin is disorganized and appears highly
punctate. Addition of growth factors such as platelet-derived growth factor
(PDGF) and epidermal growth factor (EGF) induce actin polymerization at the
plasma membrane leading to membrane ruffling and pinocytosis, whereas
lysophosphatidic acid (a major component of serum) induces actin stress fibres
and the assembly of focal adhesions. By microinjecting bacterially expressed RhoA
or R acl proteins which were either normal or activated into such cells, it could
be shown that R acl controls a pathway linking receptors to the polymerization of
actin in the plasma membrane (Ridley et a l, 1992) whereas RhoA regulates a
separate pathway linking receptors to the assembly of focal adhesions and the
formation of actin stress fibres (Ridley and Hall, 1992). Suggestions that the
changes in actin polymerization seen in fibroblasts may be a secondary
consequence of Rho function have arisen from the work of Tominaga et a l
(1993). Using a lymphocyte aggregation assay they have shown that integrin
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mediated events can be dissociated from actin polymerization and are dependent
on Rho. Rho is therefore thought to be involved in the activation of integrin
complexes.
The role of CDC42Sc in yeast bud morphology will be discussed later. The role
of the mammalian homologues CDC42Hs (or G25K) is yet to be precisely
determined. In other cell types like neutrophils and phagocytes, R acl is involved
in the generation of superoxide by NADPH oxidase in the plasma membrane of
stimulated cells (Abo et a l, 1991; Knaus et a l, 1992). The Rho family members
all seem to therefore have a role in regulating the assembly of membrane
complexes that are directly linked to the organization of polymerized actin.
A large number of regulatory proteins have been identified that interact with
members of the Rho family. The GAPs form a large expanding family which due
to their relationship to «-Chimaerin will be covered in the discussion. A number
of potential exchange factors have been identified but none of them seem to be
specific for individual members. The oncogene dbl can act as an exchange factor
for both CDC42Hs and Rho but not Rac (Hart et a l, 1991). The exchange factor
domain has homology which is shared by BCR, Vav, ect2 and the two exchange
factors for Ras (Ras-GRF and Sos). Ect2 can form a tight complex with Rho, Rac
and CDC42HS but there is no observable exchange activity and, although Vav is
expected to be an exchange factor for the Rho-like proteins it appears to function
as an exchange factor for Ras (Miki et a l, 1993; Gulbins et a l, 1993).
Rho-GDI is found complexed to Rho, Rac and CDC42 in the cytosol and was
named as such because it was thought to be a GDP-dissociation inhibitor for the
Rho-like proteins (Ueda et a l, 1990). But since Rho-GDI can interact with GTPbound forms, and inhibit both intrinsic and GAP-stimulated GTPase activity its
role has to be more intricate. This has led to the suggestion that Rho-GDI could
be involved in maintaining the active state of Rho-like proteins in the presence
of GAPs (Nobes and Hall, 1994).
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2.1: Animals
Wistar rats and BALB/c mice were obtained from Banting. & Kingman Ltd,
and were cared for in our own animal facilities. In most cases female rats were
used, except for in the case of the extraction of protein from various tissues which
included testis. New Zealand White female rabbits of 2-2.5kg were special
pathogen free and obtained from Broadway Farm.

2.2: Chemicals
All standard chemicals were obtained from BDH or Sigma and of analytical
(AnalaR) grade. Where more specialized reagents or equipment were required
these are indicated with the name of the company.

23: Microbiological and Nucleic Acid Methods

23,1: Minimizing RNase contamination
RNase activity was minimized by autoclaving all materials, or when this was not
possible, washing in O.IM NaOH followed by thorough rinsing in sterile deionized
water (ddHjO). Solutions were either autoclaved to sterilize or made using aseptic
techniques and *RNase-free’ chemicals with sterile ddHjO. Gloves were worn at
all times.

2 3 2 : Isolation of RNA
(a)Guanidinium Isothiocyanate/Caesium chloride (CsCl) Method
(Kaplan et a l, 1979)
Freshly dissected or frozen tissues (stored at -70°C) were weighed and then
homogenized

in

4

volumes

of

guanidinium

buffer

(5M

guanidinium

isothiocyanate/50mM Tris.HCl(pH7.6)/10mM EDTA/5% (v/v) jS-mercaptoethanol). When necessary frozen tissue was crushed into smaller pieces before
starting homogenization. A virtis homogenizer was used in short bursts until the
sample was completely smooth. Samples were then transferred to 50ml Falcon
tubes and centrifuged at room temperature (RT) for 10 mins at 2,000rpm (MSE,
Coolspin). This removed the froth and allowed the volume to be measured
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accurately. Solid N-lauroylsarcosine and caesium chloride (CsCl) were added to
give final concentrations of 4%(w/v) and 15%(w/v), respectively. This mixture
was stirred with a magnetic stir bar for 30-60 mins at RT.
2nd cushions of 5.7M CsCl/O.lM EDTA/lOmM Tris.HCl(pH7.6), were
prepared in 15ml polycarbonate tubes. Homogenates were layered onto these
cushions and centrifuged for at 40,000rpm for 12-16 hrs at 20°C (100,000g; MSE
6

X 15ml rotor in Europa 65M Ultracentrifuge). Rotor bucket O-rings needed to

be well greased to help maintain the vacuum.
After centrifugation, the upper portion of the homogenate was aspirated off
down to the CsCl cushion. This part of the tube was rinsed twice with sterile
ddH 2 0 . The CsCl cushion was then poured off, the pellet rinsed once with
ddHjO, and finally dissolved in buffer A/5% phenol (bufferA: lOmM Tris.HCl
(pH7.4)/5mM ED TA /l% (w /v) SDS, sodium dodecyl sulphate). Heating to 65°C,
was often necessary to aid in dissolving the pellet. Samples were transferred to
50ml Falcon tubes and the volume was increased with the same buffer. Samples
were extracted 2-3 times with phenol/chloroform/isoamyl alcohol (25:24:1) before
ethanol precipitation at -20°C in glass centrifuge tubes. Samples were either kept
in this state for long periods, or, spun down at 4°C for 15 mins at 15,000rpm
(Beckman J2-21), washed with 70%(v/v) ethanol, dried and dissolved in ddHjO.
RNA concentrations were then estimated by ODg^o/zgo readings. Samples were
aliquoted and stored at -70°C.

(b)Polyribosomal RNA from Rat Brain
(Ramsey and Steele, 1976, 1977; Hall and Lim, 1981)
All procedures were performed at 4°C (on ice or in the cold room) and
solutions were kept on ice at all times. Rats were killed by decapitation and the
fore-brains removed as quickly as possible. A teflon-glass hand-held homogenizer
was used to homogenize tissue in 3 volumes of 0.25M sucrose/TKMD (TKMD:
50mM Tris.HCl(pH7.6)/250mM KCl/5mM M gClj/lmM dithiothreitol [D l'lJ).
The homogenate was transferred to polycarbonate tubes and centrifuged at 4°C
for 22 mins at 20,000rpm (MSE, 3 x 70 swing-out rotor in Europa 65M
Ultracentrifuge). The supernatant containing free polyribosomes was stored on
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ice while the pellet was rehomogenized to extract bound polyribosomes from
membranous material. Pellets were resuspended in the original volume of 0.25M
sucrose/TKMD, and Triton X-100 added to 1% (w/v). The mixture was then
homogenized again and transferred to 50 ml Falcon tubes and centrifuged at 4°C
for 5 mins at 3,000rpm (MSE, Mistral 4L) to pellet nuclei. The supernatant was
saved and 1/9 volume of 13%(w/w) sodium deoxycholate added slowly with
mixing.
The supernatants, containing free and membrane-bound derived polyribosomes,
were layered onto discontinuous sucrose gradients (2M sucrose/TKMD overlaid
with 1.5M sucrose/TKMD) previously prepared in polycarbonate centrifuge tubes.
Samples were centrifuged at 4°C for 3-16 hrs at 39,000rpm (MSE, 8 x 50 fixed
angle rotor). Polyribosomes, due to their greater density caused by slight
dehydration in

1.5M sucrose, are pelleted during centrifugation, while

monoribosomes and ribonucleoprotein particles (mRNPs) remain in the 1.5M/2M
sucrose interface.
After centrifugation, the upper layers were removed by pipetting. The 2M
sucrose was then poured off and the pellet inverted and allowed to drain. Pellets
were then quickly rinsed with ddHgO and once again tubes inverted to drain.
Pellets were then either frozen on dry-ice and stored at -70°C, or, resuspended in
lOmM Tris.HCl(pH8.5)/5mM EDTA/O.IM NaCl/0.5% (w/v) SDS for phenol
extraction. Phenol extraction and ethanol precipitation were performed as
described in (a) above.

23.3: Purification of poly (A) ^ RNA
(Aviv and Leder, 1972; Bantle et a l, 1976; Hall and Lim, 1981)
Oligo-d(T) cellulose (250mg/column) was washed in O.IM NaOH, rinsed
thoroughly with ddH2 0 , resuspended in high salt (HS) buffer (lOmM Tris.HCl
(pH 7.5)/lm M EDTA/0.5M NaCl/0.1%(w/v) SDS) and then loaded onto an
Omnifit column ( 6 cm x 1cm). The matrix was equilibrated with a further 5
volumes of HS buffer and the flow rate adjusted to 0.5ml/minute.
RNA was dissolved in lOmM Tris.HCl(pH7.5)/0.2%(w/v) SDS, heated at 65°C
for 5 mins and cooled on ice. An equal volume of lOmM Tris.HCl(pH7.5)/lM
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NaCl was added, the solution mixed well, and warmed at RT to redissolve the
SDS which precipitates out on ice. A 1/xl aliquot was taken for an OD 260 reading
to calculate the yield of poly(A)^ RNA. The remaining sample was loaded onto
the previously equilibrated column and recirculated at RT for 20 mins. The flow
through was collected and the column washed with 10 volumes of HS buffer
followed by 5 volumes of intermediate salt (IS) buffer (lOmM Tris.HCl (pH7.5)/
ImM EDTA/O.IM NaCl/0.1% SDS). ODg^o readings taken for all fractions
showed that at this stage readings were down to background levels. Poly(A)^
RNA was eluted with low salt (LS) buffer (lOmM Tris.HCl, pH7.5), and collected
in l-2ml fractions. The majority of the poly(A)^ RNA was in the first 3-4 fractions
which were pooled in ’Corex’ 15ml glass centrifuge tubes and ethanol precipitated
at -20°C for at least 16 hrs. Samples were either kept in this state for long
periods, or, spun down at 4°C, 15,000rpm for 15 mins (Beckman J2-21), washed
with 70%(v/v) ethanol, dried and dissolved in ddH20. RNA concentrations were
then estimated by OD 260/280 readings. Samples were aliquoted and stored at -70°C.

2.3.4: Gel electrophoresis of RNA - through a Formaldehyde Gel
(Maniatis et a l, 1982)
1-2/Ltg poly(A)^- or 25-50jitg total- RNA samples in ddH20 were made up to 9^1
with ddH20. 4jnl of 10 x MOPS buffer (0.4M MOPS (pH7.0)/100mM sodium
acetate, NaOAc (pH5.2)/10mM EDTA(pH8.0)), 7/xl formaldehyde (37%) and
20jLil of formamide were added to each sample. These were heated to 60°C for 5
mins, cooled rapidly on ice, and lOjtxl of loading solution (20%(w/v) Ficoll/ 20mM
ED TA (pH 8)/0.15 %(w/v) bromophenol blue) added to make a final voliune of
50/xl/slot.
Samples were run on l% (w/v) vertical agarose/formaldehyde gels, which
required a 2%(w/v) plug, prepared earlier in the day in a fume hood: agarose was
boiled in ddH20, and when the solution had cooled to 60°C, 10 x MOPS buffer
and formaldehyde were added to give a final concentration of 1 x and 6%(v/v),
respectively, before pouring. Gels were electrophoresed overnight at 40-50V, in
the fume hood, in 1 x MOPS buffer plus 6%(v/v) formaldehyde. The buffer was
recirculated between the two reservoirs to maintain a constant pH.

Materials and Methods

68

The RNA is fully denatured throughout the run and its migration through the
gel is in linear proportion to the logio of its molecular weight. Lambda (X) DN A
restricted with H indlll and ribosomal RNA containing 18S and 28S rRNA were
also run in adjacent lanes to act as markers.

23.5: Northern Blotting
(Maniatis et a l, 1982)
After electrophoresis was complete gels were soaked in several changes of
ddHjO for 5 mins. Gels were manipulated using a glass plate because gels
containing formaldehyde are less rigid than nondenaturing agarose gels. Gels were
blotted overnight and the RNA transferred to nitrocellulose in a similar manner
to that of Southern (see 2.3.19(a): Southern blotting) using 20 x SSC (1 x SSC:
150mM NaCl/15mM sodium citrate, pH7.0). The following day the nitrocellulose
filter was rinsed in 2 x SSC, allowed to air dry and then baked for 2 hrs at 80°C
under vacuum.
To stain for the localization of markers or to check for the equal transfer of
RNA onto the nitrocellulose, the appropriate lanes were removed from the
remainder of the nitrocellulose filter and soaked in 5%(v/v) acetic acid for 15
mins at RT. This was then transferred to 0.5M NaOac (pH5.2)/0.04%(w/v)
methylene blue for 5-10 mins and then rinsed in ddHjO for a further 5-10 mins.
RNA was detected as dark blue bands on a lighter blue background.
The remainder of the filter was hybridized with the appropriate [a-^^P]dCTP
labelled probes.

23.6: Bacterial Strains
(New England BioLabs, 1992 catalogue)
"The genetic state of the DNA in E. coli is designated as its genotype. It is a
theoretical construct describing a genetic situation that explains the observed
properties (phenotype) of a strain. E. coli genotypes list only genes that are
defective. If a gene is not mentioned, then it is not known to be mutated. Genes
are given three-letter, lower-case, italicized names that are intended to be
mnemonics suggesting the function of the gene (e.g. dam - D N A adenine
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methylase). If the same function is affected by several genes, they are
distinguished with uppercase italic letters (e.g. recA^ recBy recC, recD all affect
recombination). Proper notation omits superscript ^ or ‘ in a genotype, but these
are sometimes used redundantly for clarity. Deletion mutations are noted as A,
followed by the names of deleted genes in parentheses, e.g. A(lac-pro). Specific
mutations are given allele numbers that are usually italic arabic numerals (e.g.
hsdRlT). However, some common alleles break the rules. If the genotype of two
strains lists a gene with the same allele number, they should carry exactly the
same mutation.
The phenotype of a strain is an observable behaviour, e.g. Lac" fails to grow on
lactose as a sole carbon source. Phenotypes are capitalized and in Roman type,
and the letters are always followed by superscript ^ or "(or sometimes r, resistant,
or s, sensitive). Although phenotypes do not, strictly speaking, belong in a
genotype, they are sometimes included following the genotype designation, if the
former is not obvious from the latter (e.g. rpsL104 (Str**) - gene name from
ribosomal protein, small subunit, S 12 , confers resistance to streptomycin)."

BMH71.18lF', lacPZAMlS, proA^B^ / A(lac-proAB)y thUl^ supE
These cells were obtained from laboratory stocks and used in initial
work with the expression of )S-galactosidase fusion proteins. This
strain was superseded by XLl-blue.

C6 OO/1/?/:

F , el4", (McrA ), hsdR, (r^'m^^), supE44, thr-1, leuB6, thi-1, lacYl,

BNN102

fh u A ll, mcrB, hflA150::Tnl0{TeV)
These cells were obtained from laboratory stocks and used in initial
work with A. phage. This strain was also superseded by XLl-blue.

JM105:

F% traD36, laqPZAMlS, proA^B^ / th i-ly rpsL{Sif), endA, sbcBlS,
sbcC?, hsdR4 (/%'

A(lac-proAB)

These cells were obtained from Pharmacia with the vector pKK2332

and used for expression with this.
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R R l:

F , A(gpt-proA)62, leu, supE44, aral4, galK2, lacYl, A(mcrC-mrr),
rpsUZO (Str'), xyl-5, mtl-1, RecA*
These cells were used for the expression of tipE- fusion proteins.

XLl-blue: recAl, endAl, gyrA96(JAdM), thi, hsdR17{r^

supE44, relAl, lac

/ {Vv.proA^B\ laqPA(lacZ)M15, Tn70(Tef)}
This strain was obtained from Stratagene for use with pBluescript.
It became the E. coli strain of choice because it is easily selected
for on plates containing tetracycline and this obviates the need for
selection on minimal media plates.
Key
F : A low copy number self-transmissible plasmid. F factors carry portions of
the E. coli chromosome, most notably the lac operon on F lac-proAB.
hflA:

Results in high frequency of lysogenization by X by inactivating a specific
protease.

hsdR: EcoK restriction abolished, but EcoK protective méthylation retained.
lacP\ Overproduces the lac repressor, turning off expression from plac more
completely.
lacZ: )8-D-galactosidase activity abolished.
lacZAMlS: Expresses a carboxy terminal fragment of lacZ that complements the
lac a-fragment encoded by many vectors. These vectors will yield blue
colour on X-Gal only if the host carries AM15.
Ion:

Activity of a protease responsible for degrading aberrant proteins
abolished. Some eukaryotic proteins are stabilized in Ion strains.

mcrA, mcrBC: Each abolishes one of three methylcytosine-specific restriction
systems. DNA containing methylcytosine in some sequences is
restricted by Mcr^.
mm

A restriction system requiring adenine méthylation abolished.

recA : Homologous recombination abolished; particularly desirable when working
with sequences containing direct repeats >50bp.
supE: strains carry a glutamine-inserting amber(UAG) suppressor tRNA;
required for growth of some phage vectors.
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2.3.7: Bacterial media and reagents
L-Broth(LB):

Bacto tryptone (Difco)

lOg/1 (1%, w /v)

Bacto yeast extract (Difco)

5g/l (0.5%, w /v)

NaCl

lOg/1 (1%, w /v)

Adjusted to pH7.5 with NaOH. Autoclaved and stored at
4°C.

L-Broth/Agar:

Bacto agar (Difco)

lSg/1 (1.5%, w /v)

This was added to L-Broth and then autoclaved.
Agar was allowed to cool to 50°C and then plates were
poured. When agar was not used immediately it was stored
at 4°C and then re-heated using a microwave.

2xTY:

Bacto tryptone

16g/l

Yeast extract

lOg/1

NaCl

5g/l

Autoclaved and stored at 4°C.

lOx M9 salts:

NagHPO^

60g/l

KH 2PO4

30g/l

NH 4CI

lOg/1

NaCl

5g/l

Autoclaved and stored at 4°C.

Glucose/Minimal media plates:
The following were prepared separately and then mixed aseptically.
Minimal Agar
lOx M9 salts

15g/900ml ddHgO
lOOml/1

IM MgS0 4

lml/1

IM Thiamine.HCl

lml/1

20% Glucose

25ml/l

50mM CaClj

2m l/l

Materials and Methods 7 2

23.8: Maintenance of bacterial stocks
E. coli were either plated or streaked on LB or minimal agar plates (containing
antibiotics when necessary to select for the resistance carried by plasmids). Plates
were incubated at 37°C inverted and wrapped in cling film. They were then stored
for short periods at 4°C. For longer term storage, overnight cultures were grown
in liquid culture and an aliquot mixed with an equal volume of either
LB/30% (v/v) glycerol or 100% glycerol. The former was stored at -20°C and the
latter at -70°C. -20°C stocks lasted for 3-6 months whereas -70°C stocks lasted for
years.
Frozen stocks were used to inoculate liquid cultures, grown overnight in a small
volume and then either streaked on plates or expanded to much larger volumes.

2.3.9: Antibiotics
A stock solution of ampicillin at 10-20mg/ml was made up in ddHjO and
sterilized by filtration through a 0.22/im filter (FlowPore D, Flow labs). Aliquots
were stored at -20°C. This was used at a final concentration of 100/xg/ml. A stock
solution of tetracycline was dissolved in ethanol(abs) at 5mg/ml. This was stored
at -20°C without filtering. Working solutions were used at lOjug/ml. Streptomycin
was made at lOmg/ml in the same manner as for ampicillin and stored at -20°C
in aliquots. This was used at a final concentration of 10/xg/ml.

2.3.10: Growth of IgtlO retinal library for screening
(Maniatis et a l, 1982)
C60(Vi/7 cells grown overnight in LMM (L-Broth/0.2%(w/v) m altose/10 mM
MgSO^) were spun down at 4°C for 5 mins at 2,500rpm (MSE, Coolspin). The cell
pellet was resuspended in 0.5 volume of lOmM MgSO^, and left to stand on ice,
or stored at 4°C, until ready for use. These are referred to as the plating cells.
1.2ml of the plating cells were incubated with the appropriate number of plaque
forming units at RT for 15 mins. 5ml of top agarose (LB/0.75%[w/v] agarose)
containing lOmM MgSO^ and 0.2%(w/v) maltose was added to the mixture and
poured onto prewarmed agar plates (also containing MgSO^ and maltose). The
plates were then incubated overnight at 37°C.
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The following day plates were transferred to 4°C for 1-2 hrs to pick up
moisture. Replica filters were made in duplicate: nitrocellulose filters were laid
on the plates for at least 1-2 mins, then placed on 3MM paper (Whatman) wetted
with denaturing solution (1.5M NaCl/0.5M NaOH) for 5 mins, neutralizing
solution (IM Tris.HCl(pH7.4)/ 1.5M NaCl) for 5 mins and then 2x SSC for 5 mins.
They were then baked in a vacuum oven at 80°C for 2 hrs, allowed to cool and
stored at RT between 3MM paper, before hybridization.

2.3.11: Preparation of X phage DNA - glycerol step gradient
(Maniatis et a l, 1982)
Fresh CôOOhfl plating cells were prepared. 10ml of these cells were adsorbed
to 10^ bacteriophage particles at RT for 5-10 mins and then added to 1000ml of
LMM. The flask was shaken vigorously at 37°C for 5-8 hrs until lysis was
achieved. Sodium chloride, NaCl, (3%,w/v) and chloroform (1ml) were added to
the lysate which was then stored at 4°C overnight.
The following day the lysate was centrifuged in 50ml Falcon tubes at 4°C,
3,000rpm for 10 mins (MSE, Coolspin). The supernatant was transferred to a
fresh flask and polyethyleneglycol (PEG) was added such that the final
concentration was 10% (w/v). This was stirred at RT until completely dissolved.
The flask was placed on ice for 60 mins. The phage particles were collected by
centrifugation in Falcon tubes at 4°C, 3,000rpm for 10 mins. Phage were
resuspended in a minimum volume of TM buffer (50mM Tris.HCl(pH7.8)/ lOmM
MgSO^). The PEG-phage suspension was extracted with an equal volume of
chloroform in Falcon tubes by gently inverting for 5 mins at RT. The phage
containing TM was centrifuged at RT, 3,000rpm for 10 mins. The aqueous layer
was transferred to a fresh tube and the interphase re-extracted by adding an equal
volume of TM buffer. Aqueous fractions containing phage were pooled.
A step gradient was achieved by adding 4ml of 40%(v/v) glycerol in TM to the
bottom of a centrifuge tube, and then slowly adding 4ml of 5%(v/v) glycerol in
TM on top of it. The phage containing aqueous fraction was then layered onto
this. Centrifugation was performed at 4°C, 35,000 rpm for 60 mins (Beckman 70Ti
rotor in a L8-80M Ultracentrifuge).
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The supernatant was decanted carefully. The pellet was resuspended in a
minimum volume of TM and transferred to eppendorfs. RNase and DNase were
added to final concentrations of 250jng/ml and 12.5Mg/ml, respectively. Two
tenths volume of STEP buffer (0.5%(w/v) SDS/50mM Tris.HCl(pH 7.5)/0.4M
EDTA) was added, followed by pronase (20mg/ml) to a final concentration of
0.5mg/ml. The reaction was incubated at 37°C for 15 mins. The phage
preparation was extracted with phenol/ chloroform until a clear interphase was
obtained. One more extraction with chloroform was performed and the DN A
precipitated with 2 volumes of ethanol(abs). The DNA was collected by
centrifugation at 4°C for 10 mins in a microcentrifuge (Eppendorf 5415 C or
Beckman Microfuge E). The DNA was washed with 70%(v/v) ethanol, dried
using a Speedvac and dissolved in 50^1 TE buffer(pH8.0). 10/^1 of the DNA was
digested with EcoRI and a third of the digest checked on an agarose gel before
the rest was phenol and chloroform extracted and re-ethanol precipitated. The
DNA digest was then dissolved in 20^1 of TE buffer.
1, 2 and 5jul of the digested DNA was used in ligation reactions.

23.12: Cloning in pBluescript,SK/KS^'^/’^
(Stratagene)
pBluescript plasmids were designed by Stratagene to simplify the commonly
used cloning and sequencing procedures used before its construction. In the past
an insert would have been subcloned and manipulated in a vector such as
pBR322, pAT153 or the pUC series and then ’shotgun’ cloned into the M13
vectors for sequencing.
pBluescript is a 2958bp plasmid derived by replacing the linker in pUC19 with
a synthetic polylinker containing 21 unique restriction sites. The sites were
positioned with 3’ restriction sites flanking 5’ and blunt restriction sites enabling
the construction of nested deletions. Flanking the polylinker are T7 and T3 RNA
polymerase promoters that can be used to synthesize RNA in vitro. The sites were
also inserted in-frame in the coding region of the lacZ gene conserving blue/white
colour selection and the potential to express fusion proteins (Figure 2.1a).
pBluescript has also been described as a phagemid, because the insertion of the
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M13 intergenic region allows the isolation of single-stranded DN A (ssDNA) for
Sanger’s dideoxynucleotide sequencing or site specific mutagenesis. pBluescript
SK

and K S vectors represent the two orientations of the polylinker within the N-

terminal coding region of the lacZ gene. SK represents the orientation of the
polylinker in which lacZ transcription proceeds from

to Kpn\, and vice versa

for KS. The ( + ) and (-) denote that in the presence of helper phage the FI
intergenic region will direct the rescue of sense or anti-sense ssDNA, respectively
(Figure 2.1b).
l-2fxg of pBluescript,SK/KS( ^ was linearized with relevant restriction enzymes
and diluted to lOng/^iil. X DNA restricted with EcoRI or isolated fragments were
ligated to linearized vector. Positive clones were identified by blue/white colour
selection using X-gal/IPTG, or, by hybridization using [a-“P]dCTP labelled
probes.

23.13: X-gal/IPTG Colour Selection
50 m1 of lOOmM IPTG (23.8mg/ml of isopropyl-)3-D-thiogalactopyranoside in
ddHjO, Gibco/BRL) and 25^1 of 2%(w/v) X-gal (20mg/ml of 5-bromo-4-chloro3-indolyl-j8-D-galactoside in dimethylformamide, Gibco/BRL) were spread evenly
onto fresh LB/Ap plates and allowed to air dry for 15-30 mins in the bacterial
cabinet. Colonies grown overnight were lifted onto nitrocellulose filters and then
transferred colony side up onto dry X-gal/IPTG plates. Plates were incubated for
6-8 hrs at 37°C. Colonies which did not turn blue but remained ’white’ were
collected with a toothpick and grown overnight in 5ml of LB/Ap (lOOjLtg/ml).

2.3.14: Restriction Mapping
D NA samples were first restricted with enzymes which were known to cut the
vector only once. This would typically be enzymes found in the multiple cloning
site (MCS) and then others a known distance from the MGS. Once individual sites
could be assigned in the insert sequence then various combinations of enzymes
were used to confirm the preliminary map positions.

Materials and Methods

76

Nael

SspI
XmnI
S eal

S sp I
yP VUl

Pvul

i^Pvull
A ,Kpnl(657)

pB luescript,SK 2958bp
lSstl{759)
Pvull

ColEI o h

Figure 2.1a:

Structure of pBluescript plasmid showing location of cloning sites.

Reverse Primer

T3 Primer

AACAGCTATGACCATG 3 '

ATTAACCCTCACTAAAG 3
T3 Promoter

MET

SstI

+1 —

S s tn

5 ' GGAAACAGCTATGACCATGATTACGCCAAGCTCGAAATTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCCACCGCGG
3 ' CCTTTGTCGATACTGGTACTAATGCGGTTCGAGCTTTAATTGGGAGTGATTTCCCTTGTTTTCGACCTCGAGGTGGCGCC
P-Galactosidasc —

5'
Not I

SK Primer
TCTAGAACTAGTGGATC 3 '
Xba I

Spe I

BamHI

Sma I

Pst I

EcoRI

EcoRV H indm

Cla I

H incH
AccI
S a il

Xho I

TGGCGGCCGCTCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCGATATCAAGCTTATCGATACCGTCGACCTCGAGG
ACCGCCGGCGAGATCTTGATCACCTAGGGGGCCCGACGTCCTTAAGCTATAGTTCGAATAGCTATGGCAGCTGGAGCTCC
GCTATGGCAGCTGGAGC 5
KS Primer

Bag I

Dra n
Apa I

Kpn I

GGGGGCCCGGTACCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAA 3 ’
CCCCCGGGCCATGGGTTAAGCGGGATATCACTCAGCATAATGTTAAGTGACCGGCAGCAAAATGTT 5 '
+1

T7 Promoter

3 ' GATATCACTCAGCATAA 5 '
T7 Primer

Figure 2.1b:

( +)
(-)

3'

TGACCGGCAGCAAAATG 5*
M13 - 2 0 Primer

DNA sequence of the cloning sites in the SK orientation of the polylinker.
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2.3.15: Exonuclease III/Mung Bean nuclease deletions
(Stratagene; Henikoff, 1984)
This technique takes advantage of Exonuclease IIFs (Exo III) requirement for
double stranded DNA; Exo III will not digest 3’ single strand overhangs but will
digest y ends from blunt ends or 5’ overhangs. The polylinker in the pBluescript
vectors has 3* restriction sites flanking 5’ and blunt restriction sites. To create
deletions in the insert but not the vector DNA the clones were digested with a 3’
and blunt cutting restriction enzymes followed by ExoIII/Mung Bean nuclease
treatment (Figure 2.2).
pBSCMl and pBSCM2 were double digested with SstI and Smal. A number of
time points were decided upon (e.g. 5 time points at 5, 10, 15, 20 and 30 mins).
For each time point, SO/il of 5X Mung Bean buffer (150mM NaOAc(pH5.2)/
250mM NaCl/5mM ZnCl2/25% glycerol) and 270jul ddHjO were mixed in an
eppendorf and kept on ice.
The following were added in the order shown:
15

jL tg

double digested DNA

125jLil 2X ExoIII buffer
25 111 200 mM jS-mercaptoethanol
50 111 ddU jO
10 Ml 100 U / m1 E xo III

2 X ExoIII buffer is lOOmM Tris.HCl(pH8.0)/10mM MgCl2/20Mg/ml tRNA.
Timing was started as soon as Exo III was added. At the appropriate times a 50 m1
aliquot of the above mix was removed and added to the Mung bean buffer (stop
solution). The tube was placed on dry ice until frozen. When the time course was
complete, the tubes were placed in a Techne dri-block set at 68°C for 15 mins.
After incubation, they were placed on ice. 50-100 units of Mung Bean nuclease
diluted in 1 X Mung bean buffer was added to each time point. The reaction was
incubated at 37°C for 1 hr. The reaction was phenol/chloroform extracted once,
then chloroform extracted before ethanol precipitation overnight at -20°C. The
DNA pellet was spun down at 4°C for 10 mins, washed with 70%(v/v) ethanol
and dried in a Speedvac. DNA was dissolved in 15 m1 of TE buffer (pH8.0).
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5/il of the DNA was checked on an agarose gel. 1/xl of the Exo III/Mung Bean
nuclease treated DNA was used in a ligation reaction.
It was found necessary to either treat the DNA a second time with Mung Bean
nuclease or ’Klenow* before performing a second ligation. This seemed to ensure
that many more molecules were blunt-ended.

2.3.16: Gel electrophoresis of DNA
(Maniatis et a l, 1982)
Various sizes of Bio-Rad apparatus were used to make horizontal gels. Agarose
at a concentration of 0.8-1.2% (w/w) was dissolved in 1 x TBE (lOOmM Tris/
83mM Boric acid/lm M EDTA) by heating in a microwave until boiling. When
the agarose had cooled to about 40°C the gel was poured into a U.V. transparent
tray and a comb inserted to form the wells. Horizontal submerged 'Maxi-gels'
were run at 150V for 45 mins, while the longer gels were run at 200V for 1-2 hrs.
One fifth volume of 5x gel loading buffer (25%[w/v] glycerol/0.25%[w/v]
bromophenol blue in Ix TBE) was added to DNA samples in TE buffer, or after
restriction digestion, in Ix buffer. 1-5/xg of DNA was loaded per slot except in the
case of fragment purification where 100-200/ig of DNA was used. HindlH digested
A. DNA (Gibco/BRL) and H aelll digested 0X174 DNA (Gibco/BRL) were run
in adjacent lanes as molecular weight markers (Appendix D).
At the end of electrophoresis gels were stained in ethidium bromide (10/ig/ml,
from a stock of lOmg/ml in ddH20 stored at RT) by immersion for 20 mins at
RT. DNA fluorescence was then viewed using a U.V. transilluminator and
photographed using a yellow filter on a Polaroid system to give a black and white
picture.

