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I. ABSTRACT 

Chromatin is a highly dynamic complex that facilitates the structural transitions 

required for specific gene expression. An emerging player in the regulation of such 

chromatin functions are histone H2A variants. These proteins alter the histone-histone 

and histone-DNA interactions within the nucleosome to generate specialized 

nucleosomes with dedicated function. In this regard, it is quite possible that the C- 

terminal tails of H2A proteins confer a direct structural effect by altering the stability or 

folding potential of nucleosome arrays. This thesis addresses this issue by presenting the 

biophysical characterization of chromatin particles reconstituted with three different 

histone H2A variants. H2A.2, an essential protein, destabilizes the nucleosome and 

reduces the salt-dependent folding propensity of chromatin. H2A-Bbd, a histone variant 

exclusive to transcriptionally active domains, destabilizes the nucleosome and is more 

mobile within the nucleus. MacroH2A, which is believed to be involved in transcriptional 

repression, stabilizes the nucleosome and displays a C-terminal domain that is enriched in 

a-helix and adopts a globular conformation. Using irnmunochemical analysis it was 

determined that macroH2A is only found in subphylum vertebrata, is evenly distributed 

throughout autosomal chromatin at various levels of structure, and has a mutually 

exclusive relationship with histone HI. Interestingly, the ADP-ribosylation of macroH2A 

results in a stoichiometric decrease from two copies to one copy of macroH2A in a 

specific nucleosome, suggesting that the post-translational modification of histone 

variants may directly regulate nucleosome integrity 
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Introduction 

In the eukaryotic cell, DNA exists as a nucleoprotein complex, which is known as 

chromatin. The major protein components of this assembly are histones, which can be 

grouped into two major categories: "core histones" and "linker histones". Core histones 

(histones H2A, H2B, H3 and H4) are arranged into a heterotypic globular protein 

octaker [ ~ ( H ~ A - H ~ B ) @ ( H ~ ; H ~ ) ~ ]  (Eickbush and Moudrianakis, 1979), which serves as a 

structural core around which 146-1 80 bp of DNA are wrapped in approximately two left 

handed superhelical turns (see Fig. 1). In the chromatin fiber, the nucleosome (Kornberg, 

1974) subunits resulting fiom such complexes are connected by variable stretches of 

linker DNA. "Linker histones" bind to these DNA connecting regions and together with 

the core histone "tails" (Lilley et al, 1976) play a critical role in the folding of the 

chromatin fiber. 

From the early days of chromatin research it was initially assumed that histones 

had a mere passive structural role, which would participate in the packing of DNA 

through "tight" protein-DNA interactions. The discovery of the nucleosome (see [van 

Holde, 19891 for a review) did not do much to dispel such misconception, and it was not 

until much later that the concept of chromatin as a dynamic modulator of gene activity 

started to emerge (Grunstein, 1990a; 1990b; Wolffe, 1992). Indeed, chromatin provides 

the substrate upon which some of most important biological functions of the cell take 

place, such as DNA replication, transcription, recombination and repair. These processes 

involve quick, dynamic changes of DNA conformation and stability, which are most 

likely mediated by changes in chromatin folding and nucleosome stability. 
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Figure 1 

Crystal structure of the nucleosome core particle to 2.8 A'. Structure is rendered using 

PyMolTM software and the coordinates deposited by (Luger et al, 1997) in the database. 

Histones are in "ribbon" format and color coordinated: H2A = Yellow; H2B = Red; H3 = 

Blue; and H4 = green. DNA is represented as "sticks" and in the color Teal. The C- 

terminal of H2A is modeled as Orange in "spheres" to show its molecular density at the 

surface of the nucleosome. The H1 binding site is near the pseudo-dyad axis displayed at 

the top of the figure. 
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In recent years it has become increasingly apparent that the compositional 

heterogeneity of the chromatin fiber through histone variants, histone post-translational 

modifications and DNA methylation (Peterson, 2001) play an important role in all these 

processes. The different sources of compositional heterogeneity will be described below. 

The combinatorial effects of such chemical variability can be used as an 

informational tool or to direttly modulate the physical and thermodynamic constraints of 

this nucleoprotein assembly. In the first instance a chemical "signature" can be used as a 

targeting mechanism, which is recognized by regulatory trans-acting factors, which 

include ATP-dependent (i. e S WYSNF) or independent chromatin remodeling complexes 

(see [Vignali et al, 2000; Mannorstein and Berger, 20011 for a review). Alternatively or 

simultaneously, chemical modifications can have direct structural implications for both 

the stability of the nucleosome and the folding of the chromatin fiber. 

Brief introduction to histone variants 

Core histone variants are present in two major classes, homomorphous and 

heteromorphous (West and Bonner, 1980). Homomorphous variants are subtypes that 

differ only by a few residues (Fig. 2). Their chemical similarity results in the co- 

migration of isotypes during conventional SDS-~olyijcrylamide gel electrophoresis 

(PAGE) (Laernmli, 1970), and requires acetic acid-urea gels in the presence of the non- 

ionic detergent Triton X-100 to resolve distinct protein bands (Zweidler, 1978; Bonner 

and West 1980). Although the similar primary structures of these proteins do not likely 

confer notable alterations to nucleosome structure or stability, some evidence 
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Figure 2 

Amino acid sequence of several representative homomorphous human core histone 

variants (West and Bonner, 1980): A. Histone H2A; B. Histone H2B; C. Histone H3; and 

D. histone H4 variants. The amino acid residues are shaded with intensity proportional to 

the extent of identity shared among the compared sequences. 

T 
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suggests that these variants are developmentally regulated (Newrock et al, 1978). 

Heteromorphous variants differ from homomorphous histones in the sense that 

they display significant alterations in amino acid sequence composition and length that 

allows them to be resolved by SDS-PAGE. Also in contrast to the homomorphous 

variants, their genes are replication independent, nonclustered, frequently contain introns 

and 'their rnRNAs are often polyadenylated. In recent years, there has been rekindled 

interest in heteromorphous histone variants (referred to below as simply histone variants) 

as their structural and functional roles in for the modulation of chromatin architecture are 

beginning to be unraveled (Ausi6 and Abbott, 2002). The next section will highlight what 

is currently known about the functional roles of an H3 centromeric and several H2A 

histone variants, as well as those of Hl heterogeneity, with special emphasis on their 

structural implications for chromatin. 

Hisfone H2AX 

H2AX (see Fig. 3A) is a unique H2A isofonn in the sense that it can be 

phosphorylated at its C-terminal end at the highly conserved Ser129 in yeast (Downs et 

al, 2000) and Ser139 in mammals (Rogakou et al, 1998) (the phosphorylated isotype is 

referred to as y-H2AX). This reversible event has been linked to the repair of DNA 

double strand breakage following DNA injury and physiologically regulated cleavage 

events (Ausi6 and Abbott, 2002; Redon et al, 2002). The generation of a phosphoserine 

specific y-H2AX antibody (Rogakou et al, 1999) has enabled the in situ examination of 

many cellular events, which involve this modification. To date these events include 

double strand break (DSB) repair (Rogakou et al, 1998; Paul1 et al, 2000), meiotic - 
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Figure 3 

Amino acid sequence of several representative heteromorphous human core histone 

variants (West and Bonner, 1980): A. Histone H2A variants in comparison to histone 

H2A. 1; B. CENP-A in comparison to H3.1. The amino acid residues are shaded with 

intensity proportional to the extent of identity shared among the compared sequences. 
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synapsis (Mahadevaiah et al, 2001), apoptosis (Rogakou et al, 2000; Talasz et al, 2002) 

and the immunological class switching (Peterson et al, 2001) and V(D)J recombination 

(Chen et al, 2000a). 

Phosphorylation of H2AX appears to be the product of three regulated signaling 

pathways involving the kinases DNA-PK, ATM (Ataxia Ielengiectasia Mutated), and 

ATR (AT-Rad3 related). These enzymes display both redundancy and specificity in 

response to definitive stimuli (Ausio and Abbott, 2002). For example, ATR is exclusively 

induced following DSB formation at sites of replication arrest (Ward and Chen, 2001). 

Although the effects of y-H2AX foci are still poorly understood, two theories 

have been proposed that may not be mutually exclusive (Ausi6 and Abbott, 2002; Redon 

et al, 2002). The first model suggests that the post-translational modification may impart 

structural transitions to DSB domains, and the second implicates the histone variant as a 

signaling intermediate in the repair pathway. 

The addition of a phosphate group, with its two negative charges, at the entry and 

exit sites of the DNA to the nucleosome most likely imparts a noticeable electrostatic 

repulsion between the octarner and the nucleosomal DNA (Ausio et al, 2001). A 

disruption to the nucleoprotein interface is a prerequisite to accessibility of the damaged 

substrate, as the presence of nucleosomes has been shown to repress DNA repair (Green 

and Almouzni, 2002). The occurrence of such structural effects has been demonstrated in 

vivo. In yeast, a general correlation was observed between the ectopic expression of a 

Serl29Glu mutant and nuclease hypersensitivity (Downs et al, 2000). This mutated form 

of H2AX serves to chemically mimic the charge state of y-H2AX. Therefore, the 

resulting accessibility of the nuclease to the chromatin substrate suggests that H2AX 
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phosphorylation may disrupt histone-DNA architecture and lead to chromatin 

decondensation and instability (Ausi6 and Abbott, 2002; Redon et al, 2002). 

The second role of y-H2AX foci may be informational in nature. Using 

imrnunochemistry, H2AX phosphorylation has been shown to precede the localization of 

repair proteins (Paul1 et al, 2000) and meiotic synapsis factors (Mahadevaiah et al, 200 1; 

Celeste et al, 2002). In this'scenario, the modified histone may propagate signals during 

repair cascades (Rogakou et al, 1999) and be instrumental in recruiting DSB repair 

complexes to sites of DNA breakage (Celeste et al, 2002). 

Hisfone H2A.Z 

H2A.Z (see Fig. 3A) has received considerable attention in the recent literature. 

The interest in this protein stems from the fact it is the only H2A variant that is essential 

for development (Jackson and Gorovsky, 2000) and viability in Drosophila (van Daal 

and Elgin, 1992; Clarkson et al, 1999). Interestingly, physiologic roles attributed to 

H2A.Z include both transcriptional activation (Santisteban et al, 2000; Adam et al, 200 1) 

and silencing (Dhillion and Kamakaka, 2000). With the recent characterization of the 

crystal structure of H2A.Z containing nucleosomes (Suto et al, 2000) important progress 

has been made in the understanding the contributions of this variant to chromatin 

structure. H2A.Z amino acids that diverge from the major H2A sequence map to 

prominent portions of the nucleosome. Significantly, a C-terminal Q 104 to GI06 

transition appears to destabilize the interface between the H2A.Z-H2B dimer and (H3- 

H4)2 tetramer, an effect that has been substantiated by physical studies (Abbott et al, 

2001). The lability of this particle may confer specialized properties to chromatin that 
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poises it for gene expression (Ausio and Abbott, 2002; Santisteban et al, 2000; Leach et 

al, 2000), and undergoing constitutive rRNA synthesis (Dhillion and Kamakaka, 2000; 

Allis et al, 1982). 

H2A.Z also has structural implications for the higher order structure of chromatin. 

By performing cassette-swapping experiments, the essential novelty of the variant has 

been mapped to the C-termhal tail (Clarkson et al, 1999; Adam et al, 2001). 

Significantly, this portion of H2A is disposed at the surface of the nucleosome (Suto et al, 

2000) (see Fig. 1) and may affect the binding of linker histones and chromatin 

remodeling complexes (Suto et al, 2000; Luger et al, 1997). Furthermore, the presence of 

a dihistidine metal ion coordination pocket and an extended acidic patch may play a role 

in facilitating contacts between such trans-acting protein factors and H2A.Z containing 

nucleosomes in vivo (Suto et al, 2000). 

Histone MacroH2A 

MacroH2Al and 2 (mH2A) display N-terminal homology (65%) to the complete 

sequence of H2A, plus they contain an enlarged large non-histone C-terminal region 

(NHR), which comprises two thirds of its molecular mass (see Fig. 3A). Although the 

role of this novel carboxyl tail remains to be elucidated, the conserved histone portion has 

been observed to interact with H2B (Lee et al, 1998) and recombinant forms of the full- 

length protein have been successfully reconstituted into mononucleosomes (Changlokar 

and Pehrson, 2002). Imrnunodetection studies have identified that mH2A is enriched in 

the inactivated X-chromosome of mammalian females (Costanzi and Pehrson, 1 998), and 

the testes of adult mammalian males (Rasmussen et al, 1999), which suggests that the 



SECTION A: OVERVIEW Chapter 1 

variant may participate in the formation of highly specialized chromatin domains 

involved in transcriptional silencing. Interestingly, the NHR may be involved in this 

process. A recent study has described the existence of a homologous section of amino 

acids between the non-histone region of mH2A and segments of Sinbus and Rubella viral 

proteins (Pehrson and Fuji, 1998). In Sinbus, this domain has been shown to interact with 

RNA (LaStarza et al, 1994)?~ccordin~l~,  the fusion of a similar RNA targeting 

polypeptide to the COOH-terminus of H2A may bridge nucleosome interaction with 

regulatory RNA transcripts (Pehrson and Fuji, 1998). 

Selective transcriptional silencing in vertebrate females is utilized to conserve 

energy and restrict gene product dosages to equivalent levels as the male. Repressing 

extensive portions of the X-chromosome, which exists as the Barr body during 

interphase, requires a series of redundant regulatory events involving both the post- 

translational modification of histones and mobilization of trans-acting factors. It has been 

observed that delayed replication, methylation of cpd islands, hypoacetylation of core 

histone H3-H4 tetramers, mH2A deposition, Xist localization (X inactivating ~pecific 

@anscript) RNA, and methylation of H3 Lys9 are involved in the inactivation process 

(Bournil and Lee, 2001; Mermoud et al, 2002). However, it has yet to be confirmed if the 

silencing machinery operates in coordinated or exclusive pathways, and if the systems 

vary between cell types. One intriguing possibility is that mH2A may interact with Xist 

RNA through its RNA coupling domain that has been defined in viral proteins (Pehrson 

and Fuji, 1998). Csankovszki et al. (1 999) observed that the generation of mH2A 

chromatin assemblies at the Xi is subject to Xist activity; however, inactivation will 

persist in the absence of proper rnH2A targeting. In mammalian spermatogenesis, a 
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similar process may be involved in the inactivation of the X-chromosome during meiosis 

(Richler et al, 1994). In this regard, the deposition of mH2A was recently characterized 

by immunolabeling of the XY compartment (Richler et al, 2000), which suggests again a 

possible link between the heterochromatinization of the XY body by Xist interacting 

specifically with macroH2A (Hoyer-Fender et al, 2000). 

-7 

Histone H2A-Bbd 

H2A-Bbd (&in body deficient) is the most recently identified H2A variant. This 

subtype displays the largest degree of primary structure divergence from H2A (48%), 

with the greatest regions of similarity mapping to the histone fold domains (Chadwick 

and Willard, 2001) (see Fig. 3A). Significantly, the isoform has a C-terminal tail 

truncation, which eliminates an ubiquitination site, and an arginine rich N-terminal tail 

that lacks a lysine acetylation substrate (Ausio et al, 2001; Chadwick and Willard, 2001a) 

(see Fig. 3A). The fact that these sites are not available for post-translational 

modifications suggests that the variant may confer intrinsic regulatory properties to novel 

nucleosomal assemblies. For example, the integrity of the nucleosome consisting of this 

histone variant may be compromised by the C-terminal truncation of H2A-Bbd (Ausio et 

al, 2002), as an earlier study defined the prominent role of the H2A C-terminal tail in 

nucleosome stability (Eickbush et al, 1988). 

H2A-Bbd is found only in the active areas of the nucleus and displays a mutually 

exclusive deposition pattern with mH2A (Chadwick and Willard, 2001 b). Furthermore, 

fluorescence imrnunochemistry has shown that this H2A variant colocalized with 

acetylated H4 (Chadwick and Willard, 2001a). Although the structural properties of 



SECTION A: OVERVIEW Chapter 1 

H2A-Bbd containing nucleosomes remain to be characterized, preliminary observations 

suggest that the particle may be specialized for activating transcription. 

Centromeric Variants 

The centromeres of chromatin define a distinct region involved in the assembly of 

the kinetochore and microtybule machinery responsible for the polarization of 

chromosomes during cell division (Saffery et al, 2000). A specialized protein family 

causally linked to the prevention of autoimmune diseases such as CREST (Calcinosis, 

Raynaud phenomenon, Esophageal dysmotility, &lerodactyly, Telangiectasiae) - 

syndrome, are important for centromeric structure, the nucleation and maturation of the 

kinetochore plate and microtubule motorization dynamics (Sullivan et al, 1996). 

Collectively, these proteins are referred to as the CENP (h t romere  Protein) family. 

Further nomenclature is based upon the centromere-specific nature of the polypeptide. 

CENP-A is a histone H3 variant involved in the formation of centromeres and the 

organization of centromeric DNA into nucleosomes (Palmer et al, 1987; Yoda et al, 

2000). CENP-B is a modulating protein with an affinity for the a-satellite DNA CENP-B 

box regulatory element (Masumoto et al, 1989). This protein factor is believed to 

orchestrate nucleosomal phasing by positional contacts with linker DNA (Zhang et al, 

1983; Ando et al, 2002). CENP-C localizes to the inner kinetochore plate (Saitoh et al, 

1992), facilitates chromosome segregation during metaphase (Tornkiel et al, 1994), and 

interacts with the CENP-All3 complex to define a specialized centromeric chromatin 

particle (Ando et al, 2002; Meluh and Strunnikov, 2002). CENP-E is active in regulating 

microtubule depolyrnerization (Lombillo et al, 1995) and localizes only at active 
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kinetochores (Sullivan and Schwartz, 1995). CENP-F is involved in assembly of the 

kinetochore and dissociates from the centromeric assembly during the maturation of the 

complex (Rattner et al, 1993). CENP-G is a scaffolding protein required for stabilization 

of centromeres through interactions with satellite repeats (He et al, 1998; Warburton, 

2001). CENP-H colocalizes with CENP-A and CENP-C and may play a role in the 

higher order structure of ceGtromeric nucleosomes (Sugata et al, 2000; Fukagawa et al, 

2001). Although all the CENPs help to define specialized chromatin structures at the 

centromere, only the role of CENP-A will be discussed further based upon its 

contributions to core variant nucleosome assembly. 

CENP-A displays 62% sequence homology to its major H3 counterpart (Sullivan 

et al, 1994) (see Fig. 3B). As with most histone variants, the greatest regions of sequence 

similarity map to the histone fold domains, which are critical for the stability of the 

nucleosome core particle (Arents and Moudrianakis, 1995; Luger et al, 1997; 

Glowczewski et al, 2000). This protein is an essential modifier of chromatin complexes 

at the centromere, as gene knockout leads to chromosome fragmentation and death in 

mice (Howman et al, 2000). The identification of an essential &terminal domain (END) 

explains in part why this protein may be indispensable, as this region has been connected 

to nuclear localization, centromere targeting and interactions with kinetochore machinery 

(Chen et al, 2000b). However, it appears that the histone fold domains of CENP-A are 

also uniquely suited to facilitate histone-histone and histone-DNA interactions within the 

highly repetitive DNA environment of the centromere (Keith et al, 1999). 

The recent reconstitution of CENP-A into nucleosomes confirms the ability of 

these histones can be assembled into specialized nucleosomes (Yoda, et al, 2000); 
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although the stability and structure of these nucleosome particles remain to be defined. At 

first glance, the dynamic nature of centromeres during chromosome motility suggests that 

CENP-A may be required to enhance the stability of these nucleoprotein complexes to 

prevent DNA fragmentation. Surprisingly, however, in vitro experiments suggest that 

DNA is more looseiy bound at the terminal ends of the mononucleosome (Yoda et al, 

2000). This caveat may be explained by the fact that CENP-A is only one component of 

centromeric nucleosomes and interacts with other CENP proteins in vivo to form a stable 

complex (Ando et al, 2002; Meluh and Strunnikov, 2002). 

Hisione H1 Micro- and Macroheterogeneity 

H1 histones, also referred to as linker histones, are structurally and functionally 

distinct from the core histones. They represent a highly heterogeneous family of 

developmentally regulated proteins (Cole, 1984). At the structural level they have a 

tripartite organization in which a central globular domain is flanked by extended N- and 

C-terminal tails. The somatic H1 family displays a significant degree of sequence 

microheterogeneity (Cole, 1984; Cole, 1987), which maps mainly to the N- and C- 

terminal tails (see Fig. 4). These signature domains are rich in basic amino acids, display 

little secondary and tertiary structure in solution, but can acquire a-helical conformation 

upon interaction with DNA (Hill et al, 1989; Clark et al, 1988; Vila et al, 2001). 

Possibly, these tails are important for the differential gene expression of specialized cells 

and putative developmental roles for each variant (Crane-Robinson, 1999). The central 

region of these proteins consist of a highly evolutionarily conserved motif (Kasinsky et 

al, 2001) whose structure has recently been determined by X-ray crystallography and 
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Hl.1 (Hla): : 1% 
m.2 (Hls-1): : 157 
Hl. 3 tms-2) : : 158 
Hl.0 (Hls-4) : : 157 
Hl.5 (Kls-3): : 158 

H1.l (Hla): : 214 
Hl.2 (Hls-1): : 212 
Hl.3 (Hls-2): : 220 
II1.4 ffFls-4) : : 218 
M.5 IHls-3) : : 225 

Figure 4 

Amino acid sequence of several somatic human histone HI proteins to illustrate the 

microheterogeneity of linker histones. The sequences for human histone H1 variants 

(Hl . 1 -H1.4) were obtained fiom (Parseghian et al, 1994) and HI-5 was fiom (Albig et al, 

1997). The nomenclature followed for the designation of these histone variants was 

Doenecke (Albig et al, 1997). The nomenclature of Parseghian et a1 (1994) is shown in 

parentheses. The regions corresponding to the trypsin-resistant (winged helix motif 

[Ramakrishnan et al, 19931) which is characteristic of the protein members of the histone 

H1 family are indicated by a boxed inset. 
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NMR spectroscopy (Zarbock et al, 1986; Cerf et al, 1994; Ramakrishnan et al, 1993). The 

crystallographic analysis of histone H5 (a highly specialized linker histone which is 

found in the nucleated erythrocytes from birds (Neelin et al, 1964), see Fig. 5 )  revealed 

that this globular core consists of three a-helices and three antiparallel P-sheets, folded 

into a structure terrned the "winged helix" (Clark et al, 1993). This domain has been 

identified in organisms as dlverse as bacteria, protists, and higher eukaryotes (Clark et al, 

1993). 

