The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



AN INVESTIGATION INTO THE
SIGNIFICANCE OF HISTONE
METHYLATION IN VARIOUS MOUSE
TISSUE

BENITA LOUISE LLOYD
Department of Biochemistry

University of Cape Town

Republic of South Africa

Thesis submitted in fulfilment of

the requirements for the degree of




b

ACKNOWLEDGEMENTS

My sincere thanks go to my parents, Ronald and Sheila Lloyd and the following
people:

Mr W. Adonis

Mrs T. Anderson
Assoc. Prof. W. Brandt
Miss A. Cox

Mrs F. Davids

Miss A. Fiedler

MrR. E. H. Haylett
Prof. H. Klump

Dr. J. Rodrigues




ABSTRACT

Histone lysine methylation is a post synthetic modification that occurs on the N-
terminal tails of histones H3 and H4. This modification occurs at very specific
residues, which have been highly conserved throughout evolution. It has been
postulated that histone methylation may be involved in the pre-mitotic condensation
of chromatin. Others have speculated that it may be involved in transcription. This
modification seems to be a general feature of chromatin and occurs in all eukaryotic
organisms ranging from mammals to yeast. The functional significance of histone

methylation and of proteins in general is still at this stage not very well understood

In the first part of this project the levels of histone lysine methylation in various
tissues were investigated in order to establish a correlation between the methyl
content and cell division, age and differentiation. It was found that the levels of
histone lysine methylation were low in the two tissue culture lines that were
investigated correlating with the rapid growth rate of these cells. An increase in the
histone lysine methylation content was observed when these cells were induced to
differentiate. The highest levels of histone lysine methylation were found in brain
tissue. Methylation levels in the histones isolated from the mouse and bovine brain
tissue are very similar. It was concluded from these results that histone lysine

methylation may be linked to the cessation of replication and differentiation of cells.

Previous studies on the rate of methylation in rat brain (Lee and Duerre, 1974) have
shown that the rate of histone methylation decreases with age of the tissue. It was
therefore decided to investigate the rate of histone methylation in nuclei isolated from
mouse erythroleukemia (MEL) cells at different stages of differentiation. These cells
can be induced to differentiate upon which they cease to replicate and mature into
cells that are analogous to red blood cells. The rate of incorporation of radioactive
methyl groups into the histones was determined in nuclei isolated from rapidly
growing cells and cells that had been induced to differentiate for one and four days.
It was established that only histones H3 and H4 are methylated at significant levels.
The highest rate of histone methylation occurred in histone H3, and to a much lower

degree, H4. This rate was maintained for the first day and decreased significantly
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after the fourth day after induction. Even after the fourth day after induction, the rate
of histone H3 methylation remained significantly higher than that of the other
histones. It was concluded that histone methylation proceeds for a substantial

amount of time after all DNA replication has ceased.

In the final part of this project the effect of the level of histone methylation on the
stability of core particles, chromatin and nuclei was investigated. The core particles
and chromatin, isolated from tissues with different levels of histone lysine
methylation, were ‘melted’ using UV thermal denaturation. No differences were
found. It was therefore concluded that histone lysine methylation did not increase the

stability of the DNA of core particles or of soluble chromatin from these samples.

Differential scanning calorimetry was used to study the denaturation of nuclei
isolated from mouse brain and MEL cells that have high and low levels of histone
lysine methylation respectively. The “melting profiles” of the two types of nuclei
seem to indicate that structural differences exist. Due to the complex structure of a

nucleus it is uncertain whether these differences could be ascribed to the differing

levels of histone lysine methylation.
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Chapter 1 Introduction

1 INTRODUCTION

The cell is the most basic building block of all life forms. All cells contain
deoxyribonucleic acid (DNA). DNA is an informational macromolecule that
possesses the capacity for self-replication. It regulates the transcription of defined
subsections of its sequence (genes) into RNA, which can be translated into
proteins. More complex organisms (eukaryotes) contain a cell nucleus into which
vast quantities of this DNA is packaged in such a manner that it remains
condensed, yet remains accessible to relatively large transcription factors and
RNA and DNA polymerases. Over the past few decades, researchers have
gradually begun to piece together the puzzle of how the cell has managed to

accomplish this extremely complex task.

The DNA is condensed into the nucleus via several orders of folding. The first
order of folding is the nucleosome, which constitutes the basic repeat unit of
chromatin. The nucleosome consists of up to 200 base pairs of double stranded
DNA wrapped around a core of four histone proteins; H2A, H2B, H3 and H4. At
present the basic structure of the nucleosome is fairly well understood. This is
partly due to the recent determination of the x-ray structure of the nucleosome at

2.8A resolution (Luger et al, 1997).

The next order of structure or folding is still under debate. The majority view is
that the nucleosomes are folded to form a solenoidal 300A fibre under
physiological conditions. The 300A fibre consists of six to eight nucleosomes per
turn with a pitch of 110A and a diameter of 300A. This 300A fibre is only formed
when a fifth histone type, the lysine rich histones, H1/HS, is present, indicating
that they play a crucial role in condensation. However there have been some
reports that condensation can occur without HI1, for instance in high salt

concentrations (Thoma et al, 1979).

In addition to HI, the tails of the core histones seem to be involved in the

stabilisation of this condensed fibre. This was clearly demonstrated in
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experiments by Allan et al (1982) in which H1 was removed from chicken
erythrocyte chromatin followéd by trypsin digestion that removed the tails of the
core histones. This trypsinised chromatin was unable to condense into the 300A
fibre after the addition of histone H1 or HS. In the control experiment the

untrypsinised chromatin yielded the correct fibre.

The 300A fibre is further folded or coiled into thick fibres present in
chromosomes. At low ionic strength these thicker fibres of the chromosome
unfold to form extended loops of the 300A fibres. These loops are probably
attached to nuclear scaffold structures that consist of non-histone chromosomal

proteins and may be involved in regulating condensation of chromosomal

domains.

The nucleosome in more detail

As the nucleosome is the basic structural unit of chromatin, knowledge of its
structure is important in the understanding of its dynamic role in the structure and
function of chromatin. Many researchers have attempted to elucidate the structure
of the nucleosome. The recent determination of the crystal structure of the
nucleosome core particle at 2.8A resolution (Luger et al, 1997) greatly increased
our knowledge of the structure to near atomic detail. This has facilitated our

understanding of how the nucleosome core is assembled (Rhodes, 1997).

The nucleosome consists of 146 base pairs of DNA wrapped around the histone
octamer (two of each of the four core histones) in 1.65 turns of a flat, left-handed
superhelix (Luger et al, 1997). The histone octamer consists of a (H3-H4),
tetramer and two H2A-H2B dimers. H2A and H2B are lysine rich histones whilst
H3 and H4 are arginine rich histones. The overall charge on the histones is
positive at physiological pH with a concentration of basic amino acid residues at

the N-terminal tails.
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The amino acid sequence of all the histones is highly conserved. The degree of
conservation is extremely high in histones H3 and H4, somewhat less in H2A and
H2B and the least in H1. These differences in the sequence conservation of the

histones may suggest different functional roles for the different histones.

Histones are synthesised in the cytoplasm and transported to the nucleﬁs where
they are assembled into nucleosomes. The histones undergo several post-synthetic
modifications, which include acetylation, phosphorylation, ubiquitination, ADP-
ribosylation and methylation. The modification of histones may alter the structure
of chromatin by altering the weak protein-protein and protein-DNA interactions at
strategic sites. These modifications may thus trigger important structural and
functional changes in the chromatin. It is also conceivable that the various
modifications could act in a synergistic or antagonistic manner in modulating the
structure of the genetic material. For example methylation of a lysine residue
would prevent acetylation at the same site. Acetylation and methylation
predominantly occurs at the N-terminal tails of the histones. The crystal structure
of core particles at 2.8 A resolution has shown that the N-terminal tails of the
histones extend from the nucleosome. Therefore, they are not in contact with the
DNA of the core particle as previously postulated. This finding together with
experimental evidence that the tails were shown to be involved in formation of the
300A fibre (Allan et al, 1982), seem to suggest that the N-terminal histone tails

may be involved in higher order structure of nucleosomes.
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Fig 1 Possible arrangement of histones within the
nucleosome (Paik and Kim, 1990, pg. 127).

Histone Acetylation

There are two types of histone acetylation. The first is the acetylation of N-
terminal serine residues which occurs in the cytoplasm (Oliver, 1974). This
usually happens on newly synthesised histone H4. This type of acetylation seems
to be involved in deposition of histones onto the chromatin (see Grunstein, 1997,
for a review). The second type of acetylation occurs in the nucleus on the g-amino
group of N-terminal lysines of the core histones. These acetylation sites are
highly conserved. Acetylation is a dynamic process and in some cases turns over
rapidly due to the presence of both acetylases and deacetylases (Twaits et al,
1976). Acetylation has been correlated with transcriptional activity while
hypoacetylation has been linked with transcriptional repression (Turner, 1993). It
has been postulated (Wolffe, 1997) that acetylation reduces the net positive charge

and consequently weakens electrostatic interactions between histones and DNA,
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thereby allowing transcription to occur. Others believe that hyperacetylation

modifies the higher order structure of the chromatin (van Holde, 1996).

Histone methylation

K. Murray first observed the presence of methylated lysine residues in histones in
1964. Since then many researchers have attempted to investigate the functional
significance of this chemical modification. Despite these efforts very little is
known as to the structural and functional significance of histone methylation in

chromatin.

Methylation is one of the postsynthetic modifications of histones, which occurs on
the basic N-terminal tails of mainly histones H3 and H4. The sites of methylation
have been highly conserved in a large number of uni- and multi-cellular
organisms. Histone H4, with only two known exceptions, is methylated at lysine
residue 20. H3 is always methylated at lysine residues 9 and 27, but there have
also been reports of methylation of lysines at sites 4 and 36 (van Holde, 1989).
See table 1 for a list of some of the known sites of lysine methylation in histones

H3 and H4.

Table 1 Methylation sites in Histones H3 and H4

l()rganism (tissue) H4 H3 iReference
[Human (spleen) 20 9,27,36 ayashi et al (1982)
he and Iwai (1981)
Calf (thymus) 20 9,27 eLange et al 1969b,1973
Chicken (erythrocytes)| 20 9,27,36 rban et al (1979)
randt and von Holt (1974)
Ll'rout (testes) 20 4,9,27,36 Honda et al (1975b)
Sea urchin (sperm) 20 9,27,36 outers-Tyrou et al (1976)
on Holt et al (1979)
iPea (embryos) None 9,27 atthy et al (1973)

Reference van Holde, 1989, pg. 120
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[Methylated Lysine amino acid derivatives]

Lysine Dissociation constant
COO H of the e-amino group Abrev.

| |
+NH3 CH1 CH2CH2CH2CH2N+-'"H pKasN= 9 . 25 K

H
Monomethyl Lysine
COO H
| |
+NH3CH 1 CH2CH2CH2CH2N+_‘CH3 pKagN= 1 0 . 63 MK
|
H
Dimethyl Lysine
CoO CH,
| |
*NH,CH,CH,CH,CH,CH,N*—HpKa_= 10.78 DK
|
CH,
Trimethyl Lysine
coo CH,
| |
+NH3CH1 CHzCHzCHzCH2N+—“CH3 pKaeN= none TK
I
CH,

Ref: WK Paik and S Kim, in Protein Methylation (ed. A Meister) John Weily & Sons, New York, 1980, 69
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Methylation is an enzymatic reaction performed by three classes of enzymes.
Methylation of lysine residues in histones is the result of the activity of Type Il
methylases, also referred to as protein-lysine methyltransferases. This enzyme is
found exclusively in the nucleus. The histone lysine methyltransferase is tightly
bound to the chromatin, consequently complicating the characterisation of the
enzyme. Attempts to purify the enzyme usually cause it to lose its activity. The
lysine methylase preferentially methylates the e-amino group of lysines. Histone
methylation seems to be a progressive reaction. Wallwork et al (1977) showed
that methylation of lysine progresses stepwise from mono- to di- to
trimethyllysine, all performed by the same enzyme. Waterborg (1993) came to the
same conclusions during his studies on the incorporation of labelled methyl

groups into Alfalfa histone.

The isolated enzyme also methylates arginine residues (Aniello et al, 1989). This
loss of specificity seems to indicate that the enzyme must be in a specific
conformation and/or environment for methylating lysines in histones H3 and H4.
This is also apparent in studies (Wallwork et al, 1977) in which free histones from
both young and old rats could be methylated to similar degrees, whereas when
they were complexed in nucleosomes significant differences were found. It has
also been established that these methyl groups are fairly permanently incorporated
into the histones as the half-lives of isotopically labelled histones and methyl
groups are very similar. A histone lysine demethylase enzyme has been purified
from rat kidney by Paik and Kim (1973) suggesting that there may be an

occurrence of a limited and localised turnover of methyl groups in histones.

In addition to the type III methylase, a second methylase, type II, has been
extensively characterised. This enzyme methylates the B and vy carboxyl groups of
aspartic and glutamic acid respectively. At this stage there is little proof that this
enzyme methylates histones. A complicating factor in studying the products of
type II methylases is that they are acid-labile and are therefore lost during histone

isolation procedures (Paik and Kim, 1971).
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There are conflicting reports as to whether addition of a methyl group onto lysine
and arginine residues in histones increases or decreases their affinity for DNA.
Byvoet and Baxter (1975) have found that increasing methyl groups on the &-
amino group of lysine leads to a progressive decrease in charge density. The non-
polar methyl group does not change the charge on the amino group but enhances
the hydrophobicity of the lysine residue and decreases its ability to form hydrogen
bonds. This increase in hydrophobicity may enhance the ability of the basic

histone tails to condense chromatin into a more compact and inactive structure.

Histone methylation occurs in the N-terminal tails of mainly H3 and H4. These
tails, particularly of the (H3-H4), tetramer, stick out from the solenoid and appear
to be involved in the stability of the solenoid and in generation of the DNA
supercoil (see Allan et al, 1982). Methylation could alter the interaction of the
tails with the DNA (nucleosome-DNA interaction) and modulate the nucleosome
structure. Alternatively it could be involved in altering nucleosome-nucleosome
interactions and thus be involved in altering the higher order structure of
chromatin. The crystal structure of the nucleosome to 2.8A resolution (Luger et
al, 1997) has revealed that the histone tails extend from the nucleosome and may
interact with neighbouring nucleosomes favouring the latter hypothesis.
Methylation may also be involved in modulating the ability of histones in
packaging DNA with different physical properties based on variation in the local
composition. Large differences in the flexibility as a function of composition
exists. There is conflicting experimental evidence in the literature indicating that
histone methylation may be involved the regulation of transcription of DNA on

the one hand or that it plays a role the general packaging of DNA on the other.