2.3.17: Fragment purification
(a)Electroelution into troughs
A Q.8-1.2% (w/w) agarose (Gibco/BRL) gel in Ix TBE was made and a
preparative comb inserted to form the slots. Restriction enzyme digested DNA
was electrophoresed at 100-150V, for 1-2 hrs, depending on the size of the
fragment to be purified. After electrophoresis the marker slots were removed
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from the sides of the gel and stained with ethidium bromide. The strips were then
placed on a U.V. transilluminator and the gel, from just ahead of the band of
interest, excised with a razor blade. The strips were then re-aligned with the
remainder of the gel and a trough cut in the gel in line with the previously excised
gel. Some re-heated agarose was then used to seal the strips and the edges of the
troughs damaged by the razor blade.
The gel was then replaced in the tank which only held buffer in the reservoirs
and wicks attached to the gel using wetted 3MM paper. 400/xl of Ix TBE buffer
was added to each trough and a voltage of 200V applied for 1 min to electroelute
the fragment. The buffer was removed to an eppendorf containing 1ml
ethanol(abs) and 40^1 of 3M NaOAc(pH5.2). Twelve fractions were collected in
this fashion and ethanol precipitated at -20°C overnight or at -70°C for at least
2 hrs. Ethanol precipitated DNA was pelleted and pooled by phenol/chloroform
extraction before re-ethanol precipitation. Pelleted DNA was washed with
70%(v/v) ethanol, dried and then dissolved in 50/il TE buffer(pH8.0). Purified
fragments were checked by gel electrophoresis.

(b)Use of ’DNA Clean-Up System’
(Modified from Promega ’DNA Clean-Up System’)
Digested DNA was electrophoresed through a l% (w/w) agarose gel in IxTBE.
The gel was electrophoresed at lOOV for 1 hr or until the bromophenol blue had
travelled two-thirds of the way down the gel.
The marker lanes of the gel were stained with ethidium bromide and viewed
on a U.V. transilluminator. Fragments of interest were excised with a razor blade,
after realigning the marker lanes with the main body of the gel, and transferred
to 0.5ml eppendorfs, previously plugged with siliconized glass wool after holes had
been bored in the bottom with a needle. These 0.5ml tubes were placed in 1.5ml
eppendorfs and spun for 10 mins at 4°C in a microcentrifuge. 1ml of Promega
resin (in 6 M guanidine thiocyanate) was added to the extracted buffer containing
DNA and the mixture passed through a Promega colunm using a 2ml syringe. The
resin was washed with 2 ml of 80%(v/v) isopropanol and dried by spinning for 2
mins in a microcentrifuge at RT. DNA was eluted with 50/il of TE buffer(pH8.0)
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heated at 80°C followed by centrifugation into a fresh eppendorf tube. Fragments
were checked by agarose gel electrophoresis. This method proved to be a rapid
convenient method of fragment purification.

23.18: Radioactive labelling of DNA
(Random priming, Boehringer Mannheim)
lOOng of DNA in lO/xl of ddHjO, was denatured by heating for 3 mins in a
heating block at 95-100°C and cooled on ice. 5/il of a reaction mixture containing
dATP, dGTP, dTTP (1:1:1) plus random hexanucleotides was added, followed by
5/il(50MCi) of [a-^^P]dCTP(3000 Ci/mmol, Amersham). 1/xl of 'Klenow* enzyme
was added and the reaction incubated at RT for 1 hr or more.
Free label was removed from the labelled DNA using a column made by
plugging a 1 ml syringe with siliconized glass wool. The syringe was fitted with a
cut off white tip (Gilson) and an eppendorf, with cap removed to facilitate entry
into a glass ’Corex’ tube, attached to the bottom. The syringe was filled with a
50% slurry of Sephadex G-50 (medium) in TE buffer (pHS.O) and spun at 4°C,
2,000rpm for 5 mins in an MSE, Coolspin centrifuge, to compact the Sephadex.
The excess TE buffer which filled the eppendorf was discarded. Sephadex was
added and the procedure repeated until the 1ml mark was reached. The column
was equilibrated with 100/xl TE buffer twice and a fresh eppendorf attached to
the bottom of the syringe. 80/xl of TE buffer(pH8.0) was added to the labelled
probe. This was then added to the top of the column and the probe collected in
the eppendorf by spinning once more as before. Probes were denatured at
100°C for 4-5 mins before use or stored at -20°C.

2.3.19: Filter Hybridization
(a) Southern blotting
(Southern, 1975; Maniatis et a l, 1982)
The transfer of DNA onto nitrocellulose or nylon membranes was carried out
according to the method of Southern (1975). After electrophoresis and
photography of the gel, it was incubated for 1 hr at RT on a rotating platform in
2-3 volumes of denaturing solution (1.5M NaCl/0.5M NaOH). This was then
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replaced by neutralizing buffer (IM Tris.HCl(pH7.4)/1.5M NaCl) and agitated for
a further 1 hr.
A blotting apparatus was set up as follows: 20x SSC was placed in a tray and
3MM paper immersed in it and placed across a sheet of perspex to form a wick.
The gel was inverted and placed onto the soaked filter and surrounded with cling
film and parafilm to prevent evaporation. A sheet of nitrocellulose (Schleicher
and Schuell, obtained through Anderman and Co) or Hybond-N (Amersham) cut
to the size of the gel was wetted with 2x SSC and placed onto the gel, followed
by two sheets of 3MM paper also soaked in 2x SSC. A stack of Bowater Scott
paper towels was piled on top of this set-up and a weight placed on top. Blotting
was carried out over-night.
The following day paper towels and filter paper were removed, and the position
of the slots marked with a ball-point pen. The membrane was rinsed in 2x SSC,
and allowed to dry on 3MM paper. Nitrocellulose filters were baked for 2 hrs at
80°C in a vacuum oven, whereas Hybond-N was U.V. irradiated for 5 mins on a
long wavelength transilluminator.
Prehybridization of the filters was carried-out at 60°C for at least 2 hrs in 15ml
of prehybridization buffer ( 6 X SSC/5X Denhardts (0.02%(w/v) each of BSA
[Bovine Serum Albumin, fraction V], Ficoll, and polyvinylpyrrolidone)/0.01M
EDTA/0.5% (w/v) SDS/100/xg/ml denatured salmon sperm DNA). This was
discarded and replaced by 10 ml hybridization buffer [prehybridization buffer +
10/xg/ml poly(A)] containing the probe of interest. Typically half of the labelled
probe was used per hybridization (approximately, 10^ cpm/ml). Hybridization was
at 60-65°C overnight. The filters were washed in 2x SSC/ 0.1% SDS at 60°C for
30 mins, followed by a wash in O.lx SSC/0.1% SDS at 50-55°C for 30 mins. Filters
were dried on 3MM paper, wrapped in Saran Wrap (Dow), and put in film
(Kodak, X-Omat AR) at -70°C to form an autoradiograph.

(b)Northems
(Thomas, 1980; Maniatis et a l, 1982)
Nitrocellulose filters were processed as already described (see 23.5: Northern
blotting). Filters were prehybridized and hybridized in much the same way as for
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Southerns (section (a) above), but in this case hybridization was overnight at 42°C
in

6x

SSC/5x

Denhardts / 50%(v/v)

deionized

formamide/

0.1%(w/v)

SDS/lOO/ig/ml denatured salmon sperm D N A / lO/xg/ml poly(A).
Filters were washed in 2x SSC/0.1%(w/v) SDS at RT for 30 mins, followed by
a wash in O.lx SSC/0.1%(w/v) SDS at 50°C for 30 mins. Filters were dried on
3 MM paper and exposed to film (Kodak, X-Omat AR), in a cassette with
intensifying screens (Cronex), at -70°C to form an autoradiograph.

(c)Colony and plaque replicas
(Maniatis et aL, 1982)
Nitrocellulose filters were used to lift bacterial colonies from the agar plates
to form replicas. The filters were then laid on 3MM paper which had been
saturated with 10%(w/v) SDS for 3 mins and then 0.5M NaOH for 5 mins to lyse
and then denature colonies. Neutralization was achieved by incubation on IM
Tris.HCl (pH7.5-8.0) for two times 10 mins followed by 15-20 mins in 200ml of
neutralizing solution (IM Tris.HCl(pH7.4)/1.5M NaCl) in a 500-1000ml beaker.
Bacterial debris was removed by gently rubbing the surface of filters in 2x SSC/
0.1%(w/v) SDS with tissue paper. This was followed by a rinse with 0.3x SSC.
The filters were then air dried, placed on clean 3MM paper and baked in a
vacuum oven at 80°C for 2 hrs. If Hybond-N (Amersham) filters were used then
after neutralization the filters were U.V. irradiated for 5 mins and rinsed in 6 x
SSC before hybridization. Hybridization was carried out with the appropriate
probes.
For plaques replicas were made in much the same way as for colonies followed
by dénaturation for 1 min, neutralization for 5 mins and then a 2x SSC rinse.
Once filters were dry they were baked and then hybridized with the appropriate
probes.
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23.20: Ligation using T4 DNA Ligase
(Amersham)
The following were added:

Insert DNA (20-100ng)
Cut vector (20ng)
10

X reaction buffer (2 /xl)

10 mM ATP (2n\)
50 mM DTT (2/il)
ddHjO to final volume of 20^1
T4 DNA ligase (1^1, 2.5 units)

10 X T4 ligase buffer is 660mM Tris.HCl(pH7.6)/66mM MgCl2. The ligation
was incubated at 23°C for 4-5 hours. Half of each ligation mix (lO/ul) was
transformed by the addition of 2 0 0 /xl of ice cold competent cells.

2 3 3 1 : Transformation of E. coli with DNA - competent cells
(Amersham; Hanahan, 1988)
A few colonies from a plate were used to grow a 10ml overnight culture of
XLl-Blue cells (or similar E. coli) in LB (containing 10 ^g/m l tetracycline, for
XLl-blue) at 37°C. A fresh 40-50ml of medium was inoculated 1:100 with this
overnight and grown until the ODs» reached 0.3-0.4. The cells were then spun
down gently at 4°C, 2,000 rpm for 5 mins (MSE, Coolspin2). The supernatant was
decanted and the cell pellet resuspended in half the volume of cold 50mM CaClj.
This was left to stand on ice for 20 mins. The cell pellet was spun down once
again at 4°C, 2,000rpm for 5 mins. The pellet was resuspended in one twentieth
volume of ice cold 50mM CaClj and left on ice for at least 30-60 mins until ready
for use.
Half of a ligation mix or 1/nl of a DNA ’prep’ was used for transformation.
200/Ltl of the competent cells was added to each ligation mix and left on ice for
1-1.5 hrs. The cells were heat shocked for 3 mins at 42°C and immediately
returned to ice for 5-10 mins. Samples were moved to RT for 5-10 mins and cells
then plated onto LB plates supplemented with ampicillin (100 /ig/ml; LB/Ap).
Plates were incubated at 37°C overnight.
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23.22: Plasmid DNA preparation
(a)’Minipreps’
(Modification of Birnboim and Doly, 1979; Maniatis et a l y 1982)
1 .2 ml

of an overnight bacterial culture was pelleted and the supernatant

removed. 100/d of 5mg/ml lysozyme in B /D I (25mM Tris.HCl(pH8.0)/ lOmM
EDTA(pH8.0)/50mM glucose) was added to the bacterial pellet and vortexed
vigorously to resuspend. Samples were left to lyse for 5-10 mins at RT. 200/il of
B /D n (0.2M N aO H /l% (w /v) SDS) was then added and the mixture left on ice
for 5 mins after inverting two or three times. 150/xl of B /D III (3M Potassium
acetate) was introduced and the tube once again inverted and left on ice for a
further 5 mins. Tubes were spun at 4°C for 10 mins in a microcentrifuge.
Supernatants were transferred to fresh eppendorfs taking care to avoid the white
genomic precipitate. Supernatants were phenol/chloroform extracted once and
then ethanol precipitated by the addition of 1ml of ethanol(abs). The ethanol
precipitate was pelleted straight away at 4°C for 10 mins in a microcentrifuge. The
DN A pellet was washed with 70%(v/v) ethanol and dried in a Speedvac, before
dissolving in 30-50/d of O.lx TE/RNase A(100/tg/ml).
5-10/tl of DNA was used in restriction enzyme digests to determine the size
and/or orientation of the insert.

(b)’Magic Minipreps’ for double-stranded sequencing
(Promega)
5ml overnights of bacterial cultures were pelleted and the supernatants
removed. 200/d of cell resuspension solution (50mM Tris.HCl(pH7.5)/ lOmM
ED TA /10/ig/m l RNase A) was added to each bacterial pellet, then vortexed
vigorously and transferred to eppendorfs. 200/il of cell lysis solution (B /D II, 0.2M
NaO H /l% [w /v] SDS) was added, mixed by inversion and allowed to stand at RT.
200/il of neutralization solution (B /D III, 3M Potassium acetate) was introduced
and the tubes once again inverted and left at RT for a further 5 mins. Tubes were
spun at RT for 10 mins in a microcentrifuge. Supernatants were transferred to
fresh eppendorfs, taking care to avoid the white genomic precipitate. 1ml of DNA
purification beads was added to each supernatant which was then transferred to
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a 2ml syringe attached to a mini- column. Supernatants were expelled using the
plunger of the syringe and then washed with a further 2 ml of colunm wash
solution (lOmM Tris.HCl(pH7.5)/ O.IM NaCl/ 2.5mM E D T A / 50% ethanol).
Residual solution was removed from the mini-columns by centrifugation for 3
mins in a microcentrifuge. DNA was then eluted with 50/xl of TE buffer, warmed
previously to 75-80°C, by centrifugation for 2 mins at RT.
5/il aliquots were used for restriction endonuclease digests. For sequencing,
double-stranded DNA was denatured chemically using sodium hydroxide/EDTA.
An aliquot of 27/xl was added to 3/xl of 2M NaOH/2mM EDTA and allowed to
stand at RT for 10 mins after mixing. The sample was then neutralized by the
addition of 3.5/xl of 3M NaOAc(pH5.2) and precipitated with 150/il of
ethanol(abs) at -20°C overnight or -70°C for 2 hrs. DNA was then pelleted by
centrifugation at 4°C for 10 mins in a microcentrifuge, washed with 70%(v/v)
ethanol, dried and dissolved in 14/xl of TE buffer. 7/xl aliquots of these denatured
templates were used in annealing reactions for sequencing using Sequenase 2.0.

(c)’Large-scale preps’
An overnight culture was set up by introducing 100/il of a bacterial stock in
10ml of LB/Ap (100/xg/ml) and growing at 37°C.
This over-night culture was added to 100ml LB/Ap and grown at 37°C for 5 or
more hours. The culture was spun down in a 50ml Falcon tube. The pellet was
resuspended in 5 ml of 5mg/ml lysozyme in B /D I and left at RT for 10 mins.
10ml of B /D II solution was added and the mixture left on ice for 10 mins. 7.5ml
of B /D III solution was added and the mixture left on ice for a further 10 mins.
The sample was centrifuged at 4°C, 40,000rpm for 20 mins (Beckman 70Ti rotor
in L8-80M Ultracentrifuge).
The supernatant was carefully decanted into a Falcon tube. Extraction with
phenol/chloroform was performed twice until a clear interphase was obtained.
Two volumes of cold ethanol(abs) was added and the tube spun at 4°C, 3,000rpm
for 30 mins (MSE, Coolspin2). The DNA pellet was dried in a Freeze-drier
(Edwards) and resuspended in 5.5ml of TE buffer(pH8.0). For each DN A sample
the solution was transferred to a Corex tube. 2ml of 5M NaCl and 2.5 ml of
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28%(w/v) PEG was added and the samples vortexed. The tube was left to stand
on ice for 1 hr. It was then spun at 4°C, 15,000rpm for 15 mins (Beckman J2-21).
The supernatant was decanted and the PEG precipitated DN A drained by
inversion. The DNA was dried in a ’Speedvac’ (Savant) resuspended in a total
volume of 800/xl of TE buffer(pH 8.0) and 400/Ltl aliquots transferred to two 1.5ml
eppendorf tubes. 1ml of cold ethanol(abs) and 0.1 volume of 3M NaOAc(pH5.2)
was added to each tube. DNA was precipitated at -70°C for 30-60 mins or
overnight at -20°C.
The tubes were spun at 4°C for 10 mins in a microcentrifuge. The D NA was
rinsed with 70%(v/v) ethanol and then dried. The DNA in each eppendorf was
dissolved in 400/xl of O.lx TE/RNase A(100 /xg/ml) and incubated at 37°C for 2-4
hrs. The DNA was extracted first with phenol/chloroform, and then chloroform
alone. One tenth volume of 3M NaOAc(pH 5.2) and 2.5 volumes of ethanol(abs)
were added. The DNA was precipitated either at -70°C for 1 hr or -20°C
overnight. The DNA was spun at 4°C for 10 mins, rinsed with 70%(v/v) ethanol
and dried in a Speedvac. The DNA was dissolved in a final volume of 100/nl of
TE buffer (pH8.0).

2 3 2 3 : Single-stranded DNA preparation
(Stratagene)
300/xl of the appropriate over-night bacterial culture was introduced into 3ml
of 2xTY medium and incubated at 37°C with shaking for 1 hr. 15/il of VCS M13
or R408 helper phage was inoculated and the culture left to grow at 37°C for a
further 6 -8 hrs. The culture was transferred to two eppendorfs and spun down in
a microcentrifuge. The supernatants were transferred to fresh tubes and spun a
second time. The supernatants were again transferred to fresh tubes containing
250^1 of 20%(v/v) PEG/3.5M ammonium acetate. Tubes were mixed by vortexing
and then left to stand at RT for 15 mins. Phage particles were pelleted by
centrifugation for 10 mins in a microcentrifuge at 4°C. The supernatant was
poured off and the pellets inverted to drain until dry. 200/xl of TE
buffer(pH8.0)/l% SDS was added to each pellet. Tubes were vortexed and
phenol/ chloroform used to extract the DNA. The DNA solution from each pair
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of tubes was pooled into a single tube and extracted once again with
phenol/chloroform. Chloroform alone was then used to extract the DNA.
40/xl of 3M NaOAc(pH5.2) and 1ml of ethanol(abs) was added. The DN A was
left at -70°C to precipitate for 1 hr or over-night at -20°C. The tubes were spun
at 4°C for 10 mins in a microcentrifuge. The DNA was rinsed with 70%(v/v)
ethanol, dried and dissolved in 15-2G/xl of TE buffer(pH 8.0). 2.5^1 of the DNA
was checked on an agarose gel before another aliquot was annealed to a
sequencing primer.

23.24: Quantification of Nucleic acids
(Maniatis et a l, 1982; Sambrook et a l, 1989)
D N A and RNA concentrations were estimated by use of a spectrophotometer.
Various dilutions of nucleic acids were made in ddHjO and the absorbance at 260
and 280nm read. 1 ODjgo of DNA was taken to be 50 /ig/m l and 1 ODj^o of RNA
to be 33/ig/nil.
The OD 260/280

for a pure sample of DNA should be 1.8 and that of RNA

2.0. Measurements which differed significantly from this ideal were presumably
either contaminated with protein, degraded nucleotides or RNA contaminating
DN A or vice versa. For this reason direct visualization on a gel was always
performed, and standards of known concentration included when the estimated
concentration was more critical.

2 3 3 5 : Restriction Endonuclease Digestion
The majority of restriction enzymes were obtained from Gibco/BRL and
reactions carried out using their REact system of buffers (see Appendix C) and
a 2-10 times excess of enzyme. Less common enzymes were obtained from New
England Bio-Labs(NEB).
D N A in TE buffer plus the appropriate REact (10 x) buffer was diluted with
ddHjO to give 1 x buffer when the restriction enzyme was added. The final
volume of the digest was always at least ten times that of the enzyme volume so
as to dilute the glycerol in the storage buffer. Enzyme incubations were typically
carried out at 37°C for 1-2 hrs or overnight. Even enzymes such as Smal and
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B stX l which have optimum temperatures of 30°C and 55°C, respectively, were
found to work adequately at 37°C in most cases. When complete digests were of
ultimate importance, for example when linearizing for ExoIII/Mung Bean
nuclease deletions, digests were always overnight and at the optimum
temperature.
For DNA samples to be digested with more than one enzyme, enzymes active
in the same buffer were added simultaneously. Enzymes requiring different
buffers, were first digested with the enzyme which used the REact buffer with the
lower number, and then after phenol/chloroform extraction and ethanol
precipitation they were redissolved in 1 x the second buffer and digested.

2.3.26: Blunt-ending of DNA
1-2/ig of linearized vector DNA or gel purified fragment was made flush using
either, the ’Klenow’ fragment of E.coli DNA polymerase I (Amersham) for 5’
overhangs, or, T4 DNA polymerase (Pharmacia or NEB) for 3’ overhangs.
'Klenow’ lacks 5’ to 3’ exonuclease activity and in the presence of dNTPs will
use its 5’ to 3’ polymerase (and 3’ to 5’ proofreading exonuclease) activity to add
dNTPs to make 5’ends flush. T4 DNA polymerase also lacks 5’ to 3’ exonuclease
activity but its 3’ to 5’ exonuclease activity is up to 200 times asactive as that of
'Klenow’, and so in the presence of dNTPs it will remove 3’ overhangs and with
its 5’ to 3’ polymerase lead to the blunt-ending of fragments for cloning.
Reaction conditions were as follows,
DNA

X 111

lOx reaction buffer

20 /xl

O.SmM dNTPs (Chase)

10 /xl

Enzyme
ddHjO

1 /xl (2.5-5units)
up to 2 0 0 /xl

10 X reaction buffer for ’Klenow’ was REact 2 buffer (0.5M Tris.HCl(pH8.0)/
O.IM MgClj/O.SM NaCl, Gibco/BRL) and that for T4 D N A polymerase was
0.67M Tris.HCl(pH8.8)/67mM MgCl2/166mM (NH^)2SO4/ 0 . 1 M )9-mercaptoethanol/67/xM EDTA(pH8.0)/ 160/xg/ml BSA. Samples were incubated at 37°C
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for 30 mins and the reaction stopped by phenol/chloroform extraction followed
by ethanol precipitation. DNA was pelleted at 4°C, for 10 mins in a
microcentrifuge, washed with 70%(v/v) ethanol dried under vacuum and then
dissolved in 25-50/xl of TE buffer(pH8.0).

23.27: Single-stranded DNA Sequencing
(a)Gel preparation of LKB-Pharmacia apparatus
The glass plate on which the gel would stay attached was first cleaned with
ethanol(abs), then coated with 2 0 ml of ethanol(abs)/ 5ml of 1 0 %(v/v) acetic
acid/SO^l of Bind-silane (Pharmacia/LKB). It was left to dry for a few minutes
before the excess was cleaned by shining with ethanol. The temperature
controlled recirculating plate was cleaned with ethanol, then coated with RepelSilane (Dimethyldichlorosilane solution, at 20g/l in 1:1:1 trichloroethane,
Pharmacia/LKB) and again left to dry before excess was cleaned by shining with
ethanol.
The acrylamide gel components were as follows: 42g ultra pure urea
(Gibco/BRL) dissolved in 80ml of ddHjO, 10ml of lOx TBE and 10ml of 40%
acrylamide (38%(w/v) acrylamide/ 2%(w/v) bisacrylamide). The mixture was
filtered and left on ice to cool. When the plates were ready, 8 O/1 I of TEMED
(N,N,N%N'-tetramethylethylene diamine) and 800/xl 10%(w/v) ammonium
persulphate (APS) were added to the acrylamide/urea mix. The acrylamide/urea
mix was poured onto the plate according to the manufacturer’s instructions and
allowed to set at RT for approximately 30 mins.
1-2 /xl

aliquots of the sequencing reactions were loaded onto the gel after the

plates had equilibrated to 55°C. The gel was run at a voltage of 1750-2200V for
2-2.5 hrs until the bromophenol blue dye had reached the bottom of the plate.
The gel was fixed in 10%(v/v) acetic acid for 1 hr, then dried overnight at 50°C
before exposing to film (Kodak) at RT.
The film was developed usually after an overnight exposure.
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(b)Annealing reaction
(Amersham)
The following were added:
Single stranded template (depending on concentration)

2.5-7.S

Primer (1.25 ng) (dependent on the vector)

1 Ml T3 or T7

10 X ’Klenow’ reaction buffer

ijlI

1.5

ddHjO

m1

up to 10 Ml

lOx ’Klenow* reaction buffer is lOOmM Tris.HCl(pH8.0)/50mM MgCl;. The
reaction was incubated at 55-60°C for 1 hr and left to cool slowly to RT before
standing on ice. Reactions were stored at -20°C or used directly in sequencing
reactions.

(c)dNTP/ddNTP mixes
(Amersham)
lOmM stock solutions of dNTPs (except dATP; Amersham or Pharmacia) were
diluted 1 in 20 with ddHjO to give 0.5mM working solutions. dNTP mixes, G°, A°,
T° and C° for sequencing with [a-^S]dATPaS (SJ304; Amersham) were diluted
as follows:
A°

C

G°

TO

2 0 m1

2 0 m1

0.5mM dCTP

2 0 m1

0.5mM dGTP

2 0 m1 2 0 m1

1m 1

2 0 m1

0.5mM dTTP

2 0 m1 2 0 m1

2 0 m1

1/il

Ix TE buffer

2 0 m1 2 0 m1

2 0 m1

2 0 m1

iMl

lOmM stocks of ddNTPs were diluted with ddH20 to the following
concentrations:

ddATP

O.lOmM

ddCTP

0.02mM

ddGTP

0.05mM

ddTTP

0.50mM
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To each dN° mix, an equal volume of the corresponding ddNTP working
solution was added. Working solutions were stored at -70°C.

(d) Sequencing protocol
(Amersham)
2/il of dN°/ddNTP was added to the appropriate tubes marked G, A, T, C. The
tubes were placed in a microcentrifuge. The annealed template/primer was spun
down briefly and 1.5/xl of [a-^S]dATPaS (>600 Ci/mmol, Amersham SJ304)
added. 1/xl of Klenow fragment (Amersham, 4u / m1) was added. The reaction was
pipetted to mix thoroughly. 2.5^1 of the annealed template/ primer/label/enzyme
mix was added to each of the 4 tubes (G, A, T, C) in the microcentrifuge. The
tubes were spun to mix and start the 20 minute reaction.
2fi\ of ’chase’ solution (0.5mM of each dNTP) was added. The tubes were spun
to start the 15 minute reaction. 4jnl of stop solution was added. The DNA was
denatured at 95°C for 3 mins before loading onto a sequencing gel or stored at
-20°C.

23.28: Double-stranded DNA Sequencing (Sequenase 2.0)
(Unites States Biochemical)
7/xl of denatured double-stranded DNA or ssDNA templates was annealed to
1/xl of primer (1.5-2.5ng//xl) plus 2/xl of 5x sequencing buffer (0.2M
Tris.HCl(pH7.5)/ O.IM MgCl2/ 0.25M NaCl) by heating at 60-65°C for 5 mins in
a water bath and allowing to cool. Samples were transferred to ice or stored at
-20°C.
While the annealed templates were cooling, four tubes were labelled G, A, T,
and C, and, 2.5/xl of each termination mix (50mM NaCl plus 80/xM each of dGTP,
dATP, dTTP and dCTP plus either 8/xM ddGTP or 8/xM ddATP or 8/xM ddTTP
or 8/xM ddCTP) added to them. The tubes were capped and incubated at 37°C.
Enough Sequenase Version 2.0 for all of the templates was then diluted 1:8 in
ice-cold enzyme dilution buffer (lOmM Tris.HCl(pH7.5)/5mM DTT/0.5m g/ml
BSA). The 5x labelling mix (7.5/xM each of dGTP, dTTP and dCTP) was diluted
1:5 with ddHjO to give the same volume. An equal volume of these was mixed
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and 1/4 volume of O.IM DTT and 1/8 volume of [a-^S]dATPaS added to the
tube. 5.5 m1 of this mix was then added to each annealed template and incubated
at RT for 5-10 mins.
The termination reactions being incubated at 37°C were transferred to a
microcentrifuge at RT and 3.5/il of the appropriate labelling reaction added to
each termination tube of G, A, T and C. These were mixed by brief centrifugation
and then returned to 37°C for an additional 5-10 mins. Reactions were stopped
by adding 4/xl of stop solution (95%(v/v) formamide/20mM EDTA/0.05% (w/v)
bromophehol blue (BDH)/0.05% (w/v) xylene cyanol ff (BDH)).
Samples were heated to 80°C for 3-4 mins and loaded on sequencing gels.

2 3 2 9 : Subcloning of/i-Chimaerin cDNA into ^-Galactosidase expression vectors
Initial expression of n-Chimaerin as jS-galactosidase (jS-Gal) fusion proteins was
achieved using the pUR290-292 series of vectors (Rûther and Mûller-Hill, 1983).
These vectors were designed with cloning sites introduced at the 3’ end of the
lacZ gene, allowing the expression of fusion proteins of the active /3-Gal (116kDa)
followed by cDNA encoded proteins inE. coli (Figure 2.3a). The vectors pUR290292 only differ in their cloning sites by a single residue each, which means that
for any given restriction site any of the three reading frames can be obtained by
choosing the correct vector (Figure 2.3b). Fusion proteins are expressed to very
high levels by induction with IPTG and are found predominantly in the insoluble
fraction. Fusion proteins can be

detected by following /9-Gal activity

colorimetrically, purified by affinity chromatography on substrate analogues or
purified directly from SDS-PAGE gels due to their large size.
The 1.7kb Pstl fragment (PstL), containing full-length n-Chimaerin coding
sequence (501-1456bp), was purified from pBSCMl and cloned into the Pstl site
of pUR292. Both orientations were obtained and checked by restriction analysis.
The correct orientation was designated pURCMl.
A PvuII fragment obtained from the same 1.7kb Pstl fragment was cloned into
the blunt-ended BamHI site of pUR291 to give pURCM3 (coding residues 8781456bp). Cloning of this fragment re-generates the BamHI sites.
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Structure of pUR290, 291 and 292 plasmids showing location of cloning sites at the
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To generate )3-Gal/«-Chimaerin (N-terminal), a clone expressing /3-GaI//iChimaerin full-length protein of 152kDa was linearized using the unique H in W i
site of the polylinker and then digested with the unique Xbal site in PstL allowing
the deletion of 1.2kb from the 3’ end of the insert. Isolation of the remaining
D N A by agarose gel purification was followed by flushing of the ends using
'Klenow’ plus dNTPs. T4 DNA ligated samples were transformed into competent
XLl-blue cells.
/3-Gal//z-Chimaerin fusion proteins were purified from inclusion bodies and run
on 7.5% SDS-PAGE gels. Fusions for inununization were purified by electro
elution from SDS-PAGE gels after staining with 0.25M KCl at 4°C. Two rabbits
were inununized with approximately lOOjug )9-Gal/w-Chimaerin full-length fusion
protein subcutaneously per boost.

2 3 3 0 ; S u b c lo n in g o f /i-C h im a e r in c D N A in to

trpE

e x p r e s s io n v e c to r s

The original trpE expression vector pATH2 contains the trpE promoter, the first
969 nucleotides of the trpE structural gene (component I of anthranilate
synthetase, 33-37kDa) followed immediately by the multiple cloning sites from
pUC12 (Dieckmann and Tzagoloff, 1985; Hoffman et a l, 1987). pATH2 was
modified to introduce many more restriction sites, in all three reading frames like
pUR290-292, into the original cloning sites (Figure 2.4a). These second generation
vectors were kindly provided by Eric Weber and Carol Dieckmann (University of
Arizona) through Prof. Nam-Hai Chua (Rockfeller University, New York). The
vectors pATH21 and 23 like the original pATH2 therefore allowed the fusion of
cDNA sequences into the 3’ end of trpE (Figure 2.4b), and under the direction of
the highly inducible trpE promoter fusion proteins were produced to very high
levels in the insoluble fraction, as for )8-Gal fusion proteins.
The 1.7kb Pstl fragment (PstL), containing full-length /i-Chimaerin coding
sequence (501-1456bp), was purified from pBSCMl and cloned into the Pstl site
of pATH21 to give pATCMl, producing trpE/n-Chimditrm full fusion protein.
pATCM l was then cut with Xbal and 1.2kb of the 3’ end of the cDNA removed
to form pATCM2, producing

/^-Chimaerin (N-terminal residues 501-958bp).

A PvuII fragment obtained from the above 1.7kb Pstl fragment was cloned into
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Structure of pATH21 and pATH23 plasmids showing the location of cloning sites
at the 3’ end of the t r pE coding region.
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the Smal site of pATH23 to give pATCM3, producing r/pf^/w-Chimaerin (Cterminal residues 878-1456bp).

23.31: Subcloning of /i-Chimaerin cDNA into pKK233-2 expression vector
pKK233-2 (Pharmacia) contains the strong trc promoter (with 17bp between the
trp -35 region and the lac UV5 -10 region), the lacZ ribosome-binding site and
ATG initiation codon. To prevent unstable replication, the strong miB
transcription terminator has been introduced downstream of the multiple cloning
site (Figure 2.5a). Ligation of a cDNA in-frame into this vector will produce an
unfused bacterial product (Figure 2.5b).
The 1.7kb Pst\ fragment(PstL), containing full-length /z-Chimaerin coding
sequence (501-1456bp), was purified from pBSCMl and cloned into the Pstl site
of pKK233-2 to give pKKCMl. At the same time the 740bp PvuII fragment of
PstL (residues 878-1456bp) was cloned into the ’Klenow’ blunt-ended //m d lll site
to give pKKCM3.

2.332: Subcloning of /z-Chimaerin cDNA into GST expression vectors
Smith and Johnson (1988) constructed vectors for the synthesis in E. coli of
fusion proteins which are soluble and easily purified by affinity chromatography.
To do this they employed the 5/26 gene of Schistosoma japonicum which codes
for glutathione S-transferase (GST-, 26kDa), containing multiple cloning sites in
the 3’ of the gene (Figure 2.6a & b). Three sites are available for cloning in the
original vectors (BamHI, Smal and EcoRI) and these are followed by stop codons
in all three reading frames. The introduction of foreign D N A in-frame produces
fusion proteins which are most often in the soluble fractions and purified under
non-denaturing conditions by affinity chromatography on immobilized glutathione.
In addition to this the fusion proteins can be cleaved by the site-specific proteases
thrombin or blood coagulation factor

(FX^). This allows pure recombinant

protein to be isolated minus a carrier in a very rapid one or two step process.
The 1.7kb Pstl fragment, containing full-length zz-Chimaerin coding sequence
(501-1456bp) was purified from pBSCMl, blunt-ended using T4 DN A polymerase
and cloned into either the Smal site of pGEX-3X or the blunt-ended EcoRI site
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Figure 2.5a:

Structure of pKK233-2 plasmid showing the location of cloning sites.