The structural and functional implications of Hl microheterogeneity are still 

puzzling and in many instances the different histone HI isoforms appear to be redundant 

or dispensable for the survival of the organism (Ausio, 1999). Various mutagenic studies 

in Tetrahymena (Shen et al, 1995; Shen and Gorovsky, 1996), Ascobolus (Barra et al, 

2000), Aspergillus (Ramon et al, 2000), and Saccharomyces (Escher and Schaffner, 

1997) have documented that the expression of distinct variant forms of somatic linker 

histones are not essential for survival. Indeed, H1 molecules appear to be highly 

promiscuous as different isofonns can be upregulated to compensate for altered dosages 

during deletion and transgene replacement experiments (Sun et al, 1990; Rabini et al, 

2000). Similar effects have also been observed in mouse HI0 (Sirotkin et al, 1995), Hlt 

(Lin et al, 2000; Drabent et al, 2000); and chicken H1 (Takami et al, 2000). 

In addition to the somatic microheterogeneity, which is characteristic of linker 

histones, the histone H1 family also contains a group of highly specialized tissue-specific 

macroheterogeneous variants (see Fig 5). Examples of such H1 molecules include Hlt, a 

testis specific linker histone found in a variety of vertebrate species (Seyedin et al, 198 1 ; 

Doenecke et al, 1997; Khochbin, 2001); the sperm-specific histone H1 fiom 
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Figure 5 

Amino acid sequence of several histone HI proteins to illustrate the macroheterogeneity 

of linker histones. Amino acid sequence of two highly specialized development-specific 

members of the histone HI family. A. Oocyte specific mammalian histone Hlfo 

(previously Hloo) (Tanaka et al, 2001). B. PL-I (EM-116) protein from the sperm of the 

razor clam Ensis minor ( ~ G d i e r a  et al, 1995). These two sequences are shown in 

comparison to the highly specialized histone H5 from chicken erythrocytes. The regions 

corresponding to the trypsin-resistant (winged helix motif [Ramakrishnan et al, 19931) 

which is characteristic of the protein members of the histone HI family are indicated by a 

boxed inset 
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invertebrates (Poccia and Green, 1992); Hl fo (previously Hloo) (Fig. 5A) which is 

exclusively present during early embryonic maturation (Tanaka et al, 2001); H5 (Fig. 5), 

which is restricted to the terminally differentiated nuclei of birds, reptiles, amphibians 

and fish (Neelin et al, 1964; Khochbin, 200 1) and histone H 1 that accumulates in 

terminally differentiated cells (Zlatanova and Doenecke, 1994). Also included in this 

group of macroheterogene&s variants are the argininellysine-rich protamine like (PL-I) 

proteins which are present in the sperm of many invertebrate and vertebrate organisms 

(Ausib, 1999), such as for instance the EM116 protein from the razor clam Ensis minor 

(Bandiera et al, 1995) (Fig. 5B). 

Brief Introduction to Post-Translational Modifications 

As described above, histones are much more than passive structural players within 

chromatin. Dynamic post-translational modifications of these proteins confer specialized 

chemical properties to chromatin of both informational and structural nature with 

important functional implications. The highly conserved sites for acetylation, 

methylation, phosphorylation, ADP-ribosylation and ubiquitination events on histone 

tails appear to orchestrate functional activities that range from transcriptional activation 

and repression to DNA repair and recombination. 

There is an abundance of recent information indicating that these modifications 

can operate in a combinatorial fashion to provide a "histone code" that generates 

informational markers involved in regulating the assembly of trans-acting factors and 

chromatin remodeling complexes (Strahl and Allis, 2000; Turner, 2000) (see Fig. 6). In 

contrast, the direct structural effects of these post-translational modifications on 
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chromatin folding and stability that may be important in contributing to a functional 

response remain largely unknown by comparison. In addition, while the histone code 

hypothesis can account for the localized effects of DNA transitions, extensive histone 

post-translational modifications also occur across kilobase stretches of DNA sequence 

(Thorne et al, 1990; Hebbes et al, 1994; Vogelauer et al, 2000). Examples of this broad 

reaching process include both -T methylation and acetylation. Although global histone 

methylation, which encompasses large chromatin domains consisting of kilobase pairs of 

DNA, has been unequivocally correlated to heterochromatin assembly, the complete 

functional implications of global acetylation have yet to be defined. Regardless of their 

function the structural effects of these modifications provide support to the "chromatin 

stability" hypothesis (see Fig. 6). In this theory the chemical and structural variability of 

histones exert a direct effect on nucleosome stability and chromatin folding. The 

contributions of distinct post-translational modifications to the stability hypothesis will be 

further explained below. 
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Figure 6 

Schematic representation illustrating the coding and physical mechanisms created by 

histone variability to aflect the structural and functional potential of chromatin. A. In the 

coding hypothesis (Strahl and Allis, 2000; Rice et al, 2001; Jenuwein and Allis, 2001) 

different combinations of histone post-translational modifications (and possibly histone 

variariants) operate to create aX'histone code" that is recognized by different regulatory 

trans-acting factors that can either repress (fold) or activate (unfold) the chromatin fiber. 

Two examples of the specific patterning of histone post-translation modifications during 

the epigenetic regulation of chromatin are shown. Within active chromatin, H3 is di- 

acetylated at Lys9 and 14, and phosphorylated at SerlO with a synergism observed 

between SerlO and Lysl4 (represented by the dashed arrow); and H4 can also be 

acetylated at Lys5 and methylated at Arg3. Contrastingly, during chromatin inactivation, 

H3 is methylated at Lys9, and H4 acetylated at Lysl2 (Jenuwein and Allis, 2001). B. In 

the chromatin stability hypothesis, the synergistic or independent structural (folding or 

unfolding) effect on chromatin structure is directly exerted by the histone variability itself 

(Ausi6 et al, 2001). In this model, covalent modifications direct the remodeling of 

chromatin into either an open conformation during activation, or a condensed state during 

transcriptional repression. For example, H2A.Z deposition is enriched at genes that are 

poised for expression. It is important to note that these two models are not mutually 

exclusive and it is likely possible that in several instances they operate in a concerted 

effort. 
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Histone Acelylation 

Histone acetylation is a reversible amidation reaction involving defined &-amino 

groups of lysine residues at the N-terminal tails of core histones (see Fig. 7). The highly 

dynamic equilibrium between the acetylated and non-acetylated states of lysine is 

maintained by two enzymatic groups, referred to as histone acetyliransferases (HATs) 

and &stone de%etylases (H~ACS) .  

The correlation between histone acetylation and eukaryotic transcription were 

recognized many years ago (Phillips, 1963; Allfrey et al, 1964). However, it has not been 

until very recently, with the discovery that both HATs (Brownell and Allis, 1996; 

Brownell et al, 1996; Spencer and Davie, 1999; Brown et al, 2000) and HDACs (Taunton 

et al, 1996; Johnson and Turner, 1999; Ng and Bird, 2000; Cress and Seto, 2000) are an 

integral part of the basal transcriptional machinery, that the molecular link for this 

correlation was established. This discovery has rekindled interest in histone acetylation 

with implications ranging from basic chromatin research to applied medical investigation. 

Indeed, histone acetylation has been linked to cancer (Archer and Hodin, 1999; Davie et 

al, 1999; Linder et al, 1999; Davie and Spencer, 200 1 ; Jacobson and Pillus, 1999; Gray 

and Tech, 200 1) and certain types of HDAC inhibitors are already being used to treat 

certain forms of cancer (Conley et al, 1998). 

Beyond the modulation of eukaryotic gene expression, histone acetylation has 

also been functionally linked to histone deposition during DNA replication (see 

[Annuziato and Hansen, 20001 for a recent review) and in the displacement/replacement 

of histones by protarnines during spermiogenesis in those vertebrate (see [Oliva and 

Dixon, 199 11 for a review) and invertebrate organisms (Wouters-Tyrou et al, 198 1) 
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Figure 7 

Post-translational modijkations of core- and linker histones. The sites of acetylation, 

phosphorylation, poly-ADP ribosylation, methylation and ubiquitination corresponding to 

the N-terminal amino acid position of the molecules. The nomenclature of histone H1 

variants is as in Figure 4. The length of C- and N-terminal tails is in relative scale 

between core histones to illustrate primary structural differences between these proteins. 
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whose sperm chromatin consists of protamines (Ausio, 1999). 

Despite all these well-established functional implications, the structural 

involvement of histone acetylation these processes have remained largely elusive (Ausio 

et al, 2001). From a structural perspective the effects of histone acetylation can be 

classified as having "local", which affect a few nucleosomes, and "global" effects that 

affek chromatin domains scanning over several kilobases of DNA. Local effects include, 

but are not restricted to regulatory regions (Emerson, 2002), such as gene promoters 

(Parekh and Maniantis, 1999; Hassan et al, 2001). In many instances these modifications 

act synergistically with other histone modifications (Strahl and Allis, 2000) (see Fig. 6). 

How transcriptionally active genes become selectively acetylated has yet to be defined, 

however, two possibly overlapping models (general promoter targeting, and specific 

promoter targeting) (Struhl, 1998) have been proposed to explain localized HAT 

specificity. According to the first model, histone acetylation is targeted to promoters 

nonspecifically. In the second model, acetylation is targeted to defined promoters by 

trans-acting factors that recognize and bind to specific sequences. 

The global effects of acetylation have long been recognized (Perry and Chalkley, 

1982) and studied in the chromatin field (Hebbes et al, 1994; Vogelauer et al, 2000; 

Clayton et al, 1993; Smith et al, 2001; Litt et al, 2001). However whether such effects are 

the exclusive result of untargeted acetylation (Struhl, 1998) or whether both specific and 

nonspecific acetylation can simultaneously occur in a system dependent manner 

(organism, or genes affected) (Myers et al, 2001), still requires further analysis. In this 

regard, the term "long range effect" used to refer to acetylation of long stretches of 

chromatin (encompassing one or more genes) (Clayton et al, 1993; Smith et al, 200 1; Litt 
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et al, 2001), in contrast to "global effect" which involves the majority of an organism's 

genome (Vogelauer et al, 2000) may be useful in the distinction. 

Histone Phosphorylation 

The potential substrates for histone phosphorylation include N-terminal serine and 

threbnine hydroxyl groups 6f H ~ A ,  H2B, H3 and H4; the N- and C-terminal tails of H1; 

and the unique C-terminal of H2AX (Rogakou et al, 1998; Ausio et al, 2001) (see Fig. 7). 

Similar to acetylation, phosphorylation appears to be a dynamic modification that 

transduces onloff signals to nuclear modulators. Enzymes implicated in regulating this 

pathway include the cyclin-dependent kinases and mitogen activated protein kinases, and 

the antagonistic phosphatase 1 (Davie and Chadee, 1998; Spencer and Davie, 1999). 

The functional significance of histone phosphorylation appears to be multifaceted 

ranging fkom transcriptional activation to chromosome condensation. Indeed, 

phosphorylation of H3 SerlO has been linked to the induction of heat shock genes in 

Drosophila (Nowak and Corces, 2000), and mitotic chromosomal condensation events 

(Bradbury, 1992). The apparent paradox of these opposing functional effects may be 

explained in part by the combinatorial effects of other regulatory events (Turner, 2000; 

Berger, 2000). For example, H3 is phosphoacetylated during the activation of c-fos and 

c-jun expression (Clayton et al, 2000). Alternatively, H3 SerlO phosphorylation may 

also serve as a signal for the incorporation of the centromeric H3 variant CENP-A 

(Zeitlin et al, 2001 ; Jenuwein and Allis, 2001). Such "coded" messages may be at the 

heart of the epigenetic regulatio~ of DNA, and also impart synergistic effects to localized 

chromatin structures (Ausio et al, 2001). 
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Other examples of histone phosphorylation involve diphosphorylation of H3 

SerlO and Ser28 (Van Hooser et al, 1998; de la Barre et al, 2000), and 

hyperphosphorylation of H1 (Bradbury et al, 1973; Bradbury, 1992) during mitosis. 

Global and systematic H3 phosphorylation begins during late G2 phase in 

transcriptionally silent domains, and spreads through the genome, peaking in late 

prodhase (Hans and DimitrJv, 200 1). Accordingly, dephosphorylation is correlated with 

chromosome decondensation, beginning in anaphase and completing by telophase (Hans 

and Dimitrov, 2001). Although these phosphorylation patterns described above are 

observed in wild-type systems, both linker histone knockouts (Shen et al, 1995) and H3 

SerlO mutants (Hsu et al, 2000) are able to undergo mitosis. A possible explanation for 

this intriguing result is that other histone tails such as H2B can alternatively operate as 

phosphorylation substrates during chromosome assembly (Hsu et al, 2000; Cheung et al, 

2000). In this instance, histone phosphorylation may also have a structural role that 

transcends the histone code. 

Phosphorylation of specialized linker histones (such as histone H5 or sperm- 

specific H1 histones) has also been shown to have a major role in the chromatin folding 

processes leading to the highly condensed chromatin structure which is present in the 

nuclei of terminally differentiated cells such as bird erythrocytes (Wagner et al, 1977) 

and histone-containing sperm nuclei (Poccia and Green, 1992; Ausio, 1999). In this later 

instance, phosphorylation also appears to participate in the events involved in chromatin 

decondensation processes undergone by the male pronucleus immediately after 

fertilization (Green and Poccia, 1985; Poccia and Green, 1992). 

Although much effort has gone into determining the structural implications of 
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Hl/H3 phosphorylation for the chromatin fiber, this issue has yet to be resolved. 

Mutagenic experiments in Tetrahymena suggest that H1 phosphorylation may possibly 

generate a charge patch, which may increase the dissociation constants of modified linker 

histones (Dou et al, 1999; Dou and Gorovsky, 2000;. Furthermore, mitotic H3 

phosphorylation takes place at the N-terminal end of this molecule, which has been 

shown to have a major role b chromatin folding (Marion et al, 1983; Leuba et al, 1998). 

These results seem to indicate that histone H1 and histone H3 N-terminal 

phosphorylation may be involved in processes leading to chromatin unfolding. This 

involvement of histone phosphorylation in unraveling chromatin architecture fits well 

with the notion that the double negative charge of the phosphate groups would be 

expected to induce electrostatic repulsion of those regions of the histones close to DNA 

contacts within nucleosomes. However, integrating these structural effects with 

chromosome condensation during mitosis described above (Th'ng et al, 1994; Swank et 

al, 1997) appears counter intuitive. A current model to explain this apparent dichotomy 

proposes that H1 and H3 mitotic phosphorylation unfolds chromatin, which allows SMC 

(Structural Maintenance of @-ornosome) molecules access to their previously occluded 

binding sites (Roth and Allis, 1992; Ball et al, 2001). Dimerizing SMC complexes then 

facilitate the packaging of fibers into higher orders of chromosomal structure. This line 

of reasoning appears to reconcile the antagonistic structural transitions of mitotic 

chromosome condensation and permissive gene activation following histone 

phosphorylation. 

The implicated structural roles for histone phosphorylation in chromatin 

unfolding resulting fkom charge repulsion between the histone phosphorylation site and 
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adjacent DNA is also supported by studies with phosphorylated H2A.X. As explained 

above, this modification takes place at the C-terminal end of the molecule, a region which 

is close to the entry and exit sites of the DNA to the nucleosome (Luger et al, 1997; 

Usachenko et al, 1994). Charge mimicry of phosphorylated H2AX by substituting 

glutamic acid for Ser129 generated genomic instability and nuclease hypersensitivity 

( ~ o k s  et al, 2000); both r&ults being consistent with chromatin unfolding. However, 

structural and biophysical studies in vitro have yet to substantiate the molecular 

mechanisms involved in the histone phosphorylation-mediated decondensation processes 

(Kaplan et al, 1984). 

Histone Methylation 

Histone methylation is a chemical modification that primarily affects arginine and 

lysine residues of the N-terminal tails of histones H3 and H4. Arginines are 

enzymatically modified by the addition of single or dimethyl groups in a symmetrical or 

asymmetrical fashion, as compared to lysine residues that are mono-, di-, or trimethylated 

at the &-amino group (Zhang and Reinberg, 2001). Historically, this reaction has proven 

very difficult to study because of the initial lack of electrophoretic resolving techniques 

and immunological reagents (Ausio et al, 2001; Strahl and Allis, 2000). Therefore, 

efforts to determine the structural and informational nature of histone methylation have 

relied on other biochemical techniques, such as radioactive labeling and mass 

spectrometry (Ausio et al, 2001). Recently, the discovery of an enzyme, called LSD1, 

has been linked to the demethylation of lysines has been identified (Shi et al, 2004). This 

evidence suggests that similar to the dynamic nature of acetylation and phosphorylation, 
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the methylation of histones is a reversible modification. Interestingly however, it appears 

that histone methylation is an epigenetic marker typically involved in decisive regulatory 

events such as cell differentiation and heterochomatin assembly. 

Fundamental to the organization of chromatin within the nucleus and maintenance 

of cell differentiation is the formation of the terminally silent heterochromatin domains. 

~ h & e  regions of the geno6e were originally identified as DNA that remained condensed 

outside mitosis, and more recently have been associated with satellite DNA sequences 

and transcriptionally repressed chromatin that may or may not be defined by cytological 

techniques (Hennig, 1999). There is increasing evidence for a specific role for H3 Lys9 

methylation in the assembly of heterochromatin and X-chromosome inactivation (Boumil 

and Lee, 2001; Heard et al, 2001). Methylation at this site is preferentially bound by 

heterochromatin protein 1 (HP 1) through its chromodomain (&omatin organizer - 

modifier) (Lachner et al, 2001). This protein causes the condensation and propagation of - 

heterochromatin by interacting with other HPl s bound to proximal nucleosomes. 

However, this reaction is not independent of other regulatory events as 

heterochromatinization appears to be a concerted process involving other post- 

translational modifications, such as histone deacetylation and H3 SerlO phosphorylation 

(Rea et al, 2000; Rice et al, 2001). 

The human SUV3 9H 1 and mouse Suv3 9hl genes encode heterochromatin 

proteins that are homologous to the Drosophila Su(var)3-9 family (&ppressor of 

variegation) of _histone m y 1  transferases (HMTs). These enzymes methylate histones - 

by virtue of their catalytic SET (Su(var)3-9, Enhancer of the Zeste and Iritorax) and 

neighboring pre-SET and post-SET cysteine rich domains (Jenuwein and Allis, 2001). 
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Interestingly, a recent study has implicated the tumor suppressor protein Rb 

(&etinoblastoma) in regulating Su(var)39Hl activity, providing a causal link between 

DNA surveillance, cell cycle control and histone methylation (Feneira et al, 2001; 

Nielsen et al, 2001). 

Gene activation has been linked to arginine methylation by HMT CARMl 

(soactivator-associated ggipine methyltransferase-l), based upon its interaction with the 

p160 family of transcription factors, and that mutation of its S-adenosylmethione binding 

capabilities restrict both its coactivator and HMT activity (Chen et al, 1999). A second 

arginine methyl transferase, PRMTl (predominant cellular m i n i n e  N-Methyltransferase 

of m e  _1), has been shown to facilitate the p300 acetylation of H4 by methylating H4 at 

Arg3 (Wang et al, 2001a). Likewise, synergistic activity has also been observed between 

p300 and CARMl in response to estrogen-induced RNA synthesis (Koh et al, 2001). 

In a supplementary pathway, links between histone H3 Lys4 methylation and the 

upregulation of RNA synthesis have also been made. This discrete modification 

colocalizes with acetylated histone residues and is enriched in the transcriptionally active 

macronucleus of Tetrahymena (Strahl et al, 1999). Histone methylation at H3 Lys4 has 

been recently attributed to the novel HMT SET9, which contains the conserved SET 

catalytic domain, and noticeably lacks the juxtaposed pre- and post-SET domains 

(Nishioka et al, 2002) and SET7 (Wang et al, 2001 b). Two functional roles in gene 

activation have been associated with SET9 and SET7 mediated methylation of H3 

(Nishioka et al, 2002). Firstly, it precludes H3 Lys9 methylation, which prevents the 

binding of HP1 and the formation of heterochromatin. Secondly, it disrupts the binding of 

the NuRD (&leosome Remodeling and histone Deacetylation) histone deacetylase 
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complex (Zegerman et al, 2002), which may allow for subsequent histone acetylation. 

Thus, it is very likely that, as with other post-translational modifications, the structural 

effect on chromatin of histone methylation may involve the concerted action of several 

such modifications (Ausio et al, 2001). 

 ist tone Ubiquitjnation 

Ubiquitination involves the conjugation of the globular signaling protein ubiquitin 

to substrates involved in extensive physiologic processes. One such event is the tagging 

of mature or denatured proteins for degradation and recycling by the 26s proteosome 

(Finley and Chau, 199 1 ; Jennissen, 1995). Polyubiquitin chains form at the C-terminal 

end of a target protein through repetitive adduction reactions catalyzed by the ubiquitin 

family of conjugating enzymes (El-E3) (Pickart and Rose, 1985; Hershko and 

Ciechanover, 1998). In the final step of the reaction, ubiquitin is transferred from E3 to 

its protein substrate by the formation of an isopeptide linkage between Gly76 of ubiquitin 

and Lys E-amino groups of target proteins. In the case of histone ubiquitination, the 

modification appears to be primarily dependent on a subset of E2 isozymes, including 

Rad6pIUbc2p and Cdc34pAJbc3p in yeast (Hass et al, 1991; Jason et al, 2002), which can 

successfully ubiquinate histones in vitro in the absence of E3 (Goebl et al, 1988; Hass et 

al, 1991). 

