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I. Abstract

The purpose of this thesis was to characterize the impact of the histone tails and their 

posttranslational modihcations on nucleosome stability and chromatin folding dynamics. 

This was done with a variety of techniques, particularly sedimentation velocity analysis 

and circular idichroism as well as a range of other procedures including various restriction 

enzyme digests, DNase I fbotprinting, and solubility assays. Until recently the methods 

used to puri^ histones and their modihcations have been somewhat inadequate, 

particularly with regards to the separation of individually modified histones. Therefore a 

method which allows the production of native-like histones and their use in reconstituted 

nucleosomes and chromatin fibers was developed using RP-HPLC fractionation. This 

has proven particularly useful for the successful purification of modified histones. The 

importance of the histone tails in chromatin fiber folding was demonstrated using 

nucleosome trypsinization and m wtro investigations using reconstituted polynucleosome 

arrays and sedimentation velocity analysis. Both the H2A-H2B and H3-H4 tails 

participate in folding events however the H3-H4 tails have the greatest influence. The 

structural effects of two specific histone modifications were also examined: acétylation, 

which occurs on the N-terminal tails of all the core histones; and ubiquitination which 

occurs primarily on the C-terminal tails of histones H2A and H2B. Examination of 

different nucleosomes (native, acetylated and trypsinized) using circular dichroism 

demonstrated that the histone tails have a-helical content which is independent ofDNA 

interactions and increases with acétylation. Closer examination of the histone H4 N- 

terminal tails with different levels of acétylation showed that this a-helical content



m
increase as the level of acétylation increases. Examination of histone H2A ubiquitination 

in nucleosome and polynucleosomal arrays demonstrated that despite the size of this 

modiGcation, there were no signiGcant structural changes in chromatin Glw Galding or 

nucleosome structure. The results indicate that contrary to expectaGons uH2A did not 

prevent chromatin Gber Galding and in &ct it increased the aggregaGon of Gbers and 

possibly even increased the stabihty of the nucleosome. Together the results illusGate the 

importance of invesGgating the structural eSects of histones modiGcaGons and indicate 

that such modiGcaGons may produce very subtle eGects rather than the huge structural 

disturbances oAen 
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1.0 INTRODUCTION

1.1 Historical Overview of Chromatin Research

Chromatin is most often described as a nucleoprotein complex consisting of DNA and 

both histone and non-histone proteins. While the molecular structure of these 

components has been elucidated only relatively recently, the existence of this complex 

was hrst discovered over 100 years ago. In 1868 Friedrich Miescher Grst began to 

'puri^' a substance &om the pus (white blood cells) of hospital patients. It was 

considered a unique substance with a high phosphorous content Wiich he called 

''nuclein" (1871). Miescher's 'nuclein' was essentially the hrst crude preparation of 

chromatin from cell nuclei. Miescher’s subsequent work with salmon sperm (1874) 

demonstrated that the material in sperm nuclei consisted of both acidic and basic 

substances. The acidic material proved to be the 'nuclein' which he had previously 

identihed, however the basic material was a new substance which he identihed as 

"protamin". At the end of the decade, it was another scientist, Walter Flemming (1880), 

who Srst used the term "chromatin". Using light microscopy and staining techniques he 

described chromatin as the material within the nuclei which was easily stainable and 

towards the end of the century the two terms 'nuclein' and 'chromatin' were considered 

equivalent. A decade after Miescher's work with salmon sperm, Albrecht Kossel 

provided the next important advance in chromatin research. In 1884 he isolated nuclei 

&om the erythrocytes of geese and also extracted basic proteins. However, Kossel's 

basic proteins were not equivalent to Miescher’s ‘protamin’ and so he referred to them as 

"histon". Consequently by the end of the 19^ century the m^or components within the 

nucleus had already been identihed and were known to consist of a complex of both basic 

proteins - which we now know to be the histones in somatic cell nuclei or the protamines 

in sperm nuclei - and also the acidic, phosphorous rich component we now know to be 

DNA However except for their composition, very little was known about the substances 

themselves or thar functions.



Future work to determine the structural and functional characteristics of chromatin 

proceeded intermittently over the next several decades. While work progressed on the 

structure of the nucleic acid (DNA), there was also considerable emphasis on the 

functional importance of the different components. Consequently during this time there 

was signiûcant dd)ate as to which of the nuclear components acted as the genetic 

material. Indeed for many years it was argued that it was the proteins (i.e. histones) 

which were the genetic component. However during the 1940’s and 1950’s interest 

shifted &om the protein-gene model to the nucleic acid theory. This idea was given 

further credence by bacterial transformation experiments which identiSed DNA as the 

'transforming agent' or the genetic material (Avery gf a/., 1944). In addition, as the 

puriGcation procedures improved it became obvious that there were far fewer histones 

than originally thought. As with most endeavours, scientiGc researdi is highly 

dependent upon technological innovation. Consequently further histone research was 

largely dependent on the development of new purification techniques. The development 

of gel electrophoresis and new fractionation and chromatographic techniques in the 

1950's and 1960's resulted in the accurate identiGcation and puriGcation of the 5 

diGerent histones which we now refer to as the core histones (H2A, H2B, H3 and H4) 

and the linker histones (HI). It also became obvious that the multiple proteins seen in 

previous experiments were degradation products. Subsequent analysis of the histone 

proteins has shown that in addition to their small numbers, they are also highly conserved 

proteins. Indeed their small numbers and conserved nature was one of the strongest 

arguments against the protein-gene theory and consequently interest in histone research 

waned. Just as DNA had once been designated as an uninteresting support element for 

the protein-genes, the situaGon was now completely reversed and the histone proteins 

were relegated to a mere structural role with little if any regulatory eSects on DNA.

Over the last 15-20 years however there has been a gradual recogniGon that while the 

histone proteins are important structural components, they are neither staGc, inert, 

uninvolved nor unimportant. Indeed the post-translaGonal modiGcaGons which can occur 

on all histones and their variants, are becoming increasingly important in understanding
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the dynamic stmctural changes which can occur within chromatin. As a result, their 

eSect on modulating and regulating DNA structure impacts on many diSerent cellular 

processes including DNA replication and repair, transcriptional activation and silencing, 

and cell cycle progression. Continued structural studies therefore will have an important 

influence on understanding the functional impact of chromatin structural changes.

1.2 Chromatin Structure

The genetic material within a eukaryotic cell is organized to allow its compaction into the 

nucleus. The DNA, while linear, is not contiguous but is divided into chromosomes of

varying sizes. The number, size and shape of the chromosomes is referred to as the 

karyotype and is highly variable and species specific (Cook, 2001). Each chromosome 

has two telomeres, one at each end, and a centromere which attaches the chromosomes to 

the spindle during mitosis. Within the chromosomes, the DNA of eukaryotic cells is 

organized into a DNA-protein complex called chromatin. The packaging of chromatin 

into the nucleus compacts the DNA approximately 10,000 fold so that nearly 2 meters of 

DNA hts into a eukaryotic nucleus which measures approximately 5-10 pm in diameter 

(Twyman, 1998). This packaging involves extensive folding. However, chromatin is not 

a static entity but is a dynamic complex which is capable of changing conformation and 

structure.

The folding and unfolding of DNA is not a haphazard event but is highly organized and 

controlled. Chromatin has been found to have several orders of structure. Initial studies 

with light microscopy could visualize only the large scale changes in conformation seen 

during the cell cycle. The chromosomes in non-dividing cells are not visible even using 

DNA staining techniques, however during mitosis or meiosis the chromosomes undergo 

m^or structural changes. During interphase they are less condensed and more dispersed 

particularly during the S-Phase when DNA replication occurs. However during 

metaphase, when they are transcriptionally inactive, they become highly condensed and 

are visible. Indeed initial information about eukaryotic chromosomal structure was a 

result of work done with light microscopy and observations of condensed metaphasic
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chromosomes &om dividing cells. The term 'packaging ratio' is used to express the 

length of DNA divided by the length into which it is packaged and can be used to 

describe the amount and diSerences in DNA packaging which can occur within the cell. 

For instance at interphase the packaging ratio is 10̂  whereas during metaphase the 

packaging ratio increases to 10̂  (Twyman, 1998).

During the cell cycle therefore there are obvious changes in chromatin structure. Thus 

while the entire genome must be compacted into the chromosomes within the nucleus, 

chromatin must still be capable of altering its structure not only during cell cycle

progression but must also be accessible for other cellular processes such as DNA 

replication and repair, and transcriptional activation and silencing. This accessibility

must also have specificity because despite the size of the genome, only a small fraction of 

the genes will be expressed at any given time.

Chromatin is usually designated into two broad categories: euchromatin and 

heterochromatin. Heterochromatin is generally termed transcriptionally inactive because 

of its highly condensed structure (even during interphase) and is typified by histone 

hypoacetylation, DNA hypermethylation, nuclease resistance and asynchronous 

replication in the S-phase of the cell cycle (Lewin, 1997). Heterochromatin is designated 

as either constitutive or facultative heterochromatin. Constitutive heterochromatin 

represents DNA which is permanently silenced and condensed in all cells at all times.

This type of chromatin tends to consist of repetitive DNA with few coding sequences. 

Generally it has a structural role as is most often located at the centromere and telomeres 

of each chromosome.

Facultative heterochromatin is specifically and selectively inactivated either during 

certain developmental phases within specific ceU types or in response to certain 

conditions. An example is the X-chromosome inactivation in female mammalian somatic 

cells. In these cells one of the two homologous X-chromosomes is randomly inactivated 

(Heard ef a/., 1997; Lewin, 1997). The inactivated X-chromosome forms the Barr Body 

which can be stained during interphase and is located at the nucleus periphery.



Euchromatin typically remains 'open' or loosely packaged during interphase. These 

regions are de&ied as 'active' chromatin because it is accessible to the transcriptional 

machinery and is therefore capable of being expressed. However while euchromatin 

structure is necessary, it is not sufhcient for gene expression. Active chromatin or 

euchromatin is typiûed by acétylation of histones, nuclease sensitivity, reduced DNA 

méthylation, and normal or synchronous replication timing in the S-phase (Lewin, 1997).

Chromatin organization occurs on a number of diSerent levels. The ûrst level of 

organization and the lowest level of condensation is the formation of the nucleosome 

which involves wrapping DNA approximately 1.75 times around a histone core octamer 

and will be discussed in more detail in Section 1.3. Winding the DNA into nucleosomes 

contacts the DNA Sve fold and this conformation, termed a 'low order structure' or 

LOS, is often referred to as the lOnm fiber (Twyman, 1998). The 10 nm fiber is 

produced when cell nuclei are lysed in low salt and in electron microscopy experiments it 

produces a "beads-on-a-string" appearance.

A second level of organization occurs at higher ionic concentrations and in the presence 

of Mg^^ (divalent cations) where the chain of nucleosomes forms a more condensed fiber 

which is 30-40 nm in diameter (Daban, 2000; Twyman, 1998). This fiber, termed the 

30 nm fiber, is an 'intermediate order structure' (10S) and requires the presence of 

histone H I. The 30 nm fiber compacts the DNA with a packaging ratio of 40 and is the 

conformation commonly seen in euchromatin and during interphase (Twyman, 1998). A 

number of models have been proposed to describe the structure of these fibers and their 

main differences focuses on the organization and behavior of the linker DNA. Direct 

visualization of these fibers and the arrangement of individual nucleosomes and linker 

DNA in these folded states is extremely difiGcult although recent advances have allowed 

the visualization of single fibers (Cui & Bustamante, 2000). It appears that the 30 nm 

fiber is condensed fiber, highly compact with an irregular and uneven arrangement of 

nucleosomes that is organized three dimensionally (Zlatanova eta/., 1999; Daban, 2000; 

Cui & Bustamante, 2000).



'Higher order structures' (HOS), also require the presence of histone HI, and are even 

less well characterized than the 30 nm Gber. It appears that the 30 nm Gber is Girther 

condensed using loops, folds and anchored coils which help produce organized domains 

and structures within the genome (Paul & Perl, 1999; Davie, 1995). The most 

universally accepted model is that the chromatin loops, which are 30-100 kb long during 

metaphase, are attached to a Gexible nuclear matrix via DNA sequences referred to as the 

matrix or scaSbld attachment regions or MARs/SARs (Paul & Perl, 1999; Davie, 1995). 

These HOS are not just formed for packaging purposes however but may have a role in 

managing the functional organization of the chromatin (Cockell & Gasser, 1999).

1.3 Nucleosome Structure

The nucleosome is the most fundamental and basic unit of chromatin and is a highly 

conserved structure found in all eukaryotes. It is a repeating protein-DNA complex 

which consists of DNA wrapped around a histone protein complex. Chromatin organized 

into nucleosomes Garms the 'beads on a string' construct visualized with electron 

microscopy. The length of DNA organized actually varies between 150-250 bp 

depending on both the organism being studied and the cell type G"om which the sangle 

was derived.

The term "nucleosome" was Grst used to describe the approximately 200 bp of DNA 

wrapped around a histone octamer in 1974 (Komberg). Digestion of chromatin by 

micrococcal nuclease (Mnase) results Grst in the removal of the 'linker' DNA connecting 

ac^acent histone octamers while the 'core' DNA is protected by the histone proteins. If 

histone HI is present, 168 bp ofDNA is protected and the resulting structure is called the 

chromatosome (Simpson, 1978). Purther digestion results in the release of histone HI 

and the removal of an additional 20 bp ofDNA. The resulting structure produced is the 

nucleosome core particle vdiich consists of 146 bp ofDNA wrapped around the core
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histone octamer. (Figure 1 shows a schematic representation of Mnase digestion of 

chromatin).

X-ray crystallography analysis has been used to deSne the histone-DNA and histone- 

histone interactions within the nucleosome. A low resolution structure (7 A) Grst showed 

that the DNA wraps around the histone octamer approximately 1.75 times in a left 

handed superhelical turn (Richmond gf a/., 1984). Recent studies of the histone octamer 

at 3.1 A (Arents gf oA, 1991) and the nucleosome at 2.8 A and 3.1 A (Luger gf a/., 1997; 

White gf aA, 2001; Luger & Richmond, 1998a; 1998b) have shown more clearly the 

structure of the nucleosome core particle. Such studies have shown that the DNA is not 

uniformly bent around the octamer and that the octamer contacts the DNA approximately 

every 10 bp where the DNA minor groove faces inward. The histone-DNA contacts are 

via electrostatic, hydrogen bonds, and non-polar bonds. The localization of the histone 

tails is difficult to establish because of their dynamic nature and their structural 

heterogeneity. While only about a third of the tail's structure has been visualized they are 

nevertheless capable of protruding or extending from the nucleosome either through or 

over the DNA gyres. For instance, the N-terminal tails of histone H3 and H2B both pass 

between the minor-groove channels. In addition it also appears that some of the tails are 

involved in nucleosome-nucleosome interactions, particularly histones H3 and H4. The 

accessibility of the histone tails also means that they are capable of being modihed even 

while they are within the nucleosome core particle structure. Indeed it has become 

increasingly recognized that a key factor in chromatin dynamics is the effect of the 

histone tail post-translational modihcations and several studies have shown that the 

histone tails are important for chromatin folding (Garcia-Ramirez gf oA, 1992, Moore & 

Ausio, 1997).

A/uc/eosome/lrrangemenf

While histone complexes can show regular spacing in electron microscopy studies, 

nucleosome placement varies dramatically throughout the chromosome.
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Figure 2: Nucleosome Arrangemenis on Chromatin. The ovals represent
nucleosome core particles; the straight lines represent DNA; the vertical dashed lines 
indicate a repeated DNA sequence; and the asterix (*) indicates that the nucleosome is 
positioned on a specific DNA sequence. (Adapted 6om van Holde, 1989).
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The twminology used to describe nucleosome arrangements can oAen be confusing 

however, the following series of definitions (van Holde, 1989) have been proposed (see 

Figure 2):

1. Random Nucleosome placement is entirely random and is not dependent on

either the position of other nucleosomes or the DNA sequence.

2. Uniform Spacing: Nucleosome arrangement is not dependent on DNA 

sequence but adjacent nucleosomes are separated by uniform lengths of linker 

DNA

3. Phased: Refers to the regular placement of nucleosomes on a repeating

sequence of DNA for example the 208-12 polynucleosome DNA template (see

Section 2.11.1)

4. Positioned: Nucleosome placement is directly or indirectly determined by

DNA sequence.

Nucleosome placement therefore is aSected by a variety of factors. Naturally the DNA 

sequence itself will influence some positioning as will the presence of other DNA 

binding proteins which could prevent nucleosome formation. Nucleosomes may often 

have preferential sites within or near promoters and other regulatory elements (Thoma, 

1992; Simpson, 1991). Indeed the nucleosome is becoming a "6)cal point of 

transcriptional control" (Komberg & Lorch, 1999). Nucleosomes are considered to be 

general repressors as they prevent transcriptional initiation both m (Lorch cf a/., 

1987) and m vfvo (Han & Grunstein, 1988) by packaging promoters thereby making them 

inaccessible to the transcriptional machinery.

Another aspect of nucleosome positioning is the importance of chromatin remodeling 

complexes. These multiprotein, ATP-dependent complexes have the ability to change the 

arrangement of nucleosomes. There appear to be two basic types of complexes some of
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CHROMATIN REMODELING COMPLEXES

S W P S N F  G R O U P Organism ATPasc
Number of 

Subunits

SWI/SNF
(Switch/Suaose Non-Fermenting)

Swi2/Snf2 11

RSC cerevffMB 
(Remodels the Structure of Chromatin)

Sthl/Nspl 15

NURD (aka NuRD, NRD) CHD4 18

Brahma D. meZoMogaater Brm -7-9

I S W I  G R O U P

NURF
(Nucleosome Remodeling Factor)

D. mgZoMOguatgr ISWI 4

CHRAC
(^Chromatin Accessibility Complex)

D. mgZoMogastgr ISWI 5

ISWIl
(Imitation Switch)

cergwane ISWIl 4

ISWI2
(Imitation Switch)

& ggrgwaag ISWI2 2

Table I: Chromatin Remodeling Complexes. A partial list of known remodeling
complexes compiled &om a variety of sources including Lorch & Komba^g, 1999; 
\^gnali etoA, 2000.
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which are listed in Table I. First, the SWI/SNF ^switch/sucrose non-fermenting) group of 

chromatin remodeling complexes appear to work by destabilizing the nucleosome and 

disrupting DNA-histone contacts therefore allowing the DNA to become more accessible 

(Komberg & Lorch, 1999). Indeed one member of this group called RSC Remodels the 

Structure of chromatin), is found in yeast cerev/aae) and can catalyze

the transfer of the complete histone octamer (Lorch, ef a/., 1999). The other group of 

complexes are the ISWI (or imitation switch) remodeling complexes which contain a 

distantly related ATPase called ISWI. These complexes are smaller and appear to 

redistribute nucleosomes creating nucleosome &ee regions by sliding octamers to 

adjacent positions (Hamiche ef o/., 1999; Langst et a/., 1999). The exact mechanisms by 

which chromatin remodeling complexes operate have yet to be completely elucidated m 

vftro as well as m wvo, but it appears that the histone tails may prove to be important 

components of this process (Georgel et a/., 1997).

1.4 Histone Proteins

Hstone proteins can be divided into two categories: the core histones (H2A, H2B, H3 

and H4) which form the core histone octamer; and linker histones (HI) which are 

required for the formation of higher order chromatin folding. (Table II provides some 

basic in&rmation about the core histones.) These highly basic proteins contain relatively 

large amounts of positively charged lysine and arginine residues. The positive charges on 

the histones interact with the negatively charged phosphate backbone of DNA. Analysis 

of the sequences from many different organisms has shown that the histones are 

conserved proteins and some also have several variants. The linker histone HI is the 

largest histone, shows the most diversity between organisms, is the least conserved with 

signiScant microheterogeneity in amino acid sequences (Ausio ef a/., 2001; van Holde,

1989). In comparison histone H4 is the smallest histone (102 a a -  calf thymus), and is 

the most conserved with 95% identity conserved across species (van Holde, 1989).
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Histone No. of Residues
(a.a.)

Mass
(Da)

Acétylation
Sites

Ubiquitination
Sites

H4 102 11,236 K5, K8, K12, K16 None

H3 135 15,273 K9, K14, K18, K23 Unknown

H2A 129 13,960 K5 K119

H2B 125 13,744 K5, KIO, K13, K28 K120

Table H: Characteristics of Calf Thymus Core Histones.
(Compiled 6om van Holde, 1989.)
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The general histone structure can be divided into two domains, the central core with its 

histone fold motif (described in more detail below) and the histone tails (See Figure 3).

The tails account &)r approximately 25% of the total mass of the histones. All the core 

histones have N-terminal tails (see Figure 4) which range in size with H3>H2B>H4>

H2A. Except for histone H3, the core histones also have a C-terminal tail (see Figure 5) 

particularly histones H2A and H2B while histone H4 which has a very small tail 

(Komberg & Lorch, 1999).

The histone octamer has a tripartite structure with an (H3-H4)z tetramer located at the 

center of the core particle and also two flanking H2A-H2B dimers at the ends of the 

octamer (Arents et a/., 1991). Each of the histones also share a common structural motif 

called the histone fold (Arents et a/., 1995). The histone fold motif appears to be a 

widely conserved structure and has also been found in a variety of diSerent proteins 

including Archaebacteria and transcription &ctors (Arents & Moudrianakis, 1995; Pereira 

& Reeve, 1998; GanglofTeta/., 2000).

The histone fold is an extended helix-loop and strand-helix domain which contains 3 

a-helices. Helix I is approximately 11 residues long and is followed by a short loop and 

P-strand; Helix 2 is the longest helix which is approximately 27 residues and is followed 

by another short loop and P-strand; and lastly Helix 3 which is also approximately 11 

residues. The histone fold is represented schematically in Figure 3 while Figure 6 

highlights the actual residues involved.

The H3-H4 and H2A-H2B heterodimers are formed via their histone folds and they 

associate head to tail to form a compact handshake-like structure. Each of the H2A-H2B 

and H3-H4 heterodimers have three DNA binding sites therefore within the nucleosome 

the histone folds interact with 12 of the 14 possible minor groove sites and 121 bp of 

DNA (Luger & Richmond, 1998a). Gaps between the DNA gyres allow the N-terminal 

tails of histones H2B and H3 to pass through the DNA %diile the N-terminal tails of H2A 

and H4 and the C-terminal tail of H2A, extend outside the particle and across the face of 

the nucleosome. Thus the accessibility of some of the histone tails means they are
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H3

H4

H2A

H2B

Figure 3: Schematic Repregentation of the Core Histones and the Histone Fold
MotifL The four core histones are shown with the histone fold motif (in blue) and the 
approximate relative sizes of the dif&rent N- and C-terminal tails.
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H2A
1 5 15
SGRGKQGGKARAKAK

H2B

1 5 12 15 20 37
PEPAKSAPAPKKGSKKAVTKTQKKGDKKRKKSRKES

H3

1 9 14 18 23 41
ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRY

H4
1 5 8 12 16 20
SGRGKGGKGLGKGGAKRHRK 

* * * *

Figure 4: Core Histone N-Terminal Taii Sequences. All sequences shown are for
calf thymus histones (van Holde, 1989). The asterix (*) shows the acétylation sites.
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H2A

95 119 129
-KLLGKVTIAQGGVLPNIQAVLLPKKTESHHKAKGK

H2B

105 120 125
-ELAKHAVSEGTKAVTKYTSSK

H4

94 102
— GRTLYGFGG

Figure 5: Core HistoueC-Terminal Tail Sequences. All sequences shown are
for calf thymus histories (van Holde, 1989). The large circle (U) shows the ubiquitination 
sites.
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H2A
18-22 28-37 46-73 81-89 92-97 129

H2B

39-49 57-84

H3
46-57

91-102 105-123 125

H4
27-29 31-41 50-76 84-93 102

Figure 6: Core Histone Sequences Forming the Histone Fold M otit
A schematic representation of the 6)ur core histones showing the histone fold helices 
(stripped boxes) and other helices (dait boxes) identiGed Gom crystal structure data. 
(Compiled Gom van Holde, 1989; Luger gf a/., 1997)
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capable of being modîGed within the nucleosome structure. Since the histone tails are 

important for Gber folding, interSber interactions within higher order structures and may 

also act as recognition sites &r recruiting remodeling complexes, it is important to 

understand the structural and functional impact of their post-translational modiScations.

1.5 Histone Post-Translational Modifications

While histones are conserved proteins, they are also capable of being post-translationally 

modiûed. These modiGcations include acétylation, ADP-ribosylation, méthylation, 

phosphorylation, and ubiquitination (van Holde, 1989; Ausio ef a/., 2001; Davie & 

Spencer, 2001). Most of these variations occur within the N-terminal tails except for

ubiquitination which occurs within the C-terminal tail. These modifications are thought 

to affect chromatin structure by altering histone-histone and histone-DNA interactions as 

well as interactions with other transacting protein factors. Indeed it has been proposed 

that modiGcations like acetylaGon may consGtute a signal or language which is decoded 

and used by other proteins and/or complexes involved in chromatin remodeling and 

cellular processes like transcripGon (Strahl & AlGs, 2000). The two modiGcaGons 

examined in this thesis were histone acetylaGon and ubiquitination which will be 

discussed below.

)!ice ty /a f/o n

AcetylaGon is the most studied of all the histone post-translaGonal modiGcaGons.

There are two types of acétylation reacGons. The Grst is an irreversible acetylaGon 

reaction that occurs during the synthesis of some histones. In this type of reacGon the N- 

terminal residues of histones HI, H2A, and H4 can be blocked by acetylaGon of the a- 

amino group of the N-terminal serine residues. The exact purpose, or role of this type of 

modiGcaGon is not yet known. (Van Holde, 1989)

The second type of reacGon is far more prevalent. It involves the addiGon of an acetyl 

group to the e-amino group of speciGc lysine residues within the N-terminal tails of the 

core histone proteins and (AUG-ey ef a/., 1964). This type of acetylaGon is a highly
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dynamic modification which is reversible and enzyme catalyzed. The reaction is 

controlled by two groups of enzymes: the histone gcetyltransferases or HATs; and the 

Mstone ddasetylases or HDACs and is shown schematically in Figure 7. While only 

lysine residues are acetylated, there are four acétylation sites on each of histones H4, H3 

and H2B and one on histone H2A (see Figure 4 and Table II for acétylation sites). 

Consequently there are 26 potential acétylation sites which can be modiSed within the 

core octamer which introduces a tremendous amount of variability and creates a huge 

number of possible conSgurations.

The possible structural and functional implications of acétylation was recognized almost 

immediately, particularly with respect to its possible importance in eukaryotic gene 

transcription (All&ey et a/., 1964). It has been speculated that the loss of positive charge, 

resulting &om the acétylation of a lysine residue, would weaken the histone-DNA 

interactions. This in turn could produce a looser and more 'open' chromatin 

conformation which would assist transcription. Indeed acétylation has been correlated 

with transcriptional activity and a lack of acétylation is seen in inactive chromatin or 

heterochromatin. Interest in acétylation as a modulator of eukaryotic gene expression has 

soared in recent years because of the discovery that the HATs and HDACs are 

components of transcription complexes (Brownell g/ a/., 1996; Brownell & Allis, 1996; 

Spencer & Davie, 1999; Taunton ef a/., 1996; Ng & Bird, 2000; Brown ef a/., 2000). 

HAT activity has also been shown to be required for activation of genes rm w w  (Kuo ef 

a/., 1998; Krum eta/., 1998). Each HAT also appears to produce specific and distinct 

acétylation patterns which correspond to those seen ww (Schiltz g/ a/., 1999). This 

coupled with the apparent presence of multiple HATs in transcription complexes seem to 

condrm the suggestion that each HAT could have different substrate specificities and 

functions.

There is already evidence that speciGc histone acétylation sites have distinct 

Amctional/structural roles. For instance, in the X-chromosome in male cells

doubles its transcriptional activity as a form of dosage compensation. The acetylaGon of 

lysine 16 on histone H4 is a hallmark of this dosage compensaGon. The acetylase
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responsible for the acétylation of lysine 16, called MOF (males absent on the Grst), is 

expressed in both sexes but only associates with the male X-chromosome and is a 

component of the dosage compensaGon complex (DCC) inDrorcpAf&z (HilGker ef a/., 

1997; Sterner & Berger, 2000; Turner gf a/., 1992).

ExaminaGon of the structure/funcGon relaGons of histone H4 lysine residues in yeast (& 

cergwaae) indicate that the eSects are more complex. GeneGc analysis of the four lysine 

residues (K5, K8, K12, & K16) subject to reversible acetylaGon in histone H4 have 

shown that together these lysines are essential as mutaGon of all four residues to arginine 

or aspartate was lethal, however no single residue was found to be essential (Megee gf a/.,

1990). If  the lysines are mutated to glutamine, the strains were viable but exhibited 

several different phenotypes which involved mating defects, changes in the length of 

different stages of the cell cycle, and temperature sensiGve growth. This indicates that 

the lysine residues and their acétylation may have roles in gene expression, replication 

and nuclear division (Megee, 1990).

In contrast the HDACs which deacetylate histones, are involved in the repression of 

transcnption and in the producGon and maintenance of inacGve DNA confbrmaGons. 

HDACs are components of repressor complexes and are associated with repressors and 

corepressors (Grunstein, 1997; Komberg & Lorch, 1999; Ng & Bird, 2000). For 

example, the deacetylase HDACl associates with retinoblastoma protein (Rb) a known 

tumour suppressor. E2F transcnption factors are required for that acGvaGon of speciGc 

genes which are required for S-phase entry. Rb antagonizes E2F transcripGon factors and 

silences these genes by binding to the E2F acGvaGon domain. Once bound it can interact 

with HDACl which in turn deacetylates the histones near the promoter helping to repress 

transcripGon and preventing gene activaGon. In many cancers Rb is mutated and is 

unable to bind E2F or HDACl therefore allowing transcripGon to occur (Brehm gf a/., 

1998; Managhi-Jaulin gf a/., 1998). IGstone acetylaGon levels therefore can modulate 

gene expression and have been linked to cancer (Archer & Hodin, 1999), indeed HDAC 

inhibitors are now being used as a cancer treatments (Conley gf a/., 1998; Reik gf a/., 

2002).
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Another form of negative regulation which involves HDACs is chromatin "silencing" or 

the formation of heterochromatin. In yeast, heterochromatin is formed at the HML and 

HMR silencing elements and the telomeres by interactions between the histone, Rapl and 

the SIR (silent information regulator) proteins. AAer the initial binding of Rapl to DNA, 

the SIR proteins assemble and these include Sir2, a histone deacetylase, and Sir3 and Sir4 

which interact with the hypoacetylated N-terminal tails of histones H3 and H4 (Lewin, 

1997; Hennig, 1999; Hecht ef a/., 1994). The assembly of these proteins can exist over 

extended regions of DNA thereby preventing transcription.

To better understand how acétylation/deacetyiation produces its fiinctional effects, we 

need to understand the structural implications of this modiGcation. While there are no 

known inhibitors or activators of acetylases which work m vfvo, there are inhibitors of the 

deacetylases. The addition of sodium butyrate to cell cultures has been shown to inhibit 

the histone deacet)iases and thereby lead to a rapid accumulation of hyperacetylated core 

histones (Bo8a ef a/., 1978). While this has allowed the production of large quantities of 

highly acetylated histones on demand, the exact structural role of acétylation has 

remained diGGcult to ascertain.

At the nucleosome level, the Ganking DNA ends do indeed bind less tightly to the 

histones (Garcia-Ramirez gf a/., 1995) and adopt a more stretched conformation which 

results in the acetylated nucleosome particles appearing more asymmetncal (Ausio ef a/., 

1986). While the loss of positive charge resulting G"om acétylation does allow some 

weakening of the histone tail interactions as ionic strength is increased (Mutskov 1998), 

under physiological conditions however, the histone tails remain bound to the 

nucleosome regardless of the acétylation level (Mustkov gf a/., 1998; Garcia-Ramirez gf 

oA, 1995). Likewise the evidence to support the idea that acétylation could facilitate 

transcription factor binding to nucleosomally organized DNA has been somewhat 

controversial (Lee gf a/., 1993; Howe & Ausio, 1998). For instance, it has recently been 

shown that binding of the developmental transcription factor HNF3, which preferentially 

binds to nucleosomal DNA, is not affected by histone acétylation (Cirillo & Zaret, 1999).
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The addition of butyrate and the resulting histone hyperacetylation in chromatin does not 

lead to a general activation of genes (Rubenstein g/ a/., 1979). It is also known that 

hyperacetylation of the 30nm ûber will not produce a 10 nm 6ber (McGhee ef a/., 1983; 

Wang gf a/., 2001) Fibers without HI do show an extended conformation (Garcia- 

Ramirez gf a/., 1995) which has been shown to enhance transcription (Tse gf a/., 1998). 

Also acétylation has been shown to maintain the unfolded nucleosome structure for 

transcription (Walia gf a/. 1998). However when HI is present, histone acétylation does 

not appear to produce any signihcant structural eSects on chromatin folding (McGhee gf 

a/., 1983). However histone acétylation enhances the solubility of the chromatin ûber 

(Perry & Chalkley, 1982; Wang gf a/., 2001).

Another idea recently proposed is that acétylation may act as a histone code (Strahl & 

Allis, 2000). In this regard, the tails of histone H3 and H4 have been shown to adopt a 

helical conformation in the nucleosomal DNA (Banares et al, 1997), and their 

acétylation has been shown to increase their overall a-helical content (Prevelige and 

Fasman, 1987; Wang gf oA, 2000). This could be important for protein-protein 

interactions between these tails and other proteins such as the chromatin remodeling 

complexes or trans-acting factors. Indeed, it has been recently observed that the histone 

H4 N-terminal tail plays a critical role in remodeling by ISWI (Clapier gf a/., 2001). 

Certainly the speciScity of the HATs and multiple acétylation sites could support this 

theory and may explain the localized and short range eGects of acétylation. However 

there are few transacting factors that have been shown to require acétylation in order to 

interact with chromatin (Sewack g/ a/., 2001). It has also been demonstrated that 

acétylation occurs over long stretches of DNA (several Idlobases) and this implies a more 

'global eGect' and argues against a coding hypothesis being the only structural role for 

acetylaGon (Vogelaur gf a/., 2000; Litt gf a/., 2001). The decrease in intemucleosome 

and chromatin interGber associations (resulting in an increase in solubility) may play an 

important role in facilitating the global structural processes involved in transcription 

initiaGon and elongation (Garcia-Ramirez gf a/., 1995; Wang gf a/., 2001).
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Figure 8: Ubiquidn Protein Structure.



