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Abstract

Chromatin structure inherently poses an obstacle for transcription of genes in eukaryotes.
Histone acetylation has long been associated with transcriptional activity, and has come

to prominence recently with the cloning and characterisation of a number of genes

encoding histone acetyltransferases and deacetylases. Some of these activities have been
shown to be transcriptional co-activators or are directed to target loci via transcription
factors or repressors. Hence, this gives strong support to the idea of histone acetylation

having a role in regulating gene expression. Along with immunological techniques and
the identification of specific deacetylase inhibitors, this field of research has substantially

progressed.
At the level of nucleosome dynamics, nucleosome positioning can be very important in

regulating access to promoters by the transcriptional machinery. Moreover, positioning
can be modulated by nucleosome mobility. Since histone acetylation has been proposed
to induce changes in nucleosome topology, the effects of histone acetylation on

nucleosome positioning and mobility have been studied. In this report, I will attempt to
show that histone acetylation can, in at least one instance, change the propensity with
which a nucleosome positions at one site in comparison to others. However, this shift in
the equilibrium of nucleosome positioning does not have major effects on nucleosome

mobility, and hence must be indicative of little overall change in the amount of core

histone-DNA interactions. The consequences on transcriptional regulation are discussed.
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Introduction

Introduction

In 1944, Avery et al. (1944) discovered that DNA was the store of genetic information within
the cell. This breakthrough highlighted that DNA holds the "blueprint" for the
characteristics of an organism, and that this information could be inherited by subsequent
generations. However, the mechanism by which DNA functioned and the way in which it
was inheritable through generations was not understood. A major milestone came when
Watson and Crick elucidated the 3D structure of DNA (Watson & Crick, 1953). The structure

in itself provided hints as to how DNA functioned. The main challenge since then has been
to figure out how the processes of transcription and replication of DNA are controlled in a

spatial and temporal manner, that is, why a gene is active in one cell but not another, or

active at a particular time and not another. Eukaryotic cells house DNA in the nucleus, and a

vast amount of information is stored in each cell nucleus. For example, one human cell
nucleus measuring about 10"5 m in diameter contains 3 x 109 bp of DNA, which measures

over one metre. This amount of genetic information is the equivalent of over 700 megabytes
of computer data per cell (Voet & Voet, 1990). Packaging of this amount of DNA into such a

tiny space obviously poses a major obstacle and eukaryotes have overcome this by

organization of DNA into chromatin, the main component of chromosomes, a complex of
DNA and protein, which enables a ~ 104-fold level of compaction. Nuclear architecture
contains some unique domains, the most prominent of which is the nucleolus.

Compartmentalization of this nature in the nucleus allows further levels of regulation of
such processes as transcription and replication. Moreover, this architecture includes

specialized structural proteins involved in nuclear stability and movement of factors and
molecules which will be discussed later.

DNA and Histone Structure

DNA Structure

DNA exists as a double helix and can take the form of a variety of structures. Three
structures are commonly discussed: B- and A-form DNA are both right handed and a third
form is Z-DNA, which is left handed. Although all three forms are theoretically possible,

only B-DNA has been observed in the vast majority of living organisms under physiological
conditions. Z-DNA has been observed in some instances in vivo, particularly in the context of
DNA topological changes in transcriptionally active genes, while circumstantial evidence

1



Introduction

exists via Z-DNA binding proteins (reviewed in Herbert & Rich, 1996). A-DNA is believed to
be the structure adopted by double stranded RNA. Both of these forms of DNA have been
observed in vitro, however, and most research into their characteristics and functional

implications have been done in the test tube. All DNAs contain a unique major and minor
groove (except Z-DNA which in essence has only has one groove) and number of base pairs
per turn. For B-DNA, there are 10.5 bp per helical turn (= 34 A/turn). Four nucleotides make
up DNA sequence: the purines adenine (A) and guanine (G), and the pyrimidines cytosine
(C) and thymine (T), where G will only pair with C, and A will only pair with T. Base

pairings are accomplished through hydrogen bonding with the major difference being that
three hydrogen bonds are involved in the G-C interaction and only two in A-T, while there
are also hydrophobic interactions between base pair stacks. Due to the difference in the
number of hydrogen bonds, G-C interactions are thermally more stable than A-T. This
difference in hydrogen bonding has important implications on the structural parameters of
long stretches of DNA. Sequences rich in A-T are more bendable than sequences rich in G-C,

although long tracts of DNA containing stretches of poly(dA)-poly(dT) have been shown to
have a rigid structure due to a favourable conformation that is achieved by hydration down
the minor groove (Dickerson, 1992). On top of this, it is possible for DNA to adopt secondary
structures such as cruciform DNA which occurs when there are palindromic sequences.

One other structural feature of DNA that will be important to consider for the remainder of
this introduction is linking number. DNA in most organisms, including viruses, exists as a

closed circle or in a topology resembling a closed circle. For example, in higher eukaryotes,
one chromosome equates to one strand of linear DNA; the DNA is tethered at each end by
telomere regulating proteins (see later) which prevent the twisting of the DNA ends in

response to any twisting observed in non-telomeric regions: in essence, the tethering of the
DNA ends provides the linear DNA with a closed circular DNA quality. If this closed circle
were to be twisted around its own axis by crossing over the DNA double helix over itself,
this results in the introduction of supercoils. Supercoiling has important implications in the
context of DNA due to the natural twisting that already exists in the DNA double helix. This
can lead to torsional forces being enforced on the double helix depending on the direction in
which the supercoiling occurs: negative supercoils oppose the right-handed twist of B-DNA
and thus reduce the number of base pairs per turn. Negatively supercoiled DNA is the most
common form in vivo. Positively supercoiling DNA would result in tightening of the double
helix and increasing the number of base pairs per turn. Linking number describes this

tightening or relaxation of closed circular supercoiled DNA and is necessarily an integer.

Typical values from a number of studied genomes gives a linking number of 1 negative turn
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per 200 bp (Lewin, 1994). In vivo, supercoiling is regulated by enzymes that can introduce
and remove supercoils, the topoisomerases.

Covalent modifications to DNA can also be made such as methylation and phosphorylation.

Methylation is the best characterized to date. Methyl groups (-CH3) can be added to any of
the four bases, but the most important modification seems to be that of cytosine. Methyl-

cytosine, especially in the context of CG dinucleotides (CpG), has important functions in

transcriptional repression that will be discussed later, and may have implications on DNA
structure.

Histone Structure

Four core histones are present in eukaryotes, being the main architectural components of
chromosomes to package DNA, histones H2A, H2B, H3 and H4. They are comprised of a

central globular domain flanked by more extended "tails" at the carboxyl (C-) and, in
particular, amino (N-) termini. The globular domains of all the core histones are composed of
histone fold motifs which make histone "handshakes" forming the core histone octamer

(Arents et al, 1991; Arents & Moudrianakis, 1993; 1995). This motif is made up of three a-

helices connected by p-turns, where the central a-helix provides the interface by which
dimerization of the histones occurs. Histone-histone and histone-DNA interactions mainly
occur through the globular domains while the function of the unstructured N-termini

possess a function that has been more elusive in determining. Interestingly, the histone
handshake motif has been observed in many non-histone proteins that deal with regulation
of gene expression or that are histone variants that play an architectural role (Luger &
Richmond, 1998b). All four core histones are basic in charge, histones H2A and H2B

containing more lysines, and histones H3 and H4 containing more arginines. Meanwhile, the

long N-termini are very unstructured and have a strong basic charge character stemming
from most of the lysine residues being located here.

Histones H3 and H4 are the most strongly conserved histones between species.

Nevertheless, sequence homology of all four core histones is highly conserved all the way

between yeast and humans, which strongly argues that chromatin function has been
conserved evolutionarily. Although most histone-histone and histone-DNA contacts are

made through the globular domains, the high degree of sequence identity seen between

species still holds true for the N-terminal tails. Originally it was proposed that the reason for
the N-termini being basic was to bind the negatively charged phosphate backbone of DNA.
The tails of histones H2B and H3 pass through the minor groove channels of the DNA
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superhelix, traversing two gyres. On the other hand, the tail of histone H4 makes contacts
with an acidic region of the H2A/H2B dimer from the neighbouring nucleosome and this is
believed to be involved in chromatin compaction (Luger et al., 1997; see later). The tails also

play a role in interactions with other chromatin architectural proteins and are sites of post-
translational modifications brought about by proteins involved in transcriptional regulation.
This final point is believed to be the key to why the /V-termini have such high identity
between species since the sites of post-translational modification are highly conserved. More
about the core histone sequences, their post-translational modifications and other structural
data can be learnt from the references cited in Makalowska et al. (1999).

The Nucleosome & Higher Order Chromatin Structures
Nucleosomes are the fundamental building blocks of chromosomes, packaging DNA in most

eukaryotes (Olins & Olins, 1974). The idea of the nucleosome was first proposed by

Kornberg in 1974 and in the same year it was shown that over 80% of DNA in a nucleus is

incorporated into nucleosomes (Noll, 1974). Studies of histones demonstrated that they were

able to associate in specific combinations in solution and that this was the basis of
nucleosome structure (Kornberg & Thomas, 1974). Nucleosomes provide an architectural
framework upon which many trans-acting factors regulate gene activity. A central core of

eight histone proteins (two copies each of histones H2A, H2B, H3 and H4) wrap 146bp of
DNA through electrostatic interactions in 1.65 left-handed superhelical turns to form the
nucleosome core particle (Kornberg, 1974; 1977). The histone (H3/H4)2 tetramer protects the
central 120 bp of DNA of the core particle (Hayes et al., 1991) and is in contact with the ends
of nucleosomal DNA (Simpson, 1976). Work done by Camerini-Otero et al. (1976) showed
that the (H3/H4)2 tetramer alone could form nucleosome-like particles, and that, indeed, this
is the nucleation site upon which full nucleosomes are built (Bina-Stein & Simpson, 1977;

Stockley & Thomas, 1979; Jorcano & Ruiz-Carillo, 1979; Dong & van Holde, 1991). Flanking
this on both sides are two heterodimers of histones H2A/H2B which protect the remainder
of the core particle DNA (Mirzabekov et al., 1978). This complex has a molecular weight of

approximately 200 kDa and has pseudo-symmetry. It is also possible to observe the presence

of hexameric complexes consisting of the central (H3/H4)2 tetramer plus a single dimmer of
H2A/H2B (Elison & Pulleyblank, 1983). Other in vitro work has also shown the mechanism

by which nucleosomes are assembled onto DNA (Hansen & van Holde, 1991). Since the
interactions between core histones and DNA is electrostatic in nature, histone binding of
DNA can be modulated by varying salt concentration. Indeed, histones are fully dissociated
from DNA at NaCl concentrations above 2 M. At 1 M, a (H3/H4)2 tetramer has assembled
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onto DNA. By 0.8 M some H2A/H2B dimers have associated with the central (H3/H4)2
tetramer and when the salt concentration is lowered to ~ 10 mM fully assembled

nucleosomes are present. Moreover, the level of nucleosome compaction is dependent on the
presence of the H2A/H2B dimers: without these dimers present, nucleosomes are less
compact which means more DNA is unbound. This effect is Na+ and Mg2+ dependent, where
the presence of Mg2+ at 5 mM increases compaction (Hansen & Wolffe, 1994).

Nucleosome Core Particle Structure

Electron microscopy data, together with earlier data (Finch et al., 1977; Mirzabekov et al.,
1978; Klug et al. 1980), proposed that the core histone octamer was roughly cylindrical, with
dimensions of 70 A diameter and 55 A length, and that it had a two-fold axis of symmetry.
This shape with these dimensions could accomodate two turns of a left-handed superhelix of
DNA. A (H3/H4)2 tetramer was proposed to form the nucleation point of the octamer which
would associate with the central turn of DNA. Two H2A/H2B dimers could then associate

on each side of this structure, where each provided interactions for half a turn of DNA.

Crystallization of the nucleosome has provided the greatest insights into its structure and
has gone through two stages of refinement. Firstly, it was solved to 7 A resolution by
Richmond et al. (1984) which showed that it was a disc shaped structure. The octamer

provides a helical "ramp" around which 1.7 turns of DNA is wrapped in a left-handed

superhelix, as previously predicted. DNA does not follow a uniform path through this ramp

and is distorted when wrapped in a nucleosome, one major site of distortion occurring at 15
and 40 bp on each side of the nucleosome dyad axis. Incorporation of DNA into
nucleosomes causes a change in base pairs per turn of DNA, and, whereas most of the DNA
in a nucleosome has 10.0 bp/turn, the region around the dyad axis is 10.7 bp/turn (Hayes et

al., 1991). This sharp transition in base pairs per turn is believed to be the source of the

kinking observed. The H3/H4 tetramer and the central turn of DNA show symmetry about
the dyad, but H2A/H2B dimers show some asymmetry. The location of the tails remained
undefined although it appeared that they extended well beyond the core particle due to

larger dimensions of the nucleosome predicted from neutron scattering data (Wood et al.,
1991). This is due to an inability of X-ray crystallography to visualize the histone tails.
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VIEWDOWN SUPERHELICALAXIS

PERPENDICULARTO SUPERHELICALAXIS
Figure1.1Overall structureofthe nucleosomecoreparticle. Thestructureisshownat 2.8Awithallthecore histonehistone-fold domainsvisible.Onlythe globulardomainsare visiblebycrystallographic analysisatpresentdueto aninabilitytocrystalize thetaildomains. However,thisdoesimply

averylabileattributeto thetailsandinparticular theN-terminaltailsofthe corehistones.The crystalizedparticlewas producedfrom recombinantcorehistones reconstitutedontoan artificialDNAsequence. (Imagereproducedand modifiedfromLugeretal, 1997.)



Introduction

High Resolution Crystallographic Analysis of Core Histone & Nucleosome
Structure

More recently, the X-ray crystal structure of the histone octamer (without bound DNA) at a

resolution of 3.1 A (Arents et al., 1991) and the core particle at 2.8A resolution (Luger et al,
1997; Rhodes, 1997; Figure 1.1) have been elucidated. These structures now show all the
histone-DNA and histone-histone interactions in detail. The X-ray crystal structure of the
core particle has confirmed many of the structural features suggested by previous studies
and cast light on some unexpected features. To crystallize the core particle, recombinant core

histones were reconstituted onto an artificial palindromic DNA sequence of 146 bp in length,
derived from human a-satellite DNA. The resulting structure contains a single base pair at
the dyad axis, such that the DNA is split into 73 bp in one half and 72 bp in the other. In
order to interpret the data provided by the crystal structure of the core particle, there is an

additional nomenclature used to describe different sites around the periphery of the core

particle when viewing it towards its "flat" surface, much in the same manner as the
increments of time on the face of a clock. At the dyad axis of the core particle, the major

groove of DNA faces towards the histone octamer. This point is designated SHL (for

superhelix location) 0. The next point at which the major groove faces inward is SHL+1, and
-1 if it is on the other side of the dyad axis. The structure of the core particle is such that the

major groove faces the octamer seven times on each side of the dyad, ie. it goes up to SHL±7

(Figure 1.2).

Unlike previous results that gave a value of -1.75 left-handed superhelical turns of DNA
around the histone octamer, the data gained in this study gave a value of 1.65 turns, owing
to the essentially straight character of the last 10 bp at each end of the DNA. The average

helical twist of the DNA is 10.2 bp per turn, ranging from a minimum of 9.4 bp/turn to a

maximum of 10.9 bp/turn. This variability could explain why longer DNA fragments can

show histone contacts over 160 bp (Hayes et al., 1990). As previously noted, DNA wrapped
in a nucleosome does not follow a uniform path and the greatest amount of bending
observed in this crystal structure was at SHL±1.5 and SHL±4 to 5. These were attributed to

bulges created from the DNA-binding sites of the H3/H4 pairs and the H2A/H2B dimers,

respectively. Thus, the core histones can induce bending in the DNA which most likely has a

role in nucleosome positioning (see later) as well as the inherent sequence dependent DNA

flexibility.

Due to the histone fold motifs, dimers are formed between H2A/H2B and H3/H4 dimers.

These dimers form a tetrapartite, left-handed spiral of the four (H2A/H2B)-(H3/H4)-

(H3/H4)'-(H2A/H2B)' domains (Arents et al., 1991). The central structured component of

7



Dyad axis

Figure 1.2 Plan view of the core particle (looking down superhelical axis). One full turn of the
DNA superhelix is shown, with most of the core histones fully visible bar one entire H2A/H2B
dimer on the far side of the core particle. Italicized numbers indicate superhelix locations
(SHLs); LI, L2 and al allocations reflect the points at which the core histones make contact with
the nucleosomal DNA. (Reproduced and modified from Luger et al., 1997.)
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these dinners have an extended conformation and appear on the surface of the histone
octamer in a non-contiguous fashion (travelling from SHL±7 to the dyad axis): H2A, H3',
H2A, H2B, H2A, H2B, H4, H3, H4, H3 and H3', although this is not the same order as in
which histone-DNA contacts are made (Arents & Moudrianakis, 1993). Each histone fold

domain consists of three a-helices connected by loops: a-helix one (al) to loop one (LI) to a-

helix two (a2) to loop two (L2) to a-helix three (a3). Other structured regions are also

present outside the histone fold motifs such as the a-helical portion of the H3 N-terminus

(H3aN). The crescents produced by the histone fold motif can dock together to form the two

sets of heterodimers, H2A/H2B and H3/H4. To produce the dimer-dimer interactions, the
involvement of four a-helices between H3/H4 dimers in the (H3/H4)2 tetramer and another

four between the H2A/H2B dimers are required (Luger et al., 1997).

The histone fold domains are responsible for organizing 121 bp of DNA, each histone dimer

contributing 27-28 bp with intervening links of 4 bp, achieved through polar interactions
with the DNA phosphodiester backbone. An additional eight contacts are made by
conserved lysines in the L2 loops that produce salt links with the phosphate groups. H3aN
meanwhile organizes a further 13 bp at the dyad axis. A DNA superhelix with -10.2 bp per

turn, as in the case of the nucleosome, creates the opportunity for a minor groove channel
between two adjacent DNA gyres due to alignment of the minor grooves. Such channels
allow passage of the N-terminal tails of histones H2B and H3 in the nucleosome. At SHL6.5
to 7 and SHL-0.5 to -1 the minor grooves are aligned to form one such channel which is
traversed by five amino acids of histone H3. Similarly, a channel is present at SHL4.5 and
SHL -2.5 to -3 which is traversed by eight amino acids of histone H2B. Moreover, at SHL4 to

4.5, four amino acids of the histone H2A N-terminal tail binds to the outside of the DNA

superhelix. Overall, this means that there is a 20 bp periodicity of N-terminal tails
protruding into minor groove channels (Figure 1.3).

Most of the contacts between core histones and DNA are non-specific. The main chain

nitrogens of the histones form ionic interactions with the phosphates of the DNA backbone.
On top of this, there are non-polar, dipole and hydrophobic contacts present with the DNA
backbone, as well as salt links and hydrogen bonds and arginines protruding into the 14
minor grooves of nucleosomal DNA. The only observed specific interaction is that of an H4
arginine (H4-R45) binding the oxygen of a thymidine group. Therefore, nucleosome
positioning does not seem to be influenced significantly by specific interactions of DNA with
the histone octamer. Generally, it would seem that accommodation of secondary structural
motifs, such as those observed at SHL±1.5 and SHL±4 to 5, is the main consideration in

determining nucleosome positioning such that it is energetically favourable (see later).
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Figure 1.3 The location of the core histone tails in the core particle. This space filling side view
representation of the crystal structure of the nucleosome core particle highlights the positions of
the N-terminal tails of histones H2A, H2B, H3 and H4. The alignment of the DNA (dark brown)
minor and major grooves between gyres is particularly visible, and which leads to the
phenomena of producing "channels" fully traversing both gyres. In this alignment, there are
some histone tail-DNA contacts that can cross both the DNA gyres. (Reproduced and modified
from Luger et al., 1997.)
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Higher Order Chromatin
The Role of Linker Histories

Between each nucleosome there is linker DNA, variable in length depending on species,
which is partially bound by a fifth histone, HI (or the developmentally regulated variant H5
in chicken erythrocytes), termed the linker histone. This histone is larger than the core

histones and possesses a strong basic character. It is also not as highly conserved between

species. The nucleosome particle generated by binding of histone HI, the chromatosome

(Simpson, 1978), binds a total of 168bp of DNA and forms the basic building block of the
main chromatin architecture. It is also important to note that HI distribution through the

genome is not uniform and correlates with the level of chromatin compaction (Huang &
Cole, 1984).

A point of contention is the location of the linker histone globular domain within the
chromatosome, which remains uncertain (reviewed in Crane-Robinson, 1997; Figure 1.4/). A

symmetrical model was first put forward that suggested that an additional 10 bp to the core

particle DNA at each end was protected by histone HI (Allan et al., 1980). Thus, histone HI
would be situated at the dyad axis. However, there have also been contradictory
observations of an asymmetrical positioning of histone HI, with 5 bp being protected on one

side and 15 bp on the other (Hayes & Wolffe, 1993; Hayes et al., 1994; Ura et al, 1995; An et

al., 1998). In concert with these results, the HMG1 non-histone protein has been localized to
the opposing side of the nucleosome to histone HI which may provide a further level of
chromatin transcriptional regulation since the HMG proteins are associated with mediating

transcriptional activation (An et al., 1998b). More recent work accommodates both theories of
histone HI position but favours the former on the basis of a survey of positioned
chromatosomes (Shen, 1997).

The globular domains of linker histones are sufficient and necessary for the protection of 168

bp of DNA (Allan et al., 1980), and may have a role in organization of the extended N- and C-
termini of the core histones to modulate higher order chromatin structure (Allan et al., 1986).
A likely essential contribution of linker histones in formation of higher order chromatin is to

stabilize the repulsive forces experienced by DNA at the entry and exit points of the
nucleosome. Without the linker histones, these segments of DNA would typically diverge.
However, the highly basic nature of the linker histones may be sufficient to neutralize the
DNA charges and converge the ends of nucleosomal DNA. Therefore, linker histones are

important in stability of higher order chromatin since they can stabilize this chromatin
conformation, and as such have been correlated with decreased levels of transcription due to

its ability to organize higher order chromatin (van Holde, 1989; Wolffe et al., 1997). Linker
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Positioned nucleosomes

Asymmetric modelSymmetric model

Figure 1.4 Higher order levels of chromatin compaction. /The location of the linker histone HI
(blue sphere) in the chromatosome. /# Chromatin is folded successively through the 10 and 30
nm fibres and eventually into looped segments anchored on a protein scaffold. Further
compaction of this componentproduces the metaphase chromosome.
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histone function can be modulated by post-translational modifications such as

phosphorylation, acetylation, methylation and poly-ADP ribosylation, where
phosphorylation can lead to a significant destabilization in higher order structure (Kaplan et
al., 1984). That HI variants have varying levels of expression in different tissue types points
towards a developmental role as well. For example, histone H5 is expressed mainly in
terminally differentiated avian and amphibian erythrocytes and H5 may be involved in
transcriptional repression in these cells. A similar role has been proposed for the related
mammalian variant HI0. (Other non-histone proteins and histone-like proteins are

components of chromatin which are localized to specific regions of chromosomes, or have
other architectural functions throughout the genome, such as HMG and CENP proteins.
These will be discussed later.)

The Chromatosome Provides the Basic Framework for the 10 and 30 nm

Fibres

Many levels of chromatin condensation are present. The first level is a relaxed state of
chromatin, the 10 nm fibre, which has been likened to "beads-on-a-string" (Olins & Olins,
1974; Thoma & Koller, 1977). When viewed by electron microscopy (EM), chromatin is seen

to progress through a series of different folding intermediates in response to changes in salt
concentration. Raising salt concentration induces folding of the 10 nm fibre into higher order
chromatin structures, the most notable being the 30 nm fibre. Transitions in structure were

seen between very low salt (~ 5 mM) and physiologically relevant concentrations (~ 100 mM),
where low salt produces a ribbon-like structure of about 25 nm diameter and the latter

produces the 30 nm fibre (Thoma et al., 1979). Higher order chromatin structure is also
reduced to an intermediate structure by removal of linker histones at physiological levels of
ionic strength, and although the presence of HI is not strictly required to observe the same

extent of oligonucleosome folding at increased ionic strengths (Hansen et al., 1989), it is an

important determinant of higher order structure formation and one which can be simulated
in vitro (Allan et al., 1981; Howe et al., 1998a). To fully change this structure into a low order
structure requires either lowering of DNA counterion ionic strength, acetylation of the
histone tails or the removal of the histone tails (Allan et al., 1982; Garcia-Ramirez et al., 1995).
Subsaturated levels of nucleosome deposition can also give rise to deficiencies in chromatin

folding, while nucleosome stability is increased (Hansen & Lohr, 1993).

The 30 nm fibre structure has come under close scrutiny, but a conclusive model that fully
reconciles the disparate results is as yet unresolved. What is known is that in a highly
ordered conformation, the 30 nm fibre adopts a cylindrical structure, where chromatosome
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particles twist around each other to form a helix. Finch and Klug (1976) were the first to
propose a solenoid structure, the most popular model to date, where an average of six
chromatosomes per turn of the solenoid participate in the structure, building a helix 30 nm
in diameter and with a 11 nm rise per turn (ie. the pitch), and which has had much

supporting data (Suau et al., 1979; McGhee et al., 1983a; Felsenfeld & McGhee, 1986; Butler &
Thomas, 1990). Direct visualization methods have also shown that there could be as many as

12 nucleosomes per turn of the solenoid, possibly reflecting an altered conformation
(Gerchmann & Ramakrishnan, 1987). Importantly, this structure is built on the caveat that
chromatosomes are in sequence in the helical structure as they would be in the unfolded 10
nm fibre. The location of histone HI appears to be down the interior of the solenoid, along
the solenoid axis (Thoma et al., 1979). Latter observations have corroborated this proposal by

antibody, nuclease and protease accessibility assays and neutron diffraction data (Losa et al.,
1984; Dimitrov et al., 1987; Cattini et al., 1988; Leuba et al., 1993; Graziano et al., 1994),

although none of these methods definitively prove the existence of the solenoid structure.

One other study is not in agreement with these observations (Russanova et al., 1987). A key

point is that histone HI could polymerize down the solenoid axis and stabilize higher order
chromatin structure. A similar model that describes an alternative method by which the
solenoid may be structured and which accommodates the zig-zag seen in the 10 nm fibre has
also been described by Maman et al. (1994). The recent determination of the high resolution

X-ray crystal structure of the nucleosome core particle may also provide some clues as to

higher order chromatin structure. Histone H4 N-terminal tails contact the nearest

neighbouring nucleosome in an acidic region of the H2A-H2B dimer and this may induce
condensation of chromatin (Luger et al., 1997).

Woodcock and others (Worcel et al., 1981; Woodcock et al., 1984) have proposed a "twisted
ribbon" conformation. This structure is also helical and could generate the 30 nm fibre by a

condensation of a structure built around two parallel rows of nucleosomes, each connected
in a zig-zag fashion by linker DNA, wrapped around a cylindrical surface (Woodcock et al.,

1984). This carries on from the EM observations that at salt concentrations of 1 mM

chromatin is seen as a zig-zag structure (Thoma et al., 1979). Condensation of
chromatosomes can produce 18 nucleosomes per turn with a pitch of 32 nm where the linker
histone is confined to the solenoid surface and not the axis. A recent observation has also

proposed that linker DNA exits the core particle and converges into a stem-like structure in
a histone HI dependent manner; this stem is maintained for some time before diverging.
This conformation is in agreement with a zig-zag structure in the chromatin fibre (Bednar et

al., 1998). One final model, with various modifications, that could fit the solenoid theory is
the "cross-linker" model where nucleosomes are not placed in sequence, but are arranged
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such that they are in opposition connected by their (straight) linker DNA traversing the
solenoid axis while the linker histones are located down the solenoid axis (Staynov, 1983;

Makarov et ah, 1985; Williams et ah, 1986).

There are other models such as the "superbead" and "irregular" models that do not fit the
previously described models. Superbeads are large globular structures that have been
proposed on the basis of folding intermediates through changes in ionic strength (Zentgraf
& Franke, 1984). The latter model simply states that due to the wide range of variables

present such as linker DNA length and linker histone position, an irregular fibre is formed
taking various features of the models described above (Horowitz et ah, 1994; Woodcock,
1994, van Holde & Zlatanova, 1996).

Conformation of Linker DNA in Higher Order Chromatin
Another area of controversy is the conformation of linker DNA in the solenoid model,
whether it is straight or bent (reviewed in van Holde & Zlatanova, 1996). The results of
Butler (1984) demonstrate a bending of linker DNA when located down the solenoid axis.

Hydrodynamic studies of dinucleosomes clearly show a bending of the linker DNA with an

increase in solvent ionic strength, consistent with the formation of higher order chromatin
structures (Butler & Thomas, 1998). Many other experimental evidence, including electron

micrography, point towards the linker DNA adopting a straight conformation. These issues
have been reviewed by Ramakrishnan (1997), but still remain to be conclusively elucidated.
To map the location of linker DNA and the path it assumes in the solenoid, electric
dichroism has been used (McGhee et ah, 1983a). Essentially, these results have proposed that
the chromatosomes assume an angle of 44° between the face of the nucleosome and the
solenoid axis and that the linker DNA itself takes a helical path of 80 bp per turn that has a

diameter of 11 nm. Moreover, the length of linker DNA has implications on the orientation
and length (Williams et ah, 1987) of chromatosomes and linker histones down the solenoid
axis (as well as fibre dimensions) such that some structures could possibly have alternating
orientations of chromatosomes, although this has not actually been observed (Graziano et ah,

1994).

Higher Order Chromatin Structure & Implications on Transcription

Taken together, the folding of DNA into the 10 nm and 30 nm fibres produces a packing
ratio of x 6 and x 40, respectively. Due to the highly condensed nature of higher order
chromatin, transcription is highly repressed under "basal" circumstances. However, it is
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known that transcription can occur in this repressive environment and that it is in the 30 nm

fibre context that these events have been observed, where chromatin domains may be

opened and closed in a dynamic process (reviewed in Hansen & Ausio, 1992; Paranjape et al.,
1994; Felsenfeld, 1996; Felsenfeld et al., 1996; Fletcher & Hansen, 1996). The (3-globin gene is
well characterized in terms of chromatin transcription (Evans et al., 1990), and there is
evidence that the active gene in erythroid cells contains an open, perhaps unstructured,
chromatin higher order structure vis-a-vis the same gene in another cell where it is inactive
(Stalder et al., 1980). Opening and closing of this chromatin domain may involve a number of
factors, both in cis and trans, including histone acetylation and DNA methylation, and locus
control regions (LCRs; for reviews, see Evans et al., 1990; Bulger & Groudine, 1999), more of
which will be discussed later. Interestingly, one of the latest findings demonstrates that

transcription factors are also able to modulate chromatin higher order structure and that this
is in a dose dependent manner (Lundgren et al., 2000).

Beyond the 30 nm Fibre & Nuclear Architecture
Chromatin condensation does not stop at the 30 nm fibre and undergoes further levels of

compaction to build the interphase and metaphase chromosome (reviewed in Manuelidis,
1990; Figure 1.3). In interphase, chromosomes are relatively decondensed and chromatin

probably goes through at least two levels of compaction, that of the 10 and 30 nm fibres.
However, the synthetic phase of a cell cycle eventually produces the metaphase
chromosome containing two sister chromatids ready for cell division, and at this stage

chromosomes are highly compacted at a packing ratio of x 10,000 (Figure 1.4//). This could
take the shape of further helical folding (Sedat & Manuelidis, 1978) and loop structures

emanating from a core fixed point (Mathog et al., 1984; Yakoto et al., 1995). The 30 nm fibre

may fold into structures of as much as 300 nm in diameter. Moreover, chromatin domains or

loops in the range of kilobase pairs have been observed, which in turn are part of larger
chromatin loops extending into the megabase pair scale (Callan, 1986; Yakoto et al., 1995;
Sachs et al., 1995).

Nuclear architecture is very distinct to that of the cytoplasm. The nuclear envelope is a

double membrane which encases the contents of the nucleus. It is perforated by large

multiprotein complexes that form nuclear pores, the sites at which cytosolic material passes

through to the nucleus and vice versa. Coating the inner surface of the nuclear envelope are

structural proteins which are involved in maintaining nuclear envelope structure and the

organization of chromatin. A major component of this are the lamins which form a mesh-like
network on the nucleoplasmic surface of the nuclear envelope. The lamins are believed to be
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necessary for organization of higher order chromatin structure. Chromatin has been shown
to be in direct contact with the nucleoplasmic surface of the nuclear envelope through
interactions with lamins, and the tail domain of one such lamin binds histones H2A and H2B

(Goldberg et ah, 1999).

Contained within the nucleoplasm is a nuclear matrix, distinct from the cytosol, which may

have roles in organization and movement of structures or molecules. Chromatin is one such
structure organized into large domains. The large radial loops of chromatin are tethered to a

protein anchor which does not appear to involve histones, but which may constitute the
nuclear matrix and/or a chromosomal protein scaffold (Cook & Brazell, 1975; Paulson &
Laemmli, 1977). Matrix attachment regions (MARs) or scaffold attachment regions (SARs) in
DNA may contain sequences that bind specific proteins involved in nucleus and/or
chromosome integrity. They are highly AT-rich in composition but do not seem to have any

sequence conservation. Moreover, their specialized nature defines their organization and
consequently can be seen as bands in the metaphase chromosome (Saitoh & Laemmli, 1994).
A recent study has shown the movement of large chromosomal domains in a

developmentally regulated manner, from a random organization to an ordered one that is
anchored to the nuclear matrix and which is transcriptionally active (Vassetzky et ah, 2000).
The lamins are one class of protein associated with MARs or SARs and which potentially
regulate chromosome structure and function (Lewis & Laemmli, 1982). MARs and SARs
contain hypersensitive sites that make them potential regulators of active/inactive domains
of chromatin (Phi-Van & Stratling, 1988). Other proteins associated with the protein scaffold
include topoisomerase II (topo II; Earnshaw et ah, 1985; Gasser et ah, 1986; Warburton &
Earnshaw, 1997) and the stability and maintenance of chromosomes proteins (SMCs;
reviewed in Saitoh et ah, 1995; Cobbe & Heck, 2000). Topo II is an enzyme that can cleave
DNA in both strands of the double helix and cause an unwinding or tightening of the DNA.
Its function in the nuclear matrix may be to disentangle large chromatin domains that may

become crossed over after rounds of replication or transcription. Certainly, it appears that

topo II and Sc2 proteins are primary constituents of the protein scaffold (Lewis & Laemmli,
1982). Interestingly, the proteins required to add and remove acetyl groups from core

histones (see later) have also been localized to the nuclear matrix (Hendzel et ah, 1991; 1994).

Finally, there are the proteins that are involved in the specialized regions of chromosomes:
the centromere, telomere and origins of replication. These include the CENP proteins at the
centromere and the RAP1, TRF and SIR proteins at the telomere in yeast. The requirement of
these specialized regions has been verified by the artificial construction of yeast

chromosomes and, more recently, mammalian chromosomes (Huxley, 1997; Schindelhauer,

1999).
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Transcription and translation of chromatin-packaged DNA is believed to occur at specific
regions of the nucleus. Immunolabelling and electron microscopic studies have shown foci
on the inner nuclear membrane that localize with these processes (Jackson et al, 1984; Cook,

1989), while the presence of transcription factor binding sites at MARs has also been
established (Boulikas, 1994). In this manner, the apparatus required for transcription and
translation and possibly other chromatin operations can be concentrated to these foci, while
the chromatin is mobilized to these foci. Division of chromatin fibres into distinct domains

may serve to demarcate transcriptionally functional units in addition to restriction of
domains to different nuclear compartments such as the nucleolus (Gotta & Gasser, 1996;
Cockell & Gasser, 1999). The nucleolus is a dark-staining region of the nucleus that contains
the repeated gene copies of the ribosomal RNA genes. These genes are transcribed and the

resulting RNA transcripts incorporated into ribosomes, which are situated in the cytosol.
Ribosomes provide the cellular machinery for translation of gene transcripts, exported from
the nucleus, into proteins.

Different Regions of Chromosomes Have Varying Degrees

of Chromatin Condensation
In essence, regions in which there is high transcriptional activity have a lower level of
compaction and are termed euchromatin. Those regions with lower or negligible
transcriptional activity are contained in the highly compacted heterochromatin. Therefore,
euchromatin contains most of the actively transcribed genes while heterochromatin contains

genes that have been repressed. Heterochromatin is particularly seen in the centromeric and
telomeric regions of chromosomes. These specialized regions also contain various non¬

histone architectural proteins such as the CENP proteins in the centromeres and the yeast
SIR proteins in the telomeres, and together build up the visible metaphase chromosome.

Switching between euchromatic and heterochromatic states is possible, and may play an

important role in the differentiation of stem cells to various differentiated cell types in which
unique sets of genes are transcribed and repressed. Activity of a gene is dependent on its
position on a chromosome giving rise to position effect variegation (PEV): if a gene were to
be moved from a locus within euchromatin to a locus neighbouring a region of

heterochromatin, the gene will experience PEV. The phenotype exhibited by PEV is

classically shown in the mosaic red and white eyes seen in Drosophila melanogaster when the
white gene is placed in proximity to heterochromatin (Kellum & Schedl, 1991). PEV occurs

due to variable extension of silencing from the core of the heterochromatic domain into
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neighbouring euchromatin in different cells containing the same genotype. Transfection of
viral genomes into cells can also yield a similar result upon integration into the host genome:

histones become deacetylated and chromatin becomes condensed to silence the viral genes

(Chen & Townes, 2000). Recent studies of the p-globin gene show that PEV is susceptible to
the balance between transcription factors and chromatin modifiers and their interaction with
LCRs (McMorrow et al., 2000), which in themselves are responsible for opening of chromatin
domains.

Centromeres and telomeres are particular examples of heterochromatin, whereas the
inactive X chromosome of females, bar a few isolated domains, is completely composed of
heterochromatin. This effect could be brought about in a number of ways including DNA

methylation and possibly the acetylation status of the core histones. Indeed, if a cell were to
be virally transduced, then the mechanism adopted by the cell to silence the viral genome

would involve deacetylation (see later; Yong & Townes, 2000). Methylation can suppress

transcription and can have a dose dependent effect such that varying degrees of methylation
can produce different levels of transcription (reviewed in Jones & Wolffe, 1999). Acetylation
of histones can alleviate this suppression to a certain extent. Enhancers are DNA elements
associated with transcriptional activation properties, and it has been demonstrated that their
function is impaired by DNA methylation, the remedy to which is the requirement for
additional factors or elements such as MARs (Majumder et al., 1997; Forrester et al., 1999).

Effects of chromatin structure on transcriptional activity can be modulated by other elements
known as insulators (reviewed in Bell & Felsenfeld, 1999). These elements have the opposite
effect to transcriptional enhancers. The exact mechanisms by which insulators exact their
influence are as yet poorly understood. When placed between an enhancer element and a

reporter gene, the net result is to reduce enhancer mediated transcriptional activation of the

gene. However, if a gene is placed adjacent to its enhancer and both these are flanked by
insulators in a region of heterochromatin, transcription of the gene is allowed, with
deleterious effects of the surrounding heterochromatin being blocked by the insulators.
Insulators have therefore been proposed to mark the boundaries of chromatin domains, the
best characterized of these being in the chicken P-globin gene cluster, the scs/scs' elements in
the HSP70 heat-shock locus and the suppressor of Hairy zving [su(Hzv)] locus. Su(Hw) is one of

many genes of the suppressor of position effect variegation [Su(var)] class, while there are a

complementary set of genes encoding enhancer of PEV activity [E(var)]. DNA methylation
and histone acetylation also play a key role in insulator-mediated transcriptional silencing,

though the manner in which they effect their function is still under investigation. DNA

hypermethylation and histone hypoacetylation are associated with the silenced genes and
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vice versa for insulator-protected genes. Methyl-CpG binding proteins have been associated
with histone deacetylases which may provide the means by which these imprinted marks
are laid down (Nan et al, 1998; Jones et ah, 1998; and see later). These observations lead to

speculation on the function of insulators (Pikaart et ah, 1998; Bell & Felsenfeld, 1999).
Insulators may directly hinder the action of histone deacetylases by acting as a sink that

sequesters these complexes as well as methyl-CpG binding proteins, or simply by shutting
them out, leading to the opening of an open chromatin domain. Alternatively, the insulators

may act by direct recruitment of histone acetylase complexes to shift the balance towards an

active chromatin domain. The yeast HML and HMR mating type loci (see Lustig, 1998) also
contain silencing elements. Each locus is flanked by elements termed E and I which confer
unidirectional blocking activity in cis (Bi et ah, 1999) and which act in an insulator-like
manner. Recent findings additionally suggest a very dynamic nature to insulators: their

presence can lead to substantial chromatin rearrangements with a concomitant modulation
in transcriptional activity (Gerasimova et ah, 2000).

Non-Histone Chromatin Architectural Proteins

The most common non-histone proteins are high mobility group (HMG) proteins. There are

two main homologous pairs of proteins that constitute this group: the ~ 29 kDa HMG1 and 2

proteins, and the ~ 11 kDa HMG14 and 17 proteins, and these have been associated with

transcriptional activation at least through the inference of being associated specifically with

transcriptionally competent genes (Davie & Saunders, 1981) and highly acetylated
nucleosomes (Malik et ah, 1984; see later). For instance, HMG14/17 has been associated with

an open higher order chromatin conformation in the (3-globin gene (Postnikov et ah, 1991).
Nucleosome spacing can also be modulated by the addition of phosphorylated HMG14/17
to nucleosomes in the absence of histone HI lending more weight to a role in gene

regulation (Tremethick & Drew, 1993).

All of these HMGs have an acidic C-terminus and a basic N-terminus. HMG14 and 17 bind

nucleosomal DNA in preference to naked DNA and bind in ratios of two per nucleosome.
An increase in transcriptional activity has been attributed to the binding of HMG14 and 17 to
nucleosomes and they may accomplish this by mediating a conformational change in DNA
and chromatin structure. It is possible that the HMGs bind to nucleosomal DNA in the

region of the nucleosomal dyad where histone HI is situated and possibly modify HI

binding/behaviour. Binding studies of HMG14 have shown that its C-terminal region, a

region correlated with increased transcriptional activity and unfolding of chromatin,
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contacts the N-terminal tail of histone H3 while the HMG14 N-terminal tail contacts a region
of histone H2B (Trieschmann et al., 1998). These interactions add to the many others that
have been identified involving the histone N-termini and transcriptional activators including
histone acetyltransferases.

Work done on HMG1 and 2 has shown that they contain DNA binding motifs, termed HMG
boxes, that are also found in a number of transcription factors. One such transcription factor
is the upstream binding factor found at mammalian ribosomal RNA genes. These proteins
can have more than one HMG box and an increase in DNA binding ability is correlated with
increased number of HMG boxes. Binding of DNA results in distortion of the DNA which
can be bent as much as 130°. This conformational change in the nucleosomal DNA may

facilitate the binding of further transcription factors.