In vivo histone ubiquitination is primarily restricted H2A (uH2A) and H2B 

(uH2B) at Lysll9 and Lysl20 respectively (see Fig. 7); however, H3 (uH3) and H1 

(uH1) have also recently been shown to be modified at undefined sites (Chen et al, 1998; 

Pham and Sauer, 2000; Jason et al, 2002). In addition, H2A and H2B also display 
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different patterns of ubiquitination as H2A has been found to be polyubiquitinated, and 

H2B only monoubiquitinated (Nickel and Davie, 1989). 

Within the nucleosome, addition of ubiquitin to H2A occurs near the entry and 

exit sites of DNA and the binding site of Hl (Jason et al, 2002). Therefore, this post- 

translational modification is expected to have implications for both the stability of the 

padcle and higher order stricture of chromatin (Luger et al, 1997; Jason et al, 2002). 

The C-terminal end of H2B and its ubiquitination site on the other hand is located at the 

opposite side of the nucleosome (Luger et al, 1997). Incorporation of an ubiquitin adduct 

into the nucleosome at this site may have significant implications for the trajectory of the 

DNA and the integrity of the particle. In this regard there have been multiple 

biochemical results substantiating a role of H2B ubiquitination in transcriptional 

activation (Ridsdale and Davie, 1987; Nickel and Davie, 1989; Davie et al, 199 1 ; Davie 

and Murphy, 1 994). 

Ubiquitinated histones have been suggested to destabilize the interface between 

the H2A-H2B dimers and the H3-H4 tetrarner (Li et al, 1993), be depleted from highly 

condensed mitotic chromosomes and enriched in H1 deficient chromatin (Davie and 

Nickel, 1987). In Drosophila, the inducible hsp70 and copia genes are associated with 

ubiquitinated histones, which represent a marked increase over the repressed satellite 

sequences from the same fraction (Levinger and Varshavsky, 1982). Likewise, 

regulatory regions in sea urchin and mouse are enriched with uH2A at the histone H3 

(Jasinskiene et al, 1995) and dihydrofolate reductase gene (Barsoum and Varshavsky, 

1985) respectively. Preferential localization for uH2A and especially uH2B was also 

observed in the macronucleus of Tetrahymena, as compared with the transcriptionally 
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silent micronucleus (Davie et al, 199 1). 

Intriguingly, uH2A and uH2B have also been shown to have a non-specific 

(Parlow et al, 1990; Dawson et al, 1991) and repressive effect (Ballal et al, 1975) on 

transcription. The functional dichotomy of histone ubiquitination suggests that the 

structural or informational contributions of ubiquitin to the C-terminal tails of H2A and 

H ~ B  may impinge upon the'interactions of other modulating signals. Two recently 

proposed models (Jason et al, 2002) suggest that ubiquitinated histones are either a 

recruitment signal for remodeling complexes, or part of a synergistic mechanism to 

facilitate nucleosome disruption. These proposals were put forward based upon the lack 

of conformational changes observed in the characterization of reconstituted ubiquitinated 

mononucleosomes and nucleosome arrays (Kleinschmidt et al, 198 1 ; Davies and Lindsey, 

1994; Jason et al, 2001; Ausici et al, 2001). Nevertheless, the structural basis for the 

correlation between histone ubiquitination and transcriptional activationh-epression still 

remains to be elucidated. 

Histone PolyADP-Ribosylation 

The ADP-ribosylation of histones is an unusual chemical modification in the 

sense that it involves cascading reactions, which result in the accumulation of a massive 

ADP-ribosyl (ADPr) homopolymer. In vitro, ADP ribosylated proteins have been 

observed to contain in the excess of 200 ADP ribosyl subunits arranged in a linear or 

branched array (Malanga et al, 1998; D'Armours et al, 1999). In distinct conjugation 

reactions, the adduct is covalently transferred from (3-NAD+ substrates to specific 

glutamic acid residues located in the N-terminus of H2B and both the N- and C-termini 
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of linker histones (see Fig. 7) (Ausi6 et al, 2001). This is a reversible reaction that is 

controlled by the coordinated interplay between poly(ADP-~bose) Qolymerase (PAW), 

which also undergoes auto(ADP)-ribosylation, and the antagonizing enzyme poly(ADP- 

ribose) glycohydrolase (PARG). In addition to covalent modifications, the full - 

complement of core histones and H1 can also interact noncovalently with branched 

polymers of ADPr with varying affinities (Realini and Althaus, 19%); however, the 

structural and functional implications of such interactions remain to be defined. 

In the case of Hl variants, linker histones selectively bind ADPr homopolymers 

- over competitor DNA (Malanga et al, 1998). Furthermore, Hl t displays a high degree of 

affinity for the ADPr subunits even in the presence of salt (Malanga et al, 1998). 

Interestingly, this testis specific variant interacts with DNA the least tightly, and has been 

implicated in fiber decondensation (De Lucia et al, 1994; Khadake and Rao, 1995). This 

result suggests that potential interactions between H1 molecules and ADPr are specific 

and not just the bi-product of electrostatic attractions. In this regard, specificity for the 

ADPr subunits may facilitate removal of Hl from chromatosomal DNA, and initiate an 

unraveling of the 30nrn fiber required for DNA activation or repair. Unfortunately, the 

relationship does not appear to be that simple. Previous studies showed that the reversible 

ADP-ribosylation of chromatin fibers facilitated decondensation and recondensation 

transitions without histone HI displacement (Poireir et al, 1982; De Murcia et al, 1986). 

From a different perspective, circumstantial evidence suggests that ADPr may 

have a functional role in the activation of transcription. PAW copurifies with TF11C 

(Slattery et al, 1983) and upregulates AP-2 (Activator Protein 2) controlled transcription. 

However, these results need to be interpreted cautiously, as a molecular mechanism for 
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ADP-ribosylation of targeted histones has yet to be identified. 

ADP-ribosylation has also been implicated as a proteolytic antagonist during 

embryonic development (Morin et al, 1999). Following fertilization in sea urchin, spenn- 

specific histones are degraded by the %em-histone-selective (SpH) protease and 

subsequently replaced by cleavage stage histone variants. During this process, the 

maternal replacement histones are protected from proteolysis by ADP-ribosylation. 
T 

The ADP-ribosylation of histones may also have significant effects for the repair 

of damaged DNA. Nucleotide excision repair, a system responsible for the removal of 

bulky adducts and helical distortions from DNA, has been implicated in a poly(ADP)- 

ribose mediated "histone-shuttling" mechanism that controls the unfolding of damaged 

and refolding of repaired DNA substrates (Althaus, 1992; Althaus et al, 1994). In this 

mechanism, histones may be stripped fiom nucleosomal assemblies by ADP-ribosylation, 

which facilitates the targeting of repair proteins and generates a permissive environment 

for DNA recovery. In this regard increased ADP-ribosylation of Hl proteins in damaged 

heptoma (Kreimeyer et al, 1984) and mammary tumor (Tanurna et al, 1985) cells has 

been documented. Not surprisingly, the self-modification of PAW has proven to be an 

important step in this process. Indeed, activation of the enzyme by auto(ADP)- 

ribosylation is a preliminary step in many repair responses, and parallels the mobilization 

of DNA-PK (DNA-dependent  rotei in kinase), ATM (Ataxia Telengiectasia-Mutated) and 

p53 (Herceg and Wang, 2001). Beyond repair, it appears evident that this post- 

translational modification may be responsible for further nuclear functions in vivo (Ausi6 

et al, 2001). Defining the potentiating effects of ADP-ribosylation in the modulation of 

chromatin structure may be critical to determining these roles. 
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Brief Introduction into DNA Methylation 

The methylation of DNA at CpG islands has also turned out to be an important 

regulator for cell development, the differentiated proteome and the regulation of cell 

survival (Bird and Wolffe, 1999). Indeed the implications of this chemical modification 

have been linked to DNA accessibility, chromatin fluidity and cell transformation 

( ~ e h n ~ a r d t  and Cardoso, 2c00). DNA methylation is required for genomic stability and 

believed to act as an inert epigenetic marker in germinal cells and pre-implantation 

embryos (Nakao, 2001). Presumably, DNA methylation is required for the heritable 

transmission of chromatin structure, which prevents the expression of terminally silenced 

genes in differentiated tissues, and provides a host-defense mechanism against parasitic 

transposable elements (Jones and Takai, 2001). 

How the selective modification of DNA is regulated is still poorly understood, but 

two models have been put forward. The first hypothesis implies that promiscuous DNA 

rpthyl transferases (DNMTases) globally transfer methyl groups to CpG islands, and it is 

only the steric hindrance of complexed proteins at regulatory sites, such as spl, that 

inhibit the reaction in euchromatic domains (Macleod et al, 1994; Brandeis et al, 1994). 

The second theory suggests that DNMTases, are specifically targeted to cis-acting 

elements through interactions with transcriptional repressors, such as Rb and HDACs 

(Fuks et al, 2000; Robertson et al, 2000; Rountree et al, 2000). 

DNA methylation levels and gene expression appear to be inversely related, as 

silenced genes and heterochromatic domains display a pattern of hypermethylation (Jones 

and Takai, 2001), and the poised regulatory elements of active genes are hypomethylated 

(Ng and Bird, 1999). During methylation events, consensus 5'-CpG-3' (Qtosine- 
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phosphate-mine) islands and their antisense 3'-GpC-5' complements are both 

substrates for DNMTs. The symmetrical modification of these sites generates a DNA 

structure that transforms the three-dimensional character of the major groove (Nakao, 

2001 ; Ohki et al, 2001), and increases the hydrophobicity of the nucleic acid. Possibly, 

these changes may work to repress transcription by decreasing the affinity of 

tran'scription factors for their cognate regulatory elements (Becker et al, 1987), thereby 

impeding the assembly of initiation complexes. 

Although chemically modifying DNA have distinctive implications for chromatin 

transitions and fiber structure in the presence of Hl (Karymov et al, 2001), in vivo these 

effects appear to work in concert with chromosomal proteins. 5'-methylcytosines are 

specifically bound by members of the MBD (methyl-CpG-binding-&main) family, such 

as MeCP2 (Methyl-Qtosine binding Protein 2) and MBD1. These proteins interact with 

HDACs and provide a casual link between DNA methylation, histone deacetylation and 

transcriptional repression (Jones et al, 1998; Nan et al, 1998; Gregory et al, 2001). In a 

parallel system, histone methylation at lysine 9 of H3 of the SUPERMAN locus in 

Neospora recruits the HP1 homolog and an associtated CHROMOMETHYLASE 

(Tarnaru and Selker, 2001). This enzyme methylates CpNpG trinucleotides for targeted 

silencing. 

Recently, a connection between histone methylation and DNA methylation has 

been made in Neuospora crassa (Tarnaru and Selker, 2001; Jackson et al, 2002). This 

discovery outlines a redundant relationship between two distinct mechanisms for the 

selective repression of DNA and formation of heterochromatin, as the combinatorial 

effects of both the modified nucleic acid and histone component of chromatin to facilitate 
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the formation of restrictive chromatin architectures (Wade, 2001). Importantly, this 

significant observation has implications for proviral repression (Lorincz et al, 2001), 

physiologic development and disease prevention (El-Osa and Wolffe, 2000). 
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Footnotes: 

(" H2A-Bbd (Ban body deficient) (Chadwick and Willard, 2001a). 

(2) The nomenclature for H2AX has changed in recent years. Originally, the protein was 
described with a period between H2A and X (H2A.X); however, this designation has 
disappeared in the majority of the literature since 1995. 
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Abstract 

For many years histones were considered to be passive structural components of 

eukaryotic chromatin. Experimental evidence accumulated during the last few years 

indicates that in addition to their structural role, histones play a very important functional 

role and that they can operate as epigenetic markers. This notion has rekindled the 

inteiest in histone variants &d their participation in the processes of chromatin activation 

and inactivation. Recent papers have focused their attention on histone H2A variants. The 

variants of this overlooked histone participate in many biological processes ranging from 

transcriptional activation to DNA repair, meiosis and apoptosis. A nucleosome 

containing at least one of these variants has been crystallized and biophysically 

characterized in solution. From all these results, a new concept has started to emerge that 

the functional roles of H2A variants are exerted directly through alterations in chromatin 

stability and folding that result from the structural variation at the carboxyl terminal end 

of this histone. 
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Introduction 

Significant steps have been made towards defining the role of histone H2A 

variants in the modulation of chromatin arrays. Interestingly, a general trend is emerging 

between C-terminal heterogeneity and the functional novelty of specialized chromatin 

environments. Indeed, the greatest region of variability between H2A isoforms maps to 

the brominent carboxyl tailcwhich has implications for the stability of nucleosome 

particles and the higher order structure of chromatin. This paper will highlight the 

structural and functional significance of H2A positioning and heterogeneity within the 

nucleosome, and the consequences of H2A.Z and H ~ A x ' ~ )  deposition and modification. 

Nucleosome Dynamics 

In order to package the informational polymer DNA within the nucleus, the cell 

utilizes a family of conserved proteins, referred to as histones, to fold the DNA and leave 

it accessible for regulatory events (Kornberg and Lorch, 1999). This assembly contains 

several levels of structure, which organizes DNA from massive singular chromatids 

during mitotic events down to the smallest unit of packaging known as the nucleosome 

that is present throughout the cell cycle. When observed as a native particle, the 

nucleosome primarily exists as a protein octamer that constrains DNA in 1.75 

superhelical left-handed turns around its peimeter (Luger et al, 1997). This octamer 

consists of four core histones named H2A, H2B, H3, and H4 present in two copies each. 

The stability of this nucleoprotein complex arises from several forms of non-covalent 

interactions, including electrostatic linkages, hydrogen bonding and hydrophobic 

interactions (Luger et al, 1997). Although nucleosomes represent a defined unit of 
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chromatin structure and actually repress the activities of processive complexes, such as 

RNA polymerase (Knezetic and Luse, 1986; Matsui, 1987), they are transient particles, 

which exist in equilibrium between free and complexed states (Annunziato et al, 1982; 

Ausi6 et al, 1984; Ausi6 and van Holde, 1986; Dong et al, 1990). In ATP-dependent 

reactions, the nucleosome dissociation equilibrium can be collapsed by chromatin 

rembdeling complexes, such as SWUSNF, as histone-constrained DNA is relaxed and the 

template becomes poised for transcription (Flaus and Owen-Hughes, 2001). Such 

dynamic events are fundamental to transitions between active and silenced chromatin 

substrates and also facilitate novel deposition events during DNA synthesis. 

The plasticity of nucleosome structures is also influenced by several poorly 

understood epigenetic factors. For example, histones do not exist as chemically inert 

subunits within the octamer. Each of the subunits is susceptible to regulated and highly 

specific post-translational modifications such as acetylation, methylation, 

phosphorylation and ubiquitination (Wolffe and Guschin, 2000). The impacts of these 

events have proven to be very elusive in nature, as seldom is one chemical modification 

responsible for a single regulated event. This has led to recent theories which suggest 

that (a) modified histones present a 'histone code' that is interpreted by nuclear 

modulators to provide intricately controlled levels of regulation (Jenuwein and Allis, 

2001; Turner, 2000); and that (b) chemical signaling is coupled to the coordinated or 

synergistic effects of structural transitions to define specialized environments for 

chromatin function (Ausi6 et al, 200 1 ; Ren and Gorovsky, 200 1 ). 
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Histone Variants 

Although post-translational modification, particularly acetylation, remains the 

most documented aspect of the epigenetic regulation of chromatin, the incorporation of 

histone variants into nucleosomes also has significant impacts for gene expression, repair 

cascades, and meiotic events (Ausi6 et al, 2001). Histone variants are non-allelic, 

'r 

rnRNA polyadenylated isoforms of major histones, which display localized positioning 

and are synthesized at varying points throughout development and the cell cycle (Wolffe 

and Dimitrov, 1993; Alvelo-Ceron et al, 2000). Differential expression patterns of these 

proteins enable the deposition of specialized nucleosomes during cellular events outside 

the window of genomic duplication in S-phase, and suggest that the exchange of histone 

variants may be an active process throughout the cell cycle and quiescence. These 

subtypes generally are not essential, but provide specificity to chromatin domains by 

possibly influencing the stability of nucleosomes or interacting with trans-acting factors. 

H2A has the largest macroheterogenous family of described variants, which are 

active in distinct aspects of nucleosome dynamics and genomic function. This may be 

because H2A and H2B, which exist as a dimer within the octamer, are more labile and 

dissociate from the nucleosome at lower ionic conditions (Svaren and Chalkey, 1990; 

Hendzel and Davie, 1990; van Holde et al, 1992). Therefore, the cell would gain a 

thermodynamic advantage utilizing a regulatory system dependent on H2A replacement, 

as opposed to either H3 or H4, which display greater affinity for the nucleosomal DNA. 

In this regard, the apparent lack of somatic macroheterogeneous H2B variants is 

intriguing. Suto and others (2000) propose that this may result from the cognate 

interactions of self-associating histones within the octamer. Indeed, loop1 displays a 
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signature fold in each of three H2A isoforms (Luger et al, 1997; Suto et al, 2000), which 

may ensure the insertion of duplicate copies of a specific H2A. In support of this self- 

association theory, H3 (which interacts with H3' through histone bundles) is replaced by 

the heteromorphous H3 variant Cenp-A in centromeric chromatin (Basrai and Hieter, 

1995; Suto et al, 2000). 

T 

H2A Carboxyl-Terminal Tail Variability 

A closer look at the primary sequence of H2A variants reveals that the region which 

provides the greatest chemical distinction to the nucleosome maps to the C-terminal 

region of the protein (Chadwick and Willard, 2001a; Abbott et al, 2001) (see, Fig. 1A.). 

Previous experiments performed by Eickbush et a1 (1988), demonstrated that the 

carboxyl-terminal tail of H2A is essential for the stability of chromatin particles, and that 

the H2A-H2B displays a significant decrease in affinity for the tetramer when the 

terminal 15 amino acids are removed by an endogenous protease. Interestingly, a new 

histone H2A variant has been recently described (H2A-Bbd [Chadwick and Willard, 

2001a])(') which exhibits a similarly truncated C-terminal domain. This histone is 

deficient in the inactive X-chromosome and which co-localizes with acetylated forms of 

histone H4 (Chadwick and Willard, 2001a). 

Across the family of macroheterogeneous isoforms, H2A retains the greatest 

sequence homology at the histone fold domains, a structural motif essential for the 

formation of 'handshake', 'bundle' and DNA interactions within the nucleosome (Luger 

et al, 1997). In each subtype, the greatest degree of variability occurs near the carboxyl- 

terminal domain, in both tail length and amino acid composition (Fig. 1A). Significantly, 
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Figure 1 

Schematic representation of a consensus histone H2A structure, highlighting the variable 

carboxyl domain. (A) C-terminal amino acid sequences of H2A. 1, H2AX, mH2A, and 

H2A.Z are inset and aligned to display similarity and heterogeneity between isoforrns. 

The color scheme depicts the degree of similarity between proteins: blue background: 

c o h o n  between all four sdbtypes; red background: common to three subtypes; and 

green: common to two subtypes. The functional SQE phosphorylation domain of H2AX 

is indicated by light purple. (B) Model for epigenetic regulation of chromatin function by 

histone H2A variant insertion into the nucleosome. The H2A position within the core 

particle is important for chromatin transitions during many cellular activities. H2A 

variants may play critical roles in generating these novel structural assemblies or 

interacting with downstream elements and propagating chemical signals through 

heterogeneity in their carboxyl tails. H2A. 1 (yellow) is replaced by H2A.Z (grey) during 

transcriptional activation and silencing events. MacroH2A (green) is enriched in the 

inactivated X-chromosome, possibly to compensate for RNA synthesis dosages. H2AX 

(purple) is phosphorylated during DNA fragmentation events such as DSB repair. The 

red arrows point to the sites where the carboxyl-terminal tails of histone H2A exit the 

nucleosome. 
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H2A contains the largest consensus C-terminal tail, when compared to the remainder of 

the core histone complement, which is exemplified in macroH2A (mH2A) by a massive 

non-histone fusion that represents two-thirds the protein's molecular weight (Pehrson and 

Fried, 1992). The variability of H2A in this region may compensate for the modest 

degree of N-terminal post-translational modification of the histone (Ausio et al, 200 I), 

and 'explain the functional significance of its position within the nucleosome (Fig. 1B). 

Crystallographic structural analysis of the nucleosome has recently shown that 

H2A is strategically positioned within the core particle. The carboxyl a-helix disposes 

the C-terminal domain to dock with the tetramer, and extend along the nucleosome 

surface near the entry and exit sites of DNA (Luger et al, 1997). Therefore, exchange of 

H2A variants within the nucleosome offers molecular heterogeneity to both the tetramer 

and linker DNA interface, which has implications for the association of chromatin 

remodeling machinery, H1 histones and consequently, the higher order structure of 

chromatin. For example, the enrichment of mH2A in the inactivated X-chromosome 

suggests that the large C-terminal fusion of the variant may specialize these nucleosomes 

to repress and condense chromatin within the Barr-body during interphase (Costanzi and 

Pehrson, 1998). Such events describe a defined regulatory system of chromatin domains 

by the interaction of novel H2A carboxyl-terminal tails with other modulating proteins. 

In the cases of H2A.Z and H2AX, this carboxyl variability may specialize nucleosomes 

for transcriptionally active (Abbott et al, 2001) or the repair of DNA DSB breaks 

fragmentation (Rogakou et al, 1998). 



SECTION A: Overview Chapter 2 

H2A.Z Nucleosome Structure and Transcriptional Activation 

The emergence of powerful biochemical techniques, in particular chromatin 

immunoprecipitation (CHIP), has enabled researchers to take a reductionalistic approach 

to help define the relationships between histone variability and specific DNA loci. This 

has proven to be an invaluable technique for attempting to connect localized nucleosome 

'r 

modifications to chromatin transition events, such as transcription. In one such 

experiment, Santisteban and colleagues (Santisteban et al, 2000) identified H2A.Z at 

promoter sites under repressive conditions. Interestingly, upon induction the intergenic 

DNA became depleted of H2A.Z, which suggests that the variant may be involved in 

poising the template for expression, but is dispensable for maintaining an active state. A 

similar event was also observed in Drosophila melanogaster. CHIP assays indicated that 

the inducible hsp70 gene was enriched with H2A.Z when compared with its 

constitutively expressed hsp83 counterpart, and subsequent irnmunolocalization showed 

an inverse relationship between RNA Polymerase I1 (RNAP 11) hyperactivity and H2A.Z 

deposition (Leach et al, 2000). Supporting these results, an association between H2A.Z 

and transcription machinery has been shown using antibodies directed at RNAP 11 and 

TBP (Adam et al, 2001). It was demonstrated that recruitment of RNAP I1 and TBP to 

promoters was dependent on the carboxyl-terminal region of H2A.Z, as H2A chimaeras 

fused with the C-terminal37 residues of H2A.Z could successfully associate with the 

activation factors and initiate transcription. 

