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Abstract

An in vitro system was used to determine the effect of histone H2 A ubiquitination on
linker histone binding to mononucleosomes. Hybrid octamers containing either H2A
or ubiquitinated H2A (uH2A) were reconstituted onto random sequence 167 bp DNA.
The affinity of the resultant nucleosome cores for linker histone HI was determined
from mnucleoprotein gel shifts, protein analyses and thermal denaturation.

Ubiquitinated H2A did not inhibit linker histone binding to nucleosome cores.

The effect of uH2A on nucleosome and chromatosome positioning on a 208. bp
Lytechinus variegatus 5S rDNA fragment was investigated using a combination of -
micrococcal nuclease digestion and subsequent restriction enzyme digestion of the
core particle or chromatosome DNA. Nucleosomes and chromatosomes containing
uH2A were found to occupy the same positions on .the template DNA as those

containing H2A.

Chromatin félding of nucleosomal arrays containing either H2A or uH2A was
analysed using a quantitative agarose gel electrophoresis system developed by Hansen
and co-workers. The extent of folding of nucleosomal arrays containing uH2A was
comparable to ihat of control nucleosomal arrays. A differential centrifugation assay
was used to monitor the extent of divalent cation induced oligomerisation of
reconstituted nucleosomal arrays. Nucleosomal arrays containing uH2A were found to

‘oligomerise at a lower magnesium concentration than control arrays.



As a first step towards studying the effects'of H2A ubiquitination in linker histone-
bound nucleosomal arrays, a novel method for linker histone reconstitution onto long
chromatin stripped of linker histones was developed. The fidelity of linker histone
reconstitution was assayed by micrococcal nuclease digestion, thermal denaturation
and determination of the orientation of neighbouring linker histone molecules in -

extended chromatin.

In a separate study, the relationship between the observed repeat length of chromatin
and the rate of micrococcal nuclease digestion was investigated. The repeat length of
the same starting chromatin preparation at equivalent extents of digestion was found

to vary according to the rate of digestion.
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1.1 Introduction

Eukaryotic cells can modulate the packaging of their DNA into chromatin at various
developmental and cell cycle stages by making use of histone subtypes and post-
traﬁslational modifications. Post-translational histone modifications include
ubiquitination, acetylation, phosphorylation, mefhylation, glycosyiation and ADP
ribosylation (see van Holde, 1989; Bradbury, 1992 and Davie, 1998 for reviews).
These modifications occur in the flexible histone tail domains that are not constrained
in the globular central histone fold. Numerous functions have been attributed to these
modifications. A short introduction to ubiquitin and the ubiquitination enzymes is
included to aid in the presentation of evidence pertaining to the role of histone

ubiquitination in chromatin structure and function.
1.2 Ubiquitin

Ubiquitin is a small, mainly globular protein consisting of 76 amino acids found, as its
name implies, in most living organisms. Ubiquitin has been found to be associated
with numerous cellular processes, including protein degradation, DNA repair, cell
cycle control, stress response, cellular differentiation, ribosome bibgenesis,
perioxisome biogenesis, viral infection, neural and muscular degeneration and

transcription (reviewed by Rechsteiner, 1988; Finley & Chau, 1991; Jennissen, 1995).

1.2.3 Structure of ubiquitin

Initial sequencing studies of ubiquitin from various sources revealed the presence of
only 74 amino acids (e.g. Schlesinger et él., 1975; Schlesinger & Goldstein, 1975;
Gavilanes et al., 1982). The Gly-Gly sequence at the COOH-terminus missing from
these studies is believed to have been lost due to in vitro proteolysis (Wilkinson &
Audhya, 1981). Ubiquitin is highly conserved; its amino acid sequence is identical in
all animals thus far examined and the sequences of yeast and oat ubiquitin differ from
that of animals by three residues (Rechsteiner, 1988). The isoelectric point of
ubiquitin has been found to be at pH 6.7 (Low et al., 1979) reflecting its balanced
content of 11 acidic and 11 basic residues. Ubiquitin is stable over a temperature

range of 23 — 80 °C and a pH range of 1.18 - 8.48 (Lenkinski et al., 1977) and



requires strong denaturing agents such as urea and guanidium chloride to reversibly
denature it (Rechsteiner, 1988). This stability is conferred by high degrees of
hydrogen bonding. This compact structure is also thought to be responsible for the
resistance of ubiquitin to proteolytic digestion, an important asset for its role in
protein degradation pathways. The crystal structure of human erythrocytic ubiquitin
was initially determined to 2.8 A resolution (Vijay-Kumar ef al., 1985) but later
refined by the same group to 1.8 A resolution (Vijay-Kumar ez al., 1987). From the
crystal structure and the structure determined by two-dimensional proton NMR
spectroscopy (Weber ef al., 1987), it was deduced that about 87 % of the polypeptide
chain is involved in hydrogen-bonded secondary structures. Major. secondary
structural elements include a five-stranded mixed B-sheet that forms a concavity into
which a 3.5 turn a-helix fits to form a hydrophobic core. Residues 56 to 59 form a
short piece of 3¢ helix. Seven reverse turns connect these structural elements. The
four carboxyl terminal amino acids are not involved in hydrogen bonding and
protrude from the main globular domain as an unstructured tail. It is through this tail
that ubiquitin is covalently ligated to other proteins. Lysine 48 is the site of ubiquitin
ligation involved in the formation of multi-ubiquitin adducts. This residue is found

within a type III reverse turn in a highly twisted region of the protein.
1.3 Histone ubiquitination