M
AGGAKACAGAC^ATG GCT GCA^GCC ^ G

Ncol

Figure 2.5b:

Pstl

CTT

Hindlll

DNA sequence of the pKK233-2 cloning sites showing the reading frames.

Materials and Methods

99

of pGEX-2T. This produced the clones pGE^^CMl and pG E^CM l, respectively.
pGE^^CMl was then restricted by Sohail Ahmed with X bal and EcoRI (both
unique sites) to delete the C-terminal coding nucleotides. After blunt-ending by
filling in with ’Klenow’ the plasmid was religated, generating pGEAM l (coding
nucleotides 501-958). The GST//z-Chimaerin(F) and GST//z-Chimaerin(N) fusion
proteins contain 19 amino-acid residues upstream of the first methionine of the
open-reading frame.
The Pvull fragment obtained from the above l.Tkb Pstl fragment was cloned
into the Sm al site of pGEX-2T to give pGE^CMS, coding for GST/n-Chimaerin
(C-terminal residues 878-1456bp).
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2.4: Protein Expression and Immunological Methods

2.4.1: Growth and Induction of jS-Gal/zi-Chimaerin clones
Overnight cultures of E. coli BMH71.18 or XLl-blue containing ^-Gal/nChimaerin clones were grown at 37°C in LB/Ap (100/xg/ml), from -20 or -70°C
stocks or colonies growing on a plate. The following day overnights were diluted
1:20 into fresh LB/Ap(100jLtg/ml). Cells were grown at 37°C, and either induced
after only one hour's growth for 2-4 hrs with 2.5mM IPTG, or, grown until an
ODgoo of 0.8-1.2 was reached (4-6 hrs) and induced with l-2mM IPTG for a
further 1 hr. On rare occasions induction was continued overnight. Cells were
harvested in Falcon tubes by centrifugation at 4°C for 10 mins at 3,000rpm (MSE,
Coolspin2) and stored at -20°C.

2.4.2: Screening of /?-GaI//z-Chimaerin clones
Clones were first screened by small-scale growth and induction before largescale purification of the protein. For the analysis of whole cells, 1ml from a 510ml induced culture was pelleted and resuspended in 300/il of 2x Laemmli
sample buffer (lOOmM Tris.HCl(pH6.8)/200mM DTT/4% (w /v SDS/20% (v/v)
glycerol/0.2%(w/v) bromophenol blue) or 'cracking buffer' (PBS/ 6 M U rea/
l% (w /v) SD S/ l% (v/v) /0 -mercaptoethanol). The latter was incubated at 37°C
for 30-60 mins and then added to an equal volume of 2x Laemmli sample buffer.
10-20)li1 of each sample was run on SDS-PAGB gels and compared with
uninduced samples or empty vector control. For the analysis of insoluble fractions,
1 ml

of 5-10ml of an induced culture was pelleted and resuspended in 100/il of

TEN. 10/xl of lOmg/ml lysozyme was added and the sample allowed to stand on
ice for 15 mins. 2/xl of 10%(v/v) Nonidet P40 (NP40) was added and after 10
mins 150^1 of 1.5M NaCl/ 12mM MgClj plus 0.5/xl of Im g/m l DNasel was added.
After a further 1 hr on ice samples were spun for 10 mins in a microcentrifuge.
Supernatants were saved only rarely for gel analysis. Pellets were washed twice
with 100/il of TEN and then resuspended in 50/il of 'cracking buffer'. These were
treated as described above, for the analysis of whole cells, and 10-25/il of each
sample run on SDS-PAGE gels.
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2,43: Purification of j9-Gal//z-Chimaerin fusion proteins
Purification of )9-Gal//î-Chimaerin fusion proteins was carried out by isolation
of inclusion bodies followed by electroelution from SDS-PAGE gels, or, by affinity
chromatography on p-aminophenyl-/3-D-thiogalactoside (APTG) sepharose (Steers
et a l, 1971; Germino et a l, 1983).

(a)Preparation of Inclusion Bodies
(Nagai and Th 0 gersen, 1987)
Cell pellets from a 200ml induced culture was resuspended in 8 ml of lysis
buffer (50mMTris.HCl(pH8.0)/25%(w/v) sucrose/lmM EDTA(pH8.0). The cells
were then lysed by the addition of 2ml of lysozyme (lOmg/ml, in lysis buffer) and
allowed to stand on ice for 30 mins. A final concentration of lOmM MgCl2/ ImM
MnClj/lO^g/nil DNasel was added to the now viscous solution. After a further
30 mins on ice 20ml of detergent buffer (20mM Tris.HCl(pH7.5)/ 2mM EDTA
(pH8.0)/0.2M N aC l/l% (w /v) deoxycholate/1%(v/v) NP40 was added to the
lysate which was then centrifuged at 4°C for 10 mins at 10,000rpm (Beckman, J221) using two 15ml ’Corex’ tubes. The supernatant was carefully decanted to a
fresh falcon tube and an aliquot saved for running on SDS-PAGE gels. The pellet
was resuspended in wash buffer (0.5%(v/v) Triton X -100/lm M EDTA) and
recentrifuged at 4°C for 10 mins at 10,000rpm. The milky supernatant was once
again saved for gel analysis while the pellet was washed once more before
pelleting by centrifugation. Pellets were resuspended in l-2ml of either PBS,
lOmM Tris(pH7.5-8.0) or 8 M Urea.

(b)Purification by electroelution
1ml of protein isolated from inclusion bodies was diluted 1:1 with 2x Laemmli
sample buffer and run on three 7.5% preparative mini-gels at 180V for 45mins.
The gels were then stained in ice-cold 0.25M KCl until the major white
precipitate showing the )9-Gal/n-Chimaerin fusion protein appeared. Protein
bands were excised using a fresh razor blade and placed into a dialysis bag
equilibrated with protein SDS-running buffer. Protein was eluted from the gel into
the dialysis membrane by electrophoresis at lOOV in a Bio-Rad ’maxi-gel’ for 2-2.5
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hrs. The polarity was then reversed for 2-3 mins to release the protein from the
walls of the dialysis bag. The buffer containing eluted protein was then, recovered
into four ’Corex’ tubes and precipitated with 5 volumes of acetone overnight at 20°C, or, concentrated using a Centricon-10 microconcentrator (Amicon). Acetone
precipitated protein was pelleted at 4°C, 15,000rpm for 15 mins in a Beckman J221. Pellets were dried in a speed-vac and resuspended using lOmM Tris.HCl
(pH7.5-8.0) or PBS. Aliquots were stored at -20°C.

(c)Affînity Chromatography on APTG-Sepharose
Using this method j3-Gal//z-Chimaerin fusion proteins could be purified from
extracts ofE. coli in a single step. )3-Gal/«-Chimaerin fusion proteins resuspended
in 8 M urea was dialysed extensively against ddHgO. This was then diluted in an
equal volume of buffer A (lOmM Tris.HCl (pH7.5)/10mM MgOAc/0.2M NaCl/
O.lmM ED TA/Im M DTT) and applied to a l-2ml APTG column previously
equilibrated with buffer A. After recycling for 60 mins the column was washed
with 40-50ml of buffer A until no protein was detected by ODjgo readings. /3-Gal
fusion was eluted with 10ml of lOOmM sodium borate (pHlO) followed by 10ml
of lOOmM sodium borate (pHlO)/ 0.1%(v/v) NP-40. Fractions were concentrated
using

’centriprep-10 ’ concentrators

and

’centricon-10 ’ microconcentrators

(Amicon). Protein was stored at -20°C.

2.4.4: Growth and Induction of typE/zz-Chimaerin clones
E. coli R R l containing r/pE/zi-Chimaerin clones were grown overnight at 37°C
in LB/Ap (100/xg/ml). Cells were then diluted 1:10 into M9 minimal salts
containing 0.5%(w/v) casamino acids (D ifco)/ 0.2%(w/v) glucose/ ImM MgSO^/
O.lmM CaCl2/ 0.1%(w/v) Vitamin Bj (thiamine. Sigma)/ ampicillin (lOOpg/ml)
and grown for 2-3 hrs at 30°C until OD 550 reached 0.4. Aeration is very important
for healthy yields so a maximum of 100 -2 0 0 ml of culture was grown per 21 flask.
3/3-indoleacrylic acid ( 2 0 /ig/m l from 2 0 mg/ml stock in ethanol. Sigma) was added
and the cells grown for a further 2-3 hrs, or overnight, at 30°C. The culture was
allowed to stand at 4°C in the cold room overnight. Cells were pelleted in falcon
tubes by centrifugation at 4°C for 10 mins at 3,000rpm (MSB, Coolspin2). Cells
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were either stored at -20°C or lysed and the protein purified.

2.4.5: Screening of (^E/zz-Chimaerin clones
Clones were first screened by small-scale growth and induction before largescale purification of the protein. For the analysis of whole cells, 1ml from a 510 ml

induced culture was pelleted and resuspended in 50/xl of ’cracking buffer’.

This was then treated as described for /S-Gal fusions above. 10-20/%l of sample was
run on SDS-PAGE gels. For the analysis of insoluble fractions, 1ml of a 5-10ml
induced culture was pelleted and resuspended in 100/xl of TEN. This was lysed
and processed as described above for )3-Gal/n-Chimaerin clones. 10-25/xl of each
sample was run on SDS-PAGE gels.

2.4.6: Purification of (rpE/zz-Chimaerin ftision proteins
Each equivalent of 100ml of pelleted cells was resuspended in 20ml of 50mM
Tris.HCl(pH7.5)/5mM EDTA/3m g/m l lysozyme and allowed to stand on ice for
1-2 hrs. 1.4ml of 5M NaCl was added to lyse the cells. 1.5ml of 10%(v/v) NP40
was added which resulted in an extremely viscous solution. This was sonicated
(setting 3 and medium/high, on a MSE 6-71 sonicator, which gives a 10-12 /xm
peak height) to shear the DNA until the extract lost its viscosity (4 x 20s). Care
had to be taken not to sonicate too much as foaming of lipids interferes with the
isolation. Samples were centrifuged at 4°C for 10 mins at 10,000rpm (Beckman,
J2-21) to pellet the protein. Protein pellets were washed successively in 20ml each
of lOmM Tris.HCl(pH7.5)/lM NaCl and lOmM Tris.HCl(pH7.5). Protein pellets
were finally resuspended in 1ml of lOmM Tris(pH7.5). For SDS-PAGE analysis
an aliquot of protein was added to an equal volume of ’cracking buffer’ and
incubated at 37°C for 30-60 mins. An equal volume of 2 x Laemmli sample buffer
was added and after dénaturation at 95°C for 4 mins samples were run on gels.
Protein for immunization was electroeluted from SDS-PAGE gels, in the same
manner as described above for /3-Gal//i-Chimaerin fusion proteins.
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2.4.7: Growth and Induction of pKK//i-Chimaerin clones
E. coli JM105 containing the empty vector, pKK233-2, or portions of nChimaerin cloned in-frame to the ATG of the cloning site were grown overnight
at 37°C in LB/Ap (100/xg/ml). Samples were then diluted in fresh LB/Ap and
induction of proteins carried out in much the same manner as described for
)5-Oal//i-Chimaerin clones.

2.4.8: Screening of pKK//i-Chimaerin clones
50ml induced cultures of the empty vector, pKK233-2, pKKCMl, pKKCMlr {nChimaerin insert in the opposite orientation) and pKKCM3 were pelleted and
stored at -20°C overnight. Pellets were then resuspended in 5ml of TBS-Mg and
lysed by sonication. 1ml aliquots were transferred to eppendorf microcentrifuge
tubes and pelleted at 4°C, for lOmins in a microcentrifuge. Supernatants were
decanted to fresh eppendorfs {IS) and the pellets resuspended in 1ml of 'cracking
buffer’ iiP). An equal volume of 2 x Laemmli sample buffer was added to aliquots
of each fraction and 10-25/xl run on 10% or 12% SDS-PAGE gels. Duplicate gels
were Western blotted and probed with «-Chimaerin-specific antibodies.

2.4.9: Growth and Induction of GST//i-Chimaerin clones
Overnight cultures ofE. coli JM105 or XLl-blue harbouring plasmids directing
the production of GST fusions were diluted 1:20 into fresh L-Broth/Ampicillin
(100/xg/ml). Cells were grown at 3 T C until OD^oq 0.8-1.2 (4-6hrs) and induced
with 0.5-lmM IPTG for a further Ihr. Cells were harvested and stored at -20°C.

2.4.10: Screening of GST/n-Chimaerin clones
A 50ml pellet of induced cells was resuspended in 10ml of TBS-Mg (25mM
Tris.HCl(pH8.0)/137mM NaCl/5mM MgCl2) and lysed by sonication for 4 x 20s
(MSB 6-71 as used above, or, setting 5-7 on a XL2020 ultrasonic processor,
Labcaire Systems Ltd from Heat Systems). The sample was then centrifuged at
4°C for 10 mins at 3,000rpm (MSE, Coolspin) and the supernatant added to 300/xl
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of glutathione-agarose (Sigma), in a 15ml tube (Sterilin), previously washed with
10ml of TBS. This was rotated at 4°C for Ihr and then the beads pelleted by
centrifugation at 4°C, 2,000rpm for 5 mins. The beads were washed twice with
10ml each of TBS and transferred to an eppendorf tube. Excess TBS was removed
after a brief spin and 0.2 volumes of 5x Laemmli buffer added to the samples.
25/il aliquots were run on 10% SDS-PAGE gels after eluting protein from the
beads by denaturing at 95°C for 5 mins.

2.4.11: Purification of GST//i-Chimaerin fusion proteins
Each 50ml or 250ml aliquot of pelleted cells, from 1000-2000ml of cells, was
resuspended in 10ml of TBS-Mg and lysed by sonication for 4 x 20s. The crude
extract was centrifuged at 4°C, 15,000rpm for 10 mins (Beckman J2-21). The
supernatants were pooled and then passed twice over a prepacked glutathione
sepharose 4B column (Pharmacia), or rotated for 1 hr with l-2ml of glutathione
agarose (Sigma), previously equilibrated with TBS. After washing with 100ml of
TBS the bound protein was released by competition with 5mM reduced
glutathione (Sigma) in TBS.
In the case of GST- fusion products to be cleaved with thrombin, the bound
protein washed with TBS was then washed with TNG (50mM Tris.HCl(pH8.0)/
150mM NaCl/2.5mM CaCl^). 5 units of bovine thrombin (Sigma) in 10ml of TNG
was added to the matrix and incubated at 4°G overnight. The following day
protein was separated from the matrix using a column and additional TNG added
to rinse the cleaved protein from the beads. Thrombin was removed from the
sample by incubating it with benzamidine-sepharose 6 B (Pharmacia) at 4°G for
10-15 mins and then pouring it down a column to remove the beads. Protein was
concentrated using a Gentriprep-10 (Amicon) by centrifugation at 4°G, 2,500rpm
(MSE, Goolspin2) for 20 minute intervals until the volume was reduced to 0.5ml.
If further concentration was required this was performed using either ’centricon10’ or ’microcon-10’ microconcentrators (Amicon). Aliquots were stored at -70°G
or at 4°G (when ImM PMSF and 0.1%(w/v) sodium azide (NaN^) were added).
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2.4.12: Gel electrophoresis of proteins (SDS-PAGE)
(Bio-Rad; Laemmli, 1970)
Proteins were resolved on SDS-PAGE gels by electrophoresis in the buffer
system described by Laemmli (1970). Proteins were then either stained using
Coomassie Brillant Blue R-250 (0.1%, w /v)

or Western blotted onto

nitrocellulose.
Bio-Rad ’mini-gel’ slab gels of 7cm x 8 cm x 1.5mm containing varying
percentages

of

polyacrylamide

(7.5-12%

from

stock

Aciylam ide/NN’-

methylenebisacrylamide 30:0.8%(w/v); BDH Electran) were prepared using the
recipes shown in Appendix E. A separating gel of 7ml was followed by a short
stacking gel (3ml) was poured to give better resolution of larger sample volumes.
Various slot formers were inserted to give either 10/15 slots, or a preparative
comb with marker slot.
Samples for electrophoresis were diluted with one fifth volume of 5x Laemmli
sample buffer (Bio-Rad; 62.5mM Tris.HCl(pH 6 .8 ) / 2%(w/v) SD S/ 10%(v/v)
glycerol/50mM

/3-mercaptoethanol/0.001%(w/v)

bromophenol

blue)

and

denatured at 95°C for 4 mins. Various volumes up to a maximum of 40/il were
loaded per slot after centrifugation for 30s at RT. Electrophoresis was performed
at 180V for 40-50mins in Ix gel running buffer (25mM Tris/ 192mM glycine/
0.1%(w/v) SDS).
Molecular weight markers were electrophoresed in adjacent lanes. These were
either standard protein markers (Sigma, 6 SDS) or pre-stained markers when gels
were to be Western blotted (Appendix E).

2.4.13: Coomassie blue staining
After electrophoresis the gel apparatus was dismantled and the right-hand
comer of gel was cut-off with a razor blade. The gel was then transferred to a
small square dish of Coomassie Brillant Blue R-250 (0.1%, w /v) in destain
(40%(v/v) methanol/10%(v/v) glacial acetic acid in ddHjO) and agitated for 1-2
hrs at RT. The stain was then removed and the gel was successively rinsed with
destain alone until a clear background was obtained.
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Stock Coomassie Brillant Elue R-250 (0.1%; w /v) was prepared in the
fumehood by dissolving the powdered dye in destain and then filtering the
solution through 3MM filter paper.

2.4.14: Protein transfer to nitrocellulose - Western blotting
(Sartorius or Bio-Rad, Semi-dry blotters)
Western blotting was carried out according to the method of Towbin et a l
(1979) using either the Sartoblot-IIS (Sartorius) or Trans-blot SD (Bio-Rad),
semi-dry blotters.
After SDS-PAGE gels were transferred to Ix blotting buffer (48mM Tris/
39mM glycine/0.38%(w/v) SDS/20% (v/v) methanol) equilibrated to 4°C for 1520 mins. Five or six sheets of 3MM paper were then wetted in the same buffer
and placed on the base plate of the blotter (graphite cathode of Sartoblot-IIS, or,
platinum anode of Trans-blot SD). A sheet of nitrocellulose of the appropriate
size was then wetted in the buffer.
For the Sartoblot-IIS, the gels were then placed on top of the 3MM paper and
the soaked nitrocellulose placed on top taking care to remove all air bubbles. In
the case of the Trans-blot SD, the nitrocellulose was placed on the wet 3MM
paper and then the gels positioned on top of the wet membrane. In both cases the
sandwich was completed by placing a further five or six sheets of wetted 3MM on
the apparatus and replacing the lid (graphite anode of the Sartoblot-IIS, or.
Stainless steel cathode of the Trans-blot SD). Blotting was performed at RT for
1 hr. In the case of the Sartoblot-IIS, this was at 100mA constant current whereas
for the Trans-blot SD this was at 15V constant voltage. After transfer, blots were
allowed to dry overnight at RT between 3MM paper.
Prestained molecular weight markers were transferred along with the other
proteins and their positions marked with a blue ballpoint pen. These were later
used for estimating the size of immunoreactive bands.

2.4.15: Immunostaining of Western blots
Non-specific binding sites were blocked with PBS (Phosphate buffered saline,
Dulbecco ’A ’; lOmM sodium phosphate(pH7.3)/150mM NaCl/4mM KCl, tablets
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from Oxoid)/5% non-fat milk (’Marvel’) or PBS/3% (w/v) BSA for 1 hr at RT or
over-night at 4°C. Blots were then rinsed with PBS/0.1% (v/v) Tween 20
(polyoxyethylenesorbitan monolaurate; PBS-T), and then incubated with rabbit
antisera or affinity purified /z-Chimaerin antibodies diluted in PB S/l% (w /v)
Marvel (or BSA), for 1-2 hrs at RT or overnight at 4°C. The filter was then
washed at RT with PBS-T (6x, 5-10 mins) and then incubated for 1 hr at RT with
anti-Rabbit immunoglobulins conjugated with Horseradish peroxidase (HRP)
diluted 1:500 in PBS-T/l% (w/v) Marvel. The colour was developed using PBS/
0.025%(w/v) diaminobenzidine tetrahydrochloride (DAB, Sigma)/0.03%(w/v)
hydrogen peroxide (H 2O 2, BDH).

2.4.16: Enhanced ChemiLuminescence
(Amersham, Research News, 3(5), 1989)
In

September

1989,

Amersham

started

marketing

their

Enhanced

ChemiLuminescence system for the non-radioactive labelling and detection of
DNA. This involved the cross-linking of a modified horseradish peroxidase (HRP)
to denatured DNA and following hybridization, the incubation of membranes in
detection reagent. The peroxidase complex bound to the probe stimulates the
production of a peroxide ion from the peracid salt in the detection solution. The
peroxide ion then reacts with luminol and an enhancer, which results in a
sustained emission of blue-light for up to 60 mins.
The similarity between the method described and that of conventional antibodyimmunoglobulin:immunoglobulin-HRP complexes being used to form coloured
products, led me to enquire about the availability of the reagents for use in
Western blotting.
The methods for immunostaining were followed exactly as for detection with
DAB, except that primary antibodies were used at 10-20 fold higher dilutions,
secondary antibodies conjugated with HRP were diluted 1:1000-1:2000 and after
the final wash in PBS-T, nitrocellulose filters were rinsed in PBS before
transferring to the detection reagents.
An equal volume of detection reagents 1 and 2 were mixed in a 10ml sterilin
tube or 50ml falcon tube (approximately 5ml per filer). This was then poured into
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a flat-bottomed dish (Sterilin). Nitrocellulose filters were then immersed
successively for 1 min each in the combined reagents, wrapped in saran wrap
(Dow) and then exposed to film (Hyperfilm-ECL; Amersham) at RT for 40s, 2-5
mins or up to 60 mins.

2.4.17: Antibody production in Rabbits: Polyclonal sera
(Harlow and Lane, 1988)
New Zealand White rabbits (2-2.5kg) were injected with lOO^g of protein per
immunization. For the first injection protein dissolved in PBS was added to an
equal volume of Freund’s Complete Adjuvant. This was well vortexed until a
complete emulsion was formed. Animals were then injected in a single spot
subcutaneously. All subsequent booster injections were given using Freund’s
Incomplete Adjuvant at 4-6 week intervals over a period of almost two years.
Rabbits were bled 10 days after each booster immunization by cutting the ear
vein with a razor blade.
20-40ml of blood was collected in a 50ml Falcon tube and allowed to clot at
RT or overnight at 4°C. The clot was then broken up using a pasteur pipette
sealed to form a glass rod. The serum was then obtained by centrifugation at 4°C,
3,000rpm for lOmins (MSE, Coolspin2) and then decanting the supernatant to a
fresh tube. Sodium azide was added to serum at 0.1%(w/v) final concentration
and then aliquots stored at -20°C.

2.4.18: Coupling of Bacterial Proteins to CNBr-activated Sepharose 4B
(Pharmacia; Hoffman et a l, 1987)
Preparation of sepharose: l-3g of CNBr-activated Sepharose 4B powder
(Sigma) was swelled with ImM HCl for 10 mins at RT. The matrix was washed
on sintered glass with a further 250ml of ImM HCl, filtered until dry, and then
transferred to a 50ml falcon tube.
Preparation of protein: jS-Gal fusion proteins in 8M urea were dialysed
extensively against ddHjO. Insoluble fractions of trpE or trpE fusion proteins were
precipitated with 5 volumes of acetone over-night at -20°C, in Corex tubes.
Acetone precipitated proteins were spun down at 4°C, 15,000rpm for 15 mins
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(Beckman J2-21) then dried and dissolved in coupling buffer (O.IM NaHCO^/
0.5M NaCl, pH8-9) or PBS. 5-lOmg of proteins dissolved in PBS or dialysed
against ddHjO ()3-Gal fusions) were then dissolved with an equal volume of 2x
coupling buffer and the volume then increased with Ix coupling buffer. When
necessary 0.1%(w/v) SDS (final conc.) was included to aid the complete
dissolution of the protein.
Protein dissolved in coupling buffer was transferred to the 50ml falcon tube,
containing the previously prepared sepharose gel. The gel-ligand suspension, in
a final volume of 40ml, was mixed end-over-end overnight at 4°C.
The following day the gel was applied to a sintered glass and the solution
removed by filtration. This was retained until it was ascertained whether or not
the protein had in fact bound to the matrix. This was then washed three times
alternately with O.IM NaOAc(pH5,2)/0.5M NaCl followed by coupling buffer.
Unreacted groups on the sepharose were then blocked with 0.2M glycine in
coupling buffer, by transferring the washed matrix to a fresh 50ml Falcon
containing 40ml of buffer. This was mixed by rotating end-over-end for 3-4 hrs at
RT, or on rare occasions over-night at 4°C. The matrix was finally made ready by
applying it to an OMNIFIT column and washing it extensively with coupling
buffer followed by PBS.

2.4.19: Affinity purification of Antibodies from sera
Purification of n-Chimaerin-specific Antibodies on matrix bound protein
(Carroll and Laughon, 1987; Segev et a l, 1988)
An omnifit column loaded with Sepharose 4B-bacterial protein was equilibrated
using 50ml of PBS, at a flow rate of 0.5ml/min. Rabbit serum to be purified was
diluted 1:1 with PBS and loaded onto the column. This was then recycled for 1-2
hrs at RT.
The flow through (FT) was collected and stored on ice. The column was then
washed successively with 50ml of PBS, 50ml of BBS-T (O.IM boric acid/ 25mM
sodium borate/IM NaCl/0.1%(v/v) TWEEN 20) and 50ml of PBS. The bound
antibody was then eluted with 0.5M acetic acid and neutralized by the addition
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of 0.05 volume of 0.5M phosphate buffer. Bovine albumin (Sigma, >98% GE)
was added to 0.1%(w/v) and the antibodies then dialysed against 3 litres of PBS
at 4°C overnight.
The column was regenerated by washing with 50ml of O.IM sodium acetate
(pH5.2)/0.5M NaCl followed by re-equilibration with PBS/0.1% sodium azide.
Throughout the antibody purification ODjgo readings were taken of all of the
fractions coming off the column.

2.4.20: Purîfîcation of Immunoglobulins from whole serum
(Harlow and Lane, 1988)
Rabbit serum was centrifuged at 4°C, 3,000rpm for 30 mins (MSE, Coolspin2).
The supernatant was transferred to a beaker and stirred with a magnetic stirrer.
While stirring gently, one volume of saturated ammonium sulphate (761g in
1000ml, pH7.0) was added slowly at RT and then stirring continued overnight at
4°C. The precipitate was pelleted by centrifugation at 4°C, 3,000rpm for 30 mins
(MSE, Coolspin2). The supernatant was discarded and the pellet drained well.
The pellet was resuspended in 0.5 volume (of the starting volume) of PBS. This
was then dialysed against two changes of 2 litres of PBS overnight at 4°C. The
antibody preparation was then used for the affinity purification of «-Chimaerinspecific antibodies.

2.4.21: Antibody production in Mice: sera
BALB/c mice (3-4 months old) were injected subcutaneously with 50/ig of
protein per immunization, using the same regime as that for rabbits. For the first
injection protein dissolved in PBS was added to an equal volume of Freund’s
Complete Adjuvant. All subsequent booster injections were given using Freund’s
Incomplete Adjuvant at 4-6 week intervals over a period of 4-6 months. Test
bleeds were performed 10 days after each booster immunization by cutting a piece
off the warmed tail using a razor blade. The final boost was administered
intraperitoneally using PBS and no adjuvant 4-7 days before ’fusion’.
Approximately 0.5ml of blood was collected on the day of ’fusion’ when animals
were decapitated.
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2.4.22: Monoclonal Antibody Production
(Mole and Lane, 1987; Brown and Ling, 1988; Harlow and Lane, 1988)
N S l plasmacytoma cells (Flow labs) were grown in DMEM or RPMI-1640
medium containing 10%(v/v) foetal calf serum plus 2mM L-glutamine/ penicillin
(lOOu/ml) / streptomycin (lOO^g/ml)/ 20/liM thioguanine at 37°C in a humid
atmosphere of 5%(v/v) carbon dioxide (CO2) / 95%(v/v) air. Cells were split 1:101:40 every 2-3 days depending on their confluence.
On the day of fusion, N Sl cells were harvested in 50ml Falcon tubes. An
aliquot of resuspended cells was counted using a haemocytometer. Approximately
1 X 10^ cells were then resuspended in 10ml of serum-free DMEM and incubated
at 37°C in a humid atmosphere of 5%(v/v) CO2/ 95%(v/v) air while the mouse
spleen cells (spleenocytes) were prepared.
All instruments were kept sterile in a beaker of methanol. Mice were killed by
cervical dislocation followed by decapitation. Blood was collected in a 50ml
Falcon tube for later preparation of serum. Mice were showered with 70%(v/v)
ethanol and spleens were then removed aseptically to separate 10ml Sterilin tubes
containing 10ml of DMEM or RPMI medium (containing no additives). Each
spleen in turn was transferred to a sterile petri dish. The broader of the two ends
of the spleen was cut and a spatula used to brush cells out of the sac. Using a
10ml pipette, 10ml of serum-free DMEM was used to resuspend spleenocytes and
then transfer them to a Sterilin tube (10ml) and left to stand for 1-2 mins
allowing cell debris and clumps to settle. Spleenocytes were transferred to a fresh
Sterilin tube and allowed to stand for a further minute. After transfer to another
fresh tube cells were pelleted by centrifugation at 800rpm for 5 mins.
Spleenocytes were counted and approximately 1 x 10® cells used per 10^ N S l cells.
Spleenocytes and N Sl cells were washed twice in 10ml of serum-free medium.
Washed cells each in 10ml were combined in a 50ml Falcon tube and mixed
thoroughly by inversion. After 5 mins incubation cells were recentrifuged at
l,000rpm for 5-10 mins. The medium was discarded taking care to remove the last
drops with a 1ml tip. Cells were rotated manually around the tube, flicking to
disperse the pellet. 0.8ml of 50%(v/v)PEG (previously warmed to 37°C while N Sl
cells were being counted) was added dropwise, over 2 mins, using a 1ml syringe
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with gentle agitation and rotation of the Falcon tube. The tube was allowed to
stand at 37°C for 30-60s and then cells were diluted slowly with serum-free
DMEM from 1ml up to 20ml. Cells were centrifuged at l,000rpm for 10 mins and
the pellets resuspended in 30ml of DM EM /20% (v/v)FCS/HA/OPI plus 2mM Lglutamine/ penicillin (lOOu/ml) / streptomycin (lOO/xg/ml). The cells from each
fusion were plated over six 96-well microtitre plates. Any remaining sample was
plated in 0.5ml aliquots in 24-well Costar plates. Plates were incubated at 37°C
in a humid CO2 incubator.
Plates were viewed daily using an inverted microscope to check for any
contamination. On day 5, 150jli1 of HA medium was added to each well using a
8-tip multichannel pipette. When the medium in many of the wells was yellow, the
entire medium in all of the plates was aspirated off using a suction line, and
replaced with 200/xl of HA medium. After replacing the medium a few more
times, and when small colonies of hybridomas had begun to appear in some of the
wells, the entire collection of microtitre plates was screened by an enzyme-linked
immunosorbent assay (ELISA).

2.423: Enzyme-Linked ImmunoSorbent Assay
(Mole and Lane, 1987)
Insoluble fractions of f/pE//z-Chimaerin or )3-Gal/«-Chimaerin fusion proteins
previously dissolved in ’cracking buffer’ were diluted in PBS or coupling buffer to
approximately 10/ig/ml. 50/xl aliquots of protein was added to each well of flatbottomed 96-well microtitre plates, and incubated overnight at 4®C to allow
protein to adsorb to the bottom of the wells. The protein solution was removed
the following day and plates either stored inverted at 4°C or used to test
hybridoma supernatants.
Plates used to check hybridoma supernatants were rinsed with PBS and then
blocked by adding 50/xl of PBS/5%(w/v) Marvel per well for Ihr at RT. This
solution was removed and the wells rinsed with PBS three times for 10 mins each.
50-100/xl of each hybridoma supernatant was transferred directly to a well of the
antigen-blocked plate. Samples were incubated at RT for 2-3hrs or overnight at
4°C. Wells were washed three times for 10 mins each with PBS-T and then
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incubated with anti-Mouse immunoglobulins conjugated to horseradish peroxidase
(DAKO) diluted 1/1000 in PBS/l% (w /v) Marvel for 1 hr at RT. Wells were then
washed three times with PBS-T followed by once with PBS. 50/il aliquots of
freshly prepared substrate (A B T S(lm g/m l)/H 2 0 2 ( 0 .0 1 %,w/v)) was added to each
well and the green colour allowed to develop. Plates were analyzed using an
ELISA plate reader (courtesy of Dr Louis Cuzner) and the results recorded.
Positive controls of serially diluted mouse sera were used in some columns of
microtitre plates, and allowed an estimation of the sensitivity of detection.
Potential positives were expanded first up to 0.5ml in 24-well Costar plates and
then 10ml and 25ml T-flasks.

2.4.24: DEIAE-Sepharose Chromatography
(Kikkawa et a l, 1986)
Rat brain SlOO supernatants (cytosol) which had been previously stored at
-70°C were fractionated on DEAE-sepharose using a step gradient of NaCl.
DEAE-sepharose was washed in buffer A (20mM Tris.HCl(pH7.5)/0.5mM
EGTA/0.5mM EDTA(pH S.0)/10mM )9-mercaptoethanol). This was then
equilibrated with buffer A/20mM NaCl, and a flow rate of 2ml/min set. 5M NaCl
was added to buffer A to achieve a step gradient of buffer A/20m M NaCl,
/lOOmM NaCl, /200mM NaCl and /400mM NaCl.
10ml of cytosol in 0.32M sucrose/5mM HEPES(pH7.4)/10mM EG T A / 2mM
EDTA/Im M PMSF/0.01%(w/v) leupeptin was applied to the column and 10ml
of each buffer of rising salt concentration was added. 10ml fractions were
collected off the column and OD 280 readings taken.
1ml aliquots were stored at -20°C, 200/il aliquots were acetone precipitated and
the remainder was concentrated using ’centriprep-10’ concentrators (Amicon). It
was necessary to add buffer A/20mM NaCl to the flow through sample, which
contains sucrose, during the concentration of samples.

