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ABBREVIATIONS

Acetyl Coenzyme A

Counts per minute

Diethylamino ethyl-

Disintegrations per minute

Ethylene diamine tetracetic acid

3.5 mM MgCl2 - 0.25 M KC1l - 0.14 M Tris-HCl (pH 7.9)

Optical density at 230 nm

Phenylisothiocyanate

Phenylthiohydantoin

0.03 M Tris-HCl (pH 7.9) - 1 mM EDTA - 5 mM B-Mercaptoethanol
0.05 M Tris~-HCl (pH 7.9) - 0.025 M KC1 - 1.5 mM MgCl2
Tris (hydroxymethyl)-aminomethane

Microcurie (= 2.22 x 10° dpm)

Histone nomenclature

The histone nomenclature used throughout is that adopted at the

Ciba Symposium during 1974 (Bradbury, 1975).
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SUMMARY

Acetylation, one of the post-synthetic modifications of histones,
weakens histone~DNA interactions and may play a regulatory role in
gere control of eukaryotes. The literature available on histone
acetylation as well as other post-synthetic modifications of histone

has been reviewed.

Histone acetylation is catalysed by an enzyme(s) which transfers acetyl

groups from a donor molecule to histones. A crude histone transacety-

lase preparation was isolated from nuclei and the optimal conditions for
the acetylation of histones were determined. This énzyme(s) was shown

to be specific for histones with protamine displaced histone complex

being the best substrate.

Using this histone transacetylase preparation 3H—acetyl total histone
was prepared in sufficient yield and with a high enough specific
activity to enable sequential Edman degradation of the histone sub-

fractions isolated from the total histone complex to be undertaken.

Histones H3 and H4 were isolated from the acetylated total histone as

they exhibited the highest degree of acetylation. Histone H4 peptides
were generated by chymotryptic and tryptic digestion as the intact histone
H4 polypeptide chain is blocked at its N-terminus.

The Edman degradations of histone H3 and H4 showed that the acetylation

sites that have been determined under in vitro conditions are the same

as those undergoing acetylation in vivo. All of the acetylation was

found in the N-terminal region of histones H3 and H4 with histone

H4 showing a gradient of decreasing acetylation from the N- to the C-

terminus, in contrast to histone H3 where the first two possible

acetylation sites are acetylated to a minor degree only. The major sites

of acetylation in histones H3 and H4 were found to have the sequence
Ac§tyl

-Gly - Lys - X - (X = Gly or Ala). The biological significance of

these results has been discussed



R as for knowledge, it will pass away. For our
knowledge is imperfect; but when the perfect comes, the
imperfect will pass away....-. “ For now we see in a mirror
dimly, but then face to face. Now I know in part; then I shall

understand fully."

1 Corinthians 13
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PART 1

INTRODUCTION

1.1 INTRODUCTION

Histone acetylation has been extensively studied (see 1.2.7) since
the finding that acetylation of histones decreased their inhibitory
effect on RNA synthesis (Allfrey et al., 1964).

The sites of in wivo acetylation of histones have been reported

(see Table 1.2.7) and some of the enzymes responsible for this
acetylation have been studied and are discussed in detail in the review
which appears below (1.2.7). Dixon has studied the known sites of
acetylation and concludes that there are two main amino acid environ-
ments for acetylation of lysine residues in histones to occur;

either a small neutral amino acid (usually glycine but can also be
alanine, serine or threonine) occurs on both sides of the acetyllysine
or else the acetyllysine occurs as a member of a Lys-Lys, Lys-Arg or
Arg-Lys pair. Dixon suggested that these two classes may reflect
different specificities of at least two distinct histone transacetyl-
ases (Dixon et al., 1975a). Delange has also studied the sites of
acetylation of histones H3 and H4 and found that the two major sites of
acetylation in histone H3 and the major site in histone H4 have the
sequence -Acetyl-Lys—-X-Y-Arg-Lys-. These authors (DeLange et al.,
1972) have suggested that the same histone transacetylase is responsible
for the acetylation at these three sites. Dixon has however stated
that whether a given lysyl residue is acetylated probably depends to
some degree also on certain aspects of the secondary structure of the
histone as well as the amino acid sequence at the acetylation site

(Dixon et al., 1975b).

Various authors have mentioned that the specificity of the histone
transacetylases may depend on a certain conformation of histones

resulting from their interaction either with DNA (Gallwitz, 197Cb,






1.2 A REVIEW OF POST SYNTHETIC HISTONE MODIFICATIONS

1.2.1 Introduction

Four of the five histone types occurring in eukaryotes have been
sequenced (Sautierre, 1973; Iwai et al., 1970; Delange et al., 196%a,
1972). Histone H4 has the lowest mutation rate of any protein studied,
only 2 of the 102 amino acid residues differing between pea and calf
histone H4 and these are conservative substitutions with valine at
residue 60 in calf being replaced by isoleucine and lysine 77 being
replaced by arginine in pea (Delange et al., 196%a,b). Histone H3

has also been highly conserved throughout evolution with only 4 amino
acid substitutions between pea and calf histones H3 (DeLange et al.,
1972; Patthy et al., 1973). Sequence studies also indicate that the
basic residues are irregularly clustered, histones H3, H2B and H4 have
very basic amino terminal ends, while H2A has a basic region in both
the amino and carboxyl terminal regions. Histone H1 in contrast has

a basic carboxyl terminal region (Elgin and Weintraub, 1975). In each
case clustering of the hydrophobic amino acids occurs in the central
region of the histone molecule. It has been suggested (DeLange et al.,
1969a) that the basic regions would be involved in histone~DNA inter-
action with the remainder of the molecule being involved in interactions

with other histones or non-histone proteins.

Although the amino acid sequences of histones, particularly histone H3
and H4, have been highly conserved during evolution, a wide range of
post-synthetic modifications are known. Presently known modifications
are methylation, phosphorylation, ADP-ribosylation and acetylation most
of which occur in the basic N-terminal region (see below). Each of
these modifications is briefly discussed below, as well as histone
proteolysis and sulphydryl—disulphite interconversion of SH-containing
histones. A more detailed discussion of histone acetylation is

presented since it was the subject of the present study.

1.2.2 Histone methylation

Since histone methylation has recently been extensively reviewed
(Paik and Kim, 1975; Cantoni, 1975; Byvoet and Baxter, 1975), as well

as having been discussed in recent reviews of histones or chromosomal



proteins (DeLange and Smith, 1971; DelLange and Smith, 1975; Stellwagan
and Cole, 1969; Hnilica, 1972; Allfrey, 1971; Dixon et al., 1975),
only a brief summary of the subject will be presented here which will
concentrate on the chemical characterisation of the phenomenon as well

as postulated biological functions for histone methylation.

Altogether seven methylated amino acids have been isolated from histones
from various organisms : mono-, dimethyllysine (Paik and Kim, 1967} oz
trimethyllysine (Burdon and Garven, 1971), NG—monomethylarginine (Paik
and Kim, 1970; Byvoet, 1971), NGNG— or NGNG'—dimethylarginine (Xakimoto
and Akazawa, 1970) as well as 3-N-methylhistidine {(Byvost, 1971). The
methyl groups are incorporated into the polypeptide chain after it

has been synthesised (Sekeris et al., 1967; Xim and Paik, 1965). Scme
of the enzymes responsible for this methylation have been isolated (Paik
and Kim, 1975; Gallwitz, 1971) and their substrate spscificity as well

as intracellular locations are shown in Table 1.2.2.1.
TABLE 1.2.2.1

METHYLATING ENZYMES

Enzyme Amino acid side Location Reference
chain methylated
Protein methylase I Arg cytosol
Not
Protein methylase II -COOH of specific cytosol Paik & Kim
Glu or Asp/ for (1575)
histones !
Protein methylase III ~-Lysine _ i nuclearJ
Histone methyl- Histone H3) % nucleafw |
transferase IN {amino i i
acid resi- ;
dues not specific i i
reported) for i 1Galliwitz |
g histones ; (13871) !
Histone methyl- | Arg in H4 ! nuclear |

transferase IIN i














































TABLE 1.2.7

ACETYLATION SITES 1IN HISTONES

Histone : Refs.
H1 Ac-N-Ser-Glu-Ala-Pro-Ala- (a)
5 ‘
(P) Ac
! I
H2A Ac-Ser-Gly-Arg-Gly-Lys-Thr-Gly-Gly-Lys—-Ala-Arg-Ala-Lys-Ala-Lys-Thr-Arg- {b,d-1f)
5 10 15
Ac (P) II\c (P) Il\c Ac
I !
H2B Pro-Glx~-Pro-Ala-Lys-Ser-Ala-Pro-Lys-Lys-Gly-Ser-Lys-Lys—-Ala-Val-Thr-Lys-Ser- (e,g,h)
5 10 15
(Me) mlgor (Me) (P) Ac Ac Ac (Me) - (P)
[ € > l | ] | Co
H3 Ala~-Arg-Thr-Lys-Glx~-Thr-Ala-Arg-Lys-Ser-Ser-Gly-Gly-Lys-Ala-Pro-Arg-Lys-Glx-Leu-Ala-Thr-Lys-Ala-Ala-Arg-Lys-Ser-
5 10 15 20 25
(e 19 i_l)
(P) ?I\C l'\c Il\c I'\c {Me)
B4 Ac-Ser-Gly-Arg-Gly-Lys—-Gly-Gly-Lys-Gly-Leu-Gly-Lys~Gly-Gly-Ala~Lys-Arg-His~Arg-Lys- {c-f,k,m,n)

5 10 15 20

014
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but that a peptide containing amino acids 15-21 could not serve as
substrate even though the major site of aceﬁylation at lysinel6
(DeLange et al., 1969), is contained in this peptide. It has also

been shown (Horiuchi and Fujimoto, 1973) that an acetylated H4 peptide
contaiﬁing amino acid residues 10-21 cannot be déacetylated by the
cytoplasmic enzyme even though this peptide contains two reported sites
of acetylation (see Table 1.2.7). A multiplicity of the enzyme was
indicated by the elution pattern on DEAE-cellulose or Sepharose

(Kikﬁchi and Fujimoto, 1973; Inoue and Fujimoto, 1970) as well as the
different substrate specificities of the peaks obtained. These enzymes
were unable to deacetylate chromatin-bound histone (Kikuchi and Fujimoto,
1973). Kaneta and Fujimoto (1974) have confirmed the existence of a
nuclear calf thymus histone deacetylase and found that this enzyme can
'deacetylate chrématin—bound histone and differs from the cytbplasmic
enzyme in its chromatographic behaviour. The presence of at least

two forms of histone deacetylase with differing substrate specificities
towards either chromatin-bound or free histdne is indicated. It is
possible that "free-histone-deacetylase" is a precursor of "chromatin-
bound-histone~deacetylase” and that "free-histone-deacetylase" can
deacetylate chromatin-bound histone after forming a complex with

exogenous histone (Kaneta and Fujimoto, 1974).

Histone modification has been suggested by Dixon's group (Louie et al.,
1973; Dixon et al., 1975e; Dixon, 1976) to be involved in (a) the
attachment of newly synthesised histones to DNA; (b) changes in chromo-
somal coiling; (c¢) changes in chromosomal activity during the cell

cycie or differentiation; (d)ﬁremoval of histones from DNA (particularly
the transient removal of histones around the replication fork during DNA
synthesis); or (e) maintenance of the correct conformation to DNA.

These authors have also suggested that cytoplasmic 6r nuclear modifications.
could occur either (i) shortly after synthesis of the "new" histone whiie
it is free in solution and passing from the site of synthesis on the
cytoplasmic ribosomes (Borun et al., 1967) to the site of chromatin‘
assembly in the nucleus; or (ii) later affer the chromatin has been
.assembled and a change of physiological state requires that the confor-
mation of the basic regions of histones bound to DNA is altered (Louie

ot al., 1973; Dixon et al., 1975f) .  This possibility is supported by
histone transacetylase and histone deacetylases having been' shown -(see

above) to occur in both the nuclei and cytoplasm. Histone acetylation
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could be involved in all of the above functions. The involvement of
histone acetylation in the assembly or disassembly of the nucleosome

is also possible (Dixon, 1976), particularly as histone transacetylase
and histone deacetylases have been shown to be acidic proteins.(Vidali

et al., 1972; Gallwitz and Sures, 1972) which can bind electrostatically

to histones.

It should be emphasised that the possible functions for histone modifi-
cation given above are not mutually exclusive and that histone acetylation

for example could be involved in any or all of these functions.

A well defined and detailéd model for the involvement of phosphorylation
and acetylation in the binding of newly synthesised histones H2A and
H4 to DNA during trout spermiogenesis proposed by Dixon's group (Louie

et al., 1973) 1is discussed below.

When the basic N—terminal’region of histones H4 and H2A (which show

strong seguence homology) is in an O-helical conformation it can fit into
the major groove of DNA with the appropriate ionic interactions between
the basic amino acid residues and.the DNA phosphate groups. Howéver,
charged amino acid side chains are 0~helix destabilisers, thus if a
correct conformation of the H2A and H4 histones when complexed to DNA

is c-helical, a mechanism for attaining this conformation has to be poé—
tulated. Dixon and ﬁis group have suggested that the acetylation of H4
occurring at lysine residues -5, -8, -12 and -16, and acetylation of
lysine-5 and phosphorylation of serine~l occurring in H2A, may be involved
in the achievement of the correct binding conformation of histones to DNA.
The sequential acetylation of H4 may neutralise the positive lysyl chérges
and allow the histone to assume the correct conformation, presumably an
o-helix, to fit into the major groove of DNA. -Deacetylation can then
expose the positive charges again and lock the histone into the DNA via
ionic linkages. Similarly the phosphorylétion and acetylation of H2A may

induce the NH_ ~-terminal region to assume an G-helical conformation and

2
after the correct binding has occurred demodification could follow.

(It is possible that when RNA transcription is required that acetylation
(and phosphorylation) could occur to loosen the DNA-histone binding to
allow the passage of the replication fork, followed by demodification to
again lock the histones into place (Dixon, 1976)). Dixon suggests that

the histoﬁes are bound non-specifically to the naked new DNA double helik
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and then are induced to assume the correct conformation. It is not

known at this stage whether "old" histones remain with the "old" strands
of DNA or not as conflicting reports exist. Tsanev and Russev (1974)
suggest that "old" histones stay witﬁ the "o0ld" strands during replication,
while Jackson et al. (1975) reported that "new" histones are randomly
deposited onto the chromosome. It is not known at this stage which
histones in the nucleosome complex would go to either strand if semi-

- conservative deposition of histones occurs. Louie et al. (1973) sugéest
thaﬁ the acetylation of specific lysyl residues in the DNA-bound histones
could loosen the binding of the N-terminal regioh and allow the confor-
mation of the histones to change which may allow the histone to be removed.
However, these authors stress that the exact mechanism of histone removal,

whether by enzymatic modification or proteolysis or both, is unknown.

| A recent report (Ruiz-Carrillo et al., 1975) has investigated the
processing of newly synthesised histones in duck erythrocytes. These
auhtors did not find the degree of multiple acetylation of "new" histones
required by Dixon's model but instead found transient cytoplasmic phos-
phorylation (at Ser*l) and acéﬁylation (at undetermined lysine residues)
of H4 which occurred immediately afte; synthesis. After the histones
have entered the nucleus, an unknown proportion of the histone H4 molecules
are rapidly dephosphorylated and/or deacetylated. Later nuclear modifi-
cations of H4 include the stepwise -acetylation of specific lysine residues
as well as phosphoryiation. It has been suggested by Ruiz-Carrillo -

et al. (1975) that the early modifications may be involved in the stepwise
assembly assembly of chromatin. The transient forms of H4 may bind to
DNA in a manner that favours the co-operative interaction with other
histones to form a multimeric histone complex together with the enveloping
DNA strand (Ruiz-Carrillo et al., 1975). At this stage it is not known
whether the non-histone proteins capable of recognising the modified forms
of histones (e.g. histone transacetylases and histone de—acetylases).may
also play a part in the correct spacing and assembly of histone complexes
on the DNA. It is possible that the histone transacetylase for ex;mple
may become bound to the histone before thé histone-DNA complex is fiﬁally
formed, as otherwise these enzymes may encounter serious problems ofA
access to their substrate as they approach their sites of reaction once
the histone is bound to DNA (Dixon et al., 1975). It is striking that

H3 and H4 which are evolutionarily the most conserved histones are those

which are subject to the most post-synthetic modifications. It may be
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that these histones are recognised by the histone modlfylng enzymes
durlng chromatln assembly which would also 1mpart limitations on

sequence varlatlons on these histones (Smith, 1975).

To summarise the present knowledge of post-synthetic histone modifi-

cations one may agree with Dixon that "clearly we are only at the beginning
of our understanding of the deiicate and subtle effects that such modifi-
cations can have on the structure and fﬁnction of chromatin as it is
coiled, uncoiled, replicated, reassembled and its genetic information

selectively expressed" (Dixon et al., 1975f).
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PART 2

HISTONE TRANSACETYLASES IN RAT LIVER NUCLEI

2.1 INTRODUCTION

Various histone transacetylase (EC 2.3.1) enzymes have been prepared from
nuclei, chromatin or cytoplasm and characterised with respect to their
kiﬁetic parameters, physico-chemical properties and affinity to the

Vérious histone subfractions (see 1.2.7). However nothing is known

about the actual sites acetylated in vitro in the various histone molecules
by these histone transacetylase preparations. This study investigated‘-
the sites of acetylation of histones by an extract enriched in histone
transacetylase ‘activity which was used to catalyse the formation of 3u-
acetyl histone, from which histoﬁe subfractions were prepared“and sub-

jected to Edman degradation.

