VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

-

The Structure and Expression of the Murine Glutathione

Peroxidase Gene.

Ian Paul Chambers ©

Submitted for the degree of Doctor of Philosophy in the

Faculty of Medicine, University of Glasgow.

The Beatson Institute for Cancer Research, Glasgow.

August 1987



ProQuest Number: 10995581

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10995581

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 — 1346



For Mum, Dad and all the family.




1.1.
1.2.

1.3.

2.1.

2.2.

Contents.

CONTENTS

List of Figures.

List of Tables.

Abbreviations.

Acknowledgements.,

Summary.

Introduction.

Murine haemopoiesis.

The Erythropoietic lineage.

1.2.1.
1.2.2.

1.2.3.

i.
ii.

iii.

iv.

Control
1.301.
1.3.2.
1.3.3.

1.3.4.
1.3.5.

Normal erythropoiesis.
Erythropoiesis in murine
erythroleukaemia cell lines.
Phenotypic alterations occurring
during erythropoiesis.

Early markers.

Enzymes of the haem biosynthetic
pathway.

Late events.

GSHPx and other enzymes involved
in oxidative defence.

of eukaryotic gene expression.

Sequences involved in promoter
function.

The role of DNA methylation in
transcriptional control.
Chromatin structure and gene
transcription.

Enhancers.

Trans-regulatory proteins.

Materials and Methods.

Materials.

Animals and cell culture.

2.2.1.

Mice.

Page.

vi
viii
ix

xi

o = W

12

14
15

15
16

16
20
23
27
31
35
40
45
46

48
48



2.3.

2.4,

2.5.

2.6.

no
no

Initiation of primary mouse embryo
fibroblast cultures.

Cell lines.

Growth of cells in culture.

Storage of cells in liquid nitrogen.

N
Ul E=w

el electrophoresis.

Agarose gel electrophoresis of DNA.
Agarose gel electrophoresis of RNA.
Native polyacrylamide gel
electrophoresis.

Denaturing polyacrylamide gel

electrophoresis.

w www -+

n DN Q N o
= W=

Preparation of nucleic acids.
2.4.1. Eukaryotic RNA.
i. Total cellular RNA.

ii. Total cytoplasmic RNA.
iii. Selection of poly A" RNA.
2. Eukaryotic genomic DNA.
3. Prokaryotic plasmid DNA.

i. Small scale preparation.
ii. Bulk preparation.
2.4.4, Preparation of nuclei and digestion
with DNAse I.
i. From cell cultures.
ii. From tissues.

Manipulation of DNA.

2.5.1. Digestion of DNA with restriction
endonucleases.

2.5.2. Purification of DNA restriction
fragments.

i. From low melting point agarose.
ii. From polyacrylamide.

2.5.3. Removal of 5' terminal phosphate
groups.

2.5.4. Conversion of 5' single stranded
regions of duplex DNA to double
stranded DNA.

2.5.5. Addition of short synthetic double
stranded DNA to linear DNA.

2.5.6. Labelling DNA with radioisotopes.

i. Nick translation.
ii. 5' end labelling.
2.5.7. Ligation of DNA fragments into

vectors.

2.5.8. Transfection of E. coli cells with
DNA.

Sequencing of nucleic acids.

2.6.1. DNA.

2.6.2. RNA.

2.6.3. Computer analysis of sequences.

ii

48
49

51
52
52
53
54
54
55
55
55

57
57

58
59

60
60
61
62
62
63
63
64

65

65
66
66
66

67
67

68
68
69
70



2.7.

2.8.

2.9.

2.7-’4.

NA and DNA-RNA hybridisation techniques.

Southern blotting.

Northern blotting.
Hybridisation of nucleic acids
immobilised on nitrocellulose
filters.

S1 nuclease protection assay.

Transient expression of DNA introduced into
eukaryotic cells in culture.

2.8.1.
2.8.2.

2.8.3.
2.8.4.

DNA mediated gene transfer into
eukaryotic cells.

Harvesting transfected cells:
preparation of soluble protein
extracts.

Determination of protein
concentration of extracts.
Measurement of chloramphenicol .
acetyltransferase activity.

Miscellaneous methods.

2.9.1.

Results.

Determination of nucleic acid
concentrations.

Spectrophotometric determination.
Gel electrophoretic determination.
Concentration of nucleic acids.
Preparation of solutions for organic

extraction of nucleic acid solutions.

Phenol.
Chloroform.
Phenol-chloroform.

Characterisation of the ep19 gene.

3.1.1.
3.1.2.
3.1.3.
3.1.4.
3.1.5.

3.1.6.
3.1.7.

Restriction mapping A R68A.

ep19 gene sequence : identification
of epl19 as glutathione peroxidase
(GSHPx) .

The selenocysteine in the active
site of GSHPx is encoded by UGA.
Potential regulatory sequences
around the GSHPx gene.

Relationship of sequences within the
GSHPx gene to other sequences in the
mouse genome.

Highly repetitive sequences located
upstream of the GSHPx gene.

A lowly reiterated sequence located
1.2 - 1.7kb upstream from the major
cap site.

iii

70
70
T

71
72
73
73

7

80
80

80
82
83

86
87

91



3.2.

3.3.

3.4,

3.1.8.

e
1
2.
3
u

Exp
3.2
3.2
3.2
3.2
3.2

(9]

. .

Summary of the relationships of
sequences at the GSHPx locus to
other sequences in the mouse genome.

xpression of GSHPx mRNA.

Tissue distribution.

Expression in haemopoietic cells.
Expression in murine cell lines.
Mechanisms responsible for
variations in GSHPx mRNA levels.
Variation in the use of different
transcription initiation sites in
different cell lines.

Search for cis-control regions regulating
transcription of the GSHPx gene.

3.3.1.
3.3.2.

3.3.3.

ii.

3.3.4.

3-3.5.

Chromatin
different
3.4.1.
3.4.2.
3.4.3.
3.4.4.

3.4.5.

CAT plasmids used as vectors and
controls.

Construction of pGPprCAT: a plasmid
containing the CAT gene under
transcriptional control of the
putative GSHPx gene promoter.
Construction of CAT plasmids
designed to analyse the
transcriptional effect of the 706b.p.
Eco RI fragment from the 3'end of
the GSHPx gene.

Characterisation of pGPO.7LW2
constructs.

Characterisation of pGPprCATO.7
constructs.

The 650 bp Rsa I fragment from the
5' end of the GSHPx gene functions
as a promoter in mouse cells with no
apparent cell preference.
Examination of the transcriptional
influence of sequences at the 3' end
of the GSHPx gene.

structure of the GSHPx gene in
tissues.

Comparison of the GSHPx gene
chromatin structure in induced
Friend and other cells.
Determination of the position of DHI
by indirect end-labelling.
Determination of DH sites II-IV by
indirect end-labelling.

Summary of DH sites present around
the GSHPx gene in cells from
different tissues.

Further restriction mapping of the
GSHPx locus as a preliminary to
cloning of the 3' flanking DNA.

iv

92

93
93
94
95
97
99

101

102

103

105

106

107

108

109

110

111
115
17

119

121



4.1.

4.2,

4.3.

b4,

Discussion.

For selenocysteine read UGA.

4.1.1.
4.1.2.
4.1.3.
4.1.4.
4.1.5.

Structure
L.2.1.

4.2.2.

4.2.3.

GSHPx selenocysteine is encoded by
UGA.

Translation of selenopeptide mRNAs
during selenium deficiency.

Coding potential of "termination"
codons in other systems.

The context effect for
selenocysteine incorporation.
Other eukaryotic suppressor tRNAs
and the origin of
selenocysteyl-tRNA.

of the GSHPx gene.

GSHPx mRNA is the product of a
simple transcription unit.

Various GSHPx mRNA 5' ends are
represented to differing degrees in
RNA from diverse cell types.

GSHPx gene structure vis-a-vis
protein structure : an evolutionary
speculation.

Expression of GSHPx mRNA.

4.3.1.
4.3.2.

h.3.3.

Tissue distribution of GSHPx.
Alterations in GSHPx levels during
haemopoiesis.

Possible induction of GSHPx by
peroxides and selenium.

Control of GSHPx gene expression.

4.4.1. DNA sequences 5' to the GSHPx gene.

4.4.2, Comparison of the SV40 early and
GSHPx promoters.

4.4.3. Sequence homologies at the 3' end of
the GSHPx gene and their relevance
to gene regulation.

b.4.4, Chromatin structure of the GSHPx
gene : implications for gene
expression.

References.

125
127
127
128
130
131

135
137
137

138

139

140
140

142
o

147
148

149

151

153
157



List of Figures.

Following
page

Scheme of haemopoiesis. 4
Morphological representation of
erythropoiesis. 11
Oxy-protective mechanisms of the red cell. 17
Restriction map of AR68A. 80
Restriction map of the ep19 gene and
sequencing strategy. 80
Sequence of the mouse GSHPx gene compared to
the known sequences of GSHPx proteins. 80
Dideoxy sequencing of GSHPx mRNA around the
selenocysteine codon. 82
Sequence of the GSHPx gene : potential
regulatory elements. 83
Detection of sequences related to the GSHPx
gene. 86

Analysis of repetitive sequences within the

5.9kb Bam HI fragment upstream from the GSHPx

gene. 87
Analysis of repetitive sequences within the

2.4kb Bam HI fragment upstream of the GSHPx

gene. 89
Analysis of repetitive sequences within the

3.8kb Bam HI - Eco RI fragment upstream of the

GSHPx gene. 90
Analysis of B1 homologous sequences within the

2.2kb Eco RI fragment also containing part of

the GSHPx gene. 90
A lowly reiterated sequence located 1.2 -

1.7kb upstream from the GSHPx gene. 91
Tissue distribution of GSHPx mRNA. 93
GSHPx mRNA level during haemopoiesis. 94
GSHPx mRNA levels in various murine cell

lines. 95

S1 nuclease protection assay of GSHPx mRNA and
pre-mRNA in high and low expressing cell lines. 99

Derivation of pLWZ2. 102
Construction of pGPprCAT. 102
Construction of pSVCATO. 103
Identification of pUC subclones containing the

650bp Rsa I GSHPx gene promoter fragment. 103
Identification of pGPprCAT. 104

Construction of CAT plasmids containing the
706bp Eco RI fragment from the 3' end of the
GSHPx gene. 106

vi



3.11I.7.
3.III.8.

3.IV.1.
3.IvV.2.
3.1V.3.
3.1IV.4.

3.IV.5.

3.IV.6.
3.IV.7.
3.1V.8.
3.IV.9.

3.1v.10.
3.IV.11.

3.1v.12.

4.1.

4.2,

Identification of pGPO.7LW2 and pGPprCATO.7
constructs.

CAT activities directed by GSHPx promoter
based CAT constructs during transient
expression in LATK™ cells.

Chromatin structure of the GSHPx locus in
erythroid and kidney cells.

Chromatin structure of the GSHPx locus in
liver and brain.

Chromatin structure at the 5' end of the GSHPx
gene in uninduced Friend cells.

Chromatin structure at the 5' end of the GSHPx
gene in kidney, brain and uninduced Friend
cells. ;
Chromatin structure at the 5' end of the GSHPx
gene before and after induction of erythroid
maturation.

Chromatin structure at the 5' end of the GSHPx
gene in liver and kidney cells.

Chromatin structure at the 3' end of the GSHPx
gene in uninduced Friend cells.

Chromatin structure at the 3' end of the GSHPx
gene in induced Friend cells.

Chromatin structure at the 3' end of the GSHPx
gene in liver cells.

Fine mapping of DH sites II and III.

Summary of the chromatin structure around the
GSHPx gene in different cell types.
Restriction mapping at the 3' end of the GSHPx
gene.

Positions of "termination" and methionine
codons in all three reading frames of GSHPx
mRNA.

Representation of a ribosome translating the
hypothetical mRNA sequence NOPXYZ.

vii

106

108

112
114
115

116

17
17
118
118

118
119

119
122

129

+ 132



3.1.1.
3.1.2.

3.I1.3.
3.I1I1.1.

3.III.2.

4.1‘

List of Tables.