26

f.5.2 Ub/qu/f/naf/on

Ubiquitin is a 8.5 kDa, 76 amino acid protein that is highly conserved and is 

'ubiquitously' distributed throughout eukaryotes. It is a globular protein in which 

residues 1-72 are tightly folded (Vÿay-Kumar ef o/., 1987). Its structure is shown in 

Figure 8. Ubiquitin attaches to histones via an isopeptide bond between the C-taminal 

glycine of ubiquitin and the s-amino group of specihc lysine residues. Ubiquitination is a 

reverâble reaction catalyzed by a series of diSerent enzymes (Hershko & Ciechanover, 

1998; Pickart, 2001). Conjugation of ubiquitin Grst requires a single enzyme called the 

ubiquitin activating enzyme (Uba) or E l which forms a ubiquitin-El thiol ester and then 

transfers ubiquitin to a member of the ubiquitin conjugating enzymes (Ubc's) or E2 

enzymes. Although histone ubiquitination can occur with only the actions of E l and E2 

enzymes (Robzyk ef a/., 2000), the m^ority of proteins which are ubiquitinated require 

an additional enzyme, a ubiquitin ligase or E3 enzyme. These E3 enzymes are highly 

specific and have multiple families. In contrast the removal of ubiquitin is catalyzed by 

isopeptidases or ubiquitin proteases (Ubp's) like Ubp3 in yeast (Moazed & Johnson, 

1996.

While several E2s are capable of catalyzing the addition of ubiquitin to histones würo 

(Pickart & Vella, 1988; Haas ef a/., 1988), only a few have been identified m vrvo; for 

instance Rad6 which ubiquitinates uH2B in yeast (Robzyk ef oA, 2000), and TAFn250 

which, in addition to being a coactivator and acetyltransferase, is also a HI ubiquitin 

corrugating enzyme in Drorqp/rzAz (Pham & Sauer, 2000).

While most ubiquitination occurs in the cytosol and is associated with proteolytic 

breakdown and degradation of proteins, histone ubiquitination is not associated with 

degradation. 7» vrvo there appear to be four histones which are capable of being 

ubiquitinated: H3, HI, H2A and H2B; as well as some histone variants like H2A.Z, and 

H2A.X (Nickel efaA, 1987; Nickel e/a/., 1989; Bonner, 1988; ChengWA, 1998; Pham 

& Sauer, 2000). The ubiquitin ligation sites in both HI and H3 have yet to be identified
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and H3 has no apparent ligation points except in its N-terminal or central globular 

domains (Chen e/ a/., 1998).

By &r the most prevalent ubiquitinated histones, and the most studied, are uH2A and 

uH2B. Indeed H2A, or A-24 as it was then referred to, was the ûrst ubiquitinated protein 

to ever be identihed. Both histones are reversibly ubiquitinated at highly conserved 

lysines within their C-terminal tails, speciGcally lysine 119 in H2A (Goldknopf & Busch, 

1977) and lysine 120 in H2B (Thome ef a/., 1987) (see Figure 5). In higher eukaryotes 

approximately 5-15% of H2A and 1-2% ofH2B are ubiquitinated. Histone 

ubiquitination does not appear to lead to increased turnover or degradation, indeed 

histones are conserved over long periods and ubiquitinated histone formation is not 

linked to DNA replication (Wu ef a/., 1981). The ubiquitin moiety has a more rapid 

turnover than the H2A protein itself (Seale ef a/., 1981) and it is in equilibrium with free 

ubiquitin within the nucleus (Wu ef a/., 1981; Carlson & Rechsteiner, 1987).

The fact that mono-ubiquitination does not appear to result in increased histone 

degradation indicates that this modification must serve some other purpose. Comparison 

of the relative sizes of the ubiquitin and histone H2A (see Figure 9) indicate that 

ubiquitination introduces an extremely buUqr adduct. Indeed ubiquitin is about 60% of 

the size of histone H2A. The C-terminal tail of H2A has been shown to extend beyond 

the core particle in a region close to the site where linker histones and the nucleosome 

interact (Usachenko ef a/., 1994). It seems reasonable to assume therefore that such a 

large modiGcation may have some sort of structural impact on HI binding, nucleosome 

structure or chromatin folding.

There are a variety of studies which seem to support the premise that ubiquitination may 

either prevent chromatin folding or help maintain a more open chromatin conformation. 

For instance, highly condensed metaphasic chromatin does not appear to contain 

ubiquitinated histones (Matsui ef a/., 1979; Mueller era/., 1985). Also, ubiquitinated
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Figure 9: Proposed Ubiquitinated H2A Structure. This is a composite of the
H2A and ubiquitin crystal structures joined at the ^propriate residues.
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histones are present at higher levels in chromatin which is depleted of the linker histones 

(Davie & Nickel, 1987). In yeast (^. cereWaoe) the deubiquitinating enzyme UBP3 

interacts with Sir4, a protein involved in theM<4T (mating type) silencing and 

heterochromatin formation (Moazed & Johnson, 1996).

Based on the crystal structure of the yeast nucleosome, ubiquitination of H2B has also

been proposed to alter the intemucleosomal contacts mediated by the H2B C-terminal tail 

(White ef a/., 2001). The association of ubiquitinated histones, particularly H2B, with 

transcriptionally active DNA may also support the idea that ubiquitination helps maintain 

an open chromatin conformation indeed in some cell types the level of uH2B but not 

uH2A appears to be coupled to transcription (Davie & Murphy, 1990; 1994). Studies 

with TefroAymgwa (Nickel ef a/., 1989; Davie cf oJ, 1990) indicate that uH2B is 

preferentially located in the transcriptionally active DNA of the macronucleus.

Nevertheless, these observations are by no means universal. For instance uH2A does not 

appear to be directly coupled with transcription (Ericsson er a/., 1986) and other studies 

do not show correlations between ubiquitinated histones and transcriptional activation 

(Huang gf a/., 1986). In addition, there is also physiological evidence which points to a 

possible role for ubiquitination in chromatin condensation. For instance, uH2A, which is 

found in the transcriptionally active macronucleus in is also present in tl%

transcriptionally repressed chromatin of the micronucleus, though at much lower levds 

(Davie e/ a/., 1990; Nickel cr a/., 1989). In addition uH2A has also been found in the sex 

body in mouse spermatids, another inactive heterochromatic structure (Baarends gf a/., 

1999). Studies looking at the distribution of ubiquitinated histones during 

spermatogenesis in vertebrates, a process in which chromatin undergoes a variety of 

conformational changes (Oliva & Dixon, 1991), indicate that in some organisms 

ubiquitinated histones may participate in the chromatin remodeling that occurs during the 

histone to protamine transition (Agell gf a/., 1983; Baarends gf a/., 1999). Since there is 

no transcription occurring at this time, such a role must be independent of transcription.
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It seems probable &om the physiological evidence that ubiquitinated histones may have 

multiple and possibly independent roles. In order to better understand these events it is 

important to accurately determine the structural impact of ubiquitinated histones on both 

nucleosome and chromatin dynamics.

Current crystal structures of nucleosome core particles have not included ubiquitinated 

and acetylated histones. The results &om these structures (Luger ef a/., 1997; White ef 

a/., 2001) coupled with trypsin digestion experiments (Bohm era/., 1980; 1982) show 

that the relative accessibility of the H2A and H2B C-terminal tails is distinctly diSerent. 

Lysine 119 on H2A is easily accessible whereas lysine 120 on H2B is not. Figure 10 

shows the proposed structure of a nucleosome containing two uH2A molecules as well as 

the indicating the position where ubiquitination of H2B would occur. The difference in 

accessibility could create differences in nucleosome structure resulting from 

ubiquitination but as yet no studies have confirmed this possibility.

There have been few studies examining nucleosome structure with or without uH2A or 

uH2B. Martinson er a/. (1979) identified uH2A as an integral component of nucleosomes 

which apparently did not interfere with nucleosome formation. Early work by 

Kleinschmidt & Martinson (1981) showed that nucleosome particles could be 

reconstituted with two uH2A molecules without any apparent influence on particle 

structure or DNase I digestion. Davies and Lindsey (1994) confirmed these results and 

also showed that core particles with uH2B also appear to behave in a similar way. A 

preliminary paper on nucleosome arrays (Jason gf a/., 2001) indicates that uH2A 

substantially decreases the solubility of the polynucleosome fibers without major effects 

on magnesium-dependent folding of the fiber.

It has also been proposed that ubiquitination may work synergistically with other histone 

modifications (Jason ef a/., 2002) perhaps acétylation, as tha^e is an overlap between 

histone acet)dation and the presence ofuH2A during spermatogenesis (Baarends eto/., 

1999). It is also possible that ubiquitination of uH2A could interfere with histone HI
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Figure 10; Proposed Nucleosome Structure with Ubiquitinated H2A.
H2A shown as gold colour; other core histones in grey; ubiquitin in red; DNA gyres in 
blue; histone H5 in green. The arrows point to the ubiquitin attachment sites for histone 
H2B. Nucleosome structure derived from Luger et al., 1997.
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binding and oonaaywan^aSecthy^KT order structures of chromatin. However this has 

yet to be determined and the exact role and molecular mechanisms involved in the 

modulation of chromatin structure and function induced &om this posttranslational 

modiGcation remains to be determined. Another proposal (Jason ef aA, 2002) suggests 

that ubiquitination may act as a code which ultimately results in the structural 

modiGcation of chromatin. Recent experiments in yeast seem to support this idea as 

histone H2B ubiquitinatin has been shown to be a requirement for méthylation of speciGc 

lysines in histone H3 which in turn mediate gene silencing (Sun & Allis, 2002; Briggs ef 

a/., 2002).

1.6 Objectives

There were multiple objectives which were undertaken during this thesis and they are

listed as follows:

1. To create a method of producing native-like histone proteins &om reverse-phase 

HPLC G"actionated histones and determine if they could be used to reconstitute 

native-like nucleosomes.

2. To determine the importance of the histone tails in chromatin folding.

3. To examine the eSects of histone acétylation and determine its inq)act on histone 

tail structure.

4. To examine the effects of histone ubiquitination on nucleosome and chromatin 

structure in both monovalent and divalent salt solutions.
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2.0 MATERIALS AND METHODS

2.1 Sources of Histone Proteins

Histones were obtained &om the cell nuclei &om a variety of dif&rent sources and 

tissues. These included chicken erythrocytes, HeLa and CEL (chicken erythroleukemic) 

cell cultures, and solid tissues including calf thymus, and alligator

and lamprey (Zampetra fndbnfüAfj) testes. Each were obtained, 

maintained, processed and stored in slightly diSerent ways as detailed below

2.1.1 HeLa Ce//s

A HeLa cell S3 strain derived &om a human cervical epithelioid carcinoma (American 

type Culture Collection - Rockville, Maryland) was used to produce both control and 

acetylated chromatin and histone proteins. All HeLa cells were grown in S-MEM media, 

a Joklik modiGed minimum essential medium, which was supplemented with sodium 

bicarbonate (2 g/L) and ac^usted to pH 7.4 with 1 N sodium hydroxide. The media was 

Gltered using a 0.45 pm bottle top Glter and mixed with 1/10 volume of heat inactivated 

(56°C for 30 minutes) Newborn Bovine Calf Serum (NBCS) (Gibco-BRL - Burlington, 

Ont.) and 1/100 volume ofPSN antibiotic (Gibco-BRL - Burlington, Ont.) before use, 

producing an end concentration of 0.05 mg/ml Penicillin, 0.05 mg/ml Streptomycin and 

0.1 mg/ml ofNeomycin. All media were stored at 4°C and prewarmed to 37°C prior to 

use. The NBCS and PSN were stored at -20°C and prewarmed to 37°C prior to their 

addition to S-MEM. If the S-MEM medium was not used within 14 days it was 

supplemented with 29.2 mg ofL-glutamine per 100 mis of medium using a 100 x 

glutamine stock solution.

To start HeLa cell cultures, stock cultures Gozen in liquid nitrogen were quickly thawed 

and the cells resuspended in 30 ml of prepared S-MEM medium and incubated at 37°C in
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a 5% Carbon Dioxide (CO2) air atmosphere for a minimum of 5 hours or overnight. The 

cell mixture was then transferred to a sterile 50 ml tube and spun at 125 x g  for 

10 minutes in a Beckman® Model TJ-6 Centrifuge (Beckman Instruments Inc. -  

Fullerton, CA). The cell pellet was then resuspended in 30 mis of&esh medium and 

transferred to a 6esh culture Bask. Cell growth was monitored using light mio-oscopy to 

ensure cells were replicating normally and that the culture remained uncontaminated.

New medium was added as required. Once the cells were confluent or near confluence 

the cultures were split into additional flasks. To split cultures the media was removed 

and usually discarded although it could also be centrifuged at 150 x g for 10 minutes to 

recova- any cells in suspension. The cells adhering to the flask were nnsed gently with 

5 mis of phosphate buffered saline solution (PBS) which was removed and discarded. 

Approximately 1 ml of 0.05% Trypsin -  0.53 mM EDTA solution (Gibco-BRL Products 

- Burlington, Ont.) was added to just cover the cells and were then incubated at 37°C for 

2 to 5 minutes to allow the cells to loosen. Exposure time to the trypsin was minimized 

to prevent cell damage. The flasks were rapped sharply 2 to 3 times to detach the cells 

and 10 to 15 ml of 6esh medium was added to help recov^ as many cells as possible.

The cell culture was centrifuged at 150 x g for 5 to 10 minutes to pellet the cells. The 

supernatant was discarded and the pellets were resuspended in approximately 10 to 15 ml 

of &esh medium. AAer cell counts were done the cells were diluted and split into new 

culture flasks so that they were in approximately a 1:10 ratio.

Cell counts were performed to determine the viability of the cells, the total number of 

cells in solution, and the amount of dilution required. Cell counts were done using a 

mixture o f450 pi cell culture with 50 pi Trypan Blue (Gibco-BRL Products - Burlington, 

Ont.), which produces a dilution factor of 1.1 and an end concentration of 0.4% trypan 

blue. Trypan blue stains non-viable cells whereas healthy, viable cells remain clear. A 

drop of this mixture was placed on a hemocytometer under a coverslip and the average 

cell counts for several squares were taken. The number of cells per ml of medium equals 

the average cell count per square x lO'* x the dilution factor [i.e. cells/ml = avg. cell 

count/square x 10  ̂x 1.1]. To determine the total cells in solution the number of cells/ml 

is multiplied by the original culture volume [i.e. total # cells = (cells/ml) x volume]. The
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percentage of cell viability equals the total viable cells divided by the total number of cell 

and multiplied by 100 [i.e. % viable cells = (viable cell/ total cells) x 100].

To maintain the stocks in storage, new stocks were produced by resuspending cells in 

90% NBCS, 10% DMSO (Gibco-BRL Products - Burlington, Ont.) to obtain a 

concentration of 1 - 5 x 10  ̂cells/ml. Stocks were aliquoted into labelled cryogenic vials, 

placed overnight in a Nitrogen vapour phase and then stored in liquid Nitrogen.

Once sufScdent cells were produced, the cells were resuspended in 200 ml of 6esh 

medium and placed in a 1 liter culture flask so that the Gnal concentration was 

approximately 1x10^ cells/ml. Once the cells were in suspension they no longer needed 

to be maintained in a 5% COz air atmosphere and were incubated at 37°C in a Lab-Line 

Orbit Incubator Shaker Model 3595 (Labline Instruments Inc. - Melrose Park, IL) with 

gentle swirling. Cells were monitored and cell counts done every 24 to 48 hours and 

additional media was added as required up to a 1 liter volume. Once the cell 

concentration reached approximately 1-2 x 10® cells/ml they were harvested and stored 

until required. To produce highly acetylated cells the cultures were incubated with 10 

mM sodium butyrate (pH 7.2) for 20-22 hours prior to harvesting.

To harvest the cells the culture was centrihiged at 3800 x g in a Beckman® Model 12-21 

centrifuge for approximately 10 minutes. The pelleted cells from the equivalent of 

2 liters of cell culture were resuspended in 160 ml of 40% glycerol in S-MEM medium 

with or without 5 mM sodium butyrate. The solution was mixed gently via inversion 

until homogenous and then &ozen and stored at -80°C until needed.

2 .Y. 2  C/i/cAren E/yf/iro/euArem/c Ce//s

CEL cells (chicken erythroleukemic cells transformed by Marek's virus) were generously 

provided by Dr. Vaughn Jackson (Medical College of\^sconsin - Milwaukee, WI). 

Subcultures were started by thawing the frozen cells in a 37°C water bath. The cells were 

then pelleted by centrifugation at low speed, 150 x g, in a Beckman® Model TJ-6 

Centrifuge (Beckman Instruments Inc. -  Fullerton, CA). The cells were resuspended in
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25 ml of 10% Fetal Bovine Calf Serum (FBS) in Dulbecco's Minimal Eagles Medium 

(DMEM) (Gibco-BRL Products - Burlington, Ont.) and then incubated overnight in a 5% 

CO2 incubator. DMEM is supplemented with HEPES (4.7 g/litre), glutamine (0.29 g 

/litre), sodium bicarbonate (3.7 g/litre) and 1/100 volume of PSN antibiotics. AAer 

approximately one week the cells recovered and could be split into additional Aadcs.

The growth and condition of the cells was monitored using light microscropy. Cultures 

were grown and split until there was approximately 200 ml with a cell density of 

10  ̂cells/ml. The cultures were then split two-A)ld with RPM I1640 medium (Gibco- 

BRL Products - Burlington, Ont.) containing 5% bovine calf serum and 5% NBCS and 

supplemented with sodium bicarbonate (2.5 g/litre) and transferred to a 500 ml 

erlenmeyer tissue culture flask. Once in suspension the cells no longer need to be 

maintained in a 5% CO2 atmosphere and were grown in a dry shaking incubator (Lab- 

Line Orbit Incubator Shaker Model No. 3595) at 37°C with gentle swirling. The cells 

were maintained in 5% FBS, and 5% NBCS in a 1:1 mixture of DMEM/RFMI1640 

media. Media was added as required and the cells were harvested once a cell density of 1- 

2 X 10  ̂cells/ml was obtained. If highly acetylated histones were required the cultures 

were incubated with 5 mM sodium butyrate for 20-22 hours prior to harvesting and the 

cells were kept in buAers containing 5 mM sodium butyrate during all subsequent 

procedures. To harvest the cells, the culture was centrifuged at 3800 x g in a Beckman® 

12-21 centrifuge (Beckman Instruments Inc. - Fullerton, CA) for 10 minutes at 4°C. The 

cells were resuspended in a mixture of 40% glycerol in DMEM (+/- 5 mM sodium 

butyrate as required) at a concentration of 2 x 10̂  cells/ml and stored at -80°C.

Additional stock cultures were made by resuspending non-treated cells in a mixture of 

10% DMSO and 10% FBS in DMEM at a concentration of 1-2 x 10  ̂cells/ml and storing 

at -80°C until required.

2.Y.3 C/?/cAren Efyf/irocyfes

Chicken blood was obtained Aom a commercial slaughter house (Lilydale, Victoria, B.C., 

Canada) and collected into 10% of its volume in BuAer I (0.15 M NaCl, 15 mM sodium 

citrate, 10 mM sodium phosphate (pH 7.2), 150 units of heparin/ml of total volume) and
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stored on ice. The blood was processed immediately upon return to the lab and all 

solutions were kept on ice. The blood was Sltered through several layers of cheesecloth 

presoaked in the Bu8er I (without heparin) to remove any clotted or unwanted material 

and then centrifuged at 2000 x g at 4°C for 10 minutes in a Beckman® Model J2-21 

centrifuge (Beckman Instruments Inc. -  Fullerton, CA). The loose pellet of red blood 

cells (erythrocytes) was then resuspended in the same volume of BuSer I without 

heparin. At this point the cells were usually prepared for long-term storage by mixing the 

cell suspension with an equal volume of 80% glycerol and mixing gently by inversion 

until homogenous. The suspension was then aliquoted into sterile 50 ml tubes and stored 

at -80°C. Alternatively, all or part of the erythrocytes were processed using salt 

extraction of the cell nuclei.

2.Y.4 Ca/f TViymus

Histones &om calf thymus were a gift &om Dr. George Lindsey's lab (University of Cape 

Town - Cape Town, South A&ica) and were prepared in the following way. Calf thymus 

glands were provided by a local slaughter house and &ozen at -80°C. After thawing the 

blood vessels, fat, and connective tissue were removed and the approximate volume was 

determined. The thymus was homogenized with a Waring Blender in 5 volumes of 

0.14 M NaCl, 0.01 M tri-sodium citrate, 5 mM sodium bisulphite for two minutes. The 

homogenate was filtered through cheesecloth and centrifuged at 4°C for 10 minutes at 

5000 X g. Using a Kinematica Polytron homogenizer, the pellet was rehomogenized in 

5 volumes of buGer and centrifuged again. This was repeated four times. The pellet was 

then homogenized in 10 volumes of 0.4 N HCl to obtain the total acid-extracted histones. 

The mixture was centrifuged at 4°C for 15 minutes at 10,000 x g and the supernatant was 

dialyzed against several changes of deionized water and then lyophilized and stored at 

-20°C. The lyophilized histones were then shipped to Victoria and were stored at -80°C 

until needed.
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2.f.5 yi/Z/gaforand Lamprey Testes

Alligator testes were generously provided by Dr. Ruth M.

Elsey 6om the Department ofWildlik and Fisheries at the Rockefeller Wildlife Refuge 

in Louisiana. Lamprey testes were provided by Dr. Harold

Kasinsky &om the Zoology Department of the University of British Columbia. Both 

samples were acid extracted in 0.4 N HCl.

The gonadal tissue was stored at either -70°C or at 4°C in 90% ethanol. The samples 

were homogenized using a Polytron homogenizer in 0.15 M NaCl, 10 mM Tris-HCl 

(pH 7.5), 0.5% Triton X-100 in the presence of 1/100 (v/v) Complete® Protease 

Inhibitor (Roche Applied Sciences - Laval, Que.) [Complete® Protease Inhibitor stock 

solution is made by dissolving 1 pill into 1 ml of sterile, distilled water.] The 

suspension was then centrifuged at 1500 x g using a Beckman® Model J2-21 centriAige 

(Beckman Instruments Inc. -  Fullerton, CA) at 4°C. The pellet obtained was 

resuspended in the same buSer without Triton (0.15 M NaCl, 10 mM Tris-HCl (pH 7.5)) 

and centrifuged again. The pellet was then resuspended in 0.4 N HCl and homogenized 

using 10 strokes in a Dounce homogenizer. The mixture was then centrifuged and the 

recovered supernatant was mixed with 6 volumes of acetone and stored overnight at 

-20°C to precipitate the histones. The mixture was centrifuged at 12,000 xgfbr  

10 minutes in a Beckman® Model 12-21 centrifuge at 4°C. The pellet was then 

resuspended in acetone at 20°C and pelleted again using centrifugation. This was 

repeated twice and the final pellet was dried in a dessicator under vacuum and stored at 

-80°C until required.
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2.2 Chromatin Preparation

2.2. f Spectrop/?otometr/cOetermmat/on of C/7romat/n 
C o n c e n tr a t io n

Absorption measurements were determined on a Cary® 1 UV-Visible Spectrophotometer 

(Varian Inc. -  Mississauga, Ont.) using 1 ml samples and quartz cuvettes. The absorption 

coefScient for DNA at 260nm (Az6o) is 20 cm^mg'  ̂therefore an Az6o of 20 is equivalent 

to 1 mg/ml of double stranded oligonucleotides. Measurement of chromatin (DNA) 

concentration within unlysed cell nuclei required special procedures. Measurements 

were done using a 1/200 dilution of the cell nuclei in a mixture of water and SDS. 

SpeciCcally 50 pi of the cell suspension was thoroughly mixed with 9.5 ml of distilled 

water aAer which 0.5 ml of a 10% SDS solution was added and the solution was mixed 

via inversion. DNA concentration was then determined using this mixture and adjusting 

for the dilution factor.

2.2.2 ffeLa Ce//a- Sa/f Exf/acf/oa of Ce// A/oc/e/

Previously hrozen cell cultures (usually the equivalent of 2 litres of harvested 

cells/container) were thawed and centrifuged at 3800 x g for 15 minutes at 4°C using a 

Beckman® Model J2-21 centrifuge (Beckman Instruments Inc. -  Fullerton, CA) and a 

JA-14 rotor. The pellet was resuspended in 30 mis ofBuSer A (0.25 M sucrose, 60 mM 

KCl, 15 mMNaCl, 10 mMMES (pH 6.5), 5 mMMgCk, 1 mM CaCk, 0.5% (w/v) Triton 

X-100, 0.1 mM PMSF) so there was approximately 5 ml/g of pellet. The mixture was 

split into two 30 ml tubes polycarbonate tubes and centrifuged at 3000 x g for 10 minutes 

at 4°C in a JA-20 rotor. This step was repeated 1-2 times using 15 ml of BuSer A per 

pellet. The pellets were then resuspended in a total of 15 to 20 ml of BuGer B (50 mM 

NaCl, 10 mM Pipes (pH 6.8), 5 mM MgClz, 1 mM CaClz, 0.1 mM PMSF) and 

centrifuged at 3000 x g for 10 minutes at 4°C. The pelleted cell nuclei were resuspended 

in approximately 10-15 ml total volume of BuGer B and the chromatin concentration was 

measured as outlined in Section 2.2.1. Once the concentration of this mixture was 

determined, the volume of the nuclear suspension was adjusted with BuGer B until the
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DNA concentration was 20 mg/ml (A260 = 40). The mixture was then prewarmed to 

37°C in a Model 3545 Lab-Line Orbit Shaking water bath (Labline Instruments Inc. -  

Melrose Fade, IL) and then digested with 50 units/ml of MNase (Worthington 

Biochemical Corp. - Freehold, NJ) for 5 minutes at 37°C. If shorter chromatin 

Êagments were required, for instance nucleosome core particles, then the digestion was 

done using 60 units/ml MNase for 7 minutes. The digestion was stopped by bringing the 

mixture to 10 mM EDTA and storing on ice. The solution was centrifuged at 10,000 x g 

for 10 minutes at 4°C. The supernatant or SI faction consists mainly of small chromatin 

jhagments and mononucleosomes which have leaked out of the cell nucleus and contain 

hyperacetylated histones. The Azgo of the SI faction was measured and 1/100 (v/v) of 

Complete® Frotease Inhibitor (Roche Applied Science - Laval, Que.) was added prior to 

storage on ice at 4°C.

The pellet was then resuspended in 0.25 mM EDTA, 0.1 mM FMSF and stirred for 

1 hour at 4°C in order to lyse the nuclear membranes. The mixture was centrifuged at

10,000 X g for 20 minutes at 4°C and the supernatant or Sn faction was collected and its 

concentration determined using A260 measurements. A 1/100 (v/v) of Complete® 

Frotease Inhibitor (Roche Applied Sciences - Laval, Que.) was added and the faction 

was stored on ice at 4°C. The SII faction is the faction which contains the most 

chromatin and it is usually used to produce both nucleosome core particles and histones.

Additional histones can be extracted &om the pellet by either acid extraction or via 

continued salt extraction with 0.6 M NaCl, 20 mM Tris-HCl (pH 7.5), 0.1 mM FMSF and 

then 2 M NaCl, 20 mM Tris-HCl, (pH 7.5). After each resuspension, the mixture is 

centrifuged at 10,000 x g for 15 minutes at 4°C, the supernatant is recovered, its Azgo 

measured, and the supernatant was brought to 1/100 (v/v) with Complete® Frotease 

Inhibitor (Roche Applied Sciences - Laval, Que.) and stored on ice.
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2.2.3 CEL Ce//s - Sa/f E%frac(/on of Ce// ̂ oc/e/

The procedure for the salt extraction of CEL cell nuclei follows the HeLa cell procedure 

(Section 2.2.2) until after the collection of the SI fraction. After collecting the SI 

faction, the remaining pellets were resuspended in total of IS ml ofBuf&r C (100 mM 

NaCl, 10 mM Pipes (pH 6.8), S mM MgClz, 1 mM CaClz ). Chromatin extraction was 

done by pipetting up and down with a glass pipette and incubating on ice for 30 minutes 

with occasional mixing using a Vortex Genie 2 (VWR Canlab - Mississauga, Ont.). The 

mixture was then centrifuged at 4°C in a Beckman Model J2-21 Centrifuge (Beckman 

Instruments Inc. -  Fullerton, CA) at 10,000 x g for 10 minutes. The supernatant (SB 

Aaction) was recovered, its Ai^o was measured, and then brought to 1/100 (v/v) with 

Complete® Protease Inhibitor (Roche Applied Science - Laval, Que ). The remaining 

pellet was resuspended in BuBer D (350 mM NaCl, 10 mM Tris-HCl (pH 7.5), 5 mM 

MgClz, 2 mM EGTA) plus l/100(v/v) Complete® Protease Inhibitor (Roche Applied 

Science - Laval, Que.) by pipetting up and down and incubated on ice for 30 minutes.

The mixture was centrifuged at 4°C for 10 minutes at 10,000 x g which produced a 

supernatant which is poorly acetylated. Additional histones can be recovered using either 

acid extraction (Section 2.5.3) or continued salt extraction as per the HeLa cell 

procedures (Section 2.2.2).

2.2.4 C/i/c/ren Efyf/irocyfes - Sa/f Exfracf/on of Ce// A/uc/e/:

Fresh or previously 6ozen chicken erythrocytes in BuGer I without heparin (0.15 M 

NaCl, 15 mM sodium citrate, 10 mM sodium phosphate (pH 7.2), 0.1 mMPMSF) and 

40% glycerol were centri&ged in a Beckman® J2-21 Centrifuge (Beckman Instruments 

Inc. -  Fullerton, CA) at 4°C and 2000 x g for 15 minutes (usually 100 mis of Gozen 

nuclei was split into 4 polycarbonate tubes). The supernatant was removed and the loose 

pellet was resuspended in BuGer I without heparin (0.15 M NaCl, 15 mM sodium dtrate, 

10 mM sodium phosphate (pH 7.2) 0.1 mM PMSF). The mixture was centrifuged at 

2000 X g for 10 minutes, and the buGer decanted oG! Each pellet (still fairly loose) was 

gendy resuspended in approximately 25 mis of BuGer II with Triton (0 .1 M KCl, 50 mM 

Tris-HCl (pH7.5), 1 mMMgCk, 0.5% (w/v) Triton X-100, 0.1 mMPMSF). After
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incubating on ice for 10 minutes the mixture was centrifuged at 3500 x g for 5-10 

minutes at 4°C. These steps were repeated 2-4 times until the pellet was a straw/white 

colour with no residual pink colour which would result if unlysed erythrocytes were still 

present. Each pellet was then resuspended in 25 ml of BuSer n  without Triton (0.1 M 

KCl, 50 mM Tris-HCl (pH 7.5), 1 mM MgCl: and 0.1 mM PMSF) and centrifuged at 

3500 X g for 5 minutes at 4°C. This step was repeated 1 or 2 times to remove the Triton 

X-100. Each pellet was then gently resuspended in approximately 3 ml of BuGer m  

(0.1 M KCl, 50 mM Tris-HCl (pH 7.5), 1 mM CaCk, 0.1 mM PMSF). The total volume 

was measured, and the Aieo was determined using a 1/200 dilution (as per section 2.2.1). 

The volume of the sample was then adjusted with Buffer HI until the concentration was 

6 mg/ml (A260 = 120).

The nuclear suspension was then digested with 9 units/ml of Mnase (Worthington 

Biochemical Corp. - Freehold, NJ) for 5 minutes at 37°C. If shorter chromatin Gagments 

were required, digestion was done using 15 units/ml for 7 minutes at 37°C. To stop the 

reaction the solution was brought to 10 mM EDTA and kept on ice. The digest was 

centrifuged at 12,000 x g for 5 minutes at 4°C. The supernatant (SI Gaction) was 

recovered and the Azso was measured to determine the chromatin concentration and 1/100 

(v/v) of Complete® Protease Inhibitor (Roche Applied Science - Laval, Que.) was 

added. The pellet was resuspended in 0.25 mM EDTA (pH 7.5) using half the previous 

volume and stirred at 4°C for 1 hour to lyse the nuclei. The mixture was then centrifuged 

at 8000 X g for 15-20 minutes at 4°C. The supernatant (SB Gaction) was recovered, the 

A260 was measured to determine the chromatin concentration and 1/100 (v/v) of 

Complete® Protease Inhibitor (Roche Applied Science - Laval, Que) was added. 

Additional histones could be recovered as descnbed in Section 2.2.2.

2.2.4 Preparaf/on ofPf Oep/efed CAromafm

Chromatin prepared Gom the the salt extraction of cell nuclei is used for this procedure. 

The chromatin mixture was brought to 0.35 M NaCl by the addition of the appropriate 

volume of 4M  NaCl which was added dropwise with stirring. The HI proteins were 

removed by the addition of CM Sephadex C-25 resin (Amersham Pharmacia Biotech -



43

Baie d'Urfë, Que.) using 12 mg resin/mg of DNA for chicken chromatin or 24 mg 

resin/mg of DNA for HeLa chromatin. Since the resin swells to 6 times its original 

volume when wet, the resin was preequilibrated with the appropriate buf&r containing 

0.35 M NaCl before the chromatin sample was added. The chromatin/resin mixture was 

gently tumbled for 2 hours at 4°C in a 50 ml sterile tube and then centrifuged at 4°C in a 

Beckman 12-21 Centrifuge (Beckman Instruments Inc. -  Fullerton, CA) for 10 minutes at

3,000 X g to pellet the resin. This centrifugation was repeated if necessary to ensure no 

resin was retained in the supernatant. The supernatant containing HI depleted chromatin 

was then collected and the loss of histone HI was con&rmed using SDS-PAGE (Section 

2.13.2). The chromatin was then dialyzed versus 25 mM NaCl, 10 mM Tris-HCl (pH

7.5), 0.1 mM PMSF using Specta/Por® 3 (3500 MWCO) dialysis tubing (VWR Canlab -  

Mississauga, Ont.). AAer dialysis the solution is collected, its concentration was 

determined using Â eo measurements and then stored on ice. If no further digestions 

were required a 1/100 (v/v) of Complete® Protease Inhibitor (Roche Applied Science -  

Laval, Que.) was added to the solution.

