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L ABSTRACT

bi 1871, a unique substance was isolated from the Write blood cells of pus. This 

substance, Wiich later became known as chromatin, was shown to be a nucleoprotein 

complex which encompasses the majority of genomic DNA in all eukaryotes. Although 

chromatin was once viewed as primarily a structmal component of the nucleus, it is now 

accepted that it also plays an important role in the modulation o f transcription o f 

individual genes, hr this study, the 5S rRNA genes in Xenopm laevis were used as a 

system to investigate potential roles for chromatin structures in transcription regulation. 

X. laevis produces two major classes o f SS rRNA: the somatic type is present in most cells 

whereas the oocyte type is produced only during oogenesis and the early stages o f 

embryogenesis. These two gene families share a very similar coding region and employ 

identical transcription machinery, leading researchers to believe that it is how these genes 

are packed into chromatin Wiich is req)onsible for the differential developmental 

regulation.

Initially, this study focused on the binding constraints placed on the RNA 

polymerase m  basal transcription factor, transcription frctor niA  ( I hluA ), by a histone 

octamer. Five overlapping fragments o f the X. laevis oocyte and somatic 5S rRNA genes 

were reconstituted into nucleosomes and it was shown that each fragment positions a 

histone octamer at unique translational sites. Using these nucleosomes it was 

demonstrated that nucleosome translational positioning is the major determinant of the 

binding o f TFUIA to the 5S rRNA genes.
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The relationshq) between core histone acétylation and transcription of the X. laevis 

SS rRNA genes was also investigated. By inmnmoprecÿitating chromatin fragments from 

a X. laevis kidney cell line with an antibody specific for hyperacetylated histone H4, it was 

shown that the oocyte SS rRNA genes are packaged with hypoacetylated histone H4 v^en 

transcriptionally repressed. This taken together with the results o f others, suggests a link 

between histone acétylation and RNA polymerase EQ transcription. However this study 

was unable to shed light on the basis for this relationdiip as it was found that histone 

acétylation did not affect the binding of TFUIA to nucleosomal DNA.

In an attempt to understand the mechanism  by Wiich transcription frctors compete 

with histone octamers for cognate binding sites in chromatin, the effect o f the histone 

binding protein nucleoplasmin on the binding o f I FUlA to nucleosomal 5S rRNA genes 

was tested. It was shown that, débité the previously reported nucleosome remodeling 

ability of nucleoplasmin, the binding of TFUIA to nucleosomal DNA cannot be facilitated 

by this protein. Furthermore it was demonstrated that nucleoplasmin cannot overcome 

nucleosome mediated repression o f transcription of reconstituted 5S rRNA genes. In 

contrast to earlier work, this study used a homologous system composed of the 5S rRNA 

gene, nucleoplasmin and I'FIllA &om Xenopus laevis.

Finally, it has long been proposed that selective binding o f histone HI is, in part, 

responsible for the dififerential developmental regulation of the oocyte and somatic 5S 

rRNA genes in Xenopus laevis. In this study it was shown that histone HI bound both 

oocyte and somatic genes equally after reconstitution into mononucleosomes or 

oligonucleosome arrays. Furthermore it was shown that the binding o f histone HI 

selectively repressed onfy oocyte gene transcr^tion, and that a RNA polymerase III
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selectively repressed only oocyte gene transcription, and that a RNA po^/merase m  

transcription complex was able to initiate transcription o f nucleosomal somatic templates 

regardless o f whether histone HI was present. These results support a model in which the 

differential regulation o f the 5S rRNA genes is not due simply to the prevention of histone 

HI binding by transcription complexes on the somatic genes, but rather a difference in the 

interaction o f histone HI with the somatic and oocyte genes.
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1. INTRODUCTION

In 1871, Friedrich Mîescher isolated a unique substance from the white blood cells 

of pus. This substance, found to have a high pho^horous content, probabfy represented 

the very first chromatin preparation (NGescher, 1871). The actual term “chromatin” was 

first used eight years after Miescher reported his findings. Walter Flemming, after 

observing through a microscope the presence of banded objects in the nuclei of stained 

cells (Flemming, 1880), called the material “chromatin” after the Greek word chroma, for 

color, hi 1884, Albert Kossel extracted the basic proteins, which he named histon, from 

the nuclei o f  geese erythrocytes (Kossel, 1884). Thus, it was determined more than one 

hundred years ago, that the eukaryotic nuclei contained both a phosphorous containing 

acidic component and a basic proteinaceous conçonent. Following these early 

observations, the study of chromatin structure was delayed somewhat by the debate over 

which component, the protein or the nucleic acid, was the actual genetic material During 

the 1940s and 50s, the idea that nucleic acids served as the genetic blueprint gradually 

gained acceptance. In 1952 it was demonstrated that chromatin particles were less 

extended than DNA alone (Steiner, 1952), giving the first hint of one of the major 

functions o f  this nucleoprotein complex. It was also postulated around this time that the 

histone proteins may serve as specific transcriptional regulators for particular genes 

(Stedman and Stedman, 1951). This theory declined in acceptance as it was realized that 

there were only a small number of histone types vriiich were highly conserved between 

different species and cell types. Consequently, histones came to be viewed primarify as 

structural components o f the nucleus (van Holde, 1988).
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The light microscope was re^onsible for the many of the early findings in the 

study o f chromatin, including establiddng a relationship between gene transcription and 

the extent of DNA packaging. During interphase, chromosomal DNA exists as two 

forms; a compact form known as heterochromatin or a “swollen” form known as 

euchromatin (Hehz, 1934). The ratio of euchromatin to heterochromatin increases with 

increasing protein activity, and pulse-labehng with RNA precursors labels euchromatin but 

not heterochromatin (Brown, 1966). These results were interpreted to suggest that it is 

euchromatin which serves as the template for transcr^tion vdule heterochromatin is 

transcriptionally silent. Although the euchromatin state is necessary for a high state of 

transcription, it alone is not sufficient to determine whether transcription occurs. In 

contrast to euchromatin, the DNA in heterochromatin is replicated very late in the S phase 

of each cell cycle, probably due to unusually condensed state (local decondensation of 

chromatin strands is required in the vicinity of any DNA replication fork) (Lima-de-Faria 

eta l., 1968).

There exists two sub-types o f heterochromatin: constitutive and focukative. 

Constitutive heterochromatin is thought to contain DNA which is transcriptionally silent in 

all cell types such as satellite DNAs (Jones et al., 1970). In contrast, whether a region of 

DNA is condensed into facultative heterochromatic DNA is dependent on the cell type 

and/or the stage o f the cell cycle. The best characterized example o f focuhative 

heterochromatin is the X chromosomes in female animals. Presumably, in order to prevent 

e?q)ression of a double dose of X chromosomal gene products, one o f  the two X 

chromosomes in a female animal is permanent^ inactivated. These inactive chromosomes, 

termed Barr bodies, can be visualized under the light microscope as existing in a
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condensed heterochromatic state. In females, the decision as to Wtich X chromosome of 

the female is inactivated is random (termed lyonization) and is made at the multi-cellular 

stage in the embryo. Once this decision is made, this chromosome remains inactive 

through successive cell divisions demonstrating that the a heterochromatic state can be 

faithfully inherited in progeny cells. As a result o f  this, every female exists as a mosaic in 

which equal portions o f the cells e?q>ress onfy the maternal or paternal X chromosome 

(Lyon, 1992 and references therein).

Long before chromatin structure was understood, studies o f Drosophila p o^ene  

chromosomes revealed that major changes in DNA packaging accompanied gene 

transcription. These unusually large chromosomes, are produced by the repeated 

replication of interphase chromosomes without separation, resulting in a large number of 

chromosomes that remain laterally aligned (Beermann, 1972). The transcription of 

p o ^ en e  chromosomes is usualfy associated with local swelling (puf&) of chromosomal 

bands with the size o f the puff relative to the amount of ribonucleotide incorporation 

(Felling, 1950). It was later shown that certain puf& could be artificially induced by 

hormones or by the gene products o f  other induced puf&(inhibition of protein synthesis 

prevented formation o f these secondary puf&) (Ashbumer et a/., 1973).

A second example in which the light microscope was used to detect a relationship 

between transcription and changes in chromatin structure came in the study o f the 

"lampbrush loops” seen in the oocytes o f amphibians. These loops, like the "puf6” on the 

polytene chromosomes, are regions o f DNA that are decondensed when conq>ared to 

other regions, and transcriptional^ active (SommerviHe et al., 1978).
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Although these early studies o f were unable to discern the actual structure o f 

chromatin, the inçortance o f these results remained in the 6 c t  that they suggest that at 

least some o f transcriptional regulation may be due to altered DNA packaging patterns. 

The first step into the study of the molecular structure of chromatin came with the onset 

o f use o f the electron microscope. Using this tool, the 30 nm euchromatic fiber (Wilkins 

et al., 1959) could be visualized as a condensation of a %eads-on-a-string" nucleoprotein 

conqplex (OHns and Olins, 1973; Woodcock, 1973). This, together with nuclease 

digestion (Nod, 1974), X ray dif&action (Richmond et al., 1984) and neutron scattering 

studies (Pardon et al., 1975), demonstrated for the first time that the basic unit o f 

structure of chromatin consisted of DNA wrapped around a histone complex spaced 6irly 

regularly along the chromosome fiber. These “beads”, originally termed “nu” bodies, are 

now termed nucleosomes and are still, to this day, not yet fully characterized.

1.1. Chromatin Structure

The basic unit o f chromatin is the nucleosome, vdiich consists of approximately 

200 bp o f DNA (depending on the organism and cell type), wrapped in two negative 

supeAelical turns, around an octamer of core histone proteins and bound by a linker 

histone (Figure 1). Each o f the core histones within the octamer has a basic, unstructured 

N-terminal tail linked to an a-helical C-terminal domain known as the “histone fold”. 

Nucleosomes can be liberated firom chromatin by digestion with the enzyme, micrococcal 

nuclease (Figure 2). Further nuclease digestion of this particle generates a structure
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Figure I. Schematic representation of a nucleosome. 
Biochemistry^ Qd. L Stryer, 1988.
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known as a chromatosome Wiich is comprised o f 165-168 bp o f DNA, the histone 

octamer, and the linker histone (Simpson, 1978). Subsequent digestion of a 

chromatosome, produces a nucleosome core particle which is composed of 146 bp of 

DNA and the histone octamer. Using the digestion intermediates from ndcrococcal 

nuclease digestion, nucleosomal DNA can be classified into two groups: the core DNA 

and the linker DNA (Figure 1). The core DNA is defined as the 146 bp of DNA which is 

resistant to ndcrococcal nuclease digestion in the nucleosome core particle, and the linker 

DNA is the remaining DNA (Figure 1) req»onsible for joining adjacent nucleosomes.

The packaging o f  DNA into nucleosomes results in a seven-fold compaction. 

Nucleosome arrays are condensed a further seven-fold into a higher order structure known 

as the 30 nm fiber (Figure 3). This fiber is the form taken by the majority o f chromatin 

during interphase (Paranjape et al., 1994) but the actual arrangement of nucleosomes 

within this fiber has not been agreed upon. There is a general consensus that condensation 

into the 30 nm fiber is dependent on intranucleosome interactions, possibly requiring 

histone HI [although conq>action can be induced in vivo by specific monovalent or 

divalent ion concentrations (Hansen and Wolffe, 1992)]. The 30 nm fiber is further 

condensed into coils and loops in an undefined manner.

1.2. Transcriptionally Active Chromatin

Originally, it was postulated that the role o f chromatin in transcription was strictly 

repressive by preventing the transcription machinery from gaining access to the DNA 

This was supported by data showing that the assembly o f genes into chromatin
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Histone 
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Figure 3. Schematic representation of the 30 nm fiber. 
Molecular and Cellular Biology^ od. S.L. Wolfe, 1993.
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structures in vitro was largefy repressive to transcription (Layfooum and Kadonaga, 1991; 

Ura et al., 1995). Débité this, it has been demonstrated that most transcriptional^ active 

genes are packaged into chromatin, although these structures differ somewAat from those 

o f transcriptional^ silent regions of the genome. Features o f  transcriptional^ active 

chromatin include: histone acétylation; a generalized sensitivity (by one order of 

magnitude) o f large regions to digestion by nucleases such as micrococcal nuclease, 

DNase 1 and DNase H (Stadler et a i, 1980); short regions o f  hypersensitrvity (typically 

two orders o f magnitude) to DNase 1 (Gross and Garrard, 1988); the absence of 

méthylation o f specific CpG dinucleotides (Bird, 1986); reduced levels or altered binding 

o f linker histones (Zlatanova and van Holde, 1992 and references therein); the presence of 

HMG (high mobility group protein) 14/HMG 17 (Dorbic and Wittig, 1986; Dorbic and 

Whtig, 1987; Postnikov et al., 1991) and ubiquitinated H2A/H2B (Levinger and 

Varshasky, 1982; Nickel et al., 1989). Contrary to w4iat was originally postulated, there 

is no evidence suggesting that the core histones H2A and H2B are depleted from 

chromatin that is actively being transcribed.

1.3. Nucleosome Position

Although nucleosomes can assemble on most DNA sequences, the position of the 

histone octamer relative to DNA sequence is not random (Drew and Travers, 1985). 

Although the exact mechanism s by which nucleosomes position themselves on certain 

sequences are not well understood, it has been suggested that nucleosomes prefer 

sequences wbich already contain an inherent bend (Drew and Travers, 1985). The
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position o f  a histone octamer relative to a DNA sequence can be described using two 

parameters: the translational and the rotational position. The translational position is 

defined as the location o f a nucleosome along a gene. This is generally determined by 

analyzing the sequence contained in the 146 bp core particle micrococcal nuclease- 

resistant DNA fiagment. The rotational position describes which face o f the DNA double 

helix is in contact with the histone octamer. This is generally characterized by identifying 

the individual nucleotides within a nucleosome that are sensitive to DNase I or hydroxyl 

radical cleavage due to their position away firom the sur&ce o f the histone octamer.

The packaging o f DNA into nucleosomes results in one face o f the DNA 

contacting the surface o f the histone octamer. These protein-DNA contacts are so close 

that nucleases such as DNase 1, micrococcal nuclease, and exonuclease m  are impeded 

firom accessing the nucleotides in direct contact with the sur&ce of the histone octamer. 

The majority of DNA in eukaryotes is packaged with nucleosomes and thus, in order for 

transcription initiation to occur, some transcription 6ctors must be able to interact with 

their response elements regardless of DNA interactions with the histone octamer. To 

date, researchers have shown that several /row-acting factors, including the 

glucocorticoid (Perlmann and Wrange, 1988, Pina et al., 1990) and progesterone 

receptors (Pina et al., 1990, Pham et al., 1992), USF, (Juan et al., 1994, Chen et al.,

1994), Spl (Chenera/., 1994, L ie/a /., 1994), GAL4(Taylore/a/, 1991), and Fos/Jun 

(Ng et al., 1997) can bind their cognate binding sites within nucleosomal DNA, albeit with 

lower afBnity than binding to free DNA. It has been suggested that the accessibility o f 

nucleosomal response elements to /row-acting factors is dependent on both the 

translational and rotational position o f the response element with re je c t  to the core
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histones, as well as the arrangement o f the nucleotide contacts required for binding, hi 

terms of translational position, it has been observed in some instances that the accessibility 

o f a binding site decreases as the she is moved closer to the dyad axis (center o f the 146 

bp core DNA fragment) o f  the nucleosome (Pham et al., 1992, Li e t al., 1994, Li et al.,

1995) (Figure 4). As for the rotational position o f the DNA helix whh respect to the 

histone octamer, h has been suggested that the major groove of the cognate sequence 

must be oriented outward from the surfrce of the octamer, eiqiosing the critical DNA 

sequences, required for frctor binding, to the solvent (Pina et al., 1990, Li et al., 1995) 

(Figure 5). Desphe these postulated guidelines, several unexpected resuhs have been 

obtained. Li and Wrange, ( 1995) observed the binding o f the glucocorticoid receptor to a 

response element i ^ c h  was rotationaHy positioned to free in toward the histone octamer. 

This binding occurred in the absence o f any significant distortions o f  histone-DNA 

contacts as determined by DNase 1 footprinting. Li et al., ( 1994) found that the 

constitutive trans-actiag frctor, Sp 1 was able to bind a GC box after nucleosome 

reconstitution. Sp I is a three zinc finger protein i^iiich, in binding to naked DNA, makes 

contact with the major groove for almost one complete turn of the DNA helix (Courey 

and Tjian, 1992) - a binding which would presumably be obstructed by the presence of a 

histone octamer. Finally, Taylor et al., ( 1991) demonstrated that the yeast troras-acting 

frctor GAL4 is able to bind to the 17 bp GAL4 site within nucleosomal DNA regardless 

o f the rotational position o f the bindings she. Thus h is becoming increasingly apparent 

that nucleosomes are dynamic structures which can permh the binding of frctors to DNA 

sequences that would normally be une?q)ected when considering only the structure of the 

nucleosome and the DNA binding domains of the Awzf-acting frctors.
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Figure 4. Schematic representation o f the effects o f nucleosome translational position on 
the binding of /row-acting factors to nucleosomal DNA. The open box represents the 
DNA double helix, the black box represents a binding site for a fraw-acting 6ctor with 
the protein contacts distributed throughout the \\iiole circumference o f the DNA helix, the 
gray shape represents a A-aw-acting 6ctor and the open circle represents a histone 
octamer. (A) The binding of the fraw-acting Actor to naked DNA. (B) The binding of 
the /raras-acting Actor to nucleosomal DNA. (I) I f  the nucleotides within the bmding site 
are positioned outside the 146 bp nucleosome core DNA, then the (Taw-acting Actor can 
mteract with this region allowing binding to the DNA. (H) If  the nucleotides within the 
binding site are positioned within the core DNA, this prevents the traas-acting Actor from 
binding.
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Figure S. Schematic representation of the effects o f nucleosome rotational position on 
the binding of a trans-acting 6ctor to nucleosomal DNA. The open box represents the 
DNA double helix, the black box represents a trans-acting 6c to r binding site with the 
protein contacts clustered on one side o f the double helix, the gray shape represents a 
trans-acüng 6ctor and the open circle represents a histone octamer. (A) The binding of 
the trans-acting 6 c to r to naked DNA. (B) The binding of the trans-acting 6c to r to 
nucleosomal DNA. (I) I f  the nucleotides within the binding site are positioned away from 
the histone octamer then the trans-acting factor can interact with this region, allowing 
binding to the DNA. (II) If the nucleotides within the binding site are positioned toward 
the histone octamer, this prevents the trans-acting frctor from binding.
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1.4. H istone Acétylation

ECstones are subject to five post-translational modifications: acétylation, 

phosphorylation, méthylation, uhiquitination, and ADP-rihosylation. O f these, histone 

acétylation has generated the most recent interest. The reversible acétylation of specific 

lysine residues within the unstructured, amino terminal “tails” of core histones (Figure 6A) 

is known to he associated wdth transcriptional^ active genes, although the mechanistic 

basis o f this relationship is not well understood. The early evidence for a link between 

histone acétylation and transcription was largely indirect (Csordas, 1990 and references 

therein). First, both transcriptionally active genes and acetylated chromatin diow 

increased sensitivity to nucleases such as micrococcal nuclease, DNase I, and DNase n. 

Second, in Saccharomyces cerevisiae, in which aU genes are active or potentially active 

during growth, the entire genome is highly acetylated. Finally, both highly acetylated 

histones and transcriptionally active genes co-purify by Hg-agarose afBnity 

chromatography.

The first direct link between histone acétylation and transcription was established 

using antibodies, specific for hyperacetylated histones, to map core histone acétylation o f 

active and inactive genes. For example, using this technique it was demonstrated that in 

chicken embryonic erythrocytes, the f3 globin genes are packaged with acetylated histones 

prior to, during and after activation during development (Hebbes et al., 1992). 

Furthermore, the platelet derived growth factor B chain gene is also found packaged wdth 

hyperacetylated histones prior to gene induction in a human hematopoietic stem cell line 

(Clayton et al., 1993). Therefore, in the case o f these RNA polymerase II transcribed
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DNA contacts at the mononucleosome level
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genes, histone acétylation is not a consequence but rather a precondition o f  transcription. 

The RNA polymerase I transcribed 45S genes in rat tissue culture cells are packaged with 

both acetylated and non-acetylated histones. It is not known whether ah, or just a subset, 

of the genes packaged with acetylated histones are transcribed, but it was shown that 

those genes packaged with non-acetylated histone are transcriptionally silent (Mutskov et 

al., 1996). It was also demonstrated that, in a Æ iaevis kidney cell line transcribing low 

levels of oocyte SS rRNA, a small portion of oocyte genes are packaged with 

hyperacetylated histones (Reynolds et al., 1982) but again it is not know whether the 

active oocyte genes are the subset packaged tvith acetylated histones in this cell line.

A breakthrough in the study of histone acétylation came in the identification of the 

yeast protein, GcnSp as a histone acetykransferases (Brownell et al., 1996). GcnSp is a 

transcriptional co-activator required for maximal activation o f  transcription by certain 

acidic trons-acting factors. Since then, several other transcription co-activators have been 

identified as having histone acetykransferase activity including CEP (cAMP response 

element binding protein binding protein) (Bannister and Kouzarides, 1996), p300 

(Ogryzko et al., 1996), P/CAF (CBP associated factor) (Yang et al., 1996) and TAFn250 

(Mizzen et al., 1996). These proteins factors appear to be recruked by, and act as co­

factors for, a large number o f  sequence-specific transcription 6ctors such as members o f 

the nuclear receptor superfamily (Hanstein et al., 1996, Kamei et al., 1996; Heinzel et al., 

1997; Nagy et al., 1997), the myb proto-oncogene (Dai et al., 1996), cAMP response 

element binding protein (Kwok et al., 1994), the proto-oncogene-encoded proteins c-jun 

and c-fos (Bannister and Kouzarides, 1995; Kamei et al., 1996), bHLH proteins (Eckner 

et al., 1996; Sartorelli et al., 1997), the p53 proto-oncogene protein (Gu et al., 1997; LDI
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et al., 1997), the Rel proto-oncogene protein (Gerritsen et a i, 1997), and E2F1 (Tronche 

and Kouzarides, 1996). In addition, several proteins recruited by 6 c to rs involved in 

transcriptional silencing have been shown to have histone deacetylase activity including 

Rpd3p, HDl (histone deacetylase 1) (Taunton et al., 1996), N-CoR (nuclear receptor co­

repressor) (AUand et al., 1997), and components o f  the mSinSA multimeric complexes 

(Hassig e /a /., 1997).

The charge neutralization associated with lysine acétylation is generally thought to 

resuk in a weakening of the histone DNA contacts (Figure 6B) although there is little 

biophysical e^qperimental evidence to this effect (Ausio, 1992). It has been shown that 

acétylation loosens the interaction of the DNA with the histone octamer especially at the 

regions o f DNA flanking the 146 bp DNA region o f  the core particle (Norton et al., 1988; 

Libertini et al., 1988; Garcia-Ramirez et al., 1995). This in turn could allow the 

nucleosomal DNA to partially unwind, Meditating transcription factor binding in certain 

instances. Recently, the crystal structure o f a nucleosome was solved to a 2.8 Â 

resolution, which showed that the N-terminal tads o f  the core histones pass over and 

between the DNA strands wrapping the histone octamer, and contact neighbouring 

nucleosome particles (Luger et al., 1997). This is suggestive of a possible role for histone 

acétylation in the decondensation of the 30 nm fiber, wdiich is confirmed by studies 

showing that, at physiological ionic strength, and in the absence o f linke r  histones, 

acetylated nucleosome arrays remain in an extended conformation relative to non- 

acetylated counterparts (Garcia-Ramirez et al., 1995). Further, studies have shown that 

histone acétylation can enhance the mechanics o f transcription, including transaction 

factor binding to mononucleosomal DNA (Lee et al., 1993, Vettese-Dadey et a i, 1996),
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and transcription o f  nucleosomal templates in vitro (Ura et al., 1997). Exactly how 

acétylation mediates these effects on these less organized structures is unknown.

1.5. Linker H isto n e

Linker histones have been defined as abundant basic proteins Vibich interact with 

the linker DNA between nucleosome cores (Wolflfe et al., 1997). These proteins 

generally, but not exclusive^, have a tripartite structure consisting of a central globular 

domain flanked by unstructured N and C terminal domains (Wolffe et al., 1997 and 

references therein). The exception to this are the linker histones in protozoa such as 

Tetrahymena (Wu et al., 1986) and Trypanosomes (Toro et al., 1993), which lack a 

central globular do m ain. It is believed that linke r histones are involved in the packaging o f 

nucleosomes into the 30 nm fiber (Renz et al., 1977; Thoma et al., 1979, Shen et al.,

1995) by either neutralizing the negative charge o f the linker DNA and stabilizing the 

compaction o f nucleosome arrays (Clark and Kimura, 1990), or through mediating the 

interaction of adjacent nucleosomes (Thoma et al., 1979; Mamam et al., 1994).

Although the function o f  linker histones in chromatin is apparent, there is 

considerable debate as to vsdiere on the nucleosome these histones bind. Two models have 

been proposed: a symmetrical arrangement and an “ofi^axis” location. The symmetrical 

model (Figure 7A) largely arises fi*om the feet that a nucleosome core particle contains 

neither a linker histone nor linker DNA (Figure 1) v&ereas the chromatosome contains a 

linker histone and 166-168 bp o f  DNA The histone octamer has a dyad-axis o f rotational 

symmetry; this led researchers to believe that the linker histone binds in a symmetrical
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Figure 7. Three proposed models for the location of linker histones within the 
nucleosome. (A) the symmetrical arrangement model (Allan et al., 1980) in wMch the 
linker histone binds to the DNA ottering an exiting the nucleosome, making equal 
contacts with both strands. (B) an “ofi^axis” location for linker histones described by 
Hayes and Wolfife, 1993 in wdiich the globular domain of the linker histone (solid black) 
binds to the major groove on the inside of the DNA superhelix (open tube). The e ^ d e r  
represents the histone octamer, the shaded tube the DNA protected from micrococcal 
nuclease digestion in the chromatosome and the dot the dyad axis of the nucleosome. (C) 
The model of Travers and Mu)ddermans, (1996) in which the globular domain o f the linker 
histone straddles two DNA strands at the point just within the boundary (site 7) of the 
core particle DNA
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&shion, making equal contacts with the DNA strands entering and exiting the nucleosome. 

Evidence to this efifect is that linker histones preferentially bind four-way junctioned 

(Varga-Weisz et al., 1993) and supercoiled DNA (Ivanchenko et al., 1997) relative to 

linear DNA. The chief argument against this model is based on the fact that DNase 1 

digestion has faded to conclusively show protection in these regions 

There are currently two “off axis” models (Figure 7B and C) for the binding of linker 

histones to nucleosomes (Hayes and Wolflfe, 1993; Travers and Muyldermans, 1996). 

Both models imply that the linker histone binds to either the entering or exiting strand, but 

not both. It must be noted that the model shown in Figure 7B rehes on experiments 

performed exclusively with the Xenopus borealis somatic 5S rRNA gene (Hayes and 

Wolflfe, 1993; Hayes et al., 1994; Pmss et al., 1996) which may not represent a typical 

nucleosome stmcture.

The most predominant linker histone in somatic cells is histone HI. Due to the 

results of several in vitro transcription studies (Schlissel and Brown, 1988; Wolflfe, 1989, 

Layboum and Kadonaga, 1991; Ura et al., 1995), the incorporation of histone HI into 

chromatin has long been described as a generally repressive toward transcription by all 

three RNA polymerases. This is further supported by studies vdiich show that histone HI 

inhibits transcription &ctor binding to nucleosomal DNA (Juan et al., 1994, 1997) as well 

as reduces the mobility o f nucleosomes on DNA templates (Pennings, et al., 1994; Ura et 

al., 1995). Finally, it was shown that transcriptionally active genes have reduced levels o f 

histone HI relative to inactive genes (Zlatanova and van Holde, 1992 and references 

therein). Recent lines of evidence have shown that, in some cases, the presence of histone 

HI does not aflfect the assembly of transcription machinery. It has been demonstrated that
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the RNA polymerase I basal transcrÿtion &ctor, UBF, is able to d i^lace histone HI \^ e n  

binding nucleosomal DNA (Kermekchiev et al., 1997). Furthermore, the RNA 

polymerase II /row-acting 6ctor, NF-1, has been shown to bind linker DNA regardless of 

the presence of histone HI (Eisfeld et al., 1997). These results suggest that although 

histone HI can repress transaction in some instances, it may be a rather selective 

repressor o f transcrgtion initiation.