Following
page

Consensus sequence homologies within the GSHPx
gene. 84
Homology between a housekeeping gene consensus
sequence and the GSHPx gene sequence
downstream from the "ATA" box. 84
Palindromic sequences around the GSHPx gene. 86
GSHPx promoter function during transient
expression in two cell lines. 108
Effect of the 706bp Eco RI fragment upon
transcription of a CAT gene linked in cis
during transient expression in two cell lines. 109
Comparison of sequences around the
selenocysteine codons of fdhF and GSHPx mRNAs
with the sequences around UGA termination
codons of rodent genes. 133

viii



DNA
RNA
GSH
GSSG
GSHPx
fdhF
mRNA
pre~-mRNA
tRNA
rRNA
RNP

bp

kb

kD

nt

Mr

ppm
DNAse
RNAse
DNAse I
DH site
TPA

FAD
NADPH

ATP

Abbreviations.

deoxyribonucleic acid.

ribonucleic acid.

glutathione.

oxidised glutathione disulphide.
glutathione peroxidase.

formate dehydrogenase selenopeptide.
messenger RNA.

mRNA precursor.

transfer RNA.

ribosomal RNA.

ribonucleoprotein.

base pairs,

kilobase pairs.

kilodaltons.

nucleotides.

relative molecular weight

parts per million

deoxyribonucleic acid esterase.
ribonucleic acid esterase.
pancreatic DNAse.

DNAse I hypersensitive site.
12-0-tetradecanoylphorbol 13-acetate.
flavin adenine dinucleotide.
Nicotinamide adenine dinucleotide phosphate.

adenosine triphosphate.

ix



c.AMP cyclic adenosine monophosphate.

IL-3 Interleukin 3.

epo erythropoietin.

CFU-S colony forming unit (spleen)

CFC-Mix mixed colony forming cell.

GM-CFC granulocyte/macrophage colony forming cell.
BFU-E erythroid burst forming unit.

CFU-E erythroid colony forming unit.

LTBM long term bone marrow.

HMBA hexamethylene bis-acetamide.

DMSO dimethylsulphoxide.

A Adenine.

C Cytosine.

G Guanine.

T Thymine.

U Uracil.

Pu A or G. TooFmeTa an
Py Cor T. |

R AorT. _w'-z*f_;?"hﬁ;;
S C or G. =

\ A or C. ’

W Gor T. I (S A A
N A, C, TorG. L R



Acknowledgements.

I first of all wish to thank my supervisor, Paul Harrison,
for his consistent support and encouragement throughout the period
of this research and also for many stimulating discussions on both
the work and wider aspects of bioscience. I am also grateful to
Saveria Campo for providing a fresh invigorating critique of the
work at regular intervals. Thanks are also due to Jon Frampton
for his friendly practical support during the most barren stages
of this work. My gratitude also extends generally to all the
members of the Beatson and particularly to the members of the
Harrison group for providing a pleasant atmosphere in which to
work. The assistance of Margaret Blair in transcribing my scrawl
into a form of English is also appreciated.

The financial support of the Medical Research Council for
providing an essential studentship and Imperial Chemical
Industries p.l.c. for providing a supplementary scholarship during
both my post-graduate and undergraduate years is gratefully
acknowledged.

I wish to take this opportunity to thank my parents for their
constant loving support and encouragement : without their help
this thesis would not exist. A special thank you also goes to
Eleri Finnerty for her patient understanding and assistance in the
production of this document : the final stages of this work were

made the more bearable by her affectionate support.

xi



I bet Indiana Jones didn't have this hassle getting his doctorate.

I.C. 17th August,1987.




Summary

The 1literature relating to the cell biology of the murine
haemopoietic system, particularly the erythropoietic lineage has
been reviewed, as have current ideas relevant to the regulation
of cell-specific gene transcription.

A series of experiments analysing the structure and
expression of the murine gene encoding a polypeptide of
approximately 19kD present in reticulocytes is then presented.
These show that the gene encodes the selenium-dependent enzyme
glutathione peroxidase (GSHPx) which contains the unusual amino
acid selenocysteine in its polypeptide backbone. This amino acid
has been shown by sequencing of the GSHPx gene and mRNA to be
encoded by the "termination" codon, UGA. The significance of
this finding is discussed.

The GSHPx mRNA is detectable in every cell type and tissue
examined, although at varying levels. Thus in erythroid cells,
liver and kidney, the GSHPx mRNA level is 20-50 fold higher than
in other cells. These differences have been shown not to be due
to nuclear retention of the mRNA or pre-mRNA in low expressing
cells. Furthermore, the levels of pre-mRNA in a low and a high
expressing cell line vary in the same way as the mRNA. It
therefore seems that the different levels of GSHPx mRNA arise
through differences either in the stability of the GSHPx mRNA or
in the rate of transcription of the GSHPx gene in different
tissues. Indirect support for the involvement of the latter
mechanism has come from an analysis of the chromatin structure of

the GSHPx gene in tissues expressing the mRNA at a high or low



level. Thus a broad DNAse I hypersensitive site is seen
downstream from the gene. In addition, two erythroid specific
DNAse I hypersensitive sites are also located 3' to the GSHPx
gene.

Functional studies, involving short term transfection assays
using fragments of the GSHPx gene linked to the chloramphenicol
acetyltransferase (CAT) gene, showed that the region of DNA
immediately upstream of the GSHPx gene transcription initiation
site functions equally well as a promoter of transcription in
both a low expressing and a high expressing cell line. In
addition, a DNA fragment from the 3' end of the GSHPx gene, shown
by sequence analysis to contain elements homologous to cis-acting
viral and cellular DNA transcription regulatory sequences, did
not have any effect upon the transcription from the GSHPx or

other promoters when linked in cis to them.
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1.1. Murine haemopoiesis

Differentiated cells within an adult eukaryote are
continually dying and being replaced by differentiation of stem
cell populations which also possess the ability to reproduce
themselves (self-renewal). One of the best characterized
differentiation systems is that forming the blood cells (reviewed
in Till and McCulloch, 1980). Progress in this field has been
steady since the development of the first assay for pluripotent
stem cells, the spleen colony forming unit (CFU-S) assay (Till
and McCulloch, 1961). By this method, mice which have been
subjected to a lethal dose of radiation in order to destroy their
haemopoietic stem cells are rescued by injection of haemopoietic
cells from donor mice. Various types of colonies are seen in the
spleens of the recipients; early colonies (7-8 days
post-injection) consist entirely of differentiated erythroid
cells and contain no bipotent precursor cells, whereas late
colonies (10-14 days) consist of mixed mature myeloid cells and
contain precursor cells with the potentiality of several lineages
(Magli et al, 1982). Moreover, late colonies contain cells
capable of forming spleen colonies in secondary irradiated
recipients and the proportion of colonies containing such cells
increases from day 10 to day 14 (Siminovitch et al, 1963).

Examination of the cellular composition of spleen colonies,
together with in vitro culture methods used to examine the growth
factor requirements and developmental potential of haemopoietic
progenitor cells, has allowed lineage diagrams, such as Figure

1.1 to be drawn (Metcalf, 1981). These in vitro methods allow



STEM PROGENITOR CELL MATURE ("END")
CELL COMPARTMENT COMPARTMENT CELL COMPARTMENT

Pre-T cells ————» T-cells

Eos-CSF
Eos-CFC —— —» Eosinophils
IL-3 IL-3 Epo
KK IR
\ BFU-E —— CFU-E — RBC
/ \ GM-CSF's
Pluripotent IR Neutrophils
Self-renewing —» CFU-§ == CFC-Mix —» GM-CFC —— — ——» Macrophages
Stem Cells
\ //1 Meg-CSF's
IR Megakaryocytes/
IL-3 Meg-CFC —————» Platelets
MCGF
RE
Bas-CFC — » Basophils/Mast cells
pre-B cells ———» B-cells
Figure 1.1. Scheme of haemopoiesis showing the various

progenitor  and committed cells and their  growth factor
requirements. Abbreviations: CFU-S, spleen colony forming unit;
CFC-Mix, mixed colony forming cell; BFU-E, erythroid burst forming
unit; GM-CFC, granulocyte/macrophage colony forming cell; CFU-E,
erythroid colony forming unit; IL-3, interleukin 3;  Epo,
erythropoietin; GM-CSF, granulocyte/macrophage colony stimulating
factor; MCGF, mast cell growth factor (adapted from Moore and
Dexter, 1986).



haemopoietic progenitor cells to survive, proliferate and
differentiate in semi-solid media provided that the culture is
supplemented with the correct growth factor(s) (Metcalf, 1981).
For example, this type of assay has identified a cell population
in animals and humans termed the mixed colony-forming cells
(CFC-Mix) since cells of all myeloid lineages (and perhaps also
lymphoid lineages, although this remains controversial [Messner
et al, 19821) can be found in colonies derived from these cells.
Because such macroscopic colonies of mixed lineages sometimes
contain more CFC-Mix (as judged by replating experiments) some
CFC-Mix must have a self-renewal capacity; in this respect they
overlap with the in vivo operationally defined CFU-S, although
most likely both labels relate to a heterogenous cell population
with a range of potentialities (Humphries et al, 1981; Johnson et
al, 1982). Because of this overlap between different
operationally defined cell types, lineage diagrams typified by
Figure 1.1 should be regarded as generalizations of cellular
behaviour until a more rigorous molecular characterization of the
illustrated cells is available.

The growth factors required in these assays can be purified
from media conditioned by the growth of a variety of normal and
leukaemic cell lines as well as from activated T-lymphocytes.
Some of these growth factors have been purified to homogeneity
and corresponding cDNAs cloned (reviewed in Metcalf, 1985;
Whetton and Dexter, 1986). This has been, and will continue to
be, important in order to assign a particular biological effect

to a given growth factor, rather than to a low, but significant,



level of a contaminating factor in the growth factor preparation.
Activities have been established for several growth factors, for
example, interleukin 3 (IL-3) is lineage-indifferent, promoting
survival, proliferation and development of all types of myeloid
progenitor cells. In contrast, erythropoietin (epo) exerts its
effects only upon committed erythroid cells (see next section).
IL-3 influences cell lines absolutely dependent upon it for their
survival by stimulating glucose transport into the cell and
thereby maintaining intracellular ATP levels (Whetton et al,
1984). However, the in vivo role of IL-3 is unclear since it has

not been detected in vivo or in long term bone marrow cultures

supporting haemopoiesis (Dexter and Shadduck, 1980; Shadduck et
al, 1983). Moreover, the low degree of conservation of the
primary amino acid sequence of IL-3 between rats and mice (54%
homology) argues against a conserved and irreplaceably important
function for this molecule (Cohen et al, 1986).

The most controversial aspect of haemopoiesis concerns the
mechanisms controlling the decision of a stem cell to become
committed to a particular lineage. One model sees the
haemopoietic microenvironment as having a deterministic role in
this choice (Trentin, 1970), whereas a contrasting model views
the commitment event as occurring stochastically, with only the
probability of such an event being externally influenced (Till et
al, 1964). However, the accum ulated evidence suggests that the
commitment event occurs stochastically, with the microenvironment
influencing the proliferation (or lack of proliferation) of

particular types of committed precursor cells. For example, the



relative numbers of early granulocyte/macrophage (GM-CFC) and
erythroid (BFU-E) committed precursors are strongly correlated in
spleen colonies, irrespective of the overall composition of
mature cells in the colonies (Gregory and Henkelman, 1977).
Haemopoiesis can also be encouraged in long term bone marrow
(LTBM) cultures in which pluripotent stem cells can be maintained
for many months (Dexter and Lajtha, 1974). Adherent cell layers,
composed of similar kinds of stromal cells as are present in vivo
(fat cells, reticular cells, endothelial cells and macrophages),
are required for the maintenence of these cultures (Dexter et
al, 1984). In addition, the pluripotent stem cells present in

these cultures behave in the same way as CFU-S both in vivo and

in vitro (Schofield and Dexter, 1985). When fresh bone marrow
CFU-S are serially transplanted into irradiated recipients, there
is a rapid decline in both the self-renewal capacity of the cells
and their ability to rescue mice from death between the second
and third transfers. When CFU-S present in the stromal layer of
LTBM cultures are injected into irradiated mice the same effect
is seen. Moreover, replating of a second aliquot of the same
cells upon a secondary irradiated marrow  stromal layer
re-establishes haemopoiesis but only at a sub-optimal level and
the CFU-S present have a poor self-renewal ability. Attempts to
transfer these CFU-S onto a second irradiated stromal layer have
not been successful. These results may be due to the loss or
dilution of an "accessory" cell required for the maintainence of
proliferation and self-renewal of the CFU-S or to the finite

proliferation potential of individual CFU-S.