2.4.25: Preparation of various rat tissues
Four to six male rats of 80 days or more were anaesthetized using ether and
then killed by decapitation. The brains (minus cerebellum) and the internal
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organs - hearts, kidneys, livers, lungs, spleens and testes - were removed to
separate 50ml falcon tubes containing 10ml of buffer A (20mM Tris.HCl(pH7.5)/
0.25M sucrose/ 5mM EG TA / 2mM E D T A / ImM PM SF/ 0.01%(w/v) leupeptin).
3-lOg of each sample was homogenized using a Ultra-turrax (Janke & Kunkel).
Once samples were all processed the volume of each one was increased to 3540ml with buffer A and then centrifuged at 4°C, 40,000rpm for 60 mins (100,000g,
Beckman 70Ti rotor in L8-80M Ultracentrifuge). SlOO supernatants were
decanted to fresh tubes while pellets were discarded. An aliquot of each sample
was acetone precipitated overnight at -20°C. Aliquots were diluted to equivalent
amounts (lOO/xg/40/xl) using 5 x Laemmli sample buffer.

2.4.26: Rat Brain Subcellular Fractionation
(Booth and Clark, 1978; Gordon-Weeks, 1987)
Four to six rats of 80 days or more were anaesthetized, using ether or carbon
dioxide, and then killed by decapitation. The brains, minus cerebellum, were
removed to a beaker containing 30ml of isolation medium (IM, 0.32M sucrose/
lOmM Tris.HCl(pH7.4)/lmM ED TA/Im M EG T A /lm M PM SF/lm M D T T /
l)Lig/ml each of TLCK (Na-p-tosyl-L-lysine chloromethyl ketone), TPCK (N-tosylL-phenylalanine chloromethyl ketone), leupeptin, pepstatin and soya bean Trypsin
inhibitor) which had been previously weighed and kept on ice. The weight of the
tissue was recorded by reweighing the beaker. All procedures were then carried
out at 4°C, in a cold room.
Excess IM was poured off and the fore-brains finely chopped with scissors. The
blood and debris was washed away with two changes of IM. Tissue was
homogenized, using a hand held Dounce-type glass homogenizer with teflon
pestle, in 10%(w/v) of isolation medium. 12-15 up and down strokes were made
and the homogenate then centrifuged in 50ml polypropylene tubes (Beckman) at
4°C, 5,000rpm for 5 mins (1300g, Beckman J2-21 centrifuge with JA20 rotor).
Supernatants (81) were decanted into a 50ml falcon tube on ice, taking care not
to move the loose pellet. Pellets were then gently loosened and poured back into
the same homogenizer and re-homogenized in 15ml of IM with 6 up-and-down
strokes. Samples were recentrifuged as before. The second supernatant (ST) was
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pooled with the SI fraction held on ice will the pellet was labelled as the crude
nuclear fraction (CN). The combined supernatants which had been mixed in
falcon tubes were then transferred to fresh 50ml polypropylene tubes and
centrifuged at 4°C, 15,00rpm for lOmins (17,000g).
An aliquot of the supernatant (82) was saved for gel analysis while the
remainder was centrifuged at 4°C, 40j300rpm for 60 mins (100,000g; Beckman 70Ti
rotor in L8-80M Ultracentrifuge) to form the SlOO fraction (cytosol) and P3 pellet
containing ribosomes and microsomes.
At the same time the crude synaptosomal/mitochondrial pellet, P2, was
fractionated through a discontinuous ficoll-sucrose gradient. P2 was resuspended
in 4ml of IM, using a smaller Dounce homogenizer, and added to 31ml of
12%(w/w) ficoll-sucrose medium to give a final concentration of 10%(w/w). This
suspension was layered at the bottom of two 37ml polypropylene tubes (Beckman)
and 9ml of 7.5%(w/w) ficoll-sucrose medium followed by 9ml of IM was layered
gently on each tube. Gradients were centrifuged at 4°C, 27,000rpm for 30 mins
(99,000g; SW28 rotor in Beckman L8-80M).
The myelin which formed the upper layer was removed with a pasteur pipette
and discarded. The synaptosomal fraction which formed the second interface was
removed carefully with another pasteur to a 50ml polypropylene tube and diluted
with IM. The ’brown’ mitochondrial pellet at the bottom of the tube sometimes
has a ’white’ fluffy layer which needs to be rinsed with IM and added to the
remainder of the synaptosomal fraction. The remaining mitochondrial pellet was
also resuspended in IM and both fractions repelleted at 4°C, 15,000rpm for 10
mins (17,000g, Beckman J2-21). Pellets were resuspended in TBS or PBS plus
inhibitors and sonicated to lyse and resuspend the samples.
Protein concentrations were estimated for an aliquot of each concentrated
fraction. An equal amount of each fraction was diluted in Laemmli sample buffer
and run on SDS-PAGE gels.
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Subcellular Fractionation of Rat Brain Homogenate.
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2.4.27; Growth of tissue culture cell lines
(Flow labs catalogue)
Detroit 98 (lab stocks), EJ138 (European Collection of Animal Cell Culture),
PL amnion (Flow labs) and HT-1080 (Flow labs) cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco/BRL) containing 10%(v/v) foetal calf
serum (FCS)/2mM L-glutamine/penicillin ( lOOu/ml)/ streptomycin (100/xg/ml) at
37°C in a humid atmosphere of 5% carbon dioxide (CO j)/ 95% air.
The PCS (Gibco/BRL or Sigma) was stored at -20°C and heat-inactivated at
56°C for 30 mins prior to dilution into a 500ml sterile bottle of DMEM. The
antibiotics penicillin/ streptomycin were obtained lyophilized in a single vial as a
lOOx concentrate, which was dissolved in sterile ddHjO and filter-sterilized before
aliquoting and storing at -20°C. The 500ml bottle of medium plus additives was
stored at 4°C and warmed to 37°C before use.
Cells were counted using a haemocytometer as described in the Flow catalogue.
If the total number of cells counted in five squares is ’n* and the solution is
diluted y -fo ld in Trypan Blue (Flow), the number of living cells per ml of
undiluted suspension is, lO^ny/5. The Trypan Blue used was l% (v/v) and
distinguishes living from dead cells. The dye is excluded from living cells but
stains dead cells.
Frozen stocks of cells were made by pelleting the cells in a bench-top centrifuge
(Beckman, GP Centrifuge) at l,000rpm for 10 mins. and aspirating off the
medium. The pellet was then resuspended in 1ml of 95%(v/v) FCS/5% (v/v)
dimethyl sulphoxide (DMSO) on ice and transferred to a vial. Cells were stored
overnight at -70°C in a polystyrene container and then stored under liquid
nitrogen. Cells grown from liquid nitrogen stocks were thawed rapidly at 37®C and
diluted in DMEM medium/plus additives. Cells were then repelleted, the medium
aspirated and fresh medium used to resuspend the cells before transferring them
to a flask.
Confluent cells were expanded by dilution of cells 1:4 to 1:10 in fresh medium.
To do this it was necessary to trypsinize the cells to detach them from the surface
of the flask. Medium was aspirated and then the flasks were rinsed with sterile
PBS. 2.5% trypsin (Gibco/BRL) was diluted 1:10 in PBS and added to flasks for
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approximately 5 mins until cells could be seen detaching from the surface of the
flask. This was checked visually under a microscope. Trypsinization was stopped
by the addition of a large volume of medium containing PCS. Cells were
transferred to Falcon tubes and pelleted at RT, 2,500rpm for 5 mins (Beckman,
GP Centrifuge). Cells were resuspended in fresh medium and split equally among
flasks to give the desired dilutions.

2.4^8: Preparation of protein from tissue culture cell lines
Cells were grown to confluence and then detached from the surface of flasks
by trypsinization. The cell number of an aliquot was counted using a
haemocytometer. The remaining cells were then transferred to a Falcon tube and
pelleted by centrifugation at RT, 2,000rpm for 5 mins (Beckman, GP Centrifuge).
The pelleted cells were transferred to an eppendorf tube and resuspended in
PBS/lOmM EDTA(pH8.0). These were then repelleted and resuspended in TEN
(50mM Tris.HCl(pH7.5)/0.5mM EDTA(pH8.0)/300mM NaCl) or ’cracking
buffer’ (100/il/5xl0^ cells). 0.1%(v/v) NP40 (final concentration) was added and
the sample allowed to stand on ice for 1-2 hrs. The sample was then sonicated to
shear the DNA. Debris was pelleted by centrifugation at 4°C for 10 mins in a
microcentrifuge. Supernatants were transferred to a fresh eppendorf tube. The
protein concentration of an aliquot was estimated. An equal volume of 2x
Laemmli sample buffer was added to another aliquot which was run on SDSPAGE gels.

2.429; Determination of protein concentration
(Bio-Rad Protein Assay)
This assay is a modified version of that of Bradford (1976). It is based on the
observation that the absorbance maximum for an acidic solution of Coomassie
Brilliant Blue G-250 shifts from 465nm to 595nm when binding to protein occurs.
This is much easier to apply than the method of Lowry because it only requires
one reagent and five minutes to perform.
In general the microassay procedure was performed. 0.8ml of ddHjO was put
into each of 6 eppendorfs plus however many samples were to be tested. For the
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first 6 eppendorfs various aliquots of the BSA protein standard (Im g/m l) was
added. This was typically 0, 1, 2.5, 5, 10 and 25^1 to form the standard curve. A
volume up to 25^1 of protein was added to the remaining tubes. 0.2ml of the 5x
Bio-Rad dye reagent concentrate was added to each tube which was then vortexed
(avoiding excess foaming) and allowed to stand at RT for 5-30 mins. OD 595
readings were taken using a spectrophotometer (Beckman, DU-62) with the
sample containing zero BSA as blank.
Data was input into a Casio ^-3400P calculator and linear regression analysis
used to estimate the concentration of the unknown protein samples. This was
found favourable to plotting a standard curve of OD 595 versus the concentration
of standards as the drawing of a straight line is too subjective.

2.4.30: Immunocytochemistry

(a)Processing of Slides
100 glass slides were washed in ImM HCl followed by successive rinses in
ddHjO, 70%(v/v) and 100% ethanol(abs). They were then dried in an oven at
60°C overnight wrapped in foil. 25 Slides were then coated in poly-L-lysine
(lOmg/ 270ml ddHjO) by placing in a slide box and immersing for 1 hr. A second
set was then immersed for a slightly longer period (1.5hrs) in the same solution.
All slides were finally rinsed twice in ddH2 0 and then air dried in a fumehood.

(b)Preparation of tissue sections
Rats were anaesthetized with CO2 or ether and then killed by decapitation.
Brains were removed and cut either coronally or sagitally, and then mounted on
cork blocks with tissue-tek embedding medium (BDH) by snap-freezing in
isopentane at -40°C cooled using dry-ice. Mounted tissue was stored at -70°C
wrapped in aluminium foil in a sealed container.
Sections of 12/xm were cut on a cryostat and thawed onto subbed slides. These
were then fixed in acetone for 15 mins at -20°C/RT, air dried and either used
directly or stored at -20°C.
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(c)Immunostaining of sections
Endogenous peroxidase activity was quenched by incubation for 20 mins at RT
in PBS/40% (v/v) Methanol/0.3 %(w/v) HjOj. Sections were then rinsed with
ddHjO and placed in PBS for 5 mins. They were then blocked with PBS/
3%(w/v) BSA for 1 hr at RT (100-300/il per slide). Sections were then washed
for three times 5 mins in PBS and drained well. Primary antibody was diluted with
PB S/l% (w /v) BSA over a range of 1:10-1:500 and 100-200/xl used per section.
Incubation was at 4°C overnight. Sections were washed at RT in PBS for three
times

5

mins

each

and

then

incubated

with biotinylated

anti-rabbit

immunoglobulins (Amersham, RPN1004; or, DAKOPATTS, E353) diluted 1:100
in P B S/l% (w /v) BSA for 1 hr at RT. After washing with PBS for three times 5
mins, sections were then incubated for 1 hr at RT with streptavidin conjugated
fluorescein (Amersham, RPN1232; or DAKOPATTS, F422) or streptavidinbiotinylated conjugated horseradish peroxidase complex (Amersham, RPN1051;
DAKOPATTS, P397) diluted in PB S/l% (w /v) BSA at 1:50 and 1:100,
respectively. After washing in PBS for three times 5-10 mins the former were then
mounted under glass coverslips with Citiflour (Amersham) and viewed by
fluorescence microscopy, whereas, the latter were incubated with PBS/
0.025%(w/v) D A B / 0.03%(w/v) HjOj for 5-10 mins until a brown colour
developed. The reaction was stopped by rinsing extensively with ddHjO. Sections
were dehydrated throughout a series of 70%(v/v), 90%(v/v) and 100%
ethanol(abs) washes followed by two xylene washes, mounted using DPX
mountant (BDH ) and viewed by light microscopy.
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CHAPTER THREE
RESULTS: DNA SEQUENCING
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3.1: Introduction
Previous studies of Hall, C. et al. (1987) were directed towards the isolation of
novel brain expressed sequences. It was hoped that this approach would yield
proteins whose function(s) were unique to the brain. During the screening of
human brain (cortical) cDNA libraries made by these workers, a clone H631 was
isolated. Preliminary results at the time indicated that the mRNA was relatively
abundant and brain enriched, as judged by Northerns. Also, the cDNA could
hybrid-select a protein of approximately SOkDa.
The original cDNA clone, H631, was 1.2kb in length whereas the poly(A)^
mRNA on Northerns was approximately 2.2kb in human brain, and 2.3kb in
human foetal and rat brain samples (Figure 3.1). For this reason a retinal cDNA
library in IgtlO (Nathans et al., 1986) was re-screened using nick-translated
[a-^^P]dCTP labelled H631 insert as probe. 15-20 positives were obtained and
plaque purified (Vasanthi Vanniasingham, unpublished results; Hall et a l, 1990).
The longest of these, XH631.2, which matched the original clone, as judged by
restriction mapping and sequence data, was used for all further analyses.

3Jt: Cloning and Sequencing of A.H631.2 cDNA
Plaque purified X DNA was grown at a low multiplicity of infection in liquid
culture and then purified by a glycerol step gradient centrifugation method. The
resulting DNA was restricted with EcoRI to liberate the insert. This 2.2kb
fragment was isolated, ligated into the EcoRl site of pBluescript,SK" using T4
D N A ligase and transformed into E. coli XLl-blue cells. Positive clones were
identified, using blue/white colour selection and hybridization with the [a“P]dCTP multi-primer labelled 2.2kb fragment as probe.
Both orientations of A.H631.2 were obtained to give pBSCMl and pBSCMl.
Using the many unique restriction endonuclease recognition sites in the polylinker
of pBluescript,SK" a restriction map was obtained for the 2.2kB EcoRl insert
(Figure 3.2a & b).
pBSCMl and pBSCM2 were double-digested with Smal and Sstl to generate
linear DNA for Exonuclease 111/ Mung Bean nuclease unidirectional deletions.
Time intervals of 5, 10, 15, 20, and 30 mins were used at room temperature

Results: Sequoidng 1 2 6

<
z
Û
C
♦

CL
+

II
2.3kb
2.2kb

Figure 3.1:

§

S

I
X

I
X

i

X
♦

X
+

I8 I
â

.

m

I

# #

Northern analysis of Human and Rat Brain poly(A)"^ RNAs.

Results: Sequencing

127

pBSCMl

iœr

—

’m m .

1H631.2 INSERT

I I

I

r

| ï | j ii| Ï

I I II

I

I

III

I I

pBSCM2

I

1
XH631.2 INSERT

Figure 3.2a:

I

I

II

M II I I

I

I

I

II llpi I U

I

I

I

I II I

I

Restriction maps of pBSCMl and pBSCM2; A.H631.2 insert cloned into the EcoRl
site of pBluescript.SK .

. S V

pBSCMl

pBSCM2

B»

Figure 3.2b;

Restriction digests of pBSCMl and pBSCM2.

Results Sequencing

128

(23°C). T4 DNA ligated samples were transformed into E. coli XLl-Blue
competent cells. Colonies obtained from each time interval were analyzed by
restriction analysis of mini-plasmid preps. ssDNA was prepared from a number
of samples which were deleted to varying degrees to cover the whole length of the
A.H631.2 sequence (Figure 3.3). T3 primer was annealed to templates and
Sanger's chain termination method used for sequencing, with [a-^S]dATPaS as
label. Both strands were completely sequenced and the data compiled using the
programs of 'DNAstar'. To complete the sequencing project it was necessary to
subclone the Xbal fragments and 5’ Pstl fragment of 400bp in both orientations.
This enabled the contigs formed to be joined together in the full alignment shown
in Appendix A. The restriction sites and reading frames 1, 2 and 3 generated by
'Mapseq' (DNAstar) are shown in Appendix B.
A continuous reading frame extends from nucleotide 460 to 1455. The first
ATG starts at position 559 and from this point the cDNA encodes for a potential
protein of 299 amino-acid residues. The predicted relative molecular weight of
this protein is 34,339 with a pi of 7.35. The 5’ and 3' non-coding regions are quite
long being 558 and 723 nucleotides, respectively. There are three potential
polyadenylation signals, two of which are known to be utilized, from analysis of
isolated cDNAs (Figure 3.4, 3.9b and 3.10b).

33: Protein encoded by XH631.2 cDNA
The most striking feature of the primary sequence of the protein coded for by
A.H631.2, is that the N-terminal half contains a cysteine-rich sequence (CRS) with
the motif, CX2CX13CX2CX7CX7C.
Computer searches of the databases held on 'DNAstar' at the time revealed no
direct counterpart to the predicted protein, but the highest scoring sequences
were to other proteins carrying the cysteine-rich motif. These were to members
of the protein kinase C (PKC) family and raf-1 (Figure 3.5). This motif is a
characteristic of the PKC family, where it is found in the C l regulatory domain
in two copies. The sequence identity to the PKC family is greater to the second
CRS than to the first (approximately 50% compared to 38%). This is comparable
to that between the tandem sequences of human PKC-j3. The n-Chimaerin CRS
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Figure 3.3:

0.8%(w/v) agarose gel showing ssDNA templates purified from ExoIII/Mung Bean
nuclease treated transformants. ssDNA templates were prepared from a number
of samples which covered the whole of the XH631.2 sequence, as shown in the
diagram above the gel. As can be seen samples gave varying amounts of ssDNA
even though all of them were grown, precipitated and extracted in the same way.
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GAATTCACAA
AACCCTAACC
CAAATTCTTC
TCGATGCTAA
TCTTCTCTAT
AGCCCCTAGC
TTGATAGCAG

GGAAAGAAAA
TACAGAGAGC
TTTCTTCCTT
CATACAAAAC
TCAAGATATT
AGGGAAGGTG
CCTTGGGA

CCTATAGTGG
TGCAGAGAAA
TTTTTTTCTT
ACTCAGCATC
AATGTCCATT
GGGGGAAGGG

TCTATGTCTG TCGATGATAT
CACCACGGAGAGGTGGAGGA
AAAGGGATCTATATTCTAGC
TCTCTTTATC ATTTTTTAAA
CTGAATGAAAGATGCCTACA
AGGGAAACTAATAGGGCTGC

CTATTCAGCT
GGAGGATGAA
TTCTAAAAAC
AGGCATGCAA
TACTGCCTGC
AGTTCACAAA

AACACATGA6
GCACTTCTTA
TTGAGTCTGA
TTTTGACAAA
AATCAGTTTC
TCAAAACAAG

CATTCTGCCA
AACAGAGGTC
ACAGAAATAA
TGATACATTT
TAGCAACAGA
AGGGCCGTCA

GGCAGCACAG
GACTAACCAG
AAAGAAAGAG
CTAAAAGCTT
CACCCTATGA
GCAAGATTTA

90
180
270
360
450
540

ATG AAA CTG GGT T C I CCA AAG TCG T C I GIG ACA ATC TGG CAA CC I CTG AAA CTC T IT GCT
. N I C L G S P K S S V T I U Q P L K L F A

20

TAT TCG CAG TTG ACA TCA CTT GTT AGA AGA GCA ACT CTG AAA GAA AAC GAG CAA ATT CCA AAA TAT GAA AAG ATT
Y S Q
L T S L V
R R A
T L K
E M
E Q
I P K
Y
E K
I

45

CAC AAT TTC AAG GTG CAT ACA TTC AGA GGG CCA CAC TGG TGT GAA TAC TGT GCC AAC TTT ATG TGG GGT CTC ATT
H N F K V H T F R G P H U C E Y C A M
F H U G L I

70

GCT CAG GGA GTG AAA TGT GCA GAT TGT GGT TTG AAT GTT CAT AAG CAG TGT TCC AAG ATG GTC CCA AAT GAC TGT
C G L N V N K Q
A Q G V K C A D
C S K N V P N D C

95

AAG CCA GAC TTG AAG CAT GTC AAA AAG GTG TAC AGC TGT GAC CTT ACG ACG CTC GTG AAA GCA CAT ACC ACT AAG
0
L
K H V K K V Y S
C D
L
T
T
L V K A
H I
K P
I
K

120

CGG CCA ATG GTG GTA GAC ATG TGC ATC AGG GAG ATT GAG TCT AGA GGT CTT AAT TCT GAA GGA CTA TAC CGA GTA
N V V I
N C
E
I
E
S
R
E
G L
Y R V
R
P
I
R
G L N S

145

TCA GGA TTT AGT GAC CTA ATT GAA GAT GTC AAG ATG GCT TTC GAC AGA GAT GGT GAG AAG GCA GAT ATT TCT GTG
S
D
S
G F
I
I
E
D V K M A
F D
R 0
G E
K A D
I
S
V

170

AAC ATG TAT GAA GAT ATC AAC ATT ATC ACT GGT GCA CTT AAA CTG TAC TTC AGG GAT TTG CCA ATT CCA CTC ATT
D
N M Y E
I
N
I
I
T
G A L K L
Y
F
R D
I
P
I
P
L
I

195

ACA TAT GAT GCC TAC CCT AAG TTT ATA GAA TCT GCC AAA ATT ATG GAT CCG GAT GAG CAA TTG GAA ACC CTT CAT
S
A K
Q
I
Y D A Y P
K
F
I
E
I
N D P
D E
L
E
T
L
H

220

GAA GCA CTG AAA CTA CTG CCA CCT GCT CAC TGC GAA ACC CTC CGG TAC CTC ATG GCA CAT CTA AAG AGA GTG ACC
L K L
E
A
L P
P
A
H C E
T
L
R
Y
L M A
H L
K R V T

245

CTC CAC GAA AAG GAG AAT CTT ATG AAT GCA GAG AAC CTT GGA ATC GTC TTT GGA c c c ACC CTT ATG AGA TCT CCA
K E
N L M N A
E
N L
I
M R S
L
H E
G
V
F
G p
T
L
P

270

GAA CTA GAC GCC ATG GCT GCA TTG AAT GAT ATA CGG TAT CAG AGA CTG GTG GTG GAG CTG CTT ATC AAA AAC GAA
E
L D A N
A
L
N D
1
R Y Q R
L
V V E
I
L
I
K N E

295

GAC ATT TTA TTT TAA
L
F
D
I

299

TCCTGTAGCT
AGCTGTCTTG
TTAGCCCCCT
TAATCCAGCA
CACAAATGGA
AGTTCTTCTC
AAAGTGTACA
^TTG G C TT

ATTTTTA ATTTGAGGGG AAAAGAAATG TTTTACAGAT GAAGGAATGT TTTATAGTAA
TTGATTAGAG GTTTGGGCAT ATAACCAGAT TAAACTGAAG GAACTTTCTG TTGTTTTTGT
AACACACGCT TTCTGGTTCT AGTAATCCTG GGTGTTTATC ACGTTCAGAG AAACTCAAGC
GAAACCCCAT ACAGAAGAAA CAACAAACCT GCGCCTGCAC CGCCTCTGCG TCCTGGGTAG
AGTAAGCCTG TTGTGACTTT GCTTTTGGGG TCTATGTCAT TGGTTTCTGA TGCTTGTACA
CCTCTGGCTG TTACATTACC ATAAACCATA TCACATGCCT ACATTTTACA AATGATTTCT
CTTTCTTTCC AGCAAAAGCA AAATGTGTTT TCAGATTTGT TACTTTAATA AAGGTTATCC
TTCTGTTAAA TTATTATTGG TTTTCAGTTG TAATTTGGTA TTTTTTCTGG CATGCGTTTA
AAAAAAAAAA AACGGAATTC 2 1 9 5

GCATTATTTC
TAAAACAGTG
ATCTGGCAAG
TGTTTCACAG
TAAAACAGCA
TAACATAGTA
ACACAGCATT
TTAGAAATAA

TTTAATTTGC
AGCACCGCTC
TATTGCATGA
TCTGTGCTTG
AACACGCACA
GGTTTCTCTT
ATACCAATAA
TTAATTTATT

EcoRI

Figure 3.4:

DNA sequence of A.H631.2 showing putative n-Chimaerin protein sequence. The
cysteine-rich sequence with identity to PKC is enclosed in the box formed by a
single line (- ). Invariant residues that form the motif HXPXioCXjCX^CXjCX^CXy
are double-underlined. The BCR-related domain is enclosed in the box formed with
double lines (= ). For clarity the DNA numbering is omitted in the coding re^on
(see Appendix B for full analysis).
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1525
1615
1705
1795
1885
1975
2065
2155

is more distantly related to the single CRS, CX 2CX9CX2CX 7CX 7C, of the raf-1
oncogene family. Part of the CRS motif, CX2CX 13CX2C, is also found in
transcription factors (Evans and Hollenburg, 1988) where the region is thought
to form a ’zinc-finger* which interacts with DNA or RNA.
Another search not too long after showed a 42% sequence similarity of the
C-terminal 171 amino-acid residues of the AH631.2 protein with that of the Cterminal portion (residues 1054 to 1225) of BCR, the breakpoint cluster region
protein (Figure 3.6a & b). This gene was known to be involved in Philadelphia
(Ph’) chromosome translocation (Heisterkamp et a l, 1985), but the protein at the
time had no known function. «-Chimaerin has no sequence identity to known
kinase domains, but as I will describe later, bacterial expression of this region
links this C-terminal region to the GTPase-activating proteins (GAPs) which act
upon members of the Rho subfamily of Ras small GTP-binding proteins.
The identity of the putative A.H631.2 protein product to the regulatory domain
of the PKC family and that of BCR, along with its neuronal distribution led to the
designation /i-Chimaerin, for this novel brain protein.

3.4: Analysis of /i-Chlmaerin Protein Structure
Secondary structure predictions of the human n-Chimaerin protein were carried
out using ’DNAstar’ and the programs of ’PC /G ene’. Figure 3.7 shows the
structural predictions based on Garnier-Robson and Chou and Fasman (1974a,
1974b). These programs calculate the probability that a given protein segment
will be in an a-helix, )0 -sheet structure, or a turn. There are many different
systems but all are based on the empirical scheme derived from the distribution
of amino-acid residues in proteins whose three-dimensional structures are known.
The results from these predictions should be noted carefully, as Kabsch and
Sander (1984) have pointed out that a given pentapeptide sequence can find itself
in different secondary structures in different proteins. Also, these predictive
programs are intended for use with soluble, globular proteins and not fibrous
proteins. Possible secondary structures are therefore only of real significance when
further three-dimensional modelling or crystallographic studies are being
undertaken.
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Alignment of n-Chimaerin amino acid residues 46 to 95 versus PKC and other cysteine-rich sequences. Amino acid residues which are identical
to those of n-Chimaerin are shown as white letters on a black background. The cysteine residues and those conserved in all other phorbol-ester
binding domains are shown with an asterisk above them.
The phorbol-ester binding domain extends outside of the CRS to give a motif, HXFXJQCX2CXJ3.J4 CX 2CX7CX 7C.
is found in the second domain, except for in PKC-y, €, -C and - 17. H* is found in the second domain, except for PKC-6 and -0. F® is found in the first domain, except for PKC-f and -r) which both have a conservative L
residue; A-rafl also has an F in this position. P“ is present in both domains, except for PKC-Cis found in the first domain, except for PKC-C- L is always found in this
position in the second domain; A-rafl also has F in this position.
is present in both domains, except for PKC-a, -/S and -y where it is only present in the first domain
and replaced by a Y in the second domain.
is present in both domains including hER.
is in both domains of PKC-6 and -6 , the second domain of PKC-a, -fi, -y
and €; It is also present in PKC-(. Only PKC-c and -17 have an extra residue, K, in position 27 of the first domain.
and G® arc present in all PKCs.
is present in
the second domain of PKC-a, -0, -y and -0, and, both domains of PKC-6 . It is not present in PKC-c, -C and r). G ^ is present in the second domain of PKC-6 and 0; it is also present in A-rafl.
is present in the second domain of all PKCs; PKC-C which only has a single domain has an L in this position.
is present in both domains
of PKCs, except in PKC-6 and -0 where it is found in the second domain and the first domain contains a conservative I. H'*® is always present even in A-rafl. K41 is present
in both domains of PKC-a and -0, and the first domain of all other PKCs except PKC-y which has a conservative R.
is present in both domains, except for PKC-6 , €, - T j where it is found in the second domain; it is always present in PKC-C and A-rafl. R*® is found in the second domain of PKC-a, -0, -y , -C and also A-rafl.
is
present in the second domain of PKC-6 and 0. Swiss-prot accession numbers are as follows: PKC-a, P17252; PKC-/SI, P05771; PKC-y, P05129; PKC-6 , P09215; PKC-g,
002156; PKC-C, P09217; PKC-T?, P24723; PKC-0, 004759; A-rafl, 004759; Oestrogen receptor(hER), P03372.
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Figure 3.6a:

Alignment of n-Chimaerin with the breakpoint cluster region (BCR) gene product.
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regions of identity.
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More useful are the hydropathy plots of Kyte and Doolittle (1982) and Hopp
and Woods (1983) shown on the right-hand side of Figure 3.7. These measure the
tendency of amino-acid residues to either like or dislike water - hydrophilicity
versus hydrophobicity. For a protein in water the most stable state will be that in
which the polar groups are on the surface and in contact with water, while
nonpolar sidechains are buried away from the surface. Information of this type
indicates which residues may be exposed on the surface to act as antigenic
determinants or a hydrophobic membrane spanning domains. The three highest
points of hydrophilicity are residues 160-165, 130-135 and 93-98. To form a
membrane spanning domain there need to be at least 20 hydrophobic residues in
an a-helical form which is generally free of positively charged residues. The
hydropathy profile of «-Chimaerin shows no obvious hydrophobic sequence, at the
N-terminus which would indicate a signal-leader found in proteins for export, or
in other regions of the protein which would indicate membrane spanning domains.
The method of Eisenberg et a l (PC/Gene) also confirmed that no membrane
associated helix is predicted, since none of the 21 residue segments of nChimaerin has value greater or equal to 0.42 , which is the first condition of the
method. One would therefore predict n-Chimaerin to be a cytosolic protein unless
post-translationally modified.
Various potential post-translational modifications can occur to the primary
protein sequence. These potential sites deduced from known signatures are shown
in Figure 3.8. There are two potential cAMP/cGMP-dependent kinase
phosphorylation sites at threonine (T) 32 and 245 (T-32 and T-245), seven
potential serine (S) or threonine residues for protein kinase C phosphorylation
(S-5, T-32, T-52, T-118, T-119, S-206 and T-233), three potential casein kinase II
phosphorylation sites (T-32, T-218 and T-245). There is a glycine at position 4
which has a good potential to act as a site for N-myristylation. The addition of
myristate (a C14-saturated fatty acid) is specific to N-terminal glycine residues
(Rein et a l, 1986) and there is always a serine or threonine in position 5, except
in the catalytic chain of cAMP-kinase where an alanine is found instead (Chow
et a l, 1987). This consensus pattern, GXXX(S/T), is found at the N-terminus of
M-Chimaerin.
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Figure 3.7:

Structural predictions and hydropathy plots of «-Chimaerin.
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Potential post-translational modifications to «-Chimaerin. Phosphorylation sites are
indicated with a (P) and the myristylation site by (Myr).
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3.5: Additional H631 Clones
The original A.H631.2 clone was isolated using a clone covering only 1.2kb of
3’ sequence. In order to search for variants of A.H631.2 and confirm that this
clone was not just an artefact of cloning, but indeed coded for the putative
M-Chimaerin protein the IgtlO human retinal cDNA library (Nathans et a l, 1986)
was re-screened with the 2.2kB EcoRI fragment of A.H631.2. Two very strong
positives were obtained from approximately 10,000 pfu. These were named
H631A and H631B. The insert sizes are 1.6 and 1.45 kb, respectively (Figure 3.9).
Restriction analysis of D N A isolated from these phages confirmed that they
were very similar but not identical to XH631.2, so their EcoRI inserts were
isolated, subcloned into pBs,SK* and transformed into E.coli XLl-Blue cells. Both
orientations were obtained, ssDNA templates isolated and sequenced.
H631A: The 3’ end is identical to the A.H631.2 D N A sequence and has a
poly(A) tail (Figures 3.9 and 3.10b). The 5’ end is also identical to A.H631.2.
However, it starts at position 148-177 bp and continues from base-pair 667
onwards (Figure 3.10a). The rest of this clone has not been sequenced. This clone
may have been derived from the smaller mRNA species seen on some Northerns
or has arisen as an artefact during the original making of the library. Interestingly,
this deletion removes 36 amino acids from the proposed N-terminal of the
A.H631.2 product including Metj, and leads to a new ORF also contained in
A.H631.2. This cDNA could possibly be an alternatively spliced transcript coding
for a A.H631.2 variant having a different N-terminal. However, the sequence
obtained has no methionine in this new ORF, and no methionine is found in this
reading frame in A.H631.2 bases 1-147. It is therefore possible that another exon
found in the gene could be spliced on to give this initiation signal, or there may
be a novel initiator using another amino acid. These speculations will be further
discussed in light of the results obtained by other members of this group analyzing
human genomic clones (Paul Smith) and rat cDNAs (Hong Hwa Lim).
H631B: The 3’ end of this clone is identical to the A.H631.2 DN A sequence and
possesses a poly(A) tail. The polyadenylation site used in H631B is at position
2061 (the second of the three sites) in the A.H631.2 D N A sequence, making the
3’ untranslated region about 100 bp shorter (Figure 3.11a). The 5’ end contains
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an artefact. DNA sequencing of this end of the clone showed no identity with the
A.H631.2 DNA sequence unless the reverse complement was used in alignments.
This reverse complement of the 5’ sequence was then completely identical with
D N A residues 1436-1181 - the C-terminal end of the coding region (Figures 3.9,
3.11b). The likely cause of this rearrangement is 'snap-back' of the mRNA or
strand displacement of the polymerase during cDNA synthesis and cloning.