Ubiquitinated H2A and H2B (uH2A and uH2B) are the most abundant ubiquitin
conjugates in higher eukaryotes. uH2A was the first protein found to be post-
translationally modified by covalent ligation to ubiquitin. It was originally identified
as chromatin protein A24 (Orrick ef al., 1973). Clues as to its identity were provided
by amino acid analysis (Goldknopf ef al., 1975) and peptide mapping (Goldknopf &
Busch, 1975) which indicated the presence of H2A. Since the H2A moiety of the
protein has an acetyl-blocked NH,-terminus, the first 37 amino acids of A24
determined by sequence analysis corresponded to the sequence of the ubiquitin NH,-
terminal (Olson ef al., 1976; Hunt & Dayhoff, 1977). Ubiquitin is linked to the -
amino group of lysine 119 of H2A by way of an isopeptide bond, forming a bifurcated
structure. Lysine 119 is found at the beginning of the COOH terminal tail of uH2A in
the trypsin accessible region of H2A (B6éhm et al., 1980). In the crystal structure of



the nucleosome determined to 2.8 A (Luger et al., 1997), this region is located on the
face of the histone octamer. In eukaryotic cells, 5 to 15 % of the total H2A is post-
translationally linked to ubiquitin. One or two uH2A molecules can replace H2A
molecules in nucleosomes but the double modification is less frequently observed
(Levinger & Varshavsky, 1980; Kleinshmidt & Martinson, 1981; Levinger ef al.,
1981). Sequence variants of H2A (H2A.1, H2A.2, H2A X and H2A.Z) can also be
conjugated to ubiquitin (Rechsteiner, 1988).

Three years after the identification of ubiquitin in A24, ubiquitinated H2B was also
found to occur naturally (West & Bonner, 1980). In this case the isopeptide bond
linking ubiquitin and H2B is formed between the COOH-terminal glycine of ubiquitin
and lysine 120 of H2B (Thorme et al., 1987). This lysine residue lies within the
histone fold region of H2B that is inaccessible to trypsin (B6hm et al., 1982). The
lysine residues to which ubiquitin is conjugated in H2A and H2B are highly
conserved, suggesting an important function for this modification. About 1.5 % of
eukaryotic cellular H2B is mono-ubiquitinated. A notable exception is Physarum
polycephalum, where 6-7 % of both H2A and H2B are ubiquitinated in the growth
plasmodial phase (Mueller ef al., 1985). Nucleosomes can be reconstituted with two
molecules of uH2A or two molecules of uH2B (Kleinschmidt & Martinson, 1981;
Davies & Lindsey, 1994) without obvious perturbation of the nucleosomal structure.
Recently, ubiquitination of H3 was also reported to occur in vivo in elongating
spermatids of rat testes (Chen et al., 1998). The site of ubiquitination in H3 is

presently unknown.

1.3.1 Polyubiquitination of histones

Polyubiquitinated species of histones H2A, H2B and H2A.Z have been detected in
preparations of bovine thymus, chicken erythrocytes, Tetrahymena macronuclei and
micronuclei, trout testis, trout liver and trout hepatocellular carcinoma (Nickel et al.,
1987; Davie et al., 1987; Nickel et al., 1989). Histone H2A has been determined to
have the greatest level of polyubiquitination with tetra to hexa-ubiquitinated forms
being observed (Davie et al., 1987; Nickel ef al., 1989). The decreased accessibility of
the COOH terminus of H2B may account for lower levels of polyubiquitination.
Nickel and Davie (1989) have demonstrated that isopeptide bonds covalently link the



ubiquitin molecules in the ubiquitin chain of polﬁbiquitinated H2A. The authors
proposed that lysine 6 is the main site of isopeptide bond formation in polyubiquitin
chains since this residue is fully exposed on the surface of ubiquitin and readily
aéetylated. Four of the six lysine residues of ubiquitin (K6, K11, K29 and K48) may
be involved in the formation of poylubiquitin chains (Pickart, 1997) although the main
degradative signal of the ubiquitin mediated degradation pathway involves K48-
linked polyubiquitin chains (Chau ef al., 1989; Finley et al., 1994). It has been shown
by in vitro ubiquitination, using reductively methylated ubiquitin, that core histones
contain putative secondary ubiquitination sites (Haas et al., 1988). These
polyubiquitinatéd species were not observed in vivo. These sites must be sterically
inaccessible to the ubiquitination enzymes when the histones are within the
nucleosome. The same authors suggested that the direct polyubiquitination of histones
could play a role in regulating their equilibrium positions for octamer assembly and/or

their targeting for degradation.

1.3.2 Enzymes involved in histone ubiquitination

The levels of hjstone ubiquitination are determined by the activity of a family of
ubiquitin conjugating enzymes (Haas & Bright, 1985), the activity of isopeptidases
that release the ubiquitin moiety (Andersen ef al., 1981) and by the availability of free
ubiquitin (Mimnaugh et al., 1997). Two enzymes are thought to be involved in the
conjugation of ubiquitin to histones. The first of these, E1, activates ubiquitin and is
required for normal cell cycle progression (Cook & Chock, 1991a). Immuno-
microscopic studies have shown that E1 is found in almost all compartments of the
eukaryotic cell, including the nucleus (Cook & Chock, 1991b; Schwartz et al., 1992).
E1 has also been found to be associated with condensed chromosomes during mitosis
(Cook & Chock, 1991a). Activation of ubiquitin h{volves the formation of an
ubiquitin-E1 thiol ester via a ubiquitin adenylate intermediate. E1 transfers ubiquitin
to the second enzyme in the pathway, E2, also resulting in the formation of a thiol
ester intermediate. The subsequent ligation of ubiquitin to histones is thought to be
mediated by E2 through a ligase independent reaction (Pickart & Rose, 1985). The
conjugation of ubiquitin to many cytoplasmic proteins requires the additional action