1.6. Chromatin Rem odeling Factors

The presence of chromatin structures on promoter elements is largely repressive 

toward transcription initiation, and thus these structures need to be disrupted to allow 

DNA-binding proteins access to their target sequences. In many organisms, protein 

complexes have been identified Wiich are capable o f remodeling chromatin structures 

and/or stimulating /raw-acting 6 a o r  binding to nucleosomal DNA. These “chromatin 

remodeling fkaors” can be divided into two groups: I) histone binding chaperones 

involved in nucleosome assembly/disassembly and 2) energy-consuming, muhi-enzyme 

complexes Wiich modify nucleosome structiues. The former category includes 

nucleoplasmin in Xenopus (Chen et al., 1994; Walter et al., 1995), and NAP-1 

(nucleosome assembly protein) in m am m als (Walter et al., 1995), yeast (Ishimi and 

Kikuchi, 1991), plants (Yoon e/a/., 1995) ami Drosophila {\to et al., 1996b). Both 

proteins are highly acidic, bind preferentially to histones H2A and H2B, and stabilize 

/raw-acting 6 a o r  binding to nucleosomal DNA by removing H2A/H2B subsequent to 

transcription fkaor binding (Chen et al., 1994; Walter et al., 1995). The second category



23

of energy dependent remodelling factors, include the SWl/SNF (switch o f the mating 

type/sucrose nonfermenting) (Côte et al., 1994) and RSC (remodel the structure of 

chromatin) (Cairns et al., 1996) complexes in yeast, the NURF (nucleosome remodeling 

factor) (Tsukiyama and Wu, 1995), CHRAC (chromatin accessibility complex) (Varga- 

Weisz et al., 1997), ACF (ATP utilizing chromatin assembly factor) (Ito et al., 1997) and 

BRM (brahma) (Tamkum et al., 1992) conq)lexes in Drosophila, and the BRGl 

QaTmlSWI2 - related gene 1) (Khavari et al., 1993; Muchardt and Yaniv, 1993) complex in 

mammals. Each o f these muM-subunit complexes contains a closely related ribonucleotide 

triphosphate (NT?) binding subtmit and is able to disrupt chromatin structures in vivo and 

in vitro as detected by aheration in nuclease digestion patterns. It must be noted that the 

specific nature o f the aherations in chromatin structure made by these complexes is 

unknown.

/. 7. The 5S rRNA Genes o f  Xenopus laevis

Xenopus laevis produces two major types of 5S rRNA, an essential component of 

ribosomes: the somatic type and the oocyte type. Each 5S rRNA type is transcribed fi-om 

a distinct mukigene family. The oocyte genes exist as 20 000 copies per haploid genome 

(Brown et al., 1977) in clusters of -1000 copies qiread through most o f  the Xenopus 

chromosomes (Callan et al., 1987). The oocyte genes can range in size fi’om between 650 

to 850 bp, and contain the 5S rRNA transcribed sequence, a pseudogene, and extremely 

AT rich, non-transcribed spacers (Federoflf and Brown, 1978) (Figure 8). The somatic 

genes are 880 bp in length, and are present in 400 copies per haploid genome (Peterson et
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Figure 8. Schematic representation o f the oocyte and somatic SS rRNA genes in X. 
laevis. The heavy line represents the SS rRNA coding sequence and the open box the 
intragenic promoter containing the A block, the intermediate element (IE) and the C 
hlock. Differences in nucleotide sequence between the oocyte and somatic genes are 
indicated by an *.
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al., 1980), mostly clustered at one loci on a single chromosome (Callan et al., 1987). In 

contrast to the oocyte genes, the somatic genes contain relatively GC rich non-transcribed 

spacers. Both the oocyte and the somatic 5S rRNAs are 120 nucleotides in length 

differing at 6 nucleotide positions (Figure 8).

1.8. 5S rRNA Transcription M achinery

The 5S rRNA genes have type 1 RNAP III promoters. These promoters are 

characterized by an intragenic control region (ICR) comprised of three sequence elements: 

the A block (nucleotides +50 to +64 with respect to the transcriptional start she), the 

intermediate element (BE) (+67 to +73) and the C block (+80 to +97) as shown in Figure 9 

(Geiduschek and Kassavetis, 1992 and references therein). Three transcription 6ctor 

complexes are required for assembly of a pre-initiation complex on the 5S rRNA gene: 

transcription 6ctors TFTHA, im iB  and TFTHC. Originally, the terms TFTHA, I'FlliR 

and IFIUC represented the different fractions o f nuclear extracts required for 

reconstitution o f 5S rRNA transcription, and the actual protein conqfoshions of these 

fractions were unknown. Currently researchers have characterized the individual proteins 

in these fractions well in yeast, but in higher eukaryotes the compositions o f TFIHB and 

I FlilC have not yet been agreed upon.

The first frctor involved in the assembly of a transcrÿtion initiation complex on 

the 5S rRNA promoter is a single polypeptide known as transcription 6c to r IDA 

( I FUiA). This protein binds DNA as a monomer and interacts with DNA through nine 

zinc fingers. TFTUA has been best characterized in Xenopus laevis where it has been
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Figure 9. Model for the assembly o f  an RNA polymerase III pre-initiation complex on a 
SS rRNA gene of X. laevis. The first step is the sequence specific recognition o f  the 
intragenic control region (ICR) by I h lilA  iTlilC binds to the TFTHA/promoter complex 
through protein-protein interactions and DNA contacts. The final step in pre-initiation 
complex assembly is the positioning o f IFUIB upstream of the transcriptional start she. 
This figure is adapted firom a similar Figure in Braun et. al., 1992.
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shown to interact most strong^ and specificalfy with the C block and to form weaker 

interactions with the A block and the intermediate element (IE) (You et al., 1991).

The second transcription 6ctor required for the assembly of the 5S rRNA gene 

pre-initiation complex is I blllC. ITlliC has been extensively purified in yeast and found 

to contain six distinct, tightly associated polypeptides (Braun et al., 1992). Without the 

prior binding o f TFIDA, TFinC is unable to bind the 5S rRNA gene indicating that the 

binding o f I t  lUC is mediated, at least in part, by protein to protein interactions with 

TFDIA (Geiduschek and Kassavetis, 1992). This is not une?q)ected as IT lilA  and I t  lUC 

have been diown to associate in solution in the absence o f DNA (Geiduschek and 

Kassavetis, 1992). Cross-linking studies in yeast (Braun et al., 1992) and DNase I 

footprinting analysis in Xenopus (Stuges et al, 1995) have shown that TFHIC also makes 

direct DNA contacts both upstream and downstream o f the ICR. This indicates that DNA 

binding is also involved in the association of I FlilC with the TFTIIA/5S rRNA gene 

complex.

Once TFinA and TFHIC are bound to the 5S rRNA gene, this then allows the 

positioning o f a final transcr^tion 6ctor complex, TFmB, upstream of the transcriptional 

start site (Geiduschek and Kassavetis, 1992). Like TFHIC, I'HIIH cannot bind the 5S 

rRNA gene alone and requires prior binding of TFHIC and TFHIA. The components of 

yeast I'H iiB  have been cloned and functional recombinant I H U B has been reconstituted 

(Kassavetis et al., 1995). This complex contains three distinct proteins one o f which is the 

TATA binding protein (TBP), although evidence suggests that the TBP in i hlilB does 

not bind DNA but rather the remaining two subunits, termed BRF and TFC5, serve this 

function (Braun e/a /., 1992).
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Once the three transcription Actors are positioned on the 5S rRNA gene, they 

form an extremely stable transcription complex A^ch requires only the addition o f  RNA 

polymerase EQ for transcription to be initiated (Schlissel and Brown, 1984). I FIIIA and 

TFmC can be removed from the complex without disrupting TFHOB and this Actor can 

remain tightly bound to the DNA despite the Act Aat it has no affinity for the 5S rRNA 

promoter without TFHIA and TFHIC (Geiduschek and Kassavetis, 1992). This 

phenomenon has led researchers to conclude that TFHIA and TFHIC serve only to 

position TFHEB on the SS rRNA gene and the recruitment o f RNAP HI resides solely with 

TFEHB.

1.9. 5S rRNA Transcription During Development

The somatic SS rRNA genes are transcribed in most cell types \^ereas the oocyte 

genes are transcribed during earfy oogenesis, early embryogenesis and m certain tissue 

culture cell lines (Wormington and Brown, 1983; Ford and Mathieson, 1976). During the 

embryogenesis of a female frog, primordial germ cells migrate to the ovaries and 

proliferate by mitosis. The oogonia then enter meiosis and begin to differentiate into 

oocytes, but are frozen in prophase. At this point these primary oocytes begin 

accumulating large amounts o f SS rRNA and approximately 9S% of SS rRNA present at 

this point is of the oocyte type (Figure 10). When the animal becomes sexually mature 

and undergoes treatment with hormones, some of the eggs re-enter meiosis and develop 

into mature eggs. At this point transcription ceases possibly due to pho^horyAtion o f
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Figure 10 The relative amounts o f oocyte and somatic 5S rRNA present during 
development (Wormington and Brown, 1986). Illustration from Molecular Biology o f  the 
Cell, ed B. Alberts, D. Bray, J. Lewis, M. Ratf. K Roberts, J D Watson, 1983.
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traiiscrq)tion &ctors (Hard et al., 1993; Gottesfeld et al., 1994). Once the mature egg is 

fertilized, the embryo begins to divide rapidly. Again transcription is absent, presumably 

due to the feet that the cells division rate is greater than that required for transcription 

complex formation. When the embryo enters the blastula stage, transcription begins at a 

point designated the mid-blastula transition. At this point the 5S rRNA transcripts 

present, albeit at very low levels, are 50% oocyte and 50% somatic type. When the 

embryo reaches the gastrula stage, only 10% of the 5S RNA produced is from the oocyte 

gene. By the time the neurula stage of embryogenesis is reached, the oocyte genes are 

transcriptionally silent and all the 5S rRNA present is the somatic type.

1.10. Role o f Chromatin Structures in the Differential Expression o f the SS  rRNA

Genes in X. laevis

Considerable research has focused on understanding the differential expression of 

the 5S rRNA genes in Xenopus. One hypothesis suggests that the transcription complexes 

which form on the oocyte genes are relatively unstable when compared to those of the 

somatic counterparts. As a result of this, the oocyte genes are transcribed only when 

TFHIA levels are relatively high as is the case during oogenesis. In somatic cells, in which 

TFHIA levels are much lower, the transcription conq)lexes dissociate from the oocyte 

gene allowing the subsequent assembly of repressive nucleosome structures which 

preclude further fector binding (Wolffe, 1994 and references therein). This is seemingly 

confirmed by the feet that transcrption of oocyte 5S rRNA genes in Xenopus embryos can 

be prolonged by injection of mRNA encoding TFHIA (Bouvet et al., 1994). Figure 1 lA 

demonstrates the relationship between TFHIA levels and transcrq>tion of the oocyte 5S
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Figure 11. The relationship between I'HilA/histone HI levels and the transcription of the 
oocyte and somatic 5S rRNA genes in X. laevis (Wolflfe, 1994). (A) The number o f 
molecules of TFHIA per SS rRNA gene at the different stages of development and the 
transcriptional activity of the oocyte and somatic 58 rRNA genes at these stages. MBT is 
the mid-blastula transition. (B) The molar excess o f histone HI per 58 rRNA gene during 
development compared to the transcrçtional activity of the oocyte and somatic 58 rRNA 
genes at the different stages.
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rRNA genes during development.

A second hypothesis fbr the differential transcription of the 5S rRNA genes came 

from a series of in vitro 5S rRNA transcrÿtion studies. One study demonstrated that 

native chromatin from a Xenopus kidney cell line can serve as a template for transcription 

of the oocyte gene only after the selective release o f histone HI (Schlissel and Brown, 

1984). A second study showed that histone HI specifically represses transcription o f an 

oocyte gene in chromatin reconstituted in vitro, wdiile leaving a corresponding somatic 

gene unaffected (Tomaszewski and Jermanowski, 1997). These results suggest that it is 

the presence of the linker histone HI which is responsible for the repression of oocyte 

transcription in somatic cells. In accordance with this hypothesis, the oocyte genes are 

transcribed during oogenesis simply because Xenopus oocytes are devoid of HI. Further 

evidence to support this is the fact that incorporation o f a somatic histone HI variant into 

chromatin during embryogenesis results in specific repression of i FlilA-activated oocyte 

SS rRNA transcription (Bouvet et al., 1992). Figure 1 IB demonstrates the relationship 

between histone HI levels and oocyte SS rRNA transcrq)tion during embryogenesis.

One final hypothesis is that the differential regulation of the SS rRNA genes is due 

to different levels o f  acétylation of histones packaging the two gene Emilies. Ifistone 

acétylation has been shown to enhance the binding o f TFIHA to nucleosomal DNA (Lee et 

al., 1993) and the transcription of SS rRNA from dinucleosomal templates (Ura et al., 

1997).
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H I .  Objectives

The work in this thesis elaborates on the above mentioned studies. The role of 

chromatin structures on the differential regulation o f 5S rRNA transcription in Xenopus 

laevis was addressed in four difièrent areas. First, the effect o f histone octamer 

translational position on the binding o f TFEQA to nucleosomal DNA was studied. Second, 

the relationdup between histone acétylation and the transcriptional silencing o f the 

Xenopus laevis oocyte SS rRNA genes in somatic cells was investigated Third, it was 

determined whether histone HI preferentially interacts with nucleosomal oocyte SS rRNA 

genes when compared to the somatic counterparts. Finally, the effect of the histone 

binding protein, nucleoplasmin, on the binding o f I FUiA to nucleosomal SS rRNA genes 

was tested
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2. MATERIALS AND METHODS

2.1. DNA Fragments

The plasmids used in this work were generous gifts o f Dr. Paul Romanhik 

(University of Victoria, Victoria, B.C.), Dr. Don Brown (Carnegie Institution of 

Washington, Baltimore, MD) and Dr. Robert Simpson (Pennsylvania State University, 

State College, PA) and are schematically represented in Figure 12. The X. laevis oocyte 

and somatic SS rRNA genes exist in clustered, tandemly repeating copies which can be 

isolated as individual units by digestion with the restriction enzyme Hind m. Plasmid 

pXlsl 1 (Peterson et al., 1980) contains a single copy of the 880 bp Hind HI fragment of 

the X. laevis somatic SS rRNA gene cloned into the Hind HI site o f the plasmid vector 

pUcI9. The plasmid pXlo(A3'+I76) (Bogenhagen and Brown, 1981) contains a S29 bp 

copy o f  the X. laevis oocyte gene truncated S6 bp downstream o f the SS rRNA coding 

sequence and cloned into the Hind HI and EcoK  I sites of the plasmid vector Bhiescript. 

Plasmid pXlo720 contains a single copy o f the oocyte gene cloned into the Hind HI site of 

pBhiescript. Plasmids pXlo and pXls each contain a copy o f the oocyte and somatic SS 

rRNA coding sequences respectively, cloned into pUC vectors immediately downstream 

of a T7 RNA polymerase promoter (Romanhik et al., 1987).

Five, -200 bp, overlapping fragments o f the X. laevis somatic and oocyte SS 

rRNA genes were subcloned from plasmids pXlsl 1 and pXlo(A3'+l76). The 

nomenclature used to describe these new plasmids is based on the source o f the gene 

fragment (Xlo for X. laevis oocyte SS rRNA gene and Xls for the somatic) and the 

position o f  the new gene fragment termini in relation to the transcr^tional start she. Due
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to the lack o f restriction sites in the oocyte gene, exonuciease III was used to create 

deletions of pXIo(A3'+176) to generate plasmids pXlo(-83—H-136) and pXlo(-38—>+149). 

The exonuclease HI digestions were performed independent^ on each termini as described 

by Sambrook et al, ( 1989). The plasmids containing the X. laevis somatic 5S rRNA gene 

fragments designated pXls(-51->+l47) and pXls(-51^+204) were created by digesting 

pXlsI 1 with Ban WDde I and Eae MAlu I re^ectively, removing the protruding 3' termini 

or frUing in the protruding 5’ termini with Klenow (Sambrook et al, 1989), and ligating the 

restriction fragments into the ElcoK V site o f Bhiescript. A third plasmid containing the 

somatic 58 rRNA gene fragment designated pXls(-74^+l47) was created by polymerase 

chain reaction amplification of a gene fragment from pXlsll with the primers 

^GTAAAACGACGGCCAGT^ and  ̂CTTGGGAATTCAGCCCTGC^. The former 

primer anneals to the plasmid vector downstream of the 58 rRNA coding sequence and 

the latter primer to a sequence within the 58 gene upstream untranscribed region creating 

and EcoK I site 74 bp upstream of the transcription start she. Following PCR, the 

amplified product was EcoK VHmà HI digested and ligated into Bhiescript. The resulting 

plasmid was digested with Dde I, treated whh Klenow to remove the 3’ protruding te rmini 

(8ambrook et al, 1989), and the fragment containing the somatic gene ligated into the 

EcoK V she o f Bhiescript. As a result o f the above sub-cloning steps, each 58 rRNA gene 

fragment was flanked by an EcoK I she upstream and a Hind HI she downstream o f the 

58 rRNA coding sequence. A 214 bp EcoK \-Dde I fragment derived from the plasmid 

pXP-10 (WolflFe et al., 1986) was used for the experiments involving the Xenopus 

borealis 58 rRNA gene. This fragment can be described as Xbs(-75->+147) using our 

nomenclature.
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For e?q)enments requiring the full-length SS rRNA gene repeat, 1 mg of plasmids 

pXlsl 1 and pXlo720 were digested with 4000 units o f Hind IH in 10 mL o f  10 mM Tris- 

HCl, (pH 7.9), 10 mM MgClj, 50 mM NaCl, 1 mM DTT for 4 hours at 37°C. The 720 bp 

oocyte and 880 bp somatic full-length 58 rRNA genes were isolated by repeatedly passing 

the Hind HI digests over a 3 x 70 cm Sephacryl S-1000 column (Garcia-Ramirez et aL, 

1992) equilibrated with 10 mM Tris-HCl (pH 8), 1 mM EDTA at 60 mlThour.

The 208-12 DNA construct consists o f twelve, tandemly arranged fragments of the 

Lytechinus variegatus 58 rRNA gene (Simpson et al., 1985) cloned into the EcoR I site o f 

a pUC vector. The 208-12 fragment was liberated from the plasmid by digesting the 

plasmid sequence with the restriction enzyme Hha I (there are seventeen Hha I sites in 

pUC vectors and no Hha I sites within the 208-12 fragment). The 2.5 Kb 208-12 

fragment was isolated from vector sequences by Sephacryl S-1000 chromatography as 

described earlier.

2.2. Labeling o f DNA

2.2.1. Labeling o f DNA fo r electrophoretic mobility shift analysis or use as radiolabeled 

probes

Plasmid inserts were excised by restriction en^mie digestion and 3 ' end-labeled by 

adjusting the digestion reaction to 100 pM dCTP, 100 pM dGTP, 100 pM  dTTP, 33 nM 

[a-^^P]dATP (3000 pCi/mmol), and adding 4 units o f Klenow. The reactions were 

incubated at room temperature for 30 minutes and the labeled fragments were pmified 

from plasmid DNA and unincorporated label by electrophoresis on a 4% acrylamide gel
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(30:0.8, aciylamiderbis-aciylainide) in 0.5x TBE buffer (45 mM Tris-borate, 1 mM 

EDTA). After autoradiography o f the gel, the band containing the labeled DNA was 

excised and the DNA ehited from the gel slice by rotation for 16 hours in 400 pL of 0.6 M 

ammonium acetate, 0.1% SDS, 1 mM EDTA The DNA was ethanol precipitated and 

resuspended in (IH2 O

2.2.2. Labeling o f  DNA fo r micrococcal nuclease digestion

For the micrococcal nuclease digestions, for ^ ^ c h  internally labeled DNA was 

required, approximately 2 pg o f  plasmid DNA was denatured in 10 pL o f 0.2 M NaOH, 

0.2 mM EDTA for 30 minutes at 37°C. The denatured plasmid was ethanol precipitated 

and annealed to 20 pmoles o f the M13 sequencing primer ^GTAAAACGACGGCCAGT^ 

in 10 pL dH20 by incubation at 37°C for 30 minutes. The labeling was performed in 20

pL o f 10 mM Tris-HCl (pH 7.9), 10 mM MgClz, 50 mM NaCl, I mM DTT, I mM dCTP,

dGTP, dTTP, 10 pM dATP, 50 nM [a^^P] dATP (3000 pCi/mmol) with 4 units o f 

Klenow and incubation at room temperature for 30 minutes. The Klenow was heat 

inactivated at 65°C for 15 minute s  and the labeled DNA was digested with 10 units each 

o f £coR I and Hinà m  for 90 minutes at 37°C. The labeled DNA fragments were purified 

by gel electrophoresis as described above. Using this technique a DNA fragment 

internally labeled on only the coding strand was produced which frcilitated the 

interpretation o f results of the nucleosome translational position analysis.
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2.2.3. Labeling DNA fo r DNase I  footprinting

For DNase I footprinting analysis, which required DNA end-labeled on only one 

strand, approximately 2 pg o f  plasmid DNA was digested in 10 mM Tris-HCl (pH 7.9), 10 

mM MgClz, SO mM NaCl, 1 mM DTT, with EcoK  I for labeling o f the non-coding strand 

and with M ini m  for labeling o f the coding strand. Labeling was initiated by adjusting the 

solution to 100 pM dCTP, dGTP, dTTP and 33 nM [a^^P] dATP (3000 pCi/mmol), 

adding 4 units o f Klenow and incubating for 30 minutes at room temperature. Following 

this the Klenow was heat inactivated, and the DNA was restriction digested at the 

remaining flanking site and purified by gel electrophoresis as described above.

2.3. Protein Purification

The purification o f recombinant I FlilA from Elsckerichia coli cells harboring the 

e7q>ression plasmid pTF3 was carried out as described previously (Veldhoen et al., 1994). 

The technique o f Ausio et aL, (1989) was used for the isolation of nucleosome core 

particles from chicken erythrocytes. Briefly, nuclei from red blood cells were isolated by 

repeatedly washing chicken erythrocytes with 100 mM KCl, 50 mM Tris-HCl (pH 7.5), 1 

mM MgClz, 0.5% Triton X-100 until the pellet was completely wdfite. The nuclei were 

resuspended in 100 mM KCl, 50 mM Tris-HCl (pH 7.5), 1 mM CaClj and digested with 

12 units of micrococcal nuclease per microgram of DNA for 7 minutes at 37°C. The 

digestion was stopped by adjusting the solution to 5 mM EDTA and the nuclei were 

pelleted by centrifugation at 5000xg. The chromatin was released by lysis of the nuclei in 

0.25 mM EDTA (pH 7.5) with stirring for two hours at 4°C. The lysate was centrifuged
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at SOOOxg for 20 minutes, the supernatant was adjusted to 0.35 M NaCl and linker 

histones and non histone proteins were removed by shaking the solution with 12 mg of 

CM C-25 Sephadex/mg o f DNA for two hours at 4°C. The resin was removed by 

centrifugation and the supernatant was dialyzed overnight against 25 mM NaCl, 10 mM 

Tris-HCl (pH 7.5), 1 mM CaCk. Following diafysis, the chromatin was digested again 

with 40 units o f micrococcal nuclease per pg o f DNA for 7 minutes at 37°C to generate 

nucleosome core particles. Final purification of the core particles was achieved by 

centrifugation in a 5 to 20% sucrose gradient [in 25 mM NaCl, 10 mM Tris-HCl (pH 7.5), 

1 mM EDTA] at 25 000 rpm for 24 h in a Beckman SW-41 rotor at 4°C.

Nucleosome core particles with low or high levels o f core histone acétylation were 

obtained, as described by Ausio and Van Holde, (1986), firom HeLa cells grown in the 

absence or presence of 10 mM sodium butyrate respectively. Briefly, HeLa cells (S3 

strain) were grown, to a cell count of 5x10^ cells/ml, in Joklik modified minimal essential 

media (Gibco) supplemented with 2 g/L sodium bicarbonate, Ix PSN antibiotic (Gibco), 

and 10% new bom calf serum. After harvesting the cells by centrifugation, nuclei were 

isolated by wadiing the cells three times in 0.25 M sucrose, 60 mM KCl, 15 mM NaCl, 10 

mM MES (pH 6.5), 10 mM sodium butyrate, 5 mM MgClz, 1 mM CaClj, 0.5 % Triton X- 

100 and 0.1 mM PMSF. The nuclei were pelleted at 3000xg, resuspended in 10 mM 

PIPES (pH 6.8), 10 mM sodium butyrate, 5 mM MgClz, 1 mM CaCh, 0.1 mM PMSF and 

digested with 30 units of micrococcal nuclease per pg o f DNA, for 7 minutes at 37°C. 

The digestion was stopped by adjusting the solution to 5 mM EGTA and the nuclei were 

pelleted at 3000xg. The supernatant, Wiich contained approximately 17% of the initial 

DNA, was concentrated using a centricon 30 microconcentrator (AMICON Inc., Beverty,
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MA) and loaded onto a 5-20% linear sucrose gradient in 10 mM Tris-HCl (pH 7.5), 0.5 M 

NaCl, 0.5 mM EDTA, 5 mM MgClj, 0 .1 mM PMSF and centrifuged at 27 000 rpm for 20 

h in a Beckman SW-41 rotor at 4°C.

The purification of histone HI from HeLa cells was carried out as described 

previously (Garcia-Ramirez et al., 1990). Purified histone octamers were purified by 

others from chicken erythrocytes (Hansen et al., 1989). Nucleoplasmin was purified by 

others üom  Xenopus eggs (Rice et al., 1995).

2.4. Protein Electrophoresis

The purity o f the proteins used in this study was verified by SDS-polyacrylamide 

gel electrophoresis (Laemmli, 1970). To analyze the levels of core histone acétylation, 

purified HeLa histones were electrophoresed on a 6% acetic acid, 8 M Urea, 8 mM Triton 

X-100 gel as described by Boimer et al., (1980). Analysis of the histone composition of 

nucleosomes reconstituted by salt gradient dialysis was carried out by two dim ensional 

electrophoresis as follows. Approximately 10 pg of reconstituted nucleosomes were 

resolved on a 4% acrylamide gel (30:0.8 acrylamiderbis-acrylamide) at 10 V/cm in 0.5x 

TBE buffer. Following staining with ethidhun bromide, the nucleosome band was excised 

and the gel slice equilibrated at room temperature in Ix SDS sample buffer (Laemmli, 

1970) for 30 minutes. The gel slice was then loaded onto a 15% SDS-PAGE (Laemmli, 

1970) and run in the second dimension. The gel was stained with Coomassie blue and 

scarmed with a Personal Densitometer (Molecular Dynamics, Smmyvale, CA).
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2. S. Nucleosom e Reconstitution,

2.5.1. The octamer transfer method o f reconstitution

The octamer transfer method (Rhodes and Laskey, 1989) was used to reconstitute 

mononucleosomes containing the -200 bp radiolabeled fragments o f the oocyte and 

somatic SS rRNA genes. Initially, several different octamer transfer methods were used 

but finally a modification o f the method described by Bresnick et a i, ( 1991) was employed 

as it gave the maximum incorporation of DNA into nucleosomes with the minimal amount 

o f nucleosome aggregation. Using this technique, approximately 200 finol of labeled 

DNA and 3 |xg o f unlabeled nucleosome cores (isolated from either chicken erythrocytes, 

non-butyrate treated HeLa cells or butyrate treated HeLa cells as indicated) were mixed in 

25 pJL o f 0.8 M NaCl, 50 mM Tris-HCl (pH 8), 1 mM 3 mercaptoethanoL 0.1 mM PMSF. 