Resubs Sequmdng 1 3 9

M I T T T T r

li|3

I

s|| i

I

I

I I IIV I
uj

11

I

I

sr

lAAAA

I4&I77

Figure 3.9;

667

2195

Relationship between XH631.2 and the additional clones H631A and H631B.
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DNA A l i g n (A L IG N ) v e r s i o n 5 . 8 7 M ar 9 0
T h i s i s A lig n m e n t o f H 6 3 1 2 .S E Q (1 ,2 1 9 5 ) w i t h 6 3 1 A * 1 .S E Q ( 1 ,2 3 5 )
K -tu p le s iz e = 3
ran g e = 20
G ap p e n a l t y = 3

H 6312
6 3 1 A '1

80v
90v
lO O v
IIO v
120v
130v
UOv
150v
GCCAGGCAGCACAGAACCCTAACCTACAGAGAGCTGCAGAGAAACACCACGGAGAGGTGGAGGAGGAGGATGAAG
GAAG
GAATTCCGAAG

10^

6 3 1 A '1

160v
170v
180v
190v
200v
21 O v
220v
CACTTCTTAAACAGAGGTCGACTAACCAGCAAATTCTTCTTTCTTCCTTTTTTTTTCTTAAAGGGATCTATATTC
CACTTCTTAAACAGAGGTCGACTAAC
CACTTCTTAAACAGAGGTCGACTAAC....................................................................................................

H 6312

230v
240v
250v
260v
270v
280v
290v
300v
TAGCTTCTAAAAACTTGAGTCTGAACAGAAATAAAAAGAAAGAGTCGATGCTAACATACAAAACACTCAGCATCT

H 6312

20''

30^^

6 3 1 A '1
31 Ov
H 63 12

320v

330v

340v

350v

360v

370v

CTCTTTATCATTTTTTAAAAGGCATGCAATTTTGACAAATGATACATTTCTAAAAGCTTTCTTCTCTATTCAAGA

631A M
380v
H 63 12

390v

400v

4 1 Ov

420v

430v

440v

450v

TATTAATGTCCATTCTGAATGAAAGATGCCTACATACTGCCTGCAATCAGTTTCTAGCAACAGACACCCTATGAA

631A M
460v
H 6312

470v

480v

490v

500v

510v

520v

GCCCCTAGCAGGGAAGGTGGGGGGAAGGGAGGGAAACTAATAGGGCTGCAGTTCACAAATCAAAACAAGAGGGCC

631A M
530v
H 63 12

540v

550v

560v

570v

580v

590v

600v

GTCAGCAAGATTTATTGATAGCAGCCTTGGGAATGAAACTGGGTTCTCCAAAGTCGTCTGTGACAATCTGGCAAC

631A M
6 1 Ov

620v

630v

640v

650v

660v

670v

H 6312

CTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTGTTAGAAGAGCAACTCTGAAAGAAAACGAGCAAATTC
GAGCAAATTC

631A M

..................................................................................................................................... GAGCAAATTC

H 6312
631A M

40^

680v
690v
700v
71 Ov
720v
730v
740v
750v
CAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGAGGGCCACACTGGTGTGAATACTGTGCCAACT
CAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGAGGGCCACACTGGTGTGAATACTGTGCCAACT
CAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGAGGGCCACACTGGTGTGAATACTGTGCCAACT
50 ^ '

H 6312
631A M
H 6312
631A M

60 ^

70 ^

80 ^

90 ' '

100^

110*

120 *

760v
770v
780v
790v
800v
8 1 Ov
820v
TTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTTGAATGTTCATAAGCAGTGTTCCAAGA
TTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTTGAATGTTCATAAGCAGTGTTCCAAGA
TTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTTGAATGTTCATAAGCAGTGTTCCAAGA
130*
140*
150*
160*
170*
180*
190*
830v
840v
850v
860v
870v
880v
890v
900v
TGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCTGTGACCTTACGACGCTCGTGA
TGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCA
TGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCA
200*
210*
220*
230*

S i m i l a r i t y i n d e x = 9 6 .2 0 3 % , t o t a l b a s e s n o t o p p o s i t e a g a p = 2 3 5
N u m b er o f g a p s = 2 , b a s e s o p p o s i t e g a p s = 4 9 0
L e n g th o f t h e o v e r l a p p i n g r e g i o n = 7 2 5
N u m b er o f u n a m b ig u o u s m a t c h i n g b a s e s = 2 2 8

Figure 3.10a:

Alignment of H631A 5’ sequence with XH631.2.
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T h is is A lignm ent o f H6312.SEQ(1,2195) w ith ~631A1.SEQ(1,284)
K -tu p le s iz e = 3
range = 20
Gap p e n a lty = 3

H6312
“ 631 A 1

V
189ÛV
1900v
1910V
1920v
1930v
1940v
1950v
ACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACATTACCATAAACCATATCACATGCCTACATTT
GGCTGTTACATTACCATAAACCATATCACATGCCTACATTT
GGCTGTTACATTACCATAAACCATATCACATGCCTACATTT

10^

1960V
H6312
“631A1

1970V

1980V

1990v

2000v

20^

30^

2010v

2020v

TACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTCTTTCCAGCAAAAGCAAAATGTGTTTT
TACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTCTTTCCAGCAAAAGCAAAATGTGTTTT
TACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTCTTTCCAGCAAAAGCAAAATGTGTTTT

50^^

60^

ZO''

80^^

90^

lOO"'

11O''

2040V
2050v
2060v
2070v
2080v
2090v
2100v
CAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACAGCATTTTCTGTTAAATTATTA
CAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACAGCATTTTCTGTTAAATTATTA
CAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACAGCATTTTCTGTTAAATTATTA
120^
130^
140*
150*
160*
170*
180*
2110v
2120V
2130V
2140v
2150v
2160v
2170v
TTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATTGGCTTTTAGAAATAAA
TTGGTTTTCAGTTGTAATTTGGTATTT TTCTGGCATGCGTTTATTAATTTATTAAATTGGCTTTTAGAAATAAA
TTGGTTTTCAGTTGTAATTTGGTATTTCTTCTGGCATGCGTTTATTAATTTATTAAATTGGCTTTTAGAAATAAA
200*
210*
220*
230*
240*
250*
260*
V
2190V
AAAAAAAAAAA-CGGAATTC
AAAAAAAAAAA CGGAATTC
AAAAAAAAAAAACGGAATTCC
270*
280*
V

H 6312
"63141
H 6312
"6 3 1 A 1
H 6312
"6 3 1 A 1

S i m i l a r i t y i n d e x = 9 7 .5 3 5 % , t o t a l b a s e s n o t o p p o s i t e a g a p = 2 8 2
N u m b er o f g a p s = 2 , b a s e s o p p o s i t e g a p s = 2
L e n g th o f t h e o v e r l a p p in g r e g io n = 2 84
N u m b er o f u n a m b ig u o u s m a t c h i n g b a s e s = 2 7 7

Figure 3.10b:

Alignment of H631A 3’ sequence with XH631.2.

Results Sequencing

142

T h is is A ligrvnent o f H6312.SEQ(1,2195) w ith '6 3 1 8 * 4 .SEQ(1,290)
K -tu p le s iz e = 3
range = 20
Gap p e n a lty = 3

H 6312
'6 3 1 8 * 4

V
1140V
1150V
1160v
1170V
1180v
1190v
TGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTAT--AGAATCTGCCAAAATTATGGATCCGGATGA
A GATG C A
I
TTT
AGA
AAATTATGGATC GGATGA
AAGATGTCGAAGATGGCTTTCGACAGAG............. AAATTATGGATC-GGATGA

10^

20^

30^

40^

1210V
1220v
1230V
1240v
1250v
1260v
1270v
GCAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGC
GCAATTGGAAACC TTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGC
GCAATTGGAAACC-TTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGC
V

H6312
'6 3 1 8 * 4

50^

60^

70^^

80''

90^^

100^

11O''

120^

1280v
1290V
1300V
1310v
1320v
1330v
1340v
H6312
ACATCTAAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACC
ACATCTAAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACC
'6318*4 ACATCTAAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACC
130*
140*
150*
160*
170*
180*
190*
V
1360V
1370V
1380V
1390v
1400v
1410v
1420v
H6312
CACCCTTATGAGATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGA
CACCCTTATGAGATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGA
'6 3 1 8 * 4
CACCCTTATGAGATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGA
200*
210*
220*
230*
240*
250*
260*
270*
1430V
1440V
1450v
1460v
1470v
1480v
1490v
H6312
GCTGCTTATCAAAAACGAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAG
GCTGCTTATCAA
'6318*4 GCTGCTTATCAACGGAATTC
280*
290*
S i m i l a r i t y i n d e x = 92.833%, t o t a l b a s e s n o t o p p o s i t e a g a p = 288. N u m b er o f g a p s = 5,
o p p o s i t e g a p s = 29. L e n g th o f t h e o v e r l a p p i n g r e g i o n = 3 1 7 .
N u m b er o f u n a m b ig u o u s m a t c h i n g b a s e s = 2 7 2 .

Figure 3.11a:

bases

Alignment o f the reverse complement of H631B 5’ D N A sequence with XH631.2.

T h i s i s A l i g r m e n t o f H 6 3 1 2 .S E Q ( 1 ,2 1 9 5 ) w i t h '6 3 1 8 1 . S E Q ( 1 ,2 5 4 )
K -tu p le s i z e = 3
r a n g e = 20
G ap p e n a l t y = 3
H6312
'6 3 1 8 1
H6312
'63181
H6312
'63181
H6312
'63181
H6312

1810V
1820V
1830V
1840v
1850v
1860v
1870v
AGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTTTGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAA
TTTTGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAA
TTTTGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAA
10*
20*
30*
V
1890v
1900v
1910v
1920v
1930v
1940v
1950v
ACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACATTACCATAAACCATATCACATGCCTACATTT
ACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACATTACCATAAACCATATCACATGCCTACATTT
ACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACATTACCATAAACCATATCACATGCCTACATTT
40*
50*
60*
70*
80*
90*
100*
1960V
1970V
1980V
1990v
2000v
2010v
2020v
TACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTCTTTCCAGCAAAAGCAAAATGTGTTTT
TACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTCTTTCCAGCAAAAGCAAAATGTGTTTT
TACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTCTTTCCAGCAAAAGCAAAATGTGTTTT
120*
130*
140*
150*
160*
170*
180*
V
2040V
2050V
2060v
2070v
2080v
2090v
2100v
CAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACAGCATTTTCTGTTAAATTATTA
CAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACA
CAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACA...........................................
190*
200*
210*
220*
230*
2110V
2120v
2130V
2140v
2150v
2160v
2170v
TTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATTGGCTTTTAGAAATAAA

"63181
H 6312
'6 3 1 8 1

V
2190v
AAAAAAAAAAACGGAATTC
AAAAAAAAAAACGGAATTC
AAAAAAAAAAACGGAATTC
240*
250*

S i m i l a r i t y i n d e x = 9 5 .7 8 5 % , t o t a l b a s e s n o t o p p o s i t e a g a p = 2 5 4 . N u m b er o f g a p s = 7 , b a s e s
o p p o s i t e g a p s = 1 0 3 . L e n g th o f t h e o v e r l a p p i n g r e g i o n = 3 5 7 .
N u m b er o f u n a m b ig u o u s m a t c h i n g b a s e s = 2 5 0

Figure 3.11b:

Alignment o f H631B 3’ D N A sequence with XH631.2.
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CHAPTER FOUR
RESULTS: BACTERIAL EXPRESSION
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4.1: Bacterial Expression
In order to analyse the possible function(s) of n-Chimaerin in the brain, it was
decided to use bacterial expression systems to produce recombinant n-Chimaerin.
This would enable the production of full-length protein, and portions thereof,
which could be used to establish functional assays. These recombinant proteins
would at the same time be used for raising antibodies for the detection,
characterization and purification of the naturally occurring brain protein, which
could be monitored by the functional assays.
The major ORF of the n-Chimaerin cDNA, A.H631.2, starts at position 460bp
with the first ATG starting at position 559bp (Figure 3.4 and Appendix B).
Digestion of pBSCMl with Pstl liberates a 1.7kb (PstL) fragment containing basepairs 497-2195 (the majority of the ORF, including 19 additional residues
upstream of the first methionine ). PstL was used for the bacterial expression of
full-length n-Chimaerin including the cysteine-rich domain. Clones expressing the
full-length protein are designated, pXXCMl. The cysteine-rich region extends
from base-pairs 733-882 of A.H631.2, lying between the Xm nl and Pvull sites.
Expression of this region on its own was achieved by removing all A.H631.2
sequences 3’ of the X bal site from vectors already constructed to produce
n-Chimaerin full-length fusion proteins. This is referred to as the 'N-terminar
protein product, and clones are designated as pXXCM2. Restriction of PstL with
Pvull released a blunt-ended fragment of 740bp which codes for the C-terminal
198 amino-acids (108-299). The stop signal at the Dral site is also present
enabling normal termination in the bacterial fusion products. This fragment
produces what will be referred to as the ’C-terminal' protein product. Clones
containing this region are designated pXXCM3 (Figure 4.1).

4.2: j9-Gal//z-Chimaerin Fusion Proteins
Initial expression of n-Chimaerin as jS-galactosidase (/3-Gal) fusion proteins was
achieved using the pUR290-292 series of vectors (Ruther and Muller-Hill, 1983).
The PstL fragment was cloned into the Pstl site of pUR292. Both orientations
were obtained and checked by restriction analysis (Figures 4.2a & b). Induction
with IPTG (2.5-5 mM) showed the appearance of a jS-Gal/n-Chimaerin product
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rOoQCCTTAAOACdfC
EooRI*-

P#l

ATTQAQttTAQA
TAA CTC AÛA t e r

CA OC TOTOA C -.
arC Q A C A C T Q _ .

.OCTCAQCTQ
.CGAGTGGAC

PvuU

Figure 4.1:

Strategy used for the expression of full-length, N-terminal and C-terminal
/j-Chimaerin recombinant proteins.
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of the expected size in the correct orientation (116 + 36kDa). This product of
152kDa was unstable and significant breakdown to /3-Gal alone was also seen
(Figure 4.3b).
To generate the /8-Gal/ «-Chimaerin (N-terminal) fusion, a clone expressing
/9-Gal/n-Chimaerin

full-length

protein

of

152kDa was

linearized

with

Hindim/Xbal, blunt-ended using ’Klenow* and after ligation transformed into
E.coli BMH71.18 cells. Difficulty was encountered in obtaining this clone, and due
to the instability of the full-length fusion protein and the expression of this
domain in other systems, no further attempts were made to obtain it.
/3-Gal/n-Chimaerin (C-terminal) fusion protein was obtained by cloning the
PvuU. fragment into the BamWl site of pUR291 made flush with 'Klenow* (Figure
4.3a). Expression of this construct produced stable protein which was very
abundant. Due to the stability of this protein it could be isolated both by affinity
chromatography on APTG or electroelution from SDS-PAGE gels (Figure 4.3b).
^-Gal/«-Chimaerin fusion proteins were purified from inclusion bodies and run
on 7.5% SDS-PAGE gels. Fusions for immunization were purified by
electroelution from SDS-PAGE gels after staining with 0.25M KCl at 4°C. Two
rabbits (Rabbits 1 & 2) were immunized with approximately 100/Lig of /3-Gal/
M-Chimaerin(F) fusion protein subcutaneously per boost.
As will be shown later under immunological analyses, the /3-Gal fusion proteins
did not produce detectable levels of «-Chimaerin-specific antibodies but did
produce mainly /3-Gal-specific antibodies. It was thought that this was perhaps due
to the large size and high immunogenicity of /3-Gal (116kDa) compared
to M-Chimaerin (36kDa).

43: T/pE//i-Chimaerin Fusion Proteins
The pATH vectors express trpE (37kDa) in the insoluble fraction at very high
levels after induction, and like the /3-Gal expression system allow the expression
of fusion proteins at the C-terminal of the protein. It was hoped that the much
smaller size of trpE compared to /3-Gal would lead to a greater chance of
producing n-Chimaerin-specific antibodies.
PstL was cloned into the Pstl site of pATH21. Both orientations were obtained
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Figure 43a:

Diagrams representing ^-Gal and /J-Gal/w-Chimaerin fusion proteins. Theoretical
estimates of the expected molecular weights are shown in kDa.
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7.5% SDS-PAGE gel showing /3-Gal, ^-Gal/«-Chimacrin fusion proteins (insoluble
fractions) and purified proteins.
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in R R l cells and checked by restriction analysis. The N-terminal was also
expressed as a trpE fusion. pATH21 has a unique Xbal site, in the polylinker, 3’
of the Pstl site used for cloning the 1.7kB PstL fragment of pBSCMl. Restriction
of a clone expressing f/pE/»-Chimaerin with .Xbal gives a fragment of 1.2kb. The
remaining DNA was isolated and simply religated to give a fypE-fusion product
containing only A.H631.2 sequence from Pstl to Xbal. The 740bp PvuU fragment
of PstL was cloned into the Smal site of pATH23, transformed into RRI and both
orientations obtained were checked by restriction analysis (Figures 4.4a & b).
Induced samples showed the appearance of novel bands of 70kDa in pATCMl,
SlkDa in pATCM2 and 56kDa for pATCM3 (Figures 4.5a & b).

TrpE/n-

Chimaerin fusion proteins were purified from inclusion bodies and run on 10%
SDS-PAGE gels. Fusions for immunization were purified by electroelution from
SDS-PAGE gels after staining with 0.25M KCl at 4°C. Two rabbits and six mice
were immunized with approximately lOÜAig each of either //pE//i-Chimaerin(F)
(Rabbit A and Mice A, B & E) or trpE/n-ChimsLQnn(C) (Rabbit B and Mice C,
D & F) protein subcutaneously per boost.
Having generated /3-Gal/ and trpE/ bacterially expressed fusion products to
rt-Chimaerin it was then possible to raise and purify antibodies to various regions
of n-Chimaerin.

4.4: Expression of Unfused n-Chimaerin
Even though the various regions of n-Chimaerin could be expressed in large
amounts using the jS-Gal and trpE systems described, the proteins obtained were
mainly insoluble. For the purpose of performing functional assays these proteins
had to be denatured and then renatured. Also the fact that the proteins produced
were fusion proteins meant that one had to always consider what steric or
enzymatic influences these domains were having.
To overcome these problems it was decided to first try to produce unfused
n-Chimaerin using the pKK233-2 vector. Fragments cloned in-frame with the
ATG initiation codon under the direction of the strong trc promoter could
produce unfused bacterial products.
PstL was ligated into the Pstl site of pKK233-2 and both orientations obtained
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Figure 4.4a:

Restriction maps of trpE/n-Chimaerin clones.
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Restriction digests of /rp£/«-Chimaerin clones.
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Diagram representing trpE and trpE /«-Chimaerin fusion proteins. Theoretical
estimates of the expected molecular weights are shown in kDa.
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10% SDS-PAGE gel showing trp E and trpE/n-Chimacnn fusion proteins
(insoluble fractions).
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after transformation into E. coli JM105. The correct orientation is designated
pKKCMl. At the same time the 740bp iVuII fragment of PstL was cloned into
the ’Klenow’ blunt-ended HinéHl site to give pKKCM3 (Figures 4.6a & b).
Samples were expressed by induction with 5mM IPTG and after sonication
separated into soluble and insoluble fractions. These were then run on 10% SDSPAGE gels stained with Coomassie Brilliant Blue R-250 and a comparison made
between fractions of the empty vector, PstL in the wrong orientation (pKKCMlr),
pKKCMl and pKKCM3. No obvious expression of unfused «-Chimaerin(F) and
/i-Chimaerin(C) could be detected at this level (Figure 4.7a & b). As will be
shown later, it was necessary to Western blot these samples and probe filters with
n-Chimaerin-specific antibodies to detect any expression using this system.
The low/unstable expression of unfused n-Chimaerin led to the expression of
«-Chimaerin in yet another system.

4.5: GST//i-Chimaerin Fusion Proteins
The production of fused proteins which could be produced in large amounts
and remain in the soluble fraction, be purified under non-denaturing conditions
using affinity chromatography, and, cleaved with a site-specific protease to release
/i-Chimaerin without a carrier was achieved using the pGEX vectors of Smith and
Johnson (1988). These vectors were used to express GST//t-Chimaerin(F) which
could be cleaved with either thrombin or FXa, GST/n-Chimaerin(N) cleavable
with FXa, and, GST/n-Chimaerin(C) which was cleavable with thrombin.
The orientation of clones was confirmed by restriction mapping (Figures 4.8a
& b) and by sequencing with either the 5* primer, LLCM5 (^ GCATGGCC111 G
CAGGG^ ) or the T reverse primer, GEXa (^ GATCGTCAGTCAGTCACG^ ).
Induced proteins were run on 10% SDS-PAGE gels after affinity purification
using glutathione-agarose. Purified GST//i-Chimaerin(F) of 63kDa and GST/nChimaerin(N) of 44kDa were less soluble and stable, and not as highly expressed
as GST//i-Chimaerin(C) of 49kDa. The full-length and N-terminal fusion proteins
also copurified with a protein of 68kDa, presumed to be a heat-shock/stress
protein whereas the C-terminal protein was absolutely pure as judged by SDSPAGE (Figures 4.9a & b).
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Restriction maps of pKK/n-Chimaerin clones.
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Diagram representing the unfused «-Chimaerin(F) and n-Chimaerin(C) proteins.
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10% SDS-PAGE gel showing pKK233-2 empty vector and constructs containing
various n-Chimaerin fragments induced to express unfused proteins.
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Diagram representing GST and GST/n-Chimaerin fusion proteins. Theoretical
estimates of the ejq)ected molecular weights are shown in kDa.
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10% SDS-PAGE gel showing GST and GST/w-Chimaerin fusion proteins purified
using glutathione-agarose.
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4.6: Functional Assays
The homology of the w-Chimaerin N-terminal CRS to the C la and Clb region
of the C l regulatory domain of PKC led Dr Sohail Ahmed and Dr Robert Kozma
to examine the potential of this region to bind phorbol esters (homologues of
DAG). Based on the work of Ono et a l (1988,1989a),

//i-Chimaerin fusion

proteins were used first to show that the CRD of n-Chimaerin could also bind
phorbol esters in a phospholipid-dependent manner analogous to PKC (Ahmed
et a l, 1990). This work used refolded r/pE/n-Chimaerin fusion proteins from the
insoluble fraction. When GST/n-Chimaerin fusion proteins, which remain mainly
soluble, were available these were used to confirm that phorbol ester binding is
zinc-dependent (Ahmed et a l, 1991).
When sequencing first identified the similarity between the C-terminals of BCR
and n-Chimaerin, there was no known function for this region of the protein and
no other proteins were known to share this identity. A clue to the possible
function of this domain came when Dr Alan Hall (Chester Beatty labs. Institute
of Cancer Research) found that his group had purified a protein with known
function that on protein sequencing had good identity to a region in the BCRrelated domain (Figure 4.10).
The protein to which n-Chimaerin and BCR had identity was named rhoGAP
because it acted as a GTPase-activating protein (GAP) on Rho, a small GTPbinding protein of the Ras superfamily.
When GST/n-Chimaerin(F) and purified n-Chimaerin C-terminal proteins were
used in the same assays as rhoGAP purified protein, they were found not to act
on Rho but on a related member of the family, Racl (Diekmann et al 1991).
These bacterially expressed proteins were therefore useful in establishing two
different functional assays based on identities found in two protein families. These
assays were later used in conjunction with the antibodies described below to
purify a naturally occuring rat «-Chimaerin brain protein (Mabel Teo, Christine
Hall and Edward Manser).
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CHAPTER FIVE

RESULTS: Antibody Production and Immunological Analyses

Results Antibocty Production 1 6 0

5.1: Antibody Production

5.1.1: Polyclonal antibodies produced from jS-Gal/n-Chimaerin proteins
Two rabbits were immunized with jS-Gal/n-Chimaerin(F) protein purified using
SDS-PAGE. Rabbits 1 and 2 both mounted an immune response as judged by the
production of ^-Gal-specific antibodies detected by immunoblotting. Serum from
Rabbit 2 was passed over CNBr-sepharose columns prepared using purified
)9-galactosidase (Sigma) and protein extracts from induced empty vector
(pUR292). Previous reports have shown that once anti-^-Gal antibodies have
been removed, specific reactivity can be detected by comparing j5-Gal versus /3Gal/fusion products (Ruvkun and Giusto, 1989). Unfortunately, no specific
reactivity was detected to n-Chimaerin. Once t/pE/n-Chimaerin fusions were also
expressed then Westerns confirmed the presence of /3-Gal reactivity but no
specific reactivity to n-Chimaerin (Figure 5.1a).
The presence of p-Gal-specific antibodies showed that animals were reacting
to the immunogen injected. The instability of the fusion protein used for
immunization, the high immunogenicity of /3-Gal, plus the small size of nChimaerin compared to the /3-Gal carrier may all have been contributory factors
in the lack of detectable levels of n-Chimaerin-specific antibodies.

5.1.2: Polyclonal antibodies produced from t^E/n-Chimaerin proteins
It was hoped that the smaller size of the trpE carrier compared to /3-Gal would,
lead to the more stable expression of n-Chimaerin fusion proteins, which would
then lead to greater immunogenicity to the n-Chimaerin epitopes.
Two new rabbits were immunized with t/pE/n-Chimaerin fusion proteins:
Rabbit A with r/pE/n-Chimaerin(F) and Rabbit B with the PpE/n-Chimaerin(C).
Pre-immune serum was taken and both animals injected subcutaneously with
antigen plus Freund’s Complete Adjuvant (FCA). Further injections were done
with Freund’s Incomplete Adjuvant (FIA), at four to six week intervals. Both
animals responded to produce antibodies specific to n-Chimaerin as judged by
immunoblots against Westerns of /3-Gal/ and t/pE/n-chimaerin fusion proteins
(Figure 5.1b). This is most obvious when looking at /3-Gal and its fusion products;
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Immunoblots of ^-Gal/ and /rp£/n-Chimaerin fusion proteins probed with
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Immunoblots of fi-Gà\/ and /rp£/w-Chimaerin fusion proteins probed with
Rabbit A and Rabbit B sera.
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there is no reactivity to )8-gal on its own and in the full length fusion only the
upper )3-Gal//î-Chimaerin fusion band reacts whereas the jS-gal breakdown
product shows no reactivity at all.

5.13: Methods of Purifying n-Chimaerin-specific Antibodies
Initial purification of n-Chimaerin-specific antibodies produced by immunization
of r/pE/n-Chimaerin fusion proteins concentrated on the sera obtained from
Rabbit B. At the time it seemed reasonable to assume that due to the cysteinerich motif in the N-terminal region there was a high chance of obtaining cross
reacting species to PKC-like molecules, whereas the C-terminal domain by itself
might be more specific to n-Chimaerin itself.
By making a CNBr-activated Sepharose(4B) column of extracts of the empty
vector (pATH23) insoluble fraction proteins including mainly trpE, it was possible
to absorb out most of the other antibodies leaving n-Chimaerin-specific antibodies
in the ’Flow Through’(FT). Absorption of the FT to a column of purified trpEjnChimaerin(F) and f/pE/n-Chimaerin(C) fusion proteins, followed by elution from
the column, showed conclusively that apart from trpE antibodies that there were
n-Chimaerin-specific antibodies being produced both by Rabbits A and B (Figure
5.2).
When n-Chimaerin-specific antibodies from Rabbit B (Antibody [B]) were used
to probe Western blots of rat brain chromatographic fractions and extracts of
various

organs

the

pattern obtained

was unexpectedly complex

(see

Immunological Analyses).
Since Rabbit A had been immunized with r/pE/n-Chimaerin(F) various schemes
were devised for purifying n-Chimaerin-specific antibodies. The first step in all of
these schemes was the removal of as much as possible, if not all, of the anti-r/pE
antibodies by absorption of sera on a CNBr-activated Sepharose(4B) column of
extracts of the empty vector (pATH23) insoluble fraction proteins including
mainly trpE. The FT from this column was further purified on columns of;
partially purified r/pE/n-Chimaerin fusion proteins, or extracts of insoluble
fraction proteins of induced t/pE/n-Chimaerin(C), or /3-Gal/n-Chimaerin(F)
followed by )S-Gal/n-Chimaerin(C). Specific antibodies from all of these columns
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Coomassie blue stained gel and immunoblots of PpE/n-Chimaerin fusion proteins probed with either Rabbit B serum or purified Antibody
(BJ. The weak reactivity detected by Antibody [BJ to Pp£/n-Chimaerin(N) is probably due to the 28 amino add residue overlap between nChimaerin(C) and n-Chimaerin(N).

bound and were then eluted using 0.5M acetic acid. Samples were made l%(w/v)
with BSA and then dialysed against PBS overnight at 4°C.
The latter scheme of using /3-Gal//z-Chimaerin fusions allowed the removal of
anti-t/pE antibodies followed by the absorption and elution of antibodies which
recognized sub-regions of «-Chimaerin. Absorption of FT to the column of pGal/«-Chimaerin(F) allowed all anti-«-Chimaerin antibodies to bind. When this
was eluted and then applied to the j9-Gal/«-Chimaerin(C) column antibodies to
the «-Chimaerin C-terminal bound to the column while N-terminal specific
antibodies were collected in the FT. Rabbit A sera were therefore useful in
generating antibodies specific to trpE, «-Chimaerin(F) (Antibody [A]), «Chimaerin(N) (Antibody [A”]) and «-Chimaerin(C) (Antibody [A®]) (Figures 5.3a,
b, c and d).
This confirmed that all of the fusion proteins produced were recognized by the
relevant antibodies. This included the pKK series of clones which when
Coomassie blue stained alone showed no obvious appearance of «-Chimaerin(F)
or «-Chimaerin(C) being produced. When Western blots were probed with
Antibody [A*^] then unfused «-Chimaerin(F) was found to be expressed from
pKKCMl, at low levels both in the soluble and particulate fractions, but there
was no detectable expression from pKKCM3 (Figure 5.4a). This may have been
due to poor translational initiation or because these foreign proteins were
unprotected by carrier protein, E. coli may have degraded them more easily.
All bacterial proteins could be easily detected on immunoblots using DAB as
a substrate. In early experiments to detect rat brain «-Chimaerin it was found that
DAB/C 0 CI2 intensified signals were very weak and the ECL method of detection
was used in all work once it had been established that primary antibodies could
be used at ten times lower concentrations with a greater degree of sensitivity. In
fact. Figure 5.4b shows that using purified «-Chimaerin C-terminal generated from
GST/«-Chimaerin(C) immunoblots can detect as little as 2.5ng on Western blots.