The behaviour of the CFU-S in LTBM cultures has been
perturbed by infection of the cultures with a Moloney murine
leukaemia virus-src [src (MoMuLV)] recombinant virus (Boettiger
et al, 1984). Following infection, the number of mature cells is
decreased and the number of CFU-S is increased dramatically.
These CFU-S are not leukaemogenic and most surprisingly their
self-renewal capacity is increased as judged by (1) their ability
to protect mice from potentially lethal radiation over at least
five serial transfers, (2) their ability to be serially passaged
onto irradiated marrow stromal cells apparently indefinitely and
(3) their ability to form mixed myeloid colonies in vitro that
contain large numbers of CFC-Mix in response to IL-3 but not
macrophage progenitor specific growth factor, macrophage colony
stimulating factor (M-CSF) (Spooncer et al, 1984). Therefore
infection of LTBM cultures produces an intrinsic alteration in
the CFU-S such that they no longer require the presence of any
putative "accessory" cell for maintenance of their self-renewal
capacity. Moreover, cloned stem cell lines can be obtained from
these infected cultures that can grow independently of stromal
cells provided IL-3 is added to the cultures (Spooncer et al,
1986). The CFU-S in the infected cultures do not contain
integrated copies of the src (MoMuLV) DNA : rather the intrinsic
change they have undergone seems to have been mediated by
interaction with a stromal cell whose activity has been altered
by src integration and expression (Wyke et al, 1986). In fact,
it is not inconceivable that the stochastic element in stem cell

decision making is the probability that a CFU-S maintains its



contact with the putative "accessory" cell.

1.2 T ryt jetic lineage.
1.2.1. Normal erythropoiesis.

During development of the mouse, the anatomical site of
erythropoiesis changes (Russell, 1979). The earliest erythroid
cells are produced in the blood islands of the yolk sac between
days 7 and 11 of gestation. These "primitive" nucleated
erythrocytes are released into the embryonic circulation where
they persist until day 15 -16. At about day 12 the site of
erythropoiesis switches to the $atal 1liver, where smaller
enucleated erythrocytes are produced until birth. A further
switch in the site of erythropoiesis occurs at about day 16 when
erythropoiesis begins in the spleen and the bone marrow. Splenic
erythropoiesis is transient, ceasing at about birth, whereas bone
marrow erythropoiesis continues throughout adult 1life. Under
conditions of anaemic stress the adult spleen and 1liver can
provide the appropriate microenvironmental niches for the
expanded erythroid differentiation required to meet the increased
demand for erythrocytes (Conkie et al, 1975).

The growth factor requirements of cells traversing the
erythroid lineage have been reviewed by Harrison (1982). Briefly
stated, bone marrow cells cultured in vitro in the presence of
IL-3 and erythropoietin (epo) form colonies 10 - 15 days later
containing cells of all the myeloid lineages derived from mixed
colony forming cells (CFC-Mix; see previous section). In

response to IL-3, CFC-Mix give rise to committed erythroid cells,



the so-called burst forming units-erythroid (BFU-E), which in
turn can form large colonies containing 103 - 10u mature
erythroblasts after 7 - 9 days in the presence of either high
concentrations of epo or IL-3 plus low concentrations of epo (see
Figure 1.1). BFU-E proliferate and differentiate in response to
IL-3 to produce CFU-E (colony forming units - erythroid) which
can be recognized by their ability to produce small colonies of
appoximately 32 mature erythroblasts after only 2 days of
culturing bone marrow cells in the presence of low concentrations
of epo alone. The differentiation of BFU-E to CFU-E is
characterized by a decreasing sensitivity to IL-3 coupled to an
increasing sensitivity to epo (Eaves et al, 1979). This again
illustrates the point made previously concerning overlap between
different operationally defined cell populations. Recent work
with a heterogeneous population of BFU-E-like cells has shown
that these cells have an average of 500 epo-receptors on their
surface, only 1-2% of which need bind epo in order to elicit a
response (Krantz and Goldwasser, 1984). However, it is not known
if either receptor number or receptor occupancy changes during
maturation of these cells.

Erythropoiesis can also be stimulated in LTBM culture.
Normally in these cultures, horse serum is used, the adherent
layer is composed of macrophages, endothelial cells and fat cells
and granulopoiesis is favoured (Testa and Dexter, 1977). Under
these conditions BFU-E are present, although they do not
differentiate further. Maturation to the CFU-E stage can bDe

achieved by replacing the horse serum with foetal calf serum
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supplemented with epo. Further maturation beyond the CFU-E stage
can be achieved by mechanical agitation (Eliason et al, 1979) or
by replacing the serum with either anaemic mouse serum or normal
mouse serum plus epo (Dexter et al, 1981). An intriguing point
of note here is that under conditions supporting erythropoiesis
the areas of fat and endothelial cells normally seen in the
stromal cell layer regress and macrophages predominate. In fact,
electron microscopy has consistently shown developing erythroid
cells present as a rosette around a central macrophage-like cell
whose cytoplasmic membrane is extruded in interdigitating
processes around the surrounding erythroid cells both in vivo and
in vitro (Weiss, 1984; Allen and Dexter, 1983). Indeed a central
role 1in regulating erythropoiesis has been suggested for the
macrophage, not least because it produces epo (Rich and Kubanek,
1985).

As the CFU-E matures characteristic alterations occur in the
cell (see Figure 1.2) : the membrane composition changes,
haemoglobin accumulates, nuclear condensation and extrusion occur
and mitochondria disappear. It should be stressed that all the
processes described up till now occur in the erythropoietic organ
(bone marrow, foetal liver or spleen); following nuclear
extrusion the reticulocyte crosses the sinus wall and enters the

circulation (some impressive electron photomicrographs of these

processes can be seen in Weiss, 1984).
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receptor on BFU-E and CFU-E and the acquisition of differentiated
red cell proteins in the post-CFU-E.



1.2.2. Ervthropoiesis in murine erythroleukaemia cell lines.

Several cell lines have been established from tumours
induced by infection of mice with the Friend virus complex. The
aetiology of the diseases induced by these viruses and the
derivation of cell lines has been reviewed (Harrison, 1977; 1982;
Marks and Rifkind; 1978) and will not be considered here.  Since
foetal or adult erythroid organs comprise erythroid cells at
various stages of differentiation, normal erythroblasts are
difficult to purify in bulk. In contrast, Friend cells are
readily available and represent a homogeneous population of
erythroblast-like cells. These cells are malignant and their
growth control is abberdnt, since they can survive and
proliferate in culture in the absence of epo. Nevertheless they
represent a useful in vitro cell population since after treatment
with a number of chemicals such as hexamethylenebisacetamide and
butyrate they undergo the same morphological and biochemical
changes characteristic of normal erythroid maturation (Friend et
al, 1971; these phenotypic alterations will be discussed in more
detail in the next section). Indeed under optimal conditions of
induction Friend cells can even extrude their nuclei, forming
unstable reticulocyte-like cells (Volloch and Housman, 1981).
The mechanism of action of these inducing chemicals is unknown,
but two separate classes of inducer have been discerned on the
basis of whether they act via an effect upon polyamine
biosynthesis (Gazitt and Friend, 1980).

Friend cell differentiation can be resolved into two

distinct processes; the first of these is a commitment process
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which requires the presence of inducer, whereas the second,
maturation, can occur in the absence of inducer. The commitment
process includes a lag period during which irreversible cell
commitment does not occur and a subsequent period in which
individual cells become irreversibly committed to erythroid
maturation in a stochastic fashion (Gusella et al, 1976). (It is
important to emphasis that commitment in this context means the
irreversible decision to erythroid-like maturation rather than
the stable proliferation as proerythroblastic cells and is
therefore distinct from the process of commitment of a normal
pluripotent haemopoietic stem cell : any parallels which do exist
between these two processes remain obscure.) The lag period of
inducer treatment can be interrupted for up to 18nh of inducer
withdrawal without affecting the total time of inducer treatment
required for initiation of commitment (Levenson and Housman,
1979a). Two separate processes occur during the lag period which
require the presence of inducer. One of these, which is
rate-limiting and requires protein synthesis (Levenson and
Housman, 1979b) is the gradual accumulation of calcium ions
(Levenson et al, 1980; Bridges et al, 1981). This requirement for
protein synthesis is interesting in view of the recent
demonstration that proteinaceous factor(s) from induced Friend
cells can cause erythroid differentiation when introduced into
Friend cells pretreated for only 6h with inducer (Nomura et al,
1986). The second process, which is not rate limiting is
inhibited by sub-cytotoxic levels of 2'-deoxyadenosine, perhaps

through an effect upon mRNA polyadenylation (Levenson et al,
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19795. How a recently identified process which occurs early
during the lag phase and can be inhibited by lithium ions fits
into the above scheme is presently unclear (Zaricznyj and Macara,
1987).

Because Friend cell commitment occurs stochastically, an
induced culture rapidly loses one of its most attractive
features; its homogeneity. However, maturation of Friend cells
can also be blocked following their commitment, to yield
increasingly homogeneous, more mature populations of
erythroid-like cells by the addition to the cultures of phorbol

t al, 1979) or dexamethasone (Santoro et al,

esters (Fibach
1978).  The mechanisms by which these substances act is unknown,
although it 1is possible that phorbol esters act via an effect
upon protein kinase C (Nishizuka, 1984) whereas dexamethasone
might, by binding to its receptor affect a crucial transcription
unit 1in such a way that the result is incompatible with further
erythroid maturation : the latter case might then be analogous to
the way in which the avian erythroblastosis virus oncogene v-erb
A (which is a member of the same gene family as the steroid
receptors) blocks erythroid maturation (Bishop, 1986; Green and

Chambon, 1986).

1.2.3. Phenotypic alterations occurring duri hropoiesis.

The phenotypic changes accompanying erythroid maturation of
normal and erythroleukaemic cells are summarised in Figure 1.2.
These have been discussed elsewhere (Harrison, 1984) and shall

only briefly be reviewed here.

14



i. Ea markers.

The earliest known molecular marker of a committed erythroid
cell is the erythropoietin receptor, which is present on the
BFU-E (Krantz and Goldwasser, 1984) and is probably absent from
non-erythroid cells. As maturation proceeds other molecules
accumulate; spectrin (a heterodimeric molecule forming part of
the cytoskeleton) appears early in erythroblast maturation
(Eisen, 1978) and the transmembrane sialoglycoproteins, the
glycophorins appear 1in the post CFU-E with their synthesis
reaching a peak at the mid-erythroblast stage (Kasturi and
Harrison, 1985), that is, earlier than haemoglobin accumulation.
The appearance of globin mRNA occurs normally at the basophilic
erythroblast stage (Harrison et al, 1974) although under
conditions of high erythropoietin, globin mRNA can be detected
at the earlier proerythroblast stage (Conkie et al, 1975). In
fact, there is even a temporal difference in the appearance of
the different globin mRNAs, with a-globin mRNA being induced
earlier during maturation than R-globin mRNA (Orkin et al, 1975).

ii. E of t em bi etic pathway.

In order to supply sufficient haem for the globin chains
being synthesized, the activities of the enzymes of the haem
biosynthetic pathway must increase from their normal low levels
required for cytochrome production. However, these activities do
not increase synchronously, rather each activity in the pathway
is induced sequentially (Sassa et al, 1978). Indeed, induction
of the final enzyme in the pathway (ferrochelatase) has been

suggested to mark the Rubicon in Friend cell maturation (Eisen et
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al, 1978). This idea derives from studies of variant Friend cell
clones which although uninducible for terminal maturation by DMSO
nevertheless accumulate spectrin and other "early" markers when
cultured in the presence of DMSO. This induction of the "early"
erythroid programme is reversible since returning such DMSO
treated cells to culture without DMSO causes reversion to the
uninduced phenotype. If, on the other hand, haemin is added to
such cultures then the terminal stages of erythroid maturation
occur (Eisen et al, 1978). Similar phenotypes have been observed
in cell hybrids formed between '"normal" Friend cells and
T-lymphoma cells (Harrison et al, 1977) and in DMSO-resistant
Friend cell clones (Harrison et al, 1978). In the case of one of
these variants (Fw), the defect was shown to result from a lack
of inducibility of ferrochelatase (Rutherford and Harrison,
1979). Once again, treatment of these cells with DMSO plus
haemin induces the terminal stages of erythroid maturation.
iii. Late events.

As well as haemoglobin formation the later events in the
maturation programme include chromatin condensation and nuclear
extrusion, the disappearance of mitochondria and ribosomes and
the appearance of the typical biconcave disc morphology. The
enzyme responsible for mitochondrial 1lysis, an apparently
erythroid specific lipoxygenase Dbecomes  induced during
reticulocyte maturation (Rapoport et al, 1979). A cDNA encoding
this enzyme has recently been cloned (Thiele et al, 1987).

iv.  GSHPX and ot e involved in oxidative defense.

