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Abstract

Chromatin structure plays a decisive role in controlling gene expression

(reviewed inWolffe et al., 1994 and Grunstein, 1990). The globin genes are regulated
in a tissue-specific manner and the individual genes are expressed only at specific
times during development. This temporal and tissue-specific regulation involves

changes in chromatin folding, which encompass the entire globin domain, and
alterations in local, gene specific chromatin structures. These long and short-range
chromatin structures are dependent on the positioning of individual nucleosomes.

This project identified the positions occupied by nucleosomes in vitro and in vivo

throughout a region containing the reciprocally-expressed chicken globin genes,

epsilon and beta-adult. The placement of individual nucleosomes on their promoters
and shared enhancer influences local chromatin architecture, which may in turn

contribute to the regulation of these genes. In addition, periodicities detected in the

long-range placement of nucleosomes may participate in the folding of long stretches
of the chromatin fibre into an inactive higher order structure. Furthermore, as the in
vitro map shows the distribution of nucleosomes as determined by the underlying
DNA sequence, comparison of the in vitro and in vivo data would reveal the extent to

which the DNA sequence of the globin genes determines their chromatin structure in
active and inactive tissues.

The monomer extension technique was used in vitro in both original (Yenidunya
et al., 1994) and modified form (this study), to map DNA sequence-directed

positioning throughout a 3.8 kb region encompassing the epsilon-globin gene. This

map, juxtaposed with that for the beta-adult globin region (Davey et al., 1995) reveals
the precise location and relative strength of nucleosome positioning sequences

throughout 8 kb of continuous sequence.

Indirect end-labelling was employed to map nucleosome positions in vivo, in
chicken brain and adult chicken erythrocytes; in brain, the whole globin domain is

inactive, and packaged into a repressed higher order structure; in adult erythrocytes,
where the entire globin domain has adopted a more open, accessible chromatin

structure, the beta-adult gene is in an active state and epsilon is silenced.
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Many of the strong in vitro nucleosome positioning sites, which exhibited a

marked periodicity, were occupied in vivo in brain. This suggests that the DNA

sequence of the globin genes creates a long-range chromatin structure which may be
involved in folding the domain into the inactive, higher order chromatin fibre.
Nucleosomes on the inactive epsilon promoter in vivo occupy positions consistent
with strong sites identified in vitro, a feature shared with the adult beta promoter.

These data suggest positional information within the DNA sequence influences local
chromatin architecture, which has the potential to regulate access of protein factors
and the stability of promoter-enhancer interactions, an important factor in the

competition of epsilon and beta-adult for their shared enhancer.

VI



Table of Contents

Declaration of originality II
Dedication III

Acknowledgements IV

Chapter 1 Introduction

1.1 Overview 1
1.2 Chromatin Structure 2
1.2.1 Histone proteins 2
1.2.2.1 The core particle and the nucleosome 3
1.2.2.2 The chromatosome 10
1.2.3 The 30 nm fibre 11
1.2.3.1 Helical models: the solenoid model 12
1.2.3.2 Helical models: The twisted ribbon models 15
1.2.3.3 Helical models: Cross-linker helical models 16
1.2.3.4 The supranucleosomal particle models 16
1.2.3.5 The'irregular'model 17
1.2.3.6 Weighing the evidence for and against the various models 17
1.2.4 Further levels ofhigher order folding 20
1.3 Gene activation is accompanied by changes in chromatin 21

structure

1.3.1 Nuclease sensitivity 23
1.3.1.1 DNase I hypersensitivity 24
1.3.2 Nucleosome spacing 27
1.3.3 Histone acetylation and gene activity 28
1.3.4 Linker histones and gene activity 30
1.3.5 Further characteristics associated with gene activity 32
1.3.6 Nucleosome Positioning 34
1.3.7 Determinants of nucleosome positioning 38
1.3.7.1 Boundary-directed nucleosome positioning 39
1.3.7.2 Role ofhigher order structure in determining nucleosome 40

positioning
1.3.7.3 Role of linker histone in determining nucleosome positioning 40
1.3.7.4 DNA sequence-directed nucleosome positioning 40

VII



43
43
44

45
45

46
47

47
47
49
50
56

58

58
63
63
63

63
63
64
64
64
64
64

65
66
66
66

67
67
67
67
68
68
68
69
70

71

Prediction of sequence-directed nucleosome positioning
Statistically based algorithms
Structurally based algorithms
Mechanisms for activating genes
Reprogramming during replication
Interactions between transcription factors and nucleosomes
Chromatin remodelling factors
Regulation of the chicken p-globin genes
Introduction

Tissue-specific expression of the globin genes
Developmental regulation of the globin genes
Thesis perspective

Materials and Methods

Materials and stock solutions
Protocols

Manipulation of nucleic acids: cloning
Determination ofDNA concentration

By spectrophotometry
By comparison with a set ofDNA standards
Digestion ofDNA with restriction enzymes
Purification ofDNA from agarose gels
End-filling DNA
Ligation ofDNA fragments
Preparation of competent E. coli cells
Transformation of competent E. coli cells
Purification ofDNA

Precipitation ofDNA
Small-scale preparation of double-stranded plasmid DNA
(miniprep)
Qiagen miniprep kit
Alkaline lysis method
Large-scale preparation ofdouble-stranded DNA
Preparation of genomic DNA
Dephosphorylation ofDNA
End-labelling ofDNA with 32P
Sephadex G-25/G-50 column purification
Amplification ofDNA fragments
Sequencing double-stranded DNA using radioactively end-
labelled primers
Preparation of long-range sequencing ladders

VIII



2.2.20 Preparation of 32P end-labelled DNA size markers 71
2.2.21 Denaturing polyacrylamide DNA sequencing gel 72
2.2.22 Agarose gel electrophoresis ofDNA 72

Chapter 3 Nucleosome positioning on the chicken epsilon 74
globin genes in vitro

3.1 Introduction 74
3.1.1 The monomer DNA extension technique 75
3.1.1.1 The original monomer DNA extension technique (MDE) 76
3.1.1.2 A new monomer DNA extension technique: oligonucleotide- 78

based monomer DNA extension
3.2 Materials and Methods 81
3.2.1 Materials 81
3.2.2 Plasmid constructs 82
3.2.3 Preparation of single-stranded DNA 84
3.2.3.1 Preparation ofhelper phage 84
3.2.3.2 Titre helper phage 86
3.2.3.3 Preparation ofDH1 IS phagemid SOB/glycerol stocks 86
3.2.3.4 Growing culture for production of single-stranded DNA 86
3.2.3.5 Isolation ofphage particles from the medium 87
3.2.3.6 Purification ofphage DNA from particles 87
3.2.3.6.1 Original method 87
3.2.3.6.2 Tri-reagent method 8 8
3.2.3.6.3 Qiagen method 88
3.2.3.7 Checking concentration and quality of single-stranded DNA 89
3.2.4 In vitro nucleosome reconstitution with linear plasmid DNA 89
3.2.5 Preparation ofmononucleosomal DNA 90
3.2.6 5'end-labelling ofmonomer DNA 90
3.2.7 Alkaline denaturation ofmonomer DNA 90
3.2.8 Monomer Extension for in vitro nucleosome mapping 91
3.2.8.1 Original method 91
3.2.8.1.1 Annealing monomer DNA to ssDNA 91
3.2.8.1.2 Extension of annealed monomer DNA 91
3.2.8.1.3 Analysis of the monomer DNA extension data obtained from the 92

polyacrylamide gel
3.2.8.2 New oligonucleotide-based method ofmonomer DNA extension 92
3.2.8.2.1 Oligonucleotide annealing and restriction enzyme cutting of the 93

ssDNA template
3.2.8.2.2 Annealing monomer DNA to ssDNA 93
3.2.8.2.3 Extension of annealed monomer DNA 93
3.2.9 Screening enzymes for their ability to cut ssDNA in the 94

IX



oligonucleotide-based monomer DNA extension technique
(OMDE)

3.3 Results 95
3.3.1 Development and Optimisation ofMonomer DNA extension 95
3.3.1.1 Development ofnew oligonucleotide-based monomer DNA 95

extension technique (OMDE)
3.3.1.2 Developing a strategy for mapping the entire epsilon globin gene 99
3.3.1.3 Development of an assay to check whether restriction enzymes 100

are capable of cutting single-stranded DNA
3.3.1.4 Optimisation of the monomer extension technique 102
3.3.1.4.1 Making ssDNA by alternative protocols 103
3.3.1.4.2 Including single-stranded DNA binding protein in the extension 103

reaction
3.3.1.4.3 Optimising extension reactions for Klenow polymerase 105

Using an alternative polymerase in the extension reaction 105

3.3.1.5 Summary of the development and optimisation ofmonomer 105
extension

3.3.2 Mapping nucleosome positions on the chicken e-globin gene 109

3.3.2.2 Preparation of core particle (monomer) DNA 109

3.3.2.3 Results ofmonomer DNA extensionmapping 111

3.3.2.4 Nucleosome positioning map for the globin genes 125

3.3.2.5 Features of the nucleosome positioning map for the (3A and e 128

genes
3.3.2.5.1 Distribution of strong positioning sites within the epsilon gene 128
3.3.2.5.2 Long-range periodicities of nucleosome positioning sites 129
3.3.2.5.3 Short-range periodicities shown by multiple overlapping sites 132
3.3.2.5.4 Positioning over the epsilon globin promoter 133

3.3.2.5.5 Occurrence of certain DNA sequence patterns within strong 133
nucleosome positioning sites

3.3.2.5.6 Positioning at intron-exon boundaries 137

3.4 Discussion 143
3.4.1 Production of the nucleosome positioning map for the chicken e- 143

globin gene by monomer extension
3.4.2 Features of the e-globin gene nucleosome positioning map: 143

Comparison with the (3A map
3.4.3 Distribution of strong nucleosome positioning sites between 144

introns and exons

3.4.4 Long-range periodicity of strong nucleosome positioning sites 146
3.4.5 Short-range periodicities relating multiple overlapping 150

positioning sites
3.4.6 Nucleosome positioning over the epsilon globin promoter 152

X



3.4.7 DNA sequence patterns within strong nucleosome positioning 157
sites

3.4.8 Positioning of nucleosomes at splice sites 160

Chapter 4 Mapping nucleosome positions on the epsilon and 161
beta-adult globin genes in vivo

4.1 Introduction 161
4.2 Materials and Methods 163
4.2.1 Materials 163
4.2.2 Probes used for indirect end-labelling 166
4.2.3 Preparation of nuclei from chicken erythrocytes 166
4.2.4 Preparation of nuclei from brain tissue 168
4.2.5 Determining concentration of nuclei 169
4.2.6 Cleavage of chromatin in nuclei with DNA cleavage reagents 169
4.2.6.1 Cleavage of chromatin in nuclei by cuprous phenanthroline 169
4.2.6.2 Cleavage of chromatin in nuclei by methidium propyl EDTA 170

(MPE)
4.2.6.3 Cleavage of chromatin in nuclei with micrococcal nuclease 171
4.2.7 Southern blotting 171
4.2.8 Filter hybridisation 172
4.2.8.1 Cross-linking the DNA to the filter 172
4.2.8.2 Pre-hybridisation of the filter 172
4.2.8.3 Preparation of 32P-labelled probes by the OLB method 173
4.2.8.4 Hybridisation of the filter 173
4.2.9 Preparation of probes for Southern blotting 174
4.2.9.1 Making probes by PCR 174
4.2.9.2 Ligation ofprobe 174
4.3 Results 176
4.3.2 Strategy for mapping nucleosome placement on the e and pA 177

genes
4.3.3. Generation of a nucleosome placement map for the e and (3A 181

genes in brain and red blood cells
4.3.4 General features ofnucleosome placement in brain and red 202

blood cells on the £ and (3 gene region, and a comparison with
the features of the in vitro nucleosome positioning map

4.3.5 Specific features of nucleosome placement in brain and red 204
blood cells

4.3.5.1 Long-range patterns in the placement of nucleosomes in brain 204
and red blood cells

4.3.5.2 Nucleosome positioning over the epsilon globin promoter 206

XI



4.3.5.3 Distribution of nucleosomes between introns, exons and flanking 206

regions
4.3.5.4 Nucleosome positioning at splice sites 206
4.4 Discussion 210
4.4.1 General features of nucleosome placement in brain and red 210

blood cells
4.4.2 Specific features of nucleosome placement in brain and red 213

blood cells
4.4.2.1 Long-range patterns in the placement of positioned nucleosomes 213
4.4.2.2 Nucleosome positioning over the epsilon promoter 216

4.4.3 Distribution of nucleosomes between introns, exons and flanking 219

regions
4.4.4 Nucleosome placement over splice sites 220

Thesis: Final Perspective 222

References 228

XII



Table of Figures

Figure 1.1a The chromatosome 4
Figure 1 .lb Formation of heterodimers within the nucleosome is mediated 4

by the histone fold motif
Figure 1.2 The nucleosome core particle structure at high resolution 6
Figure 1.3a The nucleosome core particle structure: 73 bp half 8
Figure 1.3b The H3-H4 histone-fold pair, showing the DNA binding 8

structures

Figure 1.4 Various models for the 30 nm chromatin fibre 13
Figure 1.5 Schematic showing the structure ofproposed chromatin loops 26

when they are in active and inactive conformations
Figure 1.6a Preferential placement ofA/T and G/C nucleotides in 35

nucleosomal DNA

Figure 1.7 Organisation of the chicken and human (3-globin gene clusters 48
Figure 3.1 The original monomer DNA extension technique 77
Figure 3.2 Schematic diagram of the oligonucleotide-based monomer DNA 80

extension technique (OMDE)
Figure 3.3 Clones used for monomer DNA extension mapping 85
Figure 3.4a Schematic showing the mapping strategy for the monomer 96

extension gel analysis shown in Figure 3.4b
Figure 3.4b Demonstrating the reliability of the OMDE technique 98
Figure 3.5 Assay to check whether restriction enzymes are capable of 101

cutting single-stranded DNA
Figure 3.6 Comparison ofmonomer DNA extension data from reactions 104

using ssDNA prepared by different protocols
Figure 3.7a The location of repeat elements within the chicken (3-globin 108

gene cluster
Figure 3.7b Positions of CR1 repeat elements over the beta-adult and epsilon 108

globin gene region
Figure 3.8a Monomer DNA preparation and characterisation 110
Figure 3.8b Integrity of the monomer DNA preparation 110
Figure 3.9a Schematic representation of the monomer DNA extension 112

analyses of clones PCBE1.9HE and PCBE1.9EH that are
presented in Figure 3.9b

Figure 3.9b Polyacrylamide gel analysis ofmonomer DNA extensions on 113
PCBE1.9EH and PCBE1.9HE

Figure 3.9c Size calibration of sequencing gels 114
Figure 3.9d Nucleosome positioning map produced from the monomer DNA 115

extension analysis on PCBE1.9HE with Xho I (Figure 3.9b)

XIII



Figure 3.1 Oa Schematic representation of the monomer DNA extension 117
analyses on clones PCBEeco and PCBEsac presented in Figure
3.10b

Figure 3.1 Ob Polyacrylamide gel analysis ofmonomer extension on PCBEeco 118
and PCBEsac clones

Figure 3.11a Schematic representation of the oligonucleotide-based monomer 119
DNA extension analyses on clones PCBE2.4Bam and
PCBE2.4Bcl presented in Figure 3.1 lb

Figure 3.11b 6% polyacrylamide gel analysis ofmonomer extension reactions 120
carried out by the new technique

Figure 3.12a Schematic representation of the monomer DNA extension 121
analyses carried out on clones PCBEacc and PCBEeag presented
in Figure 3.12b

Figure 3.12b 6% polyacrylamide gel analysis ofmonomer DNA extension on 122
PCBEeag and PCBEacc

Figure 3.13 Monomer extension provides quantitative data on the relative 124
strength of nucleosome positioning sites

Figure 3.14a Map of the histone octamer (nucleosome) positions on the 126
epsilon globin gene region

Figure 3.14b Combined map of the histone octamer (nucleosome) positions 129
on the region containing the beta-adult and epsilon globin genes

Figure 3.15 Autocorrelation and Fourier analyses ofmonomer DNA 130
extension data

Figure 3.16 Fourier analyses ofmonomer DNA extension data 131
Figure 3.17 Nucleosome positioning over the epsilon globin promoter in 134

vitro

Figure 3.18a Occurrence of the sequence motifs RRRNNRRR and 136
MMMNNMMM within nucleosome positioning sites on the
beta-adult and epsilon globin genes

Figure 3.18b Table showing nucleosome positioning at putative DNA bend 138
sites

Figure 3.18c Table showing nucleosome positioning at CACACA motifs 139
Figure 3.19 Table showing nucleosome positioning at splice sites 141
Figure 4.1 Strategy for mapping nucleosome positions in vivo by indirect 167

end-labelling
Figure 4.2 Time course of digestion of red blood cell nuclei by DNA 178

cleavage reagents and micrococcal nuclease
Figure 4.3 A typical agarose gel prepared for mapping nucleosome 182

placement by indirect end-labelling
Figure 4.4 Nucleosome mapping on brain nuclei using the Hind probe 183
Figure 4.5 Nucleosome mapping on brain nuclei using the Hind probe 185

XIV



Figure 4.6 Nucleosome mapping on red blood cell nuclei using the Hind 188
probe

Figure 4.7 Nucleosome mapping on brain nuclei using the Eco probe 189
Figure 4.8 Nucleosome mapping on red blood cell nuclei using the probe 191
Figure 4.9 Nucleosome mapping on brain nuclei using the Dra probe 192
Figure 4.10 Nucleosome mapping on red blood cell nuclei using the Dra 194

probe
Figure 4.11 Nucleosome mapping on brain nuclei using the Bam probe 195
Figure 4.12 Nucleosome mapping on red blood cell nuclei using the Bam 196

probe
Figure 4.13 Nucleosome mapping on red blood cell nuclei using the Eag 198

probe
Figure 4.14 Nucleosome mapping on brain nuclei using the Rsa probe 199
Figure 4.15 Nucleosome placement on the (3A and 8 globin genes in brain 200

and red blood cells

Figure 4.16 Map showing which in vitro core histone octamer positioning 201
sites may be occupied in vivo on the beta-adult and epsilon
globin genes

Figure 4.17 Nucleosome positioning over the e globin promoter in brain and 205
red blood cells

Figure 4.18 Nucleosome positioning over the exons of the beta-adult and 207
epsilon globin genes

Figure 4.19 Nucleosome positioning at splice sites in brain and red blood 209
cells

XV



List of Abbreviations

o

A Angstrom (1A=10~10 m)
ATP adenosine triphosphate

(3A-globin/(3A globin Chicken beta-adult globin gene of

P-globin cluster

bp base pair
BSA bovine serum albumin

dATP 2-deoxyadenosine 5'-triphosphate
dCTP 2-deoxyctidine 5'-triphosphate
dGTP 2-deoxyguanosine 5'-triphosphate
dTTP 2-deoxythymidine 5'-triphosphate
dNTP deoxynucleotide tri-phosphate
ddNTP di-deoxynucleotide tri-phosphate
DNase I deoxyribonuclease I
DTT dithiothreitol

8-globin/e globin chicken epsilon globin gene of (3-

globin cluster

EDTA ethylenediaminetetraacetic acid
EtBr ethidium bromide

g gravity acceleration

Kbp kilo base

MDE Monomer DNA extension

OMDE Oligonucleotide-based monomer

XVI



DNA extension

MW molecular weight

nt nucleotide

OD optical density
ssDNA Single-stranded DNA

XVII



INTRODUCTION

1.1 Overview

In 1944, it was discovered that DNA was the store of information within the cell, the

'blueprint' encoding the characteristics of an organism, which could be passed from one

generation to the next (Avery et al., 1944, reviewed in Lewin, 1994). With the
elucidation of the structure ofDNA (Watson and Crick, 1953), the challenge has been to
understand how cells regulate the use of this information, so that each cell expresses the
correct genes at the correct time.

Early studies implicated specific proteins (transcription factors) and the DNA

elements they bound (promoters and enhancers) in the regulation of gene expression.
With the discovery in the 1970's that DNA was packaged into a nucleoprotein complex,
called chromatin, researchers realised that this could have a role in controlling gene

expression. Further work showed that gene activation was accompanied by profound

changes in chromatin structure which increased the accessibility of the DNA to the

proteins involved in transcription (reviewed in Van Holde, 1989; Grunstein, 1990;

Wolffe, 1994).

The [3-globin gene cluster in human and chicken has been considered as a paradigm

for the regulation of eukaryotic gene transcription. Studies have revealed much about
the control of globin gene expression and the role played in this by chromatin structure.

Despite this, the importance of chromatin structure and specific aspects of it such as

nucleosome positioning in globin gene expression have not been fully evaluated. Further

investigation of globin gene expression may well advance the understanding of

eukaryotic gene expression in general.
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1.2 Chromatin structure

The nuclei of eukaryotic cells contain ~2 metres ofDNA. Therefore, the DNA must

be folded up and tightly 'packed' for it to be accommodated in a nucleus only a few
microns across (reviewed in van Holde, 1989). The DNA is folded into a higher order
structure by association with histone proteins to form a nucleoprotein complex known
as chromatin. The first level of packaging involves the wrapping of 146 bp of DNA (in
1.75 turns) around an octamer of histone proteins to form a core particle. This may

associate with linker histone to form a chromatosome. The repeat unit of chromatin is
the core particle or chromatosome and its linker DNA, which is referred to as a

nucleosome. In the next level of packing, this 10 nm chromatin fibre is coiled into a 30
nm fibre, which in turn can be further coiled for an additional increase in the packing
ratio.

1.2.1 Histone Proteins

The histones are fundamental in folding DNA into chromatin. The core histones,

H2A, H2B, H3 and H4 form the core particle, and linker histones, such as HI and H5,

bind at the point where the DNA enters and exits the histone octamer, to form a

chromatosome.

The histones are highly conserved; H4, which shows the slowest rate of change,
differs by only two amino acid residues between pea and cow (Delange et al., 1969).
The histones are basic proteins, rich in lysine and arginine (Van Holde, 1989). This
contributes to the interactions between the histones and the DNA, which are largely
electrostatic in nature.

Most histones have three structural domains: a central structured globular domain, a

carboxy terminal flexible 'arm' and an amino terminal flexible 'tail'. The carboxy
terminal end of the protein contains a 'histone-fold' domain; this is a long central helix,

2



bordered by a loop and a shorter helix on each side (Pruss et ah, 1995). The histone fold
motif is shared by many other proteins, including a number of transcription factors (Xie
et ah, 1996). In nucleosomes, it is involved in histone:histone and DNA:histone

interactions. The amino terminal tails of the core histones are thought to be involved in

modulating chromatin structure (Hayes and Wolffe, 1992a). The tails are critical to the
formation of higher order structures and certain modifications, such as acetylation, may
alter histone tail interactions, thereby influencing the structure of the chromatin fibre

(reviewed in Wolffe and Hayes, 1999)

1.2.2.1 The core particle and the nucleosome

The existence of a repeated unit in chromatin was demonstrated by nuclease

digestion (Williamson, 1970). Studies demonstrated that histones were a major

component of chromatin, and that they could associate in specific combinations in
solution (Romberg and Thomas, 1974). This led to the proposal that the fundamental

repeating unit in chromatin was an octamer of histone proteins, containing an H3/H4
tetramer and two H2A/H2B dimers (making the composition (H3)2(H4) 2(H2A) 2(H2B)2
around which ~ 200 bp DNA was wound (Romberg, 1974).

It was further proposed that the chromatin fibre consisted of a continuous string of
these particles. DNA (146 bp) wrapped around one core histone octamer to form a 'core

particle', and then extended as a stretch of naked linker to the next. This repeating unit
of chromatin - the core particle with its linker DNA - is referred to as a nucleosome (van

Holde, 1989). The DNA would appear as a 'string', between 'beads'. This 'beads-on-a-

string' structure can be visualised by electron microscopy when chromatin is unfolded
in low salt conditions (Oudet et al., 1975). The 'beads-on-a-string' filament is often

described as the 10 nm filament.

Extensive nuclease digestion of nucleosomes, which digests away the linker DNA,

gives rise to a structure containing the octamer of histones and 146 bp ofDNA; as

3



Figure 1.1a The chromatosome

The two turns of the DNA (168 bp) wraps around the octamer ofhistone proteins.
Linker histone (in this case HI) binds at the site indicated, where the DNA enters
and exits the core particle, to form the chromatosome.

Figure 1.1b Formation of heterodimers within the nucleosome is
mediated by the histone-fold motif

Each histone has a three helix, histone-fold motif. These domains pack
through an interlocking 'handshake-type' interaction to form heterodimers.

4



mentioned above, this is termed a 'core particle' (Lutter, 1979). Figure 1.1a is a simple

representation of the core particle, and it shows the position at which HI binds to form
the chromatosome. X-ray diffraction and electron microscopy studies of gradually

improving resolution have revealed the structure of the core particle.
One early model, which became known as the MRC model, was based on electron

microscopy data (Klug et al. 1980; Arents et gl., 1991). It was proposed that the core

histone octamer had a roughly cylindrical face, 70 A in diameter and 55 A in length, and
that it had a two-fold axis of symmetry. The shape of the molecule suggested that it
would accommodate two turns of a left-handed superhelix ofDNA. The H3/H4 tetramer

was thought to form the centre of this structure, associating with the central turn of

DNA, whilst the two H2A/H2B dimers were located one on each side of the tetramer,

each interacting with half a turn ofDNA.
More information on core particle structure was provided by X-ray diffraction data

o

at 7 A resolution (Richmond et al., 1984). This confirmed that the shape of the octamer

did provide a helical 'ramp' around which was coiled 1.7 turns of a left-handed DNA

superhelix. It also revealed other structural features of the core particle: the path of the
DNA on the octamer is not uniform as kinking and bending occurs 15 and 40 bp either
side of the dyad; the H3/H4 tetramer and the central turn ofDNA show symmetry about
the dyad, but H2A/H2B dimers show some asymmetry.

The histone octamer was crystallised in the absence of DNA, and its structure
o

determined to a resolution of 3.1 A (Arents et al., 1991). The data provided by this

study, considered in conjunction with previous studies where DNA was included in the

structure, further refined the nucleosome core particle structure. It was revealed that the

globular domains of the core histones were extended rather than compacted, leading to

the proposal that each histone can make non-contiguous contacts with the DNA.

Therefore, beginning where the DNA exits the core particle and working inwards to the

dyad, the histones contact the surface of the histone core in the following order (where
the superscript number indicates which of the two possible molecules is meant): H2A1,



Figure 1.2 The nucleosome core particle structure at high resolution

The view is down the DNA superhelix axis. Eight histone protein main chains
(H3:blue, H4:green, H2A:yellow, H2B:red) and 146 bp ofDNA (brown and
turquoise) are shown (taken from Luger et al., 1997).
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H32, H2A1, H2B1, H2A1, H2B1, H41, H31, H41, H31 and H32. The octamer was thought
to contact the DNA at 14 places on its surface (Arents et al., 1993).

o

The high resolution (2.8 A) structure of the core particle (Luger et al., 1997) (Figure

1.2) has confirmed many of the structural features suggested by other studies and has
also revealed other unexpected characteristics. The study was carried out on a core

histone octamer formed on a 146 bp palindromic DNA of defined sequence. Despite the

palindromic sequence the axis of dyad symmetry passes through a single base pair so

that the octamer has 72 bp on one side of its dyad and 73 bp on the other. In the

following description of the core particle, the terms SHO, SHI.5 (or 0 , 1.5) and so on

are used. By convention, the dyad, where the major groove faces inward, is numbered as

SHO; when the twist of the DNA helix next brings the major groove to face the octamer

this is numbered as SHI, and so on to the final SH7. On the other side of the dyad, the

numbering is SH-1 and so on (For example, see Figure 1.3a).
This crystal structure revealed the following features. The 146 bp of DNA are

wrapped around the helix in 1.65 turns. The average twist of the DNA is 10.2 bp per

turn, as compared with 10.6 bp per turn in solution. The twist does vary, from 9.4 to

10.9 bp per turn, over the length of the DNA superhelix. This variability could explain

why longer DNA fragments can show histone contacts over 160 bps (Hayes et al.,

1990). The average 10.2 bp pitch aligns the minor grooves to form a channel for histone
N terminal tails, as will be discussed later. The path of the DNA is not uniform; as

suggested by previous data, bending or kinking occurs at +/- SHI.5 and +/-SH 4.5. This
is created by the way the octamer contacts the DNA.

This high resolution structure has revealed how the octamer is assembled. Each

histone consists of a structured three helix domain called the histone fold (Figure 1.1b).

This consists of an a-helix (al) joined by a loop segment (LI) to a second helix (a2)

which is joined by a loop segment (L2) to a third helix (a3). Outside the histone fold,

there may be other motifs, like the a-helix at the H3 N-terminus (H3aN). The histone
fold is crucial to the formation of the octamer. The histone fold domains, which are
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Figure 1.3a The nucleosome core particle structure: 73 bp half
The core particle binds the DNAwith a single base pair at the dyad, dividing the DNA
into 72 and 73 bp halves. The 73 bp halfof the DNA is shown here. The view is down
the DNA superhelix axis. The core particle dyad is indicated by '0', and other numbers
indicate position as the number ofDNA double helix turns from the dyad (see text).
The 4-helix bundles mediating both the H4:H2B and H3:H3' interaction can be clearly
seen (The copies of each histone pair are distinguished by being primed or unprimed).
Histone fold extensions ofH3 and H3' are labelled as aN and aN' respectively, and
the H2B histone fold extension as aC.N and C-terminal tails are labelled as N and C
(taken from Luger et al., 1997).
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Figure 1.3b The H3-H4 histone fold pair, showing the DNA
binding structures
The view is down the DNA superhelix axis. Examples of the two types of
DNA binding site (L1L2 and alal) are indicated.
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roughly U-shaped interlock in a handshake-type interaction to form the H2A/H2B and
H3/H4 heterodimers (Figure 1.1b). The H3/H4 dimers interact with each other via a

bundle of 4 helices; two of these belong to the one H3 molecule (H3), and the other two

to the other H3 molecule (H3')- The H2A/H2B dimers interact with the tetramer through
a bundle of four helices belonging to H4 and H2B; two of the four belong to H4, and
two to H2B (Figure 1.3a).

The histone fold is also crucial to the interaction of the octamer with the DNA

(Figure 1.3b). Out of the total 146 bp, 121 bp interacts with the histone-fold domains,
with each of the heterodimers binding about 30 bp. The DNA is contacted at about 10

bp intervals as the minor groove faces the octamer. The H3/H4 tetramer binds SH-3 to

SH+3 and the two H2A/H2B dimers bind SH-3 to SH-6 and SH3 to SH6. Each dimer

creates two types of binding sites: the juxtaposition of the two al helices in the dimer

creates an alal binding site, and juxtaposition of loop segments from each of the
histones in the dimer creates an L1L2 binding site (Figure 1.3b). For regions outside the

histone fold, the N-terminal a-helix of H3 binds the terminal 13 bp each side of the

dyad. The N-terminal tails of H2B and H3, which are ordered, but not structured, pass

through channels created by adjacent minor grooves, so that there is a protruding histone

tail every 20 bp. One H4 tail makes an internucleosome contact with the face of an
H2A/H2B dimer. This raises the possibility that modifications like acetylation may alter
interactions between core particles as opposed to, or in addition to altering the structure

of an individual core particle.
The majority of the contacts between the histones and the DNA are non-specific: for

example, main chain nitrogens of the histones make polar contacts with the phosphates
of the DNA backbone; there are extensive non-polar contacts with the deoxyribose of

the DNA backbone; the N-termini of a-helices make dipole interactions with the DNA

backbone; there are extensive salt-links and H-bonds between basic and hydroxyl

groups of the amino acid residues and the phosphate and oxygen groups of DNA, and

arginine side-groups protrude into the 14 minor grooves. There are a very few specific
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interactions: an H4 arginine (H4-R45) binds the oxygen of a thymidine group.

Therefore, it is not the DNA sequence per se which positions nucleosomes; instead

aspects of DNA secondary structure, created by the sequence, make it energetically
more or less favourable to bind the DNA around the nucleosome and to accommodate

the kinks which occur at +/- SHI.5 and +/- SH4.5 thereby influencing nucleosome

positioning.

1.2.2.2 THE CHROMATOSOME

The chromatosome is the next level of packaging of the DNA after the core particle

(Figure 1.1a). A molecule of linker histone associates with the core particle, so that 168

bp ofDNA is protected from nuclease digestion (Simpson, 1978). The incorporation of
linker histone into chromatin stabilises nucleosomes, restricts nucleosome mobility and
facilitates the packing of the DNA into a higher order structure, the 30 nm fibre

(reviewed in Wolffe et al., 1997; Wolffe and Hayes, 1999).

Linker histones are a family of structurally related proteins including HI, H5 and
HI0. Typically, they have 3 structural domains: a central globular domain, a short basic
N-terminal 'tail' and a long C-terminal 'tail'. The central globular domain is the most

highly conserved (Hartman et al., 1977; Aviles et al., 1978). The NMR and crystal
structures reveal that the globular domain ofH5 has a structural core of 3 helices (Clore
et al., 1987; Ramakrishnan et al., 1993).

The location of the linker histone globular domain within the chromatosome is
uncertain. It was initially proposed to be located at the point where the DNA enters and
exits the nucleosome, with symmetrical contacts protecting 10 bp ofDNA on either side
of the 146 bp nucleosome core (Allan et al., 1980). It has also been shown that the

linker histone can be placed asymmetrically, protecting 15 and 5 bp of DNA at either

side of the nucleosome core (Hayes et al., 1994). Recent work suggests both placements
are possible for linker histone, but a survey of positioned chromatosomes showed that in
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most of these the linker histone was symmetrically placed (Shen, 1997).
The globular domains are sufficient and necessary for the protection of 168 bp of

DNA (Allan et ah, 1980). They are also thought to be responsible for the correct

positioning of the basic N and C-terminal tails so that they can facilitate the formation
of a higher order structure (Allan et al., 1986).

The highly charged linker histones are important for chromatin compaction, because

they can bind linker DNA and stabilise chromatin structure. The linker histone tails are

sites of post-transcriptional modifications which may regulate the conformation of the
linker histone tail, thereby altering its contribution to the structure of the chromatin

fibre. These modifications include acetylation, phosphorylation and poly-ADP

ribosylation. Phosphorylation during the cell cycle is thought to neutralise the charged
tails somewhat and reduce their affinity for the DNA (Hall and Cole, 1986). Poly-ADP

ribosylation ofHI is thought to decrease the stability of higher order structure (Aubin et

al., 1983).

Linker histone may have a role as a repressor of transcription, because of its ability
to stabilise higher order chromatin structure (van Holde, 1989; Wolffe et al., 1997). It

has been proposed that the variety of linker histones occurring within a cell makes a

contribution to the pattern of its gene expression. For example, levels of histone H5,

which increase during the terminal differentiation in nucleated erythrocytes, may be
involved in chromatin compaction and transcriptional repression. Furthermore, Histone
H10 has been shown to be involved in the maintenance of the terminally differentiated
state in some mammalian cells (reviewed inWolffe, 1997).

1.2.3 THE 30 NM FIBRE

An unfolded chromatosome (or nucleosomal) fibre, with its 'beads-on-a-string'

appearance, can be refolded, by altering the salt conditions, into a condensed higher
order structure. Electron microscopy shows that compaction is a gradual process, with
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the nucleosomes adopting a zigzag arrangement in the intermediate stages before the
o

final highly condensed 30 nm (100 A) fibre is achieved (Thoma and Koller, 1977;

Thoma et al., 1979). The biophysical and biochemical properties of the 30 nm fibre have
been extensively investigated: the mass per unit length of the fully compacted fibre, the

dependence of the fibre diameter on linker length, the position ofHI in the higher order

structure, the orientation of the nucleosomes with respect to the axis of the 30 nm fibre
and whether the linker DNA is bent or straight. On the basis of these data, three classes
of helical models have been proposed for the 30 nm fibre: the solenoid, the twisted

ribbon, and the crossed-linker models. One non-helical model, the supranucleosomal

particle model, and one irregular model have also been proposed. No single model fits
all the data gathered, but the weight of evidence appears to favour the solenoid model.

1.2.3.1 Helical models: the solenoid model

It was proposed that the nucleosome fibre could be coiled into a helix with a pitch

(rise per turn) of 11 nm and a diameter of -30 nm, containing 4 to 10 nucleosomes per

turn, with 6 or 7 nucleosomes per turn creating a particularly stable configuration. This
model is sequential; that is, adjacent chromatosomes adopt adjacent positions in the 30

nm helix (Finch and Klug, 1976). A variation on this model was proposed to account for
the zigzags observed in the fibre at low ionic strength. In the 10 nm ('beads-on-a-

string') fibre, adjacent nucleosomes are proposed to adopt positions on alternate sides of
the DNA strand. This is described as a contact helix, with two nucleosomes per turn,

stabilised by HI-HI interactions in the centre. This contact helix is coiled into a further

helix with 6 to 8 nucleosomes per turn, a pitch of 11 nm and the nucleosomes in a radial

orientation (Figure 1.4A). In this model, and the original model, the HI binding sites are

close together, so that HI can polymerise in the centre of the superhelix and enhance

solenoid stability. Therefore this model accommodates the proposed role of linker
histone in catalysing or stabilising higher order structure (Maman et al., 1994).
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Figure 1.4 Various models for the 30 nm chromatin fibre.

A. The solenoid model (Finch and Klug, 1976). Increasing salt leads to increased
compaction, with more nucleosomes per turn of the DNA Helix. B. The irregular
model (Woodcock, 1994). C. The helical ribbon model (Woodcock et al., 1984).
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The path which linker DNA adopts in solenoid models is uncertain. Butler (1984),

proposed that the linker is internally located and can form reversed loops, kinks and

sharp bends. In this structure, the dimensions of the solenoid would be largely

independent of linker length. Certain linker lengths (163 to 176 bp) would preclude
formation of a solenoid with this structure.

Electric dichroism data have been used to model the path taken by linker DNA in
the solenoid (McGhee et al., 1983). A linker perpendicular to the solenoid axis did not

fit their electric dichroism data and a linker parallel to the solenoid axis was considered

unlikely as in this structure a greater rise in the pitch of the helix would occur with

longer linkers. The following supercoiled linker model was proposed to fit the data.

They suggested that the linker DNA formed a helix with 80 bp per turn and a diameter
of 11 nm. They also proposed that the angle between the nucleosome face and the

solenoid long axis (the tilt angle) had a maximum of 44° and that the tilt angle of the
linker DNA to the solenoid axis was 20 to 25 degrees. This model has some major

implications for the structure of the solenoid. The helical path of the linker DNA means

that different linker lengths will complete a different fraction of a turn between one

nucleosome and the next. Therefore the DNA entry and exit sites on the nucleosome
could adopt different positions within the DNA solenoid. In sea urchin chromatin, for

example, the 80 bp linker makes a full turn between nucleosomes, so that all

chromatosomes adopt the same orientation within the solenoid. In chicken erythrocytes,

by contrast, the -40 bp linker makes half a turn, therefore entry and exit points of the
DNA would be placed alternately on the inside and outside of the solenoid. This

suggests that linker histone in some chromatins may adopt positions on both the inside
and outside of the solenoid, but current data predict only an internal location for linker
histone (Graziano et al., 1994). An alternative possibility is that the HI varies its

positions on the chromatosome, but this is currently a point of controversy.
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1.2.3.2 Helical models: The twisted-ribbon models

In models of this type (Worcel et al., 1981; Woodcock et al., 1984), the

chromatosomes form a 'ribbon' (indicated as relaxed zig-zag in Figure 1.4C); this
ribbon is wrapped on the surface of a cylinder to form a helical structure. A double helix
will be formed, where even-numbered chromatosomes are in one helix, and odd-

numbered chromatosomes are in the other, with the linker DNA between adjacent
nucleosomes 'zigzagging' back and forth between the two helices (Figure 1.4C).

Three variations on this model were proposed (Worcel et ah, 1981), each with a

different linkage number increment (AL). The increase in linkage number (AL) describes
the number of turns introduced when the DNA is twisted about itself (Lewin, 1997).

The differences in AL are created by the way in which the linker DNAs cross each other

as they zigzag back and forth. In the model favoured by Worcel, AL= n (where n =

number of nucleosomes), due to the contribution from the crossing of the linker DNA in
the helical ribbon itself and from the 1.75 turns of DNA around the nucleosome. This

fitted with the evidence from SV40 minichromosomes and circular DNA reconstituted

into nucleosomes, where AL also equals n (McGhee and Felsenfeld, 1980; Wang, 1982).

The model failed to take into account the contribution made to AL by the DNA helix

which is overwound when bound to a nucleosome (average 10.2 bp per turn), compared
with in solution (10.6 bp per turn). Therefore, Woodcock et al. (1984) proposed an

alternative structure where AL = 2n. In this model, the helix could be right or left-

handed, with a pitch of 32 nm and 18 nucleosomes per turn when fully compacted. The

very centre of the helix would be hollow and the linker histone would be located in the

ribbon itself, not fully exposed on the surface. The diameter was proposed to be about
30 nm, though it has the potential to vary a great deal from this. Linker length would not

influence the diameter of the helix, but it would affect the width of the ribbon, and

therefore nucleosome spacing. However, studies show that nucleosome spacing in the
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30 nm fibre is not influenced by linker length (reviewed in Ramakhrishnan, 1997).

1.2.3.3 Helical models: Cross-linker helical models

In these models, the linker DNA criss-crosses the fibre in a direction roughly

perpendicular to its long axis. The nucleosomes are arranged non-sequentially; that is,
nucleosomes which are adjacent in the 'beads-on-a-string' structure will not occupy

neighbouring positions in the DNA helix. Instead, they will adopt positions opposite
each other across the filament axis; hence the requirement for linker DNA to

transversely cross the fibre axis. The linkers would be straight, or almost straight, and
H1 would be located towards the centre of the helix.

The models are further subclassified according to the number of helical ramps in the
structure. Staynov (1983) proposed a model with a single helix. Williams et ah, (1986)

proposed two variations on a model with two helices. Makarov et al. (1985) proposed a

structure of 3 intertwining helices.

1.2.3.4 The supranucleosomal particle models

Zentgraf and Franke (1984) proposed the 'superbeads' model, on the basis of
electron micrograph studies carried out on chromatin isolated in 100 mM salt. They
observed that the chromatin fibre was composed of a series of globular structures which

they dubbed 'superbeads'. If placed in low salt buffer, these structures could be seen

'unravelling', via helical intermediates, into the beads-on-a-string structure. Many

criticisms of this model have been made; it has been suggested that the 'superbeads' are

the result of partially unravelled helical structures, or the result of side-to-side packing
of helices. These criticisms have been countered in turn by Zentgraf and Franke who

propose that the different sizes of the 'superbead' from different species indicates that
these structures are not produced by detached coils of solenoid.
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1.2.3.5 The 'irregular' model
It has been suggested that as the physical properties of the chromatin fibre, such as

linker length, can vary, a regular structure may not be achieved (Trifonov, 1990).

Therefore, a model was proposed where the nucleosomes formed a zigzag ribbon
with straight linker DNA which was subsequently folded irregularly into a higher order
structure (Horowitz, 1994; Woodcock, 1994). This is shown in Figure 1.4B.