of an isopeptide ligase, E3 (Hershko ef al., 1986). A family of five E2 isoenzymes has



been isolated (Haas & Bright, 1988) which includes E2 14p, E2 1710, E2 2010, E2 241D
and E2 35p. No measurable rate of histone-ubiquitin ligation could be observed with
either E2 ;7yp or E2 34 «p alone or in combination with the other E2 isoenzymes (Haas
et al., 1988). Isoenzymes E2 2 xp and E2 32 have been shown by catalytic studies to
be specific for free H2A and H2B. In Saccharomyces cerevisiae, the RAD6/UBC2 and
CD(C34/UBC3 genes are homologues of the E2 5 kj) and E2 3, \p isoenzymes found in
mammalian reticulocytes (Haas et al., 1991). It is also of interest that a protein-
tyrosine kinase has been reported to activate E2 35 yp approximately 2.4-fold (Kong &
Chock, 1992) providing a link to signaling systems. Rad6 mutants are very sensitive
to UV light, X-rays and chemical mutagens and it has therefore been suggested that
the role of RAD6/UBC2 could be to induce structural changes in chromatin through
histone ubiquitination to provide access to DNA repair enzymes td the site of damage
(Rechsteiner, 1988). However, no uH2A could be detected by immunoblotting in
Saccharomyces cerevisiae and mutations engineered at the ubiquitination site of H2ZA
did not affect yeast growth, sporulation or resistance to either UV radiation or heat
stress (Swerdlow et al., 1990). This would indicate that histones are not the in vivo
substrates of Rad6p in yeast and that the effects of histone ubiquitination may only be
of consequence in higher eukaryotes. The study of histone ubiquitination has been
complicated by the multiplicity of substrates and lack of inhibitors of enzymes

involved in ubiquitination and de-ubiquitination.

1.3.3 Histone ubiquitination and protein degradation

Ligation of ubiquitin chains to many short-lived proteins, such as P53 (Scheffner et
al., 1990; Ciechanover et al., 1994) and cyclins A and B (Glotzer et al., 1991,
Hershko et al., 1994), tags them for degradation by a large cytoplasmic 26S ATP-
dependent complex, the 26S proteasome (Hough et al., 1987). To complete the cycle,
an isopeptidase releases intact ubiquitin from the proteolysed proteins (see Finley &
Chau, 1991 and Jennissen, 1995 for reviews). Ubiquitin and ubiquitin conjugates can
be recognised by a subunit of the 268 proteasome (Deveraux et al., 1994). Multi-
ubiquitinated substrates were reported to be bound by the 268 proteasome with a
higher affinity than mono-ubiquitinated substrates and this may explain why the
former are degraded at higher rates (Deveraux et al., 1994). '



Although in vitro studies have shown that histone-ubiquitin conjugates can be
degraded in an ATP-dependent reaction in reticulocyte lysates (Mayer ef al., 1989;
Haas et al., 1990), two independent studies have shown that ubiquitination of histones
does not tag them for degradation by the 26 S proteasome in vivo (Wu et al., 1981,
Seale, 1981). In L1210 cells, the half-life of the ubiquitin moiety of uH2A was found
to be identical to that of free ubiquitin (~9 h) whilst no turnover of the core histones
occurred in 24 h (Wu ef al., 1981). Changes in uH2A concentrations were later found
to be affected by the rates of ubiquitin ligation (Matsumoto et al., 1983; Ciechanover
et al., 1984) and/or isopeptidase activity (Andersen et al., 1981). No in vivo study of
the degradation of poly-ubiquitinated histones has been carried out to date, and it
would be interesting to determine if polyubiguitination does tag histones for

proteolysis.

1.3.4 Histone ubiquitination and the cell cycle

Histone ubiquitination has been suggested to alter chromatin structure by hindering
chromatin condensation. The levels of uH2A and uH2B have been reported to vary
during the cell cycle in a manner compatible with such a role. During the cell cycle of
Chinese hamster cells, the ubiquitin moiety of uH2A was found to disappear during
the G2-mitosis transition and reappear as the chromatin decondenses at the mitosis-G1
transition, regardless of protein synthesis (Matsui ez af., 1979). The absence of uH2A
and uH2B in metaphase chromosomes was confirmed by Wu ez al. (1981). In a more
detailed study, Mueller et al. (1985) studied the appearance and disappearance of
ubiquitinated histones during the cell cycle of Physarum polycephalum. This
organism is well suited to cell cycle studies as all the nuclei in a macroplasmodium
divide within 2 to 3 minutes of each other during the organism’s 9 hour cell cycle.
The authors report the strong presence of ubiquitinated histones at early prophase. The
levels of uH2A and uH2B begin to decline at late prophase and decrease to non-
detectable levels at metaphase. Ubiquitinated histones could be detected at anaphase,
after which their levels rose to reach those of interphase cells. The rates of ubiquitin
synthesis and conjugation were found to be minimal during metaphase when uH2A is
absent from nucleosomes (Busch & Goldknopf, 1981). Additionally, the amount of

isopeptidase associated with chromatin was reported to increase at mitosis (Matsui er