Since the histone transacetylase was being used merely as a tool to study
the sites acetylated, no attempt was made to purify the‘enzyme to
homogeneity; Neither was a detailed study of the intranuclear localisation
of the enzyme nor of its physico—chemical properties undertaken. However,
to determine the optimal incubatidn conditions for the acetylation of
histones, a study of some of the properties of the histone transacetylase

| reaction was done. The substrate specificity of the histone transacetylase
extract towards proteins other than histones, total histone preparations
isolated by different methods, chromatin bound histones, as well as pure

histone subfractions was also studied.

RESULTS : : ' -

2.2 PREPARATION OF HISTONE TRANSACETYLASES
2.2.1 Preparation of crude histone transacetylasevextracﬁ'

A crude histone transacetylase extract was prepared from rat liver nuclei
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(4.4.1) by the method described in 4.4.2.

2.2.2 Sucrose gradient ultracentrifugation of crude histone
transacetylase extract

Histones bound to histone transacetylase can be removed by treatment
with 2 M NaCl (Lue et al., 1973). Crude extract (4.4.2) was run on
5-20% sucrose gradients (4.4.3) containinng.Ol, 0.3 or 3.0 M NH4C1 -
TEM. Fig. 2.2.2.1 shows that the distribution of histone transacetylase
activity moved significantly towards the top of the gradient when the
NH4Cl concentration was increased from 0.0l to 0.3 M. A further increase
to 3 M NH4C1 had no additional effect. ‘In view of this sucrose gradients
were done at 0.3 M NH,Cl in an SW 40 rotor becausevof its higher capacity

4
(Fig. 2.2.2.2),
A summary of the purification is shown in Table 2.2.2.1.

TABLE 2.2.2.1

SUMMARY OF PURIFICATION OF HISTONE TRANSACETYLASE

l;

Purifi- Overall
. Specific Total ' cation purifi~ . Recovery
Fraction activity activity mg in step cation in step
(units/mg) - (units) protein (-times) (-times) (%)
Nuclei 0.3 91.5 305 1 1 -
Crude . _ ’ _
. extract 3.5 248 71 12 12 >100
1 Sucrose ) : _ :
gradient 33.3 532 16 9.5 114 >100
fractions ‘ o
(1 unit enzyme activity : 1 pmole acetate incorporated under the
incubation conditions used (4.3). Protein concentration was determined

spectrophotometrically (4.2.1)).

The more than 100% recovery of activity in the crude extract is possibly
 due to the fact that upon solubilisation of the enzyme it has a much

greater access to substrate than when it is bound in the nucleus. The
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OD280 (-—") dpm x10—3 |

2:0

0
> ,
0 Fraction Number :

0 - . . 0
2070 «=——— Direction of Gradient- 5%
Fig. 2.2.2.1 : Effect of [NH4C1] on ultracentrifugation of histone
transacetylase.
D) 80

-X—X—-X Histone transacetylase activity from 0.01 M NH,Cl gradient

4
-0o——-0O~ Histone transacetylase activity from 0.3 M NH4Cl gradient

—— Histone transacetylase activity from 3.0 M NH4C1 gradient

-

Equal aliquots of crude extract (4.4.2) were applied to 5-20% sucrose

gradients containing 0.01, 0.3 or 3.0 M NH,C1-TEM and centrifuged for

4
3% h at 420 000 g in a SW 65Ti (Beckman) rotor (4.4.3).

Histone transacetylating activity was assayed as described in' 4.3.
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20%-=—Direction of Gradient ——— 5%
Fig. 2.2.2.2 : Sucrose gradlent centrlfugatlon of crude histone trans-
acetylase. Aliquots (600 Wl) of the crude extract of histone transacetyl-

ase were applied to 5- 20% sucrose gradients in 0.3 M NH4Cl—TEM and sub-
jected to centrifugation at 284 000 g for 30 h in an SW 40 xotor (4.4.3).

Histone transacetylating activity (o———o) was assayed as described in 4.3.

777777
J/égé/ Pooled histone transacetylase fractions (sucrose gradlent fractions) .
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sucrose gradient step could result in the removal of.an inhibitor of
the histone transacetylase (or maybe of a deacetylase .even) which could

explain the more than 100% recovery of activity in this step.

2.2.3 : Further purification of sucrose gradient fractions

2.2.3.1 Ion exchange chromatography on DEARE-cellulose

Ion exchange chromatography was done as described in 4.4.4. Fig.
'2.2.3.1 shows that a single peak of histone transacetylase activity was
found eluting at 0.11 M NH4Cl.

As can be seen from Table 2.2.3.1, ion exchange resulted inla further

~ purification (3 times) of the histone transacetylase, but a Low yield
(15%) and with such poor stability upon storage (2.5) that this procedure

~was not routinely used for histone transacetylase preparation.

2.2.3.2 Gel filtration of sucrose gradient fractions

When gel filtration of sucrose gradient fractions was carried out in

0.3 M NH4Cl—TEM on Sepharose 4B oi Sephadex G-200 (column dimensions

1.5 x 30 cm), a single peak of histone transacetylase activity was found
.which eluted at the breakthrough volume in the case of Sephadex G~200

or else in the inner volume of Sepharose 4B. Table 2.2.3.1 shows the
purifications and yields obtained using these procedures. The‘further
'purificatidn obtained was not considered economical when the percentage
yields and time involved in this proceduré on a routine basis were

considered. Thus the sucrose gradient fractions were routinely used

as the histone transacetylase enzyme source for further investigations.

Though ion exchange chromatography on DEAE-cellulose or gel filtration
gave further_purificatioh but decreased yields (see Table 2.2.3.1),
sucrose gradient fractions were used as the enzyme source for further
investigations, because when the sucrose gradient fractions were freeze
dried and subjected to polyacrylamide.gel electrophoresis (4.2.5), these
fractions were found to be histone-frée, an eséential prerequisite in

a study of histone transacetylase substrate specificity.
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Elution was performed as described in 4.4.4 using a linear 0.0l to 0.3 M

NH4C1 gradient in TEM.

assayed as described in 4.3.

Histone transacetylase activity (e—e) was

. _é- 7
34 dpm x10
(—e——e—)
ODa39(----)
g5
-3
L -2
0-30
NH,CI
- 020 (M)  _
’ -
/ 0-10 |
: — 2 g 3/,/_ s ‘—J
I R —— 1 0-01
i Sal—c——" " - i
20 30 40 50 -
Fraction (3mi)Number
Fig. 2.2.3.1 : DEAE-cellulose chromatography of sucrose gradient fractions.



TABLE 2.2.3.1

PURIFICATION OF SUCROSE GRADIENT FRACTIONS
BY ION-EXCHANGE- OR GEL FILTRATION CHROMATOGRAPHY

Specific Total Purifi-
Fraction | activity activity mg cation Recovery
 (units/mg) (units) protein obtained (%)
Sucrose
gradient 33.3° 532 16 1 -
fractions
DEAE-
{ cellulose 100.0 80 0.8 3 15
{ fractions
| G-200
fractions 81.8 270 3.3 2.4 51
Sepharose 4B
fractions 55.9 162 2.9 1.6 30

(Unit of enzyme activity is defined in footnote to Table 2.2.2.1.
DEAE-cellulose chromatography was performed as described in 2.2.3fl.
and 4.4.4. Gel filtration on Sephadex G-200 orISepharose 4B was done
as described in 2.2.3.2; Histone transacetylase activity waé

assayed as per 4.3).

2.3 NON-ENZYMATIC ACETYLATION

It was consistently observed that acetyl groups were transferred to
histones in the absence of enzyme. This confirmed the observations
of previous workers (Gallwitz and Sekeris, 1969; Paik et al., 1970;
Gallwitz, 1970a; Racey and Byvoet, 1971; Gallwitz and Sures, l97l;
“who also observed that this acetylation increases with increasing pH.
The activity incorporated amounted to approximately 200-300 dpm

under the conditions of the assay. Such incorporatibn could either
be due to non-enzymatic acetylation or the presence of an acetyltrans-—

ferase contaminant in the histone preparations used as substrate.
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In CH3 - € - S - CoA the carbonyl carbon (S) is strongly positive and

'~ can be nucleophilically attacked by the lone pair of electrons on

€ ﬁHz-protein in histones. For interpreting acetyl transfer from

AcCoA to the nucleophilic agent (e-NH, of histone) it is not even necess-

ary to envisage delocalisation of the%ﬁ electrons of the C=0 bond as
even without this, the carbon (S) of the acetyl group has sufficient
positive charge to interact with the free electron paif of the E—NH2
group with subse@uent cleavage of the C-S bond. In dilute aqueous

solution at 20-40°C acyl thiols in fact have a specific affinity for

amines, e.g. €-NH, of histones (Jaenicke and Lynen, 1960). The strong

2
pH dependence of the reaction (Gallwitz and Sekeris, 1969; Paik et al.,
1970; Racey and Byvoet, 1971) is due to the fact that although nucleo-

philic attack on the carboxyl carbon is facilitated by protonation

~ + N . .
(”C =0+ H > g} C - OH ), if the nucleophile is not anionic,

e.g. R—ﬁHZ, any quantity of acid converts it to the uhreactive species
R—&H3 (Sykes, 1966). From these considerations it is obvious that non-

enzymatic acetylation is an inherent property of the incubation system.

2.3.1 Effect of temperature on non-enzymatic acetylation

To confirm that the acid-extracted total histone -(4.5.1) used as
substrate is not contaminated with histone transacetylase, the temperature
dependence of acetyl transfer in the absence of the enzyme preparation

was determined.

Fig. 2.3.1 shows that the aceﬁylation increaséd with increasing temp-
erature up to 75O which suggests that this is a non-enzymatic phenomenon
since "the rate of inactivation of enzymes in solution increases rapidly
with temperature and in nearly all cases inactivation becomes virtually
instantaneous well beldw 100° and in the majority of cases below 700"
(Dixon and Webb, 1964). The decrease in acetylation in going from 75°
to 90O is probably due to decomposition of AcCoA at the higher temperature.
Further support for the incorporation being non-enzymatic is that the |
histone substrate is exposed to 0.25 M HCl followed by freeze-drying
during preparation which'wouid be expected to inactivate the majority

of enzymes. The histone transacetylating activity in the crude extract
(2.2.1) is very sensitive to temperature with 93% of the activity being

lost if the'preparation is heated for 15 min at 60° before incubation.
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3Hdpm x 103
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Fig; 2.3.1 : Effect of incubation temperature on histone acetylation
in the absence of histone transacetylase extract. Temperatures of

incubation were 4, 20, 37, 60, 75 and 90° with each temperature being
assayed in quadruplicate. 0.3 M NH4Cl—TEM and MKT buffer were mixed

in the ratio of 4:1 (v/v) and the pH at 4°% adjuéted to 7.9. The
solution was then heated, and at the temperatures indicated above,
aliquots were removed for incdbation (after first adjusting the pH to
7.9 with 0.25 N NaOH) with 0.08 ﬁl of a solution contaiﬁing 1 mg of acid
extracted total histone and 0.02 uCi of 3H AcCoA for 30 min at the
temperatures to which the aligquots had been heated. At the end of the

incubation the histones were isolated and counted as described in

Materials and methods (4.3).

In view of these findings the acetylatioﬁ in the buffer blanks is
concluded to be non-enzymatic in nature rather than due to a contamination
. of the histone substrate with histone transacetylase. All assays were
therefore accompanied by corresponding buffer blanks to correct for non-

enzymatic acetylation.
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2.4 SOME PROPERTIES OF HISTONE TRANSACETYLASE

In order to be ‘able to prepare 3H-—acetyl histones with a high enough
specific activity and yield to enable sequencing studies to be under-
taken (Part 3) it was necessary to determine the optimal conditions for

acetylation in the incubation system used.

2.4.1 Effect of ionic strength on histone'transacetylase

When nuclei were assayed for histone transacetylase activity it was found
that an ionic strength above 0.18 causes almost total loss of histone
transacetylase activity (Fig. 2.4.1.1). In subseguent experiments all

histone transacetylaée assays were done at an ionic strength of 0.122.

3=
{3H cpm x 1074 °
pm
) . /0/
o _e—o— — :
I
1
®
L ] 1 1 ’l/__'_l

00-08 0;10 0-12 0-14 0-16 018 0-48
lonic Strength

Fig. 2.4.1.1 : Effect of ionic strength on histone transacetylase

-~

activity in nuclei. Nuclei corresponding to 0.5 g fresh liver were
suspendea in 0.5 ml of 0.25 sucrose-TEM which was adjusted to different
ilonic strengths by the addition of 5 M NaCl. Histone transacetylase
activity was assayed by incubation at 37° for 30 min using 1 uCi of ’H
AcColh (4.3). The reaction was terminated and histones recovered and

counted as described in 4.3.
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2.4.2 Effect of pH on histone transacetylase

Histone transacetylase shoWed a pH optimum around 8.0 (Fig. 2.4.2.1).

To keep non-enzymatic acetylation (2.3) at a minimum, pH 7.9 was used

in all subseguent assays.

6= .

dpm x 1073
4l
o).

. //
-
._’:x%o-""'
é_-:.;_—@ ! ! i )

65 7:0 75 80 85

Fig. 2.4.2.1

DEAE fractions.

Effect of pH on histone transacetylase activity of

Aliquots of DEAE-cellulose fractions were incubated

with ’H~AcCoA as described in 4.3, except that the pH was adjusted

before incubation.

Histones were recovered as described in 4.3.

A Histone transacetylase activity of DEAE fractions corrected for

non-enzymatic acetylation

B Histone transacetylase activity of DEAE fractions not corrected

for non-enzymatic acetylation

c Histone transacetylase activity of buffer blanks (non-enzymatic -

“acetylation) .
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2.4.3. Effect of incubation time on histone transacetylase

When sucrose gradient fractions were incubated for up to 120 min the

reaction was complete by 30 min (Fig. 2.4.3.1).

SHdpmx 1073 | o —

. -~
3 - A

02510 20 30 60 _ | 120
Incubation Time (mins) o

Fig. 2.4.3.1 : Effect of incubation time on histone transacetylase

activity of sucrose gradient fractions. Sucrose gradient fractions
were incubated as described in 4.3 with the exception that 40 ul of
sucrose gradient fraction rather than 13 ul, and 50 Ul of 0.3 .M NH4C1—TEM
rather than 78 Ul were incubated with the other constituents. Incubation
conditions and histone isolation and counting were performed as described
iﬁ 4.3 for varying incubation times. Buffer blanks were also incubated

to correct for non-enzymatic acetylation.

A Histone transacetylase activity of sucrése gradient fractions
corrected for non-enzymatic acetylation

B Histone transacetylase activity of sucrose.gradient fractions
not corrected for non-enzymatic acet?lation

C Histone transacetylase activity of sucrose gradient buffer blanks

(non-enzymatic acetylation).
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Fig. 2.4.4.1 : Effect of enzyme concentration on histone acetylation

by sucrose gradient fractions. Aliquots of sucrose. gradient fractions
were incubated as described in 4.3 with 1 mg acid extracted ﬁotal histone
for 30 min at 37°C. Up to 90 Ul of sucrose gradient fractions with a
protein concentration of 0.5 mg/ml or eise sucrose gradient fractions
which had been concentrated (5 x) by dialysis against a 75% polyethylene

‘glycol (PEG) solution in 0.3 M NH,Cl1-TEM to a protein concentration of

4
2.5 mg/ml were incubated. '

Concentrated sucrose gradient fractions

————— Unconcentrated sucrose gradient fractions

2.4.4 Effect of enzyme concentration

Increasing the amount of enzyme protein beyond 45 ug (90 pl) did not
result in a further increase in histone acetylation (Fig. 2.4.4.1).
Dialysis resulted in the loss of about 20% of the histone trans-
acetylase activity (Fig. 2.4.4.1). 45 ug of enzyme protein (undiqused)

was used in all subsequent experiments.
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2.4.5 Effect of histone substrate concentration on histone
transacetylase

Total acetyl incorporation could not be increased by raising the histone
concentration beyond 1.72 mg/ml, i.e. 1 mg histone in incubation

(Fig. 2.4.5.1).‘ The specific activity of the product decreased with
increasing substrate concentration. As a high specific activity as

well as a reasonable yiéld of 3H—acetyl total histone is required for
sequencing studies (Part 3) it was decided to use an enzyme:histone ratio
of approximately 1:10 (i.e. 45 Yg enzyme protein + 500 g histone sub-
strate) at which 91% of maximal total incorporation is being achieved

with a sufficiently high specific activity.

3Hdpm x 1073 ( )
or10™4 (— — )

s
|

I—— LT

I

01 025 0-5 _ 1.0
mg. Histone Substrate Offered

Fig. 2.4.5.1 : Effect of histone substrate concentration on histone

acetylation by sucrose gradient fractions.

~————— Total dpm incorporation into histone offered
-x~-x- dpm/mg histone

Incubations were performed as described in the text (2.4.5) and in

Materials and methods (4.3), except that 90 upl (45 ug) of sucrose gradient

fractions were used and after termination of the reaction by acidification

(4.3), carrier total histone was added to 2 mg. The samples were

processed and histones counted as described in 4.3.
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2.4.6 Effect of 3H—acetyl CoA concentration

The optimal acetyl CoA concentration was determined by varying the
concentration of AcCoAd between 0.033 and 11.4 pM (Fig. 2.4.5.1). Under

these conditions an apparent KM value of 1.2 x 10 °

M and V of

_ max

1.4 x 108 dpm (62 pmole acetate incorporation) was found. The apparent
KM and VmaX values were calculated from the data used to plot Fig. 2.4.6.1

using a Wang computer program (Jost, 1970).