To attempt to define the structural role of H2A.Z in chromatin function, we 

recently characterized the stability and folding of H2A.Z containing nucleosome core 

particles and oligonucleosome arrays under increasing ionic conditions (Abbott et al, 
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2001). This biophysical study provided the first clues into the transitional dynamics of 

H2A.Z chromatin particles. Interestingly, it appears that H2A.Z has a bifunctional role in 

modulating chromatin states - both of which are in agreement with a direct role in 

transcriptional activation. Firstly, analysis of chromatin fibers described a complex that 

resists condensation when compared to its major H2A counterpart. By increasing the 

ionii: strength of the solution, synthetic electrostatic interactions mimic the endogenous 

effects of protein-protein interactions in vivo (Abbott et al, 2001). Therefore, the relaxed 

conformations of H2A.Z fibers at higher salt concentrations suggest that deposition of the 

variant nucleosomes may poise chromatin for transcriptional initiation by providing a 

mechanism for decondensation (Clarkson et al, 1999; Santisteban et al, 2000). This may 

be facilitated by the extension of an acidic patch of the carboxyl-terminal end of H2A.Z, 

generating charge repulsion between neighboring nucleosomes or DNA phosphate 

backbones, and inducing a thermodynamically more favorable extended conformation. 

Furthermore, higher order structures may also be influenced by the novel carboxyl- 

terminal divalent cation coordination site displayed on the particle surface (Suto et al, 

2000). Histidine 112 is conserved in yeast (Adam et al, 2001) and every other identified 

H2A.Z homologue, and a stabilizing imidazole ring is present at HIS1 14 in eukaryotic 

organisms. This feature may enable variant nucleosomes to interact with chromatin 

remodeling machinery or H1 proteins (Suto et al, 2000). 

The second possible structural link between H2A.Z particles and transcriptional 

activation is that H2A.Z core particle stability is significantly more labile than its H2A 

counterpart. It appears that the non-covalent protein-protein interactions between 

H2A.Z-H2B dimers and the H3-H4 tetramer are weakened within variant nucleosomes. 
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This result was previously hypothesized (Clarkson et al, 1999; Suto et al, 2000), and may 

be explained by the substitution of C-terminalQ104 in major H2A by G106 in H2A.Z, 

which eliminates hydrogen bonding between the glutamine amide group and neighboring 

atoms in H3 at the docking site (Luger et al, 1997; Suto et al, 2000). By compromising 

the stability of specialized nucleosomes, the cell may lower the energy of activation for 

RNA polymerase passage though chromatin structures (Jackson, 1990; van Holde et al, 

H2AX - a Unique Phosphorylation Substrate 

In a variety of cellular processes, the fragmentation of DNA has been observed to 

induce the post-translational phosphorylation of H2AX (creating as y-H2AX) 

nucleosomes. These regulated events include double strand break repair (Rogakou et al, 

1998; Paul1 et al, 2000), meiotic recombination preceding synaptic crossover 

(Mahadevaiah et al, 2001), apoptotic digestion following caspase-activated DNase 

activity (Rogakou et al, 1998), and V(D)J splicing (Chen et al, 2000a) and class switch 

recombination (Petersen et al, 2001) during the development of immunoglobulin 

variability. The modification of this histone variant occurs at a well conserved serine 

residue (129 in yeast and 139 in mammals) that is a component of the 

phospliatidylinosito13-kinase consensus sequence: S-Q-E. Recent evidence demonstrates 

that the players in this reaction are not monogamous as three distinct kinases have been 

shown to phosphorylate H2AX. Significantly, the crosstalk between these related 

proteins may turn out to be a redundant theme as in a complementary system DNA-PK, 

ATM and ATR compete for Ser 15 on the tumor suppressor p53 in the presence of DNA 
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damage (Smith and Jackson, 1999). In the case of H2AX phosphorylation, DNA-PK 

appears to catalyze initial and background signaling events (Paull et al, 2000); whereas 

ATM may be the dominant constitutive modulator following double stranded injury 

(Drocher and Jackson, 200 1 ; Burma et al, 200 1 ), and ATR displays replication arrest 

dependence (Ward and Chen, 2001). The participation of multiple kinases suggests that 

the generation of y-H2AX b c i  at double strand breaks requires sensitive control, which 

may help to coordinate downstream events in a structural or informational fashion. 

Consequently, it is tempting to speculate that DNA-PK may specifically phosphorylate 

H2AX during constant region recombination (Petersen et al, 200 1) and possibly V(D)J 

crossover events, due to the fact that the kinase associates with both DSB repair and class 

switching machinery (Jackson and Jeggo, 1995). 

The addition of a bulky phosphate group, with a double negative charge, has 

structural implications for chromatin, and may induce localized transitional dynamics 

between a compact and permissive substrate. In theory, the generation of decondensed 

domains would allow greater accessibility of modulating enzymes, and facilitate the 

assembly of repair complexes at lesion sites. In this regard, genomic nuclease 

hypersensitivity was observed in yeast S 129E mutants, which mimic the charge state of 

y-H2AX (Downs et al, 2000). 

Another possible implication for H2AX phosphorylation is that y-H2AX serves as 

a chemical signal to facilitate downstream events and stimulate novel protein-protein 

interactions. Following double strand DNA damage, Rad50151 and BRCAl are recruited 

to y-H2AX foci in human cells, and the formation of the repairosome is inhibited in the 

absence of phosphorylation (Paull et al, 2000). Similarly, y-H2AX generation precedes 
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the localization of DMC1 recombinases during meiosis (Mahadevaiah et al, 2001). 

Therefore, the functional novelty of the H2AX C-terminal tail may confer both structural 

and functional properties to nucleoprotein complexes that operate in an independent or 

coordinated fashion. Possibly, the repair of double stranded breaks may require both the 

unfolding of chromatin domains to allow accessibility of modulating enzymes, and serine 

phosphosignaling to recruitdownstream proteins to the site of DNA breakage. 

Conclusion 

The importance of the prominent and heterogeneous carboxyl-terminal tail in 

H2A isoforms is a subject of emerging interest that has received little attention 

historically in the chromatin literature. Its existence has been shown to be essential for 

the stability of the nucleosome (Eichbush et al, 1988), and variation in this protein 

domain modulates chromatin stability (Suto et al, 2000; Abbott et al, 2001). Also, as 

discussed above, the variability between non-allelic subtypes has been shown to add 

functional specialization to chromatin domains. Based on all this, we propose a model by 

which H2A variants exert their multiple functions through chemical variation of their 

carboxyl-terminal tails (see Fig. 1B). Accordingly, replacement of H2A. 1 with different 

H2A variants would alter chromatin structure in a way that would make it possible to 

impart epigenetic regulation of chromatin function (Fig. 1 B). In the case of H2A.Z, the 

carboxyl-terminal region associates with transcriptional machinery (Adam et al, 2001) 

and destabilizes the interaction with the tetramer (Suto et al, 2000; Abbott et al, 2001). 

MacroH2A is specialized to silence the female vertebrate X-chromosome through its 

enlarged carboxyl-terminal non-histone fusion (Pehrson and Fried, 1992; Costanzi and 
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Pehrson, 1998). Likewise, the unique C-terminal tail of H2AX is a phosphorylation 

substrate during double stranded fragmentation of DNA in many cellular processes 

(Rogakou et al, 1998; Chen et al, 2000a; Petersen et al, 2001). The structural variability 

of H2A and its multifaceted functional implications enhance the notion that histones are 

not mere passive structural elements of an otherwise highly dynamic chromatin complex. 

Further exploration into theelusive nature of H2A variants using powerful techniques 

such as CHIP assays and biophysical methods should help to clarify the spatial 

distribution of these isoforms and define their structural and functional roles in 

specialized chromatin environments. 
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Abstract 

Chapter 3 

H2A.Z and H2A. 1 nucleosome core particles and oligonucleosome arrays were obtained using 

recombinant versions of these histones and a native histone H2B/H3/H4 complement 

reconstituted onto appropriate DNA templates. Analysis of the reconstituted nucleosome core 

particles using native PAGE arid DNase I footprinting showed that H2A.Z nucleosome core 

particles were almost structurally indistinguishable from its H2A. 1 or native chicken erythrocyte 

counterparts. While this result is in good agreement with the recently published crystallographic 

structure of the H2A.Z nucleosome core particle (Suto, R.K. et al. (2000) Nature Struc. Biol. 7, 

1 121 -1 l24), the ionic strength-dependence of the sedimentation coefficient of these particles 

exhibit a substantial destabilization which is most likely the result of the histone H2A.Z-H2B 

dimer binding less tightly to the nucleosome. Analytical ultracentrifuge analysis of the H2A.Z 

208-12 reconstituted oligonucleosome complexes in the absence of histone H1 shows that their 

NaC1-dependent folding ability is significantly reduced. These results support the notion that the 

histone H2A.Z variant may play a chromatin-destabilizing role, which may be important for 

transcriptional activation. 
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Introduction 

Chapter 3 

The packaging of DNA around histone octamers creates a thermodynamic obstacle to 

processive enzyme complexes, such as RNA polymerase. In order to lower the energy of 

activation and display a template more amenable for expression, the nucleus employs several 

mechanisms to biochemically akter the nature of histone-DNA and histone-histone interactions. 

These mechanisms include post-translational modifications, nucleosome remodeling complexes 

and the introduction of histone variants into the octameric core (for current reviews see [Wolffe 

and Guschin, 2000; Flaus and Owen-Hughes, 2001; Aalfs and Kingston, 20001). Histone 

variants are non-allelic isoforms of the major H2A, H2B, H3 and H4 proteins that interact 

through inherent histone fold domains within nucleosomes throughout the genome (for current 

reviews see: [Kornberg and Lorch, 1999; Hayes and Hansen, 20011). By inserting variant 

histones into the octamer, noncovalent interactions between the core histones are altered, 

possibly creating particles with modified stability or functional novelty. This epigenetic feature 

may be utilized to silence nonessential genes in differentiated tissues or to lower the binding 

constants of replication, transcription and repair machinery in active chromatin. 

H2A.Z is an H2A subtype that has been identified in organisms as diverse as 

Saccharomyces cerevisiae (Jackson et al, 1996), Tetrahymena (Allis et al, 1980), Drosophila 

(van Daal et al, 1988), and Homo sapiens (Hatch and Bonner, 1988). The protein displays 60% 

homology with H2A, and 90% homology between species. Mutagenic assays have demonstrated 

that H2A.Z is essential for development in yeast (Jackson and Gorovsky, 2000), and for viability 

in Tetrahymena (Liu et al, 1996) and Drosophila (van Daal and Elgin, 1992; Clarkson et al, 

1999). Initial immunochemical characterization of this protein uncovered that H2A.Z is 

5 9 
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exclusive to transcriptionally active domains in Tetrahymena (Allis et al, 1982; Wenkert and 

Allis; Stargell et al, 1993). Recently, H2A.Z has been observed to be located at yeast promoters 

and display a redundant role with ATP-dependent nucleosome remodeling complexes 

(Santiseban et al, 2000) and interact directly with transcriptional machinery during gene 

expression (Adam et al, 2001). However, the functional dynamics of H2A.Z enrichment in active 

chromatin remains enigmatic as other studies describe H2A.Z deposition to have a non-specific 

(Leach et al, 2000) and repressive effect on expression (Dhillon and Karnakaka, 2000). 

The characterization of the H2A.Z nucleosome crystal structure by Suto and colleagues 

(2000) provides a snapshot of histone-DNA and histone-histone interactions within the 

nucleosome core particle containing this histone variant. Divergent amino acid residues in 

H2A.Z octarners conform to similar nucleic acid binding sites as native octamers (Luger et al, 

1997), and do not distort the superhelical path of DNA around the nucleosome perimeter (Suto et 

al, 2000). Despite this lack of effect on the DNA trajectory, it appears that internal protein- 

protein interactions are affected. Substitution of H2A 4104 for GI06 in H2A.Z destabilizes the 

~ ( H ~ A . Z - H ~ B ) O ( H ~ - H ~ ) ~  association, and presents an opportune particle for DNA activation 

(Clarckson et al, 1999; Santisteban et al, 2000). Also, the molecular surface of the variant 

nucleosome displays a novel acidic patch and a divalent cation-binding site, which may facilitate 

the rearrangement of higher order structure through internucleosomal electrostatic interactions or 

the recruitment of remodeling factors (Suto et al, 2000). However, these observations are only 

speculative as it is difficult to determine the direct implications of H2A.Z for chromatin from 

static crystallographic images. 

In an attempt to address this problem we have reconstituted nucleosome core particles 
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and oligonucleosome arrays containing major histone H2A. 1 variant and variant histone H2A.Z, 

and have characterized the ionic strength-dependence of these complexes by analytical 

ultracentrifugation. These experiments provide the first clues into the folding dynamics of 

H2A.Z mononucleosome and chromatin complexes. 

T 
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Materials and Methods 

Native Histones and Native Nucleosome Core Particles - Native histone H2A-H2B dimers and 

H3-H4 tetrmers were purified by salt gradient hydroxyapatite fractionation of chicken 

erythrocyte nucleosome core particles (Simon and Felsenfeld, 1979). H2A-H2B histones were 
T 

fbther fractionated by gel filtration on a Bio-Gel P-60 (Bio-Rad Laboratories, Hercules, CA) 

column according to the protocol described by (von Holt et al, 1989). Native chicken 

mononucleosomes were purified as described in (Ausio et al, 1989). 

Recombinant Histones - PCR was performed on plasmids containing the coding sequences for 

human H2A1, H2A.Z, (Mannironi et al, 1989) maintaining the ATG codon at the 5'-end of the 

coding sequence, adding a HindIII site just upstream of the ATG codon and a convenient 

restriction site at the 3'-end so that the PCR fragments could be cloned in phase into the HindIII 

site of the pET17xb vector (Novagen, Inc, Madison, WI). This procedure permitted the histone 

species to be expressed as part of histidine tagged fusion proteins. After constructs were checked 

by sequencing, duplex oligonucleotides coding for the formic acid-sensitive sequence (Asp- 

Pro)6 followed by the nickel-binding sequence His6 were inserted in phase at the HindIII site. 

The constructs were expressed in bacterial strain BL2 1 (DE3)pLysS (Novagen, Inc., Madison, 

WI). When expression was maximal, the bacteria were harvested; the pellets were dissolved in 3 

volumes of 98% formic acid and incubated at 37 "C overnight, leading to cleavage of the fbsion 

protein species in the (Asp-Pro)6 region. The formic acid was neutralized with ammonia; the 

solutions were dialyzed versus 10 rnM Tris-HC1, pH 7.6, overnight and passed over a nickel 

column in the appropriate buffer (Novagen, Inc.). The histone species with their His6 tags were 

eluted with an irnidazde gradient. The eluted material was treated with cyanogen bromide to 
62 
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cleave the tagged histone species at the methionine residue of the initiation codon, lyophilized, 

dissolved in the appropriate buffer, and passed through a nickel column to remove the His6- 

containing oligopeptides. The histone species were collected in the flow-through and stored at - 

70 "C (Rogakou et al, 1998). 

7 

Reconstitution of Nucleosome and Oligonucleosome Arrays - Recombinant human H2A. 1 and 

H2A.Z proteins were mixed with chicken native H2B, H3 and H4 histones in stoichiometric 

amounts and histone octarners were reconstituted onto random 146 bp and positioning 208-12 

mer templates (Ausi6 and Moore, 1998) by 2M to OM step-wise salt gradient dialysis (Hatch and 

Bonner, 1988) in 1 OmM Tris-HCl(7.5),O.l mM EDTA (8.0) as described elsewhere (Ausio and 

Moore, 1998). The 208-12 DNA template consisting of 12 tandem repeats of a 208 bp sequence 

derived from the sea urchin Lytechinus variegatus 5 S rRNA gene was amplified and purified 

from plasmid p5S-208-12 kindly provided to us by Dr. R.T. Simpson (Simpson et al, 1985). The 

stoichiometry of the histone octamer to the DNA in the reconstituted 208- 12 oligonucleosome 

complexes was determined as described in (Ausio and Moore, 1998). The reconstituted 

chromatin particles thus obtained (at a concentration ca. 40-50 pg/mL) were dialyzed against the 

appropriate buffers (Ausi6 et al, 1989; Garcia-Ramirez et al, 1992) and used for subsequent 

analytical ultracentrifuge analysis (Ausi6 et al, 1984; Ausi6,2000). In some instances, the 

reconstituted nucleosome particles were concentrated 5 fold at 4 ' ~  using a Centricon YM-10 or 

YM-50 (Millipore Corporation, Bedford, MA). 

Gel Electrophoresis - Sodium-Dodecyl-Sulfate (SDS) polyacrylamide gel glectrophoresis 

(PAGE) was performed as described by Laernrnli (Lammeli, 1970). Native PAGE was carried 

63 



SECTION B: HISTONE H2A VARIANTS AND CHROMATIN STRUCTURE Chapter 3 

out according to Yager and van Holde (1984). Acetic acid (4.8 %)-Urea (5 M)- Triton (4.6 mM) 

(AUT) gels were modified from Bonner et a1 (1 980) by using thiourea as a catalyst and 

hydrogen peroxide as a free radical donor (Hurley, 1977). Briefly, the gel solution (3g urea, 5 ml 

of 20% acrylamide-0.5% N,N'-methylenebis-acrylamide, 7 mg thiourea, 480 pl 100% glacial 

acetic dcid, 24 p145 mM freshNH30H and 1 18 ~ 1 2 5 %  Triton X-100) was combined and 

brought to 10 rnl with dH20. After mixing, 45 1.1130% H202 was added, and the resulting 

solution was immediately poured to prepare 9.7cm x 7.0cm x 0.075 cm mini-gels. Preparing 

AUT gels in this fashion eliminates the need for preelectrophoresis buffer equilibration and 

shortens the polymerization time required with riboflavin gels. 

DNase I Footprinting - DNase I digestion of 3 2 ~  labeled mononucleosomes and autoradiography 

were performed according to (Ausib and Moore, 1998). 

Analytical Ultracentrifuge - Reconstituted and native chromatin complexes were analyzed in a 

Beckman XL-A ultracentrifuge with an An-55 Al aluminum rotor and double sector cells with 

aluminum filled Epon centerpieces as described elsewhere (Garcia-Ramirez, 1992). The UV 

scans (260 nm) were analyzed according to the method of van Holde and Weischet (van Holde 

and Weischet, 1978) using XL-A Ultra Scan version 4.1 sedimentation data analysis software 

(Borries Demeler, Missoula, Montana). 
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Results and Discussion 

Reconstitution of H2A.Z Containing Nucleosome Core Particles - We have used recombinant 

human H2A.Z and H2A. 1 histone variants to reconstitute nucleosome core particles and 208-12 

nucleosome arrays. Figure 1A and 1B, display the electrophoretic nature of the histone 

component of these particles. -r 

H2A.Z octamers were reconstituted onto random sequence 146 bp DNA fragments 

obtained fiom chicken erythrocyte nucleosomes. The generated particles are shown in Fig. 2A. 

As it can be seen in this figure, histone octarners consisting of H2A. 1 or H2A.Z are equally able 

to produce mononucleosome particles with identical electrophoretic mobility. The slightly lower 

electrophoretic mobility of these complexes when compared to native (purified) chicken 

erythrocyte mononucleosomes (Fig. 2A, lane 4) can be ascribed to differences in the ionic 

strength of the sample buffer. Indeed, the fraction of fiee DNA which is present in lane 2 of the 

same figure (see white arrow) also exhibits a similar extent of mobility retardation when 

compared to the same DNA template used for the reconstitution of these particles (see Fig. 2A 

lane 5). The structural similarity between reconstituted H2A. 1 and H2A.Z nucleosome core 

particles and to native chicken erythrocyte particles can be further depicted fiom the DNase I 

footprints which are shown in Fig. 2B. 

These results clearly demonstrate that recombinant histone H2A.Z variants can be equally 

reconstituted into nucleosome core particles that are otherwise structurally very similar to native 

nucleosome core particles. This result is not surprising and it was to be anticipated from the 

recently determined crystal structure of H2A.Z nucleosomes (Suto et al, 2000) which showed 

that the overall structure of this particle was similar to that of a nucleosome core particle which 

did not contain this unique histone H2A variant (Luger et al, 1997). 
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Figure 1 

Electrophoretic analysis of the histones from reconstituted nucleosome core particles. A. 