2.3 Nucleosome Core Particle Preparation

Nucleosome core particles (mononucleosomes) were prepared Aom HI deleted 

chromatin Aom the SI or SB Aactions of salt extracted cell nuclei and Figure 11 shows a 

simpliAed schematic of this process. The HI-depleted chromatin Aaction was usually 

dialyzed overnight versus 25 mM NaCl, 10 mM Tris-HCl (pH 7.5) and 1 mM CaClz at 

4°C using Spectra/Por® 3 (3500 MWCO) dialysis tubing (VWR Canlab -  Mississauga, 

Ont.). However they could also be brought to 1 mM CaClz without further dialysis if the 

chromatin was already in the appropriate buffer. The chromatin mixture was prewarmed 

to 37°C and digested with 30 units ofMNase (Worthington Biochemical Corp. -  

Freehold, NJ) per mg of chromatin for 12 minutes at 37°C with gentle swirling Model 

3545 Lab-Line Orbit shaking waterbath (Lab-Line Instruments Inc. -  Melrose Park, IL). 

The solution was brought to 10 mM EDTA and put on ice to stop the reaction.
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Figure 11 : Schematic of Nucleosome Core Particle Production.
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The mononucleosomes were then separated &om oligonucleosomes and other chromatin 

&agments using a sucrose gradient. If necessary the chromatin solution was Grst 

concentrated with a Centriprep 50 (Millipore Amicon -  Bedford, MA) to reduce the 

volume loaded onto the gradient. A 5% to 20% (w/v) linear sucrose gradient in 25 mM 

NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA was prepared in Nalgene thin-wall 

ultratube SW-28 tubes (Nalge Nunc International -  Lynwood, WA) using a BRL 

Gradient Former (Gibco BRL -  Burlington, Ont.). These tubes hold a total volume of 

38 mis of which a maximum of 3 mis would consist of the sample loaded onto the top of 

the preformed gradient. Smaller quantities could also be hactionated using Nalgene thin- 

waU ultratube SW-41 tubes (Nalge Nunc International -  Lynwood, WA) which hold a 

total of 11 mis of which 1 ml would be sample. All solutions, containers and samples 

were kept on ice at all times. Once the gradient was formed the samples were carefully 

loaded on top of the gradient using a pasteur pipette. Opposite tubes were balanced to 

within 0.005 g using sample buffer only. SW-28 tubes were centrifuged in either a 

Beckman® L8-70M Ultracentrifuge or a Beckman® L5-65 Ultracentrifuge (Beckman 

Instruments Inc. -  Fullerton, CA) using a SW-28 Ti swing bucket rotor at 82,000 x g 6 )r 

24 hours at 4°C or at 100,000 x g for 20 hours at 4°C. SW-41 tubes were centrifuged in a 

SW-41 Ti swing bucket rotor at 125,000 x g for 17 hours at 4°C. Centrifugation was 

stopped without braking.

The resulting sucrose gradients were carefully placed on ice and 1 ml factions were 

collected &om the bottom of the gradient using an autoclaved glass cap ill^  tube and a 

BioRad Model 2110 faction collector (Bio-Rad Laboratories -  Hercules, CA) with a 

Pharmacia Peristaltic pump (Amersham Pharmacia Biotech -  Baie d'Urfë, Que.) set at 

1 ml/min. The presence of nucleosomes in the factions was determined using Aza, 

measurements of a 1/200 dilution (in water) of the diSerent factions. The results were 

conûrmed using 4% Native (non-denaturing) polyacrylamide gel electrophoresis (PAGE) 

(see Section 2.13.5) to determine which peaks were mono-, di-, tri- and oligo

nucleosomes. Fractions containing nucleosome core particles were combined and the 

sucrose was removed by dialysis versus 10 mM Tris-HCl (pH 7.5), 1 mM EDTA
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(or 25 mM NaCl, 10 mM Tris-HCl (pH 7.5), 0.5 mM EDTA) at 4°C overnight using 

Spectra/Por® 3 (3500 MWCO) dialysis membrane (VWR Canlab -  Mississauga, Ont.). 

The mononucleosomes were then collected, their concentration determined using Azeo 

measurements and 1/100 (v/v) Complete® Protease Inhibitor (RocheApplied Science -  

Laval, Que.) was added prior to storage on ice at 4°C.

2.4 Oligonucleosome/Chromatosome Preparation

Oligonucleosomes such as di-, tri-, and tetra-nucleosome particles and also 

chromatosomes (a core histone particle with 168 bp DNA) were produced both with or 

without HI following similar procedures as for the production of nucleosome core 

particles. The size of the particles required determined the duration of the MNase

digestion so that the larger the particle the less MNase and shorter digestion times were 

required. Digestion times were determined using pilot digestions and the results 

conûrmed with 4% Native PAGE (Section 2.13.5).

After the main digestion, the drSerent sized particles were separated on a sucrose 

gradient using 5% and 30% sucrose in 25 mMNaCl, 10 mM Tris-HCl (pH 7.5), 1 mM 

EDTA and processed as per Section 2.3. The Azeo of a 1/200 dilution (in water) of the 

collected factions was determined and those containing the appropriate sized particles 

were conGrmed using 4% Native PAGE. The relevant factions were combined, and the 

sucrose removed using dialysis versus 100 mM NaCl, 20 mM Tris-HCl (pH7.5), 0.5 mM 

EDTA.
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2.5 Core Histone Octamer Preparation

2.5.f Spectrop/?otometr/c Oete/Tn/nat/on of H/stone Prote/n 
Concentration

To determine the concentration of histone proteins the absorption of histone solutions 

was measured at 230 nm. Absorption measurements (A230) were done using either a 

Cary® 1 UV-Msible Spectrophotometer (Varian Inc. -  Mississauga, Ont.) usng 1 ml 

samples and quartz cuvettes; or a Beckman® Du-65 Spectrophotometer (Beckman

Instruments Inc. -  Fullerton, CA) using 100 pi samples and quartz cuvettes. At 230 nm 

the histone extinction coefRcient is 4.3 cm^mg'  ̂ (Stein, 1979).

2.5.2 Hydroxyapaf/fe Co/umn C/iromafograpAy

Hydroxyapatite (HTP) column chromatography can be used to obtain core histones &om 

chromatin samples containing or depleted of histone HI and 6 0 m nucleosome core 

particles derived hrom the salt extraction of cell nuclei. The procedure varies slightly 

depending on the sample used. A&esh 1.5 cmx 15cm hydroxyapatite column (Bio- 

Gel® HTP, DNA grade; Bio-Rad Laboratories -  Hercules, CA) was prepared and 

equilibrated with 0.1 M potassium phosphate (pH 6 .8 ) at a Eow rate of 8  to 10 ml/hour. 

Nucleosome core particles or HI-depleted chromatin (usually 8  to 20 mg) were loaded 

onto the column at a flow rate of 5 to 8  ml/hour. In this type of chromatography, the 

sanq)le volume is not critical and relatively large volumes can be loaded. The column is 

then run with two bed volumes of 0.1 M potassium phosphate (pH 6 .8 ) buGer. The total 

core histones Gom samples without HI can be eluted Gom the column with a buGer of 

2 M NaCl in 0.1 M potassium phosphate (pH 6 .8 ) buGer. For chromatin samples 

containing HI, the sample was loaded as above and the column was run with 0.35 M 

NaCl in 0.1 M potassium phosphate (pH 6 .8 ) buGer for several hours to elute the HI 

histone. Removal of HI can be confirmed by A230 measurements and SDS-PAGE of the 

eluted Gactions. After HI is removed, the total core histones can be obtained by elution 

with 2 M NaCl in 0.1 M potassium phosphate (pH 6 .8 ) buGer. Generally Gactions of
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1 to 2  ml were collected and the presence of histones was determined by 

measurements and conGrmed with SDS-PAGE. Combined G-actions were dialyzed at 

4°C versus several changes of distilled water using Spectra/Por® 3 (3500 MWCO) 

dialysis tubing (VWR Canlab -  Mississauga, Ont.). The histones were collected, their 

concentration determined using Az3o measurements, and then lyophilized using a VirTis 

Sentry Condenser Vacuum Lyophilizer (Canberra Packard Canada -  Mississauga, Ont.), 

and stored at -20°C or -80°C until needed.

2.5.3 Exfracf/on

Acid extraction can be used to remove histones G"om many diSerent types of samples and

tissues. This method extracts total histones, not just core histones, and therefore 

depending on the sample being used, histone HI will also be extracted.

For soluble chromatin samples (e.g. SI, Sn GacGons) the soluGon was brought to 0.4 N 

HCl by the addition of an equal volume of 0.8 N HCl and stirred for 1 hour at 4°C. The 

mixture was centrifuged at 4°C in either a Beckman J2-21 Centrifuge (Beckman 

Instruments Inc. -  Fullerton, CA) or a Eppendorf 5415C MicrocentriGige at 12,000 x g 

for 10 minutes. The supernatant containing the histones was retained and the histones 

were precipitated using 6  volumes of acetone and kept at -20°C for a minimum of 1 hour. 

The tubes were then centrifuged at 12,000 xgfbr  15 minutes at 4°C. The acetone was 

removed via aspiraGon and the histones were dned in a louan RC 10-10 Centrifugal 

Evaporator (Canberra Packard Canada -  Mississauga, Ont.). The dried histones were 

then stored at -20°C until required.

Histones could also be acid extracted Gom the pellets produced during the salt extracGon 

of cell nuclei. The pellet was mixed with one volume of 0.4 N HCl. The histones were 

extracted using 10-15 strokes in a Dounce homogenizer. The mixture was centriGiged at

12,000 X g G»r 10 minutes at 4°C. The supernatant containing the histones was retained 

and the histones were precipitated by adding 1 ml of cold acetone (4°C) for every 250 ul 

of supernatant. The mixture was stored at -20°C for a minimum of 1 hour and thai
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centrifuged at 12,000 x g &>r 10 minutes at 4°C to precipitate the histones which were 

then dried and stored at -20°C.

The procedures used to acid extract solid samples depends greatly on the sample tissue 

being used. The acid extraction procedure for calf thymus tissue is detailed in Section

2.1.4. The procedures for acid extraction of testes samples &om alligator 

mi&dsaÿfgms) and lamprey were previously described in Section

2.1.5.

2.6 Fractionation and Separation of Histones

The complete separation of individual core histones can be done using a variety of 

methods which depends on how the histones were Grst prepared. For instance, acid 

extracted histones must be processed difkrently than salt extracted samples because they 

may contain histone HI and they have already been puriSed &om DNA so 

hydroxyapatite chromatography can not be used. Generally the two methods used to 

separate the histones were liquid column chromatography and high per&rmance liquid 

chromatography (HPLC).

2.6.Y Ugu/d Co/umn C/iromafograp/?y

For san^)les derived 6 om the salt extraction of cell nuclei such as chromatin (with or 

without HI) or nucleosome core particles (control, acetylated, trypsinized or 

ubiquitinated) the Erst step in 6 actionating histones was hydroxyapatite (HTP) column 

chromatography.

The sample was loaded a &eshly prepared 1.5 cm x 15 cm HTP column (Bio-Gel HTP, 

DNA grade; Bio-Rad Laboratories -  Hercules, CA) equilibrated with 0.1 M potassium 

phosphate (pH 6 .8 ) at 5 to 8  ml/hour. If HI was present, it was selectively eluted first by 

running the column (usually overnight) with 0.35 M NaCl in 0.1 M potassium phosphate 

(pH 6 .8 ) buffer. Once eluted the HI histones were recovered via dialysis versus several
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changes of distilled water at 4°C using Spectra/por® 3 (3500 MWCO) dialysis tubing 

(VWR Canlab -  Mississauga, Ont.) and then lyophilized and stored at -20°C until 

required.

The core histones were then separated into H2A-H2B and H3-H4 histones by elution 

with a salt gradient in the 0.1 M potassium phosphate (pH 6 .8 ) buSer. The gradient can 

be 0 to 2 M NaCl or 0.4 to 2 M NaCl depending on whether the starting chromatin 

sample contained histone HI or not. AAer the sample was loaded, several bed volumes 

of the Arst buAer is allowed to run through the column to remove any unbound sample. 

For a 1.5 cm X 15 cm column run at 5 to 8  ml/hour and loaded with approximately 10 to 

15 mgs of sample, a gradient was Armed with 80 mis of each buAer using a Series 1 2 0 0  

Gradient Former (Gibco BRL -  Burlington, Ont.). One ml samples were collected and 

Az3o measurements were used to determine which Aactions contained histones. Figure 1 2  

shows a typical elution profile. The first peak eluted at around 0.8 M NaCl and contained 

histones H2A and H2B while the second peak eluted at around 1.2 M NaCl and contained 

histones H3 and H4. The linearity of the salt gradient was confirmed by measurement of 

the refiactive index of the AacAons using a Carl Zeiss Jena Refiactometer. SDS-PAGE 

confirmed the presence and type of the histones present, however high concentrations of 

salt can interfere in electrolysis, thereAre the histones were precipitated prior to SDS- 

PAGE using trichloroacetic acid (TCA) precipitation as outlined in Sections 2.13.1 and 

2.13.2. The relevant Aactions were Aen combined and dialyzed versus several changes 

of distilled water using Spectra/Por® 3 (3500 MWCO) dialysis Abing (VWR Canlab -  

Mississauga, Ont.) at 4°C. The concentration of the diAerent histone peaks was 

determined using A230 measurements and the histones were lyophilized and stored at - 

20°C until required.

To separate H2A Aom H2B or H3 Aom H4, the lyophilized histones were redissolved in 

2 to 3 ml of 8  M urea (UlAapure® Urea Aom ICN Biomedicals -  Costa Mesa, CA), 4% 

P-ma^captoethanol and incubated at room temperature Ar 30-60 minutes. A 1.5 cm x 

114 cm P60 (Bio-Rad Laboratories -  Hercules, CA) (100-200 mesh) gel filtration column 

was prepared and equilibrated at 8  to 10 ml/hour with a 20 mM HCl, 50 mM NaCl buAer.
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Figure 12: Histone Elution Profile from a HTP Column. A 1.5 x 15 cm HTP 
column was loaded with 15 mg of the Sn faction &om the salt extracted, hyperacetylated 
HeLa cell chromatin. Hstones were eluted with a 0 to 2 M NaCl gradient in potassium 
phosphate buSer (pH 6 .8 ) with the gradient shown as the line overlaying the proGle.
Two ml Aactions were collected and A%3o measurements were taken to determine histone 
presence. The Arst peak contains H2A/H2B; the second H3/H4 as conArmed by SDS- 
PAGE.
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The sample was loaded onto the column and 1-2 ml factions were collected at 5 ml/hour 

using the same buSer. The A230 of the factions was measured to determine the presence 

of histones and aliquots were run on SDS-PAGE to determine the type and purity of the 

histones present. PurlGed factions were combined, dialyzed against several changes of 

distilled water, collected, the concentration determined using A230 measurements, quick 

frozen in liquid nitrogren, lyophilized and stored at -20°C until needed.

2.6.2 /Ic/cf Exfracfed H/sfones

Since acid extracted histones can not be separated into H2A/H2B and H3/H4 peaks using 

HTP column chromatography, 6 actionation requires a slightly diûerent procedure. The 

acid extracted histones (with or without HI) were Grst separated using gd Gltration on a

2.5 cm X 95 cm P60 column (Bio-Rad Laboratories -  Hercules, CA). The column had 

been previously equilibrated at 15 ml/hour with 20 mM HCl, 50 mM NaCl buSer. The 

lyophilized histones (70-90 mg) were resuspended in 3 ml of 8 M urea, 4% |3- 

mercaptoethanol for 30-60 minutes and then loaded onto the gel. The column was then 

run at 12 ml/hour with the 20 mM HCl, 50 mM NaCl buSer while 3 ml Gactions were 

collected. Histone presence was determined using Azso measurements and SDS-PAGE. 

This system usually sq)arated the histones into an HI peak (if present) which tended to 

overly slightly with a H2B/H3 peak which merged into a H2B/H3 peak and lastly and 

H4 peak. H4 and HI were the only histones which were puriGed at this point and any 

puriGed Gactions were dialyzed versus water, aliquoted, lyophilized and stored at -20°C. 

The H2B/H3 or H2A/H3 mixtures were run separately on a 1.5 cmx 114 cm Sephadex 

GlOO (Amersham Pharmacia Biotech - Baie d'Urfb, Que.) size exclusion column 

previously equilibrated at 8  to 10 ml/hour with 20 mM HCl, 50 mM Tris-HCl (pH7.5). 

The lyophilized samples were resuspended in a maximum 2 ml of 8  M urea, 4% P- 

mercaptoethanol and incubated at room temperature for 30-60 minutes and loaded onto 

the column. The histones were eluted at 5 ml/hour using the 20 mM HCl, 50 mMNaCl 

buffer and 1 ml Gactions were collected. One peak was usually produced with a trailing 

tail end, with histone H3 being eluted at the beginning and H2A at the end of the peak as 

conGrmed by SDS-PAGE. PuriGed histones were usually obtained after a second
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separation on this column and were dialyzed versus distilled water, quantised, aliquoted, 

lyophilized and stored until required.

2.6.3 Pur//7caf/on of H/sfones us/ng HPLC

Salt or acid-extracted histones 6 om difkrent sources were dissolved in 1 ml of HPLC 

grade 25% (v/v) acetonitrile (ACN), 1% (v/v) trifluoroacetic acid (TFA). For preparative 

purposes usually 5 to 10 mg of histones were injected onto a 25 cm x 1 cm C4 or CIS 

Vydac (Hesparia, CA) column (300 Â pore size, 5 pm particle size) and eluted at 

3 ml/min using an ACN gradient and monitoring at 230 nm. Generally, the acetonitrile 

gradient parameters were as follows: 25% ACN for 5 minutes; 25-37% ova-15 minutes; 

37-49% over 110 minutes; 49-80% over 10 minutes; 80-80% for 5 minutes and 80-0% 

over 10 minutes. Smaller sample sizes (500 pg to 1 mg) and columns (25 cm x 0.45 cm 

CIS Vydac (Hesperia, CA) column - 300 A pore size, 5 pm particle size) were used for 

analytical purposes and were eluted using the same gradient conditions at 1 ml/minute. 

Aliquots 6 om the diSerent peaks were dried using a Jouan RC 10.10 Centrifugal 

Ev;qx)rator (Canberra Packard Canada -  Mississauga, Ont.) and then resuspended for 

SDS-PAGE to conGrm histone identity and purity. Once the identity of the diSerent 

histones was conGrmed, the HPLC samples were lyophilized and stored at -80°C until 

required.

2.6.3.1 Renaturation of RP-HPLC separated histones

Lyophilized RP-HPLC puriGed histone GacGons were resuspended at 2 mg/ml in 6  M 

guanidium hydrochlonde, 20 mM P-mercaptoethanol, 50 mM Tris-HCl (pH 7.5) and 

incubated for 30 minutes at room temperature. The sample was then dialyzed against 

distilled water (2 liters/ml of sample) for 1 hour at 4°C using Spectra/por® 3 (3500 

MWCO) dialysis tubing (VWR Canlab -  Mississauga, Ont.). The histones were then 

renatured by dialysis overnight at 4°C versus 2 litres of 2M NaCl, 50 mM Tns-HCl (pH

7.5), 1 mM EDTA, 1 mM DTT. At this point the histones could be used for 

reconstituGon expeiiments or stored at -20°C or -80°C after dialysis against water and 

lyophilizaGon.
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2.7 Trypsinized Histones

Treatmait of nucleosomes with trypsin will remove both the C- and N-terminal domains 

of the core histones. To prevent overdigestion, an immobilized trypsin rather than 

soluble a trypsin enzyme was used. Two types of immobilized typsin were used, the Srst 

was trypsin bound to DITC glass beads (Sigma Aldrich -  Oakville, Ont.). An enzyme 

to substrate ratio (E:S) of 50:1 was used (i.e. 50 mg of immobilized trypsin: 1 mg DNA). 

The trypsin beads were equilibrated for 1 hour at room temperature in 20 pi of 25 mM 

NaCl, 10 mM Tris-HCl (pH 7 .5) buSer per mg of trypsin. The supernatant was removed 

aAer centrifugation at 800 x g in a Eppendorf Model 5415C Microcentrifuge for 30 

seconds. The core nucleosomes were digested at room temperature with mild rotary 

shaking. The length of digestion was determined by pilot time course digestion 

monitored by SDS-PAGE. Generally the nucleosomes were incubated for 90 minutes 

with rotation at room temperature. The reaction was stopped by centrifuging the mixture 

at 800 X g for 30 seconds at 4°C to pellet the trypsin beads. The supernatant was retained 

and digestion conGrmed using SDS-PAGE.

Alternatively, L-l-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin 

immobilized on beaded agarose (Pierce -  Rockford, IL) was also used. The beads come 

in a suspension o f200 units/ml. The trypsin suspension was equilibrated by washing 

with 3 volumes of 25 mM NaCl, 10 mM Tris-HCl (pH 7.5) buGer and centrifuging at 

800 X g for 30 seconds and discarding the supernatant. This was repeated a total of 5 

times. AAer the last wash, the nucleosomes in 25 mM NaCl, 10 mM Tris-HCl (pH 7.5) 

were added to the trypsin pellet at an enzyme to substrate ratio of 50:1. The mixture was 

tumbled for 50-60 minutes at room temperature. The immobilized trypsin was then 

removed by centrifugation at 800 x g for 30 seconds and the recovered supernatant 

containing the trypsinized nucleosomes was brought to 1:100 (v/v) with Complete® 

Protease Inhibitor (Roche Applied Science -  Laval, Que.) and stored on ice. Trypsinized 

histones were puriAed Aom the trypsinized nucleosomes by HTP column 

chromatography as detailed previously (2 .6 .1).
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2.8 Acetylated Histones 

2.8.) Ce// Cu/tures

Acetylated histones were usually produced using either CEL or HeLa cell lines. Prior to 

harvesting, the cell cultures were grown to an ^proximate density of 1 to 2  x 1 0  ̂cells/ml 

and then incubated in the presence of 10 mM sodium butyrate for 20-22 hours before 

harvesting. Chromatin and nucleosome core particles were produced using salt extraction 

of cell nuclei (see Sections 2.2.2 or 2.2.3) and histones were puiiBed using 

hydroxyapatite chromatography (see Section 2.6.1). The key modiScation was that all 

buSers used in the salt extraction, sucrose gradients and the hydroxyapatite column 

chromatography also contained 10 mM sodium butyrate.

2.8.2 Ace/y/a/ed /Y/s/one Ta//s

Acetylated nucleosomes produced from the salt extracted cell nuclei of CEL cultured 

cells were loaded onto a HTP column and the H2A-H2B and H3-H4 histones were eluted 

using a 0.4 to 2.0 M NaCl gradient in 0.1 M potassium phosphate (pH 6 .8 ). The H3-H4 

peak was collected, combined, dialyzed against water, lyophilized and stored at -20°C.

The H4 histones were then purified from H3 uang reverse-phase HPLC. The histones 

were resuspended in water and 1% TFA and loaded onto a 1.0 cm x 25 cm Vydac C4 

(5 pm) column (Vydac -  Hesperia, CA) column and the histones were eluted with a 0 - 

60% acetonitrile gradient in 175 minutes in 0.1% TFA at a flow rate of 2 ml/min. The 

peak containing acetylated H4 (as verifred by SDS-PAGE) was collected and lyophilized.

PuriGed acetylated H4 was used to obtain the mono-,di-, tri-, and tetra-acetylated histone 

tails, while the non- and mono-acetylated tails were generally o b t^ e d  from puriGed 

control H4 histones. The H4 histones were digested with Asp-N, an endoproteinase 

(Roche Applied Science -  Laval, Que ), in either 100 mM ammonium bicarbonate 

(pH 8.0) or in 50 mM Tris-HCl (pH 6.0) at room temperature using an enzyme to 

substrate raGo of 1:1500 (w/w). Asp-N cleaves histone H4 on the N-terminal side of
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A sp-N
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Figure 13: Asp-N Cut Site on Histone H4 N-Terminal TaiL
Histone acétylation sites indicated by asteiix (*).
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aspartic acid (D) with differing speciSc% depending on pH. Figure 13 shows the Asp-N 

cut site on the hi stone H4 N-terminal tail. The digested sample was then loaded on a RP- 

HPLC 0.46 X 25 cm Vydac CIS column (5 pm) (Vydac - Hesperia, CA) and eluted with a 

linear acetonitrile gradient in 0.1% TFA at a flow rate of 1 ml/min. The gradient was as 

fallows: 0.1% TFA for 10 minutes; 0-10% ACN over 10 minutes; 10-25% over 60 

minutes; 25-80% over 10 minutes; 80% for 5 minutes; 80-0% over 5 minutes. Fractions 

containing the dif&rently acetylated H4 tails were identiûed and conûrmed using SDS- 

PAGE. The puri&ed tails were then lyophilized and stored until required.

2.9 Ubiquitinated Histones

Attempts were made to purify ubiquitinated histones from both HeLa cell nuclear extracts 

and chicken erythrocytes using both column chromatography and RP-HPLC. However 

the quantities obtained were too small for experimental purposes and large scale 

puriScation using these techniques would have been prohibitively expensive.

Consequently ubiquitinated histones were puriGed using liquid column chromatography 

of large quantities of acid extracted histones obtained &om calf thymus tissue.

Approximately 280 to 315 mg of lyophilized calf thymus histones were resusp^ded in 

5 ml of 8  M urea (Ultrapure® Urea; ICN Biomedicals -  Costa Mesa, CA), 4% P- 

mercaptoethanol, and incubated at room temperature for 60 minutes. Histones were then 

separated using a 4.1 cm x 120 cm Bio-Gel® P60 column (100-200 mesh) (Bio-Rad 

Laboratories -Hercules, CA) run with 20 mM HCl, 50 mM NaCl buffer at 40 ml/hour at 

room temperature and collecting 1 faction every 9 minutes. Fractions enriched in uH2A 

(or uH2B) were determined using SDS-PAGE and western blotting. The relevant 

fractions were combined, dialyzed versus water and lyophilized.

Lyophilized samples f"om three such Bio-Gel® P60 columns were combined and 

dissolved in 10 ml of 6  M urea, 50 mM sodium acetate (pH 5.4) and incubated for 

60 minutes at room temperature. The sample was then run on a 1.5 cm x 16.5 cm 

Whatman CM-52 cellulose (Fisher Scientifc -  Napean, Ont.) ion exchange column
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equilibrated with 50 mMNaCl, 50 mM sodium acetate (pH 5.4), 6  M urea at room 

temperature. The histones were eluted with a linear gradient of increasing salt 

concentration which was created with a Series 1220 Gradient Former (Gibco BRL -  

Burlington, Ont.) using 160 mis each of 110 mM NaCl or 175 mM NaCl in 6  M urea,

50 mM sodium acetate (pH 5.4). The buGers were brought to pH 5.4 with HCl. The 

column was run at 15 ml/hour, and 4 &actions/hour were collected at room temperature. 

Fractions containing uH2A (or uHZB) were veriGed using SDS-PAGE and western 

blotting, and were combined, dialyzed versus water and lyophilized.

Lyophilized samples from the CM-52 column were then resuspended in 5 ml of 

deionized 8  M urea, 2 mM Tris-HCl (pH 7.5), 10% (v/v) P-mercaptoethanol. The 

deionized sample buGer was made by mixing 10 ml of buGer with 0.25 g of analytical 

gradé mixed bead resin AG®501-X8(D) (20-50 mesh) (Bio-Rad Laboratories -  Hercules, 

CA) and incubating with vigourous shaking at room temperature for 1 hour. Half the 

buffer (5 mis) was mixed with the sample which was then incubated at room temperature 

for 1 hour, and then 3 hours at 4°C. The mixture was brought to pH 2.2 with 1.2 N HCl 

and was centrifuged at 12,000 x g in a Beckman Model J2-21 centrifuge (Beckman 

Instruments Inc. -  Fullerton, CA) at 4°C for 10 minutes to pellet the resin. The 

supernatant was recovered and loaded onto a 2.5 cm x 120 cm Bio-Gel® P60 column 

(Bio-Rad Laboratories -Hercules, CA) which was run at room temperature at 5 ml/hour 

using a fully deionized 7 M urea, 2 mM Tris-HCl (pH 2.2) buffer and collecting 

4 ffactions/hour. This column had to be run continuously to prevent the column ffom 

plugging therefore several samples were usually run sequentially to maximize effciency. 

The elution of pure uH2A (or uH2B) was determined using SDS-PAGE and western 

blotting (Section 2.14.3). Puriffed samples were dialyzed versus water and lyophilized 

until needed. Samples still containing a mixture were usually recombined and rerun on 

the column.
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2.10 DNA Preparation -  General Procedures

The general procedures for plasmid transformation into competent cells, plaanid 

ampliScation and growth, DNA precipitation, and determination of DNA concentration 

are outlined below followed by the specihc procedures for the preparation of spedhc 

sized DNA &agments.

2.10.1 SpecfropAiotometnc Oefermmat/on of 0/VA 
C o n c e n O a t/o n

Absorption measurements were determined on a Cary® 1 UV-Visible Spectrophotometer 

(Varian Inc. -  Mississauga, Ont.) using 1 ml samples and quartz cuvettes. Smaller 

samples were measured on a Beckman® DU-65 Spectrometer using 100 pi samples and 

quartz cuvettes. An absorption coefBcient for DNA at 260nm (Â go) is 20 cm̂ mg"̂

therefore an A260 of 20 is equivalent to 1 mg/ml of double stranded polynucleotides.

2.10.2 Preparalfon of Compefenf Ce//s

Using strict sterile technique, an overnight culture ofE. co/z strain JM109 cells in 5 ml of 

LB broth (10 g bacto™tryptone, 5 g bacto™-yeast extract, 10 g NaCl in 1 litre of water 

and autoclaved) [bacto™ = trademark or Becton Dickinson & Company -  Sparks, MD] 

was grown at 37°C without ampicillin. Next day, 500 pi of the culture was added to 

50 ml of LB broth and grown with shaking at 37°C for approximately 2 hours until the 

A2 6 0  was between 0.4 and 0.6. The culture was then centrifuged at 4°C in a Beckman 

Model J2-21 Centrifuge (Beckman Instruments Inc. -  Fullerton, CA) at 1500 x g for 

10 minutes after which the supernatant was removed. The pelleted cells were 

resuspended in a total of 25 ml of cold 50 mM CaClz and incubated on ice fbr 

20 minutes. The mixture was spun at 3000 x g, 4°C fbr 10 minutes and the supernatant 

was removed. The pellet was resuspended in a total volume of 3-5 ml total in 50 mM 

CaClz, 15% (w/v) glycerol and incubated on ice fbr 3 hours after gentle mixing by 

inversion. The cells were then stored in 200 pi aliquots at -70°C until required.
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2. f 0.3 Trans/drmaf/on of Compefenf Ce//s
Plasmid DNA was mixed with a 200 pi aliquot of quickly thawed competent cells in a

1.5 ml micro&ge tube. Since the cells are very &agile, a wide bore pipet t ^  was used to 

allow gentle mixing. The mixture was incubated on ice fbr 30 minutes then heated at 

42°C fbr 90 seconds and immediately put on ice fbr 1 minute. Next 500 pi of LB broth 

was added and the mixture was incubated at 37^C fbr 45 minutes. A 100 pi aliquot was 

plated onto an LB plate (2.5 bacto™-tryptone, 1.25 g bacto™-yeast extract, 2.5 g NaCl,

2.5 g Agar in 250 mis water, autoclaved; bacto™ = trademark ofBecton Dickinson & 

Company -  Sparks, MD) containing appropriate antibiotics and any other reagents 

required fbr screening purposes (fbr instance: if using a bluescript plasmid then both X- 

Gal and IPTG (Gibco BRL -  Burlington, Ont.) are added to allow fbr blue/white 

screening). The remaining mixture was spun at 1300 x g fbr 3 minutes in an Eppendorf 

Model 5415C Microcentrifuge. Most of the supernatant was discarded and the pellet was 

resuspended in any residual supernatant and streaked onto LB plates with appropriate 

antibiotics. The plates were grown overnight at 37°C, and positive colonies were 

individually selected and grown overnight in 5 mis of LB broth with 0.05 pg/pl 

penicillin. Mini-plasmid preps were done to ensure that the plasmid with the correct 

insert was present and bacterial stocks were made by mixing 500 ml of culture \wth 200 

pi of 80% glycerol and stored at -80°C.

2. f 0.4 Sma//-Sca/e P/asm/d Prepa/aOon (̂ W/n /̂asm/cf Prep^

Bacterial stocks transfbrmed with plasmid were streaked onto LB plates with 0.05 pg/ul 

penicillin and grown overnight at 37°C. A single bacterial colony was selected and 

grown in 5 ml of LB medium with 0 .05 mg/ml penicillin in a Lab-Line Orbit Shaking 

Water Bath Model 3545 (Labline Instruments Inc. -  Melrose Park, IL) overnight at 37°C. 

The bactaral mixture was transferred into a 1.5 ml microfuge tube and centrifuged at

12,000 X g fbr 30 seconds at 4°C in an Eppendorf Model 5415C Microcentrifuge. The 

supernatant was removed and each pellet was resuspended in 100 pi of ice-cold 50 mM 

glucose, 25 mM Tris-HCl (pH 8.0), 10 mM EDTA (pH 8.0) and mixed vigorously. Next
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200 pi of freshly prepared 0.2 N NaOH, 1% SDS was added to each tube and mixed via 

inversion and incubated on ice fbr 10 minutes. Next 150 pi of ice cold 3 M sodium 

acetate (pH 4.8) was added, mixed via inversion and incubated on ice fbr 3-5 minutes.

The mixture was centrifuged at 12,000 x g fbr 5 minutes at 4°C. The supernatant was 

transferred to a &esh tube and 5 pi of RNase A (DNase 6 ee) (Roche Applied Science -  

Laval, Que.) was added and incubated fbr 30 minutes at 37°C. The DNA was 

precipitated with 2  volumes of cold 95% ethanol, mixed and stored at -20 °C (or -80°C) 

&r a minimum of 15 minutes. The precipitated DNA was pelleted by centrifuging

12,000 X g fbr 5 minutes at 4°C. The supernatant was removed and the pellet washed 

with cold 70% ethanol. The ethanol was removed and the pellet dried in a Jouan RC 10- 

10 Centrifugal Evaporator (Canberra Packard Canada -  hCssissauga, Ont.) fbr 10 

minutes. The pellet was redissolved in 20 pi of water and then analyzed, fbr instance, 

with restriction enzyme digestion to ensure that the proper sized insert was present.

2.Y0.5 Large Sca/e P/asm/d Preparaf/on

Once it was determined using mini-plasmid preps that the stock cultures were not 

contaminated and that they contained the proper plasmid and insert, a large scale plasmid 

prep was done to ampli^ and purify sufBcient quantities of the DNA &agments 

necessary fbr future reconstitution experiments.

As with the mini-prep protocol, stocks were streaked onto LB plates and some of the 

resulting colonies were then innoculated into 5ml cultures and grown overnight. Each 

5 ml culture was then innoculated into 500 ml of LB broth with 0.05 mg/ml Penicillin in 

a Fembach flask and grown overnight at 37°C in a Lab-Line Orbit Incubator Shako" No. 