Results: Antixidy Production

165

s

m,

Figure 53a:

»

0 I

”

Coomassie blue stained 10% SDS-PAGE gel of f-Gal/. trpE ! and GST/nChimaerin fusion proteins.
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Figure 53b:

Immunoblot of gel in Figure 5.3a probed with anti-/rp£ antibodies (diluted MOOO
and incubated at RT for Ihr) purified from Rabbit A serum.
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Immunoblot of gel in Figure 53a probed with Antibody A“ (diluted 1:500 and
incubated at RT for Ihr).
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Immunoblot of gel in Figure 5.3a probed with Antibody A' (diluted 1:500 and
incubated at RT for Ihr).
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Figure 5.4a:

Immunoblot of extracts from induced pKK clones fractionated into soluble(iS) and
insoluble(iP) samples probed with Antibody A* (1:500 at RT for Ihr).
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Figure 5.4b:

Immunoblot of purified n-Chimaerin C-terminal [n-CHI(C)] diluted serially from
iMg down to O.lng probed with Antibody A' (1:200 overnight at 4°C).
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5.1.4: Monoclonal Antibody Production
BALB/c mice were immunized at the same time as Rabbits A and B using the
same regime. Mice A, B and E were immunized with r/pE/n-Chimaerin(F) and
mice Q D and F with t/p^/n-Chimaerin(C) fusion proteins.
Six fusions to N Sl cells were performed using the spleenocytes of these
animals. Although hybridomas were produced that in EUSAs were expressing
antibodies that recognized )0-Gal/ and ApE/n-Chimaerin fusion proteins, it was
found impossible to clone any of these, as during expansion of the clones the /9Gal reaction increased but the other reactivity disappeared due to loss of the
clone.
With the purification of n-Chimaerin from the GST/n-Chimaerin(F) fusion by,
cleavage with thrombin and removal of the GST portion using glutathione
agarose, new mice have been immunized for further attempts at the production
of Mabs.
GST/n-Chimaerin(C) has been used to purify n-Chimaerin C-terminal protein
which was sent away to have Mabs produced (Mabel Teo). This produced some
clones which were reactive to bacterial n-Chimaerin fusion proteins, but when
checked against various extracts of rat tissues gave signals similar to Antibody [B]
rather than Antibody [A^.
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5.2: Immunological Analyses
The earlier work of Dr Paul Smith had shown by Northern analyses that
n-Chimaerin mRNA was highly expressed in rat cerebral cortex and hippocampus
and was not detected in other tissues except testis, which contained three related
mRNAs. Northerns also showed that the n-Chimaerin mRNA was present in
various tissue culture cell lines. Neuroblastoma NE-115, neuroblastoma/glioma
NG108 and also a non-neuronal human EJ- bladder carcinoma cell line expressed
n-Chimaerin, whereas primary astrocytes, cerebellar granule cells and C6 glioma
cells did not (Hall, C. et a l, 1990).
Once n-Chimaerin-specific antibodies had been generated which could detect
bacterially expressed n-Chimaerin, it was obviously necessary to see if a naturally
occurring brain protein could also be detected in brain or other tissue extracts,
as well as cell lines. It was also necessary to carry out crude fractionations to
locate whether or not n-Chimaerin is cytosolic.
Rat brain preparations were used for these and further analyses as it was by
then known that the rat protein is 91% homologous at the protein level and has
85% identity at the DNA level (Lim, H.H, 1991; Lim, H.H. et a l, 1992).
Antibody [B] was first used to probe Western blots of rat brain cytosol and
chromatographic fractions of this cytosol separated on DEAE-sepharose. Five
bands could be detected in brain cytosol which could be separated into a 45kDa
band eluted in O.IM NaCl and bands of 39, 37, 28 and 26kDa found in the 0.2
and 0.4M fractions (Figure 5.5, lanes 1-4). When the four cell lines Detroit 98,
EJ138, FL amnion and HT-1080, all known to express iz-Chimaerin mRNA, were
also probed in this manner a very similar pattern to that obtained in brain cytosol
was detected in all four cell lines (Figure 5.5, lanes 5-8). The upper band,
however, seemed to be larger (approximately 50kDa) than that detected in the
brain. It therefore seemed possible that Antibody [B] was recognizing an nChimaerin species (expected to be approximately 34kDa) as well as related or
alternative forms.
To resolve this complexity various rat tissues were used to prepare cytosolic
fractions. /i-Chimaerin-specific bands were expected to be detected in brain and
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Immunoblot of DEAE-fractionated rat brain cytosol and tissue culture cell line
extracts probed with Antibody [B] (1:200 overnight at 4°C).
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possibly testis as found in Northern analyses. However, Antibody [B] detected
both unique and ubiquitous bands in the various tissues. The brain bands of
between 26-39kDa were all ubiquitous whereas a 45kDa band seemed to be more
unique, being found also in testis. Other bands detected were a 50kDa band in
heart, spleen and testis, and a lOOkDa band in kidney, liver, spleen and testis
(Figure 5.6a).
Following these unexpected results the antibodies purified from Rabbit A were
used to resolve which bands were detected by both Antibody [B] and Antibody
[A^. Equivalent Westerns when probed with Antibody [A^], surprisingly detected
the 45kDa (p45) band only in brain and testis (Figure 5.6b).
Both Antibody [B] and [A^] therefore seemed to detect an /t-Chimaerin-specific
band of 45kDa (p45) which was present in brain and testis as predicted by the nChimaerin mRNA. These results seemed to indicate that immunization oitrpEjnChimaerin(C) fusion protein had exposed more epitopes than trpE/nChimaerin(F) leading to Antibody [B] detecting related or cross-reactive species.
The predicted size of n-Chimaerin is 34kDa whereas the band detected in brain
and testis is 45kDa. One would therefore have to propose that p45 was an
n-Chimaerin-related species, had arisen by post-translational modification, or,
there was anomalous running of this protein on SDS-PAGB gels.
Rat brain extracts were then subjected to subcellular fractionation and the
various fractions Western blotted and probed with Antibody [A^. This showed
that p45 partitioned in a manner characteristic of a cytosolic protein. It was found
in the supernatants SI, 82 and S-100. The small amount of reactivity found in P2
partitioned into the synaptosomal rather than the mitochondrial fraction (Figure
5.7). This indicated that p45 may be found in the cytoplasm of the cell body
(perikaryon) and extend down through the axons to the synapse. Interestingly, the
P3 fraction was partially contaminated with p45 but also contained 90kDa (p90)
and 35kDa (p35) reactive species.
Frozen human brain extracts probed with Antibody [A^ detected both p45 and
p35 reactive species (Figure 5.8). It therefore seemed likely that p45 represents
a soluble cytoplasmic species of «-Chimaerin, whereas, p35 is a membraneassociated species which was disrupted by the freeze-thaw process.
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Figure 5.6a:
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Immunoblot of various rat brain tissue extracts probed with Antibody [B] (1:200
overnight at 4®C).
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Figure 5.6b:

Immunoblot of various rat brain tissue extracts probed with Antibody A' (1:200
overnight at 4°C).
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Immunoblot of rat brain subcellular fractions probed with Antibody [A®] (1:200
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Immunoblot of human brain frozen extracts (courtesy of Marie-Therese Webster,
Prof David Bowen’s lab) probed with Antibody [A*] (1:200 overnight at 4“C).
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As a further check on the specificity of Antibody [B] and [A*^], with Miss Sin
Wun Chey, a human hippocampal X gtll (ZAPII) cDNA expression library was
screened with both antibodies. A positive clone which reacted with both
antibodies and radioactively labelled AH631.2 cDNA was isolated. Sequencing of
this clone showed that the antibodies had detected an «-Chimaerin clone
containing the expected C-terminal region (Sin Wun Chey, unpublished results).
The p45 M-Chimaerin-related species was purified by Mabel Teo and Dr
Edward Manser using Antibody [A'] and a novel Overlay Assay (Manser et a l,
1992; Hall, C. et a l, 1993). p45 was shown to be a product of an alternately
spliced transcript of the human «-Chimaerin gene, having an N-terminal SH2 {src
homology 2) domain in addition to the phorbol ester and GAP domains
accounting for the larger than expected size of this immunoreactive species. This
then was conclusive proof that the antibodies generated recognised naturally
occurring n-Chimaerin-related species.

53: Immunohistochemistiy - Preliminary
Northern analyses and in situ hybridization data had shown that M-Chimaeiin
mRNA had a neuronal distribution (Hall, C. et a l, 1990; Lim, H.H., 1991; lim ,
H.H. et a l, 1992), so it was expected that the protein would show a similar
distribution.
When both Antibody [A^ and Antibody [B] preparations were used in
immunohistochemical analyses they did indeed detect reactivity in the pyramidal
cells of the hippocampus, granule cells of the dentate gyrus and cortical neurones
in rat brain coronal sections of forebrain (Figure 5.9a). In the rat cerebellum not
only was reactivity detected in Purkinje cells but also in the granule cells (Figure
5.9b). The reactivity also detected extraneous signals likely to be due either to
other 7%-Chimaerin-related or cross-reacting species. The signals detected were at
the least likely to be a composite of the p90, p45 and p35 reactivities detected on
Westerns.
The production of either specific peptide or monoclonal antibodies, based on
the differences found between the «-Chimaerin-related species, will be required
for the detection of distinct immunological signals.
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Figure 5.9a:

Coronal section of rat forebrain probed with Antibody A' (1:10 overnight at 4°C).
Immunoreactivity to pyramidal cells of the hippocampus (H) and granule cells of
the dentate gyrus (DG) is shown at high power.

Figure 5.9b:

Coronal section of rat cerebellum probed with Antibody A" (1:10 overnight at 4°C).
Immunoreactivity is detected in the granule cell layer (GCL) and Purkinje cells
(PC) but not in the molecular layer (ML),
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6.1: Expression of mRNA
The human retinal cDNA clone, XH631.2, detects poly(A)^ mRNAs of 2.2kb
in human brain, and 2.3kb in human foetal and rat brain samples. The mRNA
is highly enriched in the brain and three related mRNAs are found in the testis.
Highest amounts in the brain are found in the hippocampus and cerebral cortex.
The presence of the mRNA in neuroblastoma cells but not in C6 glioma or
primary astrocyte cultures suggested a neuronal distribution which was confirmed
by in situ hybridization (Hall, C. et a l, 1990; Lim, H.H. et a l, 1992).

6.2: 5’ Untranslated Region (UTR) of XH631.2 cDNA
In addition to the human cDNA clones H631A and H631B presented in this
thesis, the A.H631.2 cDNA has also been used as a probe to isolate human
genomic DN A and rat cDNA clones (Lim, H.H., 1991; Lim, H.H. et a l, 1992).
The human genomic clones and rat cDNAs established that the human nChimaerin cDNA, A.H631.2, contains a 5’ inversion and small deletion in the
extreme 480bp of the human sequence (Figure 6.1a). This rearrangement in the
human A.H631.2 clone is probably caused by ’snap-back’ of the mRNA or strand
displacement of the polymerase during cDNA synthesis and cloning of the original
human retinal cDNA library. This is not uncommon and has been detected in
previous

cloning

studies

(FM564

-

a

rat

Glyceraldehyde-3-phosphate

dehydrogenase clone, Leung et a l, 1987; JM33 - a rat HSC70 heat-shock clone,
Leung et a l, 1990) as well as for the PGP9.5 cDNA (Day et a l, 1990) which was
isolated from the same XgtlO retinal cDNA library.
Correction of the human cDNA sequence showed that, in both human and rat
cDNAs, there is an extension of the ORF which potentially codes for an
additional 35 amino acid residues at the extreme N-terminal of the n-Chimaerin
protein sequence (Figure 6.1b). The rat «-Chimaerin cDNA therefore encodes
a putative protein of 344 amino acid residues compared with the 299 residues
encoded by the A.H631.2 clone.
Analysis of both the corrected human and rat «-Chimaerin cDNAs shows that
the residues around both sets of ATGs in the 5’ of the ORF are conserved. The
sequence around the putative start site for the human n-Chimaerin cDNA,
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DNA A l i g n (A L IG N ) v e r s i o n 5 . 8 8 F e b 9 2
T h i s i s A l i g n R L A M 63 1.S E Q (1 ,2 3 2 1 ) w i t h H 6 3 1 2 R E V .S E Q (1 ,4 8 0 ) K t u p l e : 3 G a p p e n a l t y : 3 L a r g e s t : 2 0
RLAM631

GA

H 6312R EV CCCTTCCCCCCACCTTCCCTGCTAGGGGCTTCATAGGGTGTCTGTTGCTAGAAACTGATTGCAGGCAGTATGTAGGCATCTTTCATTCAGA
10^
20^
30 ^
40 ^
50^
60^
70""
80^
90' '
lO v
20v
30v
40v
50v
60v
TOv
80v
RLAM631
ATTCGGCACGAGGACACTGA
TGAGCAGAGAAGAAAGCTTTCAGCAATGTGTCATTTGTCACAATTGTCAGGCTTTTTAAAAAAGG
GGACA T A
TGA AGAGAAGAAAGCTTT AG AATGT TCATTTGTCA AATTG
G CTTTT AAAAA G
H 6312REV A T.................. GGACATTAATATCTTGAATAGAGAAGAAAGCTTTTAGAAATGTATCATTTGTCAAAATTGCATGCCTTTTAAAAAATGA

100^
RLAM631
H 6312REV
RLAM631
H 6312REV
RLAM631
H 6312REV
RLAM631
H 6312REV

110^

120^

130^

140^

150^

160^

170^

90v
lO O v
IIO v
120v
130v
140v
150v
160v
ACTCCCAAAGAGAGATGCTGCATGTTTTCTGTGTTAACACAGACTG..................ATTTCCTCTCCAGACTCTTTAAGTTTGCAGAAGCT
AAAGAGAGATGCTG TGTTTT T TGTTA CA GACT
ATTTC
T CAGACTC
AAGTTT AGAAGCT
T
AAAGAGAGATGCTGAGTGTTTTGTATGTTAGCATCGACTCTTTCTTTTTATTTCTGTT-CAGACTC---AAGTTTTTAGAAGCT
1 8 0 ''
190^
2 0 0 ''
210^
220^
230^
240"
250"
V
180v
190v
200v
21 Ov
220v
230v
240v
250v
TAAATATAGAGCCCTGTTTAA-AAAAAAAAAGGAAGAGAGAA---TTTGTGTGTTAATCGGCCT-TGTG-AAGAAGTGCTTCATCACCCT
AATATAGA CCCT TTAA AAAAAAAAAGGAAGA AGAA
TTTG
GTTA TCG CCT TGT AAGAAGTGCTTCATC CCT
AGAATATAGATCCCT--TTAAGAAAAAAAAAGGAAGAAAGAAGAATTTGCTGGTTAGTCGACCTCTGTTTAAGAAGTGCTTCATCCTCCT
260"
270"
280"
290"
300"
310"
320"
330"
340"
260V
270V
280V
290v
300v
310v
320v
330v
TCTGCACCTCCCTGTG
CTCTGGTGTGTGGCGTGGCCACGGCTCTCTAGGTTAGGGCTCTGAGCTGGCTG-CAGCATGCTCATGT
CT CACCTC C GTG
CTCTG G
CTCT TAGGTTAGGG TCTG GCTG CTG CAG ATGCTCATGT
CCTCCACCTCTCCGTGGTGTTTCTCTGCAGCT............................ CTCTGTAGGTTAGGGTTCTGTGCTGCCTGGCAGAATGCTCATGT
350"
360"
370"
380"
390"
400"
410"
340v
350v
360v
370v
380v
390v
400v
4 1 Ov
420v
GTTAGCTGAGTAGAGTTCACCGGCAGTCGCAGGCTGATACAGGGTTTTTTGTTTTTTGTTTTTTGTTTTTCTATTCCTTTGAGTATCAAA
GTTAGCTGA TAGA TCA CG CAG C AG C
TA AGG TTT TT
TT T
GTTAGCTGAATAGATATCATCGACAGACATAGACCACTATAGGTTTTCTTTCCTTGTGAATTC
430"
440"
450"
460"
470"
480"

S i m i l a r i t y i n d e x = 7 6 .5 1 7 % , t o t a l b a s e s n o t o p p o s i t e a g a p = 3 6 4
N u m b er o f g a p s = 1 5 , b a s e s o p p o s i t e g a p s = 7 4
L e n g th o f t h e o v e r l a p p i n g r e g i o n = 4 3 8
NUMBER OF MATCHED BASES = 2 9 0

Figure 6.1a:

Alignment of the reverse complement of the 5’ 480bp human /i-Chimaerin DNA
sequence with the corresponding region of the rat n-Chimaerin sequence.

H 6312 R E .P R O f r o m 1 t o 3 3 4 a l i g n e d w i t h RLA M 631.PR O f r o m 1 t o 3 3 5
G a p p e n a l t y 4 , D e l e t i o n p e n a l t y 1 2 , P A M f ile STANDARD.PAM
9 7 .3 % i d e n t i t y i n 3 3 4 a a o v e r l a p
H 6312R E
RLAM631
H 6312R E
RLAM631
H 6312R E
RLAM631
H 6312R E
RLAM631

lO v
20v
30v
40v
50v
60v
70v
80v
MPSKESWSGRKTNRAAVHKSKQEGRQQDLLIAALGMKLGSPKSSVTmQPLKLFAYSQLTSLVRRATLKENEQIPKYEKIHNFKVH
MPSKESUSGRKTNRA: VHKSKQEGRQQDLLIAALGMKLGS. KSSVTIWQPLKL FAYSQLTSLVRRATLKENEQIPKYEK:HNFKVH
MPSKESWSGRKTNRATVHKSKQEGRQQDLLIAALGMKLGSQKSSVTIWQPLKLFAYSQLTSLVRRATLKENEQIPKYEKVHNFKVH
10"
20"
30"
40"
50"
60"
70"
80"
90v
lO O v
IIO v
120v
130v
140v
150v
160v
170v
TFRGPHWCEYCANFMWGLIAQGVKCADCGLNVHKQCSKMVPNDCKPDLKHVKKVYSCDLTTLVKAHTTKRPMWDMCIREIESRGL
TFRGPHUCEYCAN FMUGLIAQGVKCADCGLNVHKQCSKMVPNDCKPDLKHVKKVYSCDLTTLVKAH. TKRPM W DM CIREIESRGL
TFRGPHWCEYCANFMWGLIAQGVKCADCGLNVHKQCSKMVPNDCKPDLKHVKKVYSCDLTTLVKAHITKRPMWDMCIREIESRGL
90"
100"
110"
120"
130"
140"
150"
160"
170"
180v
190v
200v
21 Ov
220v
230v
240v
250v
NSEGLYRVSGFSDLIEDVKMAFDRDGEKADISVNMYEDINIITGALKLYFRDLPIPLITYDAYPKFIESAKIMDPDEQLETLHEAL
NSEGLYRVSGFSDLIEDVKM AFDRDGEKADISVNM YEDINIITGALKLYFRDLPIPLITYDAYPKFIESAKI:DPDEQLETLHEAL
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200"
210"
220"
230"
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V
270V
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: LPPAHCETLRYLMAHLKRVTLHEKENLM:AENLGIVFGPTLMRSPELD:MAALNDIRYQRLWELLIKNEDILF
RSLPPAHCETLRYLMAHLKRVTLHEKENLMSAENLGIVFGPTLMRSPELDPMAALNDIRYQRLWELLIKNEDILF
270"
280"
290"
300"
310"
320"
330"

Figure 6.1b:

Alignment of the corrected human n-Chimaerin amino acid sequence with rat nChimaerin, showing proposed additional 35 amino acid residues.
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A.H631.2, is (GCC)TGGGGAATGA. whereas that for the more upstream rat nChimaerin start site is AGTATCAAAATGC. Since the consensus sequence for
the initiation of translation invertebrates is, (GCC)GCC(A/G)CCAUGG (Kozak,
1987), the more downstream of the two potential start sites seems to have a closer
identity to Kozak’s consensus sequence. Evidence that the first A UG in an ORF
may not be used as the initiation site due to a more favourable AU G site lying
close by has been found. For example in the LAP/LIP gene (Descombes and
Schibler, 1991) it is thought that leaky ribosome scanning allows ribosomal
subunits that fail to initiate at the first AUG to continue their search for an AUG
in a more favourable sequence context (see Kozak, 1986, 1989; Liu et a l, 1984).
In the LAP/LIP DN A sequence the sequences around the first ATG have a poor
match, the second in-frame ATG has a moderate identity and the third ATG has
a perfect match. Evidence also exists that both in-phase AUGs may be used. In
the la antigen-associated invariant chain (In) two proteins, p33 and p35, are
produced by the alternate use of two in phase AUGs on a unique mRNA (Strubin
et a l, 1986).
An important result of these findings was that the identified inversion did not
interfere with the coding region used for bacterial expression studies, even though
an additional 35 amino acid residues may be missing from the N-terminal.

63: Alternate-splicing of the /i-Chimaerin GENE
Genomic cloning and the isolation of additional human cDNA clones (Hall, C.
et al, 1993) have shown that the original idea of looking for more H631-related
clones should have been continued. The original idea that a clone like H631A
may have arisen by alternate-splicing has been shown to be probably due to ’snapback’ causing a deletion and inversion of sequences in the 5’ of this clone. The
proposal that alternate splicing could lead to an n-Chimaerin variant with a
different N-terminal has however been proved true for the human n-Chimaerin
gene. cDNA clones coding for a2-Chimaerin containing an N-terminal SH2 {src
homology 2) domain in addition to the phorbol ester and GAP domains have
been shown to be the product of alternate splicing of the «-Chimaerin gene
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transcript (Hall, C. et aU 1993). Interestingly, this splicing event replaces the Nterminal 23 amino acids of the human «-Chimaerin (58 amino acid residues of the
proposed rat «-Chimaerin sequence) which are potentially responsible for
association of the protein in membrane fractions. a2-Chimaerin with this region
replaced by the SH2 domain is cytosolic and has been shown to code for the
45kDa protein detected on immunoblots of rat brain extracts probed with
Antibody [B] and [A*^] (Hall, C. et cd, 1993). Both w-Chimaerin and the testisspecific /3-Chimaerin, encoding a protein of 295 residues, are associated with
membrane fractions (Leung et al., 1993; Hall, C. et aL, 1993) even though the only
obvious difference between them and a2-Chimaerin is the swapping of N-terminal
domains. It has been proposed that the additional 35 amino acid residues in rat
«-Chimaerin may contain a hydrophobic region from residues 27-35 and also some
similarity to melittin which has the potential to form an amphipathic helix that
may provide a hydrophobic surface for interaction with other proteins or cellular
membrane components (Lim, H. H., 1991). The melittin region of homology is
however absent from both the proposed human n-Chimaerin and /9-Chimaerin
sequences. This would therefore suggest that the N-terminal of n-Chimaerin and
)0-Chimaerin may be the target for some form of post-translational modification
leading to its association with membrane fractions, or it may be that the addition
of the SH2 domain merely makes the protein more soluble.
Regional and developmental differences in the expression of the (al-)nChimaerin and a2-Chimaerin mRNAs have been found by Northern and in situ
analyses, with the a2-Chimaerin mRNA and protein also being expressed in testes
(Hall et a l, 1993; Manser et a l, 1992). This implies that compartmentalization
of the Chimaerin variants may be functionally important.
Definitive evidence as to whether or not the additional 35 amino acid residues
found in rat n-Chimaerin are actually found in the mature protein will require the
generation of antibodies specific to this region. Antibodies specific to this region
or the more downstream 23 amino acid residues will need to be generated to
discriminate between the fa7-Jn-Chimaerin and a2-Chimaerin variants.
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6.4; 3’ UTR of XH631.2 cDNA
The human /z-Chimaerin cDNA clones A.H631.2, H631A and H631B presented
in this thesis show that of the three potential polyadenyiation sites two are known
to be utilized. H631B terminates in poly(A)

14 nucleotides after the

polyadenyiation signal AATAAA at 2061 bp, whereas both A.H631.2 and H631A
have identical 3* ends terminating 15 nucleotides downstream of the ATTAAA
signal at 2153. These polyadenyiation sites are conserved in the rat n-Chimaerin
cDNA. Therefore both in human and rat mRNAs transcripts differing by at least
lOObp can be generated just by selection of the polyadenyiation site. Taking
alternative splicing of the 5’ end into consideration then one can envisage that a
variety of n-Chimaerin transcripts can be generated.
In Hall, C. et al (1990) it was noted that the 3’ end of the human n-Chimaerin
cDNA clone, H631.2, contains two directly repeated nine nucleotide sequences
immediately after the protein coding region (nucleotides 1462-1470, 1482-1490,
1501-1509 and 1516-1524). These motifs are not conserved in the rat /f-Chimaerin
cDNA sequence and therefore are unlikely to be functionally significant.

6.5: The Cysteine-rich domain (CRD)
The single CRD of n-Chimaerin is most like the second of the tandem repeated
motifs (CX 2CX 13CX 2CX 7CX 7C) found in the C l regulatory region of PKC.
Among the PKC sequences analyzed n-Chimaerin is most similar to human PKCa. Of the members of the PKC family only PKC-C possesses only a single CRD
and this is most like the C la region.
The identity between n-Chimaerin and members of the PKC family actually
extends

upstream

of

the

first

cysteine

residue

bearing

the

motif,

HXFX 10CX 2CX 13/ 14CX 2CX4HX 2CX 7C. Expression of PKC-y using the T7 bacterial
expression system showed that either of the CRMs, C la or Clb, was sufficient for
phorbol ester binding (Ono et «/, 1989a). Cos-7 expression of PKC-C however
showed no phorbol ester binding (Ono et al, 1989b). The expression in E, coli of
n-Chimaerin as /3-Gal/, trpE/, and G ST/ fusion proteins has established that the
CRD of n-Chimaerin also binds phorbol esters in a phospholipid-dependent
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manner (Ahmed et cd, 1990) and that this is zinc-dependent (Ahmed et al, 1991).
This would thus indicate that the CRD of n-Chimaerin is closer in functional
attribute to PKC-y than PKC-C. Examination of these CRSs does in fact show
that n-Chimaerin possesses residues found usually in either the C la or C lb
regions and that a conserved proline residue is only absent from PKC-C but found
in all other PKCs and n-Chimaerin. The consensus sequence for phorbol ester
binding thus seems to be, HXFX 7PX2CX2CX5GX 3/ 4QGX 2CX2CX3VHX 2CX3VX 3C.
Part of the CRM, CX 2CX 13CX 2C is found in many metallo-proteins and D N A
binding proteins that are related to transcriptional regulators like TFIIIA, GAL4,
E lA and the steroid-hormone receptors (Klug and Rhodes, 1987; Green and
Chambon, 1988; Freedman et a l, 1988; Pan and Coleman, 1989). The presence
of the clustered cysteines in these proteins is indicative of a metal, usually zinc,
playing a structural role (Berg, 1986 and 1990). The amino acid residues present
between the cysteine residues are predominantly basic for the métallo- and DNAbinding proteins whereas those found in n-Chimaerin and PKC do not have this
basic character. Definitive evidence that PKC can bind DN A has not been shown
although PKC is present in rat liver nuclei (Masmoudi et al, 1989; Rogue et al,
1990). Thus cysteine-rich domains seem to be involved in protein-protein, proteinnucleic acid and protein-lipid interactions.
Other proteins found to possess sequence identity to the PKC phorbol-ester
binding domain are, the serine/threonine kinase Raf, a 80kDa DAG Kinase
(DGK, Schaap et a l, 1990), Vav (a potential GTP/GDP exchange protein)
(Katzav et a l, 1989) and the C. elegans UNC-13 gene product (Maruyama and
Brenner, 1991) (Figure 6.2). Of these only UNC-13 has been shown to also bind
phorbol esters (Ahmed et a l, 1992), whereas, DGK has been found to bind zinc
but not phorbol esters (Ahmed et a l, 1991).
The presence of the CRD in DGK supports the notion that this region is
responsible for binding DAGs (the natural analogues of phorbol esters). The fact
that DGK did not bind phorbol esters in the studies of Ahmed et a l (1991)
suggests that each CRD may have a unique interaction with different DAGs. This
would serve to explain why such a large family of PKCs and PKC-related
molecules have evolved. The finding that PKC-C does not bind the phorbol esters

DisoEsion 183

I

J

J

4

s

«

7

•

t l 0

11U l l U l S U l T I I I « 1 0 2 1 2 } » M X S l t

r j » » » » l B M M » 5

M » 7 l » J » « 41« l «»«4

45 4< « T « « * J l

IDENTITY (* )
(H )o < M I
(H )P K C -«
( H )P K C -a
(H )o -R * n
(H )D G K
ODDGK
(H )V « v
(C e )U N C -1 3

Figure 6.2;

46
J7
102
139
206
270
515
615

f U J j R

O Q H W

|Krai_A R p r a K q Q t f
k f ^ i frgiY o s Q t p
I a R k Em I l k l a f
[m w r P K R [ J P R Q V Y
I V W V R O G C B S ORId H Q m f s f e e t t s
n A T T T Q Q T Q T F|

QKQE
Q
Q
E

S
K
M
G

S
K
L
L

I
1
L
L

Q 30 K
L Q A

I Y H

LOR
Q V K

O H E

38
50
38
34
34
32
40

Additional cysteine-rich sequences related to n-Chimaerin and PKC. Amino acid residues which are identical to those of n-Chimaerin are
shown as white letters on a black background. The cysteine residues and those conserved in all other phorbol-ester binding domains are shown
with an asterisk above them. The phorbol-ester binding domain extends outside of the CRS to give a motif, HXFX10CX2CX13.14CX2CX7CX7C.
Swiss-prot accession numbers are: PKC-a, P17252; c-rafl, P04049; DGK, P23743; Vav, P15498; UNC-13, P27715.

examined would also support this interpretation. Ahmed et aL have also suggested
that the differences in binding between the PKCs, n-Chimaerin and DGK may
reflect the manner in which substrate-binding sites and activating sites differ,
allowing on the one hand a chemical modification and on the other a change in
protein conformation. The role of the CRD in Raf and Vav is less clear.
The y-Raf oncogene was first identified as the transforming gene of murine
sarcoma virus 3611 (Rapp et aL, 1983), and later the first human raf proto
oncogene, c-raf-1, was cloned and sequenced (Bonner et a l, 1986). This encodes
Raf-1, a serine/threonine-specific kinase of 648 amino acid residues. lik e the
PKC family it consists of a C-terminal kinase domain and an amino-terminal
regulatory domain. At least four ra/genes have been identified from the human
genome. A homologue, A-raf, has also been isolated (Huleihel et aL, 1986) which
has strong homology to the kinase domains of both c-raf and v-raf, but less
identity elsewhere. Whereas Raf-1 appears to be uniformly and ubiquitously
expressed, A-raf and B-raf expression is much more tissue-specific. A-raf is found
at highest levels in urinogenital tissues and kidney and at lowest levels in the
brain (reviewed by, Rapp et aL, 1988).
Many effects, including cell growth and differentiation, have been attributed to
Raf-1 but the exact mechanism(s) by which it caused this were unknown
(reviewed by Li et aL, 1991). For example, Raf was found complexed to the
platelet-derived growth factor receptor (PDGF-R, Kaplan et aL, 1990) leading to
the simple suggestion that activation of Raf-1 by PDGF or other receptors, in turn
transduces a signal by phosphorylating its own substrates. Recently, the gaps in
the activation and the downstream targets of activated Raf seem to have been
elucidated. Activated Ras interacts with the N-terminal region of Raf (Van Aelst
et aL, 1993; Vojtek et aL, 1993; Zhang et aL, 1993). This interaction alone is
unable to stimulate the protein kinase activity of Raf, as additional factors such
as Src family members are also necessary (Williams et a l, 1993), but the
interaction may bring Raf to the membrane where a second activating event may
occur. The Raf CRD may be involved in this membrane localization. Activated
Raf is then able to interact with Mek the mitogen-activated protein (MAP) kinase
kinase (Dent et aL, 1992; Kyriakis et aL, 1992) which in turn act on the MAP
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kinases ( also known as ERKs; Extracellular signal-Regulated Kinases), which can
then translocate into the nucleus and phosphorylate members of the Ets
transcription factor family (Elk-1/SAP-1), which form a ternary complex with the
serum response factor (SRF). This can then bind to the serum response element
(SRE) found in the promoters of immediate-early genes such as c-fos.
Phosphorylation of Elk-1 appears to stimulate transcriptional activation through
the complex of Elk-1 and SRF (reviewed by, Kazlauskas, 1994; McCormick, 1994;
Marshall, 1994).