The low level of incorporation of acetyl groups (3.6 mmole/mole) is

.discussed below (3.6).

16

FéH dpmx10-5
12} ‘/‘ T
| T—/
8- | I
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I
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0 03 Km1-4 : | 33 /1 14
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Fig. 2.4.6.1 : Effect of 3H-AcCoA concentration on histone acetylation.

Sucrose gradient fraction (45 lUg enzyme protein) was incubated with
250 ug of total histone as described in 4.3 except that the AcCoA

concentration was varied between 0.033 and 11.4 uM.
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2.5 STORAGE OF HISTONE TRANSACETYLASE PREPARATIONS

The stability of DEAE and sucrose gradient preparations was investigated.

As Table 2.5.1 shows the DEAE fractions lost 61% of initial activity
after only 10 days of storage;
are stable for at least 8 days.

whereas the sucrose gradient fractions

within one week of isolation if required for further studies.

TABLE 2.5.1

STORAGE OF DEAE~CELLULOSE AND SUCROSE GRADIENT FRACTIONS

Sucrose gradient fractions were used

Histone transacetylase
preparation

Days of storage

dpm incorporation

ae

DEAE-cellulose o] 2299 . 100
fractions 1701 74
5 1489 65
10 898 39
Sucrose gradient o] 1560 100
fractions 1 1474 94
| 3 1622 104
5 ‘1579 101
8 1474 94

Fractions were stored in liquid nitrogen (4.4.5) for the times'indicated.

0.4 ml aliquots of the DEAE fractions or 20 pl of the sucrose gradient

fractions were assayed for histone transacetylase activity as -described

in 4.3.

2.6 SUBSTRATE SPECIFICITY OF HISTONE TRANSACETYLASE

The histone transacetylase preparation was tested for its substrate

specificity towards proteins other than histones, total histone prepared

by various methods, chromatin-bound histone and electrophoretically pure

histone subfractions.
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Since histones were shown to be the preferred substrate fbr the enzyme
preparation (Table 2.6.1), various histone preparations were isolated

(4.5) and‘tested for susceptibility to the histone transacetylase.

TABLE 2.6.1

SUBSTRATE SPECIFICITY OF CRUDE EXTRACT (2.2.1)
WITH NON-HISTONE PROTEINS

dpm pmole
) . incor- acetate
Substrate porated incor- %
porated
'Total histone (acid extracted) 5009 2.21 100
Egg white lysozyme | 672 0.30 13
0-Chymotrypsin ' 556 0.25 11
Bovine trypsin - : 723 S 0.32 15
Crystalline bovine albumin 590 0.26 12
Crystalline insulin 544 0.24 11
Pancreatic RNAse 518 '0.23 | 10
Horse hemoglobin , _ 469 ©0.21 10
Horse cytochrome C . 806 0.36 16
Salmine (histone free) - 672 0.30 14
Crude DNAse | 625 0.28 13
Ovalbumin 703 0.31 14

Crude histone transacetylase extract was incubated as described in
Materials and methods (4.3) except that 1 mg of the.vérious protein
substrates instead of histone were added. No correction has been made

for non-enzymatic acetylation (2.3) of any of these substrates.

Optimal incubation conditions for the enzymatic acetylation of histones
have been determined in 2.4 (i.e. ionic strength of 0.122, pH 7.9, .
incubation temperature of +37OC, 30 min incubation time, 90 ul of sucrose
gradient histone transacetylase preparatibn (containing 45 Ug protein) as
enzyme source and 500 lg total histone substrate). Although the apparent

Km value for °H AcCoA has been determined to be 1.2 x 10 % M (0.73 uCi
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of 3H AcCoa with specific activity 1.03 Ci/mmole), in testing the

susceptibility of various histone preparations to acetylation by the
histone transacetylase, only‘0.0Z UCi of 3H AcCon was used since the
relative susceptibility of the substrates rather than optimel incor-

poration of 3H-—acetyl groups was being evaluated.

Calf thymus total histone (500 ug).(4.5.l) was assayed as a substrate
in this experiment (Table 2.6.2.I) since it was used previously.

Because the histone transacetylase was isolated from rat liver, 500 yg
of rat liver totai histone (acid extracted) (4.5.3) was also tested as

substrate (Table 2.6.2.II).

To substantiate the suggestion that specific histone aggregates might
be true substrates for histone transacetylase {(Candido, 1975), rat liver.
protamine displaced total histone was isolated (4.5.4) and 500 uUg incu-

bated with the histone transacetylase (Table 2.6.2.III).

The substrate most closely resembling that existing in vivo is isolated
chromatin. It has been shown (de Pomerai et al., 1974) that chromatin
varies in its template properties depending on the method of preparation.
For this reason a rat liver chromatin gel was prepared as described by

van der Westhuyzen (1973). - This author has shown previously that such
chromatin gels retain the biological characteristics of the nuclei from
which they were isolated if RNA synthesis is used as an indicator

(van der Westhuyzeh, 1973) . It was found that as soon as the ionic
strength of the chromatin gel was increased, precipitation occurred.

For this reason it was necessary to dialyse the sucrose gradient histone
transaeetylase preparation to reduce its ionic strength so that the
dialysed enzyme could be added to the chromatin gel (containing 500 ug .
total histone) and pre—incubated together to allow the histone transacetyl?
ase to find its place on chromatin before the other incubation constituents

which caused immediate precipitation were added (Table 2.6.2.IV).

Table 2.6.2 shows the results obtained with the dialysed histone trans-
acetylase preparation. The incubations using acid extracted total
- histones were repeated using undialysed enzyme (Table 2.6.3, I + II) and
in addition isolated histone subfractions (4.5.6.1) were also incubated

with the histone transacetylase (Table 2.6.3.III). 500 pg of calf
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TABLE 2.6.2

SUBSTRATE SPECIFICITY OF HISTONE TRANSACETYLASE
(DIALYSED) WITH VARIOUS HISTONE PREPARATIONS

Substrate dpm incorporated

I Calf thymus total histone 3634
(acid extracted) (500 ug)

11 Rat liver total histone , 4138

(acid extracted) (SOO‘ug)

III Rat liver histone 5074

(protamine displaced) (500 uqg)

IV Rat liver chromatin No incorporation*

(= 500 ug total histone)

(* over and above the endogenous acetylation of the chromatin
preparation in the absence of added enzyme); - Substrates were prepared
as described in 4.5.1, 4.5.3, 4.5.4 and 4.5.2.2 respectively. - Incubation
constituents, initiation and termination of the reaction and preparation

of histones for radiocactivity determination are given in 4.3.

thymus total histone was calculated to contain approximately 100 ug of
histone H1, 80 ug H2A, 115 ug H2B, 120 Ug H3 and 80 ug H4 which amounts
were incubated with the histone transacetylase (Table 2.6.3.IiI), by
assuming that the molar ratios of the.various histone fractions are
histone H1 : H2A : H2B : H3 : H4 = 0.5 : 1 : 1 : 1 : 1 (Johns, 1967;
Kornberg, 1974). To study whether there is any difference in the
aeetylation of the subfractions when incubated separately or when
recombined, these amounts of the isolated subfractions were mixed together

and incubated with histone transacetylase (Table 2.6.3.IV).
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TABLE 2.6.3

SUBSTRATE SPECIFICITY OF HISTONE TRANSACETYLATING
(UNDIALYSED) WITH VARIOUS HISTONE PREPARATIONS

Substrate dpm incorporation

I Calf thymus total histone ' 2810
(acid extracted) (500 ug)

i1 Rat liver total histone ' ‘ 14030
(acid extracted) (500 ug)

III  Calf thymus histone ~ 100 Ug histone H1 1558

| subfractions (= 500 g - . 80 Ug histone H2A 1164
total histone) 115 1g histone H2B 2295

120 Jg histone H3 - 1739

‘80 g histone H4 - 1682

€ = 8445

v Calf.thymus histone :
subfractibns recombined 3363

(£ 500 ug total histone)

Substrates were prepared as described in 4.5.1, 4.5.3 and 4.5.6.1
respectively. Incubation constituents, initiation and termination of
the reaction and préparation of the histones for radioactivity

- determination are given in 4. 3.
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2.7 . DISCUSSION

An isolation procedure was developed for the rapid preparation of
histone transacetylase from rat liver nuclei which could be coﬁpleted_
in only 4 days. As ﬁentioned before (2.1) no attempt was made to .
purify the histone transacetylase té homogeneity since it was used-
merely as a tool to study the sites of histone acetylation occurring

in Vitfo. Further purification of the sucrose gradient fractions

¢could be obtained by ion-exchange or gel chromatography (Table 2.2.3.1),
but the resulting preparation either gave an uneconomical yield of
histone transacetylase activity when the further purification ofvl.6

to 3x was considered (Table 2.2.3.1) or else was unstable upon storage
(Table 2.5.1).  For these reasons, as well as the fact that column

. runs were undesirable when a rapidvenzyme isolation procedure was
fequired, fufther purification of the sucrose gradient fractions was not

performed for routine enzyme isolations.

It was essential that the histone transacetylase preparation used bé
histone-free to enable substrate specificity to be studied. Lue et al.
(1973) found ﬁhat if sonication of nuciei was done in 0.3 M ammonium
sulphéte - 1 M sucrose, mainly histone associated histone transacetylase
was extracted, whereas if the nudlei were extracted with a hypotonic
medium, mainly hiétoné—free histone transacetylase was solubilised.
Therefore the nuclei wefe sonicated at a low ionic strength. An
increase in the salt concentration of the sucrose gradient caused a
shift of the histone transacetylase activity towards the top of the
gradient (Fig. 2.2.2.1) and this was interpreted to mean that histone-
associated histone transacetylase is still extracted from the nuclei 6r
else.that histone transacetylase is able to interact with solubilised
histones after extraction from the nuclei. - However 0.3 M NH4C1 clearly
causes a dissociation of these contaminating histones. Lue et al.
(1973) also found that histone—associatea histone transacetylase was not
bound to DEAE-Sephadex and since it has been found (Fig. 2.2.3.1) that
all of the activity is bound to DEAE-cellulose, the sucrose gradient
fractions were assumed to be in the histone-free form. This was
cdnfirmed by gel electrophoresis which showed that the sucrose gradienﬁ

fractions were histone-free.

Table 2.6.1 shows that the enzyme extract exhibits a marked pteférence
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for total histone as substrate. The possibility that another better
substrate for the enzyme exists is not excluded since only a few '
proteins have been tested as substrates. . However since it was found
that this preparation exhibits the same substrate site specificity
towards histones as occurs in vivo (see Part 3) it is likely that this

enzyme is indeed a histone transacetylase.

The addition of exogenous histone transacetylase causes no increase

in the acetylation of chromatin-bound histones above that catalysed by
the endogenous chromatin-bound histone  transacetylase activity {(Table
2.6.2). This may be due to either (a) all 6f the histone transacetylase
binding sites on chromatin being filled by ﬁhe endogenous histone trans-—
acetylase or (b) chromatin—bound histones are not the substrate for the
isolated histone transacetylase or (c¢) the exogenous histons transacetyl-
ase cannot get access to the acetylation sites on histone due to steric
hindrance. - Because of this result chromatin was not used as the
substrate for the study of the substrate specificity of the histone

transacetylase preparation. Table 2.6.2 shows that rat histones

poration. It was thus decided to use the rat liver protamine-displiacad
histone as substrate since next to chromatin it is the histone trans-
acetylase substrate most closely resembling that existing in wvivo as
discussed earlier (2.6). Table 2.6.3 (III and IV) shows that when
isolated histone subfractions are incubated with histone transacetylase
the counts incorporated are very much more than ﬁhen the subfractions

are re—combined again. It is possible that there is compatition betweszn
the histone subfractions for the binding of histone transacetylasé or

else when histone aggregates are formed that leés acetylaticn s ites

are available. Table 2.6.3.III shows that the relative susceptibility

of the histone subfractions to écetylation is HZB>H3>H4>HL HZg'a result
which is in contrast to that found when protamine displaced histone is
acetylated by histone transacetylase (see Fig. 3.3.3.1.1) where

H4>H3>>H2A , H2B , Hl. The results obtained from this experiment emphasise
the different acetylation which occﬁrs when different histone prepzraticns

are used as substrate.

This histone transacetylase preparation was used (3.2) to prepare °‘E-
acetyl histone using rat liver total histone (protamine displacéd) 2s

substrate, by incubation under the optimal conditions determined above.
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The specific activity and yield of 3H—acetyl histone were sufficient to
enable sequencing studies of 3H—acetyl histones to be undertaken (see

Part 3).
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PART 3

INVESTIGATION OF ENZYMATICALLY ACETYLATED ’H~-ACETYI, HISTONE

3.1 ’ INTRODUCTION

In Parf 2 the isolation of a crude hiétone—free histoﬁe transacetylase
preparation was presenﬁed. The substrate specificity of this histoné
transacetylase preparatién was ‘also investigated. Part 3 describes the
preparation of 3H-—acetyl rat liver total histone (protamine displaced)

by enzymatic acetylation with the histone transacetylase preparation,
using.the optimal incubation conditions for acetYlation determined in
Part 2, in sufficient quantity and with high enough specific activity

to enable sequencihg studies of the histone subfractions most suscep-
tible to acetylation (histones H3 and H4) prepared from the total histone

to be undertaken.

3.2 PREPARATION OF ENZYMATICALLY ACETYLATED ’H-ACETYL
RAT LIVER TOTAL HISTONE (PROTAMINE DISPLACED)

Protamine diéplaced rat liver histone was incubated with the histqne
transacetylase and 3H—ace_tyl CoA and the crude 3H—-acetyl histone
recovered as described in 4.5.5. 125 mg (approximately 8 pmole) of"
3H-acetyl histone containing 5 x 10° dpm (approximately 84 nmole acetate)
was recovered after freeze drying. (Specific activity 4 x 108 dpm/mg

protein, or approximately 0.0l mole acetate/mole histone).

3.3 FRACTIONATION OF JH-ACETYI TOTAL HISTONE

3.3;1- Preparation of 3H—acetyl histone H4

'3H—a¢etyl total histoné (125 mg) prepared as described in 3.2 was
subjected to gel filtration on Biogel P-60 (4.5.6.2.1) using the method
of B8hm et al. (1973). Fig. 3.3.1 shows that histones H1l and H4 eluted

as chromatographically pure fractions whereas histones H2A/H3 and H2B



_ OD2¢6 —

dpm x1073
X~ ==X

l [ |
150 200 250
Fraction (5ml) Number

Fig. 3.3.1 : Biogel P-60 chromatography of 3H—acetyl total histone. Enzymatically acetylated Sa-

acetyl rat liver total histone (protamine displaced) was prepared as described in 3.2. Chromatography

was performed as described in 4.5.6.2.1 with 10 yl aliquots being taken for radioactivity determinations.

£S
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were not resolved from one another. The small peak.of radioactivity
eluting after H4 but before the urea-mercaptoethanol peak has not been
identified. Histone H4 contained in the pooled fractions indicated
in Fig. 3.3.1 was found to be electrophoretically pure. After freeze
drying the pooled fractions, the recoveries of protein were found to be
histone H1 = 32 mg; histone H4 = 20 mg and histone-H2A/H2B/H3 = 53 mg
which represents 84% recovery of the protéin applied to the column.

The specific activities of the H4 and H2A/H2B/H3 fractibns were found |
to be 3.76 x 10° dpm/mg and 1.13 x 10° dpm/mg protein respectively.
Approximately 46% of the radioactivity applied was recovered from the
column. Since the overall recovery of protein from the column exceeded
84%, it was concluded thatvé,labelled contaminant had been removed by
adsorption -onto the gel used tb pack the column. Gel electrophoresis
of the total histone (see 3.3.3.1) also only gave a 3H—recovery of

about 42%.

3.3.2 Preparation of 3H-—acetyl histone H3

The histone H2A/H2B/H3 mixture (53 mg protein, 6 x 107 dpm) obtained
from Biogel P-60 elﬁtion (3.3.1) was oxidised with o-iodcsobenzoate and
subjected to. Sephadex G~100 chromatography using the method of Brandt
and von Holt (1971) described in 4.5.6.2.2. Fig. 3.3.2 shows that

the histone H3 dimer was eluted well before the histone H3 monomer as
well as histones_H2A and H2B. After the fractions éontaining (H3)2
has been pooled, dialysed and freeze dried 6.13 mg of (H3)2 containing
1 x 107 dpm were recovered, with a specific activity of 1.6 x 10°
dpm/mg. Recovery of radioactivity from the column was 95%. If it

is assumed that histones H2A/H2B and H3 are present in equal amounts by
weight in the peak obtained from Biogel P-60 then the yield of 6.13 mg
of histone H3 dimer is only about 35% of the expected yield.

3.3.3 Characterisation of 3H—acetyl rat liver histones

3.3.3.1 Gel electrophoresis

Fig. 3.3.3.1.1 shows that histones H4 and H3 are the fractions which
are most écetylated in the total histone prepared in 3.2. The 47 \ug
of enzymatically acetylated total histone subjected to gel electrophoresis

contained 1.88 x 10° dpm and only 42% of this radiocactivity was recovered
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Fig. 3.3.2 : Sephadex G-100 gel filtration of iodosobenzdate oxidised
H3-dimer. A 2.5 x 100 cm column equilibrated with 0.02 N HC1l (pH 2.1)

- was packed and eluted at 80 cm head (4.5.6.2.2). Fractions of 5 ml

were collected. 20 Yl aliquots were withdrawn for 3H—counting.

on the gel, a value which agrees closely with the 46% of 3H—recbVery

found after Biogel P-60 chromatography (3.3.1). Fig. 3.3.3.1.1 also
shows that non-enzymatic acetylation of histone was negligible {4.7%

of enzymatic acetylation) under the incubation conditions used to

prepare enzymatically acetylated histone (3.2).