3595 (Lab-Line Instrument Inc. - Melrose Park, IL). During harvesting and processing, 

the cells were kept on ice unless stated otherwise. Cells were centrifuged at 3800 x g in 

a Beckman® Model 12-21 Centrifuge (Beckman Instruments Inc. -  Fullerton, CA) fbr 

15 minutes at 4°C. Each pellet was resuspended in 10 ml of ice cold lysis buf&r (25 mM 

Tris-HCl (pH7.5), 10 mM EDTA, 15% (w/v) sucrose, 3 mg/ml lysozyme) and incubated 

on ice 20 minutes. The solution was transfered to six 30 ml polycarbonate tubes and 

13 .3 ml of 6 eshly prepared 0.2 M NaOH, 1% SDS was added to each tube and mixed
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quickly and vigorously by inversion. The solution was incubated on ice fbr 

approximately 10 minutes until solutions were clear. After lysis, 8.3 ml of 3 M  sodium 

acetate (pH 4.8) was added to each tube, mixed gently by inversion and incubated on ice 

20 minutes. The tubes were centrifuged at 12,000 x g fbr 20 minutes at 4°C. To remove 

any solid material, the mixture was strained through several layers cheesecloth presoaked 

in 0.3 M sodium acetate (pH 4.8) and the volume was recorded. The solution was 

warmed to 37°C, and 200 pg of RNase A (DNase &ee) (Roche Applied Science -  Laval, 

Que.) was added. The solution was incubated at 37°C fbr 1 hour and then cooled to room 

temperature. Next, 0 . 6  volumes of isopropanol was added, mixed via inversion, and 

incubated at room temperature fbr 1 0  minutes. The solution was centrifuged at 12,000 x 

g fbr 15 minutes at 4°C. The supernatant was removed and the pellet dried in a vacuum 

dessicator fbr approximately 10 minutes. Each pellet was then redissolved in 10 ml of 

water. Proteins were removed using phenol : cholorofbrm extraction and the DNA was 

ethanol precipitated at -80°C.

2. YO. 6 PAeno/;C/?/oroYorm Exüacf/on of Profems

Unwanted proteins, enzymes fbr instance, can be removed 6 om DNA/protein mixtures 

using phenol extraction. An equal volume o f25:24:1 (v/v/v) of phenol: chlorofbrm: 

isoamyl alcohol was added to an aqueous DNA solution and vigorously mixed until 

emulsiGed. The solution is then centrifuged at 1600 x g  in a Beckman® J2-21 Centrifuge 

(Beckman Instruments Inc. -  Fullerton, CA) fbr 5 minutes at 4°C. The top aqueous layer 

was recovered while the precipitated proteins at the interface and the lower phaiol layer 

were discarded. This step was repeated if considered necessary. Next the residual phœol 

and any remaining proteins were removed by adding an equal volume of 24:1 (v/v) 

chloro6 )rm: isoamyl alcohol, mixing vigourously, and centrifuging as above. The top 

aqueous layer containing the protein 6 ee DNA was recovered. The DNA solution was 

then ethanol precipitated and stored at -20°C.
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2.Y0.7 E(Aano/Prec/p/fa(/on of

Ethanol precipitation is used to concentrate DNA solutions and remove salts in the 

buGers. First the volume was accurately measured and a 1/10 volume of 3 M sodium 

acetate (pH 4.8) was added and mixed by inversion. Next 2.5 volumes of ice cold 95% 

ethanol was added and the mixed solution was stored at -80°C or -20°C fbr a minimum of 

30 minutes or fbr long term storage. To recover the DNA, the mixture was centrifuged at

12,000 xgin  a Beckman Model J2-21 centrifuge (Beckman Instruments Inc. -  Fullerton, 

CA) fbr 20 minutes at 4°C. The ethanol was removed and the pellet was washed with 

cold 70% ethanol. After the removal of the 70% ethanol, the DNA pellet was dried in a 

vacuum dessicator fbr approximately 10 minutes and then resuspended in water or TE 

buGer (10 mM Tris-HCl (pH 7.5), 0.5 mM EDTA). The DNA concentration was 

determined using Aaeo measurements.

2.11 Production of DNA Fragments

A variety of diGerent sized DNA Gagments, which were either of random or deGned 

sequence, were used throughout the procedures. DNA Gagments with deGned sequences 

were inserted within a plasmid which was maintained in a bacterial stock. Non-deGned 

or random sequences DNA Gagments were obtained Gom chicken erythrocyte chromatin. 

The diGerait DNA Gagments were used in reconstitution experiments.

Z ff.f 208-12 ONA

The p5S-208-12 plasmid containing the 208-12 DNA template (a tandemly repeated 

array of twelve copies of a 208 bp Gagment of the 5S rRNA gene Gom the sea urchin 

vanegafwf) was originally provided by Dr. Robert T. Simpson Pennsylvania 

State University -  State College, PN) and is maintained in an E. coA HBlOl strain 

bacterial stock (Simpson 1985). The plasmid was ampliGed and puriGed uâng a 

large scale plasmid prep and ethanol precipitated. Plasmid DNA was separated Gom E  

coA genomic DNA by column chromatography. The precipitated DNA was recovered



64

and resuspended in 2-5 ml of TE buSer (10 mM Tris-HCl (pH 7.5), 0.5 mM EDTA) and 

loaded on a previously equilibrated 2.5 cm x 60 cm Sephacryl S-1000 (40-105pm wet 

bead diameter) (Amersham Pharmacia Biotech -  Baie d'UrfS, Que.) column using TE 

buGer at a 1 ml/minute dowrate. Two ml factions were collected and Aggo 

measurements conGrmed which factions contained DNA. Plasmid DNA was eluted Erst 

in a small peak and its position was veriEed using 1% agarose gel electrophoresis. 

Fractions containing plasmid DNA were combined and concentrated using Centriprep 30 

or 50 concentrators (Millipore-Amicon; BedEard, MA) until approximately 3 ml in 

volume. The DNA concentraEon was determined using Â go measurements. The 208-12 

insert was excised from the plasmid using restriction enzyme digestion with Hhal (New 

England Biolabs Ltd. -  Mississauga, Ont.). Pilot digests were used to determine 

digesEon Emes. Generally 1 .8  mg of plasmid DNA in 6  mis total volume was digested 

with 560 units of Hhal /ml and digested overnight at 37°C. Digestion was verified using 

1% agarose gel electrophoresis. After digestion, the solution was phenol extracted and 

the DNA ethanol precipitated. To separate the insert from the remainder of the plasmid 

DNA, the precipitated mixture was resuspended in approximately 3-4 ml of TE buffer 

and loaded onto the same 2.5 cm x 60 cm Sephacryl S-1000 column (Amersham 

Pharmacia Biotech -  Baie d'Urfë, Que.) and run with TE bufkr at a 1 ml/min Eowrate. 

Once again 2 ml fractions were collected and Azgo measurements and 1% agarose gels 

were used to determine the presence of the insert and its purity. Fractions containing the 

purified insert were combined and concentrated using a Centriprep 30 (Millipore-Amicon 

-  Bedford, CA) until approximately 1 to 2 ml in volume. The DNA concentraEon was 

determined and the DNA was ethanol precipitated and stored at -20°C until needed.

Purified 208-12 DNA insert was digested with EcoR I (New England Biolabs Ltd. -  

Mississauga, Ont.) to produce idenEcal 196 bp fragments. Figure 14 outlines the 

producEon of the 196 bp fragments.The digesEon was generally done overnight at 37°C 

using 600 units EcoR I per mg ofDNA. The mixture was then phenol extracted to 

remove the enzyme and the DNA ethanol precipitated and stored at -20°C until required.
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ÆcoRI Cut SÜes

-  ,v9]AATTCCTCGGGcP ,%  ^  ^^A^TTCCTCGGGG

196 bp fragment 196 bp Augment

208 bp repeat 208 bp repeat

Figure 14: EcoRI Cut Sites on the 208-12 DNA Template. Cut sites are indicated
by arrows, dark boxes show the resulting 196 bp Aagment
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f 4 6  b p  0 /V/l

Random sequence 146 bp DNA &agments were derived &om chicken erythrocyte core 

nucleosomes puriGed by salt extraction of cell nuclei and sucrose gradients as detailed 

previously in Sections 2.2.3 and 2.3. Core nucleosomes were loaded onto a new 

hydroxyapaGte column and the histones and DNA were eluted as detailed above in 

Section 2.11.3. The recovered DNA was ethanol precipitated at stored at -20°C until 

required.

2.12 Reconstitution of Histone-DNA Complexes

2.f2.f Preparat/on of H/stone Octamers

Lyophilized cores histones (control and/or modified) were resuspended in water and 

combined in stoichiometric amounts as conGrmed by SDS-PAGE. Their concentration 

was determined using A230 measurements and the histone mix was lyophilized. To 

ensure that only histone octamers were used in fiiture reconstitution experiments the 

histone were run on a Sephacryl S300 (Amersham Pharmacia Biotech -  Baie d'Urfë, 

Que.) size exclusion column. The previously mixed and lyophilized histones (usually 

0.7 to 1.2 mg) were resuspended in 200 pi of 10 mM Tris-HCl (pH 8.0) and 4% P- 

mercaptoethanol G)r 30 minutes at room temperature. The mix was then brought to 8  M 

urea by adding 800 pi of a 10 M urea buSer (Ultrapure® Urea Gom ICN Biomedicals - 

Costa Mesa, CA) and incubated at room temperature G)r a Girther 30 minutes. The 

mixture was dialyzed in Spectra/Por® 3 dialysis tubing (3500 MWCO) (VWR Canlab -  

Mississauga, Ont.) versus 2 M NaCl, 10 mM Tris-HCl (pH7.5) overnight at 4°C. The 

histones were collected and loaded onto a 0.9 cm x 80 cm Sephacryl S-300-HR (25- 

75 pm wet bead diameter (Amersham Pharmacia Biotech -  Baie d'Urfë, Que.) size- 

exclusion column run at 4°C and 4 ml/hour with 2 M NaCl, 10 mM Tris-HCl (pH 7.5). 

One ml GacGons were collected and A230 measurements and SDS-PAGE were used to 

determine which Gactions contained histone octamers. Fractions containing complete
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octamers were combined, their concentration determined using A230 measurements, and 

stored on ice fbr future reconstitution experiments.

2.Y2.2 DN/l Preparaf/on

Ethanol precipitated DNA Gagments were recovered as per Section 2.10.7. The DNA 

pellet was resuspended in water at approximately 2  mg/ml and the concentration was 

conGrmed using A260 measurements. The DNA was then brought to 2 MNaCl, 10 mM 

Tris-HO (pH 7.5).

2.Y2.3 Preparaf/on of Comp/exes

The concentrations of the histone octamers and DNA G"agmmts, both in 2 M NaCl,

10 mM Tris-HCl (pH 7.5), were accurately determined using A230 and Aggo measurements 

respectively. An absorpGon coeGGcient of Azw = 20 cm^mg'  ̂was used fbr DNA and A230 

= 4.3 cm^mg'  ̂fbr the core histone octamers (Stein, 1979). Since equimolar quantiGes of 

octamers and DNA were mixed together, the (w/w) ratios actually used were highly 

dependent on the calculations of molecular weight for the histones (i.e. control, 

acetylated, ubiquitinated or trypsinized) and the DNA Gagments used (146 bp or 208-12). 

Since the amino acid sequences fbr the core histone proteins are very well deGned, 

calculating their molecular weight is relatively simple and were calculated G"om the 

amino acid sequences of the individual histones and trypsinized histone (Bohm & Crane- 

Robinson, 1984; Ausio ef u/., 1989). The molecular mass of a control histone octamer is

108.768 Da (10.8 x 10  ̂g/mol). The molecular mass of octamers containing uH2A must 

be at^usted to include the molecular mass of the addiGonal ubiquitin protein (8,565 Da) 

therefbre an octamer containing two uH2A histones will have a molecular mass of

125.768 Da (12.5 x lO^g/mol). Trypsinized histones lack both carboxyl- and amino- 

terminal tail domains, therefbre a trypsinized octamer has a molecular mass of 8.3. x 10  ̂

g/mol. With acetylated histones, since acetyl groups are relaGvely small, the molecular 

weight of acetylated histone octamers is usually assumed to be the same as control 

octamers. For DNA, the average molecular mass is 662 Da/bp so 146 bp DNA has an 

average molecular mass of 96,798 Da (9.67 x 10  ̂g/mol). Therefbre fbr each
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DNA Templates
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Salt Gradient Dialysis
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Nucleosome Core Particles Polynucleosome Fibers

Figure 15: Schematic of Salt Gradient Dialysis.
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combination of histone octamers and DNA they were combined using equimolar (w/w) 

quantities of each component.

2. f 2.4 Sa/f Grad/enf O/a/ys/s

The combined histone and DNA samples were complexed together using salt gradient 

dialysis (Tatchell & van Holde, 1977). The two solutions (in 2 MNaCl buSer) were 

mixed together and dialyzed overnight at 4°C in Spectra/Por® 3 dialysis tubing (3500 

MWCO) (VWR Canlab -  Mississauga, Ont.) versus 2 M NaCl, 20 mM Tris-HCl (pH

7.5), 0.1 mMEDTA. The next morning the dialysis buffer was changed to 1.5 MNaCl, 

20 mM Tris-HCl (pH 7.5), 0.1  mM EDTA and throughout the day the salt concentration 

was gradually reduced from 1.5 MNaCl to 1.2 M, 1.0 M, 0.6 M, 0.3 M and then 0.15 M 

in the same buSer every 2 to 2.5 hours. The last dialysis was done overnight at 4°C 

versus 10 mM Tris-HCl (pH7.5), 0.1 mM EDTA. After dialysis the sample was collected 

and its volume and concentration determined using Â eo measurements. The samples 

were then stored on ice at all times prior to analysis. Figure 15 shows a representation of 

this process.

ANALYSIS TECHNIQUES

2.13 Gel Electrophoresis

2.13.1 Tr/c/?/oroacet/c Ac/d (TCAj Prec/p/tat/on of H/stones

High concentrations of salt can inter&re with electrophoresis, therefbre histone samples 

containing salt must be TCA predpitated to remove the salt buffer. The solution, usually 

containing 3-5 pg of histones, was brought to 20% TCA using either a 95% or 100%

TCA stock solution. The mixture was incubated on ice fbr 10 minutes and then 

centrifuged fbr 10 minutes at 12,000 x g in an Eppendorf Model 5415C Microcentrifuge 

at 4°C and the supernatant was then removed. If the original buffer was very high in salt, 

then this step could be repeated using 500 pi of a 20% TCA solution and repeating the 

incubation and centrifugation. After the supernatant was removed 500 pi of cold 0.25 N
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HCl in acetone was added and incubated on ice fbr 10 minutes. The mixture was then 

centiifuged at 12,000 x g fbr 10 minutes at 4°C and the supernatant was removed. The 

tubes containing the pelleted histones were the dried in a Jouan RC 10-10 Centrifugal 

Evaporator (Canberra Packard Canada -  Mississauga, Ont.). Once dry, the histones were 

resuspended in water and the appropriate sample buSer fbr gel electrophoresis.

2)3.2 SOS-P/IGE

SDS-PAGE gels (Laemmli, 1970) were used to examine the histone composition of 

native and reconstituted histone and nucleoprotein complexes.

A vertical mini-gel system &om Idea Scientihc (Minneapolis, MN) was used. The

7.3 cm X 10.2 cm x  0.75 cm SDS-PAGE was prepared with a 15% separating gel [5 ml of 

a 30:0.8% acrylamide:bis-acrylamide stock solution; 2.5 ml of 1.5 M Tris-HCl (pH 8 .8 ), 

100 pi of 10% SDS, 2.32 ml of HgO, 57 pi of 10% APS and 4.5 pi ofTEMED] and a 6 % 

stacking gel [400 pi of a 30:0.8% acrylamide:bis-acrylamide stock solution, 500 pi of 

0.5 M Tris-HCl (pH 6 .8 ), 20 pi 10% SDS, 1.06 ml HzO, 20 pi 10% APS, 2 pi TEMED]. 

Samples were resuspended in water and mixed with an equal volume of 2 x SDS Sample 

BuSer [0.04% SDS, 20% glycerol, 10% (v/v) P-mercaptoethanol, 0.0125 M Tris-HCl 

(pH 6 .8 ) and 0.025% (w/v) bromophenol blue]. Samples generally contained 1 pg of 

histones and were boiled fbr 5-10 minutes prior to loading.

Various histone markers with and without histone HI were made using acid extracted or 

salt extracted samples which were dialyzed versus water, lyophilized and then 

resuspended in equal volumes of water and 2 x SDS Sample BuSer to a concentration of 

0.25 pg/pl. All markers were boiled fbr 10 minutes and stored at -20°C until required.

The gels were loaded and run cathode (-) to anode (+) at 200 volts using a 0.05 M Tris- 

base, 0.38 M glycine, 0.1% SDS running buGer at 4°C fbr approximately 20-30 minutes 

or 1 0 0  volts at room temperature fbr approximately 60 minutes until the bromophenol 

blue tracking dye was at the bottom of the gel. The gels were stained in 10% acetic acid.
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25% isopropanol, 0.2% Coomassie Blue G-250 for 40 to 60 minutes and then destained 

in 1 0 % isopropanol, 1 0 % acetic acid with several changes of destain or leA overnight. 

Pictures of the gels were taken using Kodak® 667 iBlm and the gels were then dried.

2 f 3.3 SOS-P/IGE (20%

Samples requiring a higher resolution of separation were run on an SDS-PAGE with 20% 

acrylamide. The gels were made as above (Section 2.13 .2) except that there was a 20% 

acrylamide separating gel [using 3.3 ml 60:0.4% acrylamide:bis-acrylamide stock 

solution, 2.5 ml of 1.5 M Tris-HCl (pH 8 .8 ), 3.99 ml HzO, 100 pi of 10% SDS, 57 pi 

10% APS, 4.5 pi ofTEMED] and a 6 % stacking gel [using 400 pi 60:0.4% 

acr)damide:bis-acrylamide solution, 1.0 ml 0.5 M Tris-HCL (pH 6 .8 ), 2.52 ml ofHzO,

40 pi of 10% SDS, 40 pi 10% APS and 4 pi ofTEMED]. These gels were run at room 

temperature only at 1 0 0  volts with the same running buSer, staining, and destaining 

conditions for SDS-PAGE as outlined in Section 2.13.2.

2.Y3.4 - Urea Ge/s

Acetic Acid-Urea gels (Panyim & Chalkley, 1969; Hurley, 1977) were also used to look 

at histone proteins, particularly post-translational modiScations like acétylation because 

unlike SDS-PAGE, AU-PAGE can separate both acetylated and non-acetylated histones. 

The 2.5 M urea, 5% HAC, 15% acrylamide gels [using 4 ml of 30:0.2% acrylamide:bis- 

acrylamide solution, 2 ml of 10 M urea, 1 ml of 43% HAC, 1ml ofH^O, 7 mg of thio

urea and 45 pi of 30% hydrogen peroxide) were 7.3 cm x 10.2 cm x 0.75 cm and were 

run using a vertical mini-gel system &om Idea Scientihc (hCnneapolis, MN).

Samples were prepared in a variety of ways. Histones which were suspended in water or 

bu&ers without salt were generally mixed with an equal volume of the 2 x AU-sample 

buGer ( 8  M urea, 10% acetic acid, 0.1% Pyronin Y). Samples in buSers containing high 

salt concentrations however were TCA precipitated Grst as per Section 2.13 .1. In order 

to reduce the H3-H3 dimers, samples were treated with a reducing buGer (700 pi ofHzO,

3 .5 pi of 1 M Tris-HCl (pH 7.5), 3 .5 pi of P-mercaptoethanol). An aqueous histone 

solution was mixed in a 1:1 (v/v) ratio with this reducing buGer and incubated fbr 1 hour
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at room temperature after which an equal volume of 2 x AU-sample buSer was added.

To visualize histones contained in nucleoprotein samples (i.e. nucleosomes or 

oligonucleosomes), the histones had to be removed &om the DNA Grst. To do that the 

samples were mixed with 2 x AU-sample buSer containing 0.3% protamines in order to 

displace the histones &om the DNA and allow them to be visualized on the gel.

Various histone markers (with and without HI) were made using acid extracted or salt 

extracted samples which were dialyzed versus water and lyophilized. When needed, the 

histones were resuspended in equal volumes of water and reducing buffer (as described 

above) to a concentration of 0.5 pg/pl and incubated fbr 60 minutes at room temperature. 

Then an equal volume of 2 x AU-sample buSer was added and the end concentration was 

0.25 pg/pl. Markers were stored at -20°C until required.

The gels were run anode (+) to cathode (-) at 80-100 volts with a 5% HAC running buffer 

at room temperature until the pyronin dye was about 0.5 cm ffom the bottom of the gel. 

The gels were stained in 10% acetic acid, 25% isopropanol, 0.2% Coomassie Blue G-250 

fbr 40 to 60 minutes and then destained in 10% isopropanol, 10% acetic acid with several 

changes of destain or left overnight. Pictures of gels were taken using Kodak® 667 fflm 

and the gels were then dried.

2.f3.5 4% fVaf/ve (ifVo/?-Oenafur/ng) P^GE

Native polyacrylamide gels were used to visualize DNA ffagments or nucleoprotein 

complexes like nucleosomes, chromatosomes, etc., without denaturing or displacing the 

histone proteins (Yager & van Holde, 1984). A vertical mini-gel system ffom Idea 

Scientiffc (Minneapolis, MN) was used. The 4% acrylamide gels [2 ml of 20:1 

acrylamide:bis-acrylamide solution, 1.67 ml 6 E buffer (6 E = 240 mM Tris-HCl (pH 7.2),

6  mM EDTA (pH 8.0), 120 mM sodium acetate), 6.3 ml ofH^O, 70 pi 10% APS, 10 pi 

TEMED) were 7.3 cm x 10.2 cm x 0.75 cm in size.

Samples in which just the DNA ffagments were to be visualized were prepared by adding 

1/6 volume of 6  x NDSB (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% 

glycerol). Nucleoprotein samples in which the histones were not to be displaced ffom the
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DNA were mixed with an equal volume of either 2 x native sample buGer without dye 

(80 mM Tris-HCl (pH 7.2), 1 mM EDTA, 20 mM sodium acetate, 10% glycerol) or an 

equal volume of 10% glycerol only. A tracking dye was loaded into an empty well to 

help track gel running times. The DNA marker used with these gels consisted of pBR22 

plasmid DNA digested with 2 units of (New England Biolabs Ltd. -  Mississauga, 

Ont.) per pg of DNA and mixed 6  x NDSB and stored at -20°C until required.

Gels were run cathode (-) to anode (+) at 60 volts in IE running buffer (40 mM Tris-HCl 

(pH 7.2); 1 mM EDTA; 20 mM sodium acetate) at room temperature until the 

bromophenol blue dye &ont was about 1cm &om the bottom of the gel. Gels were stained 

with 0.1 mg/ml ethidium bromide solution fbr approximately 15 minutes and then rinsed 

in water fbr 10-15 mintues. The DNA was visualized using an ultraviolet 

transilluminator and photographed with an Alphalmager 2000 Documentation Analysis 

System (Alpha Innotech Corporation -  San Leandro, CA).

2. f3.6 f % )^garose Ge/ E/ec<rop/?ores/5

Agarose gels were used fbr the analysis of DNA fragments. Generally a 1% agarose 

(Omnipur® Agarose &om EM Science -  Gibbstown, NI) gel in Ix TAE buSer (40 mM 

Tris-acetate, ImM EDTA) was prepared. The gel was 1 5 c m x l l c m x l c m i n  size and 

was run in a Chameleon Submarine Gel Apparatus (Idea ScientiSc -  Minneapolis, MN). 

Samples were prepared by adding a 1/6 volume of 6  x NDSB (0.25% bromophenol blue, 

0.25% xylene cyanol FF, 30% glycerol). The DNA markers used consisted of Lamba (X) 

DNA digested with n  (New England Biolabs Ltd. -  Mississauga, Ont.)

Gels were run cathode (-) to anode (+) at 60 to 80 volts in 1 x TAE buffer fbr 

approximately 30 minutes at room temperature. The movement of the bromophenol blue 

tracking dye was approximately equivalent to a 200 bp DNA Bagment. Gels were 

stained in 0.1 mg/ml ethidium bromide solution fbr approximately 15 minutes and then 

rinsed in water fbr 10-15 minutes. The DNA was visualized using an ultraviolet 

transilluminator and photographed with a Alphalmager 2000 Documentation and 

Analysis System (Alpha Innotech Corporation -  San Leandro, CA).
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2. f3.7 OA/ase / Foofprmf/ng ancf DÂA Seguenc/ng Ge/s

DNase I fbotprinting gels were prepared to examine the eSect of post-translationally 

modified histones and the histone tails on the digestion of nucleosomes by DNase I. 

Comparison of the DNase I digestion patterns helped determine if digestion had been 

inhibited or enhanced by the histone modihcations. Sequencing gels were done to 

determine or veri^ the sequence of specific DNA Gagments which were produced.

Except fbr the differences in sample preparation, both gels used the same protocol and 

procedures in preparing, running and analyzing the gels.

2.13.7.1 Gel Preparation

A vertical 10% acrylamide (20:1 acrylamideibis-acrylamide), 7 M urea, 1 x TBE (89 mM 

Tris-borate, 2 mM EDTA (pH 8.0)) denaturing gel was prepared which was 39 cm x 

31 cm x 0.4 mm in size. The acrylamide/urea/TBE stock solution was mixed with 1/100 

of 10% APS and 1/2000 ofTEMED. The gel was polymerized at room temperature fbr a 

minimum of 2 hours and then pre-run at 60 Watts using a 1 x TBE running buffer fbr 

30 minutes prior to loading using a Model S2 Sequencing Gel Electrophoresis System 

(Gibco BRL -  Burlington, Ont.) and a Fisher Biotech Model FB600 Constant Power 

supply (Fisher Scientihc -  Nepean, Ont.). Prior to loading the wells wo^e rinsed to 

remove any urea. The gels were run cathode (-) to anode (+) at 60 Watts until the 

tracking dye was 0.5 -  1.0 cm &om the bottom of the gel. The gel was then Gxed in 2 

liters of 10% (v/v) acetic acid, 10% (v/v) methanol fbr 60 minutes. The gel was then 

dried on electrophoresis blotting paper grade 238 (Scientific Specialties Group -  

Hollywood Springs, PA) fbr one hour at 80°C using the Jouan GFIO gel dryer (Canberra 

Packard Canada -  Mississauga, Ont.). The gel was then autoradiographed with Kodak® 

BioMax MR (maximum resolution) Autoradiography him (VWR Canlab -  Mississauga, 

Ont.).

2.13.7.2 DNase I Digest Sample Preparation

Nucleosomes particles (usually 30 pg) were 5'-end labelled with [y-^^P] ATP (Amersham 

Pharmacia Biotech -  Baie d'Urfb, Que ). The nucleosomes in 50 mM Tris-HCl (pH 7.5),
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2 mM MgCla, 1 mM EDTA were mixed with 1 pM ATP (10 Ci/mM). Then 0.5 

units/nl of T4 Polynucleotide Kinase (New England Biolabs Ltd. -  Mississauga, Ont.) 

was added and the mixture was incubated at 37°C fbr 30 minutes. After labelling, excess 

[y-^^P]-ATP was removed by dialysis with a Centricon 30 Microconcentrator (Millipore 

Amicon - Beverly, MA) using 10 mM or 25 mM NaCl, 10 mM Tris-HCl (pH 7.5) buSer. 

This was done 5-8 times fbr 10 minutes at 3500 x g in a Beckman Model J2-21 centrifuge 

(Beckman Instruments Inc. -  Fullerton, CA) in a IA-20 rotor. Radioactivity was 

analyzed by doing scintillation counts (with Ipl) of both the sample and the Sltrate in a 

Beckman Gamma 8000 Scintillation Counter (Beckman Instruments Inc. -  Fullerton,

CA) to veri^ that labelling was successful and unlabelled isotope had been removed.

The labelled nucleosomes were brought to 1 mM MgClz and then digested with DNase I 

(Roche Applied Science -  Laval, Que.) on ice. Pilot digestions were done but generally 

nucleosomes were digested about 80 minutes with 70 DNase I units/ ml at 0°C. Any 

required dilutions ofDNase I were done using DNase I dilution buffer (25 mM Tris-HCl 

(pH 7.6), 50% glycerol, 100 pg/ml BSA, 1 mM DTT, 50 mM NaCl). Immediately aAer 

digestion the samples were heated to 100°C fbr 1 minute to heat inactivate the enzyme, 

then cooled and deproteinized with proteinase K (Roche Applied Science -  Laval, Que.) 

fbr 1 hour at 37°C using an enzyme to substrate ratio of 1 :1 0 . The samples were then 

mixed with an equal volume of 98% (v/v) deionized fbrmamide, 10 mM EDTA (pH 8.0), 

0.4% bromophenol blue, 0.4% xylene cyanol FF and stored at -20°C until needed. Prior 

to loading the samples were incubated at 90-100°C fbr 10 minutes.

2.13.7.3 Sequencing Samples

DNA sequencing was done to ensure that the DNA &agments used were still present in 

the plasmid constructs with their proper orientation and sequence. The plasmid DNA 

was ampliûed and purified using small-scale plasmid preps. Prior to sequencing the 

DNA was processed with the Wizard® DNA Clean-up System (Promega -  Madison, WI) 

which removes any unwanted enzymes, proteins, kinases, exo- and endo-nucleases, salts, 

etc., without the use of organic extractions and precipitations. Approximately 50-500 pi 

of DNA was mixed with 1 ml of resin in a 1.5 ml microcentrifuge tube and inverted
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several times. A syringe barrel with an attached minicolumn was attached to a vacuum 

manifold. The resin/DNA mix was loaded into the syringe barrel. After applying a 

vacuum, the resin forms a minicolumn in the syringe and the column was then wadied 

with 2 ml of 80% isopropanol and dried fbr 30 seconds. The column was transferred to a 

microcentrifuge tube and centrifuged at 10,000 x g far 2 minutes in an Eppendorf Model 

5415C microcentrifuge to remove any residual isopropanol. The coluirm was then 

transferred to a new tube and 50 pi of prewarmed (65° to 70°C) water was applied and 

allowed to sit for 1-5 minutes. The column was then centrifuged at 10,000 x g for 20 

seconds to elute the puriGed DNA which was then stored at -20°C.

The DNA sample was labelled for sequencing using the Sequenase Version 2.0 DNA 

Sequencing Kit (Amersham Pharmacia Biotech -  Baie d'Urfë, Que.) and [a-^^S]-dATP 

(Amersham Pharmacia Biotech - Baie d'Urfë, Que ). Once complete, the samples were 

loaded onto the sequencing gel.

2.14 Western Blotting

Western blotting of both SDS-PAGE and AU-PAGE gels was performed to detect 

ubiquitinated H2A (uH2A) and H2B (uH2B) histone proteins during puriGcation and 

analysis procedures.

2.14.1 Product/on

A rabbit polyclonal antibody to ubiquitin was produced using New Zealand white rabbits. 

Since ubiquitin is a highly conserved protein and a poor immunogen, it was necessary to 

attach it to a more immunogenic carrier protein. Consequently, bovine ubiquitin protein 

(Sigma Aldrich -  Oakville, Ont.) was attached to the maleimide activated carrier protein 

Irnject® Keyhole Limpet Hemocyanin (KLH) (Pierce Biotechnology Inc. -  Rockford,

IL). Since ubiquitin has only one sulGiydiyl group, the KLH crosslinker, a sulfhydryl 

reactive maleimide group, binds to the ubiquitin at one locaGon and thus should increase 

the speciGcity of the immune response.
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Two mg of lyophilized KLH were used to produce a 10 mg/ml KLH solution in 83 mM 

sodium phosphate (pH 7.2), 0.9 M NaCl and 0.1 M EDTA. An excess of ubiquitin (4 

mgs) was resuspended in 500 pis of the same buGer and the two solutions were mixed 

and allowed to conjugate fbr 2 hours at room temperature. The conjugated proteins were 

loaded onto a pre-packed Pharmacia Sephadex G2S column (Amersham Pharmacia 

Biotech -  Baie d'Urfb, Que.) equilibrated with the running buûer (83 mM sodium 

phosphate (pH 7.2), 0.9 M NaCl). Fractions of 1 ml were collected dropwise by gravity. 

The Azao of the factions was measured and those containing the conjugated ubiquitin- 

KLH were combined. The 5 mis of the 0.4 mg/ml solution of ubiquitin-KLH solution 

were used &»r subsequent innoculations. Prior to the Srst innoculation, 6  to 10 mis of 

blood was collected into Vacutainers containing coagulants. The "pre-bleed" mixture 

was allowed to stand fbr 30 to 60 minutes, the blood clot was then loosened &om the side 

and the tubes were centrifuged at 1300 x g for 10 minutes in a Beckman® Model TJ-6 

Centrifuge (Beckman Instruments Inc. -  Fullerton, CA). The clear, straw coloured serum 

was collected, brought to a 0.1% sodium azide (NaNg) concentration and aliquoted and 

stored at -80°C.

The Srst injection was a mixture of 100 ugs (in 250 pi) of the ubiquitin-KLH conjugate 

brought to 1.2 ml with PBS solution mixed with 2.1 ml of Freund's Complete Ac^uvant 

(Pierce Biotechnology Inc. -  Rockfbrd, IL), an emulsion of water and mineral oil with 

heat killed The mixture was emulsiSed with a Model W-385 Ultrasonic

Disrupter (Heat Systems Ultrasonics Inc.) until it fbrmed a milky, paste-like consistency. 

Approximately 0.5 ml was injected intramuscularly into the thigh muscle of the hind leg 

and the remainder was divided into 0.25 ml aliquots (a maximum of 1 ml total) and 

injected subcutaneously under the loose skin on the shoulders and flanks of the rabbit. 

Twenty-ûve days after the Srst injection the Srst booster shots were administered to 

induce a secondary immune response. Booster shots were prepared as above except that 

Freund's Incomplete ac^uvant (Pierce Biotechnology Inc. -  Rockfbrd, IL) consisting of a 

water in mineral oil emulsion was used. Boosters were then given every 7 to 10 days and 

test bleeds of 6  - 1 0  ml of blood were collected and processed as previously described 

one week after administration of the booster shot. The sera collected were then assayed
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fbr anti-ubiquitin and anti-KLH antibodies using using ELISA. Once it was determined 

that the antibody titre was no longer increasing after booster shots, the rabbit was 

euthanized and the sera was brought to 0.1% sodium azide, aliquoted and stored at -80°C 

until required fbr western blot analysis.