This model would lead to an irregular placement of linker histone, whilst current

evidence favours a location at the centre of the chromatin fibre (Graziano et al., 1994).

1.2.3.6 Weighing the evidence for and against the various models

The detailed structure of the 30 nm chromatin fibre remains a subject of controversy,
and many different models have been proposed. Others have suggested that a 30 nm

fibre does not exist at all (Horowitz et al., 1994; van Holde and Zlatanova, 1995). The

models proposedhave a number of features which distinguish them, and these have been
studied in order to define which structure is adopted in vivo. These features include the
mass per unit length of the fully compacted fibre, the relationship between fibre

diameter and linker length, the location of linker histone in the fibre and whether the
linker DNA is straight or bent. A great deal of evidence has been collected on these

properties, but much of it is contradictory or inconclusive.
The mass per unit length of the chromatin fibre was determined in solution, and it

was suggested there were about 6 nucleosomes per turn of the 30 nm fibre) (Suau et al.,

1979; ; McGhee et al., 1983; Butler and Thomas, 1990). This fits well with the value

predicted for the solenoid models and the single helix crossed-linker model. Scanning
transmission electron microscopy (STEM) suggests there are up to 12 nucleosomes per

turn, and the helical ribbon models were proposed to account for this. Recent neutron

scattering data suggest that 6 to 7 nucleosomes per turn may be the more accurate
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estimate (Gerchmann and Ramakrishnan, 1987). Others have suggested however that
this lower value is due to sub-maximal compaction of the chromatin fibre.

There has been some debate about the location of linker histone in the chromatin

fibre. Much of the evidence, from antibody accessibility (Dimitrov et al., 1987), from

radioimmunoassay and electron microscopy (Cattini et ah, 1988) and restriction enzyme

accessibility (Leuba et ah, 1993), suggests an internal location for the linker histone.
Neutron scattering studies (Graziano et ah, 1994) locate linker histone at the inner face
of the nucleosome, in the interior of the fibre. Other studies contradict this (Russanova

et ah, 1987). An internal location for linker histone fits the solenoid model (Finch and

Klug, 1976), and the modification of the solenoid model suggested by Butler (1984); it
also fits the crossed-linker model (Williams et ah, 1986). It contradicts the 'irregular'
model and other modification of the solenoid model (McGhee, 1983).

Studies to determine whether the linker DNA is straight or bent have been
inconclusive. Photochemical dichroism studies have revealed certain constraints on the

conformation of the linker DNA, but did not ascertain whether the linker is bent or

straight (reviewed in Ramakrishnan, 1997). It has been suggested that dinucleosomes,
which show a degree of compaction over a range of low ionic strengths, have bent or
kinked linkers; though dinucleosomes obviously could not form a complete turn of a

higher order structure, their organisation could have relevance to the formation of a

higher order structure (Butler and Thomas, 1998). It has been suggested that the

irregularity of the chromatin fibre may create problems in determining the linker
conformation (van Holde and Zlatanova, 1995). Other evidence suggests that the linker

may be straight; in electron micrographs the linker appears straight at low ionic strength,
but it is possible that it could bend at higher ion concentrations. As the curvature of the
DNA increases the rate of thymidine dimer formation changes. Studies on dimer
formation in the linker suggest that the linker is straight, but it is possible that the

presence of histone HI may have affected the rate of dimer formation (Pehrson, 1989).

Conclusive evidence for the conformation of the linker would eliminate certain models;
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the solenoid has a bent linker, and the 'irregular', crossed-linker and helical ribbon
models have straight linkers.

Early studies suggested that fibre diameter was independent of linker length; this
favoured the solenoid and helical models. Other studies, using cryo-electron microscopy
and small angle X-ray scattering suggest a linear relationship between linker length and
fibre diameter (Williams et al., 1986). This led to the proposal of the crossed-linker
model. However, in calf neuronal tissue where the linker length is close to zero, a

normal ~30 nm fibre is still formed; this argues against the crossed-linker structure

being formed, at least in this situation.
In summary, the current evidence favours the solenoid model, but the helical ribbon,

crossed-linker and 'irregular' models cannot be ruled out and, in some situations at

least, these models are a better fit to the data. If unequivocal data could be produced on

properties of the fibre, in particular on the linker conformation and the location of linker

histone, a precise model for the 30 nm fibre could be obtained.
For gene expression to occur, the higher order chromatin must undergo unfolding to

allow transcription factor to access their recognition sites and to permit the formation of
the transcription factor complex (reviewed in Felsenfeld, 1996). Therefore

understanding the nature of the higher order chromatin structure is critical to

understanding how different factors may influence its folding or unfolding, and thereby
make a contribution to the regulation of gene expression. For example, transcription of
the genes is thought to take place in the context of the 30 nm fibre with transient

unfolding of the chromatin (Andersson et al., 1982; Ericsson et al., 1990). The ~ 30 kb

domain which encompasses the |3-globin gene has a more 'open' higher order structure
in erythroid cells where the globins are active than in cells where the genes are inactive

(Stalder et al., 1980). The actual conformation of this more 'open' 30 nm fibre is not

understood. The 'open' chromatin structure is associated with modifications such as

acetylation of the histones (Hebbes et al., 1994) and association of the chromatin with
HMG's (Postnikov et al., 1991). In addition, it has been hypothesised that alterations in
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nucleosome spacing on the chicken globin genes during development may alter

chromatin higher order structure (Evans et al., 1990). As a precise model for higher
order chromatin structure remains elusive, the affect of these modifications on

chromatin structure is not resolved, so the means by which they may regulate gene

expression await clarification.

1.2.4 Further Levels ofHigher Order Folding

The 30 nm fibre must be further coiled so that it can be accommodated in the

interphase nucleus; additionally, further folding is required to produce the metaphase
chromosome. There is considerable evidence for further levels of chromatin folding in
the interphase and metaphase nucleus (Mathog et al., 1984; Lichter et al., 1988; Yakoto
et al., 1995).

It has been proposed that the next level of folding involves coiling the 30 nm

filament into a 'supersolenoid' which is itself further coiled to create the mitotic

chromosome (Butler, 1983). There is a great deal of evidence to suggest that the 30 nm

fibre is organised into loops, ranging from 50 to 200 kb of DNA, in both interphase
nuclei and in the metaphase chromosome. These loops can be further folded and

condensed to create the metaphase chromosome (Callan, 1986 and references therein),

possibly by the formation of an axial loop structure, and by the further folding of these

loops. These loops are constrained at either end by a non-histone protein network, and

appear to be attached to nuclear matrix material in interphase nuclei and to the

chromosomal protein scaffold in metaphase chromosomes (Cook and Brazell, 1975;
Paulson and Laemmli, 1977). The scaffold in interphase nuclei is thought to consist of

topoisomerase II and Sc2 (Lewis and Laemmli, 1982). It was also proposed that the
DNA loops might attach to a peripheral lamina, which might be further stabilised by

attachment to an internal protein network (Lewis et al., 1984). DNA elements, called
MAR's (matrix attachment regions) and SAR's (scaffold attachment regions) have been
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detected which have an increased binding affinity for the nuclear matrix; it has been

proposed that these are the attachment sites for the looped domains (reviewed in Bonifer
et ah, 1991).

As well as allowing greater packing of the DNA, the loops may serve other equally

important functions. It was predicted that DNA might be compartmentalised into

independent units to allow different regions to be structurally and functionally separate

(Gasser and Laemmli 1987, and references therein). These loops might orchestrate this

compartmentalisation. It has been proposed that these loops might allow topological
stress to be applied over a particular region, and that MAR's and SAR's might define
the boundaries of DNase sensitivity over regions containing active genes (Phi-Van and

Stratling, 1988). It has also been suggested that replication origins are attached or

closely located to the nucleoskeleton (Razin et al., 1985). Other workers favour a model
where RNA polymerases, topoisomerases and transcription factors are attached to the

nucleoskeleton, and that active transcription complexes are formed when these bind to

enhancers/promoters on the DNA, forming active loops bound to the nucleoskeleton

(Jackson et ah, 1984; Cook, 1989). It is interesting to note in this context that MAR's
have been shown to contain a high concentration of transcription factor binding sites

(Boulikas, 1994).

1.3 GENE ACTIVATION IS ACCOMPANIED BY CHANGES IN

CHROMATIN STRUCTURE

The packaging of DNA into nucleosomes and further folding into the 30 nm fibre
and higher order structures beyond this, make a decisive contribution to the regulation

of eukaryotic gene expression. Early studies, which compared the sedimentation of
chromatin with its RNA polymerase binding efficacy, indicated that active regions of
the genome had a more open, extended conformation (Gottesfeld et al., 1975). Since

then, a wealth of evidence has shown that changes in chromatin structure play a decisive
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role in both the activation and repression of transcription (reviewed in Felsenfeld, 1992;

Wolffe, 1994; Wu, 1997; Wolffe and Hayes, 1999). For example, early studies led to the

hypothesis that packaging of DNA into nucleosomes and a higher order structure was a

general repressor of transcription. These included experiments which showed that
nucleosomes assembled on a promoter in vitro inhibited initiation of transcription (Losa
and Brown, 1987; Lorch et al., 1987). In addition, depletion ofhistone H4 in yeast led to

the derepression of a number of genes, including PH05 (Han, 1988). Other early

experiments demonstrated that the exact chromatin architecture modulated the

repressive affect of chromatin. For example, the location of an ARS (autonomously

replicating sequence) within a nucleosome determined the extent to which replication
was affected; if the ARS was in the central region of the nucleosome the copy number
was lower than if it was at the edge of the nucleosome (Simpson, 1990). Further studies
have shown that chromatin has more than just a simple occlusive function; it plays a

more subtle role as a component and regulator of transcriptional mechanisms (reviewed
in Wolffe, 1994). For example, a positioned nucleosome on the Drosophila hsp 26 gene

promoter brings together two transcription factors which are far apart on the DNA, and

may thus facilitate transcription by causing the activation domains of these proteins to

cluster (Thomas and Elgin, 1988).
Genes can exist in three states with respect to transcription (van Holde, 1989).

Firstly, the gene may be inactive. Secondly, it may be 'poised' for transcription. A

poised gene is not actively transcribed, but it is capable of being transcribed in the tissue

concerned, either at some point in the future, or in the past. When poised, a gene is more

readily induced than when in its inactive form. Thirdly, a gene may be active; that is,

actively transcribed. Inactive genes are packaged in a less accessible, higher order
chromatin structure: most probably the 30 nm fibre and further levels of folding above
this. When a gene becomes 'poised' or active, its chromatin becomes more 'open'. The

opening of the chromatin structure involves loosening and (at least transient) unfolding
of the 30 nm fibre, as well as rearrangement or loss of nucleosomes over regulatory
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elements in the DNA which bind transcription factors (reviewed in Felsenfeld, 1996).
These changes are thought to make DNA sequences more accessible to the proteins
involved in transcription. Poised or active chromatin characteristically has the following

features, which correlate with the more 'open' chromatin structure (reviewed in Wolffe
et al., 1999): increased sensitivity to nucleases like DNase I, modifications of the
nucleosomes like acetylation and ubiquitination, hypomethylation of the DNA,

depletion of linker histone, increased association with proteins like HMG 14 and 17,

changes in nucleosome spacing and changes in nucleosome positioning.
Some of these changes are localised; for example, DNase hypersensitivity is

localised to short DNA elements like enhancers and promoters. Other changes may

occur over the whole transcribed region and beyond. For example, when the 4 kb

lysozyme gene is activated, 24 kb of DNA becomes DNase sensitive (Phi-Van and

Stratling, 1988). In erythroid cells, where the globin genes are active, all 23 kb of the |3-

globin locus, transcribed and non-transcribed sequences alike, becomes hyperacetylated
and DNase sensitive in erythrocyte cells (Stalder et al., 1980; Hebbes et al., 1994).

Some changes in chromatin structure may occur in the transition from inactive to

poised; other changes may be specific for the transition from poised to actively
transcribed.

1.3.1 Nuclease sensitivity

Nuclease sensitivity appears to be a global property of active chromatin. Genes are

more sensitive to nucleases such as DNase I in tissues where they are poised for

transcription or actively expressed than in tissues where they are inactive. The enhanced

sensitivity extends beyond the borders of the transcribed region, implying that the whole
domain containing an active gene may be more open and accessible (Cartwright and

Elgin, 1986). These active domains may correspond to the loop domains which have
been suggested to exist in chromatin (reviewed in Gasser and Laemmli, 1989).
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In the case of a cluster of genes with a related function which are expressed in the
same tissue, a domain containing the entire cluster may become nuclease sensitive. For

example, the entire ~ 30 kb domain containing the chicken (3-globin genes becomes
sensitive to DNase I in erythroid cells where the globin genes are active (Stalder et al.,

1980; Flebbes et al., 1994). Though the individual globin genes are expressed at

different stages in development, all the genes, poised and active alike, as well as the

regions flanking the genes, show nuclease sensitivity (Benezra, 1986). These global

changes in chromatin structure across a cluster of related genes may ensure that they
exhibit co-ordinated, tissue-specific expression.

Poised and active genes show increased sensitivity to other nucleases, such as

micrococcal nuclease. For example, micrococcal nuclease digestions of nuclei solubilise
active chromatin more readily than bulk (Bloom and Anderson, 1978). The chicken (3-

globin genes show increased sensitivity to micrococcal nuclease in erythroid cells

(Wood and Felsenfeld, 1992).

Enhanced DNase I and micrococcal nuclease sensitivity is a general property of

poised and active genes, and the boundaries of the nuclease sensitivity often extend far

beyond the transcribed region. Enhanced nuclease sensitivity precedes transcription, and

appears necessary for it to occur. This is thought to indicate a more open chromatin
structure which facilitates the access of transcription factors to the DNA. The exact

mechanism which creates nuclease sensitivity and opens up the chromatin is uncertain,

but it is thought to involve, for example, acetylation of the core histones, association
with non-histone proteins like HMG's and alterations in the binding of linker histones

(reviewed in Wolffe and Hayes, 1999). These will be discussed in more detail in
sections 1.3 to 1.5.

1.3.1.1 DNase I hypersensitivity

Sites ofDNase I hypersensitivity (DHS's) are generally located within larger regions

24



sensitive to DNase I. These very sensitive sites commonly occur 5' to poised or active

genes at sequences involved in gene regulation and generally cover 40 to 400 bp.

Nucleosomes with an altered structure or nucleosome displacement may be responsible
for their enhanced sensitivity (reviewed in Wolffe, 1992). DHS's occur primarily over

promoter and enhancer regions, and probably help proteins involved in transcriptional

regulation to gain access to their sites on the DNA (Gross and Garrard, 1988). A
schematic (Figure 1.5) depicts how the unfolding of an entire chromatin domain, and
nucleosome rearrangement over regulatory regions to create DHS's contributes to the
activation of transcription.

Some DNase hypersensitive sites are constitutive; i.e. they appear when the gene

becomes poised for transcription. Other sites are 'inducible'; i.e. they appear when the

gene becomes active. One well-studied example of tissue-specific constitutive DHS's

occurs upstream of the human P-globin genes. These 5' hypersensitive sites are thought
to open up the chromatin 'loop' domain containing the P-globin locus and to act as

enhancers of transcription by interacting with the individual gene promoters (Grosveld

etal., 1987).

The mechanisms which create DNase sensitivity and DNase hypersensitive sites are

not fully understood. It is thought that DNA supercoiling may play a role in generating
the open, DNase I sensitive domain. The looped domains which were proposed to form

part of the higher order structure in eukaryotic nuclei may allow different degrees of

supercoiling in different domains, and this could affect transcription (Cook, 1989).

Other experiments also suggest a link between supercoiling, chromatin conformation
and transcription. Blocking Topoisomerase II activity caused a decrease in DNase

sensitivity over the chicken pA globin gene, presumably by decreasing the degree of

supercoiling (Reitman and Felsenfeld, 1990). DNA secondary structures may contribute
to the formation of DHS's. Evidence for this comes from the observation that DHS's

can sometimes also show sensitivity to nucleases specific for single-stranded DNA,

including S1 nuclease. In many cases, the sites which are sensitive to S1 nuclease in
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Inactive chromatin loop

Fig. 1.5 Schematic showing the structure of proposed chromatin
loops when they are in active and inactive configurations

The chromatin loop domain on the right is shown in a condensed, repressed state.
Loosening of the chromatin structure within the domain, or unfolding of the chromatin
domain as shown on the left, puts the gene contained within the loop into a 'poised' state.
To allow gene transcription to occur, nucleosomes on the enhancer (E) and promoter
(P) are rearranged or displaced, so that the promoter and enhancer can interact.
The LCR may be important in regulating opening of the domain. A represent sites
of attachment to the nuclearmatrix, and potential domain boundaries (adapted
from Lewin, 1997).
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active chromatin are also sensitive in a supercoiled plasmid (the sensitivity is lost if the

plasmid is linear so there is no supercoiling). This is observed in the region upstream of
the chicken (3A globin gene (Larsen and Weintraub, 1982). It has been proposed that a
subclass of hypersensitive sites might be associated with Z DNA (Rich et ah, 1984), and
that the presence ofZ DNA may enhance transcription (Sinden, 1994).

1.3.2 Nucleosome spacing

Studies suggest increased transcriptional activity generally correlates with

decreasing internucleosomal repeat distance (Browne and Sutcliffe, 1987), though a few

reports contradict this (Smith et ah, 1983).

Villeponteau et al, (1992) showed that nucleosomes on the actin, ovalbumin and

globin genes are spaced up to 40 base pairs closer together when they are in an active or

poised state than when they are in an inactive state. The compressed nucleosome

spacing extends for several kilobases beyond the transcribed region, indicating that it is
not just a result ofmechanical disruption caused by transcription.

It has been suggested that nucleosome spacing could affect the folding of chromatin
into a higher order structure. Butler (1984) proposed that if chromatin were to adopt a
solenoid structure with a bent linker, certain linker lengths (163-176 bp) could not be
folded into a higher order structure. Linker length would also have a profound affect on
the stability of chromatin higher order structure if it adopted the structure proposed by
McGhee et al. (1983). Therefore, alterations in linker length during development could

significantly affect the packaging of chromatin into a higher order structure. It has also

been suggested that the irregularity of linker length might preclude the formation of
ordered structures like the solenoid, helical ribbon or crossed linker models (Trifonov,

1990). Therefore, it is energetically more favourable for regions which do exhibit a very

regular nucleosome spacing to form a regular, stable higher order structure. Davey et al.

(1995) suggested that the 200 bp periodicity of strong nucleosome positioning sites in
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the [3A-gene seen in vitro might facilitate the packaging of chromatin into higher order
structure in tissues where it is inactive.

Nucleosome spacing also has the potential to influence sequence directed
nucleosome positioning. It was argued early on that the majority of nucleosomes in the

genome could not be positioned with respect to the underlying DNA sequence because
different tissues had different nucleosome repeat lengths. Therefore, altering
nucleosome spacing within a cell modulates the recognition and interpretation of the

positional information encoded within the DNA sequence.

The factors which determine and influence nucleosome spacing remain elusive. It
has been proposed that changes in linker histone levels, leading to a change in the
histone to DNA ratio, are responsible for the alteration in nucleosome spacing during

development in red blood cells (Villeponteau et al., 1992). Periodic positioning signals
within the DNA sequence may play a role in some situations (Davey et al., 1995; Liu et

al., 1993; 1997), whilst others suggest that signals in the DNA sequence are subordinate
in vivo to other determinants. Blank and Becker (1996), studied nucleosome spacing on

DNA containing a strong periodic nucleosome positioning signal which had been
assembled into chromatin in a Drosophila extract over a range of salt conditions. From
their results they argued that electrostatic effects are more important than DNA

sequence in determining nucleosome spacing. The extract, however, comes from

Drosophila embryos, which must be able to replicate their DNA very rapidly, so the

mechanism of chromatin assembly may not be representative of other cells.
There is some evidence that linker histone can affect nucleosome spacing but there

is also some evidence against this (discussed in Wolffe, 1997).

1.3.3 Histone acetylation and gene activity

The amino-terminal tails of core histones contain lysine residues whose epsilon

amino groups can be acetylated. Nascent histones are acetylated and then rapidly

28



deacetylated after incorporation into chromatin. Subsequent changes in core histone

(H3, H4 and H2B) acetylation which accompany gene activation are a result of the
differential activity of histone acetyltransferases and deacetylases. There is a great deal
of evidence linking acetylation of core histones and gene activation (reviewed in Van

Holde, 1988). It has been demonstrated that antibodies to acetylated lysine residues

react preferentially with active alpha D globin, but not with the inactive ovalbumin gene

(Hebbes et al., 1988). Conversely, gene repression is linked to hypoacetylation

(Braunstein, 1993).

Acetylation is not just a property of actively transcribing genes; it appears to precede

transcription. Indirect immunofluoresence shows H4 acetylation precedes transcription
in Tetrahymena (Pfeffer et al., 1989). On active and poised genes, the hyperacetylated

region extends beyond the transcribed region; in erythrocyte cells, for example, the
entire (3-globin locus, active genes, poised genes and flanking regions alike, is

acetylated. The acetylated region appears to coincide with the region exhibiting

generalised DNase I sensitivity (Hebbes et al., 1994).
The mechanism by which acetylation influences gene expression is not completely

understood, and it may work in several ways. Acetylation may affect individual

nucleosomes; by greatly reducing the affinity of the histone H4 tail for DNA (Hong et

al., 1993) and causing a conformational change within the nucleosome itself. This

enhances the accessibility ofDNA bound by the nucleosome, which in turn can enhance

transcription factor access to the DNA (reviewed in Wolffe et al., 1999). For example,

acetylation has been shown to facilitate the binding of certain transcription factors such
as GAL4 to the DNA (Vettese-Dadey et al., 1996). Therefore, histone acetylation may

provide a molecular mechanism whereby DNA can be made more accessible to

transcription factors whilst it is still bound by a nucleosome (Wade et al., 1997). It has
also been suggested that acetylation might disrupt internucleosome contacts made by the
H4 tails, and thereby destabilise chromatin higher order structure. Evidence supporting
this comes from the treatment of cells with sodium butyrate, which leads to
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hyperacetylation and apparent unfolding of the chromatin (reviewed in Wolffe et ah,

1999). Some studies suggest, however, that that there is only a modest reduction in the

wrapping of the DNA around the histone octamer, and a slightly less efficient packing
of the nucleosome into arrays (Norton et al, 1989; Garcia-Ramirez et ah, 1995).

Recently, there has been considerable progress in understanding the targeting of

acetylation to particular regions of DNA, with the discovery of a number of

transcription factors, including yeast Gcn5 (Grant et al., 1997) and human TAFn 250

(Mizzen et al., 1996) which are also acetyltransferases. The recruitment of co-activators
could lead to hyperacetylation which would cause the displacement/rearrangement of

nucleosomes, allowing the formation of a transcriptional complex. There is also some

evidence that deacetylase may associate with transcription factors which can act as

repressors (reviewed in Wu, 1997). Acetylation is a balance of acetylation and

deacetylation, the maintenance of gene activity might require the continued presence of
the co-activators/acetyltransferases. Therefore the transcriptional machinery uses the

packaging of the DNA as a way of continuously controlling and altering gene activity

(Wade et al, 1997).

1.3.4 Linker histones and gene activity

Early experiments suggested that linker histones generally acted as repressors of

gene expression (reviewed in Van Holde, 1989). This fitted well with data showing that
some active genes were depleted in linker histone. It was proposed that nucleosomes

played a role in organising higher order structure, so that depletion of linker histone

might lead to chromatin unfolding (Thomas, 1984). The situation is complicated by the
fact that some active genes are still associated with linker histones; other modifications

may allow the chromatin to unfold. Studies have also demonstrated that transcription
factors have decreased access to binding sites which occur within positioned

chromatosomes containing linker histone (see section 1.3.6) (Richard-Foy and Hager,
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1987; Pina et al., 1990). Studies have shown that binding ofHI can restrict the mobility
of nucleosomes so that they can only adopt a subset of the possible alternate
translational positions on the DNA (Ura et al., 1995; Pennings et al., 1994). On the
MMTV promoter it was proposed that removal of linker histone HI would enhance
nucleosome mobility and facilitate transcription factor access (Bresnick et al., 1992). In

agreement with this mechanism for HI activity, Panetta et al. (1998) have shown in

vitro that when HI binds nucleosomes on the Xenopus 5S rRNA oocyte gene,

repositioning of the nucleosomes is prevented, and TFIIIA binding is prohibited. In this

way, HI plays a direct dynamic role in regulating access of the transcriptional

machinery.
More recent studies have indicated that linker histone has a more subtle role in

regulating gene expression than just blanket repression. For example, HI is required for
the activated expression ofCyP in starved Tetrahymena cells (reviewed in Wolffe et al.,

1997). It has also been shown that the appearance of HI in Xenopus is responsible for
the inactivation the oocyte 5S rRNA gene, and the activation of the somatic 5S gene

(Panetta et al., 1998).

Certain modifications of linker histones are known to occur: Poly-ADP ribosylation

and phosphorylation. Poly-ADP ribosylation ofHI is thought to decrease the stability of

higher order structure (Aubin et al., 1983).
It has been proposed that the linker histone variants occurring within a cell make a

contribution to the pattern of its gene expression. It is also known that linker histone
variants are sometimes localised in particular chromosome domains (Schulze et al.,

1993). For example, replacement of linker histone B4 with HI during embryogenesis in

Xenopus leads to a switch in expression from the oocyte 5S rRNA gene to the somatic

5S gene (reviewed in Wolffe, 1997; Kandolf, 1994). The appearance of linker histone

variant, H5, in chicken erythrocytes during terminal differentiation is thought to be

responsible for chromatin compaction and transcriptional inactivation (reviewed in

Wolffe, 1997).
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1.3.5 Further characteristics associated with active chromatin

Other features which correlate with active chromatin include further modifications

of core histones, such as H2B ubiquitination, association of chromatin with non-histone

proteins like HMG's and hypomethylation of cytosine within the DNA.
In vertebrates, methylation occurs at the cytosine of the dinucleotide CpG. In

general, hypomethylation of the DNA correlates with gene activation and

hypermethylation with gene inactivation (Razin and Cedar, 1991; Bird, 1992). On the

chicken p-globin gene for example, all CpG's in the promoter are methylated at day 14
in vivo when it is inactive; all CpGs are unmethylated at day 5 when it is active (Singal

etal., 1997).

Various mechanisms have been proposed by which methylation could affect gene

transcription. Firstly, methylation of transcription factor recognition sites could interfere
with their binding. This is not necessarily the case as the methylation of some common

transcription factor binding sites, such as that of Spl, does not stop binding (Harrington
et al., 1988). Experiments showing that methylation of the coding regions of a gene can

lead to gene inactivation (Graessman et al., 1994) demonstrate that methylation can

cause repression by other mechanisms.

Methylation may create changes in chromatin structure which could influence gene

expression. This proposal is supported by experiments showing that repression of the

HSV thymidine kinase gene by methylation required assembly of the gene into

chromatin (Buschhausen et al., 1987). Other studies indicated that methylated DNA,

when integrated into the mouse genome, adopted a chromatin conformation which had

many of the features associated with a repressive chromatin structure (Keshet et al.,

1986). Methylation could cause changes in chromatin structure directly, for example by

altering nucleosome positioning, or by altering the interaction with linker histones. It
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has been shown in vitro that methylation at a small number of sites is sufficient to

displace a strongly positioned nucleosome upstream of the P -globin gene (Davey et al.,

1997). It is thought that the methylation displaces this nucleosome by altering the DNA
structure so that it can no longer accommodate nucleosome formation. Methylation can

affect DNA bending, which will influence nucleosome formation, and promote the
formation of unorthodox DNA structures such as Z-DNA which may exclude
nucleosomes (Davey et al., 1997 and references therein). The effect of methylation on

the binding of linker histone is still contentious (McArthur and Thomas, 1996; Campoy
et al., 1995). There is also strong evidence that methylation has an indirect affect on
chromatin structure, mediated by a set of non-histone proteins (dubbed MeCP's), which

specifically bind methylated DNA (Meehan et al., 1992). MeCP2 has been shown to

interact with histone deacetylase, so in some cases it may recruit the deacetylase

complex and lead to gene inactivation (Nan et al., 1998).

Ubiquitin is attached to the 8 amino groups of lysine side chains in H2A and H2B.

Ubiquitination is increased on poised and active chromatin, and it may prevent close

packing of the nucleosomes (Nickel et al., 1989; reviewed in Wolffe and Hayes, 1999).
The HMG proteins are a heterogeneous family of chromosomal non-histone

proteins. They are divided into three classes: HMG 1/2, HMG 14/17 and HMG I/Y. The
amount of HMG proteins in the nucleus is limited, and they are thought to be
concentrated in particular regions of the genome. For example, HMG 14/17 are

preferentially associated with regions containing transcribed genes; they occur on the p-

globin gene cluster in erythrocyte cells (Postnikov et al., 1991). Although it is thought
that they may contribute to the regulation of gene expression, more work is required
before their role is understood. In particular, the mechanism by which HMG proteins

may influence chromatin structure and gene expression remains uncertain. It has been

suggested that HMG-1 can displace HI to cause gene activation (Varga-Weisz et al.,

1994). HMG 14/17, which bind nucleosomes with a higher affinity than DNA, are also

thought to be capable of interfering with linker histone binding. They may also alter the
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interaction of the core histone tails with the DNA, and thereby influence higher order

structure (Alfonso et ah, 1994). Other studies suggest that HMG 14/17 enhance

elongation by transcription complexes, if incorporated into nucleosomes during
chromatin assembly (Bustin, 1995). HMG I/Y may also be able to compete with HI for

binding, and may be able to alter the supercoiling of the DNA which could influence
chromatin structure (Nissen, 1995).

1.3.6 Nucleosome Positioning
It has been argued that precise positioning of nucleosomes over a whole genome

could not be possible, as nucleosome spacing varies in different cell types of an

organism (Kornberg and Stryer, 1988). Early studies suggested that the majority of
nucleosomes in Drosophila embryos and rat liver are not positioned (Prunell and

Kornberg, 1978). A wealth of evidence has shown subsequently that a subset of
nucleosomes in chromatin are positioned, and that they can play a decisive role in gene

regulation (reviewed in Simpson, 1991; Wolffe, 1994; Lu et al., 1994).
It is necessary to define what is meant by nucleosome positioning. A positioned

nucleosome occupies a precise location with respect to the underlying DNA sequence.

The translational position of a nucleosome is defined by the entry and exit sites of the
DNA wrapped around the nucleosome. The rotational position of the nucleosome
describes which DNA sequences face the nucleosome, and which face the surrounding

solution. The rotational and translational placement of a nucleosome are not, of course

independent. At the dyad (centre) of the nucleosome, the minor groove faces outward,
and the major groove inward. The orientation of the major groove is of interest as most

sequence-specific contacts with DNA binding proteins (e.g. transcription factors) are

made there. As the DNA which wraps around the nucleosome has an average -10 bp per

turn, every multiple of 10 bp from the dyad, the major groove faces inward. By contrast,

every odd multiple of 5 bp from the dyad the major groove will face outward (Figure

1.6a).
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Hi stone core

Figure 1.6a Preferential placement ofA/T and G/C nucleotides
in nucleosomal DNA

It has been observed that A/T dinucleotides occur preferentially at sites ofminor
groove compression (where the minor groove faces the histone core: red arrow),
and that G/C nucleotide are favoured where the major groove faces inwards
(blue arrows).

strand II
strand I

Figure 1.6b Nucleotide step orientational parameters
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Further work has shown the mechanisms by which positioned nucleosomes regulate

gene transcription. When nucleosomes are positioned on DNA regulatory elements such
the formation of the transcriptional complex. There are four main ways in which

positioned nucleosomes may regulate transcription factor access (reviewed in Thoma,

Firstly, nucleosomes can occlude transcription factor binding sites and reduce their

accessibility. This explains the appearance of DNase hypersensitive sites in promoters

and enhancers prior to gene transcription; the nucleosomes which occlude important
sites must be rearranged or displaced to allow transcription complex formation. More
recent experiments suggest that positioned nucleosomes can play a role which is more

subtle than simple repression. Positioned nucleosomes can ensure that a recognition site
is exposed in the linker where it is accessible for binding. Alternatively, positioned

nucleosomes, by bringing together two distant protein binding sites on the surface of a

nucleosome, may lead to enhanced transcription factor binding. Lastly, some

transcription factors may require their recognition sites to be 'presented' on the surface
of a nucleosome to enhance binding. Examples from the literature, covering these
mechanisms for influencing transcription factor binding and gene expression, are given
below.

Experiments in yeast showed how the removal of nucleosomes positioned over

important transcription factor binding sites could relieve gene repression. For example,
the loss of four positioned nucleosomes which occlude a TATA box and an upstream

activating sequence are required for activation of the PH05 gene (Fascher et ah, 1990).

Work on the MMTV LTR has shown that incorporation of a protein binding site into a

nucleosome does not always abolish binding; the exact position of the recognition site
within the nucleosome is critical in determining the accessibility of the site. These
studies on MMTV in vitro (reviewed in Wolffe et al., 1994) showed that the rotational

position of the glucocorticoid recognition element has a large effect on its accessibility
to proteins; when the element faces towards the histone core binding is almost

1992; Wolffe, 1994).



completely abolished; when the element faces the solution binding affinity is reduced by

only three to 11-fold compared with the affinity for free DNA. The translational

position of the element within the nucleosome causes a variation in affinity, but over a

narrower range. Therefore, repression by nucleosome placement is not simply 'yes' or

'no'; several levels of repression are possible (reviewed inWolffe et ah, 1994). Work on
the accessibility of restriction enzyme sites bound by nucleosomes has also shown that a

range of accessibility exists, dependent on position within the nucleosome (Polach and

Widom, 1995).
A recent example indicates how the precise location of a positioned nucleosome

relative to a transcription factor binding site can be critical. Differential nucleosome

positioning on the Xenopus somatic and oocyte 5S rRNA genes has been shown to be

responsible for the different expression patterns of these two genes (Panetta et al.,

1998). Though the regulatory elements of these two genes show close sequence

homology, there are big differences between the multiple in vitro nucleosome

positioning sites. The predominant positions on the somatic gene occlude only part of
the TFIIIA binding site, so that TFIIIA is able to bind the promoter. By contrast, most of
the positions on the oocyte promoter completely occlude the site, and TFIIIA binding is

only possible with extensive alteration of nucleosome positions, which is prevented if
HI is incorporated into the nucleosomes. Therefore nucleosome positioning plays a key
role in regulating the transcription of the oocyte and somatic 5S rRNA genes.

It has also been shown that precise location of an ARS (autonomously replicating

sequence) within a positioned nucleosome influences the extent to which replication is
affected. If the ARS was located at the centre of the nucleosome the decrease in copy

number was more marked than if it was at the edge (Simpson, 1990) The terminal 20 bp
of the nucleosome is more accessible, and the histone DNA contacts are more easily
broken (Polach and Widom, 1995).

Nucleosomes may be precisely positioned in order to expose important protein

binding sites in the linker DNA. Nucleosomes on the Xenopus vitellogenin B1 genes
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and Drosophila hsp 26 are positioned so that known transcription factor binding sites lie
in the linker DNA (Schild et ah, 1993; Thomas and Elgin, 1988).

Positioned nucleosomes can facilitate transcription on certain promoters by bringing

together on their surface sites which are far apart on the DNA. The wrapping of the
DNA around the positioned nucleosome on the Drosophila hsp26 promoter in vivo

brings together two heat shock transcription factor sites in adjacent linkers; this may

cluster the activation domains and initiate transcription (Thomas and Elgin, 1988).

Positioning a nucleosome between the NF1 and oestrogen receptor binding sites is

thought to bring these sites together, increasing the transcription level five to ten-fold

(reviewed inWolffe et al., 1994).

McPherson et al., (1993) proposed that activation of the serum albumin gene in mice

requires the formation of three positioned nucleosomes over transcription factor binding
sites in the enhancer. Therefore activation might require the recognition sites to be

presented on the surface of the nucleosome for activation to occur. Certain

rearrangements in nucleosome structure may facilitate factor binding.
In summary, positioned nucleosomes are nucleoprotein complexes which interact

with transcription factors to allow dynamic, complex regulation of gene expression.

1.3.7 Determinants of nucleosome positioning

Five main mechanisms for creating positioned nucleosomes have been proposed.

Firstly, nucleosomes could be positioned with respect to a boundary. This boundary
could be created by a positioned non-histone protein, or a positioned nucleosome, or by
a DNA sequence which excludes nucleosomes. Secondly, nucleosomes could be

positioned relative to a replication origin, as nucleosomes form as soon as enough DNA
has been replicated. There is as yet little direct evidence for this model and some

evidence in yeast which suggests it does not occur (Thoma and Simpson, 1985).

Thirdly, certain proteins might bind the nucleosome and influence its position. In
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addition, the formation of higher order structures may influence nucleosome

positioning. Finally, and perhaps most importantly, histone: DNA interactions can

determine nucleosome positioning. DNA sequence and DNA secondary structure

certainly play a major role in this.

1.3.7.1 Boundary-directed nucleosome positioning

It has been suggested that boundaries created by a protein, a positioned nucleosome
or a DNA sequence which excludes nucleosomes, could direct nucleosome positioning.
It has been proposed that next to the boundary, specific locations for the nucleosome
would be strongly favoured, and the precision with which nucleosomes were positioned
would decay further from the boundary. A longer linker would lead to a greater decay in

precision with increasing distance (Kornberg and Stryer, 1988).
Several studies show that non-histone proteins could act as boundaries. The yeast

proteins GRF2 and oc2 have been shown to be capable of directing nucleosome

positioning (Chasman et al., 1990; Shimizu et al., 1991). It has been proposed that
boundaries could be created by regions containing certain DNA structures which
exclude nucleosomes: for example, cruciform DNA, Z DNA or long stretches of

poly(dA)*poly(dT) (Nickol et al., 1982; Simpson and Kunzler, 1979).
It has been proposed that two boundary elements, one created by a DNase sensitive

site and the other by a positioned nucleosome, are important in directing nucleosome

positioning on the ura3 gene in yeast (reviewed in Thoma, 1992). It has been proposed
that boundary-directed nucleosome positioning is a common feature of yeast genes

(Thoma, 1992).

Wang and Griffith (1996) showed that (G/C^NN repeats exclude nucleosomes in

vitro. Sequences like these are found in vivo; for example, they occur where the DNase I

hypersensitive sites are located on the human dihydrofolate reductase genes (discussed
in Wang and Griffith, 1996).
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1.3.7.2 Role of higher order structure in determining nucleosome

positioning

It has been suggested that folding a chromatin fibre into a higher order structure

might influence nearest neighbour interactions, and thereby affect nucleosome

positioning. This suggestion followed work by Thoma et al. (1979) which showed that

manipulating the folding up of a yeast plasmid affected nucleosome positioning on the

plasmid. This is still poorly understood as higher order chromatin structure is still

poorly characterised.

1.3.7.3 Role of linker histone in determining nucleosome positioning

It has been suggested that linker histone binding to the nucleosome per se, or as part
of a higher order structure could influence nucleosome positioning (Thoma and Zatchej,

1988). A comparison of nucleosome and chromatosome positions on 1.5 kb of the [3-

globin gene in vitro, in the absence of any higher order structure, suggested linker
histone did not greatly alter nucleosome positioning (Shen, 1997). Other studies suggest

that incorporation of linker histone into the nucleosome can restrict nucleosome

mobility, and restrict it to one of several alternate positions (Pennings et al., 1994).

1.3.7.4 DNA sequence-directed nucleosome positioning

Many studies have indicated that histone:DNA interactions are capable of

positioning nucleosomes in vitro (reviewed in Simpson, 1991; Thoma, 1992). Other
studies suggest that DNA sequence also makes a contribution to nucleosome positioning
in vivo; on a number of DNA sequences, it has been shown that positioning in vitro,
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where only DNA and histones are present, is very similar to that seen in vivo (Butinelli
et ah, 1993, and recently, Adroer et al., 1998). Work by Tanaka et al. (1992) suggests
that in some cases, the contribution of DNA sequence can be subordinate to other
determinants of nucleosome positioning. This work showed that when a strong

rotational positioning signal was introduced into yeast DNA in vivo it did not contribute
to nucleosome positioning.

As nucleosomes package the entire genome, it is not surprising that nucleosome

positioning signals are highly degenerate, and generally appear to be the additive result
ofmany DNA-histone contacts within the core particle (Neubauer et ah, 1986). To fold
the DNA helix around a nucleosome, the DNA must be bent in a circular trajectory,

o

with a radius of 44A. The DNA helix becomes overwound and distorted at particular
sites. Some DNA sequences will accommodate this distortion and bending better than
others. There is now a great deal of evidence to suggest that both anisotropic bendability
and the intrinsic curvature of the DNA, which is a function of its sequence, make a

major contribution to rotational positioning of the nucleosome (reviewed in Thoma,

1992). Drew and Travers (1985) demonstrated that when DNA was circularised, AAA

or TTT trinucleotides were positioned with the minor groove facing inwards, and
trinucleotides like GGG, CCC and GGC were positioned so that their minor groove was

on the outside of the DNA. By sequencing 200 nucleosome positioning sites, Satchwell
et ah (1986) observed that AAA/TTT and AAT/ATT trinucleotides were positioned
with a 10.2 bp periodicity, so that their minor groove faced the nucleosome core. GC

sequences were also found to have a 10.2 bp periodicity, but this was out of phase with
the AT periodicity so that GC bases occurred where the minor groove faced outwards.
Put simply, A/T sequences were favoured at sites of minor groove compression, facing
the histone octamer (Figure 1.6a). The tilt and roll (Figure 1.6b) characteristics of these
A/T dinucleotide steps means adjacent nucleotides form a 'wedge' shape. Therefore the

periodic occurrence of these nucleotides can introduce unidirectional bending into the
DNA to facilitate nucleosome binding. There was concern that stripping HI from the
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chromatin influenced the results, because in a study of chromatosomes the periodicities
were less marked. However, other studies have confirmed the importance of A/T and
G/C periodicities and DNA bending. Ulyanov and Stormo (1995) demonstrated a

significant periodic occurrence of the pattern AA/TT(N)3CA/TG. Widlund et al., (1997)

proposed that TATA tetranucleotides occurring with a 10 bp periodicity created strong

nucleosome positioning sites. Guided by previous results, Schrader and Crothers (1989)

designed DNA sequences containing two to twelve copies of an 'optimal' rotational

positioning signal, (A/T)3NN(G/C)3NN, tandemly repeated. Competitive reconstitution

experiments, which measure the binding affinity of sequences, were carried out on

naturally occurring positioning sequences and these artificial sequences. They observed
that nucleosome formation on four copies of the artificial sequence was as energetically
favourable as on the best of the naturally occurring positioning signals. Hydroxy radical

cleavage also suggested that the nucleosomes were bound to the DNA in the expected
rotational setting.

A recent study (Lowary and Widom, 1998) selected sequences with the highest

affinity for the histone octamer from a pool of random sequences. They have discovered
a number of sequences which enhance nucleosome formation. These include a 20 bp

spacing ofTA dinucleotides and CTA repeats at 10 and 20 bp intervals

The periodic repeats described above may provide a rotational signal for positioning
nucleosomes. The sequences which contribute to the translational setting of a

nucleosome have been more elusive. A disruption in the A/T and G/C periodicities was

observed near the dyad (Satchwell et al., 1986). When the artificial positioning sequence

(Schrader and Crothers, 1989) containing ten (A/T)3NN(G/C)3NN repeats, was

incorporated into yeast minichromosomes in vivo, nucleosomes centres were excluded

by the sequence, and nucleosomes formed at the edge of the sequence (Tanaka et al.,

1992). Again, this suggests that a discontinuity in the repeats may be required at the
centre of the nucleosome, to accommodate the structural distortions which occur there.