Following incubation for 30 minutes at 37°C, the nucleosomes were incubated at 4°C for 

16 hours. The reconstitution reactions were then serial diluted to 0.6 and 0.1 M NaCl by 

addition of 50 mM Tris-HCl (pH 8), 0.1 mM PMSF after 30 minutes intervals at 4°C.

2.5.2. Salt-gradient dialysis reconstitution

The salt gradient dialysis method (Tatchell and van Holde, 1977) was used in 

situations A^ere large amounts of reconstituted nucleosomes were required. To this end, 

100 pg of DNA was mixed with 75 pg o f  chicken erythrocyte histone octamers (one 

octamer/217 bp) in 1 mL o f 2 M NaCl, 10 mM Tris-HCl (pH 7.5). The mixture was 

incubated overnight at 4°C before dialyzing for 2.5 hours intervals against 1.5, 1.2, 1, 0.6
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and 0.3 M NaCl, in 10 mM Tris-HCl (pH 7.5). The samples were then dialyzed overnight 

against 100 mM NaCl, 10 mM Tris-HCl (pH 7.5).

2.5.3. Salt-gradient dialysis reconstitution with incorporation o f histone H I

The 208-12 construct and fiiU-length 5S rRNA gene repeats, at a concentration o f 

100 pg/mL, were mixed with a 3-4 fold molar excess of histone octamers (one 

octamer/220 bp) in 2 M NaCl and diafyzed by step gradient to 0.5 M NaCl as described 

above. The reconstitution reactions were diluted six fold in 0.5 M NaCl, 10 mM Tris-HCl 

(pH 7.5) and concentration to the original volume using a centricon 30 microconcentrator 

(AMICON Inc., Beverly, MA). Following concentration, histone HI [dissolved in 0.5 M 

NaCI, 10 mM Tris-HCl (pH 7.5), I mM EDTA] was added at 1 mole o f  HI per mole o f 

histone octamers and the reactions were dialyzed against 10 mM NaCl, 10 mM Tris-HCl 

(pH 7.5) overnight at 4°C.

2.6. Determination o f Nucleosom e Translational Position

When native, HI depleted chromatin is digested with micrococcal nuclease, 146 bp 

nuclease resistant fragments are produced due to interaction o f the DNA with the histone 

octamer. Nucleosome translational position analysis was perfi)rmed by mapping the 

positions o f these micrococcal nuclease fragments with restriction enzymes. The 

reconstituted nucleosomes, at a concentration o f 15 ng/pL DNA, were adjusted to 1 mM 

CaCl2  and incubated at 37°C for 5 minutes. Following this, 0.2 units o f micrococcal

nuclease were added for every pg of DNA and incubation was continued for a further 15
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minutes at the same temperature. The time of digestion was established from a previous 

time course of digestion analysis carried out under the same conditions. The digestion 

was stopped and the DNA deproteinized by adjusting the solution to 5 mM EDTA, 0.25% 

SDS and extracting with phenol/chloroform/isoamyl alcohol (25:24:1). The 

approximately 146 bp micrococcal nuclease resistant DNA fragments were isolated by gel 

electrophoresis on a 6% acrylamide gel in 0.5x TBE. After elution from the acrylamide as 

described above, the DNA was precipitated and cut with 5 units o f restriction enzyme in 

20 pL o f appropriate restriction enzyme buffer for 3 hours at 37®C. Following this, the 

digested fragments were extracted with phenol/chlorofbrm/isoamyl alcohol (25:24:1), 

ethanol precipitated, and resuspended in 95% formamide, 0.25% bromophenol blue, 

0.25% xylene cyanol and 1 mM EDTA The fragments were denatured at 90°C for 2 

minutes and resolved at 20 volt/cm on a 8% acrylamide (19:1 acrylamide:bisacrylamide) 

and 8.3 M urea gel in Ix TBE (90 mM Tris-borate, 2 mM EDTA). Following 

electrophoresis the gel was dried under vacuum at 90°C and autoradiographed.

2.7. Electrophoretic M obility S h ift Assays

2.7.1. TFIIIA electrophoretic mobility shift assctys

Approximately 1 finol of labeled reconstituted nucleosomes were incubated in 10 p 

L o f 20 mM Tris-HCl (pH 7.5), 70 mM NaCl, 10 pM ZnCl2 , 6% glycerol, 0.1 mg/mL 

BSA (bovine serum albumin), 2.5 mM DTT, 0.07% NP-40, 40 ng/pJL poly(dI- 

dC)-poly(dI-dC) for 20 minutes at room temperature. The amount of nucleoplasmin
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and/or i n  H A was as indicated. The binding reactions were loaded onto 0.75% agarose 

gels containing in O.Sx TB (45 mM Tris-borate) and run at 3.5 volts/cm at room 

temperature. The gels were dried at 50°C and autoradiographed. TFIIIA shifts of 

uncomplexed DNA were carried out in a similar manner with 100 ng/|iL poly(dI- 

dC)*poly(dI-dC) added to the binding reactions.

2.7.2. Histone H I electrophoretic mobility shift assays

K stone HI binding reactions were performed with approximately 1-2 finoles of 

labeled nucleosomes or free DNA in 10 pJL o f 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 

6% glycerol, 0.1 mg/mL BSA for 20 minutes at room temperature. The amount of 

histone HI was as indicated in the figure legends. The binding reactions were 

electrophoresed on 0.75% agarose gels in 0.5x TBE at 3.5 volt s/cm at room temperature. 

The gels were dried at 50°C and autoradiographed.

2.8. DNase /  Footprinting Analysis

Ten femtomoles o f labeled reconstituted nucleosomes were incubated with 

approximately a 50 fold molar excess o f TFIIIA in 20 pL o f 20 mM Tris-HCl (pH 7.5), 70 

mM NaCl, 10 ^M ZnCl2 , 6% glycerol 0.1 mg/mL BSA 2.5 mM DTT, 0.07% NP-40 for

20 minutes at room temperature. Immediately thereafter, 1 ng o f  bovine pancreatic 

DNase I was added and digestion was allowed to proceed for I minute at room 

temperature. Reactions were immediately loaded onto a 4% acr^damide gel (30:0.8
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aciylamiderbis-acTyianiide) in O.Sx TBE buffer and run at 10 vohs/cm at room 

temperature. The gel was autoradiographed wet and bands containing the TFIIIA shifted 

and control nucleosomes were excised. The digested DNA was eluted as described 

earlier, ethanol precipitated and resuqiended in 95% formamide, 0.25% bromophenol 

blue, 0.25% xylene cyanol and 1 mM EDTA. The DNA fragments were denatured at 90° 

C for 2 minutes and resolved on a 8% acrylamide ( 19:1 acrylandderbisacrylamide) and 8.3 

M urea gel in Ix TBE. Naked DNA, digested as above, was used as a control but in this 

latter case, the gel purification step was omitted. Instead the DNase 1 digestions were 

heat inactivated at 90°C for 5 minutes and the resulting DNA fragments were extracted 

with phenol/chlorofbrm/isoamyl alcohol (25:24:1) and ethanol precipitated. Maxim 

Gilbert reactions of free DNA were performed using the technique described in Sambrook 

et aL, ( 1988) and used as markers.

2.9. M icrococcal Nuclease Digestion o f Chromatosomes and  Southern B lot 

Hybridization.

Approximately 5 pg of nucleosomes reconstituted on fidl-length 5S rRNA gene 

repeats were adjusted to 1 mM CaClz and digested with 1 unit o f  micrococcal nuclease. 

At time intervals, 1 pg aliquots were removed, and the digestion was stopped and the 

DNA deproteinized by adjusting the solution to 5 mM EDTA, 0.25% SDS and 

phenol/chloroform/isoamyl alcohol (25:24:1) extracting. The digestion products were 

ethanol precipitated and resolved on a 4% acrylamide gel (19:1 acrylamide:bis-acrylamide)
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(Yager and van Holde, 1984). The gel was stained with ethidhun bromide and the bands 

visualized under UV light.

Micrococcal nuclease digestion fragments resolved on 4% acrylamide gels were 

blotted onto Zeta-Probe membrane (Bio-Rad, Hercules CA) by applying the membrane 

dry to the gel, and vacuum drying at room temperature for 60 minutes (the gel detached 

once the membrane was rehydrated in 2x SSC [0.3 M NaCl, 30 mM trisodhun citrate, (pH

7)]). After transfer, the membrane was placed DNA surface up for 10 minutes on three 

sheets of Whatman paper saturated with 0.4 M NaOH. The membrane was rinsed in 2x 

SSC, air dried and vacuum dried at 80°C for 30 minutes. For prehybridization, the 

membrane was rehydrated in 2x SSC and blocked in 5 mL o f 1 mM EDTA, 0.5 M 

Na2HP0 4  (pH 7.2), 7% SDS at 65°C for 30 minutes. The prehybridization solution was 

replaced with the same buffer containing a denatured, 180 bp, [a-^^P] dATP end-labeled, 

Hinà m/EcoR I fragment from plasmid pXls (Romanhik et aL, 1987) and hybridization 

proceeded for 16 hours at 65°C. The membrane was wadied at 65°C for 45 minutes each, 

2x whh 1 mM EDTA, 40 mM NazHPO^ (pH 7.2), 5% SDS and 2x whh 1 mM EDTA, 40 

mM Na2HP0 4  (pH 7.2), 1% SDS. The membrane was dried and autoradiographed.

2.10. In vitro Transcription o f Reconstituted SS rRNA Genes.

HeLa nuclear in vitro transcription extracts were purchased from Promega 

Corporation (Madison, WI) and Xenopus oocyte nuclear extracts were generous gifts of 

Dr. Chiaki Katagiri (Hokkaido University, Sapporo, Japan). When using HeLa extracts, 

transcriptions were performed on 250 ng of tenqilate (either reconstituted nucleosomes or
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uncomplexed DNA) with 8 units o f transcription extract in 25 |xL o f 20 mM NaCl, 44 mM 

KCl, 9.1% glycerol, 88 nM EDTA, 0.22 mM DTT, 2 mM MgCk, 0.4 mM ATP, CTP, 

UTP, 7.4 mM HEPES, 2.9 mM Tris-HCl (pH 7.8) and 1 pM [a-” P] GTP (400 

pCi/mmol) at 30°C for 60 minutes. The extracts were supplemented with 150 nM 

recombinant Xenopus TFIHA and for each transcr^tion reaction an internal control of 50 

ng CMV DNA was included. The reactions were terminated by addition o f 175 pL of 0.3 

M Tris-HCl (pH 7.4), 0.3 M sodium acetate, 0.5% SDS, 2 mM EDTA and 3 pg/mL 

tRNA, extracted with phenol:chloro&rm:isoamyl alcohol (25:24:1), and ethanol 

precipitated. When using the Xenopus oocyte nuclear extracts, 40 ng of template DNA 

was transcribed with 8.2 pL of transcription extract in 10 pL o f 8.2 mM HEPES (pH 7.5), 

1.6 mM DTT, 80 nM EDTA, 41 mM KCl, 0.4 mM ATP, CTP and UTP, 1 pM [a-^^P] 

GTP (400 pCi/mmol) and 4.1% glycerol at 30®C for 60 minutes. The reactions were 

terminated by addition of 90 pL o f 0.3 M Tris-HCl (pH 7.4), 0.3 M sodium acetate, 0.5% 

SDS, 2 mM EDTA and 3 pg/mL tRNA, deproteinized and pmified as described above. 

Precipitated transcripts were resuspended in 98% formamide, 10 mM EDTA, 0.1% 

bromophenol blue, 0.1% xylene cyanol, heated at 90°C for 10 minmes and 

electrophoresed at 20 vohs/cm on a pre-electrophoresed 8% acrylamide (19:1 

acrylamide:bisacrylamide) and 8.3 M mea gel in Ix TBE. The gel was then dried and 

autoradiographed.
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2.11. C ell C ulture and Northern B lot A nafysis

Xenopus laevis K2 cells were a generous gift o f Paul Labhart at the Scripps Research 

histitute in La Jolla, Cahfomia. Cells were cultured at room tençerature, without CO2, in 

0.5x Leibovitz L-15 media (Gibco) supplemented with 10 mM HEPES (pH 7.5), Ix  PSN 

antibiotic (Gibco), 2 mM L-glutamine and 10% fetal calf serum Total cellular RNA was 

isolated using the acid guanidinium thiocyanate-phenol-chloroform extraction technique 

(Chomczynski and Sacchi, 1987) and electrophoresed for 16 hours at 10 v/cm on a pre- 

electrophoresed (at 25 v/cm for 4 hours), 12.5% acrylamide (29:1 acrylamiderbis- 

acrylamide) and 2.5 M urea gel in Ix TBE. Following electrophoresis, the RNA was 

blotted onto a Zeta-Probe membrane as described above. The membrane was alkaline 

fixed, blocked and hybridized to a 180 bp, [ct-^^P] dATP end-labeled. Hind ISUEcoK 1 

fragment from plasmid pXlo (Romanhik et al., 1987). In vitro T7 RNA po^merase 

transcribed X. laevis oocyte and somatic 5S rRNA were prepared by digesting 2 pg of 

plasmids pXlo and pXls respectively (Romanhik et aL, 1987) with Dra L and transcribing 

whh 50 unhs o f  T7 RNA polymerase in 50 |iL of 40 mM Tris-HCl (pH 7.9), 6 mM 

MgClz, 2 mM spermidine, 10 mM DTT, 0.1 mg/mL BSA and 0.5 mM NTPs. Reactions 

were terminated by addition of 98% formamide, 10 mM EDTA, 0.1% bromophenol bhie, 

0.1% xylene bhie.

2.12. W estern B lot Analysis

Polyclonal antibodies specific for acetylated histone H4, prepared as previously 

described (Lin et a i, 1989), were a generous gift o f  Dr. David Allis (University of
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Rochester, Rochester, NY). Western blot analysis (Perry et aL, 1993) was performed 

with histones isolated firom HeLa cells grown in the presence o f sodium butyrate (Ausio 

and Van Holde, 1986).

2.13. Control Immunoprécipitation

Two hundred nanograms o f HeLa mononucleosome cores, either non-acetylated 

or hyperacetylated (firaction “c” firom butyrate treated cells, Ausio et aL, 1989), were 5’ 

end-labeled with 10 units of polynucleotide kinase in 20 pL o f 50 mM Tris-HCl (pH 7.5), 

2 mM MgClz, 5 mM DTT, I mM EDTA and 40 nM [y-^^P] ATP (3000 nCi/mmol). The 

labeling reaction was stopped by adjusting the solution to 10 mM EDTA and the labeled 

cores were diluted with a 1000 molar excess of unlabeled chicken erythrocyte 

mononucleosome cores to produce solution with a final mononucleosome concentration of 

I mg/mL. The samples were treated with 1% formaldehyde at room temperature for 20 

minutes, dialyzed against 10 mM Tris-HCl (pH 7.5), 10 mM EDTA to remove the 

formaldehyde and immunoprec^itated as described in the following section.



51

2.14. Chromatin Isolation, Im m unoprécipitation and Dot B lot Analysis

Chromatm fragments were isolated fr'om X. laevis tissue culture cells frxed whh 

1% formaldehyde for 20 minutes at room temperature. The cells were harvested by 

centrifugation at 2000xg and resuspended sequentially, to a concentration of 

approximately 5.5 x lO’cells/mL, in ice-cold PBS, buffer I [0.25% Trhon X-100, 10 mM 

EDTA, 0.5 mM EGTA, 10 mM Tris-HCl (pH 7.5)] and buffer U [200 mM NaCl, I mM 

EDTA, 0.5 mM EGTA, 10 mM Tris-HCl (pH 7.5)]. The final pellet was resuspended in a 

one half volume of buffer HI [1% SDS, 10 mM EDTA, 50 mM Tris-HCl, (pH 7.5), 

Complete Protease Inhibhor Cocktail (Boehringer Mannheim)] and sonicated 10 times for 

10 sec each on setting 3.5 and 50% duty on a W-385 ultrasonic processor (Heat Systems 

Ultrasonics frtc). Immunopreciphation of hyperacetylated nucleosomes was performed by 

diluting the sonicated chromatin in buffer IV [1% Triton X-100, 150 mM NaCl, 2 mM 

EDTA, 20 mM Tris-HCl (pH 7.5)] to a final DNA concentration of 100 ng/pl, mixing 100 

|ig whh 7.5 |xL of undiluted polysera and rotating at 4°C for 16 hours. Immunocomplexes 

were preciphated by addition o f 2 pg of chicken erythrocyte core particle DNA and 45 pL 

of protein A-Sepharose CL 4B beads [125 mg o f resin equilibrated overnight in 1 mL of 

10 mM Tris-HCl (pH 7.5), I mM EDTA], rotation was continued for one hour followed 

by centrifugation at 2000xg for 2 minutes. The beads were sequentially washed for 10
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minutes each in 1 mL of buffer V [ISO mM NaCl, 0.1% SDS, % Triton X-100, 2 mM 

EDTA, 20 mM Tris-HCl (pH 8)], buffer VI [500 mM NaCl, 0.1% SDS, % Triton X-100, 

2 mM EDTA, 20 mM Tris-HCl (pH 8)] and buffer VH [0.25 M UCl, 1% Nonidet P-40, 

1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl (pH 8)]. The beads were then washed 

3x in 1 mL o f 10 mM Tris-HCl (pH 7.5), I mM EDTA before extracting 3x with 133 

o f 1% SDS, 0.1 M NaHCOs. The pooled ehiates were heated at 65°C for 4 hours to 

reverse the formaldehyde cross-links and the released DNA was ethanol precipitated. The 

pelleted DNA was resuspended in dH^O and deproteinized by digestion with 50 pg/mL 

proteinase K for 30 minutes at 37°C and extraction with phenol/chloroform/isoamyl 

alcohol (25:24:1). The DNA was ethanol precÿitated, resu^ended in dH^O and dot 

blotted onto Zeta Probe membranes using a Bio-Dot dot blot apparatus (Bio-Rad, 

Hercules CA). The membrane was blocked and hybridized, as described earlier, to a -360 

bp, [a-^^P] dATP end-labeled, Hinà. \5HEae I fragment derived from plasmid pXlo720. 

This labeled fragment contains the 5’ non-transcribed q>acer o f the X. laevis oocyte 5S 

rRNA gene. The 720 bp oocyte and 880 bp somatic full-length 5S rRNA gene repeats 

were used as oocyte and somatic 5S rRNA gene controls.
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2.15. Chromatin isolatioHf micrococcal nuclease digestion and Southern blot anafysis

Nuclei isolated fi*om the X. laevis K2 kidney cell fine (Ausio and Van Holde, 1986) 

were suspended in 10 mM PIPES (pH 6.8), 50 mM NaCI, 5 mM MgClj, 1 mM CaClz, 0.1 

mM PMSF and digested with 4 units/pg micrococcal nuclease at 37°C for various timed 

intervals. The digestions were terminated and the nuclei lysed by adjusting the solution to 

10 mM EDTA, 0.5% SDS. The DNA was deproteinized by digestion with 0.2 mg/mL 

Proteinase K for 3 hours at 37°C followed by extraction with phenol/chloroform/isoamyl 

alcohol (25:24:1). The sanq)les were ethanol precipitated, electrophoresed on a 1% 

agarose gel in Ix TAE (40 mM Tris-acetate, 1 mM EDTA), Southern blotted (Sambrook 

et al, 1989), and probed with the -360 bp, [a-^^P] dATP end-labeled. Hind IBJEae I 

fragment from plasmid pXlo720.

2.16. In vitro Nucleosome Assembly.

The ability o f nucleoplasmin to assemble nucleosomes in vitro was tested by a 

supercoifing assay. Five hundred ng of histone octamers were incubated with or without 1 

pg nucleoplasmin in 100 pL o f 15 mM Tris-HCl (pH 7.5), 160 mM NaCl, 0.35 mM 

EDTA, 1 mM DTT, 1 mM P mercaptoethanol and 0.01% Nonidet P-40 for 45 minutes at 

room temperature. Following this, 0.5 pg o f SV40 DNA in 5 pL of 50 mM Tris-HCl (pH
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8), 1 mM EDTA, 1 mM DTT, 50 mM NaCl, 20% glycerol and 7 unks/pJL of 

topoisomerase I was added and incubation proceeded for 90 minutes at 37°C. The 

reactions were centrifuged for 10 minutes at 1 SOOOxg and the supernatants were extracted 

with phenol/chloroform/isoanqfl alcohol (25:24:1) and ethanol precipitated. The different 

DNA topoisomers produced by deposition of histone octamers and subsequent supercoil 

relaxation were resolved by electrophoresis on a 2% agarose gel in Ix TPE (90 mM Tris- 

phosphate, 2 mM EDTA) at 4 vohs/cm for 16 hours whh buffer recirculation. The gel 

was ethidhun bromide stained and the bands visualized under UV light.
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3. RESULTS

3.1. D ifferential transcription o f  X . laevis oocyte and som atic 5S rRNA genes after

reconstitution with histone octamers

To test Another the differential transcription of the oocyte and somatic SS rRNA 

genes could be reproduced in vitro, histone octamers were reconstituted onto fuH length 

SS rRNA genes (880 and 720 bp in length for the somatic and oocyte genes respectively - 

see Figure 12) by a salt-gradient dialysis method (Tatchell and van Holde, 1977). This 

reconstitution technique involves mixing DNA vsdth purified histone octamers in 2M NaCl, 

followed by reduction o f the salt concentration in a stepwise manner allowing formation of 

nucleosome core particles. This procedure has been shown to produce nucleosome core 

particles identical to those found in native chromatin after anafysis by several criteria 

including histone content, electron microscopy, DNase I digestion, X ray crystallography 

and micrococcal nuclease digestion (Rhodes and Laskey, 1989).

When native, HI-depleted chromatin is digested with micrococcal nuclease, 146 

bp nuclease-resistant fragments are produced due to the interaction o f DNA with the 

histone octamer (see Figure 2). Thus a simple and highly informative assay for 

determining the quality o f reconstituted chromatin, is the micrococcal nuclease digestion 

assay. A micrococcal nuclease digestion time course (Figure 13 A), demonstrates that 

digestion of both the reconstituted oocyte and somatic SS rRNA genes produced -146 bp 

nuclease resistant fragments characteristic of packaging with histone octamers. These 

reconstituted templates were transcribed in HeLa cell nuclear extracts and the results 

(Figure 13B) indicate that octamers reconstituted on the oocyte SS rRNA gene repressed
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Figure 13. The effect o f  nucleosome reconstitution on 5S rRNA transcrÿtion. (A) 
Micrococcal nuclease digestion of nucleosomes reconstituted on full length Xenopus 
laevis oocyte and somatic genes. Digestions were carried out at a nucleosome 
concentration o f  0.1 mg/ml (DNA weight) and an enzyme concentration o f  20 units/ml for 
the minutes indicated on the top of each lane. The resulting DNA fragments were 
deproteinized and electrophoresed on a 4% non-denaturing gel (M) H ha I cut pBR322. 
(B) Approximately 250 ng o f the oocyte (lanes 3 and 4) or somatic (lanes 5 and 6) SS 
rRNA genes, either uncomplexed (lanes 3 and 5) or reconstituted with chicken erythrocyte 
core histones (lanes 4 and 6) were transcribed in HeLa cell nuclear extracts. Transcripts 
were anafyzed by denaturing polyacrylamide gel electrophoresis (8% acrylamide and 8.3 
M urea in Ix TBE). Lane 1, Klenow end-labeled H in f\ cut (j>X174 DNA (sizes o f marker 
fragments shown as number o f nucleotides); lane 2, transcrÿtion in the absence of 
template DNA
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transcrçtion (con^are lanes 3 and 4). This result is similar to the work o f others 

demonstrating that transcription o f cloned oocyte SS rRNA genes after reconstitution with 

histone octamers can occur only i£̂  prior to  reconstitution, a transcrÿtion conq)lex or 

minimally I FLLLA. is assembled on the intragenic promoter (Gottesfeld and Bloomer, 1982; 

Stunkel et al., 1995). hi contrast to the transcriptional repression o f the oocyte gene, 

octamers on the somatic gene did not decrease the level o f transcription from this template 

(compare lanes 5 and 6). This differential transcription o f the oocyte and somatic 5S 

rRNA genes is not observed when the genes exist as uncomplexed DNA (lanes 3 and 5), 

suggesting that it is a difference in the packaging o f the DNA vdiich is responsible for the 

effect. There are a number of possible explanations for how reconstitution with histone 

octamers could result in differential transcription of these constructs. First, it is possible 

that this effect is a reflection o f a differential affinity o f transcription complexes for the 

two genes. A transcription complex with higher affinity for the somatic gene compared to 

the oocyte, could disrupt a nucleosome on the somatic gene while, at the same time, be 

blocked from accessing the oocyte gene. This repression could potentially be reversed by 

altering the transcription conditions to more closely match those during oogenesis, such as 

including higher concentrations o f I FlllA or histone chaperones such as nucleoplasmin. 

Conversely, the oocyte gene specific repression could be due to the presence o f low levels 

of histone HI in the transcription extracts. Histone HI has been shown to selectively bind 

the oocyte gene over the somatic (Jermanoski and Cole, 1990) and thus this could result in 

selective repression o f oocyte gene transcription. Fina%, because the translational 

position o f a histone octamer is sequence dependent (Drew and Travers, 1985), it is 

expected that the oocyte and somatic genes would position nucleosomes differently due to



58

differences in the non-transcribed flanking sequences. This may indicate a possible role 

for the translational position o f histone octamers in the differential regulation o f 5S rRNA 

transcription.

3,2, Role o f Translational Position in the D ifferential Transcription o f the SS rRNA

genes in X. laevis

3.2.1. Reconstitution o f complete mononucleosome core particles

Innnediately following DNA replication, there is a competition between histones 

and transcription factors for DNA binding sites, bi X. laevis somatic cells, it is believed 

that as a result of this competition, the somatic genes acquire a complete transcr^tion 

complex while the oocyte genes are packaged into nucleosomes (Wotffe and Brown,

1988, Wolffe, 1994). The differing fetes o f  these genes have been attributed to a fester 

rate o f assembly of transcription complexes on the somatic gene compared to the oocyte 

(Seidel and Peck, 1992). The first objective o f this study was to determine v^diether 

nucleosome translational position could also play a role in this event. Translational 

position has been shown to be a major determinant in the binding o f transcription fectors 

to nucleosomal DNA (Pham et al., 1992; Li et al., 1994; Li et al., 1995). To determine 

whether this fector affects the binding o f TFTQA to nucleosomal DNA, it was necessary to 

develop a method for varying the position o f nucleosomes on the 58 rRNA genes. The 

disadvantage of using the sah-gradient dialysis method is it fails to q»ace nucleosomes at 

the regular intervals found in vivo. Instead this technique creates arrays in wdiich the
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nucleosomes can become very tightly packed without any linker DNA. This can be seen in 

Figure 13 A > ^ ch  shows the presence of micrococcal nuclease digestion intermediates of 

-300 and —450 bp. Other methods have been developed to produce nucleosome arrays 

with physiological pacing, but these techniques involve the use o f histone binding 

components such as polyghitamic acid, nucleoplasmin, and NAP-1, the latter two of which 

have been shown to enhance transcrçtion 6cto r binding to nucleosomal DNA (Chen et 

al., 1994; Walter et al., 1995). To overcome the problem o f compacted histone octamers, 

reconstitutions were performed on DNA fragments long enough to allow reconstitution of 

one histone octamer but not two (-160-270 bp). The product generated from 

reconstitution of a single histone octamer onto a fragment o f  DNA greater than 146 bp 

does not have an ofihcial definition in the literature. It Aould not be classified as a 

nucleosome due to the absence o f histone H I, nor as a nucleosome core particle due to 

the presence of greater than 146 bp of DNA. Often it has also been designated in the 

literature, albeit incorrectly, a nucleosome. In the absence o f a better nomenclature, this 

will be the term used to describe these reconstituted products in this study.