2.f4.2 EL/S/l ASSAYS

An indirect ELISA assay was perfbrmed to measure anti-ubiquitin and anti-KLH 

antibody levels in the pre-bleed and various test-bleed serum samples collected after 

booster injections. Antigen samples of pure ubiquitin protein (Sigma Aldrich -  Oakville, 

Ont.) and the ubiquitin-KLH conjugate were diluted with water to a concentration ofO.OI 

pg/pl. Using a polystyrene microtitre ELISA plate (96 well), selected wells were coated 

with antigen; Rows A-D (columns 1-9) each contained Ipg (in 100 pi) of ubiquitin 

protein in solution; rows E-H (columns 1-9) contained Ipg (in 100 pi) of the ubiquitin- 

KLH conjugate. Columns 10-12 contained 100 pi of water as a control. The plate was 

incubated at 37°C overnight. Unbound sites were blocked fbr 1 hour at 37°C using 2 0 0  

pl/well of 3% (w/v) powdered milk (Carnation Instant Milk -  Safeway) in PBS (pH 7.4). 

Each well was then quickly rinsed 3 times with PBS-Tween solution (0.5% (w/v) Tween- 

20 in PBS). Each serum sample being tested was then diluted to 1/100 in 1% (w/v) BSA 

in PBS-Tween. These solutions were then serially diluted until a 1/1,024,00 dilution was 

reached and the wells contained 100 pi of the different dilutions. Controls contained only 

1% (w/v) BSA in PBS-Tween solution. The plate was incubated with agitation at 37°C 

6 )r 60 minutes (or at room temperature fbr 2 hours) and then rinsed 3 times with PBS- 

Tween. The secondary antibody, an alkaline phosphatase conjugated goat anti-rabbit 

(IgG) antibody (Perkin Elmer Life Sciences Inc. -  Boston, MA), was diluted 1/2000 in 

1% (w/v) BSA- PBS-Tween and 100 pi was added to each well and incubated at 37°C fbr 

1 hour. The weUs were then washed with PBS-Tween three times quickly and then three 

times fbr 5 minutes each. AAer rinsing, 100 pi of the 1 mg/ml phosphatase substrate (p- 

nitro-phenyl-phosphate) was added to each well and incubated in the dark fbr 15-20 

minutes until sufBcient colour development was achieved. [The phosphatase buffer 

contained one 5mg phosphatase tablet in 2ml of room temperature diethanolamine buffer 

(97 ml diethanolanune, 800 ml water, 0.2 g NaN], 100 mg MgCl2 .6 H2 0 , made up to 1
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liter and adjusted to pH 9.8 with HCl and stored at 4°C in the dark until needed.)] The 

absorbance of the yellow product, p-nitrophenol, was measured at 405 nm using an 

ELISA reader. The A403 values were plotted versus the serum dilution to determine the 

antibody titre. From the plots of the ELISA results it was determined that there were 

insignificant amounts of anti-KLH antibodies in the samples and that anti-ubiquitin 

antibodies were present (See Figure 16). Subsequent western blotting indicated that pure 

ubiquitin was detectable with even a 1/20,000 dilution and western blots using HRP 

detection could easily detect uH2 A and uH2B in cellular extracts and column 

chromatography factions with a 1/6000 dilution.

2. f4.3 Wesfem B/ofs of SDS-P^GE ge/s

Duplicate samples were run on SDS-PAGE . One set was stained (see Section 2.13.2) to 

visualize the proteins while the gel containing the second set of samples was equilibrated 

in transfer bu9er (25 mM Tris base, 192 mM glycine) fbr 10-15 minutes. Sequi-Blot™ 

polyvinylidene difluoride (PVDF) Membrane (Bio-Rad Laboratories -  Hercules, CA) 

was cut to size and moistened Srst in 1 0 0 % methanol, immediately transfered to 

deionized water fbr 5 minutes, and then put into transfer buSer far 15 to 20 minutes. The 

western blot apparatus was assembled with the membrane on the anode (+) side and the 

gel on cathode (-) side. The assembly was immediately put into a BioRad Mini Trans- 

Blot® Electrophoretic Transfer Cell apparatus (Bio-Rad Laboratories -  Hercules, CA) 

with an ice cooling unit and 500 mis of 4°C transfer buSer. The proteins were transfered 

fbr 2 hours at 100 volts at 4°C with stirring. Ubiquitinated proteins were generally 

detected using horse radish peroxidase (HRP) detection although alkaline phosphatase 

detection was also possible. HRP detection was preferred because it was far more 

sensitive and the membrane could be stained after detection.
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Figure 16: Plot of Anti-Ubiquitin Antibody ELISA Results. AU absorbances were
read at 405 nm. Serial dilutions of serum; 1 = 1/500; 2 = 1/1000; 3 = 1/2000; 4 = 1/4000; 
5 = 1/8000; 6  = 1/16000; 7 = 1/32000; 8  = 1/64000; 9 = 1/128000; 10 = 1/256000; 11 = 
1/1512000; 12 = 1/1024000. Pre-bleed serum obtained prior to introduction of ubiquitin- 
KLH antigen and tested fbr anti-ubiquitin and anti-KLH antibody activity; Test Bleed 
serum obtained after second booster shot and tested fbr anti-ubiquitin antibody activity. 
Test bleed serum also tested fbr anti-KLH antibody to ensure speciGcity of anti-ubiquitin 
antibody.
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2.14.3.1 Horse Radish Peroxidase (HRP) Detection

After the transfer the membrane was blocked using 3% (w/v) powdered skim milk, 0.1% 

(w/v) Tween-20 in PBS buSer. The membrane was shaken at room temperature fbr 

60 minutes and then stored overnight at 4°C. The rabbit serum containing the anti- 

ubiquitin antibody was diluted 1/6000 in 0.1% Tween-20, 1% powdered skim milk,

350 mM NaCl, in PBS buffer. The membrane was incubated with the anti-ubiquitin 

antibody at room temperature for 60 minutes with shaking. The membrane was then 

washed in 0.1% (w/v) Tween-20 in PBS buGer fbr 4 x 15 minutes, 3 x 5  minutes. The 

secondary antibody, the HRP-conjugated goat anti-rabbit (IgG) antibody (Pierce 

Biotechnology Inc. -  Rockford, IL) was diluted 1/3000 in 0.1% (w/v) Tween-20, 1% 

(w/v) powdered milk, 350 mM NaCl in PBS solution and incubated at room temperature 

fbr 60 minutes with shaking. The membrane was washed 4 x 15 minutes with 

PBS/Tween, then 4 x 10 minutes with PBS, and rinsed with water immediately prior to 

HRP detection. Using Rennaissance® Western Blot Chemiluminescence Reagents 

(Perkin Elmer Life Sciences Inc. -  Boston, MA), the blot was incubated for 30 seconds in 

the dark with 2 ml of each of the developing buSers. The blot was then sandwiched 

between Saran® wrap and placed in a cassette with Kodak® BioMax MR Sim (VWR 

Canlab -  Mississauga, Ont.) which was exposed fbr diSerent times and then developed. 

After development, the blot was then stained fbr 2 minutes in 10% (v/v) acetic acid, 25% 

isopropanol, 0.2% Coomassie Blue G-250 and then destained in 50% (v/v) methanol,

10% (v/v) acetic acid fbr 10 minutes with multiple changes of destain. This staining 

conSrmed the transfer of proteins and allowed the easy identiScation of appropriate 

bands.

2.14.3.2 Alkaline Phosphatase Detection

Blocking, washing, and incubation with the a-ubiquitin antibody proceeded as with the 

HRP detection. However the secondary antibody, an alkaline phosphatase conjugated 

goat a-rabbit (IgG) antibody (Perkin Elmer Life Sciences Inc. -  Boston, MA) was 

diluted 1/1250 and incubated fbr 60 minutes. The blot was then washed 3 x 10 minutes 

in 40 ml of alkaline phosphatase huSer (100 mM Tris-HCl (pH 9.5), 10 mM NaCl,
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50 mM MgClz) at room temperature with shaking. The blot was then incubated in 

developing butler (10 ml alkaline phosphate buGer, 33.3 pi BCIP and 44 pi ofNBT) with 

shaking at room temperature until sufGcient colour development was seen. The reaction 

was stopped by rinsing the blot with cold water. Pictures of the blot were then taken 

with the Alphalmager 2000 Documentation and Analysis Sytem (Alpha Innotech 

Corporation -  San Leandro, CA).

2.Y4.4 M/esfern G/oA/ng of )^cef/c /Ic/c^Urea Ge/s

The basic protocol for AU gels is the same as the SDS-PAGE except that diSerent 

buffers were used. The transfer buffer was 0.7% HAC. The rabbit serum containing the

first antibody was diluted 1/1000 in NET buffer (150 mM NaCl, 5 mM EOT A, 50 mM 

Tris-HCl (pH 7.5)). All washes were done using 0.5% (w/v) Tween-20 in NET buffer. 

The secondary antibody was also diluted in NET buffer. Detection could be done with 

either the alkaline phosphatase or HRP methods dependent upon which secondary 

antibody had been used, i.e. alkaline phosphatase or HRP conjugated goat anti-rabbit 

polyclonal antibody.

2.15 EcoR I Digestion of Oligonucleosomes

Reconstituted oligonucleosomes were digested with EcoR I (New England Biolabs, Ltd. 

-Mississauga, Ont.) to assess the number ofhistone octamers bound to the 208-12 

template. Digestions were done in low-ionic-strength buffer (15 mM Tris-HCl, (pH 7.5), 

15 mM NaCl, 1 mM MgClz, 5 mM DTT) for 3.5 hours at 37°C. EcoR I sites flank the 

preferred octamer position on the template therefore digestion produces a mixture of 

mononucleosomes and 196 bp DNA if any nucleosome sites are unoccupied. The 

digestion was run on a 4% native acrylamide gel and stained with ethidium bromide.
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2.16 Solubility Assays

The solubility o f208-12 polynucleosome ûbers with post-translationally modiGed or 

control histones were compared by mixing the Gbers with varying concentrations of 

either divalent (MgCk ) or monovalent (NaCl) ions. Equivalent amounts of the 

polynucleosome Gbers in 1 mM Tris-HCl (pH 7.5) were mixed with difkrent quantities 

ofNaCl or MgClz in 1 mM Tris-HCl (pH 7.5) buSer to produce mixtures with the same 

volume but with concentrations of NaCl ranging 6 om 5 mM to 300 mM or M ^ k  

ranging from 0 mM to 6 mM. The mixtures were incubated on ice for 60 minutes and 

then centrifuged at 4°C and 12,000 x g in an Eppendorf Model 5415C Microcentrifuge 

for 10 minutes. Fibers which oligomerized and precipitated out of solution were pelleted 

and the quantity of fibers remaining soluble was determined by Azeo measurements of the 

supernatant. The percent solubility was determined by comparison to the zero sample 

(i.e. 1 mM Tris-HCl (pH 7.5) with no MgCk or NaCl) which was taken as 100%.

2.17 Protamine Displacements Assays

Nucleosome core particles containing control or modifred histones were dialyzed 

overnight versus 50 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 2% sucrose at 

4°C using Spectra/Por® 3 dialysis tubing (3500 MWCO). Once recovered, the 

concentration was determined using Azgo measurements and adjusted with bufrer to 

1.5 pg/pl. To determine the quantity of protamines to be used we determined the positive 

to negative (+/-) charge ratio, i.e. the number of positively (+) charged arginines in the 

protamines versus the negative (-) charges of the DNA per weight. Nucleosomes have a 

negative charge every 330 Da while squid protamines have a positive charge every

188.3 Da. Therefore it was assumed that there was a positive (+) charge every 190 Da 

for the protamines, and consequently the +/- ratio was 330/190 = 1.74.
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The protamine proteins were resuspended in 50 ihM NaCl, 1 0  mM Tris-HCl (pH 7.5),

1 mM EDTA, 2% sucrose. Squid protamines were combined with ratios of 0, 1, 2, and 3. 

Each tube contained the same total volume and 15 pg of nucleosomes and the appropriate 

quantity of protamines. The tubes with the diGerent mixtures were each mixed for 10 

seconds and then stored overnight at 4°C. The next morning they were mixed for 10 

seconds every hour for 3 hours. Total incubation time was 19 hours, total mixing time 

was 40 seconds and the mixture was allowed to incubate for 30 minutes after the last 

mixing. The tubes were then caitrifuged at 12,000 x g for 10 minutes at 4°C. The pellet 

contained DNA bound to protamines and non-displaced histones, while the supernatant 

contained displaced histones and unbound protamines. The supernatant was recovered, 

the Az6o was determined and the sample was then dried in a Jouan RC 1 0 - 1 0  Centrifugal 

Evaporator (Canberra Packard Canada). Once dry the samples were resuspended in equal 

volumes of water and 2 x AU sample buGer and run on an Acetic Acid-Urea gel. The 

gels were scanned using the Alphalmager 2000 Documentation and Analysis System 

(Alpha Innotech Corporation -  San Leandro, CA).

2.18 Circular Dichroism

Circular dichroism was used to identi^ and measure changes in the molecular 

conformation of the hi stone tails, histone octamers and nucleosome structure as a result 

ofhistone post-translational modiGcations. The percentage of alpha(a)-helices, beta(P)- 

sheets and random coil structures was determined for each sample and this allowed direct 

comparison between structures containing control and modiGed histones.

All experiments were performed at 20°C on a Jasco J-720 spectropolarimeter (Jasco 

Incorporated -  Easton, Maryland) using a wavelength range of 310 to 190 run. IGstone 

samples had an A230 of approximately 1.2 while nucleosome or DNA samples had an 

Azco of approximately 0.8. Measurements were taken in quartz cells with either a 1 cm or 

0 . 1  cm path length.
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CD data is measured in mdeg (1 mdeg = 0.001 degrees) and is expressed as ellipticity (8). 

For macromolecules such as histone proteins and nucleic acids, these data are expressed 

as the mean residue molar ellipticity [8] which is measured in deg.cm^.decimole'^ and is 

calculated using the equation:

[8] = 8 / (10 . Cr. Z ) 
where 8 is the measured ellipticity (mdeg); 10 is a constant (decimole/mole); f is the path 

length of the cell (cm); and Q  is the mean residue molar concentration (mol/L). The path 

length (Z ) is determined by the cell used. Therefore for the histone tails and histone 

proteins a 0.1 cm cell was used and for DNA and nucleosomes a 1 cm cell was applied. 

For all samples the mean residue molar concentration (Q  in mol/L) was determined by 

calculating concentration using absorbance values (A230 or A260) and extinction 

coefhcients and dividing by the mean residue molecular weights (Mr in g/mol). For 

histone proteins the absorption coefGcient at A230 = 4.3 cm^mg'\ for DNA Azeo =

20 cm^mg' ;̂ for octamer particles Azeo = 0.23 cm^mg' ;̂ for native nucleosome particles 

A260 = 9.5 cm^mg'\ and trypsinized nucleosome particles = A260 = 10.5 cm^mg'  ̂(Ausio 

gf oZi, 1984). The mean residue molecular weight (Mr) values used for the average amino 

acid residue for native histones was 110.6 g/mol and for trypsinized histones 110.4 g/ml 

as determined from amino acid analysis of the two proteins. In the case of the histone H4 

tail, Mr values of 103.2, 105, 106.6, 108.4 and 110.2 were used for the non-, mono-, di-, 

tri-, and tetraacetylated forms, respectively, as calculated 6 0 m the amino acid sequence. 

The average Mr (for a nucleotide) used for the DNA was 331.

DNA, nucleosomes particles and histone proteins were generally examined in 25 mM 

NaCl, 5 mM Tris-HCl (pH 7.5) or 2 M NaCl, 0.1 mM DTT, 10 mM Tris-HCl (7.5). 

PuriGed histone H4 N-terminal tails were examined in either 25 mM NaCl, 5 mM Tris- 

HCl (pH 7.5) or 90% trifluoroethanol (TFE). TFE was used because it has been shown to 

stabilize pre-existing regions of ot-helical conformation in peptides which may not be 

maintained in a strictly aqueous solution (Lehrman et aZ., 1990; Segawa gf aA, 1991). 

Figure 17 shows the typical shapes of CD spectra for diSerent secondary structures.
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Figure 17: CD Spectra for Différent Secondary Structures. The random coil
spectra shows a single dip at approximately 195 nm; the alpha helix has a double dip 
typically at 208 nm and 222 nm. All samples are (lysine)n proteins under diSerent 
conditions. (Figure adapted from Greenfeld, 1969).
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2. f & f Secondary Sfrocfore Pred/cdon

Secondary structure prediction was carried out with the help of the DNASTAR Program 

(DNASTAR Inc. -  Madison, WI) using the Protean analysis system tool. Since histone 

have very little P-sheet structure (Luger er o/., 1997; Arents gf a/., 1991), a-helix content 

^.e. percentage) was calculate in two ways using the ellipticity values [8] at either 

220 nm (Verdagauer ef a/., 1993) or at 222 nm:

Equation 1 : a  = 8.9 -  2.4 x [Gjzzo x 10'^

or

Equation 2: a  = -3.1 (1 + [Gjzzz x 10'^)

Equation 2 is based on the assumption that only random coil and helical regions are 

present.

2.19 Analytical Ultracentrifugation

Analytical ultracentrifugation is an eSective and important method for characterizing 

macromolecules like nucleosomes and chromatin &agments (Ausio, 2000).

Sedimentation velocity analysis was used to determine sedimentation coefBcients and 

monitor changes in conformation (tertiary and quaternary) and sedimentation equilibrium 

analysis was used to determine molecular mass and association constants in 

macromolecular interactions.

This method is useful because sedimentation coefBcients can be related to both 

molecular mass (M) and the translational friction coefBcient (Q using the equation:

s = M ( l - u p ) / N f  = M ( l - u p ) / R T D
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Where represents the partial specihc volume of the macromolecule; p, the density of 

the solvent (g/ml); N,Avogadro's Number; R, the gas constant; T, absolute 

temperature; and D, the division coefdcient. Therefore since the ûictional coefhcient (f) 

relies on shape (conformation), the sedimentation values can be used to examine changes 

in conformation in macromolecules. Partial speciSc volumes and the estimated 

molecular masses of the different complexes were determined as described in (Ausio et 

ol, 1989). All sedimentation coefGcients (s) are in Svedberg units (S) which are 

equivalent to 10'̂  ̂seconds.

All analytical ultracentrifugation runs were carried out at 20°C in a Beckman Analytical 

XL-A Ultracentrifuge (Beckman Spinco Division, Palo Alto, CA) using 12 mm 

aluminum Slled Epon double sector centerpieces. Sedimentation velocity runs used a 

An-55 (aluminum) rotor whereas sedimentation equilibrium runs used a An-60 

(Titanium) rotor. For sedimentation velocity runs nucleosome particles were centrifuged 

at 40,000 rpm while oligonucleosome particles were centrifuged at 18,000 w  20,000 rpm. 

Sedimentation Velocity scans were analyzed to determine the sedimentation coefGcients 

using either the Ultrascan-Origin Version 2.93 Sedimentation Data Analysis Software or 

the XL-A Ultra Scan version 4.1 sedimentation data analysis software (Borries Demeler, 

Missoula, MT) which employs a published method of boundary analysis (van Holde & 

Weischet, 1978). Sedimentation equilibrium scans were analyzed using the XLA Data 

Analysis SoAware using a nonlinear, least squares, curve Atting algorithm (Johnson, et 

a/., 1998). Figure 18 shows an example of sedimentation velocity data collected before 

(1) and after (2) van Holde/Weischet analysis.
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Figure 18: Examples of Ultracentrifuge Data. Sedimentation velocity
analysis Grst creates a boundary analysis plot (1) of the data. M, meniscus; dark arrow 
shows presence of &ee DNA; large arrow shows boundary movement of the 
macromolecule. Determining the midpoint of the boundary curves and using van Holde- 
Weischet analysis of the data produces a van Holde-Weischet plot (A) . This 6n-plot is 
used to obtain the sedimentation coefhcient by determining the intersection point on the 
y-axis. This data was obtained for native chicken erythrocyte nucleosome core particles 
and all data was recorded at 20°C and 40,000 rpm on a Beckman XL-A analytical 
uhracentrifuge.
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3.0 RP-HPLC FRACTIONATED HISTONES AND 
THE PRODUCTION OF NATIVE-LIKE 
NUCLEOSOMES PARTICLES AND CHROMATIN 
COMPLEXES

In order to examine the eSects of specific post-translational modihcations on both 

nucleosome and chromatin structure, it is necessary to fully 6actionate the core histones. 

Complete fractionation allows for the subsequent substitution of modiGed histones for 

control histones and their comparison in both reconstituted nucleosomes and diromatin 

complexes. However, production of native-like histones from the various Gnctionation 

procedures currently available has been somewhat problematic.

Acid extraction of the histone proteins from cell nuclei was the Grst method used to 

puri^ the basic histone proteins. Modifications combining acid extraction with organic 

solvents make it possible to puri^ four diSerent histone factions (Johns er a/., 1964) 

However, the histones are not fully G-actionated and the possibility of protein 

dénaturation and alteration of native conformation, makes their use in subsequent 

structural studies somewhat suspect.

Salt extracGon of cell nuclei and the subsequent use of hydroxyapatite resins and a salt 

gradients allows the diGerenGal disassociation of histones from chromadn into HI, 

H2A/H2B and H3/H4 factions (Burton, ef a/., 1978). The use of salts means that the 

histones are not denatured however even this method does not accomplish complete 

separaGon (See Figure 12). While it is possible to use size exclusion liquid 

chromatography to successfully fracGonate histones, the columns used are very large, 

require huge quanGGes of starting matenal, and literally take several days to complete 

which increases the probability of possible degradaGon or contamination problems.

Recently high performance liquid chromatography has become widely used for quick and 

efBcient separaGon of proteins and peptides. RP-HPLC is capable of puri^ing individual
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histones quickly and efSciently, however there have been concerns about the use of these 

histones in subsequent structural studies because of possible alterations in native 

conformation.

The objective of this section was to determine whether RP-HPLC fractionated histones 

could be successfully used in structural studies. To test this hypothesis histones were 

extracted from a variety of different sources using different extraction methods. The 

histones were then purifred using RP-HPLC and both native and fractionated histones 

were reconstituted into either nucleosome core particles or chromatin complexes. These 

were then compared to native structures using a variety of techniques to see if the 

reconstituted particles exhibited native-like behavior.

3.1 RP-HPLC Fractionation of Core Histones

Reverse-phase HPLC is able to effectively purify even small quantities of proteins, 

including histones. Depending on the conditions it can now be used to puri^ some 

modifred and variant histones (Helliger et a/., 1988; Gurley et at., 1983; Lindner et aA, 

1997). Its purifrcation ability is demonstrated in Figure 19 which shows the elution 

profile of acid-extracted chicken erythrocyte histones. The profile shows that the 

different histones have been successfully separated in under two hours using 0.1% 

Trifluoroacetic Acid (TFA) and an increasing concentration gradient of acetonitrile. 

Figure 20 shows an acetic-acid urea (AU)-PAGE of the different peaks eluted which are 

numbered 1-6. This gel verifies the complete fractionation of the different core histones 

with lane 1 being histone HS; lane 2, HI; lane 3, H2B; lane 4, H4; lane 5, H2A, and lane 

6, H3 monomers (m) and dimers (d). These histones were also examined using SDS- 

PAGE in Figure 21. The purified core histones from peaks 3-6 were recombined in 

stoichiometric amounts and run in lane 3. Lanes 1 and 4 are markers which allow 

comparison with the total histones (lane 1) or core histones (lane 4) from salt extracted 

chicken erythrocyte cell nuclei and the total histones from an acid extracted sample
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Figure 19: Histone KP-HPLC Elution Profile. Approximately 600 pg of
acid extracted chicken erythrocyte histones histones wa^e loaded onto a Vydac C l8 
(0.46cm X 25 cm) column and eluted at 1 ml/min with an acetonitrile gradient (dashed 
line) in the presence of 0.1% TFA. Absorbances w ae  measured at 230 nm. (Gradient: 
25% acetonitrile for 5 minutes; 25-35% ova 15 minutes; 37-43% over 40 minutes; and 
43-69% o v a  20 minutes). Aliquots &om the six numbaed peaks w ae  analyzed by AU- 
PAGE in Figure 20.
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Figure 20: AU-PAGE of Hlmtone RP-HPLC Elution ProGle Fractions. The
numbers (1-6) correspond to the elution peaks 6om Figure 19. M and d refer to the 
histone H3 monomers and dimers respectively; CE represents an acid extracted chicken 
erythrocyte total histone standard. Samples were mixed with 2x AU sample buffer and 
run on a 2.5 M urea, 5% acetic acid, 15% acrylamide gel at 80 volts in a 5% acetic acid 
running bufkr and stained with Coomassie Blue.
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Figure 21: SDS-PAGE of Histone RP-HPLC Elution ProGle Fractions. Lane
(1) salt extracted chicken erythrocyte total histone standard; (2) acid extracted chicken 
erythrocyte total histone standard; (3) stoichiometric mixture of RP-HPLC Aactionated 
core histones combined 6om elution peaks 3-6 (see Figure 19); and (4) salt extracted 
chicken erythrocyte core histone standard. All samples were mixed with 2x SDS sample 
buSer and boiled for 5 minutes prior to loading on a 6% stacking, 15% separating SDS- 
PAGE which was run at 100 volts in a 0.05 M Tris-base, 0.38 M glycine, 0.1% SDS 
running bnSer. The gel was stained with Coomassie Blue.
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(lane 2). Comparisons of lane 3 and 4 show that the &actionated histones appear 

comparable to core histones obtained &om salt extraction of native chicken erythrocyte 

nucleosomes.

While the elution proGle (Figure 19) and gels (Figures 20, 21) show that &actionation is 

possible and that the histones appear normal, however there are still concerns as to 

A ether such histones should be used in subsequent structural studies. This is because 

the buffers used to elute the proteins, namely 0.1% (v/v) TFA and the organic solvent 

acetonitrile (ACN). Acetonitrile in high concentrations can adversely affect protein 

structure (Hallin ef a/., 1985). If ACN alters the native conformation of the histones, this 

would greatly affect the validity and implications of any structural studies they may be 

used for.

To analyze the affects of RP-HPLC on histone structure, native and RP-HPLC 

fractionated histones were compared and examined using analytical ultracentrifugation 

and sedimentation velocity analysis and circular dichroism. (Figure 22 shows an 

experimental outline). Nucleosome core particles were produced ffom salt extracted 

chicken erythrocyte cell nuclei and the total core histones were obtained using 

hydroxyapatite column chromatography with 2 M NaCl in 0.1 M potassium phosphate 

(pH 6.8) buffer. Half the histones were used as a native control and the other half were 

dialyzed versus water, lyophilized and then separated by RP-HPLC (as per Figure 19).

The peaks corresponding to the core histones were mixed in stoichiometric amounts and 

lyophilized. For the sedimentation velocity analysis the different histone samples were 

dialyzed against 2 M NaCl, 10 mM Tris-HCl (pH7.5), 1 mM EDTA as under these 

conditions the histones associate into the histone octamers. Figure 23 shows the 

sedimentation velocity results for both samples.

The sedimentation velocity analysis of the native core histones (Figure 23, sample 1) 

indicates that the native sample is very homogenous as shown by the convergence of the 

fan plot to one point. The sedimentation value was determined by the y-axis intercept 

point was found to be 3.8 ± 0.2S which was as expected and is in agreement with
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Figure 22: Experimental Outline to Analyze Native and RP-HPLC Fractionated
Histones.
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figure 23: Sedimentation Velocity Analysis of Native and RP-HPLC 
Fractionated Histones. (1) native core histones; (2) RP-HPLC fractionated core
histones. Both samples were dialyzed against 2M NaCl, 10 mM Tris-HCl (pH 7.5). 
Samples were analyzed at 20°C and 44,000 rpm in a Beckman XL-A analytical 
nltracentrifuge.
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previous reports (Chung, ef a/., 1978). The RP-HPLC 6actionated histones (Figure 23, 

sample 2) however do not sediment as well as the native histones. The more dispersed 

&n plot shows that there is a signihcant amount of heterogeneity. Only about 50% of the 

sample sediments at 3 .8 S while the rest of the sample has lower S20.W values. This 

indicates that these histones have an altered conEguration, do not appear to associate 

properly and therefore do not behave in a completely native-like manner.

In order to look at the secondary structure of the histones more closely, the two samples 

were dialyzed against a low salt buffer (10 mM sodium phosphate pH 7.2) and then 

analyzed using circular dichroism (CD), Circular dichroism is an effective way to detect 

changes in protein secondary structure and can be used to determine the percentage of a- 

helical content in a protein. The CD results for both samples are shown in Figure 24.

The native histones (sample 1) produced a spectrum which is typical of proteins 

containing a-helices, i.e. there are two peak minima at approximately 208 nm and 222 

nm, and the results are almost identical to that previously reported by Prevelige &

Fasman (1987). The RP-HPLC f-actionated histones (Sample 2) while having a similar 

diaped spectrum is shifted upwards which indicates a signiEcant reduction in the molar 

ellipticities at 222 nm and 208 nm. At 222 nm this represents decrease of approximately 

15% in the overall a-helical content of the histones. This upwards shift of the spectrum 

is a clear indication that there are changes in the secondary structure and that acetonitrile 

does appear to denature the histone proteins. As a result of the dénaturation the histones 

are unable to associate correctly which produces the heterogeneity and variation in 

sedimentation values demonstrated by the sedimentation velocity analysis.

3.2 Reconstituted Nucleosome Core Particles with 
RP-HPLC Fractionated Histones

The use of acetonitrile during HPLC fractionation of the histones clearly has some 

denatuiing effects on the proteins. Therefore if the histones could be renatured after
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Figure 24: CD Analysis of Native and RP-HPLC Fractlonmted Histones.
1, Native histones; 2, RP-HPLC 6actionated histones. For analysis both samples 
were dialyzed against 10 mM sodium phosphate (pH 7.2) bufkr prior to analysis. CD 
spectra were recorded at 20°C on a Jasco J-720 spectropolarimeter.
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separation it may be possible to produce native-like proteins which can be used in 

subsequent studies. It was decided to test whether treatment with 6 M guanidine 

hydrochloride (GdnHCl) after RP-HPLC &actionation would be able to renature the 

histones and produce native-like proteins which would allow them to be used for 

nucleosome reconstitution experiments and further structural analysis.

A flowdiart (Figure 25) outlines the general strategy used for this series of experiments. 

As before, nucleosome core particles &om salt extracted chicken erythrocyte cell nuclei 

were produced. A faction of these core particles (Sample A) was kept as a control for 

native, untreated nucleosomes. Histones were obtained &om the remaining nucleosomes 

using hydroxyapatite chromatography. After the core histones were eluted &om the HTP 

column, the random sequence chicken 146 bp DNA &agments were also eluted &om 

column using 0.5 M potassium phosphate (pH 6.8) buSer and were dialyzed versus the 

buffer and retained for future reconstitutions. The native histones were then divided into 

three factions. The first fraction (Sample B) was kept as a positive control for native 

histones. The second fraction (Sample C) were separated using RP-HPLC and then 

processed as before, i.e. lyophilized and then resuspended in a 2 M NaCl buffer. This 

Aaction (C) therefore acted as a negative control as RP-HPLC &actionated histones have 

already been shown to be denatured. The last fraction (Sample D) was also &actionated 

using RP-HPLC but processing was modihed in an attempt to renature the proteins.

After fractionation, the lyophilized histones were resuspended and incubated at 2 mg/ml 

in 6M GdnHCl, 20 mM p-mercaptoethanol buffer which was later removed by dialysis.

All three histone samples (B-D) were dialyzed overnight against 2 M NaCl buffer and 

reconstituted into nucleosome core particles using 146 bp DNA and salt gradient dialysis. 

The reconstituted nucleosomes (B-D) were compared to the native nucleosomes (A) 

using sedimentation velocity analysis, circular dichroism and DNase I fbotprinting.

Analytical ultracentrifugation and sedimentation velocity analysis of the four samples are 

shown in Figure 26. The letters A-D correspond to the samples designated in the 

flowchart in Figure 25. Beside each plot is an SDS-PAGE proftle of the corresponding
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Figure 25: Experimental Outline to Analyze Nucleosomes Reconstituted with
Native and RP-HPLC Fractionated Histones. Native (A) and reconstituted 
nucleosome core particles using native (B) and RP-HPLC 6actionated histones (C, D) 
were prepared. (*) Histones eluted in 2 M NaCl, 0.1 M potassium phosphate buGer (pH 
6.8). (**) Nucleosomal DNA eluted in 0.5 M potassium phosphate buÉer (pH 6.8). 
(***)Final bu@er was 2 M NaCl, 50 mM Tii-HCl (pH 7.5), 1 mM EDTA ImM DTT. 
(****) 6M GdnHCl in 50 mM Tris-HCl (pH 7.6).
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Figure 26: SedhnaiÉmAm Velodly Anâ yah of Nucleosomes RecomsAuted uiA Nadve #ud RP BLPLC Fracdonuted Hislones.
(A) native nucleosome core particles (B) reconsituted nucleosomes with HTP purified core histones; (C) reconstitated nucleosomes with 
RP-HPLC fractionated histones; (D) reconstituted nucleosomes with RP-HPLC puriâed histones treated with guanidine hydrochloride. 
Sedimeotation velocity runs were porfcamed at 20"C and 40,000 rpm in 0.1 M NaCl, 20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA in a 
Beckman XL-A Analydcal Ultracentrifuge. S%« (Svedbergs) and analysis done according to van Holde and Weischet (1978). SDS- 
PAOE of eadi sample (A-D) are shown to right of corrcqxmding plot where S is a chidren erythrocyte whole historre standard. SDS- 
PAGE 6% stacking 15% separating gel run at 100 volts in 0.05 M Tris-base, 0.38 M glycine, 0.1% SDS running and stained with 
Cocanassie Blue.



103

nucleosomal histones compared to a chicken erythrocyte whole histone marker. The 

SDS-PAGE show that all the core particles produced contained stoichiometric amounts 

of proteins.

Comparison of the sedimentation velocity analysis results show that the native 

nucleosomes (A), and reconstituted nucleosomes with either native (B) or GdnHCl 

treated RP-HPLC fractionated histones (Sample D) all have very similar shaped &n plots. 

The sedimentation coefficients determined from each of the plots for samples A, B, and 

D were consistent and were determined to be 11.06, 11.07, and 10.9 ± 0.2S respectively. 

In contrast the reconstituted nucleosomes with untreated RP-HPLC fractionated histones 

(C) shows distinct difrerences from the other three samples.

The fan plot for Sample C has two distinct populations. The first group are nucleosomes 

which sediment at 10.6 ± 0.2S. The second group sediments at 5.4 ± 0.28 and represents 

free 146 bp DNA (Ausio et al, 1984). Comparing the plots for the RP-HPLC 

fractionated histones clearly shows a distinct difference between the RP-HPLC histones 

which were untreated or treated with GdnHCl. The untreated histones (C) show distinct 

structural differences from the native nucleosomes (A) whereas the GdnHCl treated 

histones (D) are virtually indistinguishable from both the native nucleosomes (A) as well 

as nucleosomes reconstituted with native histones (B). This appears to indicate that 

treatment with GdnHCl was successful and helps to renature RP-HPLC fractionated 

histones.