It has been known for some time now that centromeres contain a unique chromatin
architecture and that chromatin is important in the mediation of chromosome segregation
via centromere function (Bloom & Carbon, 1982; Schulman & Bloom, 1991; Choo, 2000).
Chromatin in centromeres is heterochromatic and is mainly organized by nucleosomes. Most
DNA in centromeres is repetitive, satellite DNA. 5% of the human genome is a-satellite
DNA, which is present in all human centromeres and positions one nucleosome per repeat

(~ 171 bp). However, the CENP family of proteins also have an architectural role in this

specialized domain. The CENP family constitute another class of non-histone proteins with
histone-like structural characteristics, including the histone fold motif (Arents &

Moudrianakis, 1995). Each of these proteins, CENP-A, -B, -C and -E are localized to different

regions of the centromere. CENP-A is a histone H3 variant containing the histone fold motif.
Studies involving a homologue in yeast provides evidence that CENP-A heterodimerizes
with histone H4, which can form a specialized nucleosome-like structure. CENP-B function
is as yet unknown, although it contains a binding motif in a-satellite DNA and may be
involved in organization of centromere higher order structure. CENP-C also has DNA

binding activity and is required for centromere assembly and function. Meanwhile, CENP-E

may play a role in mitosis. It has a microtubule-binding motor protein similarity and

appears to be required in kinetochore function to separate the sister chromatids.

Interestingly, recent observations have shown a specific and essential role of histone H2A in
the normal functions of centromeres in chromosome segregation via the kinetochore (Pinto
& Winston, 2000).

In S. cerevisiae, much work has been conducted on the functions of telomeres, the specialized

regions of eukaryotic chromosomes that organize the ends of chromosomal DNA. Telomeres
are also heterochromatic and, in yeast, the silent information regulatory (SIR) proteins and
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RAP1 appear to be primarily responsible for their organization in a repressive chromatin
structure (see later).

Nucleosome Positioning
Nucleosomes position at discrete sites on DNA, being influenced by DNA structural motifs
such as DNA distortions. Positioning is defined by the translational and rotational setting of
the histone octamer on the DNA. Translational setting delineates the point at which a

nucleosome positions with respect to actual sequence of the underlying DNA at the entry
and exit points of the DNA from the core particle or chromatosome. Rotational setting
describes which side of the DNA faces the histone octamer, whether it is in contact with the

histone octamer or facing away from it. This is particularly relevant when considering the
DNA base pair stacking since DNA structure is distorted when wrapped into a nucleosome.

Studies have shown that some sequences are favoured more than others for nucleosome

positioning, and that this is a result of the energy required for positioning, while also the
type of DNA structure in question is relevant (for discussion, see Lowary & Widom, 1998).
For example, Z-form DNA, poly(dA)-poly(dT) tracts over 60 bp, cruciforms and hairpins all

poorly position nucleosomes. In addition, DNA sequences rich in G-C nucleotides are less

susceptible to bending than those rich in A-T sequences. Thus, A-T rich sequences are

preferred positioning sites for nucleosomes. For example, in the study of Widlund et al.

(1997), characterization of genomic mouse nucleosome positioning sequences resulted in the

finding that much of the population of DNA positions contained phased rims of 3-4 base

pair adenine stretches, CA repeats and TATA tetranucleotides. However, the vast majority
of the genome does not contain any strict cues for nucleosome positioning (Lowary &
Widom, 1997), which may lead to the presence of alternate, overlapping positioning sites
such as that observed when the adult P-globin gene was mapped (Davey et al., 1995).

However, as was observed in the latter case, the lack of any definitive nucleosome

positioning signals did not prevent the formation of regularly spaced nucleosomes.

Pivotal to the finding that DNA sequence contributions to the flexibility of DNA, and hence
its ease of wrapping into a nucleosome, were the experiments of Shrader and Crothers (1989;

1990) and Travers (reviewed in Travers, 1989). In vitro studies using artificial DNA

sequences with repetitive motifs of (A/T)3NN(G/C)3NN (where N = any nucleotide base)

position nucleosomes with increasing efficiency with increasing number of repeats of the
motif (Shrader & Crothers, 1989). The binding of histone octamers to these sequences is

significantly higher than those of naturally occurring sequences such as the 5 S rDNA gene.
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The structure of DNA also plays a vital role in the ability of a nucleosome to position non-

randomly. Z-DNA can block the formation of nucleosomes which could have a crucial role
in transcriptional regulation in combination with the many Z-DNA binding proteins that
have been discovered in vivo (Herbert & Rich, 1996). Tandem repeats of CpG dinucleotides
cause a transition into the Z-DNA conformation, and when one considers that CpG
dinucleotides are under represented yet commonplace in eukaryotic genomes (eg. CpG
islands) then this gives credence to the possibility that Z-DNA may play a crucial role in
transcriptional regulation. Moreover, a recent study found that long tracts of poly(dA)-
poly(dT) such as A15TATA16 and A34 form a B' DNA structure that cannot position
nucleosomes while shorter sequences such as A5TATA4 are able to position nucleosomes and
do not exhibit this unusual DNA conformation (Shimizu et al., 2000). Another consideration

is the presence of the exocyclic groups in the DNA base pair stacking ie. those which are not
A-T or G-C. Some naturally occurring DNAs contain such groups as inosine—5—

methylcytosine and 2,6-diaminopurine—uracil base pairings. Upon substitution of these
base pairs with A-T or G-C, an increased affinity of the DNA for core histone octamers is
observed. Rotational positioning has been attributed to this increase in binding affinity.
Since it is well documented that short sequences of A-T and G-C in phase with each other

respectively are very good substrates for nucleosome positioning, it appears that the

presence of residues such as 5-methylcytosine alters the rotational phasing. In this particular
case the rotational setting is altered by 3 bp, which potentially has implications on trans¬

acting factor binding. If a cognate binding site has been hidden by the altered rotational

setting, then this may inhibit factor binding, in addition to any steric hindrance imposed by
the presence of modifications such as a methyl group (Buttinelli et al., 1998). In the crystal
structure of the nucleosome, it was noted that there were DNA distortions around the dyad
axis (Richmond et al., 1984; Luger et al., 1997). The ability to accommodate these distortions

appears to be crucial in nucleosome positioning (Fitzgerald & Anderson, 1999) with
distortions also being observed in the naturally occurring 5 S rDNA sequence.

Much work has been done in artificial systems to gain further insights into nucleosome

assembly and positioning. Probably the best characterized is that of the 5 S rDNA genes. By

reconstituting purified core histones onto purified DNA fragments, much data has been
collected on the structural and positioning parameters of nucleosomes and higher order
structures. The 5 S rDNA system was first described by Simpson et al. (1985) where a

reiterated array of the 5 S rDNA genes was constructed into a plasmid and subsequently
used in nucleosome reconstitution experiments. These investigations found that 5 S rDNA
contains discreet nucleosome translational settings and that they were effected by the
sequence in the region around the dyad axis (Fitzgerald & Simpson, 1985), correlating with
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the DNA distortions seen either side of the dyad in the crystal structure (Richmond et al,
1984). The decision to position at a particular site appears to be mediated by the globular
domains of the (H3/H4)2 tetramer and does not involve the H2A/H2B dimers or the histone
tails as trypsinized histone octamers and (H3/H4)2 position nucleosomes at the same sites
(Dong et al., 1990; Hayes et al., 1991; Dong & van Holde, 1991). Moreover, these studies find
that DNA sequence was a strong determinant of nucleosome positioning but was

insufficient alone as witnessed by the presence of alternate positionings, interestingly at 10

bp intervals (Dong et al., 1990; Meersseman et al., 1991). Photo-crosslinking experiments have
shown the whereabouts of the histone H2A N-terminal tail within the nucleosome core,

locating it at ~ 40 bp from the dyad axis (Lee & Hayes, 1997), and this appears to be true for
random sequence DNA which could potentially make this an important determinant in
nucleosome positioning. Another study showed that a region near the structured a-helical
domain of the N-terminal tails of all four core histones was responsible for repression of
basal transcription. Deleting these regions of the tails altered the nucleosome topology to
release some nucleosomal DNA and increase the level of basal transcription (Lenfant et al.,
1996). Positioning is also governed by the linker histones and their presence locks the
nucleosome at a particular position although in one report this was not the case in the

presence of a chromatin remodelling complex (Meersseman et al., 1991; Varga-Weisz et al.,
1995).

Other characterizations of the (H3/H4)2 tetramer particle have been made that reveal that

they are able to bind the full 146 bp of an intact octamer in 1.75 superhelical turns. However,
the tetramer only protects 70 bp of this DNA while addition of the two H2A/H2B dimers

protects 22 bp each (Read et al., 1985). Previous observations had also suggested that two

(H3/H4)2 tetramers were able to associate to form a "pseudonucleosome core particle"
which has similar properties to a native nucleosome core particle, in addition to the looser
conformation of a single tetramer binding ~ 140 bp (Moss et al., 1977; Simon et al., 1978;

Stockley & Thomas, 1979). Thermal denaturation studies show a "premelting" temperature
and a further, major, transition at a higher temperature (Weischet et al., 1978). These two

temperature points reflect the tripartite nature of the core histone octamer, where the two

H2A/H2B dimers protect the DNA at the entry and exit locations, while the central

(H3/H4)2 tetramer protects the remainder of the nucleosomal DNA (Yau et al., 1982).

Mapping of nucleosome positions on various model systems such as the 5 S rDNA genes

(Meersseman et al., 1991) or the chicken adult (3-globin gene (Davey et al., 1995) shows that
nucleosomes can adopt alternative, overlapping positions. The work of Horz and colleagues
originally demonstrated that nucleosomes can position at alternate sites (Zhang & Horz,
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1984) and was later characterized as a general property by Pennings et al. (1989) using cloned

fragments of chicken erythrocyte mononucleosomal DNA. Here, two different sequences of
DNA were shown to have very different affinities for inclusion into a nucleosome based on

DNA bendability. Furthermore, there was no unique translational position observed, but
these positions were rotationally related. Some of these positions are favoured more than
others and nucleosomes have the ability to move between these different positions under

physiological conditions, termed nucleosome mobility (Pennings et al., 1991; Meersseman et
al., 1992). Positioning assays have revealed that nucleosomes have mobility over short ranges

of DNA which has important implications on the transcriptional competence of bound DNA
elements. An important observation relating to the regulation of the 5 S rDNA genes in

Xenopus revealed that nucleosome positioning was critical along with selective repression by
histone HI binding (Panetta et al., 1998). This study found that the positioning of
nucleosomes on the somatic copies of the 5 S rDNA genes was different to that at the oocyte

copies, where the latter is selectively repressed by occlusion of TFIIIA binding sites and
inclusion of histone HI. Transcription factor binding sites that have been incorporated into
nucleosomes would be occluded from binding by the relevant trans-acting factor(s) by steric
hindrance. Repositioning (or disruption) of nucleosomes can occur by either complete
transfer of octamers intactly or by partial/full dissociation of octamers from DNA and

reassembly at another position, and these processes are most likely assisted by the action of
chromatin remodelling complexes such as the SWI/SNF complex.

Histone Modifications
In the last few decades it has become apparent that, in addition to transcription factors,
nucleosomes have the ability to regulate transcription. The nature of the histone-DNA
interaction is such that nucleosomes have an inherently repressive character (Felsenfeld,
1992; Wolffe, 1994; Wolffe & Guschin, 2000): maintenance or alleviation of this repressive

property can modulate gene activity. Three possibilities arise as to how this repression might
be achieved: steric hindrance from the histone-DNA interactions and/or occlusion of DNA

binding elements by nucleosomes; binding of trans-acting factors to nucleosomes that

repress transcription; or both of the above.

Most current evidence points to the third possibility. However, there have also been some

studies that have shown that steric hindrance is not as pronounced as might be expected.
Widom and co-workers have proposed a site-exposure model whereby the histone-DNA
interactions are capable of transiently dissociating allowing trans-acting factors to bind
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cognate DNA binding sites (Polach & Widom, 1995; Protacio et al., 1997; Anderson &

Widom, 2000). Furthermore, stabilization of this tertiary complex can lead to cooperative
binding of further factors (Polach & Widom, 1996).

The site-exposure model does not fully account for transcription through nucleosomes,
however. Histone acetylation has been closely studied as a means by which transcription can

be controlled. Many observations have been made that correlate increased levels of histone

acetylation with an increase in transcriptional activity. Acetylation has been implicated with,

amongst others, cancer, HIV, cell differentiation and cell cycle control. Acetylation is one of

many histone modifications including phosphorylation (Cheung et al., 2000b; Lo et al., 2000),

methylation (Strahl et al., 1999), ubiquitination and ADP-ribosylation. Phosphorylation,

methylation and ubiquitination (Robzyk et al., 2000) of histones have also been shown to
alter chromatin conformation, consequently altering chromatin accessibility to transcription
factors (reviewed in Davie, 1998; Spencer & Davie, 1999; Wolffe & Hayes, 1999; Hagmarm,

1999). These modifications may act together in different combinations in different cell types
and one proposal states that these modifications establish a "code" that is read by trans¬

acting factors to effect downstream events (Strahl & Allis, 2000; Cheung et al., 2000c).

The N-Terminal Core Histone Tails & Histone Acetylation

Crystallographic data on the N-terminal core histone tails demonstrated that they are highly
unstructured (Luger et al., 1997), while other data documented that they were partly
responsible for higher order chromatin folding either through histone-DNA interactions or

histone-histone interactions (Hansen et al., 1998). Acetylation of core histone tail lysines is a

covalent post-translational, reversible modification (Figure 1.5/). Only specific lysines on the
N-terminal tails of core histones are subject to acetylation (Figure 1.5//). Due to the specificity
of histone acetylation and that this specificity is widely conserved amongst species, it is
highly suggestive of a conserved function for histone acetylation. Histones can exist in either
a hyperacetylated state, where three or more lysines have been modified, or a

hypoacetylated state, where one or no lysines are acetylated. Acetylation is generally
transient, but a population of histones has been shown to be stably acetylated. For instance,
in chicken erythrocyte nuclei, 30% of core histones are stably acetylated while 2% of the

population undergoes a rapid turnover. This equilibrium is maintained by specialized
enzymes that add or remove acetyl groups. The source of the acetyl group is believed to be
cellular acetyl coenzyme A. Histone acetyltransferases are responsible for addition of acetyl
groups to core histones while histone deacetylases catalyse the reverse reaction. That these
enzymes have been associated with, or have been previously described as, transcriptional
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Figure 1.5 Histone Acetylation. / Location of acetyl group from acetyl-coenzyme A to lysine
residues on core histone N-termini. // Location of lysine residues on the core histone N-termini
which can be appropriately acetylated.
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activators or repressors, respectively (Brownell et al., 1996), has confirmed the theory first

proposed by Allfrey et al. (1964) that histone acetylation must be an integral part of

transcriptional regulation (Csordas, 1990).

Lysines have a single positive charge at neutral pH and addition of acetyl groups (COCH3 )
to lysines neutralizes this positive charge. In terms of relieving transcriptional repression,
theories have been put forward that neutralization of the lysines leads to weakening of the
histone tails-DNA electrostatic interaction and opening up of chromatin (reviewed in Luger
& Richmond, 1998a). This conformation of chromatin could potentially facilitate gene

transcription. Early DNase I and micrococcal nuclease studies showed a sensitivity of
hyperacetylated chromatin for digestion compared to hypoacetylated forms indicating an

alteration in chromatin conformation (Sealy & Chalkley, 1978; Perry & Chalkley, 1981; Davie
& Saunders, 1981). An in vivo example of increased nuclease sensitivity at hyperacetylated

regions of the genome is perhaps evident from the observation that at the onset of apoptosis
these regions are the first to be rapidly degraded (Hendzel et al., 1998). Later experiments
demonstrated that chromatin is more soluble once hyperacetylated, which is also dependent
on Na+ and Mg2+ concentrations (Aaronson et al., 1981; Perry & Chalkley, 1982; Borochov et

al., 1984; Alonso et al., 1987). These studies proposed that hyperacetylation was a means by
which chromatin could become exposed to regulatory factors, although it was also assumed
that it would not be possible to acetylate specific sequences of nucleosomes and that

acetylation spread through most chromatin sequentially (Perry & Chalkley, 1982).

Hyperacetylation was also observed to be an enhancer of other processes such as DNA

repair synthesis lending support to a notion of aiding trans-acting factor access to
nucleosomes (Ramanathan & Smerdon, 1989). However, it is known that only slight changes
in nucleosome conformation occur upon histone acetylation (Bode et al., 1980; 1983) and that
the nucleosome does not become unfolded (Imai et al., 1986). The extent of the

conformational change induced by histone acetylation does allow accessibility of cysteinyl-
thiol groups otherwise hidden inside the nucleosome in histone H3. These groups are

reactive towards organomercurial-agarose and other chemicals, and this property has been

exploited in the fractionation and characterization of transcriptionally competent regions of
the genome (Johnson et al., 1987; Chen & Allfrey, 1987; Chen et al., 1991; Chen-Cleland et al.,

1993; Walia et al., 1998). Moreover, the conformational change at a chromatin domain level is

quite substantial such that hyperacetylated, transcribing regions of the genome can be easily

separated from non-transcribing regions (Ip et al., 1988).

Binding studies of histone H4 N-terminal peptides with DNA showed that these peptides

only bound with weak efficiency and that the arginine residues were the major exponent of
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DNA binding. Lysine acetylation completely disrupted the peptide-DNA interaction which
led to the belief that the N-termini of histones completely dissociated from DNA upon

acetylation (Cary et al., 1982). More recent results provide evidence that acetylated tails do
not fully dissociate from the DNA, only having a reduced affinity (Mutskov et al, 1998).
When a H4 N-terminal tail 23mer peptide is mixed with a population of 146bp DNA

fragments, a marked increase in the Kd of the binding reaction occurs when the lysine
residues are acetylated. Furthermore, Na+, Mg2+ and POA also play a role in determining the
Kd of the binding reaction, in particular weakening interactions of acetylated H4 tails to
DNA (Hong et al., 1993). The histone tails are very labile, and this has been studied using
nuclear magnetic resonance (NMR) spectroscopy to reveal that the most mobile tail
segments are those of histone H3, H2A and H2B, while H4 did not show any discernible
mobility (Smith & Rill, 1989). Mg2+ concentration is fundamentally important to the higher
order folding mechanism of chromatin: concentrations below 2 mM cause unfolding while >

2 mM induces the folding of chromatin (Thoma et al., 1979; Schwarz & Hansen, 1994). Core
histone N-termini make contributions in this Mg2+ induced folding and their absence
abolishes chromatin folding, while the presence of linker histones and H2A/H2B dimers is
not necessary to achieve partial condensation (Garcia-Ramirez et al., 1992; Schwarz et al.,
1996). However, HI mediated condensation of chromatin is affected by NaCl concentration
which in turn is affected by core histone acetylation, having a reduced ability to condense
chromatin (Ridsdale et al., 1990). Therefore, HI binding of chromatin is still possible when
chromatin is hyperacetylated (Ura et al., 1994). Use of selectively trypsinized core histone
octamers, resulting in protease removal of the tail domains, revealed that there were

deficiencies in folding at 2 mM Mg2+ but not in oligomerization. On the other hand, an

intermediate folding state was accomplished in > 4 mM Mg2+ as well as oligomerization,

suggesting different functional attributes of the histone tails (Tse & Hansen, 1997). Anionic

species also have important effects on chromatin aggregation (Guo & Cole, 1989).

Polyamines are naturally occurring polycations which are essential for the maintenance and

organization of higher order chromatin. They function by the assembly of higher order
structures, where depletion of polycations causes opening of chromatin structure. One study
has shown that transcriptional defects of the yeast HO and SUC2 genes due to gcn5 (deletion
of a histone acetyltransferase) genotype can be reversed by depletion of polyamines. Further,
the N-terminal tails of the histones are implicated in the mechanism by which polyamines

operate and their hyperacetylation leads to a blocking of polyamine-mediated chromatin
condensation (Pollard et al., 1999). These studies thus show that variations in concentrations

of anions and cations at physiological strength can have a profound effect on the
biochemical properties of the histone tails.
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Thermal denaturation studies of the nucleosomes show a series of temperature dependent
transitions that grow in complexity with increasing number of nucleosomes. Acetylated
nucleosomes do not exhibit any difference in the stability of DNA at the entry and exit

points of the DNA from the nucleosome core (compared to hypoacetylated species).
However, less energy is required to denature the centrally located nucleosomal DNA in

hyperacetylated nucleosomes, implying a role for the histone tails in the stability of
nucleosomes and their modulation of this function by acetylation (Yau et ah, 1982; Ausio &
van Holde, 1985). Conformational changes induced as a function of salt concentration were

later proposed to be primarily a consequence of the DNA bound by the H2A/H2B dimers.
These histones have a lower level of histone acetylation than H3 and H4 which may account
for the different results seen when histone acetylation is taken into account to induce
conformational changes: acetylation only produced slight changes in conformation. That
histones H3 and H4 are centrally located in the nucleosome may be the reason as to why
there is only a slight change in nucleosome conformation upon histone acetylation (Ausio &
van Holde, 1986). Selective trypsinization of core histone tails further strengthened these
results that histone (H3/H4)2 tails and H2A/H2B dimer tails interact with different regions
of the nucleosome (Ausio et ah, 1989). The work of Oliva et al. (1990) shows that there is a

change in the shape of the nucleosome core particle upon histone hyperacetylation, seen as

an elongated structure when viewed by electron microscopy. However, they suggest that
this is an artefact of the electron microscope preparation technique, in which the

hyperacetylated nucleosomes are particularly susceptible to stress in this process, alluding to

a destabilization of nucleosome structure.

The contributions made by DNA sequence and DNA structural parameters have a functional
role in nucleosome stability. Sequences that are intrinsically curved or straight produce
nucleosomes that are stabilized in the presence of histone tails, unlike more flexible DNA

(Widlund et al., 2000). Conformational change of the nucleosomes may be brought about by

changing the topology of the bound DNA. Compaction of DNA into nucleosomes increases
the number of superhelical turns and this is alleviated by histone acetylation, where

hypoacetylated nucleosomes each introduce ~ 1 negative supercoil, whereas hyperacetylated
nucleosomes only produced 0.8 supercoils (Simpson et ah, 1985; Norton et ah, 1989; Thomsen
et ah, 1991). When hyperacetylated nucleosomes were reconstituted at similar nucleosome
densities to control (hypoacetylated) chromatin, it was found that the former constrained

substantially less DNA when tested by thermal DNA untwisting analyses. This was not

dependent on the presence of the histone tails which led to the proposal that acetylation may

have induced an allosteric change in the nucleosome or that other unidentified factors were

playing a role (Krajewski & Becker, 1998). An example of this can be seen in the protein
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encoded by the DEK proto-oncogene, which changes DNA topology and which requires the
presence of the full histone octamer, subsequently effecting a strangle hold on the chromatin
such that DNA replication efficiency is reduced (Alexiadis et al., 2000).

Further characterizations of the histone tails revealed that the effects of Mg2+, and general
ionic strength, induced higher order chromatin folding could be reversed by histone
acetylation (Garcia-Ramirez et al., 1995; Tse et al., 1998a). Ionic strength is proposed to alter
the structural parameters of the nucleosomal and linker DNA such that low ionic strength
promotes a "stiffening" of the DNA, consequently changing histone-DNA contacts leading
to unfolding of higher order chromatin (Usachenko et al., 1996; Gavin et al., 1998).
Deficiencies in chromatin fibre folding also arise when DNA is only associated with arrays

of (H3/H4)2 tetramers leading to increased levels of transcription (Tse et al., 1998b). These
are not, however, significantly different in character to nucleosomes consisting of acetylated
(H3/H4)2 tetramers which do not affect the properties of the nucleosome, instead very likely
to affect the properties of internucleosome interactions and DNA entry and exit points from
the nucleosome (Marvin et al., 1990). Moreover, although lack of histone tails leads to

inability in chromatin folding, the presence of at least the histone H3 and H4 N-termini and
some other regions of the histones are not required for chromatin assembly (Freeman et al.,

1996), though some recent results point toward a more essential role for the tails (de la Barre
et al., 2000). Yeast H4 N-terminus showed some ordered structure in the form of an

amphipathic a-helix. One side of this was cationic in character which would enable it to bind
the phosphate backbone of DNA and induce a repressive chromatin structure. These regions
of the tail were very sensitive to mutational analysis giving lethality 0ohnson et al., 1992).

Although the crystal structures of the nucleosome do not show the organization of the
histone tails it is clear that they are very unstructured and freely move outwith the
nucleosome. Meanwhile, the N-terminus of histone H2B contacts linker DNA only very

weakly, while the tails of histones H3 and H4 contact nucleosomal DNA, but again, only

weakly. This holds true at physiological salt concentrations, but the tails of H2A and H2B are

shown to be very labile at these same salt concentrations. Removal of the tails by proteolytic

digestion using trypsin is potentially a good control for histone acetylation. Studies using
this method have also shown that no great conformational change of the nucleosome occurs

when these tails are removed, though there does appear to be an effect on chromatin
conformation (Lilley & Tatchell, 1977). The tails of histones H3 and H4 have been implicated
in having a greater functional importance than those of H2A and H2B on the folding of
chromatin into higher order conformations (Moore & Ausio, 1997) or the linking number

change (Norton et al., 1990). Although there is a change in linking number and hence the
number of times the DNA is wrapped around the nucleosome, there does not appear to be a
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change in helical repeat of the nucleosomal DNA (Bauer et al., 1994). Selective trypsinization
of the tails of histones H2A/H2B dimers or (H3/H4)2 tetramers and incorporation of these
histones into nucleosomes showed that only the trypsinization of the (H3/H4)2 tetramers
had an effect on conformational transitions made by nucleosomal arrays: these nucleosomes

displayed less chromatin compaction and increased sensitivity to solvent salt and Mg2+
concentrations. Nevertheless, acetylation and trypsinization both allow transcription factor

binding, implying that there is increased access to DNA-binding sites in these nucleosomal
DNAs by the respective trans-acting factor. Moreover, at least one region of the tails of all
four core histones are required for maintaining basal transcription (Lenfant et al., 1996).
Similarly, trypsinization of histones tails has an effect on the replication potential of
assembled nucleosomal arrays. Their removal leads to increased replication efficiency, but
their presence appears to be not essential for the transfer of octamers from the replication
fork to the newly replicated DNA (Quintini et al., 1996).

Another consideration is that acetylation may affect protein-protein interactions. As

previously noted, the tail of histone H4 contacts an acidic pocket on the surface of the H2A-
H2B dimer of the neighbouring nucleosome (Luger et al., 1997; Figure 1.6). This, along with
other observations by Garcia-Ramirez et al. (1992; 1995), provide evidence that the tails may

play a role in the organization of higher order chromatin structure. Acetylation or removal
of the tails reduces the ability of higher order structures to be formed, where higher order
chromatin is very resistant to transcriptional processes.

The histone tails are also correlated with interactions with non-histone proteins. Deletion

analysis of the yeast H4 N-terminus including lysines 5, 8, 12 and 16 and point mutations at
these sites cause a severe reduction in the induction of GAL1 and, to a lesser extent, PH05

(Durrin et al., 1991), which may be attributable to an interaction with a trans-acting factor(s)
that is inhibited by these mutations. In this instance, the H4 tail would be actively

participating in initiation of these genes, as opposed to simply dissociating from the DNA
once acetylated and allowing direct access for trans-acting factors. The N-terminal tails may

also contribute to the cooperative action of frans-acting factor binding of nucleosomal DNA
elements. The presence of the histone tails is not restrictive to binding of such factors to the
nucleosome boundaries, subsequently allowing oligomerization of the factors towards the
nucleosome core where factor binding is more restrictive (Vettese-Dadey et al., 1994). This
mechanism may involve prising apart histone-DNA contacts from the nucleosome
boundaries propagating towards the nucleosome core.
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Figure 1.6 The N-terminal tail of histone H4 makes contact with an acidic pocket in the
H2A/H2B dimer of the neighbouring nucleosome. The tail of histone H4 is represented as a
ball-and-stick structure while a neighbouring nucleosome is represented as a space filling
model. Shades of green indicate acidic areas on the surface of the nucleosome while shades of
brown reflect basic areas. The turquoise patch at the centre (highlighted in the circle) contains
the acidic pocket in the H2A/H2B dimer in which the basic histone H4 tail makes contact.
(Reproduced and modified from Luger et al., 1997.)
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Histone Acetylation & Transcriptional Regulation
Acetylation has been implicated in transcriptional regulation for many years now (Allfrey et

ah, 1964; Pogo et ah, 1966; Marushige, 1976) and since then a growing body of evidence

supporting these first observations has built up. Early characterizations of hyperacetylated
nucleosomes showed unique structural features consistent with a more open structure

including increased DNase I digestion (Simpson, 1978). Paradoxically, later results also

suggested little change in higher order chromatin structure upon histone acetylation
(McGhee et al., 1983b). Tetraacetylation of histone H4 is directly correlated with transcription
while reduced levels of acetylation corresponds with increasing levels of histone HI

phosphorylation (Chahal et ah, 1980). HI phosphorylation has been previously shown to be
correlated with chromosome condensation and preparation for mitosis. Modification of
chromatin structure was also shown to be possible, via acetylation, by the effects of inducers
such as retinol (Ferrari & Vidali, 1985).

One of the first demonstrations of a direct link between histone acetylation and

transcriptionally active chromatin was from the Crane-Robinson lab (Hebbes et ah, 1988),

strengthening earlier observations of an increased DNase I sensitivity of hyperacetylated
chromosomal domains (Sealy & Chalkley, 1978). Antibodies were raised against chemically

acetylated histone H4 recognizing the e-N-acetyl lysine group. After treatment of bulk
chromatin with the antibody, antibody-bound nucleosomes were probed with gene

sequences from an actively transcribed gene, which was found to contain higher amounts of

acetylated H4 relative to the rest of the DNA sequences. Moreover, in this system, the
chicken (3-globin gene cluster did not show variations in the level of acetylation throughout
the gene cluster, which in turn led to the conclusion that acetylation was not a determinant
of gene switching in the developmental regulation of the genes (Hebbes et ah, 1992). These

experiments also established that acetylation was not absolutely associated with

transcriptionally active chromatin but was also involved with genes that were poised for

transcription, such that acetylation may provide a means by which genes can be "enabled"
for transcription. Further experiments established that the hyperacetylation status of the |3-

globin gene domain was directly coincident with the DNase I hypersensitivity of the gene

cluster, including the non-transcribed regions that punctuate the different genes (Hebbes et

ah, 1994). Indeed, a difference in conformation of the hypersensitive sites produces a

different sedimentation rate of P-globin fragments in CsCl gradients to that of bulk
chromatin (Caplan et ah, 1987). Similarly, the use of polyclonal antibodies directed against

hyperacetylated histone H4 revealed that histone acetylation did not vary between the (3-

globin gene of an adult chicken and an embryo such that the entire domain appeared to be
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marked by acetylation independent of transcriptional activity (O'Neill & Turner, 1995).

Acetylation of an entire chromatin domain is consistent with the observations that SARs are

transcriptional stimulators and may therefore help to stabilise altered chromatin topology as

a result of histone hyperacetylation (Schlake et ah, 1994). Recent findings from Groudine and
coworkers sheds light on the dependence of histone acetylation on LCR activity at the (3-
globin gene: general acetylation of histones H3 and H4 requires relocation of the domain

away from heterochromatic regions, while subsequent, specific acetylation of H3 is
correlated with LCR mediated transcriptional activation of the gene (Schiibeler et ah, 2000).
Of interest to the studies in the work to be described in this thesis, hyperacetylated
nucleosomes have been shown to be concurrent with the transcriptionally active fraction of
the rat rDNA genes (Mutskov et ah, 1996). In vivo analysis of the acetylation status of the X.
laevis somatic and oocyte 5 S rDNA genes in a kidney cell line showed that the somatic gene

is associated with hyperacetylated nucleosomes while the reverse is true for the oocyte gene

(Howe et ah, 1998b).

Immunological techniques have been widely employed, using antibodies capable of

discriminating between different states of acetylated histones. Immunofluorescence with

anti-hyperacetylated H4 antibodies shows correlations between hyperacetylation and

transcriptionally active domains of chromosomes, where the inactive X chromosome (Xi) in
females is a prime example of a heterochromatic chromatin, containing almost no histone

acetylation (Jeppesen & Turner, 1993). More recent results show a generalized level of

acetylation through all genes in X, and Xa (the active X chromosome), but that

hyperacetylation in Xa is specifically restricted promoter regions of active genes in Xa

(Gilbert & Sharp, 1999). However, the Xist gene of Xi is active and contains a generalized
domain of hyperacetylation. This gene is responsible for establishment and maintenance of
the inactive state of X, by production of an RNA transcript that binds to the remainder of Xj
and represses transcription. Although a higher level of acetylation is also seen in the Xist

gene of the active X chromosome (Xa) of XY cells, hyperacetylation is restricted to the

promoter of the Xist gene in Xi, where the promoter of Xa was both hypoacetylated and
contained DNA methylation (McCabe et ah, 1999). By superimposing R-bands, a staining

technique that preferentially stains euchromatic regions, and anti-hyperacetylated
immunolabelled chromosomes, the two co-map (the female inactive X chromosome showing

nothing more than a few discreet bands) giving further proof for histone acetylation having
a role in gene transcription (Breneman et ah, 1996; Sommerville et ah, 1993). Conversely, G-
band staining, a functionally opposite method to R-band staining, is complementary to anti-

hyperacetylated immunolabeling.
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An interesting alternative, or possibly concurrent, function for histone acetylation may be to

provide cellular memory. The inheritance of acetylated states in daughter cells may be a

convenient method of marking the sites of transcriptionally active genes. On the whole, the
X inactivation mechanism demonstrates a striking example of epigenetics (Panning &

Jaenisch, 1998). Ekwall et al. (1997) found that centromere function was seriously

compromised as a result of blocking histone deacetylase activity and this was propagated
into progeny cells after many rounds of replication. The effects were attributed to loss of the

normally silenced state of the centromeres leading to problems in centromere function

including sister chromatid separation. Therefore, the acetylation status may be a mechanism
of imprinting which genes, or in this case DNA sequences, should be in a heterochromatic or

euchromatic state in daughter cells (Wiens & Sorger, 1998). Similarly, transactivators can

establish the chromatin context of progeny cells via hyperacetylation (Cavalli & Paro, 1999).
These processes are analogous to the methylation state of DNA which exhibits inheritable

properties, and therefore an epigenetic mechanism of propagating chromatin conformation,
and consequently transcriptional competence, to progeny cells (Jeppesen, 1997; Wade et ah,
1997; Lewin, 1998; Gasser et ah, 1998; Turner, 1998). Imprinting is another specific
manifestation of epigenetics where the expression of a certain subset of genes, over 20
identified to date, is dependent on their parental origin (Surani, 1998; Brannan & Bartolomei,

1999).

The order of acetylation of lysines has been determined using antibodies specific to

acetyllysine residues (reviewed in Turner & O'Neill, 1995), the results being lysines 16, 8/12
and 5, respectively, in histone H4 in both amphibians and mammals. Therefore, acetylation
is not random and there is much evidence that each acetylatable lysine has functional

significance (Chicoine et ah, 1986). Acetylation levels in S. cerevisiae, the organism with the

highest levels of histone acetylation known, are > 2 out of 4 possible acetyllysines for histone
H4, and similarly 0.2/2, ~ 2/5 and > 2/6 for histones H2A, H3 and H2B, respectively

(Waterborg, 2000). Lampbrush chromosomes of the amphibian Triturus cristatus show the
difference in acetylation states of immature and mature oocytes, that turnover of acetylated

lysines varies and that hyperacetylation is required for chromatin loop formation and

transcriptional activation (O'Neill & Turner, 1995). Acetylation in Drosophila polytene nuclei
shows variation of the different isoforms of acetylated histones between the four
chromosomes with differences also apparent between euchromatic and heterochromatic
domains (Turner et ah, 1992), and, for yeast, lower levels of acetylation produced

transcriptional silencing (Braunstein et ah, 1993; 1996). However, in yeast as well as

Drosophila, specific lysines are found to be acetylated in heterochromatin, and this

acetylation pattern is required for transcriptional silencing (Turner et ah, 1992; Braunstein et
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al., 1993). Meanwhile, with antibodies against human isoforms of acetylated H4, acetylation
was scattered uniformly through the genome with respect to bulk chromatin (Jeppesen,
1997).

Various chemicals have been identified that can artificially maintain a hyperacetylated state

by inhibiting histone deacetylases. Sodium butyrate has been the inhibitor of choice for

many years but is not specific to deacetylases, affecting other enzymes, the cell membrane
and the cytoskeleton (Vidali etal., 1978; Van Lint et al., 1996). Two relatively new deacetylase

specific inhibitors that work at nanomolar concentrations are trichostatin A (TSA) and

trapoxin (TPX) (Yoshida et al., 1995). TSA and TPX have been used to investigate the effect of

hyperacetylation on in vivo in many studies. For example, the induction of a stably

integrated HIV-1 genome is affected by these deacetylase inhibitors, and produces an effect
similar to the natural induction route involving TNF-a and NF-kB (Van Lint et al., 1996).

Similarly, the mouse mammary-tumour virus promoter is activated by use of deacetylase
inhibitors, and the tissue-type plasminogen-activator gene is stimulated (Bartsch et al., 1996;
Truss et al., 1995; Arts et al., 1995). y- to [3-globin gene switching occurs in somatic cell

hybrids with the use of butyrate and glucocorticoids (Zitnik et al., 1995), while the 5'-

flanking sequences of the embryonic globin gene in adult erythroid cells induce expression

through butyrate stimulation (Glauber et al., 1991). Acetylation probably precedes

transcription and is not a consequence of it, such that globin gene switching is not related to
the acetylation status of the gene (Hebbes et al., 1992). TPX has also been used in isolating a

mammalian histone deacetylase (Taunton et al., 1996). TSA and butyrate have been used in a

study of nucleosome mobility and positioning, and transcription on 5 S rDNA. It was

revealed that there was a significant increase in the ability of RNA polymerase to transcribe
the genes while, independently of this, addition of linker histones repressed the genes.

Although this was quite an extensive study, further investigations would need to be done on

other genes that fall under developmental or tissue specific regulation as 5 S rDNA is

constitutively active (Lira et al., 1997).

Transcription Factor Access to Cognate Binding Sites
Assembled Into Nucleosomal DNA

Further developments have involved experiments testing the ability of transcription factors
and transcriptional activators to bind to DNA elements hidden inside a nucleosome. The
translational and rotational settings of these binding sequences also has to be taken into
account in this case. Transcription factor (TF) IIIA binding studies on a 5 S rDNA gene
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template present within a nucleosome has shown that a transcriptional unit is required to
overcome nucleosomal repression of the gene (Tremethick et al., 1990), while TFIIIA binding
arises only when core histone tails are acetylated, whether or not the nucleosome was a full
octamer or a tetramer (Lee et al., 1993). However, other observations showed that the
absence of the H2A/H2B dimer also promoted the binding of TFIIIA (Hayes & Wolffe, 1992;
Tse et al., 1998b). Contradictory to these results, other studies favour a dependence on

translational position of the nucleosome rather than acetylation status (Howe & Ausio, 1998).
Differences in results were attributed to differences in the concentrations of nucleosomes

used in in vitro reconstitutions, which can affect the stability of the nucleosomes (Howe &

Ausio, 1998). Mg2+ dependence of higher order chromatin is affected by histone acetylation,
where higher order structures are abolished by acetylation, subsequently enhancing TFIIIA

transcription in 5 S rDNA oligomer assays (Tse et al., 1998a). In addition to the nucleosomal
DNA that is protected from TFIIIA binding, placing the cognate binding site outside of the
nucleosome at certain locations leads to blocking of binding activity in a distance-related
manner towards the nucleosome core (ie. there is a lesser level of repression nearer to the
nucleosomal boundaries) (Thiriet & Hayes, 1998). The N-terminal tails of the histone
(H3/H4)2 tetramer are the primary determinants of the binding of TFIIIA to the nucleosome
core, whereas the removal of the tails of H2A and H2B do not have any effect. The ternary

complex of TFIIIA-histone octamer-DNA exists by displacement of the contacts with H2A
and H2B by TFIIIA to bind the nucleosomal DNA (Vitolo et al., 2000).

The dependence on translational position has been observed also in the MMTV promoter

system that contains the glucocorticoid receptor binding element (GRE). Glucocorticoid

receptor (GR) can bind the GRE when in a nucleosomal context, where the nucleosome
contains a full octamer (Perlmann & Wrange, 1988; Archer et al., 1991), although this affinity
is considerably reduced in comparison to free DNA. Continuation of this study showed that

binding affinity of GR could also be affected by the translational position of the positioned
GREs (Li & Wrange, 1993) as well as the rotational positioning (Li & Wrange, 1995). A direct

example of the importance of translational position and DNA curvature in transcription
factor access to a nucleosomal cognate binding site can be seen in a study of nuclear factor 1

(NF1) binding activity (Blomquist et al., 1999). The presence of five nucleotide A-tract DNA

sequences on each side of the NF1 binding site has stimulatory and repressive effects on NF1

binding. These differing effects are based on whether the A-tracts are in phase or out of

phase with another synthetic DNA bending motif containing A-T triplets (TG motif). NF1

binding was increased when the A-tracts were out of phase with the TG motif and vice versa.

The reasons behind this are proposed to be that placing the A-tracts out of phase causes

weak binding of the DNA by the core histone octamer leading to increased access by NF1.

38



Introduction

However, it had also been previously noted that histone hyperacetylation had no effect on

the positioning of nucleosomes on the MMTV promoter and did not alter their stability
(Bresnick et al., 1991). An interesting feature of the MMTV promoter is the variety of

transcription factor binding sites it holds, and it has been observed that the chromatin
context can be influential on the binding capabilities of respective factors (Lambert &

Nordeen, 1998). Finally, the presence of a just a tetramer of (H3/H4)2 core histones facilitates
the binding of trans-acting factors , as one would expect (Spangenberg et al., 1998).

Binding of the Fos/Jun heterodimer transcriptional activator to their binding motifs, when

sequestered in a nucleosome, showed that acetylation of core histones completely disrupts
nucleosomes without histone displacement (Ng et al., 1997). Thus, in this case it would seem

that although the binding sequences are still found on the face of the core histones this does
not prevent binding by a trans-acting factor, and there is no requirement for full removal of
the core histones. Instead, the presence of hyperacetylated nucleosomes causes a

conformational change in the nucleosome subsequently allowing increased transcription
factor binding (Ng et al., 1997; Vettese-Dadey et al., 1994; 1996).

Another implication of the binding of a trans-acting factor may be to position a nucleosome.
Linker histones and many transcription factors contain the winged helix domain which is a

DNA-binding motif (Ramakrishnan et al., 1993). One study proposed that binding of one

such transcription factor, HNF3, induced the positioning of an underlying nucleosome by

creating or stabilizing a favourable nucleosomal DNA conformation (Shim et al., 1998). In a

similar manner, this may be the mechanism by which the linker histones help position
nucleosomes. Another study proposed a "polar repositioning" mechanism exhibited by
some transcription factors upon their binding, where repositioning only occurs

unidirectionally from the factor binding site to establish transcriptionally competent
chromatin (Widlak et al., 1997). Glucocorticoid receptor binding at the mouse mammary

tumour virus promoter provides another example of trans-acting factor-mediated
nucleosome repositioning. In reaction to hormone induction, nucleosomes become

reorganized to form a positioned array from a state that contains no detectable positioned
nucleosomes (Belikov et al., 2000). In contrast, binding of a trans-acting factor can potentially

completely disrupt the positioning of some nucleosomes such as that observed at the PH05

promoter in yeast upon induction by the factor Pho4 (Svaren & Horz, 1997).
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Specialized Yeast Heterochromatin Domains
Work done on yeast telomeres has revealed the strong importance of histone acetylation on

the regulation of telomeric chromatin, the ends of chromosomes where the DNA must be
tethered in such a fashion that the DNA ends are not left open and freely accessible to
deleterious frans-acting factors (Lowell & Pillus, 1998). The telomeres represent a specialized
area of heterochromatin, containing unique factors governing their stability such as

telomerase (Price, 1999). Telomeric DNA in yeast contains repetitive sequences in the final
~300 bp termed C1-3A repeats. Adjacent to the C1-3A repeats are sequences of less repetitive
DNA named Y' and X, whose functions have yet to be determined. C1-3A repeats are the
consensus binding sites for the telomeric protein RAP1, and this DNA binds RAP1 in

preference to histone octamers to form a different structural unit that is also nuclease
resistant.