AUT-PAGE oE H2A.Z- (lane 2), H2A.1-containing NCPs (lane 3); and chicken erythrocyte 

NCPs (lane 1) and calf thymus histones (lane 4) used as markers. CK (chicken); CT (calf 

thymus). B. SDS-PAGE of the same histones shown in A. 
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Figure 2 

Electrophoretic analysis of the histones JForn reconstituted nucleosorne core particle. (A) 

Native (4%) polyacrylamide gel of: H2A.Z-containing (lane 2) and H2A. 1-containing (lane 

3) reconstituted nucleosome core particles. Lane 4 is native chicken erythrocyte nucleosome 

core particles and lane 5 corresponds to the 146 bp DNA obtained from these native particles 

and which was used in the reconstitution of the complexes shown in lanes 2 and 3. Lane 1 is 

a DNA marker obtained by digesting pBr 322 with Cfo I. The white arrow points to the 

presence of a small fraction of free DNA. (B) DNase I footprinting analysis of H2A. 1 - 

containing (lane 2) and H2A.Z-containing (lane 3) reconstituted nucleosome core particles in 

comparison to native chicken erythrocyte nucleosome core particles (lane 1). Preferential 

DNase I digestions sites (S2-S 14) are also indicated. 
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The apparent lack of a significant structural difference between H2A.Z and native 

nucleosome core particles consisting of the two major histone H2A isoforms (H2A. 1 and 

H2A.2) is intriguing. Indeed, in contrast to H2A. 1lH2A.2 variants, histone H2A.Z has been 

shown to be essential for survival in organisms phylogeneticaly as diverse as Tetrahymena 

(Liu et al, 1 996), and Drosophila (van Daal and Elgin, 1992; Clarkson et al, 1999). It has 

been determined by substitutionexperiments with H2A. 1 homologous regions that the 

indispensable portion of histone H2A.Z maps to the C-terminal of the molecule (Clarkson et 

al, 1999). Interestingly, of all core histones (H2A7 H2B, H3 and H4), H2A displays the most 

prominent C-terminal tail extending beyond the histone fold (Arents and Moudrianakis, 

1995). The carboxyl domain also introduces inherent functional novelty in the case of three 

other histone H2A variants. H2A-Bbd is a recently identified protein that displays a 

truncated C-terminal tail and is enriched in active chromatin (Chadwick and Willard, 2001a); 

H2AX contains a C-terminal DNA-PK (DNA-dependent p-otein kinase)/ATM (ataxia 

gelengiectasia mutated) consensus recognition sequence (SQE) and is a phosphorylation 

substrate during double-strand-break DNA repair (Downs et al, 2000) and meiosis 

(Mahadevaiah et al, 2001); and macroH2A has a enlarged carboxyl non-histone region 

(NHR), which specializes the protein for transcriptionally silenced chromatin (Pehrson and 

Fried, 1992). 

In the case of the major H2A subtypes, the carboxyl terminus has been shown to play 

an important role in the stability of the nucleosome core particle. Cleavage of the last 15 

COOH-terminal amino acids of this region by an endogenous chromatin-bound protease 

(Eickbush et al, 1976) has been shown to substantially lower the affinity of the histone H2A- 

H2B dimer for the H3-H4 tetramer (Eickbush et al, 1988). Based upon these observations, it 
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is reasonable to assume that H2A isoform substitution within the nucleosome may have 

functional and/or structural implications for chromatin folding dynamics in vivo. 

The Destabilization of H2A.Z Containing Nucleosome Core Particles - Alterations of 

nucleosome core particle stability in solution can be monitored by changes in their 

confomiation, resulting from vatiations of the ionic strength within the range of salt 

concentrations where histones still remain bound to DNA (5 0.6 M NaC1) (Ausi6 et al, 1984; 

Greulich et al, 1985). Changes in the ionic environment of the nucleosome under these 

conditions are physiologically relevant as they can mimic, to large extent, the changes in the 

ionic environment resulting from interactions with other protein complexes such as RNA 

polymerase or chromatin remodeling complexes (Aalfs and Kingston, 2000) among others. 

Previous reports (Ausi6 et al, 1989; Ausi6 et al, 1984; Ausi6,2000; Ausi6 and van 

Holde, 1986; Dong et al, 1990; Stein, 1979; Cotton and Hamkalo, 198 1 ; Yager and van 

Holde, 1984; Widom, 1999) have shown that nucleosomes in solution are not static entities 

but rather they are highly transient structures. A dynamic equilibrium exists between the 

constitutive histone octarner and the nucleosomal DNA (Ausio et al, 1984), which besides 

the ionic strength is also dependent on many other physical parameters such as temperature 

and sample concentration. 

With this in mind, we decided to characterize the ionic strength dependence of the 

sedimentation coefficient of reconstituted H2A. 1 and H2A.Z nucleosomes. The results of 

such analysis are shown in Fig. 3A. They indicate that H2A. 1 nucleosomes behave in a way 

that is almost indistinguishable from native nucleosome core particles. In contrast, although 

H2A.Z reconstituted nucleosome core particles exhibit a very similar sedimentation 
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Figure 3 

Characterization of nucleosome core particles reconstituted with recombinant H2A. 1 and 

H2A.Z. (A) Ionic strength-dependent variation of the sedimentation coefficient S~O,W, of 

H2A.Z-containing ( a )  and H2A. 1 -containing (0) reconstituted nucleosome core particles 

in comparison to native chicken erythrocyte nucleosome core particles (A). The dashed line 

corresp6nds to previously published data (Ausio et al, 1989; Ausio and van Holde, 1986). 

(B) Integral distribution of the sedimentation coefficient (in Svedberg units, S) of H2A.Z- 

containing ( a )  and H2A. 1-containing (0) reconstituted nucleosome core particles in 

comparison to native chicken erythrocyte nucleosome core particles (A) in 0.6 M NaC1. 

These integral distributions were obtained after analysis of the sedimentation boundaries 

using the method of van Holde and Weischet (1978). In these plots the ordinate represents 

the fiaction of nucleosome arrays sedimenting with an s 2o,, given in the abscisa. All 

experiments were carried out at 20•‹C and 40,000 r.p.m.. The buffer used was 10 mM Tris- 

HCl (pH 7.9,O.l mM EDTA. 
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coefficient at low salt ( -< 0.1 M NaCl), this parameter displays a characteristic declining trend to 

a sedimentation coefficient value of 8.3 S at 600 mM NaCl. This drop in the S value is clearly 

indicative of a conformational change of the nucleosome core particle. Integral distribution 

analysis (van Holde and Weischet, 1978) shows that at 0.6 M NaCl , about 30-40% of the H2A.Z 

nucleosome core particles sediment at 8.3 S, 30% sediment at 5.4 S and the remaining 30% 

sediments Gth intermediate values7see Fig. 3B). This is in contrast to reconstituted H2A. 1 

nucleosomes which under the same conditions exhibit S value corresponds to free nucleosomal 

DNA which is reversibly dissociating fiom a 9.4 S (70%), 5.4 S (15%) and 15% component of 

intermediate sedimenting particles (see Fig. 3B), in what is almost indistinguishable from native 

nucleosome core particles (Ausi6 et al, 1984; Ausi6,2000). While the conformational change in 

the native and H2A.1 nucleosome core particles corresponding to 9.4 S at 0.6 M NaCl is yet not 

clearly understood (Bauer et al, 1994), the value of 8.3 S observed with H2A.Z nucleosome core 

particles under the same conditions could be accounted for by partial H2A-H2B depletion. We 

have experimentally determined the sedimentation velocity coefficient of a nucleosome core 

particle deficient in one H2A-H2B dimer to be 8.6 S, and that of the nucleosome core particle 

lacking both dimers to be 6.9 S whereas the sedimentation coefficient of free 146 bp DNA was 

determined to be 5.2 S (unpublished results). These values are in good agreement with similar 

experimental values reported by other groups (Read et al, 1985). Thus it is possible that the 

decrease in sedimentation observed in the case of the H2A.Z nucleosome core particle 

corresponds to the progressive loss of particle integrity (H2AZH2B dissociation) as opposed to 

conformational changes of the complex. 

H2A.Z particle lability shown in Fig. 3 was also observed elsewhere during sample 

manipulation. H2A.Z particles displayed an increased electrophoretic mobility compared to the 
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CFO CHK A Z DNA CHK Z ZCMC 

Figure 4 

Concentration of H2A.Z containing nucleosome dissociates the H2A.Z-H2B dimer. CHK: Native 

chicken erythrocyte nucleosome core particles; A: reconstituted NCPs containing H2A. 1 ; Z: 

reconstituted NCPs-containing H2A.Z; Z,,,,: reconstituted NCPs-containing H2A.Z following 

concentration; DNA: 146 bp random sequence DNA; CFO: consists of a DNA marker obtained 

by cutting pBr 322 with CfoI. 
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unmodified patterns of its major H2A and native nucleosome counterparts following 

concentration (see Fig. 4). This observation corroborates the ultracentrifuge analysis and 

indicates that the H2A.Z nucleosome core particles have a reduced stability. The results are in 

very good agreement and support the crystallographic data that pointed to the existence of a 

"subtle destabilization of the interaction between the (H2A.Z-H2B) dimer and the (H3-H4)2 

tetramer" in the crystal structure (Stito et al, 2000). 

H2A.Z Containing Chromatin Fibers are Refractory to Salt-Dependent Folding - We decided 

next to look at the effects that H2A.Z had on internucleosomal interactions within reconstituted 

208-12mer oligonucleosome complexes (Simpson et al, 1985; Ausio and Moore, 1998). The 

results of this analysis are shown in Figure 5 (10 rnM Tris-HC1 [pH 7.51,O.l mM EDTA). 

H2A.Z reconstituted fibers sediment as a very homogeneous population with a sedimentation 

coefficient of 29.5 S (see Fig.SA), similar to its H2A. 1 208-12 counterpart (results not shown). 

However, as the salt was titrated to 150 mM, the increase in the sedimentation coefficient of the 

208-12 H2A.Z reconstituted complexes was consistently lower than that of the 208-12 

complexes reconstituted with either H2A. 1 octamers or native histone octarners (Ausio and 

Moore; 1998; Garcia-Ramirez et al, 1992). As in H2A.1 or in native histone 208-12 complexes, a 

plateau was reached at 100-1 50 mM NaCl but at a (10%) lower average sedimentation 

coefficient value (34 S) (see Fig. 5B). The increase in sedimentation coefficient of the 208-12 

reconstituted complexes under these conditions reflects an increase in the folding of the 

complexes (Hansen et al, 1989; Garcia-Ramirez et al, 1992; Ausi6,2000). The very similar 

values of the sedimentation coefficients of H2A. 1 and H2A.Z reconstituted 208- 12 complexes at 

low salt was to be expected fkom the similarity of the sedimentation coefficient values of the 
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Figure 5 

Sedimentation analysis of reconstituted H2A. 1 and H2A. Z containing 208-1 2mer 

nucleosome arrays. (A) Integral distribution of the sedimentation coefficient (in Svedberg 

units, S) of H2A.Z reconstituted 208-12 nucleosome arrays at different NaCl 

concentrations 0, 75 and 150 mM reconstituted with native core histones under 

phySiologica1 ionic strengthxonditions 100- 150 mM NaCl and which have also been well 

characterized in the presence of divalent ions such as magnesium (Fletcher and Hansen, 

1996). (B) Ionic strength (NaCl concentration)-dependence of the average sedimentation 

coefficient ~ 2 0 , ~  of 208-1 2 oligonucleosome complexes containing histone H2A. 1 ( 0 )  

and 208-12 oligonucleosome arrays containing H2A.Z ( a ) .  The doted line represents the 

ionic-strength dependence of 208- 12 oligonucleosome complexes reconstituted with 

native chicken erythrocyte histones (Ausi6 and Moore, 1998). C. Integral distribution of 

the sedimentation coefficient (in Svedberg units, S) at 150 mM NaCl, of H2A.Z- 

containing ( a )  and H2A. 1-containing ( 0 )  reconstituted 208- 12 nucleosome arrays and 

208-12 oligonucleosome complexes reconstituted with native chicken erythrocyte 

histones. The analytical ultracentrihge runs were carried out at 20•‹C and 20,000 rpm. 
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nucleosome core particles under the same conditions (see Fig. 3A), which suggest that 

both species of nucleosome core particles have a very similar conformation at this low 

salt. The reason for the inability of the 208-12 H2A.Z nucleosome arrays to fold to the 

same extent as the H2A. 1 counterpart (as indicated by the lower sedimentation 

coefficient values observed in this later instance) is not clear. However, it could possibly 

be attributed to novel intemucleosomal electrostatic interactions resulting from the 

H2A.Z-H2B dimer acidic patch which was observed in the crystal structure of the H2A.Z 

nucleosome core particles (Suto et al, 2000). It is important to note though that this does 

not preclude the formation of the 40-50 S higher folding structures (see Fig 5C), which 

are observed for 208-12mers reconstituted with native core histones under physiological 

ionic strength conditions 100- 150 mM NaCl and which have also been well characterized 

in the presence of divalent ions such as magnesium (Fletcher and Hansen, 1996). 
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Conclusion 

When the results described above are considered together, the data suggest that 

histone variant H2A.Z has a destabilizing effect of both intranucleosomal and 

internuclosomal interactions. Such destabilizations are consistent with the physiological 

roles attributed to this variant especially its participation in the regulation of transcription. 

Indeed, H2A.Z is enriched promoter sites and display functional redundancy with 

nucleosome remodeling complexes (Santisteban et al, 2000), and interacts with RNA 

polymerase I1 (Dhillon and Kamakaka, 2000; Adam et al, 2000). Such instability of the 

nucleosome core particle complexes possibly resulting from loss of H2A.Z-H2B dimers 

could facilitate the movement of the RNA polymerase complex through the nucleosomal 

DNA during transcriptional elongation (van Holde et al, 1992). 

In the future, it will be interesting to determine the structural effects that covalent 

modification has on the folding of H2A.Z fibers. In this regard, it has recently been 

shown that H2A.Z particles retain a non-specific charge neutralization requirement for 

viability (Ren and Gorovsky, 2001), which may facilitate cooperative regulation of DNA 

activation. 
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Abstract 

The histone H2A-Bbd is a novel histone variant of H2A with a totally unknown function. 

In this report, we have investigated the behavior of the H2A-Bbd containing 

nucleosomes. Nucleosomes were reconstituted with recombinant histone H2A-Bbd and 

changes in their conformations at different salt concentrations were studied in an 

analytical ultracentrifuge. ~ k e  data are in agreement with H2A-Bbd being less tightly 

bound compared with conventional H2A in the nucleosome. In addition, stable cell lines 

expressing either green fluorescent protein GFP-H2A or GFP-H2A-Bbd were established 

and the mobility of both fusions was measured by fluorescence recovery after 

photobleaching. We show that GFP-H2A-Bbd exchanges much more rapidly than 

GFP-H2A. The reported data are compatible with a lower stability of the variant H2A- 

Bbd nucleosome compared with the conventional H2A particle. 
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Introduction 

Within the eukaryotic nucleus DNA is packaged into chromatin. The repetitive 

subunit of chromatin, the nucleosome, consists of an octarner of conventional core 

histones (two each of H2A, H2B, H3 and H4) around which two superhelical turns of 

DNA each are wrapped (van Holde, 1988). In addition to conventional core histones, 
T 

eukaryotes also express histone variants that exhibit distinct primary sequence identity 

(van Holde, 1988). As a whole, the functions of the histone variants such as H2A.Z, 

H2AX and macroH2A are unknown, but they have been implicated in several vital 

cellular processes. H2A.Z is essential for the survival of mouse and Drosophila (van Daal 

and Elgin, 1992; Clarkson et al, 1999; Faast et al, 2001). This protein is involved in both 

transcriptional activation (White and Gorovsky, 1988; Stargell et al, 1993; Santisteban et 

al, 2000; Suto et al, 2000; Larochelle and Gaudreau, 2003) and gene silencing (Dhillon 

and Kamakaka, 2000; Meneghini et al, 2003). H2AX is phosphorylated at its carboxyl 

terminus immediately following double-strand DNA breakage (Rogakou et al, 1998; 

1999). This histone variant appears to prevent aberrant repair of DNA breakage and is 

implicated in the dosage-dependent suppression of genomic instability and tumors in 

mice (Bassing et al, 2003). Phosphorylation is essential for the function of H2AX, as 

these effects are abolished in mutants in which the conserved serine phosphorylation sites 

are substituted for alanine or glutamic acid residues (Celeste et al, 2003). MacroH2A, a 

histone variant with an unusual primary structure, is believed to have an important role in 

X-chromosome inactivation in mammals (Costanzi and Pehrson, 1998; Mermoud et al, 

1999) and might be involved in the transcriptional repression of autosomes (Perche et al, 
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2000). Indeed, macroH2A interfered with both transcription factor binding and SWI/SNF 

nucleosome remodeling (Angelov et al, 2003). 

Histone variants are used by the cell to build nucleosomes with specialized 

architectures for dedicated functions (Ausi6 and Abbott, 2002). The crystal structure of 

the H2A.Z nucleosome particle revealed localized changes that may destabilize the 

(H2A.Z-H~B) dimer and (H3-H4)2 tetramer interactions (Suto et al, 2000). These subtle 

changes may explain the distinct physicochemical properties of H2A.Z arrays and their 

specific interactions with nuclear proteins (Suto et al, 2000; Abbott et al, 2001 ; Fan et al, 

2002). In another study, the nucleosomes containing macroH2A exhibited an altered 

structure in the vicinity of the dyad axis, which was associated with the inability of 

SWSNF to remodel these particles (Angelov et al, 2003). 

Recently, a novel histone variant H2A-Bbd (Ban body deficient), with an identity 

of 48% to H2A, was identified (Chadwick and Willard, 2001a). Interestingly, H2A-Bbd 

is shorter than the conventional H2A, and it contains a row of six arginines at its amino 

terminus and lacks the nonstructured C-terminus typical of the other histones Erorn the 

H2A family. In addition, the primary sequence of the histone fold domain of H2A-Bbd 

differed significantly fiom that of H2A (Chadwick and Willard, 2001a). This variant is 

excluded fiom the inactive X chromosome, and its distribution overlaps with the regions 

of histone H4 acetylation in the nucleus (Chadwick and Willard, 2001a). The function of 

this protein is totally unknown. Characterizing the thermodynamic stability of variant 

nucleosomes is an important approach for understanding their inherent functions. 

Significantly, this analysis has only been performed on H2A.Z complexes in vitro to date 

(Abbott et al, 2001; Fan et al, 2002). Indeed, no other in vitro or in vivo studies have been 
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documented for other variant nucleosome assemblies. In this work, we present both the in 

vitro and in vivo stability of H2A-Bbd nucleosomes as determined by analytical 

ultracentrifbgation and fluorescence recovery after photobleaching (FRAP). 

Materials and Methods 
r 

Nucleosome Reconstitution - By using appropriate primers, the H2A-Bbd histone variant 

cDNA (Chadwick and Willard, 2001a) was PCR-amplified from the human testis 

Marathon-ready cDNA library, expressed in Escherichia coli and purified to 

homogeneity (Luger et al, 1999; Angelov et al, 2003). A titration was carried out using 

SDS-polyacrylamide and acetic acid-urea polyacrylamide gel electrophoresis to ensure 

that all histones in the final mixture were present in equimolar amounts. Interestingly, 

H2A-Bbd does not resolve in acid acid-urea gels (Fig. 2A) performed as according to 

(Abbott et al, 2001). The histone mixture thus obtained was dialyzed overnight against 

2.0 M NaC1,lO mM Tris (pH 7.5), 10 mM P-mercaptoethanol and 0.1 rnM EDTA at 4OC, 

and either fractionated through by Sephacryl-200 gel filtration chromatography or mixed 

directly with 146 bp random sequence DNA in the same buffer at a histone:DNA ratio of 

1.13: 1.0 (w/w). Nucleosome core particle reconstitution was carried out using salt 

gradient dialysis (Mutskov et al, 1998). The integrity of the core particles was analyzed 

by 4% native PAGE and sedimentation velocity in the ana1ytical ultracentrifuge (see 

below). 
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Figure 1 

The histone variant H2A-Bbd is able to substitute for conventional H2A in nucleosome 

particles. (A) PAGE (1 8%) containing SDS of H2A-Bbd and the complement 

conventional histone proteins. Lane 1: chicken erythrocyte histone marker; lane 2: 

recombinant H2A-Bbd histone; lane 3: equimolar mixture of H2B, H3 and H4; lane 4: 

H2A-Bbd, H2B, H3 and H4 mixture used to reconstitute mononucleosomes. (B) Native 

gel electrophoresis of H2A-Bbd-containing mononucleosomes. Lane 1 : CfoI digest of 

pBR 322 used as a DNA molecular marker; lane 2: purified chicken erythrocyte 

mononucleosomes; lanes 3-5: reconstituted mononucleosomes with H2A-Bbd. Lane 3 

contains an excess of fiee DNA, lanes 4 and 5 are different loadings of the same sample, 

and lane 6 represents 146 bp random sequence nucleosomal DNA used as a reconstitution 

substrate for core particles. N, nucleosome; D, 146 bp DNA used in reconstitution 

experiments. 
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Analytical Ultracentrzjkge - Reconstituted H2A-Bbd nucleosomes were dialyzed against 

buffers of varying ionic strengths and were subjected to sedimentation velocity analysis 

as described elsewhere (Ausi6 et al, 1989). These runs were performed in a Beckman 

XL-A ultracentrifuge using an An-55 aluminum rotor and double-sector cells with 

aluminum-filled Epon centerpieces. A value of 0.650 cm3lg was used for the partial 

specific volume of the nuclmsome core particle. 

Cell culture, Transfiction and Immunoblotting - Human A43 1 cells were grown on 

Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum 

(Biowhittaker, Europe). Cells were transfected with either GFP-H2A or GFP-H2A-Bbd 

constructs using FuGENE 6 reagent (Roche) according to the manufacturer's protocol. 

Stable transfected cells were selected by gentamicin (500 pg/ml). Cell clones were 

amplified and their positivity was checked by fluorescence. 

Nuclei were isolated from stable A43 1 human cell lines expressing either GFP- 

H2A or GFP-H2A-Bbd. After appropriate digestion with micrococcal nuclease, linker 

histone-depleted nucleosomes were prepared by using sucrose gradients containing 

0.6M NaC1. Nucleosomal DNA was extracted and analysed by agarose gels and the 

protein composition of the particles was determined by SDS-PAGE. Alternatively, cells 

were harvested by trypsinization and lysed in Laemrnli sample buffer containing 7 M 

urea. GFP fusion proteins were then detected by irnmunoblotting with a monoclonal anti- 

GFP antibody (BD Clontech). Blots were developed by using the ECL plus western 

blotting detection system (Amersham Bioscience). 
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Quantzjkation of the GFP Fluorescence of Interphase and Mitotic Cells at Different 

NaCl Concentrations - Cells were arrested at mitosis by treatment with nocodazole (40 

nglml final concentration) for 16 h. Both mitotic and interphase cells were washed with 

PBS. After incubation at 23OC for 10 min with PBS-T-G buffer (PBS, 0.1% Triton X- 

100, 50% glycerol) containing NaCl at different concentrations, they were fixed with 4% 

paraformaldehyde. The cell3 used as a control were fixed immediately after washing with 

PBS. Fluorescence intensities were quantified by using home-made software. The 

intensity of fluorescence of the NaC1-treated cells was presented as a ratio (in 

percentages) to the fluorescence intensity of the control cells. 