al., 1982). In another study, the ATP-dependant ligation of '**I-ubiquitin to the
histones of permeabilised mammalian cells was demonstrated to decrease strikingly in
metaphase cells whereas the formation of other ubiquitin adducts was only slightly
reduced (Raboy et al., 1986). This decreased conjugation of ubiquitin to histones
could possibly be the result of chromosome condensation altering the conformation of
nucleosomes such that ubiquitination sites are more sensitive to isopeptidase activity
and/or less available for ubiquitination. Whereas ubiquitination of histones does not
target them for degradation, the situation is different for the mitotic cyclins that
induce the metaphase to anaphase transition. The mitosis-specific degradation of
cyclins is believed to occur by means of poly-ubiquitination and subsequent
proteolysis by the 268 proteasome (Glotzer ef al., 1991). Cyclins contain a conserved
sequence, the destruction box, that is proposed to contain the recognition site for the
ubiquitin conjugating enzymes. It is interesting to note that a sequence similar to the
cyclin destruction box exists upstream of H2A lysine 119 in Tetrahymena and |
vertebrates (Hunt, 1991). These proteins may thus share ubiquitin conjugating
enzymes but no correlation between their states of ubiquitination has been

investigated.

A number of studies have used cell cycle mutants to identify possible functions of
histone ubiquitination. Studies of a mouse G, phase mutant cell line ts85 that has a
temperature sensitive E1 ubiquitin activating enzyme, revealed that at the non-
permissive temperature cell cycle arrest occurred near the S/G; boundary. Incubation
at the non-permissive temperature also resulted in de-ubiquitination of uH2A in
arrested cells, where the chromatin remained dispersed (Yasuda et al., 1981; Finley et
al., 1984). A subsequent investigation showed that not all ubiquitin conjugation was
inhibited at the non-permissive temperature (Deveraux ef al., 1990). These results
indicate that ubiquitination of a subset of H2A and H2B and/or other proteins may be

required for cell cycle progression from S to G; phase.

Incubation of tsBN2 hamster cells, another cell cycle mutant, at the non-permissive
temperature, resulted in premature chromosome condensation in S and G; phases
accompanied by the loss of uH2A and the phosphorylation of H1 and H3 (Bradbury,
1992 and references cited therein). This suggests that de-ubiquitination of uH2A and
phosphorylation of H1 and H3 may be linked events in the process of chromatin
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condensation. The mutant gene in tsBN2 cells encodes for RCCI (Ohtsubo et al.,
1989) which has recently been crystallized (Renault ez al., 1998) and functions as the
guanine-nucleotide-exchange factor (GEF) for Ran, the nuclear Ras homologue
(Klebe et al., 1995). Other RCCI mutants have been found to affect mating, pre-
messenger RNA processing, RNA transport and initiation of mitosis (Renault et al.,
1998 and references cited therein).

The involvement of histone ubiquitination in the cell cycle cannot be general since
only a subset of histones are ubiquitinated prior to and after chromatin condensation.
This is unlike phosphorylation of H1 and H3, where all these histones are modified
prior to chromatin condensation (Bradbury, 1992). It is therefore likely that histone
ubiquitination serves to label certain regions of the genome to interact with specific

proteins or to be packaged in a special way in metaphase chromosomes.

' 1.3.5 Histone ubiquitination and spermatogenesis

A number of chromatin rearrangements occur during spermatogenesis. As
spermatogenesis progresses, testis-specific histones are synthesized. In later stages,
transition proteins displace nearly all the histones and these transition proteins are
eventually replaced by protamines in condensed spermatids and spermatozoa (see
Oliva & Dixon, 1991 for a review). The levels of ubiquitinated histones have been
found to vary at different stages and to different extents during spermatogenesis in
vertebrate species such as the rooster (Agell et al., 1983), trout (Nickel et al., 1987)
and rat (Chen et al., 1998). In the rooster, the levels of uH2A are at their highest just
before the replacement of histones by protamine in late spermatids (Agell ef al.,
1983). In mice, a homologue of the yeast E2 enzyme RAD6 called mHR6B is highly
expressed in the nucleus of spermatids (Koken ef al., 1996). RADG was the first
ubiquitin-conjugating enzyme able to mono- and polyubiquitinated H2A and H2B in
vitro (Jentsch et al., 1987) leading to a proposed role in modulating chromatin
structure. If this gene is inactivated by gene replacement, male mice are sterile. This
effect was thought to be brought about by abnormalities in histone displacement
during spermatogenesis (Roest ef al., 1996) but it was subsequently shown that the
overall pattern of histone ubiquitination during spermatogenesis in HR6B knockout

mice was not affected (Baarends er al., 1999).
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Histone ubiquitination cannot be a universal signal for histone displacement since the
levels of uH2A do not change during trout spermatogenesis. The levels of trout uH2B
however, were found to decrease and those of doubly ubiquitinated H2B to increase
during germ cell maturation (Nickel et al., 1987). In the rat, the levels of uH2A were
found to decrease in elongating spermatids (Chen et al., 1998). De-ubiquitination of
rat H2 A therefore occurs at an earlier stage in spermatogenesis than the rooster (Agell
et al., 1983). The study of rat spermatogenesis also reports the first identification of in
vivo ubiquitinated H3. The levels of uH3 were highest in elongating spermatids and
uH3 could thus play a role in histone (?fisplacement (Chen et al., 1998). The
mechanisms by which ubiquitinated histones operate during spermatogenesis have yet
to be elucidated. It has been proposed that histone ubiquitination could facilitate
histone displacement by decondensing chromatin so as to facilitate the access of
proteins involved in histone removal or direct displacement by transition proteins

(Chen et al., 1998).