It has been postulated that histone methylation may be involved in nucleosome
assembly and condensation of the chromatin during mitosis. Histone methylation
has been shown in many cases to have little turnover (Shepherd et al, 1971,
Byvoet et al, 1972, Honda et al, 1975) and it appears that this modification is a
widespread rather than a localised event in chromatin. An increase in methylase

activity appears to be correlated with mitosis in synchronous cell cultures. Many
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researchers have investigated methylation patterns in relation to the cell cycle.
Tidwell et al (1968) did studies on methylation of histones in regenerating rat
liver and found that maximal histone methylation took place after the majority of
DNA synthesis had occurred. Shepherd et al (1971) also found that histone
methylation occurred mainly in the G2 phase of the Chinese Hamster ovary cell
cycle. Similarly, in HelLa S-3 cells very little methylation occurs during the cell
cycle until the end of the S-phase when methylation suddenly increases twofold
(Borun et al, 1972). Methylation reaches a peak approximately 3 hours after
DNA-synthesis with a parallel increase in methylase III activity. This increased
methylation coincides with the condensation that starts in G2 and continues
through to metaphase in mitosis, suggesting that there may be some link between
the two. Honda et al (1975) has also proposed that methylation of histones plays a
role in chromatin condensation or mitosis. Several reports argue against histone
lysine methylation playing a more global role in chromatinv structure. Instead it
has been suggested that histone methylation may be more dynamic and therefore
involved in transcription (Borun et al, 1972, Hempel et al, 1979).

Hendzel and Davie (1989 and 1991) found a correlation between transcriptionally
active chromatin and increased levels of histone methylation. They suggest that
methylation may therefore be involved in helping to maintain a transcriptionally
active and unfolded state. They also found that acetylated species of H3 and H4
that are complexed with active genes are selectively methylated. Thus lysine
methylation might provide a way to modulate the potential for histone acetylation,
which is associated with transcriptionally active chromatin. It is possible that
acetylation may occur before histone methylation, thus increasing the accessibility
to methylase enzymes. Therefore these two modifications may be linked whereby
one influences the other. For example dimethylation of the €-amino group
(tertiary amino group) would block the acetylation of this lysine residue.
Waterborg (1990) did studies on the acetylation and methylation of histones H3.1
and H3.2 from Alfalfa. He found that in general the lysines of the N-terminal

region of H3 were either methylated or acetylated. The three major sites of
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acetylation that were identified were lysines 14, 18 and 23 while the major sites of

methylation were lysines 4, 9 and 27 (Brandt and von Holt (1974)).

Apart from the most common sites of methylation in H3 and H4, there have been
reports on methylation of other sites and in other histones. However these cases

seem to be the exception rather than the rule.

Natural occurrence of methylated lysine residues of H1 has only been reported in
the eukaryote Physarum (Jerzmanowski and Maleszewski, 1985). However H1
from calf thymus has been shown to be a substrate for lysine methyl transferase III
isolated from Euglena gracilis. In Physarum Polycephalum, which undergoes
synchronous cell division, H1 is methylated between late S phase (when newly
synthesised histones are deposited in an unmodified state onto the chromatin) and
mid-G2 phase, which is just prior to super-phosphorylation that occurs just before
the mitotic phase. This once again shows that post-synthetic modifications are

linked to chromatin condensation, which occurs just prior to and during mitosis.

Heat shock (37°C) in Drosophila changes the pattern of histone methylation
(Camato and Tanguay, 1982, Arrigo, 1983 and Desrosiers and Tanguay, 1988).
There is a rapid increase in the level of H2B methylation; consistent with
observations that histone methylation may not be such a static process as was
originally thought. A proline residue at the N-terminal region of histone H2B is
methylated during the heat shock. Furthermore heat shock induces a decrease in
the level of lysine methylation and new methylation of arginine residues in H3. It
is postulated that these changes in methylation may be involved in the
restructuring of the chromatin in order to inactivate certain genes in response to
the stress. Heat shock also blocks cell replication and a gradual decrease of DNA
synthesis occurs. Inhibition of synthesis of heat shock proteins had no effect on
the methylation changes, suggesting further that these changes could be involved
in the extensive transcriptional regulation that occurs in these cells during heat
shock. Heat shock also induces de-acetylation of the core histones, which
resumes slowly when the cells return to 25°C (Camato and Tanguay, 1982,
Arrigo, 1983 and Desrosiers and Tanguay, 1988).
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Waterborg et al (1983) have reported that histone H4 in Physarum polycephalum
is partially methylated at lysine in position 79. This residue is located in the loop
(L2) that connects two «-helices. It occurs next to an arginine R78 and although it
is located close to the DNA backbone, faces away from it and makes hydrogen
bonds with aspartate D85 of H4 (Luger et al, 1997).

In summary, it would appear that we do not yet have a clear picture of the
structural and functional significance of histone methylation. It seems unlikely
that histone methylation is a random event with no functional significance as it
occurs on specific lysine residues, which have been highly conserved through
evolution. The fact that methylation occurs on the tail region of histones makes it
all the more likely that it may be linked to the modulation of the chromatin
structure. It is speculated that the terminal ends of histones are involved in the
dynamic aspects of nuclear function as well as the more static aspects of overall

chromatin structure (i.e. Luger et al, 1997).

The purpose of this research project was to investigate the distribution of histone
lysine methylation in various tissues and cell types. This was done on cells at
different stages of differentiation with different levels of cell replication, and on
tissue of different ages, in order to determine any correlation. The rate of histone
methylation was then measured at various times after mouse erythroleukemia
(MEL) cells had been induced to differentiate. Finally, the effect of histone
methylation on chromatin stability was studied using UV thermal denaturation and

calorimetry.
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2 AN INVESTIGATION INTO THE LEVELS OF
METHYLATION OF H3 AND H4 FROM VARIOUS
TISSUES USING AMINO ACID ANALYSIS

2.1 SUMMARY

1) In the first part of this research project the distribution of methylated
lysines residues in histones H3 and H4 isolated from various mouse tissues was

investigated.

The amount of €-N mono-, di- and trimethyllysine present in histones H3 and H4
was determined in mouse brain, liver and spleen, and compared to that from an
actively growing (mouse erythroleukemia, MEL) cell culture line as well as

various other mouse tissues.

Total histones were acid extracted and then acetone precipitated from purified
nuclei of each sample. The total histones were separated by high performance
liquid chromatography (HPLC) and the fractions containing H3 and H4 were
analysed for methyl lysine content' by amino acid analysis. It was found that the
total methylation (i.e. €&-N mono-, di-, and trimethyllysine) content of the H3.1
histone variant from the rapidly dividing MEL cells was 7.2%. This was lower
than the levels found in mouse tissues, which ranged from 15.0%, 17.9% and
19.2% for spleen, liver and brain respectively. A similar trend was found in
H3.2/H3.3 variants (which were analysed together) where the methyl lysine
content was found to be 12.2% in MEL cells and increased to 15.3% in spleen,
22.0% in liver and 23.9% in brain. Methyl lysine content of H4 increased from
7.3% in MEL cells to 8.8% in liver tissue and 12.5% in brain tissue.

! ‘methy! lysine content’ does refer to £-N mono-, di- and trimethyllysine content

from here on.
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The rate of histone methylation at various stages of differentiation of MEL cells
was also investigated. The addition of hemin induces these cells to differentiate
into erythrocyte-like cells, which have the ability to synthesise hemoglobin. These
cells then cease to divide and die within a week after the hemin addition. Methyl
lysine content of H3 and H4 was examined in MEL cells that were rapidly
dividing as well as from MEL cells that had been induced to differentiate for four
days. Methyl lysine content of the H3.2/H3.3 variants was found to increase from
12.1% in uninduced MEL cells to 15.1% in induced cells. No significant increase

was noted for the H3.1 variant.

3) Methyl lysine content of histone H3 was also examined in mouse olfactory
(OP4) cells, another immortalised cell culture line. These cells grow optimally at
33 °C and cease to divide when the temperature is increased to 39 °C. Methyl
lysine content was examined in H3 histone isolated from cells growing at 33°C
and cells that had been growth arrested at 39°C for one month. The total methyl
lysine content of H3 from actively growing cells was 11.6%, which is similar to
that found for MEL cells. After cells had been arrested for one month the methyl
lysine content of H3 histone increased to 16.4%. These cells retained their ability
to divide after reducing the temperature back to 33 °C after a month of growth

arrest.

4) The €-N methyllysine content of H3 and H4 isolated from brain tissue of
another species, viz. ox and foetal calf brain was also investigated and compared
to the results obtained for mouse brain. The brain tissue was separated into crude
preparations enriched in neuronal and glial cells. Methyl lysine content was found
to be in the region of 20%-23% as in mouse brain tissue, and there was no

significant difference in the preparations enriched in neuronal and glial cells.
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2.2 RESULTS

221 An investigation of the levels of lysine methylation of histones

H3 and H4 in various mouse tissues

22.1.1 Isolation and purification of histones H3 and H4 from mouse liver
and brain and MEL cells

Balb C mice of no specific age were used in this study. The mice were starved
overnight and then killed by cervical dislocation. Liver, brain and spleen were
removed immediately. These tissues were homogenised in cold, buffered sucrose
and nuclei were harvested by centrifugation, as described in materials and
methods. A similar procedure was used to isolate nuclei from mouse
erythroleukemia (MEL) cells that were grown to logarithmic phase in suspension

cultures.

Total histones were acid extracted from the purified nuclei of each sample with
H,SO4. The histones were then precipitated in acetone, collected by
centrifugation and dried. These precipitates were analysed by denaturing sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE). The gels
confirmed that purified total histones were obtained from each sample (see figure

2).

Individual histones were purified by high performance liquid chromatography
(HPLC) on a reverse phase C18 column using an acetonitrile gradient in
trifluoroacetic acid (TFA) (figure 3). The histone H4 fraction was still slightly
contaminated with H2A and was therefore further chromatographed as before but
with a C4 column and substituting TFA with heptafluorobutyric acid (HFBA).

13
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Purity of separated histones was assessed and confirmed by means of gel
electrophoresis. A SDS polyacrylamide gel of purified histones H3 and H4 from
MEL cell, mouse liver and mouse brain is shown in figure 4. Results showed that
each fraction contained a single band, running in line with H3 or H4 of the total

histones standard.

It has been postulated that the changes in levels of histone variants with age are
related to the reduction in the number of mitotic cycles in a given cell population
(Zweidler, Histone Genes, 1984). In order to establish the histone variant
distribution in the various mouse tissues investigated, purified histone fractions
were electrophoresed on polyacrylamide gels in the presence of a non-ionic
detergent, triton-X 100 and 6 M urea (figure 5), which is sensitive to small
conformational differences.  Variants cannot be resolved via SDS gel

electrophoresis due to the fact that they have nearly identical molecular masses.

The triton gel in figure 5 shows that the H3.3 variant is not present in MEL cells,
but is present in increasing amounts in mouse liver and brain tissue respectively

(compare for example lanes 4,8 and 14). See also table 7.
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Figure 3 HPLC profiles to show the separation of purified
total histones from MEL cell, mouse liver and mouse brain in
parts a, b and c of the figure respectively. The histones were
separated by reverse-phase HPLC on a C18 column, using an

increasing acetonmitrile gradient. The H4/H2A fractions were
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puritied further with a similar method, using a C4 column. The
acctonitrile cradienft () is given as the fraction as of the total

eluent ((F to I).
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Figure 4 SDS PAGE gel of histones H3 and H4 from MEL cells, mouse

liver mml mouse brain, which were purificd by HPLO. Lanes 1&5, MEL
lotal histones; lape 2, MEL {14: lanc 3. MEL H3.2 and H3.3; lanc 4, MEL
H3.1; lanes 6 & L0, lver total histonres; laoe 7, liver Hd: Lane 8, liver H3.2
and H3.3; lane %, liver H3.1; lanes 11 and 15, Brrain total histones: lane 12,
bruin 114 lane 13, brain histones 103.2 and H3.3; lance 14, brain histone H3.1;

lane 6. chiclen total histone séd.

F:



Chapter 2 The levels of 13 & 114 methylation in varions tissues
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Figure 5 A triton-acid urea gel showing the histone

variants of H3.1, H3.2 and H4, separated by HPLC, from MEL
cell, mouse liver and mouse brain. The variants of these histones
do not separate on SDS PAGE gels. Lanes 1, 17 and 18-chicken
std, lanes 2 and 6 - MEL total histone std, lane 3 - MEL H4, lane
4- MEL H3.2, lane 5-MEL H3.1. Lanes 7 and [T - Liver total
histone std, lane 8 liver H3.2 and H3.3, lanc 9- liver H3.1, lane 10-
liver 114. Lane 12 and 16- brain total histone std, lane 13-brain
H4. lane 14- brain H3.2 and H3.3, lane 15 - brain H3.1.
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2.2.1.2 Methyl lysine content determination of histones H3 and H4 by

amino acid analysis

Amino acid analysis was performed on hydrolysed samples of histones H3 and
H4. Earlier studies have shown that methylation occurs mainly in these two
histones. Reports on the presence of methyl groups in other histone types could

not be confirmed by sequence analysis (van Holde, 1989).

Once purified, the histone fractions H3 and H4 were subjected to acid hydrolysis.
The individual amino acids including those modified by methylation (i.e. &-N
mono-, di- and trimethyllysine) were separated by ion exchange chromatography
using o-phthalaldehyde (OPA) post-column derivatisation methodology. The
methyl lysine content of the histones was then calculated by determining the
number of residues of the methylated lysines present relative to the histidine (see
figure 6 for a typical HPLC profile of an amino acid analysis run). All variants of
H3 as well as H4 possess two histidine residues. There are 13 lysine residues in
H3 and 11 in H4 and these values were used to calculate the percentage
methylation'. The experimental values for non-methylated lysine were unreliable
due to the fact that their concentration is always much higher relative to the
methylated lysines and thus fell into the non-linear range. Furthermore, lysine
reacts with OPA at both the o and € amino groups resulting in quenching of the
fluorescence due to proximity of the two aromatic rings. No quenching has been

observed in the methylated lysines (Oates and Jorgenson, 1990).

Note 1: The %methylation is defined as the % of the total lysines residues per histone carrying one,
two or three methyl groups that is monomethyl-, dimethyl and trimethyl-lysine.
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Figure 6a A typical HPLC profile of an amino acid analysis

run showing the separation of purified H3 into mon- di- and
trimethyl lysine (MK, DK and TK respectively, K is lysine and H

is Histidine). This example is of mouse brain H3.1
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Figure 6b A typical profile of an amino acid analysis run of
mouse histone H3 in MEL cells
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Time (minuteg)
3 t
60 80
Fig 6¢ A typical profile of amino acid analysis of H4.