In vivo Experiments: FRAP - Cells were grown on Lab-Tek chambered cover glass 

(Nalge Nunc International). For imaging, cells were maintained at 37OC on a temperature- 

controlled stage function while medium was buffered with Hepes (1 0 mM, pH 7.5). 

Photobleaching and confocal microscopy were performed on a ZEISS LSM5 10 laser 

scanning confocal apparatus using a PlanApochromat X40 water immersion objective. 

GFP was excited with a 488-nm Argon2 laser (power varying from 0.1 to 1%). FRAP 

experiments were carried out as follows: outlined regions were bleached by ten iterations 

of a fuil-power laser and subsequently recovery was monitored for about 1 hr. Bleaching 

owing to the acquisition was corrected and was less than 10% in all experiments. 
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Results and Discussion 

H2A-Bbd is able to Replace H2A Within the Nucleosome - The low identity of H2A-Bbd 

primary structure compared with conventional H2A suggests that the incorporation of 

this histone variant into a histone octamer may probably result in a noncanonical 

nucleosome with a distinct structure and stability. To test this, we first cloned, expressed 

and purified H2A-Bbd to h;mogeneity (Fig. 1A). Next H2A-Bbd, was mixed together 

with a native H2B, H3 and H4 complement (Fig. 1A and 2B). Interestingly, H2A-Bbd 

does not resolve in AU gels (Fig. 2A). This histone mixture was first passed through a gel 

filtration column (Fig. 3) to fractionate octarners in 2.0 M NaCI. Surprisingly, the 

octamer does not appear to be stable and elutes preferentially as hexamers and smaller 

complexes. This result is in agreement with other published data (Bao et al, 2004) and its 

putative role in the activation of transcription. In the absence of fractionated octamers, 

histone mixtures were directly used to reconstitute nucleosomes onto a 146 bp random 

sequence DNA fragment isolated fiom chicken erythrocyte core particles (Fig. 1 B). The 

electrophoretic mobility shift assay (EMSA) demonstrates that H2A-Bbd is efficiently 

incorporated into the nucleosome core particles (Fig. 1 B), which is in agreement with the 

available data (Chadwick and Willard, 2001a). Indeed, at an appropriate histone: DNA 

ratio, no free nucleosomal DNA was detected, demonstrating that complete reconstitution 

was achieved (Fig. 1B). 

Sedimentation Analysis of H2A-Bbd Particles - Changes in the conformation of 

nucleosomes as a result of variations in the ionic strength are informative for determining 

nucleosome stability in solution (Ausib et al, 1984; Greulich et al, 1985; Angelov et al, 
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Figure 2 

Acetic acid-urea (AU) and acetic acid-urea-triton (AUT) gel electrophoresis. H2A-Bbd 

does not resolve in AU gels (A). Purified H2A-Bbd monomer (Lane 2) and H2A-Bbd, 

H2B, H3, and H4 mixtures (Lane 3) are displayed. However, in the presence of Triton X- 

100 H2A-Bbd does resolve (B). Lane 2 displays H2A-Bbd core histone mixture used in 

gel filtration and reconstitution experiments. 
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Figure 3 

Fractionation of H2A-Bbd octamers. Equal molar amounts of H2A-Bbd, H2B, H3 and 

H4 were separated by size exclusion chromatography in 2.0 M NaCl. The elution of 

major histone octarners is indicated by the darkest shading (fraction #65-74). The 

fractionated protein complexes are displayed below the chromatogram. Clearly, 

recombinant H2A-Bbd, H2B, H3, and H4 do not favor the formation of an octamer as 

determined by SDS-PAGE analysis. 
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2001). Within the studied range of salt concentrations (0 M to 0.6 M NaCl) histone N- 

terminal tails remain bound to DNA (Ausio et al, 1984; Greulich et al, 1985; Angelov et 

al, 2001). Such nucleosome conformational transitions may be physiologically relevant 

because they mimic nucleosome alterations that result from the interactions with 

transcription factors, chromatin remodeling complexes or RNA polymerases (Aalfs and 

~ingston, 2000; Abbott et d, 2001). With this in mind, we have characterized the 

sedimentation behavior of H2A-Bbd nucleosome particles at NaCl concentrations 

between 0 and 600 mM and compared it with purified core particles from chicken 

erythrocytes (Fig. 4). At low salt concentrations (<50 mM NaCl), both types of particles 

exhibit similar sedimentation coefficients. On raising the ionic strength, this parameter 

decreases for both particles, but the decrease of ~ 2 0 , ~  of the H2A-Bbd nucleosomes is 

clearly more pronounced (Fig. 4). For example, at 200 mM NaC1, ~ 2 0 , ~  of the H2A-Bbd 

nucleosomes is 9.7 S compared with 11 S of conventional nucleosomes. This distinct 

drop in the sedimentation coefficient for H2A-Bbd particles is strongly suggestive of a 

more open structure, which exhibits a higher frictional coefficient compared with the 

conventional H2A particle. Thus, the increasing ionic strength of the solvent has a 

differential effect on the conformation of the two particles and suggests a lower inherent 

stability of the H2A-Bbd particle. 

GFP-H2A-Bbd has a Higher Mobility than GFP-H2A - The lower stability of H2A-Bbd 

nucleosomes reflects a potential perturbation of nucleosomal DNA and/or histone 

octamer interactions. Recent experiments described that core histones dynamically 

exchange in vivo, confirming the dynamic nature of the nucleosome (Kimwa and Cook, 
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Figure 4 

Sedimentation proflle of nucleosome core particles reconstituted with H2A-Bbd or a full 

native histone complement under dzflerent ionic strengths (0-600 mM NaCl). The dotted 

line is the predicted sedimentation behavior obtained from native nucleosome core 

particles (Ausi6 and van Holde, 1986). The solid squares represent data obtained using 

recombinantly expressed H2A. 1 reconstituted into nucleosomes with a native H2B-H3- 

H4 complement. 
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2001). If the structural lability of the reconstituted variant nucleosomes observed in vitro 

is maintained in vivo, we would expect to see a more dynamic exchange of H2A-Bbd 

compared with H2A within the nucleus. 

The kinetics and interactions of a protein with its partners in living cells can be 

studied through expression of a green fluorescent protein (GFP) fusion construct. This 

chimaera is visualized by GFP autofluorescence. Irradiation with laser light results in a 

photobleached area with an observable loss of fluorescence. The subsequent fluorescence 

recovery kinetics of GFP fusion proteins can be measured by FRAP. Such kinetic 

experiments directly reflect the mobility of GFP fusion proteins, which in turn provide 

strong insights into the interaction of the protein with its partners in vivo (Lippincott- 

Schwartz et al, 2001). To measure the mobility of H2A and H2A-Bbd, we first 

established stable cell lines expressing GFP fused to either conventional H2A or to H2A- 

Bbd. In these cell lines, the GFP-histone fusions were assembled into nucleosomes (Fig. 

5). This was demonstrated as follows. Nuclei were prepared from the stable cell lines and 

were digested with micrococcal nuclease. Nucleosomes were isolated by centrifugation 

through a sucrose gradient containing 0.6 M NaCl (Mutskov et al, 1998). At this NaCl 

concentration, nucleosomes are depleted of linker histones and non-histone proteins and 

only histone octamers that were properly organized into nucleosomes were isolated (Fig. 

5A and 5B). The presence of GFP fusions within this preparation demonstrated that 

GFP-H2A-Bbd and GFP-H2A are both successfully incorporated in nucleosomes 

isolated from stable cell lines (Fig. 5C). Importantly, the amount of expressed GFP-H2A 

was much lower (less than 10%) compared with that of the conventional H2A (Fig. 5D), 

and that of GFP-H2A- Bbd was even lower (compare the signals for GFP-H2A and GFP- 
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Figure 5* 

GFP-H2A and GFP-H2A-Bbd histone fusions are assembled into nucleosomes. (A) 

Nuclei were isolated from stable A43 1 human cell lines expressing either GFP-H2A or 

GFP-H2A-Bbd, and nucleosomes were prepared as described in Methods. Agarose 

(1.5%) gel electrophoresis of DNA isolated from nucleosomes prepared fiom cell lines 

expressing GFP-H2A (lane 2) or GFP-H2A-Bbd (lane 3). Lane 1, molecular mass DNA 

markers. (B) SDS (1 8%) electrophoresis of histones isolated from nucleosomes prepared 

fiom GFP-H2A (lane 1) and GFP-H2A-Bbd (lane 2) stable cell lines. The positions of the 

core histones are designated on the right. Note that histones H2A and H2B co-migrate. 

(C) Western blot of proteins isolated fiom nucleosomes of cell lines expressing GFP- 
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H2A and GFP-H2A-Bbd were loaded onto an SDS-gel and an anti-GFP antibody was 

used for the detection of GFP-histone fusions. The arrow shows the position of the 

protein marker with a molecular mass of 45 kDa. (D) GFP-H2A is expressed in trace 

amounts compared with H2A. Western blot of proteins isolated from cell lines expressing 

GFP-H2A. An anti-H2A antibody was used for the detection of both H2A and GFP-H2A 

hsion proteins. (E) Westeni blot analysis of GFP-H2A and GFP-H2A-Bbd fusions. Total 

cell extracts from GFP-H2A (lane 1) or GFP-H2A-Bbd (lane 2) stable cell lines were 

loaded on a 15% SDS gel. The blot was cut into two parts. The lower part containing the 

blotted proteins with molecular masses below 30 kDa was revealed by using an anti-H2A 

antibody to detect histone H2A. The upper part of the blot was revealed by using an anti- 

GFP antibody. (F) The amount of GFP-H2A and GFP-H2A-Bbd fusions in the stable cell 

lines is not affected after treatment with elevated concentrations of NaC1. Interphase or 

mitotic cells expressing either GFP-H2A or GFP-H2A-Bbd were treated with buffered 

solutions containing NaCl at the concentrations indicated and the cells were imaged by 

using fluorescence microscopy. (G) Quantification of the data presented in (F). Values 

represent means and standard deviations for 45 cells. Note that the intensity of the GFP- 

H2A and GFP-H2A-Bbd signals did not change after treatment with NaCl concentrations 

up to 0.6 M. 

*This data was produced in the laboratory of Stephan Dimitrov 
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H2A-Bbd relative to those of H2A; Fig. 5D and 5E). Thus, the expression of GFP fusions 

led to an insignificant increase in the total amount of H2A type histones and no free 

GFP-histone fusions should be present. To test this hypothesis, the cells were treated 

with increasing NaCl concentrations up to 0.6 M. Under these conditions GFP-histone 

fusions should remain bound within the nucleosome core particle, resulting in similar 

fluoiescence intensity (Kimika and Cook, 200 1). This was the case for both cell lines 

expressing the respective GFP-histone fusions (Fig. 5F and 5G). We conclude that no 

detectable amount of free GFP-H2A or GFP-H2A-Bbd is present in the stable cell lines. 

This validates the use of the FRAP technique to measure the mobility of GFP-histone 

fusions. 

For the FRAP experiments, a small nuclear area was photobleached in single cells 

of both GFP-H2A and GFP-H2A-Bbd cell lines, and images were collected at concurrent 

intervals (Fig. 6A). Clearly, the recovery kinetics differed in both samples (Fig. 6A and 

6B). Conventional GFP-H2A showed slower recovery, as even 30 min after 

photobleaching the fluorescence reaches only ~ 4 0 %  of its initial value (Fig. 6A and 6B). 

This result agrees with the available data (Kimura and Cook, 2001). In contrast, the 

photobleaching recovery for the GFP-H2A-Bbd fusion was fast, as after 10- 15 min an 

essentially complete recovery was observed (Fig. 6A and 6B). Therefore, GFP-H2A-Bbd 

exchanges quicker than GFP-H2A within the nucleosome, an observation that is in 

agreement with the in vitro biophysical analysis that detected possible perturbations in 

the H2A-Bbd nucleosome structure. 
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pre-bleach 0 2 4 6 10 15 30 min. 

Figure 6* 

FRAP analysis of GFP-H2A and GFP-H2A-Bbdproteins. (A) Cells expressing either 

GFP-H2A or GFP-H2A-Bbd were imaged before bleaching (pre-bleach) or during 

recovery after bleaching. Images were recorded at the indicated times post-bleaching. 

The arrows designate the rectangular bleached area. Scale bar, 2.5 mrn. (B) 

Quantification of the FRAP data. Values represent means and standard deviations for 1 I 

nuclei from three independent experiments. 

*This data was produced in the laboratory of Stephan Dimitrov 



SECTION B: HISTONE H2A VARIANTS AND CHROMATIN STRUCTURE Chapter 4 

In conclusion, our results show that the variant H2A-Bbd containing nucleosome 

exhibits lower stability in vitro compared with the conventional nucleosome particle. 

Importantly, the FRAP experiments demonstrate that in vivo H2A-Bbd is more rapidly 

exchanged than conventional H2A. In addition, the available data indicate that this 

histone variant is associated with acetylated euchromatic regions of the genome and 

possibly with active genes @hadwick and Willard, 2001a). This suggests that H2A-Bbd 

nucleosomes might be inherently specialized to enhance localized nucleosome disruption 

and facilitate transcription. 
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Abstract 

MacroH2A (mH2A) is one of the most recently identified members of the 

heteromorphous histone variant family. It is unique among the members of this group 

because it contains an unusually large non-histone C-terminal tail, from which its name is 

derived, and appears to be restricted to subphylum vertebrata. Although a concerted effort 

has been carried out in orde; to characterize the physiological relevance of mH2A, little 

is known in comparison about the structural importance of the molecule. Elucidating the 

biophysical and conformational proprieties of mH2A in chromatin may provide clues into 

the links between this histone variant and its unique function(s). In this paper, we look 

first at the heterogeneous tissue-specific distribution of this protein in different vertebrate 

classes. This is followed by a structural comparison between mH2A and H2A protein and 

by the characterization of the nucleosome core particles with which these histone 

subtypes are associated. We find that the highly a-helical C-terminus of mH2A confers 

an asymmetric conformation to nucleosomes and that this variant is tightly bound to 

chromatin fragments in a way that does not depend on the overall extent of acetylation of 

the other core histones. 
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Introduction 

Within the nucleus, DNA is associated with histone and non-histone proteins to 

form a highly dynamic nucleoprotein complex called chromatin. This assembly is 

characterized by the repetitive organization of well-defined histone-DNA complexes 

referred to as nucleosomes. The nucleosome core particle is a bipartite structure, 

consisting of a octameric p&tein core complete with two molecules each of histone H2A, 

H2B, H3, and H4, that constrains 146 bp of DNA in approximately one and three-quarter 

left-handed supercoils around its perimeter (see [Luger et al, 19971 for the crystal 

structure of the nucleosome core particle). Upon association with linker histones, 

nucleosome arrays fold into a chromatin fiber that hinders the DNA potential for 

activation events such as transcription (Knezetic and Luse, 1986; Matsui, 1987) and 

repair (Wilkins and Hart, 1 974; Wang et al, 1 99 1 ; Sugasawa et al, 1 993). Although this 

organization may present a thermodynamic obstacle to both processive and distributive 

enzymatic complexes, accumulating experimental evidence provides strong support for 

the active involvement of histones in the regulation of gene expression. Examples of 

these epigenetic events include histone post-translational modifications and histone 

variant exchange. The downstream effects of such histone variability coordinates the 

structural transitions required for the regulation of gene expression. This process occurs 

in either a combinatorial fashion, which generates a histone code that is interpreted by 

trans-acting factors (Strahl and Allis, 2000; Turner, 2000), or by directly affecting the 

conformation of the chromatin fiber (Ausio et al, 2001 ; Ausi6 and Abbott, 2002). 

Currently, the roles of histone variants in chromatin structure and function are the 

object of an extensive biochemical and biophysical characterization (see [Ausio et al, 
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2001; Ausi6 et al, 20021). Histone variants are nonallelic isoforms that replace major 

histones within specialized chromatin domains. In humans, the genes of these subtypes 

are absent from the canonic histone gene cluster and are expressed outside of the S phase 

of the cell cycle (Wolffe and Dimitrov, 1993; Alvelo-Ceron et al, 2000). This suggests 

that the functions of these gene products are not exclusive to the structural packaging of 

newly replicated DNA and &e important for constitutive regulatory events. Histone 

variants can be classified based on the heterogeneity of their primary structure, which is 

ultimately responsible for the structural variability of the specialized chromatin domains 

with which these variant histones are associated. This can be achieved by altering either 

the structural or informational nature of such regions (Ausi6 et al, 2001; Ausio and 

Abbott, 2002). 

One such histone variant, macroH2Al (mH2A1) is unique in that it displays an 

extensive non-histone fusion at its carboxyl end. This non-histone region (NHR), which 

constitutes two-thirds of the molecular mass of the protein, contains a short basic region 

and a putative leucine zipper domain. MacroH2A copurifies with native 

mononucleosomes (Pehrson and Fried, 1992; Chadwick and Willard, 2002) and can be 

reconstituted into nucleosomes in vitro (Changolkar and Pehrson, 2002; Angelov et al, 

2003). In vivo, mH2A is expressed as two nonallelic gene products: mH2Al (which is 

post-transcriptionally spliced to generate two minor subtypes mH2A1.1 and mH2A1.2) 

and mH2A2. Although distinct functions have yet to be ascribed to rnH2A1 and mH2A2, 

temporal expression differences have been observed between the mH2A1 isoforms. 

Whereas rnH2A1.1 seems to accumulate during development and differentiation, 

mH2A1.2 appears to remain constant (Pehrson et al, 1997). 
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Cytologically, mH2A has been shown to coalesce into a structure called a 

macrochromatin body (MCB), which is coincident with the inactivated X-chromosome 

(Costanzi and Pehrson, 1998; Costanzi et al, 2000; Chadwick and Willard, 2001a) and the 

XY-body of spermatocytes (Hoyer-Fender et al, 2000; Richler et al, 2000). Although 

mH2A has been coupled to sex-linked heterochromatinization, specialized nucleosomes 

containing this variant musf be required for further nuclear functions, as expression levels 

appear highest in liver tissue (Pehrson et al, 1997) and are equivalent in both male and 

female somatocytes (Rasmussen et al, 1999; Chadwick and Willard, 2002). It is possible 

that mH2A may be dynamically involved in the global regulation of tissue specific and 

developmental transcription. In vitro assays have shown that the NHR of the molecule 

represses expression of the luciferase reporter gene in Gal4 fusion experiments (Perche et 

al, 2000). Further interactions of this histone variant with the heterochromatin protein 

M3 1 (Turner et al, 2001) and its colocalization with methylated H3-K4 during metaphase 

at a potential activation boundary (Chadwick and Willard, 2002) provide additional 

support to this notion. 

In an attempt to further elucidate the role of mH2A in chromatin function, we 

have explored the structural properties of mH2A containing nucleosomes. Our findings 

indicate that mH2A mononucleosomes are quite asymmetric, likely due to the extensions 

of the distinctive carboxyl tails of the mH2A molecule, and exhibit a stability that is very 

similar to that of native nonvariant nucleosome core particles. Interestingly, mH2A 

exhibits an enhanced binding affinity for chromatin than that exhibited by H2A. Indeed, 

this binding affinity appears to be independent of the extent of core histone acetylation. 
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Materials and Methods 

Acid Extraction of Histones -Nuclei were isolated fiom different tissues and organisms 

as described for chicken erythrocytes (Ausio et al, 1989). Hydrochloric acid extracted 

histones were then obtained fiom these nuclei as described in (Wang and Ausio, 2001). 

Y 

Western Blotting - Western blots were performed following hydroxyapatite fractionation 

and acid extraction of animal histones. MacroH2Al was detected with a primary rabbit 

polyclonal antibody raised against the nonhistone portion (Costanzi and Pehrson, 1998). 

Approximately 2 pg of histones was loaded onto SDS-polyacrylarnide gels and 

transferred to a PVDF membrane at 100 V for 2.5 h at 4 O C  in 25 mM Tris-HC1 (pH 7.5) 

and 192 mM glycine. The membrane was prepared by dipping into 100% methanol for 5s 

followed by rinses in dH20 and transfer buffer. Blotted membranes were blocked in PBS 

(Sarnbrook et al, 1989), 0.1% Tween, 3% skimmed milk overnight at 4 OC. MacroH2A 

antibodies were used at a 1:3500 (30 mL) dilution with shaking for 1.5 h at room 

temperature in PBS, 0.1% Tween, 350 mM NaC1, followed by four 15 min washes with 

PBS and 0.1% Tween. The membrane was then incubated with secondary anti-rabbit 

horseradish peroxidase antibody (NEN, Boston, MA) for 45 min at a 1 :3000 dilution (30 

mL). Following this, the blot was extensively washed four times for 15 min with PBS and 

0.1% Tween followed by four 10 min washes with PBS and rinsed with distilled water. 

Visualization of the protein bands was carried out according to the manufacturer's 

instructions (NEN, Boston, MA). 
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Expression and Purijication of Recombinant mH2A1.2 - Recombinant mH2A1.2 was 

expressed and purified as according to (Changolkar and Pehrson, 2002). Briefly, 

Escherichia coli BL21(DE3) expression cells were transformed with a pGEX-4T-1 

(Amersham Biotech, Cleveland, OH) rnH2A1.2 construct that contains an N-terminal 

Glutathione-S-Transferase fusion (GST). Transformants were cloned and used to 

ino&ate 300 rnL of ~uriaaertani (LB) broth containing 50 pg/mL ampicillin, which 

was then incubated with vigorous shaking at 22.5"C for 2 days. This culture was added to 

1.2 L of fresh LB and incubated under the same conditions for 1 hr. Protein expression 

was induced with 0.1 mM IPTG. Cells were harvested after 3 hr by centrifugation. 