1.3.6 Cellular stress response and ubiquitinated histones

After heat shock treatment of cells, most genes are repressed but a few are induced.
Ubiquitin is one of the stress proteins induced by heat-shock (Bond & Schlesinger,
1985). It has been shown that the levels of acetylated histones and uH2 A are reduced
following heat shock in a number of different cell lines (Parag ef al., 1987; Bond et
al., 1988; Davie & Murphy 1990; Fujimuro et al., 1997, Mimnaugh et al., 1997).
Proteasome inhibitors also caused a depletion of ubiquyitinated histones in human
lymphocytes and tumour cells (Mimnaugh ez al., 1997). When cells were exposed to
stressful conditions such as heat shock, noxious chemicals and proteasome inhibitors,
the levels of free ubiquitin were found to decrease dramatically whilst ubiquitinated
non-histone proteins were found to accumulate (Mimnaugh ef al., 1997). These
treatments cause the ubiquitin-dependent 26S proteasome pathway to be overloaded
or inhibited and therefore lead to the accumulation of ubiquitinated proteins destined
for proteolysis. It has been proposed that under stressful conditions, ubiquitin released
during the known rapid turnover of the ubiquitin moiety of uH2A and uH2B, is
rapidly ligated to damaged proteins (Fujimuro ef al., 1997; Mimnaugh et al., 1997).

This would provide an additional source of ubiquitin to the stress induced expression
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of ubiquitin genes. Interestingly, no free ubiquitin could be detected in the nuclear
fraction of either control or experimental cells (Mimnaugh et al., 1997) implying that

ubiquitinated histones may serve as a store of nuclear ubiquitin.

1.3.7 Histone ubiquitination and transcription

Nucleosomal and higher order packaging of DNA pose a major obstacle to the
transcriptional machinery (see van Holde, 1989 and Wolffe, 1995 for breviews).
Actively transcribed and poised chromatin has been proposed to have an altered
nucleosomal organisation since it has been feported to exhibit an increased overall
sensitivity to both DNase I (Weintraub & Groudine, 1976; Izban & Luse, 1991) and
MNase (Bellard et al., 1980; Bloom & Anderson, 1978), an altered nucleosomal
repeat length (Smith ef al., 1983) and nuclease hypersensitivity near the 5’ end of
transcribed genes (Elgin, 1988). Transcribed chromatin has also been shown to be
deficient in histones H2A/H2B (Baer & Rhodes, 1983; Gonzalez et al., 1987,
| Gonzalez & Palacian, 1989) and in linker histones (Kamakaka & Thomas, 1990;
Postnikow et al., 1991). '
Histone modifications have long been thought to play a role in altering chromatin
structure. A recent investigation into core histone acetylation has provided additional
evidence for such a role, demonstrating that in the absence of linker histones, core
-histone acetylation disrupts higher-order chromatin folding (Tse et al.‘, 1998). Further
studies should determine if core histone acetylation also affects the higher order
folding of reconstituted nucleosomal arrays containing linker histones as earlier
studies carried out on isolated chromatin fibres containing linker histones indicate that
core histone acetylation has a negligible effect on the higher order structure of these
fibres ( McGhee ef al., 1983b; Dimitrov ez al., 1986).
There has been much debate as to the presence of ubiquitinated histones in actively

transcribed chromatin.
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1.3.7.1 Evidence for location of ubiquitinated histones in actively transcribed

chromatin

A decrease in transcriptional activity during chicken erythropoiesis was found to be
paralleled by a loss of nuclear ubiquitin and the conversion of uH2A to H2A
(Goldknopf et al., 1980). The amount of uH2A containing nucleosomes has been
reported to decrease during myogenesis of chicken embryo muscles (Wunsch ef al.,
1987). The authors suggested that this decrease might reflect the segregation of uH2A
in actively transcribed chromatin, which also decreases during myogenesis. The
transcriptionally poised Asp 70 and copia genes present in soluble chromatin after
MNase digestion of Drosophila melanogaster cells were found to be highly enriched
in uH2A. The nucleosomes packaging the Asp 70 genes were found to contain 50 %
uH2A. In contrast, nucleosomes of the non-transcribed 1.688 satellite DNA in the
same fraction contained only one uH2A per 25 nucleosomes (Levinger & Varshavsky,
1982). Upon heat shock and the ensuing transcriptional activation of Zsp 70 genes, the
canonical nucleosomal structure was lost. Evidence suggested that the histones remain
associated with the DNA via their N-terminal tails (Nacheva et al., 1989), whilst the
ihteractions between the DNA and the histone-fold domains were disrupted.
In another analysis of histones associated with transcribed genes, nucleosomes
containing uH2A and di-ubiquitinated H2A were found to be preferentially located
near the 5° end of the transcribed mouse dihydrofolate reductase gene (Barsoum &
Varshavsky, 1985).
Transcriptional activation is often associated with perturb;'ation of the canonical
nucleosome structure in the promoter region. Since histone ubiquitination has little
apparent effect on the nucleosomal structure (Kleinschmidt & Martinson, 1981;
Davies & Lindsey, 1994), the modification may alter higher order chromatin folding
to act as a recognition signal for target proteins that could disrupt chromatin and/or
nucleosomal structure. There have been many suggestions as to the fate of
nucleosomes during transcription (see van Holde et al., 1992 for a review). The model
favoured by these authors involves the progressive displacement of H2ZA-H2B dimers
in the partial unfolding of a nucleosome as RNA polymerase transcribes the
associated DNA. Transcriptional initiation is also believed to require chromatin
remodeling. While the mode of action of chromatin remodeling complexes such as