Binding of RAP1 allows concomitant binding of the SIR (for silencing information

regulators) family of structural proteins. (SIR proteins are also involved in the maintenance
of the yeast rDNA repeats and their silencing [Fritze et ah, 1997] in a complex termed RENT

[regulator of nucleolar silencing and felophase exit; Straight et ah, 1999] and the HM silent

mating type loci, both of which contain specialized heterochromatin. For reviews see

Guarente, 1997; 1999; 2000; Guarente & Kenyon, 2000; Strauss, 2000) SIR3 interacts directly
with RAP1 which in turn interacts with SIR4, and SIR4 is the binding site for SIR2. It is
believed that RAP1 acts as a nucleation site upon which the SIR2/3/4 complex becomes
localized and spreads into sub-telomeric DNA, a phenomenon that was first reported by

Gottschling and co-workers (Gottschling et ah, 1990; Aparicio et ah, 1991). Since RAP1 can

only bind the C1-3A repeats, heterochromatin must be established by the SIR proteins in sub-
telomeric regions by associations made with nucleosomes. The observation that RAP1

appears to extend into sub-telomeric regions, well past the C1-3A repeats, led Michael
Grunstein and co-workers to propose a model for the formation of yeast heterochromatin

(Strahl-Bolsinger et ah, 1997), in which telomeres adopt a "fold back" mechanism, whereby
the nucleoprotein complex at the telomeres folds over onto the sub-telomeric chromatin

through protein-protein interactions.

Extension of the telomeric heterochromatin is accomplished by SIR2, 3 and 4, where SIR 3
and 4 have been shown to make contacts with the N-termini of histones FI3 (residues 4-20)

and H4 (residues 16-29) (Hecht et ah, 1995; 1996; Gotta et ah, 1998; Venditti et ah, 1999). The

SIR complex polymerizes from the initial nucleation site at the RAP1 binding sites through
sub-telomeric DNA to about 16 kb. These interactions are dependent on the acetylation
status of the histone tails. In hypoacetylated telomeric chromatin, only K12 of histone H4 is
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acetylated (Grunstein, 1998). However, upon hyperacetylation, and in particular acetylation
of K16, binding of SIR3 to the histone H4 N-terminus is abolished, most likely due to direct
interference of the histone H4 tail from making contact with SIR3. It is notable that K12 is the

lysine that becomes acetylated by HAT1 subsequent to histone synthesis leading to its

incorporation in de novo nucleosome assembly. The presence of this acetylated lysine does
not disrupt the binding of SIR3 (Grunstein, 1998).

Another structural complex in yeast, at the MAT mating type locus, functions in a similar
manner to that observed at the telomeres. In MATa cells, a cell specific genes are repressed

by the formation of a complex containing a DNA binding unit consisting of a homodimer of
the homeodomain protein Mata2 (encoded at the MATa locus) and another homodimer of
the Mcml protein. The Matoc2 homodimer can recruit the non-DNA binding yeast global

transcriptional repressors Ssn6 and Tupl (Keleher et al, 1992; Komachi et ah, 1994), where

Tupl appears to mediate direct interactions with other proteins via its WD40 structural
motifs and Ssn6 is required to polymerize Tupl. Later characterizations showed that the

transcriptional repression domain of Tupl is responsible for binding of the histone H3 and
H4 A-termini tails (Edmondson et al., 1996) with a stoichiometry of two Tupl molecules per

nucleosome (Ducker & Simpson, 2000; Smith & Johnson, 2000). Finally, there appears to be a

specialized chromatin architecture at the HMR locus, where a histone variant, Htzl, is

localized, and which perhaps performs a similar task to CENP proteins at the centromere

(Dhillon & Kamakaka, 2000).

Establishment and inheritance requires the function of histone octamer chaperones such as

CAF1. caclA mutants, one of the subunits of CAF1, display a reduced amount of silencing at
telomeres which is inheritable, although this did not affect the chromatin architecture of

neighbouring sub-telomeric regions. Therefore, the acetylation status at telomeres incurred

by CAF1 action appears to regulate the level of repression (Monson et al., 1997). cad mutants

in the organization of heterochromatin at the HM mating type loci also showed defects,
where the association of SIR proteins seemed crucial. On the basis of these results a model
was proposed to account for Cacl-SIR interactions, cell division and yeast heterochromatin.
Here, the acetylation status in the mother cells is absolutely important for the effects

experienced by daughter cells: hyperacetylation causes depression of genes and in caclA
cells this means that there is no de novo nucleosome assembly and daughter cells have to rely
on nucleosomes from the mother cell. This effect can be overcome in part by addition of
extra SIR proteins. However, in caclAsirlA cells no de novo nucleosome assembly or SIR

protein deposition can occur, leading to complete loss of heterochromatin function (Enomoto
& Berman, 1998).
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Chromatin Modifying Complexes
As discussed earlier, chromatin has important functions in the regulation of gene activity.
However, this regulation cannot be undertaken by core histones alone and requires the

activity of additional frans-acting factors. These factors can be responsible for regulation of
nucleosome mobility, conformational or epigenetic marking of histones. Two activities
constitute the main groups that modify chromatin: (i) ATP-dependent chromatin

remodelling complexes, and (ii) the histones acetyltransferases and deacetylases. The main
difference between these two groups is that the former does not effect covalent modification
on nucleosomes while the latter does.

The remodelling complexes physically move or modify nucleosomes to activate or repress

gene transcription in a targeted manner, while the acetyltransferases and deacetylases add
and remove acetyl groups from targeted core histones (reviewed extensively in Workman &

Kingston, 1998; Armstrong & Emerson, 1998; Kornberg & Lorch, 1999; Kornberg, 1999;

Bjorklund et al., 1999; Kadonaga & Grunstein, 1999; Simpson, 1999; Jones & Kadonaga, 2000).

Unsurprisingly, these two activities have now been shown to be closely interrelated (Pollard
& Peterson, 1998; Gregory & Horz, 1998; Kornberg, 1999). Moreover, their mutation has been
linked to the promotion of many diseases, including cancer, establishing them as crucial
mediators of transcriptional activity (reviewed in Jacobson & Pillus, 1999; Giles et al., 1998;

DePinho, 1998; Archer & Hodin, 1999; Roux-Rouquie et al., 1999). It is important to note that
the concerted action of chromatin modifying complexes can have both repressive and

stimulatory effects on target genes (Tyler & Kadonaga, 1999), while also their activity is not

restricted to the modulation of transcriptional activity, having roles in DNA replication as

well, amongst others. These potentially require the presence of replication associated factors
such as the breast cancer protein BRCA1 (Hu et al., 1999) to mediate chromatin remodelling.

Transcriptional Activation & Histone Acetyltransferases
The presence of enzymes capable of adding and removing acetyl groups from the core

histones has been established now for some time (for example, Kelner & McCarty, Sn., 1984;

Lopez-Rodas et al., 1989; and reviewed in Kuo & Allis, 1998; Brown et al., 2000). That these
activities required the presence of special coactivator factors to direct acetylation was also
established at an early stage with the identification and attempted purification of high
molecular weight complexes (Garcea & Alberts, 1980; Wiegand & Brutlag, 1981; Hay &

Candido, 1983; Travis et al., 1984; Steger & Workman, 1999). However, a major breakthrough
in recent years has been the cloning of histone acetyltransferases (HATs) which, crucially,
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identified previously known transcriptional coactivators (Kleff et al.r 1996; Brownell & Allis,
1995; Brownell et al., 1996; Kleff et al., 1995) and histone deacetylases (HDs or HDACs)

(DeRubertis et al., 1996; Rundlett et al., 1996; Edmondson et al., 1996), the enzymes which add
and remove acetyl groups from histones, respectively (Wade et al., 1997; Hansen & Ausio,
1992; Brownell & Allis, 1996; Wade & Wolffe, 1997; Struhl, 1998; ; Mizzen & Allis, 1998;

Grant & Berger, 1999). There are at least two varieties of HAT, one cytoplasmic (B-type

HAT) and one nuclear (A-type HAT). B-type HATs lend to the possibility that acetylation
allows histone deposition after histone synthesis and DNA replication (Roth & Allis, 1996a;

1996b), though earlier studies also suggested that a single acetyltransferase was responsible
for both deposition related and transcription related activities (Chicoine et al., 1987).
Moreover, other HATs have been identified clearly showing a correlation between

transcriptional regulation and histone acetylation (Jones & Kadonaga, 2000). For example,
the TAFn250 subunit of the general transcription factor TFIID (Mizzen et al., 1996; Struhl &

Moqtaderi, 1998) and Gcn5 (previously only identified as a transcriptional coactivator) have
HAT activity (Bannister & Kouzarides, 1996; Yang et al., 1996; Ogryzko et al., 1996; Kuo et al.,
1996; Chiang et al., 1996). Gcn5 activity is modulated by its interactions with the Ada2
coactivator and requires this interaction to mediate acetylation of histones, which may be a

representative mechanism for many histone acetyltransferases (Candau et al., 1997;

Syntichaki & Thireos, 1998). Transcriptional activation is also accomplished by targeting of
the acetyltransferase activity in the same fashion that has been described for other

components of the transcriptional machinery (Ptashne & Gann, 1997). Transcriptional-
activation domains of factors such as VP16 binding to their cognate DNA binding site (Utley
et al., 1998) can target complexes such as SAGA (Spt-Ada-Gcn5 acetyltransferase, Hampsey,

1997; Grant et al., 1998) and NuA4 (Allard et al., 1999; Vignali et al., 2000b). The SAGA

complex is also an example of an acetyltransferase that contains many TAFu general

transcription factor subunits (Grant et al., 1998). Other acetyltransferases that have been
identified recently include Esal, part of the NuA4 histone acetyltransferase complex (Smith
et al., 1998; ) arid Elp3, a subunit of the novel multisubunit complex Elongator which is
associated with RNA polymerase II (Otero et al., 1999; Wittschieben et al., 1999; 2000), the
ADA complex, which contains some common subunits to SAGA as well as its own unique
subunits (Eberharter et al., 1999).

Recent advances have been made in the crystallography of the bromodomain possessed by
all A-type HATs, including Gcn5. These studies showed the direct interaction of the
bromodomain with acetylated lysines of histone H3 and H4 N-termini (Dhalluin et al., 1999;
Owen et al., 2000). The bromodomain of the Gcn5 acetyltransferase is required for SWI/SNF
chromatin remodelling complex stabilization at target loci but is not required for the
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acetyltransferase activity, implying the presence of Gcn5 during SWI/SNF mediated
chromatin remodelling (Syntichaki et al., 2000). The crystal structure of yeast Gcn5 shows
structural homologies conserved between species and with other members of the Gcn5-
related N-acetyltransferase family (Trievel et al., 1999; Neuwald & Landsman, 1997). In

general, it appears that acetylation leads to chromatin remodelling and modulation of

transcriptional activity (Steger et al., 1998). Gcn5 is required in the modulation of activity of a

wide ranging subset of genes including those regulated by thyroid hormone receptor (TR;
Anafi et al., 2000)

The area covered by acetyltransferase activity once recruited remains to be fully reconciled.
There are essentially two camps providing differing results. On the one hand a domain-wide
level of hyperacetylation, covering > 1 kbp, has been observed by the work of Hebbes et al.
(1992; 1994) which has subsequently been supported by the work of others (Krebs et al.,
1999). Paradoxically, a promoter specific level of acetylation, localized around the TATA
box, has also been documented in some instances (Kuo et al., 1998b; Parehk & Maniatis,

1999). Recent studies raise the possibility of specific activities dependent on the

acetyltransferase complex in terms of the area covered by their activity. This study showed
that the SAGA complex only acetylated histones proximal to the TATA box (2-3
nucleosomes) while NuA4 covered a more extensive region of several nucleosomes. Both
could enhance transcriptional activation, and so the function of the extended level of

acetylation exhibited by NuA4 action remains to be elucidated, but possibly having a role in

higher order chromatin architecture (Vignali et al., 2000b).

Analysis of the redundancy of subunits from the TFIID and SAGA complexes, which both
contain histone-like TAFu subunits and histone acetyltransferase subunits, has recently
shown that some of the TAFn subunits common to both complexes are required in the

regulation of most yeast genes (Lee et al., 2000). Further, the regulation of a gene can be

dependent on the functional domains of transcriptional regulators (O'Brien & Tjian, 2000).

However, a certain degree of redundancy was observed in the acetyltransferase subunits of
the complexes. Substrate specificity may also be a function of the structural domains
contained in different acetyltransferases. For example, the Gcn5 and PCAF acetyltransferases
show species dependent differences in structure and consequently differences in substrate

specificity (Xu et al., 1998). Activity of some acetyltransferases can also be controlled by
covalent modification of the protein such as phosphorylation (Kawasaki et al., 2000)

The coactivators CREB (cAMP-response element binding)-binding protein (CBP) and

p300/CBP-associated factor (PCAF) are major classes of HAT activity containing
multisubunit proteins which raise theories on mechanisms of cell cycle progression and
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transformation and consequently their involvement in many diseases (Bannister &

Kouzarides, 1996; Yang et ah, 1996; Candau et ah, 1997; Wang et ah, 1997; Shikama et ah, 1997;
Giles et al., 1998; Goodman & Smolik, 2000). The acetyltransferase activity of PCAF is

directly dependent on the accessibility of histone H3 tails and the chromatin context of the
substrate, where special factors associated with PCAF modulate the accessibility of H3 tails
to acetylation (Herrera et ah, 2000). PCAF contains many subunits, some of which have
histone-like structure and are common to TFIID (Ogryzko et ah, 1998). p300 can acetylate all

lysines in histones H2A and H2B, lysines 14 and 18 of H3 and lysines 5 and 8 of H4 in vitro.
In contrast, PCAF mainly acetylates lysine 14 of H3 and to a lesser degree lysine 8 of H4.
These differences may possibly account for differential roles in transcriptional regulation by

p300 and PCAF (Schiltz et ah, 1999). The current model proposes that since these proteins are

DNA sequence specific binding factors, they can be targeted to the genes that are to be
transcribed (Kundu et ah, 2000), and, through acetylation, the genes can be potentiated for

transcription. CBP and PCAF regulate the transcription of a large subset of genes. They are

involved in the modulation of activity of the genes regulated by steroid receptors such as

progesterone receptor (Jenster et ah, 1997; Liu et ah, 1999), thyroid hormone receptor (Li et ah,

1999), in the oncogenic human papillomavirus (Patel et ah, 1999), the interferon-P (IFN-P)

promoter (Parehk & Maniatis, 1998), p21 regulation (Xiao et ah, 2000) and are inhibited

by the adenoviral E1A oncoprotein (Hamamori et ah, 1999; Chakravarti et ah, 1999), amongst

many others.

Acetylation of Non-histone Proteins

Although acetylation has been primarily associated with regulating transcriptional activity
via acetylation of core histones, recent observations also point toward a function involving
acetylation of other proteins that also govern transcriptional activity. These include the Tat
transactivator protein of HIV (Kiernan et ah, 1999), p53 (Gu & Roeder, 1997; Gu et ah, 1997),
HMG I(Y) (Munshi et ah, 1998), GATA-1 (Boyes et ah, 1998; Hung et ah, 1999), EKLF (Zhang
& Bieker, 1998), TFIIEp and TFIIF (Imhof et ah, 1997), ACTR (Chen et ah, 1997; 1999), and
HNF-4 (Soutoglou et ah, 2000). Functional activity modulated by acetylation of these factors
can vary from transcriptional activation/repression, decreasing DNA-binding activity and
dissociation of complexes (reviewed in Brown et ah, 2000; Kouzarides, 2000; Cheung et ah,

2000a), while also being of import in the mechanisms of cancer induction such as the EP300

acetylase (Gayther et ah, 2000).
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Transcriptional Repression & Histone Deacetylases
In the same manner that histone acetyltransferases have been documented to be recruited to

target loci by transcriptional coactivators, histone deacetylases can be directed by

transcriptional corepressors (Johnson & Turner, 1999; Ng & Bird, 2000). A series of reports
were published concurrently that provided evidence for the involvement of histone

deacetylases in a complex that included the global transcriptional repressor Sin3. The Sin3

protein was immunoprecipitated with the HDAC1 protein as well as the Mad-Max proteins
that have also been previously shown to be involved in transcriptional repression (Hassig et

ah, 1997; Pazin & Kadonaga, 1997; Laherty et ah, 1997) and other polypeptides (Zhang et ah,
1997). Sin3 has also been immunoprecipitated with another complex that regulates the

activity of the Myc family of genes via inhibition by the Mxi repressor and the histone

deacetylase HD1 (Alland et ah, 1997). Ikaros and Aiolos are transcriptional repressors that
determine lymphoid lineage and which mediate their functions by recruitment of Sin3 and
histone deacetylase (Koipally et ah, 1999). Moreover, the transcriptional corepressor Sin3 is
also involved in complexes that contain another histone deacetylase, Rpd3, a yeast

homologue of mammalian histone deacetylase (Rundlett et ah, 1996), and the DNA binding

protein Ume6 (Kadosh & Struhl, 1997) or the transcriptional corepressors SMRT and N-CoR

(Nagy et ah, 1997; Heinzel et ah, 1997). (Interestingly, Rpd3 also seems to increase

transcriptional activity in some instances, contrary to what might be expected [DeRubertis et

ah, 1996] which leads to the conclusion that the line between activation and repression of

gene activity by acetylase and deacetylase complexes is very blurred. Moreover, a recent

study suggests that the Sin3-Rpd3 complex is restricted to transcriptionally active domains
of the genome where they are required to repress genes when no activation signal is present

[Pile & Wasserman, 2000].) As before, the mutation of these deacetylases can lead to drastic
deficiencies in the viability of a cell, and can have effects on such things as proper

developmental regulation of embryos (Mannervik et ah, 1999). The activity of histone

deacetylases can be regulated dependent on the gene being modified by use of these

corepressors and work has been done to test the effects of using histone deacetylase
inhibitors and site-directed mutagenesis (Hassig et ah, 1998). There have been other histone

deacetylases identified that contain two putative deacetylase domains, where some amino
acid residues are completely conserved in both domains in comparison to yeast Rpd3 or

which function independently of one another (Verdel & Khochbin, 1999; Grozinger et ah,
1999).

Effects of DNA methylation appear to be crucial in determining histone acetylation status.
The discovery that the methyl-CpG binding protein, MeCP2, is associated with a histone
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deacetylase complex gives strong support to the notion that these two processes are closely
linked (Nan et al., 1998; Jones et al., 1998; Ashraf & Ip, 1998). Methylation of the cytosine on

CpG dinucleotides is strongly correlated with regions of repressive heterochromatin
(Bender, 1998). Trans-acting factor binding by MeCP2 is here shown to recruit histone

deacetylase complex to hypoacetylate the chromatin and therefore maintain the repressive
state (reviewed in Ng & Bird, 1999; Newell-Price et al., 2000).

Other factors that use the histone deacetylase complex include CBFl-interacting corepressor

(CIR) in Notch mediated signalling and Epstein-Barr virus induced immortalization (Hsieh
et al., 1999), the cell-cycle regulatory factor retinoblastoma protein (Rb) (Brehm et al., 1998;
Luo et al., 1998), the tumour suppressor protein p53 (Murphy et al., 1999), a subset of genes

involved in cell cycle control including p21 '""f1 (Sambucetti et al., 1999), transducin p-like
protein 1 (TBL1; Guenther et al., 2000) and the Ski and Sno oncoproteins (Nomura et al., 1999;

Shinagawa et al., 2000), amongst others.

A relatively new member of the mammalian histone deacetylase family of proteins was

recently identified in humans, adding to the known previous three deacetylases HDAC1-3.
This new deacetylase, HDAC4, contains a novel functional characteristic: that it can shuttle
between the nucleus and cytoplasm by controlled nuclear transport (Miska et al., 1999). It is a

homologue of the yeast Hdal deacetylase which is in itself distinct from the yeast Rpd3

deacetylase and the homologous mammalian deacetylases HDAC1-3. Moreover, it

specifically interacts with the transcription factor Mef2, repressing the activity of Mef2 on

such promoters as c-jun and regulation in cell differentiation.

In general, there appears to a modular nature to the coactivator and corepressor complexes,
where different components can be interchanged to provide different functions and/or

specificities and which in turn allows for a wide set of genes to be regulated (Roth & Allis,
1996b; Korzus et al., 1998).

Chromatin Remodelling Complexes
To disrupt and move nucleosomes to allow accessibility of DNA sequences to their trans¬

acting factors requires the presence of chromatin remodelling complexes. These complexes
are ATP-dependent, that is, they require the energy released by the hydrolysis of ATP
(adenosine triphosphate) to ADP (adenosine diphosphate) plus inorganic pyrophosphate to
effect their function by virtue of their ATPase activity. ATP-dependent chromatin

remodelling complexes fall into three broad categories: (i) the SWI2/SNF2 (for switching
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yeast mating type and sucrose «on-/ermenting) family, (ii) the ISWI (for imitation SWI)

family, and (iii) the NURD (for nwcleosome remodelling and histone deacetylation)/Mi-2

family. All these complexes are part of the SNF2 superfamily, which contains the ATPase
subunit. The catalytic subunit of these complexes exhibit a conserved helicase activity.
Helicases are principally found at the replication forks of replicating DNA where the
helicase functions to separate the two DNA strands. Their function in the chromatin

remodelling complex is more ambiguous and remains to be fully defined, although it is
known that disruptions in histone-DNA contacts are mediated by these ATP driven
machines (Eggleston et ah, 1995). The differences shown between the different remodelling

complexes include how they are targeted to chromatin and their specificities with regard to
the ability to bind free histones, free DNA or nucleosomes, each of which are principally

governed by the subunit structure of the individual complex (Table 1.1; Vignali et ah, 2000a).

In addition to these complexes, other remodelling factors have also been identified that do
not fall into the SWI2/SNF2 superfamily, at least upon first inspection, such as the FACT

(facilitator of chromatin transcription) complex that has also been associated with a histone

acetyltransferase activity (Orphanides et ah, 1998; John et ah, 2000) and the MSL complex of

Drosophila, which is involved in dosage compensation regulation of X chromosomes (Gu et

ah, 2000).

SWI2/SNF2 Family Members

The complexes comprising the SWI2/SNF2 family were the first to be identified and the best
characterized to date of all the chromatin remodelling complexes (Tamkun et ah, 1992;
Peterson & Herskowitz, 1992). This family includes the most well known chromatin

remodelling complex, SWI/SNF, as well as the more abundant RSC complex (remodel
structure of chromatin, Cairns et ah, 1996). Initially, SWI/SNF proteins were recognized as

important factors in yeast mating type switching via the endonuclease from the HO gene, as

well as playing a role in regulating the SUC2 gene which encodes invertase. In the latter case

it remodels nucleosomes over the TATA box and an upstream activator sequence (UAS) (Wu
& Winston, 1997). Subsequently, it became evident that SWI/SNF proteins form a complex
that is a global activator of transcription, playing a role in the transcriptional regulation of

many unrelated genes. SWI/SNF catalyzes the interconversion of a nucleosome between a

basal state and a disrupted conformation which in itself is stable without the presence of the
SWI/SNF complex (Imbalzano et ah, 1996; Cote et ah, 1998). The altered nucleosomes have
structural features that increase their apparent size by as much as two-fold while increasing

transcription factor access (Schnitzler et ah, 1998). However, some reports also find a
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a SWI2/SNF2
Complexes: ySWI/SNF yRSC dBrahma hSWI/SNF
Subunit Swi2/Snf2 Sthl/Nspl Brm hBRGl or BRM
structure: Swil p270?/BAF250

Snf5 Sfhl Snrl hSNF5/INIl/BAF47
Swi3 Rsc8/Swh3 Bapl55/Moira BAF170,155
Swp82
Swp73/Snfl2 Rsc6 Bap60 BAF60a,b,c
Swp61/Arp7 Rscll/Arp7 Bap55? BAF53?

Swp59/Arp9 Rscl2/Arp9 Bap55? BAF53?
Snf6

Swp29/TAFn30
Snfll

Rscl or 2

Rsc3,5,7,9,10
Rscl3-15

Baplll
P-actin/Bap47*

BAF57

p-actin*
Bap74

Complexes:
Subunit
structure:

ISWI
dNURF
ISWI
Nurf55

p215
Nurf38/iPPase

dCHRAC
ISWI

Topo n
pl75
p20
p!8

dACF
ISWI

Acfl (pl85 or
170)

ylSWI
ISWI, ISW2

p74 (ISWI)
pl05 (ISWI)
pi 10 (ISWI)
pl40 (ISW2)

hRSF
hSNF2h

p35

c Mi-2

Complexes: hNuRD/NURD/NRD xMi-2
Subunit Mi-2P/CHD4, Mi-2a/CHD3? Mi2

structure: HDAC1 (NURD63) Rpd3
HDAC2 (NURD59) Rpd3
RbAp48 (NURD56) RbAp48/46
RbAp46 (NURD70) RbAp48/46
MBD3 MTAl-like

MBD3 and MBD3 Long Form
p66
Sin3*

Table 1.1 Subunit structure of the SNF2 superfamily of ATPase chromatin remodelling
complexes. The subunits making up the members of the a, SWI2/SNF2, b, ISWI and c, Mi-2
families of chromatin remodelling complexes. Structures are as yet incomplete and some
subunits are speculative (*) while others have incomplete or conflicting results (?).
Homologous subunits between different complexes are aligned horizontally while the
ATPase subunit is shown first in each case. (Modified from Vignali et ah, 2000.)
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continuous requirement for SWI/SNF at target loci (Sudarsanam et ah, 1999) building on

previous studies that demonstrated that removal of the SWI/SNF complex reverted target
loci chromatin into a basal state (Owen-Hughes et al., 1996; Logie & Peterson, 1997). Some
results tending towards the former set of observations were accomplished in vitro, and as

such may provide an explanation for the polar differences in conclusions. In vivo, the

presence of remodelling complexes that catalyse the reverse reaction to SWI/SNF may be

present, and thus the continuous requirement for SWI/SNF is established. Disruption of this

equilibrium by removal of any other factors antagonising SWI/SNF action may allow
stabilization of disrupted nucleosomes in the absence of SWI/SNF.

The requirement for the SWI/SNF complex can be by-passed by Sin (SWI/SNF
independent) mutation yeast strains, which have provided indirect evidence for the role of
the SWI/SNF complex (Kruger et ah, 1995; Santisteban et ah, 1997). Point mutations of the
core histones can in some cases cause Sin phenotypes, in particular those residues that lie
close to the histone-histone and histone-DNA interfaces which could potentially lead to

disruption of these interactions. For instance, one study examined the effects of various H3
mutations on the structural characteristics of assembled nucleosomes, coming to the
conclusion that the site of the mutation was critical: mutations near the dyad axis of the
nucleosome caused destabilization of the histone-DNA contacts and increased the level of

accessibility to micrococcal nuclease digestion. Sin mutants that did not have the point of
mutation near the dyad axis consequently produced a similar micrococcal and DNase I

digestion pattern to wild type. Nevertheless, all Sin mutants still maintained a recognizable
chromatin architecture (Kurumizaka & Wolffe, 1997). The effects of Sin mutants are also

cooperative with the depletion of polyamines providing for a stronger Sin phenotype

(Pollard et ah, 1999). It has been suggested that at least one important target of the SWI/SNF

complex to remodel chromatin is an interaction with the N-terminal tail of histone H2B since
the removal of 20 amino acids from this tail produced a Sin phenotype (Georgel et ah, 1997;
Recht & Osley, 1999). The N-terminal a-helix of histone H3 is also known to lie outside the
nucleosome proper, making contacts with linker DNA, while Sin mutants of H3 also exist

(Kurumizaka & Wolffe, 1997). However, this study also showed that in wild type yeast cells
the involvement of SWI/SNF mediated chromatin remodelling and histone acetylation need
not always be in the context of transcriptional activation since gcn5Asnf5A double mutants
conferred transcriptional activation at the SUC2 gene. The implications are that remodelling
can occur independent of the requirement for histone acetylation. Also, the reverse reaction
of re-establishing a repressed gene need not always require SWI/SNF as nucleosomes may

reposition at that original site by inherent nucleosome mobility.
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To characterize the temporal sequence of events that occur at target genes, the yeast HO gene

has been studied to reveal the following (Figure 1.7). Cosma et al. (1999) and Krebs et al.
(1999) provided evidence that recruitment of the SWI/SNF complex required the presence of
the Swi5 transcription factor at the promoter. Then and only then, SWI/SNF is targeted to
remodel the promoter chromatin. Subsequent to this step, the SAGA complex is recruited to

modify the chromatin architecture by acetylation of the N-terminal tails of histones H3 and
H4. These results are in agreement with other studies done on the PH08 promoter where the
Pho4 transcription factor was found to bind prior to SWI/SNF and SAGA action (Gregory et

al., 1999) and by RAR/RXR transactivation, in which ATP-dependent chromatin remodelling

activity is required before acetyltransferase activity (Dilworth et al., 2000). A more recent

study does slightly contradict this finding when investigating the IFN-(3 promoter, where it

appears the Gcn5 containing complex is recruited prior to SWI/SNF (Agalioti et al., 2000) in
a similar manner to the PH05 promoter (Syntichaki et al., 2000), and thus these rules are not

universally applicable. Since the HO gene regulates the mating cycle of yeast, the next step in
the ordered recruitment of factors involves binding of an additional transcription factor, SBF

(Swi4/Swi6 cell cycle box/actor) and after this it is believed that the general transcription

machinery, including RNA polymerase II, binds to start transcription from the TATA box.
The Spt6 and Spt20 components are believed to aid the binding of RNA polymerase II to the

transcription start site by an coactivator function (independent of Gcn5) that recruits the

TATA-binding factor (Dudley et al., 1999). These studies, although as yet not universally

applicable, have provided some interesting observations. The first transcription factor to

bind, Swi5, is only transiently present at the promoter, being displaced once the SWI/SNF

complex has been targeted to the promoter. That SWI/SNF is required for a prolonged

period of time is in good agreement with another study that came to the same conclusion

(Biggar & Crabtree, 1999). This finding corroborates later in vivo data using the direct

imaging techniques FRAP (fluorescence recovery after photobleaching) and FLIP

(fluorescence loss in photobleaching) on the glucocorticoid receptor (McNally et al., 2000).

Essentially, FRAP entails irradiation of a population of green fluorescent protein (GFP)

tagged GR molecules that have been liganded and that are consequently bound to an

extensive array of repeats of the MMTV promoter. The resultant bleaching of a fixed

population of GFP-GR is dissipated with time by diffusion through the nucleoplasm; this

provides a real time indication of the kinetics of the binding activity of GR as all this can be
observed under the microscope. They found a rapid exchange of ligand bound GR with the
MMTV promoter while the open chromatin structure remained. It had also been previously
noted that the presence of GR for lengthy periods of time could lead to the

dephosphorylation of histone HI and subsequent inactivation of the MMTV promoter (Lee
U/V/>N
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& Archer, 1998). GR binding of the promoter recruits additional transcriptional factors and

perhaps remodelling complexes as well, such as NF1 and SWI/SNF, and these factors may

maintain the open chromatin state. It has been established for some time that GR is one of

many steroid receptors that utilizes the SWI/SNF complex in its regulatory role (Yoshinaga
et al., 1992; Laurent & Carlson, 1992), while recent concrete evidence sees recruitment of a

human SWI/SNF homologue by GR (Fryer & Archer, 1998). Furthermore, it may be that
SWI/SNF is required for transcriptional elongation, and a putative physical link between
RNA polymerase II and SWI/SNF has been identified (Wilson et al., 1996). This may be an in
vivo requirement in contrast with the in vitro studies that have shown polymerase action
alone through nucleosomes (Bonne-Andrea et al., 1990; Studitsky et al., 1994; 1997). The
SWI/SNF and SAGA complexes remain associated with the promoter for a prolonged
amount of time. Moreover, a large domain becomes acetylated by the SAGA complex,

covering ~ 1 kbp, such that it is not only the immediate neighbouring nucleosomes that are

susceptible to acetylation. This may point towards a mechanism in which the

acetyltransferase complex is able to move along the chromatin template to acetylate an entire
domain. Indeed, a recent finding points towards a piggyback mechanism involving a histone

acetyltransferase and actively transcribing RNA polymerase II (Wittschieben et al., 1999)

leading to proposals on the mechanisms of local vs. domain-wide acetylation/deacetylation

(Travers, 1999b). This could occur together with transcription factors such as heat shock
factor 1 (HSF1) that can disrupt chromatin in the path of transcribing RNA polymerase II

(Brown & Kingston, 1997). Further, there appear to be some conflicting results

demonstrating the extensiveness of acetylation through a region, whether it is promoter

proximal or domain wide, which may be due to functional specificities of the

acetyltransferase complex itself (Hebbes et al., 1992;1994; Kuo et al., 1998b; Vignali et al.,
2000b). One suggestion is that some complexes such as NuA4 create a domain wide region
of acetylation while others such as SAGA are subsequently recruited to provide promoter

specific hyperacetylation (Galarneau et al., 2000). The most recent studies done in yeast

favour a global level of histone modification by histone acetyltransferases and deacetylases

(Vogelauer et al., 2000; Berger, 2000). Modulation of acetylation levels are in a constant state

of flux and appears to be genome-wide, but at a reduced, basal state. In these areas of the

genome, transcription is possible at a reduced level; however, increasing the acetylation
status at target promoters increases the transcription rate at these promoters. The authors

suggest that this ensures rapid switching between an "on" and "off" state at these target

promoters (Vogelauer et al., 2000).

The mechanism by which SWI/SNF effects its nucleosome remodelling function was

recently shown to involve moving of nucleosomes in cis on the DNA in an ATP-dependent
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manner (Whitehouse et al., 1999). Moreover, the repositioning of nucleosomes occurs via
conservation of the majority of DNA-histone interactions and a sliding mechanism which is

potentially in agreement with previous results of Studitsky et al. (1994; 1997).

ISWI Family Members

One of the fundamental differences between the SWI/SNF and ISWI families of chromatin

remodelling complexes is that the former induces changes in the nucleosome structure that
can be detected by DNase I sensitivity while the latter modulates nucleosome sliding. The
CHRAC (chromatin Accessibility complex, Varga-Weisz et al., 1997), NURF (nwcleosome

remodelling /actor, Tsukiyama et al., 1994; 1995; Tsukiyama & Wu, 1995) and ACF (ATP-

utilizing chromatin assembly and remodelling /actor, Ito et al., 1997) fall into the diverse
ISWI (Elfring et al., 1994) subfamily (Varga-Weisz & Becker, 1998). These complexes are

substantially smaller than their SWI/SNF counterparts at ~ 0.5 MDa, and the ISWI subunit

appears to be required in a wide subset of activities shedding light on a modular nature to
its function: it is required for nucleosome sliding and arrangement of regularly spaced
nucleosomes which has implications in both transcription and DNA replication (Ito et al.,
1997; Alexiadis et al., 1998; Hamiche et al., 1999; Langst et al., 1999; Cairns, 1998). The

diversity in function is most likely a consequence of the numerous associated proteins in
each complex such as the histone fold proteins of the CHRAC complex, which are

developmentally regulated (Corona et al., 2000),. or novel polypeptides belonging to
different species such as those observed in humans (Poot et al., 2000). Their function, in the
same fashion as the SWI/SNF complex, is regulated by recruitment to target loci, a recent

example of this being the Ume6 dependent recruitment of Isw2, and consequently

establishing it in the Sin3-Rpd3 pathway of transcriptional repression (Goldmark et al., 2000).

NURD/Mi-2 Family Members
Unlike the previously identified chromatin remodelling complexes, the discovery of the
NURD and Mi-2 complexes displayed a concomitant histone deacetylase activity (reviewed
in Knoepfler & Eisenman, 1999; Ayer, 1999; Guschin et al., 2000). This was the first time that
these two disparate activities had been observed in one complex and also demonstrated that
chromatin remodelling was necessary for transcriptional repression (Wade et al., 1998;

Zhang et al., 1998; Xue et al., 1998; Tong et al., 1998; Tran et al., 2000). Further characterization
revealed the ability of one subunit of the NURD/Mi-2 complex to bind methylated DNA. As

previously discussed, methyl-CpG is strongly correlated with transcriptional silencing, and
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the identification of a methyl-CpG binding subunit associated with the NURD/Mi-2

complex laid a strong foundation for a functional link between histone deacetylation, DNA

methylation and chromatin remodelling (Wade et ah, 1999; Zhang et ah, 1999). Therefore,
these complexes could possibly identify a class that is functionally opposite to that described

by the FACT complex (Orphanides et ah, 1998; John et ah, 2000).

The Nuclear Receptor Family of Transcriptional Regulators As
A Model Example of Factors Which Integrate the HAT and
HDAC Pathways

Signal transduction pathways are a primary source of inducers of chromatin structure

change (Torchia et ah, 1998; Turner, 1999; Collingwood et ah, 1999; Magnaghi-Jaulin et ah,
1999; Minucci & Pelicci, 1999). The binding of hormones, steroids and other ligands at the

plasma membrane of cells, or their import into cells can trigger a number of known signal
transduction pathways including the mitogen activated protein kinase (MAPK) pathways

(Thomson et ah, 1999). The nuclear receptors (NRs) constitute a major class of transcriptional

regulators that modulate the activity of genes through coactivators and corepressors (NCoAs
and NCoRs, respectively; Xu et ah, 1999; Glass & Rosenfeld, 2000). These include the

glucocorticoid receptor, thyroid hormone receptor (TR), progesterone receptor (PR) and
retinoic acid receptor (RAR). The effect of ligand binding by NRs effects targeted gene

activation, while the absence of ligand has repressive effects (Figure 1.8). For example, NCoR
and the homologue SMRT (silencing mediator of retinoid and fhyroid hormone receptor) are

recruited by unliganded RAR and TR. It should also be noted, however, that ligand binding
can also induce repression of target genes, GR being a prime exponent of this. Another
common thread in NCoR/SMRT function is that in each case the corepressor complex is
associated with histone deacetylase and the global corepressor Sin3 (Heinzel et ah, 1998;

Nagy et ah, 1998). NCoR was copurified with the Mad protein which in turn was also

purified with a subset of nuclear receptors, and on the basis of this a model for the function
of complexes containing the Sin3 corepressor and Rpd3 deacetylase was proposed where the
absence of nuclear receptor ligand promoted the formation of hypoacetylated chromatin.
Addition of ligand dissociated the Sin3/Rpd3 complex and induced binding of a coactivator

complex including histone acetyltransferases (Heinzel et ah, 1997). Since Sin3 is associated in
a wide variety of corepressor complexes including methyl-CpG binding protein mediated

repression, it appears that NCoR/SMRT acts to integrate the Sin3/HDAC activity with the

DNA-binding NR signal.
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NCoAs produce a directly opposite effect. Transactivation is controlled by interactions with

ligand bound NRs such as oestrogen receptor (Heery et ah, 1997). The factors steroid receptor

coactivator-1/nuclear receptor coactivator 1 (SRC-l/NCoA-1), p300/CBP co-integrator
associated protein/activator of TR and RAR/amplified in breast cancer 1

(p/CIP/ACTR/AIBl) and transcriptional intermediary 2/GR interacting protein 1/nuclear

receptor coactivator 2 (TIF2/ GRIPl/NCoA-2) are some of the members of the NCoA family
that have been identified to date. These complexes appear to mediate transcriptional
activation via association with liganded NRs. It has also been shown that some of these

complexes have intrinsic histone acetyltransferase activity, although not being homologous
to any of the known HATs. Unsurprisingly, CBP/p300 and PCAF are also involved in the
transactivation pathway. These activities are accompanied by chromatin remodelling in the

shape of the SWI/SNF complex, and together form a transcriptionally competent chromatin
domain (Glass & Rosenfeld, 2000; Lemon & Freedman, 1999). In addition to these relatively

ubiquitous complexes, the TR associated proteins (TRAP), vitamin D3 receptor interacting

protein (DRIP) and the similar activator recruited factor (ARC) play key roles in the

transcriptional activation process (Naar et ah, 1999; Rachez et ah, 1999). DRIP/ARC contain

components of the Mediator complex involved in RNA polymerase II transcription, which

provides a functional link between TRAP/DRIP/ARC and the core transcriptional

machinery. Figure 1.9 shows the network of interactions that have been observed or that
have been proposed.

De novo Assembly ofNucleosomes
Replicating DNA inherently poses a problem in the context of nucleosome assembly and

packaging of the freshly replicated DNA in that twice the amount of DNA now has to be

packaged with core histones. Two processes occur to solve this. Firstly, core histones from
the parental DNA strand are transferred to the newly synthesized strands (parental
nucleosome segregation) and secondly, de novo synthesized core histones are deposited onto

the DNA at other vacant positions (Figure 1.10). Acetylation of the core histones plays an

important role in the latter process. Core histones from the parental strand appear to be

hypoacetylated (Perry et ah, 1993). (In addition to replication-coupled chromatin assembly,
there is also a pathway involving cell-cycle regulated but replication independent chromatin

assembly that also requires appropriate acetylation of histones [Altheim & Schultz, 1999].)
Histone acetyltransferase activities have been associated with the ORC (origin recognition

complex) such as the HBOl (Iizuka & Stillman, 1999), establishing a link between DNA

replication and histone acetylation. After deposition of core histones onto the daughter



Figure 1.10 Mechanism of de novo nucleosome assembly after DNA replication. Parental core
histone octamers are transferred to daughter DNA strands. However, to provide a full
complement of octamers for the two-fold increase in DNA requires the assembly of newly
synthesized core histones and their subsequent deacetylation to complete the maturation
process of DNA replication and formation of higher order chromatin structures. Separation of
older core histone octamers (grey cylinders) occurs at random as depicted by alternative
depositions. Similarly, deposition of newly synthesized core histone octamers (orange
cylinders) is also random. Deposition of core histones most likely requires the presence of
chaperones such as nucleoplasmin (not shown).
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strands a process of chromatin maturation occurs, which includes histone deacetylation to
establish the same chromatin configuration to that of the parental chromatin (Annunziato et

al., 1982; 1983; Shimamura & Worcel, 1989; Roth & Allis, 1996a; Grunstein, 1997; Verreault,

2000), but which appears to occur over a lengthy (half-time of ~ 35 min) timescale (Cousens
& Alberts, 1982).

Histones H3 and H4 of newly synthesized core histones are hyperacetylated and show a

strong preference in comparison to H2A and H2B to be deposited on newly replicated DNA
(Jackson & Chalkley, 1981). In the context of developmental changes, mouse embryos at the

single cell stage show high levels of H3 and H4 core histones in a hyperacetylated state
which become deacetylated (Wiekowski et al., 1997). Only one histone acetyltransferase has
been discovered thus far that performs this task, falling into the B-type class of HATs and
has been named HAT1. No B-type HAT has been isolated that modifies histone H3. Lysines
5 and 12 of histone H4 become acetylated by HAT1, or homologues of these residues

depending on the organism (Sobel et al., 1994), in Xenopus and humans, but this does not

appear to be indispensable for the viability of S. cerevisiae, where only K5, 8 and 12

mutagenesis led to loss of cell viability (Ma et al., 1998). Previous studies had also shown a

conservation of site acetylation in newly synthesized histone H4 between species while there

appeared to be little conservation in the acetylation of H3 (Sobel et al., 1995). This latter point

probably reflects the presence of other B-type HATs yet to be isolated. Moreover, there

appears to be a level of redundancy between the JV-terminal tails of histones H3 and H4.