Other studies suggest that this discontinuity in the A/T and G/C periodicities, in
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combination with an asymmetry between the two halves of the nucleosomal DNA, may
act as a translational signal (Fitzgerald and Anderson, 1998). The high resolution
structure of the core particle (Luger et ah, 1997) reveals that there is 'kinking' of the
DNA at ~15 and 45 bp either side of the dyad. Using a multi-alphabet consensus

algorithm, Ulyanov and Stormo suggested that the patterns MMMNNMMM (where

M=A or C) and RRRNNRRR (where R=A or G) are preferentially located 40 and 50 bp

away from the dyad respectively. The authors do not address whether these motifs are

particularly suited to accommodate the kinking that occurs at these sites.

1.3.8 Prediction of sequence-directed nucleosome positioning

The DNA sequence patterns which contribute to nucleosome positioning are not yet

fully understood, but based on the current knowledge several algorithms have been

produced to predict positioning. Some of these methods are based on looking for the

periodic sequence patterns found to occur in nucleosomes, and some are based on

theoretical models of how easily different sequences can accommodate bending around
the nucleosome.

1.3.8.1 Statistically based algorithms

As discussed earlier, numerous studies have revealed a ~ 10 bp out of phase

periodicity of A/T and G/C which causes unidirectional bending of the DNA,

facilitating nucleosome formation (Satchwell, 1986; Muyldermans and Travers, 1994).
This has been used as the basis of an algorithm for predicting nucleosome rotational

positioning, which has proved quite successful (Calladine and Drew, 1986; Drew and

Calladine, 1987).

In an attempt to discover other sequence patterns involved in rotational and
translational positioning of the nucleosome, more advanced computational methods
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have been applied. Multiple alignment algorithms have been used (Ioshikhes et ah,

1996; Bolshoy et al., 1996). Known nucleosome positioning sequences, about 200 in

number, were aligned and searched for similar patterns. Multi-alphabet consensus

algorithms have also been used (Ulyanov and Stormo, 1995). Essentially, the occurrence

of all possible sequence patterns, up to a given pattern length, is calculated. This is

compared with the expected occurrence to see which patterns occur at a significantly

high frequency. As this requires a huge amount of computation, the work involved can

be reduced by searching for a degenerate alphabet rather than using the full alphabet.
Hidden Markov models (Baldi et al., 1996) have also been applied. Though other
features have been revealed, including the discontinuity of the A/T and G/C periodicity
in the central -30 bp, and certain sequences which appear to occur at set distances from
the dyad, they do not yet allow successful prediction of nucleosome position.

1.3.8.2 Structurally based algorithms

The statistical studies which showed a 10 bp out of phase periodicity in A/T and
G/C nucleotides could be explained satisfactorily by the sequence-directed curvature

which these repeats would produce. Each pair of neighbouring nucleotides (known as a

nucleotide step), has its own characteristic value for certain parameters, called roll and
tilt angles (Figure 1.6b). The roll and tilt angles for certain dinucleotide steps is such
that they produce a bend (higher roll and tilt angles can produce a 'wedge' shape: see

Figure 1.6b). Therefore, a periodic repeat of these can lead to unidirectional bending.
Roll and tilt angles have been estimated for each of the possible 16 dinucleotide

steps, allowing the overall curvature of a piece of DNA, and its suitability for
nucleosome positioning to be investigated (De Santis et al., 1993). Their results at

prediction have been encouraging, but their models need more refinement. These
models describe static curvature. More recently, attempts have been made to incorporate

dynamic elements into the algorithms. Using data quantifying the ease with which
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different dinucleotide steps can bend upon interaction with DNase I, Bruckner et al.

(1995) suggested that their model fitted some motifs, like TA, rather better. Much more

work will be required before structural models can be reliable predictors of nucleosome

position.

1.4 MECHANISMS FOR ACTIVATING GENES

Changes in chromatin structure play a decisive role in regulating gene expression

(reviewed in Wolffe, 1994). For gene activation to occur, there must be unfolding of the
chromatin fibre and rearrangement or loss of nucleosomes on regulatory elements so

that the transcription complex can form. It has been proposed that there are three main
mechanisms for altering the chromatin structure. Firstly, the chromatin structure can be

'reprogrammed' following replication. Secondly, some transcription factors may be

capable of rearranging or displacing the nucleosome, so they can interact with their
sites. Thirdly, 'remodelling complexes' alter chromatin structure by an ATP-dependent
mechanism to allow transcription factor access.

1.4.1 Reprogramming during replication

In this model, transcription factors compete with nucleosomes for binding sites on the

newly replicated DNA. Evidence supporting this comes from in vitro studies where
addition of transcription factors before, or for some systems at the same time as

chromatin assembly extracts allows the formation of a transcription complex (reviewed
in Felsenfeld, 1996). For example, if TFIID and histones are present simultaneously in
the assembly extract, a 'potentiated' chromatin template is produced which is capable of

transcription when heat shock transcription factor is added. If the chicken (3-globin gene

locus is assembled into synthetic nuclei using a Xenopus extract, the chromatin structure

can be 'reprogrammed' into an active state by replication in the presence of erythroid
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transcription factors (Barton and Emerson, 1994).

1.4.2 Interactions between transcription factors and nucleosomes

Some transcription factors are capable of binding their recognition sites when they
are positioned within a nucleosome. This may require or may lead to rearrangement or

displacement of the nucleosome. For example, The PH05 gene in yeast has four

positioned nucleosomes in its promoter; one of these, nucleosome 2, covers the binding

site for transcription factors PH02 and PH04. One PH04 binding site occurs in the
linker DNA next to nucleosome 2. It is thought that PH04 transcription factor binds the
site in the linker DNA, and co-operates with PH02 to displace nucleosome 2 and

expose the other PH04 binding site (Aimer et ah, 1986).
In some cases, transcription factors may bind their sites in nucleosomal DNA

without leading to the displacement of the nucleosome; in fact some proteins seem to

require their sites to be 'presented' on the surfacce of a nucleosome. For example,
activation of the serum albumin gene is accompanied by the appearance of positioned
nucleosomes over transcription factor binding sites on its enhancer (McPherson et ah,

1993).

There is a delicate energetic balance which decides whether a transcription factor
binds its site in nucleosomal DNA; it depends on the levels of transcription factor and
the rotational and translational position of the recognition site within the nucleosome

(reviewed in Wolffe, 1994).

In summary, certain promoters can be activated without the need for reprogramming

by replication. Nucleosomes do not play purely occlusive roles, and the interactions
between nucleosome and a transcription factor are dynamic and are influenced by
several factors, including the levels of transcription factor present and the precise

placement of the transcription factor recognition site within the nucleosome.
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1.4.3 Chromatin remodelling factors

Some transcription factors cannot access their sites when they are bound by
nucleosomes. It has been shown that some genes have their chromatin structure

remodelled by protein complexes to enhance transcription factor access. The SWI-SNF

complex of yeast causes nucleosome disruption and facilitates transcription factor

binding in vitro (Cairns et ah, 1994). The SWI-SNF complex has been shown to be

important for the transcription of a subset of yeast genes (Peterson and Heskowitz,

1992).

In Drosophila, the NURF protein complex and the GAGA factor cause disruption of
the chromatin structure on the hsp 70 gene (Tsukiyama and Wu, 1995).

1.5 REGULATION OF THE CHICKEN P-GLOBIN GENES

1.5.1 Introduction

In vertebrates, haemoglobin, the oxygen-carrying molecule in the blood, is a

tetramer of two a-globin and two (3-globin polypeptide chains. Globin gene expression
is tissue-specific, being restricted to erythroid cells. At the early embryonic stage in

vertebrates, globin transcription first occurs in the yolk sac, then shifts to the foetal liver

and finally to the bone marrow in adults. There are a variety of a- and p-globin genes,

which are expressed at different times in development. In mammals and birds, the a-

globin and p-globin genes occur in two distinct clusters on different chromosomes, so

expression of the a- and P-globins must be carefully co-ordinated (Muller et ah, 1988).

Therefore, globin gene regulation is very complex; expression of the a- P-globin
clusters must be co-ordinated, the individual globin gene clusters must be regulated in a
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Figure 1.7 Organisation of the chicken and human P-globin gene
clusters

This schematic depicts the individual globin genes and the important regulatory
elements of the chicken (A) and human (B) P-globin gene clusters.The chicken
cluster contains 4 genes: the p, pA, pH and s globin genes. The enhancer (enh)
between the and globin genes has LCR-like activity. There are 4 upstream
hypersensitive sites (HS), and HS4 has insulator activity. In the human cluster,
unlike the chicken cluster, the globin genes e, Gy, Ay, 8 and P occur in the order in
which they are expressed. The five upstream hypersensitive sites (HS) have
LCR activity, and HS5 is an insulator.
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tissue-specific manner and the individual genes must be expressed only at the correct

developmental stage. For these reasons, globin gene regulation has been intensively

studied, with the aim of further understanding general mechanisms controlling temporal
and tissue-specific eukaryotic gene expression.

The regulation of the globin genes has been investigated in mouse, human and
chicken (the subject of this study). Certain parallels can be drawn between the different

species; there are often strong homologies in the DNA elements and transcription

factors involved (reviewed in Orkin, 1995). When the chicken (3-globin gene cluster was
introduced into mice, correct tissue-specific and temporal expression was seen (Mason
et al., 1995). The chicken and human clusters evolved independently from a single (3-

globin gene in the common ancestor, so different gene regulatory mechanisms may have
evolved (Czelusinak et al., 1982). Therefore, care must be taken in evaluating data from

transgenic experiments, and in extrapolating ideas from one species to another.

1.5.2 Tissue-specific expression of the globin genes

The globin genes are expressed in erythroid tissues, and are silent in other tissues

such as brain and oviduct. In erythroid cells, the chicken p-globin gene cluster (Figure

1.7) is contained within a -30 kb domain that exhibits many of the characteristics
associated with poised and active chromatin: hyperacetylation (Hebbes et al., 1994),

hypomethylation, increased binding ofHMG proteins (Postnikov et al., 1991), nuclease

sensitivity (Stalder et al., 1980) and regions of nuclease hypersensitivity (reviewed in

Wolffe, 1992). Some of these modifications, such as nuclease sensitivity, increased
HMG binding and hyperacetylation extend across the entire globin domain. It was

shown that the ~ 30 kb domain encompassing the entire cluster exhibited enhanced

sensitivity to DNase I (Stalder et al., 1980; Hebbes et al., 1994). As discussed in section

1.3.1, the boundaries of the nuclease sensitivity extend far beyond the transcribed region

and includes active genes, poised genes and non-transcribed flanking regions.
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The possible role of acetylation, HMG proteins and linker histone in creating or

maintaining an altered chromatin structure on poised or active genes has been discussed
in previous sections (1.3.3 to 1.3.5). These modifications, which precede activation,

may initiate or maintain a 'loosening' of the higher order structure, as indicated by the
increased nuclease sensitivity. The poised state probably involves a 'loosening' rather
than a complete unfolding of higher order chromatin structure, as it has been proposed
that gene transcription takes place in the context of a 30 nm fibre, with only transient

unfolding during transcription itself (Andersson et al., 1982; Ericsson et al., 1990). This

loosening of the higher order structures increases the accessibility of the DNA to protein
factors involved in transcription.

It has been shown that the nucleosome spacing is ~ 40 bp shorter across the chicken

chicken (3-globin cluster in active tissues (Villeponteau et al., 1992). It has been

suggested that the change in nucleosome spacing on the cluster during development may
create distinctive higher order chromatin structures, which could contribute to

developmental regulation of the globin genes (Evans et al., 1990). The potential role

played by nucleosome spacing in determining chromatin structure is discussed in greater

detail in section 1.3.2.

Another modification in chromatin structure, DNase hypersensitivity, indicating a

loss or rearrangement of nucleosomes, is localised to important regulatory elements in

the DNA. One set of 4 four DNase hypersensitive sites, found upstream of the human [3-

globin gene cluster, and one downstream site, constitutes an LCR (locus control region).
In transgenic systems, the LCR acts a powerful tissue specific enhancer, but perhaps

most importantly it confers position-independent, copy number-dependent expression
on linked genes (Grosveld et al., 1987). It has been suggested that in erythroid cells the

LCR element defines the borders of the human [3-globin gene cluster within a presumed
active chromosomal loop domain. The LCR may be responsible for the creation of the

'open' chromatin structure across the whole [3-globin gene cluster prior to transcription,
and its maintenance afterwards (Tuan et al., 1985). Clustering of related genes such as
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the human (3-globins within a single domain allows domain-wide changes in chromatin
structure to ensure that the genes are regulated in a co-ordinated, tissue-specific manner.

The chicken (3-globin genes also occur within a cluster, and a ~ 400 bp enhancer,

lying 3' to the pA-globin gene has been shown to have LCR-like activity, using copy

number-dependent expression in transgenic mice as the assay for LCR activity (Reitman
et ah, 1990). The chicken enhancer is unable to open chromatin on its own (another

definition for LCR activity). Interaction between the enhancer and other regulatory

elements, like promoters, is required to open up chromatin in the domain containing the

globin cluster (Reitman et al., 1993). It is argued that the upstream hypersensitive sites
in chicken (discussed below) also contribute to LCR activity, and that neither the

enhancer nor the upstream sites by themselves have 'true' LCR activity (Mason et al.,

1995).

The enhancer is thought to confer tissue-specific expression, and to interact with the
individual promoters to regulate developmental expression of the individual genes.

Extensive studies have identified sequence elements in the enhancer, and the

transcription factors which bind there (reviewed in Orkin et al., 1995). The GATA sites,

bound by members of the GATA family, are thought to be particularly important in

activating the globin cluster in erythroid cells (Fong and Emerson, 1992; Reitman and

Felsenfeld, 1988; Orkin et al., 1995).

There are a set of four hypersensitive sites upstream of the chicken (3-globin gene cluster

(Figure 1.7). One of these, hypersensitive site 4 (HS4), acts as an insulator (Chung et al.,

1993). An insulator is defined experimentally as a boundary element which does not

have enhancer activity. The insulator may contribute to the formation and/ or

maintenance of the putative active chromosomal loop domain in which the (3-globin

gene cluster is located. Three mechanisms of action have been proposed for insulators;

they may act as a boundary to stop the spreading of heterochromatin; they may act as an

anchor for the base of the proposed loop at the edge of the domain, and finally they may

stop complexes tracking from nearby promoters and enhancers (Felsenfeld, 1996). The
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other upstream hypersensitive sites have enhancer activity and are involved in regulating

temporal expression of the globin genes. For example, enhancer activity of the 5 ' HS 2

is mediated by its GATA sites (Abruzzo and Reitman, 1994).

1.5.3 Developmental regulation of the individual globin genes

The expression of individual globin genes is restricted to specific times during

development. For expression of individual globin genes, which are all located within the

'open' chromatin domain in erythroid cells, further changes at regulatory elements are

required. These alterations may include the binding of different transcription factors at

enhancer elements, and the appearance of nuclease hypersensitive sites over individual

promoters, accompanied by transcription factor binding (reviewed in Orkin et al., 1995).

In chicken, the p and e-globin (embryonic) genes are expressed in primitive erythroid
cells up to and including day 5. From then onwards, the expression of p and £-globin

decreases, and the expression of (3H and pA-globin (foetal and adult) genes starts, as

definitive erythroid cells replace primitive erythroid cells. By about 12 days, the

definitive lineage has completely replaced the primitive lineage, and p and e-globin

expression is undetectable (reviewed in Felsenfeld, 1993).
Some transcription factor binding sites are common to different globin promoters,

and are involved in conferring erythroid specificity on the globin genes. Small

differences in these common sites, and regions which differ between different globins

(known as stage selector elements or SSE's) are responsible for the stage-specific

expression of the globins. Transcription factor binding sites which are shared by the

promoters of the chicken P-globin genes include a TATA box at —30, a CCAAT
element at ~ -70 to -90, and a CCACCC motif at a variable position from ~ 95 to -120

(relative the transcription start site). The TATA box binds TFIID. In the pA, e, and p-

globins the TATA box is modified so that it can potentially bind members of the GATA

family. It has been suggested that interaction of GATA-1 with the specialised TATA
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box confers erythroid specificity on formation of the transcription complex at globin

promoters (Fong and Emerson, 1992). Sp 1 -like proteins are known to bind the
CCACCC sequence.

It is thought that the chicken p-globin gene is autonomously regulated. Activation of
the gene is thought to occur primarily by interaction between the upstream

hypersensitive sites in the cluster and the p-globin promoter. It has been suggested that

decreases in the levels of Spl and GATA-1 in definitive cells contributes to the

repression of p (Minie et al., 1992).

The silencing of the p-globin gene following expression in primitive cells is not

fully understood. It has been proposed that silencing elements in 5' and 3' flanking

regions and in the second intron of the p-globin gene, and the binding ofYY1 protein to

these silencing elements, contributes to gene silencing (Wandersee et al., 1996). Other
studies suggest that methylation plays a role in regulating the stage-specific expression

of the individual globin genes. In adult definitive cells, where p is inactive, all the

CpG's in the promoter are methylated. In 5 day primitive cells, where p-globin is active
all the CpG's are unmethylated (Singal et al., 1997).

There is strong evidence to suggest that the temporal control of the (3A and e-globin

genes is effected by a competition between these genes for interaction with their shared
enhancer (Choi et al., 1988; Foley and Engel, 1992). Some studies, where the chicken

globin gene cluster was introduced into mice, argue against the competition model

(Mason et al., 1995). However, other researchers suggest that transgenic results must be
considered carefully, because of the separate evolution of the clusters in mice and
chicken.

Epsilon globin competes more effectively for the shared enhancer in 5 day

(primitive) red blood cells, so that it is expressed whilst (3A-globin is silent; at about 8

days in development, a shift in the relative stabilities of the promoter-enhancer

complexes occurs, and epsilon expression decreases whilst (3A-globin is upregulated,
until in 12 day (definitive) red blood cells, epsilon is fully silenced. This mutually
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exclusive expression is facilitated by the clustering of the genes.

The competition model for globin gene switching described above suggests

transcription factors that bind the promoter and interact with proteins bound at the

enhancer will decide the relative stability of the e promoter-enhancer interaction and the

pA promoter-enhancer interaction, and thereby regulate temporal expression of these

genes. Therefore, positioned nucleosomes which regulate the access of these

transcription factors to the DNA could potentially play a role in globin gene switching.
Researchers have suggested that the binding of the stage-specific factors NFE-4 and

(3CTF to the (3A promoter, and their interaction with proteins at the enhancer in

definitive red-blood cells is the decisive factor in pA/e switching (Foley and Engel,

1992). The binding of GATA (which is not stage-specific, though its levels change

during development) at the enhancer and pA promoter may also contribute to the

promoter-enhancer interaction. It was proposed that by binding to itself, or other

transcription factors, it could add to the stability of a loop formed between the promoter
and enhancer. Foley and Engel (1992) suggested that chromatin structure, which was

not considered in their study, could also contribute to switching. In agreement with this,

it was proposed that the precisely positioned nucleosome on the pA promoter which

occludes most of the important transcription factor binding sites prior to the pA/e switch,
could be displaced by the binding ofNFE-4 (Buckle et al., 1991).

A decrease in the stability of the e promoter-enhancer interaction may also

contribute in the switch from e to pA-globin expression; enhancement of e-globin

expression in a construct containing the enhancer and e-globin only is 10-fold less in

definitive cells than primitive cells (Mason et al., 1996). No stage-specific factors have

been identified on the e-globin promoter, but changes in the levels of non stage-specific
factors may influence switching, as GATA 1 and Spl levels are higher in primitive than
in definitive cells (Minie et al., 1992) whilst GATA 3 is higher in definitive cells

(Leonard et al., 1993). It has been proposed that the presence of GATA 1 at the
enhancer increases the stability of its interaction with the e-globin promoter, whilst
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GATA 3 at the enhancer stabilises its interaction with the (3A-globin promoter. The
decrease in GATA 1 levels could also affect the occupancy of the GATA site on the e-

globin promoter. Therefore, there are transcription factor binding sites on the e-globin

promoter which could be important to the stability of the e promoter-enhancer

interaction; if a nucleosome were positioned on the e-globin promoter it might have the

potential to influence [3 /e switching. The majority of experiments on switching have
not been carried out in a chromatin context because transient transfections have been

used (for example Foley and Engel, 1992). As such, a thorough investigation of the

chromatin architecture of the e-globin promoter may deepen our understanding of the

switching mechanism.
In summary, the activation of the chicken globin genes in erythroid cells involves

the formation of a domain around the whole cluster with a more 'open' chromatin

structure, as indicated by the increased nuclease sensitivity of the cluster in erythroid

tissues. The pA/e enhancer and the upstream hypersensitive sites are thought to be

important in creating this open chromatin domain. Chromatin structure thus plays a

decisive role in regulating the tissue-specific expression of the globin genes. The stage-

specific regulation of the genes is thought to be regulated by the interaction of enhancer
elements with individual globin promoters. The upstream hypersensitive sites are

thought to be more important in the regulation of p, and the (3A/£ enhancer is thought to
be more important in the temporal expression of the (3A and e genes. Competition for the

enhancer, as influenced by the relative stabilities of the promoter-enhancer complexes is

thought to play the decisive role in controlling the switch in expression from 8 to pA.
The promoter-enhancer stability, and as a result the switch, is influenced by the

appearance of stage-specific transcription factors such as NFE-4, but it is also thought
that subtle alterations in the levels of non-stage specific factors may play a role. There is

a positioned nucleosome on the [3A-globin promoter which has the potential to influence

the switch. The chromatin architecture of the e-globin promoter before and after the

switch is unknown, but if a nucleosome were positioned there it would have the
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potential to modulate the stability of the e promoter:enhancer interaction. Whilst much
is known about the contribution of chromatin structure to tissue specificity, most of the
work done on developmental regulation of the individual genes has been carried out in a

non-chromatin context. It is interesting, therefore, that expression of the entire chicken

(3-globin cluster in mice (Mason et al., 1995) did not support the competition model for

(3A/e switching. This may be due to differences in regulation between mice and chicken,
but it could also suggest that the switch is influenced by the chromatin structure of the

globin genes.

1.6 THESIS PERSPECTIVE

The work presented in the following chapters investigates nucleosome positioning

on the chicken (3-globin genes in vitro and in vivo.

Sequence-dependent nucleosome positioning on the 8-globin gene was determined
in vitro. The in vitro nucleosome positioning data obtained for this gene could be

compared with those already obtained for the (3A-globin gene (Davey et al., 1995). A

comparison of the two sets of data was a primary aim of this study; because the two

genes share some features, but also exhibit some important differences. For example,
the genes are adjacent to each other, and occur within the same domain; they are

evolutionarily related; and they are both expressed in erythroid cells, but at different
times in development. In addition, the two sets of data are contiguous, allowing a single

map to be produced. This allows long-range features in nucleosome positioning to be
studied.

A large database of nucleosome positioning sequences can be compiled from the
two sets of data. This is far superior to others in the literature (Ioshikhes and Trifonov,

1993) because it contains more positioning sequences, mapped at better resolution, and
with a weighting which denotes their relative affinities.

The techniques used for mapping nucleosome positioning in vitro were monomer
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DNA extension (Davey et al., 1995) and oligonucleotide-based monomer DNA

extension (this study). These methods can map nucleosome placement at high

resolution, on long stretches of DNA, and they provide quantitative data on the relative

strength of nucleosome positioning sequences.

The other important aim of the study was to investigate nucleosome placement in

vivo on the (3A and £-globin gene regions mapped in vitro. A comparison of the in vivo

and in vitro nucleosome positioning data would reveal the extent to which DNA

sequence directed nucleosome positioning in vivo. Two tissues, brain and adult red
blood cells were studied, to compare how the sequence-encoded positional information
was recognised and interpreted in different tissues. There is the potential for nucleosome

positioning to contribute to the tissue-specific and temporal regulation of the globin

genes, and it was hoped that the data produced in this study could deepen our

understanding of its role in regulating globin gene expression.
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CHAPTER 2: MATERIALS AND METHODS

This chapter contains details of the general methods used throughout this work, and
most are adapted from Sambrook et ah, (1989) unless otherwise stated. Chemicals were

obtained from BDH unless otherwise stated. Methods specific to particular sections are

described later in the relevant sections.

2.1 Materials and stock solutions

Acrylamide: A 20% (w/v) stock solution in 8M urea/1 X TBE was prepared from a

40% 19:1 acrylamide: N,N'-methybisacrylamide solution (Appligene), and diluted to

6% polyacrylamide in 8 M urea and 1 x TBE for denaturing DNA sequencing gel

electrophoresis.

Agarose: Flogen (FMC) or Seakem GTG agarose was used for separation ofDNA.

Agarose Gel Loading buffer (5x): This contains 0.25% bromophenol blue and 40%
sucrose in 5x TBE gel buffer.

Ammonium acetate: A 0.3 M solution, pH 5.5 was used for neutralisation ofDNA in
Southern blotting.

Ammonium persulphate: 25% (w/v) fresh solutions of ammonium persulphate were
made in water and used for catalysing polymerisation of polyacrylamide gels.

Antibiotics: Solutions of ampicillin (Sigma) (100 mg/ml, in distilled water) and

kanamycin (Sigma) (50 mg/ml in distilled water) were sterilised by filtration and stored
at -20°C.
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BSA: For restriction enzyme digestions and monomer extensions, stock solutions at

lOmg/ml were obtained from New England Biolabs. For southern blots, a 10% solution
was prepared by dissolving 5g BSA (Sigma) in 50 ml water.

Dextran Sulphate: 9% (w/v) dextran sulphate was used in filter hybridisation as a

molecular crowding agent.

Dialysis Tubing: Tubing was boiled in a solution containing 2% sodium hydrogen
carbonate and 1 mM EDTA. It was washed three times in distilled water and autoclaved

in ImM EDTA, before storage at 4°C.

DNA Polymerase I large (Klenow) fragment: This was obtained from NBL for use in
monomer extension experiments.

DTT: Dithiothreitol was dissolved at a concentration of 1M in 10 mM sodium acetate

(pH5.5), sterilised by filtration and stored at -20°C.

EDTA: A 0.5 M solution was made by dissolving disodium ethylene diamine tetra¬

acetate in double-distilled water and adjusting the solution to pH 8.0 with sodium

hydroxide.

Ethidium Bromide (EtBr): A 10 mg/ml solution was prepared by dissolving lg ofEtBr

(BCL) in 100 ml distilled water. The solution was stored in a light-proofbottle at room

temperature.

Heparin: Fleparin (Sigma) was dissolved in double-distilled water at a concentration of
25 mg/ml and stored at -20°C.
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5' Kinase Buffer (lOx): This contains 0.5 M Tris-Cl pH 7.5, 20 mM MgCl2, 50 mM

DTT, 1 mM EDTA and 1 mM spermidine in double-distilled water. It was filter-
sterilised and stored at -20°C.

LB: 10 g/1 of bactotryptone (Difco), 5g/l of yeast extract (Difco) and 10g/l ofNaCl was
dissolved in double-distilled water and autoclaved.

LB agar: 15 g/1 of agar was added to LB medium and autoclaved as above. The

appropriate antibiotic was added immediately before pouring the plates.

Micrococcal nuclease (MNase): from Worthington was used for preparation of core

particles and digestion of nuclei.

dNTPs: Deoxyribonucleotide triphosphates (dATP, dCTP, dTTP and dGTP) (Pharmacia

Biotech) were diluted to 10 mM each in distilled water and stored at -20°C.

Buffered phenol (pH 8.0): 250 g of solid phenol (Fluka 77610) was dissolved overnight
at room temperature in 127 ml of2 M Tris-Cl (pH 7.5). Following mixing, the phenol
was centrifuged at 2000 x g for 1 minute, and the aqueous bottom layer was discarded.

Then, 55 ml of 2 M Tris (pH 8.0), 13.75 ml ofm-cresol and 550 |ll of (3-mercaptoethanol
and 275 mg of 8-hydroxyquinone was added. Following mixing the mixture was divided
into aliquots which were centrifuged to separate the buffer and phenol layers prior to

storage at 4°C in the dark.

PMSF: Phenylmethyl sulphonyl fluoride (Sigma) was dissolved in isopropanol at a

concentration of 250mM and stored at -20°C. Prior to use, it was warmed to 37°C to

redissolve PMSF.
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Proteinase K: Proteinase K, obtained from NBL at 50 mg/ml, was stored at -20 °C.

RNase A: Bovine pancreatic ribonuclease A (BCL) was dissolved at 10 mg/ml in 0.01
M sodium acetate pH 5.2 and boiled for 15 minutes to destroy any contaminating DNase
I activity. After the RNase had cooled slowly to room temperature 0.1 volumes of 1 M

Tris-Cl (pH 7.4) were added.

Salmon sperm DNA: Salmon sperm DNA (Sigma) was dissolved at 10 mg/ml in TE on

a roller overnight at 4°C. Following sonication to shear the DNA, the solution was stored
at - 20°C.

Sephadex G-50 or G-25: Sephadex G-50 (coarse) (Pharmacia) or G-25 (fine) (Sigma)
was added to TE and autoclaved. Then 0.05% sodium azide was added.

SDS (sodium dodecyl sulphate): A 10% solution was prepared by dissolving 100 g/1
SDS in double-distilled water.

Sodium acetate: A 3 M solution was prepared for DNA precipitation by dissolving
408.1 g/1 sodium acetate in distilled water, and adjusting the pH to 5.2 with glacial acetic
acid.

SSC (20x): the solution used for southern transfer ofDNA was prepared as a 20 x stock

by dissolving 175.3g/l NaCl, 88.2g/l sodium citrate in 800 ml of distilled water. The pH
was adjusted to 7.0 with NaOH.

SSM (Sequencing Stop Mix): SSM contains 90 % formamide, lx TBE, (an extra) 9
mM EDTA, 0.04 % bromophenol blue and 0.04 % xylene cyanol.
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TBE (20X): TBE gel running buffer (pH 7.5) was prepared as a 20x stock by dissolving
121 g/1 Tris base, 62.5 g/1 boric acid and 7.4g /I EDTA in distilled water.

TPE (10 X): TPE gel running buffer was made as a 10 x stock, containing 0.3 M Tris-

base, 0.36 M Sodium dihydrogen phosphate and 1 mM EDTA. Ifnecessary, the pH was

adjusted to 7.5.

TBG: To prepare TBG medium 2 g/1 bactotryptone (Difco), 24 g/1 yeast extract (Difco),
4 g/1 glycerol, 17 mM KH2PO4, 55 mM K2HPO4 was dissolved in water and autoclaved.
Before use glucose was added to a final concentration of 20 mM.

SOB: 20 g/1 bactotryptone, 5 g/1 yeast extract, 2.5 mM KC1, 10 mM NaCl, 10 mM

MgCb and 10 mM MgS04 was dissolved in distilled water. The solution was sterilised

by autoclaving.

SOB:Glycerol: 60 ml SOB was mixed with 40 ml of glycerol and autoclaved.

TE (50 X): For a 50 X stock, a solution containing 500 mM Tris-Cl pH 8.0 and 5 mM

EDTA pH 8.0 was prepared in distilled water. The solution was autoclaved.

TEP: TEPi6mM 1 X TE was supplemented with 16 mM NaCl; TEP0.4M 1 X TE was

supplemented with 0.4 M NaCl and TEP2M 1 X TE was supplemented with 2 M NaCl

Tri Reagent: Tri reagent (Sigma), a mixture of guanidine thiocyanate and phenol in a

mono-phase solution, was used in the isolation of single-stranded and genomic DNA.

Tris-Cl: A 1 M solution was prepared by dissolving 121.1 g/1 of Tris base in distilled
water and adjusting the pH to the required value with concentrated hydrochloric acid.
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2.2 Protocols

2.2.1 Manipulation of nucleic acids: cloning

Cloning was carried out using the protocols described in 'Molecular Cloning, a

laboratory manual' by Sambrook et al., (1989), or in Ausubel et al., (1997). 'Current
Protocols in Molecular Biology', volumes 1-3. Recombinant DNA was prepared using
the following techniques: digestion of DNA with restriction enzymes, purification of

fragments from agarose gels, dephosphorylation of DNA, end-filling DNA, ligation of
DNA and transformation of recombinant plasmids into competent cells.

2.2.2 Determination of DNA Concentration

2.2.2.1 By spectrophotometry

DNA concentration was determined by spectrophotometry, assuming that an OD of 1

at 260 nm is equivalent to 50 (J.g/ml of double-stranded DNA.

2.2.2.2 By comparison with a set of DNA standards

DNA concentration was also determined by comparison with a set ofDNA standards
of known concentration dotted onto Whatman DE81 paper. A dilution series of the DNA

was made and 2 fil dotted onto DE81 paper. A set of DNA samples of known

concentrations(2|j,l of each) were dotted next to these. The filter was stained with
ethidium bromide by shaking in lx TBE containing 5 fig/ml EtBr for 20 minutes. The
DE81 was destained 5 washes, 10 minutes each, in lx TBE. The filter was then exposed
to UV light and the concentration of the DNA estimated by comparing the intensity of
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fluorescence of the sample with the DNA standards.

2.2.3 Digestion ofDNA with Restriction Enzymes

DNA was digested with restriction enzymes for the preparation of markers for gels,
for preparing recombinant DNA and for diagnostic digests on recombinant DNA. DNA
was digested using restriction enzymes from several manufacturers (New England

Biolabs, Fermentas and Promega), according to their instructions. All digests included

O.lmg/ml BSA and 1 mM spermidine.

2.2.4 Purification of DNA from agarose gels

Restriction enzyme-treated DNA was separated by agarose gel electrophoresis and
the desired DNA fragments were collected by electroelution. Briefly, the required band
was cut out from the gel and transferred to a dialysis tubing bag and subjected to

electrophoresis in 0.5 x TBE at 80V for 25 minutes. The DNA recovered from the

dialysis bag was purified as described in section 2.9.

2.2.5 End-filling DNA

A 25 pi reaction containing lx Klenow reaction buffer, 50 pM dNTP's, 0.1 to 4 pg

of DNA and 1 to 4U of Klenow fragment polymerase was incubated at 37°C for 30

minutes. The reaction was stopped by heating to 75°C for 10 minutes. Following

purification (section 2.9), the DNA was ethanol precipitated and resuspended in TE.
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2.2.6 Ligation ofDNA fragments

Ligation reactions of 10 to 100 pi containing 1 x ligation buffer (50 mM Tris-HCl

(pH 7.8), 10 mM MgCl2, 10 mM DTT, 1 mM ATP and 25 pg/ml BSA), 1 to 2U of T4
DNA ligase (NBL), and DNA at a concentration of approximately 5 ng/pl, were

incubated overnight at 12°C. If the fragments were blunt-ended a higher DNA

concentration (10 ng/jixl), a lower ligation temperature (4°C) and 4 to 8U of T4 DNA

ligase were used. If the ligation was intramolecular, a lower DNA concentration (2

ng/jo.1) was used.

2.2.7. Preparation of competent E. coli cells

E. coli strains JM101 and DH11S (Lin et al., 1992) were made competent for
transformation using the protocol described by Nishimura et al. (1990). 50 ml ofmedium
A (LB supplemented with 10 mM MgSCL and 0.2% glucose and filter sterilised) was
inoculated with 0.5 ml of an overnight culture and incubated at 37°C in a shaking
incubator until the culture reached mid-log phase. The cells were incubated on ice for 10

minutes and pelleted at 750 x g for 10 minutes at 4°C. The pelleted cells were

resuspended gently in 0.5 ml of ice-cold medium A. Then 2.5 ml of storage solution B

(LB supplemented with 36% glycerol, 2% PEG 7500 and 12 mM MgSC>4 and filter

sterilised) was added. The competent cells were, for preference, used immediately or

stored at -70°C in 0.1 ml aliquots.

2.2.8 Transformation of competent.#. coli cells

Competent E. coli cells were transformed with plasmids according to Hanahan

(1983). 30 to 50 ng of plasmid was mixed with 200 pi of competent cells and incubated
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on ice for 20 minutes. The cells were then heat shocked by incubation at 37°C for 30

seconds, followed by incubation on ice for 5 minutes. The cells were supplemented with
300 pi of LB and incubated at 37°C for 60 minutes with occasional mixing. The cells
were plated out onto LA agar plates containing the appropriate antibiotic and incubated

overnight at 37°C.

2.2.9 Purification of DNA

An equal volume of buffered phenol/chloroform (1:1 v/v) was added and mixed by

vortexing (or by inversion, if it was necessary to avoid shearing, as in the case of large
DNA fragments) and left on ice for 5 minutes, with occasional mixing. The aqueous

phase, containing the DNA, was separated by spinning at 12000 x g for 5 minutes in a

centrifuge. The phenol/chloroform extraction was repeated until there was no material at
the interface between the phenol and aqueous layers. Then 1 volume of

chloroform/isoamyl alcohol (24:1 v/v) was added to the aqueous layer, mixed and left on
ice for 5 minutes. The aqueous layer was separated from the chloroform by

centrifugation as above. Following purification, DNAs were always alcohol precipitated.

2.2.10 Precipitation of DNA

Sodium acetate (pH 5.5) was added to the DNA, to a final concentration of 0.3 M,

and then either an equal volume of propan-l-ol or 2.5 volumes of ethanol was added. If

precipitating with ethanol, the sample was precipitated for 1 hour at -70°C or at -20°C

overnight. If precipitating with propan-l-ol, the sample was precipitated or at -20°C

overnight.
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2.2.11 Small-scale preparation of double-stranded plasmid DNA

(miniprep)

Single colonies, or 40 pi of a solution of bacteria (in SOB/glycerol, see section

3.2.3.3) containing the appropriate plasmid , were inoculated into 5 ml of LB medium

containing appropriate antibiotics and shaken overnight at 37°C. The cells in 3 ml of
culture were pelleted by spinning at 15000 x g for 30 seconds. The supernatant was

removed and one of the following methods was used for preparation of plasmid DNA:-

2.2.11.1 Qiagen miniprep kit

The pellet was resuspended and treated according to manufacturer's instructions.

2.2.11.2 Alkaline lysis method

The pellet was resuspended in 200 pi of TEG (25 mM Tris-Cl pH 8.0, 10 mM EDTA

and 50 mM glucose). 400 pi of a freshly made solution containing 0.2 M NaOH and 1%

SDS was added, and mixed by inversion. 300 pi of ice-cold 3 M potassium 5 M acetate

was added, mixed by inversion and incubated on ice for 5 minutes. The samples were

centrifuged at 15000 x g in a bench top centrifuge for 5 minutes, and the supernatants

transferred to fresh tubes and deproteinated by phenol/chloroform extraction (section

2.9). After propan-2-ol precipitation, the plasmid DNA was resuspended in TE

supplemented with RNase to a final concentration of 100 pg/ml, and incubated for 30
minutes at 37°C. After adding 0.6 volumes of 20% PEG 6000 in 2.5 M NaCl, the DNA
was incubated on ice for 60 minutes, pelleted by a spin at 13000 rpm, washed with 70%

ethanol and resuspended in TE.
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2.2.12 Large-scale preparation of double-stranded DNA

Large scale preparations were carried out, essentially as a scaled-up version of the
small-scale method, as described in Sambrook et al., (1989).

2.2.13 Preparation of genomic DNA

Chicken genomic DNA was prepared from frozen chicken red blood cell nuclei using

Tri-reagent (Sigma) according to the manufacturer's instructions.

2.2.14 Dephosphorylation ofDNA

5 pg of DNA was ethanol precipitated (section 2.10) and resuspended in 50 pi of lx
calf intestinal alkaline phosphatase buffer. After adding 10 U of calf intestinal alkaline

phosphatase (CIAP), the reaction mix was incubated at 37°C for 20 minutes. A further
10 U ofCIAP was added and the reaction incubated for a further 20 minutes at 37°C (or

at 50°C for 20 minutes if the DNA had 5' recessed or blunt ends). The reaction was

quenched by adding EDTA to a final concentration of 5 mM and incubating at 75°C for
10 minutes. The DNA was deproteinated by phenol/chloroform extraction, and then
ethanol precipitated.

2.2.15 End-labelling of DNA with 32P

200 to 500 ng of dephosphorylated DNA was labelled in a 10 pi reaction containing
lx 5' kinase buffer, 2.5 pi of y32PATP, at 3000 Ci/mmol (Amersham) and 10U of T4

polynucleotide kinase. The reaction was incubated at 37°C for 1 hour then boosted to

68



50 (Ltl with TE and phenol/chloroform extracted. Unincorporated label was removed by

spinning through a 1ml Sephadex G50 column equilibrated with distilled water or TE.
The labelled DNA was ethanol precipitated and resupended in TE or double-distilled
water to the required volume.

2.2.16 Sephadex G-25/G-50 column purification

Sephadex spin columns were employed to purify DNA from unincorporated
radioactive label; G-50 was used for core particle (monomer) DNA, size markers and
southern probes, and G-25 for oligonucleotides and primers. A 1 ml syringe was filled in

Sephadex G-25 or G-50 and spun at 2000 x g for 1 minute to pack the column. Columns
were then equilibriated with TE or H2O. G-50 columns were washed by spinning

through the wash volumes three times at 2000 x g for 1 minute. G-25 columns were

washed by pipetting TE or H2O onto the column and allowing it to drip through Liquid
was excluded from the columns prior to loading the sample by spinning at 1.6 K for 6
minutes (5 minutes for G-25). The sample was loaded on the top of the column and the
column was spun at 2000 x g for 5 minutes. The eluted sample was collected, and

purified by phenol extraction (section 2.9), and ethanol precipitation (2.10).

2.2.17 Amplification of DNA fragments by polymerase chain reaction

(PCR)

PCR is the in vitro enzymatic amplification of a specific DNA segment by repeated

cycles of extension of two oligonucleotide primers defined as the upstream and
downstream ends of the desired PCR product.

Linearised DNA (20 ng) was added to a 25 pi reaction containing 2.5pi of 10 x Taq

buffer (0.5M KC1, 100 mM Tris-HCl (pH 7.5)), 2.5 pi of 2 mM dNTP's, 2.5 pi 5%

Tween, 2.5 pi of each appropriate primer at 10 pM, 1 to 2 mM MgCU, Taq enzyme and
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double-distilled water. The sample was placed in a thermal cycler (Hybaid) and heated to

95°C for 5 minutes, followed by 1 minute at the annealing temperature and 1 minute at

the extension temperature (74°C). The sample was then heated at 95°C for 1 minute,

followed by 1 minute at the annealing temperature and 1 minute at 74°C, and this was

repeated 25 times.
The annealing temperature was calculated by using the following formula:

Tann= 61.2 + 0.41(%GC) - 500/L

Where %GC is the percentage of G+C bases in the oligonucleotide primer and L is
the length in base pairs of the oligonucleotide. As two oligonucleotide primers are used
in each PCR, the annealing temperature used is a compromise between the two Tann.

PCR does not require purified DNA as a template; PCR can also be carried out

directly on a bacterial colony. A colony is picked from the LB agar plate on which it was

grown using a toothpick, and put in the PCR premix.