SWI/SNF, NURF, CHRAC, RSC (see Workman & Kings?on, 1998 for a review),
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RSF and FACT (LeRoy et al., 1998) is still under investigation, the histone tails seem
to play an important role in the remodeling process (see Luger & Richmond, 1998 for
areview). The effect of histone modifications on the activity of these complexes
remains to be investigated but there is already evidence that core histone acetylation
may modulate the action of SWI/SNF (Pollard & Peterson, 1997; Recht & Osley,
1999). It has also been proposed that histone binding proteins such as nucleoplasmin
(Chen et al., 1994) which is associated with actively transcribed chromatin (Moreau et
al., 1986), could aid transcription factor binding by selective removal of H2A-H2B
dimers, thereby disrupting nucleosomal structure. However, subsequent in vitro
studies showed that nucleoplasmin did not facilitate the binding of transcription factor
IIIA to a nucleosome bound target sequence (Howe et al., 1998a). Ubiquitination of
H2A and H2B has been found to weaken the interaction of H2A-H2B dimers with
H3-H4 tetramers in chromatin (Li ef al., 1993). If transcriptional initiation and
elongation do indeed necessitate the displacement of H2A-H2B dimers, ubiquitination
of these histones may facilitate transcription by decreasing the energy required for
dimer displacement.

Another approach to understanding the role of histone ubiquitination has involved
quantitation of ubiquitinated histones in chromatin fractions enriched in
transcriptionally active sequences. The low salt soluble chromatin fractions of bovine
thymus, which are believed to be enriched in transcriptionally active sequences, were
found to be enriched in mono- and poly-ubiquitinated H2A and H2B. uH2B was
found to be enriched to the greatest extent amongst mono-ubiquitinated histones
(Nickel et al., 1989). A fraction from chicken erythrocyte nuclei, 50 times enriched in
transcriptionally active B-globin gene sequences was enriched 1.5 times in uH2A and
four times in uH2B (Ridsdale & Davie, 1987). The distribution of ubiquitinated
histones was also examined in the transcriptionally active macronuclei and
transcriptionally inactive micronuclei of Tetrahymena thermophila (Nickel et al.,
1989). There was some enrichment of uH2A and a substantial enrichment of uH2B in
the macronuclei.

Inhibition of FRNA or heterogeneous nuclear RNA (hnRNA) synthesis has no effect
on the levels of uH2A (Ericsson ef al., 1986; Davie & Murphy, 1990). Inhibition of
rRNA transcription did not affect the levels of uH2B, but there was an almost total
disappearance of uH2B upon inhibition of hnRNA transcription. The levels of uH2B
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were found to be directly dependent on ongoing transcription (Davie & Murphy,
1990). The proposal that uH2B may keep the nucleosome in an open structure (Davie
& Murphy, 1990) is challenged by in vitro reconstitutions of nucleosomes containing

2 uH2B molecules that indicate no conformational change (Davies & Lindsey, 1994).

1.3.7.2 Evidence against location of ubiquitinated histones in actively transcribed
chromatin

Early studies in rat liver nuclei linked the disappearance of uH2A to increased
transcription (Ballal et al., 1974; Ballal et al., 1975). In contrast with earlier results
(Levinger & Varshavsky, 1982), Levinger (1985) demonstrated that Droéophz‘la
mononucleosomes containing non-transcribed 1.705 satellite DNA, showed some
enrichment in uH2A. Huang ef al. (1986) used a system similar to that of Levinger &
Varshavsky (1982) to investigate the composition of nucleosomes packaging the
transcribed immunoglobulin k chain gene in mice. MNase treated chromatin was
fractionated to enrich for the ¥ sequencé. This sequence was present in both the S1
soluble fraction (5 % of total nuclear DNA) and the P insoluble fraction (15 % of total
nuclear DNA). The levels of uH2A and uH2B were similar in both fréctions. The S1
fraction was depleted in linker histone H1 and non-transcribed sequences, contained
HMG proteins 14 and 17 and consisted almost exclusively of mononucleosome length
fragments. Through two dimensional gel electrophoresis of S1 mononucleosomes and
DNA hybﬁdisation with corresponding probes, the authors showed that the
nucleosomes co-migrating with the k sequence shared the features of bulk
nucleosomes in the S1 fraction described above, including the preéence of uH2A and
uH2B. The presence of ubiquitinated histones was however questioned, as removal of
the ubiquitin moiety by isopeptidase treatment prior to electrophoresis should have
increased the mobility of the mononucleosomes containing uH2A and uH2B to that of
non-ubiquitinated nucleosomes. The bulk nucleosomes and nucleosomes containing a
non-transcribed sequence did increase in mobility following isopeptidase treatment
but the mononucleosomes containing the immunoglobulin k sequence were
‘unaffected (Huang et al., 1986). This result therefore questions conclusions from
similar experiments regarding the association of ubiquitinated histones with