(This example is mouse brain H4). Note the high relative amount
of DK, characteristic of the H4 histones analysed, as compared to

parts a and b of this figure.

Key to tables 2a-c on pg. 22

N = number of experimental determinations
n/d = not determined.

Std. Deviation ( ¥/ xi-x| n, where Xi=individual sample values;

X = the mean value of n samples

(deviation/X) x 100

% Deviation
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Table 2a Methyl lysine content of histone H3.1 from various

mouse tissues
Tissue Type %Methylation]| Std. Dev. () | % Deviation N
MEL 7.3 0.7 9.6 3
Spleen 15.0 n/d n/d 1
Liver 19.2 1.2 6.3 4
Brain 17.9 3 16.8 3

Table 2b Methyl lysine content of histone H3.2/H3.3 from

various mouse tissues
Tissue Type  |%Methylation| Std. Dev. (£) | % Deviation N
MEL 12.2 1.3 10.6 4
Spleen 15.3 n/d n/d 1
Liver 22.0 0.7 3.2 3
Brain 23.9 0.7 2.9 3
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Table 2¢c Methyl lysine content of histone H4 from various

mouse tissues
Tissue type %Methylation| Std. Dev. () | % Deviation N
MEL 7.2 0.5 6.9 4
Spleen 7.4 n/d n/d 1
Liver 8.8 0.4 45 4
Brain 12.5 0.02 0.2 2

Each amino acid analysis result was taken from an average of at least two separate
experiments except for the spleen, which was performed once. Results for each
experiment are tabulated below. H3.2 and H3.3 was analysed together as they

were difficult to separate.

The error in the determination of methylated lysines by amino acid analysis was
found to be in the region of 5% to 10% (standard deviation). The larger error in
histone variant H3.1 (table 2) is due to the fact that the quantities of this variant
were very small (see figure 3) compared to the other histone variants (see

materials and methods, section 6.1.10 for details on linearity).
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Table3 Summary of tables 2a-c to show the percentage methyl
lysine content in histone H3 and H4 from different tissues of the

mouse as determined by amino acid analysis

TISSUE TYPE H3.1 H3.2/H3.3 H4
MEL 7.2 12.2 7.3
Spleen 15.0 15.3 7.4
Liver 19.2 22.0 8.8
Brain 17.9 239 12.5

The percentage methyl lysine content of H3.1 and H3.2/H3.3 was found to be
lowest in MEL cells, with values of 7.2% and 12.2% respectively. The highest
methyl lysine content was found in brain tissue where the percentage methyl

lysine content was 23.9% for the H3.2/H3.3 variants.
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2.2.2 An investigation into the levels of histone lysine content of H3

in cell culture cells

The observed correlation between the levels of histone methylation of H3 and H4
and the rate of replication was investigated in more detail using a cell line that can

be induced to differentiate into mortal cells.

MEL cells are derived from the spleen of mice after transformation with the
Friend’s leukaemia virus. A photograph of the cells is shown in figure 7. These
cells are precursor erythroid cells that have been blocked in their development to
mature red blood cells. They are cancer cells and will continue to divide until they
are induced to differentiate into mature cells resembling mature red blood cells,
which then cease to divide. Examples of differentiating reagents are
hexamethylenebisacetamide (HMBA), dimethylsulphoxide (DMSO), hemin,
erythropoeitin, sodium butyrate and many others. When cells become terminally
differentiated there is an increased expression of some genes e.g. the genes
involved in the production of haemoglobin. There is also a repression of certain
other genes e.g. the genes involved in mitosis. Furthermore, the chromatin
becomes condensed, cells become smaller, iron uptake is increased and membrane
changes occur. Haemoglobin is produced, which causes the cells to stain blue on

addition of the benzidine reagent (Ching Lo et al, 1981).

Growth patterns of MEL cells were studied in conjunction with differentiation of
MEL cells with various inducing agents. Amino acid analysis was then performed
on histone H3 isolated from induced and uninduced MEL cells in order to

determine the methyl lysine content.

Cells that are actively dividing grow logarithmically, with a doubling time of
approximately 14 hours. When cells are treated with hemin, they cease to divide

after approximately one to two days (see figure 8). After cells have become
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differentiated they can divide a maximum of four times (Neumann ez al, 1978).
There have been reports that there is maximal differentiation after four days in
cells that have been treated with dimethylsulphoxide. (Richon et al, 1991,
Peterson and McConkey, 1976).

One day after the addition of hemin the cells stained positive with benzidine. This
together with the observation that the cells ceased to divide led to the conclusion
that the cells had indeed become differentiated in the presence of hemin. Ching
Lo et al (1991) investigated the effect of hemin on MEL cells and they found that
excess heme that is not bound to the globin plays an important role in shutting
down the expression of those genes that are involved in cell division. It is also
important to note that although heme may be necessary, it is not sufficient to
generate genuine red blood cells (Ching Lo ef al, 1991).

During the experiment the medium of the hemin treated cells was not changed as

the cell density remained between 4 to 20 X 104 cells/ml and the nutrients in the
medium were estimated to be enough to sustain the cells for the duration this

study.

Other agents that were tested were sodium butyrate and DMSO. DMSO did not
cause the cells to stain benzidine positive and the cell number decreased. The
DMSO therefore did not cause the cells to differentiate and further experiments
were abandoned. Sodium Butyrate at a concentration of 5SmM (Reeves and
Cserjesi, 1979) killed the cells almost immediately, possibly due to the fact that
the concentration used was too high for these MEL cells. The only reagent that
caused the cells to differentiate was hemin, which yielded cells that stained
benzidine positive after one day. Figure 8 shows the graphical representation of
the growth of the MEL cells before and after induction with hemin. From this
graph it is apparent that the number of cells do not increase when cells

differentiate into erythrocyte-like cells.
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Figure 7 MEL cells taken at 400x magnification
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Table4 The percentage lysine methylation of histone H3 from

MEL cells
Cell type H3.1 H3.2/H3.3
MEL uninduced 7.2 12.2
MEL induced 6.7 15.1
2.23 An inVestigation of the levels of lysine methylation of histones

H3 & H4 from bovine brain tissue of different ages

Brain tissue was obtained from freshly slaughtered animals of ox and foetal calf.
The tissue was then washed with cold saline and gently homogenised in buffered
sucrose. Nuclei were obtained as described in materials and methods. These
nuclei were then separated into crude preparations of neuronal and glial nuclei by
differential sucrose centrifugation. From this point onwards the procedure for
isolation of histones and analysis of histone methyl lysine content was the same as
that used for all other samples. Amino acid analysis was performed once per

sample.
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Table5 Amino acid analysis results showing percentage

methylation of H3 and H4 from ox and foetal brain, neuronal and

glial cells.
TISSUE TYPE H3.1 H3.2/H3.3 H4
Neuronal Ox Brain 19.9 22.8 4.7
Glial Ox Brain 19.5 21.2 5.0
Neuronal Foetal Brain 21.1 194 5.4
Glial Foetal Brain 213 20.0 7.2
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2.3 DISCUSSION

2.3.1 Methyl lysine content determination of histone H3 from

various mouse tissues

The histones were extracted as described, and the levels of lysine methylation
determined by amino acid analysis. Histone H3 was separated by HPLC into two
fractions. The first fraction contained variants H3.2 and H3.3, while the last
eluting fraction contained variant H3.1. Amino acid analysis was performed on
the two fractions and the results are shown in Tables 2 and 3 (pp. 21, 22 and 23).
From the tables it is evident that the percentage of histone lysine methylation of
H3.1 variant is 7.2% in rapidly dividing MEL cells and increases to 15.0%, 19.2%
and 17.9% in spleen, liver and brain tissue respectively. The difference in the
percentage methylation between MEL cells and other tissues is more pronounced
in the fraction containing variants H3.2/H3.3. In this case it increases
progressively from 12.2% to 15.3%, 22.0% and 23.9% in MEL, spleen, liver and
brain tissue respectively. In both cases the percentage methylation in MEL H3
histone variants is less than half of that found in brain. MEL tissue differs from

all other tissues investigated in its rapid growth rate.

The distribution of mouse histone variants in various tissues has been investigated
in great detail by Zweidler. The sdmatic variants are divided into four main
groups. The two categories that are of interest here are the replication
independent variants and the strictly replication dependent variants. The
replication independent variants e.g. H3.3, are continually expressed at a low rate
even in non-dividing cells. They tend to accumulate in differentiated cells as a
function of time. The strictly replication dependent variants, e.g. H3.1 and H3.2,
are induced at the beginning and repressed at the end of DNA synthesis, which
occurs in S-phase (Zweidler, 1984).
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The H3 histone variants H3.1 and H3.2 have identical amino acid sequences
except that in H3.2 there is a serine at position 96 instead of a cysteine. Variant
H3.3 has the same sequence as H3.2 with a substitution of Ile-Gly at positions 89-
90 by Val-Met (Franklin and Zweidler, 1977), changing it to the more
hydrophobic variant (see table 6, which gives a summary of the sequence

differences of H3 variants in the mouse).

Table 6 The sequence differences of H3 variants in the mouse.

The rest of the sequences are the same.

VARIANT Positions 89, 90, 96
H3.1 VigMgoCos
H3.2 VoMg0S96
H3.3 Is9GooSes

The triton gel in figure 5 shows the variants of H3 that were chromatographically
separated by HPLC. Interestingly the H3.3 variant is not present in the MEL cells
(lane 3). It has been well documented by Zweidler and colleagues (Histone
Genes, 1984) that there is a change in expression of histone variants with age in
the mouse liver. Specifically, with H3 there is an increase in the amount of H3.3
and a decrease in the amount of H3.2 that is present in the liver as a function of
age. This change in levels of variants is thought to be related to the levels of
mitosis, with the increase in the H3.3 variant being correlated with increasing age
and a decreasing rate of cell division; i.e. H3.3 variant is independent of
replication. MEL cells are immature cells that have a high rate of replication,
which explains the absence of the H3.3 variant. The results show that the
replication independent variants accumulate as tissues mature, for example in the

brain.
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Table 7 gives the relative amounts of each of the H3 variants present in each
tissue type, as determined from the peak heights of HPLC profiles (figure 3). In
MEL cells the predominant variant is H3.2, which represents 82% of the total.
There is no H3.3 variant present, consistent with the high rate of cell growth.
There is also a progressive decrease in the amount of H3.1 and H3.2 variants that
are present in MEL, liver and brain tissues respectively and a parallel increase in
the H3.3 variant. In liver, H3.2 comprises only 45% of the total with a
concomitant increase in the H3.3 variant to 39 %. There is a further increase in
the amount of H3.3 to 48% in the brain. This indicates that the brain tissue should
be the oldest with low levels of mitotic activity. In all three tissues studied here
the methyl lysine content of the H3.2/H3.3 variants was found to be higher than
that of the H3.1 variant. The increase of the H3.3 variant in liver and brain tissue
may suggest that increasing methyl lysine content of H3.2/H3.3 could play a role
in inhibiting the mitotic cycle of these cells. This may be a general event that
proceeds as a function of time consolidating inactive chromatin into a permanent

repressed state.

Table 7 Relative amounts of H3 variants present in different

tissues as determined by heights of HPLC peaks.

H3.1 H3.2 H3.3
MEL 18 82 0
Liver 16 45 39
Brain 12 40 48

From figure 3 it is apparent that H3.3 elutes later than H3.2 even though,
unmodified, it is the less hydrophobic of the two (see table 6). This difference in
the elution could be due to increased levels of methylation, as the addition of
methyl groups increases hydrophobicity. Both H3.2 and H3.3 elute before H3.1,

which is therefore the most hydrophobic. The difference in the levels of histone
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lysine methylation that is observed in the H3.3/H3.2 variant suggest that these
variant/s may be located in different environments to that of the H3.1 variant. It is
possible the H3.3 variant is in a region that is more accessible to histone lysine

methyl transferases.

The heights of the HPLC peaks of H3 were used as ratios for the determination of
the total percentage methyl lysine that is present in each tissue (i.e. that of H3.1,
H3.2 and H3.3 together). This is shown in the table below.

Table 8 Total methyl lysine content in all H3 variants and the
percentage variation of lysine methylation between H3.1 and
H3.2/H3.3 (Refer to tables 2a and 2b).

Tissue Type % Total H3 Methylation | Diff. in % Methylation
H3.1 - H3.2+H3.3

MEL 11.3 4.9
Spleen 15.2 03
Liver 21.6 2.8
Brain 234 6.0

Note 1: The %methylation is defined as the % of the total lysines residues per histone carrying one,
two or three methyl groups that is monomethyl-, dimethyl and trimethyl-lysine.

An interesting observation in figure 6a and 6b is that the levels of mono- and di-
methyllysine are more or less equal in MEL cell H3 histone whereas in liver and
brain histones the amount of dimethyllysine is much higher than that of the mono-

methyllysine.

There are a total of thirteen lysine residues in H3. Amino acid sequence analysis

of H3 histones revealed that 4 out of the 13 lysine residues are recipients of the
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methyl moiety. It is thus tempting to speculate that complete methylation of four
lysine residues would yield a maximum total methyl lysine content of
approximately 30%. The observed 23.4% methyl lysine content, determined in
the mouse brain (see table 8) therefore represents an 80% occupation of
methylation sites (i.e. of all the possible lysine residues that can be methylated).

The level of methylation of histone H3 in brain tissue is thus relatively high.

It has been shown (Lee and Duerre, 1974) that methylase activity is much greater
in liver and brain extracts from young animals than that from old animals. This is
consistent with the observation that methylation increases as cells mature.
Histones H3 and H4 isolated from brain tissue, which is fully differentiated, have
the highest levels of methylation and therefore should be poor substrates for the
methylase enzyme as most of the accessible methyl sites on the lysines are already
occupied. Histones H3 and H4 do not turn over in adult brain and this would

imply that the existing histones have to become progressively more methylated.

Duerre and Chakrabarty (1975) investigated the levels of methylation of histones
from various organs of the rat. They found that in all organs tested only H3 and
H4 were methylated. H4 was predominantly dimethylated and H3 was mono- di-
and trimethylated. They found that the ratio of &-N mono-, £-N di-, and &-N
trimethyl-lysine was in the approximate molar ratio of 0.55:1.0:0.35 and did not
differ significantly from organ to organ. Shown below are the ratios that were
found in the mouse liver and brain and MEL cell H3 variants, which can be

compared to those found by Duerre and Chakrabarty.