2.2.18 Sequencing double-stranded plasmid DNA using radioactively
end-labelled primers

DNA sequencing of double-stranded plasmid was performed using the dideoxy
chain-termination method (Sanger et al., 1977).

0.5 pmole of plasmid DNA was denatured in 0.2 M NaOH for 10 minutes at room

temperature. The solution was neutralised by adding a 1/5 volume of 5 M ammonium
acetate pH 7.5, and the DNA precipitated with 2.5 volumes of ethanol. After two washes
with 70% ethanol, the dry pellet was dissolved in distilled water to a concentration 0.05

pmole/pl and used as soon as possible.

Sequencing reactions were performed in two stages. In the first step, primers end-

labelled with 32P were annealed to the template: in a 10 pi solution, containing 1.25 pi of
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T7 promoter DNA primer (0.25 pmole), 5 pi of denatured DNA template (0.25 pmole), 2

pi of 5X sequencing reaction buffer (200 mM Tris-HCl pH 7.5, 100 mM MgCl2, and 250

mM NaCl), and 1.75 pi ffjO. The samples were incubated at 65 °C for 4 minutes and
then cooled down to 30 °C at a rate of 75 seconds/ °C. The next step was extension and

termination: 1 pi of 0.1 M DTT, 4.7 pi of 10 mM Tris pH 7.5, and 0.3 pi of T7 DNA

polymerase (at 8U/pl) (Amersham) were added to the annealing mix. The mix was split
into four 3.5 pi aliquots and placed in 4 PCR tubes, each of which contained 2.5 pi of
one of the four dNTP/ddNTP mixes: dNTP/ddGTP, dNTP/ddCTP, dNTP/ddATP, or

dNTP/ddTTP (each mix contained 50 mM NaCl, 80 pM dNTPs and 8 pM of on of the
four ddNTPs). These samples were incubated at 37 °C for 5 minutes and then for 15
minutes at 50 °C. The reaction was stopped by adding 1 volume of sequencing stop mix

(SSM). The samples were heated to 95 °C for 3 minutes prior to loading onto a

denaturing polyacrylamide sequencing gel.

2.2.19 Preparation of long-range sequencing ladders

Long C/T sequencing reactions were prepared as size markers for running on

polyacrylamide gels with monomer extension reactions.

1 pmole ofMl 3-20 primer was mixed with 1 pmole ofM13mpl8 ssDNA (USB) in 1

x sequencing buffer (40 mM Tris pH 7.5, 20 mM MgCl2, and 50 mM NaCl). The

mixture was incubated at 65°C for 4 minutes, ramped to 30°C at 75 sec/°C. After this

annealing step, a labelling premix containing 4 pi of 10 mM Tris pH7.5, 2 pi of 0.1 M

DTT, 2 pi of x 5 labelling dNTP mix for adATP (7.5 pM dCTP, dGTP and dTTP), 3 pi
of a35SdATP (600 Ci/mmol), and 1 pi of T7 DNA polymerase (8 units/pl) was added to

the annealing reaction and incubated at room temperature for 10 minutes.

The labelling mix was split into 2 new PCR tubes which contained 10 pi of C term
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or T term (50 mM NaCl, 80 pM dNTPs, 8 pM ddC or ddT), respectively, and the
extension reaction was carried out at 37°C for 5 minutes and 50°C for 15 minutes. The

samples were extracted, ethanol precipitated, and the pellet resuspended in SSM.

2.2.20 Preparation of P end-labelled DNA size markers

These were prepared as size markers for running on polyacrylamide gels with
monomer extension reactions.

Phage lambda DNA was cleaved by HinFI or Ddel restriction enzyme, purified by

phenol extraction and ethanol precipitation and then 5' end-labelled with T4

polynuclease kinase as follows. 300 ng ofHinFI or Ddel digested DNA were mixed with
1 X 5' kinase buffer, 3 pi of y32P-ATP, and 10 units of T4 polynuclease kinase

(Amersham), and incubated at 37°C for 60 minutes. The markers were phenol extracted

(2.9), purified on G-50 spun columns and ethanol precipitated (2.10). Following a wash
in 70% ethanol, the dry pellet was resuspended in SSM and stored at -20°C.

2.2.21 Denaturing polyacrylamide DNA sequencing gel

DNA sequencing reactions were analysed on 48 x 20 cm 6% polyacrylamide gels

(19:1 acrylamide to N, N'-methylene bisacrylamide) containing 8 M urea and 1 X TBE.

Immediately following the addition of the catalyst (0.04% fresh ammonium persulphate),
and the polymerising agent (0.12% TEMED), the gel was mixed and poured between the
assembled cleaned glass plates. The gel was pre-run for at least 40 minutes so that it

reached 50°C before loading the samples. Sequencing reaction samples were heated to

95 °C for 5 minutes before loading and the gel was run in 1 X TBE buffer at a constant

power setting of 50 W for a period of time depending on the size ofDNA fragments. The

required time was judged using the bromophenol blue and xylene cyanol dye fronts. At
the end of the electrophoresis run, the gel was fixed in 10% glacial acetic acid and 12%
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methanol for 10 minutes, washed with distilled water and transferred to 17

chromatography paper (Whatman) and dried at 80 °C under vacuum for 1 hour. The dry

gel was exposed to an X-ray film (Fuji) at -70 °C with Kodak intensifying screens.

2.2.22 Agarose gel electrophoresis ofDNA

DNA restriction digests, amplified DNA prepared by PCR, single-stranded DNA,
and double-stranded DNA preparations were analysed by horizontal electrophoresis.

Agarose was dissolved at the desired percentage by boiling in 1 X TBE containing 0.5

|0.g/ml of EtBr. The gel was set with an appropriate comb inserted and allowed to

solidify. DNA samples dissolved in 1 X TBE loading buffer were loaded into the wells.
The agarose gel was run in 1 X TBE containing 0.5 (ig/ml EtBr at a constant voltage of
50 V until the desired resolution was achieved. DNA was detected on an UV

transilluminator.
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CHAPTER THREE: NUCLEOSOME POSITIONING ON

THE CHICKEN EPSILON GLOBIN GENE IN VITRO

3.1 INTRODUCTION

Chromatin structure has an important role to play in controlling gene expression

(reviewed in Wolffe et al., 1994; Grunstein, 1990). The globin genes are regulated in a

tissue-specific manner, and the individual genes are expressed only at specific times

during development. Changes in higher-order chromatin folding which encompass the
entire globin domain, and alterations in local, gene-specific chromatin structures are

thought to contribute to this temporal and tissue-specific regulation (Larsen and

Weintraub, 1982; Buckle et al., 1991; Felsenfeld, 1993; Orkin et al., 1995). The position
of individual nucleosomes on globin DNA sequences may be a major determinant of

long and short-range chromatin structures.

In this investigation, nucleosome positions were to be mapped in vitro, where the
influence of DNA sequence on nucleosome positioning can be investigated

independently of the other factors which can act in vivo, over a 3.8 kb DNA region

containing the chicken epsilon (e) globin gene. This map, when juxtaposed with that for

the beta-adult (|3A) globin gene region (Davey et al., 1995), would show the precise
location and relative strength of all nucleosome positioning sites throughout 8 kb of
continuous sequence. This would reveal patterns in the long-range positioning of

nucleosomes, as well as the placement of individual nucleosomes over regulatory

regions such as the e-globin promoter. The long-range placement of nucleosomes may

have implications for the folding of the chromatin fibre into a higher order structure

(Davey et al., 1995), and the presence of a positioned nucleosome on DNA regulatory

regions (promoters and enhancers) can affect the accessibility of transcription factors,

thereby contributing to the regulation of gene expression (reviewed in Wolffe et al.,
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1994). The in vitro nucleosome positioning data from the (3A-globin gene has revealed
some interesting long-range and short-range patterns in nucleosome placement. A

comparison of these data with that for e-globin gene would be of interest because the
two genes evolved from a common ancestral gene, occur within the same chromatin
domain (Stalder et al., 1980; Reitman et ah, 1993), and are both expressed in erythroid

cells, but at different times during development (reviewed in Felsenfeld, 1993).
The monomer DNA extension technique (Yenidunya et al., 1994) was chosen for

mapping nucleosome positions because it has several advantages over other commonly
used methods. Firstly, it is quantitative, so that the relative strengths of different

positioning sites can be compared. Secondly, it can map nucleosome positions with base

pair resolution. Thirdly, nucleosomes can be mapped over a long distance (up to ~1 kb)
in a single reaction, so the production of a long-range map is less labour-intensive.

Finally, the region of DNA being mapped is contained within a much longer DNA

fragment so the positions mapped are not influenced by end effects (non-specific
interactions of core histones with the ends of (short) DNA fragments).

Both the original monomer DNA extension technique (Yenidunya et ah, 1994), and
an adaptation of it (developed as part of this project) have been used in the mapping

experiments described in this study.

3.1.1 The monomer DNA extension technique

Two versions of the monomer DNA extension technique have been used for mapping:
the original method (Yenidunya et ah, 1994) and a new method. The original monomer
DNA extension technique will hereafter be referred to as 'MDE' and the new method,

oligonucleotide-based monomer DNA extension, will be hereafter referred to as OMDE.
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3.1.1.1 The original monomer extension technique (MDE)

A schematic illustration of the original monomer extension technique is shown in

Figure 3.1. The technique is described in detail in section 3.2.8.1. A 4.3 kb DNA

fragment containing the entire chicken £-globin gene region was cloned into a phagemid
vector (pBluescript KS II minus), creating the clone PCBE4.3 (Figure 4.3). PCBE4.3
was used to prepare the mononucleosomes. Linearised double-stranded DNA from
PCBE4.3 is reconstituted with core histones by salt-gradient dialysis, and
mononucleosomes are prepared from the reconstitute by digestion with micrococcal
nuclease. Monomer DNA (~146 bp in length) is purified from an agarose gel.

After the monomer DNA has been 5' end-labelled with 32P and alkali-denatured, it is

annealed to ssDNA, made from subclones of PCBE4.3 (Figure 3.3), containing the

particular region of £-globin to be mapped. The monomer DNA is then extended on the
ssDNA with the Klenow fragment ofDNA polymerase in the presence of an appropriate
restriction enzyme which cuts uniquely within the phagemid or insert. The enzyme

cleaves the nascent double-stranded DNA formed by the extension of the monomer

DNA to produce labelled extension fragments, which are subsequently sized on a

denaturing polyacrylamide gel.

The length of any particular fragment corresponds to the distance from the 5' end of
an annealed monomer DNA to the restriction enzyme site, thus defining one boundary of
a nucleosome. The other boundary of the same nucleosome can be determined by

annealing and extending the same monomer DNA (the complementary strand) on the

complementary ssDNA, using another restriction enzyme site as the reference point. The
relative intensity of the fragments denotes the relative binding strengths of the different

positioning sites.
As a routine control to ensure the extension fragments were restriction enzyme-

dependent, monomer DNA is extended on the ssDNA in the absence of any restriction

enzyme.
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Figure 3.1 The original monomer DNA extension technique
a) The epsilon globin gene is cloned into the pBluescript phagemid.
b) Single-stranded DNA is prepared from this full-length phagemid construct,
or from subclones of it.

c) Monomer DNA is prepared by micrococcal nuclease (MN) digestion of the
histone-reconstituted phagemid construct. The monomer DNA is purified
and end-labelled with 32P.

d) The radiolabelledmonomerDNA is annealed to the single-stranded DNA.
(For simplicity the single-stranded DNA is shown as linear; it is, of course,
circular).

e) The annealed monomer DNA is extended by DNA polymerase in the presence
of a restriction enzyme which cuts uniquely within the phagemid construct.
The resulting fragments are sized on a denaturing polyacrylamide gel.
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3.1.1.2 A new monomer DNA extension technique: oligonucleotide-based monomer

DNA extension (OMDE)

The original monomer extension technique requires a restriction enzyme that has a

unique recognition site within the plasmid from which ssDNA is prepared. Therefore,

mapping a long sequence may require a large number of subclones to ensure that this
criterion can be met. For this reason, a new technique was developed to dispense with
the requirement that a restriction enzyme should have only one recognition site within
the mapping plasmid. The restriction enzyme-cutting is 'targeted' to one of several

potential sites by employing an oligonucleotide designed to anneal specifically at the
desired restriction site.

The new, oligonucleotide-based technique is depicted in Figure 3.2. It is described in
detail in section 3.2.8.2. After preparing monomer DNA and single-stranded DNA as

described for the original technique, a complementary oligonucleotide is annealed to the
restriction enzyme site on the ssDNA and incubated with restriction enzyme. The
restriction enzyme can only cut at the unique double-stranded DNA created by the
annealed oligonucleotide; at the other potential restriction enzyme sites, the DNA
remains single-stranded and the enzyme cannot cut. Monomer DNA is then annealed to

the pre-cut ssDNA and extended, but this time in the absence of restriction enzyme;

Klenow polymerase extends the monomer DNA to the end created by restriction enzyme

cutting, where the extension terminates. As with the original method, the resulting

fragments are subsequently sized on a denaturing polyacrylamide gel, and the size of
each fragment gives the distance of a nucleosome boundary from the restriction enzyme

site.

Two control reactions are also included in each analysis. In one, the ssDNA is

incubated with restriction enzyme in the absence of oligonucleotide to check whether the

enzyme is capable of cutting ssDNA. In the second, annealed oligonucleotide is

incubated in the absence of restriction enzyme to verify that the bands seen in the
monomer extension are restriction enzyme-dependent.
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Figure 3.2 Schematic diagram of the oligonucleotide-based
monomer DNA extension technique (OMDE)
The epsilon globin gene region to be mapped is cloned into the pBluescript
plasmid, and single-stranded DNA and monomer DNA prepared as described
for the original method (Figure 3.1).
a) The clone containing the region to be mapped may have several recognition

sites for the restriction enzyme.
b) An oligonucleotide, designed to be complementary to only one of these sites,
is annealed to create a uniquely double-stranded region which can be cut by
the restriction enzyme.

c) Radiolabeled monomer DNA is annealed to this pre-cut single-stranded
DNA.

d)The monomer DNA is then extended as described for the original method,
except that restriction enzyme is not included in the reaction.

The DNA polymerase extends the annealed monomer DNA to the restricted
end, and terminates at this defined point. The resulting fragments are sized
on a denaturing polyacrylamide gel.
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3.2 MATERIALS AND METHODS

3.2.1 Materials

M9 salt: made as a 5 X stock containing 0.24 M Na2HPC>4 , 0.11 M KH2PO4, 0.43 M

NaCl and 0.093 M NH4C1.

M9 minimal medium: (Sambrook et al., 1989) One litre of M9 minimal medium was

made by dissolving 15 g of agar in 770 ml of ddFLO and autoclaving it. After cooling
the autoclaved agar to 55°C, 200 ml of 5 X M9 salt (at 55°C), 2 ml of 1 M MgS04, 20

ml of 20 % glucose, 1 OOjul of 1 M CaCl2, 1 ml of 1 mg/ml thiamine and the appropriate
antibiotic was added. The plates were then poured and dried at 37°C for 2 hours before
use.

TBG: (Lin et al., 1992) To prepare TBG medium for growing a ssDNA culture, 2 g/1

bactotryptone (DIFCO), 24 g/1 yeast extract (DIFCO), 4g/l glycerol, 17 mM KH2PO4

(BDH), 55 mM K2HPO4 (BDH) were dissolved in water and autoclaved. Before use

glucose was added to a final concentration of 20 mM.

SOB: (Lin et al., 1992) This contains 20 g/1 bactotryptone, 5 g/1 yeast extract, 2.5 mM

KC1, 10 mM NaCl, 10 mM MgC^ and 10 mM MgS04 dissolved in distilled water. The
solution was sterilised by autoclaving.

SOB:Glycerol: 60 ml SOB was mixed with 40 ml of glycerol and autoclaved.

TEPym: YM NaCl in TEP. For example, TEP0.4M is 0.4 M NaCl in TEP (10 mM Tris,

pH 8, 0.1 mM EDTA and 0.1 mM PMSF).
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TYP medium: (per litre) 16 g bactotryptone, 16 g yeast extract, 5 g NaCl, 2.5 g

K2HP04.

3.2.2 Plasmid constructs

Twelve overlapping clones were generated to cover the entire epsilon globin gene

(Figure 3.3). To create clones 1-11 described below, fragments of the chicken 8 globin

gene were cloned from A,C(3G1 (Dolan et al., 1981) into the polylinker of the pBluescript
II KS minus phagemid vector (Stratagene). The clones were designed so that both the 5'
and 3' nucleosome boundaries could be mapped. Clone 12 (PCBEoverlap) was created

by cloning part of the globin insert from pCBG17 (Villeponteau et al., 1982) into

pBluescript KS minus. The epsilon globin insert in this clone covers 2853 to 3833

relative to the pA cap site, so it can be used to map nucleosome positions to be mapped

upstream of the 4.3 kb region cloned into PCBE4.3. This allows the positioning map for
the e globin gene to be joined to that for the (3A globin gene (Davey et al., 1995). To map

nucleosome placement on this region, monomer DNA was prepared from pCBA6.2, a

clone covering part of the pA and 8 globin genes, from -1054 to 5114 relative to the pA
cap site. This monomer DNA was extended on ssDNA prepared from PCBEoverlap.
All numbers below indicate the position of the cloned globin fragments relative to the

pA gene cap site. The chicken P-globin gene cluster was sequenced by Reitman et al.

(1993), gen bank ID gghbbre.

1. PCBE4.3: This BamHI-Hind III fragment, covering positions 3351 to 7635, was

cloned into the BamHI and Hind III sites in the pBluescript polylinker.

2. PCBE2.4Bam: This BamHI-Bcl I fragment, covering 3351 to 5749, was cloned into
the BamHI site of the pBluescript polylinker.
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3. PCBE2.4Bcl: This contains the same fragment as the PCBE2.4Bam clone, but it is
cloned into the BamHI site of the pBluescript polylinker in the opposite orientation.

4. PCBEacc: This Accl-Bcl I fragment, covering 4548 to 5749, was cloned into the
BamHI and Ace I sites in the polylinker.

5. PCBEeag: This BamHI-Eag I fragment, covering 3351 to 4828, was cloned into the
BamHI and Eag I sites in the pBluescript polylinker.

6. PCBEeco: This BamHI-EcoRI fragment, covering 3351 to 5114, was cloned into the
BamHI and EcoRI sites in the polylinker.

7. PCBEsac: This Sac I-Bcl I fragment, covering 4655 to 5749 was cloned into the SacI

and BamHI sites in the pBluescript polylinker.

PCBEacc and PCBEeag map 5' nucleosome boundaries; PCBEeco and PCBEsac map

the 3' boundaries over the same region.

8. PCBE1.9EH: This EcoRI-EcoNI fragment, covering 5114 to 7005, was cloned into
the EcoRI and EcoNI sites in the pBluescript polylinker.

9. PCBE1.9HE: This contains the same fragment as the PCBE1.9EH clone, but it is
cloned in the opposite orientation into the pBluescript polylinker.

10. PCBE2.5EH: This EcoRI-Hind III fragment, covering 5114 to 7635, was cloned into
the EcoRI-Hind III sites in the pBluescript polylinker.
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11. PCBE2.5HE: This contains the same fragment as the PCBE2.5EH clone, but it is
cloned in the opposite orientation into the pBluescript polylinker.

12. PCBEoverlap: This Sac I-EcoRV fragment, covering 2853 to 3833, was cloned into
the Sac I and EcoRV sites in the polylinker of pBluescript KS minus.

All phagemids were transformed into E. coli strain DH11S (Lin et al., 1992) for the

preparation of single-stranded DNA.

3.2.3 Preparation of single-stranded DNA

Single-stranded DNA was produced by superinfection of bacteria containing the

pBluescript phagemid with Ml3 K07 helper phage (Promega).

3.2.3.1 Preparation of helper phage

Dilutions of helper phage stock were made over the range of lx 10 pfu/ml to x 1 x
10 pfu/ml. 0.1 ml of each phage dilution was added to 0.2 ml of log-phase DH11S

(grown in TYP medium for 6 to 8 hrs). The bacteria-phage mixture was incubated at

room temperature for 5 minutes. 50 (il of each bacteria-phage mixture was plated on

TYP plates (TYP + 1.5% agar) containing 70 |ag/ml kanamycin and incubated overnight
at 37°C. Single, well-isolated colonies were picked with a small Gilson pipette tip into 5

ml TYP medium containing 70 (ig/ml kanamycin and grown for 8 to 12 hrs at 37°C.
Cells were pelleted by centrifugation at 5500 x g for 15 minutes. The supernatant, which
contains the helper phage, was spun again at 5500 x g for a further 15 minutes to remove

any remaining bacteria. The helper phage was sterilised by heating at 65°C for 20
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Figure 3.3 Plasmids used for monomer DNA extension mapping
The fragments shown above were cloned into plasmids for use in MDE mapping.
The numbering indicates position of the fragments with respect to the J3Acap site.
Arrows below the name of each clone show the direction in wheh monomer
DNA is extended during monomer DNA extension. Arrows in the upper part
of the diagram indicate the start and end points of the exons, relative to the
pAcap site. (Not to scale).
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minutes. The helper phage was titred as below.

3.2.3.2 Titre helper phage

Ten-fold serial dilutions of the phage were made in B broth (10% bactotryptone, 8%
0 1

NaCl and 0.2% glucose) over the range 1x10 to 1x10 pfu/ml (assuming initial
concentration approximately lxlO11). 0.1 ml of each phage dilution was added to 0.2 ml
of log-phase DH1 IS. The phage-bacteria mixture was incubated at room temperature for
5 minutes and added to 0.7% B broth agar at 52 °C. This was poured onto B broth plates.
The plates were incubated overnight at 37°C. The number of plaques was counted next

day, to estimate the concentration of the helper phage stock in pfu/ml. The helper phage
stock solution was then diluted with B broth to 1010 pfu/ml.

3.2.3.3 Preparation of DH11S phagemid SOB/glycerol stocks

All phagemids were transformed into E. coli strain DH1 IS (Lin et al., 1992; available
from Gibco BRL) and 60:40 SOB/glycerol stocks made by mixing the culture with an

equal volume of SOB:glycerol. These phagemid stocks were spread on LB plates

containing 100 pg/ml ampicillin and incubated at 37°C overnight. Colonies were picked
and streaked on M9 minimal medium plates containing ampicillin, to select for E.coli

containing the F' plasmid required for phage superinfection. After 48 hours growth at

37°C, colonies were picked into SOB and grown for 12-14 hours. An aliquot of this
culture was mixed with an equal volume of 60:40 SOB/glycerol and stored at -70°C.

3.2.3.4 Growing culture for production of single-stranded DNA

100 ml of TBG was inoculated with 300 pi DH11S pBluescript plasmid

SOB:glycerol (produced from a colony grown on an M9 plate-see above). Then 1 ml of
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M13K07 helper phage at approximately 1010 pfu/ml was added. This culture was

incubated in a rotational shaker at 37°C, for 90 minutes. Ampicillin was added to a final
concentration of 100 ug/ml and kanamycin to 70 ug/ml. The culture was incubated for a
further 14 hours at 37°C.

3.2.3.5 Isolation of phage particles from the medium

The culture was spun at 7500 x g for 20 minutes at 4°C to pellet the bacteria. The

supernatant, which contains the single-stranded DNA packaged in phage particles, was

spun again to remove any remaining bacteria. The supernatant was added to 0.25
volumes of 40 % PEG 6000 in 2.5 M NaCl and incubated on ice for at least 60 minutes

to precipitate the phage particles.
The phage particle precipitate was collected by centrifugation at 7500 x g for 30

minutes at 4°C. The pellet was resuspended in TE.

3.2.3.6 Purification of phage DNA from particles

Three different methods were used for phage purification.

3.2.3.6.1 Original Method

The phage particles, resuspended in TE, were frozen and thawed to help disrupt them.
NaAc (pH 5.2) was added to a final concentration of 0.3 M, and the phage resuspension
was extracted on ice; once with buffered phenol, twice with buffered phenol:chloroform
and once with chloroform:IAA. After ethanol precipitation, the ssDNA was resuspended
in TE.

SDS was added to a final concentration of 0.5%, EDTA pH 8 to a final concentration
of 3 mM and NaAc (pH5.2) to 0.3 M. Extraction was carried out on ice repeatedly with
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buffered phenol:chloroform (typically x 4) and once with chloroform:IAA. After ethanol

precipitation, the ssDNA was resuspended in TE.

After addition of 0.6 volumes of 20 % PEG 6000 in 2.5 M NaCl, the ssDNA was

incubated on ice for at least 60 min. Following a spin at 15000 x g for 15 minutes,
residual PEG/NaCl was removed and the pellet washed with 70 % ethanol. The pellet
was resuspended in TE. EDTA (pH 8) was added to a final concentration of 3 mM, SDS
to a final concentration of 0.5%, and NaAc (pH 5.2) to 0.3 M. The ssDNA was extracted
on ice repeatedly with buffered phenol:chloroform and once with chloroform:IAA. After
ethanol precipitation, the pellet was resuspended in TE.

3.2.3.6.2 Tri-reagent method

After the phage particle pellet was resuspended in TE, 5 volumes of Tri-reagent

(Sigma) were added. The samples were incubated for 15 minutes at room temperature.

0.1 ml of choloroform was added, and incubated at room temperature for a further 15

minutes, with occasional vortexing. The resulting mixture was centrifuged at 15000 x g

for 15 minutes. The resulting aqueous layer was discarded. To precipitate the DNA from
the interface and organic phase 0.15 ml of ethanol was added, and the sample incubated
at room temperature for 5 minutes. To pellet the DNA the sample was centrifuged at

2000g for 5 minutes.
The resulting pellet was washed twice with 0.1 M sodium citrate, 10% ethanol for 30

minutes, and then washed twice with 75% ethanol for 10 minutes. The pellet was dried
under vacuum and resuspended in TE. If the ssDNA was still contaminated with protein
it was further cleaned by extraction with buffered phenol-chloroform in the presence of
0.3 M NaAc pH 5.5 and 0.5% SDS, followed by ethanol precipitation and resuspension
in TE.
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3.2.3.6.3 Qiagen method

The phage particle pellet was resuspended in 2.1 ml of TE and loaded onto columns
from the Qiagen M13 ssDNA kit. The purification of the ssDNA was carried out as

described in the manufacturers handbook. The purified DNA was eluted from the
column in TE. If the ssDNA was still contaminated with protein it was further cleaned

by extraction with buffered phenol-chloroform followed by ethanol precipitation and

resuspension in TE.

3.2.3.7 Checking concentration and quality of ssDNA

Samples of the ssDNA, before and after heating at 95°C for 4 minutes, were run on a

1.6% agarose gel. Single-stranded DNA of known concentration was run on the gel for
estimation ofDNA concentration. Protein contamination of the ssDNA was indicated by
a smeared band in the unheated, which typically resolved into a single clean band when
heated. (A smeared band was considered to indicate protein contamination as steps taken
to remove protein contamination were found empirically to reduce smearing in the
unheated sample).

3.2.4 Preparation of chicken core histones

Nuclei prepared from adult chicken red blood cells as described in section 4.2.3 were

washed three times in micrococcal nuclease buffer (section 4.2.1) (all centrifugations
were carried out at 1200 x g). The final pellet was resuspended in 13 ml ofmicrococcal
nuclease buffer and, after the addition of CaCE to a concentration of 1 mM, digested
with 50 U/ml micrococcal nuclease for 10 minutes. The digestion was stopped with 5

mM EDTA, and the sample was centrifuged at 12000 x g for 15 minutes. The

supernatant was collected, supplemented with NaCl to a final concentration of 0.65 M
and loaded onto a CL4B Sepharose column, equilibrated with TE and 0.65 M NaCl.
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Fractions were collected, and their OD was read at 280 nm to identify those that
contained chromatin. A sample of each fraction was assayed for linker histone
contamination by SDS polyaery1amide gel electrophoresis. Fractions not contaminated

by linker histone were pooled and loaded on a hydroxyapatite column, equilibrated with
0.65 M NaCl, 10 mM phosphate buffer, pH 6.8 (Sambrook et al., 1989), 0.2 mM PMSF

and 0.1 mM EDTA. The column was washed with 0.65 M NaCl/ 10 mM phosphate

buffer, pH 6.8 and core histones were eluted with 2M NaCl/ 10 mM phosphate buffer,

pH 6.8. An aliquot of each fraction was assayed by SDS polyacryamide gel

electrophoresis. The fractions were pooled and the concentration determined by the

measuring the optical density at 280 nm (1 mg/ml of core histones has an OD of 0.36 at

280 nm). The preparation was divided into 1ml aliquots and stored at -70°C.

3.2.5 In vitro nucleosome reconstitution with linear plasmid DNA

The method of reconstitution involved dialysis from high salt and urea as described

by Camerini-Otero et al. (1976) and Clark and Felsenfeld (1991).The pBluescript-e

construct, containing the region to be mapped was linearised by restriction with Bsa I,

which cuts at ~1.4 kb from the insert. Following purification, ethanol precipitation and

resuspension in TE, the linearised DNA was reconstituted with chicken erythrocyte core

histones. Chromatin reconstitution was performed in 250 pi of TEP2M (2M NaCl in

TEP), containing 12.5 pg of core histones and 25 pg of linearised plasmid DNA (0.5:1
w/w ratio). The reconstitute was incubated at room temperature for 10-20 minutes and

dialysed against a linear TEP2M-TEP0.4M gradient at 4°C for approximately 5 hours. The

reconstitutes were further dialysed against TEPi6mM overnight.

3.2.6 Preparation ofmononucleosomal DNA

After reconstitution, chromatin samples were digested in TEP16 supplemented with
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1 mM CaCl2, with 10 U/ml micrococcal nuclease for 35 minutes at 0°C , followed by 5

minutes at 37°C. DNA protected from nuclease digestion by the presence of a core

particle was purified by phenol/chloroform extraction, and ethanol precipitated. These
DNAs were electrophoresed in a 1.6% agarose gel and the monomer band, hence
monomer DNA, (-146 bp long) was cut from the gel, electroeluted, and purified by

phenol/chloroform extraction, followed by ethanol precipitation.

3.2.7 Treatment of monomer DNA prior to use in monomer DNA
extension

3.2.7.1 5' end-labelling ofmonomer DNA

Monomer DNA (200 to 500 ng) was labelled in 50 mM Tris pH 7.6, 10 mM MgC^, 5

mM DTT, 0.1 mM spermidine, 0.1 mM EDTA, 3.5 pi of [y-32P]ATP (3000 Ci/mmol)
and 10 U of T4 polynucleotide kinase (Amersham). The reactions were incubated at

37°C for 60 minutes, and purified by phenol/chloroform extraction. The DNA was

separated from unincorporated label by spinning through a 1 ml Sephadex G50

(Pharmacia) column equilibrated with water. The volume of the eluent was adjusted to

45 pi with water.

3.2.7 2Alkaline denaturation ofmonomer DNA

Monomer DNA was denatured by the addition of fresh NaOH to 0.2 M and
incubation at room temperature for 10 minutes. To neutralise the reaction, ammonium

acetate pH 7.5 was added to a 1M final concentration. The monomer DNA was ethanol

precipitated, washed thoroughly, and resuspended in TE.

An aliquot of the monomer DNA was run on a denaturing 6% polyacrylamide gel to
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check monomer DNA size and to assess the extent of single-strand nicking.

3.2.8 Monomer Extension for in vitro nucleosome mapping

Two monomer DNA extension techniques were used: the original method (MDE),
and a new, oligonucleotide-based method (OMDE).

3.2.8.1 Original method

3.2.8.1.1 Annealing monomer DNA to ssDNA

A 3-fold molar excess of ssDNA (~ 1 to 2 jixg) was mixed with 30 to 50 ng of the

labelled, denatured monomer DNA in 100 mM NaCl, 2 mM DTT, 20 mM Tris-Cl pH

7.5, 20 mM MgCb in a final volume of 25 pi. In a thermal cycler, the samples were

denatured for 3 min at 95°C, incubated at 80°C for 30 seconds then the temperature was

gradually reduced at a rate of 1°C every 100 seconds until a temperature of 55°C was

reached. The samples were removed to ice.

3.2.8.1.2 Extension of annealed monomer DNA

These annealed samples were diluted to 50 pi by the addition of distilled water,

dNTP's to a final concentration of 10 pM for each of the four dNTPs, BSA to a final
concentration of 0.1 mg/ml, 4 U of DNA polymerase (Klenow fragment), and 20 U of

the appropriate restriction enzyme. This reaction mix was incubated at 37°C for 60

minutes. The extension products were purified by buffered phenol/chloroform extraction
and ethanol precipitation.

The extension products, resuspended in polyacrylamide gel loading buffer (SSM) and

heat-denatured, were run on a denaturing 6 % polyacrylamide (19:1 polyacrylamide:bis)
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gel. Size standards of C and T 35S sequencing reactions of M13mpl8 ssDNA (USB)
made using the -20 Universal forward primer. 32P end-labelled HinFI and Ddel digests of

phage lambda were also run.

3.2.8.1.3 Analysis of the monomer DNA extension data obtained from the

polyacrylamide gel

Quantitative densitometer scans were made for each gel after Phosphorlmager

(Molecular Dynamics) analysis of the dried gels. Using the co-ordinate position and size

of marker DNA fragments on the gel, a six-order polynomial was generated in Sigma

Plot, which could be used to convert the co-ordinates of fragments on the gel into DNA

size. After the densitometry data had been transferred to Microsoft Excel, this equation
was employed to accurately size the extended monomer DNA fragments. As the length
of each fragment represents the distance from a nucleosome boundary to the restriction

enzyme site used in the mapping, the location of the positioning site boundary relative to

the beta-adult cap site can be determined. Densitometry traces of reactions carried out in
the absence of restriction enzyme were considered as background for quantitative

adjustment of traces of reactions including restriction enzyme.

Normalisation of traces from different reactions was achieved by employing common

nucleosome positioning sites within the vector or globin sequence. In this way, a map of
the whole e globin gene could be generated, showing the location of each nucleosome

positioning site with respect to the DNA sequence and the relative affinity of these

binding sites.

3.2.8.2 New oligonucleotide-based method ofmonomer DNA extension

This differed from the original method, in that the ssDNA template is cut with a

restriction enzyme prior to annealing of the monomer DNA.
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3.2.8.2.1 Oligonucleotide annealing and restriction enzyme cutting of the ssDNA

template

The conditions for the annealing reaction were adapted from the conditions used for

annealing primers in the polymerase chain reaction (PCR); 0.9 pmoles of ssDNA were

mixed with 4.5 pmoles of the appropriate oligonucleotide (obtained from Oswel) in 20

pi reactions containing 50 mM NaCl, 1.5 mM MgCl2. and lOmM Tris-Cl pH 7.5. In a

thermal cycler, the samples were heated to 95 °C for 3 minutes, incubated at 80°C for 30

seconds, then the temperature was decreased by 1°C every 90 seconds until a

temperature was reached which was 10°C below the annealing temperature of the

oligonucleotide. The samples were put on ice.
To make the conditions more suitable for digestion by restriction enzyme, these

samples were boosted in volume to 70 pi with distilled water, BSA (final concentration

0.1 mg/ml), 5 pi of the appropriate 10 X restriction buffer and 10-20 U of the

appropriate restriction enzyme, and incubated at 37°C for 60 minutes. Following

purification by phenol/chloroform extraction, and precipitation with ethanol, the cut

ssDNA was resuspended in TE at approximately 200 ng/pl.

3.2.8.2.2 Annealing monomer DNA to ssDNA

The monomer DNA was annealed to the ssDNA as described in 3.2.8.1.1

3.2.8.2.3 Extension of annealed monomer DNA

Extension was carried out as described in 3.2.8.1.2, except that the ssDNA was

incubated with Klenow polymerase in the absence of restriction enzyme. The samples
were run on a polyacrylamide gel and analysed by densitometry as described for the
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original technique in section 3.2.8.1.3.

3.2.9 Screening enzymes for ability to cut ssDNA in the oligonucleotide-
based monomer DNA extension technique (OMDE)

Restriction enzymes used in OMDE must not be able to cut ssDNA. If an enzyme

were able to cut at more than one site during OMDE, it would not be possible to define
the position of nucleosome boundaries with respect to a single restriction site.

Therefore it was necessary to develop an assay to check whether restriction enzymes

were capable of cutting ssDNA. Three OMDE-style annealing reactions were set up as

described in section 3.2.8.2, except for the amendments mentioned; in (a), a positive

control, the reaction was set up as usual; oligonucleotide was annealed to the ssDNA,

then digested with the enzyme to be tested. In (b), the oligonucleotide was omitted from
the annealing reaction, and then the ssDNA digested as usual; in (c), the oligonucleotide
was annealed and the digestion reaction carried out in the absence of restriction enzyme.

The three ssDNA samples were then dephosphorylated, purified, precipitated and 5' end
labelled with 32P as described in sections 2.13 and 2.14. The labelled DNA was

separated from unincorporated label by spinning through a Sephadex column (section

2.15). Following precipitation, the samples, resuspended in SSM, were run with size
standards on a denaturing 6 % polyacrylamide gel to check for restriction products.
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3.3 RESULTS

3.3.1 Development and Optimisation of Monomer DNA

Extension

The new, oligonucleotide-based method of monomer DNA extension was adapted
from the original technique (Yenidunya et ah, 1994), with the intention of reducing the

amount of subcloning required for the mapping. The strategy of the original and adapted
methods is given in section 3.1.

3.3.1.1 Development of new oligonucleotide-based monomer

DNA extension technique (OMDE)

In this section, evidence is presented which shows that the adapted, oligonucleotide-
based technique can give reliable nucleosome positioning data.

The reliability of the new technique was tested by using the original and adapted
methods to map nucleosome positions on the same piece of DNA. The reliability and

validity of the original technique has already been demonstrated, as the nucleosome

positioning data it produces are consistent with the results given by various other

approaches (Yenidunya et al., 1994).

For both the original and adapted monomer extension reactions, single-stranded DNA
was prepared from pCBA4.4 (Davey et al., 1995). This clone is a pBluescript KS minus

phagemid containing a 4.4 kb EcoRI-Bam HI fragment of the chicken [3A-globin gene. 5'
end-labelled monomers were prepared from reconstituted pCBA64, a pCBA4.4 subclone

(p64, Davey et al., 1995). Sac I was used as the restriction enzyme for mapping (Figure

3.4a).
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Figure 3.4a Schematic showing the mapping strategy for the
monomer extension gel analysis shown in Figure 3.4b
This schematic shows the mapping strategy for the monomer DNA extension
carried out on pCBA4.4 ssDNA with monomer DNA prepared from p64.
The open box represents the 4.4 kb EcoRl-BamHI insert encompassing the pA
gene (from -1052 to +3369 relative to the pAcap site). The red box indicates the
position of the globin insert in p64, a pCBA4.4 subclone which extends from
+2092 to +2780. The recognition sites for Sac I, the enzyme used in the mapping,
are indicated by arrows labelled a to e. The oligonucleotide used in the
oligonucleotide-based monomer DNA extension reaction is shown by the line
at Sac I site d. In the oligonucleotide-based monomer extension reaction,
monomer DNA prepared from p64 extends in the direction shown by the curved
arrow on ssDNA prepared from pCBA4.4 which has been precut at Sac I site d
only. In the original monomer DNA extension reaction the monomer DNA
extends in the same direction to both Sac site d and e, before being cut.
The diagram is not to scale.
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The results of this experiment are shown in Figure 3.4b. The monomer extension

reaction, carried out using the original method (lane 5), shows the features of a typical
monomer extension mapping analysis. Bands up to ~ 250 bp in length are produced by
self-extension of the monomer DNA (arrowed). Template-length and high molecular

weight (HMW) DNA at the top of the gel (also arrowed) are produced by monomer

DNA which extends on the single-stranded DNA and escapes restriction. The fragments

occurring in the region (labelled as region Z) between the self-extended monomers and
the HMW DNA are produced by extended monomer DNAs which are cut by restriction

enzyme. Therefore, the size of each fragment in region Z represents the distance from
one boundary of a nucleosome to the site of the restriction enzyme used in the mapping.

In this case, the position of the 5' boundary of the nucleosomes is mapped, as the minus

strand of the ssDNA was used (see Figure 3.4a).

By comparing lane 5 (original method of monomer extension), with lane 1

(oligonucleotide-based method of monomer extension), it can be seen that the original
and oligonucleotide-based methods give equivalent results. Therefore, the OMDE

technique can produce good, reliable nucleosome positioning data.
Careful inspection reveals some differences between lanes 1 and 5 in the pattern of

fragments longer than -670 bp; these were predicted. In the original monomer extension

reaction, Sac I cutting occurs at 5 sites (a, b, c, d and e in Figure 3.4a) within the

plasmid, whilst in the adapted method, cutting is targeted to one site (d) where the

oligonucleotide anneals. In the original monomer DNA extension reaction, pCBA64
monomer DNA can extend to both Sac site d and Sac site e where it is cut, whilst in the

oligonucleotide-based method, monomer DNA can only extend to the pre-cut site d.

Therefore, there will be extra fragments in the original monomer DNA extension

reactions, produced by extended monomer DNA being cut at site e. The positions of the

p64 clone and Sac I site (e) mean that these extra fragments are all greater in size than
-670 bp.

Controls for oligonucleotide-based monomer DNA extension are shown in lanes 2, 3
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Sequence 1 2 3 4 5 Restriction
Markers Markers

663 ->

Hall

Template
Length &
HMWDNA

Region
Z

Self-Extended
Monomer DNA

Figure 3.4b Demonstrating the reliability of the OMDE technique
6% denaturing polyacrylamide gel analysis of monomer DNA (prepared from
p64) extended on ssDNA prepared from pCBA4.4, and restricted with Sac I.
Lane 1 shows the result for the new (OMDE) technique, and lane 5 the original
(MDE) technique. The fragments in region Z represent the positions of
nucleosome boundaries from the Sac I cut site. Lanes 2, 3 and 4 are controls for
the new technique; in 2, oligonucleotide was removed following restriction; in
3, oligonucleotide annealing and digestion steps were carried out in the absence
of restriction enzyme, and in 4, oligonucleotide annealing and restriction were
carried out in the absence of oligonucleotide. The sequence markers are A, G,
C and T sequencing reactions ofM13mpl8 phage DNA, and the restriction
markers are Dde I and Hinf I digest of lambda DNA.
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and 4. Comparison of lane 2 with the standard OMDE reaction (lane 1) demonstrates
that removal of the oligonucleotide prior to annealing of monomer DNA is not

necessary, as results are identical whether it is removed or not. Lane 3 (digestion carried
out in the absence of annealed oligonucleotide) demonstrates, by the absence of bands in

region Z, that the Sac I restriction enzyme is unable to cut the ssDNA in the absence of
annealed oligonucleotide. Lane 4 (oligonucleotide digestion carried out in the absence of
restriction enzyme) demonstrates that the fragments in region Z in the standard OMDE
reaction (lane 1) are restriction-dependent. Therefore, taken together, controls 2, 3 and 4

confirm that fragments in region Z in the standard OMDE reaction are restriction-

dependent, specific DNA products which represent the distance from a nucleosome

boundary to the site of the restriction enzyme (in this case Sac I).
In summary, Figure 3.4b shows that the protocol for the new technique can give

good, reliable nucleosome positioning data.