In addition to these functions, RBCs contain a higher 1level
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than normal of enzymes responsible for cellular protection
against oxidative damage (superoxide dismutase, catalase and
glutathione peroxidase). The conditions necessary for initiating
peroxidative damage are nowhere better fulfilled than in the RBC;
the cell is exposed to high oxygen tensions, there is an ample
supply of transition metal catalysts for the formation of
superoxide and there is a high degree of unsaturation in the
lipid membrane (Chiu et al, 1982). Indeed, approximately 3% of
the haemoglobin in the human body is oxidised to methaemoglobin
each day. This involves the conversion of the ferrous iron to
the ferric ion and conco%&tantly dioxygen is converted to the
superoxide radical (Figure 1.3). This in itself is not thought
to be particularly harmful, but through reaction with hydrogen
peroxide, the superoxide radical can generate singlet oxygen and
hydroxy radicals, both of which are extremely reactive and
cytotoxic entities which may initiate free radical chain
reactions in the lipid membrane leading to proteolytic damage
(Chiu et al, 1982; Wolff et al, 1986); This is something which
is particularly serious in the RBC, in view of its negligible
capacity for protein synthesis; for this reason it is thought
that the levels of superoxide dismutase, glutathione peroxidase
and catalase are elevated in RBCs.

It was, in fact, within the RBC that glutathione peroxidase
(GSHPx) activity was first detected (Mills, 1957), where it was
demonstrated to catalyse the reaction:

ROOH + 2 GSH —= ROH + GSSG + H.0

2
(where ROOH can be virtually any hydroperoxide). The enzyme is a
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homotetramer, with a subunit molecular weight of approximately
21kD (Flohe, 1982), each subunit containing an atom of the group
VI element selenium (Rotruck et al, 1973; Flohe et al, 1973).
The selenium has since been shown to be present in the enzyme as
a residue of the unusual amino acid selenocysteine (a selenium
substituted analogue of cysteine; Forstrom et al, 1978) which is
inserted into the polypeptide backbone during translation (Hawkes
and Tappel, 1983). A selenocysteyl-tRNA has also been
identified, although neither its codon recognition nor its
sequence have been determined (Hawkes et al, 1982).

Although glutathione peroxidase is known to be present at
elevated levels in RBCs compared to other cell types (Tappel et
al, 1982) it is not known how the level of the enzyme changes
during erythropoiesis nor whether any changes which might occur
parallel changes in the levels of superoxide dismutase or
catalase. Superoxide dismutase mRNA is known to be expressed at
a lower level 1in uninduced Friend cells than other murine
non-erythroid cells, but whether or not its pattern of expression
changes during erythroid maturation is not known (Sherman et al,
1983). Even less information exists concerning the pattern of
expression of catalase mRNA (Quan et al, 1986).

How the activities of the genes encoding the diverse
erythroid cell functions are modulated during erythropoiesis is
an important question in terms of how a cell achieves a given
pattern of gene transcription. To attempt to approach this
problem, several laboratories have begun to isolate genes

expressed in particular cell types. Apart from the globin
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genes, the genes (or corresponding cDNAs) encoding other
putatively erythroid functions have been isolated. These include
murine erythroid band 3 (Kopito and Lodish, 1985; Demuth et al,
1986), human 2,3 bisphosphoglycerate mutase (Joulin et al, 1986),
rabbit carbonic anhydrase type I isozyme (Konialis et al, 1985)
and rabbit erythroid lipoxygenase (Thiele et al, 1987). 1In
addition, there is a large group of genes which, while being
expressed in other cells, are also expressed in erythroid cells
at higher levels. These genes may therefore share aspects of
their regulation with the strictly erythroid-specific genes. So
far cDNAs isolated from this group include rat uroporphyrinogen
decarboxylase (Romeo et al, 1984), rat porphobilinogen deaminase
(Grandchamp et al, 1984), human 5-aminolevulinate dehydratase
(Wetmur et al, 1986), murine 5-aminolevulinate synthase
(Schoenhaut and Curtis, 1986), mouse and human carbonic anhydrase
type II isozyme (Venta et al, 1985), human glycophorins A and B
(Siebert and Fukuda, 1986a; 1986b) and human glycophorin C (Colin
et al, 1986; High and Tanner, 1987). In addition, a gene
encoding a 125 mRNA present in all tissues examined, but at
elevated 1levels in erythroblasts, 1liver and kidney has been
cloned (Affara et al, 1983; 1985; Goldfarb et al, 1983). When
translated in vitro the corresponding mRNA produces a polypeptide
of approximately 19kD (Affara et al, 1983) and so was termed
epl9-erythroid protein 19kD (Affara et al, 1985). It is with the
regulation of expression of this gene (which in fact proved to

encode GSHPx) that this thesis is concerned.
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1.3. Control of euka ic _gene ession.

One particular type of differentiated cell within a
eukaryotic organism can be distinguished from all the organisﬂs
other differentiated cell types by the structural and functional
characteristics conferred wupon it by its proteins. The first
step in the production of these proteins is the transcription of
the corresponding genes by RNA polymerase II. (The large
ribosomal RNAs [rRNAs] are transcribed by polymerase I and the 5S
rRNA and transfer RNAs [tRNAs] are transcribed by polymerase III

in this discussion transcription should be taken to refer to
transcription by RNA polymerase II unless otherwise specified).
Very shortly after the initiation of transcription (before the
new RNA chain is 50 nucleotides [nt] long) the 5' end of the RNA
is modified by the 7-methylguanosinetriphosphate "cap", which is
thought to be involved in translational initiation (Shatkin,
1976; Darnell, 1982). Transcription then proceeds through the
gene before terminating at heterogeneous sites hundreds to
thousands of nucleotides 3' to the poly (A) addition site, which
corresponds to the 3' end of the final mature mRNA (Birnsteil et
al, 1985). An endonucleolytic cleavage of the RNA then occurs
10-30 nt 3' to a sequence homologous to the consensus AAUAAA
(Proudfoot and Brownlee, 1976) and a poly (A) tail of 260-300 nt
is then added to the RNA (Brawerman, 1981). The efficiency of
this process depends upon additional sequences located in the
vicinity of the AAUAAA motif (McLauchlan et al, 1985; Gil and
Proudfoot, 1987). Another step in the pathway of mRNA

biosynthesis is the removal of introns by splicing (Padgett et
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al, 1986) after which the mRNA is transported from the nucleus to
the cytoplasm. For the vast majority of pre-mRNAs,
polyadenylation occurs before any of the introns have been
removed by splicing, typical times required for these processes
being 2min and 20min respectively.

Control of gene expression can be exerted at several stages
within this pathway and could thereby cause a change in the
levels of cytoplasmic mRNA, which might then be reflected in a
change in the activity of the corresponding protein and an
altered cell phenotype. For instance, cleavage of RNA downstream
from alternate polyadenylation signals may lead to differentially
spliced and polyadenylated RNAs from the same gene which can be
translated to yield different proteins, for example soluble or
membrane bound forms of IgM (Rogers et al, 1980; Early et al,
1980). Alternatively, differential splicing of the same pre-RNA
can give rise to different proteins; X’B fibrinogen is produced
from the same pre-mRNA as X A fibrinogen, the difference being
due to the non-splicing out of the seventh intron (Crabtree and
Kant, 1982; see also Leff et al, 1986 for a review of alternate
splicing). As well as controls leading to different protein
products, controls at different stages in the pathway can lead to
different amounts of the same protein. Within the nucleus there
is the choice of whether to process or to destroy particular
transcripts (Davidson et al, 1982; Darnell, 1982) while different
cytoplasmic levels of a particular mRNA can result from a block
in the transport of mRNA from the nucleus to the cytoplasm

(Fulton et al, 1985). In addition, differences in the stability
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of mRNAs can contribute to their steady state cytoplasmic levels.
The level of casein mRNA in breast tissue explants increases
markedly when the explants are cultured with prolactin and this
is associated with a 20-fold increase in the stability of the
casein mRNA (Guyette et al, 1979). Moreover, sequences have been
identified 1in the 3' untranslated regions of particular mRNAs
which are responsible for their instability (Shaw and Kamen,
1986). The 1level of a protein present in a cell can also be
controlled by separating the mRNA into an actively translated
fraction present on the polysomes and an inactive fraction
present as free ribonucleoprotein particles : such control occurs
during sea urchin embryogenesis (Davidson, 1976), duck
erythroblast maturation (Vincent et al, 1981) and
photo-responsive development of Volvox (Kirk and Kirk, 1985). 1In
addition to mechanisms modulating the level of particular
proteins, cellular phenotype can also be affected by altering the
activities of particular proteins through changes in protein
conformation or substrate availability induced by external
signals. For example, cAMP dependent processes in liver and
adipose tissue are activated through conformational change in the
adenylate cyclase resulting from glucagon binding to its receptor
(Newsholme and Start, 1973) and phospholipase A2 dependent
processes 1in platelets are activated through a conformational
change in the lipid substrate mediated by thrombin binding (Rink
and Hallam, 1984).

While all the above mentioned types of control are clearly

important, further discussion shall focus upon those aspects of
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cellular control which are most relevant to this thesis.

1.3.1. ces involved i e ion.

A promoter is a site at the 5' end of a gene which allows
polymerase binding and subsequent transcription initiation.
Comparison of promoter sequences has been important in
identifying elements involved in the control of transcription.
The commonest sequence found in promoter regions is the "ATA" box
(consensus TATARAR; Corden et al, 1980), which is important in
determining the accuracy of transcription initiation, indeed the
most 5' nucleotide of the "ATA" sequence is usually located 31nt
upstream from the transcription initiation site (Breathnach and
Chambon, 1981). Transcription factors have been identified which
interact with "ATA" sequences and are required for accurate
transcription in vitro (Davison et al, 1983; Parker and Topol,
1984), However, the chromatographic properties of the M"ATA"
binding factors identified by these authors differed from each
other. This could be due to species differences or might reflect
the existence of different types of "ATA" binding factors. In
fact, evidence has recently been presented for the existence of
distinet regulatory and constitutive classes of "ATA" sequences
in yeast (Struhl, 1986; 1987). Moreover, distinct classes of
"ATA" sequences also seem to exist in higher eukaryotes since
substitution of the "ATA" sequence of the herpes simplex virus
type 1 (HSV-1) early glycoprotein D gene for the "ATA" sequence
of the SVU40 early promoter causes the altered SV40 promoter to

respond like the glycoprotein D promoter, and not 1like the
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wild-type SV40 promoter when cells containing these promoters are
infected with HSV-1 (R. Everrett, personal communication).
Perhaps these differences in the physiological responses of "ATA"
sequences might have been expected since many sequences commonly
regarded as "ATA" sequences are only loose fits to the consensus.

That the "ATA" sequence is not an absolute prerequisite for
transcription 1is demonstrated by its absence from the promoters
of genes encoding certain ubiquitously  expressed or
"housekeeping"  functions such as 3-phosphoglycerate kinase
(Singer-Sam et al, 1984), 3-hydroxy-3-methylglutarylCoA reductase
(Reynolds et al, 1984) and hypoxanthine phosphoribosyl
transferase (Melton et al, 1984). 1Instead these three promoters
are highly G-C rich and contain multiple binding sites for the
transcription factor Spl1 (binding site consensus WGGGOGGPuPuPy;
Kadonaga et al, 1986). This factor, which has been identified in
a variety of different human tissues as well as chinese hamster
ovary cells (Briggs et al, 1986), activates transcription from a
promoter linked in cis following binding within the major groove
of its recognition sequence (Gidoni et al, 1984). Stimulation of
transcription by Sp1 is orientation independent (Gidoni et al,
1985) and can occur following binding of a single Spl1 molecule to
a promoter (Jones and Tjian, 1985) although it is more common for
a promoter to contain multiple Sp1 binding sites (Kadonaga et al,
1986). Moreover, while there is no cooperative nature to the
binding of multiple Sp1 molecules to the SV40 promoter (Gidoni et
al, 1985) Sp1 bound to DNA can facilitate the binding of

additional transcription factors (Jones et al, 1985; Lee et al,
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1987). 1In fact, evidence has been presented strongly suggesting
that protein-protein interactions between Sp1 and the "ATA"™ box
factor are required for efficient transcription from the SV40
early promoter (Takahashi et al, 1986a). Thus, insertion of
oligonucleotides of multiples of 10bp between the "ATA"™ box and
the 21bp repeats which left the Sp1 binding sites and the "ATA"
box on the same side of the helix had only a slightly detrimental
effect upon transcription initiation efficiency, whereas
introduction of oligonucleotides of 15, 25bp etc. which placed
the Sp1 binding sites and the "ATA" box on opposite sides of the
helix caused a dramatic reduction in transcription efficiency.