Next the nucleosomes were analyzed using circular dichroism to determine if there were 

any obvious changes in secondary structure. The circular dichroism results are shown in 

Figure 27. Once again the native core particles (A) and nucleosomes reconstituted with 

histone fractions B and D all show very similar proffles. However the spectra for 

nucleosomes reconstituted with untreated HPLC fractionated histones (C) shows a 

defrnite change in structure as indicated by the distinct upward shiff of the spectra. This 

shift is attributed to the presence of a larger quantity of free DNA. These data therefore
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Figure 27: CD Amalysb of Nucleosomeg Reconstituted with Native and RP-HPLC 
Fractionated Histones. CD spectra for native nucleosome core particles (A); 
nucleosome core particles reconstituted with native histones (B); RP-HPLC 
fractionated and untreated histones (C); and RP-HPLC hactionated histones renatured 
with guanidine hydrochloride (D). All CD spectra were recorded at 20°C on a Jasco J- 
720 spectropolarimeter in 25 roM NaCl, 5 mM Tris-HCl (pH 7.5) bufkr.
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support the premise that guanidine hydrochloride treatment of RP-HPLC fractionated 

histones helps to create native-like histones and therefore nucleosomes.

To further investigate the properties of the diSerent nucleosome samples, possible 

diSerences in nuclease accessibility were examined using DNase I fbotprinting. The 

diSerent nucleosomes samples (A-D) plus nucleosomes reconstituted with histones 

previously Sozen at -80°C prior to reconstitution (Sample B*) were 5'end-labelled with 

[y-^^P]-ATP and then digested with DNase I (as per Section 2.13.7). The resulting DNA 

Sagments were run on a 10% (v/v) 20:1 acrylamide:bis-acrylamide, 7M urea gel to 

visualize the DNase I cleavage sites and Figure 28 shows the DNase I footprint produced 

with the diSerent nucleosome particles. The preferred DNase I cleavage sites are 

designated as SI to S14. This gel indicates that the native nucleosomes (A) and 

reconstituted nucleosomes with either native histones (B & B*) or HPLC Sactionated 

histones treated with guanidine hydrochloride (D) all show identical proSles. The 

reconstituted nucleosomes with untreated RP-HPLC Sactionated histones (C) however 

do show some diSerences in digestion which is most obvious between the S2 and S4 

preferred cleavage sites. The increased intensity of bands between the preferred sites and 

the decrease in intensity at the preferred sites, are obvious indicaSons of a change in 

cleavage behavior which is probably due to the larger quantity of See DNA present.

The results of the circular dichroism, sedimentation velocity and DNase I fbotprinting, all 

indicate that the untreated RP-HPLC Sactionated histones are denatured and therefbre 

produce anomalous results. However if these histones are processed with guanidine 

hydrochloride prior to reconstitution they then produce native-like histones and

nucleosomes which appear to be virtually indistinguishable from their native 

counterparts.
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Figure 28: DNase I Footprint of Nuclueosomes Reconstituted with Native and RP-
HPLC Fractionated Histones. Native nucleosomes (A); nucleosome core particles 
reconstituted with: native histones (B); untreated RP-HPLC Àactionated histones (C); or RP- 
HPLC Aactionated histones renatured with GdnHCl (D). (B* native histones &ozen prior to 
reconstitution). S1-S14 represent pre&rential DNase I cleavage sites with respect to the 
labelled 5'-end of the nucleosome core particle. All samples were 5'-end labelled with [y- 
^^P]ATP and digested with 70 units DNase I/ml at 0°C. All samples were heated at 90°C for 
10 minutes prior to loading on a 10% acrylamide (20:1 acrylamide:bis-acrylamide), 7M urea, 
IxTBE gel and run at 60 watts for ^proximately 2 hours using a IxTBE runnir% buSer. The 
gel was Gxed in 10% acetic acid, 10% methanol for 60 minutes, dried and autoradiographed.
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3.3 Effects of Extraction IVIethod and Biological 
Source

Since it is now possible to use RP-HPLC &actionated histones to produce native-like 

histones and nucleosome particles, it was decided to investigate whether either the 

method of histone extraction or the biological source of the histones would have any 

eSect on this procedure. To compare biological source, three diSerent samples of 

histones were used namely: chicken erythrocyte cell nuclei, and alligator and lamprey 

testes. To compare extraction methods chicken erythrocyte cell nuclei were both acid 

extracted and salt extracted. All RP-HPLC &actionated histones were treated with 

GdnHCl, reconstituted into nucleosomes and their structures compared to native 

nucleosomes and each other using PAGE, sedimentation velocity analysis and DNase I 

digestion.

3.3. f G/o/og/ca/ Source

Figure 29 shows an SDS-PAGE of the three acid extracted histone samples. Lane 1 is a 

chicken erythrocyte total histone standard which was compared to the acid extracted 

chicken (lane 2), alligator (lane 4) and lamprey (lane 6) starting samples. The acid 

extracted samples, particularly the chicken (lane 2) and alligator (lane 4) show a 

depletion of H3 and H4 histones which indicate that the acid extraction method can be 

problematic by producing a non-stoichiometric mix of histones. All three samples (2, 4, 

6) were then individually fractionated by RP-HPLC and the puriGed core histones were 

mixed in stoichiometric amounts and reconstituted into nucleosomes after guanidine 

hydrochloride treatment. The same histones after &actionation, GdnHCl treatment and 

reconstitution are shown; chicken in lane 3, alligator in lane 5 and lamprey in lane 7. 

When these samples (lanes 3, 5, 7) are compared to their pre-fractionation counterparts 

(lanes 2, 4, 6) you can see that they now show a stoichiometric mix of strictly core 

histones which run the same as the total histone standard (lane 1).

Sedimentation velocity results for the three reconstituted nucleosome samples are shown 

in Figure 30. The fan plots show that all the acid extracted samples produced
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Figure 29: SDS-PAGE of Acid-Eitructed Hâtoneai from Different Biologicul
Sources. The linker and core histones are identiW at the side of the gel. Lane 1,
chicken erydirocyte total histone madcer; Lanes 2-7 are acid-extracted histones before 
(lanes 2 ,4 ,6) and aAer RP-HPLC fractionation (lanes 3,5,7). Biological sources used 
were chicken erythrocytes (lanes 2,3), alligator testes (lanes 4, 5) and lamprey testes 
(lanes 6,7). All samples were mixed with SDS sample buGer and boiled 5 minutes prior 
to loading. The 6% stacking gel, 15% separating SDS-PAGE was run at 100 volts in a 
0.05 M tris, 0.38 M glycine, 0.1% SDS running buGer and stained with Coomassie Blue.
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Figure 30: Sedimentation Velocity Analysis of Nucleosomes wiA Histones &om Different 
Biological Sources. All samples; (1) chicken erythrocyte, (2) alligator, (3) lamprey; used 
acid extracted, RP-HPLC Aactionated histones treated with GdnHCl prior to reconstitution of 
nucleosomes. Sedimentation velocity runs done in a Beckman XL-A analytical ultracentrifuge at 
20°C and 40,000 rpm in 0.1 M NaCl, 20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA bufler.
Analysis carried out according to van Holde and Weischet (1978).



110

nucleosome particles with sedimentation values of approximately 10.9 + 0.2S which is 

within expected values and compare well to the native nucleosomes at 11.06 + 0.2S seen 

in Figure 26 (Sample A). However the lamprey sedimentation 6 n  plot (Figure 30, 

sample 3) does show a discrepancy in that while approximately 60-70% of the 

reconstituted sample consists of nucleosomes which sediment at 10.8 ± 0.2S there is 

about 30% of the sample which sediments at 5 .7S and corresponds to naked DNA This 

is a signiGcant amount of G-ee DNA when compared to that seen in the other samples and 

indicates nucleosomal instability. A lack of sample meant that it was not possible to 

determine whether the decrease in nucleosome stability was an intrinsic property of 

lamprey histones or a result of handling or reconstituGon problems prior to its analysis. 

ConsequenGy, with the exception of the lamprey sample, the source of histone sample 

does not appear to aSect the ability of guanidine hydrochloride treatment to reverse the 

structural changes introduced by RP-HPLC G"actionation. Both the acid-extracted 

chicken and alligator samples produced consistent plots and results with the 

sedimentation velocity analysis.

To Girther examine the eSect of sample source, a DNase I digestion of the three 

reconsGtuted nucleosomes was also done. The results are shown in Figure 31 and 

indicate that all three samples chicken (lane 1), alligator (lane 2) and lamprey (lane 3) 

produced nucleosomes which appear normal with no obvious diGerences in DNase I 

digesGon patterns. Even the lamprey nucleosomes show no signiGcant diGerences which 

indicates that the nucleosomes produced did behave normally under these condiGons.

3.3.2 Compar/son of Exfracf/on Mef/?o(/s

It has been speculated that acid extracGon may change the histone's naGve coiGbrmaGon. 

As previously shown in Figure 29, an SDS-PAGE of acid extracted histones Gom 

chicken erythrocyte cell nuclei can produce non-stoichiometric mixtures of histones (lane 

2) when compared to their salt extracted equivalents (lane 1) indicating that extracGon 

methods can have a signiGcant impact on histones. However stoichiometnc mixtures can
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Figure 31 : DNase I  Footprint of Nucleosomes with Histones from Different
Biological Sources. All samples: (1) chicken, (2) alligator and (3) lamprey; used acid 
extracted, RP-HPLC Aactionated, guanidium chloride treated histones prior to 
reconstitution. Nucleosomes were 5'-end labelled with [y-^^P]ATP, digested with 70 units 
DNase I/ml at 0°C for 80 minutes. All samples (in 10 mM NaCl, 10 mM Tris-HCl (pH
7.5), ImM EDTA) w ae run on a 10% acrylamide (20:1 aciylamide:bis-aciylamide), 7M 
urea, IxTBE gel at 60 watts for approximately 2 hours in a IxTBE running bufkr. The gel 
was fixed, dried and autoradiographed. Sl-14 are sites of prekrentiai DNase I cleavage 
with repect to Ae labelled 5'-end of the nucleosome core particle.



112

be produced from histones which have been RP-HPLC &actionated and treated with 

GdnHCl. Therefore acid and salt extracted histones 6om chicken erythrocytes were 

compared to assess the eSectiveness of the GdnHCL treatment of RP-HPLC Aactionated 

histones.

The sedimentation velocity results for nucleosomes reconstituted with RP-HPLC 

&actionated, GdnHCL treated acid extracted histones and salt extracted native 

nucleosome samples are shown in Figures 32, 33 and 34. Figure 32 shows the initial 

boundary analysis of the two samples which are similar and indicate the presence of some 

&ee DNA (see solid arrows). When these data are analyzed using the van Holde- 

Weischet method (1978), typical fan plots (shown in Figure 33) are produced that allow 

the determination of the sedimentation coefficients from the Y-axis intersection points. 

Comparison shows that both samples produce nucleosomes (N) with sedimentation 

coefficients of 11.06 ± 2S and 10.9 ± 2S for the native salt extracted (1) and acid 

extracted (2) samples respectively. The presence of some ffiee DNA is also shown (D). 

The data can also be presented to show the integral distribution of the sedimentation 

coefficients using the van Holde-Weischet method (Figure 34). The method shows the 

sedimentation coefficients (Sio.w) more clearly by the positioning of the data points over 

the X-axis and indicates the presence of nucleosomes and ffiee DNA (solid arrow). The 

SDS-PAGE of the nucleosomal histones ffiom both samples compared to a chicken 

erythrocyte total histone marker are shown as an inset for each Ggure and indicate that 

both samples contain stoichiometric amounts of histones. Consequently the 

sedimentation velocity data indicates that the extraction method has no aSect on the 

production of native-like nucleosome particles using this method.

DNase I digestion of both nucleosome samples are compared in Figure 35. These results 

also indicate that there are no significant changes in the digestion patterns thereby 

conGrming the sedimentation velocity results. Together these results indicate that the 

regardless of the extraction method used, native-like nucleosomes can be produced Gom 

RP-HPLC Gactionated histones which have been treated with guanidine hydrochloride 

prior to reconstitution.
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Figure 32: Sédimentation Velocity Boundary Analysis of Nucleosomes with
Histones from Different Extraction Methods (1) Native nucleosomes -  salt extracted; 
(2) reconsituted nucleosomes -  acid extracted, RP-HPLC purified, GdnHCl treated 
histones. Both samples produced &om chicken erythrocytes. Solid arrow points to the 
presence of naked (146 bp) DNA; open arrows shows the direction of sedimentation; M, 
maiiscus; b, bottom of cell. The sedimentation velocity analysis was carried out at 40,000 
rpm in 0.1 M NaCl, 20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA at 20°C in a Beckman XL- 
A ultracentrifuge.
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Figure 33: Sedimentation Velocity van Holde/Weischet Analysis of Nucleosomes
with Histones Imm Different Extraction Methods. (1) native nucleosomes -  salt 
extracted; (2) reconsituted nucleosomes - acid extracted, RP-HPLC puriEed, GdnHCl 
treated histones. Both samples were produced &om chicken erythrocytes. Analysis was 
carried out according to van Holde and Weischet (1978). The lines converge toward a 
common Szo,w value (S in Svedberg units), N for nucleosomes, D for 6ee DNA. Time 
units are in seconds. Analysis was carried out at 20°C and 40,000 rpm in 0.1 M NaCl,
20 mm Tris-HCl, 0.5 mM EDTA (pH 7.5) in a Beckman XL-A ultracentri&ge.
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figure 34: Sedimentation Velocity Integral Distnbutnm Analysis of Nucleosomes
with Histones from Different Extraction Methods (1) native nucleosomes -  salt 
extracted; (2) reconstituted nucleosomes - acid extracted, RP-HPLC purified, GdnHCl 
treated histones. Both samples produced &om chicken erythrocytes. The graphs 
represent the integral distribution of the sedimentation coefficient (in Svedberg units, S) 
obtained after analysis of the boundaries shown in Figure 32 using van Holde and 
Weischet method (1978). The ordinate represents the Auction of material sedimenting 
with an S2o.w given on die abscissa. Solid arrows point to presence ofnaked DNA (146 
bp). The sedimentation velocity analysis was carried out at 40,000 rpm in 0.1M NaCl, 
20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA at 20*C in a Beckman XL-A analytical 
ultracentnA%e. The insets show an SDS-PAGE of the histones from the corresponding 
nucleosomes where S is chicken erythro(^4e histone standard.
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Figure 35: DNuse I  Foo^rint Auulyab of Nucleosome* with Hiatone* from
Different Extraction Method*. Both samples are poduced horn chicken 
erythrocytes. (1) native nucleosome core particles and (2) reconstituted nucleosome core 
particles 6om RP-HPLC purified, GdnHCl treated histones. The S2-S14 indicate 
preferential DNase I cleavage sites with respect to the 5' end of die nucleosome core 
particle. All samples were 5 -end labeled with [y-32P]ATP and digested with 70 units 
DNase I/ml at 0°C 6 r  80 minutes. All samples (in 10 mM NaCl, 10 mM Tris-HCl (pH
7.5), 1 mM EDTA buGer) were run on a 10% acrylamide (20:1 aciylamide:bis- 
acrylamide), 7 M urea, Ix TBE gel at 60 watts 6)r approximately 2 hours using a IxTBE 
running buffer. The gel was fixed, dried and autoradiographed.
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3.4 Reconstitution of Chromatin Complexes with 
RP-HPLC Fractionated Histones.

While the production of native-like proteins and nucleosomes is important, it was also 

necessary to determine if RP-HPLC &actionated, GdnHCl treated histones could be used 

to produce native-like chromatin complexes. (Figure 36 shows the experimental 

outline). To reconstitute chromatin complexes, the histones were once again either acid 

extracted or salt extracted from chicken erythrocyte cell nuclei, purified using RP-HPLC, 

renatured using GdnHCl and then reconstituted onto a chromatin DNA template using 

salt gradient dialysis. The chromatin DNA template was a sequence speciGc 

oligonucleosome hber consisting of 12 tandem repeats of a 208 bp fmgment of the 5S 

rRNA gene &om the sea urchin vonegaA/f (Simpson ef a/., 1985). The

reconstituted chromatin complexes therefore produce homogenous oligonucleosome 

fibers which were analyzed using restriction enzyme digestion, PAGE and sedimentation 

velocity analysis.

To ensure that the reconstitution of the chromatin complexes was complete, the 

complexes were digested with EcoRI. Digestion with this enzyme cuts the Gbers 

between the 208 repeats producing &agments of 196 bp ofDNA (see Figure 14). If the 

reconstitution is not complete, there will be fewer than 12 histone octamers present and 

theEcoRI digestion will produce 196 bp DNA Aagments. Figure 37 shows a 4% native- 

PAGE of the oligonucleosome complexes reconstituted with the RP-HPLC purified and 

treated histones. A marker (M) shows a digest of the plasmid pBR322 which 

produces Gagments ranging Grom 131 to 395 bp and allows estimation of nucleosome and 

DNA G"agment sizes. Lane 1 shows an incomplete digest of naked 208-12 DNA which 

produces 196 bp DNA (D) and larger DNA &agments. Digestion of the reconstituted 

complexes (Lane 2) shows the position of the nucleosome monomer (IN), dimer (2N), 

and trimer (3N) G"agments, however there is no band corresponding to 196 bp indicating 

there is no naked DNA present and that the reconstitution was successful.
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Figure 36: Experimental Outline to Produce Chromatin Complexes with RP-
HPLC Purified Histones.
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Figure 37: Native 4% Acrylamide PAGE Amaiysia of 208-12 Oligonudeosome
Complexes Reconstituted with RP-BPLC Purified Histones. These complexes were 
reconstituted with RP-HPLC puriGed, GdnHCl treated histones. Lane 1 is an incomplete 
EcoRI digest ofnaked 208-12 DNA; Lane 2 - oligonucleosome fibers digested with 
ÆcoRI for 3.5 hours at SV̂ 'C; M - maiker, ( ^ I  digest of pBR322 (DNA Gagment sizes 
shown at the side of gel). D is 196 bp DNA; IN, 2N, and 3N are nucleosome monomers, 
dimers and trimers. The non-denaturing ^ 1  was run at 60 volts in IxE running bufkr 
and stained with ethidium bromide.
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Sedimentation velocity analysis of the reconstituted chromatin complexes was done 

under a variety of different ionic strengths between 0 mM to 150 mM NaCl and the 

combined results are shown in Figure 38. Under these conditions without the presence of 

histone HI, the chromatin complexes will exhibit ionic strength dependent folding. 

(Hansen ef a/., 1989, Garcia-Ramirez ef aZ., 1995) This folding event is also represented 

schematically in Figure 38 where the Gber is relatively unfolded at 0 mM NaCl but folds 

into a more compact structure as ionic strength is increased to 0.15 M NaCl. This is a 

reversible reaction so that folded complexes at higher salt concentrations can unfold as 

the ionic strength of the buffer is decreased. The sedimentation values for complexes 

reconstituted with native histones have been previously determined (Garcia Ramirez et 

a/., 1992) and are represented by the solid line. The values obtained at diSerent ionic 

strengths using the reconstituted chromatin complexes containing the RP-HPLC 

fractionated histones treated with GdnHCl are represented by the solid circles in the same 

figure. The figure clearly shows that the values obtained for the complexes with the RP- 

HPLC purified and treated histones are virtually identical to their native counterparts and 

therefore appear to retain the same inter- and intra-nucleosomal interactions.

3.5 Discussion

In order to look at structural changes and events which result &om post-translational 

modihcations to histones, it is necessary to have an efScient and effective means of 

purifying the histones, their variants and their modiGed forms. The ability to use puiiGed 

histones and reconstitute them onto nucleosome and chromatin DNA templates allows 

the opportunity to investigate nucleosome structure and chromatin folding events. 

Together these investigations allow us to speculate on m v/vo events and structures.

However these studies require the complete purification of individual histones. While 

salt extraction and acid extraction are both extremely successful in producing histones 

6om a variety of samples, the use of acid-extracted histones in structural studies is 

somewhat controversial because of suspected changes in secondary structure (Voordow
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Figure 38: Sedimentation Velocity Analyais o f208-12 Complexes at Different
Ionic (NaCl) Concentrations. The efGsct of ionic strength (NaCl concentration) on 
the average sedimentation coefGcient of a reconstituted 208-12 oligonucleosome 
complex with RP-HPLC puriGed, guanidine hydrochloride treated histones (solid dots).
The fitting line represents the same analysis for a native histone HI-depleted native 
chromatin firaction consisting of an average of 12 nucleosomes (Garcia-Ramirez, 1992). 
The increase in szo.w with the salt concentration is due to an increase in the holding of the 
chromatin complex v%hich is shown schematically in the inset. Analysis was carried out 
at 20,000 rpm at 20*C in a Beckman XL-A analytical ultracentrifuge.
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gf oA, 1977). Naturally if the conformation of these histones is somehow changed during 

acid extraction then the results of any biophysical or structural analyses using these 

histones would also be suspect.

The advent of RP-HPLC has proven very successful in puri^ing proteins and peptides 

including modiGed histones and histone variants which are often present in relatively 

small quantities and may not be capable of being puriGed by other methods. However, 

their use in structural studies has also been controversial because of possible 

conformational changes due to the buffers used in the separaGon process which can have 

a destructive effect on secondary and tertiary protein structure (Hallin & Khan, 1985). 

Indeed our comparison of native and RP-HPLC Gractionated histones show that there are 

distinct changes in secondary structure and association properGes with the RP-HPLC 

G"acGonaGon (Figures 23 and 24). The m^or damaging eSect of RP-HPLC appears to be 

due to the high concentraGons of acetonitnle used during the process as neutralization of 

the TFA with NaOH before lyophilization of the Gactions had no impact (results not 

shown).

The sedimentation results show conclusively that it is possible to successfully use RP- 

HPLC GacGonated histones for structural analysis if the samples are treated with 

guanidine hydrochlonde aAer theu GacGonation. SedimentaGon velocity analysis under 

these conditions show that nucleosome core parGcles reconsGtuted with GhinHCl treated 

RP-HPLC Gactionated histones had the same naGve-like charactenstics as naGve 

nucleosomes or those reconsGtuted with salt extracted histones (Figure 26 -  Samples D,

A and B respectively). The presence of Gee DNA in virtually all the samples analyzed 

(including the naGve nucleosome core particles -  sample A) is an intrinsic characterisGc 

of nucleosome core parGcles in solution. It represents a reversible dissociation 

equilibnum (See Figure 39) which depends on the ionic strength and temperature of the 

buAer was well as on the sample concentraGon (Ausio et a/., 1984; Yager gf aA, 1984; 

CoGon g/aA, 1981).
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Figure 39: Schematic Representation of the Reversible Dissociation Equilibrium
of Nucleosomes in Solution. N, nucleosome particle; D, DNA.
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The use of GdnHCl appears to produce native-like histones by completely denaturing the 

histones after their exposure to large concentrations of acetonitrile during &actionation, 

and this allows their complete renaturation once GdnHCl is removed. In addition, this 

method has proven successful regardless of the histone extraction method used. With 

regards to possible eSects due to the source of the histones, the results appear to indicate 

that biological source is not a factor as shown by comparison of chicken and alligator 

samples. However that is not completely conclusive as Lamprey samples did ^pear to 

show changes in nucleosome stability. While this may be an intrinsic property of the 

histones themselves it could also be a result of undiagnosed problems during the 

procedure. Unfortunately a lack of sample precluded further investigation into either 

possibility.

While the production of native-like nucleosomes was important, the production of native 

like chromatin complexes was also crucial because it allows us to speculate on in vivo 

chromatin dynamics. Analysis of ionic strength-dependent folding of the artificially 

reconstituted chromatin fibers without HI exhibited the same folding behavior as their 

histone HI-depleted native counterparts (Figure 38) indicating that the reconstituted 

chromatin complexes retained the same inter- and intra-nucleosome interactions.

The development of RP-HPLC is extremely useful for the quick fi-actionation of very 

small amounts of starting sample. Histone fractionation using conventional 

chromatographic techniques requires large amounts of starting material which was often 

a limiting factor to its usefulness. Recently however RP-HPLC has proven ef&ctive in 

fi-actionating individual multi-phosphorylated subtypes of histone HI variants (Lindner ef 

a/., 1997) and should be capable in separating other modified histones as well. The 

ability to puril^ these post-translationally modified histones, which often represent a very 

small fi^action of the total histones, opens up tremendous possibilities for future analysis 

of their possible structural and fimctional relationships of individual and combined 

modifications. Examining chromatin complexes containing specifically modified 

histones will be a powerful tool in developing a better understanding of chromatin 

structure and function.
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4.0 ROLE OF THE HISTONE TAILS IN CHROIVIATIN 
FIBER FOLDING

While the folding of the chromatin Gber has been characterized in the past (van Holde, 

1989), the mechanisms of this folding and the importance of the different histones and 

their domains in this process are still being investigated. Previous work using chromatin 

Gbers without HI at different ionic concentrations and under physiological conditions 

have shown that even without histone HI, such Gbers are capable of forming an 

intermediate state of chromatin folding (lOS) (See Figure 38 -  inset) and it is the tails of 

the core histones that are mainly responsible for this state event (Garcia-Ramirez et oA, 

1992, 1995). In this chapter the contribution of the histone H2A-H2B dimer and H3-H4 

tetramer tails to HI depleted fiber folding is investigated. The purpose was to determine 

which, if any, make a greater contribution to fiber folding.

The experimental procedure is outlined in Figure 40. Essentially salt extracted chicken 

erythrocyte native nucleosome core particles were either left untreated (N) or were 

trypsinized (T) using immobilized trypsin. Trypsinization removes both the histone N- 

and C-terminal histone tails. Purified native and trypsinized H2A-H2B dimers and H3- 

H4 tetramers were then recombined into four different octamer complexes: 

native: 2(H2A-H2B)N + [(H3-H4)N] 2 ;

hybrids: 2(H2A-H2B)N + [(H3-H4)T]z; or 2(H2A-H2B)r + [(H3-H4)x]2; and 

fully trypsinized: 2(H2A-H2B)r [(H3-H4)T]2

The different octamer complexes were then reconstituted onto 208-12 chromatin DNA 

templates using salt gradient dialysis to form homogenous, polynucleosomal complexes. 

Companson of these complexes using PAGE, solubility assays and sedimentation 

velocity analysis should provide information as to which of the histone tails most affect 

fiber folding and association.
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Figure 40: Experimental Outline to Analyze the Importance of the Histone Tails
in Chromatin Folding.
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4.1 Creation of Hybrid Octamers

An SDS-PAGE shown in Figure 41 compares the histone composition of the dif&rent 

polynucleosome complexes created to a total histone chicken erythrocyte marker 

Because trypsinization removes the histones tails, there is a decrease in the molecular 

weight of the histones. Consequently trypsinized histones have less mass and run farther 

on an SDS-PAGE. The composition of the different octamers means that each type of 

octamer will run diSerently on the gel making them easy to distinguish. Figure 41 

shows the successful formation of the diSerent complexes: the fully native (Lane 1); the 

fully trypsinized (Lane 2) and the hybrids containing either trypsinized H2A-H2B 

(Lane 3) or trypsinized H3-H4 (Lane 4). The identihcation of the different histones is 

listed at the side of the gel.

4.2 Sedimentation Velocity Analysis

The folding dynamics of the different polynucleosome Ebers generated were analyzed by 

analytical ultracentrifugation and sedimentation velocity analysis. Each of the hbers 

reconstituted with the diSermt octamers were analyzed at varying concentrations of 

monovalent ions (NaCl) to determine their salt dependent sedimentation behaviour. The 

combined results are shown in Figure 42. The fibers with intact (native) histones are 

designated by the solid circle (#) and the dashed line. The fully trypsinized octamer is 

designated by an open circle (o) and a dashed line. As expected the two complexes 

behave very differently. The fully trypsinized complexes have much lower sedimentation 

values which is expected because of their lower mass. However a folding event clearly 

still occurs but the sedimentation values indicate that it is not as great as that seen in the 

native fibers. Examination of the two hybrid Sbers indicated that the complexes 

containing the trypsinized H2A-H2B and native H3-H4 histones, (represented by *  and 

a solid line), most closely resemble the fully intact complexes. In contrast, the complexes 

with the native H2A-H2B and trypsinized H3-H4 histones, (represented by ^  ahd a 

solid line) exhibit a salt dependence with is clearly intermediate to that of the fully intact
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Figure 41 : SDS-PAGE of Native, Trypsinized and Hybrid Histones.
Lane 1: native - 2(H2A-H2B)x.[H3-H4] ; Lane 2: fully trypsinized - 2[(H2A-H2B)r].
[H2 -H4 )r]2  ; Lane 3: hybrid with trypsinized H2A-H2B - 2[(H2A-H2B)r]. [(H3 -H4 )N]2; 
Lane 4: hybrid with trypsinized H3-H4 - 2(H2A-H2B)x .[(H3 -H4 )r]2 . M, total chicken 
erythrocyte histones identiSed at the side of the gel. All samples mixed with 2x SDS 
sample buffer and boiled for 5 minutes prior to loading on a 6 % stacking, 15% separatiug 
SDS-PAGE gel. The gel was run at 100 volts in a 0.05 M Tris, 0.38 M glycine, 0.1% 
SDS running buffer and stained with Coomassie Blue.
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Figure 42: Salt-dependent Sedimentation Behavionr o f208-12 Po^ncleoaome
Fibers Reconstituted with Native, Trypsinized and Hybrid Histone Octamers.
Polynucleosome Gbers with: (#) non-trypsinized h i^nes; (o) fully trypsinized histones; 
( 9  ) hybrids with native H3-H4 histones {2(H2A-H2B)r .[(H3 -H4 )\]2 }; ( ) hybrids 
with native H2A-H2B histones {2(H2A-H2B)x .[(H3-H4) 2 }. Also shown is the salt-
dependent sedimentation behaviour of native chicken erythrocyte chromatin with a DNA 
size distribution of approximately 12-13 nucleosomes with histone HI (.... or — ) 6 0 m 
(Ausio gfa/., 1984b; Butler & Thomas, 1980 respectivel. All sedimentation runs were 
carried out at 20,000 rpm at 20°C in a Beckman XL-A analytical ultracentrifuge. 
Sedimentation values Sio.w are in Svedbergs (S).
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or fully trypsinized complexes. Together these results show that both the H2A-H2B and 

H3-H4 tails contribute to the folding of the polynucleosome 6 bers as indicated by their 

intermediate positioning. However it is clearly evident that the H3-H4 tails provide the 

largest contribution to the salt dependent folding and sedimentation behavior of the 

polynucleosome complexes since the hybrids containing the intact H3-H4 histones 

exhibit behavior which is closest to that of the hbers with fully intact histones.

4.3 Solubility Assays

Reconstituted chromatin hbers are also known to undergo folding in the presence of 

divalent ions like magnesium. This is due to the divalent cations binding to the DNA 

reducing the residual charge (Clark & Kimura, 1990). It was decided to further 

investigate the differential folding behavior of the different complexes by looking at the 

behavior of their magnesium-mediated folding association and solubility. Each of the 

complexes were incubated with different concentrations of magnesium chloride buffer. 

Under these conditions the polynucleosome hbers will undergo a folding event in the 

presence of increasing concentrations of divalent cations. This is a reversible association 

behavior and occurs because the divalent cations bind to DNA reducing its residual 

diarge. By incubating the Gbers with increasing amounts of magnesium chloride, any 

polynucleosome complexes which fold and aggregate will be precipitated and the 

quantity of soluble chromatin hbers can be determined by optical density readings at 260 

nm and comparison to the results in zero Mg^^ buffer. The results of the solubility assays 

with the different polynucleosome fibers are shown as a solubility curve in Figure 43.

The Srst curve shown (dashed line) is for native chicken erythrocyte chromatin 

containing 12-13 nucleosomes with a full complement of linker histones as previously 

determined by Ausio gf a/. (1986). This curve shows that when HI is present the 

oligonucleosome fibers wiU precipitate very quickly in less than 2 mM MgClz. The HI 

histone tails bind to the linker DNA separating ar^acent nucleosome core particles, 

thereby screening the repulsive negative charges and allowing adjacent nucleosomes to 

come together during Gber folding. The solubility curves for the different reconstituted 

complexes are also shown. The complexes with non-trypsinized histones (#) are shown



131

100

#0

00

40

Figure 43: Solubility Away o f208-12 Polynucleosome Fibers Reconstituted with
Native, Trypsinized and Hybrid Histone Octamers. Solubility as a function ofMgClz 
concentration in 10 mM Tris-HCl (pH 7.5) was determined using Azao measurements.
Polynucleosome fibers with: (•) non-trypsinized histones; (o) fully trypsinized histones; 
( G) hybrids with native H3-H4 histones {2(H2A-H2B)r .[(H3-H4)N]2}; and ( <*) 
hybrids with native H2A-H2B histones{20iÙA-H2B)N.[(H3-H4) 2 }. Also shown is 
the solubility behaviour of native chicken erythrocyte chromatin (— ) (Ausio ef oZ., 
1986). The % solubility is relative to OmMMgCli results.
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next and have a higher degree of solubility which is as expected due to the lack of linker 

histones. The complexes with fully trypsinized histones (o) lack both histone HI and 

the core histone tails and are therefore expected to remain more soluble than their native 

and hybrid counterparts. This was conSrmed as these complexes remain soluble even 

when magnesium concentrations greater than 20 mM were used. Examination of the 

hybrid complexes showed that those containing the trypsinized H2A-H2B and intact H3- 

H4 ( G ) produced a solubility which was intermediate to that of the wholly trypsinized 

(o) and the fully intact (#) histone complexes. However the hybrid with the trypsinized 

H3-H4 and intact H2A-H2B ( (* ) shows a solubility behavior identical to the complex 

containing the wholly trypsinized histones (o). Both these complexes remained soluble 

even with magnesium concentrations greater than 50 mM. These assays clearly indicate 

that the H3-H4 tails have a much greater impact than the H2A-H2B tails on folding 

events in solutions containing divalent cations. It is clear that the participation of the 

linker histones and the histones tails on these processes follow a defined hierarchy where 

histone HI » H 3  -H4>H2A-H2B. Figure 44 shows this hierarchy in a schematic 

representation of the polynucleosome complexes and their folding behavior.