3.3.1.2 Developing a strategy for mapping the entire epsilon

globin gene

In a single monomer extension reaction, nucleosomes can be mapped at high
resolution over a distance of up to 1 kb (Yenidunya et ah, 1994; Davey et al., 1995).

Therefore, restriction enzymes chosen for mapping needed to be separated by a

maximum distance of about 800 bp, so that the positioning data from individual
reactions would overlap. This would allow the data to be assembled into a single map,

showing nucleosome positions on the entire gene region.
After choosing the restriction enzyme sites from the globin sequence (for which the

EMBO gene bank identification is gghbbre), oligonucleotides were designed to anneal at
these sites. The oligonucleotides were designed so that the recognition site of the
restriction enzyme was in the centre, flanked by at least 6 bp on either side. It was

necessary to check that the oligonucleotide annealed to the correct site only. The
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oligonucleotide was end-labelled with P, and then used as a primer in a sequencing

reaction as described in chapter 2. The samples were run on a denaturing polyacrylamide

gel, and the sequence was read to ensure the oligonucleotide was annealing at the correct

site.

The restriction enzymes chosen for mapping had to fulfil certain criteria. Firstly, these

enzymes should be able to cut near the ends of DNA molecules, as they would have to

cut oligonucleotides ~ 20 bp in length. Secondly, the enzymes must not require an

incubation temperature higher than the annealing temperature of the oligonucleotide.

Thirdly, they must not be able to cut the single-stranded DNA used in the monomer

DNA extension at any place other than the double-stranded region created by the
annealed oligonucleotide. The data from a monomer extension in which a restriction

enzyme cut more than once cannot be analysed, as nucleosome positions could not be
defined relative to a single, unique restriction site.

3.3.1.3 Development of an assay to check whether restriction enzymes

are capable of cutting single-stranded DNA

It was observed that a number of restriction enzymes were capable of cutting ssDNA

because, in these cases, the pattern of fragments in the standard OMDE reaction was

identical to that in the control reaction where restriction was carried out in the absence of

annealed oligonucleotide. Therefore, it was necessary to develop an assay to check
whether restriction enzymes were capable of cutting ssDNA before they were actually
used in a monomer DNA extension reaction.

The protocol for this assay is given in section 3.2.9. The results of an assay, carried
out on ssDNA obtained from PCBE2.5HE (Figure 3.3), cut with either Sau3AI or Pst I,
are shown in Figure 3.5. Oligonucleotide-annealling reactions were carried out and the
DNA digested, with the amendments described below, and then DNA was purified, 32P
labelled, and run on a polyacrylamide gel. Reactions without restriction enzyme were
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Sau 3AI

Sequence
ABC Markers

PstI

D E F

Figure 3.5 Assay to check whether restriction enzymes are capable
of cutting single-stranded DNA.

This assay was carried out on PCBE2.5HE with either Sau3AI (lanes A, B and C)
or Pst I enzyme (D, E and F). Lanes A and D show the fragments created by
restriction in the presence of both annealed oligomer and restriction enzyme.
Lanes B and E show the results of digestion with restriction enzyme in the
absence of annealed oligonucleotide. Lanes C and F show the results of digestion
in the presence of annealed oligonucleotide, in the absence of restriction enzyme.
The sequence markers are A, G, C and T sequencing reactions ofM13mpl8
phage DNA.
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included to show whether fragments on the gel were restriction-dependent (lanes C
and F). When the restriction enzyme digestion was carried out in the absence of annealed

oligonucleotide (lanes B and E), it gave an identical pattern of fragments to restriction

enzyme digestion with annealed oligonucleotide (lanes A and D), indicating that Sau3AI

and Pst I can cut the ssDNA whether oligonucleotide is annealed or not. Sizing of these

fragments demonstrated that Sau3AI and Pst I were cutting at all possible sites within the
PCBE2.5HE plasmid.

This assay was routinely used to check the suitability of enzymes for use in the new

monomer extension technique.

3.3.1.4 Optimisation of the monomer extension technique

Experiments were carried out to find a more rapid and reliable method of making

single-stranded DNA for monomer extension. The original protocol (adapted from Lin et

al., 1992 and Sambrook, 1989) was very time consuming. In addition, the full-length

clone, PCBE4.3 (Figure 3.3), consistently produced a lower yield of single-stranded

DNA, and inferior quality monomer extension data compared with the shorter
PCBE2.4Bam/PCBE2.4Bcl and PCBE1.9EH/PCBE1.9HE clones (Figure 3.3) which

together covered the same region.
It was thought that the quality of ssDNA produced from PCBE4.3 might not be as

high, and that this was affecting the processivity of the polymerase. Therefore, as well as

trying to improve single-stranded DNA quality, other ways of improving the processivity
of the polymerase were investigated. These included (i) adding single-stranded DNA-

binding protein in the Klenow extension reaction, (ii) optimising the extension
conditions for Klenow and (iii) using Taq DNA polymerase in the extension reaction
instead ofKlenow polymerase.
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3.3.1.4.1 Making ssDNA by alternative protocols

The original protocol for ssDNA preparation, involving multiple rounds of phenol

extraction, can take two days from the harvesting of the phage particles, whilst the Tri-

reagent method takes only one day, and the Qiagen method less than an hour. The three

protocols are described in sections 3.2.3.6.

The three preparations of single-stranded DNA produced data of equivalent quality
when used in monomer extension reactions (Compare lanes A, B and C in Figure 3.6).

Therefore, the more rapid Qiagen method was adopted for future experiments.
The two alternative methods of preparing single-stranded DNA did not give better

monomer extension results on the PCBE4.3 clone than the original method, so the

following experiments were carried out to try to optimise the processivity of the

polymerase.

3.3.1.4.2 Including single-stranded DNA binding protein in the extension reaction

It was considered possible that the ssDNA was forming secondary structures which

were impeding the progress of the polymerase. 1 or 2 jag of single-stranded DNA

binding protein (Promega), which has been used in sequencing reactions to try to prevent

the DNA from forming secondary structures (Ausubel et al., 1997), was added in the
monomer DNA annealing step of a monomer DNA extension reaction.

It was found that including single-stranded DNA binding protein in the reaction did
not improve the quality of monomer extensions on the PCBE4.3, PCBE2.4Bam or

PCBE2.4Bcl clones (data not shown).
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ABC

Figure 3.6 Comparison ofmonomer DNA extension data from
reactions using ssDNA prepared by different protocols

6 % polyacrylamide gel analysis ofmonomer extensions on PCBE2.4Bcl
single-stranded DNA prepared by three different protocols: the Tri-reagent
method (lane A), the Qiagen method (lane B) and the original method (lane C).
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3.3.1.4.3 Optimising extension reactions for Klenow polymerase

If the Klenow polymerase was falling off the DNA, its processivity might be

improved by optimising the temperature for the extension reaction; the effect of

temperature was investigated over the range 15°C to 50°C. The salt conditions were also
altered so that they were as close as possible to the optimal buffer for Klenow

polymerase.
The quality of the monomer extension data obtained from PCBE4.3 (Figure 3.3)

clone was not improved by altering the temperature or salt conditions of the extension
reaction (data not shown).

3.3.1.4.4 Using an alternative polymerase in the extension reaction

Taq DNA polymerase was tested in the extension reaction because it has a higher

processivity than Klenow (Ausubel et al., 1997). The OMDE reaction was carried out as

normal, except that in the monomer DNA extension step the Klenow polymerase was

replaced with Taq polymerase, the reaction buffer was as close as possible to the
standard Taq buffer as recommended by the manufacturer, and the temperature for
extension was kept as close as possible to the optimum for Taq polymerase.

Polyacrylamide gel analysis of the products of the reaction showed that the Taq

polymerase only produced short (< 50 bp) fragments (data not shown), so it is not

suitable for use in monomer DNA extension.

3.3.1.5 Summary of the development and optimisation of monomer
extension

The new monomer extension technique was shown to give reliable nucleosome

positioning data (Figure 3.4b). A more rapid method of producing single stranded DNA
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was employed.

Changes in salt conditions, temperature and polymerase did not improve the quality
of data produced by monomer DNA extensions on the full-length PCBE4.3 clone.

However, this was not a problem for the project, as overlapping subclones

(PCBE2.4Bam/PCBE2.4Bcl and PCBE1.9EH/PCBE1.9HE, Figure 3.3) of PCBE4.3

(Figure 3.3) gave good results when used in monomer extensions. PCBE4.3 was initially

subcloned as PCBE2.4Bam/ PCBE2.4Bcl and PCBE2.5EH/ PCBE2.5HE (Figure 3.3);

i.e. the 4.3 kb e globin fragment from PCBE4.3 was split into two overlapping 2.4 and

2.5 kb fragments, and recloned in both orientations. The clones containing the 2.4 kb

fragment (PCBE2.4Bam and PCBE2.4Bcl, Figure 3.3) produced good quality monomer
DNA extension data, but the clones containing the 2.5 kb fragment (PCBE2.5EH and

PCBE2.5HE, Figure 3.3) proved problematic. The 3' end of the 2.5 kb fragment (from
clones PCBE2.5EH and PCBE2.5HE) was removed to create subclones containing a 1.9

kb e globin fragment (PCBE1.9EH and PCBE1.9HE, Figure 3.3), which produced good

monomer DNA extension data.

Why the clones containing the 2.4 kb and 1.9 kb fragments produced better monomer
DNA extension data than the clones containing the 4.3 kb or 2.5 kb fragments is
uncertain. The length of the single-stranded DNA per se cannot be the most important

factor, as the PCBE2.4Bam/ PCBE2.4Bcl clones, containing a 2.4 kb fragment, gave

much better results than the PCBE2.5EH/ PCBE2.5HE clones, containing their similarly
sized 2.5 kb fragment.

It is possible that repetitive elements which occur at high frequency in the [3-globin

cluster, and in particular around the chicken e-globin gene (Villeponteau et ah, 1982;

Reitman et al., 1993) could play a role. The location of repetitive DNA within the cluster
is shown in Figures 3.7a and 3.7b. The presence of these elements might adversely affect
either the production of the ssDNA, or the extension reaction with Klenow polymerase.
This proposal is supported by the fact that the PCBE 1.9 clones produced better monomer
extension data than the PCBE2.5 clones from which they were derived by the removal of

106



a region containing a CR1 repeat element at position 7248 relative to the pA cap site

(Figure 3.7b).
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Figure 3.7a The location of repeat elements within the chicken
(3-globin gene cluster

Villeponteau et al. (1982) demonstrated by blot hybridisation that there
are many repeat elements around the epsilon globin gene. The relative
labelling (y axis) is related to the frequency of the repeat, the length of the
repeat, and the homology to the probe (taken from Villeponteau et al., 1982).

Position ofCR1 repeats
relative to the pA cap site

Length (bp)

2782 -2819 38
3120 -3361 222

3813-4066 254

5202-5358 157
6193 -6369 177

6583-6756 174

7248 - 7640 213

Figure 3.7b Positions of CR1 repeats over the beta-adult and epsilon
globin gene region

Reitman et al. (1993) sequenced the cluster, and identified many repeat elements,
including CR1 repeats which occur at a frequency 35 times higher than in the
bulk of the chicken genome. The CR1 repeat at 7248 occurs in the region which
was removed (7005 to 7635 relative to the pAcap site) from the PCBE2.5 clones
to create the PCBE1.9 subclones (Figure 3.3) which produced much better
quality monomer extension data.
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3.3.2 Mapping Nucleosome Positions On The Chicken

e-Globin Gene

3.3.2.1 Introduction

Mapping of nucleosome positions was carried out using both the original and

oligonucleotide-based monomer DNA extension methods (described in section 3.1). To

achieve this, core particle DNAs, which are nucleosome positioning sequences, were

prepared from the epsilon region. The core particle ('monomer') DNA was then
extended on ssDNA produced from several subclones of the epsilon region. A variety of
restriction enzymes were used in the monomer DNA extension reactions. The products
formed during these reactions, which define the positions of nucleosome boundaries,
were run on denaturing polyacrylamide gels. From densitometry analysis of these gels, a

map was produced which revealed the placement and relative binding strength of
nucleosome positioning sites on a 3.8 kb region containing the epsilon globin gene.

3.3.2.2 Preparation of core particle (monomer) DNA

Core histones were reconstituted onto DNA, and the resulting reconstituted chromatin
was digested with micrococcal nuclease to produce core particles (as described in

sections 3.2.4 and 3.2.5). The results of a typical reconstitution/digestion experiment are

presented in Figure 3.8a.

After purification by excision and elution from an agarose gel, 5' end-labelled
monomer DNA was routinely run on a 6% denaturing polyacrylamide gel to assess its

spread in the size and to check whether it had acquired significant levels of internal

single-stranded nicking. A typical result is shown in Figure 3.8b.
All the monomer DNA extensions described in the next section, unless otherwise
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M 1.5 1.75 2

246 bp

123 bp

Figure 3.8a Monomer DNA preparation and characterisation
Reconstituted chromatin was digested with micrococcal nuclease at 0°C for 30
minutes, followed by 37 °C for 1.5, 1.75 and 2 minutes. Purified DNA fragments
were separated on a 1.6% agarose gel. The markers (lane M) are a 123 bp ladder.

Mon

Figure 3.8b Integrity of the monomer DNA preparation
6% denaturing polyacrylamide gel showing purified, 5' end-labelled monomer
DNA (lane labelled mon). Only a small region of the gel is shown, but on the
whole gel fragments > 15 bp can be seen. Gels such as this were routinely used
to confirm that the monomer DNA did not exhibit internal nicking.
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stated, used monomer DNA prepared from PCBE4.3 (Figure 3.3), which encompasses

the entire region to be mapped.

3.3.2.3 Results ofmonomer DNA extension mapping

A large number ofmonomer extension reactions, on a number of clones (Figure 3.3),
were carried out to create a complete nucleosome positioning map for the epsilon gene

region. A typical example of these monomer DNA extension reactions, run on a 6 %

polyacrylamide gel, is shown in Figure 3.9b. In this example, monomer DNA was

extended on single-stranded DNA prepared from PCBE1.9HE (Figure 3.3), cutting with

Sph I, BstEII and Xho I enzymes. The schematic which accompanies this gel (Figure

3.9a) shows the region of the e gene which was mapped, the cutting sites of the mapping

enzymes and the direction in which monomer DNA was extended.
The monomer extension reactions in this gel were analysed as follows to produce a

nucleosome positioning map for the 3' region of the e-globin gene. A quantitative

densitometry scan was made of gel 3.9b and the data from the monomer extension in
each lane were transferred to Microsoft Excel. Using the co-ordinate position and size in
nucleotides of the marker fragments on the gel, a six order polynomial was generated in

Sigma Plot to convert the co-ordinate position on the gel into DNA size (Figure 3.9c).
This equation was employed to accurately size the extended monomer DNA fragments.
The length of any one of these fragments, as discussed in section 3.3.1, defines the
distance of one nucleosome boundary from the restriction enzyme site used in the

mapping, and the relative intensity of the fragments reveals the relative binding strength
of the positioning sites. Therefore, for each monomer extension in the gel, a

densitometry trace can be produced which shows the relative strength of nucleosome

positioning sites and their location with respect to the underlying globin sequence. For

example, the densitometry trace for the monomer DNA extension on PCBE1.9HE where
Xho I was the mapping enzyme (Figure 3.9b, lane a) is shown in Figure 3.9d. This map
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Figure 3.9a Schematic representation of the monomer DNA extension
analyses of clones PCBE1.9HE and PCBE1.9EH that are
presented in Figure 3.9b
The upper part of the figure shows the region of the e-globin gene on which
nucleosome positions were mapped in this analysis. The lower part of the figure
shows the 8-globin gene fragment in the clones PCBE1.9EH and PCBE1.9HE
which were used for the mapping. Monomer DNA was extended on ssDNA
produced from these clones in the direction shown by the horizontal arrows, and
restricted with one of the restriction enzymes indicated by the vertical arrows.
All positions are relative to the pAcap site.
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Figure 3.9b Polyacrylamide gel analysis ofmonomer DNA
extensions on PCBE 1.9EH and PCBE1.9HE
Monomers were extended on single-stranded DNA prepared from PCBE1.9HE,
and restricted with Xho I (lane a), Bst EH (lane b) and Sph I (lanes c and d).
Lane e is a control extension without restriction enzyme cutting.
The right hand gel shows monomer extensions on PCBE1.9EH which have been
restricted with Eco RI (lane a), Sac I (lanes b and c), Sph I (lanes d and e), Bst EII
(lane f), PflMI (lane g; this lane was not analysed). Lane h is a control without
restriction enzyme. Restriction markers (rd and rh) are lambda DNA cut with Dde I
and ElinFI, respectively. C and T sequencing reactions (lc and It respectively) on
M13 phage DNA are used as additional size markers. The arrows refer to strong
positioning sites, which are numbered as shown in the final nucleosome
positioning map (Figure 3.14a, and in Figure 3.9d). The curved brackets indicate
the position of common histone octamer positoning sites in the vector which were
used for normalising some of the lanes.
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Fig 3.9c Size calibration of sequencing gels

The size (in nucleotides) ofmarker bands from the PCBE1.9HE polyacrylamide
gel (Figure 3.9b) was plotted against their co-ordinate position to generate the
curve shown above. A six order polynomial was generated in Sigma Plot from
these data and the equation was employed to accurately size extended monomer
DNA fragments on this gel.
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has been quantitatively adjusted for background by using densitometry data from a

reaction carried out in the absence of restriction enzyme (Figure 3.9b, PCBE1.9HE, lane

e).

A large number of monomer extension reactions were analysed by the method
described above to produce densitometry traces (nucleosome positioning maps) covering

different parts of the 8 globin gene. A selection of the monomer extension gels analysed
are shown in Figures 3.9b, 3.10b, 3.1 lb and 3.12b. There are schematics accompanying

these (Figures 3.9a, 3.10a, 3.1 la and 3.12a) which show the region of e-globin mapped,
the direction of mapping, and the restriction sites of the enzymes used for mapping.
Nucleosome mapping was carried out by the original technique (Figures 3.9b, 3.10b and

3.12b) and by the oligonucleotide-based method (Figure 3.1 lb).

The monomer DNA extension reactions required for mapping the entire e-globin gene

region represent a small proportion of the total which were actually carried out. There
were several reasons for this.

Firstly, each monomer extension was carried out with two different batches of
monomer DNA (prepared from PCBE4.3) to demonstrate that there were no significant
differences between the results of monomer extensions carried out with different core

particle preparations.

Secondly, both 5' and 3' nucleosome boundaries were mapped. This allows the

precise location of each nucleosome positioning site to be mapped, and then confirmed

by the second mapping. To achieve this, pBluescript clones were prepared which would

produce the minus strand ssDNA for mapping 5' nucleosome boundaries over the entire

e globin gene region (Figure 3.3, for example, PCBE2.4Bcl, PCBEeag, PCBEacc and

PCBE1.9HE, etc.). Other clones were generated which would produce plus strand

ssDNA for mapping 3' nucleosome boundaries over the same region (Figure 3.3

PCBE2.4Bam, PCBEeco, PCBEsac and PCBE1.9EH)

Mapping both nucleosome boundaries has also allowed another important control to
be carried out. It can be used, as in Yenidunya et al. (1992) to demonstrate that monomer
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Figure 3.10a Schematic representation of the monomer DNA
extension analyses on clones PCBEeco and PCBEsac presented
in Figure 3.10b
The upper part of the figure indicates the region of the s-globin gene on which
nucleosome positions were mapped in this analysis. The lower part of the figure
shows the s-globin gene fragment in the clones (PCBEeco and PCBEsac)
which were used for the mapping. Monomer DNA was extended on ssDNA
produced from these clones in the direction shown by the horizontal arrow next
to the name of the clone, and restricted at one of the sites indicated by a vertical
arrow. All positions are numbered relative to the (3Acap site.
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Figure 3.10b Polyacrylamide gel analysis ofmonomer extension
reactions on PCBEeco and PCBEsac clones
Monomers were extended on ssDNA prepared from PCBEsac (lanes a to d), and
from PCBEeco (lanes e to g), and cut with Sac I (lane c), PflMI (lane d),Xba I
(lane f) and Sac II (lane g). Lanes a, b, and e are controls without restriction
enzyme. The Sac II and PflMI reactions were not analysed for mapping nucleosome
placement. The size markers are the same as those described in Fig. 3.9b.

118



BAM HI
3351 A A A A A A

4292 4428 4537 4759 5733 5908

HIND III
7635

Eco 47HI Ava I
4111 4268

Eco RI
5114

4, 4,

Xbal in
polylinker

PCBE2.4
Bel

►

Bam HI
3351

Bell
5749

Xbal in £co Ry Eco 47in
po,y" 3833 4111
linker 4111
III

PCBE2.4
BamI I

Bam HI Bel I
3351 5749 ^

Figure 3.11a Schematic representation of the oligonucleotide-based
monomer DNA extension analyses on clones PCBE2.4Bam and
PCBE2.4Bcl presented in Figure 3.11b

The upper part of the figure indicates the region of the e-globin gene on which
nucleosome positions were mapped in this analysis. The lower part of the figure
shows the s-globin gene fragment in the clones (PCBE2.4Bam and PCBE2.4Bcl)
which were used for the mapping. Monomer DNA was extended on ssDNA
produced from these clones in the direction shown by the horizontal arrows,
and restricted at one of the sites indicated by the vertical arrows. All positions
are numbered relative to the beta-adult cap site.
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Figure 3.11b 6% polyacrylamide gel analysis ofmonomer extension
reactions carried out by the new technique
The OMDE method ofmonomer extension was carried out using ssDNA prepared
from PCBE24.Bcl (lanes E to L) and PCBE24.Bam (lanes A to D), restricting at
an annealed oligomer with Eco RV (A and B), Ava I (lanes E and F) and Eco RI
(I and J). Control reactions, carried out either without oligonucleotide, or
without restriction enzyme are shown in lanes C and D (control for lanes A
and B), G and H (for lanes E and F), and K and L (for lanes H and I). An analysis
using the original method, on ssDNA produced from PCBE2.4Bam, restricted
with Eco47III is presented (lane M), along with its control without restriction
enzyme (lane N). Size markers are as described in Figure 3.9b.
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Figure 3.12a Schematic representation of the monomer DNA
extension analyses on clones PCBEacc and PCBEeag presented
in Figure 3.12b

The upper part of this figure indicates the region of the s-globin gene on which
nucleosome positions were mapped in this analysis. The lower part of the figure
shows the s-globin fragment in the clones (PCBEeag and PCBEacc) which were
used for the mapping. Monomer DNA was extended on ssDNA produced from
these clones in the direction shown by the horizontal arrows, and restricted at
one of the sites indicated by the vertical arrows. All positions are numbered
with respect to the beta-adult cap site.
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Fig. 3.12b 6% polyacrylamide gel analysis ofmonomer
extension on PCBEeag and PCBEacc
Monomer extension reactions were carried out on PCBEacc (lanes a to e)
and PCBEeag (lanes f to i). Restriction was carried out with Bsm I (lane a),
PflMI (b), Eco RI (c), Xba I (d), Eco 47III (f), Eag I (g) and Bsm I (h).
Controls without restriction enzyme are presented in lanes e and i. Size
markers are the same as those described for Figure 3.9b.
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DNA extension provides quantitative information about the relative strength of
nucleosome positioning sites. It was used in this way to confirm that the nucleosome

positioning study on the e-globin gene was quantitative. When both 5' and 3'
nucleosome boundaries were mapped on the e-globin gene, and the data compared, no

significant qualitative or quantitative differences were observed (for an example, see

Figure 3.13). This confirms that the labelling efficiency of the plus and minus strands of
a monomer DNA is equivalent. Therefore the intensity of extended monomer DNA

fragments can be taken to reflect their relative abundance, rather than differences in end-

labelling efficiency, so monomer DNA extension on the epsilon globin gene does

provide quantitative information about the relative strength of nucleosome positioning
sites.

Thirdly, it has been possible to compare the data produced by the original and

oligonucleotide-based monomer extension methods. Carrying out oligonucleotide-based
monomer DNA extension on ssDNA from PCBE2.4Bam and PCBE2.4Bcl (Figure 3.3)

would have been sufficient to map nucleosome placement across the 2.4 kb region
contained within these clones. However, this region was subcloned into PCBEsac,

PCBEeco, PCBEeag and PCBEacc (Figure 3.3), so that nucleosome positioning on this

region could also be mapped by the original monomer DNA extension method. The

purpose of this was not to test the validity of the adapted method, which has already been
demonstrated (section 3.3.1.1). This was done to compare the quality (for, example, the
amount of background) of the nucleosome positioning data produced by the original and

adapted techniques over a longer stretch of DNA. The quality of the data produced by
the original and adapted methods ofmonomer DNA extension was equivalent (compare

Figures 3.1 lb and 3.12b).

The positioning maps covering different parts of the epsilon region were linked

together to create a single nucleosome positioning map covering the entire epsilon globin

gene region. To achieve this, densitometry traces from different monomer extension
reactions were normalised with respect to each other by employing common nucleosome
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positioning sites within the vector or globin sequence. For example, common

nucleosome positioning sites in the vector which were used to normalise data from
monomer DNA extension on the PCBE1.9EH and PCBE1.9HE clones are indicated by

asterisks in Figure 3.9b. The resulting ~ 3.8 kb map of the entire globin gene region
shows the location and relative strength of nucleosome positioning sites with respect to

the DNA sequence (Figure 3.14a). The major nucleosome positioning sites in this map

are numbered for the purpose of discussion, and these main sites are also indicated in the
monomer extension gels shown in Figures. 3.9b, 3.10b 3.11b and 3.12b. The numbering

begins at 17 so that it follows on from the numbered positions in the contiguous (3A map
(Davey et al., 1995).

3.3.2.4 Nucleosome positioning map for the globin genes

The map showing nucleosome positioning sites over ~ 3.8 kb of the e globin gene

(Figure 3.14a) adjoins that for the (3A-globin gene region (Davey et al., 1995). The data

for the e globin genes were normalised with respect to that for pA-globin using common

core histone positioning sites within pBluescript vector sequence, to produce a map

covering 7.2 kb of continuous sequence containing the ()A and £-globin genes and the
shared enhancer that lies between them. This is shown in Figure 3.14b.

Comparison of the (3A and e-globin regions of the map reveals some strong

similarities. In both cases, many of the possible positioning sites are occupied at low

(essentially background) frequencies, whilst a subset of sites are occupied at a much

higher frequency. Integration of the area under the strongest nucleosome positioning site

(23b in Figure 3.14b) reveals that its intensity is ~ 1000 times greater than background.

By comparison, the strongest positioning site in (3A has an intensity ~ 300 times greater

than background. This is a measure of the range in the relative strength of all potential

core histone octamer positioning sites on the e and pA globin genes.

The long and short-range features of the nucleosome positioning map shows some
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striking similarities, and differences, between the £ and (3A genes. These are discussed in
the sections which follow.

3.3.2.5 Features of the nucleosome positioning map for the |3A and 8

genes

This nucleosome positioning map covers a 7.2 kb region, encompassing two globin

genes and the regions flanking them. This region contains both coding and non-coding

sequences, regulatory regions (two promoters and an enhancer), as well as 5' and 3'

flanking and intergenic DNAs. A comparison of features in the nucleosome positioning

map for the £ and pA globin genes would be of interest because the two genes evolved
from a common ancestral gene, so there are some sequence similarities, though the two

genes have diverged a great deal, especially in the non-coding regions (Reitman et ah,

1993). In addition, they show some similarities in gene expression (they occur within the
same chromatin domain, and are both expressed in erythroid cells) and some differences

(they are expressed at different developmental stages) (Felsenfeld et al, 1993; Orkin,

1995).

Long-range patterns in nucleosome placement can be detected, because a long (7.2

kb) stretch ofDNA has been mapped. The data have been analysed for the occurrence of

long-range periodicities in the placement of nucleosomes, and the distribution of sites
between introns, exons and flanking regions has been evaluated.

The map also reveals short-range features of the chromatin structure. It shows
nucleosome placement over particular sites on the gene, including promoters or intron-
exon boundaries.

3.3.2.5.1 Distribution of strong positioning sites within the epsilon gene

The strongest positioning sites are found in the introns and flanking regions of the
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gene, rather than in the coding regions. Of the twenty most prominent positioning sites

(Figure 3.14a), six are in the 5' flanking region (peaks 17a, 17b, 18, 19a, 19b and 20a),
three are in the first intron (peaks 21 a, b and c), six are in the second intron (peaks 22,

23a, 23b, 24a, 24b and 24c) and four are in the 3' flanking region (peaks 25, 26, 27 and

28). By contrast, no prominent positioning sites occur in the first, (4292 to 4428) and
third (5733 to 5908) exons. The centres of two strong sites (21b and 21c) occur in the
first intron, but close to the boundary of the second exon, and a slightly weaker site (2 Id,
at 4612) occurs within it. As the exons represent 14 % of the total number of base pairs

mapped, three of the twenty strongest positioning sites on the e-globin gene might be

expected within the exons. In fact, only one fairly strong site is found in the exons,

within exon two, but two strong sites are placed close to its upstream boundary. From
this analysis, it cannot be argued in fact that there is a marked under-representation of
nucleosome positioning sites within the exons. Integration of the area under the 8 and

j3A-globin exons in Figure 3.14b for the e-globin gene represents 10.7 % of the total area
under the whole map, whilst the exons represent 13.8 % of the total sequence in the map.

By this criterion, it could be suggested that nucleosome positioning sites are under-

represented in the exons.

3.3.2.5.2 Long-range periodicities of nucleosome positioning sites

Inspection of the nucleosome positioning map for the e-globin gene (Figure 3.14a)
reveals that strong positioning sites display a notable periodicity, a feature shared with

the pA-globin gene (Davey et ah, 1995). Autocorrelation analyses of the e-globin data
show that strong positioning sites are commonly separated by an interval of -360 and
-540 bp (Figure 3.15A). This suggests a long-range periodic function, possibly based on

-180 bp repeats. Fourier transformation of the autocorrelation function for e-globin
reveals two prominent peaks at 177 and 186 bp, which confirms an average periodicity
of around -180 bp (Figure 3.15B)
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Figure 3.15 Autocorrelation and Fourier analyses ofmonomer DNA
extension data
(A) Autocorrelation analysis of s-globin. (B) Fourier transformation of the
autocorrelation function for e-globin. (C) An expansion of the 0 to 60 bp region
ofB. (D) Fourier transform of the autocorrelation function for (3A-globin.
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Figure 3.16 Fourier analyses ofmonomer DNA extension data

The Fourier transformations of the autocorrelation functions for e-globin (red)
and pA-globin (blue) are overlaid.
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By contrast, it has been shown by Fourier analysis that the strongest sites on the |3 -

globin gene occur with a 203 bp periodicity (Davey et al., 1995- Figure 3.15D). Fourier
transformations of the autocorrelation function for the e-globin and (3A-globin genes is

compared in Figure 3.16. Fourier transformation of the autocorrelation analysis carried
out on the combined |3A/e globin map revealed prominent peaks at 177, 186 and -200

bp; as would be expected from a combination of the two individual maps (data not

shown).

The strong positioning sites on the £ globin gene, which exhibit a periodicity based on

multiples of- 185 bp, are in register across the whole gene. Positioning sites in the 5'

flanking region of £ globin (numbered 17a, 18, 19a or b, and 20a in Figure 3.14b) are in

phase with sites in the first intron (21a or b) in the second intron (22, 23a or b, 24a or b)
and in the 3' flanking region (25, 26, 27, 28 and 29). The positioning sites on the (3A
globin gene which exhibit the 200 bp periodicity (numbered 1-16 in Figure 3.14b), are
also in register across the introns and flanking regions (Davey et al., 1995).

3.3.2.5.3 Short-range periodicities shown by multiple overlapping sites

Inspection of the £-globin nucleosome positioning map reveals that alternative

overlapping positioning sites may be separated by distances of -45, -30 and -20 bp. The
Fourier analysis confirms this observation (Figure 3.15C), though it should be noted that
the amplitudes of these peaks are weak when viewed in the context of the entire analysis

(Figure 3.15B). The Fourier analysis also reveals that these short-range periodicities are

much less marked than the long-range periodicities. On the (3A-globin gene, alternative

overlapping sites were noted by short-range periodicities of 20 and 40 bp, which again
were less prominent than the long-range periodicities (Davey et al., 1995).

The short-range periodicities may arise from a pattern in the DNA sequence and/or
from an aspect of the core particle structure (3.4.5).
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3.3.2.5.4 Positioning over the epsilon globin promoter

The £-globin nucleosome positioning map reveals three reasonably prominent

alternative nucleosome positions on the e-globin promoter (Figure 3.14a, sites 20a, 20b
and 20c). Site 20a is the strongest of these three sites. The location of these positioning

sites is shown, relative to the underlying e-globin promoter DNA sequence and

important transcription factor binding sites, in Figure 3.17.

The dyad (centre) of nucleosome 20a occurs at 4141, so that the CACCC and Spl

recognition sites occur within thirty base pairs of the dyad. The dyad of nucleosome 20b
occurs at 4237; the Spl and CCAAT recognition sites occur within 10 and 20 base pairs

of the dyad respectively; the GATA and TATA sites within 35 base pairs of the dyad.
The dyad of nucleosome 20c is at 4270; the CCAAT site occurs within the terminal 20
base pairs of the nucleosome and the Spl site lies 40 base pairs from the dyad; the
GATA and TATA sites within 20 base pairs of the centre.

It is known that the location of regulatory elements within the nucleosome can

modulate the access of transcription factors to their recognition sites (reviewed in Wolffe
et al., 1994). Therefore, the map indicates that information within the DNA sequence, by

directing nucleosome positioning, has the potential to regulate access of protein factors
to their recognition sites, and thereby may contribute to the regulation of e-globin gene

expression.

3.3.2.5.5 Occurrence of certain DNA sequence patterns within strong nucleosome

positioning sites

Statistical analysis of nucleosome positioning sites has provided substantial evidence
for the involvement of certain sequence patterns in positioning nucleosomes (Travers
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CTTGGCTGCTGCCACACCCCTGACCACCCCCTCCTGCCCTCCAGCACAAAC
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TCAGCGGTGGATAAAAGCCCCGGGGGTCCGCAGCTCCGCTC

GATA/ TATA

Figure 3.17 Nucleosome positioning over the epsilon globin promoter
in vitro
Numbering is relative to the beta-adult cap site. The names beneath the
sequence represent motifs shown to be important to epsilon expression
by mutational analysis. Underlines indicate the extent of the footprint at these
motifs in extracts from primitive and definitive red blood cells (Mason et al.,
1996).The arrow indicates the transcription start site.
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and Klug, 1987; Travers and Muyldermans, 1996; Ioshikhes et al., 1996; Bolshoy et al.,

1996). Nucleosome positioning sequences within the (3A and e-globin genes were

searched for DNA sequence elements suggested as positioning signals by previous

studies. The motifs considered in this analysis included RRRNNRRR, where R = A or

G, and N = A, C, G or T; MMMNNMMM, where M = A or C, (Ulyanov and Stormo,

1995); repeats of (A/T)3NN(G/C)3NN (Shrader and Crothers, 1989); CACACA

(Widlund et al., 1997); bend site consensus sequences (Wada-kiyama et al., 1996) and

oligoadenosine tracts (Mahloogi and Behe, 1997).

Thirty-seven of the most prominent nucleosome positioning sites on the region

encompassing the |3A and 8 genes were studied (these positioning sites are those labelled
in bold in Figure 3.14b, except for 1-7 and 13b, 20c, which were omitted from this

analysis because they were investigated in a previous study (1 to 7, Shen, 1997) or

because they were less prominent, 13b, 20c). The sequences of these thirty-seven

positioning sites, extending 75 bp either side of the nucleosome dyad (denoted as 0 bp),
were aligned at their dyad axes. The occurrences and position of a each sequence motif
was studied, and the results are summarised in Figures 3.18a, b and c.

Ulyanov and Stormo (1995) suggested that the MMMNNMMM sequence motif

(where M = A or C) was preferentially placed 40 bp either side of the dyad axis. The

data do not support this for the (3-globin sequence (Figure 3.18a).
The motif RRRNNRRR (Figure 3.18a) shows a notable polar distribution, and a

slight preference for placement about 35-40 bp 3' from the dyad. This result does not

agree with the suggestion (Ulyanov and Stormo, 1995) that it is placed symmetrically, 15

bp away from the dyad axis. My observations fit better with a previous study of the

region upstream of the p globin gene, which showed a polar distribution for the

sequence ~ 40 bp from the dyad (Shen, 1997).

Shrader et al. (1989) showed that (A/T)3NN(G/C)3NN tandem repeats can act as a

strong nucleosome positioning signal. This motif was found only in single copies within

the 8 and (3A globin genes, so it is unlikely to significantly influence positioning on these
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Figure 3.18a Occurrence of the sequence motifs RRRNNRRR
and MMMNNMMM within nucleosome positioning sites on
the beta-adult and epsilon globin genes

Thirty-seven of the most prominent positioning sites were used for this
analysis. The occurrence of the pattern is shown relative to the centre of the
nucleosome, which is located at '0 bp'. The data for the RRRNNRRR motif
are shown in (A), and those forMMMNNMMM in (B). The arrows indicate
the locations where Ulyanov and Stormo (1995) suggested these motifs were
preferentially placed.
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genes.

It has been proposed that DNA bend sites, which occur at -700 bp intervals within

the human (3A and 8-globin genes, act as nucleosome phasing sequences (Wada-Kiyama
et ah, 1994; 1995; 1996). Almost all of these sites were accompanied by AT-rich

sequences with the consensus A2N8A2N8A2. Each A2N8A2N8A2 site, however, does not

necessarily create a bend site, so the occurrence of the more stringent bend-site

consensus, A3N7A3N7A3 was also investigated. Six putative bend sites were found within

the chicken (3A and 8 gene regions (Figure 3.18b) (however, one of these putative bend

sites, at 5427 relative to the (3A cap site, is unlikely to be an actual site of bending,
because the bend-site sequence is an oligoadenosine tract (A) 14). The in vitro

nucleosome mapping analysis reveals that four of the 6 putative bend sites occur within a

nucleosome positioning site, but only one of these is a strong site (Figure 3.18b).

Mahloogi and Behe (1997) proposed that the oligoadenosine tracts (15 to 30

contiguous adenosines) found in eukaryotic genomes favour nucleosome formation. One

tract containing 14 contiguous adenosines occurred at position 5427 relative to the (3A
gene. This site did not occur within a strong nucleosome positioning site in vitro.

Widlund et al. (1997) characterised 87 nucleosome positioning sequences in vivo in

the mouse. They observed that 23 of these were enriched in 5'-CA-3' (equivalent to 5'-

TG-3') and that these occurred in runs, which were sometimes very long. The (3A and 8

globin sequence was searched for (5'-CA-3')3- The sequence was found six times, five of
which occurred within a positioned nucleosome (Figure 3.18c). Four of these positioning
sites were also of a relatively high affinity. It is also noticeable that in four out of the five

cases, the CACACA motif occurs within 10 bp of the dyad.

3.3.2.5.6 Positioning at exon-intron boundaries

Denisov et al. (1997) used the characteristic -10 bp periodicity of AA(TT)
nucleotides in nucleosomal DNA to predict nucleosome positioning at eukaryotic splice
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Figure 3.18b Table showing nucleosome positioning at putative DNA
bend sites

The table shows the position of bend sites, predicted on the basis of sequence, relative to
the pA cap site, the position of any prominent nucleosome positioning site identified in
vitro within 50 bp and the strength of this in vitro positioning site. The location of the
bend sites is also given relative to the e cap site, because Wada-Kiyama et al. (1996)
observed that bend sites in the mouse and human globin sequences that they studied
occupy conserved positions relative to the cap site of the adjacent gene. The schematic
below the table shows nucleosome positioning sites identified in vitro and it shows
which of these occur close to putative bend sites (indicated by arrows), and their position
relative to the cap pA site.

Sequence of
putative bend
site

Bend site

position relative
to pA cap site

Nucleosome

positioning site
in vitro ± 50 bp

Strength of in
vitro positioning
site *

Bend site

position relative
to s cap site

A2N8A2N8A2 1800 1837 + -2492

A2N8A2N8A2 2688 - - -1594

A3N7A3N7A3 2868 2866 + + + + -1424

A2N8A2N8A2 5032 5027 + + +740

A3N7A3N7A3 5427 - - +1150

A2N8A2N8A2 6652 6659 + + +2360

*+ = 5 to 10 % of strength of strongest positioning site (23b in Figure 3.14b), ++ = 10 to
20 %, + + + = 20 to 30 %, + + + + = 30 to 40 %, + + + + + = 40 to 100 %.
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Figure 3.18c Table showing nucleosome positioning at CACACA
sequence motifs

The position of the CACACA site is given relative to the to pA cap site. The closest
prominent nucleosome position invitro is given; a number in brackets indicates the
number given to this position for the purposes of discussion in the map of the globin
genes in Figure 3.14b. The schematic diagram below the table shows nucleosome
positioning on the P and e-globin gene region in vitro, and the positioning sites which
occur close to CACACA motifs are indicated by arrows.

Position of CACACA
relative to pA cap site

Closest nucleosome

positioning site in vitro
Strength of in vitro
positioning site *

-319 -289 +++

+572 +574 +

+1538 +1538(11) + + +

2519 2520(14) + +

4516 4516 (21b) + + + +

5964 5965 + + +

*+ = 5 to 10 %of strength of strongest positioning site (23b in Figure 3.14b), ++ = 10
to 20 %, + + + = 20 to 30 %, + + + + = 30 to 40 %, +++++= 40 to 100 %.
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sites. They demonstrated that splice junctions which were predicted to occur within
nucleosomes were located preferentially within the central 10-15 bp around the centre of
the nucleosome.

Nucleosome positions identified on the £ and (3A globin genes in vitro at splice sites
were compared with the nucleosome position as predicted by Denisov et al. (1997). The
data are summarised in Figure 3.19. The first column of the table in this figure gives the

position, relative to the (3A cap site, of the AG (at exon-intron junctions) or GT (at
intron-exon junctions) which form an invariant part of the splice site consensus. Denisov
et al. (1997) suggest that the AG or GT dinucleotide occurs within the central 10-15 bp
of the nucleosome. The second column gives the position of the closest prominent
nucleosome positioning site identified in vitro which is within 40 bp of the AG/GT, and
the third column gives the strength of this in vitro positioning site. Denisov et al. (1997)

proposed that AA and TT dinucleotides in the splice site signal itself could contribute to

the 10 bp periodicity of A/T which was used for nucleosome prediction. For example,
the splice site consensus at exon-intron boundaries is (C/A)AGGT(A/G)AGT, where GT

(underlined) is invariant. This consensus could potentially be GTAAGT. At intron-exon
boundaries the consensus is (T/CTN(C/T)AG(G/A). where AG (underlined) is invariant,
so there may be TT dinucleotides upstream of the AG. The final column of the table in

Figure 3.19 shows the sequence at and around the splice site consensus, to show if there
are any AA or TT dinucleotides which have the potential to contribute to positioning.