In addition to the relatively widespread "ATA" and Spl
binding sequences, others exist in a more restricted subset of
promoters which can also bind transcription stimulatory factors.
For example, in the immunoglobin gene promoters the so-called
octamer sequence (ATTTGCAT) was first identified (Parslow et al,
1984; Falkner and Zachau, 1984) and was subsequently found in the
promoters of the Ul and U2 small nuclear RNA genes as well as in
transcriptional regulatory elements of other genes (Falkner et
al, 1986). In addition, the sequence GCCACACCC, which is
conserved amongst adult mammalian R-globin genes was identified
(Lacy and Maniatis, 1980) and shown by an analysis of plasmids
carrying R-globin promoter mutations to be required for efficient
transcription of the R-globin gene both in erythroid (Charnay et
al, 1985) and in non-erythroid cells (Dierks et al, 1983; Charnay
et al, 1985; Myers et al, 1986). A protein which binds to this

sequence has recently been identified in HelLa cell nuclear
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extracts by its ability to protect this DNA sequence from
digestion with DNAse I in vitro (Jones et al, 1987).  Another
sequence important for efficient transcription of globin genes in
non-erythroid cells (Mellon et al, 1981; Dierks et al, 1983;
Charnay et al, 1985; Myers et al, 1986) and also found in the
promoters of some non-globin genes 1is the "CAAT" sequence
(consensus GGPyCAATCT; Benoist et al, 1980; Efstradiatis et al,
1980). This sequence has been shown to bind two distinct
transcription factors, one isolated from HeLa cells (CAAT
transcription factor; Jones et al, 1987) and one from rat liver
(CAAT binding protein; Graves et al, 1986). In addition the
sequence CNNGAANNTTCNNG has been identified in the promoters of
genes which are activated in response to heat shock (Lindquist,
1986) and these sequences have been demonstrated to be bound by
proteins in heat shocked cells (Wu, 1984). Receptor sites for
steroid hormones also exist in the promoters of some genes
indeed by an analysis of plasmids carrying promoter mutations for
their ability to stimulate transcription of a linked gene when
introduced into cells and to bind glucocorticoid receptor in
vitro, the consensus sequence for binding of glucocorticoid
receptor (PyGGTNRCARNIGTPyCT) was deduced (Karin et al, 1984; see
also Yamomoto; 1985 for a review of steroid receptor action).

No single promoter analysed to date contains all the
Sequence motifs referred to above, rather, different promoters
appear to be built up in a modular fashion from eiements
containing recognition sites for various transcription factors.

Perhaps the best illustration of this is the human

26



metallothionein IIA (hMT-IIA) gene which contains, in the 250bp
immediately upstream from the cap site, (1) an "ATA" sequence, (2)
an Spl1 binding sequence (3) a glucocorticoid responsive element
(4) two copies of a basal level enhancer sequence (see section
1.3.4) which stimulates transcription by binding a protein which
also interacts with the SV40 enhancer and finally (5) four
sequences which stimulate transcription in response to heavy
metal ions (Lee et al, 1987). Moreover, this is not the complete
picture since expression of the hMT-IIA gene is also activated in
response to interleukin 1 (Karin et al, 1985) and protein kinase
C activators (Imbra and Karin, 1987). In this way the particular
physiological requirements of a promoter are tailored from the
elements ;t contains (Dynan and Tjian, 1985; Serfling et al,
1985).  As hinted above, this also seems to be true of another
class of cis-acting transcriptional regulatory elements, the

enhancers (see section 1.3.4. below).

1.3.2. The role of DNA methylation in transcriptional control.

Methylation of cytosines (90% of which occurs at the
dinucleotide sequence CpG) is associated with the transcriptional
inactivity of many vertebrate genes. Moreover, there are
numerous examples where the loss of methylated residues in the 5!
flanking regions of genes has been correlated with the
transcriptional activation of the corresponding genes either
during differentiation or in response to a specific stimulus (for
reviews see Doerfler, 1983; Bird, 1984). However, there are

other instances where such a correlation is not observed
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(Doerfler, 1983). This may well be a consequence of the method
used in most of these studies for detecting methylation changes;
restriction enzyme digestion with the methylation sensitive (Hpa
II) or insensitive (Msp I) isoschizomers recognizing the
sequences CCGG. Thus only a proportion of the possible
methylation changes occuring in a given stretch of DNA would be
detected by this approach. It 1is therefore possible that
demethylation of specific sites not analysed by this method may
be causally related to transcriptional activation. Furthermore,
since nucleotides outwith the Msp I recognition site can strongly
inhibit Msp I cleavage when the Msp I site is methylated at the
CpG, such analysis occasionally give erroneous results (Keshet
and Cedar, 1983; Busslinger et al, 1983). A point of note here is
that stable maintenance of the methylation state of CpG
dinucleotides following replication may maintain the
transcriptional activation status of a given gene (Doerfler,
1983).

Much of the work alluded to above led to the presumption
that demethylation altered the affinity of particular sequences
within the 5 flanking regions of genes for trans-acting
transcriptional regulatory molecules. Although experimental
proof of this notion is lacking it is not unprecedented since in
prokaryotes methylation of DNA in the binding site for the lac
répressor alters the affinity of the repressor for its
recognition site (Fisher and Caruthers, 1979). Mbreover, as
noted above, the effect of DNA methylation upon the action of

certain restriction endonucleases is widely recognized.
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More recent data obtained from the analysis of nuclear DNA
following the transfection of totally methylated or ummethylated
M13 DNA into mouse cells suggests that methylation may affect
chromatin structure since totally methylated DNA was assembled
into a compact, inactive, nuclease resistant structure whereas
unmethylated DNA was formed into a more open, DNAse I sensitive
structure (Keshet et al, 1986; see also next section for a fuller
discussion of chromatin structure). Other evidence has shown
widespread methylation changes to occur during differentiation.
Thus, it was demonstrated that transient genome-wide
hypomethylation occurred when teratocarcinoma or Friend cells
were induced to undergo terminal maturation (Bestor et al, 1984).
Furthermore, such hypomethylation was shown to occur by a
mechanism independent of DNA replication whereby 5-methylcytosine
was excised from DNA and replaced by cytosine (Razin et al,
1986).

Irrespective of the detailed mechanisms involved, it is
clear that specific demethylation changes can affect cellular
phenotype. For example, treatment of the embryonic fibroblasts
(the cell 1line 10T1/2) with 5~azacytidine (an inhibitor of
cytosine methylation; Santi et al, 1983) causes their conversion
into myoblasts, chondrocytes and adipocytes (Konieczny and
Emerson, 1984). In addition, treatment of HeLa cells with
5-azacytidine allows them to produce human muscle-specific gene
products following their fusion to mouse muscle cells, an ability
which they do not possess in the absence of b5-azacytidine

treatment (Chiu and Blau, 1985).
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Recently, a fraction of mouse DNA (representing only 1% of
the genome) has been described which contains approximately 15%
of the umnmethylated genomic CCGG sequences (recognized by
digestion with the methylation sensitive enzyme Hpa II). These
sequences apparently never become methylated during development
(Bird et al, 1985) and exist as islands of unique DNA within
which Hpa II sites are concentrated : therefore they were termed
Hpa II tiny fragments (HTFs). Four putative HTFs were identified
in the G-C rich promoters of housekeeping genes, which suggested
that these methylation free zones were responsible for
determining that such housekeeping genes did not become
transcriptionally silent (Bird et al, 1985). Indeed, it has also
been suggested that a lack of methylation might favour the
absence of nucleosomes from such DNA (Keshet et al, 1986). This
is particularly interesting given the fact that HTFs generally
occur at the 5! ends of genes since nucleosomes prevent
transcription initiation by polymerase II but do not impede the
progress of polymerase once transcription has been initiated
(Lorch et al, 1987). This 1last point may explain the
observations that the 5' end of the mouse Bmaj globin gene is
free from nucleosomes in erythroid cells where the gene is about
to be or being transcribed, whereas the 3' end is wrapped in
nucleosomes (Benezra et al, 1986; Cohen and Sheffery, 1985). 1In
contrast the 5' end of the gene is constrained in nucleosomes in

non-erythroid cells.
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1.3.3. Chromati ucture a ene transcription.

The bulk of DNA in the nucleus is transcriptionally inert
and is packaged in a compact structure which 1is generally
considered to be inaccesgible to trans-acting factors. In
contrast, genes which are transcribed or are shortly to be
transcribed within a given cell (approximately 10-20% of the
total [Weisbrod, 1982]) exist in a more open, accessible
chromatin configuration. This more open structure can be
distinguished from bulk chromatin by its localisation to
peripheral regions of the interphase nucleus (Hutchison and
Weintraub, 1985) and by its preferential sensitivity to DNAse I
digestion (Weintraub and Groudine, 1976). The maintenance of the
preferentially DNAse I sensitive nature of chromosomal regions
surrounding genes transcribed by both polymerase II and III
requires the continuous activity of topoisomerase II (Ryoji and
Worcel, 1984; Villeponteau et al, 1984) an ATP dependent enzyme
which pumps negative supercoils into DNA (Earnshaw et al, 1985;
Wang, 1985). The details of the specificity of recognition of a
particular domain by topoisomerase II are unclear but an
interaction through specific trans-regulatory factors is known to
be involved (Yang et al, 1985; Kmiec and Worcel, 1985). 1In
addition a consensus sequence (GTNAPyATTNATNNG) for recognition
by topoisomerase II has been deduced (Sander and Hsieh, 1985).

Superimposed upon the region of DNAse I sensitivity,
discrete DNAse I hypersensitive (DH) sites exist which are
thought to be free from nucleosomes and bound by non-histone

proteins (Saragosti et al, 1980; see also Weintraub, 1985;
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Eissenberg et al, 1985 for recent reviews). DH sites are
commonly formed over the promoter regions of genes; that these
sites occur in regions important in gene transcription has been
demonstrated most convincingly in an analysis of deletion mutants
of the region 5' to the Drosophila Sgs-4 gene (Shermoen and
Beckendorf, 1982). Here, deletion of sequences covering one of
the five DH sites upstream of the gene reduces the mRNA 1level
50-fold. A second mutant lacking sequences covering another two
of these DH sites is unable to form the remaining three DH sites
and does not produce any Sgs-4 mRNA. Thus, not only is the
presence of all five DH sites required for maximal gene
expression but, at least in this instance, formation of a subset
of the full complement of DH sites is an absolute prerequisite
for formation of the remainder, implying cooperation between DH
sites during formation of active chromatin.

However, DH site formation is not sufficient to allow
transcription to proceed. For examplg, a hormone inducible DH
site in the mouse mammary tumour virus long terminal repeat
appears before maximal transcription (Zaret and Yamamoto, 1984).
Moreover, the promoters of heat shock genes are DH sites even in
non-heat shocked cells where they are not transcribed (Wu, 1980).
A highly significant observation in this context is that RNA
polymerase II is bound to the hsp 70 promoter in non-heat shocked
cells but is absent from the gene body : following heat shock,
polymerase is still present at the promoter but in addition is
detectable throughout the transcription unit (Gilmour and Lis,

1986). The clear implication here is that the rate limiting step
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in transcription initiation occurs not only after formation of DH
sites but also after binding of polymerase II to the promoter.

An erythroid cell <clone transformed by avian
erythroblastosis virus possesses DH sites around the globin genes
but does not contain any cytoplasmic globin mRNA (Weintraub et
al, 1982). A similar effect is seen after infection of chicken
embryo fibroblasts with a Rous sarcoma virus containing a
temperature sensitive src gene, at the non-permissive temperature
(Groudine and Weintraub, 1982). Following a shift to the
permissive temperature the cells become transformed, DH sites
appear around the globin genes and they become transcribed.
Significantly, after a shift back to the non-permissive
temperature, the DH sites remained for 20 cell divisions in the
absence not only of the original inducer of their formation, but
also of detectable globin mRNA. However, it would appear that
such persistence of DH sites in the absence of inducer is not
indefinite, since hormonally induced DH sites at the 5' end of
the chicken vitellogenin II gene are no longer detectable seven
weeks after hormone withdrawal (Burch and Evans, 1986).