Hstone octamers were reconstituted onto radiolabeled fragments o f the X. laevis 

5S rRNA genes using the octamer transfer method (Rhodes and Laskey, 1989). In this 

method, a radiolabeled DNA fragment is mixed with a large molar excess o f unlabeled 

nucleosome core particles hi 0.8 M NaCl (Figure 14A). Under these conditions, the 

histone octamers dissociate from the DNA, and nucleosome core particles are formed on 

the radiolabeled DNA as the salt concentration is lowered to 0.1 M NaCl by step-wise 

addition of aliquots of low-salt buffer. The benefit o f the octamer transfer method over 

the sah-gradient diafysis technique, is it can be performed on a very small scale, requiring



60

Label DNA with*^

Mix with 100 fold 
excess of cold 
mononucleosomes

y%y
Raise [NaCl] to 
0 .8  M

Gradually lower
[NaCl] to  0.1 M - ^

B

1 2

Figure 14. (A) Schematic representation o f the octamer transfer method o f nucleosome 
reconstitution. The shaded circle represent the histone octamer, the black line unlabelled 
DNA and the gray line P labeled DNA. (B) Agarose gel electrophoresis o f DNA before 
(lane 1) and after (lane 2) reconstitution by the octamer transfer method.
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less than 50 ng o f the labeled DNA. The drawback to the octamer transfer method is the 

difhcuhy in determining whether complete nucleosomes are formed, as it is not possible to 

ascertain under these conditions if H2A, H2B, H3 and H4 have reassociated on the labeled 

DNA in equal molar amounts as found in the histone octamer. The results o f this work 

rely heavily on the octamer transfer reconstitution technique, and thus it was important to 

determine the integrity o f the nucleosomes reconstituted by this technique. It has been 

shown that the presence o f only histone H3/H4 tetramers on labeled DNA can enhance 

transcription fector binding relative to that o f a histone octamer (Hayes and Wolffe, 1992). 

To address this concern, one o f the oocyte 5S rRNA gene fragments used in this work, 

[Xlo(-83—>+136)], was reconstituted with histone octamers using the sah-gradient dialysis 

technique wdiich produces enough reconstituted product to allow analysis o f protein 

content by SDS PAGE. The nucleosomes reconstituted this way were subjected to native 

gel electrophoresis and the gel slice containing the reconstituted nucleosomes was 

resolved in a second dimension, by SDS PAGE, to determine the protein composition o f 

these nucleosomes (Figure ISA). The resuks show that nucleosomes reconstituted by the 

sah-gradient dialysis method (lane 3) contained all four o f the core histone proteins in 

amounts (Figure 15B) similar to the nucleosome core particles employed for the octamer 

transfer method (lane 1) and the histone octamers used for the sah-gradient diafysis 

reconstitution (lane 2). The integrity of nucleosomes reconstituted by the octamer transfer 

method was assessed indirectly by conq)armg the electrophoretic and hydrodynamic 

properties o f  these reconstitutes with those o f the sah-gradient diafysis reconstituted 

nucleosomes. Figure ISC shows a native pofyacrylamide gel comparing labeled sah- 

gradient dialysis reconstituted nucleosomes (lane 1) with nucleosomes prepared by the
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Figure 15. Characterization o f the reconstituted nucleosomes. (A) SDS PAGE analysis 
o f the proteins associated with the nucleosomes reconstituted by salt gradient dialysis. 
Lane 1, histones from the nucleosome core particles used in the octamer transfer method; 
lane 2, input histones used for the salt gradient dialysis reconstitution; lane 3, histones of 
the band migrating in the nucleosome region (see 2C) excised from a native gel and run on 
a second dimension SDS PAGE. (B) Denshometric scans o f  the gel shown in 1A  (C) 
Non-denaturing PAGE analysis o f  the electrophoretic mobility o f nucleosomes
reconstituted by the salt gradient diafysis and octamer transfer methods. Lane I, a^^P 
end-labeled nucleosomes reconstituted by salt gradient dialysis; lane 2, nucleosomes 
reconstituted by the octamer transfer method; lane 3, a^2p Klenow labeled DNA used in 
the octamer transfer reconstitution, lanes 4,5, nucleosome reconstituted by the exchange 
method before (4) and after (5) treatment with 4M Urea, 0.35 M NaCL This treatment 
induces the dissociation o f H2A-H2B leading to a subnucleosome particle containing only 
H3-H4 (Sibbet and Carpenter, 1983). (D) Sucrose gradient fractionation of nucleosomes 
reconstituted by the salt gradient dialysis method and the octamer transfer method. The 
gradient was linear from 5-20% sucrose in 10 mM Tris-HCl (pH 7.5), 25 mM NaCl and 
was run in a Beckman SW-41 rotor at 24 000 rpm at 4‘*C for 20 hours. The solid line 
represents the DNA distribution as measured with a scintillation counter. The shaded 
region represents the peak corre^onding to the reconstituted nucleosomes.
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octamer transfer method (lane 2). As can be seen, nucleosomes reconstituted with the 

two methods showed an identical electrophoretic mobility. To verify that this gel system 

can indeed separate nucleosomes containing a histone octamer from those containing only 

a H3/H4 tetramer, nucleosomes deficient in histone H2A and H2B were run on this gel 

system as well (lane 4). Figure ISD compares the sedimentation behavior of the octamer 

transfer method and salt-gradient dialysis reconstituted nucleosomes in a sucrose gradient. 

As can be seen, the two types o f reconstitution produced nucleosomes with identical 

hydrodynamic characteristics. These results clearly indicate that reconstitution by the 

octamer transfer method produced nucleosomes identical to those reconstituted by the 

sah-gradient diafysis method wiiich, as shown in Figures 15A and B, contained complete 

histone octamers.

3.2.2. Determination o f the translational position o f reconstituted nucleosome core

particles

To determine whether nucleosome translational position can mediate I FlllA 

binding, h was necessary to create several mononucleosome particles in A^ch the position 

o f  the nucleosome relative to the intragenic promoter was varied. In previous 

investigations designed to study the effect of nucleosome position, synthetic DNA-bending 

sequences were used to position trorar-acting frctor binding shes at different locations 

with respect to the histone octamer (Taylor et al, 1991, Li and Wrange, 1993, Li and 

Wrange, 1995, Blomquist et al., 1996). The IFlllA  binding site is relatively large (-46  

bp), and thus it would be difBcuk to introduce this she into a DNA sequence designed to
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position a nucleosome without altering the artificial positioning signals. For this reason, 

the natural nucleosome positioning signals within the 5S rRNA genes were used and the 

position o f nucleosomes on the SS rRNA gmies were varied by altering the fingments used 

for nucleosome reconstitution. Fragments o f  both the oocyte and somatic SS rRNA genes 

were used as the two genes would be e^gected to position nucleosomes differently due to 

their differing S' and 3* flanking sequences and yet bind IFIUA with a similar afBnity.

Previous to this work, the position o f  nucleosomes reconstituted on X. laevis 

oocyte gene fragments had not been published and that o f the somatic gene had been 

studied extensively albeit with conflicting results. According to Gottesfeld, (1987), a 

nucleosome reconstituted onto different fi’agments of the somatic SS rRNA gene occupies 

a region spanning nucleotides +20 to +200 with re je c t to the transcriptional start she. In 

contrast, vdien Lee et al, ( 1993) reconstituted a nucleosome on a different X. laevis 

somatic SS rRNA gene fragment [XIs(-43-++139)] they described the nucleosome 

position as further upstream, spanning nucleotides -41 to +10S. The gene fragments used 

in this study were Xlo(-83->+136), Xlo(-38—>+143), Xls(-74->+147), Xls(-51->+147) 

and Xls(-1—>+204) with the prefix indicating the source o f the gene (Xlo referring to 

oocyte and Xls somatic) and numbers within the brackets representing the S' and 3' ends of 

the DNA fragments in relation to the she o f  transcription initiation (see Figure 12).

Using a similar approach as Dong et al., (1990), the positions o f  a nucleosome, 

reconstituted by the octamer transfer method, on the SS rRNA gene fragments was 

determined. Briefly, this technique involved digestion o f the nucleosomes with 

micrococcal nuclease to generate the -146 bp o f core particle DNA These micrococcal 

nuclease resistant fragments were subsequent^ digested with one or more restriction
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enzymes to map the position o f  the core particle DNA relative to the restriction ernqme 

sites (Figure 16). Using this approach, Dong et aL, ( 1990) determined the nucleosome 

position on Lytechirms variegatus SS rRNA gene fiagments. As a control experiment, 

this work was repeated for this study using a 208 bp fragment o f the same L. variegatus 

SS rRNA gene. Figure 17A, lane 4 shows the products o f  an Alu I restriction digestion o f 

the core particle DNA fragment. This lane diows only two bands o f 6S and 81 bp, 

indicating that the nucleosome was positioned at only one location on this DNA fragment. 

Digestion o f the micrococcal nuclease resistant band with B siii I produced a 130 bp 

fragment (lane 3) and Msp I digestion produced a product o f  114 bp (lane 2). Presumably 

only one observable band was present in these two cases due to the small size of the 

second fragments and the resulting dififrculty in detecting the band. From this analysis, it 

was determined that the position of a nucleosome on the 208 bp DNA fragment of the L. 

variegatus 5S rRNA gene was from -86 to +60 bp (Figure 17B). This is a 4 bp difference 

from the nucleosome position o f  -90 to +56 reported by Dong et al., ( 1990).

The above mentioned analysis was repeated with the 5S rRNA gene fragments 

fromÆ laevis and an example o f  the electrophoresis patterns obtained is shown (Figure

18). At frrst glance it can be seen that, unlike the L. variegatus 5S rRNA gene, the 

majority of the X. laevis 5S rRNA gene fragments tested, positioned a nucleosome at 

more than one predominant location. This is made evident by the presence o f more than 

one pair of restriction digestion products for each gene fragment tested [with the 

exception o f Xls(-1^+204)]. hi the case o f the somatic gene, this result conflicts 

previously published results vvdiich state that different fragments o f this gene position a
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Figure 16. Schematic representation o f the method used to determine histone octamer 
translational position. The shaded circle represent the histone octamer, and the black line 
the DNA.
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Figure 17. Determination of the translational positioning o f a nucleosome reconstituted 
onto a L. variegatus SS rRNA gene fragment. The region o f  DNA in direct association 
with the histone octamer was determined by digestion of the —146 bp micrococcal 
nuclease resistant fragment with different restriction enzymes. (A) Denaturing (8% 
acrylamide, 8.3 M urea in Ix TBE) PAGE of the fragments obtained by digestion with the 
restriction enzymes Msp I (lane 2); Bsfti I (lane 3); and Alu I (lane 4). Lane 1 is an Msp I 
digest of pBR322 with the sizes o f the marker fragments diown as number of nucleotides. 
(B) (I) Schematic representation o f the L. variegatus SS rRNA gene showing the 
restriction sites used to determine the nucleosome translational position. The thick line 
represents the coding sequence o f the SS rRNA gene, and the transcr^tion start site is 
indicated by +1. (II) Representation o f the restriction fragments produced by digestion of 
the micrococcal nuclease resistant fragment, and probable alignment with respect to each 
other as determined by the position o f the restriction sites, (ill) Representation o f the 
nucleosome position (open ellÿsoid) on the SS rRNA gene as determined by this analysis.
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F ^ u re  18. Determination o f nucleosome translational position on reconstituted X. laevis 
5S rRNA gene fragments. The region of DNA in direct association with the histone 
octamer was determined by digestion o f -146 bp, internally labeled, micrococcal nuclease 
resistant fragments with different combinations o f  restriction enzymes as indicated. The 
resulting restriction fragments were resolved by denaturing PAGE (8% acrylamide, 8.3 M 
urea in Ix TBE). (M) Klenow end-labeled H in f\ cut (j>X174 DNA (sizes o f marker 
fragments shown as number o f  nucleotides). The restriction en^m es used are indicated 
on the top of the gel as: E  {Eae I), D  (Dde I), B  (Bsp 1286) and R  (Rsa I).
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nucleosome at predominantly one location (Gottesfeld, 1987; Lee et al., 1993). The 

results also show that, as expected, altering the amount o f  5’ and 3’ flanking sequence 

rearranges the translational positions of nucleosomes reconstituted on the gene fragments 

[for example compare the Elae 1 restriction fragments produced by digestion of Xlo(- 

83—>4-136) with Xlo (-38—H-149)]. This later observation could presumably resolve the 

conflict existing between the two different nucleosome positions on the somatic gene 

reported by Gottesfeld, (1987) and Lee et al., (1993), as each study used different gene 

fragments. Due to the feet that the gene fiagments used in this study exhibited multiple 

translational positions, it was necessary to perform double digests on some o f the 

micrococcal nuclease fragments to ensure proper assignmoit of the S' and 3' termini 

After analysis o f the restriction digestion patterns of several trials (summarized in Table 

1), the most abundant nucleosome positions on each fragment were determined (Figure

19). Varying the conditions o f nucleosome reconstitution, or the temperature or 

micrococcal nuclease digestion had no effect on the translational positioning results (data 

not shown). O f the three somatic gene fragments tested, one [Xls(-51^4-147)] positioned 

a nucleosome at a similar site as that seen by Lee, et al., ( 1993) spanning  nucleotides -42 

to 4-104. Once again, it is important to note however, that unlike the fragment used by 

Lee, e t al, (1993), Xls(-5l->+147) positioned a nucleosome at more than one 

predominant position. One e^glanation for this difference is the slightly increased length 

of the fragment used in this study [Xls(-51—>4-147) compared to Xls(-43—>4-139) used by 

Lee et al., 1993]. The somatic gene fragment, Xls(-1—>4-204), positioned a nucleosome at 

one position, spanning nucleotides 4-49—>+195, vvdiich is within the region described by 

Gottesfeld, ( 1987) of +20->+200. It is important to note that these positions
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Table 1. Summary of the restriction fragments lengths used to determine nucleosome 
translational position on reconstituted X. laevis 58 rRNA gene fragments. The restriction 
fragments were generated by digestion o f the -T46 bp, internally labeled, micrococcal 
nuclease resistant fragments with different combinations o f  restriction en^m es as 
indicated.

Gene Fragment Restrictioa Enzyme Fragment Size Nucleosome Positimi
X lo(-83^136) Dde I 59,83 -16-H-130

109 -66-»+80
122 -7 9 ^ 6 7

Eae I 62,85 -7 9 -^ 6 7
72,74 -66-»+80

124 -16-$+130
Rsa I 52/93 -16-$+130

140 -66-*+80
146 -79-++67

X lo(-38-^l49) Ode I 62,84 -15-H-131
64,81 -3 5 -H -lll

Eae I 105 -35-++111
125 -15-++-131

Rsa I 36, 110 -35-++-111
56,90 -1 5 ^ 1 3 1

Eae VRsa I 67 -35-M -lll
86/87 -15-$+131

XIs(-74-^147) Bsp 1286 44,47, 71 -7 1 ^ 7 5
110 -12-++134
121 +l-$+146

Eae I 63,83 -71-$+75
76 -12-$+134
141 + l-$+146

Rsa I 69, 77 +1—$+146
146 -71-$+75

Bsp 1286/£ae H 44,47, 54 -7 1 ^ 7 5
110 -12-$+134
121 +1—$+146

XIs(-51 ^ 1 4 7 ) Bsp 1286 71,75 -42-$+104
110 -12-$+134
121 +l-$+146

Eae I 44, 102 -42-++104
114 -1 2 ^ 1 3 4
136 +1-++146

Rsa I 58, 88 -12-$+134
69,77 +l-$+146

118 -42-$+104
Bsp 1286/Eae I 54,75 -42-$+104

110 -12-++134
121 + 1 ^ 1 4 6

Xls(-l-H-204) 124 +52-$+198
Dde VRsa I 62 +52-$+198
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X lo ( - 8 3 ^ + 1 3 6 )

X1o( - 3 8 ^ + 1 4 9 )

X ls ( -7 4 -> + 1 4 7 )
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Figure 19. Schematic representation o f the most predominant nucleosome positions on 
the five dififerent fi’agments o f  the X. laevis oocyte and somatic 5S rRNA genes resulting 
from the electrophoretic analysis shown in Figure 18.. Due to variations in base 
composition and thus radioactive label, the intensity o f the bands in relation to dATP 
content of the firagments was considered in these calculations. The ellipsoids indicate the 
most abundant positions o f the -146 bp micrococcal nuclease resistant firagments. The 
thick black line represents the SS rRNA transcribed sequence and the open box indicates 
the intragenic i'FUlA binding she. Nucleotide positions relative to the transcription start 
she are indicated on the scale on top, and the dashed vertical lines indicate the positions of 
nucleotides +75 and +104. The hatched ellipsoids are those nucleosome positions 
postulated to allow I FUIA binding whereas open ellipsoids are those which are thought to 
be repressive to TFIHA binding based on the resuhs o f You et al., (1991).
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are intrinsic to the DNA fragments used and not meant to represent the position 

nucleosomes occupy in vivo.

3.2.3. DNase Ifootprint analysis o f  reconstituted nucleosomes

In the past, it has been common practice to determine nucleosome translational 

position by DNase I footprinting. DNase I binds across the minor groove o f DNA cutting 

either strand. After reconstitution o f DNA into nucleosomes, steric hindrance allows 

DNase I to digest onfy those minor grooves vdiich are directed away from the nucleosome 

(Lutter, 1978). Due to the periodicity of DNA, a uniquely positioned nucleosome 

produces a digestion pattern with an approximately 10 bp interval between cleavage sites. 

It is clear from the preceding section that it would be very difBcult to use DNase I 

footprinting to  determine the translational position of a histone octamer on the X. laevis 

5S rRNA gene fragments considering the number of overlapping nucleosome positions 

present. However, DNase I digestion still provides a useful tool for determining the 

rotational position o f a nucleosome on a piece o f  DNA by determining \ ^ c h  nucleotides 

6 c e  away from the histone octamer.

Each o f  the nucleosomes used for this study was labeled on the 3' end o f the 

coding strand and digested with DNase I. The patterns of digestion are shown in Figure 

20 with the most predominant translational positions from Figure 16 indicated. As can be 

seen, all five o f  the fragments produced short stretches of 10 bp "ladders", as shown by 

the arrows on the right, characteristic of nucleosomes with unique rotational positions. 

This 10 bp interval of DNase 1 cleavage sites was not always seen in regions where
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Figure 20. DNase I digestion analysis o f nucleosomes reconstituted on firagments o f the 
X. laevis 5S rRNA genes. The coding strands of the five X. laevis 5S rRNA gene 
firagments were labeled at the 3' end, reconstituted with chicken erythrocyte Mstones and 
digested with DNase L The DNase I digestion patterns were resolved by denaturing 
PAGE (8% acrylamide, 8.3 M urea in Ix  TBE). (D), uncomplexed DNA; (N), 
nucleosomal DNA. The arrows to the right show the positions o f the more distinct 
periodic cleavage sites within the nucleosomes. The lines on the left show the 
translational positioning of nucleosomes on these firagments, relative to the 5S rRNA gene 
with the transcriptional start she indicated as +1.
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different nucleosome translational positions overlapped suggesting that rotational position 

varies with translational position. Several nucleosomes, with multiple translational 

positions but the same rotational position, would be expected to produce a continuous 10 

bp ‘ladder” which extends over a greater range than that o f a single nucleosome.

3.2.4. Binding ofTFIIIA to X. laevis 5S rRNA gene fragments after reconstitution with

histone octamers

Previous work reported that I FLLLA cannot bind X. laevis somatic SS rRNA gene 

fragments after reconstitution with a complete histone octamer (Gottesfeld, 1987; Lee, et 

al., 1993). When a similar e?q>eriment was performed with the X. borealis somatic SS 

rRNA gene, vhich has been shown to position nucleosomes differently from the laevis 

(Gottesfeld, 1987; Rhodes, 198S), the results were conflicting. Rhodes, (198S) was able 

to demonstrate TFIHA binding to a nucleosomal X. borealis somatic SS rRNA gene 

fragment vhile Hayes and Wolffe, ( 1992) found the IFlllA binding site blocked after 

nucleosome reconstitution. This is deq)ite the fret that both studies were in agreement 

regarding nucleosome translational positioning on X. borealis gene fragments. Lee et al., 

(1993) found that reconstitution with tetramers rather than complete octamers permits 

IFlllA  binding to the X. borealis gene but not the X. laevis. This difference was 

attributed to the differential translational positions of nucleosomes on the two somatic 

genes thus suggesting that nucleosome position can affect transcription frctor binding.

To test whether any o f the nucleosomes reconstituted for this study could bind 

I FLLLA, electrophoretic mobility shift assays were performed (Figure 21). The molar ratio
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Figure 21. Analysis, by agarose gel electrophoresis, o f the binding ofTFIIIA to 
nucleosomes reconstituted onto the X. laevis SS rRNA gene fragments. (A) XIo(-83—> 
+136); (B) Xlo(-38->+I49); (C) Xls(-74->+I47); (D) Xls(-51-H-147); (E) X ls(-I^  
+204). Nucleosomes (lanes 1-5) reconstituted with histones isolated from non-butyrate 
treated HeLa cells in the absence (lane 1) or presence (lanes 2-5) o f increasing amounts o f 
TFIHA (molar ratios o f TF IHA to 58 rRNA genes is indicated beneath the gels). Lanes 6 
and 7, the correqionding DNA tenqilates in the absence (-) or presence (+) ofTFIIIA.
The sanqiles were incubated for 20 minutes at room temperature before loading on 0.75% 
agarose gels.
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o f l'FUlA to 5S rRNA genes is as indicated at the bottom the gels. It must be noted that 

the TFIHA concentrations used in all these studies were 6 r  less than what is present in 

vivo because, during early oogenesis, TFIHA concentrations can reach 10  ̂times the 

number of oocyte SS rRNA genes (Shastry et al., 1984), although much o f this becomes 

complexed as the 7S particle with SS rRNA. The higher concentrations used in this study 

were sufficient to completely shift the corresponding uncomplexed DNA alone (see Figure 

2 1, lanes 6 and 7). Under these conditions, TFIHA would be e?q)ected to saturate all the 

available binding sites.

Of the five gene firagments tested, only one oocyte [Xlo(-83—>+136)], and one 

somatic [Xls(-74—>+147)] gene fragment were able to bind TFIHA after nucleosome 

reconstitution (Figure 21). However, in none of these cases could a complete shift of all 

nucleosomes be obtained suggesting that either on^ a fi*action of the nucleosomes are 

capable of binding TFIHA, or that insufficient TFIHA is present. The remaining 5S rRNA 

gene fragments, Xlo(-38-^+143), Xls(-51—>+147) and Xls(-l->+204) were unable to bind 

TFIHA after nucleosome reconstitution even though in every instance the amount of 

transcription factor present was enough to complete^ shift the correq)onding DNA alone 

(see Figure 21).

Due to the fàct that the fragments used in this study exhibited multiple nucleosome 

positions, it was difficult to determine exactly \%bich positions frcilitated TFIHA binding. 

The one exception was fragment Xls(-1—>+204). This fragment positioned a histone 

octamer at a unique site (panning nucleotides +49 to +195), the 5’ termini o f which
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overlapped the “A block”. This nucleosome position blocked TFIHA binding. The 

fragment Xlo(-83^+136) positioned a nucleosome at three major locations (Figure 19) 

with 3’ boundaries at nucleotides +67, +80 and +130 with respect to the transcr^donal 

start site. TFIHA bound to an uncomplexed X. borealis somatic 5S rRNA gene has been 

shown to occupy nucleotides +45 to +97 (Rhodes, 1985) with residues +81 to +91 

forming the minimal requirements for TFIHA binding (You eta l., 1991) (Figure 22A). 

Thus presumably, the fraction o f  nucleosomes reconstituted on Xlo(-83-^+136) which 

bound TFIHA would be that with the TFIHA binding site partial^ exposed (nucleosomes 

with 3’ boundaries o f+67 and +80). More evidence to support this conclusion is that 

fragment Xlo(-38-++143), )Miich positioned nucleosomes with boundaries at 

approximately +111 and +131, did not bind TFIHA. Of the three somatic gene fragments 

tested, only one, Xls(-74-++147), bound TFIHA after nucleosome reconstitution. This 

fragment positioned a nucleosome at three major sites with downstream boundaries of 

+75, +134 and +146. The latter two positions, +134 and +146, were diared by 

nucleosomes reconstituted on Xls(-51-^+147). This later construct did not bind TFIHA 

when existing in a nucleosomal ft)rm suggesting that it was the nucleosome with the +75 

downstream boundary on Xls(-74—>+147) which permitted TFIHA binding. This data is 

summarized in Figure 22B wdiich shows only those positions which do not overlap 

nucleotides +78—>+86 and the correlation with TFIHA binding.

Although from this data it is not possible to conclude exactly wiiich nucleotides 

nmst be free in order for TFIHA binding to occur, these results suggest that nucleosomes 

positioned with their 3’ boundary upstream o f+75 are capable o f binding TFHLA wtereas 

nucleosomes with their 3' boundary downstream o f+104 cannot bind TFHLA. To ftuther
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X lo(-83->+136) —  yes
Xlo(-38—►+149) I1Q
Xls( 74—►+147) yes
X ls(-51->+147) ■■"■■ • ' no
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Figure 22. The relationship between nucleosome translational position and TFIHA 
binding. (A) The structure o f the X. laevis 5S rRNA gene and intragenic promoter. The 
heavy black line represents the 5S rRNA coding sequence and the open boxes the 
promoter elements as indicated. The shaded represents nucleotides +81 to +91 described 
by You e /a /., 1991. (B) Nucleosome translational positions (open ellq)soids) on the five 
X. laevis 5S rRNA gene fiagments which do not overlap nucleotides +81 to +91.
Whether or not these constructs bind I FlllA after nucleosome reconstitution is indicated.
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narrow this region, an electrophoretic mobility shift assay was performed using a fi^gment 

o f  the X. borealis 5S rRNA gene. This fragment contains one o f  the strongest 

nucleosome positioning signals described and positions a nucleosome at approximate^ -70 

to +79 (Rhodes, 1985) (Figure 23A). The results (Figure 23B), indicate that this gene 

fragment was almost completely shifted by TFIHA suggesting that even if the “A block” 

and ‘TE” are within the core DNA, TFIHA can still bind nucleosomal DNA The above 

results demonstrate that nucleosome translational positioning is a major determinant of the 

binding ofTFIIIA to nucleosomal DNA

3.2.5. DNase Ifootprint analysis o f the TFIIIA, 5S rRNA gene, nucleosome complex

To rule out non-^ecific binding in the mobility shift assays seen in the Figure 21, it 

was necessary to show correct contacts between TFIHA and the DNA in a nucleosome.

To this end, DNase I footprinting o f the I'FlilA-nucleosome con^lex was performed 

using the oocyte 5S rRNA gene fragment, Xlo(-83—>+136). To ensure this footprint 

represented the true 1 FUiA-nucleosome complex, the 1 FlilA-nucleosome complex was 

purifred by native gel electrophoresis following nuclease digestion. The DNase I digestion 

pattems o f both the coding and non-coding strands are shown (Figure 24). By comparing 

lane 2 with 3 and 7 with 8, the protection pattern ofTFIIIA on the naked DNA could be 

established. The transcr^tion frctor protected a region extending from approximately 

+45—>+91. Comparison between lanes 3 and 5 as well as 8 and 10 shows the altered 

DNase I digestion pattern characteristic of a several overlapping nucleosome positions. 