34




Chapter 2 The levels of H3 & H4 methylation in various tissues

Table 9 Distribution of the methylated lysine residues in

histone H3 variants isolated from various mouse cells

Tissue Type H3.1 H3.2/H3.3
MK DK TK ME DK TK
MEL 098 | 1.00 | 024 | 089 | 1.00 | 0.37
Liver 045 | 1.00 | 036 | 055 | 1.00 | 0.28
Brain 042 | 1.00 | 020 | 053 | 1.00 | 0.14

Values given are relative to dimethylated lysine (DK). MK and TK correspond to
the mono and trimethylated lysine derivative.

Table 10 Distribution of the various methylated Ilysine

derivatives in histone H3 isolated from various mouse tissues.

Tissue Type MK DK TK
MEL 0.41 044 0.13
Liver 0.27 0.55 0.18
Brain 0.29 0.61 0.10

Values given for the methylated lysine derivatives are expressed as
fraction of total methylated lysines present for all the H3 variants,

Average ratios of mono- di- and tri- methylated lysines in liver are essentially the
same as those found by Duerre and Chakrabarty (1975). In the brain however, the
ratio of TK is much lower (0.10) and in the MEL the MK ratio is much higher
than that found by Duerre and Chakrabarty, even though the total methylation

content of MEL is much lower than that of liver and brain.
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2.3.2 Methyl lysine content determination of histone H4 from

various mouse tissues

H4 is almost always methylated at residue 20 except in the pea and Tetrahymena,
where it is totally absent (van Holde, 1989, pg. 120). It has been suggested that
the methylation of H4 involves a different mechanism to that of H3 (Thomas er al
(1975), Sarnow et ai (1981), Duerre et al (1982)). It is also possible therefore that
methylation of H4 could have a different role to that of H3 methylation.

The methylation content of H4 was determined as described for H3 (table 3, pg.
23). Although only one methylation site has been reported in histone H4, results
shown here suggest that more than one site may exist. With only one of the
eleven lysines methylated, the maximum methylation that should be observed is
9.1%. Since 12.5% total methyl lysine content was found for the brain, it follows
that there are approximately 1.4 sites that are methylated out of a possible 11.
Although K20 is the only lysine on H4 that has been reported to be methylated, it
is possible that K16, which also occurs in the N-terminal region, could also be
methylated, as it is potentially accessible to methylases. However, this could not

be confirmed by protein sequencing since H4 is blocked at the N-terminal.

In every case studied the H4 was mostly dimethylated. A table of the moles per

mole of protein of €-N mono-, di- and trimethyllysine is shown in table 11.
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Table 11 Moles of e-N mono-: di-: tri-methyllysine per mole
histone H4

Tissue Type MK DK TK
MEL 0.1 0.7 0.0
Liver 0.1 0.7 0.1
Brain 0.2 1.0 0.2

The K16 to N25 region of the positively charged N-terminal tail of H4 makes
extensive contacts with the negatively charged dimer surface of H2A-H2B of a
neighbouring nucleosome (Luger et al, 1997). Salt bridges and hydrogen bonds
exist between the side chains at K16, R19, K20 and R23 of H4 that make six
contacts with H2A and one with H2B. In nucleosomes, methylation at K20 in H4
could disrupt or modify these contacts, thereby altering the interaction between

neighbouring nucleosomes.

2.3.3 Methyl lysine content of H3 from tissue culture cells

Histones were isolated from cells that were actively dividing as well as from cells
that had been induced to differentiate for four days with hemin. The methylation

content was determined as previously described.

The amino acid analysis results presented in table 4, show that in the H3.2/H3.3
variant the methyl lysine content increases when differentiation is induced. This
is not the case with the H3.1 variant where the levels of methylation remain
constant. As differentiation of the cells progresses, mitosis ceases rapidly and a
concomitant change in the proportions of the H3 variants occurs. H2A and H2B

variant changes occur much more rapidly (Grove and Zweidler, 1982).
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When MEL cells are induced to differentiate several changes occur. The
chromatin becomes condensed and the cells become smaller, which also suggests
a link between condensation and histone methylation. However there is also an
increase in transcription of certain genes in response to differentiation. For
example, transcription of the B™_globin gene increases 5 to 100 fold (Reddy and
Shen, 1993). There is also an increased synthesis of heme and various enzymes
required for erythropoiesis. This could be interpreted to mean that histone
methylation plays a role in transcriptional activation. The results of this
experiment do not allow a conclusion as to whether histone methylation is
involved in gene regulation or general packing of chromatin or both. During the
differentiation of the MEL cells the bulk of the chromatin is remodelled into
inactive heterochromatin and the more likely role of methylation is that it plays a
role in this condensation. Studies by Reboulleau and Shapiro (1983) on the
differentiation of MEL cells using circular dichroism (CD) spectra and thermal
denaturation have also indicated that the process of cell differentiation involves

several post synthetic modifications such as DNA and histone methylation.

The results presented here show that there is a correlation between the methyl
lysine content of the histones, the stage of differentiation and age of differentiated
tissue. Upon differentiation of rapidly dividing MEL cells the methyl lysine
content of histone H3 increases from +£12% to 15%. However the level of méthyl
lysine content in histones of differentiated MEL cells remains lower than that of
brain cells (mouse, ox and foetal brain). The MEL cells are rapidly dividing as
opposed to the low cell turnover in mouse liver and brain. If MEL cells were able
to last for a longer period of time after differentiation then it is postulated that the

levels of histone lysine methylation would increase even further over time.

Experiments on the MEL cells led to the interesting observation that the methyl
lysine content of histones is low during rapid growth. The methyl lysine content
increases substantially in other mouse tissues. This observation led to the question
of whether the low level of methylation is in fact typical for actively dividing

cells. Cells used for these experiments were a gift from Prof. N. Illing and at the
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time of the experiments had not been fully characterised. They are mouse
olfactory neuronal cells that grow at 33°C and cease to divide when transferred to
39°C due to the presence of a heat sensitive T antigen. Methyl lysine content of
histone H3 was determined from cells that were actively dividing at 33°C and
cells that had been growth inhibited at 39°C. Cells that were cultured at 33°C
were found to contain similar amounts of methyl-lysine when compared to MEL
cells (11.6% total methylation). In order to establish the progression of
methylation as a function of age the cells were kept at 39°C for one month. The
methyl lysine content of H3 histone had increased to 16.4%, as compared to
11.6% of rapidly dividing and recently growth arrested cells. Furthermore, when
the cells were transferred to 33°C, cell division and growth resumed. These cells
therefore retained their potential to divide although the histone H3 methylation
had increased to 16 %. It is speculated that the overall level of methylation in the
growing cells would decrease again to 11 %. Due to time constraints, and the
incomplete characterisation of these cells, it- was not possible to pursue these
experiments any further. However, it would indeed be interesting to establish the
levels of methyl lysine in histones from cells that had been growth arrested for
longer periods and its effect on cells growth upon re-incubation at 33°C. One
might speculate that the levels of histone lysine methylation would increase as the
time span of growth arrest increases and that at a critical level of histone

methylation, cell division would be retarded or permanently inhibited.

234 Methyl lysine content of histones H3 and H4 from ox and
foetal calf brain

Studies on the methylase activity of rat brain liver with ageing (Lee and Duerre,
1974) have shown that the levels of histone methylases and the ability of brain
histones to accept methyl groups decreases during development. This is
consistent with increased levels of histone methylation observed in more
differentiated tissues. Amino acid analysis of methyl lysine in mouse brain

histones, presented in section 2.2.1.2. (Pg. 19) was performed on animals of no
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specific age. Methylation of histones noted to be higher in brains of adult animals
than of juvenile ones prompted further analysis of lysine methylation content in

histones from brains of foetal calf and ox brain.

Brain cells can be separated into neuronal and glial enriched fractions by
differential sucrose gradients (Thompson, 1973). Crude preparations enriched in
neuronal and glial nuclei were prepared from both ox and foetal calf brain. Methyl
lysine content of histones H3 and H4, extracted from each of these preparations,

was determined by amino acid analysis.

Neuronal cells are responsible for transmitting signals between different regions
of the brain. There are many different types of neurones but the basic structural
feature of most neurones is similar. There is a large cell body, which receives
signals from fibre-like extensions called dendrites. The axon extends from the cell
body and transmits the signal to synaptic receptors on the next cell. Neuronal
nuclei are much larger than glial nuclei and are rich in dispersed chromatin. RNA
synthesis in the neuronal nuclei is three times higher than in glial nuclei (Thomas

and Thompson, 1977).

The glial cells are the supporting cells of the nervous system. They do not
transmit impulses. There are 10 to 50 times more glial cells than neuronal cells.
These cells are responsible for the structural integrity of the nervous system. Glial
- cells are much smaller and denser and consist mainly of heterochromatin. One
type of glial cells called oligodendrocytes forms myelin sheaths that are

responsible for coating the neuronal cell axons (Campbell, 1990).

It has been shown that the in vitro acetylase activity in neuronal cells of the rat
brain is greater than that of glial nuclei (Sarkander et al, 1975). It has also been
shown that there are more extensive modifications (acetylation and
phosphorylation) in euchromatin (more dispersed) than in heterochromatin

(Allfrey, 1971).
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Once neuronal cells are differentiated, they do not divide. As cells stop dividing
the replication independent variants begin to accuomulate. The methylation of
these variants (H3.2/H3.3 fractions) was found to be higher than that of the
replication dependent variants (H3.1) (see table 5).

Amino acid analysis results presented in table 5, pg. 27, show no significant
difference between the levels of histone lysine methylation of neuronal and glial
cells. Therefore no correlation seems to exist between the levels of histone lysine
methylation and the levels of RNA synthesis and chromatin condensation in these
two cell types. There is also no difference between the levels of lysine
methylation of histone H3 isolated from foetal and ox brain and between H3.1 and
H5.2 /H3.3 fractions. It might be interesting to conduct more careful studies on
the levels of histone lysine methylation and the exact developmental stages of the

brain cell during gestation and during development.

Although there are no significance differences between the levels of histone lysine
methylation of the different cell types of the brain, the percentage of methylation
in brain cells in general is higher than that of rapidly dividing cells (e.g. MEL

cells).

These results concur with those of Duerre and Chakrabarty (1975) who found no
difference between the mole ratios of mono-, di- and trimethyllysine in H3 from
adult organs and those of young rats. However the percentage methylation of
lysines is generally the lowest in rapidly dividing tissue culture cells. On average
the percentage methyl-lysine in histone H3 from both the ox and the foetal calf

brain is 20%, which is slightly lower than that of the mouse brain and liver cells.

When neurones differentiate there is a pre-programmed sequence of gene
activations and repressions (Kuenzle et al, 1983). Non-histone chromosomal
proteins as well as histones are thought to be involved in this process. At some

stage during the development of neurones there is a point where cells can no
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longer divide. There are two events that occur during the development of
neurones. The first is the commitment of continuously proliferating, multipotent
stem cells to potential neuronal cells. The second is the conversion of committed
precursor cells into non-dividing terminally differentiated neuroblasts (Kuenzle et

al, 1983).

In rat, for example, stem cells of cortex neurones that are committed to
differentiation start to lose their capacity to divide and migrate to the periphery of
the hemispheres of the brain. The ability to divide is only effectively stopped after
birth. Differentiation however, begins as soon as the cells have migrated to their
relevant locations. Could there be a correlation between either of these two events
i.e. differentiation or cessation of cell division and histone methylation? The
development of rat cerebellar neurones occurs from rapidly dividing precursor
cells. This proliferation occurs from late foetal stages to 20 days postnatal
(Kuenzle et al, 1983). Migration to the cortex occurs three days after birth, with a
maximum at day 7 after birth. Two to three days after the cells have reached their
destination they begin to differentiate. The rate of methylation of histones of rat
brain increases for the first few days after birth (Lee and Duerre, 1974).
Approximately 11 days after birth this rate decreases progressively throughout the
life of the animal. This change in the rates of histone methylation corresponds
with the start of terminal differentiation of the cerebellar neurones of the rat brain.
Differentiation of the cortex neurones begins to occur a few days after birth.
There is therefore a correlation between cessation of mitosis at birth and histone
methylation. The rate of methylation of histones seems to depend on age. After
birth the rate of histone methylation is high. This occurs at the same time as the

brain cells are ceasing to divide (Kuenzle et al, 1983).

It is possible that histone methylation may be involved in both cessation of mitosis
and neuronal differentiation. Once cells have been earmarked and are committed
to differentiate methylation increases and the cells stop dividing. This coincides

with the arrival of the pre-neuronal cells at their destination. The rate of histone
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methylation then begins to decrease with differentiation but the levels of histone
methylation continue to increase. It is postulated therefore that as histone
methylation progresses there comes a critical stage, when the histones are fully
methylated, and at this point the cells can no longer divide. The methylation of the

histone tails induces a progressive compaction of chromatin.
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24 SUMMARY OF RESULTS

The most interesting observations of amino acid analysis are summarised as

follows:

e There is a general increase in the total histone lysine methylation in histones
H3 and H4 from MEL to liver to brain that correlates with a decrease in the

replicative ability of these cells.

o Dimethyl-lysine is the predominated lysine derivative in histone H4 isolated
from MEL cells (induced and uninduced), mouse spleen, liver and brain, ox
and foetal calf brain. The mono- and trimethylated derivative occurs in relative

small amounts (see figure 6c¢).

e Superimposed on a progressive increase in the levels of lysine methylation in
MEL, liver and brain histones, there is a progressive increase in relative
amounts of dimethyl-lysine- (see figure 6 and table 9 and 10) and small

increase in the levels of trimethyl lysine.

o MEL and OP4 tissue culture cells (cancer cells) were found to have the lowest
level of lysine methylation for both histone H3 and H4. The levels of mono-
and dimethyllysine were roughly the same in histones from these cells (see
figure 6b and table 2 and 3).
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3 AN INVESTIGATION INTO THE
INCORPORATION OF RADIOACTIVE METHYL
GROUPS INTO HISTONES OF NUCLEI FROM
ACTIVELY DIVIDING AND DIHTERENTIATED
MEL CELLS

3.1 SUMMARY

Logarithmically growing MEE. cells were induced o differentiate with hemin lor
0, T and 4 days. Nuclel were isolated tfrom the cells and pulse labelled with 5-
mianuﬁyl-I.—m::thic;nin::—n‘lcthyl—'*lL Incorporation of radicactivity inle cach
histone was measured. I1 was found that H2B, H2A and H1 were not significantly
methylated while H3 and H4 were.  H3 had the highest incorporation of
rahioactivity,  The rate of methylation of H3 and Hd was found to be conslan
between day O und | and then decreascd woapproximately halt the original rate
between day | and day 4. Histone H3 remained the predominant acceptor of

miethyl groups at all times.
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%, RESULTS

In order to measure the rate of incovporation of methylued groups into lysine
residues, nucler were isolaed rom MEL cells which had been induced 1o
differentiate with hermin for (0, | and 4 days. Histones were labelled by incubating
the isolated nuele with S-adenosyl-L-methionine-methyl="11 for one kour ul 37°C,
The reuction was terrmnated by addition of SDS sample apphcanon buller and
boiling for one winme,  The nuclear proteins were then separated on a 5DS
pulyvacrylamude gel and stained with Coomasste Brifliant Blue. The protem bancds
were guantitated by densitometric scanning vsing a Hocler gel-scanner and the
supplied software. Each band was then excised from the gel. cat into pieces and
soaked in water. SDS was added and the mixtre was then meubated at 35°C for
12 hours.  Scintillation Ouid was added o the preparation, wluch was then
counled for one minute o a Beckman Liguid Seintillation Counter as counts were
decmed sufficiently larec and the error acceptably low for this length of time.
Results are tabulated in tables 11 and 12, Specific activity was delermined as

disintegrations per minute (dpm} per unit area as dotermined by densitometric
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Figure 9 A typical Coomassie stained SDS PAGE gcl

showing histones of radiolabelled MEL cell nuvclei.  Nuclei
isolated from MEL cells induced with hemin for (W1 and 4 days
were incubated with S-adenosyl-L-methionine-methyl-"H, After
one hour the reaction was terminated and the noelel run on a SDS
PAGE gel. Lanel Call Thymus Standard, lane 2-nothing, lanes 3-

6 - labelled MEL cell noclei (induced with hemin for 4 days).
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Figurc 10 A typical densitometric scan of SDS PAGE gel of
histones isolated from labelled MEL nuclei. The areas of the
peaks were used (o determine the relative amounts of histones in
cach sample. This together with the radioactive counts was used
to determine the specific activity of the histones from cach of the
samples.