transcribed sequences.
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Fractionation of myotube nuclei chromatin has revealed that uH2A was not enriched
in transcriptionally active nor in inactive chromatin, but was associated with a
nuclease sensitive fraction (Parlow ef al., 1990). This fraction was‘not depleted in H1.
It must also be noted that the actively trar;scribed actin gene was probed with a DNA
sequence complementary to the 3” end oﬂ the gene and may not reflect the
composition of nucleosomes at the 5’ endf of the gene if one takes the
microheterogeneity proposed by Levinge% and Varshavsky (1982) into account. The
authors suggested that uH2A is distribute;d amongst decondensed, salt soluble
chromatin simply because there may be f?wer constraints on the ubiquitination
enzymes. Other investigators have not found enrichment of uH2A in core particles
preferentially liberated by MNase digestion (Albright ez al., 1979). Another study that
used DNase I sensitivity to characterise actively transcribed sequences also found
random distribution of uH2A between fractions enriched in actively transcribed
chromatin and those enriched in inactive sequences (Dawson ef al., 1991). In
Drosophila polytene chromosomes, ubiquitin is mainly associated with the compact
band regions rather than the more decondensed and destabilised interbands and puffs
(Izquierdo, 1994). This observation is, however, not specific to ubiquitinated histones
and may also reflect the distribution of other ubiquitinated proteins associated with
the chromosomes. uH2A has, however, been observed in mice spennatocyfes in the
inactive sex body that contains the heterochromatic X and Y chromosomes (Baarends

et al., 1999).

The exact function and mechanism of action of histone ubiquitination is still unclear.
uH2B would appear to be mainly involved with transcribed chromatin, whilst uH2A
would appear to be involved in a more general decondensation of chromatin. It is
unlikely that histone ubiquitination plays a general role in facilitating transcription
since ubiquitinated histones have not been detected in all eukaryotic organisms (e.g.
Schizosaccharomyces pombe and Arabidopsis thaliana) (Finley & Chau, 1991). The
effect of histone ubiquitination is more likely to be mediated at spéciﬁc sites. It is also
possible that the mono-ubiquitinated histones are substrates for poly-ubiquitination
that could tag them for degradation, but again, based on the evidence available, this

would not be a general cellular occurrence.
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2 Histone ubiquitination and linker histone binding at the nucleosome level

2.1 Introduction

Ubiquitinated histones have been associated with chromatin partially depleted of
linker histones (Davie & Nickel, 1987) and transcriptionally active or poised
sequences (Levinger & Varshavsky, 1982; Barsoum & Varshavsky, 1985; Davie &
Murphy, 1990) (see section 1) that are thought to be have a reduced linker histone
content or have altered association with linker histones (reviewed by Zlatanova & van
Holde, 1992). On the othér hand, there is evidence which suggests that histone
ubiquitination does not interfere with linker histone binding. Two independent studies
have shown that H1 can be cross-linked to uH2A in vitro (Nelson et al., 1979) and in
vivo (Bonner and Stedman, 1979). Moreover, in the cross-linking studies performed in
mouse cells, the molar ratio of H1-uH2A to H1-H2A was the same as the molar ratio
of uH2A to HZA (Bonner and Stedman, 1979). If ubiquitinated histones are associated
with less tightly packaged chromatin as many reports indicate (see section 1), is it
because these chromatin regions are more accessible to the ubiquitination enzymes or
because ubiquitinated histones interfere with chromatin folding? Linker histones are
required for the stabilisation of well defined chromatin fibres (Thoma et al., 1979;
Allan et al., 1981; Carruthers et al., 1998) and interférence with the binding of linker
histones could affect chromatin condensation or the stability of the folded structures.
Under physiological conditions, the structure of most linker histones is comprised of
three domains; a strongly basic unstructured NH,-terminal tail, a nonpolar globular
domain and another strongly basic unstructured tail at the COOH terminal (Hartman
et al., 1977). The three dimensional structure of the globular domain of histones H1
and H5 has been determined using two dimensional NMR (Cerf ez al., 1993; Clore et
“al., 1987) and the structure of the globular domain of histone HS was further resolved
to 2.5 A following the determination of its crystal structure (Ramakrishnan ef al.,
1993). Interestingly, the three-helix bundle structure of the globular domain of histone
HS has been reported to resemble that of the bacterial CAP (catabolite gene activator
protein) (Clore et al., 1987; Ramakrishnan ef al., 1993) as well as that of the DNA-
recognition motif of HNF-3, a Drosophila transcription factor (Clark et al., 1993).
This structural similarity led to a model in which the primary binding site of linker
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histones to DNA is comprised of helix‘ IIT of the globular domain binding to the major
groove and binding of the B-hairpin to the adjacent minor groove (Ramakrishnan et
al., 1993; Cerf et al., 1994). The position éf the globular domain of a linker histone on
the nucleosome is still controversial and may be variable. The earlier data indicated
that the globular domain of linker histones bound on the dyad axis of the nucleosome
thereby protecting 10 bp of DNA on both sides of the axis (Simpson, 1978; Allan et
al., 1980a; Staynov & Crane-Robinson, 1988; Pehrson, 1989). Later models support
an asymmetric location for the globular domain of linker histones. The first of these
models placed the globular domain of H5 about 68 bp from the dyad on the inside of
the DNA superhelix where it faces the core histones and is in contact with H2A and
H3 (Hayes & Wolffe, 1993; Hayes et al., 1994; Ura et al., 1995; Pruss et al., 1996;
Hayes, 1996). Another model proposed that the globular domain of linker histones
binds on the outside of the nucleosome, making contact with adjacent DNA gyres at
positions +7 and 1 of the DNA superhelix (Travers & Muyldermans, 1996). The
latest model, derived from cross-linking studies of mutant H5 globular domains to
random sequence linker histone depleted chromatosomes, indicated that the globular
domain binds near the dyad axis making contacts with an outer and the central DNA
gyre (Zhou et al., 1998). These models and the evidence supporting them have

recently been reviewed (Crane-Robinson, 1997 and Travers, 1999).