The presence of DH sites near a gene reflects the binding of
non-histone proteins to the DNA, although the sites of protein
binding do not necessarily occur exactly at the DH site (Wu,
1984), Furthermore, through a deletion analysis of DNA
underlying the two closely spaced DH sites at the 5' end of the
Drosophila heat shock gene hsp 70 it was shown that sequences
underlying one of the DH sites were not required for its

formation (Costlow et al, 1985). However, further deletion into
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the region between the two DH sites not only prevented formation
of the DH sites from which the sequences had been deleted but
also the formation of the second DH site. This 1is almost
certainly due to deletion of a binding site for the
trans-regulatory heat shock transcription factor (Wu, 1984). A
similar closely spaced DH site doublet was seen 5' to the chicken
BH-globin gene and was shown to reflect the binding of a
non-histone protein(s) to the region between the DH sites (Plumb
et al, 1986).

Not all DH sites reflect the binding of positively acting
trans-regulatory factors. During  induced granulocytic
differentiation of the human promyelocytic cell line, HL-60,
c-myc expression decreases due to a transcriptional block at the
5' end of intron I; significantly, it is at this position that a
DH site appears following induction (Bentley and Groudine, 1986;
Eick and Bornkamm, 1986). A DH site is also seen 2.4kb upstream
from the cap site of the chicken lysozyme gene in tissues where
the gene is not expressed (Fritton et al, 1984). Recently a DNA
fragment covering this DH site has been shown to act as a
negative regulatory element during transient expression assays in
cells in which the DH site is also present (Steiner et al, 1987).

In fact, different sets of DH sites are seen around genes
which are expressed in different cell types or in the same cell
type in response to differing stimuli. An excellent example of
this is again the chicken lysozyme gene where different sets of
DH sites are present depending upon whether the gene is not

expressed, 1is expressed constitutively, is steroid inducible or
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is steroid induced (Fritton et al, 1984).

1.3.4. Enhancers.

Sequence elements functionally defined as transcriptional
enhancers have the ability to stimulate transcription from the
normal cap site of a gene linked in ¢is, 1in an orientation
independent manner (despite the absence of palindromic character)
by increasing the frequency of transcription initiation (Weber
and Schaffner, 1985; Treisman and Maniatis, 1985). Moreover,
these elements can exert their effect over large distances (>1kb)
and remain functional when positioned upstream or downstream from
the transcription initiation site, preferentially stimulating
transcription from the most proximal promoter (Wasylyk et al,
1983a; Kadesch and Berg, 1986).

Enhancers were first described in viral genomes but have
since been found in association with several cellular genes (for
reviews see Khoury and Gruss, 1983; Serfling et al, 1985). They
often reside in regions of DNAse I hypersensitivity, but only in
the cell types in which the enhancers are active (Herbomel et al,
1981; Saragosti et al, 1982; Parslow and Granner, 1982). Indeed,
for polyoma and SV40, the enhancers are themselves the
determinants of their hypersensitivty (Fromm and Berg, 1983;
Jongstra et al, 1984; Bryan and Folk, 1986). Moreover, in SV40
minichromosomes the enhancer and DH regions both coincide with a
nucleosome free gap known to bind non-histone proteins (Saragosti
t al, 1980; Jongstra et al, 1984). It was therefore no surprise

when it was demonstrated that enhancer activity both in vivo and
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in vitro required specific interaction between the enhancer and
cellular factors (Scholer and Gruss, 1984; Wildeman et al, 1984)
and that such interactions occurred in a cell specific manner
which reflected the cell-specificity of enhancer action (Scholer
and Gruss, 1985).

The cell type specificity of transcription is known to be
determined, at least in part, by the enhancers of the
immunoglobulin, insulin, chymotrypsin, a-foetoprotein and
lysozyme genes (reviewed by Voss et al, 1986). However, cell
type specificity is not due solely to enhancer action since some
promoters also show cell-specificity independently from enhancers
(Foster et al, 1985; Mason et al, 1985; Edlund et al, 1985).
Moreover, the degree of activation elicited by an enhancer
depends upon the promoter to which it is linked and the cell type
used for the analysis (Treisman et al, 1983; Berg et al, 1984;
Garcia et al, 1986). A detailed comparison of the interaction
between the SV40 enhancer and either the SV40 early or HSV-1 tk
promoter in different cell types illustrates this promoter
dependence (Robbins et al, 1986) : whereas the SV40 early
promoter is stimulated by the SVA40 enhancer in all cell types,
the tk promoter is not, unless the trans-acting factors,
T-antigen or the adenoviral immediate-early E1A proteins are
present within the cell. It is thus clear that the cell
specificity of gene transcription results from the interaction of
the cell specificities of particular enhancer-promoter

combinations.

Another conclusion to emerge from the analyses of Robbins et
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al (1986) is that T-antigen stimulates SV40 enhancer activity not
by binding to the enhancer but rather by altering the activity of
cellular factors which can then bind to the enhancer. Phorbol
ester tumour promoters can also stimulate the SV40 enhancer by a
post-translational mechanism (Imbra and Karin, 1986) but whether
this occurs via the same pathway as T-antigen stimulation is not
known., A similar mode of action for the transcriptional
induction of the adenovirus E2 transcription unit by adenovirus
E1A proteins has been proposed, although it remains unclear
whether E1A regulates the activity of cellular factor(s) by
increasing their numbers or by increasing their activity through
covalent or non-covalent modification (Kovesdi et al, 1986a;
1986b). It is worth noting at this juncture that one of the E1A
proteins can repress certain enhancer activities in a cell
specific manner (Jones, 1986), perhaps by the same mechanism as
is used by some normal cellular repressors (Nir et al, 1986;
Stein and Ziff, 1987). |

Indeed sequences having a negative regulatory effect upon
transcription have been identified near the genes encoding
R-interferon (Goodbourn et al, 1986), insulin (Nir et al, 1986),
c-myc (Remmers et al, 1986), retinol binding protein (Colantuoni
et al, 1987), albumin (Petit et al, 1986) and a-foetoprotein
(Muglia and Rothman-Denes, 1986). Moreover, factors bound to the
negative regulatory elements of the R-interferon gene have been
detected in vivo (Zinn and Maniatis, 1986). While it seems
reasonable that negative regulation of B-interferon transcription

should occur in the absence of inducer 1in cells which can
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potentially transcribe the gene, the physiological significance
of specific DNA-binding repressors of transcription of retinol
binding protein or insulin, present in cells which never
transcribe these genes in less obvious. In these cells such
genes would be expected to be in a compact inaccessible chromatin
configuration and in fact this has been demonstrated to be the
case for the insulin gene (Wu and Gilbert, 1981).

Comparison of the sequences of various enhancers led to the
suggestion that a "core" sequence (GIGGRRRG; Weiher et al, 1983)
has a key role in enhancer activity. Thorough analysis of the
SV40 enhancer function in human (HeLa) or monkey Kkidney (CV-1)
cells confirmed this suggestion but also identified other
sequences which were just as crucial to enhancer function as the
"core" (Herr and Clarke, 1986; Zenke et al, 1986). In fact three
elements were identified within the enhancer, two within and one
upstream of the 72bp repeat : two of these elements contained
"core" sequences, but these formed only non-functional
sub-domains. None of these elements alone could function as an
enhancer but, surprisingly, tandem duplication of a single
element restored enhancer activity (Herr and Clarke, 1986; Zenke
et al, 1986). Each of these tandem duplications produces
enhancers with differing cell type specificities and it was
proposed that the broad cell specificity of the SV40 enhancer was
due to the combination of smaller units with a more restricted
cell specificity (Ondek et al, 1987).

The mechanism of enhancer action remains obscure although

several different models have been proposed. Enhancers might act
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to organize chromatin into an active conformation or they may
alter the supercoil density of a DNA domain by acting as
topoisomerase II cleavage sites. The SV40 enhancer can form a DH
region over 1itself when transposed to another part of the
chromosome (Fromm and Berg, 1983; Jongstra et al, 1984) and it
also has the majority of topoisomerase II cleavage sites located
in or near it (Yang et al, 1985). However, the fact that the
enhancer seems to be required only to establish and not to
maintain an active transcription complex (Wang and Calame, 1986)
whereas the continuous activity of topoisomerase II is required
to maintain an active chromatin conformation (Ryoji and Worcel,
1984; Villeponteau et al, 1984) argues against either of these
mechanisms as being of primary importance in enhancer action.
Alternatively, enhancers may act by directing DNA to a
particular nuclear locality (Hutchison and Weintraub, 1985)
possibly the so-called matrix (Mirkovitch et al, 1984) but this
is a controversial area of research (Jackson and Cook, 1985).
Another possibility is that enhancers act as entry sites for
transcription factors which then move to the promoter to interact
with other transcription factors causing an increase 1in
transcription initiation. Such movement to the promoter could be
caused by the looping out of DNA between the enhancer and the
promoter or by the sliding of factors along the DNA from the
enhancer to the promoter. Several instances have now been
documented of cooperative binding of factors at enhancers and
promoters (Takahashi et al, 1986; Lee et al, 1987; Jantzen et al,

1987) which tends to argue in favour of looping. However, other

39



experiments have shown that when the DNA interposed between the
SV40 enhancer and the R-globin promoter is modified by psoralen
adducts, enhancer stimulated transcription is decreased (Courey
et al, 1986). These results seem incompatible with the idea of
looping, suggesting rather that enhancer action involves sliding.

Regardless of the mechanism, one last point is worth
emphasizing. Some B-cell lines exist which have deleted the IgH
enhancer yet transcribe the IgH gene at normal levels (Wabl and
Burrows, 1984; Klein et al, 1984). Recent experiments suggest
that this may be explained by enhancer binding factors being
required to establish a stable transcription complex which can
then be maintained in the absence of such factors (Wang and
Calame, 1986; Robbins et al, 1986). Such a mechanism could play
an important role in development, as has been argued previously

(Weintraub, 1985; Brown, 1984).

1.3.5. Trans-regulatory proteins.

The existence of positively acting trans-regulatory proteins
capable of stimulating transcription following binding to
particular consensus sequences has already been noted (section
1.3.1). As well as these other proteins have been identified
which are converted from an inactive to an active form by
post-transcriptional modifications (Sen and Baltimore, 1986b;
Nabel and Baltimore, 1987). Still other factors have been
inferred from in vivo footprinting (Church et al, 1985; Ephrussi
et al, 1985) and transfection experiments (Gerster et al, 1987)

yet remain elusive.
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Some of the consensus sequences to which such factors bind
(the "CAAT" and the octamer sequences) are actually recognized by
more than one factor (Jones et al, 1987; Graves et al, 1986;
Staudt et al, 1986; Singh et al, 1986; Bohmann et al, 1987); it
therefore seems likely that these factors either have different
affinities for the same sequence and/or cause different reactions
when bound to the same sequence. For instance, oligomerized
octamer sequences can cause transcriptional stimulation in the
absence of other sequence motifs, but only in cells of the
B-lineage (Gerster et al, 1987). This presumably reflects a
crucial difference between the mechanisms of action of the B-cell
specific and the ubiquitous octamer binding proteins.

The means by which trans-acting transcriptional stimulatory
proteins act is exemplified by the steroid receptors. Each of the
members of this family of related proteins can be broadly
considered to be composed of three functional domaiﬁs : the
C-terminal region contains the hormone binding domain, the
central portion the DNA binding domain, while the remaining
N-terminal sequences somehow interact with the transcriptional
machinery to stimulate transcription (Green and Chambon, 1986).
Binding of 1ligand to these proteins (at least for the
glucocorticoid receptor) has been deduced to cause an "unmasking"
of the DNA binding domain, thus leading to binding of the
receptor to its target sequence and SO transcriptional
stimulation, since mutant proteins lacking the hormone binding
domain are constitutive activators of transcription in vivo

(Godowski et al, 1987; Hollenberg et al, 1987). This unmasking
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may be due to the removal of an additional protein complexed with
the glucocorticoid receptor since purified receptor binds
specifically to its target sequence in vitro in the absence of
hormone (Willman and Beato, 1986) although in vivo such binding
requires hormone (Becker et al, 1986).