Histone H3 dimer was subjected to polyacrylamide gel electrophoresis in
the absence or presence of B-mercaptoethanol. Fig. 3.3.3.1.2 shows
that upon addition of B-mercaptoethanocl, the histone H3 dimer is con-

verted into monomer. Recovery of radiocactivity in both gels was about-
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Fig. 3.3.3.1.1 : Polyacrylamide gel electrophoresis of 3H—acetyl rat liver total histone (protamine
displaced) . Enzymatically or non-enzymatically acetylated total histone (47 ug) was applled to 20 cm
polyacrylamide gels (4.2.5). Non—enzymatlcally acetylated histone was prepared by 1ncubat1ng rat

liver total histone (protamlne displaced) with 4 AcCoA as described in 4.5.5 except that 0.3 M NH Cl~TEM
1nstead of sucrose gradient fractions were added to the incubation. Rad10act1v1ty of the gel sllces

was determined after oxidation in the sample oxidiser (4.2.6).
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Fig. 3.3.3.1.2 : Polyacrylamide gel electrophoresis of H3 dimer in
the absence or‘?resence of reducing agent. H3 dimer (43 ug,

69 758 dpm) prepared as described in 3.3.2 was dissolved in 8 M urea
with or without B-mercaptoethanol and subjected to electrophoresis on
10 cm gels (4.2.5). Radiocactivity was determined by oxidation in a

sample oxidiser after slicing the gels {(4.2.6}.
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80%. The minor electrophoretic heterogeneity of the H3 dimer

(peak A, Fig. 3.3.3.1.2) may be due to the presence of histone H3
species with 1 or 2 cysteine residues which it has been Suggestéd,

occur in rodents (Garrard, 1976) br to the formatioﬁ of a hybrid dimer
‘in which only one of the partners is.histone H3 or one of its degra—‘
dation product§ (Brandt et al., l974b). On reduction with B-mercapto-
ethanol the radibactivity which co-electrophoreses and co—chrométographs
with the dimer appears in the monomer (Fig. 3.3.3.1.2). "Other minor
contaminating bands (B & C Fig. 3.3.3.1.2) are non-radiocactive and do
not contain any ¢ysteiﬁe residues since their areas are the same in

the absence or presence of B-mercaptoethanol.

- 3.3.3.2 Histone deacetylase

To confirm that the radioactivity in the 3H—preparation indeed

représents acetylated histones H3 and H4 and not a radioactive con-
taminant co-purified with the histone, a nuclear histone deacetylase

shown to be specific for histones H3 and H4 (Vidali et al., 1972) was
prepared as described in 4.6.2. Fig. 3.3.3.2.1 shows the chromatographic

profile obtained on Sepharose 6B.

4r- ® .
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o—o / [ {
3} | H \
. ]
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21~ ® x1072 _ ¢
1 °\ / Xm==eX
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x/."#. \ -2
’ \ o
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g — ? 3 \o T
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Fig. 3.3.3.2.1 ; Chromatography of histone deacetylase on Sepharose 6B.
vChromatography was performed as described in 4.6.2.2. Histone deacetylase

activity («-x) was determined using the method described in 4.6.2.3.
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The histone deacetylase elutes in a position corresponding to that
reported by Vidali et al. (1972). The histone deacetylase was
incubated (as described in 4.6.2.3) with °H-histone H4 or ’H-histone
H3/H2A/H2B mixture (4.5.6.2.1). To assess the degree of deacetylation,
the histone was either electrophoresed and the electrophoretic fractions
determined or else the liberated_aH—acetic acid was determined (4.6.2.3).
Table 3.3.3.2.1 shows that between 13 and 19.2% of.the 3H—acetyl groups
were removed from the histone. This value isvfairly close to the 20%
deacetylation of histone H4 reported earlier (K;ieger et al., 1974)
using the same enzyme. Since the histone deacetylase is specific for
histones H3 and H4 (Vidali et al., 1972), and deacetylates the 3~
preparatibns of histone H3 and H4 to the same extent as that reported,
it can be concluded that 3H-histone H3 and H4 are indeed the aH—species

present in these preparations.

TABLE 3.3.3.2.1

ENZYMATIC DEACETYLATION OF HISTONE

. % Removal of ’H-acetate
Substrate Deacetylase assay method relative to zero time
incubations
H2A/H2B/H3 . . .
mixture Electrophoresis 14%
Histone H4 " - 13%
H2A/H2B/H3
mixture Ethyl acetate extraction
of 3H acetic acid 19.2%
Histone H4 , " 13.8%

" Histone H2A/H23/H3-mixtﬁre (70 HUg) or histone H4 (20 ug) were incubated
‘with deacetylase as described in 4.6.2.3. All 60 min incubations were
corrected for zero time incubations. For the electrophoretic deter-
mination of the degree of deacetylation, the total dpm occurring in the
single radiocactive peak found on the gels was determined. For the
_ethyl acetate extraction method, the total dpm extracted into the ethyl

acetate layer were determined.
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3.4 PREPARATION OF HISTONE H4 PEPTIDES

Sequential degradation of intact histone H4 to reveal the internal
g-N-acetyl lysines is not possible because the N-terminal serine has

.a blocked, acetylated G-amino group (DelLange et al., 1969a). However
these authors have described (DeLange et al., 1969a) a method utilising
chymotryptic and tryptic hydrolysis for the generation and purification
of histone H4 peptides. | The method used is summarised diagrammatically
in Fig. 3.4. The peptide nomenclature used is that of DeLange et al.,

1969a.

Whereas DeLange et al. (1969a) developed this method in order to be able
to determine the amino acid sequence of histone H4, the object of the ‘
present study was.to investigate the sites of 3H—acetyl group incorpor-
ation in histone H4. For this reason the purification of 3H—acetyl
peptides was monitored by determining the radiocactivity of the column
effluents only rather than by determining the pattern of all the generated
peptides‘via reaction with ninhydrin as used by Delange et al. (1969a).
The 3H—peptide fractions obtained after chymotryptic digestion and gel
filtration were clearly expected to be contaminated with other non-
radioactive peptides. Amino acid analysis of the chymotryptic peptide

mixtures obtained confirmed that this was indeed so (Table 3.4.1.1).

Since all the reported sites of acetylation of histone H4 are in the
N-terminal region of the molecule (see Table 1.2.7), only 3 radioactive
species (intact histone H4, peptides C-1 and C-la) were expected after

- chymotryptic digestion of histone H4, which would elute in the order

of their relative molecular weights, i.e. histone H4, and then peptide
C-1 followed by peptide CQla. Since the yield of peptide C-1 was
reported to be better than that of peptide C-la (DeLange et al., 196%9a),
a result which was confirméd in the present wbrk_(see Fig. 3.4.1.1) it
was decided to isolate the fractions containing peptide C-1, rather than

C-la.

Since 3H—acetylated peptide C-1 consists of amino acid residues 1-37
(see Fig. 3.4) the N-terminus is still blocked and Edman degradation still
cannot bé done. Tryptic digestion of the peptide after maleylation
was utilised to prepare two relatively large fragments, T(M)-2 and T{(M)-5

(see Fig. 3.4) as well as a number of smaller peptides, of which only
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T (M)~4 contained a lysine residue (see Fié. 3.4). Gel filtration

of the tryptic digest should éeparate T(M)fZ ana T(M)-5 from the other
peptides and clearly show whether T(M)-4 is acetylated or not. The
sequences of T(M)-2 and T(M)-5 for calf thymus histone H4 are

T(M)-2 - Gly -—Gly-—Gly —Gly—Leu—Gly -Gly—Gly—Ala—EEys[—Arg
T(M)-5 : Asp~-Asn-Ile-Gln-Gly-Tle-Thr Pro-Ala-Ile-Arg-Arg-Leu
(DeLange et al., 1969%a). Since none of the 4 lysine residues of

T(M)-2 coincides in its position with the lysine residue of T(M)-5 it
was possible to simultaneously sequence these 2 peptides and unambiguosly

assign the sites of acetylation (Fig. 3.5.2.1.1).

3.4.1 Preparation of chymotryptic 3H-histone H4 peptides

Chymotryptic hydrolysis was performed using the method of DelLange

et al. (1969a) described in 4.7.1. The NaOH consumption indicated
that 2.85 peptide bonds/histone H4 moiecule had been cleaved. This
was less than the 6 bonds cleaved pér molecule reported earlier

(DeLange et al., 1969a).

It was found in a pilot run that when the chymotryptic hydrolysate was
applied to Sephadex G-25 under the condiﬁions used by DeLange et al.
(1969a) that only a single.ninhydrin positive peak was obtained, eluting
at the outer volume of the columh, in contrast_to‘the 3 unresolved peaks
reported by DeLange and co-workers. . For this reason Sephadex G-75

was used for the chromatographic purification of chymotryptic histone
H4 peptides. Fig.'3.4.l.l shows that 3‘peaks of radicactivity were
obtained which were postulated to be : peak I - intact 3H—hiétone H4;
peak II - 3H-—peptide C-1l; peak III - 3H-peptide C-la (see Fig. 3.4

for histone H4 peptide nomenclature).

"This assignment was made because (a) it is assumed that the peptides
would elute in the order of their relative molecular weights, i.e. H4

" histone first follawed by Cc-2, C-1, C-2a, C~la, C-2b and C-lb} 2c and 2d
(see Fig. 3.4);7 (b) it was also assumed that acetylation most probably
only occurred in the N~terminal region of the molecule as reported
earlier (Table 1.2.7); (c) amino acid anaiysis (4.7.3) of peaks I-III
obtained after chymotryptic hydrolysis and Sephadex G-75 chromatography
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Fig. 3.4.1.1 : Gel filtration of chymotryptic histone H4 hydrolysis

products. Chymotryptic hydrolysis was performed as described in 4.7.1

and the Sephadex G~75 column was eluted as described in 4.7.2.
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Fig. 3.4.1.2 : Gel filtration on Sephadex G-75 of peak II from

Fig. 3.4.1.1 reapplied to the column.
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in_a pilot run (Table 3.4.1.1) supported this assignment of 3H-

peptides to explain the radioactive peaks obtained on Sephadex G-75
elution although as expected there is extenéive contamination by other
peptides present. The amino acid composition of these fractions is
intermediate between the expected analysis for the pure peptide fraction
and other peptides which could be expected to be contaminating these
fractions (Table 3.4.1.1); (d) if peptides C-2 and C-2a were radio-
active, the sharp peaks obtained (Fig. 3.4.1.1) would be expected to

broaden out considerably.

Fraction IXI (Fig. 3.4.1.1) on rechromatography (Fig. 3.4.1.2) appeared
to be homogeneous and was assumed to be SH-Cc-1 peptide with other
(non-radiocactive) peptides as contaminants of the 3H-—peptide (Table

"3.4.1.1}).

The recovery of radicactivity from these two Sephadex G-75 steps was
76.5% and 99.2%:respectively. Peak II obtained from the run shown in
Fig. 3.4.1.1 contained 2.7 x 108 dpm and after rechromatography 2.1 x 10°

dpm was recovered in the 2.1 mg of peptide obtained.

3.4.2° Preparation of tryptic 3H-hiétone H4 peptides

Peptide C—l.obtained as described in 3.4.1 was maleylated and subsequently
digested with trypsin as described in 4.7.4 and 4.7.5. After Sephadex
G-25 chromatography (Fig. 3.4.2.1) a single radiocactive fraction probably
containing the 2 peptides T(M)-2 and T(M)-5 of approximately equal size
(refer to Fig. 3.4), and 84% (i.e. 1.03 x 108 dpm, 0.75 mg peptide) of

the radioactivity recovered from the column resulted. The simultaneously
genérated smaller peptides T(M)-1 and T(M)-3 do not contain lysine which
could undergo acetylation, only the small peptide T(M)-4 cdntéins lysine
which however has been reported to undergo mehtylation in vivo (see

Table 1.2.2.2). Fig. 3.4.2.1 does notvgive any indication of the presence'
of a small radiocactive peptide resembling T(M)-4. Aliquots of the un-
resolved T(M)-2 and T(M)-5 mixtﬁré were used for automatic Edman degrada-

tion (see 3.5.2).

3.4.3 Paper chromatography of tryptic histone H4 peptides

Aliquots of the radiocactive peak obtained from Sephadex G-25 supposed to
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TABLE 3.4.1.1

AMINO ACID ANALYSIS OF CHYMOTRYPTIC PEPTIDE MIXTURES

Number of residues
Amino Frag- :
acid ‘ment: Peak I C-2 Cc~1 Peak II C-2a C-la Peak III C-2b
© |Histone Histone (C~-1) (C-1a)
H4 H4
Lys 11 7 5 6 6 5 5. 2
‘His 2 1 1 1 1 0 1 1 1
Arg | 14 10 8 6 6 5 3 4.5 1
Tep | - - - ~ - - - - -
Asp 5 4.6 3 2 2 2 0 2 1
Thr 7 6 6 1 3 2 0 1.6 3
Ser 2. 2.6 1 1 11 1 1.4 0
Glu 6 7 5 1 3 3 o) 2.4 1
Pro 1 0.6 o) 1 0.4 o) o) o) o)
Gly 17 9 8 9 4 4 8 8 o)
Ala 7 7 5 2 3 2 1 4 2
. CySH - C - - - - - - - -
val | 9 9 8 1 4 5 1 ) 3
Met 1 2 1 o 1 o o 0.5 1
Ile 6 5 3 3 2 3 o) 0
Leu 8 6 5 3 3 3 2 o]
Tyr 4 4 4 o . 2 o 1
Phe 2 2 2 0 0.8 1 o . o) Q
Total |102 82 65 37 42 35 22 40 16 g
. : i

Amino acid analysis of material contained in peaks I to III (Fig. 3.4.1.1)
was done as described in 4.7.3. The amino acid compositions of intact
histone H4 and the chymotryptic peptides are calculated from the amino

acid sequence of histone H4 reported by DeLange et ai. (1969a) .
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Chromatography was performed as described in 4.7.6.1.
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Fig.'3.4.3.i : Paper chromatography of peptides T(M)-2 and T (M) -5.

300 Ug of peptides T(M)-2 and T(M)~5 mixture prepared by Sephadex G-25
chromatography (3.4.2) containing 4 500 dpm were sﬁbjected to paper

chromatography as described in 4.7.6.2. Radiocactivity was determined
by oxidatioﬁ of 1 cm strips of the chromatogram after visualisation of

the peptides by ninhydrin spraying (4.7.6.2).

contain T(M)-2 and T(M)—é (3.4.2) were subjected to paper chromatography
‘as described in 4.7.6.2. Fig. 3.4.3.1 shows the radiocactivity profile
and ninhydrin positive material which was obtained in a pilot run.

The mixture is resolved (Fig. 3.4.3.1) into four radioactive fractions
differing from each other in Rf—values by.equal increments. Fraction
A has been shown by DelLange et al. (1969a) to be mono-acetylated T(M)-2;
fractions B, C and D.probabiy represent T(M)-2 species with 2-, 3- and

4 acetyl residues. In a preparative run 0.19 mg (approximately 60 nmole
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of each of T(M);Z and T(M)-5) of peptide mixture containing 2.5 x 10° dpm
was applied to the paper. After elution ofvthe peptides from the paper
(4.7.6.2), 65% of the counts applied were recovered. Peak A (mono-
acetylated T(M)-2) contained 3.8 x 10" dpm and half of this material was.:

subjected to automatic Edman degradation (see 3.5.2.2).

3.5 AUTOMATIC EDMAN DEGRADATION

3.5.1 Sequencing of histone H3 .

3H-histone H3 dimer (3.3.2) waa subjected to Edman degradation as

described in 4.8.1. A pilot run showed that after 30 degradation c¢ycles
83% of the radiocactivity applied was found in the efhyl acetate layer A
after conversian_to the PTH-amino acid (4.8.2) while 11% was found in

the aqueous layer with only 6% of the counts applied being iéft in the
sequencer cup. This indicates that all of the radioactivity occurs

in the N-terminal region (residues 1-30) of the histone H3 molecule.

It was also found that when aliquots of radicactive PTH-amino acids were _
subjected to thin layer chromatography (Fig. 3.5.1.1) that the radioactivity
co—migrated with authentic e-N-acetyllysine. Though the piiot run
indicated higher radioactivity in lysine positions, the background
radioactivity in other positions was high'indicatiﬁg either extractive
losses of the small amounts of histone H3 appliéd to the cup or a

considerable degree of incomplete cleavage with the resulting overlap.

When another sample of SH-histone H3 (2 mg; 130 nmole, 3.2 x 10° dpm)
~was subjected to Edman degradation, unlabelled histone H3 (1 mg, 65
nmole) was co-sequenced as carrier. A repetitive yield of 91% for

each cycle of degradation was calculated from the yields of alanine in
cycles 1, 7 and 15 (Table 3.5.1.1). Table 3.5.1.1 also shows that the
neutral PTH-amino acid residues determined‘by gas chromatography were
those expected from the known sequence of calf thymus histone H3 (DeLange

et ai., 1972) .