6.6: Heterogeneity among phorbol ester receptors
With the cloning of «-Chimaerin and other PKC-like proteins with potential
phorbol ester binding domains an explanation now exists for the number of
reports that suggest that phorbol esters can exert their cellular effects
independently of PKC (Hockberger et a l. 1989; Sha'afî, 1989). The mechanisms
determining the effect of phorbol esters on cellular activities and phenotypes is
obviously more complicated than initially imagined. For this reason the many
studies which have equated phorbol ester binding with PKC binding and
localization (Worley et a l, 1986) need to be re-evaluated.
The various PKC subtypes have a variable but partially overlapping distribution
in the brain, with high expression in the hippocampus (Nishizuka, 1988). The
distribution of the nervous-system specific PKC-y (Brandt et a l, 1987; Nishizuka,
1992) most closely resembles that of the «-Chimaerin mRNA and protein. PKC
and «-Chimaerin are therefore expressed in neurones in the brain regions that are
thought to be most involved in learning and memory processes. The distributional
changes in the hippocampus (and cerebellar deep nuclei) after discrimination
learning (Olds et a l, 1989, 1990; Olds and Alkon, 1991) studied using
radiolabelled phorbol esters, therefore leaves room for both the involvement of
PKC, «-Chimaerin and other potential phorbol ester receptors.
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6.7: GTPase-activating protein (GAP) Domain
Since the initial description of the identity between the C-terminal domains of
«-Chimaerin and BCR (Hall, C. et a l, 1990) identities to other proteins have been
found in BCR, showing it to be a multi-domain protein. The first 427 amino acid
residues (which comprise the first exon) contain a serine/threonine kinase activity
(Mam and Witte, 1991). The central section (amino acid residues 496-750) is
related to regions present in yeast CDC24, the oncogenes dbl, Vav and e ctl and
rasGRF (Ron et a l, 1991; Adams, J.M. et a l, 1992; Miki et a l, 1993; Shou et a l,
1992), which are involved in G TP/GDP exchange. Partially overlapping this
region (amino acid residues 728-870) is the recently identified pleckstrin
homology (PH) domain (Haslam et a l, 1993; Mayer et a l, 1993; Musacchio et a l,
1993).
The identities found between BCR, «-Chimaerin and the peptide sequence
obtained from purified rhoGAP, led to the identification of this domain as being
responsible for rac-/rhoGAP activity (Diekmaim et a l, 1991). Other members of
this emerging rhoGAP family of proteins are: p85a/j9, the 85kDa regulatory
subunit associated with phosphatidylinositol-3 kinase (Escobedo e ta l, 1991; Otsu
et a l, 1991); pl90, the rasGAP-binding protein (Settleman et a l, 1992a); 3BP-1,
a protein that binds to the SH3 domain of the Abl tyrosine kinase (Cicchetti et
a l, 1992); rotund, Xht D,melanogaster protein associated with spermatogenesis and
imaginai disc morphogenesis (Agnel e ta l, 1992); YBR1728, a 5. cerevisiaepToXein.
identified during the yeast genome mapping project (Doignon et a l, 1993); ABR,
the product of the active BCR-related gene (Heisterkamp et a l, 1993; Tan et a l,
1993); and, Bem2 and Bem3, S. cerevisiae proteins which appear to play a role in
the regulation of bud site formation (Zheng et a l, 1993; Figure 6.3).
p85 complexes with a llOkDa catalytic subunit to form the enzyme responsible
for phosphatidylinositol 3-kinase (PI3-K) activity. This enzyme can phosphorylate
the D-3 position of phosphatidylinositol, phosphatidylinositol-4-phosphate, or,
phosphatidylinositol-4,5-bisphosphate. There are at least three distinct p85
cDNAs, and two different p i 10 subunits (Parker and Waterfield, 1992; Hu et a l,
1993). p85 subunits can be phosphorylated on tyrosine residues and it seems likely
that these mediate the specificity of PI3-K’s association with both receptor and
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Figure 6.3:

rac/rhoGAP related proteins. The individual members are discussed in the text and
their GenBank/EMBL accession numbers are: n-(al-)Chimaerin, X51408(human),
X67250(rat); a2-Chimaerin, Z22641; ^-Chimaerin, L07494; ^2-Chimaerin, U07223;
BCR,X02596, Y00661; p85a, M61746; p85/9, M61745; pl90, M94721; 3BP-1,
described in Cicchetti et al., 1992; rotund, M99702; YBR1728, X70529; Abr,
U 19704, U19705, U01147; Bem2, described in Zheng et ai., 1994; Bem3, L14558,
U07421; CDC42/rhoGAP, U02570, Z23024.
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non-receptor tyrosine kinases. The active PI3-Kinase complex binds to PDGF but
not EOF receptors (Otsu et a l, 1991). Interestingly, the calcium and phorbol
ester-insensitive PKC-C has been shown to be activated in vitro by products of
PI3-kinase (Nakanishi et aL, 1993). In addition to its rac/rhoGAP domain p85
subunits contain an N-terminal SH3 domain and two SH2 domains in the
C-terminal half of the molecule. The SH2 domains would be expected to mediate
binding to tyrosine phosphorylated proteins but the precise role of the SH3
domain is less clear. As yet no GAP activity to any known member of the Rho
family has been described for p85 subunits.
p l90 was originally identified as a tyrosine phosphorylated protein which
associates with pl20™^^'^^ in cells stimulated with a number of growth factors or
transformed with p60'"‘®”^(Ellis et aL, 1990). Using bacterially expressed proteins
this binding was found to be to the SH2-SH3-SH2 domain of rasGAP (Ellis et aL,
1991). Apart from its rhoGAP domain pl90 also contains sequence motifs that
are found in all of the known GTPases and sequence identity to a putative
transcriptional repressor (Settleman et aL, 1992a). p l90 has been shown in in vitro
assays to possess GAP activity for several of the Rho family members (Settleman
et aL, 1992b). pl90 has been suggested to be a good candidate to provide a link
between Ras and Rho pathways (Settleman et aL, 1992b; Nobes and Hall, 1994),
leading to transduction of signals in the nucleus through its transcriptional
repressor domain.
3BP-1 was identified, by expression screening, as a protein that binds to the
SH3 domain of the Abl tyrosine kinase. This interaction is mediated by a prolinerich domain. Mutations or deletion of the SH3 region of Abl or Src non-receptor
tyrosine kinases can activate their transforming potential, suggesting an antioncogenic function in normal proteins. 3BP-1 is therefore thought to be a
mediator of SH3 function in transformation inhibition. By binding to the Abl SH3
domain it could influence the protein tyrosine kinase activity and SH2 region of
Abl which are needed for the protein to cause transformation (Cicchetti et aL,
1992). Through its GAP domain 3BP-1 would thus seem to be a direct link
between the non-receptor tyrosine kinases and the rhoGAP mediated signal
transduction pathway. The 3BP-1 sequence published so far is incomplete and no
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data on its potential GAP activity towards members of the Rho subfamily is
available. Interestingly, the complete sequence of CDC42GAP/rhoGAP has
recently been published (Barfod et a l, 1993; Lancaster et a l, 1994) and this like
3BP-1 has a proline-rich domain, which has been shown to interact with the SH3
domains of p85a and c-Src (Barfod et a l, 1993).
The rotund (m)locus of D. melanogaster spans a minimum of 50kb, and is
characterized by a phenotype in which cell death of the appendage-forming
imaginai discs in the third-instar larvae leads to shortened appendages in the
adult. Two major transcripts of 1.7kb (m l.7) and 5.3kb (m5.3) have been detected
in this region. In situ hybridization has shown that m l.7 is expressed in both the
imaginai discs and testes. Sequence analysis of a cDNA corresponding to m l.7 has
shown that it encodes an n-Chimaerin-like molecule, containing both a single
PKC-like CRD and the rac-/rhoGAP domain (Agnel et a l, 1992). There is as yet
no published data on the ability of this D.melanogaster protein to bind phorbol
esters, or to act as a GAP on members of the Rho family. The precise
relationship between the two identified transcripts is unclear but the
morphogenetic function may still reside in m5.3. With the cloning of this racGAPlike molecule, the power of genetic approaches in D.melanogaster can now be
employed in the analysis of this potential GAP.
The active BCR-related (ABR) gene was first identified as a partial sequence
mapping to human chromosome 17 (Heisterkamp et a l, 1989). The complete
cDNA sequence has since been reported to encode a 98kDa protein with 68%
identity to BCR, containing both the dbl-reXdXed and GAP domains (Heisterkamp
et a l, 1993; Tan et a l, 1993). Interestingly, it lacks the N-terminal BCR protein
kinase domain although the significance of this is yet to be established. The
bacterially expressed GAP domain of Abr was found to be equally active against
both R acl and CDC42Hs whereas BCR was a more potent GAP for R acl (Tan
et a l, 1993).
In the S. cerevisiae cells form mating projections or buds by localized fusion and
cell wall synthesis. This is reflected in the arrangement of the cytoskeleton. The
genes that control bud pattern have been identified by mutagenesis of haploid
cells. The genes BUD 1-5 dictate the position of the bud but others are
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responsible for confining wall growth to the bud site (Drubin, 1991; Chant and
Herskowitz, 1991; Madden et a l y 1992). Mutants with defects in these genes fail
to bud. Thus genes that specify the bud position must interact in some way with
those that restrict wall growth to the chosen site. Sequence identities of these
proteins have given some clues as to their potential biochemical functions.
B U D l/R sr l and CDC42Sc are related to the p21s (Bender and Pringle, 1989;
Adams et a l y 1990; Johnson and Pringle, 1990; Ruggieri et a l, 1992). BUD2 is
necessary for proper bud-site selection and has been found to encode a GAP for
B U D l/R sr l, with sequence similarity to the rasGAPs (Park et a l, 1993). BUD5
shares identity to CDC25, a protein that promotes GDP-GTP exchange on yeast
ras (Chant et a l y 1991; Powers et a l y 1991). B em l contains two SH3 domain (a
potential cytoskeletal domain) and is therefore a strong candidate for the agent
that mediates interactions between the bud site at the cell surface and the
underlying cytoskeleton (Chenevert et a l y 1992). More recently the yeast genes
BEM2 and BEM3 have been described as both containing the rac-/rhoGAP
domain (Zheng et a l y 1993; 1994). BEM3 is a multicopy suppressor of the
temperature-sensitive lethality caused by mutations in BEM2. BEM3 also contains
a potential PH domain. In vitro assays have shown that whereas BEM3 will act
as a GAP on CDC42 and R hol (Zheng et a l y 1994) as well as RhoA and R acl
(my unpublished results), BEM2 is much more specific acting only on R hol.
BEM2 is also unable to competitively inhibit the BEM3-stimulated GTPase
activity of CDC42; suggesting that it cannot even bind to CDC42. Determination
of the in vivo target(s) of BEM3 is further complicated by the fact that CDC42
and R H O l are essential genes, but cells deleted for BEM3 grow well and are
morphologically normal. It therefore seems likely other proteins such as that
expressed by YBR1728 may play a role in this pathway to bud emergence.
The sequence divergence found in the Chimaerins and the other members of
this new family of GAP proteins outside of the rac/rhoGAP domain, suggests the
potential for these molecules to participate in a variety of signalling pathways.
Whether these interactions relate solely to a role in downregulating members of
the Rho subfamily is unknown, but it seems more likely that at least some of
these interactions will have separate effector functions.
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Using a novel overlay assay diverse GAPs have been identified with differing
specificities towards the various members of the rho subfamily in a variety of
tissues (Manser et a l, 1992). Some of the identified GAPs are highly specific to
a single member of the Rho subfamily members, which include Rho, R acl and
CDC42, whereas others act on more than one member of the family. This
versatility may be responsible for ’cross-talk’ between the signalling pathways with
some GAPs acting on the same p21 and/or different p21s being affected by the
same GAP. Recently, it has been shown that whereas pl90, BCR and
CDC42/rhoGAP may act on one or more Rho family members, they can show
distinct specificities both in vitro and in vivo (Ridley et a l, 1993). p l90 acts
preferentially on RhoA in vitro and inhibits Rho-mediated stress fibre formation
in vivo, whereas BCR which does not act on RhoA but acts preferentially on R acl
in vitro inhibits Rac-mediated membrane ruffling in vivo. The in vivo action of
CDC42/rhoGAP is not yet clear but in vitro it has a marked preference for
CDC42Hs/G25K as a substrate.
Detailed analysis of the primary amino acid sequences of the GAP domains of
this emerging family of rac-/rhoGAPs, shows that the three regions of homology
detected between n-Chimaerin and BCR (Figure 3.6b) are conserved among
family members (Figure 6.4). There does not appear, at present, to be obvious
sequences that determine specificity towards one p21 rather than another. In
’BLOCK A ’ only two residues - a Proline and an Arginine - are invariant whereas
many other positions can be replaced by conservative substitutions. ’BLOCK B’
also has two invariant residues - a lysine and a leucine -but a few other residues
are highly conserved. ’BLOCK C’ has the highest overall conservative
substitutions but no residues are invariant. Interestingly, Proline and Leucine
residues seem to be highly conserved being found most often paired with other
highly conserved residues. It has been shown that GAP activity requires all three
blocks for maximal activity (Zheng et a l, 1993). Future experiments using domain
swapping and mutagenesis analyses are hoped to identify the precise requirements
for GAP activity and specificity.
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6.8: Conclusion
The discovery of n-Chimaerin has led to the identification of a possible novel
signal transduction pathway in neurones. The phorbol ester/DAG-binding domain,
previously only found in the PKC family, may be able to respond in a similar
manner in response to membrane-receptor-stimulated generation of DAG. Thus,
in neurones both /i-Chimaerin and PKC may be able to respond to the same
stimulus either as components of the same signalling cascade or in divergent
signalling pathways. It is therefore of interest that the areas of the brain, where
both n-Chimaerin and PKC have been found to be most highly expressed, are
involved in learning and memory processes which undergo distributional changes
after discrimination learning (Olds, 1989; 1990). The avian n-Chimaerin
homologue, which has 96% identity at the amino acid level, has also been found
to be expressed in canary brain in areas associated with song control and neuronal
plasticity (George and Clayton, 1992).
The presence in n-Chimaerin of the phorbol ester/DAG-binding domain
suggested that its racGAP activity might be regulated in neurones by receptorstimulated generation of DAG. Bacterially expressed recombinant n-Chimaerin
proteins were used to show that the GAP activity of R acl could be modulated by
lipds known to act on PKC (Ahmed et a l, 1993). Stimulation by phospholipids
required the presence of the CRD, and synergism between phospholipids and
phorbol esters in stimulating GAP activity was observed.
Whereas some members of the emerging rho-/racGAP family will act on more
than one member of the rho family, n-Chimaerin is more specific acting
preferentially on R acl. Although n-Chimaerin acts on this p21 it is not known
whether this is the true substrate in the brain. It seems likely though that this will
be a closely related member of the rho family. The recent identification of the
involvement of R acl in membrane ruffling (Ridley et a l, 1992) and Rho in the
assembly of focal adhesions and actin stress fibres (Ridley and Hall, 1992)
indicates that n-Chimaerin may possibly be involved in p21-mediated neuronal
cytoskeletal organization.
The specificity of n-Chimaerin for R acl helped to establish the novel overlay
assay which has identified other GAPs and p21-interacting proteins (Manser gfnA,
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1992). The hippocampal tyrosine-kinase pl20^^^ which binds only to the GTPbound form of CDC42Hs (Manser et al^ 1993) and the 65kDa serine/threonine
protein kinase activated by CDC42 and R acl (Manser et a l, 1994), identified
using this method are both promising candidates to act ’downstream’ of members
of the Rho subfamily. Further experiments will need to be directed at establishing
whether or not these molecules or others form components of unique signal
transduction pathways which may or may not include GAPs such as n-Chimaerin,
The antibodies described in this thesis confirmed the neuronal distribution of
n-Chimaerin, but also detected cross-reactive or related species. The proteins
detected by Antibody [B] may like the overlay assay be detecting as yet
unidentified GAPs. The specificity of Antibody [A*^] led to the detection and
subsequent purification of an «-Chimaerin variant with an alternative N-terminal
domain. This SH2-Chimaerin variant would be expected to subserve other
specialized functions related to its binding to different cellular components.
To facilitate the further understanding of the specific role of «-Chimaerin in
signal transduction will require the generation of antibodies which will
discriminate between the p45 and p35 forms, the spatial and temporal conditions
under which these two forms are generated, and, the role of these forms in downregulating the activities of the p21 Rho subfamily members.
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Appendix A: H631.2 Sequencing Project showing full-alignment display
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6 3 1 2 M IN 2 (1 , 1 9 7 )
6 3 1 2 P L U S (1 , 3 1 0 )
M N 1 3 0 'E ( 1 , 2 3 5 ) •
M N 130•A ( 1 , 1 3 4 ) '
M M 12011 ( 1 , 3 4 6 ) •
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30v
40v
50v
60v
70v
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GAATTCACAAGGAAAGAAAACCTATAGTGGTCTATGTCTGTCGATGATATCTATTCAGCTAACACATGAGCATTCTGCCA
GAATTCAcAAGGAAAGAAAACCTATAGTGGTCTATGTCTGTCGATGATATCTATTCAGCTAACACATGAGCATTCTGCCA
GAATTCACAAGGAAAGAAAACCTATAGTGGTCTATGTCTGTCGATGATATCTATTCAGCTAACACATGAGCATTCTGCCA
GAATTCACAAGGAAAGAAAACCTATAGTGGTCTATGTCTGTCGATGATATCTATTCAGCTAACACATGAGCATTCTGCCA
CTAACACATGAGCATTCTGCCA

con sensus

GAATTCACAAGGAAAGAAAACCTATAGTGGTCTATGTCTGTCGATGATATCTATTCAGCTAACACATGAGCATTCTGCCA

6 3 1 2 M I N 2 ( 1 ,1 9 7 )
6 3 1 2 P L U S (1 , 3 1 0 )
M N 1 3 0 'E (1 , 2 3 5 ) '
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P 4 0 0 M I N 5 ( 1 ,2 4 4 )
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lO O v
IIO v
120v
130v
140v
150v
160v
GGCAGCACAGAACCCTAACCTACAGAGAGCTGCAGAGAAACACCACGGAGAGGTGGAGGAGGAGGATGAAGCACTTCTTA
GGCAGCACAGAACCCTAACCTACAGAGAGCTGCAGAGAAACACCACGGAGAGGTGGAGGAGGAGGATGAAGCACTTCTTA
GGCAGCACAGAACCCTAACCTACAGAGAGCTGCAGAGAAACACCACGGAGAGGTGGAGGAGGAGGATGAAGCACTTCTTA
GGCAGCACAGAACCCTAACCTACAGAGAGCTGCAGAGAAACACCACGGAGAGGT
GGCAGCACAGAACCCTAACCTACAGAGAGCTGCAGAGAAACACCACGGAGAGGTGGAGGAGGAGGATGAAGCACTTCTTA
CTGCAGAGAAACACCACGGAGAGGTGGAGGAGGAGGATGAAGCACTTCTTA

con sensus
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con sensus

6 3 1 2 P L U S (1 ,3 1 0 )
M N 1 2 0 1 1 ( 1 ,3 4 6 ) '
P 4 0 0 M I N 5 ( 1 ,2 4 4 )
P 4 0 0 M N 1 5 (1 , 3 0 2 ) '
MN15 " 7 ( 1 , 1 8 1 ) '
con sensus

M N 1 2 0 1 1 ( 1 ,3 4 6 ) '
P 4 0 0 M I N 5 ( 1 ,2 4 4 )
P 4 0 0 M N 1 5 (1 , 3 0 2 ) '
M N 1 5 " 7 (1 ,1 8 1 ) '
M N 2 1 0 '1 0 ( 1 ,4 6 4 )
M N 2 1 0 '7 ( 1 ,3 0 0 )
M N 2 1 0 '1 ( 1 ,4 0 7 )
con sensus

M N 1 2 0 1 1 ( 1 ,3 4 6 ) '
P 4 0 0 M N 1 5 (1 , 3 0 2 ) '
M M 1 5 " 7 (1 ,1 8 1 )'
M N 2 1 0 '1 0 ( 1 ,4 6 4 )
M N 2 1 0 '7 ( 1 ,3 0 0 )
M N 2 1 0 '1 ( 1 ,4 0 7 )
con sensus

P 4 00 H N 1 5 ( 1 , 3 0 2 ) '
H N 2 1 O '1 0 ( 1 , 4 6 4 )
M N 210' 7 ( 1 ,3 0 0 )
M N 210'1 ( 1 , 4 0 7 )
M N 1 2 0 1 2 (1 , 3 4 8 ) '
con sensus

21 Ov
220v
170v
180v
190v
200v
230v
240v
AACAGAGGTCGACTAACCAGcAAATTCTTCTTTCTTCC
AACAGAGGTCGACTAACCAGcAAATTCTTCTTTCTTCCtTTTTtttTCTTAAAGGGATCTATATTCTAGCTTCTAAAAaC
AACAGAGGTCGACTAACCAGCAAATTCTTCTTTCTTCCTTTTTTTTTCTTAAAGGGATCTATATTCTAGCTTCT
AACAGAGGTCGACTAACCAGCAAATTCTTCTTTCTTCCTTTTTTTTTCTTAAAGGGATCTATATTCTAGCTTCTAAAAAC
AACAGAGGTCGACTAACCAGcAAATTCTTCTTTCTTCctTTTTTTTTCTTAAAGGGATCTATATTCTAGCTTCTAAAAac
TTTTTTTTcTtAAAGGGATCTATATTcTAGCTTCTAAAAaC
TTCTAGCTTCTAAAAAC
AACAGAGGTCGACTAACCAGCAAATTCTTCTTTCTTCCTTTTTTTTTCTTAAAGGGATCTATATTCTAGCTTCTAAAAAC
250v
260v
270v
280v
290v
300v
310v
320v
TTGAGTCTGAACAGAAaTaAAAAGAAAGAGTCGATGCTAaCATACA
TTGAGTCTGAACAGAAATAAAAAGAAAGAGTCGATGCTAACATACAAAACACTCAGCATCTCTCTTTATCATTTTTTAAA
TTGAGTCTGAACAGAAATAAAAAGAAAGAGTCGATGCTAACATACAAAACACTCAGCATCTCTCTTTATCATTTttTAAA
TTGAGTCTGAACAGAAATAaAAAGAAAGAGTCGATGCTAACATACAAAACACTCAGCATCTCTCTTTATCATTTTTTAAA
TTGAGTCTgAACAGAAATAAAAAGAAAGAGTCGATgCTAACATACAAAACACTCAGCATCTCTCTTTATCATTTTTTAAA
TTGAGTCTGAACAGAAATAAAAAGAAAGAGTCGATGCTAACATACAAAACACTCAGCATCTCTCTTTATCATTTTTTAAA
330v
340v
350v
360v
370v
380v
390v
400v
AGGCATGCAATTTTGACAAATGATACATTTCTAAAAGCTTTCTTCTCTATTCAAGATATTAATGTCCATTCTGAATGAAA
AGGCATGCAATTTTGACAAATGATACATTTCTAAAAG
AGGCATGCAATTTTGACAAATGATACATTTCTAAAAGCTTTCTTCTCTATTCAAGATATTAATGTCCATTCTGAATGAAA
AGGCATGCAATTTTGACAAATGATACATTTCTAAAAGCTTTCTTCTCTATTCAAGATATTAATGTCCATTCTGAATGAAA
AGGcATgCAATTTTGACAAATGATACATTTCTAAAAGCTTTCTTCTCTATTCAAGATATTAATGTCCATTCTGAATGAAA
CAAGATATTAATGTCCATTCTGAATGAAA
GAAA
AGGCATGCAATTTTGACAAATGATACATTTCTAAAAGCTTTCTTCTCTATTCAAGATATTAATGTCCATTCTGAATGAAA
410v
420v
430v
440v
450v
460v
470v
480v
GATGC
GATGCCTACATACTGCCTGCAATCaGTTTCTAGCAACAGACACCCTATGAaGCCCCTAGCAGGGAAGGTGGGGGGAAGGG
GATGCC
GATGCCTACATACTGCCTGCAATCAGTTTCTAGCAACAGACACCCTATGAAGCCCCTAGCAGGGAAGGTGGGGGGAAGGG
GATGCCTACATACTGCCTGCAATCAGTTTCTAGCAACAGACACCCTATGAAGCCCCTAGCAGGGAAGGTGGGGGGAAGGG
GATGCCTACATACTGCCTGCAATCAGTTTCTAGCAACAGACACCCTATGAAGCCCCTAGCAGGGAAGGTGGGGGGAAGGG
GATGCCTACATACTGCCTGCAATCAGTTTCTAGCAACAGACACCCTATGAAGCCCCTAGCAGGGAAGGTGGGGGGAAGGG
490v
500v
510v
520v
530v
540v
550v
560v
AGGGAAACTAATAGGGCTGCAG
AGGGAAACTAATAGGGCTGCAGTTCACAAATCAAAACAAGAGGGCCGTCAGCAAGATTTATTGATAGCAGCCTTGGGAAT
AGGGAAACTAATAGGGCTGCAGTTCACAAATCAAAACAAGAGGGCCGTCAGCAAGATTTATTGATAGCAGCCTTGGGAAT
AGGGAAACTAATAGGGCTGCAGTTCACAAATCAAAACAAGAGGGCCGTCAGCAAGATTTATTGATAGCAGCCTTGGGAAT
AAACTAATAGGGCTGCAGTTCACAAATCAAAACAAGAGGGCCGTCAGCAAGATTTATTGATAGCAGCCTTGGGAAT
AGGGAAACTAATAGGGCTGCAGTTCACAAATCAAAACAAGAGGGCCGTCAGCAAGATTTATTGATAGCAGCCTTGGGAAT
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M N 2 1 0 '1 0 ( 1 ,4 6 4 )
M N 2 1 0 '7 ( 1 ,3 0 0 )
M N 2 1 0 '1 ( 1 , 4 0 7 )
M N 1 2 0 1 2 (1 , 3 4 8 ) •
M N 2 1 5 '5 ( 1 ,4 2 3 )

570v
580v
590v
600v
6 1 Ov
620v
630v
640v
GAAACTGGGTTCTCCAAAGTCGTCTGTGACAATCTGGCAACCTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTG
GAAACTGGGTTCTCCAAAGTCGTCTGTGACAATCTGGCAACCTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTG
GAAACTGGGTTCTCCAAAGTCGTCTGTGACAATCTGGCAACCTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTG
GAAACTGGGTTCTCCAAAGTCGTCTGTGACAATCTGGCAACCTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTG
CAaCCTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTG

con sensus

GAAACTGGGTTCTCCAAAGTCGTCTGTGACAATCTGGCAACCTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTG

M N 2 1 0 '1 0 ( 1 ,4 6 4 )
M N 2 1 0 '7 ( 1 ,3 0 0 )
M N 2 1 0 '1 ( 1 , 4 0 7 )
M N 1 2 0 1 2 ( 1 ,3 4 8 ) '
M N 2 1 5 '5 ( 1 ,4 2 3 )
M N 1 5 '' 5 ( 1 , 3 0 0 ) '
M N 1 5 ''1 2 ( 1 , 3 0 0 ) '
M N 1 1 5 1 2 ( 1 ,3 4 7 ) '
6 3 1 2 X 1 5 ( 1 ,2 4 7 ) '
con sensus

M N 2 1 0 '1 0 ( 1 ,4 6 4 )
M N 2 1 0 '1 ( 1 , 4 0 7 )
M N 1 2 0 1 2 ( 1 ,3 4 8 ) '
M N 2 1 5 '5 ( 1 ,4 2 3 )
M N 1 5 ''5 ( 1 , 3 0 0 ) '
M N 1 5 ''1 2 ( 1 , 3 0 0 ) '
M N 1 1 5 1 2 ( 1 ,3 4 7 ) '
6 3 1 2 X 1 5 ( 1 ,2 4 7 ) '
M N 1 5 ''9 ( 1 , 2 7 9 ) '
con sensus

M N 2 1 0 '1 ( 1 ,4 0 7 )
M N 1 2 0 1 2 (1 , 3 4 8 ) '
M N 2 1 5 '5 ( 1 ,4 2 3 )
M N 1 5 ''5 ( 1 , 3 0 0 ) '
M N 1 5 ''1 2 ( 1 , 3 0 0 ) '
M N 1 1 5 1 2 ( 1 ,3 4 7 ) '
6 3 1 2 X 1 5 ( 1 ,2 4 7 ) '
M N 1 5 ''9 ( 1 , 2 7 9 ) '
con sensus

M N 2 1 5 '5 ( 1 ,4 2 3 )
M N 1 5 '' 5 ( 1 , 3 0 0 ) '
M N 1 5 ''1 2 ( 1 , 3 0 0 ) '
M N 1 1 5 1 2 ( 1 ,3 4 7 ) '
6 3 1 2 X 1 5 ( 1 ,2 4 7 ) '
M N 1 5 ''9 ( 1 , 2 7 9 ) '
6 3 1 2 X 2 3 ( 1 ,3 0 0 )
con sensus

M N 2 1 5 '5 ( 1 ,4 2 3 )
MN1 1 5 1 2 ( 1 , 3 4 7 ) '
6 3 1 2 X 1 5 ( 1 ,2 4 7 ) '
M N 1 5 "9 (1 ,2 7 9 ) '
6 3 1 2 X 2 3 ( 1 ,3 0 0 )
M N 1 1 0 "6 (1 ,3 2 2 ) '
con sensus

650v
660v
670v
680v
690v
700v
71 Ov
720v
TTAGAAGAGCAACTCTGAAAGAAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGA
TTAGAAGAGCAACTCTGAAAGAAAACGAGCA
TTAGAAGAGCAACTCTGAAAGAAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGA
TTAGAAGAGCAACTCTGAAAGAAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGA
TTAGAAGAGCAACTCTGAAAGAAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGA
CTCTGAAaGaAAACGAGCAAaTTCCAAAaTATGaAAAGATTCACAATTtCAAgGTGCATACATTCAGA
AAGAAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGA
AAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGA
GA
TTAGAAGAGCAACTCTGAAAGAAAACGAGCAAATTCCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGA
730v
740v
750v
760v
770v
780v
790v
800v
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGgTCTCATTGCTCAGGGAGTGAAA
GGGCCACACTGGTGTGAATACTGTGCCAaCTTTATGTGGGGTCTCATTGCTCAGGGAGTGAAaTGTGCAGaTTGTGGtTT
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTT
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTT
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTT
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTT
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGGTCTCATTGCTCAGGGA6TGAAATGTGCAGATTGTGGTTT
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTT
TTgCTCAgGGAGTGAAATGTGCAGATTGTGGTTT
GGGCCACACTGGTGTGAATACTGTGCCAACTTTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTT
840v
860v
8 1 Ov
820v
830v
850v
870v
880v
GAaTG
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCC
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAaGGTGTACAGCT
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCT
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCT
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCT
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCT
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCT
GAATGTTCATAAGCAGTGTTCCAAGATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCT
890v
900v
91 Ov
920v
930v
940v
950v
960v
GTGACCtTACGACGCTCGTGAAaGCACATACcACTAaGCGGCCAaTGGTGGTAGACATGTGCATCAGGGAGATTGAGTCT
GTGACCTTACGACGCTCGTGAAAGCACATACCACTAAGCGGCCAATGGTGGTAGACATGTGCATCAGGGAGATTGAGTC
GTGACCTTACGACGCTCGTGAAAGCACATACCACTAAGCGGCCAATGGTGGTAGACATGTGCATCAGGGAGATTGAGTC
GTGACCTTACGACGCTCGTGAAAGCACATACCACTAAGCGGCCAATGGTGGTAGACATGTGCATCAGGGAGATTGAGTCT
GTGACCTTACGACGCTCGTGAAAGCACATACCACTAAGCGGCCAATGGTGGTAGACATGTGCATCAGGGAGATTGAGTCT
GTGACCTTACGACGCTCGTGAAAGCACATACCACTAAGCGGCCAATGGTGGTA6ACATGTGCATCAGGGAGATTGAGTCT
TCT
GTGACCTTACGACGCTCGTGAAAGCACATACCACTAAGCGGCCAATGGTGGTAGACATGTGCATCAGGGAGATTGAGTCT
970v
980v
990v
lO O O v
lO IO v
1020v
1030v
1040v
AGAGGTCTTAATTCTGAAGGACTATACCGAGTATCAGGATTtAGTGACCTAaTTGAaGAtGTCaAGATG
AGAGGTCTTAATTCTGAAGGACTATACCGAGTATCAGGATTTAGTGACC
AGA
AGAGGTCTTAATTCTGAAGGACTATACCGAGTATCAGGATTTAGTGACCTAATTGAAGATGTCAAGATGGCTTTCGACAG
AGAGGTCTTAATTCTGAAGGACTATACCGAGTATCAGGATTTAGTGACCTAATTGAAGATGTCAAGATGGCTTTCGACAG
TTCTGAAGGACTATACCGAGTATCAGGATTTAGTGACCTAATTGAAGATGTCAAGATGGCTTTCGACAG
AGAGGTCTTAATTCTGAAGGACTATACCGAGTATCAGGATTTAGTGACCTAATTGAAGATGTCAAGATGGCTTTCGACAG
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M N 15*'9 ( 1 , 2 7 9 ) '
6 3 1 2 X 2 3 ( 1 ,3 0 0 )
M N 1 1 0 ''6 ( 1 , 3 2 2 ) '
M N 2 1 5 '6 ( 1 ,1 3 1 )
M N 1 3 Q 'C ( 1 ,2 7 6 ) '
M N 1 3 0 'F ( 1 ,2 5 7 ) '
M N 1 3 0 " 2 ( 1 ,2 5 5 )'
M N 2 2 0 '2 ( 1 ,4 2 7 )
con sensus

6 3 1 2 X 2 3 ( 1 ,3 0 0 )
M N 1 1 0 ''6 ( 1 , 3 2 2 ) '
M N 2 1 5 '6 ( 1 ,1 3 1 )
M N 1 3 0 'C ( 1 ,2 7 6 ) '
M N 1 3 0 'F ( 1 ,2 5 7 ) '
M N 1 3 0 '' 2 ( 1 , 2 5 5 ) '
M N 2 2 0 '2 ( 1 ,4 2 7 )
M N 1 2 0 'H ( 1 ,3 6 8 ) '
H 6 3 1 M 2 F 1 ( 1 ,6 9 ) '
h 6 3 m s 2 f 2 ( 1 ,6 8 ) '
h 6 3 1 m 2 d 1 ( 1 ,7 0 )
h 6 3 1 m s 2 f ( 1 ,6 8 ) '
con sensus

6 3 1 2 X 2 3 ( 1 ,3 0 0 )
M N 1 1 0 ''6 ( 1 , 3 2 2 ) '
M N 1 3 0 'C (1 , 2 7 6 ) '
M N 1 3 0 'F ( 1 ,2 5 7 ) '
M N 1 3 0 " 2 ( 1 ,2 5 5 )'
M N 2 2 0 '2 ( 1 ,4 2 7 )
M N 1 2 0 'H ( 1 ,3 6 8 ) '
H 6 3 1 M 2 F 1 ( 1 ,6 9 ) '
h 6 3 m s 2 f 2 ( 1 ,6 8 ) '
h 6 3 1 m 2 d 1 ( 1 ,7 0 )
h 6 3 1 m s 2 f ( 1 ,6 8 ) '
M N 1 2 0 ''7 ( 1 , 3 6 0 ) '
h 6 3 1 1 3 a 1 ( 1 ,1 2 4 )'
h 6 3 1 p s 1 ( 1 ,2 9 7 )
con sensus

M N 1 1 0 ''6 ( 1 , 3 2 2 ) '
M N 1 3 0 'C (1 , 2 7 6 ) '
M N 1 3 0 'F ( 1 ,2 5 7 ) '
M M 1 3 0 " 2 (1 ,2 5 5 )'
M N 2 2 0 '2 ( 1 ,4 2 7 )
M N 1 2 0 'H (1 , 3 6 8 ) '
M N 1 2 0 ''7 ( 1 , 3 6 0 ) '
h 6 3 1 1 3 a 1 (1 ,1 2 4 ) '
h 6 3 1 p s 1 ( 1 ,2 9 7 )
con sensus

M N 1 3 0 'F ( 1 ,2 5 7 ) '
M H 1 3 0 " 2 ( 1 ,2 5 5 ) «
M N 2 2 0 '2 ( 1 ,4 2 7 )
M N 1 2 0 'H (1 , 3 6 8 ) '
M N 1 2 0 ''7 ( 1 , 3 6 0 ) '
h 6 3 1 1 3 a 1 (1 ,1 2 4 ) '
h 6 3 1 p s 1 ( 1 ,2 9 7 )
h 6 3 1 6 b ( 1 ,4 1 ) '
h 6 3 1 a 1 3 a ( 1 ,1 0 8 )
h 6 3 a1 3 1 ( 1 ,1 0 8 )
M N 1 1 5 1 1 ( 1 ,3 1 0 ) '