Figure 3.16 reveals that, of the eight sites contained within the (3A and £ globin genes,

three have a nucleosome dyad positioned within 10 base pairs of the splice junction; one
site has a dyad 30 bp distant and the remainder are far from strong positioning sites. This
lends some support to the suggestion (Denisov et al., 1997) that splice junctions, when

they happen to reside within the nucleosome, have preference for the central region of
the nucleosome. Of the three sites where the dyad lies close to the splice junction, two
have TT dinucleotides, but the other has a TCT tri-nucleotide. These examples, whilst

indicating that the DNA sequence at splice junctions may contribute to nucleosome
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Figure 3.19 Table showing nucleosome positioning at splice sites

The table below gives the position (relative to the pA cap site) of the AG or GT at the
splice site junction, the position of any prominent positioning site vitro within 40 bp
of these, the strength of these positioning sites, and the sequence at and around the splice
sites. In the schematic the position of the in vitro positioning sites which occur within 40
bp of a splice site are indicated on the map of nucleosome placement in vitro on the
entire pA and s-globin gene region.

Junction (position
ofAG or GT)

Nucleosome

positioning site in
vitro (± 40bp)

Strength of
nucleosome

positioning site*

AA or TT at

splice site?

173 None - tggccaggtnggt
263 None - atctctctacaggctg
488 None - ttcagggtgagat
1296 1260 (10b) + + + ttcccacagctcct
4429 None - ccctggccaggtagg
4535 4534 + + + + ccctctgcaggc
4760 4768 + + + ttcagggtgaga
5731 5716 + + tttctcctgcagct

*+ + = 10 to 20 %of strength of strongest positioning site (23b, in Figure 3.14b),

+ + + = 20 to 30 %, + + + + = 30 to 40 % and + + + + + = 40 to 100 %.

□JO—Dd EH
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positioning, are too few in number to draw firm conclusions.
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3.4 DISCUSSION

3.4.1 Production of the nucleosome positioning map for the chicken £-

globin gene by monomer extension

In this study, core histone octamer positions were mapped over a 3.8 kb region

encompassing the e-globin gene. The resulting map, (Figure 3.14a), shows the precise

placement and relative strength of nucleosome positioning sequences with respect to the

underlying globin DNA sequence. The study was carried out using monomer DNA

extension, as this can map nucleosome positions over a long distance, at base pair

resolution. Both original and oligonucleotide-based monomer DNA extension techniques
were used. The oligonucleotide-based method was developed as part of this project to
reduce the amount of subcloning required for mapping. An experiment which
demonstrated the reliability and validity of this technique is presented in this chapter.

3.4.2 Features of the 8-globin gene nucleosome positioning map:

Comparison with the (3A map

The map for the e-globin gene adjoins that for the (3 -globin gene (Davey et al.,

1995). The data for e-globin were normalised with respect to those for pA-globin using
common core histone octamer positioning sites located within pBluescript vector

sequence, to produce a map covering 7.2 kb of continuous sequence containing the pA
and e genes and their shared enhancer (Figure 3.14b). Both sections of the map were

produced from monomer extension data by the same method of analysis (described in

section 3.5.2).

Comparison of the pA and e-globin regions of the map reveals some strong

similarities. In both cases, many of the possible positioning sites are occupied at low
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(essentially background) frequencies, whilst a subset of sites are occupied at much

higher frequency, indicating that the latter are much stronger nucleosome positioning

sequences. A similar range in the strength of nucleosome positioning sites was seen over

the (3a and e-globin regions; the strength of one of the strongest nucleosome positioning

sites in the (3A-globin region (numbered 3 in Figure 3.14b) is ~300 times greater than

background, whilst the strongest site in the e-globin gene (23b in Figure 3.14b) is ~1000

greater than background.

There are some striking similarities, and differences, between the e and [3A genes in
terms of the long and short-range features of the nucleosome positioning map. Firstly,
the strongest positioning sites on both genes tend to be absent from exons, and are found
more frequently in introns and flanking regions. This supports a role for non-coding
DNA sequence in influencing chromatin structure and thereby contributing to regulation
of gene expression. Secondly, both gene regions show a notable periodicity in strong

positioning sites. On the (3A region, there is a 203 bp periodicity (Davey et al., 1995),
whilst on the e region there is a periodicity based on a 177 and 186 bp repeat. The

difference in nucleosome repeat length could create differences in the packaging of these

genes into higher-order chromatin structure, which could lead to differences in folding
and unfolding of chromatin which in turn could affect gene repression and activation.

Thirdly, alternative overlapping positioning sites on the [FA and £ gene regions are related

by short-range periodicities, which could reflect short-range repeats in the DNA

sequence or the core histone octamer structure. Finally, there is the potential for

nucleosome positioning on the £-globin promoter to contribute to globin gene regulation,

as proposed for the nucleosome positioned on the (3A promoter (Buckle et al., 1991).

3.4.3 Distribution of strong nucleosome positioning sites between

introns and exons

Strong nucleosome positioning sites may be under-represented in the coding regions
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of the e-globin gene, a feature shared with the pA-globin gene (Davey et al, 1995).
Previous studies have shown that this is not due to an under-representation of the coding

regions in the core particles used in monomer extension (Davey et al, 1995). Therefore
the absence of strong positioning sites in the exons may denote an incompatibility
between sequence requirements for coding and nucleosome positioning for the pA- and
e-globin genes. This observation may extend to other genes; studies predicting
nucleosome positioning by looking for the characteristic ~10 bp periodicity of AA(TT)
nucleotides in the DNA sequence, have suggested that strong nucleosome positioning
sites may occur less frequently over the central region of exons (Denisov et al., 1997;

Long et al., 1995).

The unequal distribution of strong positioning sites between coding and non-coding

regions suggests a possible role for introns and flanking regions of genes as organisers of
chromatin structure across the whole gene. Whether non-coding regions perform a

function, or whether they are just 'junk' sequence, which accumulates accidentally

during evolution has long been a contentious issue (reviewed in Holmes, 1993). In the
human genome, about 3% of the sequence comprises coding regions and introns, about

2% are regulatory elements which control gene expression, about 15% consists of
telomeres or centromeres and about 80% has no known function. Even in the domains

which contain active genes only a small percentage of the DNA actually codes for

protein. In the chicken P-globin gene cluster, for example, the coding regions represent

under 4 % of the -25 kb domain; the introns -8 %; the regulatory regions ~ 5 %, and
CR1 repeat elements 16% of the total.

Many researchers consider that the non-coding regions of the genome, which
constitute such a large proportion of the total sequence, do have important functions to

perform. Researchers have for a long time suggested that non-coding regions may play a

role as organisers of chromatin structure (Zuckerandl, 1981; 1997). Positioned

nucleosomes can influence the positions of surrounding nucleosomes (Thoma, 1992; Lu

et al., 1994). Liu et al. (1997) demonstrated that two positioned nucleosomes, 1000 bp
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apart, were capable of organising a positioned array of nucleosomes between them.

Therefore it seems probable that strong positioning signals in introns and flanking

regions could regulate the formation of chromatin structure across genes and possibly
whole chromatin domains. In agreement with this proposal, and our observation that

strong nucleosome positioning sites are located in the chicken (3A/e globin intergenic

region, Liu et al., (1993) demonstrated that this intergenic region facilitates nucleosome

array formation in vitro. Further evidence for introns as chromatin organisers is provided

by experiments with ovalbumin and rat growth hormone transgenes in mice which
showed that removal of the introns led to a disruption in chromatin structure, and, as a

possible consequence of this, a decrease in expression levels (Lauderdale and Stein,

1992; Liu et al., 1995). Other researchers argue that the non-coding DNA cannot have an

important function as species such as the puffer fish, which has a genome one eighth the
size of vertebrates, does not show any ill effects from its lack of 'junk' DNA. However,
this species still possesses introns, though they are somewhat shorter (reviewed in

Holmes, 1993). An understanding of the function of non-coding DNA will require

deeper investigation of the relationship between DNA sequence and nucleosome

positioning, and nucleosome positioning and higher order structure.

3.4.4 Long-range periodicity of strong nucleosome positioning sites

Strong positioning sites across the £-globin gene occur with a periodicity based on a

177 and 186 bp repeat (Figure 3.15B). This fits with the data from in vitro reconstitution

studies which showed that the e/pA intergenic region and the 5' end of the epsilon globin

gene set up an array of nucleosomes with a -180 bp spacing over the £ and pA gene

region (Liu et al., 1993). By contrast, there is a 200 bp periodicity of strong positioning

sites on the [3 gene (Davey et al., 1995).
Is it possible for these regularly spaced positioning sites to be occupied in vivo, so that

a regularly spaced array of positioned nucleosomes is set up? This will be dependent
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upon the nucleosome density invivo, which is reflected in the nucleosome spacing. For

example, if the nucleosome density is such that there are 5 nucleosomes every 1 kb, then
nucleosomes will be spaced on average every 200 bp. Therefore, a set of nucleosome

positioning sequences spaced at 200 bp intervals could potentially be occupied, but sites
at ~ 182 intervals could not be optimally occupied. This is shown in the schematic (A),

below, where two stretches of DNA are shown, both 1 kb in length, occupied by
nucleosomes (circles) at a density of 5 nucleosomes per 1 kb. The red boxes on one

indicate positioning signals at 200 bp intervals and the blue boxes the positioning signals
at 182 bp intervals.

A

If the nucleosome density were to increase by only 10 %, so that there were now 5.5

instead of 5 nucleosomes every 1 kb, the nucleosomes would occur at ~ 182 bp intervals

(see (B) below).

B

Comparing (A) with (B), it can be seen that this creates a radical alteration in the

'picture' of DNA packaging; regions of the DNA sequence which were previously
folded up into nucleosomes are now exposed in linker DNA, and vice versa. It is also
clear now, that in B, with the nucleosomes spaced at 182 bp intervals the positioning
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sites spaced at 182 bp intervals could in theory be optimally occupied, but the sites

spaced at 200 bp intervals could not. Therefore a change of only 10 % in nucleosome

density can radically alter the packaging ofDNA into chromatin.
It is conceivable that cells modulate nucleosome density in order to alter chromatin

structure, possibly in some cases by determining whether sequence-encoded positional
information is used effectively or not. It has been suggested previously that the alteration
in nucleosome spacing which occurs during erythroid development could facilitate the
formation of distinctive higher-order chromatin structures, which in turn, would affect

globin gene expression (Liu et ah, 1993; Evans et ah, 1990).

In this context, the difference between the £ and (3A genes in the spacing of strong

positioning sites is intriguing, because the spacing on £ globin in vitro reflects the

spacing of nucleosomes seen on the (3-globin cluster in vivo when £ globin is inactivated

post 5 days of development, and the spacing on (3A globin in vitro reflects the spacing in
adult red blood cells and non-erythroid tissues where it is inactive/close to becoming

inactive.

Villeponteau et al. (1992) determined the nucleosome spacing in 5-day red blood

cells, where £ globin is active, and (3A globin inactive, to be in the range 170-182 bp over

the globin genes; in 12-day red blood cells where £ is inactive and (3A active, the spacing
is ~ 160 ± 10 bp over the globin genes, and finally in adult red blood cells, where £- and

[3 -globin are both inactive, the spacing is ~ 200 bp. Therefore, the 177 and 186 spacing

in vitro on the £ gene is close to the spacing in vivo early in development, when £ is

initially active, and then repressed. The in vitro ~200 bp spacing on the (3A gene reflects
the spacing in cells where this gene is inactive, both in non-erythroid cells, and in

erythroid cells late in development.
One possible interpretation of these results is that the periodic distribution of strong

positioning sites on the £- and (3A-globin genes may facilitate their packaging into an

inactive higher order structure at the correct developmental stage. For example, the

spacing in vivo in 12 day red blood cells where £ globin is inactive, is such that the
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strong nucleosome positioning sites on e-globin could potentially be occupied, so that a

regularly spaced array of nucleosomes could facilitate the formation of a stable, regular

higher order structure. It has been suggested that only chromatin with a very regular
linker length could form a regular higher order structure, with its extensive
internucleosomal contacts, which confer great stability (Woodcock, 1994;

Ramakrishnan, 1997).

By contrast, the nucleosome spacing in 12 day red blood cells, where (3A is active, is
not compatible with the strong nucleosome positioning sites on the pA-globin gene being

occupied. Therefore, it is possible that the higher order structure is less stable, because
its formation is not directed by an array of nucleosomes, precisely positioned by
information encoded within the DNA sequence. It is known that transcription of pA and
the other globin takes place in the context of the 30 nm fibre, with only transient

unfolding of the chromatin taking place (Ericsson et al., 1990; Andersson et al., 1992).

Therefore, lower stability of the 30 nm fibre could be an important factor in the

transcription of the pA globin gene in 12 day red blood cells. In adult red blood cells and

non-erythroid cells where pA is not transcribed, the nucleosome spacing is compatible
with the strong positioning sites in vitro being occupied. Here, there is the potential for a

regular positioned nucleosomal array to form, which could facilitate the formation of a
stable higher order structure.

The proposal above indicates how the size of the interval between nucleosomes in a

regular array may influence gene expression, and may explain why spacing varies during

development. The linker length may have the potential to affect gene expression in other

ways. Several of the models proposed for the higher order structure of chromatin suggest

that linker length may influence the stability of the 30 nm structure. One version of the
solenoid model proposes that the structure could not accommodate an array of
nucleosomes spaced at 163-176 bp intervals (Butler, 1984). The nature of the higher
order structure has not been fully defined, so the impact of different linker lengths on the

stability of higher order structure cannot yet be effectively predicted.
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The proposal discussed here suggests that positioning signals encoded in the DNA

could help determine chromatin structure in some tissues, and be subordinate to other

determinants of nucleosome positioning in other tissues.
The role of sequence-directed nucleosome positioning in determining nucleosome

spacing in vivo is still under debate. In one study, nucleosome repeat length was seen to

be the same on randomly selected chicken genomic sequences in vitro and in vivo,

indicating that the DNA sequence is leading to the formation of positioned arrays (Liu
and Stein, 1997). Blank and Becker (1996) reconstituted nucleosomes using an

embryonic Drosophila extract onto an artificial sequence containing a strong nucleosome

positioning signal repeated at 172 and 208 bp intervals. In contrast, they found that the

separation of nucleosome positioning signals did not determine nucleosome repeat

length; it is subordinate to other, predominantly electrostatic factors. This experiment
was criticised on the basis that the extract used was embryonic, (Liu and Stein, 1997). In

Drosophila embryos, the chromatin structure must allow for fast DNA replication rates,

therefore the situation may not be representative of other cells. A comparison of
nucleosome placement on genes in vivo and in vitro may help to resolve these questions,
and a study of the kind is presented in the next chapter.

3.4.5 Short-range periodicities relating multiple overlapping

positioning sites

This analysis reveals alternative overlapping positioning sites on the e-globin gene,

which tend to be separated by 45, 30 and 20 bp intervals (Figure 3.15C). On the (3A-
globin gene, alternate overlapping positions are separated by 20 and 40 bp intervals.
These short-range periodicities may arise from preferential placement of DNA sequence

patterns at certain positions either side of the core particle dyad, in combination with the

symmetrical and repetitive nature of the structure of the core histone octamer itself, or

alternatively, from repetition of certain sequence motifs in the DNA.
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It is thought that certain DNA sequence patterns may occur preferentially at particular

positions within the 146 bp of core particle DNA (Ulyanov and Stormo, 1995). As the
core particle exhibits a high degree of symmetry about its dyad axis, sequence patterns

may occur preferentially at the same positions on both sides of the dyad. Thereby, a

single occurrence of a sequence motif could give rise to two overlapping nucleosome

positions; one with the sequence motif 5' to its dyad, and the other with the motif 3' to
its dyad. For example, it was found using a multi-alphabet consensus algorithm that
RRRNNRRR (where R=A or G, and N= A,C,G or T) occurs preferentially 15 bp either
side of the dyad, where the DNA must be able to accommodate being bent sharply on the
nucleosome surface (Ulyanov and Stormo, 1995). The distortion of the DNA at these

sites is created by the alal DNA binding sites of the two H3:H4 dimers on either side
of the dyad, as discussed in chapter one (Luger at ah, 1997). A single occurrence of the
RRRNNRRRmotif could give rise to 2 positioned nucleosomes, separated by 30 bp, one

with the motif 5' to its dyad, and the other with the motif 3' to its dyad. Positioned
nucleosomes at 30 bp intervals within the map were checked for an instance of this, but
none were found.

It may be that other sequence elements, as yet unknown, which occur preferentially at

positions either side of the dyad, have given rise to these short-range periodicities. The

database of nucleosome positioning sequence produced in this study could be searched
for sequences such as these. As an alternative approach, it may be possible to identify
other repeated motifs within the DNA binding sites in the core histone octamer which
could generate short-range periodicities. For example, inspection of the core particle
structure at high resolution (Luger et al., 1997) reveals that the histone amino-terminal

tails protrude into the minor groove every 20 bp. To create a 20 bp short-range

periodicity, such as that seen on the pA gene, the amino terminal tails of the core histones
would have to recognise the same feature in the DNA sequence, but they may be

insufficiently homologous to do this. It has been suggested that when nucleosomes are

reconstituted by salt dialysis, nucleosome assembly is essentially complete before the
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histone tails can associate with the DNA (Blank and Becker, 1996) so this suggests that
if they do make a contribution to nucleosome positioning, it may only represent 'fine-

tuning'.

It has also been shown that repeated DNA sequence patterns can be responsible for
alternative overlapping nucleosome positions (reviewed in Thoma, 1992). Numerous
studies have indicated that alternating A/T and G/C di or tri-nucleotides, occurring at

~10 bp intervals, play a role in nucleosome positioning, and can give rise to a set of

rotationally positioned overlapping nucleosomes, separated by 10 bp intervals (Satchwell
et al., 1986; Bolshoy et al., 1996). The 10 bp periodicity of A/T and G/C facilitates the

bending of the DNA around the core histone octamer. This repeated sequence pattern

seems unlikely to contribute to the creation of overlapping alternative nucleosome

positions on the globin genes, as Fourier analysis on the combined e/pA map shows that
a 10 bp periodicity of positioning sites is fairly infrequent. This may indicate that the

globin DNA has a different, say 20 bp periodicity of A/T and G/C nucleotides, which is

contributing to nucleosome positioning. However, analysis of strong positioning sites on

1.5 kb of the beta-adult gene (Chang-Hui Shen, pers. comm.) did not reveal any obvious

pattern in the distribution of AA and TT dinucleotides. Therefore, a 10 bp periodicity in
A/T and G/C nucleotides may not be a significant influence on nucleosome positioning
over the 8- and (3A- globin genes.

3.4.6 Nucleosome positioning over the epsilon globin promoter

Nucleosomes positioned over regulatory elements such as promoters can play a

decisive role in regulating gene expression by controlling the access of transcription
factors to their recognition sites (reviewed in Wolffe et al., 1994). Positioned
nucleosomes can regulate transcription factor access in four ways (reviewed in Thoma,

1992); firstly, they can occlude recognition sites, and restrict transcription factor access;

secondly, they can render other sites accessible by leaving them exposed in linker DNA;
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thirdly, transcription factor binding can be enhanced when the recognition site is

'presented' on the surface of the nucleosome, and finally, a nucleosome can bring

together two positioning sites which are far apart on the DNA so that the transcription
factors can bind co-operatively (reviewed in Wolffe, 1994; Thoma, 1992). In the first

case, where a nucleosome is positioned over a transcription factor binding site, the site is
not necessarily completely inaccessible; accessibility of the site to protein factors

depends on its translational and rotational position. Sites occurring within the central 60

bp, or facing the nucleosome core, are generally less accessible (reviewed in Wolffe et

al., 1994).

This study reveals that sequence-directed nucleosome positioning has the potential to

regulate access of transcription factors to their recognition sites on the e-globin

promoter. Figure 3.17 shows the three prominent alternative nucleosome positions (20a,
20b and 20c) identified on the e-globin gene promoter, and the placement of these
nucleosomes relative to the GATA, TATA, Spl, CCAAT and CACCC transcription
factor binding sites. These sites have been shown to be important in regulating e-globin

gene expression. GATA-1 and TFIID bind the non-canonical TATA box. GATA-1

binding may recruit TFIID to the TATA box, and in this way confer erythroid specificity
on formation of the transcription complex at globin promoters (Mason et al., 1996; Fong
and Emerson, 1992). The Spl site, where the protein footprint extends from 4226 to

4240, is bound by the ubiquitous transcription factor Sp 1. Deletion of the CCAAT site

(centred at ~ 4218) reduces promoter activity, but no protein footprints have been
obtained over this region (Mason et al., 1996). The Spl/CACCC site, where the footprint
extends from ~ 4150 to ~ 4177, binds Spl and a chicken homologue ofEKLF, (Mason et

al., 1996). EKLF is an erythroid-specific transcription factor expressed at comparable

levels in primitive and definitive erythroid cells in mice (reviewed in Orkin, 1995).

Although expressed at all developmental stages, it may contribute in the switch from
foetal to adult globin expression in humans (Orkin, 1995). Transient transfection assays

have shown that the GATA/TATA, Spl and CCAAT motifs contribute to promoter
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activity, and the CACCC/Sp 1 site enhances transcription in the presence of an enhancer

(Mason et ah, 1996).

If nucleosome 20a occupies the epsilon promoter, the CACCC/Sp 1 recognition sites
lie within the central, less accessible region of the nucleosome, whilst the remaining

transcription factor binding sites are exposed in the linker DNA. Alternatively, if
nucleosome 20b were positioned over the epsilon promoter, then the Spl (4226-4240),
CCAAT (centred at 4218), and GATA /TATA sites would occur within its central

region, whilst the CACCC/Sp 1 sites (4150-4177) would occur outside, but close to, the

boundary of this nucleosome. If the promoter were occupied by nucleosome 20c, the

Spl, GATA and TATA sites would lie within the central region of the nucleosome, and
the CCAAT site would occur in its more accessible terminal 20 base pairs.

The sequence-directed nucleosome positioning could contribute to the repression of

e-globin in non-erythroid cells. Nucleosomes 20b and 20c occupy the main transcription

factor binding sites, including the GATA site which may help to confer erythroid

specificity on the TATA box. The fact that the GATA site is unoccupied in non-

erythroid cells could favour the formation of a positioned nucleosome on the e-globin

promoter, which would then occlude the binding sites of transcription factors like Spl

which are present in non-erythroid cells. Many other factors, such as hypoacetylation of
the chromatin, hypermethylation of the DNA, and a tightly packaged chromatin domain,
are associated with repression in non-erythroid cells, but a positioned nucleosome on the

promoter may still make an important contribution.

Sequence-directed positioning also has the potential to contribute to the switch from

£- to {3A-globin expression which happens at around day 8 in development. There is

strong evidence to suggest that the temporal control of the pA- and e-globin genes is
effected by a competition between these genes for interaction with their shared enhancer

(Choi and Engel, 1988; Foley and Engel, 1992). The relative stability of the e-globin

promoter:enhancer complex and the [3 -globin promoter:enhancer complex decides
whether (1A- or e-globin competes most effectively for the enhancer. This is determined
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by the strength of the interaction between transcription factors bound at the enhancer and
the promoter, so a positioned nucleosome which regulates the access of these

transcription factors to the DNA could potentially play a role in globin gene switching. It
has been suggested that many of the promoter transcription factor binding sites are

capable ofmediating interaction with the enhancer, and do so in a redundant manner. In
the intact promoter it is proposed that the CACCC/Spl site is preferentially involved in
the interaction with the enhancer. It has been suggested that the chicken EKLF-like

protein at the £-globin promoter interacts with GATA-1 at the enhancer (Mason et al.,

1996). Therefore nucleosome 20a, which is positioned over the CACCC/Spl site could

play a role in reducing the stability of the promoter: enhancer interaction, and thereby
contribute to switching. Nucleosomes 20b and 20c cover the proximal sites on the

promoter, which may also contribute to the stability of the e-globin promoter:enhancer
interaction. The precise positioning of nucleosome 20b with the CACCC/Spl site at its

boundary, or of nucleosome 20c, with the CCAAT site at its boundary may have

relevance for the removal of the nucleosome prior to activation of £-globin. It has been

proposed that in some cases nucleosomes may be removed from regulatory elements by
the co-operative binding ofmultiple transcription factors (reviewed in Felsenfeld, 1992).
The binding of a transcription factor at an element located in the more accessible

boundary could therefore provide a first step in the removal or rearrangement of the
nucleosome. This is speculative, as the interaction of these particular transcription
factors with nucleosomes have not been studied.

There is evidence which suggests that there is a decrease in the affect of the enhancer

on £-globin gene in definitive red blood cells, where £-globin is no longer expressed.
This may result from a decrease in the levels of Spl and GATA1 in definitive cells

(Minie et al., 1992). The reduced occupation of these sites on the £-globin globin

promoter and/or on the enhancer, may lower the stability of the £-globin

promoter:enhancer complex in definitive cells, and thereby contributes to £/pA switching

(Mason et al., 1996). The reduced occupancy of the GATA1 and Spl sites could
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facilitate nucleosome formation over these sites, thereby possibly excluding the

remaining transcription factors from their sites. Conversely, the presence of GATA1 and

Spl in primitive cells, where e-globin is expressed, could favour the removal of a

repressive nucleosomal architecture from the e-globin promoter.

Therefore, a nucleosome positioned on the epsilon globin promoter has the potential
to contribute to the regulation of e/pA switching. However, the contribution of chromatin
structure has not yet been fully evaluated, as many of the studies have involved transient

transfection, where the mechanism of switching was studied in the absence of a proper

chromatin structure. These studies suggested that increased stability of the pA
promoter:enhancer, due to the binding of the stage-specific proteins to the pA-globin
promoter is the decisive factor in e/pA switching (Foley and Engel, 1992). These factors,
NFE-4 and BCTF which are specific to the definitive red blood cells where (3A-globin is

expressed, bind a stage selector element in the pA promoter and increase the stability of
its interaction with the enhancer. This does not rule out a role for chromatin structure in

the temporal regulation of e- and pA-globin expression; Foley and Engel (1992)

suggested that chromatin structure, which was not considered in their study, could make
a contribution. In agreement with this, it was proposed that the precisely positioned

nucleosome on the pA- or e-globin promoter which occludes most of the important

transcription factor binding sites could be displaced by the binding ofNFE-4 (Buckle et

al., 1991). Therefore, there is a precedent for a positioned nucleosome being involved in

the switch from e to pA expression. As discussed above, there is some evidence that

changes in transcription factor (Spl and GATA1) binding at the enhancer and e-globin

promoter may affect the stability of the e-globin promoter:enhancer complex, which in

turn could contribute to pA/e switching (Minie et al., 1992; Mason et al., 1996). This

means that a positioned nucleosome on the e-globin promoter has the scope to play a

significant role.
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3.4.7 DNA sequence patterns within strong nucleosome positioning
sites

Statistical analysis of nucleosome positioning sites has provided substantial evidence
for the involvement of certain sequence patterns in positioning nucleosomes (Travers
and Klug, 1987; Travers and Muyldermans, 1996; Ioshikhes et ah, 1996; Bolshoy et ah,

1996). Therefore nucleosome positioning sequences within the beta-adult and epsilon

globin genes were searched for a number of proposed positioning signals.
This study does not support the suggestion by Ulyanov and Stormo (1995) that the

MMMNNMMM sequence motif (where M = A or C) was preferentially placed 40 bp
either side of the dyad axis (Figure 3.18a).

The motif RRRNNRRR, where R = A or G, shows a polar distribution, and a slight

preference for placement 35-40 bp from one side of the dyad (Figure 3.18a); this fits
with one previous study (Shen, 1997) but does not agree with Ulyanov and Stormo

(1995), who placed it 15 bp either side of the dyad axis.
The (A/T)3NN(G/C)3NN sequence occurs in single copies, at too low a frequency to

contribute to nucleosome positioning.

It has been proposed that DNA bend sites, which occur at ~ 700 bp intervals within

the human (3A and e-globin genes, have a high affinity for nucleosomes (Wada-Kiyama
et al., 1994; 1995; 1996). In the present study, six putative bend sites were found in the

chicken (3A and £-globin genes, and four of these occurred within positioned
nucleosomes in vitro. Of these four , three are relatively weak, and only one is a strong

prominent site (Figure 3.18b). Therefore, from this small sample, it can be tentatively
concluded that DNA bend sites make only a small contribution to sequence-directed
nucleosome positioning on the globin genes.

On the mouse and human globin genes the DNA bend sites were found at ~ 700 bp,
+/- 250 bp intervals (Wada-Kiyama et al., 1996). The putative bend sites found on the
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These sites do not display a -700 bp periodicity, but all of the bend-site spacings (apart
from 888) were multiples of - 200 bp.

Wada-kiyama et ah, (1996) also observed that the positions of bend sites are

conserved upstream of a variety ofmouse and human (3-globin genes, despite the lack of

sequence conservation. If these bend-sites were also conserved in chicken, it would

suggest that they played a fundamental, conserved role in determining the chromatin
structure of the globin genes. Of the bend sites observed at - -1600, -1200 and - -300 in

human, only the first corresponded to a site in chicken.
To draw firm conclusions about the contribution of DNA bend sites to nucleosome

positioning, an experimental mapping of the chicken globin genes by the circular

permutation assay would be necessary to define actual bend sites, as the search for a

bend-site consensus may overlook some sites, and include other sites which are not

actually bent in solution (Wada-Kiyama et al., 1995).
Widlund et al. (1997) observed that mouse nucleosome positioning sequences were

enriched in runs of 5'-CA-3'. The data produced in this study provides some support for

this, though the number of examples is small; 5'-CACACA-3' occurred 6 times, and 5 of
these times it occurred within a nucleosome positioning site; on four of these occasions,
it occurred within 10 bp of the dyad (Figure 3.18c).

Mahloogi and Behe (1997) proposed that the oligoadenosine tracts (15 to 30

contiguous adenosines) found in eukaryotic genomes favour nucleosome formation.

They demonstrated that in vitro, the free energy of nucleosome formation on

oligoadenosine tracts is - 1 kcal/mol higher at 60 °C than on heterologous sequence

DNA. They suggest that the high temperature is thought to favour nucleosome formation

by disrupting the spine of hydration in the minor groove of the oligoadenosine tract, and

enhancing its flexibility. They argue that factors other than non-physiological high

temperatures, such as the concentrated macromolecular solution found in vivo, could
also increase flexibility in the same way, and thereby favour nucleosome formation on

oligoadenosine tracts. They also suggest that shorter oligoadenosine tracts which are
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found ~ every 20 kb in vivo could have a smaller, but still significant role in vivo. The

oligoadenosine tract found within the (3-globin cluster was not located in a strong

nucleosome positioning site in vitro. This does not rule out the possibility that the tract

could be folded up in a nucleosome in vivo, as the reconstitution conditions used in vitro

may not alter the flexibility of the tract if the mechanism proposed by Mahloogi et al.

(1997) is correct.

Overall, therefore, there is little evidence to suggest that most of the motifs

investigated play a substantial role in determining nucleosome positioning on the (3-

globin genes epsilon and beta-adult. A few, such as CACACA runs, seem to make a

contribution, but from the small number of examples found.
There are however other sequences not analysed in this study which could contribute

to nucleosome positioning. These include several sequences which have the strongest

evidence to suggest that they are determinants of nucleosome positioning; namely, the

-10.4 bp periodicity of dinucleotides AA and TT seen by Ioshikhes et al. (1996), or the
10.2 periodicity of alternating A/T and G/C di or tri-nucleotides described by Satchwell
et al. (1986). However, these motifs occur at a high frequency, and the manual methods
used in this analysis are not therefore suitable, because analysing data from a sufficiently

large number of nucleosomes would be unfeasible. These motifs await future analysis by

techniques, such as multiple alignment algorithms, hidden Markov models, or other

computational methods.
The data produced in this study could be searched for novel sequence patterns which

contribute to nucleosome positioning. In future analyses, the nucleosome positioning

sequences compiled will provide a superior database for determining the sequence

patterns which contribute to nucleosome positioning. This database is larger than those

currently in the literature (Ioshikhes et al., 1993), the nucleosome positions are mapped

at high resolution, and the relative binding affinities are known, so that a 'weighting' can
be applied for the patterns found in stronger positioning sites.
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3.4.8 Positioning of nucleosomes at splice-sites

The three nucleosomes positioned at splice sites within the e- and pA-globin genes

(Figure 3.16) give some credence to the suggestion that when splice junctions are

incorporated into nucleosomes, they preferentially occur close to its dyad axis (Denisov
et ah, 1997) It was proposed that inclusion in a nucleosome would reduce DNA damage
to the critical splice junctions. In addition, they propose that the AA and TT

dinucleotides at the splice site may contribute to positioning; two of the three splice sites
which occur close to the dyad of a positioned nucleosome contain TT dinucleotides, and
the other has a TCT nucleotide (Figure 3.16). It is interesting to note that all three

examples occur on the e globin gene.

These examples, whilst indicating that the DNA sequence at splice junctions may

contribute to nucleosome positioning, are too few to draw firm conclusions.

Furthermore, it could be argued that the presence of a splice site would be insufficient to

decide the position of the nucleosome dyad, because in general, the additive contribution

ofmultiple DNA sequence patterns, rather than a single sequence pattern like the splice
site consensus, is thought to determine nucleosome positioning (reviewed in Thoma,

1992). In some cases, however, a small number of nucleotides within the 146 bp core

particle DNA may make a decisive contribution to nucleosome positioning. For

example, it was possible to abolish nucleosome formation at a strong nucleosome

positioning site identified in vitro, upstream of the chicken (3A-globin gene, by

methylation of a (CpG)3 motif within this nucleosome. Nucleosome exclusion probably
involves methylation-induced changes in DNA structure at and around the (CpG) motif
which reduces the flexibility of the sequence, so that the energy of nucleosome
formation becomes prohibitive (Davey et al., 1997).
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CHAPTER 4: MAPPING NUCLEOSOME POSITIONS

ON THE EPSILON AND BETA-ADULT GLOBIN

GENES OF CHICKEN IN VIVO

4.1 Introduction

Chromatin structure makes a decisive contribution to the regulation of gene

expression (reviewed in Grunstein, 1990; Wolffe et ah, 1994; Wolffe and Hayes,

1999). The (3-globin genes in chicken, and other vertebrates, are part of a small gene

family which is clustered in a -30 kb domain (Stalder et al., 1980; Hebbes et al.,

1994); their expression is restricted to erythroid cells, and the individual genes

exhibit a stage-specific pattern of expression during development (reviewed in
Orkin et al., 1995). There is strong evidence that chromatin structure makes an

important contribution to this temporal and tissue-specific regulation (Larsen and

Weintraub, 1982; Felsenfeld, 1993; Orkin et al., 1995). Nucleosome positioning,

specifically, may play a role; positioned nucleosomes on the pA promoter and its
enhancer may be involved in inactivating the gene in non-erythroid tissues, and in

the switch in expression from e to [)A which occurs around day eight in development

(Emerson et al., 1985b; Buckle et al., 1991).

It has been demonstrated in vitro (this study, chapter 3) that the DNA sequence

of the e-globin promoter has the capacity to precisely position nucleosomes with

respect to transcription factor binding sites shown to be important to e-globin

expression; if nucleosomes were positioned at these sites in vivo, they would have

the potential to contribute to both the switch from e to (3A-globin expression, and

tissue-specific regulation. In addition, in vitro studies on nucleosome positioning
have shown that a long-range periodicity in the placement of nucleosomes could

potentially influence the packaging of the globin genes into an inactive higher order

structure, and thereby affect globin gene regulation.
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The purpose of this study was to determine nucleosome placement on the e and

PA -globin genes in adult red blood cells and in brain to investigate the extent to

which the DNA sequence directs nucleosome positioning in vivo where numerous

other factors can modulate the recognition or interpretation of this sequence-encoded

positioning information. The intention was to determine the degree to which
nucleosome positioning, and specifically sequence-directed positioning, contributes
to globin gene regulation in vivo.
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4.2 Materials and Methods

Methods were adapted from Sambrook et al. (1989), unless otherwise stated.
Chemical reagents were obtained from BDH, unless otherwise stated.

4.2.1 Materials

For preparation of nuclei:-

Buffer A: This contains 0.25 M sucrose, 6 mM MgCl2, 50 mM Tris-Cl pH 7.5, 0.5

mM EGTA and 0.2 mM PMSF.

PBS buffer: Phosphate buffered saline (PBS), containing 0.01 M phosphate buffer,

pH 7.4, 0.0027 M potassium chloride and 0.137 M sodium chloride, was obtained
from Sigma.

For digestion of nuclei:-

a) Cleavage with cuprous-phenanthroline (Quivy and Becker, 1996).

1,10 Phenanthroline: 1,10 Phenanthroline (Sigma) was dissolved at a final
concentration of 40 mM in ethanol and stored at -20°C.

NBII Buffer for digestion with cuprous-phenanthroline: NBII buffer, in which

cuprous-phenanthroline cleavage of chromatin is carried out, contains 60 mM KC1,

15 mM NaCl pH 8.0, 15 mM Tris-Cl pH 7.4, 0.3 M sucrose, 0.5 mM spermidine and
0.15 mM spermine in distilled water. The buffer is filter-sterilised, and 0.1 mM

PMSF added.
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Neocuproine: Neocuproine (Sigma) was dissolved at a final concentration of 28

mM in ethanol and stored at -20°C.

Stop Mix I : Stop mix I, for treatment of nuclei following cuprous-phenanthroline

cleavage, contained 20 mM Tris-Cl pH 8.0, 20 mM NaCl and 1% SDS dissolved in

distilled water. The solution was filter-sterilised. 600 pg/ml of proteinase K was

added just prior to use.

Stop Mix II: Stop mix II, for treatment of nuclei following cuprous-phenanthroline

cleavage, was prepared by dissolving NaCl at a concentration of 150 mM in distilled
water and adding EDTA pH 8.0 to a final concentration of 5 mM.

b) Cleavage with Methidium Propyl EDTA (MPE) (Cartwright and

Elgin, 1984).

MPE: MPE was dissolved in distilled water at a final concentration of ImM and

stored at -20°C.

MPE Buffer: MPE buffer, in which cleavage of chromatin by MPE is carried out,

contains 15 mM Tris-Cl pH 7.4, 15 mM NaCl, 60 mM KC1, 1 mM EDTA, 0.25 M

sucrose, 0.15 mM spermine and 0.5 mM spermidine in distilled water. The buffer
was filter-sterilised before use.

c) Digestion with Micrococcal Nuclease (MNase) (Yenidunya, 1992;

adapted from Nedospasov and Georgiev, 1980).

MNase: from Worthington was used for preparation of core particles.

Micrococcal Nuclease Digestion Buffer: This contains 0.2 M sucrose, 5 mM Tris-
Cl pH 7.4, 80 mM NaCl and 0.2 mM PMSF in distilled water and filter-sterilised.
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ImM CaCl2 was added just prior to digestion.

Micrococcal Nuclease Termination Buffer: This contains 5 mM Tris-Cl pH 7.6,

10 mM EDTA, 80 mM NaCl and 0.2 mM PMSF in distilled water and filter-

sterilised.

For Southern blotting and filter hybridisation:-

Protocols were adapted from Ausubel et al., 1997.

Nylon filter papers for southern blotting: Hybond N (Amersham) and zeta probe

(Biorad) were used for southern blotting.

OLB buffer: OLB labelling was adapted from Sambrook et al. (1989). OLB buffer
is prepared by mixing 100 pi of solution A (1.25 M Tris-Cl pH 7.5, 125 mM MgC^
and 1.8 pi of p-mercaptoethanol) with 250 pi of solution B (2 M Hepes, pH 6.6) and
150 pi of solution C (Hexadeoxyribonucleotides (Pharmacia) at 4.5 mg/ml). The

OLB mix was stored at -20°C.

TPE/Ficoll loading buffer: Samples which were to be run on TPE gels were

resuspended in 1 x TPE/Ficoll loading buffer. 5 x TPE loading buffer contains

12.5% Ficoll (400), 0.25% bromophenol blue and 25 mM EDTA in 5 x TPE buffer.
It was left on a roller overnight to dissolve and sonicated before use.
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4.2.2 Probes used for indirect end-labelling

The probes used for indirect end labelling were produced by PCR, as described
in section 4.2.9.1. The positions of the 6 probes and 9 restriction enzymes used for

mapping, relative to the beta-adult and epsilon genes, are shown in Figure 4.1. The
Dra probe, which was shorter than the rest was ligated to itself (section 4.2.9.2) to
increase signal. The names, sizes and exact positions of the probes, relative to the
beta-adult cap site, are given below.

1. Eco probe: This extends from -1054 to -739 (315 bp)

2. Hind probe: This extends from 869 to 1257 (388bp).

3. Dra probe: This extends from 2484 to 2623 (139 bp), and is self-ligated.

4. Bam probe: This extends from 3351 to 3717 (366 bp).

5. Eag probe: This extends from 4828 to 5114 (286 bp).

6. Rsa probe: This extends from 5909 to 6193 (284 bp).

4.2.3 Preparation of nuclei from chicken erythrocytes

Blood (10-15 ml), was collected through two layers of surgical gauze into an

equal volume of ice-cold PBS (phosphate buffered saline) containing 0.5 mM

EGTA, 0.2 mM PMSF and 25 units/ml of heparin (Sigma). The blood was made up

to 30 ml with PBS, and centrifuged at 1200 x g for 3 minutes. The supernatant and

'buffy coat' (white blood cells) were removed using a vacuum line. The pellet was
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resuspended in 30 ml of PBS and the spin repeated. After removal of the

supernatant, the pellet was made up to 5 ml with buffer A. The blood was added

dropwise to 35 ml (7 volumes) of ice-cold buffer A containing 1% v/v Triton X-

100. The blood was mixed on a roller at 4°C for 15 minutes. Following

centrifugation at 1000 x g for 4 minutes and removal of the supernatant, the nuclei
were resuspended in 30 ml of buffer A and spun again (twice). The pellet was

resuspended in 4 ml of buffer A and kept at 4°C. Cleavage reactions were carried out
as soon as possible on the fresh nuclei.

Alternatively, if the nuclei were being prepared for storage, the pellets were

mixed with 1 volume of sterile glycerol and stored at -70°C.

4.2.4 Preparation of nuclei from brain

Brain tissue from adult chickens was stored from fresh in liquid nitrogen until

preparation of nuclei could be carried out. The brain tissue, kept frozen with
additional liquid nitrogen, was ground up in a pestle and mortar. The ground tissue
was gradually made up to 30 ml with PBS. The brain tissue was homogenised with
two strokes in a Dounce homogeniser and filtered through autoclaved muslin. The

homogenate was then centrifuged at 1000 x g for three minutes at 4 °C (all

subsequent centrifugations were carried out at this speed and temperature).

Following this (and all subsequent centrifugations) the supernatant was removed

using a vacuum line. The pellet was resuspended in 30 ml of PBS and the spin

repeated. The pellet was resuspended in PBS and spun again.
The pellet was then resuspended in 30 ml of buffer A and centrifuged again. The

pellet was then resuspended in 30 ml of buffer A / 0.2% Triton X-100 to lyse the

brain cells. This wash in buffer A / Triton was repeated. The pellet was then washed
three times in 30 ml of buffer A. The pellet was finally resuspended in 4 ml ofbuffer

A, stored at 4°C, and cleavage reactions carried out as quickly as possible on the
fresh nuclei.
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4.2.5 Determining concentration of nuclear DNA in preparation of
nuclei

5 pi of nuclei were made up to 100 pi with NB/C buffer (10 mM Tris pH 7.5, 85
mM KC1, 5.5 % sucrose, 5 mM spermidine, 1.5 mM CaC^ and 250 pM PMSF) and
20 U of DNase I, and incubated for 10 minutes at 37°C. After adding 400 pi of
sonication buffer (10 mM phosphate buffer, pH 6.8 (Sambrook et al., 1989), 5 M

urea, 2 M NaCl), nuclei concentration was determined by spectrophotometry,

assuming that 50 pg/ml of dsDNA has an OD of 1 at 260 nm.