MacroH2A1.2 was affmity purified from sonicated and clarified lysate using glutathione 

Sepharose 4B beads (Amersham Phannacia Biotech). This was followed by Macroprep 

High S ionic exchange (Bio-Rad, Randolph, MA) chromatography with a 0.5-2.0 M NaCl 

gradient in 10 m M  Tris (7.9, 1 rnM DTT, 0.2 mM PMSF. Finally, fractions containing 

mH2A1.2 were pooled, loaded onto a hydroxyapatite column, and eluted by a 0-1 00 mM 

Nap04 gradient in 1.0 M NaC1, 10 mM Tris (7.5), 1 mM DTT, 0.2 mM PMSF. 

Appreciable amounts of mH2A1.2 as determined by SDS gels were combined and used 

directly for reconstitution experiments. 

Circular Dichroism - Circular dichroism (CD) spectra for rnH2A1.2 were determined at 

20•‹C on a Jasco- J720 spectropolarimeter as previously described (Ausi6 and van Holde, 

1986). The amount of a-helix was quantified as described in (Wang et al, 2000). 
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Secondary Structure Prediction - The a-helical content of rat mH2A1.2 (ascension 

number AAB38330) and chicken H2A (ascension number HSCH2A) was predicted by 

the SOPM (self-optimized protein method) method (Geourjon and Deleage, 1994) 

located on the ExPasy Proteomics server (http://ca.expasy.org/tools/#secondary). 

MacroH2A1.2 and H2A profiles were aligned schematically to compare relative 
7 

distributions of secondary structure between the two proteins (Geourjon and Deleage, 

Crystallographic Structure of mH2A - The 3-D structure of mH2A was modeled fiom the 

coordinates for H2A (Luger et al, 1997) and the NHR (Allen et al, 2003) using PyMolTM 

graphic software. 

Reconstitution of mH2A1.2 Nucleosomes - Recombinant rnH2A1.2 was expressed and 

purified as described above (Changolkar and Pehrson, 2002). Chicken erythrocyte native 

H2B, H3, and H4 core histones were prepared as described in Abbott et a1 (2001). Core 

histones were mixed at a ratio of 9: 1 : 1 : 1 (rnH2A/H2B/H3/H4) as estimated by SDS- 

polyacrylamide gel electrophoresis (Laemrnli, 1970). This excess of mH2A1.2 was 

required to generate reconstituted particles with slower electrophoretic mobility, which 

was determined to contain the proper stoichiometry of core histones following sucrose 

gradient purification and SDS-PAGE analysis. In some instances, mH2A containing 

complexes of higher electrophoretic mobility (similar to that of native chicken 

erythrocyte) could be clearly visualized, which were determined to be depleted in one 

mH2A-H2B dimer as determined by sucrose gradient purification (results not shown). 
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The protein mixture was combined with 146 bp DNA at a ratio of (1.5: 1 .O) to bring the 

final DNA concentration to approximately 100 pg DNAImL in 2 M NaC1, 10 mM Tris- 

HC1 (pH 7.5), 10 mM , P-mercaptoethanol, 0.1 mM EDTA. Reconstitutions were 

performed by decreasing the sodium chloride concentration from 2 to 0 M by stepwise 

salt gradient dialysis as in (Ausi6 and Moore, 1998) in the same buffer. Reconstituted 
'+ 

particles were analyzed by electrophoresis in 4% native acrylamide as described in 

(Yager and van Holde, 1984). 

DNAse I and Hydroxyl Radical Footprinting - For the DNase I footprinting, 10 ng of 

DNase I was used to digest 10 pL of the reconstituted nucleosomes at a concentration of 

10 ng/pL. The digestion was carried out for 2 min at room temperature in 10 mM Tris- 

HCl (pH 7.6), 5 mM MgC12. The reaction was arrested by 100 pL of 10 mM EDTA, 

O.l%SDS, 50 ng/pL proteinase K, and then the solution was incubated for 30 min at 37 

O C .  After phenol extraction and ethanol precipitation, the samples were separated on 8% 

polyacrylamide sequencing gel containing urea. The dried gel was exposed overnight on 

a Phosphor-Imager screen. 

The protocol of Hayes and Lee (1 997) was used for the hydroxyl radical 

footprinting analysis. 

Analytical Ultracentrifuge - Reconstituted mH2A nucleosomes were dialyzed against 

buffers of varying ionic strength as described in Ausi6 et a1 (1989). Sedimentation 

velocity runs were performed in a Beckman XL-A ultracentrifuge using an An-55 A1 

aluminum rotor. Samples were loaded in double-sector cells with aluminum filled Epon 
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centerpieces (Garcia-Rarnirez et al, 1992). UV scans were taken at 260 nm and analyzed 

by the van Holde and Weischet (1978) method using the XL-A Ultra Scan version 4.1 

sedimentation data software (Borries Demeler, Missoula, MT). 

The partial specific volume of mH2A was calculated from its amino acid analysis 

composition and was determined to be 0.749 cm3lg. The partial specific volume of the 

mHEA containing nucleosome was calculated assuming additivity of the protein and 

DNA components using a partial specific volume of 0.753 cm3lg for the rest of the 

histone octarner (Eickbush and Moudrianakis, 1978) and 0.535 cm3lg for the DNA 

(Eisenberg, 1976). The values determined in this way were 0.650 and 0.669 cm3lg for the 

native and mH2A-containing nucleosome core particles, respectively. 

Determination of the Hydrodynamic Parameter - It is possible to combine the known 

molecular masses of the nucleosome core particles (Mr) 205 600 native; (Mr) 256 700 

(mH2A containing nucleosome) with their respective sedimentation coefficients to 

determine their conformational parameters (Ausio, 2000). 

PuriJication of Chicken Erythrocyte and HeLa Nucleosomes - Native chicken and HeLa 

cell mononucleosomes were prepared as described in (Ausi6 et al, 1989). 

Sucrose Gradient PuriJication and Analysis - Reconstituted mH2A particles in 10 mM 

Tris-HC1 (pH 7.9,  10 mM, P-mercaptoethanol, 0.1 mM EDTA were loaded onto a 
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5-20% sucrose gradient in 25 mM NaCl, 10 mM Tris (pH 7.9,O.l mM EDTA and 

centrifuged at 134 400g for 19 h in a Beckman SW41 rotor at 4OC. Gradients were 

collected at 1 mllmin in 0.5 mL fractions and analyzed by native gel electrophoresis. 

Hydroxyapatite Chromatography of Acetylated and Nonacetylated Hela Chromatin - 

~ur iked  chromatin from H&a cell lines grown in the presence and absence of sodium 

butyrate were prepared (Ausi6 and van Holde, 1986) and loaded onto a hydroxyapatite 

column equilibrated in 0.1 mM KP04 (pH 6.8). Histones were fractionated by a 0-2.0 M 

NaCl salt gradient (Simon and Felsenfeld, 1979). 

The elution profile was monitored spectrophotometrically at 230 nm and was 

monitored by trichloroacetic acid (TCA) precipitation and SDS-PAGE analysis. TCA 

precipitations were performed by bringing salt solutions containing -2 pg of protein to 

20% TCA. After centrifugation at maximum speed in an Eppendorf microfuge at 4 OC, 

the pellet was suspended in 20% TCA and centrifuged again. The final pellet thus 

obtained was washed with 1.0 mL of cold 0.25 N HC1-acetone and centrifuged as 

described previously. The acetone pellets were dried under vacuum and resuspended in 

equal loading volumes of deionized H20 and 2X SDS-loading buffer. The elution of 

mH2A was monitored by Western blotting. 

Results 

Histone mH2A is Ubiquitously Distributed in Vertebrate Classes but is Deficient in 

Terminally Dzj$erentiated Cells - Figure 1 shows the distribution of mH2A in different 

tissues of several representative vertebrate organisms. As it has already been reported 
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(Pehrson and Fuji, 1998; Costanzi and Pehrson, 2001), we could not detect the presence 

of this histone variant in invertebrate organisms. Within each species studied, mH2A 

exhibits an uneven distribution. Interestingly, the major occurrence of mH2A appears to 

be in liver, where with the exception of chicken (birds) the two bands corresponding to 

rnH2Al.1 and mH2A1.2 can be observed. The mH2A abundance in liver is followed by 

that of testes (see Fig. 1, reptile T), where the stoichiometry of mH2Al .l/mH2A1.2 

appears to be highly variable. It is possible that the amount of mH2A in these two tissues 

is in fact the same across vertebrates as the low antigenic response observed in fish and 

amphibian testes is due to the large occurrence of mature spermatozoa in the samples 

analyzed that was absent from the reptile sample. All the erythrocytes from the species 

analyzed here are nucleated, and with the exception of amphibians and reptiles they do 

not contain significant amounts of mH2A as it has already been described (Pehrson and 

Fuji, 1998). The presence of mH2A in the blood of amphibians and reptiles is probably 

the result of contamination by nonerythrocyte cells. A very important observation from 

these results is the almost complete absence of mH2A in the sperm of the fish (catfish) 

and the amphibian (bullfrog) utilized for this analysis. These organisms were selected 

because in contrast to most vertebrates, they do not contain protamines in their mature 

spermatozoa but rather somatic-like histones (Kasinsky, 1989; Saperas et al, 1994; Itoh et 

al, 1997). Gene expression is presumably nonexistent in these spermatozoa that otherwise 

exhibit highly condensed chromatin organization. Thus, they are analogous to the 

terminally differentiated erythrocytes of vertebrates. The almost complete absence of 

mH2A in all these terminally differentiated systems (except for the possible cell 

contaminations discussed previously) suggests that besides its role in X-chromosome 
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Figure 1 

Western analysis of the distribution of macroH2Al in different verte brute classes. 

Histones were acid extracted from purified nuclei from different tissues (B: blood; L: 

liver; T: testes; and S: sperm) from different organisms: channel catfish, Ictalurus 

ocelatus (fish); bullfrog, Rana caresbeiana (amphibian); alligator, Alligator 

mississipiensis (reptile); and chicken, Gallus domesticus (bird). The samples were 

analyzed by SDS-PAGE (lower panel) and Western blot (upper panel) using mH2A1 

antibody. 
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inactivation in mammals, this histone variant most likely has a dynamic rather than 

passive inactivating function. Indeed, the largest occurrence of mH2A in Figure 1 

happens to be in alligator testis. This is a reptile that contains a full set of protamines in 

the sperm as all reptiles do (Hunt et al, 1996). The histones analyzed here came from the 

testis of an individual that had been captured early in the breeding season. It did not 

con& any mature sperm, $s assessed by the complete lack of protamines, but had many 

cells at different premeiotic and meiotic stages (results not shown). Although the role of 

mH2A in meiosis has yet to be defined (Lewis et al, 2003), its abundance in 

prespermiogenic testis tissue undergoing important chromatin transitions and 

rearrangements supports the notion that the involvement of this histone is dynamic. 

The C-terminal Tail of mH2A has a SigniJicant Amount of a-Helical Content - As a 

prelude to our in vitro characterization of chromatin complexes containing mH2A, we 

decided to look at the secondary structure of this protein to provide some insight into its 

physical parameters in solution. A comparative circular dichroism analysis is shown in 

Figure 2A. The CD spectra of both H2A and mH2A are characteristic of a predominantly 

a-helical conformation. By using a previously described method (Wang et al, 2000), the 

amount of a-helix can be quantitated. The amount of a-helix determined in this way was 

18% for native H2A and 25% for rnH2A. Assuming that the H2A-like portion of mH2A 

contains similar levels of a-helix (18%) in solution as its native counterpart, it is possible 

to calculate the a-helical composition of the NHR. This value was determined to be 

approximately 30%, which is in good agreement with the 34% value predicted from its 
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Figure 2 

Comparative secondary structure analysis of H2A and mH2AI. 2. (A) Circular dichroism 

spectrum of histone H2A fiom chicken (gray) in comparison to recombinant mH2A1.2 

(black). (B) Secondary structure prediction analysis of chicken H2A. 1 in comparison to 

rat mH2A1.2. Diverse forms of secondary structure are indicated by differential shading 

and box height as indicated in the inset. Positions of the a-helical domains of H2A. 1 as 

determined from crystallographic analysis (Luger et al, 1997) are aligned above the 

predicted structural plots. N ) amino, 1 ) helix 1,2 ) helix 2, 3 ) helix 3, and C ) carboxyl. 

The NHR of mH2A1.2 is displayed underneath. 
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primary structure. Importantly, the a-helical content of H2A in solution (D7Anna and 

Isenberg, 1974) is lower than that observed in its histone-fold conformation (Luger et al, 

1997; Arents et al, 1991) when this protein forms a complex with H2B (Karantza et al, 

2001). This suggests that the a-helical content of H2A/H2B increases upon dimer 

formation. Therefore, and in a similar fashion, the calculated a-helical content of the 
-7 

NHR represents the conformational properties of this domain in the absence of any 

interaction with potential binding partners. 

Extended Conformation of mH2A-Containing Nucleosomes - The reconstitution of 

nucleosome core particles containing mH2A has already been reported (Changolkar and 

Pehrson, 2002; Angelov et al, 2003). However, a detailed characterization of these 

complexes was still lacking, Figure 3 shows an electrophoretic characterization of the 

histones (panel A) used in the reconstitution and the DNA and particles obtained (panel 

B). As it can be seen in Figure 3B, lanes 2 and 3, reconstituted nucleosomes consisting of 

two mH2A and 146 bp random sequence DNA exhibit a slightly retarded mobility as 

compared to native chicken erythrocyte nucleosome core particles. Upon reconstitution 

onto a sequence-defined DNA template, nucleosomes reconstituted with native histones 

or with histone octamers consisting of a mH2A complement exhibit an identical hydroxyl 

radical footprint (see Fig. 4). Interestingly and in contrast to previously published results 

(Changolkar and Pehrson, 2002), the DNase I footprinting analysis presented here (Fig. 

4) reveals an enhanced accessibility to the enzyme near the pseudo-dyad axis of 

symmetry of the particle (see arrow in Fig. 4) and at the sites of entry (and possibly exit) 

of the DNA into the nucleosome. Also, as indicated by the hydroxyl radical cleavage 
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Figure 3 

Electrophoretic characterization of mH2AI. 2 containing mononucleosomes. (A) SDS- 

PAGE of histones fiom native chicken erythrocyte nucleosome core particles (lane I), 

recombinant mH2A1.2 (lane 2), reconstituted mH2A1.2-containing nucleosomes, and 

chicken erythrocyte histones used as a marker (M). (B) 4% acrylamide native PAGE of 

146 bp DNA (lane I), native chicken erythrocyte nucleosome core particles (lane 2), 

reconstituted mH2A containing nucleosomes (lane 3), and a CfoI digest of pBR 322 used 

as a marker (M). N: nucleosome core particles and D: 146 bp DNA. 
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Figure 4* 
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Hydroxyl radical and DNase I footprinting of mH2A nucleosomes. mH2A1.2 or 

conventional (H2A) nucleosomes were reconstituted with 5'-end labeled DNA and 

treated with either hydroxyl radical (OH*) or with DNase I. The cleavage pattern was 

analyzed on sequencing gels. The arrow shows the nucleosome dyad axis. The alterations 

in the structure of the mH2A1.2 nucleosome following DNase I digestion are designated 

by solid arrowheads. 

"Produced in the laboratory of Stephan Dimitrov 
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pattern, the trajectory of DNA around the variant octamer is consistent with control 

particles and random sequence nucleosomal DNA topology (-10.5 bp/turn) (Bauer et al, 

1994). Both of these results are in agreement with recent observations (Angelov et al, 

2003). This suggests that histone-histone and histone-DNA interactions within the core of 

the nucleosome of both complexes display conformational similarity. However, a unique 

pattern is observed for the DNase I digestion of mH2A1.2 containing mononucleosomes 

when compared to both naked and reconstituted nucleosomal sequence-dependent DNA. 

Hypersensitivity near the dyad axis of the variant complex can be attributed to the NHR 

extending away fiom this region, which allows greater accessibility of the enzyme. The 

difference between the two DNA footprint techniques may be explained by the size of the 

cleavage agent. Likely enhanced accessibility at the dyad axis and sequence dependent 

topological effects are not visible following OH* treatment because the lower molecular 

weight of the chemical allows it to diffuse unhindered to each cleavage site. 

To gain some insight into the dynamic aspects of these particles, we performed 

sedimentation velocity analysis of rnH2A nucleosome core particles as a function of the 

ionic strength within physiologically relevant limits. The analysis was carried out in vitro 

using reconstituted nucleosome core particles (Fig. 3 and 5). Reconstituted nucleosomes 

consisting of two mH2A molecules exhibit a rather extended conformation as indicated 

by the decrease in sedimentation coefficient observed under physiological ionic strength 

(1 00-1 50 mM NaCl) despite their 25% increase in molecular mass (see Fig. 5). 

Furthermore, they display very similar salt-dependent stability (Ausi6 et al, 1984; Ausi6, 

2000) as that of native nucleosomes (25% DNA dissociation at 0.6 M NaCl at 20•‹C) 

(results not shown). 
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Figure 5 

Ionic strength dependence of the sedimentation coefficient of reconstituted mH2A- 

containing nucleosome core particles (black) in comparison to native chicken erythrocyte 

nucleosome core particles (gray). The buffer used was 10 mM Tris-HC1 pH 7.5, 0.1 mM 

EDTA, and the runs were carried out at 40 000 rpm at 20•‹C in a An-55 aluminum rotor. 
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The biophysical characterization of the mH2A nucleosome core particle shows 

that these particles exhibit an asymmetric conformation reflected by their lower 

sedimentation coefficient despite the 25% increase in mass. When the sedimentation 

coefficient values of the native (1 1.0 S) and mH2A reconstituted nucleosome core 

particle (1 0.2 S) at 100 mM NaCl (see Fig. 5) are used to analyze the hydrodynamic 

parameters of these particles (Ausi6,2000), a value offlfo ) 1.37 (native) andflfo ) 1.64 

(mH2A) are obtained for a hydrated nucleosome core particle consisting of 0.262 g 

H20Ig nucleosome as determined from the crystallographic structure (Luger et al, 1997). 

Theflfo value for the native nucleosome is in agreement with previous data (Ausi6 et al, 

1989) and can be fit to a prolate ellipsoid of (alb) 8, whereas that of the mH2A 

nucleosome can be fit to a prolate ellipsoid of a semi-axes ratio (alb) 16. 

MacroH2Al.2 and Chromatin - Within the context of chromatin, histone release 

experiments carried out with chromatin fragments adsorbed onto hydroxyapatite (Simon 

and Felsenfeld, 1979; Li et al, 1993) indicate that mH2A is either more strongly bound to 

the DNA or the rest of the histone core than its native counterpart (see Fig. 6). This 

experiment, while it does not allow us to distinguish between these two possibilities, is in 

good agreement with early observations (Pehrson and Fried, 1992). MacroH2A elutes 

with a middle elution point of 1.2 M NaCl between the elution peaks of native H2A-H2B 

and histones H3-H4. Furthermore, as shown in the same figure, the intensity of the 

enhanced interaction does not appear to be dependent on the presence of high levels of 

acetylated histones. Therefore, the structural connection, if any, between the extent of 

histone acetylation and the occurrence of mH2A in inactivated chromosomal regions 
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(Costanzi and Pehrson, 1998; Gilbert et al, 2000; Mennoud et al, 2002) remain to be 

elucidated. 

Discussion 

MacroH2A is a highly specialized histone variant that appears to have had its 
7 

evolutionary emergence in the vertebrates as evidenced from its absence in invertebrate 

organisms (Pehrson and Fuji, 1998). The results presented here show that mH2A exhibits 

a heterogeneous distribution throughout the subphylum vertebrata, and its occurrence 

appears to be relatively low in transcriptionally ablated, terminally differentiated cells 

such as nucleated erythrocytes and spermatozoa. In this regard, the use of vertebrate 

organisms whose sperm nuclear basic proteins consist of only histones, such as the 

catfish or the bullfrog (see Fig. I), provides a unique opportunity to study the occurrence 

of mH2A in vertebrate sperm. As it can be seen in Figure 1, these organisms exhibit a 

very low to negligible occurrence of mH2A in their sperm histone chromosomal 

complement. This clearly indicates that mH2A is not a significant component of 

vertebrate sperm as previously reported based on the presence of mH2A in mice 

spermatozoa (Pittoggi et al, 1999; Hoyer-Fender et al, 2000). It is important to point out 

here that sperm-histones are not present in all mammals, and in those in which they 

occur, as for instance humans, they represent only a very small fraction ( 45%)  of the 

overall chromosomal proteins (mostly composed of protamines) associated with sperm 

chromatin (Gatewood et al, 1990). In contrast to spermatozoa, mH2A appears to be 

present in early spermatogenic cells and liver. The presence in the former most likely 

reflects the involvement of this variant in the process of meiosis. 
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Figure 6 

Hydroxyapatite salt-gradientjactionation of histonesJFom chromatin obtainedfiom 

HeLa cells grown in the absence or in the presence of 5 mM sodium butyrate used to 

raise the overall extent of histone acetylation to 10 acetyl groups per histone octamer. 

(A) Elution profile determined from the absorbance readings at 230 nm. The inset bar 

identifies the region of elutidn of mH2A, and the straight line indicates the NaCl gradient 

used for the elution of histones. (B) Western blot (1); SDS-PAGE (2); and AU-PAGE 

(3) analysis of different fractions obtained from the histone fractionation of chromatin 

from sodium butyrate-treated cells. (C) A similar analysis to that shown in panel B for 

chromatin obtained from untreated (control) HeLa cells. HM and CE are, respectively, 

total HeLa histones and chicken erythrocyte histones used as controls. 
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The occurrence in liver and the absence in terminally differentiated cells are 

suggestive of a dynamic role of mH2A in the regulation of gene expression where it may 

contribute to the stabilization of transiently repressed chromatin domains. Most of the 

results presented here come in support of the notion of a dynamic functional role. 

Is there any structural basis for such dynamic behavior that can be traced down to 

the basic constitutive comp&ents of the vertebrate chromosome: the nucleosome and the 

chromatin fiber? Despite the considerably large amount of information collected about 

the possible physiological relevance of mH2A (see introductory paragraphs), very little 

is still known about the structural consequences of the occurrence of this histone variant 

at the level of the nucleosome or the chromatin fiber itself. Our next studies were 

designed to provide insight into this characterization. 