Once core histones have been synthesized and appropriately acetylated, they are

chaperoned to the target DNA sites by such factors as CAF1 (chromatin assembly/actor 1,
Smith & Stillman, 1989) and RCAF (replication-coupling assembly/actor, Tyler et al., 1999)
and subsequently deposited (Adams & Kamakaka, 1999). Appropriately acetylated histones
H3 and H4 are transported to newly synthesized DNA by these chaperones and are targeted
to the DNA via one of the subunits of the CAF1 complex containing specific histone, but not

nucleosomal, binding activity. The same histone binding subunit has homologues in histone

acetyltransferase complexes (Verreault et al., 1997). This is likely to be in cooperation with
interactions made with the proliferating cell nuclear antigen (PCNA) which is localized to
the replication fork of replicating DNA (Krude, 1999). PCNA is a donut shaped molecule
that encompasses replicated DNA and which is also in contact with a number of other
factors including DNA polymerase. In addition, it is possible to transfer H2A/H2B dimers to

chaperones from nucleosomes by their acetylation, pointing towards the parental
nucleosome segregation pathway (Ito et al., 2000). It is believed to ensure the processivity of
the DNA polymerase and to tether the DNA. CAF1 has two distinct activities: it is involved
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in the deposition of nucleosomes in de novo assembly and their subsequent spacing (Bulger et

al, 1995; Smith & Stillman, 1991; Kaufman et al., 1995) and also in the maintenance of

heterochromatin through an interaction with proteins such as HP1 (/leterochromatin protein

1, Murzina et al., 1999).
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Thesis Aims

Nucleosome positioning is fundamental to regulation of transcription factor access to

cognate DNA binding sites. The rules of nucleosome positioning in the context of DNA

sequence and structure remain to be fully understood (Shrader & Crothers, 1989; 1990;

Travers, 1989). Moreover, some locations show a greater level of positioning strength for
nucleosomes than other overlapping, alternate sites. For example, at the promoter, flanking

regions and introns of the chicken [3A-globin gene there are strong, discrete positioning sites

showing a periodicity of ~ 200bp, whereas the exons have low levels of strong positioning

(Davey et al., 1995). The bendability of the DNA sequence to fit in a nucleosome has

important implications on nucleosome positioning. Structural features of the core histones
also play key roles in the formation of nucleosomes, a particularly pertinent example of this

being the distortions in the DNA path seen at the dyad (Richmond et ah, 1984). The long N-
terminal tails of the core histones do not appear to be crucial in the overall structure of
individual nucleosomes, although they have a major role in higher order chromatin
structure. Nevertheless, their presence does have effects on the topology of DNA in the
nucleosome, and modification of the tails by acetylation of lysines can induce subtle
conformational changes (Norton et al., 1989; 1990). In this project, I firstly addressed the

question what effect acetylation has on the positioning of nucleosomes.

This study primarily used the 208 bp 5S rDNA fragment of the sea urchin to investigate this

hypothesis. Its positioning of nucleosomes has been well documented and it is a model

system for the study of nucleosome structural parameters, especially in the context of higher
order structures. By reconstitution of purified core histone from various sources and DNA

components, I aimed to determine the effects of histone hyperacetylation on nucleosome

positioning, as well as the contributions from the histone tails and the H2A/H2B dimers in
this process.

Positioning of nucleosomes is a dynamic property and each position is in a state of

equilibrium with other alternate positioning sites. This is achieved through inherent
nucleosome mobility under in vitro conditions. Mobility does not appear to require the

breakage of any histone-DNA contacts. However, it has been suggested that histone

acetylation leads to a dissociation of the N-terminal tails from DNA, and if this were the case

would this lead to any changes in the ease with which nucleosomes can be mobilized? In the
second part of the thesis, I aimed to address this question by a comparative study of the
nucleosome mobility of reconstituted hypo- and hyperacetylated mononucleosomes.
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Finally, the study of Davey et al. (1997) determined that methylation of DNA can have
serious implications on the positioning of nucleosomes on a promoter fragment of the
chicken PA-globin gene. Close investigation of this finding led to the conclusion that the

methylation of a CpG triplet in the sequence induced a conformational change in the DNA
which could not be accommodated in the dyad axis distortions seen in the crystal structure
of the nucleosome (Richmond et al., 1984). Previous observations have shown that CpG

methylation density modulated the level of transcriptional repression of a gene and that this

repressive effect was alleviated by histone acetylation (Hsieh, 1994), which suggested that

acetylation may be important in the ability of nucleosomes to position at preferred sites.

Therefore, in the last part of my work, I aimed to investigate the possibility that histone

acetylation could antagonise DNA methylation in governing nucleosome positioning on the
chicken pA-globin gene promoter.
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Results I

I. Preparation of Core Histones & DNA

CoreHistone Purifications
Chicken Core Histone Octamer & Tetramer Preparation
Purification of core histones from chicken erythrocytes was the first histone prep that I
undertook, the protocol for which is a variation of many previously described methods

including Simon & Felsenfeld (1979), von Holt et al. (1989), Ura & Wolffe (1996) and the
references therein (Figure 2.1). An interesting facet of chicken erythrocytes, unlike their
mammalian counterpart, is that they are nucleated, which provides an easy method for

obtaining large quantities of nuclear material. One litre of chicken blood was collected from
a chicken abattoir, and erythrocytes were purified by successive rounds of centrifugation to
remove plasma and white blood cells. Nuclei were then prepared by lysing the cells with the
mild detergent Nonidet P40 whilst being centrifuged, with subsequent centrifugations to
remove cell debris. A small fraction of the nuclei were put through a test micrococcal
nuclease (MNase) digest to determine the conditions required to produce chromatin

fragments of 4-20 nucleosomes in length and the appropriate time was used to MNase digest
the batch chromatin by scaling up the digest conditions proportionately. Production of

polynucleosomes of 4-20 nucleosomes in length was important so as to allow separation of
the bulk chromatin from the linker histone component by sucrose gradient centrifugation.

The salt concentration of the sample was adjusted to ~ 600 mM NaCl to dissociate linker
histone H1/H5 from the chromatin. This material was then applied to 5-25% (w/v) linear
sucrose density gradients and spun for oft ~ 2.28 x 10n sec-1 in Beckman SW28 swing-out
buckets at 4°C. Sucrose density gradients separate particles on the basis of mass and
conformation. The oft parameter allows one to reproduce centrifuge runs, where co = 2/r

rpm/60 and t = time in seconds. In most instances time will be the limiting factor and so the

equation allows determination of run speed. The expected sedimentation coefficient of the

particles, in Svedberg units (S; 10"13 seconds), and the fractional distance through the

gradient one wishes the particles to travel are used with pre-calculated graphs (Fritsch, 1973;
Beckman Applications Data Sheet) allows derivation of a soft value which can be solved to

give oft, where s = S2o,w = S. For the sedimentation of the chromatin in this chicken core

histone preparation I assumed a sedimentation coefficient of 11 S for mononucleosomes and
a fractional distance of 0.5. After the centrifugal run, the bulk chromatin was separated from
the majority of the linker histone component. 600 mM salt is sufficient to dissociate the

majority of the linker histones from chromatin.
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V
Purify erythrocytes from other
chicken blood components

Perform nuclei prep

V
Optimize conditions to obtain
4-20 nucleosomes by doing a
MNase time course

V

Perform batch MNase digest.
Lyse nuclei to release chromatin
and run on 5 - 25% sucrose density
gradients in 600 mM NaCI buffer to
remove linker histone component

c

Figure 2.1 Chicken core histone
preparation procedure. Chicken
blood was collected from an

abattoir and erythrocytes purified
from other blood components
such as white blood cells. Nuclei
were purified from the cells in a
large batch. Part of the nuclei
batch obtained was then used to

obtain core histones.

Firstly a MNase time course was
performed on a small aliquot to
determine the correct time of

digestion to obtain 4-20
nucleosomes. The remaining
nuclei were then digested for this
time with a proportionately
higher amount of MNase at the
same concentration. Dialysis was
then used to lyse nuclei overnight
by osmotic pressure and the
resulting chromatin layered onto
5-25% sucrose density gradients
in 600 mM NaCI buffer, to
dissociate the linker histones HI

and H5. Peak fractions from the

gradients were pooled and
dialysed once more to reduce salt
concentration.

Finally, chromatin was loaded
onto a hydroxylapatite (HAP) ion
exchange column connected to a
FPLC system, and core histones
eluted using a salt gradient.

2 M

Fractionate gradients
and pool like-fractions
based on gel analysis.
Purify core histones with
HAP column using FPLC 0.65 M

Time
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Gradients were fractionated and like fractions were pooled after analysis on agarose DNA

gels and SDS-PAGE protein gels confirming depletion of histones H1/H5 (Figure 2.2/;

Panyim & Chalkley, 1969; Laemmli, 1970; Wiekowski & DePamphilis, 1993). FPLC was

performed using a hydroxylapatite (HAP) column for the pooled chromatin fractions to

separate core histones from DNA (Simon & Felsenfeld, 1979). HAP makes electrostatic
interactions with the DNA backbone of chromatin. Core histones were then eluted from the

HAP column by application of a salt gradient, where the salt electrostatic interactions
interfere with the histone-DNA interactions but do not affect the HAP-DNA interactions.

The FPLC apparatus was programmed to maintain a plateau at 650 mM NaCl so as to allow
elution of any remaining linker histone. Raising the salt concentration to 2 M then eluted the
core histones as intact octamers, and this buffer was used to store the octamers at -20°C

(Figure 2.2/7). Elution of histones was monitored through a spectrophotometer reading at an

absorbance of 280 nm and an attached recorder. AIM phosphate solution is used to clean
the HAP column before and after the nan. Concentrations of the peak fractions were

determined by measurement at A280. This entire core histone procedure was repeated once

more since the purity and integrity of the core histones produced from the first attempt was

not satisfactory and the fractions in Figure 2.2 shows the results of the second attempt.

The fractions from the tail end of the main peak of core histones contained non-

stoichiometric amounts of core histones. Coomassie blue stained SDS-PAGE protein gels
showed that these fractions contained mainly histone H3 and H4 with a minimal (< 10%)
amount of H2A and H2B. This was determined by densitometry scans of these lanes, where
relative band intensity gave a measure of the abundance of each core histone, and is only a

very crude measure of the stoichiometry. I decided to use these fractions in reconstitutions to

investigate positioning and mobility of (H3/H4)2 tetramers. However, since these fractions
were only present at the base of the main peak, the concentration of the tetramer fractions
was very low.

Hypo- & Hyperacetylated HeLa Core Histone Octamer

Preparations
HeLa nuclei from cells that were either treated with sodium butyrate or untreated were

purchased from the Computer Cell Culture Centre (Belgium). Sodium butyrate inhibits
histone deacetylases, and thus yields hyperacetylated core histones (to be referred to as

HeLaAc histones from this point forward). Inhibition of histone deacetylases is produced at
the expense of affecting other cellular components such as the cytoskeleton. However, the
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/ Fraction T 1 2 3 4 5 6 7 8 9 10 M 1112 13 14 15 17 19

H3

H4

TOP BOTTOM

#7 Fraction M 38 43 48 53 58 60 62 64 66 67 68 T 69 70 72 74 76 78 80 85 90 95 100

Figure 2.2 Purification of chicken core histones. Core histones were purified as described in
text. / 5% (v/v) stacking/15% (v/v) separating SDS-PAGE protein gel of fractions from a 5-25%
(w/v) sucrose density gradient in 600 mM NaCl, 10 mM Tris pH 7.4,0.2 mM EDTA, showing
the protein composition of each fraction. Please note the separation of linker histones HI and
H5 at the top of the gradient. Fractions 4 to 19 were pooled for the next separation. /'/ 5% (v/v)
stacking/15% (v/v) separating SDS-PAGE protein gel of peak fractions from salt elution of
pooled fraction from / by FPLC on a HAP column. T denotes the total that was applied onto each
purification step and M is a protein marker.
Fraction 73 of the chicken core histone octamers was used in all nucleosome reconstitutions

shown in this study. Meanwhile, fraction 95 was used in all the (H3/H4)2 tetramer
reconstitutions.
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II
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Figure 2.3 Purification of HeLa core histone octamers. Core histones were purified as
described in text. / SDS-PAGE protein gel of fractions from a 5-25% (w/v) sucrose density
gradient showing the protein composition of each fraction. /'/' SDS-PAGE protein gel of peak
fractions from salt elution of pooled fractions from / by FPLC on a HAP column. T denotes the
total applied onto each purification step and M is a protein marker. Please note that some lanes
contain little to no loaded sample due to poor precipitation and resuspension of precipitated
protein (eg. fraction 50 in panel #7). Fraction 50 is shown in Figure 5.777". Fraction 50 was also used
in all HeLa reconstitutions in the remainder of this study.
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non-specific nature of butyrate does not have any consequence on purification of core

histones so that more specific, expensive HDAC inhibitors, such as TSA or TPX (Yoshida et
al., 1995), are not required. Isolation of core histones from both these types of nuclei was

similar to the prep done for chicken nuclei (Figure 2.3). All buffers in the HeLaAc prep

additionally contained 10 mM sodium butyrate.

In addition to the conventional SDS-PAGE protein gels, a Triton X-100/Acetic acid/Urea
(TAU) gel was run, according to Imai et al. (1986), to analyse the HeLaAc preparation. TAU

gels are capable of resolving individual species of acetylated histones (ie. mono-, di-, tri- and

tetra-acetylated core histones) unlike conventional protein gels, and thus aid in pooling
fractions with similar levels of acetylation. The TAU gel system is a modification of a

previous method which omitted the use of Triton. Acetic acid-urea gels separate histones on

the basis of mass and net charge and this system has proved successful in the separation of

subtypes of histones H3 and H4. However, separation of histones H2A and H2B was not

fully successful leading to the incorporation of Triton into gel recipes. Triton X-100 is a non-

ionic detergent, and binds the hydrophobic regions of proteins. This binding causes a severe

change in the electrophoretic mobility of the protein which is manifested as a dramatic
alteration in the resolution of core histones. The change in electrophoretic mobility is also
seen as a change in the order in which the core histones are separated: SDS-PAGE resolves
core histones in the order H3, H2B, H2A and H4 while the order in TAU gels is H2A, H3,
H2B and H4. Electrophoretic mobility is altered principally due to the differing affinities to

Triton of each core histone, where H2A > H3 > H2B > H4 in order of affinity to Triton.

Moreover, the affinity of Triton to core histones is modulated by the amount of urea present

which reduces the Triton-histone affinity. Generally, 8 M urea is required to resolve
mammalian core histone subtypes. An additional advantage provided by the TAU gel

system is that histone modifications and subtypes can also be resolved, the latter point being
one of the main reasons for use of these systems initially (Boulikas, 1985; Lennox & Cohen,

1989). Histone H4 gives the best resolution and four acetylated species were observed

(Figure 2.4) corresponding to acetylation at one, two, three or four of the possible acetylation
sites. Although heterogeneous, most acetylated species were at least tri- or tetraacetylated
which is sufficient to class these core histones as hyperacetylated. In both preparations, a

peak concentration of 0.54 mg/ml was obtained.

An initial additional step that was later omitted in the HeLaAc prep was to redigest the
linker histone-depleted chromatin to monomers with MNase subsequent to the sucrose

density gradient step. Digestion of chromatin to monomers would produce populations of
mononucleosomes with different levels of histone acetylation. Subsequently, these
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Figure 2.4 Visualization of acetylation status of HeLaAc core histones during HeLaAc core
histone octamer purification. / Triton X-100/acetic acid/urea (TAU) polyacrylamide gel of
fractions from a 5-25% sucrose density gradient. // TAU gel of peak fractions from FPLC
purification of pooled fractions from /" using a HAP column. The number of acetyl groups (Ac)
are indicated for histone H4 in each panel. Chicken and HeLa are control markers showing the
acetylation status of these two hypoacetylated core histone octamers, while T denotes the total
applied onto each purification step. Please note how the hypoacetylated controls migrate
slightly faster than their hyperacetylated counterparts.
Fraction 15 was used in all HeLa nucleosome reconstitutions in this study.
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mononucleosomes are loaded onto a HAP column for a reverse HAP run (ie. gradient rising
from 50 mM sodium phosphate/10 mM sodium butyrate to 1 M sodium phosphate/10 mM

sodium butyrate) according to Imai et al. (1986). Application of a phosphate gradient elutes
entire mononucleosomes from the HAP column and this is dependent on the acetylation
status. Nucleosomes are eluted on the basis of their strength of binding to the HAP column
and this may be conditional on the amount of DNA that is free as a result of histone tails

being associated or not. The net result is to enrich hyperacetylated nucleosomes which can

then be pooled and only then separated into histone octamers and DNA by a NaCl gradient
elution on a HAP column as before. Unfortunately, enrichment of the hyperacetylated
nucleosomes caused a loss of stoichiometry between the four core histones and was thus left
out of the HeLaAc prep.

Trypsinized Chicken Histone Octamer Preparation

Trypsinized core histone octamers were obtained from chicken erythrocyte nuclei. Their use

in chromatin structural studies dates back many years (Whitlock & Simpson, 1977; Lilley &
Tatchell, 1977; Whitlock & Stein, 1978). Trypsin is a protease with specificity for charged

polypeptide side chains at arginine and lysine residues. Trypsinization causes the long
"tails" of the core histones to be cleaved off, generating core histones with only the central,

globular domain present. These can be used as a control to core histones with acetylated
tails, and also to study the contributions of the tail and globular domains, respectively, of
histones. There is some disagreement about the extent of trypsinization required and the

resulting cleaved polypeptides. Early literature identified five polypeptides designated PI¬
PS (Weintraub & van Lente, 1974). However, more recent data refers to three prominent
bands on SDS-PAGE gels (Sivilob et al., 2000). Nuclei were treated as before with MNase and

spun down on sucrose density gradients. Polynucleosomes were then treated with trypsin

(Sigma) at 50 pg/ml for 30' and the reaction stopped with a four-fold excess of N-a-p-tosyl-

L-lysine chloromethylketone (TLCK, Sigma). TLCK is an irreversible inhibitor of trypsin.
Test digests, in terms of time course as well as varying trypsin concentrations showed that
the reaction was extremely quick and required very little trypsin, and that there was

probably autoproteolysis which accounted for the termination of the reaction after a set time

(even without TLCK). Proteolysis produces a series of polypeptide bands on SDS-PAGE

protein gels which are distinct from the untreated core histones and which can be compared
to previously published results (Figure 2.5). The polynucleosomes were then dialysed

against TEPso (10 mM Tris pH 7.4, 0.2 mM EDTA, 80 mM NaCl) to remove cleaved

polypeptides, followed by purification of histones as before using FPLC on a HAP column.
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Figure 2.5 Trypsinization of chicken core histone octamers. Trypsin was used to cleave the
tails of chicken core histones. The resulting cleaved polypeptides were compared to previous
published results and were in agreement with the production of the bands PI, PI', P2, P3, P4
and P5. Digestion was performed on chromatin prepared immediately after purification from a
sucrose density gradient as described before for the conventional chicken core histone
preparation. After digestion, chromatin was treated as before to purify trypsinized core
histones. M is a protein marker. The trypsinized core histones fraction shown here is the same
fraction that has been used in all reconstitutions in this study. The quality of the sample shown
here is towards the end of the study, but was also verified near the start, at which time no
degradation was observed.
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Please note that the SDS-PAGE gel shown in Figure 2.5 shows the trypsinized core histones
in their current state, after the final experiments shown in this study, and clearly shows
some degradation in the form of a smear. However, these core histones had been verified
immediately after production. They were shown to be intact with no sign of degradation and
consistent with the literature (Weintraub & van Lente, 1974) and were thus deemed

satisfactory for reconstitution experiments. Therefore, degradation occurred in the time

elapsed between these two verifications. Degradation occurs over varying lengths of time
but is generally a result of repeated rounds of thawing and refreezing, and being left for
prolonged periods unfrozen, with the possibility of trace amounts of proteases being
present. Nevertheless, judging by the relatively consistent nature of the reconstitution

banding patterns on nucleoprotein gels of trypsinized reconstitutes (see Results Sections II,
III and IV), it appears that this degradation had occurred after all the experiments described
in this study. The problems which may arise from degradation would include anomalous

nucleoprotein banding patterns, inconsistent data and poor yields of reconstitutes which

may be a result of aberrant interactions between the core histones and with the DNA.

DNA Purification
208 bp rDNA Fragment Preparation
To obtain the sea urchin 208 bp rDNA fragment, I used the pBluescript-20818 (p20818)

plasmid. This plasmid contains an 18mer repeat of the 208 bp rDNA fragment (Simpson et

ah, 1985) cloned into a pBR322-derived vector (kindly provided by Dr. J. Maman). The 208

bp fragment was cut out with Aval restriction enzyme producing an asymmetrical pair of

sticky ends (CCGA/GGCT). p20818 was digested overnight with Aval at 1 U/pg DNA and a

DNA concentration of 1 pg/pi. Once the DNA was buffered phenol chloroform extracted
and EtOH precipitated, it was redissolved in TE. The sample was then loaded onto a

Pharmacia MonoQ column connected to a FPLC apparatus (Pharmacia) and the 208 bp

fragment was purified using a salt gradient. MonoQ columns bind DNA by ionic
interactions. Application of a salt gradient to the column elutes bound molecules on the basis
of size: small molecules are eluted at lower salt concentrations than larger molecules.
Therefore, the 208 bp fragment is separated from the plasmid vector and any other
contaminants. Fractions were analysed on DNA agarose gels to determine which fractions
could be pooled (Figure 2.6). Subsequently, these fractions were EtOH precipitated and the
DNA redissolved in TE to a concentration of 1 pg/pl.

73



Fraction 3 4 11 12 13 14 15 M T m 22 26 27 28 31 32 43 44

Plasmid vector

Figure 2.6 FPLC-MonoQ column purification of the sea urchin 208 bp rDNA fragment.
Plasmid p20818 was digested with Aval to completion, and the DNA separated on a MonoQ
column using a salt gradient. M, 100 bp ladder, m, 500 bp ladder (both from Bio-Rad), and T,
total input. Fractions 19-28 were pooled.
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Pseudomethylated CpG methylated

a

Figure 2.7 Purification and test of methylation status of a 245 bp fragment from the pA-globin
gene promoter. The 245 bp fragment was FPLC-MonoQ column purified from a digestion of a
plasmid (pLE) with HmdIII and Mscl. It was then methylated using the Sssl CpG methylase.
Methylation was tested by restriction enzyme inaccessibility assays using enzymes that are
blocked by methylation at their cut sites. M, pBR-MspI digest marker.
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245 bp |3A-Globin Gene Promoter Fragment Preparation
A 245 bp fragment encompassing the PA-globin gene promoter was obtained from a plasmid
containing the promoter fragment cloned into the pBluescript vector (pLE, kindly provided

by Dr. Colin Davey). The 245 bp fragment was prepared by restriction digests of pLE with
Hindlll and MscI, with subsequent purification using FPLC and a MonoQ column as

described above. Half of the purified 245 bp fragment was then methylated using the CpG

methylase, SssI, while the other half was pseudomethylated in the same reaction conditions,

omitting the methylase. The cytosine groups of the CG dinucleotides (CpG) become

methylated when SssI is implemented, where the donor methyl group is supplied by S-

adenosyl methionine (SAM). Completion of methylation was assessed by restriction enzyme

digests using enzymes that are methylation sensitive (ie. those that are incapable of cutting at

a site that contains a methylated cytosine). There are 8 CpG groups in the 245 bp fragment.
The most important group in the context of the experiments in which this fragment was to
be used (results section II) is a CpG triplet 116 bp from the HmdIII end. Hhal, Hpall, Acil and
Bsll were used to perform the test restriction digests on an aliquot of the methylated and

pseudomethylated 245 bp fragment that had both been 32P 5' end-labelled. The cut site for
Hhal is located exactly at the CpG triplet and this contains three potential Hhal cut sites. The
other enzymes have cut sites at various other locations of the 245 bp fragment. Methylation
was shown to be complete at the sites tested (Figure 2.7) and the batch samples of
methylated and pseudomethylated 245 bp fragment were EtOH precipitated and
redissolved in TE.
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II. Nucleosome Reconstitution Using

Purified Histones & DNA

Nucleosomes assemble onto DNA in specific positions along the DNA sequence. This

property builds up the basic chromatin architecture. Nucleosome positioning is governed by
DNA sequence (Shrader & Crothers, 1989; 1990; Travers, 1989) and structural motifs in the
core histones (Mirzabekov et al., 1979; Richmond et al., 1984) and DNA (Travers, 1989),

although how these determinants affect positioning is as yet poorly understood.

Energetically favourable positioning sequences generally involve bendable DNA such as

sequences that have high A-T composition, but it is ultimately the ability to fit into the
constraints of the nucleosome that is the main determinant. Nucleosome positioning is a

step-wise process over which the individual histones can build up the final full nucleosome.
Histones H3 and H4 are the first core histones to bind DNA, forming a tetramer, (H3/H4)2,
onto which two dimers of H2A/H2B associate to produce the full nucleosome (Dong et al.,
1990; Hayes et al., 1991; Dong & van Holde, 1991). All these interactions are mainly
electrostatic in nature and this is taken advantage of in the reconstitution procedure. At 2 M

NaCl, as in the buffer used to store core histones at -20°C, core histones are fully associated
with each other in (H2A/H2B/H3/H4)2 octamers (Eickbush & Moudrianakis, 1978) and

gradual lowering of the salt concentration below 2 M dissociates them into a (H3/H4)2
tetramer plus two H2A/H2B dimers, while permitting interactions to form between core

histones and DNA.

The Players
Reconstitution by the Salt Dialysis Method
To reconstitute purified core histones and DNA, I have implemented the salt dialysis
method in all reconstitution experiments (Figure 3.1). The set-up consists of a gradient
maker, peristaltic pump and micro dialyser (Gibco BRL), containing wells in which the

samples are placed on top of a dialysis membrane. The gradient maker is used to provide a

continuous salt gradient from 1.5 M to 500 mM NaCl. At 1.5 M NaCl, core histones are fully
dissociated; 1 M salt produces (H3/H4)2 tetramers associated with DNA and further
reduction of salt concentration allows assembly of H2A/H2B dimers onto the (H3/H4)2
tetramers; a final reduction of NaCl concentration to 10 mM permits full, stable nucleosome
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Figure 3.1 Salt dialysis nucleosome reconstitution procedure. Purified core histories and
DNA were mixed together at high (1.5 M) salt. Samples were then loaded into the wells of a
dialysis set-up on the surface of a dialysis membrane. A salt gradient was pumped through
underneath the dialysis membrane over many hours until nucleosomes had been fully
reconstituted. Reconstitutions were then loaded onto 5% (v/v) nucleoprotein gels and run for
1050 V h and visualized by ethidium bromide staining or autoradiography.
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assembly (Hansen & van Holde, 1991). Reconstitution is performed over a total of ~ 8 hrs in
this instance, at room temperature, which is more than enough time to allow nucleosomes to

"scan" DNA to position at a suitable location, ie. one which is energetically favourable.
However, it is possible to perform reconstitutions under other conditions, notably at 4°C for
a longer period of time overnight, and using different salt gradient steps. The temperature at

which reconstitutions are conducted and the period of time is a matter of choice, based on

convenience (see also Rhodes & Laskey, 1989; Stein, 1989; Ura & Wolffe, 1996; Carruthers et

al., 1999). Previous reports have also shown that reconstitutions can be undertaken at

significantly shorter lengths of time and using discreet steps in the salt concentration
reduction procedure instead of a continuous system.

Core Histories & DNA

I have conducted nucleosome reconstitution experiments using purified core histones and
DNA. The core histones employed were chicken erythrocyte octamers, HeLa octamers,

acetylated HeLa (HeLaAc) octamers, trypsinized chicken erythrocyte octamer and chicken

erythrocyte (H3/H4)2 tetramers. Chicken erythrocyte and HeLa octamers were used as a

control for the HeLaAc octamers, since both these octamers are hypoacetylated.
Nevertheless, although these two core histone octamers will be considered as the controls in
all future analyses, the extent of hypoacetylation between these species may not be identical

(see Figure 2.4). Trypsinization of chicken octamers cleaves the "tail" regions of the histones

(Whitlock & Simpson, 1977; Lilley & Tatchell, 1977; Whitlock & Stein, 1978). These products
were used as a comparison for HeLaAc octamers where the trypsinization is believed to

yield a similar effect to acetylation of the conserved N-terminal lysine residues. Acetylation
abolishes the positive charge of the lysine residues; by removing the tails there are no N-
terminal tail lysines present. In any event, even though trypsinization causes removal of the
tail lysines, it is now clear from many reports that the N-terminal tails of the core histones
have other functions not related to lysine acetylation (such as other modifications). The
chicken (H3/H4)2 tetramers were generated as a by-product of the chicken octamer

preparation. These core histones are the first to bind DNA and form a nucleation site upon

which two H2A/H2B dimers associate (Dong et al., 1990; Hayes et al., 1991; Dong & van

Holde, 1991).

The DNA used in reconstitutions was a 208 bp rDNA fragment from the sea urchin,

Lytechinus veriegatus. This DNA has been extensively studied and characterized in previous
studies and has been shown to have a single strong nucleosome positioning site, with
various other weaker sites (Simpson & Stafford, 1983; Meersseman et al., 1991). When
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conducting reconstitutions with radiolabeled DNA (as with all reconstitution data

presented in the following sections), it is necessary to add carrier DNA. So that accurate core

histone:DNA ratios could be calculated, the amount of radiolabeled DNA I used in

reconstitutions was one twentieth of the total DNA. The type of carrier DNA used and the
amount in excess of the radiolabeled fragment can have an effect on the quality of the
reconstitution. For example, if the carrier DNA has stronger nucleosome positioning sites
than that of the radiolabeled fragment, then little or no reconstitution will be observed
when viewing a nucleoprotein gel through autoradiography (see below). The best method to

ensure that this possibility does not arise is to use carrier DNA that is the same as the
radiolabeled DNA. However, this was not always possible due to restrictions in the amount
of 208 bp DNA that was available, and so some reconstitutions used bulk genomic
monomeric (146 bp) chicken DNA which appeared to have no effect on the reconstitution
with regard to the 208 bp rDNA fragment.

Separation of Positioning Isomers
Native polyacrylamide (nucleoprotein) gels can resolve reconstituted positioning isomers
based on their charge, mass and conformation. Nucleoprotein gels are run at 4°C and for
1050 Vh (volt hours), where the latter parameter must be achieved over 7 hrs but not

exceeding 16 hrs. Furthermore, the buffer used is low in ionic strength such as Vz x TBE. A
standard vertical slab gel apparatus was used (Studier, 1973), as described in Huang &
Garrard (1989) but without buffer recirculation. The 4°C conditions ensure that no

nucleosome repositioning occurs within the gel and that shearing forces created by

migration through the gel, which could potentially cause dissociation of nucleosome
reconstitutes, are minimized. Dissociation is minimal in most cases and the polyacrylamide

gel matrix is even believed to promote stability of the nucleoproteins through a "cage effect"

(reviewed in Pennings, 1997).

Although this type of gel apparatus has been termed a nucleoprotein gel, it is simply a slight
modification of the standard native polyacrylamide gel system. The main difference,
therefore, is the use of a low ionic strength buffer. However, the major advantage in using
this system is its ability to discriminate between slight variations in conformation between
different particles. The electrophoretic mobility of bent DNA can be affected through native

polyacrylamide gels and in a similar fashion has an effect on the outcome when the DNA is

complexed with DNA binding proteins. When DNA becomes complexed with proteins and

analysed by native polyacrylamide gel electrophoresis, a standard electrophoretic mobility

gel-shift assay (EMSA) is produced. If the proteins happen to be core histones and the
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complex is mononucleosomal then electrophoretic mobility will be affected by the length of
linker DNA protruding from the core particle, but also the angle of entry and exit of the
DNA from the core particle. These parameters lead to the ability of nucleoprotein gels to
discriminate between nucleosome positioning isomers. This capacity of nucleoprotein gels
becomes less effective as the linker DNA protruding from the core particle becomes shorter,
with bands eventually merging into one electrophoretic band. The limit has been found to be
at least 40 bp extra to the core particle length DNA (Meersseman et al., 1992). Therefore, a

heterogeneous population of nucleosomal DNA lengths would give rise to a smear of bands
on a nucleoprotein gel. In the experiments that I will describe henceforth, all DNA used in
nucleosome positioning assays are of defined length and homogeneous, namely the 208 bp
rDNA fragment. Using purified homogeneous DNA and core histones in in vitro positioning

experiments allows negation of charge and mass considerations in nucleoprotein gel

electrophoresis, and solely focus on the effects of conformation.

As noted earlier, the angle of entry and exit of DNA from the core particle will affect
nucleosome migration in nucleoprotein gels and this is the basis upon which positioning
isomers can be discriminated. Nucleosomes that are positioned centrally on a fragment of
DNA migrate on nucleoprotein gels with the slowest mobility, perhaps due to the angle
induced upon the DNA at the entry and exit points which would produce the greatest
amount of frictional drag. The presence of two DNA ends in a nucleosome lacking linker
histone probably aggravates this effect since the negative charges on the DNA are not
shielded and are thus repulsed from one anofher. The further along a nucleosome positions
towards the end of a DNA fragment, the faster its migration on a nucleoprotein gel (see

Figure 3.2 for an illustration of this), where end positioned nucleosomes have the greatest

electrophoretic mobility (Pennings et al., 1991). End-positioned nucleosomes are less affected

by conformational constraints when travelling through a nucleoprotein gel because there is

only one DNA end protruding from the histone core. In this manner, one can deduce a very

low resolution map of nucleosome positioning seen as a banding pattern on nucleoprotein

gels, although one cannot tell which side of the centre-point of the DNA a nucleosome is

positioned. Together with slight modifications of this method, nucleoprotein gel analysis of
reconstituted mononucleosomes proves to be an invaluable tool for studying nucleosome

positioning in a non-invasive manner (this subject is extensively reviewed in Pennings, 1997;

1999).
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Reconstitution of Nucleosomes with Different Core
Histones Yields Unique Banding Patterns on

Nucleoprotein Gels
Initial results showed that the reconstitution of chicken and HeLa core histone octamers onto

208 bp rDNA gave three distinct bands on nucleoprotein gels (Figure 3.2, lanes 1 and 2, and
bands a-c). (Please note that a fourth, hidden band is also present comigrating with band a.

This band could not be properly characterized on the basis of nucleoprotein gels alone due
to the limitations of deconvolution computer software, which could have otherwise shown
the intensity of this band separate from band a. For the purposes of all further analyses this
band will be omitted as a separate entity and will be considered as part of band a.) This
translates to at least three different possibilities of positioning isomers. Comparison of these
two reconstitutions with the HeLaAc reconstitution revealed that there was a difference in

positioning. Again, three positioning isomers were present, but the distribution between
them had been significantly changed (lane 3). Whereas in the cases of chicken and HeLa
nucleosomes, the three positioning isomers, a-c, were represented in a roughly equal

intensity, with the HeLaAc nucleosomes the middle band, band b, was predominant. Figure
3.3 shows profiles of the bands from the lanes in Figure 3.2, where one can see the position of
a band in one lane compared to a band in another lane. The conclusion to be drawn from
these profiles is that acetylation of core histones alters the propensity a nucleosome has for a

preferred positioning site. Migration of HeLaAc nucleosomes is also slightly slower on

nucleoprotein gels in comparison to chicken and HeLa nucleosomes. An explanation for this

may be that the conformation of acetylated nucleosomes becomes more open, and this

produces more drag when migrating through nucleoprotein gels (Bode et al. 1983). This

hypothesis takes into consideration that the addition of acetyl groups to the core histone tails
neutralizes the lysine positive charges and frees up negative charges from the DNA

phosphate backbone, and would thus be predicted to provide a greater attraction to the
anode of the electrophoresis apparatus. That this is not observed, and because a balance
exists between these two parameters, a conformational change of the nucleosome can be

presumed. Addition of acetyl groups to core histones, say three per core histone and 24 per

octamer in the hyperacetylated state, would only produce an increase in molecular weight of
~ 0.5% in a nucleosome. This by itself would probably not be a sufficient increase in
molecular weight to be visible on a nucleoprotein gel.

One further point that should be addressed regarding the differences in positioning
observed with the acetylated histones is how homogeneous the acetylation status is. If the
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Figure 3.2 Nucleoprotein gel of a typical nucleosome reconstitution banding pattern. After
reconstitution of core histones onto radiolabeled DNA by the salt dialysis method as outlined
in Figure 3.1, nucleosome reconstitution samples were loaded onto a 5% (v/v) polyacrylamide
nucleoprotein gel and run for 1050 V h at 4°C (#). Each lane contains a total of 1 jug of DNA. a - c
represent the position of nucleosomes (cylinder) relative to the DNA (black line), with reference
to their mobility in nucleoprotein gels, d- g represent bands from trypsinized histone octamer
and (H3/H4)2 tetramer reconstitutions that do not follow the banding patterns observed in
chicken, HeLa and HeLaAc histone octamer reconstitutes and whose structure remains to be
determined. The concentration of core histones in each reconstitution were: chicken 0.3 pM,
HeLa 0.3 pM, HeLaAc 0.3 pM, trypsinized 0.4 pM and tetramer 0.6 pM, while 0.3 pM 208 bp
rDNA was used. The lanes were scanned vertically and plotted as relative position (in mm) vs
band intensity (arbitrary units) (//).
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number of acetylated lysines in the core histones is relatively heterogeneous then this may

have an effect on positioning data. For example, there may be a subpopulation of positioning
isomers in the same band on a nucleoprotein gel that are positioned with respect to a

hypoacetylated state and some that are positioned with respect to a hyperacetylated state.

Homogeneity of acetylation status would provide for a clearer picture of the effects of

acetylation on nucleosome positioning. Analysis of the HeLaAc core histones on western
blots using polyclonal anti-hyperacetylated core histone antibodies (data not shown) and on

Triton X-100-acetic acid-urea (TAU) gels established that they were at least di-acetylated in
the former, and on average tri-acetylated in the latter (see Figure 2.4).

Nucleosome positioning in trypsinized and tetramer reconstitutions showed very different

banding patterns on nucleoprotein gels. Two strong bands were seen in the former (Figure
3.2, lane 4, bands d and e), while the tetramers produced two predominant bands with a

ladder of fainter bands between these two (lane 5, bands f and g). These banding patterns

could not be rationalized with respect to the patterns observed with the chicken, HeLa and
HeLaAc reconstitutions (see Figure 3.3). I thus deemed it necessary to elucidate the structure
and composition of the trypsinized and tetramer species (see results section III).

However, at this stage, it is possible to hypothesize that in the trypsinized reconstitution
band d corresponds to a species slightly higher in molecular weight and/or looser in
conformation to that observed in band a of the HeLa and chicken reconstitutes.

Trypsinization causes the removal of about 20% of the weight of core histones. Moreover,
this frees up many of the negative charges on the negatively charged phosphate backbone of
DNA that would have been otherwise associated with the core histone tails. Therefore, one

would expect a trypsinized reconstituted nucleosome to migrate at a higher mobility on

nucleoprotein gels. This reasoning may account for band e, and this band may be the

equivalent of one of the bands observed in the HeLa and chicken reconstitutions. Thus, band
d may correspond to a species that has more than the usual complement of eight core

histones per nucleosome, possibly an octamer plus a dimer of H2A/H2B.

Tetramer reconstitutions produced two main bands. The top band of these two, band f, is

significantly higher in molecular weight to any of the bands in the HeLa and chicken
reconstitutions. It is very unlikely that this species would migrate as slowly as observed due
to a very open conformation as opposed to higher molecular weight. Band g, migrates at a

slightly faster rate than the HeLa and chicken reconstitutes. Band g may be the equivalent of
the mononucleosomes obtained by reconstitution with HeLa and chicken core histones.
Previous studies have observed that (H3/H4)2 can form nucleosome-like structures by

organizing the 146 bp of DNA in a full nucleosome. This particle, however, will have a much
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looser conformation which may affect its mobility through nucleoprotein gels. A particle

containing one tetramer and one fragment of 208 bp DNA could nevertheless be expected to

migrate further on a nucleoprotein gel as observed in lane 5. On the other hand, band f may

represent a population containing more than one nucleosome per DNA fragment or an

aggregation of two fragments of DNA each containing a tetramer, although there may be
other possibilities. Between the two prominent bands f and g there is a ladder of weaker
bands that appear just above the band g. This ladder may be synonymous to the three bands

representing different positioning isomers in lanes 1-3.

(Please note that the bands represented by Figure 3.2, bands a-g will be repeatedly referred
to in subsequent descriptions, unless otherwise stated.)

Titrations of Core Histone to DNA
Before proceeding with the reconstitution experiments in proper, I deemed it necessary to

find the appropriate core histonerDNA ratio to be used in all future reconstitutions. This was

determined by carrying out a series of titrations varying histone weight to a constant weight
of DNA (Figure 3.4). The results showed that the DNA became increasingly supershifted on

nucleoprotein gels when a series of 0.8:1, 1:1, 1.2:1 and 1.5:1, histone:DNA, was adopted.

High molecular weight aggregates were generated at a ratio of 1.5:1, but the best ratio

appeared to be at 1:1 to conduct further reconstitutions. At this ratio, roughly 50% of the
DNA is reconstituted into nucleosomes, and I can say with a high degree of confidence that
there is no more than one nucleosome per DNA fragment, especially when compared with

previous unpublished data. Note, however, that, when dealing with intact histone octamers,
histone:DNA ratios by weight equate to roughly equimolar ratios. Therefore, the molar ratio
between histones and DNA in experiments involving trypsinized and (H3/H4)2 tetramer
reconstitutions is substantially changed, in the case of the latter being as much as a two-fold
increase in the molar ratio of core histones to DNA fragments. This difference has been
accounted for in future reconstitutions to yield a 1:1 ratio in terms of moles core histone used
unless otherwise stated.

For the HeLa titration (Figure 3.4/), band a becomes predominant when an excess of core

histones is reconstituted, shifting the balance from the previously observed (roughly) equal

intensity between the three bands, bands a-C. This corresponds to the octamer positioning at
the centre of the DNA fragment. On the other hand, for HeLaAc octamers, band b stays

predominant, corresponding to an off-centre position with respect to the DNA. There does

appear to be some higher molecular weight complexes and/or an increase in the centrally
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Figure 3.3 Representative core histone:DNA titrations. / HeLa, /"/' HeLaAc, Hi trypsinized and
iv tetramer core histone - 208 bp rDNA reconstitutions as a series of titrations to optimize
reconstitution efficiency. The titrations were done at core histone:DNA ratios (by weight) of
0.8:1,1:1,1.2:1 and 1.5:1 (lanes 1-4, respectively: -0.29 pM, -0.36 pM, -0.44 pM and -0.55 pM for
chicken, HeLa and HeLaAc reconstitutes; -0.36 pM, -0.45 pM, -0.55 pM and -0.68 pM for
trypsinized reconstitutes; -0.58 pM, -0.73 pM, -0.87 pM and -1.09 pM for tetramer
reconstitutes; and -0.28 pM 208 bp rDNA) and separated on 5% (v/v) nucleoprotein
polyacrylamide gels that were visualized on a phosphorimager. M represents a pBR322-MspI
digest marker. Bands a-g represent the same bands from Figure 3.2.
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positioned nucleosome isomers, visible as a smear above the predominant position when a

ratio of 1.5:1 histone:DNA is implemented (Figure 3.4//, lane 4). This may be a consequence

of the previously mentioned unidentified band comigrating with band a, as well as band a

itself. However, the observation that band b stays predominant in the HeLaAc titration may

indicate that high molecular weight aggregates are inhibited from forming at increased
histone:DNA ratios such as those in band a of the HeLa titration.