4.2.6 Cleavage of chromatin in nuclei with DNA cleavage reagents

4.2.6.1 Cleavage of chromatin in nuclei by cuprous phenanthroline

This protocol was adapted from Quivy and Becker (1996). Nuclei in buffer A
were centrifuged at 1000 x g for 30 seconds, and the pellet was resuspended in NBII

buffer. The nuclei were spun again, and resuspended in NBII buffer. 250 pg of
nuclei were made up to 0.5 ml with NBII buffer, and incubated in a water bath at

22°C for 2-3 minutes.

The cuprous-phenanthroline (OP-Cu) complex was made by mixing 0.5 ml of 40
mM 1,10-phenanthroline with 0.5 ml of 9 mM copper (II) sulphate. After incubation

at room temperature for 1 minute the complex was diluted to 20 ml with water. 50 pi
of the complex was added to the nuclei, and the reaction initiated by addition of 50

pi of 58 mM 3-mercaptopropionic acid (Sigma) and incubated at 22°C for the

required time (generally 5-8 minutes).
The reaction was quenched by adding 1/12 volume of 28 mM neocuproine and

leaving the nuclei on ice for 5 minutes. The nuclei were spun at 1000 x g for 1

minute and the supernatant removed. The pellet was resuspended in 100 pi of stop
mix I, containing proteinase K, and 50 pi of stop mix II, and incubated at 37 °C for 3

hours. RNase A was added to a final concentration of 100 pg/ml, and incubated for
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30 minutes. The DNA was deproteinated by phenol/chloroform extraction, followed

by ethanol precipitation. The DNA was resuspended in TE.
Control digests on naked genomic DNA were carried out in the same way, with

the following modifications; the reaction was carried out at a DNA concentration of
600 )Lig/ml, and only 30 pi of the complex was added per ml of reaction; after

quenching with neocuproine, the DNA was purified by phenol/chloroform

extraction, followed by ethanol precipitation and resuspension in TE.

4.2.6.2 Cleavage of nuclear chromatin with methidium propyl EDTA (MPE)

This protocol was adapted from Cartwright and Elgin (1984). Nuclei in buffer A
were centrifuged at 1000 x g for 30 seconds, and the pellet was resuspended in 1 ml
of MPE cleavage buffer. The nuclei were spun again, and resuspended in MPE

cleavage buffer. After determining the concentration of nuclei, nuclei eqquivalent to

250 pg ofDNA were made up to 0.5 ml with MPE cleavage buffer, and incubated at

25°C for 2-3 minutes.

The MPE complex was prepared by mixing equal volumes of 1 mM MPE and

freshly prepared 1 mM ferrous ammonium sulphate, diluting ten-fold with MPE

cleavage buffer and adding DTT to a final concentration of 2 mM. 500 pi of MPE

complex was added to the 250 pg of nuclei and incubated at 25°C for the required
time (10-14 minutes)

The reaction was quenched by adding bathophenanthroline (Sigma) to a final
concentration of 5 mM. The reactions were supplemented with 3 volumes of a buffer

containing 25 mM EDTA, 20% SDS, and 266 pg/ml of freshly added proteinase K

and incubated for 3 hours at 37°C. The samples were phenol/chloroform extracted,

ethanol precipitated, resuspended in TE and digested with 100 pg/ml ofRNase A for
30 minutes at 37°C.
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4.2.6.3 Cleavage of chromatin in nuclei with micrococcal nuclease (MNase)

This protocol was adapted from Yenidunya (1992). Nuclei in buffer A were

centrifuged at 1000 x g for 30 seconds, and the pellet was resuspended in 1 ml of
MNase buffer. The nuclei were spun again, and resuspended in MNase buffer. After

determining the concentration of nuclei, 250 fig of nuclei were made up with MNase

buffer to 0.5 ml, and incubated at 22°C for 2-3 minutes.

After adding CaCl2 to a final concentration of 1 mM and MNase to a final

concentration of 2U/ml, the samples were incubated at 22°C for the required time.
The reactions were terminated by the addition of 1 volume ofMNase termination

buffer. After addition ofRNAse A to 100 fig/ml, the samples were incubated at 37°C
for 30 minutes. Then SDS was added to a final concentration of 0.5 % and

proteinase K to 200 ftg/ml, and the samples incubated at 37°C for at least 3 hours.

4.2.7 Southern Blotting

The DNA fragments produced by treating nuclei with a DNA cleavage reagent

were digested for 8 to 15 hours with the appropriate restriction enzyme. After adding
a further 5 units of enzyme, the reaction was mixed well and incubated for an extra

hour. The DNA was purified by phenol/chloroform extraction, ethanol precipitated,

resuspended in TE and left to redissolve overnight at 4°C.
After adding 1/5 volume of 5 X TPE-Ficoll loading buffer, samples which

contained approximately 20 fig of DNA were dry-loaded and run on a 1.3% TPE-
IT

agarose gel, with P-labelled 1 kb and 100 bp ladders (Promega), for two hours at

20 mA, then 19 hours at 60 mA.

Blotting was carried out as described by Southern (1975). Briefly, after

electrophoresis, agarose gels were denatured in 0.5 M NaOH/ 1.5 M NaCl twice for
20 minutes on a rotary shaker at room temperature. The gels were rinsed with
distilled water and neutralised twice in 3 M sodium acetate pH 5.5, for 20 minutes.

While the gel was neutralising, the following apparatus was set up. A solid
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support was placed in a container of 20 x SSC (sufficient for blotting overnight), and
a sheet of 17 mm Whatman paper (with wicks which dipped down into the liquid)
was placed on top of the support. This paper was wetted thoroughly with 20 x SSC,

and a smaller sheet ofWhatman paper, pre-wetted in 20 x SSC, was placed on top of
this and the neutralised gel was placed, well-side down, on top of this. Nylon

hybridisation filter paper (one sheet), soaked in water, was laid onto the gel, taking
care to avoid air bubbles. The edges of the paper were covered with parafilm and
another sheet ofWhatman paper, soaked in water, was placed on top of the filter and
a dry sheet of Whatman paper was placed on top of this. Absorbent paper towels
were placed onto the Whatman paper and a glass plate placed on top of the towels.
An even pressure was applied to the gel by placing a 500 g weight onto the glass

plate. The transfer was carried out overnight.

4.2.8 Filter Hybridisation

4.2.8.1 Cross-linking the DNA to the filter

Following completion of the transfer, the DNA was cross-linked to the filter by

exposing it to 70,000 Joules/cm of UV light in a Stratalinker (Stratagene)

(alternatively, where stated, the DNA was cross-linked to the filter by baking at 80°C

for 2 hours or by exposure on a UV light box for three minutes). The filter was

washed in 2 x SSC for 2 minutes and further washed in 6 x SSC for 2 minutes. If

necessary, the filter was stored at 4°C, sealed in a plastic envelope.

4.2.8.2 Prehybridisation of the filter

The filter was removed from the plastic envelope and placed on a piece of plastic
mesh cut to the same size. The mesh and filter were rolled up and placed inside a

hybridisation bottle (Amersham). 50 ml of prehybridisation buffer, preheated to

68°C, were added to the prehybridisation bottle (prehybridisation buffer contains 3x
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SSC, 10 mM EDTA, 0.1% SDS, 0.2% polyvinylpyrolidine (PVP), 0.2% ficoll, 0.2%

BSA, 100 |Hg/ml denatured salmon sperm DNA and 500 pg/ml of heparin), and the

bottle incubated at 68°C for at least 2 hours. Meanwhile, the DNA probe was 32P
radiolabeled by the OLB method.

4.2.8.3 Preparation of 32P-labeIled probes by the OLB method

DNA fragments chosen as probes were 32P radiolabeled by the OLB method

(Sambrook et al., 1989). This involves annealing random DNA hexanucleotides to
in

single-stranded DNA templates, followed by Klenow extension incorporating P

labelled dNTP's (Amersham).

Prior to labelling, approximately 20 ng DNA was dissolved in 24 jlxI distilled
water and boiled for 3 minutes. The denatured DNA was added to a solution

containing 1 pi each of 10 mM dGTP and dTTP, 5 pi of a[32P]dCTP (6000

Ci/mmole), 5 pi of a32PdATP (6000 Ci/mmole), 4U of Klenow fragment of DNA

polymerase (NBL) and 10 pi ofOLB buffer.
The reaction was incubated at 19°C for 30 minutes and for a further 30 minutes

at 30°C. The reaction was stopped by the addition of 150 pi ofOLB stop buffer (25
mM NaCl, 25 mM Tris-Cl pH 7.5, 5 mM EDTA and 1% SDS).

Unincorporated radioactive label was removed from the probe by spinning

through a G-50 Sephadex column as described in chapter two.

4.2.8.4 Hybridisation of the filter

IT

The P-labelled probe was denatured at 98°C for 4 minutes and added

immediately into 25 ml of hybridisation buffer preheated to 68°C (hybridisation
buffer contains prehybridisation buffer supplemented with 9% dextran sulphate).
After pouring out the prehybridisation buffer, the hybridisation buffer containing the

denatured probe was added to the bottle containing the filter. The bottle was

incubated overnight in a rotary incubator at 68°C.
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To remove non-hybridising probe, the filter was then washed four times for 20
minutes with 2x SSC/0.5% SDS and twice with 0.5 x SSC/0.5% SDS at 68°C. If the

washes were still radioactive the washes in 0.5x SSC/0.5% SDS were repeated as

necessary. Higher stringency washes were used if required. After removing excess

liquid the filter was sealed in a thin plastic envelope and exposed to Kodak

XomatAR high intensity X-ray film with screens at -70°C.

4.2.9 Preparation of probes for southern blotting

4.2.9.1 Making probes by PCR

Probes were prepared by reactions, carried out as described in section 2.16.

Briefly, template DNA (the appropriate clone from those described in section 3.2)
was mixed with two appropriate oligonucleotide primers (designed so that they form
a PCR product with the desired upstream and downstream boundaries), dNTP's,
buffer and Taq polymerase. This mixture was taken through repeated cycles of

denaturation, annealing and synthesis to produce a probe of the desired size and

sequence.

4.2.9.2 Ligation of probe

The short Dra probe was self-ligated prior to OLB labelling to enhance the signal
it generated.

'Polishing' the ends of the probe with Vent

Preparation of probes with Taq polymerase leaves 3' A and T overhangs which
could interfere with ligation of the probe. These overhangs were removed using Vent

polymerase.

500 ng of probe was made up to 30 pi with 3 pi of 10 x Vent buffer, 0.5 units of
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Vent DNA polymerase, 3 pi of 2 mM dNTP's and double-distilled water, and

incubated at 72 °C for 20 minutes. After extraction with buffered phenol:chloroform
and chloroform:IAA, the probe was precipitated and resuspended, ready for

phosphorylation.

Phosphorylating the ends of the probe

Probe DNA (< 3 pg) was made up to 30 pi with 3 pi of 10 X blunt premix (500
mM imidazole-Cl (pH 6.4), 180 mM MgCh and 50 mM DTT) and double-distilled

water, heated to 70 °C for 3 minutes and then cooled immediately on ice. After the

addition of 5 pi of 10 x blunt kinase buffer, 5 pi of 10 mM ATP, 30 U of T4

polynucleotide kinase (Pharmacia) and 6 pi of double-distilled water, the reaction
was incubated at 37 °C for 1 hour. After supplementing the reaction with 40 pi of

TE, it was incubated at 68 °C to inactivate the polynucleotide kinase. After the free
ATP was removed by purification down a G-25 sephadex column, the DNA was

purified and ethanol precipitated.

Self-ligating the probes

The probe DNA was resuspended in 1 X ligation buffer (50 mM Tris-HCl, (pH

7.4), 10 mM MgCh, 10 mM DTT, 1 mM ATP and 0.025 mg/ml BSA) at 50 ng/pl,
and 10 U of DNA ligase was added for every pg of DNA. The reaction was

incubated for 12 to 36 hours at 12 °C. To observe the efficiency of the self-ligation,

the probe was run on a 1.3 % agarose gel.
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4.3 RESULTS

4.3.1 Introduction

This study has investigated nucleosome placement over a 7.5 kb region

containing the chicken e and (3A globin genes in vivo, in brain, where both genes are

silent, and in adult red blood cells where epsilon is silent, but beta-adult has been

expressed. The results are summarised in Figures 4.15 and 4.16. The mapping was

carried out by indirect end-labelling (Wu, 1980; Nedospasov and Georgiev, 1980).

The accuracy of this technique, which is in general ± 20 bp, is sufficient to say with

some degree of certainty whether nucleosome positioning sites identified on the e

and f3A-globin genes in vitro (chapter 3) by the monomer extension technique are

also occupied in vivo.

Comparison of the new in vivo data, with the in vitro data, which revealed the
distribution of nucleosomes as determined by the underlying DNA sequence (Figure

3.14b), has shown the extent to which the DNA sequence of the globin genes

determines their chromatin structure in active and inactive tissues. This study has

revealed that the many of the strong nucleosome positioning sites identified on the

(3A-globin in vitro, which occur with a 200 bp periodicity, may be occupied in brain
and red blood cells. This regular array of positioned nucleosomes may facilitate the

folding of long stretches of the chromatin fibre into an inactive higher order
structure. By contrast, fewer of the strongest nucleosome positioning sites identified
on the e-globin gene in vitro, which are separated by a smaller (~180 bp) periodicity,
are occupied in the brain and red blood cells.

These data also suggest that the placement of individual nucleosomes on the e-

globin promoter in the inactive state has the potential to regulate access of protein
factors and the stability of promoter-enhancer interactions, a decisive factor in the

competition of £ and (3A for their shared enhancer.
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4.3.2 Strategy for mapping nucleosome placement on the 8 and (3A
genes

Nucleosome placement on the e and (3A-globin genes in chicken was mapped in
brain and in red blood cells from adult chickens, by digestion of nuclei with a DNA

cleavage reagent, followed by indirect end-labelling. This technique will be
discussed in detail below, but briefly, nuclei were prepared from fresh tissue and
treated with a DNA cleavage reagent such as cuprous-phenanthroline (OPCu) which
cuts the exposed DNA in the linker DNA between nucleosomes. Then, the DNA

recovered from the nuclei was cut with a restriction enzyme and run with size
markers and the appropriate controls on an agarose gel. The DNA was transferred to

a nylon filter and hybridised with a radiolabeled probe. After washing off non¬

specific signal, the filter was exposed to X-ray film. In addition, densitometer scans
were made for some of the gels following Phosphor-imager analysis (Raytech). The
size of each fragment represents the distance from an OPCu cleavage site in the
linker DNA to the restriction enzyme site adjacent to the probe. The fragments were

sized to define the position of nucleosome boundaries relative to the restriction

enzyme site.
In the first stage of the analysis, linker DNA between nucleosomes in the nucleus

is cut with a cleavage reagent. Three cleavage reagents, micrococcal nuclease,

cuprous-phenanthroline and methidium propyl EDTA (MPE), were considered for
use in this study. Time-courses for digestion of adult red blood cell nuclei with

micrococcal nuclease, MPE and OPCu are shown in Figures 4.2A, 4.2B and 4.2C.

Micrococcal nuclease has a much higher sequence specificity in its cleavage of
DNA than either OPCu or MPE (Cartwright et al., 1983). In addition, micrococcal

nuclease, unlike MPE, does not always detect nucleosomes on active genes, and may

only yield a smear instead of a nucleosome ladder (Benezra et al., 1986). Therefore,
the chemical cleavage reagents, MPE and OPCu were considered to be better
candidates for use in this study. These reagents generate single-stranded cuts in the

phosphate backbone of the DNA, and in both cases bound protein protects the DNA
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Fig. 4.2 Time-course of digestion of red blood cell nuclei by DNA
cleavage reagents and micrococcal nuclease.
Gel A shows nuclei digested with micrococcal nuclease at 2 U/ml for 2, 4, 6, 8,
10, 12 and 14 minutes. Gel B shows nuclei digested with MPE for 5, 10, 12, 14,
16, 18 and 20 minutes . Gel C shows nuclei digested with cuprous phenanthroline
for 0.5, 1, 2, 3, 4, 5, 6 ,7, 8 and 10 minutes. The marker (m) is a 123 bp ladder.
The position of mononucleosome DNA is indicated (mon).
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from cleavage. MPE has been used to map nucleosome positions in a number of
studies (for example, Cartwright et al., 1984), and OPCu has been used to determine
the protein architecture of the Drosophila hsp27 gene promoter (Quivy and Becker,

1996). Some studies have indicated that OPCu has a higher sequence specificity than
MPE (see Cartwright et al., 1983). Others, however, suggest that OPCu has

essentially no primary sequence specificity (Marshall et al., 1981) and limited

secondary structure specificity (Perrin et al., 1996), and this was confirmed by this

project and another similar study on the sheep (3-lactoglobulin gene (S.Boa, pers.

comm.). Therefore, OPCu and MPE appeared equally suitable for this study. The

analyses presented in this chapter were carried out with OPCu.
In this study, nucleosome placement was analysed in both brain and red blood

cells from adult chickens. The globin genes are expressed only in erythroid cells, and
the individual genes are expressed only at specific times in development (reviewed
in Felsenfeld, 1993). In brain, a non-erythroid tissue, the globin genes are inactive,
and the chromatin domain which contains them is thought to be packaged into an

inaccessible higher order structure, because the DNA is resistant to nucleases and

hypermethylated (Wood and Felsenfeld, 1982; Mandel and Chambon, 1979). In

erythroid tissues, such as red blood cells, the chromatin domain encompassing the

globin genes has a more open structure, as indicated by increased nuclease

sensitivity (Stalder et al., 1980; reviewed in Felsenfeld, 1993). In adult circulating
red blood cells the globin domain retains the characteristics of active chromatin,

such as nuclease sensitivity, although transcription has almost completely ceased in

the bulk of cells. In these cells e-globin is not active, but the (3A-globin gene has been

recently transcribed and its promoter retains a nuclease hypersensitive site (Mathis et

al., 1980; Bellard et al., 1980). If time had allowed, red blood cells at other stages in

development would have been studied, in particular, 5-day primitive red blood cells,
where the embryonic epsilon gene is active, and the beta-adult gene is silent.

Following OPCu digestion of the nuclei from brain and red blood cells,
nucleosome placement was analysed by indirect end-labelling. The indirect end-

labelling technique was chosen because the large region encompassing the pA and e

globin genes could be mapped by this method. The resolution achieved with this
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globin genes could be mapped by this method. The resolution achieved with this

technique (generally ± 20 bp) was sufficient to say with some confidence whether a

nucleosome positioning site identified in vitro by monomer extension was occupied
in vivo or not. The resolution of the technique depends upon several factors, and the

ability of the agarose gel to resolve fragments is the most important of these. The
resolution is also affected by the accuracy with which fragments can be sized. To
obtain as accurate an estimate as possible, the fragments in each lane of a gel were
sized using sets of markers to the right and left of the samples, both by hand, and

using the AIDA (Raytek) software package. This programme, which can analyse
either the densitometry data or a scan of the X-ray film, identifies the position of

fragments automatically, and the positions can be adjusted manually if required.
When the size of marker fragments on the gel has been entered into the AIDA

programme, an equation is generated which relates the position of a fragment to its
size in bp. AIDA uses this equation automatically to convert the position of

fragments into DNA size. By defining the minimum and maximum values for the
size of each fragment, it is possible to estimate the limits of accuracy for each
nucleosome position. Certain factors may increase the error in sizing fragments by
hand or using AIDA. For example, 'smiling' of bands makes size estimation more

difficult. The viscosity of the DNA can also affect the apparent size of fragments.
One set of markers was mixed with 20 |ig of sheared chicken DNA so that it had the
same viscosity as the other samples. These markers showed that the viscosity of the

samples caused 'smiling' of the larger fragments, and the top edge of such bands,
rather than the centre, provided a more accurate size estimate.

The nucleosome mapping technique used in this study requires that certain
controls are included in each analysis:-

• Naked genomic DNA was cut with restriction enzyme, to ensure that the probe
anneals specifically to only one fragment.

• Naked genomic DNA was digested with OPCu and then restricted with the

appropriate restriction enzyme to reveal any sequence-specific cuts created by OPCu
in naked DNA.
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•,Finally, nuclei were digested with OPCu alone to indicate the location of

fragments created by an OPCu cut at each end. Any fragment which was

indistinguishable from a fragment in this control was eliminated from the analysis
because it might represent the distance between two OPCu cut sites rather than the

distance from an OPCu cleavage site to the restriction enzyme site.
A dozen indirect end-labelling analyses, using 6 probes, were required to map

nucleosome placement on the — 7 kb (3A and e-globin gene region in brain and red
blood cells. The probes were chosen so that they were separated by ~ 1800 bp

intervals, so that the fragments analysed were < 2000 and therefore able to be sized

more accurately. The probes were placed so that suitable restriction enzymes

occurred at the 5' and 3' ends of the probe, allowing nucleosome placement to be

mapped both upstream and downstream of the probe. The probes are shown in

Figure 4.1. In some cases, difficulties with restriction enzymes giving only partial

cutting meant that only one direction was mapped. The probes were designed to be
250 to 390 bp long. Probes below 250 bp were found to give a very weak signal;
therefore the short (139 bp) Dra probe required multimerisation by self-ligation

(section 4.2.9.2) before it gave a sufficiently strong signal. It is preferable to use

probes which are as short as possible, because the longer the probe the greater the
chance that it will detect fragments with OPCu cuts at both ends.

4.3.3. Generation of a nucleosome placement map for the 8 and pA
genes in brain and red blood cells

Twelve mapping analyses were carried out to map nucleosome placement over
the chicken (3A- and e-globin genes in brain and red blood cells. A typical example,
which maps nucleosome placement using the Hind probe over the [fA-globin gene in
brain, is discussed in detail first. The samples for the mapping experiment were run

on an agarose gel (Figure 4.3) and the DNA transferred to a nylon filter which was

hybridised with the Hind probe (Figure 4.4). An enlargement of part of Figure 4.4 is
shown in Figure 4.5.
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Fig. 4.3 A typical agarose gel prepared for mapping nucleosome
placement by indirect end-labelling.
DNA from nuclei treated with OPCu was restricted with either Bsm I or with BsrBI
(right hand side of gel, Bsm I and BsrBI; the gradient indicates increasing times
for OPCu digestion). DNA from nuclei digested with OPCu, but not restricted
is shown (No RE). Naked genomic DNA was restricted with Bsm I (gen Bsm)
or BsrBI (gen Bsr). Naked genomic DNA, digested with OPCu, was restricted
with Bsm I (OPCu Bsm) or BsrBI (OPCu Bsr). Some DNA marker sizes are
indicated next to theMl marker lane. M2 contains the same marker DNA, mixed
with sheared chicken genomic DNA.
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Fig. 4.4 Nucleosome mapping on brain nuclei using the Hind probe.
DNA from nuclei cut with OPCu was restricted with either Bsm I or with BsrBI
(Bsm and Bsr). In this and all the subsequent figures wedge shapes above the
lanes indicate the use of increasing amounts ofOPCu in the treatment of samples..
DNA from nuclei digested with OPCu, but not restricted is shown (No RE).
Naked genomic DNA was restricted with Bsm I (gen Bsm) or BsrBI (gen Bsr).
Naked genomic DNA, digested with OPCu, was restricted with Bsm I (OPCu Bsm)
or BsrBI (OPCu Bsr). The DNA marker size is indicated next to the marker lane (Ml).
M2 contains the same marker DNA, mixed with sheared chicken genomic DNA.
The schematic above the blot shows the position of the Hind probe, relative to the
(3A-globin gene (red), the s-globin gene (blue)and the enhancer (green).
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Three controls were included in this analysis (Figure 4.4), and were routinely
used in all other mapping analyses.

• Naked genomic DNA was cut with restriction enzyme, either Bsm I or BsrBI.

These controls indicate that the Hind probe anneals to the correct fragment and not

elsewhere, as fragments of the expected size only are observed (3005 bp, lane gen

Bsm and 2486 bp, gen Bsr).
• Naked genomic DNA was cut with OPCu and then restricted with Bsm I or

BsrBI. A smear is observed in these lanes (OPCu Bsm and OPCu Bsr), rather than

any discrete fragments. This demonstrates that OPCu does not make any sequence-

specific cuts in the region being mapped in this analysis.

•Nuclei were digested with OPCu, and the DNA recovered but not restricted

(lane no R.E.). This control shows the position of fragments created by an OPCu cut

at each end. Any fragment which was indistinguishable from a fragment in this
control was eliminated from the analysis because it might represent the distance
between two OPCu cut sites rather than the distance from an OPCu cleavage site to

the restriction enzyme site; two such fragments which were eliminated from this

analysis are indicated in Figure 4.5. However, comparison of this control (middle
lane ofNo R.E.) with the samples digested with both OPCu and restriction enzyme,

at the same time-point in OPCu digestion, (middle lane of Bsm or Bsr) shows that

fragments in the restriction enzyme-digested samples are much smaller, and they
occur in a part of the gel where there is little material in this control cut with OPCu

only. Therefore, the fragments in lanes Bsm and Bsr are the result of restriction

enzyme digestion, and they reflect the position of OPCu-cut sites in linker DNA
relative to the restriction enzyme cut site (apart from the exceptions indicated). This
demonstrates unambiguously that there are positioned nucleosomes in this region.

For mapping nucleosome placement in this example, DNA recovered from brain
nuclei digested with OPCu was restricted with either Bsm I or BsrBI (Figure 4.5,

lanes Bsm and Bsr respectively) and hybridised to the Hind probe, (see the schematic
at the top of Figure 4.5). Fragments in lanes Bsm and Bsr (~ 0.2 to 2 kb in size) can
be used to determine the placement of positioned nucleosomes 5' and 3' of the probe,
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Fig. 4.5 Nucleosome mapping on brain nuclei using the Hind probe.

A Southern analysis of the DNA recovered from brain nuclei cut with OPCu
and then restricted with either Bsm I or with BsrBI is presented. The schematic
above the blot shows the position of the Hind probe and the restriction sites
relative to the beta-adult and epsilon globin genes. The schematic at the side of
the blot shows inferred nucleosome positions (circles), and the numbers associated
with these indicate the centre of each nucleosome, relative to the beta-adult
cap site. In this, and all subsequent figures, the nucleosome positions were inferred
using the lane representing the earliest time point in the OPCu treatment of the
nuclei. The arrows indicate the position of OPCu cleavage sites and the
fletched arrows indicate sites which were not included in the analysis because
they occur in the 'No R.E.' control. The markers are as in Figure 4.4.
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respectively. The largest band in these lanes represents the fragment created by two
restriction enzyme cuts. The other, smaller fragments in these lanes, which define
the position of an OPCu-cleavage site in linker DNA, occupy discrete positions,

indicating the presence of positioned nucleosomes in this region. The size of each of
these fragments represents the distance from an OPCu cut site in linker DNA to the

restriction enzyme site adjacent to the probe. Therefore the position of the linker
DNA either side of a nucleosome can be defined, and in this way the placement of
the centre of each positioned nucleosome can be estimated, relative to the underlying

globin DNA sequence. The schematic at the side of the blot in Figure 4.5 shows the

inferred nucleosome positions determined in this analysis.
The mapping with Bsm I shows positioning over the first intron, second exon.

and second intron. Two nucleosomes occupy positions, at 780 and 958 bp relative to

the (3a cap site, which are consistent with strong nucleosome positioning sites
identified in vitro at 775 and 979 (nucleosomes 8 and 9a, and Figure 4.16). The

analysis also reveals a positioned nucleosome on the (3A promoter (at -116). The
deduced nucleosome position centred at 569 is not included in the final summary of
the positioning data (Figure 4.15) because there is some uncertainty about it; the gap

between the two OPCU-cleavage sites is rather small (~ 155 bp).

The mapping with BsrBI reveals nucleosome placement over part of the second
intron, the third exon, and the region around the enhancer. The nucleosome

positioned at 1270 suggests that the prominent position identified in vitro at ~ 1260
(nucleosome 10b in Figure 4.16) may be occupied in brain. The nucleosome located
at ~ 1985 over the enhancer may also occupy the position identified in vitro at 1971

(nucleosome 12 in Figure 4.16). This placement is consistent with nucleosome
positioning data produced by a previous study on the enhancer in brain (Buckle et
al., 1991). Two of the positioned nucleosomes (at ~ 1358 and ~ 1740) may occupy
minor nucleosome positioning sites detected in vitro at ~ 1348 and ~ 1732 (Figure
4.16). Cleavage sites marked by a feathered arrow are ignored as they are

indistinguishable from fragments in the OPCu-cut control.
For future reference, the OPCu-cut control shows that the region probed has an

average nucleosome spacing of- 200 bp (Figure 4.4, no R.E.). The monomer, dimer
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and trimer are ~ 200, ~ 400 and ~ 600 bp.
Similar analyses were carried out in brain and red blood cells to map nucleosome

placement over the entire pA and 8 globin gene region in these tissues. The indirect

end-labelling data from all these analyses, showing the centre of nucleosome

positions, are presented in Figures 4.6 to 4.14 and the results for all the analyses are

summarised in Figures 4.15 and 4.16.

Nucleosome mapping on red blood cell nuclei with the Hind probe

Figure 4.6 reveals nucleosome placement over the same region as Figure 4.5, but
in adult red blood cells. The most obvious difference between the two tissues is the

strong OPCu cut sites over the pA promoter region, which reflect the loss of the
nucleosome positioned at ~ -116, and the consequent nuclease hypersensitivity of the

(3a promoter in this tissue where the gene has been active. It is also noticeable that
other positioned nucleosomes around the promoter appear to be disrupted, and those

remaining appear less prominent (compare nucleosome 768 in Figure 4.6 with 780 in

Figure 4.5). From the mapping with BsrBI, the enhancer also appears to exhibit

hypersensitivity to OPCu.

Nucleosome mapping on brain nuclei with the Eco probe

Figure 4.7 shows nucleosome placement, again mapped with the Eco probe, over

the 5' flanking region, the promoter and the first exon of the (3A gene in brain.

Though these data have a high background, there are clearly a number of positioned

nucleosomes, including one on the promoter, centred at —110. These data are

consistent with the nucleosome occupying the positioning site identified in vitro at
~ -139 (nucleosome 5, Figure 4.16). It is also consistent with the results of another

study on nucleosome placement on the (3A-globin gene in brain (Buckle et al., 1991).
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Fig. 4.6 Nucleosome mapping on red blood cell nuclei with
the Hind probe.
A Southern analysis of the DNA recovered from red blood cell nuclei cut with
OPCu and restricted with either Bsm I or with BsrBI. The schematic above the
blot shows the position of the Hind probe and the restriction sites relative to the
beta-adult and epsilon globin genes. The schematic at the side of the blot shows
inferred nucleosome positions (circles) and the numbers asociated with these
indicate the centre of each nucleosome relative to the beta-adult cap site. The
arrows indicate the position ofOPCu cleavage sites. Markers are as in Figure 4.4.
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Fig. 4.7 Nucleosome mapping on brain nuclei using the Eco probe.
A Southern analysis of the DNA recovered from brain nuclei cut with OPCu and
then restricted with EcoRI is presented. DNA from nuclei cut with OPCu but
not restricted is also shown. The schematic above the blot shows the position of
the Eco probe and the restriction sites relative to the beta-adult and epsilon
globin genes. The schematic at the side of the blot shows inferred nucleosome
positions (circles) and the numbers associated with these indicate the centre of
each nucleosome, relative to the beta-adult cap site. The arrows indicate the
positions of OPCu cleavage sites. The markers are as in Figure 4.4.
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Nucleosome mapping on red blood cell nuclei using the Eco probe

Figure 4.8 shows the same region as Figure 4.7, mapped with the Eco probe, in
red blood cells. As in Figure 4.6, positioned nucleosomes can no longer be detected
on or around the (3A-globin promoter. There may be a nucleosome centred at -503,
but the cleavages at the boundary are very weak. There are strong cleavage sites
within the promoter at ~ -195, — -90, and ~ 15, which reflect its nuclease

hypersensitivity.

Nucleosome mapping on brain nuclei using the Dra probe

Figure 4.9 shows the region around the enhancer in brain, mapped using the Dra

probe. The enhancer is occupied by a nucleosome positioned at ~ 1987, which is

consistent, within the limits of accuracy of the technique, with the data from Figure
4.5 where a positioned nucleosome was found at 1985. This is consistent with

occupation of the positioning site identified in vitro at ~ 1967 (12 in figure 4.16).
The nucleosomes positioned at -2195 and -2372 suggest that the sites identified in
vitro at -2215 and -2361 (13 and 13b in Figure 4.16) are occupied in brain.

Some of the fragments in Figures 4.9 are close in size to fragments in the control
where the nuclei were cut with OPCu, but not restricted. These fragments were not

eliminated from the analysis because when the same time-point in OPCu digestion is

compared for the control (middle lane, no restriction) and the restriction enzyme

sample (middle lane, Sac I), it is evident that the fragments in the restriction enzyme-

digested samples are much smaller, and they occur in a part of the gel where there is
little material in the control. Therefore, the fragments in the Sac I lanes are in fact
restriction enzyme-dependent. A similar consideration prevented the elimination of
certain fragments from the analysis of Figure 4.10 (below).
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Fig. 4.8 Nucleosome mapping on red blood cell nuclei using the
Eco probe.
A Southern analysis of the DNA recovered from red blood cell nuclei digested
with OPCu was restricted with EcoRI. The schematic above the blot shows the
position of the Eco probe and the restriction sites relative to the beta-adult and
epsilon globin genes. The schematic at the side of the blot shows inferred
nucleosome positions (circles) and the numbers associated with these indicate
the centre of each nucleosome, relative to the beta-adult cap site. The arrows
indicate the position ofOPCu cleavage sites. The markers are as in Figure 4.4.
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Fig. 4.9 Nucleosome mapping on brain nuclei using the Dra probe.

A Southern analysis of the DNA recovered from brain nuclei cut with OPCu and
then restricted with Sac I is presented. DNA from nuclei cut with OPCu but not
restricted is also shown. The schematic above the blot shows the position of the
Dra probe and the restriction sites relative to the beta-adult and epsilon globin
genes. The schematic at the side of the blot shows inferred nucleosome positions
(circles) and the numbers associated with these indicate the centre of each
nucleosome, relative to the beta-adult cap site. The arrows indicate the positions
of OPCu cleavage sites. The markers are as in Figure 4.4.
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Nucleosome mapping on red blood cell nuclei using the Dra probe

Figure 4.10 shows the enhancer region, mapped in red blood cells with the Dra

probe. The nucleosome positioned on the enhancer (nucleosome 1987 in Figure 4.9)
has been disrupted. Extra OPCu cut sites occur over the enhancer, at 2103, 2016 and

1936, reflecting its nuclease sensitivity in red blood cells. However, the nucleosome

which was positioned 3' of the enhancer in brain also occurs in red blood cells (at

-2385).

Nucleosome mapping on brain nuclei using the Bam probe

Figure 4.11 shows nuclcosome placement 5' of the 8-globin gene. The mapping
with Msc I enzyme and the Bam probe reveals a nucleosome positioned at - 3096,
which is consistent with occupation of the in vitro positioning site identified at 3080

(16, Figure 4.16). There may also be a nucleosome positioned at - 2981, but the gel
is rather smeary so it is difficult to say if there is a clear gap between the potential
nucleosome boundaries. The nucleosome positioned at - 2370 has a greater than

typical uncertainty in its position (±35 bp) than other sites, as the boundaries either
side of it are rather unclear.

The mapping with BamHI reveals nucleosomes positioned at 3780, 4210 and
4786 which may occupy positioning sites identified in vitro (nucleosomes 19b, 20b
and 4786 respectively in Figure 4.15 and 4.16).

Nucleosome mapping on red blood cell nuclei using the Bam probe

Figure 4.12 shows nucleosome placement on the same region in red blood cells.
The nucleosome positioned at 3121 in red blood cells may be the nucleosome seen

in brain at 3096. There at some differences with the map in brain, but the poor

quality of the data in brain makes it difficult to ascribe significance to these
differences.
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Fig. 4.10 Nucleosome mapping on red blood cell nuclei using
the Dra probe.
A Southern analysis of the DNA recovered from red blood cell nuclei cut with
OPCu and then restricted with Sac I is presented. DNA from nuclei, cut with
OPCu, but not restricted is also shown. The schematic above the blot shows
the position of the Dra probe and the restriction sites relative to the beta-adult
and epsilon globin genes. The schematic at the side of the blot shows inferred
nucleosome positions (circles) and the numbers associated with these indicate
the centre of each nucleosome, relative to the beta-adult cap site. The arrows
indicate the position ofOPCu cleavage sites. The markers are as in Figure 4.4.
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Fig. 4.11 Nucleosome mapping on brain nuclei using the Bam probe

A Southern analysis ofDNA recovered from brain nuclei cut with OPCu and
then restricted with either BamHI or with Msc I is presented. The schematic
above the blot shows the position of the Bam probe and the restriction sites
relative to the beta-adult and epsilon globin genes. The schematic at the side of
the blot shows inferred nucleosome positions (circles) and the numbers associated
with these indicate the centre of each nucleosome, relative to the beta-adult cap
site. The arrows indicate the positions ofOPCU cleavage sites. Markers are as
in Figure 4.4.
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Fig. 4.12 Nucleosome mapping on red blood cell nuclei using the
Bam probe
A Southern analysis ofDNA recovered from red blood cell nuclei cut with OPcu
was restricted with Msc I. The schematic above the blot shows the position of
the Bam probe and the restriction sites relative to the beta-adult and epsilon
globin genes. The schematic at the side of the blot shows inferred nucleosome
positions (circles) and the numbers associated with these indicate the centre of
the nucleosome, relative to the beta-adult cap site. The arrows indicate the
position of OPCu cleavage sites. The markers are as in Figure 4.4.
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Nucleosome mapping on red blood cell nuclei with the Eag probe

Figure 4.13 shows the location of nucleosomes around the e-globin promoter and
first exon in red blood cell nuclei, mapped using the Eag probe and EcoRI enzyme.

The nucleosome positioned on the promoter at ~ 4212 suggests that the minor
nucleosome position identified in vitro at 4237 (20b in Figure 4.16) may be occupied
in brain. The other nucleosomes positioned around the promoter do not correspond
to positions detected in vitro. Strong cutting over the enhancer, reflecting its

hypersensitivity, can also be seen. In brain, the placement of nucleosomes around the

promoter is essentially the same (data not shown). As discussed earlier for Figures
4.9 and 4.10, where the enhancer is shown at higher resolution, there are differences
around the enhancer between brain and red blood cells.

Cleavage site (1) in Figure 4.13 was eliminated from the analysis because its size
is indistinguishable from that of a fragment occurring in one of the controls. The

fragment in the control reaction, which represents a very small percentage of the
total cutting, is thought to be generated by star activity. Although the control was
more heavily digested with EcoRI than the other samples, the fragment was not

included in the analysis to err on the side of caution. A small amount of star activity
would not affect the evaluation of the other fragments in the mapping analysis.

Nucleosome mapping on brain nuclei using the Rsa probe

Figure 4.14 shows nucleosome placement in the second intron, third exon and 3'

flanking region of e, using the Rsa probe. The mapping with the BstEII enzyme

reveals four positioned nucleosomes. One of these at ~ 5281 may be occupying the

very strong nucleosome positioning site identified in vitro at 5304 (23a in Figure

4.16). The nucleosome at ~ 4924 is bracketed, as one of its boundaries may coincide
with a fragment in the OPCu-cut control. It is difficult to be certain, as the OPCu-cut

control bands are quite broad and are close to merging above 1 kb.

The mapping with Nsi I reveals four positioned nucleosomes in the region 3' of
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Fig. 4.13 Nucleosome mapping on red blood cell nuclei using
the Eag probe.
A Southern analysis of the DNA recovered from red blood cell nuclei cut with
OPCu and then restricted with Eco RI is presented. DNA from nuclei digested
with OPCu, but not restricted is also shown. The schematic above the blot shows
the position of the Eag probe and the restriction sites relative to the beta-adult
and epsilon globin genes. The schematic at the side of the blot shows inferred
nucleosome positions (circles) and the numbers associated with these indicate
the centre of each nucleosome, relative to the beta-adult cap site. The arrows
indicate the position of OPCu cleavage sites. The markers are as in Figure 4.4.
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Fig. 4.14 Nucleosome mapping on brain nuclei using the Rsa probe.
A Southern analysis of the DNA recovered from brain nuclei cut with OPCu
and then restricted with either BstEII or Nsi I is presented. The schematic above
the blot shows the position of the Rsa probe and the restriction sites relative to
the beta-adult and epsilon globin genes. The schematic at the side of the blot
shows inferred nucleosome positions (circles) and the numbers associated with
these indicate the centre of each nucleosome, relative to the beta-adult cap site.
The arrows indicate the position ofOPCu cleavage sites. The markers are as in
Figure 4.4.
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Figure 4.15 Nucleosome placement on the (3 and e globin genes in
brain and red blood cells

+ + + + + = 40 to 50 % of strongest positioning site (23b, Figure 4.16), + + + + = 30
to 40%, + + + = 20 to 30%, + + = 10 to 20% and + = 5 to 10 %.

Placement of
nucleosome in
brain

Placement of
nucleosome in
RBC

Limits of

accuracy
(bp)

Corresponding
positioning site
in vitro

Strength of
positioning
site in vitro

-302 ±20 -289 (5) + + +

-116 ±25 -139(6) + + + +

118 ±25 - -

349 ±20 - -

481 ±25 - -

780 768 ±20 775 (8) + + + +

958 ±20 979 (9a) + +

1270 ±25 1260 (10b) + + + +

1358 ±20 1348 + +

(1545) ±25 1538 + +

1740 ±25 1732 + +

1785 ±25 - -

1987 ±25 1971 (12) + +

2195 2212 ±25 2215(13) + + + +

2370 2385 ±30 2361 + +

2981 ±25 - -

3096 3121 ±20 3080(16) + + + +

3290 3300 ±20 3296 +

3482 ±20 - -

3780- ±20 3776 (19b) + + +

4010 4025 ±25 - -

4217 4212 ±25 4237 (20b) + +

4389 4403 ±25/±20 4404 +

4592 ±25 4612 (2Id) + + + +

4786 ±25 4768 + + + +

4924 4952 ±30 - -

5281 5270 ± 30/ ± 35 5304 (23a) + + + + +

5727 5734 ±20 5716/5735 + +

6000 6010 ±25 - -

6291 6289 ±25 6266 (26) + + + + +

6470 6485 ±20 6466 + +

6679 6653 ±20 6674/6659 + +

7054 7048 ±25 off end ofmap
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tothepAcapsite,ortheirnumber(inbrackets)iftheyweregivenoneforthepurposesofdiscussion,asinFigure3.14b.



site identified in vitro at 6266 (26 in Figure 4.16), as the difference between the two
sites lies just within the range of experimental error. There is some uncertainty

concerning the nucleosome positioned at 7054 because one nucleosome boundary is
rather weak, and may coincide with a fragment in the OPCu-cut control.