Densitomelric analysis of gels. stained with Coomassie Blue, was performed on

every lane of each gel. A typical profile is shown in figure 10, Densitometric

guantilication showed that the relative amounts of histones remained constant.
A source of error lor this experiment could ocour during the process of excising

{hapter 3 Incorporation of radivactivity inle MEL cclls
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the bands cuc of the gel. H2B and H3 run very close together making it ditficult
Lo cul themn out separatety.  This problem is however eliminated by running the

gels for 4 longer period and by the fact that H2B and H2ZA are very litde

wis i Lhe region berween 2% and 2% and was deemed satsfactory for the

i
methylated. Each determunation was performed in duplicate. The reproducibility
48
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purposes of this experiment, Other possible sources of error in the experiment airc
due to the staining and destaining of the gel and the densitometric scanning.
Reproducihility of the densitometric scanning and  gaussian analysis  was
determined by scanning each lane twice, Error in reproducibility was found 1o be

hetween 5% and 8%,
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Table 12 Incorporation of radioactive methyl groups into
histones H1, 112A and H2B from nuoclei isolated from cells
growing logarithmically (Log cells), and cells induced with hemin
for 1 and 4 davs (Hemin 1 day and Hemin 4 days respectively).

Specific activity is calenlated as radioactive counts (dpm) per unit

dItel.
[ |
HI | H2XB o M2A
Log cells
Arcu {rau) [Er5fH 3645 ! 2744
Dpm 3430 ST25 1| 1337
Specific Activily |8 | .6 .35
1

Hemin 1 day
Areda (rau) 1831 5842 4513
LIpm 5445 3264 il
Specific Acuvity 29 0.6 0.2
Hemin 4 days
Area (rau) ' 2036 2043 1734

: [Ipim [d&4d I TG4 h{d]
Specitic Achvily 0.y | S £l

Note: The arcas are relative area units (rau) as determined by the
densitometric software (HoefTer). Specific activity is the ratio

between the radioactive count (dpm) and the arca (rau).
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Table 13 Incorporation of radivactive methyl groups into
histones H3 and H4 from nuclei isolated from cells growing
logarithmically (Log cells), and cells induced with hemin for |
and 4 days (Hemin 1 day and Hemin 4 days respectively).

Specific activity is calculated as radioactive counts (dpm) per unit

areu.
H3 IT4 _

! Lo cells

! Prak Area (rau} 2440 3250

I Dpm 118 560 24 815
Spectiic Activity 48.6 76
.Hemiu 1 dayv
Peak Areu (rau) 3950 4996
D 186959 53334
Specilic Aetivity 45.0 1.7
Hemin 4 days |
Pealk Area (rau) bah | 1853
Dipim 24123 5654
Specilic Activity 25.2 3.

Note: The areas are relative arca units (rau) as determined by the
densitometric software (Hoeffer)., Specific activity is the ratio

between the radioactive count (dpm}) and the area (rau).
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3.3 [Mscussion

MNuclel, solated from MEL cells that hid been induced with hemin for O, 1 and 4
days, were pubsed labelled with S-adenosyl-l -methionime methyl-'H for 1 hour.
Specific activity of the radicactive incorporation intg each histone was catculated

as deseribed in materials and methods and is sumimarised 0 table 14,

Table 14 Specific Activity of the incorporated radioactive
methyl lysine into MEL histones. (a summary of tables 12 and 13,

showing specific activity only).

! Davs of induction H ] HXA H2EB H3 H4
' 0 1.8 (.5 1.6 4R 6 76
] 2.9 (.2 0.6 480 BT
4 (.7 4 {4 252 31

Ax nuelel and not whole cells were used for the expertnent, it can be assumed thal
nir new synthesis of histones oceurred during Jabelling, as histones are synthesised
inn the eytoplasm and then mansported to the nueleus where they become deposiled
onwy the chromatine The meomporanion measured  therelore  represents  the

mocification of existung histones that are complexed inio nucleosames.

The enzyvime respomsible for methyiation of histones (methylase I (Paik and Kim.
1070 and 19713 is located in the nucleus and is tightly bound to the chromatin
iAnielto er af, 1989). The enzyme specifically methylales Iysine residues. he
growth of the MEL cells was monitored after induction with henun and s shown
in tigure 11 From the growth curve 11w apparent that cells doubled twice in the
Aeat day. giving i doubling time of 12 1o {4 hours.  Afier mduction the growth
begins to decrease and reach a stalionary phase on the third day. followed by u

decrease in cell numbers due 10 cell death (figs 1ladh).

Lh
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Figure 11a Growth of MEL ccells in log phase and after

addition of hemin. Cell density was monilored each day by

counting on a hemocytometer.
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Figure 11b Growth of MEL cells after hemin addition. The
arrow indicates the time of hemin addition. This figure is a

reproduction of figure |1a in which the Y-axis as been magnified.

The ncorporation of radicacitve methy] groups {le. S-adenosyl-F-methionine-
melh}fl—ﬂH} into histones 1H2B, H2ZA and HI ways found o be very low compared

to thal of H3 and H4. The specific activites of 2B, 112A and HI prior o
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addition of hemun, for example, were 005, 1.6 and 1.8 respectively, while those of
H3 and H4 were 48.6 and 7.6 respectively (see table 14, HI1 shows an increased
icorporation alter ome day of indoection, with an increase n specific activity {tom
1.5 10 2.9, This indicates a low level of methylation of this histone. There have
heeti wepotts of F11 from lower organisms being methylated on Iyvsine esidues

(Jerzmanowskl and Maleszewski, 1955 and Frosl et al, 1985

The incorporation of radicactive methy! groups into histone H3 was much higher
than that of the ather hislones. On day 0 and day | atter heoun induction. the
specific activity of H3 was 48,6 and 48.0 respechively while the next highest

activity recorded wasg for histones H4 with v value of 107,

The specific activity of H3 emains al a high level between day O and 1 afler
indoction. This may parily be attributed o celf growth and nmicthylation of newly
synthesised hislones.  The benzidine-staining test revealed the presence of
bemoglobin after day 1, indicating cell differentiation mlo hemaglobim producing
cells, Four days after beymin addition, the vate of histone H3 methylation decreased
to approxiriitely hall the winal values. A graphic representation of the specific

actvily al all hastones, monitorcd over the four days, s shown in figure 12,

Specific Activity (counts/Area’

0 ! ;- 3 4
JT‘ e (Uays)
Figure 12 Graphic representation of the incorporation of

radioactive methyl groups into histones from MEL cells growing
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in log phase, and induced with hemin for one and four days, The

arrow indicates the time of hemin addition (refer to table 14).

The incorporution of radicactive methyl groups into histone H4 was found to be
approximately 6 rimes lower than that of 113 on day €. and 4.5 timnes lower on day
1. There is 4 slight increase in the incorporation of radioacuvity info 14 from 7.6
to 107, one after day of hemun addition, whercas that of 13 remans
approximately the same (£48). Vhe rate decreases to 3.1 for H4 and 25.2 for H3
on the fourth day after hemin addition. Since there is only one known site of
methylation on H4 und two 1o four possible sites on H3, difference in the speetfic

ACUvity were expected.

The observed decreuse in the rate of methviation could be either due 1o the
deerense in the availability of methylation sdes andfor a decrease in enzyme
acrivity.  The latter possibility could be investigated by repeating the experiment
with addition of exogenous histones, It is also possible that the chromatin matures
in some way after replication, reducing accessinhty of the histone 1o the
methylating enzvime A third possibility 1s that the decrease in the incorporation
of methyl groups is due 1o a removal of incorporated methyl residues. This 1s
however unlikely as the half-tife of the histone 13 and that of methyt groups arc

very simikar ¢ ),

I.ee and Duerre { 1974) performed a similar experiment to the one presented here,
on old and young rul brains. They monitored incorporation of activily inio
histones from old and young ral brain and found thar methylase aclivily increased
during the first fow days after birth and then decreased progressively throughout
the Tife of the rat, Activity of methylase (rom the brains of old rats wus sull lower
than that of the methylase from younger brains, even after using histones from the
young hrain as a substrate. The results of this experiment indicate that it is likely
that the decreased incorporation of radivactive methyl groups observed here could
be due 1o decreased levels or activity of the ensyme. which is unaffecied by

subsirale concentralion,
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Analysis of the total methyl Tysine content of histones H3 and H4, presented in
chapter 2, has shown that there 15 an increase in the levels of histone lysine
methylation when MEL cells are induced Lo differentiate. One can thus conclude
that the reduction in the rate of methylation as a function of time could be due a
deercase the availabality of methylation sites as well as a reduction enzyniatic
activity, The rate of histone H3 methylanon 18 maintained after one day of
tnduction and then decreases but continues at a higher rate than that of the other
histones after four davs of induction. Methylation therefore continues after DNA
replication has stopped. This 1s in agreement with mmvestigations by others,

meluding Tidwet] e @f (19268) and Borun ef al {1972).
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4 AN INVESTIGATION OF THE EFFECT OF
HISTONE METHYLATION ON THERMAL
DENATURATION OF NUCLEOSOMES AND
CHROMATIN

4.1 SUMMARY

Amino acid unalvsis results have shown that MEL, liver und brain cells have
different levels of histone methylation. Thermal stability studics were vsed to
investigate  the functiopal significance of the different. Jevels of histone
methylation found n these tissues.  This was done by melting core particles,
isolated trom mouse brain and liver and MEL cell chromatin. The core parlicles
were abluined by digesting the ehromatin with Mnase,  The core porticles were
purified by sucrose gradient fractionatton. The purified core parricles were used
for UV thermal denatration studies. Addiliopal thermal depaturation studies
were pertormed on soluble chromatin isolated from the same  samples
Differential scanning calorimetric experiments were performed on nuclel from the
same tissues (noan altempl o reveal chromatin stabibity due to the methylation of

histearies,
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4.2 RESULTS

4.2.1 UV thermal denaturation ol core particles isolated from

mouse liver and MEL cell chromatin

Core particles were prepared [rom nuclen, which were 1solaled as previously, The
nuclet were brielly Mnase digested to obtamn soluble. long chromatin, which was
extracted n (6 M NaCl to remove HI and puritied on a 5-20% sucrose gradient.
Aller extensive dialyvsis i 5 mM NaCl, 0.1 mM EDTA, 10 mM TRIS-HCL, pH
7.5, 4 trial Mnase digest was performed to determine the optimum digestion time
to abtain the cores.  The bulk digestivn was then performed and the reaciion
terminated by addition of EDTA. The core particles were purified on a second 35-
2006 sucrose gradient. 'The punfied core particles were then dialysed exlensively
apainst 3 mM NaCl, 0.1 mM EDTA, 10 mM TRIS-HCI, pll 7.5 A 6%
acrylamide DNA pel of the purified core particles confivmed DNA Tength al 146

huse pairs (see figure 13).

Purilicd core particles were heated from 25°C-100°C m a Pye Unicam

spectrophotometer equipped {or heating the sample cell.
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Figure 14 Thermal melting profiles of liver and MEL core
particles. H1 depleted chromatin isolated from mouse from liver
and MEL cells was digested with Mnase and purified on a sucrose
gradient (o produce the core particles. These particles were
melted [rom 257°C (o 100°C and the abhsorbance measured at
260nm  in SmM NaCl 0.1mM EDTA 1mm cuacodylate. The first

derivalive of cach sample is shown as a function of temperature.

4.2.2 Thermal denaturation of MEL cell, mouse liver and mouse

hrain chromatin

Soluble chromatin was isolaled from mouse liver and brain as well as tfrom MEL
cells as deseribed in materials and methods. Purified nuclei were briefly digested
with Mpase and chromatin extracted in 0.6 M NaCl. Soluble chrometin was
purificd on a sucrose gradient and then extensively dialvsed against 5 mM NaCl,
0.1 mM EDTA, | mM cacodylate. Chromatin was melted. as previously, in a Pye

L nicam spectrophotometer with an attached heating cell,




Chapter 4 The effect of methylation vn thermal denaturation

t2

il
N
fJ'I
o
-1

Figure 15 20% SDS gel io show intact histones from MEL
cell, mouse liver and mouse brain chromatin samples used for
melting. Lanes 1-2, MEL; lunes 3-4, liver; lanes 5-6 brain; lanc 7,

chicken total histone standard
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Figure 16 The first derivative melting profile of HI1-
depleted MEL cell soluble chromatin in SmM NaCl, 0,.1mM
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Figure 17 The first derivative melting profile of HI-
depleted soluble chromatin from mouse liver in SmM NaCl,

(L1mM EDTUA lmm cacodylate (I and 1 are the transitions as

discussed in the text).