1050V
1060V
1070V
1080v
1090v
IIO O v
IIIO v
1120v
AGATG
AGATGGTGAGAAGGCAGATATTTCTGTGAACATGTATGAAGATATCAACATTATCACTGGTGCACTTAAACTGTACTTCA
AGATGCTGAGAAGGCAGATATTTCTGTGAACATGTATGAAGATATCAACATTATCACTGGTGCACTTAAACTGTACTTCA
GaGAaGgCaGATATTTCTGTGAACATGTATGAAGAtATCAACATTATCACTGGTGCACTTAAACTGTACTTCA
GAAGATATCAACATTATCACTGGTGCACTTAAACTGTACTTCA
AAACTGTACTTCA
CTTCA
A
AGATGGTGAGAAGGCAGATATTTCTGTGAACATGTATGAAGATATCAACATTATCACTGGTGCACTTAAACTGTACTTCA
1130V
1140V
1150V
1160V
1170v
1180v
1190v
1200v
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAA
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
TCTCCCAAAATTATGGATCCGGATGAG
CGGATGAG
GGATGAG
GGATGAG
GGATGAG
GGGATTTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
1210V
1220V
1230V
1240v
1250v
1260v
1270v
1280v
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACcTGCTCACTGCGAAACCcT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCcTCCGGTACCTCATGGCACATCT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCACATCT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCACATCT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCACATCT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCACATCT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCACATCT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCC
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCC
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTC
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTC
CCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCACATCT
CGGTACCTCATGGCACATCT
ACCTCATGGCACATCT
CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCACATCT
1290v
1300V
1310v
1320V
1330V
1340V
1350V
1360V
AAAGAGAGTGACCC
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCC
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
AAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCCACCCTTATGA
1370V
1380v
1390V
1400v
1410v
1420v
1430v
1440v
GATC
GATCTCC
GATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGAGCTGCTTATCAAAAAC
GATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGAGCTGCTTATCAAAAAC
GATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGAGCTGCTTATCAAAAAC
GATCTCCAGAACTAGACGCCATGG
GATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGAGCTGCTTATCAAAAAC
CTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGAG
CTGCTTATCAAAAAC
CTGCTTATCAAAAAC
AAAAAC
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con sensus

M N 2 2 0 '2 ( 1 ,4 2 7 )
M N 1 2 0 'H ( 1 ,3 6 8 ) '
M N 1 2 0 ''7 ( 1 , 3 6 0 ) '
h 6 3 1 p s1 ( 1 ,2 9 7 )
h 6 3 1 a 1 3 a (1 ,1 0 8 )
h 6 3 a 1 3 1 ( 1 ,1 0 8 )
M N 1 1 5 1 1 ( 1 ,3 1 0 ) '
M N 1 1 5 " 1 ( 1 ,2 9 8 )'
con sensus

M N 2 2 0 '2 ( 1 ,4 2 7 )
M N 1 2 0 'H ( 1 ,3 6 8 ) '
M N 1 2 0 '' 7 ( 1 , 3 6 0 ) '
h 6 3 1 p s 1 ( 1 ,2 9 7 )
h 6 3 1 a 1 3 a ( 1 ,1 0 8 )
h 6 3 a 1 3 1 (1 ,1 0 8 )
M N 1 1 5 1 1 ( 1 ,3 1 0 ) '
M N 1 1 5 " 1 ( 1 ,2 9 8 )'
h 6 3 1 6 a b (1 ,1 6 1 ) '
h 6 3 a 1 3 c 2 (1 ,8 4 )
M N 1 0 'A ( 1 ,3 1 0 ) '
M N 1 1 0 '' 3 ( 1 , 3 0 2 ) '
M M 2 1 0 '1 2 ( 1 , 3 8 9 )
con sensus

M N 1 1 5 1 1 ( 1 ,3 1 0 ) '
M N 1 1 5 ''1 ( 1 , 2 9 8 ) '
h 6 3 1 6 a b (1 ,1 6 1 ) '
h 6 3 a 1 3 c 2 (1 ,8 4 )
M N 1 0 'A ( 1 ,3 1 0 ) '
M N 1 1 0 '' 3 ( 1 , 3 0 2 ) '
M N 2 1 0 '1 2 ( 1 , 3 8 9 )
h 6 3 a 1 3 c 3 (1 ,7 7 )
con sensus

M N 1 1 5 1 1 ( 1 ,3 1 0 ) '
M N 1 1 5 ''1 ( 1 , 2 9 8 ) '
h 6 3 1 6 a b (1 ,1 6 1 ) '
M N 1 0 'A ( 1 ,3 1 0 ) '
M N 1 1 0 ''3 ( 1 , 3 0 2 ) '
M N 2 1 0 '1 2 ( 1 , 3 8 9 )
h 6 3 a 1 3 c 3 (1 ,7 7 )
h 6 3 1 6 a a ( 1 ,2 9 6 )
h 6 3 1 a 1 3 b ( 1 ,1 8 7 )
h 6 3 a 1 3 c 4 (1 ,6 4 )
h 6 3 1 p s 7 ( 1 ,3 0 4 )'
M N 1 3 0 'D ( 1 ,2 7 0 ) '
M N 2 1 5 '2 ( 1 ,4 3 0 )
con sensus

M N 1 1 5 " 1 ( 1 ,2 9 8 )'
M N 1 0 'A ( 1 ,3 1 0 ) '
M N 1 1 0 ''3 ( 1 , 3 0 2 ) '
M N 2 1 0 '1 2 ( 1 , 3 8 9 )
h 6 3 1 6 a a ( 1 ,2 9 6 )
h 6 3 1 a 1 3 b ( 1 ,1 8 7 )
h 6 3 1 p s 7 (1 ,3 0 4 ) '
M N 1 3 0 'D ( 1 ,2 7 0 ) '

GATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGAGCTGCTTATCAAAAAC
H50v
1460v
1470V
1480v
1490v
IS O O v
IS lO v
1520v
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
AAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
GAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGGAATGTTTTATAGTAATTTAA
1530V
1540V
1550v
1560v
1570v
1580v
1590v
1600v
TTTGCTCCTGTAGCTGCATTATTTCTTGATTAGAGGTTTGGG
TTTGCTCCTGTAGCTGCATTATTTCT
TTTGCTCCTGTAGCTGCATTATTTCTTGATTAGAGGTTTGGGCATATAAC
TTTGCTCCTGTAGCTGCATTATTTCTTGATTAGAGGTTTGG
TTTGCTCCTGTAG
TTTGCTCCTGTAG
TTTGCTCCTGTAGCTGCATTATTTCTTGATTAGAGGTTTGGGCATATAACCAGATTAAAGTGAAGGAACTTTCTGTTGTT
TTTGCTCCTGTAGCTGCATTATTTCTTGATTAGAGGTTTGGGCATATAACCAGATTAAAGT6AAGGAACTTTCTGTTGTT
CTGCATTATTTCTTGATTAGAGGTTTGGGCATATAACCAGATTAAAGTGAAGGAACTTTCTGTTGTT
CTGCATTATTTCTTGATTAGAGGTTTGGGCATATAACCAGATTAAAGTGAAGGAACTTTCTGTTGTT
ATTATTTCTTGATTAGAGGTTTGGGCATATAACCAGATTAAAGTGAAGGAACTTTCTGTTGTT
GGCATATAACCAGATTAAAGTGAAGGAACTTTCTGTTGTT
GGAACTTTCTGTTGTT
TTTGCTCCTGTAGCTGCATTATTTCTTGATTAGAGGTTTGGGCATATAACCAGATTAAAGTGAAGGAACTTTCTGTTGTT
1610v
1620V
1630V
1640v
1650v
1660v
1670v
1680v
TTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
TTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
TTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
TTTGTAGCACCGCTCAG
TTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
TTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
TTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
CTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
TTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTGGTTCTAGTAATCCTGGGTGTTTATCACGTT
1690V
1700V
1710V
1720v
1730v
1740v
1750v
1760v
CAGAGAAACTCAAGCTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAA
CAGAGAAACTCAAGCTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
CAGAGAAACTCAAG
CAGAGAAACTCAAGCTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
CAGAGAAACTCAAGCTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
CAGAGAAACTCAAGCTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
CAGAGAAACTCAAG
CTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
CTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
CTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAA
TTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
GGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
AAACAACAAACCTGCGCC
CAGAGAAACTCAAGCTATTGCATGATTAGCCCCCTATCTGGCAAGGAAACCCCATACAGAAGAAACAACAAACCTGCGCC
1770v
1780v
1790v
1800v
1810v
1820v
1830v
1840v
TGCACCGCCTCTGC
TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
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M N 2 1 5 '2 ( 1 ,4 3 0 )
M N 2 5 'A ( 1 ,4 2 1 )
M M 1 5 " 3 (1 ,2 3 5 ) '

TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
CGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT
TGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT

con sensus

TGCACCGCCTCTGCGTCCTGGGTAGTCTGTGCTTGTAATCCAGCATGTTTCACAGAGTAAGCCTGTTGTGACTTTGCTTT

M N 1 0 'A ( 1 ,3 1 0 ) '
M N 1 1 0 '" 3 ( 1 , 3 0 2 ) '
H N 2 1 0 "1 2 ( 1 , 3 8 9 )
h 6 3 1 6 a a ( 1 ,2 9 6 )
h 6 3 1 a 1 3 b ( 1 ,1 8 7 )
h 6 3 1 p s 7 ( 1 ,3 0 4 ) "
M N 1 3 0 " D (1 ,2 7 0 )"
M N 2 1 5 " 2 ( 1 ,4 3 0 )
M N 25*A (1 , 4 2 1 )
M N 15 "" 3 ( 1 , 2 3 5 ) "

1890V
1850V
1860v
1870v
1880v
1900V
1910V
1920V
TGGGGTCTATGTCATTGGT
TGGGGTCTATGTCATTGGTTTCTG
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACA
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACA
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACA
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACA
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACA
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCT6TTACA
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACA
TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACA

con sensus

TGGGGTCTATGTCATTGGTTTCTGATGCTTGTACAAACACGCACACACAAATGGATAAAACAGCACCTCTGGCTGTTACA

M N 2 1 0 " 1 2 (1 ,3 8 9 )
h 6 3 1 6 a a ( 1 ,2 9 6 )
h 6 3 1 p s 7 ( 1 ,3 0 4 ) "
M N 1 3 0 " D (1 ,2 7 0 )"
M N 2 1 5 " 2 ( 1 ,4 3 0 )
M N 2 5 'A (1 ,4 2 1 )
M N 15"" 3 ( 1 , 2 3 5 ) "
h 6 3 1 p i( 1 ,2 2 8 ) "

1930V
1940v
1950V
1960v
1970v
1980v
1990v
2000v
TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAG
TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAGTTCTTC
TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGT
TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCT
TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTC
TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTC
TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTC
AACATAGTACTTTC

con sensus

TTACCATAAACCATATCACATGCCTACATTTTACAAATGATTTCTGGTTTCTCTTAGTTCTTCTCTAACATAGTACTTTC

M N 2 1 5 " 2 ( 1 ,4 3 0 )
M N 2 5 'A (1 ,4 2 1 )
M N 15"" 3 ( 1 , 2 3 5 ) "
h 6 3 1 p 1 ( 1 ,2 2 8 ) "
M N 2 1 0 " 5 ( 1 ,1 5 2 )
h 6 3 1 p s 6 ( 1 ,1 4 1 )

201Ov
202ÛV
2030V
2040v
2050v
2060v
2070v
2080v
TTTCCAGCAAAAGCAAAATGTGTTTTCAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACA
TTTCCAGCAAAAGCAAAATGTGTTTTCAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACA
TTTCCAGCAAAAGCAAAATGTGTTTTCAGATT
TTTCCAGCAAAAGCAAAATGTGTTTTCAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACA
AAAGGTTATCCATACCAATAAAAAGTGTACAACACA
ACAACACA

con sensus

TTTCCAGCAAAAGCAAAATGTGTTTTCAGATTTGTTACTTTAATAAAGGTTATCCATACCAATAAAAAGTGTACAACACA

M N 2 1 5 " 2 ( 1 ,4 3 0 )
M N 2 5 'A ( 1 ,4 2 1 )
h 6 3 1 p 1 ( 1 ,2 2 8 ) "
M N 2 1 0 " 5 ( 1 ,1 5 2 )
h 6 3 1 p s 6 ( 1 ,1 4 1 )
con sensus

H N 2 1 5 " 2 ( 1 ,4 3 0 )
M M 25 'A (1 ,4 2 1 )
h 6 3 1 p i( 1 ,2 2 8 ) "
M N 2 1 0 '5 ( 1 ,1 5 2 )
h 6 3 1 p s 6 ( 1 ,1 4 1 )
con sensus

2090v
2100V
2110V
2120v
2130v
2140v
2150v
2160v
GCATTTTCTGTTAAATTATTATTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATT
GCATTTTCTGTTAAATTATTATTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATT
GCATTTTCTGTTAAATTATTATTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATT
GCATTTTCTGTTAAATTATTATTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATT
GCATTTTCTGTTAAATTATTATTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATT
GCATTTTCTGTTAAATTATTATTGGTTTTCAGTTGTAATTTGGTATTTTTTCTGGCATGCGTTTATTAATTTATTAAATT
2170v
2180V
2190V
2200v
GGCTTTTAGAAATAAAAAAAAAA
GGCTTTTAGAAATAAAAAAAAAA
GGCTTTTAGAAATAAAAAAAAAA
GGCTTTTAGAAATAAAAAAAAAAAAAACGGAATTC
GGCTTTTAGAAATAAAAAAAAAA

2210V

2220V

2230V

2240V

GGCTTTTAGAAATAAAAAAAAAAAAAACGGAATTC
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Appendix B
MAPSEQ V5.20 H6312.SEQ (1,2195)
Reading frames: 1 2 3
Enzyme file 6bRES.Enz

E
C
R
1

E
C
R
V

GAATTCACAAGGAAAGAAAACCTATAGTGGTCTATGTCTGTCGATGATATCTATTCAGCTAACACATGAGCATTC
CTTAAGTGTTCCTTTCTTTTGGATATCACCAGATACAGACAGCTACTATAGATAAGTCGATTGTGTACTCGTAAG
e

f

t

n

r

s
i

k

q
h

g
k

e n
k k
e r k

l
. w s m
t y s g l c
p i v v y v

s
l
c

v
s
r

d d i y s a n t . a f
m i s i q l t h e h s
. y l f s . h r o s i

I

P
S
T
1
TGCCAGGCAGCACAGAACCCTAACCTACAGAGAGCTGCAGAGAAACACCACGGAGAGGTGGAGGAGGAGGATGAA

+------ . ----- +----- . ------ +----- . ------ +----- . ------ +----- . ------ +----- . ------ +----- . -------+ 150
ACGGTCCGTCGTGTCTTGGGATTGGATGTCTCTCGACGTCTCTTTGTGGTGCCTCTCCACCTCCTCCTCCTACTT

c

q
a

a
r

p

a
q

g

q
h

s

r
t

n p n l q r a a e k h h g e v e e e d e
t l t y r e l q r n t t e r w r r r r o k
e p . p t e s c r e t p r r g g g g g . s

+ --------- . -------- + ------- . --------- + --------. --------- + --------. --------- + ------- . --------- + ------- . --------- + --------. -------- +

X
M
N
1

S
A
L
1

GCACTTCTTAAACAGAGGTCGACTAACCAGCAAATTCTTCTTTCTTCCTTTTTTTTTCTTAAAGGGATCTATATT
^—
^—
—
— — ^—
^ —^ —
™^ "
~
CGTGAAGAATTTGTCTCCAGCTGATTGGTCGTTTAAGAAGAAAGAAGGAAAAAAAAAGAATTTCCCTAGATATAA
a

225

I

h

I k q r s t n q q i
I I s s f f f l k g i y i
f l n r g r l t s k f f f l p f f f l k g s i
f
t s .
t e v d . p a n s s f f l f f s . r d l y s

CTAGCTTCTAAAAACTTGAGTCTGAACAGAAATAAAAAGAAAGAGTCGATGCTAACATACAAAACACTCAGCATC
+------. ----- +------. ------+------. ------+------. ------+----- . ------+----- . ------ +----- . ------- + 300
GATCGAAGATTTTTGAACTCAGACTTGTCTTTATTTTTCTTTCTCAGCTACGATTGTATGTTTTGTGAGTCGTAG
l

a

.

s k n l s l n r n k k k e s m l t y k t l s i
I I k t . v . t e i k r k s r c . h t k h s a s
s f
.k l e s e q k . k e r v d a n i q n t q h
I
+----- . ----- +
.
+
. ------+
.
+
.
+
.
+
. ------ +
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D
R
A
1

s
P

H
I
N
3

H
1

TCTCTTTATCATTTTTTAAAAGGCATGCAATTTTGACAAATGATACATTTCTAAAAGCTTTCTTCTCTATTCAAG
a g a g Âa a t a g t a a a a a a t t t t c c g t a c g t t a a a a c t g t t t a c t a t g t a a a g a t t t t c g a a a g a a g a g a t a a g t t c

s

l y h f l k g m q f . q m i h f . k l s s l f k
I f i
i f . k a c n f d k . y i s k s f l l y s r
s l s f f k r h a i
I t n d t f l k a f f s i q d

ATATTAATGTCCATTCTGAATGAAAGATGCCTACATACTGCCTGCAATCAGTTTCTAGCAACAGACACCCTATGA
+----- , ------+----- . ------+------ . ----- +----- . ------+------. ------+------. ------+----- .
+ 450
TATAATTACAGGTAAGACTTACTTTCTACGGATGTATGACGGACGTTAGTCAAAGATCGTTGTCTGTGGGATACT
i
y

I m s i
I n e r c l h t a c n q f l a t d t l
.
. c p f . m k d a y i
I p a i s f . q q t p y e
i n v h s e
. k m p t y c
I q s v s s n r h p m k

P
S
T
1
AGCCCCTAGCAGGGAAGGTGGGGGGAAGGGAGGGAAACTAATAGGGCTGCAGTTCACAAATCAAAACAAGAGGGC
^ ———
—
^ ————^— ^
— ^ ———
—^
^ • a * ^ "* #
^
# 525
TCGGGGATCGTCCCTTCCACCCCCCTTCCCTCCCTTTGATTATCCCGACGTCAAGTGTTTAGTTTTGTTCTCCCG
s p
. q g r u g e g r e t n r a a v h k s k q e g
a p s r e g g g k g g k l
i g l q f t n q n k r a
p l a g k v g g r e g n .
. g c s s q i k t r g p

CGTCAGCAAGATTTATTGATAGCAGCCTTGGGAATGAAACTGGGTTCTCCAAAGTCGTCTGTGACAATCTGGCAA
+ — O x --------+----. ------ +----- . ----- +----- . ------+----- . ------ +----- . ------ +----- . ------- + 600
GCAGTCGTTCTAAATAACTATCGTCGGAACCCTTACTTTGACCCAAGAGGTTTCAGCAGACACTGTTAGACCGTT
r
v

q q d l
s k i y
s a r f

l
.
i

i

a a l g a k l g s p k s s v t i u q
. q p w e . n w v l q s r l
. q s g n
d s s
I g n e t g f s k v v c d n l a t

CCTCTGAAACTCTTTGCTTATTCGCAGTTGACATCACTTGTTAGAAGAGCAACTCTGAAAGAAAACGAGCAAATT
GGAGACTTTGAGAAACGAATAAGCGTCAACTGTAGTGAACAATCTTCTCGTTGAGACTTTCTTTTGCTCGTTTAA
p

l

l

k l f a y s q l t s
. n s i
l i r s . h h
s e t l c l f a v d i

l

v
l

t

r
l

c

r
e

.

a

e
k

t l
q l
s n s

k
.
e

e n e q i
k k t s k f
r k r a n s
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X
M
N

1
CCAAAATATGAAAAGATTCACAATTTCAAGGTGCATACATTCAGAGGGCCACACTGGTGTGAATACTGTGCCAAC

+-------

+----- . ----- +----- . ------+----- — +-------- . ----- +----- . ----- +------.

+ 750

GGTTTTATACTTTTCTAAGTGTTAAAGTTCCACGTATGTAAGTCTCCCGGTGTGACCACACTTATGACACGGTTG

p k y e k i h n f k v h t f r g p h u c e y c a n
q

n

m

k

i

k r f t i s r c i h s e g h t g v
k d s q f q g a y i q r a t l v .

.

n

t
i

v p t
I c q l

TTTATGTGGGGTCTCATTGCTCAGGGAGTGAAATGTGCAGATTGTGGTTTGAATGTTCATAAGCAGTGTTCCAAG
AAATACACCCCAGAGTAACGAGTCCCTCACTTTACACGTCTAACACCAAACTTACAAGTATTCGTCACAAGGTTC

f a u g l
I

c
y

g
v

v
g

i
s

s

a q g v k c a d c g l n v h k q c s k

l
h

I
s

c

r
g

e
s

.
e

n
m

v
c

q
r

i

v
l

v
u

.
f

e

m f i
c s

s
.

s v p r
a v f q d

P

V
U
2
ATGGTCCCAAATGACTGTAAGCCAGACTTGAAGCATGTCAAAAAGGTGTACAGCTGTGACCTTACGACGCTCGTG
+------, ------- +--- . ------ +----- . ------+----- . ------+----- . ------+------ . ----- +----- . ------- + 900
TACCAGGGTTTACTGACATTCGGTCTGAACTTCGTACAGTTTTTCCACATGTCGACACTGGAATGCTGCGAGCAC

■ v p n d c k p d l
w

s
g

q
p

m
k .

t

v
l

s
.

q
a r

t
l

k h v k k v y s c d
. s
e a

m
c

s
q

k r
k g

c
v

t
q

a
l

v

l
t

.

t t

l
p

r
y

I v

r
d

s
a

.
r

e

X
B
A
1
AAAGCACATACCACTAAGCGGCCAATGGTGGTAGACATGTGCATCAGGGAGATTGAGTCTAGAGGTCTTAATTCT
TTTCGTGTATGGTGATTCGCCGGTTACCACCATCTGTACACGTAGTCCCTCTAACTCAGATCTCCAGAATTAAGA

k a h t t k r p D V v d n c i
k h
i p l s g q w w .
s t y h . a a n g g r

r e i e s r g i n s

t c a s g r l s l e v l
h v h q g d . v . r s .

i
f

l
.
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GAAGGACTATACCGAGTATCAGGATTTAGTGACCTAATTGAAGATGTCAAGATGGCTTTCGACAGAGATGGTGAG
+----- . ------+------, ----- +----- . ------+----- . ------+------. ------ +----- . ------+------. ------ +
CTTCCTGATATGGCTCATAGTCCTAAATCACTGGATTAACTTCTACAGTTCTACCGAAAGCTGTCTCTACCACTC
e g
l y r v s g f s d l
k d y t e y q d l v t .
r t i p s i r i
. . p

i

e
I

n

k
.

1050

d v k a a f d r d g e
r o s r w l s t e m v r
r c q d g f r q r w . e

E
C
R
V
AAGGCAGATATTTCTGTGAACATGTATGAAGATATCAACATTATCACTGGTGCACTTAAACTGTACTTCAGGGAT
TTCCGTCTATAAAGACACTTGTACATACTTCTATAGTTGTAATAGTGACCACGTGAATTTGACATGAAGTCCCTA
k

a d i s v n n y e d i n i
i t g a l
r q f
f l
. t c m k i s t l s l v h l
g r y f c e h v .
r y q h y h w c t

k l y f r d
n c t s g i
. t v l q g f

B 8
S A
T M
X 1

N
D
E
1

TTGCCAATTCCACTCATTACATATGATGCCTACCCTAAGTTTATAGAATCTGCCAAAATTATGGATCCGGATGAG
+

+-------- .

.

+

.

+

. ---- +

.

+----------- .

+

. -+

1200

AACGGTTAAGGTGAGTAATGTATACTACGGATGGGATTCAAATATCTTAGACGGTTTTAATACCTAGGCCTACTC
I

p
c

i
q

a

p

l

f
n

h
s

i t
s l h
t h y i

y d a y p k f
i e s a k
i m d p d e
m m p t l s l
. n l p k l w i
r m s
. c l p . v y r i c q n y g s g . a

K
P
N
1

X
M
N
1

CAATTGGAAACCCTTCATGAAGCACTGAAACTACTGCCACCTGCTCACTGCGAAACCCTCCGGTACCTCATGGCA
GTTAACCTTTGGGAAGTACTTCGTGACTTTGATGACGGTGGACGAGTGACGCTTTGGGAGGCCATGGAGTACCGT
q

l
n

e
w

i

t
k

g

l
p

n

h
f

p

e
m

s

a
k

.

l
h

s

k
.

t

l
n

e

I
y

t

c
t

p p a h c e t l r y l a a
h l
I t a k p s g t s w h
a t c s l r n p p v p h g t
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CATCTAAAGAGAGTGACCCTCCACGAAAAGGAGAATCTTATGAATGCAGAGAACCTTGGAATCGTCTTTGGACCC
+ ----- . ------ + ------ . ----- + ------ . ------ + ----- . ------ + ------ . ------ + ------ . ------ + ------ . ------ +
GTAGATTTCTCTCACTGGGAGGTGCTTTTCCTCTTAGAATACTTACGTCTCTTGGAACCTTAGCAGAAACCTGGG
h

l
i

k
.

s

r
r

k

v
e

e

t
.

s

l
p

d

h
s

t

p

p

e k e n l a n a e n l g i v f s p
k r r i
I . m q r t l e s s l d p
r k g e s y e c r e p u n r
I w t h

B
G
L

N
C
0

2

1

ACCCTTATGAGATCTCCAGAACTAGACGCCATGGCTGCATTGAATGATATACGGTATCAGAGACTGGTGGTGGAG
----- + ------ . ----- + ----- . ------ + ----- . ------ + ----- . ------ ♦ ----- . ------ + ------ . ----- +
.
TGGGAATACTCTAGAGGTCTTGATCTGCGGTACCGACGTAACTTACTATATGCCATAGTCTCTGACCACCACCTC
t

1350

1425

l a r s p e l d a n a a l n d i
r y q r i v v e
p i
. d l q n .
t p w l h
. m i y g i
r d w w u s
p y e i s r t r r h g c i e . y t v s e t g g g a

D
R

A
1

CTGCTTATCAAAAACGAAGACATTTTATTTTAAATTTTTAATTTGAGGGGAAAAGAAATGTTTTACAGATGAAGG
+ ----- , ------ + ----- . ------ + ----- . ------ + ----- . ------ + ----- . ------ + ----- . ------ + ----- . ------ +
GACGAATAGTTTTTGCTTCTGTAAAATAAAATTTAAAAATTAAACTCCCCTTTTCTTTACAAAATGTCTACTTCC

l l i k n e d i
c

l
a

s
y

k
q

t
k

k
r

t
r

f
h

I f . i
y f k f
f i
I n

f
l
f

n
.

l
i
f

r
.
e

g k e t
g e k k
g k r n

n
c
v

1500

f y r . r
f t d e g
l q m k e

AATGTTTTATAGTAATTTAATTTGCTCCTGTAGCTGCATTATTTCTTGATTAGAGGTTTGGGCATATAACCAGAT
TTACAAAATATCATTAAATTAAACGAGGACATCGACGTAATAAAGAACTAATCTCCAAACCCGTATATTGGTCTA
n

v
m

f
c

l . . f
y s n l
f i v i

n

l
i

.

l
c

f

l
s

a

.
c

p

l
s

v

h
c i
a a

y

f l i
i s .
l f l d

r
l
.

g l g i . p d
e v w a y n q i
r f g h i t r l

Appendix B

238

p
V

u
2
TAAAGTGAAGGAACTTTCTGTTGTTTTTGTAGCACCGCTCAGCTGTCTTGTAAAACAGTGAACACACGCTTTCTG

+ ----- . ------ +------- . ---- + ----- . ------ + ----- . ------ + ------ . ----- + ----- . ------ + ----- . ------- + 1 6 5 0
ATTTCACTTCCTTGAAAGACAACAAAAACATCGTGGCGAGTCGACAGAACATTTTGTCACTTGTGTGCGAAAGAC
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Appendix C

G ibco/BR Us restriction endonucleases and the REact buffers supplied.

REact®
Buffer

Enzyme

REact®
Buffer

Enzyme

REact®
Buffer

Acc I
Alu I
Apa I
Am I

1
1
4
2

Hha I
Mine II
Hind III
Hiv^l

2
4
2
2

i4va II

2
9
3
2

Hpa
Hpa
Kpn
Mbo

I
11
I
I

4
8
4
2

C fol

2
3
2
1

Mbo 11
Mlu I
Msp 1
Nar 1

1
3
1
1

Ssp I

4
4
6
6

C la l
Cm 1
Dde I
Dpn I

1
4
2
4

N e il
Neo 1
Nde I
Nde 11

8
3
2
10

S s ll
Sst II
Stu 1
Sty I

2
2
2
3

Dra 1
EcoR I
EcoR 11
EcoR V

1
3
6
2

Nhe 1
Not 1
Nru 1
N s il

4
7
7
3

Tag I
Tha I
Xba I
X kol

2
1
2
2

H aell
Hoe 111

2
2

Pst 1
Pvu 1

2
7

Xma III
Xor 11

5
4

B a ll
Bamti I
B e ll
B g ll
B g lll

BslE 11

Enzyme

Pvu 11
Rsa I
Æsr II

S a il
5ou3A I
5au96I

Seal
^ I

Sma I
Spe I
I

6
1
5
10
4
11
6
2

REact® Buffers at IX Concentration.
REact® 1 Buffer:
50 mM Tris-HCl
(pH 8.0)
10 mM MgClz

REactf® 5 Buffer:
10 mM Tris-HCl
(pH 8.2)
8 mM MgCl2

REact® 8 Buffer:
20 mM Tris-HCl
(pH 7.4)
10 mM MgCl2

REact® 2 Buffer:
50 mM Tris-HCl
(pH 8.0)
10 mM MgClz
50 mM NaCl

REact® 6 Buffer:
50 mM Tris-HCl
(pH 7.4)
6 mM MgCl2
50 mM KCl
50 mM NaCl

REact® 9 Buffer:
50 mM Tris-HCl
(pH 8.5)
5 mM MgCl2

REact® 3 Buffer:
50 mM Tris-HCl
(pH 8.0)
10 mM MgCl2
100 mM NaCl
REact® 4 Buffer:
20 mM Tris-HCl
(pH 7.4)
5 mM MgCl2
50 mM KCl

REact® 7 Buffer:
50 mM Tris-HCl
(pH 8.0)
10 mM MgCl2
50 mM KCl
50 mM NaCl

iMoie: Kbacr" Dimers are suppiieu as

iua

REact® 10 Buffer:
100 mM Tris-HCl
(pH 7.6)
10 mM MgCl2
150 mM NaCl
REact® 1 1 Buffer:
10 mM Tris-HCl
(pH 9.0)
12 mM MgCl2
100 mM KCl

cuutcnuaw».

REact® Buffers do NOT contain the labile component DTT. This component
is required in the reaction buffers of^coR II andA/ltfe II; it must be added
to the reaction at a final concentration of 1 mM, as stated on the EcoR II
and Nde II product profiles.
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Appendix D

DN A Molecular Weight Markers

Fragment length(bp)

X DNA, Hind HI

23,130
9,416
6,557
4,361
2,322
2,027
1,353
1,078
872
603
564
310
281
271
234
194
118
72

X

0X174,1

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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A p p e n d ix E
R e c ip e s fo r m a k in g S D S -P A G E sla b g els:

B io -R a d M IN IG E L S
1.5mm Separating Gels- 7ml per gel

ddHjO
3M Tris, pH8.8
10% (w/v) SDS
Acrylamide:bis(30:0.8)

15%
4 gels

12%
4 gels

10%
4 gels

7.5%
4gels

14.4ml
5.0ml
0.4ml
20.0ml

18.4ml
5.0ml
0.4ml
16.0ml

21.0ml
5.0ml
0.4ml
13.4ml

24.4ml
5.0ml
0.4ml
10.0ml

200/il
20m1

"

10% APS
TEM ED

Total volume for 4 gels= 40ml

B io -R a d M IN IG E L S
1.5mm STACKER - 3ml per gel

ddHjO
0.4% S D S / 0.5M Tris, pH 6.8
Acrylamiderbis(30:0.8)
10% APS
T EM ED

2 gels

4 gels

6.1ml
2.5ml
1.3ml

12.2ml
5.0ml
2.6ml

50m1
20*1

100*1
40*1

S D S -P A G E M o le c u la r W e ig h t M a rk ers:
k Da
M y o s in ( H - c h a i n )
a 2 -M a c ro g lo b u lin
^ 'G a l a c t o s i d a s e
P h o s p h o ry la s e b
F ru c to s e -6 P h o s p h a te k in a s e
B o v in e s e r u m a l b u m i n
P y ru v a te k in a s e
F u m a rase
O v a lb u m in
L a c ta te d eh y d .
C a rb o n ic a n h y d ra s e
T rio s e p h o s p h a te
is o m e ra s e
/9 -la c to g lo b u lin
L ysozym e

S ig m a , SD S-6H

200
180
116
9 7 .4

*

84
68
58
4 8 .5
43
3 6 .5
29

*
*
*

2 6 .6
1 8 .4
1 4 .3

-

-

*
*

-

S ig m a ,

G ib c o /B R L

-

*
*
■
*
*
*
*
*
-

-
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Appendix F

Amino Acids and Codons

A
C
D
E
F
G
H
I
K
L
M
N
P
Q
R
S
T
V
W
Y
X

(A la)
(C ys)
(Asp)
(G lu)
( Phe )
(G ly)
(H is)
(I lu )
(L ys)
(Leu)
(M et)
( Asn)
(Pro )
(G in)
( Arg)
(S er)
( Th r )
(V al)
(Trp)
( Tyr )
(T er)
( ???)

GCA
TGC
GAG
GAA
T TC
GGA
CAC
ATA
AAA
OTA
ATG
AAC
CCA
CAA
AGA
AGC
ACA
GTA
TGG
TAC
TAA
XXX

GCG GCC
TGT
GAT
GAG
TTT
GGG GGC
CAT
ATC ATT
AAG
CTG CTC
AAT
CCG CGC
CAG
AGG GGA
AGT TCA
ACG ACC
GTG GTG
TAT
TAG

TGA

GCT

GGT

CTT

T TA

TTG

GGG
TGG

GGT
TCT

GCT
GGG
TGG
ACT
GTT

GGN
TGY
GAY
GAR
TTY
GGN
GAY
ATM
AAR
YTN
ATG
AAY
GGN
GAR
MGN
WSN
AGN
GTN
TGG
T AY
TRR
XXX
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