The distribution of radiocactivity obtained. when the SH-PTH amino acid-

in the ethyl acetate layer was determined and corrected for 91% repetitive
yield is shown in Fig. 3.5.1.2. The repetitive yield of 91% duriné
degradation caused a gradually increasing appearance of €—N-3H—acetyl~
lysine-PTH at each cycle. This background radicactivity amounted at
residue 3 and 5 to 0.112 x 10° and 0.31 x 10° dpm to increase at residue

22 and 24 to 2.64 xleS and 2.63 x 10° dpm respectively. The proline
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Fig. 3.5.1.1 : Thin layer chromatography of PTH-amino acids. .

Thin layer chromatography was done as described in 4.8.3. Radioactivity
was determined by scraping off the plates and counting the material removed
(4.8.3).  The radiocactivity profile of residue 14 after Edman degradation

(4.8.1) is shown. Single letter notation for amino acids is used.
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TABLE 3.5.1.1

SEQUENTIAIL DEGRADATION OF HISTONE H3

YIELDS OF SOME PTH-DERIVATIVES

Prominent amino acid
s v Yield in nmole | Most Expec- ¢
Step no. | Residue  Step Step Step likely . - ted
(n) n-1 ‘n n+l residue residue
1. Ala - 47.6 3.5 . Ala Ala
2 : ‘ - Arg
3 Thr 2.4 23.3 6.5 Thr Thr
4 - Lys
5 , - . © Gln
6 Thr 2.9 16.3 3.2 “Thr " Thr
7 Ala 4.5 32.5 6.0 Ala : Ala
8 - Arg
9 - Lys
10 - Ser
11 o - . Thr
12 Gly 8.6 13.0 14.6 Gly Gly
13 Gly 13.0 14.6 5.0 Gly Gly
14 ' - . Lys
15 Ala 4.8 15.8 7.0 Ala : Ala
16 - Pro
17 - Arg
18 - Lys
19 _ - Gln
20 , Leu 5.3 9.8 7.0 Leu Leu
21 . Ala 5.7 10.7 8.7 ~Ala Ala
22 ' 7 - Thr
23 - Lys
24 Ala 6.4 9.5 11.1 _ Ala Ala
25 Ala 9.5 11.1 7.8 Ala Ala
26 ' _ o - Arg
27 - Lys
28 ' - - : Ser
29 Ala - 5.1 7.4 5.3 Ala Ala
30 » 1 - ~ Pro

3 mg of histone H3 (195 nmole, 3.2 2 10° dpm) were sﬁbjected'to automatic
Edman degradation as described in 4.8.1. Yields of amino acids were
détermined from the heights of the peaks obtained from, the gas chromato-
graph and semi-quantitated by using correction factors for standard

amounts of amino acids. Basic and acid amino acids were not determined.
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g-N-acetyllysine-PTH 1.18 ' 0.98 - 17.16
(dpm x 107 °) ]
Acetyl Acetyl Acetyl
Ala-Arg-Thr-Lys-Gln-Thr-Ala-Arg-Lys~Ser-Thr-Gly-Gly-Lys~Ala-
5 10 15
9.20 3.84
Acetyl ] Acetyl
’ Pro-Arg-Lys-Gln-Leu-Ala-Thr-Lys-Ala~Ala-Arg-Lys-Ser-Ala~Pro-
- 20 25 30
Fig. 3.5.1.2 : SH~acetate distribution in histone H3.

_3 mg of histone H3 (3.2 x 108 dpm) was subjected to Edman degradation
(4.8.1) and after conversion to the PTH-amino acid the radioactivity
of the ethyl acetate layer was determined (4.8.2).' Acetylation was
considered. significant if the radiocactivity was at least twice tnat in
the preceding degradation cycle or if the radiocactivity returned after

the lysine residue to the value preceding the lysine residue.

residue at position 16 which is incomplétely cleaved (Brandt et al.,
1977) also contributes to the background radioactivity being relatively

high after residue 16.

The radiocactivity increases where there is a lysine reéidue (positions
4, 9, 14, 18 and 23) (Fig. 3.5.1.2) but an increase was also found 2‘
cycles earlier than expected, i.e. at residues 2, 7, 12, 16 and 21,
pbinting to the possibility that the histone H3 is contaminated with a
histone H3 degradation product which has the first 2 amino acids removed

" through proteolysis during the isolation procedure.

3.5.2 Sequencing of histone H4

3.5.2.1 Sequencing.of histone H4 peptide T{(M)-2 and T(M)-5 mixture

v3H-histone H4 peptide~T(M)—2 and T(M)-5 mixture (O.O9Img, 1.15 x 10° dem,
containing 28 nmole of each peptide) isolated as described above (3.4.2)
was subjected to automatic Edman degradation as described in 4.8.1.
Pre-coupling of the peptide mixture with sulphonated-PITC and co-sequencing

with unlabelled histone H4 from calf thymus (4.8.1) were necessary to
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TABLE 3.5.2.1.1

SEQUENTIAL DEGRADATION OF HISTONE H4 PEPTIDE
T (M) -2 AND T (M)-5 MIXTURE

YIELDS OF SOME PTH-DERIVATIVES

Prominent amino
acid
Step vield in hmole -Most likely ’ Expected
no.| Resi- Step Step Step \residue(s) residue (s)
(n) due n-1 n n+l | T(M)-2 T(M)-5 T(M)-2 T (M) -5
1 Gly - 6.5 5.9 Gly - - Gly Asp
2 - - - - - . - ' Lys Asn
3| el 5.9 18.3 12.4 | |
Ile/Leu 5.4 14.2 6.0 Gly Ile Gly Ile
4 - - - - - - Gly Gln
5 - - - - - - Lys Gly
6 Gly 8.7 9.6 4.8
Ile/Leu 3.8 6.0 8.0 Gly Ile Gly Ile
7 Ile/Leu 6.0 8.0 3.4 Leu - Leu . Thr
8 | Gy 4.8 10.4 6.2 Gly - Gly Lys
9 » - - - - - - Lys Pro
Pl Al 2 38 o | w oma @y M
Blar e o et ey ome ey e
12 Ala 3.0 4.8 3.3 Ala - Ala Arg
13 - ' - - - - - Lys Arg
14 |Ile/Leu 3.6 4.1 - : - Leu Arg Leu

0.09 mg of peptide mixture (28 nmole of each peptide, 1.15 x 10° dpm"
was subjected to automatic Edman degradation as described in 4.8.1.
Yields of amino acids were determined from the heights of the peaks
obtained from the‘gas chromatograph and semi-quantitated by using
correction factors for standard amounts of amino aéids. ‘ Basic_and'a

amino acids were not determined. » -

cidic
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SHdpmx10 4
5
4=
3— Id
v2 B
1—
0 — 1 | ! | | 1 ] ! 1 IR N O L
1 2 3 4 5 6 7 8 9 10 1 12 13 14
Degradation Cycle Number
€-N-acetyllysine-PTH 4.85 3.98 2.02
(dpm x 10 %) N : .
cetyl Acetyl Acetyl
Ac-Ser—Gly—Arg—Gly—Lys—Gly—Gly—Lys-Gly-Leu—Gly—Lys~Gly—Gly—Ala4»
_ 5 10 15
0.68
Acety;

Lys-Arg-His—Arg—Lys—Val—Leu—Arg—Asp—Asn~Ile—Gln—Gly—Ile—Thr—
: 20 : 25 ' 30

Lys—Pro—Ala—Ile—Arg—Arg-
35

Fig. 3.5.2.1.1 : SH-acetate distribution in histone H4 peptide T(M)-2
and T(M)-5 mixture. Peptide T(M)-2 and T(M)-5 mixture (0.09 mg
containing 28 nmole of each peptide, 1.15 x 10° dpm) prepared as
described in 3.4.2 was subjected to automatic Edman degradation

(4.8.1) and radioactivity of the PTH-amino acids determined (4.8.2).
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prevent all of the peptidevfrom being washed out of thévéequencer cup
during the first two or three~degrada£ion cycles. = The iadioactivity
applied was quantitatively recovered. A repetitive yield of 91%

(same as for histone H3 sequencing) was assumed as it was‘not possible
to calculatevthe repetitive yield from the sequence data because of the
nature of the residues in the peptide mixture (Table 3.5.2.1.1). The
radioactivity in the ethyl acetate layer (4.8.2) is presented in

Fig. 3.5.2.1.1. It is obvious that (a) there is a gradient of aceﬁyl-
atioh which is highest near to the N-terminus of the molecule and
decreases as the C-terminus is approached, and (b) that T(M)-S is not
acetylated (Lys résidue 8 has only background activity) . In order to
determine whether the 4 acetylation sites in T(M)-2 are sequentially
acetylated or whether thé histone transacetylase(s) randomly acetylates
any of the 4 sites, monoacetylated T(M)-2 prepared as described in 3.4.3

was also subjected to automatic ‘Edman degradation . (3.5.2.2).

3.5.2.2 Sequencing of monoacetylated T (M)~2 peptide

Monoacetylated T(M)-2 peptide prepared by paper chromatography (3.4.3)
was subjected to automatic Edman degradation. Fig. 3.5.2.2.1 shows
that none of the 4 acetylation sites is preferentially acetylatedvto

the exclusion of the others.

3.6 DISCUSSION

The enzymatically acetylated total histone was found to contain 10 mmole
acetate/mole total hiétone (3.2)_before Biogel P-60 chromatography.v
After Biogel P-60 treatment more than 84% of the protein but only 46%

of the radiocactivity applied was recovered (3.3.1). Hence the degree
of acetylation of the total histone is more likely to be about 5 mmole
acetate/mole total histone.  The 3H-histone H3 and H4 preparations
isolated contained 5 and 10 mmoie acetate/mole protein respectively
(3.3.1 and 3.3.2). The degree of acetylation catélysed by the histone
transacetylase extract isélated in Part 2 is approximately the same

as that which can be calculated from the reports of acetylation catalysed
by other histone transacetylase preparations. It has been reported
that total histone contains between 1 and-20 mmole acetate/mole total

histone after acetylation by various histone transacetylase preparations
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*Hdpmx10~3

o T T O B O A I I A A A I Y
1 2 3 4 5 6 7 8 9 10 1 12 13 14
Degradation Cycle Number ' .

€-N-acetyllysine-PTH 2.82 2.68 . l1.61

-3
(dpm x 10 Acetyl Acetyl Acetyl

Gly-Lys-Gly-Gly-Lys—-Gly-Leu~Gly-Lys-Gly-Gly-Ala-Lys-Arg

Position in : 5 _ 10

peptide

Position in (5) - (o) (15)
protein

Fig. 3.5.2.2.1 : SH-acetate distribution in monoacetylated T(M)-2

peptide. 1.9 x 10" dpm were subjected to automatic Edman degradation.

V(Nohara, 1968; Libby, 1968; Gallwitz, 1970; Gallwitz and Sures, 1972;
Horiuchi and Fujimoto,.l972; Lue et al., 1973; Candido, 1975). VReports
of the level of acetylation of histone H3 were calculated at between 1
and 15 mmole acetate/mole histone H3 (Nohara, 1968; Bondy et al., 1970;
Gallwitz, 1971; Racey and Byvoet, 1972; Lue et ai., 1973; Candido,
1975). Histone H4 is reported to be acetylated at a level of between

1 and 7 mmole acetate/mole protein (Racey and Byvoet, 1971; Harvey and
Libby, 1976). Possible reasons for these relatively low levels of
acetylation could be that either (a) the histone substrate is already

acetylated in vivo before exposure to the histone transacetylase and thus
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there are few sites available for acetylation or (b) the majority of the
" isolated histone transacetylase molecules cannot bind to the corréct sites

once they have been dissociated.

The fractionation on Biogel P-60 (Fig. 3.3.1) of rat liver total.histone
did not resolve the histone H2B fraction as a separate peak, which is

in contrast to the results we have reported earlier for calf thymus

total histone (B8hm et al., 1973). It is probable that contaminating
non-~histone proteins which are present in the crude total histone pre-
parations interfere with the separation or that the degree of modification
of the histones which is different in the active liver tissue affects the

'aggregation pattern of the histone fractions.

Histones H3 and H4 were found to be the best acceptors of acetyl groups
from acetyl CoA (Figs. 3.3.1 and 3.3.3.1.1), a result which is in agreement'
with previous reports (Allfrey et al., 1964; Pogo et al., 1966; Nohara

et al., 1966, 1968; Vvidali et al., 1968; Wilhelm and McCarty, 1970;
Horiuchi and Fujimoto, 1972; Johnson et al., 1973; Candido, 1975).

The identity of 3H-histones H3 and H4 was deduced from (a) their

elution characteristicé on Bilogel P-60 (Fig. 3.3.1); V(b) polyacrylamide
gel electrophoresis of either total histone (Fig. 3.3.3.1.1) or of histone
H3 dimer in the presence or absence of fS-mercaptoethanol; (c) their
susceptibiiity to the histone H3/H4 specific histone deacetylase (3.3.3.2).
The identity of histone H4 was also confirmed by the peptides resulting

from specific enzymatic cleavages (3.4).

The sites.of acetylation of histone H3 found by Edman degradation

(Fig. 3.5.1.2) are shown in a tabular form in Fig. 3.6.1.

g-N-acetyllysine-PTH 1.18 ' 0.98 17.16
~5 . .
(dpm x 10 ). Acetyl Acetyl Acetyl
Ala-Arg-Thr-Lys—-Gln~Thr-Ala-Arg-Lys-Ser~Thr-Gly-Gly-Lys-Ala-
5 - 16 15
9.20 3.84
Acetyl Acetyl
Pro~Arg—Lys—Gln—Leu—Ala—Thr—Lys?Ala—Ala—Arg—Lys—Ser—Ala—Pro—
20 . 25 : S 30
Fig. 3.6.1 : Sites of in vitro acetylation of lysine residues in histone

H3. (Data obtained from Fig. 3.5.1.2).
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The sites of acetylation of histone H4 obtained from the co-sequencing
of peptides T(M)-2 and T(M)-5 is shown in tabular form in Fig.'3.6.2,
while the sites determined by sequencing of monoacetylated T(M)-2 are

shown in Fig. 3.6.3.

€-N-acetyllysine-PTH 4.85 3.98 2.02
(dpm x 10 ) Acetyl Acetyl - Acetyl
Ac—Ser—Gly-Arg—Gly—Lys—Gly-Gly—Lys-Gly—Leu—Gly—Lys—Gly—Gly-Ala—
5 10 ' 15
0.68

.Ac?tyl

Lys-Arg-His-Arg-Lys-Val-Leu~Arg-Asp-Asn~Ile-Gln-Gly-Ile-Thr-
20 25 30

Lys-Pro-Ala-Ile-Arg-Arg-
35

Fig. 3.6.2 : Sites of in vitro acetylation of lysine residues in histone

H4. (Data obtained from Fig. 3.5.2.1.1).

e—N—acetyllysgne—PTH 2.82 2.68 1.61
(dpm x 1077) Acetyl Acetyl Acletyl
: Gly-Lys-Gly-Gly-Lys-Gly-Leu-Gly-Lys-Gly-Gly-Ala-Lys-Arg-
Position in . 5 10
peptide
Position in - (5) (10) - (15)
protein :
Fig. 3.6.3 : Sites of in vitro acetylation of lysine residues in

monoacetylated peptide T(M)-2. (Data obtained from Fig. 3.5.2.2.1).

In all lysine positions in which significant radiocactivity was present
the radiocactive compound co-migrated with the PTH~derivative of €-N-

acetyllysine on thin layer chromatography.
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The significantly acetylated lysine sites in both histones H3 and H4
occurring under in vitro conditions are the same as those reported to
undergo acetylation in vivo (see Table 1.2.7). This indicates a fair
degree of retention of the substrate ;ecognition properties of the enzyme (s)
and also suggests a substrate conformation near the acetylation sites
closely resembling that existing in vivo. The observation that residue

9 in histone H3 shows the lowest degree of acetylation (Fig. 3.6.1)

may be due to the fact that this particular lysine residue, in a widé
variety of organisms, is also consistently methylated to a fairly high

degree (Brandt et al., 1974a).

Sequential degradation of mono-acetylated T (M)-2 revealed that none of
the lysine residues was preferentially acetylated to the exclusion of
the others (Fig. 3.6.3), indicating that mono-acetylated histone H4
contains several species of mono-acetylated polypeptide. Fig. 3.6.3
shows that lysine in mono-acetylated histoné H4 has beeh acetylated by
the enzyme in either the 5, 8 or possibly 12 position indicating that
the acetylation enzyme(s) prcobably reéognises the immediate neighbour-
hood of a lysine residue and that acetylation of these sites occurs
independently of each other, rather than in a cascade~type effect where
mono-acetylation is required béfore di- or tri-acetylation of histone H4.

can occur.

A comparison of the three major acetylation sites in histone H4
(residues 5, 8‘and 12) and the major site in histone H3 (residue 14)
shows that these residues all have a similar environment, namely
Gly-Lys-X where X may be either glycine or alanine. Three of the four
remaining acetylation sites in histone H3 (lysines 4, 9 and 23) have
-an environment where either serine or threonine immediately precede or
follow acetyllysine. These classes of acetylation environment have
previously been noted by Dixon (Dixon et al., 1975a). Lysine residue
16 in histone H4 and residues 9 and 18 in histone H3 are members of an
Arg-Lys or Lys—Arg pair (DeLange et al., 1972). These differences

in the écetylation sites may well indicate the existence of several
acetylation enzymes in the crude histone transacetylase enzyme extract

used for this study.