The COOH-terminal of H2A has been found to make contacts with the linker DNA in
nucleosomes containing at least 167 bp of associated DNA (Davies & Lindsey, 1991,
Usachenko ef al., 1994). In the case of core particles lacking linker DNA, the H2A
COOH tail repositions to contact the DNA of the dyad axis (Usachenko et al., 1994).
The H2A COOH tail is therefore likely to have some influence on linker histone
binding at the nucleosomal level since some DNA contact sites are shared. The crystal
structure of the nucleosome (Luger et al., 1997) indicates that the H2A COOH-
terminal tail emerges from the nucleosome near one of the proposed asymmetric
binding sites of the H5 globular domain (Hayes, 1996). It has been shown that the
contacts between the H2A COOH-terminal tail and the linker DNA are altered
slightly in the presence of linker histone (Lee & Hayes, 1998; Guschin ef al., 1998)
indicating that the H2A tail domain is repositioned upon linker histone binding.

Ubiquitination of H2A is a bulky modification that occurs at lysine 119 at the
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beginning of the COOH-terminal tail (see section 1), and it is therefore of interest to

investigate if nucleosomal uH2A affects linker histone binding.

A defined in vitro system using individually purified components was used to
investigate the effects of histone ubiquitination on linker histone binding since it
would be difficult to generate chromatin enriched in ubiquitinated histones due to the

unavailability of inhibitors of the enzymes involved.



2.2 Results and Discussion

2.2.1 Purification of chicken erythrocyte histones

Hybrid octamers reconstituted from individual chicken erythrocyte histones and a
histone from another species replacing one of the chicken histones have successfully
been used in a number of studies (e.g. Lindsey et al., 1991; Lindsey & Thompson,
1992; Davies & Lindsey, 1994). In order to purify individual core histones, total acid
extracted chicken erythrocyte histones were chromatographed on a BioGel P60
column (Fig. 2.1). Fractions containing pure H2A and H4 were pooled respectively

but the H2B-H3 fraction had to be resolved further.
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Figure 2.1. BioGel P60 chromatography of a total acid extract from chicken erythroeyte nuelei in
50 mM NaCl and 20 mM HCI. Peaks 1 to 5 contained histones H1s, H5, H2A, H2B & H3 and H4

respectively.
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To separate histones H2B and H3, relevant BioGel P60 fractions containing these
histones were pooled, concentrated and applied to a Sephadex G100 column in

50 mM NaCl and 20 mM HCl (Fig. 2.2).
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Figure 2.2. Sephadex G100 chromatography of the histone H2B-H3 fraction obtained after
BioGel P60 chromatography of a total acid extract of chicken erythrocyte nuclei. The column
buffer was 50 mM NaCl and 20 mM HCI (pH 1.7). Fractions 75 to 85 and 98 to 112 were pooled and
contained pure H3 and pure H2B respectively, confirmed by SDS-PAGE.

2.2.2 Purification of ubiquitinated H2A

Calf thymus was used as a source of ubiquitinated H2A. Histones were acid extracted
from thymus gland nuclei and chromatographed on a BioGel P60 column in 50 mM
NaCl, 20 mM HCL Ubiquitinated H2A eluted with the H2A-H3 peak. Under these
conditions, the ubiquitin moiety of uH2A has little effect on the effective size and
surface charge of uH2A as it remains fully folded whilst the histones are essentially in
a random coil conformation (Thome et al., 1987). Fractions containing uH2A were
pooled and applied to a Whatman CM 52 ion exchange column. The column buffer
used contained 6 M urea to promote the unfolding of ubiquitin (Cary et al., 1980).
uH2A eluted with the leading edge of the salt gradient presumably as a consequence

of its charge to mass ration being lower than that of H2A and H3. Fractions enriched



in uH2A were pooled and further resolved from contaminating H2A and H3 on 2
BioGel P60 column in 7 M urea and 2 mM Tris-HCl {pH 2.2) (Fig. 2.3).
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Figure 2.3. BioGel P60 chromatography of uH2A enriched fractions obtained from the Whatman
CM 52 ion exchange chromatographic step. The column buffer was 7 M urea and 2 mM Tris-HCl

{pH 2.2). Fractions 63 to 73, containing pure uH2A, were pooled, dialysed extensively against water,

and stored at 20 °C.

Fractions containing pure uH2A were pooled and the identity of the purified uH2A
was confirmed by SDS-PAGE using pure uH2A as a standard (Davies & Lindsey,
1994) (not shown) and amino acid analysis (Klapper, 1982). The results of the amino

acid analysis are shown in Table 2.1. The results obtained correlated well with the

values calculated from the amino acid content of calf H2A and ubiquitin.



Table 2.1
The amino acid compesition of purified calf uH2A determined by amino acid analysis compared

to the caleulated values for the ubiguitin-calf H2A conjugate.

Amino Acid Moles Calculated Moles Found

D 16 1550 (16)

T 11 10.67 (11)

S 8 860 (9

E 23 22.84 (23)

P 8 Not included in analysis
G 19 18.78 (19)

A 20 21.20 (21)

C 0 0

\% 12 12.00

M 1 1.06 (1)

I 13 12.00

L 25 23.78 (24)

Y 4 381 @)

F 3 330 (3)
W 0

H 4 525 (5)

K 21 2160 (21)

R 16 15.72 (16)



































































































































































































































































































































































