The steroid receptor DNA binding domain 1is thought to
interact with its target sequence through DNA-binding fingers,
short peptide loops tethered at the knuckle by coordination,
through either two cysteines and two histidines or four

2+ (Vincent,

cysteines, to a transition metal ion, commonly Zn
1986). This type of structural motif was first identified in the
trans-regulator of polymerase III transcription of the 5S rRNA
genes (TFIIIA) and has since also been recognized in several
Drosophila homeotic gene products as well as steroid and thyroid
hormone receptors (Vincent, 1986; Green and Chambon, 1986). 1In
contrast certain prokaryotic proteins contact their binding sites
through an a-helix-R-turn-a-helix motif (Schevitz et al, 19855
The N-terminal domain of the glucocorticoid receptor has
been shown to increase the transcriptional stimulation caused by
the receptor binding to its target sequence (Hollenberg et al,
1987) and this is probably the reason why mutant proteins lacking
the N-terminal portion of the molecule have no physiological
activity (Yamamoto, 1985). Indeed, such mutant proteins might
act as repressors of transcription by binding to their target
sequences in a sterile manner and this may form the basis of the
inhibition of transcription of certain genes by steroids (Charron

and Drouin, 1986). This would be analogous to the case of the

y2



yeast transcriptional activator GALY4 which stimulates
transcription of the GAL genes in response to galactose. This
protein is composed of at least two domains, an N-terminal DNA
binding domain and a C-terminal portion which causes
transcriptional stimulation. Removal of the C-terminal portion
of the molecule converts it into a DNA-binding transcriptional
repressor (Keegan et al, 1986).

Trans-regulatory factors exist which can cause the
repression of liver-specific functions following fusion of rat
hepatoma cells with mouse fibroblasts. In the case of tyrosine
aminotransferase and phosphenclpyruvate carboxykinase these
trans-regulatory factors have been mapped to the same region of
mouse chromosome 11 (Killary and Fournier, 1984; Chin and
Fournier, 1987). For albumin the negative trans-regulatory
factor has also been mapped to a single chromosome : it exerts
its effect via a 400bp DNA region immediately upstream from the
albumin cap site (Petit et al, 1986). Trans-dominant negative
regulatory elements have also been demonstrated in cell hybrids,
which act by abolishing the active chromatin structure of
specific genes (Dyson et al, 1985; Affara et al, 1985). Given
that the ©positively acting effector of polymerase III
transcription of 5S rRNA genes (TFIIIA) has been shown to cause
the formation of active chromatin through an interaction with
topoisomerase II (Kmiec and Worcel, 1985; Kmiec et al, 1986) it
may be possible for a negatively acting factor to act by a
pathway in which it is converted to a topoisomerase II inhibitor

upon binding to its target sequence. The associated chromatin
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would then revert to an inactive conformation.
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Chapter 2

.- Materials and Methods
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2.1. Materials.
A1l chemicals and biochemicals were obtained from BDH
Chemicals, Poole, Dorset or Sigma Chemical Co., St. Louis,

Missouri, U.S.A., except those listed below.

Amersham Internatiopnal, England.
A1l radiochemicals, Nick translation kit N.5000.
Bethesda Research [aboratories, Rockville, Maryland, U.S.A.

All restriction endonucleases, DNA molecular weight markers
(Hinf I digested ¢ X174 DNA, HindIIT digested A DNA), agarose, low
melting point agarose, urea, vanadyl-ribonucleoside complexes,
NP-40, T4 polynucleotide kinase, 5-bromo-4-chloro-3-indolyl-R
galactoside (X-gal), isopropylthiogalactoside (IPIG).

Biorad Laboratories, Richmond, California, U.S.A.

Protein assay kit II.

Boehringer Mannheim, Lewes, East Sussex, England.

Calf intestinal phosphatase (special grade for molecular
biologists). Klenow, large fragment of E. coli DNA polymerase I,
AMV reverse transcriptase, oligo d(T) cellulose, proteinase K, S1
nuclease.

Camlab, Cambridge, England.

T.l.c. plates.

Difco Laboratories, Detroit, Michigan, U.S.A.

Bacto-tryptone, Bacto-agar, yeast extract.
Fiso .1.c., Loughborough, England.

Ethyl acetate.
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Fulka, Buchs, Switzerland.
Formamide, Guanidinium isothiocyanate.
Highland Stores, Switchback Road, Bearsden.
Marvel.
New England Bjiolabs, Beverly, Massachusetts, U.S.A.
HindIIT linkers.
Pharmacja, Milton Keynes, England.
DNAse I, Sephadex G50, Ficoll 400,  DEAE~dextran,
dideoxynucleotide triphosphates.
Rathburn Chemicals Ltd., Walkerburn, Peebleshire.
Phenol (water saturated).

Schleicher and Schuell, Dassel, F.R.G.

Nitrocellulose paper.

Chemicals and biochemicals for use in cell culture were
obtained from Flow Laboratories, Irvine; Gibco, Paisley or
Northumbria Biologicals, Cramlington, England. Sera were from
Gibco (horse) or Imperial Laboratories, Salisbury, England (foetal

calf). Ham's SF12 and SLM were from Flow Laboratories.
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2.2. Animals and cell ¢ e
2.2.1. Mice.

The mice used during the course of this work were of either
the NIH or BALB/c strains. They were kept under 12 hour
alternating light-dark cycles and fed ad libitum.

Reticulocytes were prepared by making adult mice anaemic by a
single intra-peritoneal injection of acetylphenylhydrazine (0.2ml
of a 2.5% w/v solution in Hank's BSS) 5 days prior to sacrifice.
The buffy coat was removed by centrifugation (2000g; 20min; HOC)
prior to RNA preparation.

Tissues were dissected from adult mice, rinsed briefly in
precooled Hank's BSS containing 10 units heparin/ml (0°C) and held
at 0°C until further manipulation. During dissection gall
bladders were removed from livers; no attempt was made to remove

adrenal glands from kidneys.

2.2.2. Initiation of primary mouse embryo fj la cult .

Embryos were removed from the uterus of preghant females at
15 days post coitus (the presence of the vaginal plug was taken to
indicate day 0 post coitus) and rinsed in Hank's BSS containing 10
units heparin/ml. Foetal livers were removed and the embryos bled
by cerebral puncture. Embryos were then chopped finely using a
scalpel and suspended in 1ml/embryo 0.025% w/v trypsin (in citrate
buffer, pH7.8) precooled to 0°C and kept at 4 overnight.
Trypsinisation was then effected by 30 min incubation at 37°C,
after which 5ml/embryo Ham's SF12 medium plus 10% v/v foetal calf

serum (FCS) was added. [SF12 is Ham's F12 medium supplemented with
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ten times the normal level of folic acid and with extra amino
acids (equivalent to adding Eagle's minimum essential amino
acids), but lacking thymidine and hypoxanthine]. Cells were then
dispersed by repeated passage through a narrow mouthed 25ml
pippette and, after allowing the larger fragments to settle, the
supernatant was seeded into 21 roller bottles containing 500ml
Ham's SF12 plus 10% v/v FCS and penicillin. Cultures were gassed
with 10% C02/9O% air and incubated at 37°C.  Non-adherent cells
were removed every 2 days and the cultures re-fed. After 1 week
monolayers were close to confluence and were taken for RNA

preparation.

2.2.3. Cell lines.

Unless otherwise stated all cells were obtained from the
Beatson Institute stocks.

Friend cells (clones 707B10/1 and M707T, Harrison et al,
1978) were grown in Ham's SF12 supplemented with 10% v/v horse
serum, in 10% C02/90% air at 37°C. Erythroid maturation was
induced by the addition of 5mM hexamethylenebisacetamide (HMBA) to
an exponentially growing culture set up at 5x104 cells/ml, which
was allowed to grow for a further 5 days. Friend cell clone
F4-12B2 (Greiser-Wilke et al, 1981) was grown in Special Liquid
Medium (SLM) (SLM - this is a modification of EM containing twice
the normal concentration of all constituents except salts and
glucose and with 0.11g pyruvate/litre) supplemented with 4mM
glutamine and 10% v/v FCS in 10% C0,/90% air at 37°C.

Neuroblastoma cells (N18-TG2) were grown in Ham's SF12
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supplemented with 10% v/v horse serum, in 10% CO2/9O% air at 37°C.

BW1-J cells (Cassio and Weiss, 1979; Szpirer and Szpirer,
1975) a subclone of a cell line derived from a transplantable
hepatoma were grown in Ham's SF12 supplemented with 10% v/v foetal
calf serum (FCS) in 10% C02/90% air at 37°C.  These cells were a
gift from Mary Weiss.

RAG cells (Klebe et al, 1970) are a clone of an 8-azaguanine
resistant mutant of a transplantable renal adenocarcinoma, a
tumour of a kidney tubule cell. They were grown in Special Liquid
Medium (SLM) containing 4mM glutamine and 10% v/v FCS in 10%
C02/90% air at 37°C. These cells were purchased from the American
Tissue Culture Collection.

LATK cells (Kit et al, 1963) are a thymidine kinase negative
subclone of a fibroblast derived cell line. These cells were
grown in SLM containing 4mM glutamine and 10% v/v FCS in 10%
C0,/90% air at 37°C.

DeC1.15 cells (Spooncer et al, 1986); a cloned haemopoietic
stem cell line, were grown in Fischer's medium supplemented with
20% v/v horse serum and 10% WEHI-conditioned medium at 33°C in 10%
CO,/90% air .

AD-3 cells (Dexter et al, 1980); a pregranulocytic cell line,
were grown in Fischer's medium supplemented with 20% v/v horse
serum and 10% WEHI-conditioned medium at 37°C in 10% C02/90% air.

Both DeC1.15 and AD-3 cells were grown at the Paterson
Laboratories by Mike Dexter and colleagues and were shipped to the

Beatson overnight when subconfluent.
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2.2.4. wt cells in ¢ e.

707B10/1, M707T and N18-TG2 grew in suspension and cell
numbers were kept between 5x10u and 2x106/ml by subculturing. All
other cells grew as adherent monolayers and were grown until
subconfluent before harvesting or subculturing at 3x104cells/cm2.

To remove adherent cells from culture flasks, medium was
first removed and the cells washed once in phosphate buffered
saline (PBS). Trypsin (0.025% w/v in citrate buffer, pH7.8) was
then added to the monolayer and left until the cells had become
unattached from the flask. Three volumes of medium were then
added and mixed thoroughly with the cells. Cell numbers were then
measured in a coulter counter and the appropriate dilution of the
cells made.

All cell lines were examined for the presence of mycoplasma
using the Hoechst 33258 staining method of Chen (1977). Only
cells in which mycoplasma were undetectable were used for
experimentation. Any cell stocks in which mycoplasma were

detected were removed from the Institute and destroyed.

2.2.5. orage of cells in

Cells were trypsinised (where necessary), pelleted and
resuspended in the appropriate medium containing 10% v/v
dimethylsulphoxide (or 10% v/v glycerol in the case of Friend
cells) at 107 cells/ml. 1ml aliquots were placed in plastic 1.5ml
Nunc tubes and these were wrapped in cotton wool inside a
polystyrene box and placed at -70°C overnight. (Cooling of cells

is at approximately 1°%c per minute under these conditions).
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Frozen cells were stored in liquid nitrogen.
Recovery from storage was affected by rapid thawing at 37°C.

6

Cells were then incubated in medium at 10 /ml overnight and then

subcultured as described in section 2.2.4.

2.3. Gel electrophoresis.
2.3.1. Agarose gel electrophoresis of DNA.

Agarose gel electrophoresis of DNA was performed using a flat
bed apparatus. Gels were made from 0.8% w/v to 2.0% w/v agarose
dissolved and cast in buffer. When resolution of higher molecular
weight DNA bands was required agarose was dissolved in 2mM EDTA;
4OmM tris-acetate, pH7.8 (TAE) buffer; when resolution of lower
molecular weight bands (<2kb) was preferred agarose was dissolved
in 90mM tris; 90mM boric acid; 2.5mM EDTA, pH8.3 (TBE) buffer.
Gels were cast by pouring agarose directly into the
electrophoresis apparatus with a well-forming comb in place and
the electrodes separated from the gel-forming chamber by removable
plastic Dbarriers. Once solidified the gel was submerged in the
appropriate buffer and DNA (10-25ug for genomic DNA; 10-1000ng for
plasmid DNA) solution (containing 1/10th volume of 0.25% w/v
bromophenol blue; 0.25% w/v Orange G; 25% w/v Ficoll 400) loaded
into the wells. The current applied was dependant upon the
dimensions of the gel and the urgency of the immediate task but
was generally in the range of 10-100mA for 0.5-18 h for gels cast
and run in TBE and 25 - 200mA for 1-18 h for gels cast and run in
TAE. Following electrophoresis, gels were soaked in ethidium

bromide solution (0.5pg/ml) for 15 min and excess ethidium bromide
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removed by soaking the gel in water for 15 min. DNA was then
visualised by illumination on a short wave u.v. light box and
photographed (when required) through a red filter using Polaroid

type 57 high speed film.