64



Chapter A The eifeel of methylation on thermal denaturation

dA 260 o) dL 0
ka2
ke
b
;
i

-2 i ) 40 S0 i) 7 8 9t) 1K)
Termpenlune: {72

Figure 18 The fivst derivative melting profile of HI-
depleted soluble chromatin from mouse brain in SmM NaCl,
0. 1mM EDTA 1mm cacedvlate (I and Il are the transitions as

discussed in the text).
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4.2.3 Calorimetry of MEL cell and mouse hrain nuaclei

Thermat denaturution experiments were performed on soluble chromatin from
MEL cell and mense brain noclei. It is posstble that isolation of soluble
chromatin conld select for a certain population of the chrompaun and thus give a
bigsed result,  Also, isolation procedures for this sub-section of the population
could possibly have nfiuenced the high order steuctore and sclected against
niediftcations. While these experiments are useful at a lower level of chromatin
organisation, it would be informative 1o investigate thermal denaturation of
chromatin in its nalive state m intact nuelel.  Differential scanning calorimetry
(calorimetry) can be performed on epaque samples, und was therefore performed
on whole, purified nuelei. Calorimetry of whole nuclei can be used to show the

thermodynamic transitions of chromatin structures {Touchette and Cole, 1J85),

Table 15 Transition temperatures in “C from calorimetry

of MEL and hrain naclei (see figures 20 and 21)

Tissue 1 1 I IV Y
NEL 34°C HRC A LIS - 7l
Brain 5% 7TC B2°C §3°C 95°C |
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Figurc 21 Differential Scanning Calorimetry of purificd
mounse brain nuclei. Heat absorption is shown as a function of
temperature in “C. -V indicates the transitions as discussed in

the text.

4.3 DISCUSSION
4.3.1 Melting of core particles isolated from meouse liver and MEL
cells

Anmino acid analysis, which was usad to determine the =-N-mino-, di- and
irtmethyilysine content of histones 113 and 104 (chapter 2), showed that the levels
of methy| lysine in histones (rom mouse cevthrolenkemia (MEL) cells differs from
that of mouse liver and mouse hran histones. MEL cells have low levels ol
histone methylation (£12% ) whereas liver and brain cells have much higher levels

{£20-25%), (tablc 3, pg. 23).

I'he thermal denaturation of the DNA complexed with histones into core particles
was studied to determine whether histone lysine methylation contributes 1o the
stability of the DNA of the core particle, Thermal denatugation of DNA in solution
measures the shift in absorbance of wloravicler Jight at 260 am 0 response to
heatitig. The purine and pyrimidine rings of the DNA bases absarb light strongly
around 260 nm. In native DNA these bases are in close association (stacking) and
the absorbance of light is Jess than the when the DNA strands are dissocialed.
Increasing the temperature resulls in u co-operative unstacking of these bases from
helix o random coil and causes a hyperchromic shift in the absorbance of
ultraviolet light.  The double belix is held together until it is on the verge of
mstabolity and then dissociates (melts) over 4 very narrow temperatline runge

(Matthews and van Holde, 1990), This transition is refeered 1o as melioyg There
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are various faciers that may affect this transiwon., for instance the associaltion of
the TINA with prateins of the base ..ﬂlll]lﬂallinl] ol the IDNA. This technigoe is
suitable o analyse conformational transitions of DNA, as well as any influence

miethyl lysine may have on the stability of the IDNA,

Core particles, contasing no HI, were isplated from mouse liver and MEI
tissucs. which contain histones that are methvlated to ditferent levels. Thermal
denaturation of these core particles {first dervative) 1s shown in higure 14, Naked
DNA 1solated from the core particles served as a contrel. The Tm for naked DNA
s 69°C and viclds & symmelrical (runsition. The Tm of core particles lies al a
higher teimperature than thal of the paked DNAL This shows that the histones of
the core particle stablise the DNA double hehix, The dertvative curves of both
core particle preparations are asvinmetric and show a low melting component,
There is no difference in the melting of the core particles isolated from MEL cells
or mouse lver. The different levels of lstone Iysine methylation of these core
particles apparently do not contribute 1o the stability of the DNA of the core

particle T'::_'J.r:: 14).

Studies of the thermal denaruration of chicken core particles by Weischer et al
(1078) showed that the meltng of core particles 15 biphasic, with 1wo disnnet
transitions, In the denaturations presented here, the first transiteon appears 1o have
merged with that of the sccond transition, Weischer er @ showed thul the
differcnce in T'm of the two transitions of the core particle denaturation decreascs
as the jonic strength ot the melting buffer is increased. These observations were
confirmed for the denaturation of the MEL and mouse liver core partucles. TRIS,
cven in low concenmahions (10 mM), was found o increase the melting
temperature of naoked DNA. Hence TRIS buflers are unsuitable and all further
experiments were done in the ahsence of TRIS. However, due 1y no observihle
difference in denaturation of core parlicles isolaled [rm MEL and mouse liver, as
well as the tails not contributing 1o the stability of the core particle (discussed

later) these thermal denaturalion experiments were nol repeated,

&L
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Interestingly another thermal denaturation was performed on samples of core
particles isolated from both MEL and hiver cells in which the histones had been
partially degraded by protealysis.  The meling profiles of the core particles
contaioing undegraded histones was found o be similar to that of degraded core
particles (data not shown). As Lhe histone tails are the first to undergo proteolysis.
it is possible that in these samples the basic conlormation of the core particle was
still mnlael even alter mild protecolysis had occurred. This is further evidence tha
the tails are not involved in the stability ol the core particle and are thercfore not
involved in protein-DNA intcractions within the core particle (protein-protein
mieractions between oeighbouring nueleosomes have been demonstrated (Luger er

al, 19971).

A model that s derived rom electron microscopic studies by Poon and Scligy
{19801 suggests that as the temperature increases the DNA core ends mell first
giving rise to the [rst hyperchrommie shaft. - The final transioon, occurrng at

=807, is due to the complele meling of DNA ulter prodemn denaturaion.

Thermal denaturation of core particles with different levels of lustone  tail
methylation are not expected to influence core particle stabilily and hence
hyperchromicity, "Lhis is because the histone Lails extend from the core purlicle,
and are not atlached to the DNA of the pwticle (as shown by the melting of

protealysed core parlicles).

In summary. comparisons of the melting curves of mouse liver and MEL core
particles demonstrate that the methylation of 113 and 114 histone lails has oo
noticeable eifect on the stability of the DNA of the core particle and therefore on
the interaction of the tails with the core particle. As the melung wus unuffecled by
mild degradation of the histones, one would not expect methylation of these fails

to be of signilicance tn the stability of the DNA core particles,
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4.3.2 UV thermal denaturation of soluble chromatin isolated from

MEL cells, mounse liver and mouse brain

Soluble chronmating with HL removed, was solaled Tvom mouse lver and brain
tissue and MLUL cells. This chromatin was “melted” in @ butfer of 5 mM NaClL 0.1
mi EDTA, | M cacodylate.  Ar this ome strength chromatin depleted of 101
adopts a cbeaded-stning” conformation and  shows  the typieal  nuclensame
characleristic of a regular zigzag pattern (Van tHolde, [1980h, A higher ome
sirengths {1.e. 200 mM - 100 mM), chromatin thar is depleted of 111 agprepates
whoreas at much lower ionic strengths (<5 mb) the stnipped chromatin loses most

of its strociure and forms iegular thick fibres (Thoma et af. 1979,

111 makes comtacts wath the core histones, inctuding H2A and 3. and s known to
be invalved in the condensation of chromatin, - AL the jonic conditions that are
used liere chromatin containing HI s more tightly condensed, and the Jinker DNA
15 associated with T Melting done on Hi-depleted (stripped) chromatin would
eliminite any heterogeneity batween samples and was pursued, The purpose of
this cxperiment was to deternine whether histone lysine methylation would
influsnce nteractions between neighbouring micleosomes in the nucleosome

chain.

Condensation of chromatin invelves the 1ails of the histones {Allan er 2f, 19823, If
methylation plaved a rele in chromatin condensation or higher order stucture, it
woulil most probabhly be a subtle one. involving weak interactions. Other
molecules that are net present in the punfied chromatin fractions used i the
thermal stability expenments could mediate such nteractions. It 15 well known
that acctylation has a more pronounced effect on the charged stae of |ysine
residucs in the histones and their invelvement in transeription is well decumented.
It 15 conceivable that the rreversible methylation of lysine residoe will prevem
acetylation of the relevant histones and in this indircet way flucnee transcription.

Methylation may thus not translale inlo a pronounced physical dilference in the
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purified chromatin,  Although highly acctylated chromatin has been found to be
assuciated with transcriptionally active chromatin {Hebbes er af, 1988, it s not a

pre-requisite lor transcoipiion.

The fiest dervative of the melung ot the chromatin from MEL and mouse brain
chirormatin is shown in figures 16 and 18 respectively.  An overlay of the two s
shown o ligare 19, Both samples show two distinet transitions. in agrecment
with results of Weisehel et of Tor chicken erythrocyte care particles ([978). In
both cases the sharp first transition (1) is clearly distingmshable from that of the
second {IT). The peak of the derivative of the first transition oceurs at 74°C tor the
brain and 73°C for the MEIL., The peak of the derivative ol the second transition
eeeurs at approximately the same lermperature for both MEL and brain chromatin
(85707, Lssentially there is no difference in the melnng of the MEL and brain
chromatin. The melting profile for fiver chromatin shows a similar patiem 1o that

of the MLEL and mouse brain chromatin except that the first transition is broader,

The first ransition of core particle denaturation can be attributed to the melting of
the ends of the DNA ol the core particle {Weischet ef of, 1978 and Poon and
Schigy, 19800, The unprotected regions of the DNA melt hrst, therelore 1 s
possible that the first transilion of the soluble chromatin shown bere is due o the
melting of the linker DNA between nucilcosomes and is not anymore stabilised by
LI, Remowal of HI from chromatin resalls in anoncrease in the carly melting sub
compourkds and hence shows peak broadening. This was shown by Richn and
Harrington (1987) in thermal denateration experiments of chromann from Hela

nuacler,

The second transition noted 15 most probably due 1o the denaturation of the DNA
aned protem ol the nucleosome as was shown to be the case when core particles

wore melled (Weischet ef af, 1978),
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if methylation influences higher order structure of chromatin then one mzht
expect that soluble chromatin could have a different level of methylation 1o that of
bulk chromatin because it represents a sub-population enriched in less tightly
packed and enzymatically  accessible  chromatin, However  preliminary
experimicnts indicated very [itle difference exist i histone incthylanion levels of
bulk and solubie chromatin (Brandr, W, .. personal communication). These
experiments are 1o be pursued at a later stuge. In this thesis no attempt was made
Ly differentiote  between the soluble and  bulk chromatin during  theenial

denaturation experimenls.

If the interaction of the tails wilh the neighbouring nucleosomes 18 weuk then it
will not be seen as a wansition in these experiments.  Uhe different levels of
histone methylation in the MEL and mouse brain showed no effect on thermal
stability of the DNA of the soluble chromatin preparations (figare 2. This
situation could arise if the chromalin 1s not cepresentative and a certain sub-
seetion was selecled dunng tsolaton. It could also mean that histone methylation
plavs no role in chromalin steucture or that the interaclions of the methylated tals
are oo weak to be detected betore the first iransition.  In order th investigate these
possihilities calomimetry was done on whole nuclei so thal a selection for one sub-

section of the chromatin s avorded,

4.33 Calorimetry of MEL cell and mouse brain nuclei

Dilferential scamiing calonimelry is a useful technigque (o study structural features
of chromatin sinee i does not require solubilization. Whole nuclei cun be tested
where chromalin is nanve.  This technigue was used to study the steuctural
features of chromatin from MEL cell and mouse brain nuelei. lsolation of
chromatin by Mnase digestion induces a nisk ol structural damage, whercas nuelo

represent the native structure of chromarin (Touchetle und Cole. 1985). Unlike
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thermal lenaturation  calorimetry  allows  transtions of all structures to be

toneored and not anly that of DNAL

In whole nuclei H1 is present in the chromatn,  Calovimetry of MEL cell and
mouse briin nuclel is shown in fgwres 20 and 21 respectively. In both cases there
are five transitions (numbered 1-V in the figaresy,  Transitions 1, L IV and WV
oceur at the same lemperatures in both cuses. Transition 1T occurs at a higher
temperature n the MEL cells. It occors at £77°C in the MEL nucler and at 68-

69707 10 the brain nuelel.

Companison of the calorimetry data o that of the UV thermal denaruranion data
reveal that the first. second and fifth transitions that occor inthe calorimetric scans
are characteristic of whole nuclei.  In soluble chromatin depleted of 11 these

transations (L 11 and IV) arc not present.

The calorimetric pratiles of MEL and mouse brain nuclel are similar. There is
however an increase in magnitude of the fifth wansition in mouse brain nuclei.
Whether this transition is linked 1o the higher levels of histone lysine methylation
prescit in brain nuclei cannot be satd for cerlain at this poinl. Many researchers
have postulated thal the upper transition that ocears when nuclel are melted is duc
1o a higher order structure of chiromatin. which is not present i soluble chromuatin.
Toucheue and Cole (1985) found four distinct transitions were present in Hel a
nuclet, occurring at approximately 55-60°C, 767C, 88°C and 1057C. In 1solated
chromatin, however, only two major transinons ocourred. at 72 and 85°C with
transilions | and IV being absent. They therefore suggest that transitions [ and TV
iare due 1o non chromosomal proteins or w some kind of higher onder soructore.
They further propose that their fourth transinon (Le. the gher one) 1§ a meusure
of the cell’s replication petential. Results on bath cell tvpes show the tpe WV
transition winch is much more pronounced in the brain cells and may reflect the
levwwer {or absent) cell replication rate of these cells. (Note: Giwrosio ef af (1992)

hypothesise thal since 1his ransition 1s disropted with either mechanicul shearing
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or nucleases that it 15 more likely o be an indication of the integrity of the

chromatin, than of the replication polential of a cell).