This study has shown that a histone transacetylase preparation can be

cbtained which retains a fair degree of its substrate specificity and
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it would be interesting to investigate whether this preparation contains
more than one histone transacetylase or, alternatively, to incubate this
enzyme preparation with histone preparations which.are reported not to
contain specific histone aggregates after denaturation, for example by
acid or guanidium chloride treatment {Kornberg and Thomas, 1974;

Roark et al., 1976) and to see whether the same acetylation patterns
"result, which would help to answer the question 6f whethef the histone
transacetylases are sequence or conformation specific with respect to

the recognition of acetylation sites in their substrates.

Thé réle of histone acetylation in DNA replication is discussed below in
the context of the current concept of chromatin consisting of subunits
{Fig. 3.6.5). This was suggested by two recent models (Dixon, 1976;

- Hewish, 1976) which postulated the involvement of these subunits in DNA
replication. Histone acetylation could however also have other functions

in the cell (see 1.2.7).

Dixon haé poétulated that the histone aggregate is bound to DNA via the
basic N-terminal regions of the histones and that acetylation occurs to
loosen the DNA-histone interaction. The replication fork can then pass
without‘disruptionvof the nucleosome.. Deacetylation then "locks“vthe

histone aggregates back onto the DNA (Dixon, 1976).

Ideas on the 'ground state' of chromatin before DNA replication begins
have undergone radical changes fairly recently. The supercoil model for
the structure of chromatin (Richards and Pardon, 1970) has recently been
succeeded by models which postulate (despite some discrepancies in the
reported size of the particle and the length of DNA contained in it)
"that chromatin is composed of subunits (Van Holde et al., 1974, 19753,‘
1975b; Kornberg, 1974; Baldwin etyal., 1975; Weintraub et él., 1975;
Li, 1975; Pardon et al., 1975; Finch and Klug, 1976; Hewish, 1976).
These subunits have been called PS particles (Rill and Van Holde, 1973),
v-bodies (Olins and Olins, 1974) and more commonly nucleosomes (Oudet

et al., 1975). These models propose that the nucleosome is composed
6f a core particle comprising histones H2A, H2B, H3 and H4 which are
specifically complexed together, with the DNA wound around the outside
of this core. The data currently known about histone-histone complex

formation is summarised in Fig. 3.6.4.
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“~.

é“ ’ i \\/4
H3 & =y H4

Fig. 3.6.4 : Histone cross complexing pattern. Solid lines show
very strong complexes. Dashed. line shows a weaker complex, while dotted
"lines show considerably weaker complexes {from Van Holde and Isenberg,

1975b) .

It has been proposed that the hydrophobic regions of the histones inter-
act to form a compact core with the basic N-terminal regions protruding
(Van Holde et al., 1974; Baldwin et al., 1975; Roark et al., 1976). -
The N-terminal region of histones H3 and H4 has been postulated to be
the main DNA binding site (DelLange et al., 1969a, 1972), and indeed all
of the radicactivity ih these histones occurred in this region (Figs.
3.6.1 and 3;6.2). vAs.Fig. 3.6.4 shows all of the "core" histones can
‘interact with one another to varying degrees. Histone H1 is thought to
be_separate from the core and to have another function in chromatin.

The determination of which histone~histone complexes exist in vivo and
of the stoichiometry of the histone subfractions is still under inves-
tigation in many laboratories, however Van Holde has recently stated.thatv
"the stoichiometric data are generally consistent with a repeat (in the
nucleosome) in the range of 150-200 DNA base pairs, but do not in them—
selves indicate how the histones are distributed over the subunit”

(Van Holde and Isenberg, 19755). It has been proposed that each nucleo-
some contains two of eaéh of the "core" histones H2A, H2B, H3 and H4

with either a H3-H4 tetramer or a tetramer composed of all four core
histones as the main compoﬁent (Van Holde et al., .1974; Van Holde and
Isenberg, 1975b; Kbrnberg; 1974; Kornberg and Thomas, 1974; Thomas

and Kornberg, 1975; Weintraub et al., 1975; Li, 1975; Pardonvét al.,
1975) . o
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3.6.5 : Speculative model for involvement of histone acetylation

in DNA replication (Dixon, 1876; Hewish, 1976).

(a)

(b)

(c)

(4)

(e)
(£)

Chromatin in "ground state" showing one nucleosome consisting of
an octomer '

Histone H4 acetylated and removed from DNA with simultaneous
exposure of H3 acetylation sites.

Acetylation of H3 and removal from DNA of tetramer. DNA strand
separation.

Passage of replication fork and localisation of poly-—acetylated
N-termini on new DNA strand. '

Deacetylation of 'old' histones to lock them into place on DNA.
Chromatin after 3rd acetylation cycle. 'New'?! histones find binding

sites on daughter DNA helices.

DNA; cwxsem N-terminal histone region; 2a, 2B, 3 and 4 - histones
Ac - €-acetyl group. '
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As mentioned above, the actual arrangement of the histones within the
nucleosome is still under intensive investigation in many laboratories.
Conflicting reports of the distribution of histones during DNA synthesis
also exist. Tsanev et al. (1974) have proposed that during DNA
replication the "old" histones.remain'bound to the parental DNA strands
while the newly synthesised histones become bound to the new DNA strands.
These authors also suggested that ﬁthe specific afrangement of histones
‘on DNA is maintained during replication by means of 5pecific interactions
between pre-existing DNA-bound histones and newly synthesised free
histones” (Tsanev et al., 1974). Jackson et al. (1975) concluded however
- that random deposition of new histones occurs onto both the parental and
replicated strands of DNA but they "do not exclude the possibility that
histones are deposited in a highly organised manner at the replication
fork and thét they then subsequently randomise“. It is also possible
that some histone subfractions remain on the "5ld" DNA while other pre-
existing histone subfractions can move to the new strands since neither
of these groups of workers investigated the distribution of individual
histone subfractions during DNA replication. A model for DNA replication
in eukaryotes which postulates the specific involvement of chromatin
subunits (Hewish, 1976) also predicts that one strand of the replicating
- DNA helix should remain associated with pre-~existing chromatin subunits

during and after reﬁlication.

The model shown in Fig. 3.6.5 is a highly diagrammatic representagion

of an extension of Dixon's model (Dixon, 1976). A fundamental assumption
made is that during DNA replication only the N-terminal regions of histones
H3 and H4 are removed from the DNA, since these histones were found to

be the fractions which were the most acetyiated (Fig. 3.3.3.1.1). " As
these histones form the strongest histone-histone complex if is also

unlikely that the H3-H4 complex will be disrupted during replication.

All of the major sites of acetylation in H4 (residues 5, 8 and 12) and

H3 (residue 14) have a similar environment namely Gly-Lys-X (X=Ala or Gly),
which points to the possibility of the séme histone transacetylase

causing acetylation at these sites.b It is proposed that in each histone
H3-H4 pair the two N-terminal regions are attached to the same DNA strand

b(Fig. 3.6.5 (a)) to facilitate acetylation by the histone transacetylase.

If eight histone molecules are contained in each nucleocsome as reported
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then two H3-H4 pairs must aléo be present. It would assist acetylation
~by the histone transacetylase if the N-terminal regions of these histones
were fairly close to one anotherkon the surface of the nucleosome, but

on different DNA strands. This would aid recognition of the correct
binding sites on DNA for the newly synthesised histones (see Fig. 3.6.5.(f)).
In Fig. 3.6.5.(a) the H3-H4 pairs are not shown close together but this
could be achieved by supercoiling of the DNA helix. Fig. 3.6.5.(a) also
indicates that the entire N-terminal region of histones H3 and H4 are
bound to DNA. The N~terminal group of histone H4 is'acetylated and is
"not able to bind to the DNA. The four €-amino groups in this region

can all undergo acetylation as a decreasing gradient of acetylation was
found from the N- to the C-terminus (Fig. 3.6.2). Multiple acetylation

of this region could thus account for the removal of the N-terminal region
of H4 from DNA. Howevef histone H3 has a free G-amino end group as well |
as two lysine €-amino groups at residues 4 and 9 which are only minor sites
of acetylation (Fig. 3.6.1). It is proposed that the decreasing gradient
of acetylation of H3 from residue 14 onwards towards the C-terminus

(Fig. 3.6.1) could not alone account for the removal of the H3 N-terminal

- region from the DNA. 'If histone H4 acetylation occurs prior to acetyl-
ation of H3 (Fig. 3.6.5.(b)), then after the N—terminal region of histone
H4 is removed from DNA, a conformational change in the H4-H3 complex could
occur (Fig. 3.6.5.(b)). This conformational change could remove the
N~terminal amino group as well as lysine 4 and/or 9 from DNA, for example
by bringing carboxyl groups close to these residues, which would then
allow acetylation of histone H3 to occur with the resulting removal of the

H3 from the DNA.

If the histone HZA and HZB molecules are non-acetylated they could
remain bound to the pre-existing DNA and allow the histone complex to
~swing out aWay from one of the DNA strands and allow DNA strand separation

and replication to occur (Fig. 3.6.5.(c and d)).

The acetylated histone groups can then find their binding sites on the
new DNA (Fig. 3.6.5.(d)) and be deacetylated and locked into place as

suggested previously (Louie et al., 1973; Dixon, 1976) (Fig; 3.6.5(e)) .

Newly synthesised histones could then be guided to their specific binding
. sites as proposed by Tsanev et al. (1974). This could be directed via

specific hydrophobic interactions with the old histones, as well as with
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the histone binding sites which exist on the DNA between the DNA-bound

‘histone complexes (Fig. 3.6.5(£))..
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PART 4

MATERIALS AND METHODS

4.1 MATERIALS

- Double glass-distilled water was used to make up all solutions.

Deionised water was used for dialysis.

Calf thymus was obtained from the local abattoir approximately

30 min after slaughter, packed in ice and transported to the laboratory.

Coenzyme-A was obtained from Miles Laboratories {Cape Town)

or P-L Biochemicals (Wisconsin, U.S.A.).

$H-acetic anhydride was purchased from the Radioachemical Centre,
Amersham, England;

o-Iodosobenzoic acid was supplied by Pierce Chemical Co.

CM-cellulose (CM52 microgranular, preswollen), was obtained from Whatman.
.Different grades of Sephadex and Sepharose were obtained from Pharmacia
(Uppsala, Sweden) . | |

DEAE~cellulose (medium mesh, 0.8 meqg/gm) was ¢btained from Sigma ChemicalkCQ.

Biogel was supplied by Biorad (Richmond, California).

o~-chymotrypsin (48 units/mg) and DCC-treated trypsin;(bovine type XI,
9000 units/mg) were supplied by Worthington Biochemicals and Sigma
Chemical Co. respectively. '

" Thrombin (purum grade, 300 NIH,uﬁits/mg protein) was supplied by
Behringwerke (Marburg-Lahn). ‘

?
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Preparation of PTH-e-N-acetyllysine

€~-N-acetyllysine (0.25’mmoles, Alarich Chemical Co.), was coupled with
PITC as described by Edman (1970), except that as only 0.25 mmoles of
amino acid was coupled, the concentrations of acid and alkali solutions
were decreased from 2 N to 0.02 N. Conversion of the PTC-E—N—aéetyl— »
lysine and crystallisation of the product were performed exacfly as
described by Edman (1970). Comsumption of alkali during couplin§
indicated that 0.25 mmoles of amino groups had been coupled.

A X ratio of 0.378 to 0.429 indicated that no PTH-PTC lysine

245 nm

Z269 nm

was present (Edman, 1970).

Preparation of 3H—acetyl CoA

The preparation of 3H-acetyl CoA using the method of Stadtman (1957)
was done twice using SH-acetic anhydride with spécific activity of
2.06 or 5?4 Ci/mmole. The preparation with the higher specific
activity was used for the enzymatic preparation of'3H~acetylhistone
described in Part 3, while the 3H~acetyl CoA with the lower specific
activity was used for the assays done during the purification and

characterisation of the enzyme.

To prevent'losses due to the volatility of SH-acetic anhydride the

vial was warmed to room témperature and the tip then dipped into

ligquid nitfogen for ét least 30 min prior to opening. Coenzyme A
(CoASH) waé dissolved af a concentation of 10 umole/ml in distilled
water at 0°C and the pH adjusted to 7.5 with 1 M KHCO,.  This solution
- was added to the vial c0ntaining,3H—acetic anhydride immediately

after opening. . The reaction mixture was allowed to stand for 5 min

at 0°C, after which time the pH was then adjusted to 6.0 with HCl and

the reaction mixture applied to a Sephadex G-10 column. Fig. 4.1.1

shows the typical elution profile obtained.

Fraction I is 3H-acetyl CoA since it has the greater molecular weight
of the two peaks and is a cofactor for histone transacetylase activity,
i.e. when incubated with sucrose gradient histone transacetylase fractions

(4.4.2) and histone Substrate,incorporation of 3H-—acetyl groups into
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Fig. 4.1.1 :. Separation.of SH-Accoa (peak 1) from }H-acetic acid
{peak II). Reaction mixture of 3H_acetic anhydride and CoASH applied
to a Sephadex G-10 column.(l.S X 66 cm, gel bed volume 117 ml)

equilibrated and eluted with H, O (pH 6.0). Fractions of 1 ml were

2
collected. 3H—dpm values of 5 Ul aliquots taken for counting are

plotted above,

histone occurs. Fraction II is °H-acetic acid sincé it has a smaller .
molecular weight and is not a cofactor for histone transacetylase activity.
Table 4.1.1 summarises the préparation of'aH—acetyl CoA.

-
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TABLE 4.1.1

SUMMARY OF PREPARATION OF °H ACETYL CoA

Preparation number 1 ' 2

Specific activity of 3H-acetic
anhydride o 2.06 Ci/mmole 5.4 Ci/mmole

Amount acetic anhydride : oo
(micromoles) ' 12.14 (25 mCi) 4.63 (25 mCi)

Amount CoASH in reaction

mixture (micromoles) : 10.7 ’ - 3.3
| 3H-Ac Coa recovery 2.1 mCi 2.06 mCi
1% of theoretical yield 17% ' 173

Total ’H-recovery as

(AcCoA + HAC) from Sephadex G-10° 56% (14 mCi) - 60% (15 mCi)

The low yield could be due to loss of 3g-acetic anhydride either by

volatilisation or reaction with the water in the reaction mixture.

4.2 ' . GENERAL METHODS

o . .
Freeze-dried protein samples were stored at -22C in glass vials with

screw-on plastic lids.

Column chromatography was followed by OD measurements at 206 nm and

280 nm or 260 nm with a Uvicord III (L.K.B., Sweden).

4.2.1 Protein determination

Protein was determined spectrophotometrically by the method of Lowry et al.
. :
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(1951) using crystalline bovine serum albumin (Miles) as a standard.
Interfering substances such as mercaptoethanol, Tris buffer or sucrose

were removed by overnight dialysis against distilled water.

4.2.2 Amino end group determination with DANSYL chloride

" The method described by Gray (1972) was used to determine N-terminal

amino groups. Protein (50-250 ug) was dissolved in 50 pl 1% sodium
dodecyl sulphate by heating in a boiling water bath for 2-5 min.. After
cooling 50 Ul of N—ethYlmorpholine and 100 ul of dansyl chloride (25 mg/ml
in dimethylformamide, freshly prepared) were addéd and incubated for 1 h
at room temperature. Acetone (0.5 ml) was added to precipitate the
protein and the pellet collected by low speed centrifugation was washed
with 0.5 ml of 80% acetone. The pellet was then dried, 0.1 ml of 5.7

N HC1l added and the tubes were sealed and incubated at llOOC for 4 h.

The tubes were cooled before opening, dried in a vacuuh desiccator and

the contents extracted with 0.2 ml H O-saturated ethyl acetate. The

dried residue was dissolved in 5 ul icetone~acetiC‘acid (3:2) and spotted
onto a 5 x 5 cm micropolyamide TLC-Ready plastic sheet (Schleicher and
Schiill F1700). The plates weré developed in 2 dimensions,'first with
H20:formic acid = 200:3 and_then with benzene:acetic acid = 9:1. The
spots were then visualised in an Ultraviolet light box.

4.2.3 Reinecke salt precipitation of histones

Histones dissolved in 0.25 M HCl were occasionally precipitated with
Reinecke salt (NH4(Cr(NH3)2(SCN)4).HZO) according to the method of
Lindh and Brandtmark (1960).

An equal volume of saturated Reinecke salt solution (1;6 g/100 ml at 4OC)
was added to the hiétone solution and allowed to stand for 30 min at 4OC.
The resulting precipitate after low speed centrifugation was washed
twice with 1 ml of 0.05 M Tris-HCl (pH 8.5) to remove contaminating
non-~histone proteins and resuspended in 0.25 M HCl. An equal volume

of saturated Reinecke salt solution was added and allowed to stand for

5 min at 4°c. The precipitate after centrifugation was washed once
with ice-cold water and then extracted twice with acetone : 2 N HCl
(98:2) which cleaved the histone Reineckate; extracts the Reinecke acid

and leaves the free histone hydrochloride as the precipitate.
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4.2.4 Radioactivity determination

Radioactivity was defermined in a Beckman model LS-250 liquid scin-
tillation counter. Counting efficiency for %" was approximately 37%.
Counts per minute (cpm) were converted into disintegrations per minute
(dpm) by means of suitable quench correction curves stored in a bench-
top qomputer (Wang 700) programme. Counting was done in plastic-
topped glass scintillation vials using 10 ml of scintillation solution.
If samples were oxidised in a Packard Tri—Cérb sample oxidiser the
radioactivity was trapped in 10 ml of Monophase 40 (Packard) scin-
tillator. For all ofher samples 10 ml of toluene-based scintiilator
solution containing 10% BBS-3 solubiliser (Beckman Inst.), O.5% PPO
(2,5-diphenyloxazole), 0.01% POPOP (2,2'-p-phenylene bis(5-phenyloxazole)

was used.