2.3.2. Agarose gel electrophoresis of RNA.

Separation of RNA for "Northern" transfer (see section
2.7.2.) required a gel system which ensured that RNA remained
denatured. The system chosen used gels containing formaldehyde
whose fractionation properties have been well characterized by
Lehrach et al (1977). Gels were prepared by dissolution of
agarose in water at 100°C. Following cooling to 60°C, 10x running
buffer and formaldehyde were added to give a final gel composition
of 1.1% w/v agarose, 2.2M formaldehyde and 1x running buffer (40mM
morpholinopropanesulphonic acid [MOPS] pH7.0; 10mM sodium acetate;
5mM EDTA). Gels were immediately cast as described in section
2.3.1. and submerged under 1x running buffer. If RNA was not
being loaded immediately gels were stored for short periods of
time by submersion in 1x running buffer supplemented with 2.2M
formaldehyde (this prevented formaldehyde leaching out of the
gel). RNA  samples were prepared for electrophoresis by
lyophilisation and resuspension in 354l of 50% v/v formamide; 2.2M
formaldehyde; 1xMOPS. These mixtures were then heated at 70°C for
10 min, cooled immediately on ice and 4ul 50% v/v glycerol; 1% w/v
bromophenol blue; 10mM sodium phosphate buffer, pH7.0 added,
before loading RNA onto the formaldehyde gel (50ml of 1M sodium

phosphate buffer, pH7.0 is prepared by mixing 30.5ml 1M Na2HPOu
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and 19.5ml1 1M Na HPOu). Electrophoresis was at 150mA with

2
recirculation of buffer between electrode chambers until the dye
had travelled 3/4 of the length of the gel. RNA size markers
(mouse 18 and 28S rRNAs from N18-TG2 cells) were then stained in
0.5ug/ml ethidium bromide for 15 min, following separation of the
lane containing the RNA markers from the rest of the gel,

destained in 1x running buffer for several hours and visualised as

detailed in section 2.3.1.

2.3.3. ative polyacrylamide gel e esis.

Gels were prepared by catalysing the polymerization of a
solution of 5.84% w/v acrylamide, 0.16% w/v NN' methylene
bisacrylamide, 1xTBE, 0.2% v/v NNN'N' tetramethylethylenediamine
by the addition of ammonium persulphate to 0.1% w/v. Immediately
thereafter gels were cast by pouring between two glass plates
separated by 1-2mm. Once solidifed, the gel was placed on a
vertical apparatus with each end submerged in a buffer reservoir.
DNA was loaded as detailed in section 2.3.1. and gels were run at
25-100mA for 1-4 h. DNA was visualised as described in section

2.3.1.

2.3.4. Denaturing polyacrylamide gel elec is.

These were prepared and run as detailed in section 2.3.3.
except that the gel mix contained 7TM urea and samples were
prepared by heating at 100°C for 2 min in 1xTBE; 50% v/v
formamide; 0.25% w/v xylene cyanol; 0.25% w/v bromophenol blue.

After running, gels were rinsed for 15 min in 10% v/v acetic acid;
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102 v/v methanol and dried onto Whatman 3MM paper. Gels
containing 358 labelled DNA were exposed to Kodak X-S film at room

temperature; those containing 32

P labelled DNA were exposed to
Kodak XAR-5 film at -70°C with intensifying screens (Laskey and

Mills, 1977).

2.4, Preparation of nucleic acids.
2.4.1. Eukaryotic RNA

Several precautions were adopted during RNA preparation to
minimise degradation due to endogenous or contaminating RNAses.
For preparation of total cellular RNA, guanidinium isothiocyanate
and B-mercaptoethanol were used to simultaneously disrupt cells
and inactivate RNAses. When cells were lysed in the absence of
chaotrophic agents, vanadyl-ribonucleoside complexes were added
prior to cell lysis to inhibit RNAses. In addition all equipment
and solutions to be used for RNA preparation were treated
overnight with a 0.1% v/v aqueous solution of diethylpyrocarbonate
(DEPC) to remove RNAses. DEPC was then removed from solutions by
autoclaving and from equipment by rinsing in copious quantities of
double distilled water.

i. Total Cellular RNA.

This was isolated using a modification of the method of
Chirgwin et al, (1979).

Homogenized cells from mouse tissue or pelleted cells from a
cell culture were washed once in PBS and centrifuged (2000g; 15
min; 14°C). 1ml packed cells were then lysed by vortexing in 8ml

5M guanidinium isothiocyanate; 10mM EDTA; 50mM tris-HCl, pH7.5 and
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O0.4ml R-mercaptethanol. DNA was then thoroughly sheared by 10
passages through a wide bore hypodermic needle (gauge 19; Gillette
surgical, Isleworth, Middlesex, U.K.) and 10 passages through a
narrow bore hypodermic needle (gauge 23). After incubation at
ambient temperature for 20 min, 50ml 4M LiCl were added and the
mixture incubated at 4°C for 20h to precipitate RNA. RNA was then
pelleted by centrifugation (10 000g, 90 min, MOC), washed
thoroughly in 30ml 4M LiCl and again pelleted by centrifugation
(10 000g, 30 min, 4°C). The pellet was then dissolved in 5ml 0.1%
w/v SDS; 1mM EDTA; 10mM tris~HCl, pH7.5 and extracted successively
against 2.5ml phenol once, 5ml phenol-chloroform twice and 5ml
chloroform once (the preparation of phenol, phenol-chloroform and
chloroform is described in section 2.9.3.) Phases were then
separated by centrifugation (16 000g, 10 min, 20°C) and RNA
precipitated (section 2.9.2.) and stored under ethanol at —ZOOC.
ii. Total cytoplasmic RNA.

This was prepared essentially as described by Minty and Gros
(1980). A 0.5ml cell pellet was suspended in 9.5ml 140mM NaCl;
1.5mM MgClg; 10mM tris-HCl, pH7.4 and 0.5ml vanadyl-ribonucleoside
complexes added to inhibit RNAses. Lysis was then @ffected by
addition of NP-U40 to 0.5% v/v and incubation at 0°C for 5 min.
Nuclei were then pelleted by centrifugation (4 000g, 5 min. 14°¢)
and RNA precipitated from the supernatant by the addition of an
equal volume of 8M urea; 4M LiCl and incubation at 4°c  for
24-48 h. RNA was then pelleted by centrifugation (16 000g, 15
min, MOC), dissolved in 10ml 8M urea and reprecipitated by the

addition of 10ml 4M LiCl and incubation at 4°C for 2U h. RNA was
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again pelleted by centrifugation (16 000g, 15 min, 4°C),
resuspended in 7.5ml 0.1% w/v SDS; 1mM EDTA; 5mM tris-HCl, pH7.5
and extracted thoroughly against 7.5ml phenol~chloroform. Phase
separation was achieved by centrifugation (16 000g, 10 min, 20°C)
after which the RNA was precipitated (section 2.9.2.) and stored

under ethanol at -20°C.

+

iii. Selection of poly A" RNA.

This was performed as outlined by Favaloro et al (1980).
That is, oligo(dT)-cellulose from which the "fines" had been
removed in elution buffer (0.1% w/v SDS; 1mM EDTA; 5 mM tris-HC1,
pH7.5) was poured to form a 1ml column in a sterile 10ml BioRad
plastic disposable column. The column was then washed in binding
buffer (0.1% w/v sarkosyl; 0.5M NaCl; 10mM tris-HCl, pH7.5) and
RNA dissolved in binding buffer was applied to the column at an
amount not exceeding 25% of the binding capacity of the column.
The flow-through was collected and re-applied to the column,
twice. The column was then washed once with 2ml binding buffer
and then thrice with 2ml midwash buffer (0.1% w/v sarkosyl; 0.1M
NaCl; 10mM tris-Hcl, pH7.5). The poly A" RNA was then eluted from
the column by the application of three successive 1ml aliquots of
elution buffer, precipitated (section 2.9.2.) and stored under

ethanol at -20°C.

2.4.2. Eukaryotic genomic DNA
Nuclei, prepared by NP-40 lysis of cells as described in

section 2.3.1. ii, were resuspended in 2.5ml 140mM NaCl; 1.5mM

MgCl,; 10mM tris-HC1, pH7.4 and lysed by the addition of 12.5ml
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1% w/v SDS; 20mM EDTA from a pipette at an even, forceful rate, in
order to give a homogeneous solution. Proteinase K was then added
to 0.5mg/ml and the solution gently agitated at 37°C overnight.
The mixture was then extracted successively once against phenol,
twice against phenol-chloroform and once against chloroform by
thorough mixing and the phases separated by centrifugation

(16 000g, 10 min, 20°C). Nucleic acid was then precipitated
(section 2.9.2.) at -20°C overnight. After pelleting Dby
centrifugation (16 000g, 10 min, MOC), nucleic acid was dissolved
in 0.1x SSC (1xSSC is 0.15M NaCl; 0.015M sodium citrate, pHT7.0)
and RNA hydrolysed by the addition of a mixture of RNAse A and
RNAse T1 (which had previously been boiled for 10 min to destroy
any contaminating DNAse) to give final concentrations of 20ug/ml
and 40 wunits/ml respectively and incubated at 37°C for 30 min.
DNA was then extracted with phenol, phenol-chloroform, chloroform

and ethanol precipitated as detailed above.

2.4.3. Prokaryotic plasmid DNA.
i. Small scale preparation.

In preliminary examinations, plasmid DNA was prepared by the
"zippy prep" method of Holmes and Quigley (1981). A single
bacterial colony containing the plasmid of interest was inoculated
into 1.5ml L-broth supplemented with 100ug/ml ampicillin and
incubated at 37°C overnight in an orbital shaker. 0.5ml of
culture was saved and, if desired, was diluted with 0.5ml glycerol
and stored at -20°C.  Bacteria were pelleted from the remaining

culture by a 15 sec microfugation, resuspended in 8% w/v sucrose;
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5% v/v Triton X-100; 50mM EDTA; 50mM tris-HC1l, pH 8.0; 0.6mg/ml
lysozyme and placed at 100°C for 45 sec. Chromosomal DNA was
pelleted by a 5 min microfugation, the supernatant removed to a
fresh tube and phenol-chloroform extracted. Plasmid DNA was then
precipitated (section 2.9.2.), resuspended in T.E. buffer (1mM
EDTA; 10mM tris-HCl, pH7.5) and stored at -20°C.

ii. Bulk preparation

This was prepared essentially as detailed by Birnboim and
Doly (1979). Bacteria containing the plasmid of interest were
taken from storage (section 2.4.3.i.) and 20pl inoculated into 5ml
of L-broth supplemented with 100ug/ml ampicillin and grown
overnight at 37°C in an orbital shaker. The culture was then
transferred to an additional 500ml of growth medium and incubated
overnight at 37°C in an orbital shaker. Bacteria were then
pelleted by centrifugation (4 000g, 10 min, MOC), resuspended in
10ml of lysis solution (50mM glucose; 25mM tris-HC1, pH8.0; 10mM
EDTA; 5mg/ml lysozyme) and left at ambient temperature for 5 min
to allow bacterial lysis. 20ml of freshly prepared 0.2M NaOH; 1%
w/v SDS was then added, mixed gently and the whole left on ice for
10 min. The solution was then neutralised by addition of 15ml 5M
potassium acetate, pH4.8, thorough mixing and incubation of 0°¢c
for 10 min. Precipitated genomic DNA was then removed by
centrifugation (16 000g, 10 min, 4°C) and plasmid DNA precipitated
from the supernatant by addition of 0.6 volumes of iso-propanol
and incubation at ambient temperature for 15 min. After
centrifugation (16 000g, 10 min, 20°C) DNA was rinsed in ethanol,

dried and dissolved in 6ml T.E. buffer. Caesium chloride (8g) was
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then added and dissolved at 37°C, 700nl ethidium bromide (3mg/ml)
added and the refractive index adjusted to 1.394-1.396 with T.E.
buffer. The mixture was then transferred to a 10ml tube and
centrifuged at 45 000rpm in a 10x10 fixed angle rotor at 20°C  for
36 h using a Damon IEC/B-60 ultracentrifuge. The lower DNA band
containing plasmid was then collected using a hypodermic needle
and ethidium bromide immediately removed by four successive
extractions with iso-propanol saturated with aqueous caesium
chloride . Dialysis against several changes of 10mM tris-HCl, pH
7.4; 1mM EDTA; 10mM NaCl removed caesium chloride from the DNA,
which was then precipitated (section 2.9.2.), resuspended in T.E.

buffer and stored at -20°C.

2.4.4, Preparation of nuclei and digestion with DNAse T

Two separate methods were used, the first being a standard
technique, the second an adaption of this specifically designed to
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