Further evidence that the transition YV is due to a higher order struclure of
chramatin is provided by Grartosio e wf {1992) who showed that the first three
trunsittons of chicken erythrocyte nuclei wre fairly reversible. bul that the fourth
trunsition 1s nol. This s consistent with the proposal that the fourth transition is
due to a super structured form of DNA, which is lost afler protein and/or DNA
denaturation and cannot be reconstituted to its original form, Cavazza et al (1991)
also show that the higher order sbructure of chromatin is destroyed at high
temperatures and that any shearing or digestion of the chromalin with Mnase

resulls in o loss of this proposed hagher order structure and the higher transitions

are transformed in to the lower ones,

Russo ef af {1993% have showed that transition ¥V is comverted 1o Iransition 1V
upen removal of H1 from the chromatin, Although their experiments were al
quite different conditions to those used here, they show that T can change the
thermal denaturation of the chromatin by removing the upper transition. It is
possible that the upper lransiion that 15 observed may be due to the presence of
H1 thal causes a condensation of the chromatin, cven though this can still occur in
the absence of H1 (Yuo ef al, 1991}, Selective trypsinisation of N-lerminal tails of
lthe corc histoncs has shown that these tails are also involved to a large extent in

this process (Russo ef af, 1995, Garcia-Ramirez ef af, 1942),

Note that although other researchers have f(ound differences in the number of
rransitions and/or Tm's that are observed, this could be attributed to differcnces in
mmstrumentation. in sample concentration and to the slower scanning rate, which 1s
tsed here (£1°C/mind, and gives a lower Tm (Glartesio ¢f of, 1992, found similar
resuilts using a slower scanmng rate), [n all the examples mentioned above il s
the upper transitiot that is referred 1o, which i the case of the MEL and mouse

[Frrain nuclei 15 transition Y.

...?5
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Transition 1V is most probably the same transition that eccurs during denaturation
of chromatin and 15 due 1o meling of the nucleosomes, as postuluted for core
particles and chromatin of the same samples (scctions 4.3.1 and 4.3.2). "the first
transition could be due to denaturation of the nuclear scalfold structure (Balb) er
al, 1989 or lamins (Giartosio e¢f al, 1992, who did calorimetry on whole nucle
from chicken ervthrocyles). Tt is possible that transitions 1T and/or T are due 1o
linkey DNA, which is seen as tansiton [ in the chromatin samples (figure 19).

This was proposcd to be the vase by Balb et al (1989 and Cavazen et af (1991,

Amalgamor and Cole (1989) found that trunsitions IT and TIT i Hel.a chromahin at
150 mM salt do not depend on the higher order structure of the chromatin because
they are unaffected by nucleuse digestion to mononuclecsomes. ‘they propose
that transition I which depends on the integrity of both DNA und histones.
represents the denaturation of core proteins of the nucleosome. Traasition 11 docs
not depend on Lhe prescrice of protein and represents the unstacking of buses of

the DN A,

In summary, results oblained from calorimetr.c studics of mouse brain and MEI
cell nuclei arc overall very similar. There is a difference in the upper tronsition
(V1, which is larger in brtin Ao in MEL nuclei. This upper transition 1s
postulated to he due the melting of a higher order structure of the chromutin I is
therefore pessible that in the brn nucler there is more chromatin in 1 condensed
state than there is in the MEL nuclei. At this stage it is uncertain whether this
could be due to the increased levels of histone lysine methylation that 1s observed

in the brain tissues.
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5 CONCLUSION

Fukaryotic cells contain large amounts of DNA. which holds all the genetic
information requited during the life cycle of an orgamsm. This DNA |s stored in a
compact form, nevertheless allowing complete uccess during cell division on the
onc hand and restricting access to a small fraction of the genome aflter cell
differentiation on the other. During tanseription only those genes invelved n
specific funclions are aceessed. involving only between 5% and 10% of a cell’s
DINA iMulthews and van Hotde, (990}, Histones are very closely associated with
the DNA and may thus be crucial role players in regulating sccess (o the LINA

durtng replication and (ranscription

A considerable amount of structural detl of the chromutn has been elucidared, in
which histones ploy a very umportant role. From the structural det ails it is apparent
that the busic histones tatls protrude from the nueleosomal structure and may thus
he involved in the higher order packaging of DNA. Postsynthetic modihications of
these “arms” could modulate the structure of the chromaun. The N~terminal ends
would be readily accessible 1o the varous enzymes. which fits the observation tht
acetylution and methylation occuts in these regions.  Experiments performed in
this investigation attempt to answer the question as (¢ what the signilicance of

histone methyvlation could be.

It was established that the level of methyvlation of the bulk of histones was Lhe
lowest in rapidly dividing cells. This Jevel increased in liver cells and was
maximal in brain cells. Results revealed that the methylation levels inereases after
cells ditfercntiate and stop dividing.  Quantitation of the methylated lysines in
fetal and adult bovine brain showed that the levels remaimed the same. The
methyl content in histones scems to correlate with the time that has elapsed since
the last mitotic evele.  This maturation of chromatin structure may  reflect
permanent pucking of chromutm, preventing replication of DNA und thus milosis.
In addion this matturation may alse give nisc o a permanent transcriptional

inactivation of genes not required by a specific celi, Onc might speculate that
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spurious gene expression of cell replication might be detrimental, especially for
brain cells that have o survive for many years. Expenments on e mouse
olcfactory cancer cells, containing a heat sensitive antigen showed that preventing
cell division (al 39°C) Tor a month increased the methyl content, from 10 1o 16 %
At this stage the cell had not fost the ability o divide it returned Lo nommal growth
conditions at 33°C. A longer period of cell growth inhibition and consequently
higher methylation of histones may prevent iesumption of wrowth. Due 1o lime

restrictions this cxperiment was not pertormed

It is possible then that methylation of lysine residues on mistones H3 and H4
reaches a threshold, above which no replication or access to inactive genes can he
pained. Above this threshold transeription and replication may he miated only in
exceptional circumstlances by the intervention of specific de-repressors. This may
resemble the methvlanon and inactivation of specific genes in DNA Pulse
lubelling cxperiments on transeriptionally active enriched genes from crythrocytes
(Hendzel and Davie. 1989) seemed 1o show that methyl groups were preferentially
incorporaled into the accompanymg mstones Moreover il was shown that the
acetvluted histones H3 and H4 were also preferentially muthyluled. Acetylation of
histones his been shown to he associated with active genes (Hebbes er al, 19881,
It is therefore postulated that scetylation and methylation of histones at their N-
terminal Lails may alicr the higher order chromatin structures and facilitate
transcription (Hendzel and Davie, 1989, These results seem 1o contradict the
hypothesis that methylation is imvolved in formation of permunently inactivated
chromatin. However this conclusion is hased on pulsc labelling experiments and
may refleet ondy localised and short-term events. The estimation of Lhe methyl
content of histones by amino acid analysis represents the composition ol the hulk

of chromatin.

In conclusion, results obtained scem to indicate that histone lysine methylation s
involved in the stability of chromatin and state of differentiation of cclls. As cells
become older the levels of histone lysine methylation increuse, unul a enitical

stuge is reached after which the hulk of chromatm is highly compacied and Lurly
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permanently intubited, This may also contribute to the inhilnon of the mitotic
eycle of the cell, The labelling experiments showed that even when celi growth
and DN A svathesis ceases, methylation continues al a high rate for some time and
then finally decreases, possibly due the fact that all accessible sues become
miethyiated or are tolded nto more compact structures,  Methvlation may aid the
compiction of chromatin and the levels requited may be sensitive to the
environment and the local composttion of the DNA. The expenments on the
influcnce of methylation on the nucleosomal structure revealed no difference in
DNA stabtlity and seem to confirm that the histonc tanls are not mvolved in
nucleosonie stability, Alternartvely methylation may cause only minor changes i
the physicul propertics of chromatin, which are nol revealed by experimental
measurements perfopmed. The calorimetric measurements on brain and MEL
(cancer) cells reveal differences, but the results are ditficult to imerpret duc to the
complex nature of @ nuclens.  However, the results do not contracdict the
postulated role of histone methylation, The elucidatton of the structural
significance  of histone methylation remains  a major chullengze 1n the

understanding of the structure and [unetion of chromatin.
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6 MATERIALS AND METHODS
6.1 AMINO ACID ANALYSIS

6.1.1 Cell culture

6.1.1.1 Growth conditions of MEL cells

Mouse Ervthroleukemia (MEL) cells, obtained from Highveld Biologicals, were
grown in suspension in RPMI-1640 medium (Highveld Biologicals) supplemented
with 20%% foetal call serum. Cells were grown n a hunudificd incubator

containing 5% €02 in uir ut a temperature of 37°C. Cells were maintained al d

density of 4-20 x 10% cells/ml,

6.1.1.2 Sterile conditions and procedures

All operations were carried out in a laminar flow hood and all glassware used was
rinsed thrice with sterile waler and then autoclaved.  All equipment used.

including pipetics and flasks. was sterile.

The mediun, which was made up in I1j.'|':151u-|1—1'1'ee, slerile waler, was ininally
Iiltered through a 0.45pm Whatmann filter and then through a 0.22pm filter unde:
nirogen gas pressure. Each time medium was made up a small aliquot was placed

in the incubator to cheek for coniamination and the rest was stored at 4°C

6.1.1.3 Trypan blue test for viable cells

Periodically a trvpan blue test was executed 1o test {or viable cells. Viable cells

have o clearly defined membrane and thus cannot take up the Irypan blue stain,

bl
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Membranes of non-viable or dead cells became permeahle to the dyve ind therelore

stain bluc.

nl.1.4 I’rocedure for feeezing MEL cells

Cells were pelletied by spinning at 1,000 rpm in a S834 rotor for five minutes.
washed with phosphate builered saline (PBS, see uppendix), und then resuspended
in RPMI-1640 at a cell density of 2-6 x 107 cells/ml. Dimethyl sulfoxide (DMSO}
was then added to a final concentration of 15 %. Cells were kept on ice for ten
minutes and then aliquotted into eryotubes. Cryolubes were then pluced on ice {or
4 further ten minutes, at -20°C for 40 minutes, on dry ice for 10 minutes and
finally stored in liquid nitrogen (Cells may be stored at -70°C lor approXinte]y

one month. but for longer storage liquid nitrogen is required)

6.1.1.5 I'rocedure for lhuwing MEL cells

Crvetubes were removed from liquid mirogen and immediately placed at 37°C m
d cireulating water bath to thaw as quickly as possible. The cells were then
iransferred into a 25 em tissuc culture flask which contained 10 - 15 ml of RPMI:

1640 medium supplemented with 20%: FCS,

6.1.1.6 Cell growth curves

. - : 4 -

Starter cultures were placed al a density of 4-20 % 107 cells/ml. Cell density was

monitored each day by counting on a hemocylometer.  When cell density

excocded 20 X 10" cellsfml, Nasks were split and Lresh mediom was added.
I

K



Chapter 6 Materials and Methods

6.1.1.7 Induction of MEL cells with hemin

Hemin stock solution was made by dissolving 13 mg of the hemin in 0.2 ml of (0.5
a1 NaOH. This was then bulfered with 0.25 ml 1 M TRIS-TICH (pl1 8.0) and mude

up o @ final volume of 5.0 mi w give a4 mM stock solution (Zaboe e al, 1991},

For experiicatal purposes two flasks of cclls were incubated with LM hemin
in 206 PFCS and the cell density was maintained al 4-20 x 10+ cells/ml in

accordance with Ching Lo ef af (19811,

Cell density was monitored cach day by counling on a hemoeytometer and the
benzidine test (6.1.1,10) was performed 1o momitor induction and production ol
haemoglobin.

0.1.1.8 Induction of MEL cefls with DMSO)

Two flasks of cells were incubated with 2% DMSO (Sato et al. 1971} in 20%
FOS.  As before the cells were matntained al a density ol 4-20 x 107 cellsiml
Cell coumts and benzidine tests were performed each day.

6.1.1.9 Induction of ¢clls with Sodinm Butyrate

‘Two fasks of cells were incabated with 5 mM filter sterilised sodium Butyratw

(Reeves and Cserjesi, 1979). Cell densities woere kept at 4- 20 x 107 celis/ml
6.0.1.10  Benzidine test
When MEL cells become differentiated they start to prodduce haemoglobin.  This

is generally used as a west for differentiation, because haemoglobin will stan blue

on addition of the benzidne reagent,
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A stock solution of benoidine was made up with 0.4% w/v  benzidine
hydrochloride in 0.5M acetic acid. 'This was stored in an amber boltle and at 4°C.

When needed 2% HoOo was added to the stock and 2pl of this solution wis added

to 200ui of cells which had been centrifuged and resuspended in PBS (Ovkin ef al,

1575} Fresh blood was used as a control for hacmoglobin.

6.1.2 Isolation of MEL cell nuclei

Cells were grown fo logarithmic phase in 75 em” flasks. One day befare isalation
of nuclei these cells were transferred 1o 150 cm” flasks, Cells were spun at 1,001
rpre n @ S534 rotor and supernatunt fluid discarded. The cells were then re-
suspended m 30 volumnes of 0.32M sucrose, 1| mM MgCis, 025 mM PMSE, 0.5 %
Nonidet P-40 in TKM buffer. The cells were spun at 2500 mpmin a 5834 rolor
for 200 minutes after which the supernatant was discarded.  The peliet was
resuspended in 2.3 M sucrose-TKM (see appendix} Yx the volume of the ceil
pellet. This was then centrifuged at 20,000 mpm (5534 rator] for 4 minules and
resuspended in 2.3 M osucrose-TKM 6x the volume of the cell pellet and spun tor

20 nunutes. The pellet contained fairly pure nuclel,

6.1.3 Isolation of mouse liver and spleen nuclei

Balh C mice were starved overnight and then killed by a cervical blow,  All
further procedures were carried out at 4 "C, The lvers and spleen were excised
and «all connective tissue removed. The livers and spleen were chopped up with
seissors and (.32 M spcrose-TEM (pH 7.5) three limmes the weight of the livers or
splecn was added,  They were then homogenised in o Polier-Elvejiem
homogeniser und filtered through two layers of cheesecloth.  Afer spinning al
2,500 rpm for 20 minutes in a 5534 rotor the pellet was resuspended in 2.3 M
sucrose-TKM (pH 7.5} at a final volume of mine umes the volume of the celi

peilet,  This was then spun at 20,000 rpm for 40 minutes after which the

&3
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supernatant fhad was carefully poured off. The scum of cell debris was removed
from the top of the tube with a ossue. The pellet was then resuspended i 5-6
volumes of 2.3 M sucrose-TKM and centrifuged once more at 20,000 rpm i
$534 rotor for 20 minutes. The pellet contained fairly pure nucler. which were

cither stored at -20°C in 50% elycerol: S0% butfer A or used immediately,

6.1.4 Isolation of ox, foetal calf and mouwse brain nuclei

Ox and foetal calf brain were used front freshly slanghicred anmmals, Al
procedures were performed ac4°C. Braius were washed in 150 mM NaCl solution
and then homogenised in 0.32 M sucrose, | mM MgCl.. 0.258 mM phenyl methyl
sulfonvl fluoride (IPMSF). 0.5 % Nowidet P-40 (buffer 1). The homogenale was
filtered through one laver of cheesecloth and centmifuged at 10,000 rpm n an 5834
rolor for 20-25 minutes. The peller was then resuspended i 2.0 M suerose, | mi
MgCla. 0.25 mM PMSI (huffer 2), re-hamogenised and co atrifeecd ar 20.000 rpm
for 40 minutes in a Beckman uliracenmrifuge with SW2H rotor.  This was then

repeated lor further punfication @ obtain a fairly pure nuclel pellet.