4.2.5 Gel electrophoresis of histones

Polyacrylamide gel electrophoresis of histoneé was performed in 15%
acrylamide gels containing 2.5 M urea, according to the method of 4

Panyim and Chalkley (1969) using either 10 or 20 cm long gels.

The following solutions were prepared

A. 60% (w/v) acrylamide, 0.4% (w/v) N,N'-methylenebisacrylamide
B. . 4% (v/v) N,N,N',N'—tetramethylethylenediamine (TEMED) in 43.2%
(v/v) glacial acetic acid '

C. 0.2% (w/v) ammonium persulphate, 24% (w/v) urea.

All solutions were stored at +4OC, except C which was prepared just
before use. Pre-treatment of the glass tubes with 0.5% dimethyl-
dichlorosilane in toluene, improved the menisci of the 20 cm gels and

facilitated their removal from the tubes.

‘Gels were prepared by mixing A, B and C in the volume ratio 2:1:5.

This solution was degassed under vacuum in a side~arm flask for 1-2 min
with shaking, and quickly poured into 10 x 0.5 cm or 20 x 0.5 cm glass
tubeé; which were sealed at the bottom with Parafilm (American Can. Co.
or Gallenkamp). After Qater had been carefully layered over the gel
solution which had been poured to within 1 cm of the top of the tubes,

polymerisation was allowed to occur for 1~2 h at room temperature.
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The 10 cm gels were pre-electrophoresed in a disc gel electrophoresis
apparatus (Shandon) using 0.9 MAacetic acid (pH 2.5) as tray buffer, at
2 mA per tube for 5 hours until the voltage remained constant (about
160 V). The 20 cm gels were pre-electrophoresed at 1.2 mA/gel for 9

hours with a final voltage of 280 V being reached.

The sample was dissolved at a protein concentration of 1 mg/ml, in
freshly prepared 8 M urea - 0.5 M mercaptoethanol and allowed to stand

at room temperature for at least 1 hour before application.

.'At the end of pre-electrophoresis the tray buffer was changed, sample
(10-50 yg) applied and electrophoresis pefformed for 3% hours for the

10 cm gels or for 12 hours for the 20 cm gels.

Gels were removed from the tubes by cooling in ice and forcing water
between the gel and the glass tube with the aid of a syringe.  Gels were
stained with 0.1% amido black (Merck) ~ 7% (v/v) acetic acid for % h and
destaiﬁed with 7% acetic acid in a transverse disc destainer for 1 h,

or elsé by diffusion over 2 days with'changes of destaining solution
every 8 hours. Gels were stored in 20% ethanol - 7%"acetig acid at +4°¢

in corked tubes.

Densitometric tracings of gels were obtained with a Vitatron TLD 10O

densitometer using 615 nm filter.

4.2.6 Determination of °H in pdlyacrylamide gels

Polyacrylamide gels after staining and destaining were cut into 1 mm

slices using a gel slicer. The slices were then subjected to either :

a) Air drying at 4OOC in an oven for 1 hour, followed by oxidation
in the sample oxidiser and counting; or in earlier experiments

b) Solubilisation in a counting vial at 600C for 3 hours with 0.1 ml
of 30% HZOZ {(Grower and Bransome, 1970) fdllowedvby the addition
of 0.4 ml of a 50% saturated solution of ascorbic acid. Scin-

tillation solution was then added and the samples stored in the

dark for 12 h to decrease any chemiluminescence still present.
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4.3 ASSAY OF HISTONE TRANSACETYLASE ACTIVITY

Assays of histone transacetylase activity in routinely isolated
fractions were performed as described below unless otherwise stated.
In every case corresponding buffer blanks were incubated to correct
for non-enzymatic acetylation (see 2.3). Incubations to determine
enzymatic acetylation were done in triplicate while non-enzymatic

incubations were done in duplicate. 1 enzyme unit was defined to be

‘equivalent to 1 pmole of acetate incorporated into histone under the

incubation conditions used.

Solytions used for incubations

a)  0.25 M sucrose - 0.05 M Tris-HCL (pH 7.9) - 0.025 M KCl - 1.5 mM

MgCl, (0.25 M sucrose - TKM)

2

b) 0.14 M Tris-HCl- (pH 7.9) - 0.25 M KCL - 3.5 mM MgCl. (MKT)

2

c) Histone solution (12.5 mg calf thymus total histone {acid extracted)

dissolved in 1 ml of water, i.e. 0.08 ml contains 1 mg histone).

4) ®H-acetyl CoA solution containing 0.02 UCi/10 ul (specific activity
1.03 Ci/mmole AcCoA) )

e) 0.3 MNH,CL - 0.03 M Tris-HCl (pH 7.9) - 1 mM EDTA - 5 mM
2-mercaptoethanol (0.3 M NH4Cl - TEM)

Assay for nuclei ;'

Nuclei suspended in 0.4 ml of G.25 M sucrose~TKM were incubated with 0.1 ml

MKT, 0.08 ml histone solution and 10 Ul of %M AcCoA solution.

Assay for crude histone transacetylase extract

13 ul crude extract in 0.3 M NH Cl1-TEM,. 78 ul 0.3 M NH,C1-TEM, 0.309 ml‘

4 4

HZO’ 0.1 ml MKT, 0.08 ml histone solution and 10 pl *H AcCoA solution

were incubated.

Assay for sucrose gradient fractions

3

As for crude extract except the 13 Ul of enzyme preparation is in

addition approximately 14% w.r.t. sucrose.
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When sucrose gradients were run at different concentrations of NH4Cl

(Fig. 2.2.2.1) fractions were dialysed against 0.01 M NH4Cl—TEM and
histone transacetylase activity was assayed by incubating together
0.13 ml of gradient fraction (in 0.01 M NH4Cl—TEM), 0.27 ml 0.01 M

.NH4Cl—TEM, 0.1 ml MKT, 0.08 ml H2b containing 1 mg calf thymus histone
(acid extracted) (4.5.1), and 10 pl containing 0.02 UCi JH AcCoA

(specific activity 1.03 Ci/mmole).

. Sucrose gradient fractions'were used to determine the substrate
specificity of various histone preparations (Tables 2.6.2 and 2.6.3).
The incubation constituents used were (a) Enzyme : Undialysed : 90 H1
(45 pg protein) sucrose gradient fractions; dialysed ({(vs. 0.01 M NH4C1—
TEM) : 120 Ul (45 Ug protein) + 10 Hl of 2.63 M ammonium sulphate to
bring ionic strength of incubation.to 0.122,. Buffer blanks : 90 ul
Cl-TEM + 10 ul of 2.63 M

o 4
ammonium sulphate. (b) Substrates : 1I. Calf histone : 500 Hg in

of 0.3 M NH4Cl-TEM or 120 Hl of 0.01 M NH

0.08 ml water; 1II. Rat histone (acid extracted) : 500 Hg in 0.16 ml
water; III. Histone subfractions : Amounts indicated dissolved in-0.07
ml water; 1IV. Subfractions combined : -0.07 ml of each fraction;

V. Protamine displaced histone : 500 Ug in O.l6'm1 of water;

VI. Chromatin : containing 500 ng histone in 0.34 ml water. (c)

Other constituents : 0.1 ml MKT buffer plus water to the final incubation

volume of 0.58 ml and 10 M1 containing 0.02 pCi of 3H AcCoa.

When chromatin was used as substrate the dialysed enzyme preparation
was added to the chromatin gel and pre-incubated for 10 min at +4OC,
after»Which the °H AcCoA'was added and the gei well mixed on a vortex
mixer. The rest of the incubation constituents were then added {(which
caused immediate precipitation) and the tubes incubated at +37OC. The
reaction was terminated after 30 min by acidification as described

“below.

For all the other substrates the réaction was initiated by the addition
of labelled acetyl CoA and terminated by acidification as described below.
In the case of the histdne subfraction incubations (Table 2.6.3.I1I),

400 ug of calf thymus total histone (acid extracted) was added as carrier
after acidification but before acetone precipitation. 3H—'acetyl
- histone samples were washed and the radioactivity determined as des-

cribed in 4.3."
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Assay for DEAE-cellulose fractions

Since DEAE-cellulose was eluted with a 0.0l - 0.3 NH4Cl gradient,

decreasing volumes (y ml) were assayed with increasing salt concen-
tration in order that the ionic strength of the incubation be kept
constant and equal to that of the fratctions abo&e, i.e. ionic strength

of 0.122. The [NH Cl1] of the column fractions was determined by

4
Nesslerisation as described by Vogel (1961). y ml of DEAE-cellulose

fractions in 0.01 to 0.3 M NH4C1—TEM, (0.4-y) ml H2

ml histone solution and 10 ul 3H Accoa solution were incubated.

O, 0.1 ml MKT, 0.08

Assay for Sephadex G-200 or Sepharose 4B column fractions :
Incubations weré the same as for the crude extract above.

Initiation and termination of reaction and preparation of histones
for counting :

Incubation tubes containing all constituents were kept at +4OC until
the labelled compound was added, when the tubes were mixed on a vortex
mixer and placéd in a water bath at +37OC for 30 min. Thé>reaction
was terminated by the addition of 2 M HCl to a final concentration of
0.25 M, mixing and immediate cooling to 4%. In the case of nucleil
the.histones were extracted with 0.25 M HCl for 30 min at +4°C at the
end of the incubation period after which time the samples weré'then ’
subjected to low speed centrifugatibnvand'the supernatant containing
the histones subjected to further processing. = To the clear acidic
solutions 10 volumes of ice-cold acetone Qéfé‘added'and thé saﬁpleé
were stored at —220C for approximately-l2 hours to precipitate the
histones as described by Pogo et al. (1966). The precipitates were then
recovered by centrifugation, resuspended as described by Noland et al.
(1971) in 2 ml of 18% (w/v) trichloroacétic acid (TCA)‘and heated for

15 min at 9OOC to hydrolyse any nucleic acids of polysaccharides which
may have co-precipitated from the acetone with the histones. The
precipitate was then washed twicé with 1 ml of 18% TCA and once with

1 ml methanol-ethanol-ethar = 2:2:1 (ratio by volume) to remove any

lipid material and TCA. The purified histones were then redissolved

in 0.5 ml of 0.25 N HCl and their radioactivity determined.
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4.4 PREPARATION OF HISTONE TRANSACETYLASE

4.4.1 Isolation of nuclei

Liver nuclei were isolated from male Wistar rats (150-200 q). Rats
were starved overnight and killed and the livers excised, trimmed and

weighed (about 120 g liver).

A 40% (w/v) homogenate in ice-cold 0.25 M sucrose~TKM was preparéd»in

a motor-driven Potter-Elvehjem glass homogeniser by 3 or 4 passes with

" a teflon pestle. Connective tissue was removed by filtering through

4 layers of butter muslin and the filtrate centrifuged at 600 g for ‘
20 min (SS-34 Sorvall rotor, 2 250 rpm). The supernatant was decanted,
the pellet resuspended in 2.3 M sucrose-~TKM ana the total volume of

‘320 ml suspension was centrifuged at 45 000 g for 70 min (SS-34 rotdr,
19 000 rpm). The pellet of nuclei was .washed by centrifugation at

600 g for 10 min with 85 ml and then 40 ml of 0.25 M sucrose-TKM.

4,4.2 Preparation of crude histone transacetylase extract
from nuclei

Washed nuclei (4.4.1) were suspended in 30 ml 0.25 M sucrose (no TKM)
(Albrecht, 1973) and sonicated (Biosonik III ultrasonicator, Bronwell
Scientific, U.S.A.) for 60 seconds in 30 second bursts at 2.5 amps

(Large tip at 80% setting, 300 watts delivered). Since it has been found
(Davies and Walker, 1974) that chromatin has a minimuh solubility at

0.15 M NaCl, the solution was then slowly adjusted with stirring to a
higher ionic strength by the addition of 3 ml of 1.4'M NaCl - 0.01 M

MgCl -~ 0.5 M Tris-HC1 (pH 8.0). The dense white deoxynucleoproteih

2
precipitate which immediately formed was removed by centrifugation at
7 200 g for 30 min. The supernatant was then freeze-dried and the dried

material redissolved in 5 ml 0.3 M NH Cl-TEM and dialysed against the

4
same buffer. The densify of the extract was checked to ensure that it
was less than that of 5% sucrose - 0.3 M NH4Cl-TEM. Any particulate
matter or insoluble nucleohistone was removed by centrifugation at

198 000 g (50K rpm, 50 rotor, Beckman) for 15 min. The supernatant
(crude extract) was stored in 600 Ul aliquots in sealed Eppendorf micro-

centrifuge plastic tubes in liguid N, if not used immediately.

2
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"4.4.3 Sucrose gradient ultracentrifugation

4.4.3.1 Sucrose gradient formation

I. SW 65 Rotor :

Polyallomer or cellulose nitrate tubes (1.3 X 5 cm) were filled with:
sucrose gradients using a Beckman density gradient former (Beckman

Instruments) to within 0.5 cm of the top of the tubes.
II. SW 40Ti Rotor

Since the Beckman‘density gradient former can only fill 3 tubes and the
SW 40 rotor has 6 buckets, sucrose gradients for the SW 40 were formed
as described below. An 8-channel peristaltic pump (Scientific
Manufactﬁring Co., Cape Town), cbnical flask and magentic stifrer were
set up as shown in Fig. 4.4.3.1. The inlet lines that carrxy the denser
sucrose solution to the mixing chamber had a combined delivery rate '
equal to half of the combined removal rate of the 6 identical outlet
lines to the ultracentrifuge tubes. 6 cellulose nitrate SW 40 rotor
tubes (1.4 x 9.5 cm) were graduated to 12 ml and palbed vertically in
crushed ice. The inlet and outlet lines were primed with dense—_and
light sucrose solutions respectively and allowed to run to drain. The-
pump was then stopped and the outlet lines removed from the light
sucrose solution. After the pump had been re-started and a bubble of
about 5 cm allowed into each outlet line the pump'was_again stopped.

48 ml of light solution as well as the inletjand outlet lines wére then
placed in the mixing chamber. The magnetic sfirfer andrpump {delivery
rate 0.8 ml/outlet tube/min) were then started with the outlet lineg
running to drain until the air bubbles marking the start of the gradient
had been cleared from the lines. The pump was then stopped and the
glass capillary tubes placed in the SW 40 tubes and the gradient then
allowed to form by restarting the pump. As each tube filled to the.12 ml
mark, the pump was stopped while the dutlet line was removed from that
tube. This is necessary as the peristaltic tubing uséd has a small

variation in flow rate from tube to tube.
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Fig. 4.4.3.1 : Gradient forming apparatus.

A. 8-channel peristaltic pump
B. Coniéal flask mixing chamber
C. Magnetic stirrer
D. Inlet lines (2) from dense sucrose solution
E. Outlet lines (6) to tubes
F. 6 X SW40 fotor tubes
Sucrose solution of low density !
H. Thin walled glass capillary tubes

I. Sucrose solution of high density

Directions of flow as indicated. All containers were kept on ice.
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Solutions used for gradient formation :

Dense sucrose solution .: 25% sucrose - 0.3 M NH Cl—TEM'

4
Light sucrose solution : 5% sucrose - 0.3 M NH4Cl—TEM
4.4.3.2 Application of sample and ultracentrifugation

600 il of crude extract (4.4.2) were carefully layered on top of each
gradient with an all-glass 1 ml syringe. Centrifugation was performed
at +4°C at 420 000 g (65K rpm), SW 65Ti rotor, or 284 000 g (40K rpm),
SW 40Ti rotor in a Beckman model L2-75B ultracentrifuge for times

indicated in Part 2.

4.4.3;3 Recovery of sucrose gradients

The peristaltic pump used to form the gradients was set at a speed of
1 ml/min and used to pump out the gradients by means of a capillary
tube to the bottom of the tube. The OD230 was monitored by passing
the gradient through a 0.1 cm pathlength flow-through cuvette. Frac-—
tions of 0.5 ml were collected and the fractions with histone trans-

acetylase activity pooled.

4.4.4 ' Application of sucrose gradient fractions to DEAE-cellulose

Sucrose gradient fractions were dialysed against 0.0l M NH4C1—TEM until a

Nessler determination (Vogel, 1961) of an aliquot indicated that the

NH3.concentration was 0.01 N.

DEAE-cellulose swollen and prepared for use as recommended by the
manufacturers, was packed into a 2.5 x 12 cm column. The column was
washed with 2 volumes of 0.3 M NH4C1-TEM and then with at least 2 column
volumes of 0.01 M NH4C1—TEM before thg sample was applied. A peris-
taltic pump was used to maintain a flow rate of 36 ml/h. The salt

!
gradient was applied as described (see Part 2). Fractions of 3 ml were

collected and those with histone transacetylase activity were pooled.

4.4.5 Storage of enzyme preparations

Enzyme preparations were stored frozen in sealed tubes in a LD-40 liquid
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nitrogen container (Union Carbide, U.S.A.) above the liquid nitrogen
. o '
(maximum temperature, -100 ). DEAE-cellulose fractions were adjusted

to 20% glycerol before storage.