When looking at the titration series for the trypsinized reconstitutions (Figure 3.4//#), the
lower band, band e, begins to disappear in preference for the upper band, band d, at higher
core histone:DNA ratios, implying perhaps that there is more than one nucleosome proper

per fragment of DNA in band d. On the other hand, for the tetramer titration (Figure 3.4/V),
the top band, band f, remains largely unchanged when core histone:DNA ratio is increased,
while the lower band, band g, becomes occupied progressively more, as well as the ladder
above it.

Mapping ofNucleosome Positions
Restriction enzyme mapping of nucleosome positions was adopted to determine the extent

to which nucleosome positions between different reconstitutions were similar, and, in

particular, which positions were favoured by the trypsinized and tetramer core histone
reconstitutes. The method involves reconstitution of core histones onto DNA and digestion
of products with MNase to produce core particles. Treatment of the core particles with

phenol/chloroform removes the histones to leave DNA of various lengths including core

particle length DNA. The DNA population is then radiolabelled and rem on a gel and the
core particle length DNA (~ 145-147 bp) excised from the gel and purified, which includes
the trypsinized and tetramer core histone reconstitutions. The core particle length DNA is
then subjected to restriction enzyme cleavage by a number of enzymes covering the

sequence of the 208 bp rDNA fragment that only cut once, and the products are run out on a

sequencing gel (Figure 3.5). Restriction of the core particle length DNAs produces two

fragments adding up to ~ 146 bp and this can be used to map the boundaries of the
nucleosome positions relative to the restriction sites, since different positioning isomers will
have different fragment lengths adding up to 146 bp (Zhang et ah, 1983; Meersseman et ah,
1991). One of the limitations that has to be taken into account of this method is that all

nucleosome positions mapped will cover the same core particle length DNA. Therefore, any

other positions that are subnucleosomal or supranucleosomal, will not be mapped.
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Figure 3.4 Restriction
enzyme mapping
procedure. Once core
histones were reconstituted
onto DNA, the intact
nucleosomes were subjected
to MNase digestion down to
the core particles, taking care
not to allow the reaction to

go too far (to prevent cutting
of nucleosomal DNA).
After phenol/chloroform
extraction and DNA

precipitation, DNA was end-
labelled with polynucleotide
kinase (PNK) and the
labelled fragments were run
on a polyacrylamide gel. The
core particle length DNA
was located on the gel and
excised, and eluted by
diffusion overnight into a
minimal volume of TE. The

resulting core particle length
DNA was then treated with
various restriction enzymes
and the products run on a
denaturing sequencing gel.

Recover restriction products
and run on denaturing gel
electrophoresis
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Figure 3.5 Denaturing sequencing gel electrophoresis of restriction enzyme mapping
products from core histone - 208 bp rDNA reconstitution core particles. The mapping
procedure has been illustrated in Figure 3.4. Chicken (lanes 2-9), HeLa (lanes 10,11, 13-18),
HeLaAc (lanesl9-22, 25-28), trypsinized (lanes 29-34, 36, 37) and tetramer (lanes 38-45)
nucleosome reconstitutions were subjected to the mapping procedure using seven restriction
enzymes: Xmnl (X), BsaHI (B), Dra\, (D), Alul (A), Mspl (M), Sau3Al (S) and Rsal (R), and no
enzyme (C). The restriction products were run on a sequencing gel and viewed on a
phosphorimager. M represents a pBR322-MspI digest marker, and bp lengths are shown down
the centre of the gel.
A representative pair of bands from the Dral lanes of the HeLa and HelaAc reconstitutions are
marked offby the red and green asterisks, respectively. The top asterisks represent bands of ~80
bp and the bottom asterisks represent bands of ~ 66 bp.
Concentrations of core histones: chicken 0.7 pM, HeLa 0.7 pM, HeLaAc 0.7 pM, trypsinized 0.7
pM and tetramer 0.7 pM, while 0.6 pM 208 bp rDNA was used. The lower intensity of bands in
the trypsinized and tetramer bands are due to lower yields of reconstitutes.
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Figures 3.6 and 3.7 show the results I obtained by using the mapping procedure. In this gel, I
have marked off a pair of typical bands found in both the HeLa and HeLaAc reconstitutions
that add up to ~ 146 bp with red and green asterisks, respectively. This procedure can be

applied for most of the other prominent bands in the same lane as well as in all other

mapping lanes in Figure 3.6. Sizing of bands was deduced by using phosphorimager data
analysis software (Aida), using the standards set by the marker lanes. I found that chicken
and HeLa core histone octamers (Figure 3.6, lanes 2-9 and 11-18, respectively) positioned at
the same sites with slightly different affinities which can be clearly observed by the

similarity in banding patterns and intensities of the restriction products (also see Figure 3.7).
HeLaAc nucleosomes (Figure 3.6, lanes 19-28) also have the same pattern of positioning, but

again a different preference for positioning site. When viewed on a nucleoprotein gel,
chicken and HeLa reconstituted nucleosomes have roughly an equal distribution between
the three positioning isomer bands, while the HeLaAc nucleosomes showed a strong

preference for the off-centre position represented by the middle band (Figure 3.2, band b,
and Figure 3.3). Mapping revealed that there was a close distribution in order of preference
for positioning sites in the HeLa and chicken nucleosomes while it was confirmed that the
off-centre position is predominant in the HeLaAc nucleosomes (Figure 3.7 and data not

shown). However, the results were not as conclusive as one would have predicted where the

centrally positioned nucleosomes of chicken, HeLa and HeLaAc core histone octamer
reconstitutes were not so well defined (Figure 3.2, band a). Weak positions were observed
towards the Rsal end of the 208 bp fragment, probably reflecting the right end position

comigrating with the left end position in band c on nucleoprotein gels. The enzymes used
were chosen on the basis of cutting once only in the 208 bp fragment, and the seven

restriction enzymes cover the entire length of the DNA. Some of the restriction enzymes

gave better, more reproducible results than others, when compared with a neighbouring cut

site. These enzymes were BsaHl, Dral, Alul and Mspl. Therefore, these enzymes are probably
the most reliable to determine the nucleosome positions, and consequently it was easier to

map positions centred towards the Xmnl end of the 208 bp fragment with greater confidence.
The strong positions found at the Xmnl end of the 208 bp rDNA fragment are in agreement
with previous published reports of nucleosome positioning on this DNA (Dong et al., 1990;
Meersseman et al., 1991).

Reconstitutions involving trypsinized and tetramer core histones (Figure 3.6, lanes 29-37 and
38-45, respectively) also produced a very similar pattern to those observed with the other
three sources of core histone. This is in agreement with previous results that demonstrated
that trypsinized octamers and (H3/H4)2 tetramers position nucleosomes at the same sites as

intact core histone octamers (Dong et al., 1990; Hayes et al., 1991). The strength of positioning
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Figure 3.6 Schematic
representation of
nucleosome positioning
results on the 208 bp rDNA.
The nucleosome

positioning of chicken,
HeLa, HeLaAc, trypsinized
and tetramer core histones
reconstituted with 208 bp
rDNA as deduced from

Figure 3.5 is shown to scale.
Ovals represent
nucleosome positioning
where positioning strength
is indicated by colour: red >
blue > green. Positioning
data obtained from each
restriction enzyme is shown
for each type of reconstitute.
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for these two species was not as strong as that observed with chicken, HeLa and HeLaAc
reconstitutions, since the amount of core particle length DNA recovered from these two

reconstitutions was significantly lower. The mapping procedure did not resolve the matter

of what the top bands in each case were that were seen in the nucleoprotein gels (Figure 3.2,
bands d and /). It is interesting that the tetramers produce such similar positioning pattern to
that of full octamers. Previous reports have shown that tetramers can organize 146 bp of
DNA, but this probably takes the shape of a much looser conformation, and it has been

suggested that the tetramer wraps 146 bp of DNA as two 73 bp segments where the

midpoint may be accessible to enzyme cutting (Simpson, 1976; Camerini-Otero et al., 1976;
Bina-Stein & Simpson, 1977; Jorcano & Ruiz-Carillo, 1979; Dong & van Holde, 1991). The
tetramers are the primary determinants for organisation of the nucleosome and wrapping of
the DNA.

Inconsistencies in positioning strength between different particles are attributable to the use

of MNase in the mapping procedure. This step will cause dissociation or disruption of many

of the reconstituted particles, arid any particles which are inherently unstable will be more

susceptible. This may be the case for the trypsinized and tetramer reconstitutions, since the
amount of core particle length DNA recovered from both these species after the MNase

cutting was significantly less than that with the chicken, HeLa and HeLaAc particles. To
counter any problems arising from overactivity of the MNase in the yield of core particles, a

MNase timecourse was also implemented prior to conducting a batch digest of the various
reconstitutes (data not shown). Interestingly, this timecourse reveals many trimming
intermediates consistent with numerous MNase kinetic pausing points. These data are

consistent with similar observations made by the work of Moss et al. (1977) and Dong et al.
(1990). However, due to the extremely potent nature of MNase activity, the timecourse may

not have been a sufficient safeguard against overtrimming of the reconstitutes in the batch

digest. Indeed, there are numerous bands in Figure 3.6 which appear as triplets or doublets,
and although there are no definitive explanations for this phenomenon, these bands may be
indicative of a slight variability in MNase stopping points at the core particle boundary,
which consequently blurs the exact location of the nucleosome boundaries. For these reasons

and the fact that most of the positions mapped in this assay lie very close to the Xmnl end of
the 208 bp rDNA fragment, positioning is perhaps better assessed on tandem repeats of the
208 bp rDNA fragment such as those described previously, where there are essentially no

DNA ends (Dong et al., 1990; Meersseman et al., 1991). Furthermore, assessment of

positioning strength is perhaps better judged by quantitating the positioning strength from

nucleoprotein gels where the reconstituted particles have not undergone any form of

manipulation prior to loading on the gel although there the limitation is that each band may

92



Results II

Positioning strength (area under peaks) Peak 1 Peak 2 Peak 3

Chicken 60% 23% 17%

HeLa 44% 34% 22%

HeLaAc 28% 45% 27%

Trypsinized 43% 46%

Tetramer 35% 28%

Table 3.1 Normalized peak intensities of positioning isomers from Figure 3.2. Areas under
the peaks from Figure 3.2 were calculated using the Aida phosphorimager analysis software.
This was done by hand-drawing boundaries between peaks. Data were subsequently
normalized by expressing peak intensity as a percentage of the total signal for each gel lane.
Peaks 1-3 correspond to positioning isomers a-c for the chicken, HeLa and HeLaAc
reconstitutions, respectively. Peaks 1 and 2 in the trypsinized reconstitution correspond to
positioning isomers d and e, while peaks 1 and 2 of the tetramer reconstitution are
positioning isomers f and g, respectively.

represent more than one positioning isomer (eg. the two end positions comigrate). Table 3.1
shows normalized data from scans through the nucleoprotein gel in Figure 3.2, and which
were shown graphically in Figure 3.3 as raw data. Peak intensities were normalized with

respect to the total amount of signal seen in one lane. However, the overlapping nature of
many of the peaks, notably in the unidentified band seen comigrating with band a and the
ladder above band g, make this assessment highly subjective. Moreover, one cannot assign
the nucleosome position or the molecular weight or composition of these particles on the
basis of this analysis alone.

The results from these experiments did not shed light on the composition of the trypsinized
and tetramer core histone reconstitutions and so I decided to investigate this matter

separately (results section III).

Reconstitution Experiments on Methylated Chicken (fi-
Globin Gene Promoter Fragment
The chicken (3A-globin gene has been characterized previously in mapping experiments of
nucleosome positioning (Davey et al., 1995). Furthermore, the influence of DNA methylation
has been investigated on the positioning of nucleosomes at a 245 bp PA-globin promoter

fragment (Davey et al., 1997). It was discovered that methylation had a profound effect on

the positioning of one nucleosome at a site containing a CpG triplet (illustrated in Figure

3.8i). Methylation at this CpG triplet by methylation of the cytosines completely abolished
the positioning of one nucleosome (termed 5A) in preference for an alternative positioning
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Figure 3.7 Positioning of reconstituted core histone octamers on the 245 bp pA-globin gene
promoter fragment as a function of histone acetylation and DNA methylation. /* Schematic
representation of the 245 bp pA-globin gene promoter fragment (to scale). CpG dimers are
depicted by vertical bars. Nucleosome positioning of nucleosome 5A and 5B is also shown
(following nomenclature from Davey et al., 1995). ii Chicken, HeLa and HeLaAc core histone
octamers were reconstituted onto the 245 bp DNA fragment that was either pseudomethylated
or methylated as outlined in Figure 3.1. M, pBR322-MspI digest marker and N, naked DNA.
Unlike the reconstitutions with the 208 bp rDNA, these reconstitutions were done at a core
histone:DNA ratio of 0.8:1 by weight, with 0.3 pM core histones and 0.2 pM 245 bp DNA.
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site (5B). Moreover, the triplet did not have to be fully methylated and combinations of the
three CpG dinucleotides being methylated also gave the same result. This study also showed
that the CpG triplet had a rotational setting placing it in contact with the core histone
octamer and that the DNA structure at the triplet had been altered by methylation. The
conclusion drawn from these results was that the nucleosome positioning was abolished at

5A due to the location of the CpG triplet with reference to the nucleosome: the CpG triplet
was located near the dyad axis of the 5A nucleosome. On the other hand, the CpG triplet
was confined to the perimeter of nucleosome 5B, and this was the fundamental basis of why
nucleosome 5B could accommodate the presence of a methylated CpG triplet and 5A could
not. The dyad axis of the nucleosome contains distortions in the path of the DNA as deduced
from the crystal structute of the nucleosome (Richmond et al., 1984). If these distortions can

be accomodated within the nucleosome for a particular DNA sequence, then a nucleosome
can position in this location. Methylation of the CpG triplet in the 245 bp PA-globin promoter

fragment appears to hinder the ability of nucleosome 5A to position for this reason.

Confining the methylated CpG triplet to the boundary of nucleosome 5B, however, does not

impose any difficulties since there are no nucleosome structural features to be accomodated.
In view of these data, and the results observed in the nucleosome positioning on the 208 bp
rDNA fragment, the influence of histone acetylation on nucleosome positioning was tested
on methylated and pseudomethylated 245 bp PA-globin promoter fragment to see if it could
overcome the hindrance by the CpG triplet.

Figure 3.8// shows the results from these experiments. Chicken (lanes 1 and 2), HeLa (lanes 3
and 4) and HeLaAc (lanes 5 and 6) core histone octamers were reconstituted onto the 245 bp

PA-globin promoter fragment, which was either pseudomethylated (lanes 1, 3 and 5) or

methylated (lanes 2, 4 and 6) using the CpG methylase Sssl. Chicken and HeLa core histone
octamers produced identical results on both methylated and pseudomethylated DNA,
where nucleosome 5A positioning was abolished in methylated DNA in both instances, in

agreement with Davey et al. (1997). Moreover, the results from reconstituting HeLaAc core

histone octamers showed the same results such that acetylation of core histones did not have

any effect on the positioning of nucleosomes in combination with DNA methylation when

compared with the HeLa reconstitutes. Although this result is negative for establishing a

special interaction between histone acetylation and DNA methylation, it does show that
histone acetylation does not affect the positioning of nucleosomes universally, and is thus
case dependent. The intensity of positioned isomers in lane 6 (HeLaAc octamers

reconstituted with methylated DNA) was very faint due to experimental error, most likely

poor yield in reconstitution of HeLaAc core histone octamers with the 245 bp DNA
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fragment. Nevertheless, analysis of the lanes, including lane 6, by densitometry scans (data
not shown) showed that the same difference was present between each pair of lanes (lanes 1
and 2, 3 and 4, and 5 and 6), whether the core histones were reconstituted onto methylated
or pseudomethylated DNA.
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III. Characterization of Trypsinized &

Tetramer Core Histone Reconstitutes

Compared to previous established results for reconstitutions involving chicken, HeLa and
HeLaAc core histones, reconstitutions involving trypsinized and tetramer core histones gave

substantially more ambiguous results, which was not helped by a lack of literature on the

subject. The banding patterns observed on nucleoprotein gels were unique to each of these

species leading to uncertainties as to what each band represented compared to the control
chicken reconstitute (see Figure 3.2). Furthermore, in spite of these unique banding patterns,

they still had the same positioning sites as those observed with the chicken, HeLa and
HeLaAc core histone reconstitutions as assessed by MNase mapping procedures on 146 bp
core particles (Figure 3.6). Therefore, I set out to determine the nature of each of the bands

represented in trypsinized and tetramer reconstitution nucleoprotein gel band shifts. I

employed three different methods to reach this goal: modification of a two dimensional gel

system; restriction enzyme accessibility assays of intact nucleosomes; and sucrose density

gradient sedimentation analysis.

Analysis of Reconstitutes on Agarose & 30% Glycerol
Gels

Agarose gels (Fletcher et al., 1994a; 1994b) and 30% glycerol/5% polyacrylamide

nucleoprotein gels (30% glycerol nucleoprotein gels [Huang & Garrard, 1989]) have the

ability to separate complexes primarily on the basis of charge and mass. This is in contrast to
conventional nucleoprotein gels, where an emphasis is given to particle conformation as

well (Pennings, 1997). Therefore, any particles observed with the same electrophoretic

mobility can be assumed to have the same molecular weight, regardless of differences in
conformation. In practice however, slight differences in mobility between particles with
different conformations will be observed. The difference is manifest as a diagonal line
between different positioning isomers on glycerol and agarose nucleoprotein gels when used
in a two dimensional gel electrophoresis assay, although this diagonal is much shallower
than the ~ 45° seen in two dimensional nucleoprotein gel electrophoresis analyses (see
results section IV).
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Figure 4.1 Analysis of core histone - 208 bp rDNA reconstitution particles on different
electrophoretic gel systems, i A 0.7% (w/v) agarose gel was used to run shifted bands from a
normal (5% (v/v) polyacrylamide) nucleoprotein gel in a second dimension, and, /'/', in a 5%
(v/v) polyacrylamide, 30% (v/v) glycerol gel. N, Naked DNA and M, marker. Bands a-g
correspond to the same bands annotated in Figure 3.2. The methodolgy used to excise bands
from the first dimension nucleoprotein gel to subsequently electrophorese them in these second
dimension gel systems is the same as that diagrammed in Figure 5.2.
0.4 pM chicken, 0.5 pM trypsinized and 0.7 pM tetramer core histones, and 0.3 pM 208 bp rDNA
were used in these reconstitutions.
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Unlike conventional nucleoprotein gels, 30% glycerol nucleoprotein gels have a high level of

viscosity within the gel matrix which leads to a slower rate of migration of particles through
these gels. Glycerol also acts as a stabilizer of macromolecules and is frequently used in

polyacrylamide gel electrophoreses for this reason. Nevertheless, the exact mechanism by
which glycerol affects migration of particles through the gel matrix is not fully understood,

especially when considering that it does not affect pore size of the gel. Indeed, it has been
observed that core particles are retarded more in their migration through 30% glycerol

nucleoprotein gels than nucleosomes positioned on the 208 bp rDNA which contain linker
DNA (Pennings et ai, 1992).

I implemented these gels to try and discern differences in molecular weight of the particles
in the trypsinized and tetramer reconstitutions, especially for the bands dand fin Figure 3.2.

Immediately after reconstitution of chicken, trypsinized and tetramer nucleosomes,
radiolabelled reconstitutes were separated by normal 5% polyacrylamide nucleoprotein gel

electrophoresis. The reconstitution bands were visualized in the wet gel on a

phosphorimager and these bands were excised from the gels. These gel strips were then

placed on top of either a 0.7% agarose gel or a 30% glycerol nucleoprotein gel rotated 90° to
the first dimension (as in Figure 5.2). The resulting second dimension gel electrophoresis

separations are shown in Figure 4.1.

With the separation of the chicken core histone reconstitutions, there is a slight diagonal
observed in the agarose gel between the three positioning isomers, a-c, (the same bands seen

in Figure 3.2) (Figure 4.1 i). I can confidently say that this diagonal represents positioning
isomers of the same molecular weight. Similar diagonals could be observed in the

trypsinized and tetramer reconstitutes where bands d and e of the trypsinized
reconstitution, and f and g of the tetramer reconstitution have the same molecular weight,

respectively. The main differences seen in these reconstitutions, compared to the chicken
reconstitution, was that there was a degree of dissociation of bands e and f. some DNA had
dissociated from band e into free DNA (compare with naked DNA lane in Figure 4.1 i), while
band f dissociated into a species with a lower molecular weight.

Results from the separation of the same gel strips on a 30% glycerol nucleoprotein gel are

shown in Figure 4.1//. These results are less conclusive than those of the agarose gel due to

heavy smearing of the bands. Bands a-c of the chicken reconstitution lane migrated at a rate
more comparable with each other than seen in the agarose gel. Meanwhile, the trypsinized
reconstitutes dissociated heavily, leaving a lot of free DNA. Only a small amount of
reconstitute, band d, was visible and this migrated at roughly the same rate as bands a-c.

Bands f and g of the tetramer lane showed a slight diagonal, as with the agarose gel, and
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both appear to be lower in molecular weight than bands a-c. Although not as pronounced as

with the trypsinized reconstitute, chicken and tetramer reconstitutions also dissociated

partially to leave free DNA, and so this may be a consequence of separation on 30% glycerol

nucleoprotein gels. However, the fact that most dissociation observed occurred in the

trypsinized reconstitute in both this gel and the agarose gel implies that these particles have
a lower stability than chicken and tetramer reconstitutions.

Restriction Enzyme Accessibility Analysis of Intact
Nucleosomes

Immediately after reconstitution of core histones onto DNA, reconstituted particles were

subjected to restriction enzyme digests by three enzymes. These enzymes were chosen on

the basis of where their cut site lies along the DNA. These were BsaHI (at one end of the 208

bp rDNA), Rsal (at the other end), and MspI (near the middle). The assay works on the basis
that if a cut site has been incorporated into a nucleosome reconstitute, then it will be
inaccessible to its respective restriction enzyme and vice versa. In this way it is possible to

assess at a general level where a nucleosome is positioned. This method is different from the
restriction enzyme mapping approach adopted in results section II since the particles that
are being treated with restriction enzymes are still intact and the full 208 bp of DNA is also

present. Therefore, this procedure is not restricted to mapping core particle length
reconstitutes. One should also keep in mind that each band observed in a nucleoprotein gel
can represent > 1 nucleosome positioning isomer and that this is not altered upon digestion
of the reconstitute with a restriction enzyme. This is again in contrast to the previous
restriction enzyme analysis (Figure 3.6) which involved prior treatment with MNase which
trimmed all reconstitutes to core particle size.

Most of the restriction enzyme digests, especially in consideration with the chicken core

histone reconstitutes proved to be successful and in agreement with the data of Figure 3.6.
However, a technical problem which should be considered in interpreting the data, was that
the BsaHI digestion did not go to completion. A free DNA digestion assay (data not shown)
was run in parallel to the restriction enzyme accessibility assays shown in Figure 4.2. The
free DNA BsaHI digestion pattern showed that most of the 208 bp rDNA fragment was

uncut. The main reason for the incomplete restriction cutting was that the reactions were not
undertaken at the optimum temperature for BsaHI of 60°C, instead being conducted at 37°C.
Incubation at higher temperatures would have led to denaturation of protein and DNA

components and dissociation of DNA from reconstitutes. A suitable isoschizomer to BsaHI
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which would work optimally at 37°C, could not be found at the time. Ahall would have been
an ideal substitute but was no longer available commercially. Eventually one isoschizomer,

Hsp92I (Promega), was identified but due to time limitations the assay was not repeated. The

problems associated with partial digestion of the reconstituted particles include inconclusive

proof of the presence of a core particle at a given positioning site and the reverse situation
when there is partial digestion of a free DNA site. Therefore, this can give the misleading
conclusion that there are little or no nucleosomes positioned at one site and that there are in
the other, respectively, and consequently the BsaHl data will not be discussed.

Moreover, performing the restriction enzyme digests for one hour at 37°C prior to loading
on a nucleoprotein gel may have caused disruption of reconstituted particles, with salt
effects from buffers also possibly playing a role (the latter causing the U-shaped free DNA
bands in some lanes as well as smearing of band shifts). The control lanes (lanes 1, 8 and 16)
were also incubated at the same temperature in the same buffer, which would account for
their poor resolution on a nucleoprotein gel, with bands a-c in lane 1 being hardly
discernible. The fact that these assays were not conducted in the standard restriction enzyme

buffers supplied by the manufacturer would also lend a hand in not providing the optimal
conditions for the restriction enzyme activity of all the enzymes.

Chicken Nucleosomes

Figure 4.2 shows the results of the restriction enzyme accessibility assays as analyzed by

nucleoprotein gel electrophoresis. For the chicken reconstitutes (lanes 1-7), I found that the

nucleosome(s) represented by bands a-c were mostly inaccessible to Mspl digestion. The
bands a-c in the control lane, lane 1, of the nucleoprotein gel, represent more than one

positioning isomer. A population of positioning isomer(s) can potentially be affected by
restriction enzyme cutting, but not all of one band need necessarily be cut by a restriction

enzyme. Faint restricted products are visible in the Mspl single digest (marked by red
asterisks in lanes 3 and 4 [the latter indicating partial BsaHl digestion]), which may be due to

a subpopulation of weaker positioning sites. Rsal produced cutting (lane 2, band d) but was

significantly inaccessible to band a in comparison to bands b and c. Band a represents a

predominantly centrally positioned nucleosome which correlates well with the data I have

gathered in previous assays (Figures 3.6 and 3.7 [green ovals]), where a nucleosome covers

all three restriction sites. However, on the basis of these results it would appear that this

position is relatively weak since much of band a has been digested by Rsal. Therefore, a

large subpopulation of band a is situated towards the Rsal end of the 208 bp rDNA fragment
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exposing the BsaHI restriction site. Situating a positioning isomer at this location correlates
well with the slow migrating nature of band a on nucleoprotein gels. The remaining

subpopulation of band a must therefore, by inference, be situated to cover the 166 bp Rsal
restriction cut site. A further complication of band a may rest upon the observation that
there are actually two bands comigrating within a few base pairs of each other (see results
section II) in this band. Thus, Rsal digestion may affect one of these bands while BsaHI may

affect the other. Double digests of the chicken reconstitute (lanes 5-7) corroborate the single

digest data, especially by the reiteration of the existence of a positioning isomer at the Rsal
end by the production of band e. Here, Mspl and BsaHl double digestion (lane 7) produces a

band similar to band d, the origin of which implies that there is a positioning site towards
the Rsal end, although this is far from conclusive due to partial BsaHI digestion. These
results are presented diagrammatically in Figure 4.3, where each red oval represents a major

positioning site and each of which can have alternative positioning sites separated by 10 bp
intervals (spe Figure 3.6 and Dong et al, 1990; Meersseman et al, 1991).

Trypsinized Nucleosomes
The trypsinized nucleosomes (Figure 4.2, lanes 8-14) appear to be almost all localized to the
BsaHI end since there was a shift of both bands f and g (lane 8) when Rsal was employed

(lane 9). A faint amount of band f appeared to remain unrestricted. Mspl caused a shift in
band g to band h while band f remained mostly protected (lane 10). A faint band appears in
both lanes 10 and 11 (marked by blue asterisks [the latter indicating partial BsaHI digestion])
which may correspond to other weak positioning sites. Double digestion (lanes 12-14)

provided few further clues as to the composition of the trypsinized nucleosome bands with

large smeared bands being visible which appear to agree with the single digest results. The
data of Figures 3.6 and 3.7, as well as previous studies (Dong et al., 1990) showed that

trypsinized octamers organize the same amount of DNA and position at exactly the same

locations as intact octamers. Nevertheless, the mapping procedure in those circumstances do
not account for particles that are not nucleosomal in size, unlike the aims of this experiment.
On the basis of this assay there appears to be one nucleosomal size particle while another is
either subnucleosomal (< 120 bp) or wraps the DNA in such a way that it is "hanging off"
one end of the DNA dramatically (ie. there is only a partial association between the core

histones and DNA at one end of the DNA): the presence of band h only occurs upon

digestion with Mspl indicating the presence of a particle smaller or situated upstream of the
118 bp cut site of Mspl. Both of these results for the chicken histone octamer and trypsinized
octamers reconstitutes agree well with the banding patterns in nucleoprotein gels, although
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the top band (band t) of the trypsinized isomers still remained unresolved. Figure 4.3 shows
these possible results schematically, where the red ovals represent the sites of positioning of
the full nucleosome size particles as with the chicken reconstitute. The blue oval depicts a

subnucleosomal particle situated towards the BsaHI end of the 208 bp rDNA fragment lying
somewhere upstream of the Mspl cut site. Meanwhile, the green oval presents an alternative

suggestion to a subnucleosomal particle where an octamer is only partially associated with
the DNA, essentially "hanging off" the end, leaving a substantial amount of the surface of
the core histone octamer exposed to solvent.

Tetramer Nucleosomes

Chicken (H3/H4)2 tetramer reconstitute analysis (Figure 4.2, lanes 16-22) produced a very

complex pattern when subjected to restriction enzymes. Treatment of the particles with Rsal

(lane 17) resulted in an almost full shift of both bands /' and /, analogous to the full shift of
bands f and g seen in Rsal digestion of trypsinized octamer reconstitutes. Moreover, the

disappearance of band i corresponded with an increase in intensity of the shifted band j in
lane 17, possibly suggesting that the positioning isomers of band / are dimers of the

positioning isomers in band j. However, the main point from this digest is that there is little
to no positioning at the Rsal end of the 208 bp in tetramer particles. Mspl (lane 18) restriction

produced a similar effect to Rsal, with the disappearance of band /" and a concomitant
increase in intensity of band j. That there still remains a subpopulation in band / resistant to

Mspl indicates that there are potentially positioning isomers located near the centre of the
208 bp rDNA fragment. Mspl cutting released a significantly smaller series of bands, k,
which may have similar properties to the subnucleosomal particle observed with the

trypsinized nucleosome result (lane 10, band h). A faint band also appeared from the partial
BsaHI digestion (green asterisk) but which cannot be explained due to the nature of this

digest. These single digest results mainly show that a predominant subpopulation of

positioning isomers exist at the BsaHI end of the 208 bp rDNA and are large enough to

overcome digestion by Mspl. The bands represented by k may correlate with previous data
that shows that the (H3/H4)2 tetramer organizes 146 bp of DNA in two halves of 73 bp with
a nuclease sensitive site at the centre (Dong & van Holde, 1991). Other literature concludes
that the (H3/H4)2 tetramer can only protect a central 70 bp of the total 146 bp of the
nucleosome from nuclease digestion (Bina-Stein & Simpson, 1977; Read et al., 1985), while
earlier work also provides evidence that (H3/H4)2 tetramers can dimerize to fold
nucleosomal DNA into a compact conformation in much the same manner as a normal
histone octamer (Moss et al., 1977; Simon et al., 1978; Stockley & Thomas, 1979). Double
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digests involving all three combinations of enzymes (lanes 20-22) almost completely
removed band i, especially those involving Rsal. However, band j (lane 22) or a shifted form

(lanes 20 and 21) remain predominant in all three lanes strengthening the argument for a full
size nucleosome-like particle. Possibilities as to the identities of the bands are illustrated in

Figure 4.3. The red oval represents full size nucleosome positioning isomers as described for
chicken and trypsinized reconstitutes occupying the BsaHI and Mspl cut sites, while the
dashed oval suggests a weakly positioned full nucleosome at the Rsal end of the 208 bp
rDNA fragment. On the other hand, the blue ovals illustrate the possibility of two

independent sequences of DNA, in close proximity, sequestered by a (H3/H4)2 tetramer, the
centre of which is nuclease sensitive as proposed by Dong & van Holde (1991). In this
conformation a full 146 bp of DNA is bound by the tetramer.

The results from these restriction enzyme digests for trypsinized and tetramer reconstitution

particles proved to be inconclusive on the whole mainly due to the incomplete BsaHI

digestions, while also the banding patterns appeared to be very complex especially in the
case of tetramer reconstitutes. The potential presence of particles of non-nucleosome size

complicated matters further.

Analysis of Reconstituted Particles on Sucrose Density
Gradients

Radiolabeled 208 bp rDNA was reconstituted with either chicken, trypsinized or tetramer

core histones and then centrifuged down a 5-30% sucrose density gradient (Figure 4.4). The

samples were run with a carrier of chicken chromatin that had been digested with MNase to

produce a ladder of nucleosomes of various lengths. At the same time as fractionating the

gradients, a recorder tracing connected to a spectrophotometer reading at 280 nm of the
carrier chromatin, which was in vast excess of the reconstituted particles, was obtained.
These gradients were then fractionated and each fraction subjected to scintillation counting.

Obtaining these scintillation counts allowed a graph to be plotted as a function of fraction
number. I was then able to deduce where the reconstituted particles were in the sucrose

gradient based on overlaying a trace of the carrier chromatin. This recorder tracing allowed
me to precisely locate where mono-, di- and trinucleosomes were on the gradient, and, more

relevantly, the location of mononucleosomes and non-nucleosome-size particles of the
reconstitutes.

Previously, I used sucrose density gradients as one step in the purification of core histones
from various sources (results section I). However, I used a different set-up in this instance.
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Beckman SW41 swing-out buckets were used with a 5-30% isokinetic sucrose density

gradient. These gradients were produced with a specialized isokinetic gradient maker set¬

up. Isokinetic gradients are logarithmic in nature and are able to compensate for the change
in centrifugal force experienced by particles as they migrate through the sucrose gradient:

particles are subject to a greater centrifugal force as they migrate further down the gradient

(Noll, 1974; McCarty, Jr. et al., 1974). The effect of isokinetic gradients manifests itself as an

equalization in the velocity of migrating particles through the gradient such that all particles

migrate with linear velocity. This is in contrast to the linear gradients used previously which
have the inverse properties. I chose to implement isokinetic gradients in these assays due to
the advantage conferred by this method since it is easier to compare the sedimentation
velocities, and hence sedimentation coefficients, of particles of different mass by means of
the linear relationship between particles through the gradient. Conformation will also play a

role, but this cannot be accommodated in this particular study as there is no data on this

parameter and will thus not be taken into account. Therefore, assuming mononucleosomes
are ~ 11 S one can say that a particle with a slower rate of migration is < 11 S and can infer
an approximate sedimentation coefficient value due to the linear rate of migration through
the gradient. (Only use of an analytical ultracentrifuge can give the precise sedimentation
coefficient, S2o,w of a particle.)

The results showed that the chicken reconstitutes travelled a little further than the

mononucleosomes of chicken chromatin, possibly due to the extra-nucleosomal DNA

present in the reconstitutes (Figure 4.5/). A large fraction of the carrier chromatin
mononucleosomes would have been digested down to core particles, which would migrate
more slowly. Trypsinized core histone reconstitutes produced at least two different

populations, one slightly supranucleosomal and another migrating at exactly the same

position as the peak in the chicken reconstitutes. For the tetramer particles, there appeared to
be a series of peaks extending from about the mononucleosomal size to particles slightly

supranucleosomal. However, in both trypsinized and tetramer gradients there was a large

proportion of free DNA, which accounted for the majority of the signal observed. This was

most likely due to poor reconstitution of DNA using these core histones, which is consistent
with all other reconstitutions observed, although one would also expect a degree of
dissociation to occur when particles migrate through the gradient. The latter point may be

particularly relevant for the trypsinized reconstitutes when considering the dissociation seen

in Figure 4.1. Due to the presence of a large free DNA peak, smaller peaks neighbouring this
have become obscured, especially with the tetramer reconstitute, where there is a series of at

least three small peaks visible at fractions ~ 27-35.

108



CHICKEN

TRYPSINIZED

TETRAMER

■0"5101520253035404550
atop 2223242526272829303132333435

FRACTIONNUMBERBOTTOM
212223242526272829303233342223242526272829303132333435

•in\
Figure4.5Nucleoproteingelsoffractionsfromsucrosedensitygradientsandscintillationcountprofilesofgradientfractions.Reconstituted nucleosomesusingchicken,trypsinizedandtetramercorehistonesand208bprDNAwererunon5-30%(w/v)sucrosedensitygradientsandfractionated,

gFractionswereCerenkovcountedonaPackardscintillationcounteranddataplotted(—)withrespecttomono-,di-andtrinucleosomesinaMNasedigestof
;ocarrierchickenchromatin(—)(/),andrunon5%(v/v)nucleoproteingelsandvisualizedbyphosphorimageranalysis(//).Bandsa-garethesamebands citedinFigure3.2.0.4pMchicken,0.5pMtrypsinizedand0.7pMtetramercorehistonesand0.3pM208bprDNAwereusedinthesereconstitutions.



Results ill

The fractions from each sucrose gradient were run on nucleoprotein gels to assess where
each band would lie with respect to fraction number (Figure 4.5/7). Ideally, the slowest

migrating band on a sucrose gradient should become the fastest migrating on a

nucleoprotein gel and vice versa. A prime example of this is seen with the free DNA

component of the fractionated samples. Bands a-g from Figure 3.2 have been highlighted in

Figure 4.5/7. The gels showed that the uppermost bands in both the trypsinized and tetramer

particles, bands d and f, corresponded with the slowest particles in the sucrose gradients

suggesting that they are subnucleosomal. These results are contradictory in nature to what
would be expected from the inverse relationship between sucrose density gradients and

nucleoprotein gels. Sucrose density gradients separate particles on the basis of size and
conformation and so the possibility is raised that the particles in bands d and f adopt a very

open conformation which would slow them significantly enough on the sucrose gradients.
The conformational effect is not as pronounced in nucleoprotein gels which separate

particles mainly on the basis of molecular weight and charge, and so the inverse relationship
that holds true in many cases between sucrose gradients and gels may not be true in this
instance. Significantly, the chicken reconstitutes show a prime example of the
conformational effect experienced in sucrose gradients and nucleoprotein gels. In this
instance, the centrally positioned nucleosomes (band a) are the slowest migrating species in
both media, while the end positioned nucleosomes (band c) are the fastest (compare
fractions 29-32). This observation substantiates the importance of nucleosome conformation
on their properties in migration through gels and sucrose gradients. Certainly, the

trypsinized particles exhibit a very similar property where bands d and e are clearly

separated on different fractions (fractions 28-30). However, the tetramer particles, although

showing a degree of separation in the sucrose gradients, also exhibit the presence of both
bands f and g in the same fractions (fractions 25-28) which opposes the notion of a

conformational effect. Furthermore, an intermediate band, band h, is present a lot further
down the gradient although having an electrophoretic mobility significantly slower than
band g. These results favour the presence of a non-nucleosome size particle(s) in addition to

the nucleosome size particles.
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IV. Mobility Assays of Positioned

Nucleosomes

Whereas the nucleoprotein gels described in results section II assess the positioning of
nucleosomes, migration of the same species through a second dimension electrophoretic run

can be used to evaluate the redistributions of nucleosomes between positions. This
redistribution of nucleosomes between different positioning isomers is referred to as

nucleosome mobility (Pennings et al., 1991; Meersseman et al., 1992). Nucleosome mobility
allows nucleosomes to redistribute between different positioning isomers (Meersseman et al.,
1992; Ura et al., 1997; Flaus & Richmond, 1998). However, this only occurs on a short-range

scale, where histone-DNA interactions are believed to remain intact during the process. It
thus differs from nucleosome sliding, a long-range movement of nucleosomes in high salt
conditions, which is a concept that had been established for some time (Beard, 1978;

Spadafora et al., 1979; Glotov et al., 1982). Moreover, nucleosome mobility is in a state of flux
and the positioning isomers seen in nucleoprotein gels thus represent an equilibrium.

Mobility is a function of time and temperature and in this section I will describe results of

comparisons made between, primarily, HeLa and HeLaAc nucleosomes. Previous studies
have shown that nucleosomes have greater mobility at higher temperatures although this
has not been assessed for hyperacetylated nucleosomes. Since nucleosome mobility is a

function of temperature, this means that an activation energy is required for any mobility to
occur at all. At physiological temperature this process will occur within a defined time and it
is my aim to determine what effect temperature has on mobility and what timescale the
redistributions occur within, with a view to defining the kinetics of nucleosome mobility. By

establishing these parameters more precisely, it would be possible to determine the effects of
histone acetylation, or histone domains in nucleosome mobility and assess the functional

implications on chromatin.

Nucleosome Mobility Observed by One-Dimensional

Nucleoprotein Gel Electrophoresis
Although the best way to analyse nucleosome mobility is through two dimensional

nucleoprotein gels, mobility can still be observed by one dimensional analysis (Figure 5.1
and Flaus & Richmond, 1998). In this case, immediately after reconstitution of nucleosomes,

111



Chicken HeLa HeLaAc

22 27 32 37 22 27 32 37 22 27 32 37 (°C)

..

Figure 5.1 Nucleoprotein gel of reconstituted nucleosomes that have been preincubated at
various temperatures. Chicken (lanes 1-4), HeLa (lanes 5-8) and HeLaAc (lanes 9-12) core
histones were reconstituted with 208 bp rDNA and incubated at 22 (lanes 1,5,9), 27 (lanes 2,6,
10), 32 (lanes 3,7,11) and 37'C (lanes 4,8,12) for 1 hr. Reconstitutes were then loaded onto a 5%
(v/v) nucleoprotein gel and visualized by using a phosphorimager. The temperature of the gel
during electrophoresis was 4°C. Bands a-c are the same bands cited in Figure 3.2.
0.7 (i.M core histones and 0.6 pM 208 bp rDNA were used in these reconstitutions.
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which is performed at room temperature (~ 20°C), samples are preincubated at various

temperatures of interest and only then loaded onto nucleoprotein gels. I performed this

procedure, incubating reconstitution samples at 22°C, 27°C, 32°C and 37°C for 1 hour using

chicken, HeLa and HeLaAc reconstitutes, and observed that repositioning of nucleosomes
towards the end-position, band c, occurred within this temperature range on the 208 bp
rDNA fragment. This is visible as band C becomes predominant over the temperature series
in all three reconstitutes. Most repositioning occurs between 32°C and 37°C while little to no

mobility was observed below 22°C (data not shown). Repositioning on the 208 bp rDNA

invariably is biased towards the end-position. It appears to act as a "magnet" for positioned
nucleosomes and all results described from this point forward will be with respect to
movement of a positioned isomer from one position, say a centrally positioned nucleosome,
towards the end position. To address this problem of end-position bias, I used dimers of the
208 bp rDNA fragment which are less susceptible to this effect (see later).