4.4 Discussion

The m^or aim of this study was to determine the role played by the tails of the H2A-H2B 

dimers and H3-H4 tetramer in the process of folding and association of chromatin fibers 

without histone HI. Polynucleosome complexes reconstituted with individually purified 

trypsinized or non-trypsinized histones allowed comparison of the relative importance of 

the difierent histone tails. Since trypsinization removes both the N- and C-terminal tails 

of the histone proteins, comparison of polynucleosome chromatin complexes which difier 

only in the presence or absence of specific histone tails, provides an opportunity to 

determine the importance of the difikrent histone tails chromatin folding behavior. The 

folding behavior of the chromatin fibers were examined using salt dependent 

sedimentation behavior and magnesium mediated association.
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Figure 44: Schematic Representation of the Folding Behaviour of Different 208-12 Polynucleosome Complexes
Reconstituted with Native, Trypsinized or Hybrid Histone Octamers. (A) native histones 2(H2A-H2B).(H3-H4)2;
fully trypsinized histones {2[(H2A-H2B)t].[(H3-H4)t]2}; hybrids with native H3-H4 histones {2[(H2A-H2B)t].[(H3-H4)n]2}; 
and hybrids with native H2A-H2B histones{2[(H2A-H2B)n] .[(H3-H4)t]2}• LOS: low order structure; IQS: intermediate order 
structure (determined by Garcia-Ramirez et al, 1992); and HOS: higher order structure. The shaded domains of the histone 
octamers shown on the left-hand side of the figure correspond to those lacking the histone tails. The folding pattern of native 
chromatin (+ HI) is shown in the upper row (A) (HOS).
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Analysis of the sedimentation behaviour of the reconstituted complexes (Figure 42) 

clearly show that as salt concentration increases &om 0 to 150 mM (i.e. to physiological 

concentrations), the hybrid containing the trypsinized H3-H4 and native H2A-H2B 

octamer has a folding which is intermediate to that of the complexes which are either 

ûiUy trypsinized (folds the least) or fully intact (folds the most). In contrast the hybrids 

with the trypsinized H2A-H2B and intact H3-H4 fold to almost a similar extent as the 

complex with completely intact histones. Our results were also compared to native 

chromatin complexes with 12-13 nucleosomes and a full complement of histones 

including histone HI. These results are also shown in Figure 42 (dotted lines - Ausio ef 

ûüi, 1984; Butler & Thomas, 1980). These native 6agments have a sedimentation value 

of 50 ± 2S which is very close to the 51.5S value predicted for a 208-12 complex folded 

into a higher order conformation (Hansen er a/., 1989).

It has been shown that monovalent cations affect the folding of the fiber by primarily 

screening the residual charge ofDNA, whereas divalent cations bind to DNA thereby 

reducing its residual charge (Clark & Kimura, 1990). It is possible that the histone ‘tails’ 

bind to the nucleosomal DNA in a fashion similar to histone HI binding linker DNA.

This screening of the repulsive negative charge would allow for agacent nucleosomes to 

come together during the folding of the Gber and would also allow for the reversible 

association behaviour of these particles in the presence of magnesium (Scwartz ef ol,

1996). Examination of the magnesium induced folding (Figure 43) shows unequivocally 

that the histone H3-H4 tails make a greater contribution to the folding than their H2A- 

H2B counterparts.

Native chromatin hbers complete with HI fold to a much greater extent than Gbers 

without HI. From the results in Figures 42 and 43 it is clear that in the folding and 

association behavior of the reconstituted polynucleosome complexes and native 

chromatin with HI, the participation of the tails follow a hierarchy with H 1»H 3- 

H4>H2A-H2B. The folding behaviour of the diSerent constructs characterized is 

represented schematically in Figure 44. The low order structures (LOS) at low ionic 

strength, i.e. 10 mM NaCl, show that the fully trypsinized polynucleosomes fbers have
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the lowest sedimentation values and therefore have the most open structure. They are 

&)llowed by the H3-H4 trypsinized hybrids, trypsinized H2A-H2B hybrids, and then the 

fully intact histones. As ionic strength increases, the intermediate order structures are 

formed with the fully intact and the hybrid containing native H3-H4 having a more folded 

structure than either the hybrid containing trypsinized H3-H4 or the fully trypsinized 

hbers. If the fully intact polynucleosomes are mixed with histone HI, then higher order 

structures (HOS) would form producing higher sedimentation values as shown with the 

native chromatin samples.

The results indicated that the tails of histone H3 and H4 have a greater eSect on folding 

than those of the H2A-H2B tails. However both play an important role in the inter- 

(fblding) and intra- association in the polynucleosome hber. The results also support 

recent trypsinization studies m f/Ar, i.e. within the nucleus, which showed that the 'tails' 

of H3-H4 play a critical role in chromatin folding (Kragewski & Ausio, 1996).
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5.0 STRUCTURAL EFFECTS OF HISTONE TAIL 
ACETYLATION

Acétylation is the most studied of the histone post-translational modihcations, however 

its precise role and structural impact on chromatin remains elusive. Ghven the relevance 

of both acétylation and the histones tails in the process of chromatin folding it was 

decided to determine more precisely the structural ef&ct of acétylation on the histone 

tails. Circular dichroism allows analysis of protein structure and molecular 

conformational changes by determining secondary structure and the percentage of a- 

helices, (3-sheet and random coil structures present in a molecule. An earlier study 

indicated that histone acétylation increases the overall a-helical content of these proteins 

in a way that was not defined (Prevelige & Fasman, 1987). A more recent paper has 

shown that the tails of the core histones adopt a helical conformation in nucleosomal 

DNA (Baneres et al, 1997). However it was not shown whether the helical conformation 

pre-existed in the histone tails or was a result of their interaction with DNA. Given the 

relevance of both acétylation and the histone tails in the processes of chromatin folding 

(Garcia-Ramirez ef oZ., 1992, 1995), it was decided to use circular dichroism analysis to 

characterize the secondary structure of the histones tails and particularly the eSects of 

their acétylation. This was done by comparison of control, trypsinized, and acetylated 

nucleosomes. In addition the conformation of the N-terminal tails in the presence and 

absence of interaction with nucleosomal DNA was also examined as well as the 

individual N-terminal tails of histone H4 with varying levels of acétylation. Figure 45 

shows a summary of the experimental procedures used.

5.1 PAGE Analysis

Native, acetylated and trypsinized nucleosome core particles were prepared and analyzed 

using diSerent types of PAGE. Figure 46 shows a 4% native polyacrylamide gel of 

acetylated (nl), native (n2) and trypsinized (n3) nucleosome core particles and their
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Figure 45: Eiperimental Outline for Analysis of Histone Acétylation.
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Figure 46: Native 4% Acrylamide PAGE of Acetylated, Native and Trypaimized 
Nucleosomea. Ace^lated (nl), native (n2), and trypsinized (m3) nucleosome core 
particles and their corresponding DNA (</l, dZ, and d3 respectively). DNA marker (dM ) 
obtained by digesting pBR 322 with The non-denaturing gel was run at 60 volts in 
a IxE running buSer and stained with ethidium bromide.
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respective DNA &agments (dl, d2 and d3) as compared to a DNA marker prepared by 

digesting pBR322 with The gel shows that all three types of nucleosomes contain

equivalent sized 146 bp DNA (dl-d3) and that the nucleosomes run as expected. Since 

the native and acetylated nucleosomes are very similar in size they run to the same 

position on the gel whereas the trypsinized nucleosomes migrate 6ster due to their lower 

mass resulting hrom the loss of the histone tails.

The nucleosomal histones were also analyzed using SDS-PAGE as shown in Figure 47. 

The histone proteins &om the acetylated (hi) , native (h2), and trypsinized (h3) 

nucleosomes were compared to a chicken erythrocyte total histone marker. This gel 

again illustrates that because the trypsinized histones have less mass they run faster on 

the gel. All the samples appear to have equimolar quantities of core histones although the 

H3-H4 histones in the acetylated (hi) sample appear slightly hizzy when compared to 

their native counterparts (h2). This fuzzy appearance in this type of gel is a result of the 

increased acétylation levels of these histones (Georgieva & Sendra, 1999).

Since the individual acetylated forms of the core histones do not show up well on SDS- 

PAGE, the same samples: acetylated (hi); native (h2); and trypsinized(h3); were also run 

on an AU-PAGE which is shown in Figure 48. The samples were compared to the 

chicken erythrocyte total histone marker (hM) and the histones are identihed at the side 

of the gel. The AU-PAGE clearly shows that the histones in acetylated nucleosome 

faction (hi) contain many bands which represent the diGerently acetylated histones. The 

numbers 0 through 4 represent the diSerent acetylated histone H4 forms with the 

numbers indicating the number of acetylated lysines present. These results, together with 

the other types of PAGE analysis, indicate that the histones and nucleosomes being 

examined appear normal and clearly show that the histones in the acetylated 

nucleosomes, particularly histone H4, have a high level of acétylation.
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Figure 47: SDS-PAGE of Acetylated, Native and Trypsinized Nucleosomes.
Acetylated (hi), native (h2), and trypsinized (h3) histones; hM, chicken erythrocyte 
histone marker with histone identities are located at the side of the gel. All samples 
mixed with 2x SDS sample bufkr and boiled for 5 minutes prior to loading on a 6% 
stacking, 15% separating SDS-PAGE. The gel was run at 100 volts in a 0.05 M Tris- 
base, 0.38 M glycine, 0.1% SDS running bufkr. Gels were stained with Coomassie Blue.
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Figure 48: AU-PAGE of Acetylated, Native and Trypsinized Nucleosomes.
Acetylated (hi), native (h2), and trypsinized (h3) histones; hM, chicken erythrocyte total 
histone madcer with histone identities locatai at the side of the gel. The numbers in lane 
hi represent the number of ace^lated histones for histone H4. All samples were mixed 
with 2 X AU-sample buffer and loaded onto the 2.5 M urea, 5% acetic acid, 15% 
acrylamide gel. The gel was run at 80 volts in a 5% acetic acid rurming bufkr. Gels 
were stained with Commassie Blue.
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5.2 CD Analysis of the Native Nucleosomes

Figure 49 shows the circular dichroism spectra between 200 to 310 nm of both the 

trypsinized (thick dashed line) and native (thick solid line) nucleosomes and the 146 bp 

nucleosomal DNA (thin solid line). The thin dashed line is the trypsinized nucleosome 

spectra which has been normalized for the loss of mass resulting &om the loss of the 

histone tails after trypsin treatment. The near UV region, (i.e. 250-310 nm), is enlarged 

and shown as an insert in Figure 49. From this spectra is can be seen that the histone 

octamer has the strongest contribution in the far UV region (190-250 nm) whereas the 

DNA has the greatest contribution in the near UV region (250-310 nm). The results for 

the native (N) and trypsinized (T) nucleosomes in the near UV region produce spectra 

which are identical to those reported in an earlier paper (Ausio ef a/., 1989). There is an 

ellipticity increase of approximately 17% at the maxima 282.5 nm for the trypsinized (T) 

nucleosomes compared to the native nucleosomes (N) (see inset). We can also see that 

the DNA (D) exerts its major influence in this region of the spectra.

Examination of the far UV region in Figure 49 (190-250 nm) shows that in this area it is 

the histone octamer which provides the strongest contribution. If the DNA spectra is 

subtracted from the nucleosomal spectra it is possible to obtain a protein spectrum for just 

the nucleosomal octamers and this is shown in Figure 50. Figure 50 compares the spectra 

for the native (thin line) and trypsinized (dashed line) nucleosome core particles to a 

spectrum obtmned for histone octamers only (thick line) in 2 M NaCl conditions in which 

the octamer exists as a stable entity (Arents ef a/., 1991; Eickbush ef a/., 1978). These 

spectra show the typical double minima (at 208 and 2 2 2  nm) of a a-helical protein and 

are obviously remarkably similar. It is possible to estimate the amount (i.e. percentage) 

of a-helices present using the ellipticity values [8 ] at either 2 2 0  nm or at 2 2 2  nm and the 

following equations:

Equation 1: a  = 8.9 -  2.4 x [8 )2 2 0  x 10'̂

or

Equation 2: a  = -3.1 (1 + [8)2 2 2  x 10'^)
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Figure 49: Circular DIchrubm Analygh of Native and Tryp*l"k*d Nucleoeome Core Partdee Native nucleosomes
(thick Hne), trypsinized nucleosomes (thick dashed Hne), and nucleosomal DNA (thin Hne) in 25 mM NaO, 5 mM Tris-HCl (pH 7.5). 
Trypsinized rmcleosomes (thin dashed line) after normalization &)r the loss o f mass due to trypshnzatiorL The inset represents an 
enlarged view of the near UV r^ o n  portion of the same spectra. For clarity, the normalized spectrum of the trypmnized nucleosonKs 
isnotshownintheinseL D,DNA;N,Nativcnudeosomec(»epartides;T,trypminzedm*deosomecoreparticla. AUdatawere 
recœded at 20*C mi a Jasco J-720 qiectrtqiolarhnder.
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Figure 50: CD Analysü of Nadve Histone Octamer and Native and Trypsinized
Nucleosome Histones. Ail samples were in 2 M NaCl, 0.1 mM DTT, 10 mM Tris-HCl 
(pH 8.0). Histone octamer (thicÛine); native (thin line) or trypsinized (thin dashed line) 
nucleosome core particles. The spectra for the nucleosomal octamers were obtained by 
subtraction of the nucleosomal DNA spectrum shown in Figure 49. The trypsinized 
nucleosome spectrum was corrected for the loss of protein mass due to trypsinization. 
All spectra were recorded at 20°C on a Jasco J720 spectropolarimeter.
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For equation 1 the result for the histone octamer only was 46.6% while the native 

nucleosomal octamer was 43.7%. For equation 2 the histone octamer only was 52.5% 

whereas the native nucleosomal octamer was 48.7%. Crystallographic structures had 

determined that the a-helical content of the histone octamer to be 49.4% (Luger ef a/,,

1997). Therefore the results for equation 2 compare very well with the crystallographic 

value. This indicates that it is possible to use the far UV region of the nucleosomal 

spectrum to eSectively determine the spectrum of the histone octamer and that the results 

obtained were reliable.

5.3 CD Analysis of Trypsinized Nucleosomes

The native (thick line) and trypsinized (thick dashed line) nucleosome core particle 

spectra is also shown in Figure 49. The initial spectra look remarkably similar, 

particularly in the far UV region, while the near UV region (Figure 49 inset) does show 

some difference. However the spectrum for the trypsinized nucleosomes should be 

normalized to take into account the histone loss of mass resulting ffom trypsinization.

The normalized spectra for the trypsinized nucleosomes are shown in Figures 49 and 50 

as the thin dashed line. These spectra show an obvious downward shift in the spectrum 

and thus a corresponding increase in the negative ellipticity values. Using the ellipticity 

values at 222 nm the total a-helical content is calculated to be 64.4%, an increase of 

11.6% over that calculated &r the intact native nucleosome which was 52.8%. This 

corresponds wdl to the value of 62% which was previously estimated ffom the 

nucleosome crystallographic data (Luger ef a/., 1997). Considering the relative 

molecular masses of the two types of nucleosomes (native nucleosomes have 20% more 

mass than their trypsinized counterparts) it is possible to estimate the a-helical content of 

the tail domains to be approximately 17%.

It has been hypothesized that the a-helical conformation of the histone tails may be a 

result of their interactions with nucleosomal DNA (Banares ef a/., 1997). To determine if 

this was so, native nucleosomes were analyzed in solutions with ionic strengths ranging 

ffom 25 to 600 mM NaCl. Nucleosomes retain their integrity within this range of salt



146

concentration (Ausiio ef oA, 1984) and as ionic strength increases it has been shown that 

the histone tails dissociate completely 6om any interactions with DNA (Walker et a/., 

1984). Analysis of the far UV spectrum showed no signihcant changes in the spectrum 

or molar ellipticities at 222 nm indicating that the a-helical conformation seen in the 

nucleosomal histones tails does not appear to be a result of their interaction with 

nucleosomal DNA [results not shown].

5.4 CD Analysis of Acetylated Nucleosomes

It is possible that the ionic environment and electrostatic interactions between the histone 

tails and nucleosomal DNA may have an important impact on the histone tail structure.

If charge neutralization of the histone tails results from DNA interaction and is 

responsible for a-helical conformation (Banares et a l, 1997) then acétylation of lysine 

residues, which decreases the positive charge, should favour this conformation. To 

examine this possibility hyperacetylated nucleosome core particles were prepared &om 

butyrate treated CEL cell cultures and compared to their native counterparts using CD 

analysis.

Figure 51 shows the CD spectra produced for the acetylated (dashed line) and native 

(thick solid line) nucleosomes and the naked nucleosomal DNA (thin solid Une). The 

inset of Figure 51 is an enlargement of the near UV region (250 - 310 nm). The main 

influence of the DNA is in the near UV region and there is a very slight increase in the 

ellipticity of the acetylated nucleosomes (A) at 282.5 nm which corresponds to that 

previously reported (Ausio efaA, 1986). For the far UV region, the nucleosomal 

spectrum of the acetylated nucleosomes (dashed line) has a small downwards shift and a 

subsequent increase the negative ellipticity. As before the DNA spectrum was subtracted 

and the far UV regions were replotted and are shown in Figure 52. This spectra shows a 

small but reproducible increase in the negative ellipticity between the two nucleosome 

samples of approximately 2-3% . This clearly indicates that the a-helical content of the 

histone tails increases with acétylation of the lysine amino acids.
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Figure 51: CD Analysis of Native and Acetylated Nucleosomes. Native nucleosomes (thick line); acetylated nucleosomes
(thick dashed line); and nucleosome DNA (thin line) in 25 mM NaCl, 5 mM Ths-HCl (pH 7.5). The inset represents an enlarged view
of the near UV region portion of the same spectra. A, acetylated nucleosome core particles; D, DNA; N, native nucleosome core 
particles. All data were recorded at 20°C on a Jasco J-720 spectropolarimeter.
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Figure 52: CD Analysis of Native and Acetylated Nucleosomal Histones.
Native (thick line) and acetylated (thick dashed line) nucleosome core particle histone 
octamers. The spectra for the nucleosomal octamers were obtained by subtraction of the 
nucleosomal DNA spectrum shown in Figure 51. All spectra were recorded at 20°C on a 
Jasco J-720 spectropolarimeter.
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5.5 CD Analysis of Acetylated N-Terminal Histone 
H4Tails

CD analysis of the nucleosomes has shown that the histone tails contain a-helices 

regardless of the presence of nucleosomal DNA and that the a-helical content increases 

in acetylated nucleosomes. It was decided to use CD to investigate the aSect of 

acétylation on the histone tails directly by examining the histone H4 N-terminal tail with 

varying levels of acétylation. The experimental procedure is outlined in Figure 45.

Histone H4 was purified from both control and hyperacetylated nucleosome samples 

using HTP column chromatography and RP-HPLC. Purified histone H4 was digested 

with Asp-N to remove the N-terminal tail (see Figure 13) and RP-HPLC was used to 

puii^ N-terminal tails with difierent levels of acétylation which were then analyzed 

using circular dichroism and PAGE analysis.

Figure 53 shows an AU-PAGE of the peptides produced by Asp-N digestion of histone 

H4. Digestions were initially done under two different conditions as recommended. 

However it was decided to do digestions at pH 8.0 (100 mM ammonium bicarbonate - 

lane 2) rather than at pH 6.0 (50 mM Tris-HCl - lane 1) because the later conditions 

produced an internal peptide which co-eluted with the tetra-acetylated N-terminal tail 

(Figure 53 - solid arrow). Figure 53 shows the difierent levels of acétylation on the H4 

N-terminal tails very clearly and indicates that Asp-N digestion was successful. The RP- 

HPLC elution profile for the peptides produced firom Asp-N digestion of histone H4 are 

shown in Figure 54. The numbered bars under the peaks within the elution profile 

indicate the fractions run on an AU-PAGE shown in Figure 55. The AU-PAGE shows 

that these peaks (Figure 54) also represent the difierent acetylated histone H4 tails in that 

the peak numbers (0-4) also correspond to the acétylation levels i.e. non-, mono-, di-, tri-, 

and tetra-acetylated H4 N-terminal tails (lanes 0-4 respectively in Figure 55). The other 

lanes on the gel correspond to histone H4 before (fB) and after digestion (fC) with Asp- 

N. Consequently this gel indicates that the purification procedure was successful.
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Figure 53: AU-PAGE Analysia of AspN Digested Histone H4. RP-HPLC piniGed
H4 6om ace^lated chromatin obtained from CEL cell nuclei were digested with Asp-N 
endoproteinase in 50 mM Tris-HCl (pH 6.0) (lane 1] or 100 mM ammonium bicarbonate 
(pH 8.0) [lane 2]. The arrow points to an internal peptide that elutes in the same position 
as the RP-HPLC puriGed tetracetylaled N-termioal peptide (amino acids 1-23). The 
numbers 0 to 4 ac re&r to the diSerait acétylation levels of the N-terminal H4 tails. All 
samples were mixed with 2 x AU sample buGer and loaded onto the 2.5 M urea, 5% 
acetic acid, 15% acrylamide gel. The gel was run at 80 volts in a 5% acetic acid running 
buGer. The gel was stained with Coomassie Blue.
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Figure 54: RP-HPLC Eludon ProGle of AapN Digested Histone H4.
Histone H4 was digested with Asp-N at pH 8.0. The % of acetonitrile is shown on the 
right hand axis, with the gradient shown as the dotted line. The numbered bars represent 
the Suctions collected wWch contain the H4 tails with différent levels of acétylation (0- 
4). A RP-HPLC 0.46 x 25 cm Vydac C l8 column was used and histones were eluted with 
an acetonitrile gradient in 0.1% TFA at flow rate of 1 ml/minute. Absorbance was 
measured at 230 nm.



152

fB 0 1 2 3 4 fc

4 ac

3ac 

2 ac
1 ac
0 ac

Figure 55: AU-PAGE Analysis of RP-HPLC Purified Asp-N Digested Histone H4
N-Tenninal Tails. The lanes 0-4 correspond to the fiactions collected in Figure 54. 
The histone H4 N-terminal tails with difierent levels of acétylation are indicated by the 
number 0-4 ac labeled on the side of the gel. Undigested acetylated histone H4 (fB); 
acetylate histone H4 digested with Asp-N at pH 8.0. All samples were mixed with 2 x 
AU sample bufier and loaded onto the 2.5 M urea, 5% acetic acid, 15% acrylamide gel. 
The gel was run at 80 volts in a 5% acetic acid running bufier. The gel was stained with 
Coomassie Blue.
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CD analysis of the diSerent purihed H4 N-terminal tails, i.e. non-, mono-, di-, tri- and 

tetra-acetylated forms was initially done in an aqueous solution of 25 mMNaCl, 5mM 

Tris-HCl (pH 7.5). Figure 56 shows the CD spectra of the non-acetylated (solid line) 

and tetra-acetylated (dashed line) H4 N-terminal tail peptides. The spectra produced are 

typical of a random coil con&rmation and show a single peak at approximately 195 nm 

(GreenGeld, 1969). It is obvious that acétylation does cause an increase in the negative 

ellipticity as evidenced by the downward shift of the acetylated spectra. The variation of 

ellipticity at 195 nm for all the differently acetylated H4 tails was plotted in Figure 57 

with ellipticity as a function of the number of acétylation groups. This produces an 

inverse linear relationship with ellipticity decreasing as the number of acetyl groups 

increases. This probably occurs as a result of some protein compaction and the charge 

neutralization effects of acétylation.

It was decided to repeat the CD analysis using 90% triSuoroethanol. This solvent 

stabilizes existing a-helical secondary structure, but does not induce helix formation in 

sequences which do not already contain them (Lehrman e/ a/., 1990; Segawa ef a/.,

1991). TFE enhances the structure of small protein &agments in solution, therefore 

peptides which have a-helices will retain their a-helical structure in TFE whereas in an 

aqueous solution, they would appear as strictly random coil conformations.

Figure 58 shows the CD spectra ofboth the non- (dashed line) and tetra-acetylated (solid 

line) H4 tails in 90% TFE. Instead of the spectra produced in Figure 56, the same sample 

produces a spectra indicative of an a-helical conformation with absorption minima at 

approximately 208 and 222 nm. The tetra-acetylated sample is shiAed downwards and to 

the right. Using the ellipticity values the percentage of a-helices was calculated. In the 

non-acetylated tail the value was approximately 17% which increased to 24% in the tetra- 

acetylated tail. The results Aom the different forms of acetylated H4 N-terminal tails 

were plotted in Figure 59 with the % of a-helices versus the number of acetyl groups on 

the H4 tail. This produces a relationship which increases exponentially with the level of 

acétylation. The data show that increasing levels of acétylation lead to an increase in a- 

helical content within the H4 N-terminal tail.
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Figure 56: CD Analysis of Non- (solid line) and Tetra-Acetylated (dashed line)
Histone H4 N-tenninal peptides. Histone H4 N-tenninal peptide is amino acids 1-23. 
Both samples were in 25mM NaCl, 5 mM Tris-HCl (pH 7.5) and the spectra were 
recorded at 20°C on a Jasco J-720 spectropolarimeter.
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Figure 57: Plot of Ellipticity at 195 nm versus the Level of Acétylation of the
Histone H4 N-Terminal Tails. Ellipticity values were determined using CD spectra 
in 25 mMNaCl, 5 mM Tris-HCL (pH 7.5) as per Figure 56
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Figure 58: CD Analysis of Native (dashed line) and Tetra-acelylated (solid line)
Histone H4 N-termlnal Peptides. The N-terminal peptide was amino acids 1-23 in 
90% TFE Spectra were recorded at 20°C on a Jasco J-720 Spectropolarimeter.
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Figure 59: Plot of % a-Hellcal Content versus the Number of Acetylated Lysine
Residues for Histone H4 N-Termlnal Peptides. The amount of a-helix was 
determined by calculating the a-helical content &om CD spectra (as represented by 
Figure 58).
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5.6 Discussion

The importance of the histone tails in chromatin folding, particularly histones H3 and H4, 

means that it is important to examine and understand the structural impact of the post- 

translational modiûcadon which are known to occur in the N- and C-terminal histone 

tails. The ability to use KP-HPLC to ûactionate some of these modiSed histones means 

that such investigations are now becoming possible. The most prévalait histone 

modiûcation seen is histone acétylation which can occur on all the histone N-terminal 

tails. Interest in this modiGcation has grown due to the discovery that HATs and HDACs 

are integral parts of transcriptional and silencing complexes reflectively. Understanding 

the structural impact of tWs modiGcation therefore has taken on an added signiGcance.

Previous studies to examine the structural eGects of acétylation have shown there are few 

differences at physiological pH. Studies have indicated that there is a-helical content 

within the histone tails in nucleosomes and that acétylation increases the overall a-helical 

content in an undeGned way (Prevelige & Fasman, 1987; Banares ef oz., 1997) Our 

studies have focused on histone confbrmaGon with and without acetylaGon using circular 

dichroism. CD is an excellent method of examining confbrmaGonal changes in 

macromolecules and can be used to determine the quanGty of a-helices present.

Therefore CD was used to determine if acetylaGon aGects the helical properGes of the 

histone tails both alone and within the nucleosome and whether a-helical content was a 

direct result ofinteracGon between the histone tails and nucleosomal DNA.

IniGal analysis of naGve nucleosomes and the histone octamer (Figures 49 and 50) 

illustrated that it was possible to use CD analysis of the nucleosome to obtain reliable 

data about the histone octamer. Indeed the a-helical content of the octamer as 

determined Gom the nucleosomal data was found to be 48.7% (equaGon 2) which 

corresponded very well to the value of 49.4% determined Gom the crystal structure 

(Luger gf a/., 1997; Arents et oZ., 1991). The crystal structures have shown that the 

structure of the histones is almost exclusively a-helices or random coil. Both of the 

equaGons used to calculate percentage of a-helices Gom our data are based on models
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containing a-helices and random coil only. Equation 2 proved to be better probably 

because it is derived &om analysis of many globular proteins containing a-hdices of 

approximately 10-20 residues which corresponds to the size of helices A)und in the 

histones, for instance within the histone fold.

Analysis of trypsinized nucleosomes (Figures 49 and 50) indicated that the histone tails 

contain about 17% a-helices. The results with acetylated nucleosome core particles and 

acetylated octamers (Figures 51 and 52) show conclusivdy that histone acétylation 

increases the a-helical content. Experiments using model peptides have shown that 

acétylation and the subsequent removal of the positive charges at lysine residues 

stabilizes helical structure and our results support these observations (Xu et a/., 1995).

The 6c t that histone acétylation increases the a-helical content and that this occurs both 

in solution and when bound to DNA suggests that such an increase is not dependent on 

the interaction of the aSected regions with DNA If histone-DNA interactions were 

involved in the a-helical conformation then changes in the spectra should have been 

apparent when the nucleosomes were examined in buSers with increased NaCl 

concentrations which result in the salt-dependent dissociation of the histones, however no 

changes were apparent.

Examination of the puriGed histone H4 tails in both aqueous and TFE solutions have 

shown that the TFE stabilizes a-helical conformation. Importantly the percentage of a- 

helices increases exponentially with increasing levels of acétylation. DiGerent secondary 

structure prediction methods were used to determine the domains predicted to have a- 

helical content within the histone H4 N-terminal tail (Figure 60). With all the models 

used the most consistent area predicted to contain a-helices in the N-terminal histone H4 

tail is between residues 15 and 21. This area contains lysine 16, which is the only lysine 

residue to be acetylated in this region, therefore it is the most likely residue responsible 

for the increase in a-helical content. Acétylation of lysine 16 has already been diown to 

be important in a variety of organisms. In addition, as previously mentioned in the
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Figure 60: Amino Acid Sequence of Histone H4 N-terminal Tail and Predicted a -
Helical Structure. The asterix (*) and numbers represent the lysine residues which can 
be acetylated. The predicted a-helical domains (grey boxes) for this sequence were 
determined using dif&rent prediction methods are listed: I, Chou & Fasman (1978); n . 
Double Prediction Method (Deleage & Roux, 1987); m, Gilbrat method (Gilbrat ef oA, 
1987); IV, a-amphipathic regions (Eisenberg ef a/., 1984); V, consensus region for a- 
helices; the black area indicates the highest region of consensus.
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introduction, acétylation of lysine 16 is crucial for dosage compulsation and the 

increased transcriptional activation of the male X-chromosome in Indeed the

ac^^transfe^ase MOF, which acetylates lysine 16 in histone H4, is a component of the 

dosage compensation complex. There&re the importance of lysine 16 acétylation in 

these processes may be coupled with the increased a-helical content. It is also possible 

of course that acétylation aSects will be greater in other histone tails. For instance both 

histones H3 and H2B have predicted a-helical regions which are larger than that 

predicted for histone H4 (residues 15-21). Histone H3 has a predicted a  helical region 

between residues 16-26 while H2B has one between 15-24 (using Fasnan eT a t  1976) 

and both these areas contain two lysines which can be acetylated: K18 and K23 in histone 

H3; and K15 and K20 in histone H2B.

The results provide the fhst experimental evidence that acetylaticm increased the a- 

helical content of the histone tails. It appears therefore that the structural ef&cts of 

acétylation changes do not result in the huge changes in conformation that had previoudy 

been proposed or predicted, but rather are far more discrete.

It is possible that acétylation exerts its eSects by operating in conjunction with other 

modihcations or by modulating interactions with other proteins. If  the 23 amino acids in 

the N-terminal tail are organized into a helical wheel, which is represented in Figure 61, 

then the proximity of serine 1 to the four lysine residues (K5, K8, K12, K16) which can 

be acetylated (indicated by *) can be seen. Serine 1 can be phosphorylated and this 

phosphorylation would neutralize the two positively charged arginine (R3 & R19) 

residues if they were part of a helix. Therefore if serine 1 is phosphorylated then together 

with acétylation of some if not all of the lysines, there may be a much greater impact on 

structure and a much greater increase in a-helical content than seen with acétylation 

alone. There is evidence that both modi6cations can occur simultaneously during 

spermiogenesis in trout and the resulting replacement of the histones by protamines, it 

has been shown that histone H4 is acetylated and serine 1 is phosphorylated (Sung & 

Dixon, 1970).
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Figure 61: Helical Wheel Representation of Histone H4 N-temminal TaiL
The highlighted residues (grey and black) correspond the the consensus region residues 
shown in Figure 60 method V. Asterix (*) show lysines (K) residues which can be 
acetylated.



161

With regards to acétylation, the increase in a-helical content may play a role in aSecting 

or modulating interactions with other complexes like chromatin remodeling complexes. 

Recently it has been shown that a small amphipathic a-helical region of approximately 

10 amino acids is sufGcient for transcriptional acüvation of StatS (Wang er a/., 2000a). 

This is a transcription &ctor involved in agnal transduction and activation of 

transcription. Therefore since acétylation induces a-helical conformation it may be that 

interactions with histone a-helical regions may have important structural and functional 

implications.

It appears therefore that structural changes induced by acétylation are far more subtle 

than previously anticipated. However this does not preclude combinations of 

modif cations working together to produce larger effects, nor does it prevent histone 

acétylation 6om having an important structural and hinctional impact on chromatin 

dynamics.
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6.0 STRUCTURAL ANALYSIS OF NUCLEOSOMES 
AND POLYNUCLEOSOME FIBERS 
CONTAINING uH2A

The structural impact of histone post-translational modiScations and their eSect on 

nucleosome structure and diromatin folding remains a crucial area of investigation in 

chromatin research. It is known that the histone tails are important components in 

chromatin Mding, there&re it is a reasonable assumption that their many post- 

translational modiGcations will also play a key role in chromatin dynamics. This chapter 

looks at the eSects of one of the least studied modifications, specifically ubiquitination of 

histone H2A. Ubiquitin is a small globular, highly conserved protein which is 

conjugated m vrvo to histones HI, H3, H2A and H2B (Goldknopf ef aA, 1977; Chen et 

a/., 1980; Pham & Sauer, 2000). The most commonly ubiquitinated histones are H2A 

and H2B. In uH2A, ubiquitin reversibly attaches to one speciGc lysine in the C-terminal 

tail, namely lysine 119. Crystal structures have shown that the C-terminal tail of histone 

H2A extends Gom the nucleosome and its accessibility means it is available for post- 

translational modiGcation and possible interactions with other proteins or nucleosomes 

(Luger ef u/., 1997; Luger & Richmond, 1998b). The funcGon of histone ubiquitin is as 

yet unknown but it does not appear to tag histones for degradaGon (Seale, 1981; Wu et 

a/., 1981). uH2A has been correlated with transcnptionally acGve chromatin although 

this has not been a universal observaGon. Regardless, coupled with the fact that some 

cell cycle observaGons indicate that uH2A decreases to non-detectable levels during the 

metaphase (when chromatin is highly condensed), has led to speculation that histone 

ubiquiGnaGon may aSect chromaGn folding and prevent more compact structures Gom 

forming (Ericsson et a/., 1986; Davie & Murphy, 1990). With this premise in mind, the 

impact of uH2A on both nucleosome structure and chromatin folding was examined (see 

Figure 62 for outline).
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Figure 62: Experimental Outline to Analyze Nucleosomes and Chromatin Fibers
Reconstituted with uH2A.
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6.1 Reconstitution of uH2A and Control Octamers

The puriEcation of uH2A proved to be rather arduous and time consuming. Initial 

attempts to obtain su&cient quantities of uH2A 6om chicken erythrocytes or HeLa cell 

cultures and RP-HPLC proved to be too costly and time-consuming to continue.