4.3.4 General features of nucleosome placement in brain and red

blood cells on the 8 and [3A gene region, and a comparison with
features of the in vitro nucleosome positioning map

Nucleosome placement has been mapped over most of the ~ 8 kb region

containing the |3A and e globin genes (Figures 4.15 and 4.16). Nucleosomes are

spaced by ~ 200 on these genes in adult red blood cells (Villeponteau et ah, 1992)
and in brain (this study, Figure 4.4, lane 'No RE'). Therefore ~ 40 nucleosomes

would be expected to occur across this 8 kb region. In brain, out of 40 expected

nucleosomes, mapping by indirect end-labelling has identified 29 nucleosomes as

being positioned. In red blood cells, 19 positioned nucleosomes have been identified

(Figure 4.15).
There are some interesting similarities, and differences, between nucleosome

placement in brain and red blood cells. There are fewer positioned nucleosomes
across the genes in red blood cells than in brain (Figure 4.15) because nucleosomes

around the (3A-globin promoter and the enhancer have been disrupted, due to the
recent expression of the (3A-globin gene in this tissue. However, except for this

disruption around the promoter and enhancer, the placement of nucleosomes across

the pA and 8 genes in brain and red blood cells is very similar.
Nucleosome placement in vivo can now be compared with placement in vitro

where only the DNA sequence and the core histones can influence positioning. This
has revealed the degree to which DNA sequence directs nucleosome positioning in

vivo. Nucleosome placement has been determined in vivo with an accuracy of ~ ± 20

bp (Figure 4.15), so if a position identified in vitro occurs within this range, is

suggests that the in vitro position is occupied in vivo. Due to the lower resolution of
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the end-labelling technique, it cannot be proved that this is the case, but the data are

taken as being consistent with this interpretation. Of the 29 positioned nucleosomes
in brain, 11 may occupy very strong (+ + + + +/+ + + +) and strong (+ + +)

positioning sites identified in vitro, while 8 may occupy fairly strong (+ +)

positioning sites (the definition of very strong, strong and fairly strong is given in

Figure 4.15). In red blood cells, of the 19 positioned nucleosomes, 5 may occupy

very strong and strong positioning sites, and 5 may occupy fairly strong positioning
sites (Figures 4.15 and 4.16). Therefore it could be argued that DNA sequence

makes a large contribution to nucleosome positioning in vivo. On the 4 kb region

mapped on the (3A-globin gene, there are 25 fairly strong to very strong positioning
sites in vitro. For a position in vivo to be considered to coincide with one of these

positions it would have to occur within ± 25 bp; ~ 30 % of the pA sequence is within
25 bp of a strong positioning site in vitro. Therefore, on the basis of chance, as

positioned nucleosomes in vivo are distributed fairly evenly across the pA region, it
would be expected that -30% of the sites identified in vivo on this region (~5 out of

14) would coincide with a position in vitro by probability. In fact, 11 of the
nucleosomes positioned on the gene in vivo coincide with in vitro positioning sites.

By applying the same elementary analysis, of the 14 nucleosomes positioned in vivo

on the region of e-globin gene mapped in vitro, 8 would be expected to coincide with

fairly strong to strong positioning sites identified in vitro; it is found that 9 coincide.
Therefore the nucleosomes positioned on the e-globin gene in brain coincide with

approximately the expected number of in vitro positioning sites, as expected by
chance.

Comparison of specific features of the in vivo and in vitro data, which will be
discussed in the next section, has revealed several important ways in which DNA

sequence-directed nucleosome positioning has the potential to contribute to the

regulation of (3A and e-globin gene expression.
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4.3.5 Specific features of nucleosome placement in brain and red

blood cells

4.3.5.1 Long-range patterns in the placement of nucleosomes in brain and red

blood cells

In brain

Many of the nucleosomes positioned on the (3A and e-globin genes in brain,

particularly those over the (3A gene region, appear, within the limits of resolution of
the indirect end-labelling technique, to occupy sites identified as strong positioning
sites in vitro, (Figure 4.15 and 4.16). Therefore, many of the strong positioning sites

identified in vitro, particularly those over the pA gene region which exhibit a 200 bp

periodicity, are employed in vivo in the brain, where the nucleosome spacing is ~

200 bp. This agrees with the proposal made in chapter three, that the regular

distribution of strong positioning sites over the pA and e gene in vitro could facilitate
the packaging of the gene in vivo into an inactive higher order chromatin structure.

On the e-globin gene fewer of the most prominent positioning sites are used in

brain. These prominent sites are spaced by 177 and 186 bp, whilst the average

nucleosome spacing in brain is -200 bp, so optimal occupation of the majority of
these strong positioning sites may be incompatible with the nucleosome density in
this tissue.

In red blood cells

The placement of positioned nucleosomes over the (3A and e gene region in red
blood cells is very similar to that seen brain, except for some disruption around the

promoter of the beta-adult gene and the enhancer. Many of the nucleosome

positioning sites occupied in brain also seem to be occupied in red blood cells,

allowing for the resolution of the mapping technique (Figure 4.15). The periodicity
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20b
(4237)

Spl/
CACCC

CCAAT Spl TATA/
GATA

4150 4175

Spl & chicken EKLF .

CTTGGCTGCTGCCACACCCCTGACCACCCCCTCCTGCCCTCCAGCACAAAC

Spl/ CACCC

4200 4225

Spl
CCCCACACATCCCAGCCAATCGACCCCACAGCGTGGGGTGGGGAGGAGCTG

CCAAT Spl

4250 4275
GATA 1 & TFHD .

TCAGCGGTGGATAAAAGCCCCGGGGGTCCGCAGCTCCGCTC
GATA/ TATA

Fig. 4.17 Nucleosome positioning over the 8 globin promoter
in brain and red blood cells
The positioned nucleosome on the promoter in vivo may occupy the positioning
site identified in vitro at 4237 (20b in Figure 3.14a) relative to the beta-adult cap
site. The schematic at the top of this Figure indicates the postion occupied by
nucleosome 20b relative to the transcription factor binding sites within the
promoter. The sequence of the epsilon globin promoter is shown below this.
Sequence motifs shown to be important to s globin expression by mutational
analysis are indicated. Underlines indicate the extent of the footprint at these
motifs in extracts from primitive and definitive red blood cells. Names above
the line indicate protein factors thought to bind the recognition sites (Mason et
al., 1996). The arrow indicates the transcription start.
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is less marked than in brain, as disruption of the pattern occurs around the regulatory

regions of the beta-adult gene; the promoter region (from ~ -250 to -150 base pairs)
and enhancer (~ 1820 to 2050 base pairs) do not contain positioned nucleosomes,
and show increased sensitivity to cuprous phenanthroline.

4.3.5.2 Nucleosome positioning over the e-globin promoter

A positioned nucleosome occurs on the e-globin promoter in vivo in adult red
blood cell nuclei and in brain nuclei at - 4212 (Figure 4.13). This is consistent with
it occupying the positioning site determined accurately in vitro at 4237 (nucleosome
20b in Figure 4.16). Due to the low resolution of the indirect end-labelling

technique, it cannot be stated categorically that the nucleosome in vivo occupies this

position, but the data are taken as consistent with this interpretation. The possibility
exists that the nucleosome occupies a site equivalent to the much weaker positioning

site identified in vitro at 4178. The placement of these nucleosomes relative to the

transcription factor binding sites in the promoter is shown in Figure 4.17.

4.3.5.3 Distribution of nucleosomes between introns, exons and flanking regions

Nucleosome placement on the (3A-globin gene in brain and red blood cells (Figure

4.16), reveals that positioned nucleosomes in vivo occur in introns and flanking

regions, but are generally absent from the coding regions.

On the e-globin gene, nucleosomes are positioned within introns, exons and

flanking regions in vivo. Figure 4.18 summarises the nucleosome positions occurring
within the exons of the beta-adult and epsilon genes.

4.3.5.4 Nucleosome positioning at splice sites

Theoretical prediction of nucleosomal positioning at eukaryotic splice sites,

relying upon the characteristic -10 bp periodicity of AA(TT) nucleotides in
nucleosomal DNA, has suggested that these splice junctions are preferentially
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Gene Position of
Exon

Nearest
nucleosome

dyad in red
blood cells

Nucleosome

dyad in brain
Corresponding
nucleosome in

vitro

Beta-adult 4 to 162 - - -

265 to 487 481 349 -

1290 to 1508 - 1270 (weak) 1260

Epsilon 4292 to 4428 4403 4389 4404 (very minor
position)

4537 to 4759 Undetermined 4592 4612

5733 to 5908 5734 5727 5716 or 5735

Figure 4.18 Nucleosome positioning over the exons of the beta-adult
and epsilon globin genes.

The second column (from the left) shows the boundaries of the exon. Columns

three and four show the actual nucleosome positions determined in vivo in red blood
cells and brain. Column 5 gives the in vitro nucleosome positioning site to which the

position occupied in vivo may correspond; where two in vitro positions are given, the

resolution of the mapping technique used in vivo means the data are consistent with
either of the sites being occupied. All positions are given relative to the beta-adult

cap site.
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located within a few (+/- 15) bp of the nucleosome dyad axis (Denisov et al., 1997).
The results in brain and in red blood cells (summarised in Figure 4.19) suggest that

positioning signals at splice junctions do not make an important contribution to

nucleosome positioning on epsilon and beta-adult globin in vivo. Of the eight splice
sites in brain and red blood cells, only three may have a nucleosome positioned at

the predicted place.

In brain, there are no nucleosomes positioned with their dyads close (±35 bp) to
the splice sites at 173, 263, 488, 4429 and 4535 . In red blood cells, there are no

nucleosomes positioned at the splice sites at 173, 263, 1296, or 4760. The
nucleosome at 481 in red blood cells may have its dyad at the splice site at 488

(within the limits of accuracy of the in vivo mapping technique). The nucleosome

mapped at 1270 in brain could, within the limits of accuracy of the technique (+/- 25

bps), have its dyad close to the splice site, but if it corresponds to the nucleosome

positioning site at 1260 determined in vitro, then its dyad is more distant from the

splice site than predicted. The nucleosome positioned at 4403 in red blood cells
could be located close to the splice site at 4429 The dyad of the nucleosome at 4786

in brain could potentially be close to the splice site at 4760. The dyad of the
nucleosome mapped at 5727 in brain (Figure 4.14) and 5734 in red blood cells

(Figure 4.15, data not shown) may have its dyad at the splice site at 5731. If this
nucleosome corresponds to the nucleosome mapped in vitro at 5716, then its dyad
does indeed lie close to the splice site.
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Junction

(position of
AG or GT)

Closest
nucleosome

position in
brain

Closest
nucleosome

position in
RBC

Corresponding
nucleosome

position in
vitro

AA or TT at

splice site?

173 None None None tggccaggtnggt

263 349 None None atctctctacaggct

488 None 481 (weak) None ttcagggtgagat

1296 1270 (weak) None 1260 ttcccacagctcct

4429 4389 4403 4404 (Very
minor)

ccctggccaggtagg

4535 4592 N/A 4534 ccctctgcaggc

4760 4786 None 4768 ttcagggtgaga

5731 5727 5734 5716 or 5735 tttctcctgcagct

Figure 4.19 Nucleosome positioning at splice sites in brain and red
blood cells

The first column (from the left) indicates the predicted position of the nucleosome at
the splice site according to Denisov et al., 1997. Columns two and three show the
actual nucleosome positions determined in vivo in brain and red blood cells. Column
four gives the in vitro nucleosome positioning site to which the position occupied in
vivo may correspond; where two in vitro positions are given, the resolution of the
mapping technique used in vivo means the data is consistent with either of the sites
being occupied. The fifth column indicates the presence at the splice site of an AA or
TT dinucleotide, which is thought to contribute to the positioning signal.
All positions are given relative to the beta-adult cap site.
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4.4 DISCUSSION

4.4.1 General features of nucleosome placement in brain and red

blood cells

Nucleosome placement has been mapped over most of the ~ 8 kb region

containing the pA and e-globin genes (Figures 4.15 and 4.16). Nucleosome

placement appears to be very similar in brain and red blood cell nuclei. A few

differences exist because of the disruption of nucleosomes around the pA promoter

and the enhancer in red blood cells, which was required for the recent expression of

the pA gene in this tissue. Disruption of nucleosomes on the pA promoter and
enhancer precedes gene expression and ensures that transcription factor binding sites
are accessible (reviewed in Wolffe, 1992); this is a feature common to many poised
and active genes (Felsenfeld, 1992).

Differences in nucleosome placement between the two tissues could be due to

factors such as the presence of different transcription factors, and modifications to

the histones (for example, acetylation). In brain, a non-erythroid tissue, the globin

genes are inactive, and the chromatin domain which contains them is thought to be

packaged into an inaccessible higher order structure, because the DNA is resistant to
nucleases and hypermethylated (Wood and Felsenfeld, 1982; Mandel and Chambon,

1979). By contrast, in adult circulating red blood cells, transcription has almost

completely ceased, but the pA-globin gene has been recently transcribed and the

globin domain retains the characteristics of active chromatin, such as nuclease

sensitivity (Mathis et al., 1980; Bellard et al., 1980). The hypersensitive site on the

pA-globin promoter and the enhancer is indicative of nucleosome disruption, a

common feature of the regulatory elements of poised or transcribed genes (reviewed
in Felsenfeld, 1992). Various mechanisms for the disruption of nucleosomes on

regulatory elements have been proposed. These include displacement of
nucleosomes by the binding of transcription factors (reviewed in Felsenfeld, 1992).
It has been suggested that the stage-specific factors NFE-4 and BGP1 may facilitate
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the removal of the nucleosome on the beta-adult promoter (Buckle et ah, 1991).

Hyperacetylation, which is a feature of the chromatin in erythroid cells (Hebbes et

al., 1994 and references therein), may destabilise nucleosomes and enhance the

accessibility of DNA bound by nucleosomes to transcription factors (Wolffe, 1997;
Wade et al., 1997; Wolffe and Hayes, 1999). HMG14/17, which are preferentially
associated with the active globin domain in erythroid cells (Postnikov et al., 1991),
are thought to interfere with linker histone binding (Alfonso et al., 1994), which in

turn could increase nucleosome mobility and facilitate transcription factor access

(Meersseman et al., 1992; reviewed in Wolffe et al., 1997).

The similarity in nucleosome positioning would be created by features shared by
the two tissues. The average nucleosome spacing is the same, ~ 200 bp, in brain (this

study, Figure 4.4) and adult red blood cells (Villeponteau et al., 1992). This has the

potential to influence nucleosome positioning, as discussed in section 3.6.4. If
nucleosomes were positioned with respect to a 'boundary' in some regions of the

globin gene, then a defined nucleosome spacing would influence where the other

nucleosomes were positioned. Various elements have been suggested to act as a

'boundary'; DNase I hypersensitive sites, proteins and other positioned nucleosomes

(reviewed in Thoma, 1992). The DNA sequence, of course, is common to both

tissues, and its influence has been investigated in this study.
One major aim of this study was to map nucleosome placement on the 8 and (3A-

globin genes in vivo, so that a comparison could be made with the nucleosome

positioning data obtained in vitro from the same region (this study and Davey et al.,

1995). This comparison of the in vitro and in vivo nucleosome positioning data has
revealed the extent to which DNA sequence directs nucleosome positioning in brain
and adult red blood cells in vivo. Previous studies have shown that DNA sequence

directs the positioning of a subset of nucleosomes within the genome, and that these
can play an important role in regulating gene expression (reviewed in Simpson,

1990; Thoma, 1992). A more recent example is the study on the Xenopus 5S rRNA

genes. Differences in sequence-directed nucleosome positioning on the oocyte and
somatic 5S rRNA genes are thought to be responsible for the different

developmental expression of these two genes (Panetta et al., 1998). Another recent
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example is the rat protamine 1 gene, where a nucleosome positioned on the promoter
in vivo coincides with a positioning site identified in vitro that may contribute to

repression of the gene (Adroer et ah, 1998).
The role ofDNA sequence in phasing nucleosomes over a long stretch ofDNA,

however, is more contentious. Liu and Stein (1997) observed that similar arrays

formed on a random selection of 2 or 10 kb chicken DNA fragments in vitro and in

vivo, which would indicate that DNA sequence was responsible for setting up the

array. On one fragment they suggested that two positioned nucleosomes, 1000 bp

apart, created a phased array of nucleosomes between them in the presence of linker
histone. By contrast, Blank and Becker (1996) argue that DNA sequence is
subordinate to other factors in determining nucleosome spacing, and its role is
limited to 'fine-tuning' nucleosome positions within a repeat pattern established by
other principles. They reconstituted nucleosomes onto artificial DNA containing a

strong nucleosome positioning signal, repeated at regular intervals of 172 or 208 bp,

from Lytechinus variegatus. They demonstrated that nucleosome spacing was

independent of the spacing of the positioning signal, and that it was determined by
electrostatic principles. However, the mechanism of array formation in the

Drosophila extract used may be rather different, to accommodate the rapid DNA

replication and chromatin assembly which occurs in the developing fly. Therefore,
this extract may not be representative of cells in general (Liu and Stein, 1997)

My study is important in assessing the contribution of DNA sequence to

nucleosome positioning in vivo, because it is unique in comparing nucleosome

placement on a long (~ 8 kb) stretch of a naturally occurring DNA sequence.

Previous attempts have been made to assess the extent to which the DNA sequence

contributes to its own packaging and these suggest that 95% of the genome has an

affinity for DNA which is no higher than randomly synthesised DNA (Lowary and

Widom, 1997). The data from the present study provides an opportunity to analyse
how DNA sequence contributes to nucleosome positioning on an 8 kb region

containing two genes which show tissue-specific and developmentally regulated

expression.

Comparison of specific aspects of the in vivo and in vitro data, which will be
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discussed in greater detail in the next section, reveals that DNA sequence contributes

to nucleosome positioning on the pA and e genes, and thereby has the potential to

regulate their expression. For example, the in vivo and in vitro data have raised the

possibility that the DNA sequence is not limited to a role in 'fine tuning'

nucleosome positions. Instead, the conditions in cells are altered so that DNA

sequence is predominant in some tissues and subordinate in others, so that positional
information in the DNA sequence is used in a flexible and dynamic way. In addition,

short-range features of the map, like positioning over promoters, reveal the potential
role played by sequence-encoded positional information in determining local
chromatin architecture and thereby influencing transcription factor access to the
DNA. Furthermore, the distribution of strong positioning sites between the introns,

exons and flanking regions provides some clues about the way DNA sequence

accommodates its different roles, which include being transcribed, replicated,

providing information for splicing, coding for the globin proteins and generating
chromatin structure.

4.4.2 Specific features of nucleosome placement in brain and red

blood cells

4.4.2.1 Long-range patterns in the placement of positioned

nucleosomes

The data presented here shows that many of the strong positioning sites

identified in vitro on the (3A gene region, which exhibit a 200 bp periodicity (Davey
et ah, 1995), appear to be occupied in vivo (Figures 4.15 and 4.16). This agrees with
the proposal that sequence-directed nucleosome positioning leads to a regular

distribution of nucleosomes over the (3A gene which facilitates the packaging of the

gene in brain and adult red blood cells into an inactive higher order chromatin
structure.

By contrast, only a few of the strongest in vitro positioning sites on the e-globin
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gene region appear to be occupied in brain and adult red blood cells (Figures 4.15
and 4.16). These strong in vitro positioning sites on epsilon globin have a 177 and

186 bp periodicity (this study, chapter 3, Figure 3.15), so occupation of these sites in

brain and red blood cells is not so compatible with the average 200 bp spacing

(Villeponteau et al., 1992; Sun et al., 1986) which is observed in these tissues. This

suggests that the positional information encoded within the 8-globin gene sequence

is subordinate in brain and red blood cells to other determinants of nucleosome

positioning. The nucleosome spacing observed in vivo in definitive (12-day)

erythroid cells is ~ 180 bp (Villeponteau et al, 1992); this spacing would be more

compatible with the optimal occupation of the strong positioning sites identified in

vitro on e-globin. It would be interesting to investigate whether more of the strong in

vitro positioning sites are in fact occupied in 8-day red blood cells, where epsilon

globin is inactive. If this were the case, then the sequence-encoded information
would have the potential to create a regular nucleosomal array across the e-globin

gene, which could have the capacity to facilitate its packaging into an inactive higher
order structure at that developmental stage.

In summary, the nucleosome spacing observed in definitive erythroid cells where

the e-globin gene is inactive, and (3A-globin active, is more compatible with optimal

occupation of the strong positioning sites identified in vitro on the e-globin gene,

and less compatible with optimal occupation of the strong in vitro positioning sites

on pA-globin. The nucleosome spacing observed in adult red blood cells and brain,

where (3A-globin is inactive, is more compatible with optimal occupation of the

strong positioning sites identified in vitro on the (3A-globin gene, and in fact many of
these in vitro positioning sites do appear to be occupied in these tissues (Figures 4.15
and 4.16). By contrast, the nucleosome spacing observed in brain and red blood cells
is less compatible with optimal occupation of the strong in vitro positioning sites

identified on the e-globin gene, and it does indeed appear that only a few of the

strongest in vitro positioning sites are occupied in these tissues. Optimal occupation
of the strong positioning sites which occur with a regular spacing may favour the
formation of a regular nucleosome array. Therefore, the periodicity of strong
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nucleosome positioning sequences on the globin genes is such that it appears to

facilitate formation of regular nucleosome arrays on e-globin at day 12 in

development when e-globin is inactive, and [3A active, whilst regular array formation

is facilitated on (3A at a later stage in development, when (3A is inactive.
The increase in nucleosome spacing on the globin genes, in combination with the

difference in spacing of the nucleosome positioning sequences on the embryonic and
adult genes, may create an array of strongly positioned nucleosomes on the two

genes at different developmental stages. What functional consequence might this
have? Others have hypothesised that differences in nucleosome spacing on the

globin genes may lead to distinctive higher order structures (Liu et al., 1993; Evans
et al., 1990) The sequence-directed formation of nucleosome arrays at different

stages could in turn facilitate the folding of the pA and e-globin genes into a more

stable higher order structure at different times in development. It has been proposed
that a regular array of positioned nucleosomes would form a more stable higher
order higher order structure because a regular linker length allows a regular higher
order structure to be formed with more extensive internucleosome contacts than in

an irregular structure (reviewed in Ramakrishnan et al., 1997). Gene expression is

thought to take place in the context of a higher order structure with only transient

unfolding during transcription itself (Andersson et al., 1982; Ericsson et al., 1990).
Therefore a less stable higher order structure would facilitate the unfolding of active

genes, and a more stable higher order structure created by an array of positioned
nucleosomes would reinforce the repression of an inactive gene. It is also possible

that the difference in spacing of nucleosome positioning sequences on the (fA and e-

globin genes has further significance. With the current level of understanding, it is
uncertain what structural and functional differences in chromatin structure there

might be between nucleosomal arrays with repeat lengths of 180 or 200 bp. It is

possible that nucleosome spacing could affect the stability of the higher order
structure formed; for example, it was suggested that one of the models proposed for

higher order chromatin structure could not accommodate nucleosomes spaced at 163
to 176 bp intervals (Butler, 1984). Until the nature of the higher order structure is
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better defined it is uncertain whether the there is a significant difference between

arrays with nucleosomes spaced at 186 and 200 bp.
In summary, these data have led to the hypothesis that certain conditions, such as

nucleosome density, differ between different cell types, so that DNA sequence is

predominant in some cell types and subordinate in others. The in vitro positioning
sites can be considered as the 'default' positions, and other factors in vivo modulate
the recognition and interpretation of the positioning information in the globin DNA

sequence. In this way, the positional information in the DNA sequence is used in a

flexible and dynamic way to influence the higher order chromatin structure of the

globin genes, and thereby control their expression.

4.4.2.2 Nucleosome positioning on the epsilon promoter

Globin gene expression is tissue-specific, and the expression of individual genes
is restricted to specific times during development. The data presented here show that
there is a positioned nucleosome on the epsilon globin promoter which could

potentially contribute to the tissue-specific and temporal regulation of the epsilon

globin gene. This positioned nucleosome occurs on the epsilon promoter in vivo in
adult RBC and in brain at ~ 4212 (Figure 4.13), which is consistent with it

occupying the positioning site determined accurately in vitro at 4237 (20b in Figure

4.16). This nucleosome would occlude the Spl recognition site (located within a few
base pairs of the dyad), the CCAAT site (~ 20 bp from dyad), and the GATA and

TATA motifs (~25 bp from dyad). These sites are involved in activating epsilon in
the presence and absence of the enhancer. The Spl/CACCC site would lie right at
the boundary of this nucleosome; these sites are required for interaction with the
enhancer (Figure 4.17). Many DNA elements and transcription factors, in addition to

those above, are involved in regulating epsilon, and the influence of a positioned
nucleosome must be understood within this context.

In erythroid tissues where globin genes are expressed, the globin gene cluster is
contained within a 30 kb domain which exhibits many of the modifications
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associated with active chromatin, such as hyperacetylation (Hebbes et ah, 1994),

sensitivity to nucleases (Stalder et ah, 1980; Hebbes et ah, 1994) and

hypersensitivity to nucleases (reviewed in Wolffe, 1992). In non-erythroid tissues,
the domain is highly methylated (Mandel and Chambon, 1979), and more resistant to

nucleases than in its active state (Wood and Felsenfeld, 1982). The positioned
nucleosome has the potential to play a repressive role in non-erythroid cells, because
it is located over a number of the important transcription factor binding sites, so it
has the capacity to restrict the binding of transcription factors necessary for gene

expression. Many other factors, such as methylation (Mandel and Chambon, 1979),
loss of nuclease sensitivity (Wood and Felsenfeld, 1982), hypoacetylation and loss of

nuclease hypersensitivity at promoters, the enhancer and upstream sites correlate

with inactivation of the globin gene cluster (reviewed in Wolffe, 1992), but the

positioned nucleosome may still make a contribution. GATA 1 is a tissue-specific

transcription factor, more or less restricted to the erythroid lineage (reviewed in

Orkin, 1995), therefore reduced occupancy of the GATA site could aid the formation
of a positioned nucleosome on the epsilon promoter which would in turn occlude the

binding sites of ubiquitous transcription factors like Sp 1.

There is strong evidence to suggest that the temporal control of the epsilon and

beta-adult genes is effected by a mutually exclusive competition between these genes

for interaction with their shared enhancer (Choi and Engel, 1988; Foley and Engel,

1992). Epsilon competes more effectively for the shared enhancer in 5 day

(primitive) red blood cells, so that it is expressed whilst beta-adult is silent; at about
8 days in development, a shift in the relative stabilities of the promoter-enhancer

complexes occurs, and epsilon expression decreases whilst beta-adult is upregulated,
until in 12-day (definitive) red blood cells, epsilon is fully silenced.

The competition model for globin gene switching described above suggests

transcription factors which bind the promoter and interact with proteins bound at the
enhancer will decide the relative stability of the epsilon promoter-enhancer
interaction and the beta-adult promoter-enhancer interaction, and thereby regulate

temporal expression of these genes. Positioned nucleosomes which regulate the
access of these transcription factors to the DNA could potentially play a role in
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globin gene switching. Many of the studies carried out on the developmental

regulation of (3A and e-globin (for example, Foley and Engel, 1992) have involved
transient transfections, where the mechanism of switching will take place in the
absence of a proper chromatin structure. Researchers have suggested that the binding

of the stage-specific factors NFE-4 and (3CTF to the beta-adult promoter, and their
interaction with proteins at the enhancer in definitive red-blood cells is the decisive
factor in beta-adult/epsilon switching (Gallarda et al., 1989). Elowever, it was

suggested that chromatin structure, which was not considered in their study, could
still play a role (Foley and Engel, 1992). In agreement with this, it was proposed that
the precisely positioned nucleosome on the beta-adult promoter which occludes most
of the important transcription factor binding sites could be displaced by the binding
ofNFE-4 (Buckle et al., 1991).

A decrease in the stability of the epsilon promoter-enhancer interaction may also
contribute in the switch from epsilon to beta-adult expression; enhancement of

epsilon expression in a construct containing the enhancer and epsilon is only 10-fold
less in definitive cells than primitive cells (Mason et al., 1996). No stage-specific
factors have been identified on the epsilon promoter, but changes in the levels of non

stage-specific factors may influence switching; GATA 1 and Spl levels are higher in

primitive than definitive cells (Minie et al., 1992) whilst GATA 3 is higher in

definitive cells (Leonard et al., 1993). It has been proposed that the presence of
GATA 1 at the enhancer increases the stability of its interaction with the epsilon

promoter, whilst GATA 3 at the enhancer stabilises its interaction with the beta-
adult promoter. The decrease in GATA 1 levels could also affect the occupancy of
the GATA site on the epsilon promoter. The nucleosome positioned on the epsilon

promoter in red blood cells and brain which was revealed by this study occludes this
GATA 1 / TATA site and most of the major transcription factor binding sites (the

Spl site at 4234 and the CCAAT site), (Figure 4.17). As GATA 1 and Spl levels are

lower in definitive red blood cells, it is possible that this allows nucleosomes to

compete more effectively with transcription factors for binding sites on the

promoter, resulting in a positioned nucleosome on the epsilon promoter which
restricts the access of the remaining GATA 1, Spl and also chicken EKLF, and other
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transcription factors. In this way, the nucleosome on the epsilon promoter could
make a contribution to repressing epsilon transcription in definitive cells.

The precise positioning of the nucleosome may also be important for the
activation of epsilon globin in primitive cells. Studies have suggested that an active

promoter conformation may be achieved in several ways; competition between

transcription factors and nucleosomes for binding sites on the promoter following

replication may lead to the loss, rearrangement or repositioning of nucleosomes.

Alternatively, some transcription factors bind to recognition sites within

nucleosomes, leading to rearrangement or displacement of the nucleosome, allowing
other transcription factors to bind subsequently. The mechanisms which activate the

epsilon promoter are uncertain, but the data here allow speculations to be made. The

occupancy of the GATA/TATA site by GATA 1 in erythroid cells may help

displace/rearrange the nucleosome. GATA 1 is capable of accessing a site in
nucleosomal DNA, and 3 GATA sites within a nucleosome have been shown to be

capable of causing nucleosome rearrangement (Boyes et al., 1998). There is only one

GATA site at the epsilon promoter, but it is possible that it could interact with other

proteins bound at the epsilon promoter to alter nucleosome structure. It is interesting
that the CACCC site, which appears to be important in the promoter-enhancer
interaction (Mason et al., 1996), occurs right at the nucleosome boundary. It would

be interesting to investigate whether the interaction of the EKLF-related protein and

Spl at this site, with a protein at the CCAAT or GATA site could affect the stability
of the positioned nucleosome. By contrast, a similar mechanism involving GATA1

could not remove the positioned nucleosome from the beta-adult promoter as the

GATA site on this promoter occurs in the linker DNA outside the positioned

nucleosome.

4.4.3 Distribution of nucleosomes between introns, exons and

flanking regions

The nucleosome positioning maps of the beta-adult gene in brain and red blood
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cells reveal that positioned nucleosomes in vivo occur in introns and flanking

regions, but are less frequent than expected in the coding regions. This may result

partly from an incompatibility between the sequence requirements for coding and
nucleosome positioning, as discussed in section 3.4.4. However, the other

determinants of nucleosome positioning which operate in vivo have also failed to

create positioned nucleosomes on the exons. The presence of nucleosomes on the

introns, however, shows its recent transcription has not substantially disrupted
nucleosome positioning on the beta-adult gene. This agrees with previous work
which suggested that any unfolding of the globin genes for transcription is only
transient (Andersson et al., 1982; Ericsson et ah, 1990;). The restriction of strong

positioning sites to the introns and flanking regions may enable the beta-adult gene
to accommodate its roles in creating chromatin structure and encoding the globin

protein. It has been proposed previously that introns and flanking regions may play a

role as chromatin organisers (Zuckerandl, 1991; 1997). Expression of certain

transgenes without introns in mice has resulted in reduced levels of expression,

possibly due to a disruption in the chromatin structure of the gene (Liu et al., 1995).
On the epsilon globin gene, nucleosomes are positioned within introns, exons

and flanking regions. The epsilon globin gene also showed a lower-than-expected
occurrence of nucleosomes on exons in vitro, but other determinants of nucleosome

positioning which operate in vivo have created positioned nucleosomes.

4.4.4 Nucleosome placement over splice sites

Theoretical prediction of nucleosome positioning has suggested that splice

junctions are preferentially located within a few (+/- 10) base pairs of the
nucleosome dyad axis, and that part of the splice site consensus forms this

positioning signal (Denisov et al., 1997).
The data presented here indicates that positioning signals at splice junctions do

not make an important contribution to nucleosome positioning on epsilon and beta-
adult globin brain and red blood cells. It has been proposed that a single motif like
the splice-site signal is rarely the major factor in sequence-directed nucleosome
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positioning; in general, multiple sequence elements in the DNA wrapped around the
nucleosome make an additive contribution (Thoma, 1992), and furthermore in vivo

many other factors can modulate nucleosome positioning .
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Thesis: Final Perspective

Nucleosome placement has now been mapped over ~ 8kb of the chicken |3A and e-

globin gene region in vitro and in vivo, in brain and red blood cells (this study, and

Davey et al., 1995). These data were gathered to answer three main questions. Firstly, to
define what DNA sequence patterns played a role in nucleosome positioning. Secondly,
to determine what contribution DNA sequence made to nucleosome positioning on the

globin genes. Thirdly, to elucidate the role played by nucleosome positioning and, in

particular, by sequence-directed nucleosome positioning, in regulating globin gene

expression.
The in vitro nucleosome positioning data generated in this study can be used to

determine which sequence patterns contribute to nucleosome positioning. A limited

analysis has been carried out thus far, searching the strongest nucleosome positioning

sequences for a number of sequence patterns which previous studies have suggested as

nucleosome positioning signals. In the future, the nucleosome positioning data from the

8 globin gene (this study), will be combined with data from the (3A-globin gene region

(Davey et al., 1995) and data from the p-lactoglobulin gene, which is currently being

mapped in this laboratory. This will produce a database of approximately 18,000

nucleosome positioning sequences. This will be superior to those in the literature (for

example, Satchwell et al., 1986; Ulyanov et al., 1995; Ioshikhes et al., 1993), because it
is much larger, the nucleosome positions are all mapped at high resolution, and the
relative binding affinities are known, so that a 'weighting' can be applied for the patterns
found in stronger positioning sites. This database can be searched for sequences which
have been suggested to contribute to nucleosome positioning by previous studies

(Satchwell et al, 1986; Ulyanov & Stormo; 1995; Godde et al., 1996; Ioshikhes et al.,

1996; Wang et al., 1996; Widlund et al., 1997; Lowary and Widom, 1998). It can be

analysed for novel positioning signals by techniques such as multiple alignment

algorithms (Ioshikhes et al., 1996), multi-alphabet consensus algorithms (Ulyanov and
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Stormo, 1995), hidden Markov models (Baldi et al., 1996), or other computational

methods.

Numerous studies have shown that DNA sequence may make an important

contribution to nucleosome positioning in vivo (reviewed in Thoma et al., 1992;

Simpson et al., 1990; Butinelli et al., 1993). Nucleosome placement on the (3A and e-

globin gene region has been compared in vivo and in vitro to elucidate the role played by
DNA sequence in directing nucleosome positioning in vivo. This has revealed that many

of the strongest nucleosome positioning sites identified in vitro on the |3A globin gene

region, and a smaller number of strong positioning sites on the e-globin gene region,

appear to be occupied in brain and red blood cells (Figure 4.15). To quantify the
contribution made, future experiments could use competitive reconstitution (Shrader and

Crothers, 1989) to calculate the free energy of nucleosome formation for some of the

some the nucleosome positions on the pA and 8 globin genes, so that the relative
affinities over the entire region (I am assuming my scale is linear) can be expressed as

AG for nucleosome formation. It has been demonstrated that, in some cases at least,

manipulating the DNA sequence to cause relatively small differences in AG for
nucleosome formation (of -0.4 kcal/mol) was sufficient to cause changes in rotational
or translational positioning (Butinelli et al., 1995).

Comparison of nucleosome positioning in vitro and in vivo reveals that a number of

nucleosomes on (3A and e globin genes are unlikely to be determined by the DNA

sequence. Comparison of positioning in brain and red blood cells also suggests that
certain differences between the two cell types are capable of modulating whether
nucleosome positioning signals in the DNA sequence are used to position nucleosomes
or not. In red blood cells, the DNA is hypomethylated, the chromatin is hyperacetylated
and associated with HMG14/17, and the globin domain has a more open chromatin

structure, whilst in brain the chromatin domain has a more closed structure, and the

DNA is hypermethylated and the core histones are hypoacetylated. The differences
between brain and red blood cell which have the potential to influence chromatin
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structure include greater methylation of the DNA (Davey et al., 1997), the presence of
linker histone (reviewed in Wolffe et al., 1997), the presence ofHMG proteins (Alfonso
et al., 1994), hyperacetylation of the core histones (Wolffe et al., 1997), the presence of

cell-specific transcription factors and the presence of DNase hypersensitive sites, other

positioned nucleosomes, and proteins that act as boundary elements (reviewed in Thoma
et al., 1992). The influence of some of these factors, such as the presence of linker

histone, acetylation of the core histones and methylation of the DNA on nucleosome

positioning can be studied in vitro, using monomer DNA extension. For example, it has
been demonstrated that methylation of the (3A-globin promoter greatly reduces the
relative strength of one particular nucleosome positioning sequence (Davey et al., 1997).
It is possible to study the influence of non-histone proteins, such as HMG's or

transcription factors, on nucleosome positioning in vitro (Panetta et al., 1998).
In brain and red blood cells, the nucleosome density on the DNA, a determinant of

the nucleosome repeat length, is very similar. However, nucleosome repeat length on the

globin genes varies during development; for example it is shorter in primitive (5-day)

reticulocytes than in mature (19-day) and adult erythrocytes. Therefore, nucleosome

density may cause differences in nucleosome positioning between erythroid cells at

different stages in development. For example, strong positioning sites have been

identified in vitro at 186 bp intervals on the e-globin gene. In 8 day red blood cells,

where a nucleosome spacing of - 180 bp is observed (Villeponteau et al., 1992), it would
be possible for these strong in vitro positioning sites to be occupied. By contrast, in adult
red blood cells, where the observed nucleosome spacing is 200 bp (Villeponteau et al.,

1992), the nucleosome density is not compatible with an array of positioned
nucleosomes occupying these sites. Therefore, it can be hypothesised that a small
increase in nucleosome density could radically alter the pattern of nucleosome

positioning. Using the in vitro positioning map for the (3A and e-globin genes which
shows the relative strength of all potential nucleosome positioning sequences, a

prediction of nucleosome positioning over the two genes for a given nucleosome repeat
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length could be made, based on an optimisation of the free energy for the formation of
the array of positioned nucleosomes.

This study on nucleosome placement has revealed additional ways in which
chromatin structure could potentially contribute to regulating expression of the globin

genes. Previous studies have demonstrated that the globin genes are expressed only in

erythroid cells, and the individual genes are expressed at specific times in development

(Orkin, 1990; Orkin 1996; Felsenfeld, 1993). The activation of the chicken globin genes

in erythroid cells is preceded by the formation of a more 'open' chromatin structure on

the domain which encompasses the (3-globin cluster, as indicated by the increased
nuclease sensitivity of the globin genes in erythroid tissues. This 'opening up' of the
domain plays the crucial role in controlling the erythroid specificity of globin expression

(Felsenfeld, 1993). The positioned nucleosome found on the e-globin promoter in brain,

however, which occludes the major ubiquitous and erythroid-specific transcription
factors could still reinforce repression in non-erythroid cells. My data also reveal a

second way in which DNA-sequence directed nucleosome positioning could contribute

to erythroid specificity. The DNA sequence of the (3A-globin gene directs the formation
of a regular nucleosome array on the gene which could facilitate its packaging into a

higher order chromatin structure in inactive tissues like brain (Davey et al., 1995). Since
these nucleosome positioning signals reside primarily in the introns and flanking regions,
it would be intriguing to see if a stably transfected copy of the gene without introns
would show a different pattern of tissue-specific expression.

Previous work has demonstrated that the stage-specific regulation of the genes is

regulated by the interaction of enhancer elements with individual globin promoters,

which involves changes in chromatin structure and binding of transcription factors at

these regulatory elements (Orkin, 1995; Felsenfeld, 1993). It has been proposed that

temporal expression of the (3A and e-globin genes is regulated by competition for their
shared enhancer (Choi and Engel, 1988; Foley and Engel, 1992). This competition is
influenced by the relative stabilities of the promoter-enhancer complexes, and it is
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thought to play a decisive role in controlling the switch in expression from e to (3A which
occurs at ~ day eight in development. The promoter-enhancer stability, and therefore the

switch, is influenced by the binding of stage-specific transcription factors such as NFE-4

to the pA-globin promoter which enhances the stability of its interaction with the
enhancer (Foley and Engel, 1992). There is evidence to show that a decrease in the

stability of the 8 promoter:enhancer interaction, due to a decrease in the levels of non-

stage specific factors such as GATA1 and Spl, may play a role in the switch (Mason et

al., 1996).

The positioned nucleosome on the 8-globin promoter revealed by this study, which
occludes most of the major transcription factor binding sites, has the potential to

contribute to the pA/e switch in expression by decreasing the stability of the promoter-

enhancer interaction. This nucleosome has certain transcription factor binding sites very

close to its boundary, and it is interesting to speculate if this facilitates its disruption

prior to gene activation. There is a precedent for this; it has been suggested that binding

of the transcription factors BGP1 and NFE-4 to the nucleosome on the pA promoter

could bring about its displacement (Buckle et al., 1991). It is possible to study the
interaction of transcription factors and nucleosomes in vitro (Panetta et al., 1998), so the

mechanisms by which nucleosomes on the pA and 8-globin gene promoters were

displaced could be investigated. The nucleosome positioned on the e globin promoter

may occupy a strong positioning site identified in vitro. It would be interesting to

confirm placement of this nucleosome at a strong nucleosome positioning sequence by

mapping the position of the nucleosome in vivo with a technique such as primer
extension which gives higher resolution data (Mueller and Wold, 1989).

This study also raises the possibility that the difference in the spacing of strong in

vitro positioning sites observed on the (3A and e genes serves to facilitate their packaging
into a more stable higher order structure at the correct developmental stage. To further

investigate this hypothesis, it will be necessary to map nucleosome placement on the (3A
and e-globin genes in 5-day red blood cells. In addition, it would be informative to map
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nucleosome placement in vitro and in vivo on the other embryonic gene p-globin, and the
foetal gene (3H-globin to see if the sequence-directed formation of nucleosome arrays

could facilitate packaging of these genes at the correct developmental stage.
It is difficult to evaluate the contribution made by the aspects of chromatin structure

discovered in this study to temporal globin gene expression because most of the previous
work on the mechanism of switching was carried out in the absence of chromatin using
transient transfection methods. It is interesting that Mason et al. (1996) found that

competition between the pA and e-globin genes for their enhancer was not required for
the correct temporal expression of these genes when the chicken (3-globin cluster was
introduced into mice. This could reflect differences between mice and chicken in the

regulation of the globin genes, or it could indicate that the chromatin structure of the

globin genes influences their temporal expression. Future work with stably transfected

constructs, transgenic systems, or synthetic nuclei (Barton and Emerson, 1994) will

deepen our understanding of the role chromatin structure plays in regulating globin gene

expression.
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