Two-Dimensional Nucleoprotein Gel Electrophoresis
To perform the two dimensional (2D) reconstitution procedure, extra amounts of labelled
DNA and core histones are reconstituted compared to the one dimensional (ID) analysis.
The reconstitutes are loaded onto a nucleoprotein gel as before. Once the gel has been

electrophoresed for 1050 V hr at 4°C, a phosphorimager screen is placed directly onto the
wet gel and left for sufficient time in the cold room until an image can be read. From

viewing the image on a phosphorimager it is possible to see where all the shifted bands lie in
each lane. With this information a cutting template is drawn on paper. This methodology
has been implemented previously, most notably in Meersseman et al. (1992). Figure 5.2
shows the procedure schematically for using the template to allow 2D gel analyses

(Pennings, 1997; 1999) and how the data are interpreted from phosphorimager analysis. The

template is placed under the glass plate on which the nucleoprotein gel still lies, and is used
to excise long strips containing all the shifted bands, while also cutting each lane in half

length-wise (dependent on the width of the wells used). Bands are excised using razor

blades, and these are used by directly pressing down upon the gel and not by scoring

through it. It is necessary to keep the width of the gel strips to a minimum to avoid awkward
bands appearing in the 2D gel electrophoretic run. Thin gel strips ensure that the bands

appear in the 2D nucleoprotein gel as discrete spots. Once the gel strips have been excised,

they are treated in a different manner to one another depending on the assay: each gel strip
is sealed into a polythene bag and incubated at different temperatures for the same time, or
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Excise bands from 1st
dimension gels and cut each
lane in two lengthways

Place gel strips on top of second gel and run under
exactly same conditions as first gel

2nd

Quantitate intensity of area
under each circle of grid

Plot intensity of each circle of grid as a
bar chart

Figure 5.2 Idealized methodology used to evaluate mobility of nucleosomes with two-
dimensional nucleoprotein gel electrophoresis. Reconstituted radiolabelled nucleosomes
were prepared and separated by electrophoresis as described in Figure 2.1. Banding patterns
were visualized by direct exposure of wet gel to phosphorimager screen for ~ 30 mins. Band
shifts were excised in a cold room using a razor blade, following a template obtained from
phosphorimager visualization. The gel strips were cut in two lengthways and were notched at
one end to indicate direction of electrophoretic migration in the first dimension. Gel strips were
then incubated at various temperatures for one time or various times at one temperature, and
then immediately placed on a second gel by rotating 90". This gel had one continuous well
compared to conventional gels. Second dimension gel was run under exactly same conditions
as firstdimension and visualized on a phosphorimager.
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they are incubated at the same temperature for varying times. Meanwhile, 2D nucleoprotein

gel(s) were poured that were exactly the same in composition to the ID gel except having
one continuous well. The gel strips from each temperature were then placed horizontally
into the nucleoprotein gels (all the strips facing the same orientation with respect to the first
dimension run), and run for exactly the same conditions as before. Again, the gels were

dried down and analysed with the phosphorimager.

One can assess mobility on 2D gels by the number and intensity of spots appearing away

from the spots on the diagonal (which represent the original bands of positioning isomers
seen in the ID (positioning) nucleoprotein gel). A "grid" of spots is formed by the second
dimension electrophoretic migration, and is the square of the number of bands visible from
the ID electrophoretic migration (see Figure 5.2). For instance, the chicken core histone
reconstitution has three bands from the ID migration (bands a-c), which produces a grid of
3x3 spots in the 2D run. Off-diagonal spots represent repositioned nucleosomes that will
have a different electrophoretic mobility in comparison to the ID gel. If a nucleosome adopts
a more central position it will have a lower electrophoretic mobility; if a nucleosome

repositions toward the end of a DNA fragment, it will have a higher electrophoretic

mobility. Since there is an equilibrium between positioning isomers, nucleosomes can also
return to their original position/spot. In all the 2D gels that will be shown henceforth, spots

3, 5 and 7 represent the diagonal upon which the positioning isomers from the ID gel appear

(eg. bands a, b and c, respectively, from Figure 5.1). Therefore, the appearance of the spots 1,
2, 4, 6, 8 or 9 equates to repositioning of nucleosomes from the diagonal. Note that spot 7 can

only reposition to spots 1 or 4; spot 5 can only reposition to spots 2 or 8; and spot 3 can only

reposition to spots 6 or 9. Therefore, any spots that migrate on the same horizontal after gel

electrophoresis have the same positioning isomers: spot 1=2 = 3, and spot 4 = 5 = 6, and

spot 7 = 8 = 9 (Figure 5.2).

Figure 5.3 shows the results from the 2D electrophoretic run of the gel strips from Figure 5.1.
These gel strips were incubated at the same temperature for 1 hr, as with their preincubation

prior to loading on the ID gel. Whereas the ID gel showed a progressive movement of

positioned nucleosomes towards the end of the 208 bp rDNA fragment, the 2D gel shows
that there was little further movement of the positioned nucleosomes. Some of the remaining

positioned nucleosomes that had not already adopted the end-position (band c from

Figure5.1) have now moved to the end-position. For example, spot 3 in all three cases moved
to spot 9. However, there remain some centrally positioned nucleosomes that resist the

tendency of moving toward the end, most likely due to an equilibrium that is established

amongst the positioning isomers. Since most of the positioning isomers from the
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Figure 5.3 Second dimension electrophoretic run of gel strips from Figure 5.1. Gel strips
from the nucleoprotein gel shown in figure 5.1 were excised as shown in Figure 5.2 and
incubated at the indicated temperatures for 1 hour.
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reconstitution adopted the end-position after preincubation before loading on the ID gel,
little further information could be garnered from Figure 5.3. Although this experiment
would have to be repeated, it suggests that movement towards the end-position on this
DNA fragment is irreversible, with most nucleosomes accumulating in this position after a

period of redistributions.

Temperature Series Assays of Nucleosome Mobility
The results from the data in Figures 5.1 and 5.3 showed that the repositioning equilibrium

strongly favoured the end-position for the 208 bp rDNA fragment and that preincubation of

samples did not permit 2D analysis. Preincubation was omitted from all future 2D assays

which would thus allow study of nucleosome movement towards the end-position.

Approaching these temperature series experiments from this perspective showed mobility
(or lack of) of nucleosomes on the 208 bp rDNA fragment more clearly. Figures 5.4 and Table
5.1a show the resultant 2D gels from these assays and the analyses of the spot intensities
from phosphorimager data. I extended the experiment to include trypsinized core histone
octamer and chicken (H3/H4)2 tetramer reconstitutions as well as the chicken, HeLa and

HeLaAc core histone octamer reconstitutions. When studying the data from the trypsinized
reconstitutions, you will note that there are only a grid of four spots since there were only
two bands from the ID gels. On the other hand, the tetramer reconstitutes contain a similar

grid of nine spots, but this excludes the strong band f, which may represent a different
nucleosome particle and not a positioning isomer (see results section III). Instead, the
tetramer analysis was restricted to the ladder of bands above and including band g (marked
off in a box in Figure 5.4). I chose to do this since the mapping data (Figures 3.6, 3.7, 4.2 and
4.3) strongly favoured the notion that the series of bands including band g were comparable
to the positioning isomers a-c.

To calculate the intensities of spots from Figure 5.4, I used the Aida data analysis software
that was provided with the phosphorimager hardware (Fujifilm, Japan). Aida allows ID (see
data from results section II) and 2D analyses to be performed. The method I used to
determine the spot intensities involved hand drawing ellipses around each of the spots from

Figure 5.4. The ellipses that were drawn around the spots are not all the same size and

shape. Furthermore they are not in perfect alignment with each other. The example that has
been diagrammed in Figure 5.2 is in an ideal case. Instead, there are great variations in size
and shape of the spots between the different species analyzed (but not between different

temperatures of the same species) and the process of drawing ellipses around these spots is
somewhat subjective. For the purposes of these assays, I have found it best to simplify the
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Figure 5.4 Mobility assays of nucleosomes reconstituted onto the 208 bp rDNA fragment as a
function of temperature. The same procedure was repeated as in Figures 5.1 and 5.3 with the
exclusion of preincubation of reconstitutes prior to loading onto the ID nucleoprotein gel.
Please note that the boxes in the tetramer series indicate the spots that have been analyzed (see
text). The reconstitution procedure contained 0.7pM core histones and 0.6pM 208 bp rDNA.
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Table 5.1a Repositioning data sets from phosphorimager analysis of temperature series
2D gel electrophoresis (Figure 5.4) nucleosome mobility assays. The figures shown below
are the raw data provided by the Aida phosphorimager data analysis software. They were
deduced by hand-drawing ellipses around each spot of the spots from Figure 5.4 and
subsequently calculating the area under each ellipse by 2D densitometry. All values have
arbitrary units.

Spot intensity
spots 1-9

for 22°C 27°C 32°C 37°C

Chicken
1 0 0 0 0
2 26337 45635 56168 37178

3 362713 414581 349136 151707
4 10866 13506 11865 10558
5 316856 386773 286481 162388

6 110850 170219 155728 108979
7 199851 271314 230604 171328

8 37090 68673 97708 125877
9 36948 74947 88371 123699

HeLa

1 0 0 0 0

2 24029 24749 41987 24723
3 280619 225250 231533 107863
4 12440 8211 14205 4666

5 343048 276765 276124 122959
6 146370 143576 164259 111902
7 239432 220696 237952 159895
8 44048 52365 77966 133183
9 33765 37244 49603 101465

HeLaAc
1 0 0 0 0

2 23047 50521 61160 23072
3 125647 177711 126254 42833
4 33986 72698 58748 35674
5 260784 373139 330282 139337
6 68844 131310 144032 72168
7 158944 224661 189791 160629
8 66133 128035 172364 220794
9 21939 44457 75766 94616

Trypsinized
1 0 0 0 0
2 468158 392073 240668 169537
3 499998 479989 351690 469740
4 126393 185953 340397 338210

Tetramer

1 0 0 0 0
2 2399 3372 2250 8458
3 41476 34492 23746 36712
4 7768 4546 4806 8670
5 115302 98306 76618 124662
6 3362 6562 5728 16670
7 213504 185759 166480 289559
8 10914 11341 15521 54452
9 0 1495 2841 15470
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Table 5.1b Normalized data from Table 5.1a. The spot intensities from Table 5.1a were
divided by the total for each "column" and the spot intensity then expressed as a percentage.
Red denotes spots lying in column 1, blue in column 2 and green in column 3 (see text). This
data has been represented graphically in Figure 5.5.

Spot intensity for 22°C 27°C 32°C 37°C
spots 1-9
Chicken

1 0% 0% 0% 0%
2 7% 9% 13% 11%
3 71% 63% 59% 40%
4 5% 5% 5% 6%

5 83% 77% 65% 50%
6 22% 26% 26% 28%
7 95% 95% 95% 94%
8 10% 14% 22% 39%

9 7% 11% 15% 32%

HeLa

1 0% 0% 0% 0%
2 6% 7% 11% 9%

3 61% 56% 52% 34%
4 5% 4% 6% 3%

5 83% 78% 70% 44%
6 32% 35% 37% 35%
7 95% 96% 94% 97%

8 11% 15% 20% 47%
9 7% 9% 11% 32%

HeLaAc
1 0% 0% 0% 0%
2 7% 9% 11% 6%
3 58% 50% 37% 20%
4 18% 24% 24% 18%
5 75% 68% 59% 36%
6 32% 37% 42% 34%
7 82% 76% 76% 82%
8 19% 23% 31% 58%
9 10% 13% 22% 45%

Trypsinized
1 0% 0% 0% 0%
2 79% 68% 41% 33%
3 100% 100% 100% 100%
4 21% 32% 59% 67%

Tetramer
1 0% 0% 0% 0%
2 2% 3% 2% 5%

3 93% 81% 74% 53%
4 4% 2% 3% 3%
5 90% 87% 81% 67%
6 8% 15% 18% 24%
7 97% 98% 97% 97%
8 9% 10% 16% 29%
9 0% 4% 9% 23%
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2D gel spots into a square grid. Some spot signal also appears "between" grid positions and
I have tried to accommodate these as best as possible, but inevitably there is some data lost
between ellipses where they do not touch one another. This is very minimal, however, and
the data that has not been included is diffused 32P signal around the main spots.

In Table 5.1a, I have presented the raw data from the phosphorimager analysis. These

figures are all arbitrary, as there is variation between numbers from spots produced by one

gel strip compared to another. For example, compare the spot intensities from spot 7
between the different temperatures in the chicken reconstitute. This spot represents band c

and it is predicted that this spot will not reposition on the basis of the results shown in

Figures 5.1 and 5.3. The variation in intensities is attributable to the process of excising gel
lanes from the ID gel, which inevitably resulted in some variation in the width of the gel

strips. Some gel strips would therefore have more 32P signal than others which would be
manifest as greater spot intensities in the 2D gel. It is possible to normalize the data for this

experimental error, however. Furthermore, gel strips would have to be excised such that

they were perfectly rectangular and not trapezoid in any manner. This would cause a

skewing in the intensity of spots from one end of the gel strip to the other end of the same

gel strip. Both these possibilities were avoided as much as possible and I am confident that
in the data I have presented this did not occur. One final source of variation in spot

intensities in Table 5.1a could stem from dissociation of reconstituted particles into free
DNA and free histones when migrating in the 2D gel. This could occur by dilution effects in
the gel or by shearing forces of the electric field and the gel matrix. I did observe this

phenomenon in all cases studied, made evident by a line of free DNA below the spots of the
2D assay (data not shown). However, this free DNA was minimal in comparison to the

complexed DNA, accounting for < 5% of the total (data not shown). Moreover, the band of
free DNA stretched from one end of the grid of spots to the other evenly, and no one

particular spot showed an increased amount of dissociation. I therefore assume that this

systematic error in the intensities of the spots is negligible. The only error to be taken into
account is differences in gel strip area leading to an overall difference in the amount of 32P

signal from each gel strip.

The spot intensities from Table 5.1a were therefore normalized in order that tentative

comparisons could be made between different data sets (ie. the spot intensities from different

gel strips). Please note that background counts were deducted from the actual raw data. This
was done in an arbitrary manner by subtracting the value given by a spot, of comparable
size to any of the spots in the grid, lying just outside the actual grid from all other positions.
The net result is to give a value of zero for spot 1 in all data sets. Since positioning only
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occurs towards the end-position (spots 7, 8 or 9) on the 208 bp rDNA fragment, the

reasoning is that any 32P signal produced at position 1 is background. Background will not

be uniform throughout the grid of spots, but it is impossible to accurately deduct

background counts from all spots individually (at least with the Aida phosphorimager data

analysis software), and thus I have assigned the same background value for all spots in the
same data set. The colour scheme I have used in Table 5.1a also highlights the columns of

spots from Figure 5.3, where spots 1, 4 and 7 (red); 2, 5 and 8 (blue); and 3, 6 and 9 (green)
constitute "columns", and spots 1, 2 and 3; 4, 5 and 6; and 7, 8 and 9 constitute "rows".

Positioning isomers can only redistribute into other positioning isomers within the same

column. Chicken and HeLa reconstitutes showed some differences in mobility. These two
reconstitutions have been used in all assays as a control for the HeLaAc core histone
reconstitutions since they are both hypoacetylated (see Figure 2.4). Their positioning

patterns from results section II showed that they had similar populations of positioning
isomers when reconstituted with the 208 bp rDNA fragment. Positioning isomers are

proportioned in bands a > b> c in the chicken core histone octamer reconstitution while in
the HeLa reconstitution b> a > c. On the other hand, positioning isomers are proportioned
b » c > a in the HeLaAc reconstitutions. This hierarchy affects the mobility data from the
2D gel and the manner in which the data should be normalized. Therefore, the data were

normalized over individual columns within the grid (eg. for spot 5: divide spot 5 by [spot 2 +

5 + 8]). This method provides a measure of mobility in the direction of electrophoretic

migration independently of the intensities of any other spots in the same grid. Table 5.1b
shows normalized data for the temperature series using this method. The reader should note
that although an effort has been made to normalize the data of Figure 5.4, the data can only
be interpreted qualitatively and this task is made somewhat easier by the graphs depicted in

Figure 5.5. Moreover, these results were poorly reproducible and so the accuracy of the
results is far from satisfactory (especially for the time series experiments presented later) and
should be approached with caution.

Mobility of chicken and HeLa reconstitutes appears to be very similar which is in agreement

with the fact that these two sources of core histone have been used as controls for the

HeLaAc reconstitutions. This is also in agreement with the data of previous studies

(Meersseman et al, 1992; Ura et ai, 1997). When inspecting the data of the HeLaAc
reconstitution one can see what appears to be a slightly elevated level of mobility, especially
in column three (spots 3, 6 and 9) in comparison to the chicken and HeLa reconstitutions.
This appears to occur at a lower temperature than the chicken and HeLa reconstitutes,

perhaps between the 27°C and 32°C incubations, whereas the chicken and HeLa
reconstitutes only show a significant amount of mobility between the 32°C and 37°C
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Figure 5.5 Graphical representation of nucleosome positioning intensity as a function of
temperature. Normalized spot intensities from Figure 5.4 are represented as bar charts to
illustrate the relative peak intensities of each spot. Orientation of spots for the trypsinized and
tetramer reconstitutes are the same as in the key shown except that for the former there are only
four spots per grid.
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incubations. Nevertheless this apparent increase in the level of mobility is very slight and
cannot be concluded with any certainty. On the whole, these results are complementary to
the results of Ura et al. (1997) who also observed no significant difference in nucleosome

mobility between hypoacetylated HeLa core histone reconstitutes and HeLaAc reconstitutes
based only on visual inspection of gel patterns.

In view of the data discussed in results section III, I have not analyzed the data of

trypsinized core histone octamers in terms of nucleosome mobility in great detail. This is
because the ID pattern observed for the trypsinized particles more than likely represent two
different particles (monomer/dimer) and not positioning isomers. The data of Figure 5.4
shows that there is an apparent interconversion between these two particles, in particular
dissociation from the "dimer" particle into the "monomer" particle. There also appeared to
be a great deal of dissociation into free DNA with the trypsinized 2D gel analysis, the same

as that observed with the 2D analyses made in agarose and 30% glycerol nucleoprotein gels

(Figure 4.1). On the other hand, chicken (H3/H4)2 tetramer reconstitutes showed mobility.
Their accumulation towards the end-position appears to be somewhat slower than the
chicken, HeLa and HeLaAc reconstitutes. Spot 7 (band g) takes up the vast majority of the

positioning intensity within the entire grid, having a significantly higher intensity than any

spot in any reconstitute. This may mask any underlying mobility seen in spots 3 and 5 such
that slight differences in spot intensity may be significant.

Time Series Assays of Nucleosome Mobility
So far, I have described nucleosome mobility experiments that involve incubation of gel

strips for a fixed time (1 hour) at varying temperatures. In this section I will describe

experiments that investigated the dependence of mobility on time at a fixed temperature. I

assayed nucleosome mobility by incubating gel strips for varying times at 37°C (Figure 5.6
and Table 5.2). These assays only covered nucleosome mobility for chicken, HeLa and
HeLaAc reconstitutions and the data was collected over two sets of experiments.

Trypsinized and tetramer reconstitutes were omitted due to high levels of dissociation of the
former and low levels of mobility observed for the latter as observed in the temperature

series assays.

To accomplish the time series I conducted the experiments twice, incubating gel strips for
different times on each occasion. Time-points of 0', 5', 10' 15' 20' and 30' were taken with the
first experiment and 12.5', 17.5', 25', 35' and 40' in the second experiment. Reconstitutions for
each set of data were also conducted separately. Unfortunately, reproducibility between
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Figure5.6Timeseriesnucleosomemobilityassays./Nucleoproteingelelectrophoresisoftimeseriesgelstripsincubatedfollowingtheprocedureoutlined
inFigure5.2.Theentireexperimentwasconductedovertwosteps,indicatedby1stand2nd.iiGraphicalrepresentationof/anddatafromTable5.2b.a Chicken,bHeLa,andcHeLaAcreconstitutions.Concentrationsofreagentsin1stexperimentwerel.lpMcorehistonesand0.9pM208bprDNA.The2nd experimentcontained0.9pMcorehistonesand0.7pM208bprDNA.
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94%

91%

93%

94%

96%

94%

8

19%

20%

24%

22%

28%

35%

35%

42%

38%

54%

55%

9

7%

4%

6%

6%

7%

3%

11%

7%

13%

12%

21%

HeLaAc

1

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

2

9%

7%

6%

6%

7%

9%

5%

7%

5%

7%

7%

3

53%

38%

30%

37%

31%

50%

24%

26%

18%

31%

31%

4

25%

18%

14%

12%

19%

14%

19%

9%

14%

12%

12%

5

68%

69%

59%

78%

59%

64%

57%

41%

45%

42%

42%

6

44%

55%

57%

51%

55%

38%

60%

48%

61%

49%

49%

7

75%

83%

86%

88%

81%

86%

81%

91%

86%

88%

88%

8

24%

25%

36%

16%

35%

27%

38%

52%

50%

51%

51%

9

3%

7%

13%

12%

14%

12%

16%

26%

22%

20%

20%

Table5.2NormalizeddatafromFigure5.6.ThedatapresentedwasmanipulatedasdescribedinTable5.1b.
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these data sets was not good, so that the relative positioning intensities of one time-point
match poorly with those predicted when considering a neighbouring time-point from the
other data series. This is particularly evident in the spots representing the first dimension

electrophoretic run (spots 3, 5 and 7) which show large discrepancies. Therefore, it is difficult
to reconcile the data between the two different experiments and it is best to keep them

separate. Panel / of Figures 5.6a-c show the nucleoprotein gel electrophoresis of the time
series nucleosome mobility assays. Panel ii of Figures 5.7a-c show schematic representations
of the spot intensities from panel / that have been normalized as described in the previous
section and which have been tabulated in Table 5.4 (raw data omitted).

As before the mobility of the chicken and HeLa reconstitutes followed a very similar pattern
in mobility in each time-point in each independent experiment. However, the pattern of

mobility observed with the HeLaAc reconstitution appears to show elevated levels of

mobility as before from an earlier time-point compared to the chicken and HeLa
reconstitutes (possibly as early as 5 minutes). These results appear to be consistent within
each individual experiment.

Mobility Assays of Nucleosomes Positioned on a 431 bp
Construct Encompassing a Dimer of the 208 bp rDNA
To try and overcome the problem of end-position bias, a dimer of the 208 bp rDNA fragment
was cloned into a vector. This plasmid was then cut with PstI and EcoRV (which are single
cutters in the vector pBluescript KS-) to release a 431 bp fragment encompassing the cloned
208 bp rDNA dimer fragment, where there are an extra 7 bp at the 5' end and an extra 8 bp
at the 3' end. The regions flanking the 208 bp dimer were assumed to be sufficiently small as

to be negligible in the mobility analyses that this clone was to be used. Note also that the
Aval cut site (that have been used to generate the 208 bp rDNA fragment thus far) is flanked

by Eco RI cut sites on either side, each 6 bp from the Aval site. The clone contains two EcoRI
sites at the 5' end and one at the 3' end. In essence, this results in the strong 5' Aval
nucleosome positioning site being distanced from the 5' DNA end by a total of 13 bp. The

sequence and orientation were verified by sequencing (kindly done by Dr. Nick Gilbert; data
not shown). However, due to the nature of the restriction enzymes that were used to excise
the cloned fragment from the vector, where Psfl produces a 3' overhang and EcoRV

produces a blunt end, it was not possible to label the DNA using a-32P-dCTP, and thus was

labelled instead with y-32P-dATP. This results in labelling at one end only, namely the EcoRV
blunt end.

The basis for using dimers of the 208 bp rDNA fragment in nucleosome mobility assays rests
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Figure 5.7 Reconstitution of chicken, HeLa and HeLaAc core histone octamers with a cloned
DNA fragment encompassing a dimer of the 208 bp rDNA fragment. / Core histones and end-
radiolabelled DNA were reconstituted as described before. /# Check of integrity of core histones
used in these experiments. Included with the nucleoprotein gel shown in panel / is a schematic
(not to scale) representation of the isomers present in each band as determined in Meersseman
et al. (1992), where red bars represent dominant positioning sites and numbers indicate
positioning isomer species. The top line also illustrates the positions of the EcoRl and Aval sites
in a EcoRI cut 416 bp rDNA dimer fragment. Fraction 73 of the chicken core histones (0.2 (iM),
fraction 50 of the HeLa (0.2 pM) and fraction 15 of the HeLaAc (0.4 |iM) were used in the
reconstitutions with 0.3 pM DNA. The same core histone fractions used in the reconstitutions
are shown in panel ##. M represents a pBR322-MspI digest marker and m is a protein marker.
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on the preference that nucleosomes appear to have to move towards end-positions at
elevated temperatures. Dimers of the 208 bp fragment were tested to see whether they could

help overcome this potential obstacle to nucleosome mobility assays. This is not the same as

the reasoning behind the use of the 208 bp dimer in the work of Meersseman et al. (1992),
who used this fragment to investigate short-range versus long-range nucleosome mobility.
In this study, I have reasoned that two DNA ends are essentially eradicated in comparison to
a single 208 bp fragment, the 5' end of one fragment and the 3' end of the other. Since these

regions appear to be strong positioning sites, especially the former, which do not readily
allow movement of positioned nucleosomes away and also attract neighbouring positioned
nucleosomes, it can now be seen whether this is a general property of the DNA ends
themselves or a property of the strong positioning signals at this region.

To maintain the one nucleosome reconstitute per DNA fragment ratio that was established
in the reconstitutions thus far with the 208 bp rDNA fragment, the core histone:DNA ratio
was reduced to <0.5:1. Figure 5.7/ shows the result of reconstituting chicken, HeLa and
HeLaAc core histone octamers onto the 431 bp rDNA fragment. The banding pattern was

clarified by Meersseman et al. and has been included alongside the gel, although the
reconstitutions presented in Figure 5.7/ do produce some minor variations in the

electrophoretic positions of each respective band. For instance, positions 30 and 30' migrate
further apart than in the published results. These variations were attributed to the slight
difference in size of the cloned 431 bp rDNA fragment to the 416 bp fragment in the previous

study. Furthermore, the quality of reconstitution of the HeLa and HeLaAc core histones with
the cloned 431 bp fragment was unexpectedly low which could not be fully explained in
terms of the quality of the core histones (Figure 5.7it) or the DNA, where a trace amount of

degradation is visible in the protein samples. The schematic representation of nucleosome
positions in Figure 5.7/ also shows the positions of the dominant nucleosome positions (red
bars) and illustrates the point that in the 3' half of the 431 bp fragment the dominant position

(10') is centrally located, whereas in a 208 bp fragment this would be at a DNA end.

The lanes representing the histone-DNA complexes were excised from the gel and treated as

in Figure 5.2 to undertake a 2D nucleoprotein gel analysis of nucleosome mobility as a

function of temperature (Figure 5.8). Due to the low quality of reconstitution in the first
dimension electrophoresis of the HeLa and HeLaAc core histone reconstitutions, the 2D gels
also did not produce clear results, where a lot of smearing appeared. However, the results
were sufficient as to not completely mask the underlying mobility of nucleosomes, while the
data were only treated qualitatively.
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HeLa

22°C 27°C 32°C

He LaAc

37°C

Figure 5.8 Second dimension native polyacrylamide gel electrophoresis of nucleosomes
reconstituted onto the cloned 431 bp rDNA fragment. Shifted core histone-DNA complexes
from Figure 5.7 were treated as in Figure 5.2.
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Meersseman et al. (1992) noted that in their experiments, nucleosome position 0 failed to

redistribute upon incubation at elevated temperatures, which are essentially the same results
as those obtained in this study on the 208 bp fragment. Indeed nucleosome positions on the
5' end had a strong preference to move to position 0. However, this end-position effect was

not as important to the positioned nucleosomes on the 3' half of the 416 bp fragment which
could migrate towards a more central position (position 10'), and consequently produced a

more even redistribution of nucleosome positions. Note, however, that there were

redistributions to position 60' but not as prominently as those witnessed in the 5' half of the
dimer. Therefore, the DNA ends per se were not responsible for the end-position effect seen

in mobility assays with 208 bp rDNA. Instead, it depended on the location of the dominant

positioning site. Further, it was found that nucleosomes could not migrate from one half of
the fragment to the other (ie. no long-range nucleosome mobility was observed). In contrast,
the results shown in Figure 5.8 show that long-range nucleosome redistribution is possible,
which is best illustrated in the 37°C incubation of reconstituted chicken core histone octamer

particles. Here one can see movement of, for example, position 10 through all positions up to

position 10' and beyond which is on the other half of the dimer fragment. The reasons as to

why these results differ to those published may be a result of slight experimental differences
such as different DNA and protein substrates, and different methods in incubation of gel

strips. The latter point may indicate that in these experiments, the nucleosome substrates
were provided with enough energy to move further along the 416 bp rDNA fragment than
in the previous published studies. Consistent with the published results, position 10 has a

strong tendency towards position 0 manifest by a strong spot appearing just off the diagonal
in the bottom left, and thus DNA ends do appear to have some influence on positioning of
nucleosomes, but not to the same degree as that observed by Meersseman et al. since the
nucleosomes were able to move towards the centre in this study. Furthermore, positions 0
and 60' were also shown to move to the same extent as position 10, although the vast

majority of this spot did not appear to move. Nucleosome redistribution in the chicken core

histone octamer reconstitution appears to occur most prominently from the 32°C onwards,
with only minor redistributions before this temperature.

The HeLa core histone octamer reconstitution, as noted above, gave poor results. However,
the smears that are present on the nucleoprotein gel are very likely not dissociation products
but actual redistributions of nucleosomes, especially when considering the redistributions
that are present above the diagonal. Meanwhile, HeLaAc core histone octamer reconstitution
with the 432 bp fragment shows extensive redistribution on a par with that observed with
the chicken reconstitution. Again there is much smearing but not to the same extent as that
with the HeLa reconstitutes. One can observe movement of nucleosomes to the same degree
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as in both cases before, can be explained as for the chicken reconstitutes. Moreover, the level
of redistribution at 32°C is very similar to the chicken reconstitutes, unlike the HeLa
reconstitution. This suggests that the level of acetylation between the chicken and HeLaAc

reconstitutes, may not be implicated in these results. Nevertheless, the HeLaAc reconstitutes
do appear to have greater overall mobility than the HeLa counterparts which occurs at an

earlier temperature (32°C). To produce more conclusive results would require more time
while new core histone preparations, especially for the HeLa and HeLaAc reconstitutions,
would have to be done (note the apparent loss of stoichiometry of these histones at this late

stage in Figure 5.7).

The studies of Meersseman et al. (1992) concluded three main points about the identity of the
different positioned nucleosomes on the 416 bp rDNA fragment: (z) the triangle of spots in
the lower left of each 2D gel represent mononucleosomes positioned towards the left end of
the 416 bp rDNA fragment; (it) the rectangle of spots near the centre represent nucleosomes

positioned towards the right end of the 416 bp fragment; and (iii) that the series of spots in
the top right are dinucleosome species which become more prevalent at higher core

histone:DNA ratios. Another conclusion of their experiments was that positioned
nucleosomes could not cross from one half of the 416 bp rDNA fragment to the other at
elevated temperatures and were instead restricted to various alternate positioning sites near

to the strongest (dominant) positioning site. These alternate positioning sites are the same as

those that have been observed in the one dimensional nucleoprotein gel electrophoreses for

positioned nucleosomes on the 208 bp rDNA fragment. The results of this study, although in

agreement with those of Meersseman et al. (1992) in many aspects, show significant
differences, most notably in the degree of mobility afforded by increased temperature
incubation whether using hypo- or hyperacetylated core histones in reconstitutions and
should be addressed further.
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Discussion

Chromatin is an essential component of eukaryotic cells, enabling higher organisms to

organize their genetic information by providing an architecture upon which genes can be

spatially and temporally regulated in a cell-type specific context. Regulation of gene activity
in the chromatin environment relies upon an exquisitely intricate network of mechanisms.
The major difficulty faced by transcription and replication machinery are the many levels of

compaction that DNA undergoes in a chromosome. The basic unit of chromatin is the
nucleosome. Nucleosomes are key players in gene regulation simply on the basis of

physically impeding the access of trans-acting factors to target DNA sites. However,
chromatin is a dynamic entity, which can in itself regulate the access of trans-acting factors to
their cognate DNA-binding sites. Disruption and/or movement of nucleosomes can alleviate
the physical block imposed by nucleosomes. Histone acetylation is a primary candidate for
the mechanism by which transcriptional regulation may be achieved.

How histone acetylation can potentiate gene transcription remains largely ambiguous,

although it has now been firmly established that many trans-acting factors that affect the

acetylation status of a nucleosome are also transcriptional coactivators. This latter point
underlines that histone acetylation is an important factor in modulating gene activity but
does not explain the fundamental biochemistry behind its actions. Nucleosome alteration by
histone acetylation has been demonstrated for parameters such as linking number (Norton et

al, 1989; 1990; Bauer et al., 1994), which was identified as a change in nucleosome
conformation that can accommodate the binding of transcription factors without nucleosome

displacement (for example, Ng et al., 1997). The crystal structure of the nucleosome core

particle at 2.8 A shows that the tail of histone H4 makes a contact with the nearest

neighbouring nucleosome. This property, which may be the basis of higher order chromatin
structure (Luger et al., 1997), is also likely to be affected by histone acetylation, since higher
order chromatin compaction is known to be affected by the core histone tails and their

acetylation.

Core histone octamers can position on DNA in a non-random manner, where one

positioning site provides a greater affinity for nucleosome positioning over another.
However, the stringency with which nucleosome positioning is achieved cannot, at least

theoretically, be very strong when considering the vast amount of combinations in DNA

sequence present in the genome. Nucleosome positioning is nevertheless determined by the

properties of the underlying DNA sequence. For example, the DNA sequence, around the
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PA-globin gene has been shown to position nucleosomes periodically at intervals of ~ 200 bp,
the strongest positioning sites being located at the regulatory regions of the promoter

(Davey et al., 1995). Thus, an argument can be put forward that nucleosome positioning must

play an important role in regulating transcriptional activity of the PA-globin gene. Many
other DNA sequences have also shown the ability to position nucleosomes at well defined
locations, including the 5 S rDNA genes (Simpson & Stafford, 1983; Meersseman et al., 1991).

Positioning of nucleosomes has important implications on the transcriptional competence of

genes. However, it has been shown that nucleosomes also have the ability to move

inherently when sufficient energy is supplied in vitro (Pennings et al., 1991). Nucleosome

mobility could thus provide the means by which positioned nucleosomes can be reorganized
on genes to reveal DNA-binding sites that would otherwise have been occluded by the

presence of a nucleosome (Meersseman et al., 1992). In vivo, rearrangement of nucleosomes is

accomplished by the action of chromatin remodelling factors such as SWI/SNF (Whitehouse
et al., 1999). Remodelling activity has been correlated with histone acetylation in many cases,

which in turn has been correlated with potentiating transcriptional regulation. Therefore,
nucleosomes have scope for regulation of genes whether it may be through their unaided
movement or through remodelling by such factors as SWI/SNF, with the involvement of
histone acetylation.

Characterization of Nucleosome Positioning & Mobility
Nucleosome Positioning Assays of Chicken, HeLa & HeLaAc
Reconstitutes

Use of purified components in in vitro reconstitution experiments of core histones with DNA
offers the possibility to characterize nucleosome positioning and mobility in an

unambiguous manner compared to in vivo studies. A 208 bp rDNA fragment of the sea

urchin L. variegatus has been extensively studied in this context (Simpson et al., 1985). It has
been used in studies of nucleosome positioning and chromatin conformational dynamics by
reconstitution of nucleosomes onto tandem arrays of the 208 bp fragment (extensively
reviewed in Fletcher & Hansen, 1996). In the experiments conducted in this study, I have
used the salt dialysis method of nucleosome reconstitution (Figure 3.1) to reconstitute

purified core histones octamers from chicken erythrocyte, HeLa and HeLaAc (and to a

limited extent, yeast) nuclei onto purified 208 bp rDNA fragments. I find that there are

reproducible sites of preferential positioning for nucleosomes on the 208 bp rDNA fragment
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of sea urchins, in agreement with previous studies (Figure 3.5 and 3.6, Dong et al., 1990;
Meersseman et al., 1991; Hayes et al., 1991). That positioning sites are the same between core

histones from different sources (chicken and HeLa) and of different properties

(hypoacetylated vs hyperacetylated) illustrates that the same structural features are involved
in each type of core histone octamer associating with DNA. Data of previous studies clearly
correlates a 10 bp periodicity with alternate nucleosome positioning sites (Dong et al., 1990;
Meersseman et al., 1991). This fits well with the 10 bp periodicity of the DNA helical turn and

accomodating a precise rotational setting for nucleosomal DNA. Although nucleosome

positioning shows the same pattern between these different types of nucleosomes in Figure
3.5, it appears significantly different on nucleoprotein gels such that their positioning
intensities have been altered as well as having slightly different electrophoretic mobilities

(Figure 3.2). For the purposes of this study, the most important difference is that of the
HeLaAc nucleosome positioning in comparison to its hypoacetylated counterpart. TAU gel

analysis (Figure 2.4) has shown that the purified hyperacetylated HeLa core histones contain
three acetylated groups on histone H4. This, however, is an average and there remain mono-

and diacetylated as well as tetraacetylated species leading to a large amount of heterogeneity
in the core histone composition. Consequently, this may be responsible for a heterogeneity
in nucleosome positioning, with the positioning pattern from the hypoacetylated
nucleosomes also being present in the hyperacetylated reconstitution in Figure 3.2.
Nevertheless, one can still observe the effect of acetylation as a shift in the propensity a

nucleosome has for one positioning site over another. The off-centre position on the 208 bp
rDNA fragment (Figure 3.2, band b) becomes predominant when nucleosomes are

acetylated. Positioning isomers found at the central and end-positions could partly be due to
the presence of the mono- and diacetylated nucleosome species also present in the same mix
of core histones, as these are comparable to the hypoacetylated nucleosomes. If these core

histones could be excluded somehow in nucleosome reconstitutions, or HeLaAc core

histones could be purified to homogeneity, then reconstitution and subsequent

electrophoresis of samples on nucleoprotein gels could conceivably reveal the presence of a

single positioning isomer.

Previous studies have shown that acetylation causes a conformational change in

hyperacetylated nucleosomes (Bode et al., 1983; Oliva et al., 1990), and this may be the reason

behind the altered positioning pattern intensities on nucleoprotein gels (predominance of
band b in HeLaAc reconstitute of Figure 3.2). Upon electrophoresis on a nucleoprotein gel,
the conformational change can be observed as a slight retardation in the electrophoretic

mobility of the acetylated species with respect to the hypoacetylated nucleosomes. The
conformational change is proposed to make the nucleosome more open, which causes a
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greater amount of frictional drag encountered by hyperacetylated nucleosomes in the gel
matrix (Bode et al., 1983). A marked shift in the equilibrium between nucleosome positioning

isomers, such as that observed between HeLa and HeLaAc core histone reconstitutions on

the 208 bp rDNA fragment (Figure 3.2), has not been previously reported. This novel result,

together with previously unpublished observations, demonstrates that hyperacetylation of
core histones can have a profound effect on the nucleosome positioning cues encountered by
core histone octamers.

Nucleosome Reconstitution on the 245 bp BA-Globin Gene Promoter
Fragment

In addition to the nucleosome positioning assays performed on the 208 bp rDNA fragment,

positioning on a [3A-globin gene promoter fragment was also studied to test the interplay
between DNA methylation and histone acetylation (Figure 3.7). I conducted this assay in a

bid to follow up the observations of Davey et al. (1997), who showed differences in
nucleosome positioning between core histones reconstituted on a pseudomethylated and

methylated 245 bp (3A-globin gene DNA promoter fragment. Essentially, I repeated the

experiments of that study using, in addition, HeLaAc core histone octamers. The results
from these experiments were negative as histone acetylation did not alter the outcome of
nucleosome positioning with respect to the hypoacetylated core histone reconstitutions,
whether the (3A-globin gene promoter fragment was methylated or not. Whereas DNA

methylation is associated with transcriptional repression, histone acetylation is mainly
associated with transcriptional activity, and there does not appear to be any cross-talk
between these two processes when considered in this in vitro positioning assay. Methylation
at the CpG triplet is believed to cause a conformational change in the DNA structure at that
site which leads to abolition of the 5A position. The conformational change seen in

hyperacetylated nucleosomes in the 208 bp rDNA fragment cannot accommodate the

methylated CpG triplet in this |3A-globin gene promoter fragment and restore nucleosome

positioning at the 5A position. This again is partially in agreement with previous findings
that histone acetylation does not alter nucleosome conformation in a major way.
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Positioning Assays & Characterization of Trypsinized and
Tetramer Reconstitutes

Positioning of trypsinized chicken core histone octamers on the 208 bp rDNA fragment gave

a unique banding pattern when electrophoresed on nucleoprotein gels, despite having an

identical banding pattern to chicken, HeLa and HeLaAc reconstitutes when observed by
restriction enzyme mapping assays (Figures 3.5 and 3.6). This is consistent with the literature

(Dong et ah, 1990; Hayes et al., 1991; Dong & van Holde, 1991). One positioning isomer is

slightly slower in electrophoretic mobility (Figure 3.2, band d) to the three positioning
isomers observed in chicken, HeLa and HeLaAc reconstitions (bands a-c), while only one

other band was visible that migrated just ahead of bands a-c, and which appears to be their

equivalent (band e). Considering that trypsinized core histone octamers were initially used
in reconstitutions to provide a control for the HeLaAc reconstitutions, their nucleoprotein

banding patterns gave a surprisingly different electrophoretic mobility. In a similar manner

to band b in the HeLaAc reconstitution, where this band becomes predominant, band e may

represent a "predominant" positioning site. Nevertheless, the presence of band d indicates
that there is potentially a particle of different size to intact nucleosomes. Homogeneity of the

purified trypsinized core histone octamers is much higher than those of the HeLaAc

octamers, and this may have resulted in the production of a single unique band at band e.

Alternatively, it is possible that the DNA enters and exits the trypsinized nucleosome at

slightly different angles, which could affect the separation between positioning isomers on

nucleoprotein gels. That this band migrates at a slightly faster rate than any other
reconstitute may solely be due to the molecular weight decrease of ~ 20%.

To further characterize the nature of the typsinized core histone octamer reconstitutes, I
undertook a series of assays specifically designed to probe for their structure (results section

III). When analysed by a restriction enzyme accessibility assay (Figure 4.2 and 4.3), I found
that the trypsinized octamers adopted the same nucleosome positions as those of a control
chicken core histone octamer reconstitution, which is also in agreement with the results from

Figure 3.5. However, there was further evidence of a particle of subnucleosome size or one

that involved only a partial association between the core histone octamer and DNA.

Analysis of trypsinized nucleosome particles on sucrose density gradients (Figure 4.5)

provided proof that mononucleosome sized particles were present in the reconstitution

samples, together with particles of supranucleosomal size which is in contradiction with the
results of Figure 4.2. The slowest migrating particles fractionated on the gradients were also
the slowest migrating on nucleoprotein gels, in all three cases tested (chicken, trypsinized
and tetramer reconstitutes). Apart from considering interparticle associations in the gel,
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which fall apart into separate particles on sucrose gradients, the only explanation for this

phenomenon is that these particles have a very open conformation (the free DNA migrated
as one would predict in the two types of medium). A demonstration of the conformational
effect is seen in the control chicken reconstitutes, where the end-positioned nucleosomes

display the fastest migration in both the sucrose gradients and nucleoprotein gels. One can

justify the alteration of nucleosome conformation in the trypsinized reconstitutes to a certain

degree when it has been observed that it is possible for trans-acting factors to bind these
nucleosomes with greater ease (Vitolo et ah, 2000). The major function of the histone tails,
however, appears to be in the stability of higher order structures. Interestingly, the

trypsinization of core histone octamers leads to the production of at least five distinct

polypeptides that have been characterized (Weintraub & van Lente, 1974; Bohm et ah, 1980;
1981; 1982). These polypeptides are PI (histone H3 residues 27-129), P2 (histone H2B
residues 21-125), P3 (histone H2B residues 24-125), P4 (histone H4 residues 18-102), P5

(histone H4 residues 20-102) and PI' (a product of autolytic digestion of histone H3 to
release residues 21-135), while the tryptic product of H2A cleavage is residues 12-118. The

presence of five predominant polypeptides, as opposed to four polypeptides (core histones)

may also have an effect on trypsinized core histone reconstitutions. That is, non-nucleosome
sized particles may be easily reconstituted, especially with aberrent interactions being

promoted by these polypeptides. To account for this possibility would be very difficult and
none of the analyses that I have conducted were able to discern this eventuality. Therefore,
when considering the identity of the species represented by Figure 3.2, band d, these data do
not appear to resolve the matter. My only conclusion to be drawn from these results with

certainty is that there are nucleosome-sized particles and these are very likely the population
seen in band e, primarily based on its faster electrophoretic mobility in nucleoprotein gels.