4.5% ISOLATION OF HISTONES

4.5.1 . Preparation of calf thymus total histone (acid exi:racted)

Deoxynucleoprotein (DNP) was prepared from calf thymus by repeated
washes with 0.05 M NaHSO3 ~ 0.09 M NaCl - 0.0l M sodium citrate (pH 6.0)
as described by Busch (1968). The DNP was then extracted with 0.25 M
HCl for 1 hour with stirring at +4°C, centrifuged ét 1 000 g and the
sediment re-extracted with 0.25 M HCl. The supernatants were combined,

dialysed and freeze-dried.

4.5.2 Preparation of rat liver chromatin

4.5.2.1 Insoluble chromatin suspension

Rat liver nuclei prepared as described in 4.4.1 were usea to prepare
chromatin by the method of van der Westhuyéen (1973) which involves
lysis of the nuclei in 0.05 M Tris-HCl (pH 7.9) and centrifugation at

10 000 . g for 5 min. The amount of DNA in the chromatin was determined .
from the absorbance at 260 nm of an aliquot of chromatin dissolved in

2 M NaCl using the formula

OD26O - OD320 (L mg DNA/ml) = 22 (Bonner et alf, 1968).

An aliquot was also freeze-dried and gave a yield of 3.8 mg dry
chromatin/g liver. The histone content of the chromatin wés determined
by acid extraction of the dried chromatin, followed by a protein deter-
mination (4.2.1) of the supernatant. This chromatin preparatioﬁ was

found to contain 31% DNA and 29% histone.

4.5.2.2 -Chromatin gel in distilled water

4

The chromatin pellet in 4.5.2;1 was allowed to stand for 12-15 hours in
double-distilled watef at 4°c. The chromatin "swelled" to form a

clear gel (van der Westhuyzen, 1973).
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4.5.3 »i Preparation of rat liver total histone (acid extracted)

Chromatin prepared above (4.5.2;1) was extracted twice with 0.4 N

HZSO4 for 1 h at 4OC, centrifuged, aqd the supernatants dialysed and

freeze-dried.

4.5.4 Preparation of rat liver total histone (protamine displaced)

Protamine displaced rat.liver histone was prepared from nuclei (4.4.1)
by the method of van der Westhuyzen and von Holt (1971). The only
modification introduced being that deoxynucleoprotein was prepared from
rat nuclei by the method described in 4.5.2.1 rather than by direct

extraction of calf thymus whole cells with dilute saline solutions.

4.5.5 Preparation of 3I-I—acetyl rat liver total histone
(protamine displaced) for sequencing studies

Optimal conditions for the incubation of sucrose gradient fractions with

rat liver protamine-displaced whole histone determined in Part 2 were used.

_Incubations contained : 90 uyl (45 ug protein) of sucrose gradient fractions
(4.4.3.3)
0.1 ml MKT buffer

500 ug rat liver protamine digplaced histone

in 0.33 mlAHZO'

0.04 ml HZO 7

5 uci H acetyl CoA (specific activity 2.7 Ci/mmole)

Since scaling up the entire incubation often does not give the expected
proportional results, 340 incubations were done. After acidificationv

the incubations were pooled and 10 volumes.acetone was added to precipitate
the histones overnight. The pellet was washed with 2 volumes of ice-

cold acetone before freeze drying.

4.5.6 .Histone fractionation
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4.5.6.1 Calf thymus histone fractionation

Total histone isolated in (4.5.1) was used to prepare electrophoretically
pure subfractions'by the 2-step gel exclusion chromatography method of
B8hm et al. (1973). This method utilises Biogel P-60 equilibrated and

eluted with 0.02 N HC1 (pH 1.7) - 0.05 N NaCl - 0.02% NaN. followed by

Sephadex G-100 chromatography using 0.05 M sodium acetate3— 0.05 M
sodium bisulphite (pH 5.1) as eluant.” When 2 g of total histone was
subjected to this procedure, as we have reported earlier (B8hm et al.,
1973), the following yields of the various histone subfractions were
obtained : Histone H1 = 0.35 g, histone H2B = 0.40 g, histone H2A =
0.20 g, histone H3 = 0.22 g and histone H4 = 0.45 g. All further
experimental details as well as the polyacrylamide gel electrophoretic

patterns of the fractions obtained have been reported earlier by us

(BBhm et al., 1973).

4.5.6.2 Rat liver histone fractionation

4.5.6.2.1 Preparation of rat liver histone H4

3H-acetyl total histone (125 mg) prepared as described in (3.2) was
dissolved in 10 ml of 8 M urea - 1% mercaptoethanol. and subjected to
chromatography on a 5 x 88 cm column of Biogel P-60 using the method of
B8hin et al. (1973). When a.SO cm H2O pressure head was used, a flow

rate of 72 ml/h was reéorded. 10 Hl aliquots were taken for 3y determ—-
ination from the 5 ml fractions collected. Pooled fractions were dialysed

and freeze dried.

4.5.6.2.2 Preparation of rat liver histone H3

Dimerisation of rat histoﬁé.H3/2A/ZB mixture, prepared by 4.5.6.2.1, was
performed according to the method of Brandt and von Holt -(1971). In a
typical experiment 53 mg H3/22/2B (approximately 1.1 umole H3) was
dissolved in 1 ml of 6 M urea which had been made cyanate free énd then
adjusted to pH 7.4 with 1 M Tris. The protein was allowed to disaggregate
for 60 min and then 0.6 mg (2.3 umole) o-iodosobenzoate dissolved in an

equivalent amount of 0.1 N NaCH was added. The solution was then stirred
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at room temperature for 3 hours, another 2.3 Umole o~iodoscbenzoate
added and after a further 4 hours the reaction mixture was dialysed for

18 hours against three changes of distilled H,0 to remove any unreacted

o-iodoscbenzoate. An equal volume of 8 M cyinate—free urea (pH 2.5)
was added and the solution allowed to stand for 5 hours. This solution
was then subjected to Sephadex G-100 chromatography as described by
Brandt and von Holt (1971), except that 0.02 N instead of 0.0l N HC1

was used as eluant as this gave better recoveries of protein from the

column.

4.6 PREPARATION OF HISTONE DEACETYLASE

3H—-acetyl calf thymus total histone was prepared (4.6.1) and used to
assay the histone deacetylase prepared as described below (4.6.2) durinq

its isolation.

4.6.1 ‘Preparation of histone deacetylase substrate

Calf thymus nuclei were prepared by homogenisation and washing of fresh
tissue (100 g) with 0.25 M sucrose - 3 mM CaCl2 according to the method
described by Wang (1967). '

Isolated nuclei suspended in 40 ml 0.25 M sucrose - 0.1 phosphate

buffer were incubated with 32 ml 0.1 M glucose containing 3.75 mg NacCl/ml
and 42'mg Mgclz/ml and 8 ml of water containing 0.34 mCi of 3H-acetic
acid (specific activity 383 mCi/mmole) for 30 min at 37OC as described
by Gershey et al. (1968). = After incubation the nuclei were washed

three times, twice with 0.25 M sucrose - 3 mM CaCl, (1 mM spermidine .

used by Gershey et al. (1968) was substituted by 32mM CaClz), and once
in 0.14 M NaCl - 10 mM Na3 citrate. The nucleoprotein pellet was then
extracted with 0.25 M HCLl and the supernatant after centrifugation at
1 OOO g for lb min was dialysed and freeze-dried. SH-calf thymus total

histone with specific activity 3 350 dpm/mg protein was cbtained.

4.6.2 Isolation of histone deacetylase

Histone deacetylase was isolated by the method of vidali et al. (1972)

with the final isoelectric focussing step being omitted.
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4.6.2.1 Extraction of histone deacetylase

Calf thymus‘(SO g) was homogenised in 50 mi 0.14 M NaCl - 25 mM
Tris-HCl (pH 7.3) and centrifuged at 100 000 g for 1 h. Acetoné, 3
volumes, was added to the supernatant and the precipitate was colledted,
by centrifugation at 30 000 g for 10 min. _The_precipitate was extrac-—
ted with 25 ml of 25 mM Tris-HC1 (pH 7.3) and centrifuged at 30 000 g
for 10 min. The precipitate was extracted with 25 ml of 25 mM Tris~HC1
(pH 7.3) and centrifuged at 30 00O g for 10 min.

4.6.2.2 - Exclusion chromatography

The supernatant was applied to a 2.5 x 92 cm Sepharose 6B column and

equilibrated and eluted with 25 mM Tris-HCl (pH 7.3) at a flow rate of
45 ml/h. 10 ml fractions were collected. The eluate was mdnitored

at 280 nm and histone deacetylase activity determined as described

below (4.6.2.3).

4.6.2.3 Assay for histone deacetylase activity

The assay for enzymatic deécetylatidn'of histones follows the method
proposed by Inoue and Fujimoto (1970). One millilitre aliquots of the
fractions to be tésted were added to 1 ml portions of 3H-—acetyl histone
solution (1 mg/ml containing 3 350 cpm) (4.6.1) and incubated at 37°C
for_l‘h. The reaction was stopped by the addition of 0.3 ml of O.1 M
HC1l contdining 0.05 M acetic acid (unlabeiled) as a carrier. The
released_aH-acetaté'was extracted into 3 ml of ethyl acetate and 1.5 ml

of the organic layer taken for 3H—determination.

The fraction with maximum deacetylating activity (fraction 24) was

adjusted to pH 8.0 with 0.0l N NaOH since pH 8 is the pH optimum of

histone deacetylase (Vidali et al. (1972) and 70 pl (150 Ug protein)

was incubated with either 20 Ug of H-H4 or 70 Ug of °H-H3/2B/2A pre-

pared as described.(4.5.6.2). ‘At the end of 60 min at 37OC, either 50 ul
of Hzo—saturated ethyl acetate were added and 25 Ul of the organic layer
counted or else the incubation tube contents were freeze-dried and aliquots

applied to 10 cm polyacrylamide gels and electrophoresed (4.2.5). Radio-

activiﬁy in the polyacrylamide gels was determined as described in 4.2.6.
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4.7 PREPARATION OF °H-H4 HISTONE PEPTIDES

4.7.1 Chymotryptic hydrolysis of 9 histone-H4

Chymotryptic hydrolysis was performed as described by Delange et al.
(1969).  About 20 mg of H4 histone (unlabelled) and 1.7 mg (6.4 x 10°
dpm) of 3H-histone H4 (prepared as described in 4.5.6.2.1) were
dissolved in 6 ml of water at 4OOC and the pH adjusted to 8.0 with NaOH.
After chymotrypsin (0.2 mg) was added the pH was maintained at 8.0 by
the addition of 0.01 N NaOH with the pH-stat while hydrolysis proceeded
for 25 min when the rate of alkali uptake had decreased to a very low
level. Since DeLange et al. (1969) found no further base uptake upon
the addition of more chymotrypsin (a result confirmed in preliminary
experimeﬁts), the reaction was terminated by adjusting the pH to 3.0

with glacial acetic acid and the reaction mixture freeze-dried.

4.7.2 Purification of chymotryptic peptides

The purification was based on the method of DeLange et al. (1969),
except that Sephadex G-75 was routinely used instead of Sephadex G-25

and G-50. Nomenclature of H4 histone peptides is given in Fig. 3.4.

The chymotryptic hydrolysate was dissolved in 0.5 ml 99% formic acid,
diluted to 1 ml with distilled water and subjected to gel filtration as.

. follows : A 1.5 x 150 cm G-75 Sephadex column, packed and equilibrated.
with 30% acetic acid and run at 160 cm head, flow rate 24 ml/h, was
eluted with 30% acetic acid and 3 ml fractions were collected. Aliquots
(10 Hl) were removed for counting and fractions were pooled as required
and freeze-dried. Fractions containing C-i peptide required further
purification and were re-applied to the same column, eluted, pooled

and freeze-dried.

4.7.3 Amino acid analysis of chymotryptic peptide mixturee

1 mg of peptide mixture was hydrolysed at llOOC for 24 h in 5.7 N HC1,
dried and applied to a Beckman Model 116 amino acid analyser.
Mrs. M. Morgan and Mr. J. Rodrigues are thanked for performing the

hydrolyses and amino acid analyses.
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4.7.4 Maleylation of chymotryptic peptides

Maleylation of chymotryptic peptide prepared by methods indicated above
(4.7.1 and 4.7.2), tryptic hydrolysis and purification of peptides was
performed essentially as described by DeLange et al. (1968, 196%a).
Chymotryptic peptide C-1 (2.1 mg) (Peak II from Sephadex Gl75 columns)
(4.7.2) was dissolved in 1.6 ml water at pH 9.0 and 0°C and 8 mg of
maleic anhydride (20—fold excess) was added with stirring over 5 minutes
while the solution was maintained at pH 9.0 with»the pH-stat. After

40 minutes the maléylated peptide was dialysed againét 0.1 N NH HCO., for

4 3
2 hours and then against two changes of water at pH 8.0 for 3 hours.

4.7.5 ' Tryptic hydrolysis of maleylated peptides

The maleylated peptide was hydrolysed in 5.2 ml of water at pH 8.0 and

4OOC with 0.3 mg of trypsin for 25 min. The solution was maintained

at pH 8.0 by the addition of 0.01 N NaOH during hydrolysis. The tryptic
hydrolysis was stopped by lowering the pH to 3.0 with glacial acetic acid,
"and the mixture was left at 4OOC for 40 h to demaleylate in the presence

of a drop of toluene. According to DeLange et al. (1969a) demaleylation
should occur to more than 90% under these conditions. After demaleylation

the peptides were freeze-dried.

4.7.6 ~“Purification of tryptic peptides : .

4.7.6.1 Gel filtration on G-25 Sephadex

" The freeze-~dried péptides (4.7.5) were dissolved in 0.5 ml of 99% formic
acid,diluted to 1 ml with water, and applied to a 1.5 x 150 cm column of
G-25 Sephadeg equilibrated and eluted with 30% acetic acid. A pressure
head of 80 cm gave a flow rate of 40 ml/h. 3 ml fractions were
colieéted. Aliquots of 5 |l were taken for radioactivity determinations.

Fractions were pooled as required and freeze-dried.

4.7.6.2 Paper chromatography

An aliquot of the single radioactive peak obtained from G-25 gel filtration
(4.7.6.1) was subjected to paper chromatography according to the method
of DelLange et al. (1968).
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Descending chromatography was carried out for 20 h in a glass. tank
capable of holding a sheet of Whatman No. 3MM paper (46 x 57 cm).

Peptide T(M)-2 and T(M) -5 mixture was applied to the paper as a small .
spot and the paper was .placed in the chamber and allowed to equilibrate
overnight, before development using pyridineil—butanol:glécial acetic
acid:water (15:10:3:12). Valine (50 uUg) was used as a standard.

Aftér 20 hours the paper was removed from the chamber, air dried and
sprayed with 1% ninhydrin in acetone (2Zweig and Sherma, 1972). To
develop the spots the paper was warmed to 350C for 5 min.  Radiocactivity
was determined either by cutting the paper into 1 cm strips and oxidising
in the sample oxidiser, or else by elution with 30% acetic acid followed
by counting. If samples were to be used for amino acid sequehce' |
determination, the area of paper with the peptide to be sequenced was

cut out before ninhydrin spraying to preserve the free -NH, group.

2

4.8 AUTOMATIC EDMAN DEGRADATION

4.8.1 Sequencing of protein and peptides

A Beckman model 890 sequencer was used.

2 mg'aH—histone H3 dimer (4.5.6.2.2) dissolved in water (130 nmdle,

3.2 x 10° dpm) was subjected to sequence analysis.

The mixture of °H-histone H4 peptides T(M)-2 and T(M)-5 (4.7.6) was
sequencéd together with 2.6 mg of unlabelled histone H4 from calf
thymus. 0.09 mg of T(M)~-2/T(M) -5 (28 nmole of each peptide, 1.1 x 10°
dpm) and unlabelled calf histone H4 were allowed to coupie with a 5-fold
excess of sulfonated-phenylisothiocyanate at 55° for 30 min in 1 ml of

3 (N,N-dimethylamino) propyne buffer (Braunitzer et al., 1970), before.

application to the sequencer cup.

The sequential degradation, gas chromatographic identification of PTH-
amino acids, hydrolysis of PTH-amino acids with subsequent amino acia

énalysis (Beckman analyser model 116) was done by Dr. W. Brandt,

Mrs. Margaret Morgan and Mr. J. Rodrigques whose help is acknowledged.

Protein- or peptide programs were used as described by Brandt and

von Holt (1974).
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4.8.2 Radioactivity determinations of PTH-amino acids

After conversion to the PTH-amino acids, the ethyl acetate and aqueous
layers were separated, dried, the residues resissolved in methanol and

aliquots were counted for radioactivity (4.2.4).

4.8.3 : Thin layer chromatography of PTH-lysine and PTH-N-£-
acetyllysine
Thin layer Chromatog:aphy was performed on silica gel F254 20 x 20 x 10 cm

sheets (Merck Art 5735/0025 TLC plastic sheets, 0.25 mm layer thickness)
using chloroform:methanol:ethénol (90:7:1) as developing solvent.
PTH-amino -acids were detected under ultraviolet light. Chromatography
was carried out at room températuré in glass chambers, lined with o _
filter paper on 2 sides and equilibrated overnight before use. Multiple

development of the plate was used.

The remainder of the ethyl acetate layers (4.8.2)>coﬁféihing PTH-amino
acids from the sequencer were dried and redissolved in methanal and
spotted onto the plates. Material containing at least 1000 dpm ﬁas
applied to each spot. Authentic PTH-€-acetyl ‘lysine prepared as
described above (4.1) was co-chromatographed with each sample. To
locate radioactive PTH-acetyllysine 1 cm squares were scraped off the
plates and the radiocactivity of the material removed from the plate

was determined (4.2.4).
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