Therefore large quantities of acid extracted calf thymus histones were used and uH2A 

was puriGed with extensive liquid column chromatography and a variety of different 

columns. The successful puiiGcation of uH2A Grom each column was monitored by 

checking the eluted GacGons using western blots with anG-ubiquitin anGbodies.

Once puriGed, uH2A (or control H2A) was mixed with equimolar quanGties of calf 

thymus histones H2B, H3, and H4 to form histone octamers. The octamers were then 

reconstituted onto nucleosomal or chromatin DNA templates (146 bp or 208-12 bp). The 

diGerent constructs containing uH2A were then compared to those with control H2A 

using analytical ultracentrifugation and sedimentaGon velocity analysis in both 

monovalent (NaCl) and divalent (Mg^^ ion soluGons, as well as PAGE analysis and 

solubility assays (See Figure 62).

6.2 Structural Analysis of Nucleosomes 
Containing uH2A

Nucleosome parGcles containing either control H2A or uH2A were produced using two 

difkrent DNA templates, the Grst was 146 bp, the second 208-12 bp which was digested 

down to 146 bp with Mnase. Nucleosome parGcles were analyzed using PAGE, 

sedimentaGon velocity analysis, and DNase I fbotprinting.

6.2. f PAGE Ana/ys/s
Figure 63 shows an SDS-PAGE of the histone proteins used for the reconsGtuGons. Both 

control (lane 2) and uH2A (lane 4) histones are shown. These were compared to the total 

acid extracted histones Gom calf thymus nuclei (lanes 1 & 3) which are identiGed at the 

side of the gel. Both the H2A and uH2A samples contain equimolar quanGGes of
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Figure 63: SDS-PAGE of Histone Octamers Containing Either Control H2 A or
Purified uH2 A. Lanes 1 & 3 show a total histone marker 6om acid extracted calf 
thymus histones, the identities of the different histones are listed at the side. Control 
octamers are shown in Lane 2; uH2A octamers in lane 4. All samples were mixed with 
2x SDS-sample bufkr and boiled &r 5 minutes prior to loading. The SDS-PAGE was 
run at 100 volts in a 0.05 M Tris, 0.38 M glycine, 0.1% SDS running buffer. Bands were 
visualized by Coomassie Blue staining.
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histones and lane 4 clearly shows that uH2A purihcation was successful. The uH2A runs 

^proximately half-way between histone HI and H3 and western blotting with anti- 

ubiquitin antibodies was used to conhrm its identity.

Figure 64 shows a 4% native acrylamide gel of the two dif&rent reconstituted 

nucleosome core particles (H2A, uH2A) compared to native nucleosomes &om chickm 

erythrocytes (Ck) . From the gel it is apparent that the nucleosomes are stable and 

comparison to the marker (M) indicates that there is no free DNA (146 bp) present. All 

the nucleosomes appear to run normally indicating that uH2A was able to incorporate 

into the nucleosomes. The uH2A nucleosomes migrate more slowly in the gel which is 

as expected because of the added mass of the ubiquitin.

6.2.2 O^ase / 0/gesf/on
The dif&rent reconstituted nucleosomes (H2A and uH2A) were digested with DNase I to

see if the presence of the ubiquitin moiety affected DNase I digestion pattern by blocking 

or preventing complete access to some of the preferred cleavage sites (S1-S14). The 

DNase I footprint is shown in Figure 65 with the preferred cleavage sites (S2-S14) 

numbered at the side. The native chicken nucleosomes (Ck) and the H2A and uH2A 

reconstituted nucleosomes all exhibit the same digestion patterns. There are no 

diOerences apparent with the uH2A sample which indicates that the presence of ubiquitin 

on H2A does not impede or change the ability ofDNase I to access the nucleosome 

during digestion. These results concur with previous studies (Kleinschmidt & Martinson 

1981; Davies & Lindsey, 1994) although we were not aware of any differences in the rate 

ofDNase I digestion between the control and uH2A samples.

6.2.3 Se(///ne/?faf/on Ve/oc/fy Xlna/ys/s
Nucleosomes with or without uH2A were analyzed using sedimentation velocity analysis 

at various salt concentrations in lOmM Tris-HCl (pH 7.5), 0.1 mM EDTA buffer. The 

combined results are shown in Figure 66. The sedimentation coefGcients obtained are 

indicated by the points shown (#) for the control and (o) for uH2A nucleosomes. As the 

Ggure indicates the points for both types of nucleosomes correlate extremely well. The 

solid line represents the best fit line for these points while the dashed line corresponds to
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Figure 64: 4% Nudve Acrylamide Gel of NncleoaomeaiComtaimngHlA or uH2A.
RjBconstituted nucleosomes with H2A and uH2A were compared to native nucleosome 
cwe particles from diicken erythrocytes (Ck). M is digested pBR322 DNA, the 
sizes of the DNA fragments produced are shown at the side. All samples were mixed 
with 2xNative sample buSer just prior to loading. The 4% non-denaturing acrylamide 
gel was run at 60 volts in a IxE running buSer. DNA was visualized using ethidium 
bromide staining.
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Figure 65: DNase I Footprint of Nucleosomes Containing H2A or uH2A.
Nucleosomes containing uH2A, H2A or native nucleosomes 6om chicken erythrocytes 
(Ck) were 5' end labeled with [y-32P]-ATP and digested with 70 units ofDNase I/ml at 
0°C. Samples were mixed with DNase I sample buSer and heated at 90-100°C for 10 
minutes prior to loading. The 10% acrylamide (20:1 acrylamide:bisacrylamide), 7 M 
urea, IxTBE denaturing gel was run at 60 watts in IxTBE running bu8er. The gel was 
Exed 6)r 60 minutes, dried on Glter p ^ r  and autoradiographed. S1-S14 refer to 
preferred DNase I cleavage sites.
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Figure 66: Sedimentation Velocity Analysis of Nucleosomes +/- uH2A in
Diflerent NaCl Buffers. The sedimentation coefBcients (S2o.w) were determined for 
nucleosomes containing control H2A (#) or uH2A (o) at diSerent salt concentrations. 
The solid line represents a best 6t line for the nucleosome samples. The dashed line 
represents native nucleosomes 6om chicken erythrocytes. All samples were dialyzed 
versus buGers containing NaCl in 10 mM Tris-HCl (pH 7.5), 0.1 niM EDTA. All 
velodty runs were done at 20°C and 40,000 rpm in a Beckman XL-A ultracentrifuge.



170

native chicken erythrocyte nucleosome core particles. The results show very well that 

the two types of molecules were virtually the same and that the incorporation of uH2A 

had no signiBcant eSect on nucleosome structure.

Next we wanted to see if reconstitution with uH2A was af&cted by the size of the DNA 

6agment used in the reconstitution. Even though nucleosome assembly was not 

prevented with 146 bp it may be that the ubiquitin would block assembly on a longer 

piece ofDNA or make assembly more diGGcult in some way. Therefore the octamers 

were reconstituted with the 208-12 bp DNA template and digested with Mnase to 

produce nucleosome core particles. Figure 67a shows the Mnase digestion of the 208-12 

fibers. Fibers digested 30 minutes were then purified using a sucrose gradient and Figure 

67b shows the fi-actions collected from that gradient. Fraction 7 was used for the 

sedimentation velocity analysis. As before the sedimentation coefiScients were 

determined at different concentrations of NaCl in Tris-EDTA buffer and are shown in 

Figure 68. The solid triangles (A) represent the nucleosomes produced by digestion with 

Mnase while the open circles (o) once again represent the uH2A nucleosomes 

reconstituted with 146 bp DNA as previously shown in Figure 66. Comparison shows 

that the nucleosome core particles produced fi"om 208-12 were virtually identical to their 

146 bp counterparts. Therefore reconstitution of uH2A into nucleosomes produces 

consistent results and indicate that the incorporation of uH2A was not impeded and 

nucleosome structure or digestion profiles were unaffected.

6.3 Structural Analysis of Polynucleosome Fibers 
Containing uH2A

While nucleosome structure does not appear to be perturbed by the presence ofuH2A, 

given the size of the modification it still seems likely that it may have an impact on fiber 

folding and association. To investigate this possibility homogenous polynucleosome 

fibers were created by reconstituting the 208-12 chromatin DNA tenqalate with octamers 

containing either uH2A or H2A and comparing their folding characteristics using 

sedimentation velocity analysis and solubility assays.
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Figure 67: Native 4% Acrylamide PAGE of Mnase Digested 208-12
Polynucleosome Fibers Reconstituted with uH2A. A. 208-12 polynucleosome arrays 
reconstituted with uH2A and digested with 2 units/ml of Mnase. (0 to 35 refer to 
digestion times in minutes). B. Reconstituted 208-12 polynucleosome arrays digested 
for 30 minutes with 2 units/ml of Mnase and puriGed on a 5-20% sucrose gradient in 
5 mM NaCl, 10 mM Tris (pH 7.5), 0.2 mM EDTA buGer and run in a SW-41 rotor at 
4°C and 125,000 x g for 17 hours. One ml GacGons (1-10) were coGected Gom the 
bottom to the top of the gradient. Qb, DNA marker created by digesGon of 
pBR322. The non-denaturing gels were run at 60 volts in IxE running buffer and stained 
with ethidium bromide. On both gels the arrows point to the mononucleosome parGcles.
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Figure 68: Sedimentation Velocity Analysis of Nucleosomes Containing uH2A in
Different NaCl Buffers. The sedimentation coefBcients (Ŝ o.w) were determined at 
difkrent salt concentrations. Both samples contain uH2A; (o) are nucleosomes 
reconstituted with 146 bp DNA as shown in Figure 68; (V) are nucleosomes originally 
reconstituted with 208-12 bp DNA and digested with Mnase to form nucleosome core 
particles. All samples were dialyzed versus buGers containing NaCl in 10 mM Tris-HCl 
(pH 7.5), 0.1 mM EDTA. All velocity runs were done at 20°C and 40,000 rpm in a 
Beckman XL-A ultracentrifuge.
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6.3. f So/ub///fy /Assays
Increasing concentrations of divalent ions like magnesium chloride (Mg^^ will result in 

the oligomerization of the polynucleosome Gbers. While this reversible reaction is 

distinct &om the m vivo folding process, it is still relevant because it can provide 

information about possible in vivo interactions between chromatin Gbers during 

condensation (Schwarz ei o/., 1996) Figure 69 shows the results of the magnesium 

(Mg^^ dependent oligomerization assay with the uH2A and H2A polynucleosome Sbers. 

Comparison of the samples show that the control Ebers behave as expected and at 4 mM 

MgCl] about 50% of the fibers have oligomerized. However the uH2A ûbers actually 

oligomerize at lower concentrations ofMg^^ meaning that at 4 mM MgClz virtually all 

the Gbers have aggregated. This implies that the ubiquitin moiety helps the aggregation 

process possibly by shielding some of the DNA charge and/or the ubiquitin protein may 

provide additional surfaces for inter-array contacts.

6.3.2 Sed/me/?fa(fon ye/oc/fy y^na/ys/s
Reconstitution of uH2A octamers with 208-12 DNA and their subsequent digestion with 

Mnase had demonstrated that polynucleosome fibers with uH2A could not only be 

created but could also be used to form normal nucleosome particles. The structural 

Matures of these polynucleosome Gbers were more closely examined using sedimentation 

velocity analysis in diSerent concentrations of both NaCl and MgCl^.

Figure 70 shows the combined sedimentation velocity results for uH2A (A) and H2A (#) 

208-12 fibers with varying concentrations ofNaCl. From these results it appears that the 

uH2A Gbers (A) exhibit iomc dependent folding charactmstics which are virtually 

identical to the control (#) 5bers and are consistent with native chromatin Segments of 

12 nucleosomes &om chicken erythrocytes (solid line) (Garcia-Ramirez, 1992). Thus 

under these conditions uH2A does not appear to inhibit or change chromatin folding.

Analysis was also done with increasing concentrations ofMgClz. Figure 71 shows the 

integral distribution of the uH2A arrays with (#) and without (o) 2 mM MgCk. Under 

these conditions the arrays exhibit a folding event which is typically seen with 208-12
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Figure 69: Magnesium Dependent Oligomerization of Control (*) and uH2A (o)
Polynucleosomal Arrays. Arrays were incubated in increasing concentrations o f M ^ k  
for 10 minutes at room temperature before centrifugation. Unaggregated arrays remain 
soluble in the supernatant as determined by A260 measurements. Each point represents 
the average of two to three determinations. The % is determined via comparison to 
concentration at 0 mM MgClz (100%).
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Figure 70: Sedimentation Velocity Analysis o f208-12 Polynucleosome Arrays
Reconstituted with uH2A in Different NaCl Buffers. Sedimentation coefGcients 
(Sio.w) o f208-12 ûbers with (A) and without (#) uH2A. The solid line represents die
HI-depleted native chicken erythrocyte chromatin with and average of 12 nucleosomes 
(Garcia-Ramirez gf o/., 1992). All experiments were done at 20°C and 20,000 rpm in a 
Beckman XL-A analytical ultracentrifuge.
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Figure 71: Magnesium Dependence of the Sedimentation Coefficient ($zo,w) of
208-12 Polynucieosome Fibers Reconstituted with uH2A. Integral distribution 
of the sedimentation coefBcient of uH2A containing 208-12 nucleosomal arrays in the 
absence (o) or in the presence of 2 mM MgCl: (#). The integral distributions were 
obtained after analysis of the sedimentation boundaries using the method van Holde and 
Weischet (1978). All runs were done at 20°C and 20,000 rpm in a Beckman XL-A 
analytical ultracentrifuge.
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Gbers, and is referred to as the 28 S to 40 S transition. This indicates that a folding event 

is occurring within the uH2A Gbers.

The sedimentation coefBcients for both the H2A and uH2A Gbers obtained at diSerent 

Mg^^ concentrations are plotted in Figure 72. This figure indicates that the sedimentation 

coefBcients for the uH2A arrays (#,m) are on average 11% lower than the control arrays 

(o). It is possible that the decrease in sedimentation coefBcients is due to the presence of 

fewer histones (we found that it was necessary to slightly undersaturate the Gbers because 

of oligomerization problems) and/or a slight increase in the fictional parameters of 

uH2A arrays due to the presence of two ubiquitin molecules per nucleosome.

Nevertheless, the increasing Szo.w values for the uH2A arrays in response to the increased 

MgCla concentration obviously parallel those of the control arrays. To determine the 

extent of folding which had occurred, the coefhcients for each array were plotted relative 

to their respective values in 0 mM MgC12 buGer, i.e. The results are

shown in Figure 73 and illustrate a much closer relationship indicating that the uH2A 

arrays attained a degree of compaction very similar to that of the control array. Therefore 

there was a 35-40% increase in the sedimentation coefBcient of the uH2A arrays which is 

consistent with the formation of an intermediately folded species such as an open helix 

(Hansen et a/., 1989; Garcia-Ramirez et a/., 1992; Schwarz & Hansen, 1994). Therefore 

even in the presence of uH2A, polynucleosome compaction is not prevented and does not 

appear to be severely hindered.

6.4 Other Possibilities?
Since uH2A did not appear to prevent nucleosome or Gber formation or folding we 

wanted to examine other characteristics and possibilities. Ubiquitinated histones may 

possibly have multiple roles or they may work in conjunction with some other 

modiGcations to elicite a stronger structural impact. The presence of uH2A has been 

correlated to active DNA which tends to have a more open conformation and contains 

acetylated histones. Therefore it is possible that the two modifications together may act 

to produce a more unstable nucleosome. In order to gain more insight into this possibility
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Figure 72: Sedimentation Velocity Data for 208-12 Complexes Reconstituted
with uH2A in MgClz Buffers. Arrays were reconstituted with native histones (o) 
or with octamers containing uH2A (#,u). The data shown by (#,u) were obtained 6om 
two independent reconstitution experiments. All data were recorded at 20°C and 20,000 
rpm using an Beckman XL-A analytical ultracentrifüge. All samples were in MgClz in 
10 mM Tris-HCl (pH 7.5), 0.1 mM EDTA buGer.
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figure 73: Sedimentation Velocity Analysis Data for 208-12 Complexes
Reconstituted with uH2A in MgCl% buffers Replotted as
The results 6om Figure 72 were replotted so that the sedimentation coefBcient of the 
arrays at a given magnesium concentration (S^^^2) are plotted relative to the 
sedimentation coefGcient of the arrays in the starting bu8er in the absence of magnesium 
(S'^^2). Nucleosomal arrays with native (o) and uH2A (A) are shown. (A)  is the 
average of two sets of data (u,#). All experiments were carried out at 20°C and 20,000 
rpm in a Beckman XL-A Analytical Ultracentrifüge.
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hydroxyapadte elution proSles of chromatin samples were examined. Histones 

H2A/H2B and H3/H4 can be eluted &om a HTP column using a sodium chloride 

gradient. Presumably if chromatin or nucleosomes are unstable then the histones &om 

these structures should be eluted towards the beginning of the elution peak. Conversely 

the histones from more stable structures will be eluted later in the peak. Since the 

location of ubiquitinated histones within an elution prohle can be determined using 

western blotting it should be easy to determine if ubiquitinated histones are eluted at a 

speciSc location within the profile. In addition, if samples with different levels of 

acétylation are used it may be possible to see if acétylation has any effect on the elution 

of ubiquitinated histones. To investigate, salt extraction and the lysis of HeLa cell nuclei 

were used to obtain chromatin samples. Both samples were used equivalent in that they 

were obtained in the same way, however one sample (Sn) was obtained 6om butyrate 

treated cells which will contain higher levels of acétylation, and the other (SE) was &om 

a control sample. Each sample was loaded onto a HTP column and the histones were 

eluted using a 0 to 2 M salt gradient in potassium phosphate buffer (pH 6.8).

Before the elution profiles could be directly compared it was necessary to ensure that the 

profles were consistent and equivalent. While every attempt was made to ensure 

consistency between the columns, the only way to determine if the salt gradients were 

accurate and equivalent was to measure and plot the salt content in the different factions 

using a re&actometer. By plotting these values it is possible to determine the linearity of 

the two gradients and to determine the &actions which are directly equivalent. Figure 74 

shows the linear gradient and alignment of the two salt gradients. Figure 75 shows the 

plot of the two elution profles which have been adjusted so that their fraction numbers 

refer to equivalent samples, and it demonstrates that the two profles are strikingly 

similar.

Aliquots for selected fractions throughout the profile were run on both AU-PAGE and 

SDS-PAGE. The SDS-PAGE gels were western blotted to determined the locafon of 

ubiquitinated histone. Figure 76 shows the gels and western blot for the SE (m) elufon 

profle. The SDS-PAGE (SDS) confirms the identity of the different histones, but
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Figure 74: Salt Gradient for HTP Elution Profiles of HeLa SH and SE Chromatin
Samples. Shows the correlation between SE and SH salt gradients and allows the 
correction of faction numbers so that equivalent samples can be compared. SE and SH 
are equivalent samples 6om the salt extraction of HeLa cell nuclei; SE is &om control 
cultures; SH 6om butyrate treated cultures (highly acetylated). All refractive index 
readings were done on a Carl Zeiss Jenna Re&actometer.
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Figure 75: HTP Elution Profiles for HeLa SE and S n  Chromatin Samples.
Equivalent chromatin samples &om control (SE) and butyrate treated (SH) salt extracted 
HeLa cdl nuclei duted &om a 1.5 x 15 cm HTP column eluted with a 0 to 2 MNaCl 
gradient in potassium phosphate buSer (pH 6.8). Fraction numbers are equivalent 6)r 
both columns and were adjusted using salt concentration re&active index readings (as per 
Figure 74).
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Figure 76: PAGE and Western Blot Ana^sis of HTP Elution ProGle of HeLa SE
Chromatin Sample. SE, control HeLa sample; AU, acetic acid urea PAGE; SDS, SDS- 
PAGE; W, western blot of SDS-PAGE; M, HeLa core histone marker; P, sample loaded 
onto HTP column. Arrow points to approximate location of ubiquitinated histones. 
Numbers correspond to faction numbers in Figure 75. AU-PAGE was a 2.5 M urea, 5% 
acetic acid, 15% acrylamide gel run at 80 volts in 5% acetic acid running buSer and 
stained with Coomassie Blue. SDS-PAGE was a 6% stacking, 15% separating gel run at 
100 volts in 0.05 M Tris-base, 0.38 M glycine, 0.1% SDS running buSer and stained with 
Coomassie Blue. Western blot of SDS-PAGE transferred onto PVDF membrane using 
1/6000 rabbit anti-ubiquitin antibody and 1/3000 goat anti-rabbit HRP-coryugated 
secondary antibody and Rennassance® Western Blot Chemiluminescence Reagents.
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ubiquitinated histones are present in such small quantities that they can not be visualized 

on Ae gel, therefore an arrow points to its approximate location as determined with 

western blotting and overloading of samples on SDS-PAGE. The AU-PAGE (AU) 

shows the same proteins but also indicates acétylation levels, which was minimal for the 

SE sample. The western (W) identihes two bands, one quite intense, corresponding to 

fractions 71 and 74. The ubiquitinated histones therefore elute within the Grst half of the 

H2A/B peak but not at the beginning of the peak which starts at fraction 65.

Figure 77 shows the equivalent factions for the SE sample. The AU-PAGE (AU) shows 

that the sample is highly acetylated as expected. The SDS-PAGE (SDS) also shows the 

same protein distribution with an arrow pointing to the approximate location of the 

ubiquitinated histones. Once again, insufficient ubiquitinated histones were present to 

visually identic on the gel. However the western blot shows several distinct bands for 

ubiquitinated histones which range from fractions 74 to 89 with fractions 74 to 83 being 

quite intense. Figure 78 shows a direct comparison of the two western blots and their 

relative positions where it is obvious that in the SE faction ubiquitinated histones are 

more abundant and are eluted over a much wider range and later in the elution profile 

than the SE sample. The elution of ubiquitinated histones towards the middle of the 

profile in both samples would seem to indicate that ubiquitin has more of a stabilizing 

efiect than initially expected which appears to be enhanced in acetylated samples.

However whether this is a result of a direct interaction between acétylation and 

ubiquitination can not be determined with these experiments.

Protamine displacement assays were also done. In these assays reconstituted 

nucleosomes with and without uH2A were mixed with increasing quantities of 

protamines to see if ubiquitination aided the process of histone replacement by 

protamines, an event which occurs during spermiogenesis. Initial results indicate that the 

presence of ubiquitin made the nucleosomes more stable as higher concentrations of 

protamines appeared to be required in order to displace the histones as shown in Figure 

79. Therefore it appears that uH2A ubiquitination may actually produce a more stable 

particle which is completely contrary to initial expectations.
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Figure 77: PAGE and Western Blot Analysis of HTP Elution Profile of HeLa SH
Chromatin Sample. AU, acetic acid urea PAGE; SDS, SDS-PAGE; W, western of 
SDS-PAGE; M, HeLa core histone marker. Numbers correspond to Aaction numbers in 
Figure 75. SH, butyrate treated HeLa sample. AU-PAGE was a 2.5 M urea, 5% acetic 
acid, 15% acrylamide gel run at 80 volts in 5% acetic acid running buSer and stained 
with Coomassie Blue. SDS-PAGE was a 6% stacking, 15% separating gel run at 100 
volts in 0.05 M Tris-base, 0.38 M glycine, 0.1% SDS running buGer and stained with 
Coomassie Blue. Western blot was done using SDS-PAGE gel and transferring to PVDF 
membrane. Ubiquitinated histones were visualized using a 1/6000 dilution of a rabbit 
anti-ubiquitin antibody and a 1/3000 dilution of a goat anti-rabbit HRP-conjugated 
secondary antibody and Renaissance® Western Blot Chemiluminescence Reagents.
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Figure 78: Western Blots of HTP Elution ProGle Fractions for SE and SH
Chromatin Samples. SE, control HeLa chromatin sample; SH, butyrate treated HeLa 
chromatin sample. Numbers correspond to factions in figure 75. Ubiquitinated histones 
were detected using a 1/6000 dilution of a rabbit anti-ubiquitin antibody and a 1/3000 
dilution of an HRf coigugated goat anti-rabbit secondary antibody and Rennaissance® 
Western Blot Chemiluminescence Reagents. Both westerns were of SDS-PAGE gels 
shown in Figures 76 and 77.
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Figure 79: AU-PAGE of Protamine Displacement Assay. Reconstituted
nucleosomes containing either uH2A or H2A with ace^lated H3/H4 histones were mixed 
with increasing concentrations of squid protamines (Sq) to examine the ability of the 
fxotamines to displace the histones (H). All samples contained 4 pgof nucleosomes in 
50 mM NaCl. 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 3 mM sodium butyrate. 2% 
sucrose. Numbers (0.25 to 1.5) and arrows at top of gels re&r to the w/w ratio of squid 
protamines to nucleosomes. S,salmine(pnotamine from salmon). Samples were mixed 
with 2x AU sample buBBar and loaded on to a 2.5 M urea, 5% acetic acid, 15% 
acrylamide gel run at 100 volts in 5% acetic acid running buffer and stained with 
Coomassie Blue.
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6.5 Discussion

Ubiquitination is a bulky modification, particularly in comparison to other post- 

translational modiScations like méthylation or acétylation. While the size of this 

modiGcation would indicate that it may function to prevent or hinder chromatin folding 

this has proven difBcult to conGrm m wvo. The m v/fro models used here looked 

speciGcally at induced folding and oligomerization of nucleosomal arrays and the results 

presented indicate that contrary to expectations, uH2A did not prevent chromatin folding 

or association. Therefore although the histone tails are crucial for salt-induced folding of 

nucleosomal arrays (Garcia-Ramirez er a/., 1992; Moore & Ausio, 1997) the carboxyl- 

terminal tails of histone H2A can be ubiquitinated with little impact on the folding 

process. For example uH2A didn't affect the 28-40 S folding transition characteristic of 

histone HI-depleted chromatin in either the presence of monovalent ions (Hansen et al, 

1989; Garcia-Ramirez er a/., 1992) or in low concentrations of divalent ions (Schwarz & 

Hansen, 1994). Neither does it affect the maximum folding (40-55 S) transition which 

occurs at higher levels of histone saturation in the presence of MgClz (Schwarz &

Hansen, 1994; Tse ef a/., 1998). Figure 80 shows a summary of the predicted and 

observed affects for H2A ubiquitination in both nucleosomes and chromatin. In addition, 

initial experiments indicate that contrary to expectations uH2 A may in Act help to create 

a more stable nucleosome although these results are still preliminary.

An important point to remember is that the level of ubiquitination used in these assays is 

6 r  greater than would be seen m Wvo. In both the reconstituted nucleosomes and 

208-12 bp polynucleosomal arrays used, there were two uH2A molecules per 

nucleosome whereas m v/w it is more common for only one H2A molecule to be 

ubiquitinated per nucleosome (Levinger & Varshavsky, 1980). Also little work has been 

done to determine the positioning and location of ubiquitinated histones w vfw, so it is 

more than likely that our m v;A"o models greatly exaggerate the amount of ubiquitination 

present in a similar sized native chromatin Gagment.
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Figure 80: Predicted and Observed Effects of H2A Ubiquitination.
In solution nucleosomes have a reversible association equilibrium between tbeir 
constitutive DNA and the bistone octamer (Ausio et a/, 1984; Ausio, 2000) which is 
dependent on ionic strength, concentration and temperature. Linker histones bind to 
nucleosomes at the DNA entry/exit point (Nucleosome A). The bulky nature of uH2A is 
expected to destabilize the nucleosome association-disassociation equilibrium as 
indicated by the thick arrow (Nucleosome B). Since H2A C-terminal tail can reach the 
histone HI binding site (Usachenko et al, 1994) it may interfere with HI binding 
(Nucleosome B-grey cross). In vitro results show that uH2A does not affect stability of 
the nucleosome and may actually enhance the binding HI (Nucleosome C). Chromatin 
tibers experience different extents of folding (Hansen & Ausio, 1992; Ausio, 2000) 
depending on ionic strength and HI (Chromatin). The presence of uH2A is speculated to 
interfere with folding (see grey crosses). uH2A does not have any major effect on ionic 
strength-dependent folding of the fiber without HI (Chromatin B). There is no 
information available yet for any effects when histone HI is present (Chromatin C).
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Additional investigations are required to better understand the possible structural impact 

of ubiquitinated histones. It will be interesting to determine if chromatin folding in the 

presence of histone HI is affected by the presence of ubiquitin on histone H2A. In 

addition, similar experiments to those described need to be done with ubiquitinated H2B. 

In H2B, ubiquitin attaches to the C-terminal tail at lysine 120. However the H2B C- 

terminal tail is smaller than that of H2A and crystal structures indicate that it is not as 

accessible as the H2A protein (see Figure 10). Therefore it is entirely possible that uH2B 

will cause much more dramatic structural affects than its H2A counterpart and it is not 

inconceivable that the two histones, uH2A and uH2B, will have different structural and 

functional effects on chromatin dynamics.

Reconciling the physiological evidence (which associates ubiquitinated histones with 

such structurally opposing functions as transcription and spermiogenesis) with the m 

vitro structural results is possible. Two models have been proposed in figures 81 and 82. 

The first model (Figure 81) proposed that ubiquitination acts synergistically with another 

modification, possibly acétylation, to destabilize chromatin structure which would then 

allow either transcription to occur or protamine replacement of histones during 

spermiogenesis. Our initial experiments looking at this possibility with uH2A and 

acétylation do not appear to confirm this idea but it is still possible that the model is 

relevant with some other modification or with ubiquitinated histone H2B.

The second model (Figure 82) proposes that ubiquitination acts as a signal to recruit othw 

proteins and possibly chromatin remodeling complexes which then disrupt nucleosome or 

chromatin structure allowing either transcription or chromatin compaction to occur. 

Recent papers by Sun & Allis (2002) and Briggs ef aZ. (2002) indicate that this possibility 

may indeed be more probable. Their investigations have shown that ubiquitination of 

lysine 123 in yeast histone H2B is a prerequisite for the méthylation of lysines 4 and 79 

(but not lysine 36) on histone H3. Both H3 lysines 4 and 79 are required for gene 

silencing in yeast. Thus it appears that the H2B ubiquitination in yeast may be the Srst 

step in a pathway directly involved in gene regulation using 'Trans-tail" regulation, i.e. 

where a modiScation on one tail (H3 méthylation) is dependent upon the modidcation of
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Figure 81: Proposed Synergistic Model for Histone Ubiquitination. Histone
ubiquitination may operate synergistically with histone acétylation to destabilize the 
nucleosome as required by transcription and displacement of histones by protamines 
during spermiogenesis. The double arrow in this model indicates that acétylation could 
either precede or follow ubiquitination.



192

nni
CRC I

RNA polym erase

Transcription

+ + +  + ++++ + +  +++  

protam ine

Spermiogenesis

Figure 82: Proposed Coding Model for Histone Ubiquitination. The fact that
chromatin complexes reconstituted with ubiquitinated H2A do not exhibit any major 
changes in conformation in vitro suggests that histone ubiquitination could operate as a 
tagging mechanism or a code for recognition by chromatin remodeling complexes such as 
NURF, CHRAC, or SWI/SNF that would help mediate the chromatin structural 
transitions during transciption or spermiogenesis.
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a diSerent histone tail (H2B ubiquitination). No doubt future investigations will help us

to better understand the structural and functional importance of histone ubiquitination and 

its direct or indirect affects on chromatin dynamics.
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7.0 CONCLUDING REMARKS

In eukaryotes it is chromatin rather than naked DNA which is the template for cellular 

processes such as transcription, replication and DNA repair. The most fundamental and 

basic unit of chromatin is the nucleosome and its associated histone proteins. 

Understanding the structure of this nucleohistone complex is fundamental to

understanding the structural changes which can occur during processes such as 

transcription. Far from being an inert structural scaffold, chromatin is dynamic and 

structurally complex with different levels of compaction. An added layer to this 

complexity is the importance of the histone proteins. While they are considered some of 

the most evolutionarily conserved proteins there are still histone variants and even more 

numerous post-translational modifications which can occur. Since histones are such an 

intrinsic and essential component of chromatin, understanding the possible structural and 

functional impacts of their modifications may have important ramifications in 

understanding the structural transitions which can occur within chromatin.

This body of work has focused on the importance of the histone tails and the eSect of 

some of their possible post-translational modifications on nucleosome and chromatin 

structure. It has emphasized the use of biophysical techniques such as circular dichroism 

and ultracentrifugation to help elucidate any structural or conformation changes. The 

development of a methodology to produce native-like nucleosome and polynucleosomal 

arrays &om KP-HPLC fi-actionated histones (Moore cf a/., 1997; Ausio & Moore, 1998) 

provides tremendous potential for investigating the importance of post-translationally 

modified histones (Ausio ef a/., 2000). The data presented have shown the importance of 

the histone tails, particularly the H3/H4 tails, in chromatin fiber folding (Moore & Ausio, 

1997) but has also demonstrated that some of the histone modifications investigated, like 

acétylation, have very subtle structural changes (Wang et al, 2000; 2001). Indeed with 

ubiquitination, the huge predicted structural changes have proven to be virtually non

existent (Moore ef a/., 2002; Jason er a/., 2001, 2002). The results have shown that while 

the histone tails have considerable importance in the inter- and intra-nucleosomal folding
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events, the structural ejects of some of their post-translational modiScations have proven 

to be very subtle. Therefore it appears that the eGects of histone post-translational

modifications may not always be as immediately obvious as first predicted.

Careful structural investigations may sometimes preclude initial possibilities but in so 

doing may also lead the way to other areas of investigation and study. Indeed as one of 

the proposed models predicted (Figure 82), ubiquitination may act as a signal. Studies 

with yeast (Sun & Allis, 2002; Briggs er a/., 2002) have subsequently shown that

ubiquitination of histone H2B is a prerequisite for méthylation of specific lysines on 

histone H3 which in turn mediate gene silencing. Thus it appears in this case that histone

ubiquitination may act as a ‘master switch’ in gene regulation and adds support for the 

idea of a ‘histone code’ (Strahl & Allis, 2000). No doubt the future of chromatin 

research will focus more intently on histone modifications and their structural effects, not 

just with individual modifications but more importantly with multiple or specific 

combinations of modifications which is far more relevant to understanding in vivo 

chromatin dynamics.
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