The resolved digestion pattern o f the TFIHA-nucleosome complex seen in lanes 5 and 10
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Figure 23. (A) Representation of the translational position o f a nucleosome reconstituted 
onto a X. borealis SS rRNA gene fragment (Rhodes, 1985). The thick line represents the 
transcribed sequence of the SS rRNA gene, the open box the intragenic promoter and the 
open ellipsoid the nucleosome translational position. The shaded box represents the 
nucleotides +81 to +91 described by You et al., 1991. (B). Anafysis o f  the binding of 
TFIIIA to nucleosomes reconstituted onto the X. borealis SS rRNA gene firagment by 
agarose gel electrophoresis. Nucleosomes (lanes 1-3) or uncomplexed DNA lanes (4-6) in 
the absence (lanes 1 and 4) or presence (lanes 2, 3, S and 6) o f increasing amounts of 
I FlllA  The nucleosomes used for the reconstitution were isolated from chicken 
erythrocytes and the relative molar ratios o f  IFlllA  is indicated at the top o f  the geL
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Figure 24. DNase I footprint analysis of the complexes formed by nucleosomes and/or 
TFIIIA on the Xlo(-83->+I36) 5S rRNA gene firagment (see Figure 3B). Nucleosomes 
labeled at the 3' end of the coding and non-coding strands were incubated in the presence 
ofTFIIIA and subsequently digested with DNase I. The partially digested iFlllA- 
nucleosome complexes were purified fi~om firee DNA and unbound nucleosomes by native 
gel electrophoresis (see materials and methods). The footprints for naked DNA (lanes 2 
and 7), TFIHA bound DNA (lanes 3 and 8), reconstituted nucleosome (lanes 4 and 9) and 
TFIDA-nucleosome complexes (lanes S and 10) are Aown. Also shown are the Maxim 
and Gilbert reactions of the labeled DNA (lanes 1 and 6). The 5S rRNA gene is indicated 
by the thick black line and the TFIHA binding site by an open box.
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shows characteristics of both IhluA  and nucleosome binding. The 6ct that there was 

” ITUlA-like" protection over the entire TFHIA binding site of the non-coding strand and 

not just nucleotides +78—>+86 indicates that all nine zinc fingers o f IT UlA were in 

contact with the DNA and not just fingers 1-3 \ ^ c h  bind to nucleotides +78—>+86. This 

would seemingfy suggest that I h lUA unwrapped the DNA firom the nucleosome in the 

process o f binding.

3.3. Role o f H istone Acétylation in the D ifferential Transcription o f the 5S rRNA

genes in X. laevis

This study investigates a possible relationship between histone acétylation and the 

transcriptional regulation o f  the X. laevis oocyte genes by addressing two questions. First, 

does histone acétylation facilitate the binding o f I FIUA to nucleosomal 5S rRNA genes in 

vitro, and second, does the presence or absence of histone acétylation correlate with 

transcription o f 5S rRNA genes in vivo.

3.3.1. Binding o f TFIIIA to X. laevis 5S rRNA gene fragpients after reconstitution with 

hyperacetylated histone octamers

Recently, it was reported that histone acétylation enhances RNA polymerase HI 

transcription o f dinucleosomal 5S rRNA gene templates (Ura et al., 1997), suggesting a 

possible role for histone acétylation in 5S rRNA transcription. Lee et al., ( 1993) 

demonstrated that a blockage of TFIIIA binding by nucleosomes could be overcome by 

reconstitution with acetylated histones. Thus for this study, the TFIIIA binding 

experiments were repeated using histones from sodium btityrate treated HeLa cells to
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détermine whether histone acétylation could circumvent blockage o f transcr^tion &ctor 

binding. Treatment whb sodium butyrate causes inhibition o f  histone deacetylases 

resulting in an increase in the net amount o f acetylated histones in a cell This together 

with selective micrococcal nuclease digestion and monovalent ion extraction o f  

nucleosomes from nuclease treated nuclei, results in a nucleosome preparation with very 

highfy acetylated histones. Triton - urea - acetic acid gels can be used to resolve the 

different levels o f  histone acétylation due to differences, between the isofoims, in the 

binding o f Triton X -100. Using this gel system (Figure 25) Aows that the majority of 

histone H4 isolated from the sodium butyrate treated cells existed in the tri- and tetra- 

acetylated frirms. When these nucleosomes were used for the octamer transfer reactions, 

the results o f electrophoretic mobility shift assays did not show any effect o f histone 

acétylation on the binding o f I FUIA to nucleosomal DNA. (frstone acétylation did not 

fecditate TFDIA binding in the case of Xlo(-38->+l49), Xls(-51->+147) and Xls(-1-> 

+204) (Figure 26) nor enhance the binding to Xlo(-83->+136) and Xls(-74->+147) 

(compare Figures 21 and 26).

3.3.2. Northern blot analysis o f 5S rRNA transcription

It was demonstrated that, in a X. laevis kidney cell line transcribing low levels of 

oocyte 5S rRNA, a small portion of the oocyte genes were packaged with hyperacetylated 

histones (Reynolds et al., 1982). Although this seemingly indicates a direct relationship 

between histone acétylation and 5S rRNA transcription, it is not known whether the active 

oocyte genes are the subset packaged with acetylated histones in this cell hne. To examine
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Figure 25. Acetic acid (6%) - Urea (8M) - Triton X 100 (8 mM) electrophoretic analysis 
o f the histones firom the nucleosome core particles used for the octamer transfer 
reconstitutions. Lane 1, chicken erythrocyte core particles; lane 2, HeLa cell nucleosome 
core particles; lane 3, nucleosome core particles firom butyrate treated HeLa cells. The 
number of acetyl groups on histone H4 is indicated by the numbers to the right o f the gel 
lanes.
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Figure 26. Analysis of the binding o f TFIIIA to nucleosomes containing hyperacetylated 
HeLa histones. The five X. laevis SS rRNA gene fragments were tested for binding after 
reconstitution with nucleosome core particles isolated from sodium butyrate treated HeLa 
cells. (A) Xlo(-83^+136); (B) Xlo(-38->+I49); (C) Xls(-74^+I47); (D) Xls(-51-> 
+147); and (E) Xls(-I->+204). Lane 1, no TFIIIA; lanes 2-5, increasing amounts of 
TFIIIA (molar ratios indicated beneath the gel); lanes 6 and 7, the corresponding DNA 
templates in the absence (-) or presence (+) of TFIIIA. The samples were incubated for 
20 minutes at room tenqierature befiire loading on 0.75% agarose gels.
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a possible relationshq) between histone hypoacetylation and the transciÿtional silencing of 

the oocyte 5S rRNA genes, we sought to determine whether these genes are packaged 

with hypoacetylated histone H4 when transcriptional^ repressed in somatic cells. Certain 

Xenopus tissue culture cell lines express low levels o f  oocyte SS rRNA (Ford and 

Mathieson, 1976) and thus it was necessary to determine Wiether the oocyte genes were 

truly repressed in the somatic cell line used in this investigation. To this end, total cellular 

RNA was isolated from a Xenopus kidney cell line, resolved by partially denaturing 

PAGE, blotted and probed with the oocyte 58 rRNA coding sequence. Due to a six 

nucleotide difference between the oocyte and somatic SS rRNAs, the two molecules 

migrate differently in this partially denaturing gel system. This can be seen by comparing 

lanes 1 and 2 (Figure 27) which show that the T7 RNA polymerase transcribed somatic SS 

rRNA migrated frster than its oocyte counterpart. Lane 3 shows the results of Northern 

blot analysis of the total cellular RNA from the Xenopus tissue culture cell line. The 

results diow only one band, the migration of which closely resembled that of the somatic 

SS rRNA (lane 1). No oocyte-like transcripts were observed. The lowest limit of 

detection of this analysis is ~0.S pg o f SS rRNA. This, taken together with the fret that 

there are SO times more oocyte than somatic genes, suggests that the oocyte genes are 

transcribed at a rate at least SOGG fold less than that o f  the somatic. It must be noted that 

the T7 RNA polymerase transcribed somatic SS rRNA migrated slightfy slower than that 

isolated from the tissue culture cells. This is due to the fret that the T7 transcribed SS 

rRNAs were 121 nucleotides in length due to run-off transaction o f Dra I digested 

plasmids, whereas native SS rRNA is only 120 nucleotides. This extra nucleotide has been 

shown not to participate in the secondary structure o f  SS rRNA. The conclusion o f these
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Figure 27. The oocyte 5S rRNA genes are repressed in the X. laevis K2 kidney cell line. 
Total % laevis K2 kidney cell line RNA was resolved by partialfy denaturing PAGE 
( 12.5% acryiamide and 2.5 M urea in Ix TBE,), Northern blotted and probed with a 180 
bp fragment containing a single copy of the oocyte 5S rRNA transcribed sequence. Lane 
1, T7 RNA polymerase transcribed somatic 5S rRNA (~25 ng); lane 2, T7 RNA 
polymerase transcribed oocyte 5S rRNA (—25 ng); lane 3, total cellular Æ laevis K2 
kidney cell line RNA (from —2 x 10̂  cells).
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results is that, in the Xenopus tissue culture cell hne used in this study, the oocyte genes 

were repressed.

3.3.3. Western blot analysis and control immunoprécipitation

In this investigation, an antibody ^ecific for hyperacetylated histone H4 was used 

to immunoprecipitate chromatin fragments. This antibody, prepared as described 

previously (Lin et a/., 1989), was raised against the first 20 amino acids o f  tetra-acetylated 

histone H4 from Tetrahymena, which differs significant^ from that of Xenopus. To 

determine vdiether this antibody Aowed the same ^ecificity for hyperacetylated Xenopus 

histone H4, a western blot analysis (Figure 28A) was performed using histones from 

butyrate treated HeLa cells {X. laevis histone H4 shares an identical first 20 amino acids 

with human H4). By comparing the coomassie stained histones (lane I), with the 

immunodetected histones (lane 2), it can be seen that the antibody used in this study, 

strongly reacted with the di- to tetra- acetylated H4 but did not recognize non-acetylated 

H4. Thus, this antibody would be e;q)ected to only immunoprecÿitate nucleosomes 

packaged with acetylated histone H4. To verify this, a control immunoprecgitation was 

performed. The starting sanq)les fi)r this immunoprécipitation consisted o f  unlabeled, non- 

acetylated nucleosome cores (chicken erythrocyte), containing a 0.1% fraction of either 

radiolabeled acetylated, or radiolabeled hypoacetylated HeLa cell nucleosome core 

particles. These samples were used to demonstrate that the antibody used in this study 

could selectively fractionate the hyperacetylated cores from the non-acetylated cores 

(Figure 28B).
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Figure 28. (A) Western blot analysis of hyperacetylated histones. Approximate^ 10 pg 
o f histones isolated from butyrate treated HeLa ceDs (fraction “c’\  Ausiô et al., 1989) 
were resolved on an acetic acid/urea polyacrylamide gel, blotted and immunodetected with 
an antibody against Tetrahymena acetylated histone H4. Lane 1, coomassie stained gel; 
lane 2, Immunostained blot. (B) Control immunoprecq>itation o f  hyperacetylated histones. 
Approximately 15 ng o f [y-^^P] ATP labeled, non-acetylated (control) or hyperacetylated 
(acetylated) HeLa cell mononucleosome cores were mixed with 100 pg o f unlabeled 
chicken erythrocyte mononucleosome cores and subjected to immunoprécipitation with an 
antibody specific for hyperacetylated histone H4. The total counts per minute o f a one ten 
volume of the total immunoprecq>itate was determined. A negative control 
immunoprécipitation of hyperacetylated nucleosomes was performed in the absence of 
antibody (acetylated - Ab).
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3.3.4. Mapping histone H4 acétylation o f  oocyte SS rRNA genes

Chromatm fragments isolated from the X. laevis kidney cell line were 

immunoprecipitated with the anti-acetylated histone H4 antibody using the experimental 

scheme shown (Figure 29). The resulting nucleosomal DNA was deproteinized and 

probed by dot blot analysis for the presence of the oocyte 5S rRNA gene. A DNA 

fragment corre^onding to the upstream non-transcribed sequence o f the oocyte gene was 

used as a probe and Figure 30A shows that this probe did not anneal to any portion o f the 

somatic SS rRNA gene (S). Identical Azgo's of DNA was applied to each dot in Figure 

30A and thus, if the oocyte 58 rRNA genes were packaged with acetylated histone H4, 

there would be an enrichment fr)r this sequence in the nnmunoprecipitate, and a more 

intense signal for the bound fraction (AB) than that o f  the unbound (UB). The results 

show that, although there was some signal (oH4), there was not an enrichment for the 

oocyte genes in the bound fraction. The frict that the "bound" signal is considerably less 

intense than that of the unbound, suggests the oocyte genes were selectively not 

precipitated. This demonstrates that the upstream, non-transcribed regions of the oocyte 

58 rRNA genes were not packaged with hyperacetylated histone H4. Assuming that the 

acétylation o f the spacer nucleosome reflects that o f the nucleosomes on the 58 rRNA 

coding sequence, these results indicate that the transcriptional^ silent oocyte genes in X. 

laevis are not packaged with acetylated histones. Immunoprécipitations performed in the 

absence o f antibody (-Ab), or with non-^ecific polysera (P8), did not show any signal
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Figure 29. A schematic representation o f  the iimmmofractionation technique used to 
analyze the acétylation state o f the X. laevis oocyte SS rRNA genes. The circles represent 
the histone octamer, either acetylated (shaded) or non-acetylated (open) and the black 
lines represent the DNA.
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Figure 30. The oocyte genes in the X. laevis somatic cells are packaged with 
hypoacetylated histone H4. (A) Fragmented chromatin isolated from Xenopus tissue 
culture cells was immunoprecipitated with an anti-acetylated histone H4 antibody (aH4); 
non-specific polysera (PS) or without antibody (-Ab). Forty nanograms o f the 
precÿhated DNA was applied to a Zeta-Probe membrane and probed with a —360 bp, 
upstream, non-transcribed sequence of an oocyte SS rRNA gene. O, SO pg o f  a frill length 
oocyte SS rRNA gene isolated from pXloS; S, SO pg of a frill length somatic SS rRNA 
gene isolated from pXlsl 1; T, —300 ng total chromatin; AB, immunoprec^itated 
chromatin; UB, unbound chromatin. (B) Southern blot hybridization of micrococcal 
nuclease digested nuclei from X. laevis K2 kidney cell line. Nuclei were digested for the 
times indicated with 4 units o f micrococcal nuclease per pg o f DNA Following nuclei 
lysis and DNA deproteinization, approximately 6 pg aliquots o f DNA were resolved on a 
1% agarose gel, ethidhim bromide stained. Southern blotted and probed with the -360 bp 
upstream non-transcribed sequence o f the oocyte SS rRNA gene.
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3.3.5. Micrococcal nuclease digestion o f oocyte 5S  rRNA genes

The above resuhs suggest that transciiptionally sflent oocyte S S rRNA genes are 

not packaged with hyperacetylated histone H4. This would seemingly suggest the 

presence o f non-acetylated histones on these genes. To verify the presence of 

nucleosomes on the oocyte genes, tissue culture cell chromatin was digested with 

micrococcal nuclease and Southern blotted. If  the upstream, non-transcribed sequence of 

the oocyte gene had a low abundance o f nucleosomes, this region of DNA would be 

sensitive to micrococcal nuclease digestion. Upon electrophoresis (Figure 3OB), the 

resulting DNA from the digested chromatin gives a characteristic “ladderi' o f fragments 

derived from multiple units o f the nucleosome repeat. This was seen for both the bulk 

chromatin (ethidhun bromide stained) and the oocyte genes (Southern blot hybridized). 

These results also show that the oocyte genes in this cell Hne were less sensitive to 

micrococcal digestion than the bulk o f the chromatin, as more time was required to digest 

the oocyte genes to mononucleosomes (compare the digestion profiles o f the bulk 

chromatin and oocyte genes afrer 1 min of digestion).

3.4. Role o f Nucleoplasntin in the Transcription o f  the SS rRNA genes in X. laevis

The phosphoprotein nucleoplasmin is the most abundant protein in Xenopus 

oocyte nuclei (Mills et al., 1980, Krone and Franke, 1980). This protein is extremely 

acidic, consisting of 23% glutamate and aspartate residues (Burglin et al., 1987, Dingwall 

et al., 1987). hiitially the fimction o f nucleoplasmin was postulated to be two-fold: post­

fertilization decondensation o f sperm chromatm by removal o f the basic sperm protamines.
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and assembfy o f  nucleosomes by binding histones H2A and H2B and transferring them to 

DNA (Phdpott and Leno, 1992, Laskey et al., 1993, Katagjri and Ohsumi, 1994).

Evidence suggests that nucleoplasmin may serve other functions as well First, 

nucleoplasmin is present throughout oogenesis and not simpfy in the mature, unfertilized 

egg as would be expected if  only required post-fertilization (Burglin et al., 1987, Litvin 

and King, 1988). Second, a nucleoplasmin-like protein has been identified in Drosophila 

somatic cells (Ito et al., 1996a), suggesting these highty acidic proteins are required for 

some fimction other than the decondensation of sperm chromatin as originally proposed. 

Finally, in the amphibian Pleurodeles waltlii, nucleoplasmin is found associated with 

lampbrush loops (Moreau et al., 1986), \\Mch are regions o f transcriptional activity, 

suggesting a role for nucleoplasmin in transcription. It has been demonstrated that 

nucleoplasmin stimulates the binding of the /runs-acting fitctors GAL-4, USF and Sp 1 to 

their cognate binding sites within nucleosomal DNA in vitro (Chen et al., 1994, Walter et 

al., 1995), and that nucleoplasmin functions in this capacity by removing the core histones 

H2A and H2B subsequent to transcription foctor binding. In these studies however, a 

heterologous system was used which mixed yeast and mammalian trans-sic\m% factors, 

Xenopus egg nucleoplasmin, and HeLa cell histones. Although such a system may provide 

a suitable model for exam ining  the nucleosome remodeling efifects of nucleoplasmin, a 

more suitable homologous ^stem  would be required to determine whether this effect has 

any in vivo relevance.
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3.4.1. Integrity o f nucleoplasmin

The proteins used for the nucleoplasmin study are shown on a SDS PAGE (Figure 

31 A). It must be noted that, chicken erythrocyte histones and not Xenopus histones were 

used for this study. It is unlikely however, that this affected the results due to the highly 

conserved nature of core histones (histones H3 and H4 share identical sequences in 

Xenopus and chicken). Furthermore, studies mapping nucleosome positions on 

reconstituted X. laevis SS rRNA gene fragments, showed similar results with both 

Xenopus and chicken erythrocyte histones (Gottesfeld, 1987). To demonstrate that the 

nucleoplasmin was fimctional with respect to nucleosome assembly activity, a supercoding 

assay was performed (Figure 3 IB). In this assay, nucleosomes were mixed with closed 

circular SV40 DNA (one octamer for each 165 bp o f  DNA) at physiological 

concentrations of salt. Under these conditions, in the absence of nucleoplasmin, an 

insoluble complex formed (compare lanes 3 and 4) due to the electrostatic interactions 

between the DNA and histones. Nucleoplasmin serves to circumvent this aggregation by 

binding histones and regulating the formation of a soluble complex (compare lanes 5 and 

6) containing nucleosomes. The deposition of nucleosomes in the presence of 

topoisomerase I caused the DNA to become highly supercoiled as can be seen in lane 6.

3.4.2. The effect o f nucleoplasmin on the binding o f  TFIIIA to mononucleosomal DNA

Nucleoplasmin is the most abundant protein in the nucleus o f Xenopus oocytes and 

thus, if it does play a role in enhancing transcrgtion fiictor accessibility, this should also be 

observed with transcription frctors present in Xenopus oocytes. Previous to this work it
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Figure 31. (A) SDS PAGE analysis of the purified proteins used in the nucleoplasmin 
study. Lanes 1 and S, molecular weight protein markers (sizes shown in kDa); lane 2, 
nucleoplasmin purified from unfertilized Xenopus eggs; lane 3, chicken erythrocyte core 
particle histones; lane 4, recombinant Xenopus i blilA. (B) In vitro chromatin assembly 
capability o f Xenopus nucleoplasmin. Five hundred ng o f topoisomerase I treated, closed 
circular SV40 DNA (lane 2) was incubated with 0.5 pg o f histone octamers previously 
mixed without (lanes 3 and 4) or with (lanes 5 and 6) I pg nucleoplasmin. After 90 
minutes at 37°C , the assembty reactions were centriftiged for 10 minutes at ISOOOxg and 
both the pelleted (?) and supernatant (S) material were deproteinized and electrophoresed 
on a 2% agarose Ix TPE gel to resolve the relaxed (II) or supercoiled (I) DNA forms.



97

was demonstrated that removal o f histones H2A and H2B overcomes the blockage of 

TFIIIA binding by nucleosomes (Hayes and Wotflfe, 1992). The initial objective o f this 

study was to determine whether nucleoplasmin, vdiich preferential^ removes histones 

H2A and H2B from nucleosomes (Chen et al., 1994), could frcüitate the binding of 

TFIIIA to a nucleosomal SS rRNA gene fragment vMch normal^ will not bind I FUIA. 

Figure 32A shows a TFULA electrophoretic mobility shift assay of the oocyte SS rRNA 

gene fragment Xlo(-38->+149) complexed (lanes 1 - 10) or unconq>lexed (lanes 11 and 

12) into nucleosomes. The concentration of TFIIIA is indicated at the bottom the gel and 

the higher concentrations used in this study were sufGcient to conçletely .«diift the 

corresponding uncomplexed DNA alone. As shown before, a nucleosome on this gene 

fragment blocked TFDIA binding (lanes I through S). Upon addition of nucleoplasmin to 

the binding reaction, a nucleosomal shift by TFIIIA was still absent (lanes 6 through 10) 

indicating nucleoplasmin was unable to circumvent the nucleosomal blockage of TFIIIA 

binding to this gene fragment. The resuhs suggest that, deq)he the previously reported 

nucleosome remodeling ability o f  nucleoplasmin, the binding o f TFIIIA to nucleosomal 

DNA could not be facilitated by this protein.

One possible explanation for the discrepancy between our resuhs and those of 

Chen et al., ( 1994), is in their study, a small amount of transcription 6ctor binding was 

aheady evident in the absence o f nucleoplasmin, and the addition o f nucleoplasmin served 

to greatly increase this binding. In our study however, no binding o f TFIIIA to 

nucleosomal Xlo(-38—>+149) DNA was evident, and thus we repeated the TFIIIA 

electrophoretic mobility shift assay using the 5S rRNA gene fragment Xlo(-83->+136) 

instead. As Aown earlier, this fragment positions nucleosomes in a manner vdiich permhs
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Figure 32. Agarose gel electrophoretic analysis of the effect of nucleoplasmin on the 
binding o f  TFIIIA to nucleosomal % laevis 5S rRNA gene fragments. (A) and (B) 
Nucleosomes ( 1 finole) reconstituted with chicken erythrocyte histones on Xlo(-38—> 
+149) (A) or Xlo(-83^+136) (B) in the absence (lanes 1 - 5) or presence (lanes 6 - 10) of 
ISO ng o f  Xenopus nucleoplasmin and increasing amounts of TFIIIA (molar ratios 
indicated beneath the gels). Lanes 11 and 12, the corre^onding uncomplexed DNA in the 
absence (-) or presence (+) o f TFIIIA The samples were incubated for 20 minutes at 
room tenq)erature before loading on the 0.75% agarose gels.
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TFinA binding, but at nmch higher concentrations o f TFIIIA than is required for binding 

o f naked DNA alone. We were thus testing whether nucleoplasmin could enhance the 

binding o f TFIIIA to nucleosomal DNA The results, shown in Figure 32B, demonstrate 

that a 160 nM concentration o f  TFIIIA partialfy dn&ed Xlo(-83—>+136) after 

reconstitution into nucleosomes (lane 5). If nucleoplasmin was able to remodel this 

nucleosome in a manner which focihtated TFULA binding, this shift diould be evident at 

lower concentrations of TFIIIA which is not the case (lanes 6~ 10). This demonstrates that 

nucleoplasmin was unable to enhance the binding o f TFIIIA to nucleosomal DNA

3.4.3. Effect o f nucleoplasmin on 5S rRNA transcription from  nucleosomal templates

Previously, it was shown that deposition o f nucleosomes onto plasmids containing 

SS rRNA genes, repressed 58 rRNA transcription (Gottesfeld and Bloomer, 1982, Stunkel 

et al., 1995). Similar plasmids, reconstituted with physiological levels of histones H3 and 

H4 alone, are permissive to 58 rRNA transaction (Tremethick et al., 1990). We took 

advantage o f these results to test whether nucleoplasmin, by selectively removing H2A 

and H2B, could enhance transcrCtion o f nucleosomal 58 rRNA genes. To this end, 

nucleosomes were reconstituted onto a full length oocyte 58 rRNA goie repeat by the 

sak-gradient dialysis method, and these genes were transcribed in HeLa nuclear extraas 

supplemented with TFIIIA and increasing amotmts o f nucleoplasmin. HeLa cell nuclear 

extracts were chosen over Xenopus oocyte extracts because they lacked nucleoplasmin. 

The results o f transcrCtion studies (Figure 33), indicate that nucleosomes reconstituted on 

the oocyte gene repeat repressed 58 rRNA transcrCtion (lane 3). Nucleoplasmin did not
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Figure 33. The effect of nucleoplasmin on the transcription o f reconstituted Xenopus 
laevis oocyte 5S rRNA genes. Approximately 250 ng of oocyte SS rRNA genes either 
uncomplexed (lane 2) or reconstituted with histones isolated firom chicken erythrocytes 
(lanes 3-6) were transcribed in the absence (lanes 2 and 3), presence (lanes 4-6) of 
increasing amounts o f nucleoplasmin as shown. The transcrqitions were performed in 
HeLa nuclear extracts supplemented with ISO nM recombinant Xenopus TFIIIA and 2 
mM MgClz. Transcripts were analyzed by denaturing polyacrylamide gel electrophoresis 
(8% acryiamide, 8.3 M urea in Ix TBE). Lane 1, Klenow end-labeled H in fl cut (|>X174 
DNA (sizes o f marker fi-agments shown as number of nucleotides).
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circumvent this repression even at ratios o f 100 molecules o f nucleoplasmin for every 

histone octamer present (lanes 4-6).

3.5. Role o f H istone H I in the D ifferential Transcription o f the SS rRNA genes in 

X. laevis

3.5.1. The binding o f histone HI to free  and nucleosomal 5S rRNA genes

hi 1984, Schlissel and Brown demonstrated that, in somatic cells, repression o f 

oocyte SS rRNA gene transaction was due to the presence o f histone HI. Later, it was 

shown that incorporation of histone HI into chromatin during embryogenesis, results in 

specific repression of TFEHA-activated oocyte SS rRNA production (Bouvet et al., 1994). 

In 1990, Jermanowski and Cole showed that histone H I binds preferentially to the oocyte 

gene over the somatic, and this preference was due to differences in the S' and 3* flanking 

regions of the two SS rRNA gene Amilies. However Jermanowski and Cole performed 

their experiments using naked DNA Wiich binds HI in a different manner than 

nucleosomal DNA (Hayes and Wolffe, 1993). The difference in these two modes o f 

binding can be seen in an electrophoretic mobility shift assay (Figure 34A). Both naked 

and nucleosomal DNA were incubated with increasing concentrations o f HeLa cell histone 

HI (shown in the SDS PAGE in Figure 3S), and in both cases, incubation with the higher 

levels o f  HI produced aggregates made evident by the radioactive signal in the area o f the 

wells. However, at lower HI concentrations, transient conqilexes were formed which 

entered the gel but with reduced mobility when conqiared to the unbound substrate. In 

the case of naked DNA, these complexes were very sensitive to HI concentrations in that
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Figure 34. The binding o f histone HI to naked and nucleosomal 5S rRNA gene 
firagments. (A) A comparison of the binding o f histone HI to naked and nucleosomal 
Xls(-S2—>+147). (B) A similar comparison of the binding of histone HI to oocyte and 
somatic X. laevis 5S rRNA gene fragments Xlo(-38—>+149) and Xls(-52^+147) in the 
absence o f nucleosomes. For each shift, -0.5-1 finoles o f  labeled nucleosomes were 
incubated with the indicated amounts o f histone H i, incubated ft>r 20 minutes at room 
temperature and electrophoresed on 0.75% agarose gels.
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Figure 35. Coomassie stained SDS PAGE analysis of HeLa cell histone HI used in this 
study. Lane 1, molecular weight protein markers (sizes shown in kDa); lane 2, histone HI 
(I ng)-
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they were onfy present with a ^ecific amount o f  HI. In contrast, the binding o f  HI to 

nucleosomal DNA appeared to be more stable since the Hl-nucleosome conqilex was 

present at least two different concentrations o f HI. This reafSims previously published 

data diowing that the binding o f histone HI to naked DNA is highly co-operative 

compared to that o f nucleosomal DNA (Clark and Thomas, 1988). Thus these results 

show that the binding of HI to a nucleosome is different than that o f naked DNA.