The same procedure was followed for mouse brain puclel cxeepl that more care
was taken with homogchising, as the cells from ouse brain seemed quate [ragile
and broke fairly casily, Cells were monitored under the microscope throughout
homogenisatien.  Very Jow yiclds were obtained it homogenisation was (oo

VIZOTOMLS,

6.1.5 Separation of ox and foetul calf brain neuronal and glial

nuclei

Nuclei isolated in 6.1.4 fromn ox and foctal calf brain were further punificd nto

ncuronal and ghat nuclei. The pellet from 6.1.4 was resuspended in buffer 2 and

)
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placed in SW2E centrifuge tubes on Lop of an equal layer of 2.4 M sucrose, | mM
MgC12, (125 mM PMSE (buffer 3} This was centrifuged at 23,000 rpm (or A0
minules.  The inferface (neuronal nuclei} and pellet (glial nuclei) were
resuspended separately in bulfer & (see appendix) and further centnfuged at
1,000 rpim for 10 minutes in a $534 rotos. At this poinl cells were checked under

the microscope.

0.1.6 Extraction of total histones from nuclei

Nuclei that had been stored al -20°C in 2.3 M sucrase-TKR were allowed 1o thow
and then topped up with TEKM huffer and centrifuged at 20000 rpm for [0
minules in a $534 rotor. The pellet was washed twice with 0,15 M NaCl and then
resuspended i water and thoroughly mixed, wherealler HoS50y was added
dropwise toa linal concentration of (14 M. Atfter spinning, the supernatunts were
pocled and eight volumes of ice-cold acetone was added. The hislones were
allowed to precipitale overnighl at -20°C. They were then centrifuged at | GL000
rpo o i 8834 rotor for 10 minutes and washed with tce-cold acetone-(102 % 11CI
and then again wilh pure ucetope. The sumple wus then dred 1o the desiceutor

and the product weighed.

0.1.7 Purification of histones by High Performance Liguid

Chromatography (HPL.C)

Totul histones were punlicd into separate stone tractions by reverse phase
chromatogruphy on a C18 column connecled 2 a Shimadeu HPLC pump and
softwarg. Each sample wus loaded i 6 M urea, 1 % 2-mercaptoethanol, 0.2 %
TEA. Buffer A wus 0.1 % TFA and Buffer B was 700 % acetonilrile, 0.1 % TEA,

The gradient used wus 0 % buffer B from U to 10 minutes, 0 1o 70% buffer B from:
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10 1o 20 minutes, 70 o 100 % buffer B (rom 20 1o 60 minutes, Fractions were

freeze-dried and then resuspended in appropriate volumes of water.

H4 [ractions were contaminated with H2A and were thus [urther purilied by
HPLC using a €4 column with buffers as previously except that TFA was
substituted with HFBA. A linear gradiemt was used [rom (% o 100% B over 60

minutes. The H4 and H2A peaks were well resolved.

6.1.8 SDS gel electrophoresis

The histone fractions collected from the HPLC were run on-a SDS gel, with a 204
separating pel und a 6.7% stacking gel (Laenundi 1970), av 200 volts for
approximately four hours. Chicken total histones were used as a standard. Gels

were stained with Coomassie Brilliant Blue,

6.1.9 Triton acid urea gel electrophoresis

Hislone fractions that were run on triton-acid urea gels were run with 66 urea, 6
mM Triton und 15% acrylamide. Gels were pre-electrophoresed unttl the vohage
stabifised (100 velts for 4h). Samples were run at 70 volts ovemight. Gels were

then stained with Coomassie Brilhant Blue

t.1.10 Amino Acid Analysis

Purified histone fractions were hydrolvsed in constant boiling HCI a 110°C for
+20} hours. The excess acid was evaporated under vacoum and the sample
dissolved in running bulfer. The samples were run on a cross-linked sulphonated
cation exchanger column with post column derivitisation of amine acids by o-

phthalaldchyde (OPA).  The amino acids were eluted isocraticadly with (135M




Sodiurm Citrate pH 5.84.  T'he colunm was kept at 29°C and the llow rate was 0 4

mlimin.

I'he reliable quantitation of the methylated lysine derivatives (MK DK, TK ) using
o-phihalaldehyde (OPA) was veriflied by subjecting vanous concentrations
ranging from (L5 pineles (o 4 pmoles, W amino acid analysis. Resulls revealed thar
the guantilahive response was lincar over the range tested and that their extinction
coefficients were closely related. The percentage error tor the ammino acwd analysis
was generlly in the region of 5 10 10% Sumilar results have been observed using

Mol [Ret WY Pak and S B, 1o Peatein Mothslation fed, A Mcister) Tohn Wioily & Sons, New York, 19R0

173

6.1.11 Quantitation of MK, DK and TK

I'he methyl ivsine content of -the histones was calculaled by determining the
number of residues of the methylared lysmes present relative to the histidine {see
figure 6 for a typical HPLC profile of an aimine acid analysis muinh. In all varants
of H3 as well as an H4 the number of nstdine residucs semains constant (ewo
residues). There are 13 Ivsine residues in H3 arcd 11 1 H4 and these values were
used to caleulate the percentape methvlation.  The expenimental values for non
methylated [vsine were unreliable due 1o the fact thar their concentration 1s always
much higher welative to the methylated lysines and thus fell into the non-linear

range.  Furtherme vsine reacts with OPA af both the o and £ amino groups

resulting in quenching of the fuorescence due o proximity of the two aromatic
rings. No guenching has been observed in the methylated lysines (Oales and

Jorgensarn, | Cxahy.
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6.2 RADIOLABELLING EXPERIMENTS

Pulse-lubelling experument was performed on MEL cells nucler at chifferemnt stages
of ditferentiation (after adding hemud i order 1o determine the rate of histone
methylation at various time itervals. ‘The three cell stages that were analysed
corresporded Lo the logarithimically growing cells, cells that had been induced by

hemin after one and four days.

6.2.1 Incobation and induction of cells with  hemin for

radiclabelling

I'hice different sets of cells were needed (or this experiment. The loganthmically
growing cells were prepared by incubating two Hasks each with 10 million cells in
200 FCS the day prior (o the experiment. This would yicld £30 million
logarithmically growing cells per flask for the experiment. The cells mduced with
14 M hemin for one and four days were prepared by mcubating 15 and 10
million cells per flask respeenively. This would allow for the growth of one 1o Lwo
generations of cells.  Each experiment was designed to give as close to equal

amounts of cells per sampleé as pussible.

6.2.2 Tsolation of MEL cell nuclei

On the day of harvesting the cells were centrifuged a1 1.5K for 10 minutes washed
once with 0.25M sucrose-TEM (pll 7.5) amd then resuspendecd in 1O m| 0. 25M
sucrosc-TKM and homogemised i a glass homogeniser.  Cells, mixed with
acridine orange, were checked under the microscope 10 sec if breakage was
sufficient. 1 the breakage was not sufficient further homogenising was done in a
Teflon rotary petter homogemscer. The sutficiently broken cells were pelletied and
resuspended in 2 ml of 0.25M sucrose-TKM 1o which was added 11 volumes of

23M sucrose-TKM. The solution was tmxed well by inversion.  The wbes were
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centrifuged a 20,000 rpm in an 8534 rotor for 40 mimutes, The nuclear pellel wis

usedl for the pulse labelling experiments.

6.2.3 Incubation of nuclei with radioactivity

The purificd nuclei were translerred to a | ml plastic tube and washed twice in
TKM buller (pH 7.5). To the petlet 50 pl of TRM (pH 7.5} anid 40 uCi of §
adenosyl-L-methionine-methyl- JH wus added This was then mcubated tor
exuctly one hour at 37°C. The nucler were then pelletied and wiashed twice with
TKM (pH 7.5), 60 pl of SIXS sample application buffer was added to the nucled,

which were Lthen boiled tor ong miinute.

6.2.4 SDS gel electrophoresis

Liach of the samples was run on a 20 ¢ SDS PAGE gel with calf thymus total
histones used as a standard (20p gflang). 10pl of cach sample was loaded onto the

el and run a 200 volts for 3 hours.

6.2.5 Gel scanning

The histoncs were quantitated by using standardised staimng und destaining of the
gels und the histone bands were then quantitated on o Hoeler G5 300 scuanning
densitometer and GS 365 software. The staining intensity of the 4 core histones
was approximalely the same (sec fig.2 & 10) assuming that the molar ratiox
equivalent. Non-cquivulence should not alfect the results of speciie activity of

any one histone isolated from different tissues,
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6.2.6 Rudioactive counting

Incorporation of the labelled methyl o the histones was guantilied s Tollows:
The stained bands were excised from the gel and soaked in water to expand the
el as much as possible. They were then cut up into small picces and soaked 10
approximalely 50 pl of 105 SDS per band arl incubated overmight at 353°C in u
counting vial. Scintillation fiud (4 ml) containing triton-X-100 (10 facilitate
suspension of the sample} was then added to cach fraction.  Radioactivity was

measured lor one minute on the Beckman LS-5000 Liguid Scinullation Counter.

L
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6.3 UV THERMAL DENATURATION AND CALORIMETRY

6.3.1 Isolation of 1 depleted, Jong chromatin From nuclei

Stored nuclel were washed twice in buffer A to remove plveerol and then
suspended n buffer A (sec appendix) at a concentration of 2 mg/ml (Absorbance
at 260 nm of 20 OD units 1s equivalent o 1 mg/ml). Nuclei were then briefly
digested with micrococcal nuclease (Mpase) at o ratio of 30 ml nuclei at 2 mg/ml:
(+7 m] 100 mM CaCl: 20.8p] Mnase at 20U/l The reaction was terminated by
the addition of 5 m) of 100 mM EDTA. This was then ceotrifuged at 4,000 rpm in
a 8§34 rotor, 6 ml of 0.6M NaCl, .1 mM EDTA, 10 mM TRIS-HCI/1 mM
Cacodylate (see discussion) pH 7 was added 1o the pellet and allowed to extract
overnight by dialysing extensively in the same butier. The dialysalc was Lhen
centrifuged at 15.000 ypm in a S834 rotor for [(hminoes, The absorbance of the
supernatant, which contained the soluble chromating way measured at 260 mn and
then loaded on the top of a 5%:- 25% sucrose gradient al a maxunum conceniration
of 6 mgiml, This was spun in an ultracentrifuge al 28 000 rpm m a SW2§ rotor
lor 16 hours after which the gradienl was lractionaled in an ISCO sucrose gradient
ractionator. The top part of the gradient. which contaimed H1. was discarded and
the rest kept, T'his was then dialysed cxtensively in 3 mM NaCl. ¢ | mM BT A,

10 mM TRIS-HCI 1 mM Cacodylate (see discussion), pII 7.4,

h.3.2 Isolation of core particles

Long chromatn was concentraled to an absorbance at 260 nm of 13-25 AU (it
necessary) using an Aumicon ultrafiltration apparatus. A pilol Mnase digest was
pecfonmed on the long chromatin in order to detertune the exact digestion time
needed 1o oblain core particles with DNA of 146 base pairs. The Mnase digested
ractions were phenol extracted and ethanol precipitated and then run on a 6%

acrylamide gel using PBR322 digested with HpA 11 ay o standard. A bulk digest

g
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was then poerformed. the reaction stopped with cxeess EDTA, and the core
particles purified by a further on u lincar sucrosc gradient 5-20% run [or [6 hours
in SW40 rotor at 35,000 rpm for 16 hours. The gradients were tractionated on an
ISCO gradient fructionator.  The fractions containing the core parlicles were
dialysed extensively m 5 mM NaCl, 0.1 mM LDTA, |0 mM TRIS-HCI pll 7.5,
An aliquol of core particles was added o an equal volume of sarcosyl butfer and
electrophorescd for = 4 hours at 150V on o 0% aerylamide gel to check the length
of the DNA. PBR322 plasmid digested with HpA Il was used as a standard, A

Iraction was then run on a SDS gel o check the integrity of the histones.

h.33 Thermal denaturation

Hyperchromic shifts of chromatin samples were measured on a Pye Unicam
spectrophotometer fitted with a heating cell and a lemperature probe uf a
wivelenglh setting of 260 nm. Samples were heated trom 23°C to 100'C at
approximately |"C/minute in a sealed chamber. The samples were degassed and
kept under constant helium pressuré throughoul the run. The analogue datu were
converted using an A-D converter.  The data was recorded on o computer with
software written by Dr. Paul Hustler. The same software was used 1o determine

the Mrst denvative of the melung curves.

0.3.4 Calorimetry

Calorimelric  measurements  were  made in a  differential  scanning  micro-
calorimeter. type DASM4, The sample cuvette was filled with a 1 1ol suspension
of nuelei in 3 mM NaCl, 0.1 mM EDTA. |0 mM Cacodylate buffer pH 7. The
nuclear pellet was once washed n the same buffer. The reference cuvetle was
filled with buffer only. The chambers wure degassed and sealed. Meltng was

performed using a heating rate of 1°C/minur,
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Abbhreviations
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TK g-N-trimethyl lysine
TKM TRIS, polassium, magnesium
Yl valine

—- : T 100




Appendix

Solutions
Butfer A (10x) 530 mM TRIS-HCL 650 mM NaCi. 60 mM
KCL 1.5 mM Spermine, 5 mM Spermidine, 2
mM FOTA, 2mM EDTA, 30 mM 2
mercaptoctanol. 0. ImM PMSE, pil 7.5
2) TKM SO mM TRIS-ICH 25 mM KCL 1.5 mM

MaCl, pll 7.3

3 Hanks bulTered salt solution CaCls-0, 1 & g/l, KCI-34 @/l KH:PO, 0.06 4.
MeS0, -0.2 /1. NaCl-8.0 g/l. NaH;PO,0.06

o/l

4) Sarcosyl Bulfer I ml 10 % sarcosyl, 2 ml 30 % glycerol, 1 m|

00 mM EDTA. Make 1o 10 ul with water

Add kromophenol blue to taste

5) PBS NaCl. dedl: KO 04g/1: NasHP Oy 1 psef):
KH,PO,, 0.2¢/

Note' Cirowth of QP4 cells and preparation of their nuclei was performed hy Mrs

E. Davids. therefore these methods are not presented in chapler 6.
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