Analyses of the (H3/H4)2 tetramer reconstitutes showed the same nucleosome positions as

the other reconstitutes (Figures 3.5, 3.6, 4.2 and 4.3; Dong et ah, 1990; Hayes et ah, 1991; Dong
& van Holde, 1991). Moreover, these particles appeared to protect the same amount of
nucleosomal DNA as intact octamers in agreement with the literature (Camerini-Otero et ah,

1976; Bina-Stein & Simpson, 1977; Jorcano & Ruiz-Carillo, 1979; Dong et ah, 1991), although
there are a number of reports pertaining to the existence of an octamer of two tetramers and
which also protect a full 146 bp of DNA (Moss et ah, 1977; Simon et ah, 1978; Stockley &

Thomas, 1979). Furthermore, there appears to be at least one position at which the tetramer

particle is susceptible to restiction enzyme cleavage near the nucleosome dyad axis, resulting
in two particles each protecting ~ 73 bp of DNA (Dong et ah, 1991). When analysed on

sucrose gradients, the tetramer reconstitutes show similar results to those of the trypsinized

particles, where band f, the slowest migrating band on the nucleoprotein gel (Figure 3.2),
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also appears to be in the slowest migrating fractions in the sucrose gradient (Figure 4.5,
~ fraction 25). Band g appears in faster fractions in both nucleoprotein gels and the sucrose

gradient. The absence of the H2A/H2B dimers in the tetramer reconstitutes may produce a

very open conformation. However, one cannot determine with confidence that the degree of
retardation of migration seen in the trypsinized and tetramer reconstitutes is solely due to an

open nucleosome conformation. For instance, the presence of extra H3/H4 dimers or

tetramers could reduce the electrophoretic mobility of nucleosome particles. Dissociation of
these extra components at any point in the migration of such particles in nucleoprotein gels
or in sucrose gradients cannot be excluded. That such supranucleosomal particles were not
detected in the MNase mapping experiments may be due to the susceptibility of such

particles to collapse in the presence of MNase. Treatment of reconstituted nucleosomes with
MNase exposes the particles to enzymatic activity which could potentially dissociate some

supranucleosomal particles as well as shifting the position of the nucleosome. However, the

mapping experiments gave reproducible results and also showed that all core histones
tested produced very similar positioning isomers. Therefore, I can say with confidence that
there are nucleosome sized particles in the tetramer reconstitutes and these are likely to be

represented by Figure 3.2, band g and the series of bands immediately above it, while the

identity of band f remains more elusive, though there is some evidence for a

supranucleosomal structure.

Nucleosome Mobility Assays
To conduct nucleosome mobility assays, I have implemented a two dimensional

nucleoprotein gel assay to observe the changes in spot intensities of positioning isomers
from the control positions that are observed in one dimensional gels (Figure 5.2 shows the

protocol for the procedure that was used). Unlike nucleosome positioning, mobility of
nucleosomes seemed largely unaffected by the acetylation of the core histones. HeLaAc
nucleosomes positioned on the 208 bp rDNA fragment had similar mobility properties to

HeLa nucleosomes in terms of temperature dependence and kinetics. In only one instance
there was a pronounced difference in mobility observed when comparing the HeLaAc
reconstitutes against the chicken and HeLa reconstitutes (eg. spot 3 in the temperature series,

Figure 5.4), and when considering the time series data and the erratic nature of the figures, it
is difficult to rule out that this was an artefact. Mobility was visualized as changes in

positioning site intensity when temperature or time were treated as variables in independent

experiments. That mobility appears to be unaffected by histone acetylation implies that the
activation energy in going from one position to another is not changed, which in
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consequence implies that the conformational change induced by acetylation does not alter
histone-DNA interactions or that there is the same complement of histone-DNA contacts. To
resolve whether end-positioning preference affects nucleosome mobility assays is technically
not possible, at least in the methods being implemented in this study. Furthermore, it seems

unlikely that the intrinsic nucleosome positioning equilibria known to exist between

positioning isomers are not affected by the end positions: once a nucleosome becomes end-

positioned, this seems irreversible. The major assumptions of these experiments are thus that
there is no effect on rates of nucleosome mobility and postioning isomer equilibria. One
would not expect an influence exerted by the DNA ends on the ability of nucleosomes to

move; the only effect would be on the direction of mobility and the eventual final

positioning site of the nucleosome. As for the explanations why the end position is such a

strong positioning site, work done with other DNA fragments indicates that this is probably

sequence dependent. The strong positioning site described in Dong et al. (1990) and
Meersseman et al. (1991) is very near to the end of the Aval restriction enzyme cut site, which

happens to be the DNA ends of the 208 bp fragments used in this study. Therefore, the use

of a 208 bp fragment with different ends, say Mspl cut ends, may produce better results,
since this cut site is nearer to the centre of the Aval cut fragment. It must also be remembered
that in vivo there are effectively no DNA ends, and so the sequestration of nucleosomes at

end-positions seen in this study would not be a contributory factor. By attempting to capture
the mobility rates of nucleosomes at early time points, and thus early repositioning
intermediates, the end-positioning preference can be somewhat eluded since no equilibrium
has been established at such an early stage, and this has been done in this study. To address
the problem of end-positioning preference exhibited by core histone reconstitutes when
incubated at elevated temperatures, reconstitutions on dimers of the 208 bp rDNA fragment
were also attempted (Figures 5.7 and 5.8). These experiments were not conclusive but

generally appeared to agree that acetylation had no role to play in affecting nucleosome

mobility. To provide more conclusive results would require further work to be done with
the dimer fragment especially since the results from such experiments would be more valid.

Therefore, nucleosome positioning and not mobility is affected by histone acetylation.
Studies have shown that nucleosome positioning is affected by the ability to accomodate
DNA bendability into the constraints of the nucleosome as well as by translational

components. Histone acetylation appears to affect this in that one nucleosome position
seems to be the only position that can be adopted by HeLaAc octamers when reconstituted
onto the 208 bp rDNA fragment. This is in contrast to the minimum of three positions that
can be adopted by hypoacetylated core histone octamers, which all have the same rotational

setting of the DNA (Dong et al., 1990; Meersseman et al., 1991). On the other hand, mobility
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of nucleosomes cannot be stringently regulated. Mobility of a nucleosome could occur in
either direction along a DNA sequence when chomatin is subsaturated, which is unlikely to
be a parameter that can be regulated precisely. The proximity of neighbouring nucleosomes
as well as DNA sequence may be important in governing the direction of nucleosome

mobility and whether they can move at all. Moreover, there may not be any overall change
in the number of histone-DNA contacts upon histone hyperacetylation, as the same amount
of energy is required by both hypo- and hyperacetylated nucleosomes to induce mobility. In
vivo, once a targeted nucleosome becomes acetylated, a chromatin remodelling factor must
be recruited to undertake the movement and/or disruption of the targeted nucleosome. Use
of the chromatin remodelling factor ensures a regulated movement of the nucleosome and
perhaps the subsequent movement of the nucleosome back into its orginal location. The

change in preference for positioning site observed in the reconstitutions made with the 208

bp rDNA fragment may aid the movement of that nucleosome to an alternative site by the
chromatin remodelling factor, such that it will move the nucleosome to the positioning site

containing the best fit. Thus, I propose that histone acetylation "pre-programs" nucleosomes
to be able to position in defined locations, and that they are moved to these specific positions

by remodelling factors via intrinsic nucleosome mobility. Interestingly, the differences in
nucleosome positioning observed in the reconstitutions made with the 208 bp rDNA

fragment were not observed with the reconstitutions made with the 245 bp |3A-globin gene

promoter fragment. Acetylation status of histones thus appears to be case dependent and

acetylation does not always alter nucleosome positioning. These observations must be
addressed in more detail at a gene locus level whilst also studying many other model

systems, where the influence of nucleosome-nucleosome interactions can also be

investigated. To bring this discussion in relation to other work, I will describe the different
mechanisms adopted by different chromatin remodelling complexes. Since there are such
varied mechanisms, it is important to consider the role of nucleosome positioning and

mobility in conjunction with these factors.

Cooperation ofNucleosome Positioning & Mobility with
Chromatin Remodelling Complexes
As discussed before, the default state of chromatin is inherently an obstacle for transcription
and replication, most likely due to the presence of histones and other chromatin related

proteins encroaching on trans-acting factor access to cognate binding sites. To antagonize
this restriction, and subsequently prime nucleosomal templates for transcription and
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replication, eukaryotes have evolved to implement a number of functionally diverse
mechanisms including covalent modification of nucleosomes and the reversible alteration of
chromatin structure.

In the results presented, it is apparent that there appears to be no functional advantage

gained by the presence of histone acetylation on nucleosome mobility. However, acetylation
does seem to have a fundamental effect on the equilibria of nucleosome positioning, strongly

favouring one positioning site over numerous others. At the transcriptional level in vivo, an a

priori assumption dictates that where a nucleosome positions affects transcriptional

competence. If a gene were repressed by the presence of a nucleosome(s) over its promoter,

say, then nucleosome mobility may be a mechanism by which the gene can become

derepressed. That histone acetylation has been correlated with potentiating transcription has
been well documented for some time now. Following on from the vast amount of literature

describing the effects of histone acetylation, this study proposed that acetylation may have
an impact on nucleosome dynamics, leading to the transcriptional competence observed.

Previously, suggestions were made that nucleosome mobility in vivo comes under the

governance of transcriptional activators and repressors and the complexes that they build

(Kingston et al., 1996). Chromatin remodelling complexes may use the inherent mobility of
nucleosomes to establish new nucleosome positions. That nucleosome positioning is affected

by histone acetylation in the system studied here could raise the possibility that nucleosome

positioning mediated by chromatin remodelling complexes is aided by the positioning

preference "programmed" by histone acetylation. The method by which remodelling

complexes undertake this activity remains a subject of debate, although there is a

dependence on the complex itself, since different mechanisms have been observed that are

complex specific (reviewed in Kingston & Narlikar, 1999). It is probable that remodelling

complexes use the energy derived from ATP hydrolysis to change or dissociate the histone-
DNA interactions to yield altered nucleosome conformations and altered positions.

Transcription Through Nucleosomes
Before any mechanistic characterizations were made on remodelling complexes, the ability
to transcribe through nucleosomes by small non-eukaryotic RNA polymerases present had
also been clearly demonstrated (Losa & Brown, 1987). The work of the Felsenfeld lab led to

the proposal a mechanism whereby the polymerase induces the unwinding and consequent
detachment of the histone octamer from a fragment of nucleosomal DNA, only to be

144



Octamer sliding model

C

Figure 6.1 Models of chromatin remodelling by nucleosome displacement. Three distinct
modes of action have been identified that can displace nucleosomes from target loci: a octamer
transfer in cis by forming a bridging intermediate that contains a "bubble" of displaced
nucleosomal DNA; b octamer sliding by a proposed "corkscrew" mechanism implementing
the intrinsic mobility of nucleosomes; C octamer transfer in trans by complete dissociation of the
core histone octamer and subsequent translocation to another segment of DNA. See text for
further details.
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recaptured at a different position in cis, when the DNA is in the direct path of the direction
of transcription (Clark & Felsenfeld, 1992; Studitsky et al., 1994; 1997; Widom, 1997).

In the first two reports, an in vitro system consisting of the SP6 RNA polymerase and a

nucleosome reconstituted with a cognate promoter sequence was set-up (Clark & Felsenfeld,
1992; Studitsky et al., 1994). The results proved that there were no steric constraints
encountered by the transcribing polymerase upon reaching a nucleosomal obstacle.
Elucidation of the transient intermediate generated by the polymerase, whether it led to

complete dissociation of the histone octamer or that it was held by a "bridging"
intermediate, pointed towards favouring the latter mechanism (Figure 6.1a). Therefore, the
SP6 RNA polymerase effects an uncoiling of the nucleosomal DNA when approaching the
nucleosome. This begins at one end of the nucleosomal DNA and is propagated through the
rest of the DNA sequentially until all the nucleosomal DNA is at least at one point out of
contact with the core histone octamer. Meanwhile, the DNA trailing behind the polymerase

slips forward and new contacts are formed between the octamer and DNA at a new position.
As the polymerase progresses, the DNA begins to reassociate with the octamer from the

point of the first new contacts made, the net result being the repositioning of the nucleosome
at a new DNA sequence. Where the new positioning site is established appears to be largely

dependent on the length of the template DNA being used, where there is generally more

potential positioning sites with increase in template length. Consequently, there is variance
in the size of the intermediate bridging complex DNA loop. Moreover, the extent of the
translocation averaged 83 bp which is coincidentally one full turn of the DNA helix around
the histone octamer. Another feature of the spooling mechanism is the ability to allow
transfer of the octamer in trans, which could potentially occur in the transient period when
DNA has been dissociated from the octamer to expose its surface, making it vulnerable to

attack from a competitor DNA molecule. Later experiments showed that eukaryotic RNA

polymerases adopted much the same spooling mechanism to achieve transcription through
nucleosomes (Studitsky et al., 1997).
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Mechanisms of Chromatin Remodelling Complexes
The results that have been gathered to date point towards at least three modes of action

adopted by the various classes of chromatin remodelling complexes. This is dependent on

the class of remodelling complex. Repositioning of nucleosomes could occur via (i) octamer

sliding, (ii) octamer transfer in cis or trans, or (iii) perturbation of nucleosome structure.

Octamer Sliding Model
The ISWI class of chromatin remodelling complexes have been proposed to adopt the
octamer sliding method of nucleosome translocation. Simply put, this involves pushing a

core histone octamer by sliding it through the bound DNA to expose the nucleosomal DNA.
Therefore, histones and DNA are in constant contact during this movement of the
nucleosome (Figure 6.1b). Previously, there have been suggestions that nucleosome sliding
can occur in high salt conditions (Beard, 1978; Spadafora et al., 1979; Glotov et ah, 1982) and
that an inherent nucleosome mobility exists at more physiological conditions using a

"corkscrew" mechanism without the aid of any other factors (Pennings et al., 1991;
Meersseman et ah, 1992; Ura et ah, 1997; Flaus & Richmond, 1998). However, there are

several restrictions on the inherent nucleosome mobility observed in such studies. The
nucleosome mobility experiments conducted in this study were undertaken at very low salt
concentration (5 mM NaCl) and in the absence of Mg2+, where even the presence of 2 mM

Mg2+ can block mobility (Pennings et ah, 1991). This indicates that conditions favourable to
an open chromatin structure are consequently favourable to sliding of the nucleosome.

Experiments conducted with NURF have shown that nucleosome mobility can still be
observed at moderate NaCl and Mg2+ concentrations (50 mM and 3 mM, respectively), and
whereas the intrinsic mobility of nucleosomes occurs in timescales of up to an hour,
movement induced by NURF occurred within minutes. Further, the repositioning can be
observed at room temperature, which was not possible in the experiments in this study
without the presence of any remodelling complex. The explanation for this can be based on a

lowering of the activation energy required for nucleosome mobility, that is, the NURF

complex acts as a catalyst of nucleosome mobility.

The advantage of the octamer sliding model is that not all histone-DNA contacts are broken
at any one time, unlike nucleosome disruption by complete transfer of histone octamers. A

sequential round of breaking and reforming of histone-DNA contacts as the nucleosome is
moved requires less energy while the histone-DNA complex is energetically more

favourable than free histones and DNA. Confirmation of nucleosome mobility without
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movement in trans was based on the observation that even at a 3000 fold excess of

competitor DNA, no nucleosomes were titrated away by the competitor DNA.

CHRAC, another member of the ISWI family, can also promote nucleosome sliding. Whereas
the mobility of nucleosomes can occur in either direction with NURF, especially when

considering a centrally positioned nucleosome, CHRAC appears to mediate movement of
nucleosomes from end-positions to central positions. The authors have suggested that this

may be a fundamental difference in their properties and may govern when one is recruited
while the other is not to a target nucleosome. Indeed, this is in agreement with
characterizations of the ISWI subunit alone, which can remodel chromatin in the presence of
ATP (Corona et ah, 1999) and whose mutation at the ATP catalytic centre leads to cell cycle

lethality mutants and compromise of ISWI complex function (Tsukiyama et ah, 1999). The
NURF and CHRAC complexes also differ in the resultant positioned nucleosomal arrays:

CHRAC is able to uniformly space nucleosomes while the NURF complex is unable to

function in this capacity. It appears that boundary elements are important in establishing the
start point of regularly spaced nucleosomes, and in the experiments conducted this may be
influenced by DNA fragment ends. A critical point of consideration is that the studies on

NURF were undertaken on nucleosomes assembled onto the hsp70 promoter region.
Nucleosome mobility was also assessed on a 256 bp fragment from the sea urchin 5 S rDNA

gene, where these results were largely negative. The conclusion for these contradictory
results was attributed to the stability of nucleosome positions on the two test DNA

fragments, that the 5 S fragment is substantially more stable than the hsp70 promoter

fragment. CHRAC activity was assayed using nucleosomes assembled onto a 248 bp

fragment of the mouse rDNA gene. Unlike the present study on the 208 bp rDNA fragment,
nucleosomes that were positioned at a central position or at the end did not move. However,

upon addition of CHRAC, end positioned nucleosomes were able to mobilize towards a

more central location and additionally that this could even occur in the presence of linker
histone HI (Varga-Weisz et ah, 1995) which was not observed without CHRAC (Pennings et

al., 1994). Nucleosome mobility mediated by the ISWI subunit alone resulted in movement

from central to end positions. Thus, the associated subunits of the CHRAC complex play a

role in determining the polarity of nucleosome movement. One of these is a dimer of topo II

(Varga-Weisz et al., 1997) (although not part of human CHRAC; Poot et al., 2000), and
therefore the modulation of DNA topology appears to be crucial in controlling movement of
nucleosomes. However, one must also remember that in vivo there are effectively no DNA
ends, and thus mobilization of nucleosomes from end positions in these in vitro assays may

be an artefact. The requirement for CHRAC has also been established in in vitro assays of

replication from the SV40 origin of replication (Alexiadis et al., 1998), where CHRAC
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remodels the chromatin architecture once more. Interestingly, another ISWI chromatin

remodelling complex, ACF, in conjunction with a histone chaperone such as CAF1 is also

required in the establishment of positioned nucleosomes after replication of DNA (Ito et al.,

1997). The ability to space nucleosomes, a property shared with CHRAC, is thus required in
this context, as well as its ability to modulate nucleosome spacing in a transcriptional
context.

Perturbation of Nucleosome Structure

SWI/SNF was discovered as the first complex with chromatin remodelling activity (Tamkun
et al., 1992; Peterson & Horowitz, 1992). Its mechanism has been interpreted by a number of

independent studies, with some conflicting observations. However, it may also be possible
that SWI/SNF can adopt many different remodelling activities. Some studies have suggested
that nucleosome mobility does not appear to be required in the binding of transcription
factors to a nucleosomal site. Instead, SWI/SNF alters nucleosome structure into an

activated state that is disrupted and looser in conformation with respect to the basal state.

Activity of the SWI/SNF complex can be derived from just a subset of the subunits including
the helicase and ATPase, while addition of further subunits can increase the level of activity
as determined by reconstitution experiments using human SWI/SNF (Phelan et al., 1999).
The SWI/SNF complex reduces the linking number of histones reconstituted onto closed
circular DNA, consistent with a disruption in the nucleosomes and unwinding of the DNA.
The change in DNA topology was speculated to change the binding characteristics of

transcription factors, and, indeed, this was observed when a purified system involving Gal4
was implemented. Further, the presence of the activation domain of Gal4 strongly enhanced
SWI/SNF mediated transcription factor binding (Kwon et al., 1994). In a parallel study, the
TATA binding protein (TBP) was also aided in its binding to nucleosomal TATA box by the
inclusion of SWI/SNF (Imbalzano et al., 1994). Gal4 binding had also been shown to be
increased by the presence of histone chaperones such as nucleoplasmin. This particular

chaperone escorts histones H2A and H2B and it had been suggested that its presence

facilitates the transfer of H2A and H2B off the nucleosome providing increased Gal4

binding. As expected, the inclusion of nucleoplasmin in an in vitro system together with
nucleosomes, Gal4 and SWI/SNF increased the ability of SWI/SNF to assist in Gal4 binding
of cognate sites (Cote et al., 1994).

The Workman laboratory have attempted to characterize SWI/SNF function in vitro using
defined DNA, histone, transcription factor and SWI/SNF components. Their data lead to the
conclusion that SWI/SNF activity leads to a persistently altered target remodelling site. Use
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of Gal4 transcription factors and their cognate binding sites establishes that Gal4 is able to
bind without the assistance of SWI/SNF and that this binding does not cause a permanent

deformation of the nucleosome in which the cognate sites are situated. Addition of
SWI/SNF to the reaction increased the effect of Gal4 binding as detected by DNase I

hypersensitivity and resulted in permanent alteration of the cognate site. This is in sharp
contrast to a situation where only SWI/SNF and a nucleosomal array are part of the reaction:
removal of SWI/SNF reverted the nucleosomal array back into its basal state. Thus, the

synergism of Gal4 and SWI/SNF on the nucleosomal array permanently altered nucleosome
conformation. Further, the action of SWI/SNF prior to Gal4 binding, enhanced the binding
of the latter. The nature of the derived hypersensitive region was subsequently identified as

naked DNA: the histone octamer had been displaced from this position. This could only
occur in the presence of both trans-acting factors, and the activity of SWI/SNF alone on a

nucleosomal array could not remove octamers. These results support the observations of
increased Gal4 binding in the presence of SWI/SNF and nucleoplasmin, where

nucleoplasmin and other histone chaperones may help in the transfer of octamers to another
site (Cote et ah, 1994). Nevertheless, the authors also note that the nature of the disrupted site

may be different at different loci, such that some concomitant disruption by SWI/SNF and
another frans-acting factor may not lead to complete loss of the core histone octamer (Owen-

Hughes et ah, 1996). Two other investigations detailed SWI/SNF action more precisely. They
revealed that SWI/SNF was able to leave a more persistent altered state than originally

thought, by its action alone and subsequent detachment (Cote et ah, 1998; Schnitzler et ah,

1998), although this state is eventually returned to the basal state. It was also revealed that
the direct binding of SWI/SNF to nucleosomal DNA resulted in an altered DNA topology
which did not dissociate the DNA from the core histone octamer. Moreover, the altered

topology featured distinct historie-DNA contacts to that of the basal state, very likely having
implications for sin mutants (Schnitzler et ah, 1998). Changing the rotational setting of the
nucleosomal DNA could in itself lend import on trans-acting factor binding. In this
conformation, the nucleosome is able to bind transcription factors at their cognate sites. To
account for an apparent doubling in molecular weight of the remodelled species, it was also

postulated that SWI/SNF perturbs the conformation of two nucleosomes in tandem and that
the altered species is linked throughout the remodelling event (Schnitzler et ah, 1998). The

presence of two DNA binding domains per SWI/SNF molecule or dimerization of SWI/SNF
would therefore be required, though neither of these properties have been observed yet.

Finally, the nucleosome mobility in conjunction with SWI/SNF has been reported recently,
which may account for the persistently altered nucleosomes that have been observed in
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some other studies (Whitehouse et al., 1999). However, there are many findings from the

disparate studies that cannot be fully reconciled and requires further investigation.

A further implication in the SWI/SNF mediated remodelling of nucleosomes is the context

in which the remodelling event occurs, whether it is a mononucleosome or an array of
nucleosomes. To revert to an unremodelled state requires nucleosomal arrays, and
mononucleosomes seem incapable of accomplishing this. Therefore, internucleosomal
interactions are by inference very important in the SWI/SNF activity. These could take the

shape of histone tail requirements (Fletcher & Hansen, 1996), which are known to be critical
in the formation of higher order structures, or histone-histone interactions. Both possibilities
are potential points of regulation by such means as histone acetylation. Nevertheless, the

disruption of one nucleosome can lead to the concomitant disruption of more nucleosomes,
and SWI/SNF can progress through rounds of ATP hydrolysis which defines SWI/SNF as a

catalytic activity (Logie & Peterson, 1997). The remodelled nucleosome(s) persists after
removal of ATP and SWI/SNF is able to maintain the altered state as long as it remains
bound to the nucleosome (Imbalzano et al., 1996). An extensive study of the determinants of
SWI/SNF action with respect to the histone N-termini was made using hypo- and

hyperacetylated, and trypsinized core histone reconstitutes (Logie et al., 1999). No effect on

SWI/SNF remodelling was observed when applied to nucleosomal arrays containing all
three types of core histone. Thus, the tail domains of the core histones were redundant for
SWI/SNF function. However, there is a profound effect on the ability of SWI/SNF to
conduct multiple rounds of catalytic remodelling in the absence of the tails or when they are

hyperacetylated. Significantly, the histone tails appeared to be important in the regulation of
removal of SWI/SNF from a nucleosomal array subsequent to remodelling of the array; their
absence caused a reduced rate of SWI/SNF transfer from one array to another possibly due
to an increased affinity for the array lacking histone tails. Contact with the histone tails is
therefore required for successive rounds of SWI/SNF function. Consistent with this idea,
results with hyperacetylated histones were also found which support the potential of

acetylation as a regulatory element in remodelling activity. It was further proposed that
SWI/SNF may serve to sequester the histone tail domains which consequently has an effect
on higher order chromatin structure, since the tail domains are crucial in folding of
nucleosomal arrays, while also there was no difference in the kinetics of the remodelling

activity between hypo- and hyperacetylated, and trypsinized arrays. This may be an

explanation for the many nucleosomes that are remodelled per single round of SWI/SNF

catalytic activity.
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In summary, the many disparate studies done on SWI/SNF point toward a transient
mechanism of SWI/SNF action. This may circumvent the problem of low levels of SWI/SNF

complexes present in the cell, such that they serve to permanently alter target loci and can be
recruited to other loci subsequently.

Octamer Transfer in Cis or Trans

The RSC complex (remodel structure of chromatin) confers chromatin remodelling activity

by complete transfer of core histone octamers from one site to another (Figure 6.1c). It was

originally defined as a member of the SWI/SNF family, where an altered form of the
nucleosome was detected upon addition of ATP. This altered nucleosome had a slower

electrophoretic mobility and increased susceptibility to exo- and endonucleases, consistent
with a looser conformation (Lorch et al., 1998). RSC can bind to both free DNA and
nucleosomes in the absence of ATP and shift their mobilities to the same extent

electrophoretically due to its immense size in comparison to the nucleosome. However,
addition of ATP reduced the electrophoretic mobility of only the nucleosome bound fraction
and restriction endonuclease cutting near the dyad axis was observed in the activated

complex. The histone content of the activated complex also appeared to be unchanged, such
that the more accessible nucleosome still had a full complement of core histones. This altered
state was isolated as a stable intermediate in the RSC nucleosome remodelling cycle, by
removal of the RSC complex. Readdition of RSC with ATP and subsequent removal of RSC

produced an unaltered nucleosome, thus completing the cycle. Therefore, it appeared that
RSC catalyzed a very similar reaction to SWI/SNF in creating a persistently altered
nucleosome.

Further insights into RSC action were gained in a later study where it was revealed that the
mechanism involved complete transfer of core histone octamers (Lorch et al., 1999). Release
of a portion of nucleosomal DNA from the activated complex appears to allow the invasion
of a fragment of DNA with subsequent release of the original DNA. In the previous study, it
was also noted that removal of the RSC complex at this point produced a species that has a

high molecular weight, a possible indication of a dimer of core histone octamers. Therefore,
release of the RSC complex to leave an altered nucleosome also reveals a fragment of

exposed DNA that can be bound by a second octamer. This mechanism is very reminiscent
to that proposed by Studitsky et al. (1994; 1997) where a transcribing polymerase displaces a

nucleosome by octamer transfer in cis. Another similarity is seen with the report of
Schnitzler et al. (1998) where the presence of a species with an apparent molecular weight
double to that of a mononucleosome is observed. Here, a competing octamer could allow
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nucleosome mobility by transfer in cis or trans. In vivo, this mechanism may take the shape of
a neighbouring region of naked DNA that acts as an acceptor for the core histone octamer or

a region from a different chromosome. These possibilities are yet to be addressed.

The study of Logie et al. (1999), in addition to SWI/SNF, also concentrated on the effect of
the core histone N-termini on RSC function. They found many similarities with SWI/SNF,
consistent with the homology of subunits between the two species. One interesting
difference was noted, however: RSC was not influenced by acetylated histone tails. Patterns
of histone acetylation may be a determinant of this difference seen between RSC and
SWI/SNF, where the remodelling complexes are able to detect and bind to particular

patterns and are thus influenced by this interaction as if it were a programming event.

The Effect of Histone Acetylation on Remodelling Complex
Function

So where does this leave the intrinsic abilities of nucleosomes to move and position at

discreet sites when in the presence of remodelling complexes? When the ISWI chromatin

remodelling complexes are involved, nucleosome mobility by octamer sliding is seen as the
mechanism adopted. Histone acetylation does not appear to confer any advantages to the
ease with which mobility occurs (this study). The effect on nucleosome positioning is

significant, however. Nucleosome positioning mediated by histone acetylation may serve to
direct the remodelling complex to move particular nucleosomes to defined positions. The

positions to which nucleosomes are moved are in themselves subject to the anisotropic
influences of the underlying DNA sequence. Therefore, acetylation may program the
nucleosome to adopt a preferred site that is mediated by the remodelling complex. For

example, in a situation where there is an array of nucleosomes, each nucleosome is

positioned at a site that is in preference to another overlapping potential site, and these
alternate sites are in an equilibrium and/or part of a mixed population. The random nature

of this set of positions can be regulated by histone acetylation such that the equilibrium is
shifted strongly in favour of one preferred site. In the experiments of this study, acetylated
nucleosomes are able to find this preferred site during the core histone reconstitution

procedure. However, in vivo this may not be possible if a particular nucleosome was

originally hypoacetylated and only subsequently acetylated by the action of histone

acetyltransferases. The nucleosome is not able to find its preferred site and the remodelling

complex is thus recruited to mediate its movement. In this manner, the remodelling complex
is not required to have any other properties other than being able to catalyse nucleosome
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mobility; all other parameters in mobility and nucleosome positioning are governed by
histone acetylation and DNA sequence. Moreover, the mobility of nucleosomes may be
inhibited in vivo by the presence of neighbouring nucleosomes, and internucleosome

crowding prevents their efficient translocation. Recruitment of chromatin remodelling

complexes could potentially alleviate this problem.

SWI/SNF remodelling either produces an altered conformation nucleosome or one that has
been translocated in cis or trans. The data available thus far has not fully determined which

target loci adopts which of these options. Although nucleosome mobility by octamer sliding
does appear to play a role in this case (Whitehouse et al, 1999), the change in positioning
characteristics conferred by histone acetylation has not been determined. If a histone
octamer is translocated in cis or trans, the position to which it is translocated may be decided

by histone acetylation and its propensity for a preferred site. The release/recapture model of
Studitsky et al. (1994; 1997) requires an almost immediate recapture of the core histone
octamer at a location downstream of the original position and which could potentially be
influenced by histone acetylation. Intriguingly, RSC does not recognize the acetylation status
of nucleosomes (Logie et al., 1999), and it may be the case that histone acetylation alone is

required for nucleosome positioning upon translocation. The specific pattern of acetylation
on the histone N-termini may also be of import in being able to preferentially recruit a

particular remodelling complex.

Nevertheless, whichever remodelling complex is adopted, the rate of nucleosome mobility
and translocation is catalysed. It would be postulated that the energy required for these

processes to occur, and hence the speed, is reduced. No data exists at present that confirms
this absolutely. The most accurate data so far comes from analyses on SWI/SNF

remodelling, where in vitro SWI/SNF can remodel one nucleosome every 4.5 minutes (Logie
& Peterson, 1997). Remodelling rates in vivo may be very much faster than this, since

extrapolation of this figure reveals that it would require > 35 hours to remodel the ~ 10s
nucleosomes per haploid yeast genome by the ~ 200 molecules of SWI/SNF per yeast cell.
However, it should also be noted that SWI/SNF is only required in the remodelling of
nucleosomes at 6-7% of genes (Holstege et al., 1998), which argues for a rate nearer to that
observed in Logie & Peterson (1997). Remodelling efficiency can be envisaged to be
increased by cooperation with other trans-acting factors which enhance the catalytic activity
of SWI/SNF or aid in the nucleosome disruption process in themselves. Moreover, not all
the nucleosomes of a genome may be remodelled such as those that are part of
heterochromatin which do not contain transcribable genes. The remodelling of one
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nucleosome appears to allow concomitant remodelling of many other nucleosomes which

may also explain the slow rate of SWI/SNF activity.

As yet, there is no kinetic data for the NURF and CHRAC complexes of a similar nature to
those described in this study. It would be of interest to see whether their activity leads to
faster rates of nucleosome sliding and what effect histone acetylation has on their function.
However, it is known that repositioning of nucleosomes mediated by NURF can be

accomplished at room temperature and in the presence of mono- and divalent cations and
linker histone (Hamiche et al., 1999; Varga-Weisz et al.,1995). Mobility was also observed
within minutes of incubation, all of which suggests lowering of the activation energy

required for nucleosome mobility. Paradoxically, in the studies of Langst et al. (1999)
nucleosome mobility was not observed when reconstitutes of a 248 bp fragment of the 5 S
rDNA gene was incubated at elevated temperatures; mobility was only observed upon

addition of CHRAC. Furthermore, NURF and CHRAC show differences in the directions in

which they move nucleosomes, while NURF was unable to exhibit any remodelling activity
on reconstitutes of a 256 bp 5 S rDNA fragment. These observations lead to the conclusion
that mobility is gene dependent and that the DNA sequence itself is a strong determinant of
chromatin remodelling complex activity.

Finally, the effect of DNA methylation appears to be overriding in its influence on

nucleosome positioning: histone acetylation cannot cancel the negative regulatory event

imposed by methylation of a CpG triplet in the 245 bp chicken |3A-globin gene promoter

fragment. Therefore, the inclusion of acetylated core histones cannot accommodate the
structural change in DNA induced by the DNA methylation. The effect of methylation could

simply be to sterically hinder histone octamer binding, especially in the presence of a CpG

triplet at the nucleosome dyad. NURD/Mi-2 chromatin remodelling complexes contain

methyl-CpG binding subunits, and these may be required to position nucleosomes at such
sites as the methyl-(CpG)3 in this study.
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Appendix: Yeast Core Histone
Purification & Reconstitution

To add to the chicken, HeLa, HeLaAc, trypsinized and tetramer core histones that were to be
used in reconstitution experiments, I took the opportunity to purify the core histones of the

yeast Saccharomyces cerevisiae, which is routinely grown in the lab. In vitro reconstitution with
these histone octamers would be particularly useful since a sin (for SWI/SNF independent;

Kruger et al., 1995; Kurumizaka & Wolffe, 1997) mutation was available (kindly provided by
Dr. Alastair Fleming). The sin mutant yeast core histone octamer that was to be purified
contained a serine to cysteine mutation at amino acid 47 of histone Ff4. It is proposed that at

this site the core histone octamer is in close contact with the nucleosomal DNA (Flaus et al.,

1996). Therefore, it was of interest to see whether this substitution would in any way affect
reconstitution of yeast core histone octamers.

Flowever, the main obstacle to achieving this goal was to firstly purify the core histones.
Literature pertaining to the purification of yeast core histones and their subsequent
reconstitution onto purified DNA fragments is scant. Previous studies have shown that

wild-type yeast core histones and nucleosomes can be purified, although not without

difficulty and not always in a native state, while also permitting reconstitution into
nucleosomes (Lee et al., 1982; von Holt et al., 1989; Pineiro et al., 1991; Lorch & Kornberg,
1994; Pilon et al., 1997). The method of Lorch & Kornberg (1994) was unsuitable due to their

incorporation by yeast genetics of epitope-tagging into the octamer while the procedure of
Pilon et al. (1997) proved to be unreproducible in our hands. My objective was then to devise
an alternative protocol for purifying yeast core histones. Although I was not able to entirely
meet this objective, I did manage to make progress in the purification procedure, and in this
section I will outline the steps undertaken in trying to purify wild-type yeast core histones
and their subsequent, preliminary, incorporation into reconstitution experiments.

Yeast Nuclei Prep
Yeast nuclei were prepared by following the protocol given in Current Protocols in
Molecular Biology and Lohr (1988), bar some modifications, although other similar protocols
have also been described. In brief, this protocol goes through two steps: (i) prepare yeast

spheroplasts by using yeast lytic enzyme (YLE, ICN); (ii) lyse spheroplasts by addition of a

solution containing Ficoll 400 (Pharmacia) which maintains integrity of nuclei. Once the
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nuclei have been separated away from the cell debris by successive rounds of

centrifugations, they can be stored at -20°C in a solution containing sorbitol.
YLE can enzymatically break down the cell walls of yeast to leave just the cell membrane, by
which stage the cells are termed spheroplasts. This can be observed using a microscope,
where the addition of water to the spheroplasts causes lysis by osmotic shock. Ficoll 400 is a

large polymer which can preserve nuclear integrity and prevent nuclear components from

diffusing out (Kornberg et al., 1989). When used at high concentrations (18% w/v in this

case) in conjunction with differential centrifugation, intact nuclei can be obtained which are

suitable for chromatin studies.

Yeast have a very high metabolic rate which may pose problems in terms of degradation of
proteins and large amounts of proteolytic activity. PMSF was used in all steps to counteract

this, but in some instances a special protease inhibitor cocktail (BDH) was also used. This
was comprised of chymostatin, leupeptin, Pefabloc SC and pepstatin, and together this mix
of protease inhibitors should have blocked most of the the proteolytic activity in yeast.

Manipulation of Purified Yeast Nuclei to Recover Core
Histone Octamers

Large batches of yeast nuclei were prepared to allow optimization of methods with the

highest yeast chromatin yield, and subsequently core histone, purification. The following
describes the possibilities that were tested. One point that is central to all the analyses is a

MNase timecourse. Figure A.l shows a typical MNase timecourse used at ~ 0.4 U MNase/pg
DNA and ~ 1.5 |ig/|il DNA (conducted at 37°C), with time points of 30", 1', 2', 4', 8' and 15'.
The timecourses were used to judge which time was most suitable to produce 4-20
nucleosomes as previously described for chicken, HeLa and HeLaAc nuclei in results section
I.

Increase Yield of Chromatin After Nuclei Lysis
The method by which nuclei lysis is achieved can affect the yield of chromatin obtained. The
traditional method is to burst nuclei through osmotic pressure by either dilution of nuclei,
which are suspended in a buffer contaning 1 M sorbitol, with TE or to dialyse against a lysis
buffer (TE + PMSF) overnight. However, I found nuclei to be very resistant to these

approaches as seen in Figure A.2/. Most of the chromatin was found associated with the

pellet fraction when samples were centrifuged immediately after lysis by dilution in TE. This
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Figure A.l Agarose gel electrophoresis of typical MNase timecourse of yeast chromatin.
Timepoints are 30", 1', 2', 4', 8' and 15'. Chromatin digestion was performed on intact nuclei and
digestion terminated by addition of 5 mM EDTA (final conc.). Samples were subsequently
RNase I, Proteinase K treated and BPC extracted and EtOH precipitated. DNA was then
electrophoresed on a 1 % agarose gel and viewed by EtBr staining. M represents a 100 bp ladder
and m is a pBR322-MspI digest marker.
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either implied that there was an aggregation effect, where the chromatin coprecipitated with
the nuclear debris, or that nuclei had not been lysed. Lysis through dialysis did give better
results than dilution of nuclei with TE, however, yielding about 30% of the chromatin

(compare lanes 1 and 3), while employing both methods did not produce any appreciable

improvements (lanes 5 and 6).
I looked for an alternative method to lyse the nuclei and chose homogenization. The

homogenizer that I used was a hand-held, 1 ml glass dounce homogenizer. Incorporating the

homogenizer into the lysis procedure proved to be very successful as seen in Figure A.2/7.
This gel shows exactly the same manipulations that were used in panel i with the addition of
the homogenization step, where the homogenizer was used by applying 20 strokes.
Chromatin yield had been increased to ~ 90% as detected by its presence in the supernatant
fraction. (Please note that the MNase digestion had failed to stop and/or had been
reactivated in lanes 3 and 4 which resulted in production of mononucleosomes.)
To further increase chromatin yield, I tested whether it would be possible to spin nuclei
down immediately after the MNase digest and prior to nuclei lysis. The reasoning was that
removal of as much as possible of the MNase buffer would remove the majority of the 1 M

sorbitol which kept the nuclei intact. Once the buffer had been removed, nuclei could then
be resuspended in TE and homogenized. To check whether there was any loss of chromatin

through the nuclear pore complexes when nuclei are spun down, I tested the supernatant

and pellet fractions (Figure A.3I). It was clear that there was an insignificant loss of
mononucleosomes (< 10%) when this step is adopted. Therefore, up to this point, I had
established that spinning down nuclei after MNase treatment, resuspension of nuclei in TE
and homogenization could together substantially increase my chromatin yields.
I tested this proposal but found that there was still a problem. Figure A.3/7 shows the results
of a MNase timecourse, where each fraction was subjected to spinning down of nuclei,

resuspension in 150 pi TE and homogenization. Almost all chromatin was associated with
the pellet fractions after these manipulations. One possible explanation was that there was a

problem with the volume in which homogenizations were carried out. Since the possibility
of chromatin aggregation and /or association with nuclear debris was unlikely, I tested the

homogenizer volume possibility. Prior homogenization steps had varied in volume, which
can affect homogenization efficiency. The shearing forces generated at the minute space

between the douncer and receptacle are a function of sample volume, where more

turbulence, and hence shearing, is created with larger volumes. A comparison of chromatin

yield between homogenizations conducted in 150 pi and 500 pi in a 1 ml homogenizer was

made (Figure A.4). There was a definite increase in yield when homogenizations in 500 pi
were done. However, the chromatin yield was still very low compared to that obtained in
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Figure A.2 Yeast nuclei lysis. / Nuclei were lysed by dilution with TE, dialysis overnight
against TE or a combination of both. if The same procedure as those in # were adopted with the
addition of homogenization of nuclei subsequent to lysis with TE, dialysis or both. S,
supernatant, P, pellet; M is a 100 bp ladder and m represents a pBR322-MspI digest marker.
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Figure A.3 Effect of centrifugation of intact nuclei immediately after MNase treatment. /
Assessment of chromatin loss after centrifugation of MNase treated nuclei. II Location of
chromatin fraction after homogenization from /. M is a 100 bp ladder, and m represents a
pBR322-MspI digest marker.
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Figure A.4 Effect of volume in homogenizer on homogenizer efficiency. Homogenizations
were carried out as before with the exception that the volume of the sample was varied to test
the efficiency of homogenization as a function of volume. Nuclei were also pelleted after MNase
treatment in some of the samples (indicated by downward arrow) and only subsequently
resuspended with TE or diluted with TE with no other manipulations. M represents a 100 bp
ladder, while m is a pBR322-MspI digest marker. S and P refer to the supernatant and pellet
fractions of the sample after centrifugation of homogenized nuclei.
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Figure A.2/7, being more comparable to the yields seen in Figure A.2/when dilution with TE
and/or dialysis was employed.
To reduce the chance of chromatin self-aggregation or aggregation with nuclear debris, I
then conducted an experiment using Nonidet P40 (NP40) in lysis procedures (Drew &
Calladine, 1987). NP40 is a mild detergent and may prevent macromolecular aggregations,
and it is used in the preparation of chicken erythrocyte nuclei (see results section II). Figure
A.5 shows the results of using NP40 in conjunction with the nuclei lysis options that I had
established. Surprisingly, NP40 decreased the yield of chromatin in all cases and its
exclusion appeared to be beneficial.