The object o f this study was to make a direct comparison between the somatic and 

oocyte 5S rRNA genes with respect to the binding of histone HI to nucleosomal DNA 

hiitially, we reconstituted mononucleosomes onto —200 bp fragments of each gene pOo(- 

38—>+149) and X ls(-52^+147)]. These fragments were selected because they include the 

entire SS rRNA intragenic promoter and coding sequence, and thus the region o f DNA to 

which histone HI binding would exhibit its greatest effect. As shown earlier, both 

fragments position nucleosomes at multiple positions (Figure 19). Although at first 

glance, these mukgle translational positions would be expected to complicate analysis of 

resuhs, because the oocyte genes have been shown to contain muhÿle, overlapping 

positions in vivo (Gottesfeld and Bloomer, 1980), we feel this is a better representation 

than a gene fragment with a strong octamer positioning signal such as that o f the X. 

borealis gene (Rhodes, 1985). An HI titration o f these DNA jfragments was performed to 

determine whether a difference in HI binding to naked DNA could be observed. The 

resuhs, shown in Figure 348, suggest that the difference in histone HI binding between 

the oocyte and somatic 5S rRNA genes was negligible. The oocyte gene fragment formed 

aggregates at lower HI concentrations than the somatic counterpart, but the difference 

was minor.
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To compare the binding o f  histone HI to nucleosomal oocyte and somatic SS 

rRNA genes, gene fragments were reconstituted with HeLa cell histone octamers and 

tested for HI binding. The results (Figure 36A) demonstrate that histone HI bound 

equally to both fragments after nucleosome reconstitution. It is interesting to note that in 

the case o f the oocyte gene, there appeared to be a secondary diifr Wftch is suggestive of 

more than one molecule of HI interacting in a stable manner with one nucleosome. 

Although these resuhs do not show an increased affinity o f histone HI for the oocyte 

gene, they do suggest that the oocyte nucleosome is capable o f binding more than one 

molecule of histone HI.

3.5.2. DNase Ifootprinting o f  nucleosomes containing histone H I

Several researchers have attempted to detect histone HI binding to nucleosomal 

DNA by DNase I footprinting. The resuhs thus for have been discouraging with no 

histone HI DNase I protection evident. However, in the case o f the X. laevis 58 rRNA 

genes, the footprints have always been performed using the somatic gene \^diich may not 

strongly bind histone HI in vivo. DNase I footprinting was used in this study to determine 

whether any difference could be observed between the binding of histone HI to oocyte 58 

rRNA genes compared to the somatic counterparts. To this end, nucleosomes 

reconstituted on fragments Xls(-51->+I47) and Xlo(-38->+149) were incubated with 

increasing concentrations of histone HI and digested with DNase I. Denaturing gels 

(Figures 37A and B) of the resulting fragments show that the presence of histone HI did 

not affect the rate o f digestion o f  the nucleosomal somatic gene fragment (Figure 3 7A). A
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Figure 36. Histone H I binds equally to the oocyte and somatic Xenopus laevis SS rRNA 
gene fragments Xlo(-38—>+149) and Xls(-51->+147) after reconstitution with either 
control (A), or hyperacetylated histone octamers (B). Approximate^ O.St I frnoles o f 
labeled nucleosomes were incubated with the indicated amounts o f  histone H i, incubated 
for 20 minutes at room temperature and electrophoresed on 0.75% agarose gels.
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Figure 37. DNase I footprint analysis o f  the complexes formed by nucieosomes with 
increasing amounts o f histone HI on the Xls (-51—>+147) (A) and Xlo(-38—>+149) (B) 5S 
rRNA gene fragments. Ten femtomoles o f nucieosomes labeled at the 3' end o f the coding 
(lanes 2 to 5) and non-coding (lanes 7 to 10) strands were incubated in the presence of 
histone HI and subsequently digested with DNase I. The 5S rRNA gene is indicated by 
the thick black line and the intragenic control region (ICR) by an open box Lines to the 
left and the right o f the footprints represent the translational position of nucieosomes on 
these fragments. Sites o f DNase I protection by incorporation o f histone HI are indicated 
by an *.
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few sites which become less sensitive to digestion with only the highest histone HI 

concentration are indicated by an *. The footprint of the oocyte gene fragment (Figure 

37B) is similar to that of the somatic in that increasing concentrations o f histone HI had 

no effect on the rate of digestion o f the 3' end o f the gene, hi contrast, increasing the 

concentration o f  HI decreased the rate o f digestion of the 5' o f  the gene. This may 

indicate an “off-axis” location o f histone HI binding to this fragment. This asymmetrical 

protection was observed over a region extending 100 bp i ^ c h  is probably not attributed 

to protection o f these nucleotides by the linker histone, but rather an alteration in the 

contacts between the core histones and DNA in this region.

3.5.3. The effect o f histone acétylation on the binding o f histone HI

Ehstone acétylation has long been linked to transcrÿtional activity and studies have 

shown that the histone amino te rmini modulate the interaction o f histone H I with 

nucieosomes (Juan et at., 1997). Previously it was demonstrated, using a fragment of the 

X. borealis somatic SS rRNA gene, that histone acétylation does not prevent the binding 

o f histone HI to nucleosomal DNA (Ura et ar/., 1994, 1997). Again, the importance of 

this observation may be limited by the fret that histone HI may have a low afSnity for the 

somatic genes in vivo (Wolffe and Brown, 1988). Figure 36B Aows a sim ilar titration as 

in Figure 36A  with the exception that the core histones were isolated from butyrate 

treated HeLa cells. Once again, histone H I did not show a preference for binding to 

nucleosomal oocyte genes when compared to the somatic counterparts, but again a
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secondary shift o f the oocyte nucleosome was observed at higher concentrations o f 

histone HI.

3.5.4. The binding o f histone H I to nucleosomal arrays

The resuhs of this work thus far suggest that histone HI can bind both the oocyte 

and somatic 5S rRNA genes after nucleosome reconstitution. This is not necessarily 

surprising because although histone HI is proposed to be a repressor o f  transcriptioa, 

studies show that transcriptionally active genes are not necessarify devoid of histone HI 

(Zlatanova and van Holde, 1992 and references therein). It has been suggested that it is 

not whether histone HI binds wiiich determines transcriptional repression, but rather how 

histone HI binds. In this study, the repressive effects o f histone HI on the transcription of 

nucleosomal 5S rRNA gene templates were tested. In these experiments, ftiU length 5S 

rRNA gene repeats were used rather than —200 bp fragments. This allowed more o f  the 5’ 

and 3' flanking regions to be examined, and more than one nucleosome to be reconstituted 

per DNA strand, allowing possible intemucleosome interactions to be investigated. Figure 

38, an agarose gel of the reconstituted arrays, demonstrates that the majority of DNA 

existed in nucleoprotein complexes. DNA reconstituted with histone octamers alone 

migrated predominantly as one diftuse band, although some slower m ig rating conqilexes 

were observed (lanes 4 and 6). This indicates that the bulk of the nucleosome arrays had a 

similar amount of histone octamers. After addition o f  histone HI, the electrophoretic 

mobility o f the arrays were retarded indicating that histone HI was capable of binding 

both genes.
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Figure 38. Hstone HI binds to both oocyte and somatic 5S rRNA full length gene 
repeats after reconstitution with histone octamers as demonstrated by an electrophoretic 
mobility shift assay on a 1% agarose gel in Ix TBE. Lanes 1 and 2, uncomplexed oocyte 
(O) and somatic (S) full length 5S rRNA genes; lanes 4 and 6, oocyte (O+Oct) and 
somatic (S+Oct) genes after reconstitution with histone octamers; lanes 5 and 7, oocyte 
(O+Oct+Hl) and somatic (S+Oct+Hl) genes after reconstitution with histone octamers 
and histone HI.
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3.5.5. The effect o f history H I on transcription o f the 5S rRNA genes

To test the effect o f  histone HI incorporation on the transcr^don o f the SS rRNA 

genes, the reconstituted arrays were transcribed in Xenopus oocyte extracts. Oocyte 

extracts were chosen instead of HeLa cell nuclear extracts because Xenopus oocytes lack 

histone HI. The results o f  the transcription analysis (Figure 39) demonstrate that 

reconstitution of an oocyte gene repeat with histone octamers once again repressed SS 

rRNA transcription, but in this case, onfy by -33% (compare lanes 2 and 3). The 

difference between this result and that seen earlier with the HeLa cell nuclear extracts 

(Figure 13), could be due to either an increased amount o f I FUIA in the Xenopus oocyte 

extracts or the presence o f small amounts o f histone HI in the HeLa cell nuclear extracts. 

In contrast to the results with the oocyte gene, Wien a somatic gene was reconstituted 

with histone octamers, there did not appear to be any significant effect on gene 

transcription (compare lanes 5 and 6). When histone HI was included in the oocyte and 

somatic reconstitutions, residual transcription o f the oocyte 5S rRNA gene was decreased 

a further -66% (compare lanes 3 and 4). In contrast, the presence o f histone HI on the 

somatic gene only decreased transcription by about 20% (compare lanes 6 and 7) 

indicating that RNA polymerase HI was less affected by the presence o f histone HI on the 

somatic gene Wien compared to the oocyte gene.
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Figure 39. Histone HI represses SS rRNA transcription o f oocyte but not somatic genes 
reconstituted with histone octamers. Approximately 40 ng of the oocyte (lanes 2-4) or 
somatic (lanes 5-7) SS rRNA genes, either uncomplexed (lanes 2 and S), reconstituted 
with chicken erythrocyte core histones (lanes 3 and 6), or reconstituted wdth chicken 
erythrocyte core histones and HeLa cell histone HI (lanes 4 and 7) were transcribed in 
Xenopus oocyte extracts. Transcrits were anafyzed by denaturing polyacrylamide gel 
electrophoresis (8% acrylamide, 8.3 M urea in Ix TBE). Lane 1, transcription in the 
absence of template DNA.
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3.5.6. Micrococcal nuclease digestion o f nucieosomes on the somatic 5S rRNA gene.

It has been shown previously that only a partial, and not a con^lete loss of histone 

HI coincides with transcription (Zlatanova and van Holde, 1992 and references therein).

It is not known if  this partial loss is observed over an entire gene or A e th e r  this 

represents a complete loss o f linker histones from qtecifrc locations. One possible 

explanation as to >^y histone HI incorporation did not affect transcrq)tion o f the somatic 

5S rRNA gene, is i f  histone HI is only bound to nucieosomes packaging the non­

transcribed sequences o f the 5S rRNA genes and not the actual coding sequences and 

intragenic promoter. To test this hypothesis, nucleosome arrays, with and without histone 

HI, were digested with micrococcal nuclease. In native chromatin, histone HI has been 

shown to protect an additional 20 bp of DNA from micrococcal nuclease compared to that 

of the histone octamer alone. The micrococcal nuclease digestion patterns o f the 

reconstituted somatic 5S rRNA genes shown in Figure 40A demonstrates that, in the 

presence o f histone H I, —165 bp of DNA was protected, indicating that histone HI was 

boimd to the reconstituted somatic genes in a similar fedfron as feund in native chromatin.

It is possible that, although some of the histone octamers were capable o f  binding histone 

HI, the octamers in direct contact with the actual 5S rRNA coding sequence excluded HI. 

Although the results (Figure 36) suggest this was not the case, the possibility was tested 

by Southern blot analysis. Nucleosome arrays, containing histone HI, were digested with 

micrococcal nuclease, blotted and probed for the 58 rRNA coding sequence. The results 

(Figure 40B) demonstrate that the 5S rRNA coding sequence was packaged both with 

histone octamers
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Figure 40. The somatic 5S rRNA coding sequence is in contact with both the histone 
octamer and histone HI after reconstitution into nucleosomal arrays containing histone 
H i. (A) Micrococcal nuclease digestion o f ftdl length Xenopus laevis somatic genes. 
Digestions were carried out at a nucleosome concentration of 0.1 mg/ml (DNA weight) 
and enzyme concentration o f 20 units/ml for the minutes indicated on the top o f  each lane. 
The resulting DNA fragments were deproteinized, end-labeled with [y-^^P]ATP, and 
electrophoresed on a 4% non-denaturing geL (M) Hha I cut pBR322. (B) Southern blot 
hybridization o f the gel shown in (A) probed with the [a -“ P]dATP labeled 58 rRNA 
coding sequence.
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and histone HI as is indicated by hybridization of the SS rRNA coding sequence with the 

—165 bp micrococcal nuclease resistant firagment. This, together with the transcription 

studies showm in Figure 39, indicates that histone HI binding does not inhibit transcription 

initiation o f nucleosomal Æ laevis somatic SS rRNA templates.

3.5.7. Determination o f nucleosome core particle/chromatosome positioning on

reconstituted 208-12

Currently there is a debate regarding the actual binding site for histone HI in a 

nucleosome, wdth both a synnnetricai arrangement and an “ofif-axis” location proposed 

(see Figure 7). Due to the multiple translational positions exhibited by nucieosomes on 

the X. laevis genes, presumably it would be very difficuh to determine exactfy which 

nucleotides are protected by the binding of histone HI. To approach this question from 

another angle, the 208-12 DNA fragment was employed. The 208-12 DNA construct 

consists o f twelve, tandemly arranged, 208 bp fragments of the Lytechinus variegatus SS 

rRNA gene, one o f the most strongly nucleosome positioning sequences known. 

Reconstitution o f nucieosomes onto this fragment, generates a nucleosome array with 

twelve evenly spaced nucieosomes. When histone HI is added to this array, the fiber 

condenses in a manner wdiich is almost indistinguishable from that o f native chromatin 

(Howe et al., 1998). In this study, the positions of nucleosome core particles and 

chromatosomes on the 208-12 DNA construct were mapped by restriction digestion of 

micrococcal nuclease resistant Segments, bi Figure 41, lanes 1 and 2 show the 14S bp 

(nucleosome core particle) and 16S bp (chromatosome) micrococcal nuclease resistant
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Figure 41. Determination o f the translational position of oligonucleosomes reconstituted 
on the 208-12 template with histone HI. The region of DNA in direct association with 
the histone octamer and/or histone HI, was determined by digestion o f an end-labeled 
micrococcal nuclease resistant fragment with different combinations of restriction 
enzymes. The resulting restriction fragments were resolved by denaturing PAGE (8% 
acrylamide, 8.3 M urea in IxTBE). Lanes I, 4 and S contain micrococcal nuclease 
resistant 146 bp fragments, either undigested (lane 1), Dra I digested (lane 4) or Dra 
VMsp I double digested (lane 5). Lanes 2, 6 and 7 contain micrococcal nuclease resistant 
165 bp fragments either undigested (lane 2), Dra I digested (lane 6) or Dra VMsp I double 
digested (lane 7). (M) Klenow labeled H in f\ cut (|>X174 DNA used as a marker with the 
sizes of the marker fragments shown as number o f nucleotides.
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fragments reflectively, demonstrating that there were no internal nicks within these 

fragments. Lane 4 diows the products o f the Dra I restriction digestion of the 145 bp 

core particle fragment. This lane shows two bands of 57 and 88 bp indicating that the 

nucleosome core particle adopts primarily one position on the individual 208 subunits. 

Cleavage o f these two fragments with Msp I  (lane 5) had no effect on the 57 bp fragment, 

but the 88 bp band was cut to yield a 28 bp product indicating that this fragment 

originated from o f the 3’ end o f the micrococcal nuclease resistant fragment. Figure 42 

schematically represents the position of the nucleosome core particle on the 208 subunits 

determined from this analysis. When the 165 bp fragment underwent a similar treatment, 

three “pairs” o f bands were observed. The most predominant “pair” of 88 and 77 bp is 

indicative of an “oflP-axis protection” of DNA (see Figure 7) seen by Hayes and Wolffe,

( 1993). A second pair o f bands, with sizes 96 and 69 bp, suggest an almost symmetrical 

protection by histone HI. Finally, a 125 bp Dra I restriction fragment which was cleaved 

by Msp L suggests a third chromatosome position wiiich does not overlap the original 

core particle position. This implies that the incorporation of histone HI caused the histone 

octamer to adopt a new position on the 208 fragment.

3.5.8. In vitro transcription o f reconstituted 208-12 DNA

DNA reconstituted into both nucleosome core particles and chromatosomes were 

transcribed in HeLa cells extracts to determine the effects o f histone HI on transcription 

o f this construct. During the construction o f the 208-12 fragment, the termination site of 

the 5S rRNA gene was removed. Due to this, transcrÿtion o f 208-12 yields a ‘ladder” of
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Figure 42. Schematic representation o f the most predominant nucleosome position on the 
reconstituted 208-12 DNA. The open ellipsoids indicate the position o f  the nucleosome 
core particle on 208-12 reconstituted in the absence of histone HI. The hatched ellipsoids 
represent the DNA protected firom micrococcal nuclease digestion upon addition of 
histone HI. The heavy line indicates the 58 rRNA coding sequence and the open box 
indicates the intragenic TFHIA binding she. Restriction en^m e sites used for mapping 
are indicated as are the EcoK I sites wiiich separate the 208 fragments (E)
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transcripts resuhing firom run-on transcrÿtion initiating at the many different 

transcriptional start sites. This can be seen in Figure 43, lane 3 i ^ c h  shows the products 

generated by transcription of naked 208-12 DNA. Lanes 2 ,4  and S contain a 120 

nucleotide band due to the inclusion of the X. laevis oocyte SS rRNA gene as an internal 

control (shown by itself in lane 2). The products generated by transcription of the 208-12 

DNA after reconstitution with histone octamers are shown in lane 4. As can be seen, the 

presence of nucieosomes on the 208-12 DNA did not prévoit transcrÿtion initiation o f the 

SS rRNA genes. Lane S shows that the addition o f histone HI to the nucleosome arrays 

did not affect the amount or lengths o f transcripts produced.
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F%ure 43. The effect of oligonucleosome reconstitution, with or without histone HI, on 
RNA polymerase IQ transcription. Approximately 250 ng of the 208-12 DNA, either 
uncomplexed (lanes 3 and 7) or reconstituted with histone octamers, without (lane 4) or 
with (laneS) histone HI were transcribed with HeLa cell nuclear extracts supplemented 
with 150 nM recombinant Xenopus IT'UlA and 2 mM MgClz. Reactions in lanes 2,4  and 
5 contained 500 ng ofÆ laevis oocyte 5S rRNA gene DNA as an internal transcription 
control Transcripts were anafyzed by denaturing polyacrylamide gel electrophoresis (8% 
acrylamide, 8.3 M urea in Ix TBE). Lanes 1 and 6, Klenow end-labeled H in fl cut (j>X174 
DNA (sizes o f the marker fragments shown in number of nucleotides); lane 2, transcribed 
X. laevis oocyte 5S rRNA gene DNA alone; lane 7, a lower e?q)osure o f lane 3.
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4. DISCUSSION

In eukaryotes, the template for transcrçtion in not naked DNA but rather chromatin. 

Despite this, the majority o f knowledge regarding the regulation of transcrq>tion has been 

acquired through the use o f naked DNA as transcription templates in vitro. Using this 

approach however, researchers have been unable reproduce, in vitro, many of the 

characteristics o f  transcriptional regulation found in vivo, such as transcriptional 

repression or the large magnitude o f activation induced by tranr-acting 6ctors. For these 

reasons, it is becoming increasingly apparent that chromatin structures play a role in the 

regulation o f transcription and that transcriptional enhancers may fonction to counter 

chromatin mediated repression rather than just increase the rate of transcrÿtion complex 

assembly as previously thought.

This work focused primarily on the role of chromatin structures in the 

transcriptional regulation of somatic and oocyte SS rRNA genes in X. laevis. Xenopus has 

developed a dual SS rRNA gene system presumably to allow for a large amount of SS 

rRNA to be produced early in oogenesis, for the later assembly of the large amounts of 

ribosomes required post-fertilization. The dififorential regulation of the oocyte and 

somatic genes in somatic cells has been the focus of considerable study, eq»ecially in the 

field of chromatin. Chromatin is still thought of as repressive in nature toward 

transcription and thus the selective repression o f  the 5S rRNA genes in Xenopus has 

always been quite enigmatic. Promoter specific chromatin-mediated repression has been 

seen before. For exanq)le, mutations in the gene encoding histone H3 increase activation 

o f  the GALl but not the PH 05  promoters in yeast (Mann and Grunstein, 1992). This
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specificity has been attributed to differoices in nucleosome position relative to promoter 

elements, differences in /rom-acting fectors and diSbrences in the interaction of chromatin 

remodelling machines such as the SWI/SNF complex. The fiict that the two 5S rRNA 

gene femdies in Xenopus presumably Aare the identical transcrÿtion machinery suggests 

that other fectors, such as nucleosome position, histone acétylation, histone HI binding or 

the presence o f histone binding proteins may play a major role in the differential 

expression o f these genes.

4.1. The relationship between translational position and the binding o f  TFIHA to 

nucleosomal DNA

One of the main focuses o f this work was to investigate the effect o f nucleosome 

translational position on TFTQA binding. Each of the two oocyte fragments and three 

somatic fragments analyzed were tested for I'FlllA binding before and after nucleosome 

reconstitution. These in vitro results demonstrated that in cases where the nucleosome 

was positioned in such a manner that the C block of the SS rRNA intragenic promoter was 

within the 146 bp of DNA protected from micrococcal nuclease, ITIilA could not bind 

the DNA (see Figures 18 and 19). A similar result was seen by Gottesfeld, (1987) \ ^ o  

showed that a nucleosome with the translational position o f  +20 to +200 on the Xenopus 

laevis SS rRNA gene blocks TFIHA binding. Second^ the results of this work suggest 

that in those instances vsdiere at least the C block or more o f  the TFIHA binding she were 

outside this region of DNA protected by the histone core, TFIHA could bind (Figures 18 

and 19). This finding is in agreement with previous results (Rhodes, 1985) with the
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Xenopus borealis SS rRNA gene. DNase I footpiinting showed (Figure 24) that in one 

such instance both the EE element and the A block were bound by TFIHA This suggests 

that, upon binding to the C block, TFIQA is able to unwind the DNA from the 

nucleosome to gain access to DNA sequences vèich are intimately associated with the 

histone octamer. This may occur by a mechanism of cooperative binding such as that 

already described by others (Adams and Workman, 1995; Polach and Widom, 1995, 1996) 

for the binding o f two or more eukaryotic regulatory proteins to nucleosomal target sites.

4.2. Understanding the binding o f TFIIIA to nucieosomai DNA 

Many studies have been performed to demonstrate the binding o f trans-acthig frctors to 

sites within nucleosomal DNA (Perhnann and Wrange, 1988, Pina et al., 1990, Taylor et 

al, 1991, Li and Wrange, 1993, Juan et al., 1994, Li et al., 1994, Chen et al., 1994, Li and 

Wrange, 1995, Vettese-Dadey et ai, 1996). It was shown in the case of the 

glucocorticoid receptor, that binding of this receptor to sites near the dyad axis of a 

nucleosome was less frvorable than binding to other sites ( l i  and Wrange, 1995). Thus, 

the translational position of a nucleosome affects the accessibility to response elements of 

the glucocorticoid receptor, but does not preclude binding as is the case with TFTQA In 

binding to DNA, the glucocorticoid receptor dimerizes placing the DNA binding domains 

in two adjacent major grooves along one free o f the DNA (Figure 44) (Luisi et al., 1991) 

and thus the association o f a nucleosome with the other free does not necessarily preclude 

frctor binding. The binding of TFIQA to the 5S gene poses an additional problem. 

TFIQA binds to a site Wdch spans approximately five turns o f  DNA and consists of three
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Figure 44. Crystal structure of an 86-ammo-acid residue fragment o f the glucocorticoid 
receptor complexed with its hormone réponse element. The black balls represent zinc 
ions. Luisi era/., 1991.
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elements: the A block (+50 to +64), the DE element (+67 to +72) and the C block (+80 to 

+96). Current models for TFIIIA binding (Clemens et aL, 1992, Hayes and Tullius, 1992) 

suggest that at least one complete turn o f the DNA at each a id  o f the intragenic promoter 

is bound on aU 6ces o f the helix by three zinc fingers in the major groove (Figure 45). 

Thus unlike the glucocorticoid receptor, complae binding o f TFIIIA requires access to aU 

sides o f the DNA and full binding would not seem possible if the entire TFIHA binding 

site is associated with a nucleosome as was found in this study.

Beato and Eisfeld, ( 1997) classified transcrgtion 6ctors into two categories based 

on their ability to  bind nucleosomal DNA: (i) initiator Actors which are able to bind their 

ta rga  sequences within nucieosomes and initiate events leading to transcriptional 

activation and (ii) effector Actors which are unable to bind regular nucieosomes and 

depend on other Actors or on a pre-sa nucleosomal structure for accessing their ta rga  

sequences in chromatin. Initiator A aors have only a few DNA contaas chistaed on one 

side o f the double helix (such as the glucocorticoid receptor), whaeas effector A aors 

have extensive contaas distributed throughout the vdiole circumference o f the DNA helix. 

Using these criteria, it is clear that TFIHA can be defined as an effector A ao r requiring a 

''pre-sa" nucleosome structure to bind DNA This structure could involve specific 

nucleosome transAtional position, histone acetyAtion or the absence of histone HI.

4.3. Nucleosome position on the SS rRNA genes in vivo

A s mentioned earlia, the varied nucleosome positions on the 5S rRNA gene fragments 

w a e  used to study transaction A ao r binding, and not meant to represent the actual
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Figure 45. Schematic representation o f  a proposed model for the binding of TFIIIA to 
the 58 rRNA gene intragenic control region. The three N terminal fingers (fingers 1-3) 
wrap around the major groove for approximately one turn of the helix. Finger 4 crosses 
the minor groove. Finger 5 binds in the major groove of the IE element, followed by 
finger 6, which again crosses the minor groove. The three C terminal fingers (fingers 7-9), 
wrap around the major groove for approximately one helical turn (Clemens et al., 1992)
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nucleosome position in vivo. Nucleosome translational position is not random and 

nucieosomes exhibit a thermodynamic pre&rence for positions allowing the minor groove 

o f A/T rich DNA to foce inward toward the octamer and for the minor groove of G/C rich 

DNA to face away (GC rich DNA has a wider minor groove than AT rich DNA). 

However, there is not a good correlation between the position o f nucieosomes 

reconstituted in vitro on Aort DNA fragments and the positions nucieosomes occupy in 

vivo for a variety of reasons. First, nucleosome position on short DNA fragments is 

affected by boundary constraints inqmsed by the ends o f  the fragments. This can be seen 

in the results of this study wdiich show that over half the nucleosome positions observed 

are within 10 bp of the end of a DNA fragment. A second reason for the differences 

between nucleosome position in vivo and in vitro is that DNA sequence alone may not be 

sufficient for determination of nucleosome position in vivo. It has already been 

demonstrated that specific DNA binding proteins, such as the a2 foctor in yeast, serve to 

position nucieosomes in vivo (Roth et al., 1992).

The position of nucieosomes in vivo on the oocyte genes in Xenopus have been 

characterized extensively. In instances where the oocyte genes are repressed, such as in 

somatic cells and erythrocyte nuclei, micrococcal nuclease digestion suggests that the 

genes are packaged into loosely positioned nucieosomes with downstream boundaries at 

nucleotides +119, +134, +180, and +198 (Gottesfeld and Bloomer, 1982; Chipev and 

Wolffe, 1992). According to the data presented in this work, all of these positions would 

be e?q)ected to restrict TFIHA binding to the ICR. O f these positions, only one (+134) 

was similar to the position o f a nucleosome reconstituted onto the oocyte gene fragments 

[+130 for Xlo(-83->+136) and +131 for Xlo(-38^+149)]. It must be noted though, that



129

nucieosomes with downstream boundaries o f+180 and +198 were not expected due to the 

limited sized fragments used in this study. “Genomic” DNase I fr)otprintmg o f the oocyte 

genes produces a pattern characteristic o f naked DNA which is attributed to the absence 

o f rotational positioned nucieosomes on these genes (Engelke and Gottesfeld, 1990). A 

similar absence of a unique rotational position was seen on the gene fragments used in this 

study. The genomic footprinting o f presumabfy active oocyte genes in immature oocytes 

gave puzzling results - the footprint did not resemble a nucleosome, naked DNA or 

TFIHA (Engelke and Gottesfeld, 1990). The position of nucieosomes on the somatic SS 

rRNA genes in Xenopus has not been studied extensively. The results of micrococcal 

nuclease and restriction enzyme digestion suggests that these genes are associated with 

transcrÿtion conçlexes and not nucieosomes (Chipev and Wolffe, 1992). It must be 

noted however, that these results were performed on transcriptionally quiescent Xenopus 

erythrocytes.

4.4. The role o f nucleosome translational position in the dijferential regulation o f  

the 5S  rRNA genes

Alternate to the idea that a “pre-set” nucleosome stmcture is necessary for SS gene 

transcription, the assembly o f a transcription complex on the 58 rRNA genes could be 

DNA replication dependent. It has been demonstrated that DNA replication disrupts RNA 

polymerase III transcription conq>lexes in vitro (Wolffe and Brown, 1986) but the order of 

events that occur afterwards is not known. Following DNA replication, chromatin is 

assembled in a step-wise manner with first the deposition of histones H3/H4 onto the
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DNA, followed by addition o f H2A and H2B. At step during this process the RNA 

polymerase m  transcription complex forms is unknown. One study has shown that the 

presence o f  histones H3 and H4 alone, but not a complete histone octamer, is permissive 

to 5S rRNA transcription (Tremethick et al., 1990) suggesting that the RNAP HI complex 

must form prior to the addition of H2A and H2B. This is seemingly confirmed by studies 

showing that in somatic Xenopus cell lines producing small amounts o f oocyte 5S rRNA, a 

set o f oocyte genes have been translocated to a region o f the genome that is replicated 

earlier (Guinta et al., 1986). It is thus possible that these genes are able to sequester the 

limited transcription complexes before the somatic genes are replicated. Despite this 

attractive hypothesis, the actual chromatin structure o f the translocated genes has not been 

probed. It is possible that this region is located in a less condensed, region o f  high 

transcription activity or a region with a lower concentration o f silencing foctors. In 

addition, it is not known whether the translocated genes are the subset that are actively 

transcribed or whether the oocyte 5S rRNA produced is a result of a low level 

transcription o f all genes. Furthermore, it has not been publidied whether these cell lines 

produce somatic cell levels o f TFlUA or histone HI. Finally, this work, and the work of 

others using native chromatin (SchHssel and Brown, 1984), suggest that an RNAP III 

transcription complex can form on SS rRNA genes that have been packaged with histone 

octamers, suggesting that DNA replication is not a necessary prerequisite to oocyte SS 

rRNA gene transcription.

If indeed a diflferential translational position o f nucieosomes on the oocyte and 

somatic SS rRNA genes contributes to the dififerential regulation o f these two gene 

fomilies in somatic cells, then how does one e?q)lain the high level o f e?q>ression o f the
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oocyte genes during early oogenesis. First, during oogenesis, the levels o f TFIIIA are 

extremely high v4uch may overcome the non-permissive translational position. Second, 

results already exist Wdch strongly suggest that it is the preference o f  histone HI for the 

oocyte gene that is req»onsible for the differential regulation of these genes (SchHssel and 

Brown, 1984, Bouvet et al., 1994, Tomaszewsld and Jennanowsld, 1997) but the actual 

mechanism o f HI mediated repression is not known. Previous work has Aown that 

histone HI mediated reduction in nucleosome mobility is req)onsible for repression of 

transcription of a dinucleosome reconstituted onto a dimerized Xenopus borealis somatic 

5 S rRNA gene (Ura, et al., 1995). Reduced mobility would only be e^q>ected to affect 

transcription if certain translational positions restrict access of transcription 6ctors to their 

cognate binding sites.

4.5. The role o f  histone acétylation in the differential regulation o f  the SS rRNA

genes

The acétylation of core histones has long been known to be associated with 

transcriptionally active genes (Csordas, 1990, Turner, 1991). Several experiments have 

shown that one of the roles of acétylation is to enhance the accessibility of DNA to 

transcription factors (Lee et al., 1993, Vetesse-Dadey et al., 1996). One such report used 

the TFIIIA - 5S rRNA system as a model (Lee et al., 1993) and showed that in this case, 

reconstitution o f the X. borealis and X. laevis somatic 58 rRNA genes with acetylated 

nucieosomes allows TFIIIA binding Wiereas reconstitution with non-acetylated 

nucieosomes prevents binding of this transcr^tion Actor. In this work, an attempt to
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reproduce these resuks found that in no case could histone acétylation overcome the 

blockage o f iMUA binding after nucleosome reconstitution. Furthermore, it was shown 

in this study that i FlilA was able to bind nucleosomal Xenopus borealis genes in the 

absence o f histone hyperacetylation. Although this supports the results o f Rhodes, ( 1985) 

it is in direct conflict with those o f Lee et al. ( 1993). Differences between this work and 

the experiments o f Lee et al. (1993) include the use o f high concentrations of MgCk and 

more dilute nucleosome concentrations by Lee et al. (1993) (in our study an approximate 

100 fold excess o f nucleosome cores to labeled DNA was used for exchange 

reconstitutions A^ereas Lee et al. (1993) used a only a five fold excess). Both of these 

factors have been shown to lead to disruption o f histone-DNA contacts (Ausio et al., 

1984; Dong et al., 1990; Godde and Wolflfe, 1995). An additional factor w ^ch could 

e7q)lain the differing results is the use o f a slightly higher I FIUA concentration in this 

study as compared to that of Lee et al. ( 1993).

The second focus of the acétylation study was to determine the level of acétylation 

of histones packaging transcrçtionally silent oocyte 5S rRNA genes in somatic cells. 

These results demonstrated that these genes are packaged with hypoacetylated 

nucleosomes. hi addition to histone acétylation, another well defined property of 

transcriptionally “competent” regions is a general sensitivity to nucleases such as DNase L 

DNase II and micrococcal nuclease, hi X. laevis somatic cells, the transcriptionally silent 

oocyte 5S rRNA genes cannot be considered transcr^tionally “competent" using these 

classifications as they are packaged with hypoacetylated histones and are less sensitive to 

micrococcal nuclease digestion than bulk chromatin. These results, taken together with 

those o f others (Reynolds et al., 1982) suggest a Hnk between histone acétylation and
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oocyte 5S rRNA transcription. This is seemingly in conflict with the first part of this study 

suggesting that histone acétylation does not &cilitate the binding of I'FUIA to 

nucleosomal DNA There are however, many other ways in which acétylation could be 

involved, such as in decondensation o f the 30 nm fiber - an effect that cannot be 

reproduced in vitro at the mononucleosome level

Since the onset of this work, several crucial discoveries have occurred in the area 

o f histone acétylation and transcription. First, it has been shown that histone 

acetyhrans&rases (FIATs) are components o f the transcriptional machinery as either co- 

6ctors for /rons-activators, or a components o f the basal transcrÿtion 6ctors (TAFa250 

o f IFllD) (Wade et a/., 1997 and references therein). Currently there are no identified 

RNAP in  specific HATs, but since there are no classical />*am-activators for transcr^tion 

o f the 5S rRNA genes, they must be recruited by the transcrÿtional machinery. 

Alternative^, since the repression o f oocyte 5S rRNA transcr^tion in somatic cells is 

reportedly due to the presence of histone HI (Schlissel and Brown, 1984, Bouvet et a l, 

1994), the lack o f histone acétylation in transcriptionally silent oocyte SS rRNA chromatin 

could then be explained by a blockage of HAT activity by histone HI.

A second important discovery in the field of histone acétylation and transcription is 

that the acétylation of specific lysine residues is not random (Grunstein, 1997 and 

references therein). For example, lysine 12 of Drosophila and yeast histone H4 is 

acetylated in transcrÿtionally silent regions o f the genome and may be required for this 

silencing (Turner et a l., 1992; Braustein et a l., 1996). For this reason, the results o f this 

study, and those o f other studies regarding enhancement o f  transcrÿtion &ctor binding by 

histone acétylation, must be interpreted with caution. It is quite possible that an
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enhancement o f TFIHA binding was not observed due to an incorrect "pattern" of lysine 

acétylation or an over-acetylation of the bulk of the histones used. Currently, work is 

being performed by other groups to characterize HATs and their substrate specificity. 

Once this work progresses, HATs may be effectively used , fi)r example as restriction 

enzymes are today, to investigate the role o f transcription 6ctor binding and histone 

acétylation more thoroughly.

4.6. The role o f nucieoplasm in in the differential regulation o f the SS rRNA genes 

The third objective o f this work was to determine whether Xenopus egg nucieoplasmin 

could facilitate the binding o f iTlllA to nucleosomal 5S rRNA genes. The rationale for 

these studies was driven by earlier observations using highly heterologous systems which 

indicated that in vitro, nucieoplasmin could enhance the binding of transcription factors to 

their cognate binding sites in chromatin (Chen et al., 1994, Waher et a l., 1995). The in 

vivo relevance o f these early in vitro studies, is limited by the heterologous nature of their 

components and by the lack o f information on the existence o f nucieoplasmin in their in 

vivo counterparts, hi this r e je c t  the TFIHA - nucieoplasmin system appears to be better 

suited for this kind o f analysis especially since these two proteins have been shown to 

coexist in the oocyte nucleus o f Xenopus. In addition, the nucleosome remodeling 

capabilities o f nucieoplasmin may play a role in oocyte 5S rRNA expression since 

nucieoplasmin and oocyte 5S rRNA are present only in oocytes.

The results o f our analysis showed that nucieoplasmin did not enhance the binding 

of TFIHA to nucleosomal DNA Furthermore, nucieoplasmin was unable to enhance
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transcnption o f  5 S rRNA firom nucleosomal templates. These results are not surprising 

considering that, although nucieoplasmin has been shown to specificalfy bind histones 

H2A and H2B, it is unable to release these histones firom chromatin during chromosome 

remodeling in oocyte extracts (Dimitrov and Wolffe, 1996). A fiuther ejqilanation for 

vÆiy the results o f  this study differed firom those o f Chen et a l., 1994, is the differences in 

transcr^tion foctors used. The rrmzr-activators used in their studies binds nucleosomes 

within the core DNA. This binding presumably destabilizes the interaction o f DNA with 

the core histones. Nucieoplasmin can then conceivably serve as a sink for the destabilized 

H2A and H2B to bind. Removal of these histones would then enhance the protein-DNA 

contacts made between the trans-acting Actor and the DNA. TFIHA Wdch is unable to 

bind the core DNA, would be unable to initiate this destabilization event.

4.7. The role o f histone H I in the d ifferentia l regulation o f the 5S rRNA genes

The final focus o f  this study was an attenq)t to demonstrate in vitro, a preferential binding 

of histone HI for nucleosomal oocyte 5S rRNA genes compared to the somatic 

counterparts. This preferential interaction has long been suggested to account for the 

differential developmental regulation of the two gene families Using mononucleosomes, 

it was demonstrated that histone HI bound equally to both oocyte and somatic gene 

fi*agments after nucleosome reconstitution regardless o f the level of acétylation of the core 

histones. The only difference observed was a binding o f more than one molecule of HI by 

the oocyte gene A^^e the somatic gene did not appear to do so. The fragments used for 

these e?q>eriments were designed to include the entire 5S rRNA intragenic promoter, and
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thus the region o f DNA to which histone HI binding would exhibit its greatest effect. In 

addition, the two firagments used contained smrilar translational positioning signals Wuch 

allowed direct comparison to  be made between the HI binding properties of the oocyte 

and somatic flanking regions. The disadvantage to this approach was that only the regions 

hnmediately flanking the 5S rRNA genes were included, hi the case o f the oocyte gene, 

these regions are not as AT rich compared to sequences further upstream. It has been 

suggested that it is the presence o f extremely AT rich sequences Wiich is responsible for 

the increased binding of histone HI to the oocyte gene (Jermanowski and Cole, 1992). 

Therefore, it is possible that a preference of HI binding to mononucleosomes was not 

detected because the fragments used excluded these sequences. It is conceivable that, by 

using artificially constructed sequences, a preference o f histone HI for oocyte gene might 

be demonstrated, but in this study, using native DNA sequences, we were unable to do so.

In the second part o f  the histone HI study, nucleosomes were reconstituted onto 

the fidl length oocyte and somatic SS rRNA gene repeats. The presence of histone 

octamers alone on an oocyte gene repressed transcription in Xenopus oocyte extracts by 

approximately 33%. In conqiarison, transcrqition o f a somatic gene was relatively 

unaffected by the presence o f histone octamers. Transcriptional repression by histone 

octamers in the absence of histone HI has also been observed with RNA polymerase II 

transcribed genes (Sandahzopoulos et al., 1994). In this case, presumably this repression 

occurs at the level of transcr^tion initiation as the RNAP HI transcrÿtion complex 

overlaps the entire SS rRNA coding region and thus would disrupt any nucleosomes 

present during the initiation stage of transcr^don. When the oocyte and somatic gene 

repeats were reconstituted into nucleosomes containing histone H I, residual oocyte
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transcription was further inhibited by -66%  vriiile somatic 5S rRNA transcription was 

decreased by onfy —20%. The differential effect o f histone HI on the transcr^tion of the 

oocyte and somatic SS rRNA genes has been described by others (Tomaszewski and 

Jermanowski, 1997), but for the first time, this study was able to show that histone HI 

was actually bound to the somatic SS rRNA coding sequence without significantly 

repressing transcription. It is not known how the interaction o f histone HI with one gene 

can cause transcriptional repression Wide a s h n i la T  binding to another gene does not have 

an effect. One suggestion is based on the foct that histone HI is capable o f binding DNA 

though three different domains: the globular core and the unstructured C terminal and N 

terminal domains. Cross-linking studies have argued that interaction o f the globular 

domain is altered upon gene activation but the histone still remains associated with the 

nucleosome via its tails (Zlatanova and van Holde, 1992 and references therein).

Due to the results o f  several in vitro transcription studies (Schissel and Brown, 

1988, Wolflfe, 1989, Layboum and Kadonaga, 1991, Ura et a l., 1995), the incorporation 

o f histone HI into chromatin has long been described as a generally repressive toward 

transcription. This is further supported by studies which show that histone HI inhibits 

transcription factor binding to nucleosomal DNA (Juan et a l, 1994, 1997). Recent lines 

o f evidence however, including this study, have shown that histone HI can bind 

nucleosomes without affecting the assembly of the transcription machinery. It has been 

demonstrated that the RNA polymerase I basal transcription foctor, UBF, is able to 

displace histone HI when binding nucleosomal DNA (Kermekchiev et al., 1997) 

Furthermore, the RNA polymerase II trans-acting fector, NF-1, has been shown to bind 

linker DNA regardless of the presence of histone HI (Eisfeld et a l., 1997). These results
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suggest that although histone HI can repress transcription in some instances, it is a rather 

selective repressor o f  transcrÿtion initiation.

The histone HI transcription studies were repeated using the 208-12 DNA 

fragment. This construct offered the advantages of controlled nucleosome position and 

the capacity for enough nucleosomes for a compaction event to occur. The work of 

others (Howe et a l., 1998), demonstrates that, after incorporation o f histone HI, 

nucleosomal arrays on the 208-12 construct exhibit the salt dependent folding o f native 

chromatin. When transcribed in HeLa cell nuclear extracts, it was shown once again that 

histone HI did not affect transcription o f the sea urchin SS rRNA gene. When analyzed to 

determine the position o f histone H I with respect to the histone octamer, it was shown 

that HI sat in both the symmetrical and off-axis positions previously described (Allan et 

al., 1980; Hayes and Wolffe, 1993; Travers and Muyldermans, 1996). hi addition, there 

was a third chromatin position suggesting an apparent remodeling of the position of the 

histone octamer by the binding o f histone HI. When Travers and Muydermans (1996) 

proposed their offaxis model, they defined two sequence elements common to many 

chromatosomes: a nucleotide quartet, (NGG^Z^), located at one, but not both termini of 

the 166 bp chromatosome fragment and an AAA/TTT trçlet located about 70 bp away 

(about one helical turn from the dyad axis). The Lytechim s SS rRNA gene contains an 

AAA/TTT sequence centered 15 bp from the dyad axis and the sequence AGGA 70 bp 

away (4 bp from the end of the chromosome fragment). This model explains wdiy, i^en  

asymmetrical position is seen, it consistently protects termini and not both as 

would be expected if  there was no sequence specificity to HI binding. Regardless of the
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manner to Wdch histone HI binds to the sea urchin gene, it does not appear to repress 

transcription.

4.8, Conclusions

The resuks of this study shed new light on the basis for the differential transcription of the 

oocyte and somatic 5S rRNA genes in somatic cells. Previous explanations relied heavily 

on the concept that histone HI preferentially interacted with the oocyte genes preventing 

the formation o f an RNA polymerase transcription conq)lex (Wolffe, 1994). Only those 

genes which could form active transcrÿtion complexes, prior to addition o f histone HI, 

would be programmed for transaction, hi this study it was diown that histone HI could 

bind both the somatic and oocyte genes equally, and could directly interaa with histone 

oaamers on the somatic 5S rRNA coding sequence without preventing transcription. 

This did not seem to be the case for the oocyte gene as is seen in this study and the results 

o f others (Tomaszewski and Jermanowski, 1997). The binding o f histone HI has been 

shown to reduce the mobility o f histone oaamers on nucleosomal DNA and it was shown 

that translational position of nucleosomes afifeaed the binding o f TFULA nucleosomal 

DNA Together, these resuks support a model in \\iiich the differential regulation of the 

5S rRNA genes is not due simply to a competition of histone HI with the transcription 

machinery for DNA skes, but rather a difference in the interaction o f histone HI wkh the 

somatic and oocyte genes and differences in translational position of histone o aam as on 

these genes. In addition, these resuks provided support for the idea that histone 

hypoacetylation may serve a role in the transcrCtional silencing o f the oocyte genes in 

somatic cells.



140

Literature Cited

Adams, C.C., and Workman, J.L. (1995) Binding o f d i^arate transcrq>tionai activators to 
nucleosomal DNA in inherently cooperative. Mol. Cell. B iol. IS: 1405-1421.

Alberts, B, Bray, D., Lewis, J., Rafl  ̂ M., Roberts, K., and Watson, J.D. (1983) 
M olecular Biology o f the Cell. Garland Publishing, Incorporated, New York, NY.

Allan, J., Hartman, P.O., Crane-Robinson, € ., and Aviles, F.X. (1980) The structure of 
histone HI and its location in chromatin. Nature 288: 675-679.

Alland, L., Muhle, R., Hou, R  Jr, Potes, J., Chin, L., Schreiber-Agus, N., and DePinho, 
R.A. (1997) Role for N-CoR and histone deacetylase in SinS-mediated transcriptional 
repressiotL Nature 387: 49-55.

Adibumer, M. ( 1973) Sequential gene activation by ecdysone in polytene chromosomes 
o f Drosophila melanogaster. I. Dependence upon ecdysone concentration. Dev Biol. 35: 
47-61.

Ausio, J. (1992) Stmcture and dynamics o f transcriptional^ active chromatin. J. Cell. 
Sci. 102: 1-5.

Ausio, J., and van Holde, K.E. (1986) Rstone hyperacetylation: its effects on nucleosome 
conformation and stability. Biochemistry 25: 1421-1428.

Ausio, J., Dong, F., and van Holde, K.E. (1989) Use of selectively trypsinized 
nucleosome core particles to analyze the role of the histone "tails" in the stabilization of 
the nucleosome. J. Mol. Biol. 206: 451-463.

Ausio, J., Seger, D.S., and Eisenberg, R  (1984) Nucleosome core particle stability and 
conformational change. J. Mol. Biol. 176: 77-104.

Bannister, A.J., and Kouzarides, T. ( 1995) CBP-induced stimulation o f  c-Fos activity is 
abrogated by E l A. EM BOJ. 14: 4758-4762.

Bannister, A.J., and Kouzarides, T. (1996) The CBP co-activator is a histone 
acetyhransferase. Nature 384: 641-643.

Beato, M., and Eisfeld, K. (1997) Transcription 6ctor access to chromatin. Nucleic Acids 
Res. 25: 3559-3563.

Beerman, W. (1972) Chromosomes and genes. In Developmental Studies on Giant 
Chromosomes (W. Meermann, ed.), pp. 1-33. Springer-Verlag, New York, NY. As 
communicated in M olecular Biology o f the Cell (ed. B. Alberts, D. Bray, J. Lewis, M.
Rafl  ̂K  Roberts and J.D. Watson), pp. 401-402. Garland Publishing Inc., New York, NY.



141

Bird, A.P. (1986) CpG-rich islands and the fiinctioii o f DNA méthylation. Nature 321: 
209-213.

Bloomquist, P., LL, Q. and Wrange, O (1996) The affinity of nuclear 6ctor 1 for its 
DNA she is drastically reduced by nucleosome organization irrespective o f  hs rotational or 
translational position. J. Biol. Chem. 271: 153-159.

Bogenhagen, D.F., and Brown, D.D. (1981) Nucleotide sequences in Xenopus 5S DNA 
required for transcrption termination. C ell 24: 261-270.

Bonner, W.M., West, M.H.P., and Stedman, J.D. (1980) Two dimensional gel analysis o f 
histones in acid extracts o f nuclei, cells and tissues. Eur. J. Biochem. 109: 17-23.

Bouvet, P, Dimitrov, S., and Wolflfe, A.P. (1994) Specific regulation o f Xenopus 
chromosomal 5S rRNA gene transcrption in vivo by histone HI. Genes Dev. 8: 1147- 
1159.

Braun, B.R., Bartholomew, B., Kassavetis, G.A, and Geiduschek, E.P. (1992) 
Topography o f  transcrption foctor complexes on the Saccharomyces cerevisiae 5S RNA 
gene. J. Mol. Biol. 228: 1063-1073.

Braunstein, M., Sobel, R.E., AUis, C D., Turner, B.M., and Broach, J R. (1996) Efficient 
transcriptional silencing in Saccharomyces cerevisiae requires a heterochromatin histone 
acétylation pattern. Mol. Cell. Biol. 16: 4349-4356 .

Bresnick, E.H., John, S. and Hager, G.L. (1991) Ifistone hyperacetylation does not aker 
the positioning or stability o f phased nucleosomes on the mouse mammary tumor virus 
long terminal repeat. Biochemistry 30: 3490-3497.

Brown, D.D., Carrol, D., and Brown, R.D. (1977) The isolation and characterization o f  a 
second oocyte 5s DNA üam  Xenopus laevis. Cell 12: 1045-1056.

Brown, S.W. (1966) Heterochromatin. Science 28: 417-425.

Brownell, J.E., Zhou, J., Ranalli, T., Kobayashi, R. and Edmondson, C D (1996) 
Tetrahymena histone acetyhransferase A: a homolog to yeast Gcn5p linking histone 
acétylation to gene activation. Cell 84: 843-851.

Burglin T.R., Mattaj, I.W., Newmeyer, D .D , Zeller, R., and DeRobertis, E.M. (1987) 
Cloning of nucieoplasmin firom Xenopus laevis oocytes and analysis o f  hs developmental 
expression. Genes Dev. 1:97-107.



142

Cairns, B.R., Lorch, Y., Li, Y., Zhang, M., Lacomis, L., Erdjument-Bromage, H., 
Tenqist, R.D., Du, J., Laurent, B., and Komberg, R.D. (1996) RSC, an essential, 
abundant chromatin-remodeling complex. C e//87: 1249-1260.

CaHan, H.G., GaH, J.G., and Berg, C.A. (1987) The lampbrush chromosomes o îXenopus 
laevis'. preparation, identification, and distribution o f SS DNA sequences. Chromosoma 
95: 236-250.

Chen, H., Li, N., and Workman, J.L. (1994) A histone-binding protein, nucieoplasmin, 
stimulates transcription Actor binding to nucleosomes and Actor induced nucleosome 
disassembfy. 13: 380-390.

Chipev, C C , and Wolffe, A P. (1992) Chromosomal organization o f Xenopus laevis 
oocyte and somatic SS rRNA genes in vivo. Mol. Cell. Biol. 12: 4S-55.

Chomczynski, P., and Sacchi, N. (1987) Single-step method of RNA isolation by acid 
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162:156-159.

Clark, D.J., and Thomas, J.O. (1988) Differences in Ae bmding of HI variants to DNA 
Cooperativity and Aiker-length related distribution. Eur. J. Biochem. 178: 225-233.

Clark, D.J. and Kimura, T. (1990) Electrostatic mechanism o f chromatin folding. J. M ol. 
Biol. 211: 883-896.

Clayton, A L ., Hebbes, T.R., Thome, AW ., and Crane-Robmson, C. (1993) Ifistone 
acetyAtion and gene induction in human cells. FEBS 336: 23-26.

Clemens, K.R., Liao, X., Woli^ V., Wright, P.E., and Gottesfeld, J.M. (1992) Definition 
of Ae bmding she of individual zinc fingers in Ae transcrq)tion Actor IIIA-5S RNA gene 
complex. Proc. Natl. Acad. Sci. U.S.A., 89, 10822-10826.

Corey, A J., and Tjian, R. (1992). Mechanisms of transcriptional control as revealed by 
studies o f  human transcrÿtion Actor Spl. A  Transcriptional regulation (ed. S.L. 
McKinght and K.R Yamamoto), pp. 247-280. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, New York.

Côté, J., C^uinn, J., Workman, J.L., and Peterson, C.L. (1994) StimuAtion of GAL4 
derivative binding to nucleosomal DNA by Ae yeast SWl/SNF complex). Science 265: 
53-60.

Crane-Robmson, C. (1997) Where A Ae globular domain o f linker histone located on A e 
nucleosome. Trends B iol. Sci. 22: 75-77.

Csordas, A  (1990) On A e biological role of histone acetyAtion. Biochem. J. 265: 23-38.



143

Dai, P., Akimaiu, H., Tanaka, Y., Hou, D X , Yasukawa, T., Kanei-Ishn, C., Takahashi, 
T., and Idm, S. ( 1996) CBP as a transcriptional coactivator of c-Myfo. Genes Dev. 10; 
528-540.

Dimitrov, S. and Wolffe, A.P. ( 1996) Remodeling somatic nuclei in Xenopus laevis egg 
extracts: molecular mechanisms for the selective release of histones HI and H l° from 
chromatin and the acquisition o f transcriptional conq>etence. EMBO J. 15: 5897-5906.

Dingwall, C., Dflworth, S.M., Black, S.J., Kearsey, S.E., Cox, L.S., and Laskey, RA.
(1987) Nucieoplasmin cDNA sequence reveals pofyghitamic acid tracts and a cluster of 
sequences homologous to putative nuclear localization signals. EMBO J. 6: 69-74.

Dong, F., Hansen, J.C. and van Holde, K.E. (1990) DNA and protein determinants of 
nucleosome positioning on sea urchin 5S rRNA gene sequences in vitro. Proc. Natl. 
Acad. Sci. U.S.A. 87: 5724-5728.

Dorbic, T., and Wittig, B. ( 1986) Isolation o f oligonucleosomes from active chromatin 
using HMG17-specifrc monoclonal antibodies. Nucleic Acids Res. 14: 3363-3373.

Dorbic, T., and Wittig, B. (1987) Chromatin from transcribed genes contains HMG17 
only downstream from the starting point o f transcription. EMBO J  8: 2393-2399.

Drew, H.R. and Travers, A.A. (1985) DNA bending and hs relation to nucleosome 
positioning. J. M ol. Biol. 186: 773-790.

Eckner, R , Yao, T.P.R, Oldread, E., and Livingston, D.M. (1996) Interaction and 
functional collaboration o f p300/CBP and bHLH proteins in muscle and B-ceQ 
differentiation. Genes Dev. 10: 2478-2490.

Eisfeld, K, Candau, R , Tmss, M. and Beato, M. (1997) Binding o f NFl to the MMTV 
promoter in nucleosomes: influence of rotational phasing, translational positioning and 
histone HI. Nuc. Acids Res. 25: 3733-3742.