My next experiments investigated salt concentration as a factor in yeast chromatin

purification. I reasoned that the very active yeast chromatin may be associated with
numerous protein factors , which could interfere with chromatin purification. Thus far, all
nuclei lysis procedures were conducted at 50 mM NaCl, a salt concentration at which yeast
chromatin is stable, but which may not provide optimum yield. This was tested by titrating
salt concentration in the range 10-400 mM. At the same time, it was monitored whether

higher salt concentrations did not dissociate the chromatin into its histone and DNA

components. In addition, a titration of polyglutamic acid (pGA) was also tried. pGA is an

acidic polymer that is particularly useful in nucleosome reconstitution experiments where it
mimicks the natural acidic factors found in the cell that aid nucleosome assembly (Stein et al.,
1979; Pennings et al., 1986). Here, I reasoned that the acidic polymer might titrate some of the

non-specific DNA-binding protein factors away from the chromatin. The results of these
titrations were very promising, showing high chromatin yields (~ 90%) at 300-400 mM NaCl,
while pGA increased yields significantly but to the same extent whatever pGA:octamer ratio
was used (Figure A.6), but nonetheless comparable to the yields obtained with ~ 300 mM

NaCl. Titration of salt concentration successively yielded higher amounts of chromatin from
10-400 mM with increasing amounts of chromatin appearing in the supernatant fractions

(panel i). Furthermore, there was no dissociation of the chromatin since the protein gels of
the same samples showed that the full complement of core histones were present (panel //).
In the standard chicken core histone prep, the sucrose density gradient procedure takes

advantage of the fact that at ~ 600 mM salt, core histones are still associated with DNA while
linker histone is largely dissociated. The results from Figure A.6 clearly show that yeast core

histones are highly susceptible to salt concentration. I next proposed to test the best salt
concentration to use on a sucrose density gradient for yeast chromatin. I used a salt
concentration of 10 or 300 mM in the gradients combined with samples either being in 300
mM NaCl, 2:1 pGA or a TE control:

163



ppendix

Sample: 300 mM NaCl 2:1 pGA Control (TE)

Gradient: 10 mM NaCl 300 mM NaCl

The purpose of this experiment was to discern whether the yeast chromatin could be

purified away from the abundance of protein factors, in a similar manner to the linker
histone depletion of chicken erythrocyte chromatin. At the same time I monitored whether

any changes in the salt concentration of the chromatin samples combined with centrifugal
forces would affect chromatin stability, for instance, if a chromatin sample with a salt
concentration of 10 mM were to be layered onto a gradient containing 300 mM NaCl. This
was assessed by recorder tracings of gradients that were pumped out after centrifugation via
a spectrophotometer set up measuring the A260 and DNA and protein gels of gradient
fractions. The results from this experiment showed that there was no difference between the
six combinations and that perhaps the chromatin had none of these requirements (data not

shown).

Nevertheless, I proceeded to follow this line of study by setting up five sucrose density

gradients ranging from 10-400 mM NaCl and one other gradient with 10 mM NaCl.
Chromatin samples were loaded onto each of these gradients whose salt concentration had
been adjusted to match the sucrose gradient salt concentration. One of the gradients

containing 10 mM NaCl had a sample that instead had 10 mM NaCl and 2:1 pGA, which was

subsequently layered on the second of the gradients containing 10 mM NaCl:

This experiment did not work completely due to spillages of samples from the gradients into
the rotor buckets. Whatever little did survive in the gradients appeared on DNA gels of the

"peak" fractions from gradients 5 and 6. The results showed some signs of progress with

separation of chromatin being visible.

Sample [NaCl] (mM): 10 100 200 300 400 10 + 2:lpGA

Gradient [NaCl] (mM): 10 100 200 300 400

1 2 3 4 5 6

10
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Figure A.5 Effect of NP40 on chromatin yield when used in yeast nuclei lysis. Nuclei were
lysed as described previously with the exception that Nonidet P40 was included in some
samples (NP40). Furthermore, some samples were diluted with TE alone to lyse nuclei, or
diluted with TE subsequent to pelleting of nuclei following MNase treatment (downward
arrow). H, homogenization; M represents a 100 bp ladder, while m is a pBR322-MspI digest
marker.
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Figure A.6 Effect of salt concentration and polyglutamic acid (pGA) on chromatin stability. A
salt titration series was implemented to observe the localization of chromatin in supernatant (S)
or pellet (P) fractions of the sample after centrifugation of lysed yeast nuclei. Additionally, a
pGA titration was tested in the same manner, at a constant salt concentration of 10 mM.
Supernatant and pellet fractions were electrophoresed on an agarose gel (/) and SDS-PAGE
protein gel (ii). M is a 100 bp ladder, while m represents a pBR322-MspI digest marker.
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Reconstitution of Partially Purified Yeast Core Histones
Onto the 208 hp rDNA Fragment
Due to time constraints, the experiments involving purification of yeast core histones were

truncated. Nevertheless, I deemed it satisfactory to use the partially purified yeast chromatin
obtained subsequent to the sucrose density gradient procedure in nucleosome reconstitution

assays, even though I did not attempt to purify sin mutants to also incorporate into these

assays. Previous reconstitutions of yeast core histones involved the incorporation of
chromatin assembly factors such as NAP1 (nucleosome assembly protein 1; Pilon et al., 1997)
or yeast extract (Schultz et al., 1997). However, in this study I attempted reconstitution of

yeast nucleosomes without the presence of natural yeast histone chaperones. The purified
chromatin was employed in exchange reactions with radiolabelled sea urchin 208 bp rDNA

fragment. The net result of these exchange reactions is to produce reconstituted yeast core

histones on the 208 bp rDNA fragment. In brief, the exchange reac lions were conducted by
incubation of the purified yeast chromatin with 32P-labelled 208 bp fragment at 37°C at

varying salt concentrations or by reconstitution using the same methods as described in

Figure 3.1. Additionally, the synthetic polymer poly(dl-dC) was included in some

reconstitutions. Poly(dl-dC) is a non-specific competitor of DNA-binding proteins and its
inclusion ensures that much of the non-specific DNA-binding activity of DNA-binding

proteins, other than the core histones, is titrated away. It is routinely used in many band
shift assays of DNA binding activity. This consequently produces cleaner results as only the
interaction being probed for becomes prominent in the final results, which in this case is the
interaction between the yeast core histones and 32P-labelled 208 bp fragment. Without the
inclusion of poly(dl-dC) many bands would be seen that correspond to the non-specific
interactions of trans-acting factors with the DNA probe. However, since I am confident that
the main DNA-binding component of the yeast chromatin that I had obtained from sucrose

gradient centrifugation are the core histones, then most, if not all, of the non-specific DNA

binding activity to the 208 bp fragment would be abolished.

Polyglutamic acid was also included in some nucleosome reconstitutions. Reconstitutions
can be performed by three main methods: the salt dialysis method that has been employed
in all reconstitutions in results sections II-IV; by reducing salt concentration in discreet steps

through a mixing procedure; and by use of pGA. The advantage of using pGA, is that
reconstitutions can be achieved at physiological salt concentrations since pGA is believed to
behave in a similar manner to nuclear chaperones involved in nucleosome assembly (Stein et

al., 1979). Consequently, the salt dialysis method can be omitted and chromatin can be

simply mixed with pGA then mixed with the DNA probe and allow exchange to occur at
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37°C for 1 hr. These experiments gave very promising results with reconstitution of yeast
core histones onto 32P-labelled 208 bp rDNA being accomplished. The reconstituted yeast
core histones had very similar electrophoretic migration properties to the particles observed

previously in results section II. Figure A.7 shows the results of reconstitutions achieved by
the method of histone octamer transfer. When pGA and poly(dl-dC) were implemented in
the exchange reactions, strong nucleosome positioning was observed on the 208 bp rDNA

fragment (panel i, lanes 2 and 4), although the inclusion of pGA was not necessary (lane 1).
Indeed, at least in this particular experiment, these results gave better reconstitution than
that on a control chicken chromatin exchange reaction (lane 3). However, the ability to
reconstitute the yeast core histones onto the 208 bp fragment was not reproducible and the
results seen in Figure A.7i were the best to date. Reconstitution was also attempted by a

straightforward exchange reaction, without dialysis, at 37°C and varying NaCl concentration

(lanes 5 and 6). In these cases, reconstitution was substantially reduced and did not appear

to have benefited from this method, when compared to a control reconstitution involving no

NaCl (lane 7).

The advantages conferred by poly(dl-dC) were further investigated by titration series as well
as a titration series of donor yeast chromatin (panel it). As noted earlier, the reconstitutions
of panel i were not reproducible to the same extent and when the titrations were undertaken
little to no reconstitution was observed, including a chicken chromatin control (lane 7). The
best results were obtained using poly(dl-dC) where some reconstitution was observed at the
maximum amount of poly(dl-dC) tested (lane 3). The donor chromatin used in these
reconstitutions was different to that used in panel i which may partially account for the large
differences seen in reconstitution efficiency, although this is not the sole explanation,

considering the chicken control.
Purification of yeast core histones was not pursued any further. However, this objective was

further investigated by Mr. John Pantling and yeast chromatin was purified successfully
once more with some additional modifications to the procedures I have detailed above. The
chromatin that was obtained from sucrose density gradient purification was used by me in

exchange reactions by following a standard salt dialysis reconstitution procedure in two

independent reconstitutions (Figure 3.1). Moreover, the sin mutant was also partially

purified and I thus included these experiments. Figure A.8 shows the results of these
reconstitutions and shows the presence of a single band on nucleoprotein gel analysis. This
band is also present with the sin mutant, suggesting that there is no deleterious effect
conferred by the histone H4 S47T mutation (lane 3). These reconstitutions were the last that I

attempted using partially purified yeast chromatin and no further experiments were

conducted following this line of investigation. It will be invaluable to fully purify the yeast
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Figure A.7 Reconstitution of yeast core histories onto the 208 bp rDNA fragment. Sucrose
gradient purified chromatin was reconstituted onto radiolabeled 208 bp rDNA by exchange
reactions in a variety of ways: using polyglutamic acid (pGA), poly(dl-dC) or salt alone.
Exchange reactions were produced by the salt dialysis method as before unless otherwise
stated.
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Figure A.8 Further reconstitutions of yeast core histories onto the 208 bp rDNA fragment.
Core histones were allowed to exchange onto the 208 bp rDNA fragment by dialysis for the
same length of time as a conventional reconstitution as outlined in Figure 3.1.
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core histone octamer and its sin mutants, especially at high yields, to use in nucleosome
reconstitution experiments. At this point, it appears that chromatin can be successfully and

reproducibly purified from sucrose density gradient centrifugation. With the inclusion of
further chromatographic steps, such as that used in the purification of the chicken core

histone octamer (results section I), it should be possible to eventually fully and

homogeneously purify the yeast core histone octamer.
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Materials & Methods

Unless otherwise stated, all molar concentrations in this section are final concentrations and

chemicals were obtained from BDH

Stock Solutions & Enzymes

Acidic potassium acetate (KOAc) for use in alkaline lysis preparation of plasmid DNA: 3 M

potassium acetate and 2 M glacial acetic acid was dissolved in double distilled water

(ddHzO).

30% (v/v) 29:1 (acryl:bis-acryl) acrylamide (Accugel) for all polyacrylamide gels used in this

project: three parts 40% acrylamide was mixed with one part ddEEO.

Buffered phenol chloroform for extraction of DNA: 25 parts buffered (TE-saturated) phenol,
24 parts chloroform and 1 part isoamylalcohol was mixed by vigorous vortexing and left
until phases separated and stored at 4°C in dark.

50 ml 2% (w/v) BPB (bromophenol blue) for tracking of buffer fronts in gel electrophoresis:
1 g was dissolved in ddEhO.

100 pi nucleoprotein gel loading buffer (6 x) for sample loading in nucleoprotein

polyacrylamide gel electrophoresis: 60 pi 30% (w/v) Ficoll 400, 30 pi 10 x TBE, 3 pi 2% (w/v)
XC, 3 pi 2% (w/v) BPB and 4 pi ddEEO was mixed together.

10 ml 10% (w/v) APS (ammonium persulphate) for catalysing polymerization reaction in

preparation of polyacrylamide gels: 1 g was dissolved in ddEEO and was stable for 1 month
in fridge.
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Antibiotics: a solution of ampicillin (Sigma) was made by dissolving in ddlH^O to 100

mg/ml, and was sterilised by filtration and stored at -20°C.

DNA polymerase I large (Klenow) fragment: Obtained from New England Biolabs.

Dithiothreitol (DTT) was dissolved at a concentration of 1 M in 10 mM sodium acetate (pH

5.5), sterilised by filtration and stored at -20°C.

EDTA (Ethylenediaminetetraacetic acid) was dissolved in ddHbO to a concentration of 100
mM and adjusted to pH 8.0 with 10 M NaOH.

10 mg/ml stock solution of Ethidium Bromide (EtBr) for staining of DNA in agarose and

polyacrylamide gels was prepared by dissolving lg of EtBr in 100 ml ddEhO, and stored in a

light-proof bottle at room temperature. When staining gels, 30 pi of stock solution was

dissolved in every 100 ml ddhhO, allowing at least 10' of staining time and 10' destaining,
both with shaking.

30 ml 30% (w/v) Ficoll 400 (Pharmacia) was prepared by dissolving 9 g in TE.

1 ml gel loading buffer for agarose and polyacrylamide gels was prepared by mixing 500 pi
10 x TBE, 400 pi 30% (w/v) Ficoll 400, 80 pi 2% (w/v) BPB and 20 pi 2% (w/v) XC.

50 ml GTE buffer for use in alkaline lysis preparation of plasmid DNA: 50 mM glucose, 25
mM Tris-HCl pH 7.4 and 10 mM EDTA was dissolved in ddh^O.

Heparin from Sigma was dissolved in ddH20 at a concentration of 25 mg/ml and stored at

-20°C.

1 1 LB (Luria broth) was made by dissolving 10 g bactotryptone, 5 g bacto-yeast extract and
10 g NaCl in ddHaO, and subsequently 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.
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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 ddPBO and stored at -20°C.

50 ml PEG (polyethylene glycol) solution for use in alkaline lysis preparation of plasmid
DNA: 20% (w/v) PEG-6000 and 2.5 M NaCl were dissolved in ddlHBO.

Buffered phenol (pH 8.0): 250 g of solid phenol (Fluka) was dissolved overnight at room

temperature in 127 ml of 2 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 of m-cresol and 550 pi 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.

50 ml plasmid preparation lysis buffer: 200 mM NaOFl and 1% (w/v) SDS was dissolved in

ddHzO.

250 mM PMSF (phenylmethyl sulphonyl fluoride) was dissolved in isopropanol and stayed
soluble at > 30°C.

Proteinase K was obtained from NBL at 50 mg/ml and stored at -20 °C.

Radioactive nucleotides: a-32P-dCTP and y-32P-dATP (Amersham Pharmacia) were

purchased at 0.37 MBq/pi = 6000 Ci/mmol = 10 mCi/ml.

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.
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50 ml 10% (w/v) SDS (sodium dodecyl sulphate) was prepared by dissolving 5 g in ddH20
and stayed soluble at room temperature.

I 1 SDS (protein gel) electrophoresis buffer (5x) was made by dissolving 15.1 g Tris base,
72 g glycine and 5 g SDS in ddH20.

II TBE (10 x) was made by dissolving 108 g Tris base, 55 g orthoboric acid and 9.3 g EDTA
in ddH20.

11 TBG (terrific broth growth medium) was made with 12 g bactotryptone, 24 g bacto-yeast
extract, 4 ml glycerol, 17 mM KH2P04, 55 mM K2HPC>4 and 20mM glucose, and subsequently
autoclaved.

TE contained 10 mM Tris-HCl pH 7.4 and 0.2 mM EDTA.

1 M Tris-HCl: 121.1 g Tris base was dissolved in 1 1 ddH20 and the pH adjusted to the
desired value with concentrated HC1.

50 ml 2% (w/v) XC (xylene cyanol) for tracking of buffer fronts in gel electrophoresis: 1 g

was dissolved in ddH20.

Protocols

Agarose and Polyacrylamide Gels to Analyse DNA

Agarose was dissolved to the desired percentage by boiling in 1 x TBE allowing the gel to set

with an appropriate comb inserted. DNA samples were resuspended in 1 x TBE gel loading
buffer and loaded into the wells. The agarose gel was run in 1 x TBE at a constant voltage
until the desired resolution was achieved and DNA detected on an UV transilluminator after

EtBr staining.

Native polyacryamide gels containing the desired strength of polyacrylamide were made

including 1 x TBE, 0.1% APS and 0.12% TEMED. For running diagnostic DNA gels, a mini-

gel apparatus (Atto, Japan) was used. Gels were stained with EtBr as before.
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DNA Extraction and Precipitation
To remove protein, lipids and remnants of cell debris after cell and nuclear lyses, an equal
volume of buffered phenol chloroform was added and vigorously vortexed with samples.
This was then centrifuged until the phases had separated and the aqueous top layer

carefully pipetted off into a new container. Precipitation was undertaken by addition of 0.4
M (final concentration) LiCl and 2 volumes of ice-cold ethanol and mixing. Samples were

either flash-freezed with liquid nitrogen, or kept at -20 or -70°C for periods between 1 hr to

overnight depending on the estimated concentration of DNA in the sample, where lower
concentrations were left to precipitate for longer times. Precipitates were centrifuged down,
the supernatant decanted and the pellet vacuum desiccated.

Precipitation of Proteins
Protein samples, whether crude or highly purified, were mixed with 25% (v/v)
trichloroacetic acid (TCA) and left on ice for at least 15'. Samples were centrifuged and the

supernatant decanted/pipetted off. The pellet was then washed with ice-cold 70% (v/v)
acetone and once more with neat ice-cold acetone. Precipitates were centrifuged down, the

supernatant decanted and the pellet vacuum desiccated.

Measurement of Protein and DNA Sample Concentrations
To measure protein concentrations, especially those of the purified core histones, absorbance
of samples at 280 nm was measured on a scanning spectrophotometer and background
absorbance deducted. Absorbance values were converted to concentrations assuming that
A28ol% = 4.2 = 10 mg/ml (Thomas & Butler, 1977). Protein concentrations were further
verified by the use of the Bradford assay as described in Current Protocols in Molecular

Biology (Wiley).

DNA concentration was determined by spectrophotometry, assuming that an OD of 1 at 260
nm is equivalent to 50 pg/ml of double-stranded DNA.

Typically, 2 gg of DNA was reconstituted with core histones. To calculate their actual molar
concentrations the following procedure was adopted.

Mr of 208 bp rDNA = 667 (average weight of 1 bp) x 208 bp = ~139 kDa

Volume of reconstitution reaction = 50 pi

2 pg of 208 bp rDNA = 2 pg/139 kDa = -15 pmol DNA -» + 50 pi
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= ~ 0.3 pM 208 bp rDNA per reconstitution.

This concentration of DNA applied to all five reconstitutions. However, to calculate the
concentrations of the core histones in each reconstitution there are slight variations. The
molar concentrations for the chicken, HeLa and HeLaAc core histone octamer

reconstitutions are thus:

Mr of core histone octamer = ~110 kDa

2 jig of core histone octamer = 2 pig/110 kDa = -18 pmol —> + 50 pi

= -0.4 pM core histone octamer per reconstitution.

For trypsinized core histone octamers:

Mr of trypsinized core histone octamer = -88 kDa (about 20% of Mr removed by

trypsinization)

1.6 pg trypsinized core histone octamer = 1.6 pg/88 kDa = -18 pmol —»-*-50 pi

= -0.4 pM trypsinized core histone octamer per reconstitution.

For chicken (H3/H4)2 tetramer core histones:

Mr of (H3/H4)2 tetramer = -56 kDa

1 pg (H3/H4)2 tetramer core histones = 1 pg/56 kDa = -18 pmol —> + 50 pi

= -0.4 pM chicken (H3/H4)2 tetramer core histones per reconstitution.

Core Histone Purification

See also Figure 2.1 for a rough outline of the procedure for chicken erythrocyte core histone

preparation, which will be described in more detail in the following. All procedures were

either done on ice or in a cold room, and all centrifugations at 4°C. Only FPLC elution of
core histones were undertaken at room temperature. Also, all solutions and materials were

pre-cooled to 4°C.

Nuclei Preparation

One litre of chicken blood was collected from an abattoir into an equal volume of 1 x

phosphate buffered saline (PBS) + 25 U/ml heparin + 0.2 mM PMSF (Buffer A). The blood
was subsequently filtered through muslin cloth pre-soaked in Buffer A. Erythrocytes were

pelleted by centrifugation in a Beckman JA 14 rotor for 10' @ 3.5 K rpm and the supernatant

subsequently removed by suction pump. To remove the white blood cells that are present at
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the interface the pelleting procedure was repeated twice through successive rounds of

resuspension of the erythrocytes in 1 x PBS, 0.5 mM EGTA and 0.2 mM PMSF. The

erythrocyte pellet was finally resuspended in a minimal volume of Buffer B (250 mM sucrose,

6 mM MgCh, 50 mM Tris-Cl pH 7.4, 0.5 mM EGTA + 0.2 mM PMSF) and kept on ice.

An equal volume of Buffer B to the resuspended erythrocyte pellet was mixed with 2 x

Nonidet P40 (4 ml/1 = 0.4%; final concentration 0.2%) + 0.2 mM PMSF. This was added to the

resuspended erythrocyte pellet using a stirrer. The resuspended erythrocytes were spun for
15' @ 4.5 K rpm in a JA 14 rotor in which time the cells are lysed and the nuclei pelleted.
Buffer B + 0.2 mM PMSF + 0.2% Nonidet P40 was used to resuspend the nuclei pellet and the
nuclei spun again for 15' @ 4.5 K rpm in a JA 14 rotor, with this step being repeated once

more. The resultant nuclei pellet was resuspended in Buffer B and spun as in the previous

step and subsequently stored at -70°C in Buffer B.

Core Histone Preparation
Nuclei were washed in digestion buffer (Buffer C: 250 mM sucrose, 10 mM NaCl, 3 mM

MgCk, 10 mM Tris-HCl pH 7.4 + 0.1 mM PMSF) and spun for 10' @ 4.5 K rpm in a JA 14 rotor
and repeated once more. After resuspending the nuclei in Buffer C once more the DNA
concentration was measured using a haematocytometer to count the nuclei of a small

aliquot. This method allowed the accurate measurement of the amount of nuclei on a fine

grid from which the amount of DNA could be calculated. The number of nuclei counted was

multiplied by the total amount of nuclei in the bulk batch by 1.3 pg (the amount of DNA in
one chicken erythrocyte nucleus). The bulk batch was diluted to a final nuclei concentration
of ~ 3 x 109 nuclei/ml. An aliquot of this batch, large enough to do a test MNase timecourse

digest, was taken.

The aliquots of nuclei were preincubated to 37°C with MNase added. Generally, I used ~ 45
U MNase/100 (ig DNA. To start the reaction, CaCh was added to 1 mM and the reaction
timed using a stop-clock. Aliquots were taken from this digest at 0', 30", 1', 2', 4' 8' and 15'
and each aliquot immediately mixed with an equal volume of stop buffer (final
concentration 10 mM EDTA, 0.2% SDS). Subsequently, each aliquot was proteinase K treated
and the DNA extracted with phenol/chloroform and ethanol precipitation. Samples were

loaded onto a 1% (w/v) agarose gel and electrophoresed, being visualized by EtBr staining
to assess the best time to produce 4-20 nucleosomes.
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Batch Nuclei MNase Digestion

The best MNase digestion conditions, as assessed by the test timecourse, were applied to the

remaining (batch) nuclei by scaling up all amounts proportionately and using the same time
of digestion. However, the digestion was halted by addition of EDTA to a final concentration
of 5 mM. The nuclei were pelleted by gentle centrifugation in a JA 20 rotor for 15' @ 2 K rpm

to reduce the volume. To lyse the nuclei, lysis buffer (10 mM NaCl, 0.2 mM EDTA, 10 mM

Tris-HCl pH 7.4 + 0.1 mM PMSF) was implemented, where the nuclei were placed in dialysis

tubing suspended in a 2 1 beaker full of lysis buffer. This was left to dialyse overnight at 4°C
with constant stirring. Once the contents of the dialysis tubing had been collected in

polycarbonate tubes (Nalge), the nuclear debris was pelleted by centrifugation for 15' @ 10 K

rpm in a JA 20 rotor, and the supernatant decanted into fresh tubes and the DNA
concentration measured by absorbance at A260. The yield was typically ~ 70% of the input
chromatin, and an aliquot was kept for future protein gel analysis.

Ultracentrifugation of Chromatin to Separate Linker Histone Component

SW 28 (Beckman) 5-25% (w/v) linear sucrose density gradients (5 and 25% sucrose (w/v),
600 mM NaCl, 0.2 mM EDTA, 10 mM Tris-HCl pH 7.4 + 0.1 mM PMSF) were set up using a

home made gradient forming apparatus, and the gradients pre-cooled to 4°C. To equilibrate
the salt concentration of the chromatin sample with the gradient salt concentration, solid
NaCl was added to the chromatin to a final concentration of 650 mM and quickly vortexed

vigorously to avoid any chromatin dissociation. Chromatin samples were then carefully

layered onto the gradients using a pipette. A maximum of 1800 A260 units could be

centrifuged in one SW 28 run to successfully separate the bulk chromatin from the linker
histone component. The samples were centrifuged for 16 hrs @ 19 K rpm (or equivalent to2f)
at 5°C. Fractionation of the gradients was conducted by pumping through a

spectrophotometer set at A260, collecting samples in ~ 0.5 ml fractions, and several (peak)
fractions analysed on SDS-PAGE gels to determine the protein composition of each fraction.
Like fractions were pooled, making sure to keep fractions containing histone HI separate,

and the pooled fractions dialysed overnight at 4°C against TE to reduce the salt
concentration.

Hydroxyapatite Column Purification of Core Histones

A hydroxyapatite (HAP, Calbiotech) column connected to a FPLC (Pharmacia Biotech)

apparatus was implemented to undertake the final purification step of salt elution of the
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core histones (at room temperature). The column was packed according to the estimated
amount of chromatin that was to be loaded, where HAP binds 1.6 mg DNA g-1. 1 M

phosphate buffer (1 M K2HPO4.3H2O, 1 M KH2PO4 + 0.1 M PMSF: pH to 6.8 and filter and

degas) was used to pack the HAP, and to subsequently wash it. Once the column phosphate
buffer concentration was lowered to 50 mM (pH 6.8) (Buffer A: filtered, degassed), the
chromatin sample was loaded directly via a peristaltic pump. The FPLC apparatus was

programmed and run, with elution of samples monitored by a spectrophotometer set at A280
and pump A containing Buffer A and pump B containing Buffer B (Buffer A + 2 M NaCl).
The program used was:

0.00 conc. %B 0.0

0.00 ml/min. 4.0

0.00 cm/min. 0.5

4.00 conc. %B 0.0

5.00 conc. %B 32.5 (= 650 mM NaCl)

50.00 conc. %B 32.5

51.00 conc. %B 100

51.00 portset 6.1

51.00 cm/min. 1.0

110.00 conc. %B 100

Fractions were analysed on SDS-PAGE gels and the protein concentrations of peak fractions
measured at A280.

The procedure described above was for purification of chicken erythrocyte core histones.

Slight variations of this protocol were used for the purification of HeLa and HeLaAc core

histones. For the purification of HeLa and HeLaAc core histone octamers, nuclei were

purchased from the Computer Cell Culture Centre (Belgium). The remainder of the HeLa

preparation followed the same protocol as the chicken histone prep. On the other hand, the
HeLaAc core histone preparation used the same buffers, each with the additional component

of 10 mM sodium butyrate. Sodium butyrate is a histone deacetylase inhibitor and is

required in all steps (including the initial preparation of nuclei) to maintain high levels of
core histone acetylation. To detect the level of acetylation of individual core histones, Triton
X-100/acetic acid/urea (TAU) polyacrylamide protein gels were implemented, where
differences of one acetyl group can be visualized on such gels. TAU polyacrylamide gels
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were made with 12% (v/v) acrylamide, 8 M urea, 6 mM Triton X-100, 5% (v/v) acetic acid
and 0.18% (w/v) APS, to which 0.13% (v/v) TEMED was added to start the polymerization
reaction.

The electrode buffer contained 5% (v/v) acetic acid and the sample pellets (which had been
TCA precipitated) were resuspended in a special sample buffer containing 2.5% (v/v) acetic

acid, 25% (v/v) glycerol, 1% (w/v) protamine sulphate, 8 M urea and methyl green. Prior to

loading the samples, the TAU gel was pre-electrophoresed for ~ 2 hrs at 200 V using 8 M

urea solution in the wells to prevent the wells from swelling. The wells were then washed
out with electrode buffer before sample loading and the gel run at 300-400 V, ~ 15 mA.

Methyl green was used to track core histone migration: methyl green has three components

(green, yellow and blue), where blue corresponds to the histones. A lot of methyl green was

required to make the blue component visible in the gel which was tested in the pre-

electrophoresis run. Once the blue reached the bottom of the glass plates, the electrophoresis
rem was complete which corresponded to ~ 6 hrs. To visualize the TAU gel, they were

stained by the standard coomassie blue staining method.

Trypsinized chicken core histone octamers were generated by following the same procedure
as that employed for the standard chicken core histone octamer prep, up to the point

immediately after the sucrose density gradient step. At this point I had polynucleosomes in a

buffer containing high sucrose and salt concentration that was reduced by dialysis against
TE overnight. Polynucleosomes were then treated with trypsin for 30' @ 50 jig/ml at 37°C in
a buffer containing 0.001 N HC1 and 10 mM CaCh. The reaction was stopped by addition of a

four-fold excess of TLCK. Trypsinization was assessed on the basis of cleavage products
seen through SDS-PAGE and compared to previous results. The trypsinized

polynucleosomes were dialysed once more against TE to remove cleaved polypeptides and
the resultant chromatin treated as before for intact chicken polynucleosomes.

Alkaline Lysis Midi-Preps of Plasmid DNA

Single colonies were picked from a plate carrying an appropriate strain of E. coli containing
the relevant plasmid and used to inoculate a starter LB culture (+ lOOpg/ml ampicillin).
Cultures were grown for 6-7 hrs @ 37°C with constant shaking. The starter cultures were

then used to inoculate a large batch of TBG medium (+ lOOpg/ml ampicillin) and the culture

grown overnight @ 37°C in an incubator-shaker. Cells were pelleted by centrifugation for 10'
@ 4 K rpm in a JA 14 rotor (at 4°C, as with all further centrifugation steps) and subsequently

resuspended in 6 ml GTE buffer per 200 ml culture. To this, 12 ml plasmid preparation lysis
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buffer was added and the tube inverted to mix, leaving it on ice for 5'. 9 ml KOAc was then
mixed in, with inversion of the tube, and left on ice for a further 5'. Cell debris was pelleted

by centrifugation for 10' @ 5 K rpm and the supernatant decanted into fresh tubes. The DNA
was extracted with an equal volume of buffered phenol/chloroform and centrifuged for 15'
@ 6 K rpm in a JA 20 rotor and then precipitated by addition of 1.5 volumes of ethanol on ice
for 5'. Again, the DNA was pelleted by centrifugation for 15' @ 6 K rpm, and then washed
with 70% ethanol and vacuum desiccated. To resuspend the pellet, a minimum volume of
RNase A solution was used and incubated for 30' @ 37°C. 0.6 volumes of PEG solution was

added directly to the samples and left on ice for 2 hrs. to precipitate the plasmid DNA. The

samples were transferred to microfuge tubes and centrifuged for 15' @ 13 K rpm, the pellets
washed with 70% (v/v) ethanol, vacuum desiccated and subsequently resuspended in TE. A
final step of buffered phenol/chloroform extraction and ethanol precipitation was done to
ensure the DNA was clean (and repeated if necessary until satisfactorily clean), and

resuspended in TE. The concentration was measured by absorbance at A26O.

To purify DNA fragments of different lengths, a MonoQ column was used with FPLC
(Pharmacia Biotech, Sweden). The following two buffers were used in all DNA purifications:

Buffer A: 400 mM NaCl, 20 mM Tris-HCl pH 8.0, 0.2 mM EDTA (filtered, degassed)

Buffer B: 900 mM NaCl, 20 mM Tris-HCl pH 8.0, 0.2 mM EDTA (filtered, degassed)

Buffer A was used in pump A and Buffer B in pump B. Samples were applied to the column
in suspended TE and pumped onto the column using Buffer A. The program implemented is
as follows:

Purification of DNA by FPLC

0.00 conc. %B 0.0

0.00 ml/min. 0.8

0.00 cm/min. 1.0

5.00 conc. %B 60.0 (= 540 mM NaCl)

5.00 portset 6.1

25.0 conc. %B 80.0 (= 720 mM NaCl)

26.00 conc. %B 100

26.00 portset 6.0
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Fractions were collected automatically and fraction size varied according to the level of
deflection of the recorder trace which was connected to a spectrophotometer reading at A280-

Subsequently, selected fractions were analyzed by agarose gel electrophoresis and like
fractions pooled.

32P Labelling of DNA by End-filling
DNA fragments with sticky ends that were generated by restriction enzymes (such as the sea

urchin 208 bp rDNA fragment that is the product of Aval digestion) can be end-filled with
radioactive nucleotides. These fragments can then be manipulated in exactly the same

manner as non-end-filled/radiolabelled DNA fragments. DNA was resuspended in 1 x

Klenow buffer, including 0.5-1 pg DNA, 0.5 mM dNTPs, 1.11-1.85 MBq a-32P-dCTP and 2 U
Klenow fragment in a reaction volume not exceeding 20 pi. The reaction was incubated at
room temperature for 30'. 8 vol. TE, 0.4 M LiCl and two volumes ethanol were added to

precipitate the DNA overnight at -20°C.

Dephosphorylation of DNA
Some DNAs such as marker DNAs contain phosphate groups at the 5' end. These need to be
removed in preparation for end-labelling. Calf intestinal alkaline phosphatase (CIAP, NBL)
was used to remove the phosphates. DNA was resuspended in 1 x CIAP buffer with 0.5-1 pg

DNA and 1 U/50 pmol of DNA ends CIAP in a reaction volume of 10 pi. The reaction was

incubated for 30' @ 37°C and stopped by addition of EDTA to a final concentration of 5 mM

and heat inactivated for 10' @ 75°C. Finally the DNA was extracted with buffered phenol
chloroform and ethanol precipitated.

5' End-labelling of DNA with 32P
To label the ends of DNA, T4 polynucleotide kinase (PNK) was used. DNA was

resuspended in 1 x PNK buffer, including 0.5-1 pg DNA, 1.11-1.85 MBq y-32P-dATP and 2 U
PNK. The reaction was incubated for 30' @ 37°C and stopped by buffered phenol chloroform
extraction and ethanol precipitation.
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Restriction Enzyme Digestion of DNA
Restriction enzyme digests were undertaken as described by the manufacturers' instructions

(NEB, Promega and Fermentas). Reactions were stopped by buffered phenol chloroform
extraction of DNA and ethanol precipitation. For double digest reactions, the reaction buffer
used gave the highest level of activity for both enzymes, where in some instances there
would be a compromise from 100% activity for at least one of the enzymes.

Core Histone - DNA Reconstitution

In vitro reconstitution of core histones and DNA followed the salt dialysis procedure as

outlined in Figure 3.1. Reconstitution buffers were manually poured into the gradient maker
at appropriate times. The dialysis membrane (Gibco, USA) has an exclusion limit of 8 kDa
and was thoroughly washed under ddFFO before being sandwiched between the micro-

dialyser (Gibco, USA) well blocks. This removed any of the storage buffer coating the
membrane which includes sodium azide.

Typical recipe for reconstitution sample preparation (all values in pi):

2 pg DNA Buffer A Core histones Vi x Buffer A ddFFO

(1:1, by weight)

Chicken 2 2 5.5 30.5 10

HeLa 2 2 3.7 32.3 10

HeLaAc 2 2 3.7 32.3 10

Trypsinized 2 2 3.0 33.0 10

Tetramer 2 2 8.3 27.7 10

►

Components added in this order

Where Buffer A = 4 M NaCl, 20 mM Tris-HCl pH 7.4, 0.4 mM EDTA. Core histones were

added at a ratio of 1:1 (w/w, core histones:DNA), and were still in the 2 M NaCl buffer that

they were eluted with when purified. Note that the reduced molecular weight of the

trypsinized and tetramer particles was taken into account such that a proportionately lower

weight of histones was used in each case to satisfy the 1:1 (core histones:DNA) ratio in
moles.

184



Materials & Methods

Core histone concentrations used in reconstitutions are as follows:

[chicken] = 0.37 |ig/ |il

[HeLa] = 0.54 |lg/|ll

[HeLaAc] = 0.54 |ig/|il

[trypsinized] = 0.44 jig/pi

[tetramer] = 0.12 (ig/jil

Reconstitutions were performed at room temperature using the following dialysis buffers:

Buffer B: 1.5 M NaCl, 10 mM Tris-HCl pH 7.4, 0.2 mM EDTA

Buffer C: 0.5 M NaCl, 10 mM Tris-HCl pH 7.4, 0.2 mM EDTA

Buffer D: 10 mM NaCl, 10 mM Tris-HCl pH 7.4, 0.2 mM EDTA

Nucleoprotein gels were assembled and poured during reconstitutions while fresh sample
solution was also prepared. Gels were made up with 5% (v/v) acrylamide, Vi x TBE and
0.11% (w/v) APS, to which 0.13% (v/v) TEMED is added. Nucleoprotein gels were run with
Vi x TBE electrophoresis buffer which, together with the gel, had been pre-cooled to 4°C.

Immediately after reconstitution is complete, samples were pipetted out of the micro-

dialyzer wells into microfuge tubes on ice. 1/5 volume of nucleoprotein gel sample solution
was then applied to the wall of the microfuge tube making sure not to allow the sample
solution to contact the reconstitution sample. The microfuge tube was then quickly vortexed
to mix the contents thoroughly. This step allows quick mixing of the sample solution with
the reconstitute without allowing the high salt concentration from the TBE in the sample
solution to dissociate the reconstitutes. The samples were then loaded onto the pre-cooled

nucleoprotein gel and electrophoresed for 1050 V h @ 4°C, where the time of electrophoresis
show be no less than 7 hrs and no more than 16 hrs. Nucleoprotein gels were then visualized

by EtBr staining and/or autoradiography. For 2D (mobility) nucleoprotein gel assays, I
followed the steps shown in Figure 5.2.

Mapping Positions of Reconstituted Core Histones on 208 bp
rDNA

208 bp rDNA has 4 bp overhangs when produced by Aval digestion. It was therefore
deemed best to fill these in before reconstitutions. This was reasoned to give more accurate

results for end-positioned core histones since the DNA is now fully double stranded. To
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accomplish this dNTPs were added with Klenow fragment as described before for end-

labelling by filling in.

The Aval overhang in the 208 bp rDNA is CCGA/GGCT, and therefore contains 3 Cs, 3 Gs, 1
A and 1 T per fragment. 4 pg DNA was filled in, which is 4 pg/(667 x 208) = 29 pmol DNA =

87 pmol C = 87 pmol G = 29 pmol A = 29 pmol T. But 20 pg total of DNA was to be used to

allow reconstitution with all five types of core histones. Thus, 1 x Klenow buffer, 20 pg

DNA, 0.625 mM dNTPs and 4 U Klenow fragment were incubated together for 30' @ room

temperature in a total reaction volume of 40 pi. This was buffered phenol chloroform
extracted and ethanol precipitated overnight.

Core histones and DNA were reconstituted by salt dialysis method in 50 pi total as before

using 4 pg DNA per reconstitution at a ratio of 1:1 (w/w; core histone:DNA). After
reconstitution, 50 pi ice cold 10mM NaCl, TE buffer was added (new OD260 = 0.8) and 25 pi
taken for test MNase digestion timecourses (25 pi reconstitute + 0.1 U MNase [+ 1 mM CaCL
after preincubation of samples at 37°C]). Three time-points were taken for each at 1', 2' and
4'. Aliquots of 9.5 pi for each time point were taken and added to 5 mM EDTA, buffered

phenol chloroform extracted, ethanol precipitated and resuspended in TE. Samples were run

on a 5% (v/v) mini-PAGE gel and assessed the best time-point that gave predominantly core

particle length DNA.

Batch digests were done by scaling up volumes of added solutions but with the same time of

digestion as assessed previously. Samples were phenol chloroform extracted, ethanol

precipitated and resuspended in 10 pi TE. DNA ends were dephosphorylated with CIAP
and subsequently end-labelled with y-32P-ATP and PNK. Labelled DNA were then

electrophoresed on a native 5% (v/v) midi-PAGE gel until the bromophenol blue marker
reached the bottom of the gel. The gel was exposed to a phosphorimager screen while still
wet to assess where core particle bands were. A phosphorimager print-out was used to

excise core particle bands from the gel using a razor blade. The gel strips were placed in
individual microfuge tubes each containing 400 pi TE and left overnight on a rotary shaker
for "diffusion-elution" of the DNA from the gel strips into the TE, and subsequently ethanol

precipitated overnight and resuspended in 10 pi TE.

Restriction enzyme digests were then performed on the samples. Each sample was divided
into eight and each fraction digested with either Alul, BsaHI, Dral, Mspl, Rsal, Sau3Al or

Xmnl while keeping the eighth sample from each as a no digest control, where 2 U

enzyme/reaction was used. All incubations were for 1 hr at 37°C except BsaHI which was at

60°C. Samples were cleaned by buffered phenol chloroform extraction and ethanol

precipitation and resuspended in 4 pi of loading buffer. Samples were incubated for 3' @
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95°C and placed on ice immediately before loading onto sequencing gels. Gels were

visualized by autoradiography and phosphorimager scanning.

Cloning and Purification of the 208 bp rDNA Dimer
0.25 pg/|il p20818 was digested with 1 U/pl EcoRI in a timecourse and aliquots

electrophoresed on a 5% (v/v) polyacrylamide gel. The dimer of the 208 bp fragment was

identified and excised from the gel. The gel strip was immersed in TE overnight to allow
diffusion of the DNA into the TE ("diffusion-elution" as before) and the DNA cleaned by
buffered phenol chloroform extraction and ethanol precipitation. 0.1 |ig/pi of the vector

pBluescript KS- was also cut with 1 U/pl EcoRI and cleaned and precipitated, and

subsequently dephosphorylated with 1 U/pl CIAP. To Ligate the 208 bp rDNA dimer insert
with the dephosphorylated vector, T4 DNA ligase (NBL) was used where different molar
ratios of insert:vector were incubated (at 16°C overnight). Plasmid DNA was transformed
into E. coli cells by electroporation and plated onto LB agar plates. Colonies were then tested
to determine the presence of the correct insert in the plasmid DNA by restriction enzyme

digest analysis after purification of the plasmid with a Quiagen Miniprep kit. A
transformant clone was successfully picked out and grown up on a large scale. After

purification of the plasmid DNA, the DNA was subjected to digestion with EcoRV and Psfl

(the closest cut sites to the ends of the insert DNA). The insert DNA was then purified by
FPLC.
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