Engelke, D .R , and Gottesfeld, J.M. (1990) Chromosomal footprinting of 
transcriptionally active and inactive oocyte-type 5S RNA genes of Xenopus laevis. 
Nucleic Acids Res. 18: 6031-6037.

Fedorof^ N.V., and Brown, D.D. ( 1978) The nucleotide sequence o f  oocyte 5S DNA in 
Xenopus laevis. I. The AT-rich q»acer. C ell 13: 701-716.

Flemming, W. (1880) A rhv fu r  Microskopisch. Anat. 18 151-259. As communicated by 
Van Holde, K.E. (1988) Chromatin, pp 3. Springer-Verlog, Berlin, NY.

Ford, P.J. and Mathieson, T. (1976) Control of 5S RNA qmthesis in Xenopus laevis. 
Nature 261: 433-435.



144

Garcia-Ramirez, M., Leuba, S.H. and Ausio, J. ( 1990) One-step fractionation method for 
isolating HI histones from chromatin under nondenaturing conditions. Protein Expr. 
Purif. 1: 40-44.

Garcia-Ramirez, M., Dong, F., and Ausio, J. (1992) Role of the histone "tails" in the 
folding o f oligonucleosomes depleted o f  histone H I. J. Biol. Chem. 267: 19587-19595.

Garcia-Ramirez, M., Rocchini, C. and Ausio, J. (1995) Modulation o f chromatin folding 
by histone acétylation. J. Biol. Chem. 270: 17923-17928.

Geiduschek, E.P. and G.A. Kassavetis. (1992). RNA pofymerase LH transcrq>tion 
complexes. In Transcriptional regulation (ed. S.L. McKinght and K.R. Yamamoto), pp. 
247-280. Cold Spring Fforbor Laboratory Press, Cold Spring Harbor, New York.

Gerritsen, M E., Williams, A.J., Neish, A.S., Moore, S., Shi, Y , and CoDins, T. (1997) 
CREB-binding protein/p300 are transcr^tional coactivators of p65. Proc. Natl Acad. Sci. 
U.S.A. 94: 2927-2932.

Godde, J.S. and Wolffe, A.P. (1995) Disruption o f reconstituted nucleosomes. J. Biol. 
Chem. 270: 27399-27402.

Gottesfeld, J.M. (1987) DNA sequence-directed nucleosome reconstitution on 5S RNA 
g sa eso f Xenopus laevis. Mol. Cell. B iol. 7: 1612-1622.

Gottesfeld, J.M. and Bloomer, L.S. (1980) Nonrandom alignment o f  nucleosomes on 5S 
RNA genes o f Æ laevis. C ell 21: 751-760.

Gottesfeld, J.M. and Bloomer, L.S. (1982) Assembly of transcr^tionaHy active 5S RNA 
gene chromatin/n v/7ro. C ell 28:781-791.

Gottesfeld, J.M., WoK V.J., Dang, T., Forbes, D.J., and Hartl, P. (1994) Mitotic 
repression o f RNA polymerase m  transcription in vitro mediated by phoq)horylation of a 
TFUIB component. Scierwe 263: 81-84.

Gross, D.S., and Garrard, W.T. (1988) Nuclease hypersensitive sites in chromatin. Arm. 
Rev. Biochem. 57: 159-197.

Grunstein, M. (1997) Histone acétylation in chromatin structure and transcription. 
Nature 389: 349-352.

Gu, W., Shi, X. L., and Roeder, R.G. (1997) Synergistic activation by CBP and p53. 
Nature 387: 819-823.



145

Gunita, D.R., Tso, J.Y., Narayanswami, S., Hamkalo, B.A., and Kom, L.J. (1986) Early 
replication and e;q)ression of oocyte-type 5S RNA genes in a Xenopus somatic cell line 
carrying a translocation. Proc. Natl. Acad. Sci. U.S.A. 83: 5150-5154.

Hansen J.C., Ausio, J., Stanik, V.H. and van Holde, K.E. (1989) Homogeneous 
reconstituted oligonucleosomes, evidence for salt-dependent folding in the absence of 
histone HI. Biochem istry 2&: 9\29-9\36.

Hansen, J.C, and Wolffe, AP. (1992) Influence of chromatin folding on transcription 
initiation and elongation by RNA polymerase HI. Biochemistry 31: 7977-7988.

Hanstein, B , Eckner, R_, DiRenzo, J., Halachmi, S., Liu, H. Searcy, B., Kurokawa, R., 
and Brown, M. ( 1996) p300 is a component o f an estrogen receptor coactivator complex. 
Proc. Natl. A cad Sci. U.S.A. 93: 11540-11545.

Haiti, P., Gottesfeld, J.M. (1993) Mitotic repression o f transcrqition in vitro. J. Cell 
Biol. 120: 613-624.

Hassig, C.A., Fleischer, T.C., BiHin, AN., Schreiber, S.L., and Ayer, D.E. (1997) 
Ehstone deacetylase activity is required for foil transcriptional repression by mSin3 A  Cell 
89: 341-347.

Hayes, J.J. and TuUhis, T.D. (1992) Structure o f the I F111A-5S DNA complex. J. Mol. 
Biol. 227: 407.

Hayes, J.J. and Wolflfe, A P. (1992) Fhstones H2A/H2B inhibit the interaction of 
transcription foctor HIA with the Xenopus borealis somatic 58 RNA gene in a 
nucleosome. Proc. Natl. Acad Sci. U.S.A. 89: 1229.

Hayes, J.J. and Wolflfe, A P. (1993) Preferential and asymmetric interaction o f linker 
histones with 58 DNA in the nucleosome. Proc. Natl. Acad Sci. U.S.A. 90: 6415-6419.

Hayes, J.J., Prass, D., and Wolflfe, AP. ( 1994) Contacts o f the globular domain of 
histone H5 and core histones with DNA in a "chromatosome". Proc. Natl. A cad Sci. 
U SA .  91: 7817-7821.

Hebbes, T.R., Thome, AW ., Clayton, AL., and Crane-Robinson, C. (1992) Iflstone 
acétylation and globin gene switching. Nucleic Acids Res. 20: 1017-1022.

Heinzel, T., Lavinsky, R.M., Mullen, T.-M., Soderstrom, M., Laherty, C D., Torchia, J., 
Yang, W.-M., Brard, G  , Ngo, S.D., Davie, J R., Seto, E., Eisenman, R.N., Rose, D.W., 
Glass, C.K., and Rosenfeld, M.G. (1997) A conq>lex containing N-CoR, mSin3 and 
histone deacetylase mediates transcrq)tional repression. Nature 387: 43-48.



146

Heitz, E. (1934) Ûber a-und |3-hetero sowie konstanz und bau der chromosomen bei 
Drosophila. Biol. Zbl. 54:588-609. As communicated in M olecular Biology o f the Cell 
(ed. B. Alberts, D. Bray, J. Lewis, M. RafÊ  K. Roberts and J.D. Watson), pp. 456. 
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development in Â e/io/TiAs. Development 102: 9-21.

Luger K., Mader, A.W., Richmond, R.K., Sargent, D.F., and Richmond, T.J. (1997) 
Crystal structure o f the nucleosome core particle at 2.8 A resolution. Nature 389: 251- 
260.

Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F., and Richmond, T.J. (1997) 
Crystal structure o f the nucleosome core particle at 2.8 A resolution. Nature 18: 251-260.

Luisi, B.F., Xu, W.X., Otwinowski, Z , Freedman, L.P., Yamamoto, K.R. and Sigler, P.B. 
(1991) Crystallographic analysis of the interaction o f  the glucocorticoid receptor with 
DNA. Nature 352: 497-305.

Lutter, L.C. ( 1978) Kinetic anafysis of deoxyribonuclease I cleavages in the nucleosome 
core: evidence for a DNA superhelix. J. M ol. Biol. 15: 391-420.

Lyon, M.F. (1992) Some milestones in the history of X-chromosome inactivation. Armu. 
Rev. Genet. 26: 17-28.



149

Maman, J., Yager, T.D. and Allan, J. ( 1994) Self association o f  the globular domain of 
histone H5. Biochemistry dH: 1300-1310.

Mann, R.K., and Grunstein, M (1992) Ifistone H3 N-terminal mutations allow 
hyperactivation of the yeast GALl gene in vivo. EM BOJ. 11: 3297-3306.

Miescher, F. Med-Chem Untersnch. (Hoppe-Setyer) pt. 4, pp. 441-460. As 
communicated by Van Holde, K.E. (1988) Chromatin, pp 1. Springer-Verlog, Berlin,
NY.

Mills, A.D., Laskey, R.A., Black, P., and De Robertis, E.M. (1980) An acidic protein 
\%Mch assembles nucleosomes in vitro is the most abundant protein in Xenopus oocyte 
nuclei J. Mol. Biol. 139: 561-568.

Mizzen, C A., Yang, X.-J., Kukubo, T., Brownell, J.E., Workman, J., Wang, L., Berger, 
S.L., Kouzarides, T., Nakatani, Y , and AUis, C D. (1996) The TAF(II)250 subunit of 
i FllD has histone acetyhransferase activity. C e//87: 1261-1270.

Moreau, N., Angelier, N., Bonnanânt-Jais, M L., Goimon, P., and Kubisz, P. (1986). 
Association of nucieoplasmin with transcription products as revealed by 
mummolocalization in the amphibian oocyte. J. Cell. Biol. 103: 683-690.

Muchardt, C , and Yaniv, M. (1993) A human homologue o f  Saccharomyces cerevisiae 
SNF2/SWI2 and Drosophila brm  genes potentiates transcriptional activation by the 
glucocorticoid receptor. EMBO J. 12: 4279-4290.

Mutskov, V.J., Russanova, V.R., Dimitrov, S.L, and Pashev, LG. (1996) Ifistones 
associated with non-nucleosomal rat ribosomal genes are acetylated A\bile those bound to 
nucleosome-organized gene copies are not. J. Biol. Chem. 271: 11852-11857.

Nagy, L., Kao, H.-Y., Chakravarti, D , Lin, R.J., Hassig, C.A., Ayer, D.E., Schreiber, 
S.L., and Evans, R.M. (1997) Nuclear receptor repression mediated by a complex 
containing SMRT, mSin3A, and histone deacetylase. Cell 89: 373-380.

Ng, K.W., Ridgway, P., Cohen, D R., and Tremethick, D.J. (1997) The binding of a 
Fos/Jun heterodimer can completely disrupt the structure of a nucleosome. EM BO J. 16: 
2072-2085.

Nickel, B E., AUis, C D and Davie, J.R  (1989) Ubiquitinated histone H2B is 
preferentially located in transcrqitionally active chromatin. Biochem istry 38: 958-963.

Non, M. (1974) hitemal stmcture o f  the chromatin subunit. N ucleic Acids Res. 1: 1573- 
1578.



150

Norton, V.G., Tmai, B.S., Yau, P., and Bradbury, E.M. (1989) Ifistone acétylation 
reduces nucleosome core particle linking number change. C ell 57: 449-457.

Ogryzko, V.V., SchStz, R.L., Russanova, V., Howard, B.H. and Nakatani, Y. (1996) 
The transcrq)tional coactivators p300 and CBP are histone acetyhransferases. C ell 87: 
953-959.

Olins, A.L. and OHns, D.E. (1973) Spheroid chromatin units. J. Cell. Biol. 59: 252a.

Paranjape, S.M., Kamakaka, R.T., and Kadonaga, J.T. (1994) Role of chromatin 
structure in the regulation o f transcription by RNA polymerase IL Arum. Rev. Biochem. 
63: 265-297.

Pardon, J.F., Worcester, D.L., Wooley, J.C, TatcheH, K., Van Holde, K.E., Richards,
B.M. (1975) Low-angle neutron scattering firom chromatin subunit particles. Nucleic 
Acids Res. 2: 2163-2176.

PeOing, C. (1950) Chromosomal synthesis o f  ribonucleic acid as shown by incorporation 
o f uridine labeled with tritium. Nature 184: 655-656.

Pennings, S., Meersseman, G  , and Bradbury, E M. (1994) Linker histones HI and H5 
prevent mobility of positioned nucleosomes. Proc. Natl. Acad. Sci. U.S.A. 91:10275- 
10279.

Perlmann, T. and Wrange, O. (1988) Specific glucocorticoid receptor binding to DNA 
reconstituted in a nucleosome. EMBO J. 7: 3073-3079.

Perry C.A., Dadd, C.A., AUis, C D., and Annunziato, A.T. (1993) Analysis of 
nucleosome assembly and histone exchange using antibodies specific for acetylated H4. 
Biochemistry 32:13605-13614.

Peterson, R.C., Doering, J.L. and Brown, D.D (1980) Characterization o f two Xenopus 
somatic 5S DNAs and one minor oocyte-specific 5S DNA. C ell 20: 131-141.

Pham, T.A., McDonnell, D.P., Tsai, M.-J. and O'Malley, B.W. (1992) Modulation of 
progesterone receptor binding to progesterone response elements by positioned 
nucleosomes. Biochemistry 3 \: 1570-1578.

Phi^ott, A., and Leno, G.H. (1992) Nucieoplasmin remodels sperm chromatin in 
Xenopus egg extracts. Cell 69: 759-767.

Pina, B., Brûggemeier, U. and Beato, M. (1990) Nucleosome positioning modulates 
accessibility o f regulatory proteins to the mouse mammary tumor virus promoter. Cell 60: 
719-731.



151

Polach, K.J. and Widom, J. (1995) Mechanism o f  protein access to ^ecific DNA 
sequences in chromatin: A dynamic equilibrium model for gene regulation. J. Mol. Biol. 
254: 130-149.

Polack, K.J. and Widom, J. (1996) A model for the cooperative binding o f eukaryotic 
regulatory proteins to nucleosomal target sites. J. Mol. Biol. 258: 800-812.

Postnikov, Y.V., Shick, V.V., Belyavsky, A.V., Khrapko, K.R., Brodohn, K.L., 
Nikolskaya, T.A., and Nfirzabekov, A.D. (1991) Distribution o f  high mobility group 
proteins 1/2, E and 14/17 and linker histones HI and H5 on transcribed and non­
transcribed regions o f chicken erythrocyte chromatin. Nucleic Acids Res. 19: 717-725.

Pruss, D., Bartholomew, B., Persinger, J., Hayes, J., Arents, G., Moundrinakis, E.N., and 
Wollfe, A.P. (1996) An asymmetrical model for the nucleosome: a binding she for linker 
histones inside the DNA gyres. Science 274: 614-617.

Renz, M., Nehls, P., and Hozier, J. (1977) Involvement of histone HI in the organization 
of the chromosome fiber. Proc. Natl. Acad. Sci. U.S.A. 74: 1879-1883.

Reynolds, W.F., Smith, R.D., Bloomer, L.S., and Gottesfeld, J.M. (1982) Organization of 
Xenopus 5 S Genes in Chromatin. The Cell Nucleus 11: 63-87.

Rhodes, D. (1985) Structural anafysis o f a triple complex between the histone octamer, a 
Xenopus gene for 5S RNA and transcription 6ctor HIA. EMBO J. 4: 3473-3482.

Rhodes, D. and Laskey, R.A. ( 1989) Assembly o f nucleosomes and chromatin in vitro. 
Methods EnzymoL 170: 575-585.

Rice, P., Garduno, R_, Ito, T., Katagiri, € ., and Ausio, J. (1995) Nucleoplasmin-mediated 
decondensation of M ytilus sperm chromatin. Identification and partial characterization of 
a nucleoplasmin-like protein with spenn-nuclei decondensing activity in Mytilus 
califomianus. Biochem istry 34:7563-7568.

Richmond, T.J., Finch, J.T., Rushton, B., Rhodes, D., and Khig, A, (1984) Structure of 
the nucleosome core particle at 7 A resolution. Nature 311: 532-537.

Romaniuk, P.J., Leal de Stevenson, I., and Wong, H.-H.A. (1987) Defining the binding 
she of Xenopus transcr^tion foctor HIA on SS RNA using truncated and chimeric 5S 
RNA molecules. Nucleic Acids Res. 15: 2737-2755.

Roth, S.Y., Shimizu, M., Johnson, L., Grunstein, M., and Sinq>son, R.T. (1992) Stable 
nucleosome positioning and complete repression by the yeast alpha 2 repressor are 
disrupted by amino-terminal mutations in histone H4. Genes Dev. 6: 411-425.



152

Sambrook, J., FritsclL, E.F. and Maniatis, T. (1989) M olecular Clorting: a laboratory 
manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Sandahzopoulos, R., Blank, T. and Becker, P.B. (1994) Transcriptional repression by 
nucleosomes but not HI in reconstituted preblastoderm Drosophila chromatin. EMBO J. 
13: 373-379.

SartorelH, V., Huang, J., Hamamori, Y., and Kedes, L. ( 1997) Molecular mechanisms of 
myogenic coactivation by p300: direct interaction with the activation domain o f  MyoD 
and with the MADS box o f MEF2C. M ol. Cell. Biol. 17: 1010-1026.

Schlissel, M S., and Brown, D.D. (1984) The transcriptional regulation o f Xenopus 58 
RNA genes in chromatin: the role o f  active stable transcription complexes and histone HI. 
Cell 37: 903-913.

Seidel, C.W. and Peck, L.J. (1992) Kinetic control o f 5S RNA gene transcription. J. 
Mol. B iol. 227: 1009-1018.

Shastry, B.S., Honda, B.M. and Roeder, R.G. (1984) Altered levels o f  a 58 gene-specific 
transcription 6ctor (TFTHA) during oogenesis and embryonic development of Xenopus 
laevis. J. Biol. Chem. 259: 11373-11382.

8hen X., Yu, L., Weir, J.W., and Gorovsky, M A. (1995) Linker histones are not 
essential and affect chromatin condensation in vivo. Cell 82:47-56.

Sibbet, G.J. and Carpenter, B.G. (1983) Selective depletion and reconstitution of 
nucleosome core particles. Biochim. Biophys. Acta 740: 331-338.

Simpson, R.T. (1978) Structure o f  the chromatosome, a chromatin particle containing 
160 base pairs of DNA and all the histones. Biochemistry 12: 5524-5531.

Simpson, R.T., Thoma, F., and Brubaker, J.M. (1985) Chromatin reconstituted fi’om 
tandendy repeated cloned DNA fragments and core histones: a model system for study of 
higher order structure. Cell 42: 799-808.

Sommerville, J., Malcolm, D.B., and Callan, H.G. (1978) The organization of 
transcription on lampbrush chromosomes. Philos. Trans. R. Soc. Lond. B. BioL Sci 11: 
359-366.

Stadler, J., Larsen, A., EngeL J.D., Dolan, M., Groudine, M., and Weintraub, H. (1980) 
Tissue-specific DNA cleavages in the globin chromatin domain introduced by DNAase L 
Cell IQ: 451-460.



153

Stedman, E., and Stedman, Ellen, (1951) Phil. Trans. Ray. Soc. London 235: 565-595.
As communicated by Van Holde, K.E. ( 1988) Chromatin, pp 8. Springer-Verlog, Berlin, 
NY

Steiner, R.F. (1952) Trans. Far. Soc. 48: 1185-1196. As communicated by Van Holde, 
K.E. (1988) Chromatin. 1. Springer-Verlog, Berlin, NY.

Stmges, M.R., Bartilson, M. and Peck, L.J. (1995) Interaction o f Xenopus TFDIC with a 
5S RNA gene. Nucleic A cids Res. 23: 1551-1556.

StunkeL, W , Kober, I., Kauer, M., Taimor, G., and Sei&rt, K.H. (1995) Human TFIHA 
alone is sufficient to prevent nucleosome repression o f a homologous 5S gene. Nucleic 
Acids Res. 23: 109-116.

Stryer, L. ( 1988) Biochem istiy W .H Freeman and Company, New York, NY.

Tamkum, J.W., Deuring, R_, Scott, M.P., Kissinger, M., Pattatucci, A.M., Kaufinan, T.C., 
and Kennison, J.A. (1992) brama', a regulator o f Drosophila homeotic genes structurally 
related to the yeast transcription activator SNF2/SW12. C ell 68: 561-572.

TatcheO, K. and van Holde, K.E. (1977) Reconstitution of chromatin core particles. 
Biochem istiy 16: 5295-5303.

Taunton, J., Hassig, C.A., and Shreiber, S.L. (1996) A mammalian histone deacetylase 
related to the yeast transcrÿtional regulator Rpd3p. Science 272: 408-411.

Taylor, I.C.A., Workman, J.L., Schuetz, T.J. and Kingston, R.E. (1991) Facilitated 
binding o f  GAL4 and heat shock 6c to r to nucleosomal templates: differential function of 
DNA-binding domains. Genes Dev. 5: 1285-1298.

Thoma, F., Koller, T„ and Khig, A. ( 1979) hivolvement o f histone HI in the organization 
of the nucleosome and o f  the salt-dependent superstructures of chromatin. J  Cell B iol 83: 
403-427.

Tomaszewski, R. and Jermanowski, A. (1997) The AT-rich flanks o f the oocyte-type 5S 
RNA gene o f Xenopus laevis act as a strong signal for histone Hl-mediated chromtain 
reorganization in vitro. Nucleic Acids Res. 25: 458-465.

Toro, G.C., Galanti, N., Heilman, U., and Wemstedt, C. (1993) Unambiguous 
identification o f histone H I in Trypanosoma cruzi. J. Cell. Biochem. 52: 431-439.

Travers, A. A., and Muyldermans, S.V. (1996) A DNA sequence for positioning 
chromatosomes. J. M ol. B iol. 257: 486-491.



154

Tremethick, D., Zucker, K., and Worcel, A. (1990) The transcrq>tion complex of the 5 S 
RNA gene, but not transcription Actor EQA alone, prevents nucleosomal repression of 
transcription. J. BioL Chem. 265, 5014-5023.

Trouche, D , and Kouzarides, T. (1996) E2F1 and E1A12S have a homologous activation 
domain regulated by RB and CBP. Proc. Natl. Acad. Sci. U.S.A. 93: 1439-1442.

Tsukiyama, T., and Wu, C. (1995) Purification and properties of an ATP-dependent 
nucleosome remodeling Actor. Cell 83: 1011-1020.

Turner, B.M. (1991) Histone acetyAtion and control o f gene expression. J. Cell. Sci. 99: 
13-20.

Turner, B.M., Birley, A.J., and Lavender, J. (1992) Ifistone H4 isoforms acetyAted at 
specific lysme residues define mdividuai chromosomes and chromatin domains m 
Drosophila polytene nuclei Cell 17: 375-384.

Ura, K , Hayes, J.J. and WolflFe, A.P. (1995) A positive role for nucleosome mobility m 
the transcriptional activity of chromatm tempAtes: restriction by linker histones. EMBO J. 
14: 3752-3765.

Ura, K , Kurumizaka, H., Dimitrov, S., Almouzni, G. and WolfiFe, A.P. (1997) Ifistone 
acetyAtion: influence on transcription, nucleosome mobility and poshionmg, and linker 
histone-dependent transcriptional repression. EM BOJ. 16:2096-2107.

Ura, K , WolfiFe, A.P. and Hayes, J.J. (1994) Core histone acetyAtion does not block 
linker histone bmdmg to a nucleosome mcAdmg a Xenopus borealis 5 S rRNA gene. J. 
Biol. Chem. 269: 27171-27174.

Van Holde, KE. (1988) Chromatin. Springer-VerAg, New York, NY.

Varga-Weisz, P., van Holde, K , and Zlatanova, J. (1993) Preferential bmdmg of histone 
HI to four-way helical junction DNA. J. Biol. Chem. 268: 20699-20700.

Varga-Weisz, P.D., Wilm, M., Bonte, E., Dumas, K , Mann, M., and Becker, PB. ( 1997) 
Chromatm-remodelling Actor CHRAC contams the ATPases ISWI and topoisomerase U. 
Nature 388: 598-602.

Veldhoen, N., You, Q.M., Setzer, D.R. and Romaniuk, P.J. (1994) Contribution of 
mdividuai base pairs to the mteraction of TFIHA with the Xenopus 5S RNA gene. 
Biochemistry 33: 7568-7575.

Vettese-Dadey, M., Grant, P.A., Hebbes, T.R., Crane-Robmson, C., Allis, C D. and 
Workman, J.L. (1996) Acetjdation o f histone H4 pAys a primary role m enhancing 
transcr^tion Actor bmdmg to nucleosomal DNA in vitro. EMBO J. 15: 2508-2518.



155

Wade , P.A., Pruss, D., and Wolffe, A.P. (1997) Histone acétylation: chromatin in action. 
Trends Biol. Sci. 22:128-132.

Walter, PP., Owen-Hughes, T.A., Cote, J. and Workman, J.L. (1995) Stimulation o f 
transcrÿtion fector binding and histone di^lacement by nucleosome assembly protein 1 
and nucieoplasmin requires disruption of the histone octamer. Mol. Cell. B iol. 15: 6178- 
6187.

WiHdns, M.H.F., Zubay, G., and Wilson, H.R. (1959) J. Mol. Biol. 1: 179-185. As 
communicated by Van Holde, K.E. (1988) Chromatin, pp 13. Springer-Verlog, Berlin. 
NY.

Wolfe, S.L. (1993) M olecular and Cellular Biology. Wadsworth Publishing Company, 
Belmont, CA.

Wolflfe, A.P. (1989) Dominant and ^ecific repression o f Xenopus oocyte 5S RNA genes 
and satellite 1 DNA by histone HI. EMBOJ. 8: 527-537.

Wolflfe, A.P. (1994) The role o f transcription fectors, chromatin structure and DNA 
replication in 5S RNA gene regulation. J. Cell Sci. 107: 2055-2063.

Wolflfe, A.P., and Brown, D.D. (1986) DNA replication in vitro erases a Xenopus 5S 
RNA transcription complex. Cell 47: 217-227.

Wolflfe, A.P., and Brown, D.D. (1988) Developmental regulation of two 5S ribosomal 
RNA genes. Science 241: 1626-1632.

Wolflfe, A.P., Jordan, E. and Brown, D.D. (1986) A bacteriophage RNA polymerase 
transcribes through a Xenopus 5 S RNA gene transcription complex without disrupting it. 
Cell 44: 381-389.

Wolflfe, A.P., Knochbin, S. and Dimitrov, S. (1997) What do linker histones do in 
chromatin? BioEssays 19: 249-255.

Woodcock, C.L.F. (1973) Ultrastructure of inactive chromatm. J. Cell. Biol. 85: 368-.

Wormington, W.M. and Brown, D.D. (1983) Onset of 5 S RNA gene regulation during 
Xenopus embryogenesis. Dev. B iol. 99: 248-257.

Wu, M., Allis, C D., Richman, R., Cook, R.G., and Gorovs&y, M A. (1986) An 
intervening sequence in an unusual histone HI gene of Tetrahymena thermophila. Proc. 
Natl. A cad Sci. U.S.A. 83: 8674-8678.



156

Yager, T.D. and van Holde, K.E. (1984) Dynamics and equilibria o f nucleosomes at 
elevated ionic strength. J. BioL Chem. 259: 4212-4222.

Yang, X.-J., Ogryzko, V.V., Nishikawa, J., Howard, B.H., and Nakatani, Y. (1996) A 
p300/CBP-associated Actor that competes with the adenoviral oncoprotein E lA  Nature 
382: 319-324.

Yoon, H.W., Kim, M.C., Lee, S.Y., Hwang, I., Bahk, J.D., Hong, J.C., Ishimi, Y., and 
Cho, M.J. (1995) Molecular cloning and functional characterization of a cDNA encoding 
nucleosome assembly protein 1 (NAP-1) from soybean. Mol. Gen. Genet. 15: 465-473.

You, Q , Veldhoen, N., Baudin, F. and Romaniuk, P.J. (1991) Mutations in 5S DNA and 
5S RNA have different effects on the binding of Xenopus transcription Actor ULA 
Biochemistry 30: 2495-2500.

Zlatanova, J. and van Holde, K.E. (1992) Histone Hland transcription: still an enigma? J  
Cell Sci. 103: 889-895.