Starting fiom the direct structural analysis of mH2A in solution, the circular 

dichroism analysis revealed that the NHR domain contained a substantial amount of 

secondary structure predominantly consisting of a-helix (Fig. 2). This amount is higher 

than that of the histone-fold domain, and it likely reflects a higher level of tertiary 

structure. This observation is supported by the recent crystallographic analysis carried out 

on an ancestral bacterial protein that displays a significant amount of sequence similarity 

to the NHR and is probably a homologous protein (Allen et al, 2003). 

At the nucleosome level, we carried out in vitro analysis. To this end, we used 

reconstituted nucleosome core particles and sedimentation velocity for their 

characterization (Figs. 3-5). Although it is difficult to fit the structure of the nucleosome 

to hydrodynamic models (the structure of the nucleosome core particle would correspond 

to a predicted solid oblate ellipsoid of 8 (alb) (Fig. 2), the result nevertheless indicates 
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that the mH2A particle is at least twice as asymmetrical as the native nucleosome core 

particle (see Fig. 7 A for a model). Furthermore, the DNA in the vicinity of the dyad axis 

and around the entry and exit sites is more exposed to DNase I, suggesting a more 

extended organization in this region of the C-terminal tail of mH2A 

as compared to H2A (Fig. 7A). However, the overall conformation is significantly 

compacted as this domain Gould span about 700 A in a completely linear conformation 

(see Fig. 7B). The folded structure of the NHR domain of mH2A implied by our 

hydrodynamic studies is consistent with the recent crystallographic data from the 

bacterial NHR like protein (Allen et al, 2003) (Fig. 8). 

At the level of the chromatin fiber, high levels of histone acetylation did not alter 

the enhanced interaction of mH2A1.2 within the nucleosome (Fig. 6). The full 

significance of mH2A deposition within specialized nucleosomes is poorly understood. 

On the basis of its enrichment in heterochromatinized sex chromatin (Costanzi and 

Pehrson, 1998) and repression of transcription initiation (Perche et al, 2000), it is likely 

that this histone variant is important for lowering the permissibility of gene expression. 

Indeed, a stabilizing structural role independent of histone acetylation levels is in 

agreement with the observation that the histone region of mH2A1.2 is more resistant to 

chromatin remodeling in situ (Angelov et al, 2003). 

It is possible that mH2A has acquired different roles in the course of vertebrate 

evolution. While initially designed as a repressive histone variant involved in the 

regulation of transcription through mechanisms that involve alteration of chromatin 

remodeling and transcription factor binding accessibility (Angelov et al, 2003) (see Fig. 

7C), mammals appear to have taken further advantage of this variant's repressive role for 
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Figure 7 

Schematic representation of the mH2A nucleosome. (A) As assessed from its 

hydrodynamic parameters. (B) For comparative purposes, a conformation where the C- 

terminal NHR adopts a completely extended structure is shown. The protein backbone 

span was calculated using a distance between adjacent amino acids of 3.63 A in a fully 

extended chain and 1 .SO A ih a helical conformation (Creighton, 1996) and the a-helical 

content experimentally determined in this paper. (C) A model for incorporation of mH2A 

nucleosomes within chromatin. Various possibilities for the functionally relevant 

structure of the nucleosome model shown in panel A include (1) interactions with Xist 

RNA in during sex-linked heterochromatinization and (2) participation in the dynamic 

inactivation events. 
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Figure 8 

Three-dimensional modeled structure ofmH2A. This model is based upon the secondary 

structure prediction (Fig. 2), sedimentation velocity analysis (Fig. 5); and the crystal 

structures of H2A (1) (Yellow) and the NHR domain (Allen et al, 2003) (Brown). The 

random coil structure of the linking region may provide flexibility to the C-terminal 

globular domain of mH2A, which extends from the nucleosome core. 
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the purpose of X-chromosome inactivation by creating chromatin domains that facilitate 

interactions with Xist RNA (Pehrson and Fuji, 1998; Gilbert et al, 2000; Csankovszki et 

al, 1999) (see Fig. 7C). Further experiments are required to characterize the bifunctional 

properties of mH2A containing chromatin in both the Xi and the active regions of the 

genome. 
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Abstract 

MacroH2A is a histone variant that is enriched in the inactivated X-chromosomes 

of mammalian females. In order to characterize the role of this protein in other nuclear 

processes we isolated chromatin particles from chicken liver, a vertebrate system that 

does not undergo X-inactivation. Chromatin digestion and fractionation studies 
T 

determined that mH2A is evenly distributed at several levels of chromatin structure and 

stabilizes the nucleosome core particle in solution, However at the level of the 

chromatosome, selective salt precipitation showed the existence of a mutually exclusive 

relationship between mH2A and HI, which may reveal functional redundancy between 

these proteins. Two-dimensional gel electrophoresis demonstrated the presence of two 

distinct populations of mH2A containing nucleosomes, one of which may result from 

ADP-ribosylation. This report provides new clues into how mH2A distribution and a 

previously unidentified post-translational modification may help regulate the repression 

of autosomal chromatin. 
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Introduction 

The incorporation of histone variants into nucleosomes has been causally linked 

to such events as gene expression, DNA repair, and meiosis (see [Henikoff et al, 2004; 

Ausio and Abbott, 20041 for recent reviews). For example, H2AX has been labeled the 

"guardian of the genome" because of its role in the resolution of DNA fragmentation and 

maktenance of genomic st&ility (Redon et al, 2002; Fernandez-Capetillo et al, 2004). 

Interestingly, the core histone H2A has the largest family of described heteromorphous 

variants that specialize nucleosomes for defined functions. This family of proteins 

displays the greatest chemical variability at their C-terminus, which has implications for 

nucleosome stability, the binding of H 1, and the formation of higher order chromatin 

structures (Eickbush et al, 1988; Suto et al, 2000; Ausi6 and Abbott, 2002). 

Accumulating biophysical data suggest H2A variants may indeed exert some function by 

directly altering the stability and conformation of chromatin complexes (Suto et al, 2000; 

Abbott et al, 2001; Fan et al, 2002; Abbott et al, 2004a; Abbott et al, 2004b). Within the 

cell, the direct interplay between histone variants and downstream effector proteins is 

also proving to be important for nuclear metabolism (Paul1 et al, 2000; Adam et al, 2001; 

Mahadevaiah et al, 2001; Takahasi et al, 2002; Ward et al, 2003; Rangasarny et al, 2003). 

M a c r o m  (mH2A) is a histone H2A variant that was first described twelve years - 

ago (Pehrson and Fried, 1992). Its name was derived from the C-terminal nodjstone 

region (NHR) that comprises two-thirds of its molecular mass. Recently the - 

crystallographic structure of a protein with homology to the NHR was resolved, which 

has heightened interest in this histone variant (Allen et al, 2003). Bioinfomatical analysis 

of this region suggests that it may function in directly regulating the ADP-ribosylation of 
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histones (Martzen et al, 1999; Allen et al, 2003), suggesting for the first time that a 

histone variant may have inherent enzymatic potential (Laudner, 2003). 

Since the discovery of mH2A and its early association with X-inactivation most 

of the literature has explored its potential role in this process and transcriptional 

repression. Stability assays have shown that mH2A binds with higher affinity within 

chmmatin than its H2A codterpart (Pehrson and Fried, 1992; Abbott et al, 2004b). 

Localization of a NHR-Gal4 fusion protein to a yeast promoter repressed its transcription 

potential (Perche et al, 2000). A secondary report by this group determined that mH2A 

containing nucleosomes are more refkactory to S WYSNF remodeling and the binding of 

NF-KB near the pseudo-dyad axis (Angelov et al, 2003). In addition, a series of 

publications have determined that this variant is enriched in the Barr body of mammalian 

females (Costanzi and Pehrson, 1998; Costazni and Pehrson, 2000; Chadwick and 

Willard, 2001; Chadwick and Willard, 2002; Chadwick and Willard, 2003), and the XY- 

body in the testes of adult male mice during spermatogenesis (Richler et al, 2000; Hoyer- 

Fender et al, 2000; Turner et al, 2001). Indeed, there is indirect evidence that mH2A may 

physically associate with Xist (Pehrson and Fuji, 1998; Rasmussen et al, 1999), a 

noncoding RNA transcript that helps facilitate sex heterochromatinization by coating the 

Xi. 

Although mH2A contributes to the specialized architecture of the Xi, this protein 

clearly has implications for chromatin beyond this process. mH2A is present in species 

that do not undergo X-inactivation (Pehrson et al, 1999; Abbott et al, 2004a); highly 

conserved in vertebrates (Pehrson and Fuji, 1998; Abbott et al, 2004a); displays tissue 

specific expression at similar levels in both females and males (Rasmussen et al, 1999; 
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Chadwick and Willard 2002); and localizes to other nuclear domains (Costanzi and 

Pehrson, 1998; Mermoud et al, 1999; Chadwick et al, 2001a, 2001b; Chadwick and 

Willard, 2002 ). In order to further characterize the role of mH2A in chromatin folding 

and stability, we chose to use chicken liver as a model system. In birds, females are 

heterogametic (ZW) and males are homogametic (ZZ). Although the process remains 

poofly understood, it is believed that there may be no somatic dosage compensation 

mechanism in the males of this species (Kuroiwa et al, 2002). Therefore, nucleosome 

complexes purified from chicken hepatocytes provide an interesting look into the 

relationship between mH2A and autosomal chromatin. 

Materials and Methods 

Purijication of Chicken Hepatocyte Chromatin - Chicken livers were flash frozen in 

liquid nitrogen after harvesting. Frozen tissue was shattered and then homogenized in 

four volumes 100 rnM KCl, 25 rnM Tris-HCl (pH 7.5), 1.0 mM MgCl2 buffer in the 

presence of 1 : 100 v/v Complete protease inhibitor cocktail (Roche, Manheim, Germany). 

The following purification steps were based upon the protocol described by (Ausi6 et al, 

1989) with minor changes introduced to optimize the procedure for liver nuclei. 

Hepatocytes were washed in the buffer described above and then centrifuged at 5000g for 

10 min at 4OC. This process was repeated three times. The final pellet thus obtained was 

gently suspended to homogeneity with a plastic transfer pipette in 100 mM KCl, 25 mM 

Tris-HC1 (pH 7 . 9 ,  1.0 mM MgC12 buffer containing 0.2% Triton X-100 and incubating 

on ice for 10 min. Nuclei were then collected by centrifugation as described above. This 

step was repeated one time to ensure complete removal of cytoplasmic debris. Purified 
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nuclei were then resuspended in 100 mh4 KC1; 25 mM Tris-HC1 (pH 7.5); 1 mM CaC12 

digestion buffer to a fmal concentration of 6 mglml. The concentration of chromatin was 

determined from the DNA absorbance at 260 nrn in 0.5% SDS as described in (Ausio et 

al, 1989) using a Cary-1 UV-Visible Spectrophotometer (Varian Inc., Mississauga, Ont). 

Nuclei were digested with 9 U MNase (Worthington Biochemical Group, Freehold, 

N J ) ; ~ ~  chromatin for 5 mi;at 37OC. Following digestion the sample was centrifuged at 

10,000g for 10 min at 4OC. The supernatant (SI) was collected and stored on ice in the 

presence of Complete protease inhibitor cocktail (1 :200 vlv) until further use. The pellet 

was vigorously resuspended in 0.25 mM EDTA (using 0.5 V of that used in the previous 

digestion) with a sterile glass pipette and then stirred for 1 hr at 4•‹C to lyse nuclei. The 

sample was centrifbged as above to generate an EDTA-soluble supernatant (SE) and an 

EDTA-insoluble pellet (PE), which was flash frozen and stored at -80•‹C until further use. 

The SE chromatin thus obtained was subsequently dialyzed against 25 mM NaCl, 10 mM 

Tris (pH 7.9,  1.0 mM CaC12 buffer overnight. The next day, the chromatin was collected 

and used directly for MNase digestions to generate NCPs and chromatosomes (see 

below). 

Digestion and Fractionation of Chromatin - N_wcleosome core particles PCPs)  were 

generated from digested chromatin stripped of HZ by a secondary digestion with MNase 

(9 U MNaseImg chromatin) (Ausi6 et al, 1989). These reactions were stopped by adding 

EDTA to a final concentration of 10 mM. NCPs were purified in a 5%-20% sucrose 

gradient in 25 mM NaC1, 10 mM Tris-HC1 pH 7.5,O.l rnM EDTA buffer centrifuged at 

104,000g for 21 hr at 4•‹C. Following purification, NCPs were dialyzed against 0 M, 0.3 
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M, 0.6 M, 0.9 M, 1.2 M, or 1.5 MNaCl in 10 mM Tris-HC1 (pH 7.9,O.l mM EDTA 

buffer. The samples thus obtained were fractionated in 5%-20% sucrose gradients with 

identical salt and buffer composition. DNA from the gradient fractions was analyzed by 

4% native acrylamide gels (Yager and van Holde, 1984). Aliquots fiom each fraction 

were prepared in 0.3% SDS and loaded directly onto the gel. 

Chromatosome and i3ligonucleosome complexes were generated by MNase 

digestion (30 U MNase/mg chromatin) of SE chromatin (6 mglml) at 37•‹C for 10 min 

with gentle shaking. Reactions were stopped by adding EDTA to a final concentration of 

10 mM. Digested chromatin was separated by centrifugation in a 5% to 20% sucrose 

gradient containing 25 mM NaC1, 10 rnM Tris-HC1 (pH 7.5),0.1 mM EDTA buffer at 

1 O4,OOOg for 18 hrs at 4•‹C. 

Polynucleosome chromatin fibers were produced by digesting prewarmed SE 

chromatin (4 mg/rnL) with 5 U MNaseImL chromatin at 37OC for 5 min. Following the 

addition of EDTA to 10 mM to halt digestion, several aliquots were dialyzed overnight 

against 0 mM, 30 mM, 60 mM or 80 mM NaCl in 10 mM Tris-HC1 (pH 7.9,O.l mM 

EDTA buffer at 4OC. Insoluble chromatin was removed by centrihgation at 10,000 g for 

10 min at 4OC. The chromatin samples thus obtained were then loaded onto 5% to 20% 

sucrose gradients with identical buffer composition to that of the dialysis buffers and 

centrihged at 83,000g for 3 hrs at 4OC. The extent of folding of the chromatin complexes 

was monitored by analytical ultracentrifuge (see below). 

Analytical Ultracentrifuge - In order to determine the size and extent of folding of 

chromatin fibers, fractions from sucrose gradients (described above) were selected, 



SECTION B: HISTONE H2A VAFUANTS AND CHROMATIN STRUCTURE Chapter 6 

dialyzed and then analyzed by sedimentation velocity. Sedimentation coefficients were 

determined by the van Holde and Weischet analysis method (van Holde and Weishet, 

1978) using XL-I Ultra Scan version 6.0 sedimentation data analysis software (Borries 

Demeler, Missoula, MT). Sedimentation velocity runs were performed in an An-55 rotor 

using aluminum-filled epon double sector cells as described in (Garcia-Ramirez et al, 

1992). 

Fractionation of Mononucleosome and Chromatosome Complexes - Fractionation of 

mononucleosome and chromatosome particles was based upon the protocol originally 

designed by Donald Olins (Olins et al, 1976). Briefly, purified nuclei from chicken 

hepatocytes were prewarmed at 37OC and digested with 25 U MNase/mg chromatin for 

12 min, 24 min, and 32 min. Each reaction was stopped by adding EDTA to a final 

concentration of 25 mh4 EDTA on ice. Digested samples were lysed by overnight 

dialysis against 0.25 mM EDTA at 4OC and centrifuged at 8000g for 20 min at 4OC to 

yield a supernatant (SI) and a primary pellet (PI). SI was subsequently dialyzed against 

100 mM KC1, 50 m M  Tris pH 7.5, 1.0 mM EDTA overnight at the same temperature to 

precipitate the H1-containing nucleosomes. The salt precipitate was collected by 

centrifugation as above (pellet P2). The supernatant contains the histone HI depleted 

nucleosome fraction (SN). P1 and P2 were then resuspended in distilled H20 to an 

approximate concentration of 2 mg/mL and were homogenized in a dounce by 10 strokes. 

Samples were aliquoted and flash fiozen until further use. 

The histone and nonhistone chromosomal components from PI, P2, and SN were 

analyzed by SDS-PAGE (Larnmeli 1970) and Western blot. The DNA from each of these 
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samples was phenol chloroform extracted and analyzed by 4% native-PAGE (Yager and 

van Holde, 1984). 

To determine the relative distribution of active and inactive genes in SN, P 1, and 

P2; the 24 minute digests were probed with the exon 3 of apolipoprotein A-I (APO-I) and 

the entire sequence of histone H5 respectively. APO-I is a constitutively expressed gene 

in chicken liver cells (~aja6shis th  et al, 1987; Blue et al, 1982), and the H5 gene is 

transcriptionally inactive in differentiated cells (Neelin et al, 1964; Gomez-Cuadrado et 

al, 1992). The H5 plasmid, PchV2.5B/H, was a generous gift from Dr. James Davie. 

APO-I was generated by PCR amplification of exon 3 using a forward primer: 

AAGCTTAAGCTGGCTGACAAC (Hind I11 sites are underlined), and a reverse primer: 

AAGCTTACTTCTGGAGTTCGT; and using genomic chicken liver DNA as a template. 

PCR fragments were cloned into a TOPO-pCR 2.1 plasmid (Invitrogen, Carlsbad, CA) 

and sequenced. Verified probes were radiolabeled using a-32~-deoxycytosine 

triphosphate random primer DNA labeling according to manufacturer's instructions 

(Invitrogen, Carlsbad, CA). The concentrations of purified P1, P2 and SN DNA were 

normalized from the UV absorbance at 260 nrn and ethidium bromide straining of 

agarose gels. Ten micrograms were dot blotted onto a Zeta-Probe GT Genomic blotting 

membrane (Bio-Rad Labratories, Hercules, CA) by vacuum manifold and UV crosslinked 

in a UV ~tratalinke? (Stratagene, La Jolla, CA). The probe hybridization was carried out 

in 0.15 M NaCl, 10% sodium dextran sulphate, 1 % SDS with agitation overnight at 65OC. 

The membrane was then washed three times for 30 min in 2X SSC, 0.1% SDS buffer to 

reduce nonspecific binding. Autoradiographs were performed using Biomax X-Ray film 

(Kodak, Rochester, NY). 
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Western Blot Analysis - Acid extracted proteins from the different chromatin 

fractionations (Wang and Ausi6,2001; Abbott et al, 2004) were analyzed by SDS-PAGE 

(Laernmli, 1970), transferred to PVDF membrane (Bio-Rad Laboratories, Hercules, CA), 

and processed as described in (Abbott et al, 2001). In the course of this analysis we 

not&ed that acid extracted Gstones produced lower mH2A yields and in some cases the 

disappearance of the modified forms of mH2A in comparison to histones visualized from 

chromatin that was directly dissolved in SDS sample buffer. The antibody dilutions used 

in these Western blots were: mH2Al 1 :3700; mH2A2 1 : 1000; ubiquitin 1 :3000; poly 

ADP-ribose (Alpha Diagnostics, San Antonio, TX) 1 : 1500 Xpress 1 : 1000 (Invitrogen 

Corporation, Carlsbad, CA); Myc 1 : 1000 (Invitrogen Corporation, Carlsbad, CA); and a 

secondary Rabbit-HRP conjugate (Abcam, Cambridge, MA) 1 :5000. 

Two-Dimensional Gel Electrophoresis - Sucrose gradient purified chicken hepatocyte 

mononucleosomes in 25 rnM NaC1, 10 rnM Tris-HC1 pH 7.5,O. 1 mM EDTA were 

concentrated using an YM-10 Centricon (Millipore Corp., Bedford, MA) to a final 

concentration of approximately 10 mg/mL. Samples were brought to 10% sucrose with 

0.5 volume of 30% sucrose in the absence of any tracking dyes. In the first dimension, 

duplicate samples (each: 35-40 pg of nucleosomes) were electrophoresed in 6% 

polyacrylamide nondenaturing gels to increase the separation of major and mH2A 

containing NCPs (Yager and van Holde, 1984). One of the lanes was stained with 

ethidium bromide and photographed, and the other equivalent lane was equilibrated in 

2% SDS, 10 mM P-mercaptoethanol, 10 mM Tris (pH 7.5) to dissociate the histones from 
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the nucleosome and to prevent the formation of H3-H3 dimers. The gel strip was next 

laid horizontally and electrophoresed in a 3% acrylamide stacking-15% acrylamide 

separating SDS gel prepared as according to (Lammeli, 1970). 

Transfection and In Situ Expression of mH2A subtypes - Stably transfected hTERT- 

RPE'~ and HEK-293 clones~&xpressing either C-terminal mH2A1.2-Myc, C-terminal 

mH2A2-Myc or N-terminal mH2A1.2-Xpress were generated as described previously 

(Chadwick and Willard 2002). Cells were grown directly on microscope slides before 

fixation and extraction for 10 min at room temperature in 1 x PBS buffer containing 4% 

formaldehyde and 0.1% Triton X-100 v/v. After washing in 1 x PBS, slides were blocked 

for 30 rnin at room temperature in 1 x PBS containing 3% BSA and 0.1% Tween-20 vlv. 

Cells were stained using a 1 :200 dilution of anti-Myc or anti-Xpress (Invitrogen 

Corporation) for 60 rnin at room temperature in 1 x PBS containing 1% BSA and 0.1% 

Tween-20 vlv. Detection was achieved using a 1 :200 dilution of Goat anti-Mouse IgG 

conjugated with FITC (Jackson IrnmunoResearch Laboratories) for 60 min at room 

temperature in 1 x PBS containing 1% BSA and 0.1% Tween-20 v/v. After washing in 1 

x PBS, cells were fixed once more as described above. Images were collected using 

Openlab software (Improvision), with a Hamamatsu ORCA-ER camera (Hamamatsu 

Photonics) on a Zeiss Axiovert 200M (Carl Zeiss icroimaging, Inc.). 
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Results 

Distribution of mH2A in Chromatin - In an effort to determine the distribution patterns of 

mH2A in autosomal chromatin we generated a mixture of chicken liver 

mononucleosomes, chromatosomes, dinucleosomes, and trinucleosomes by MNase 

digestion. These complexes were fractionated in a sucrose gradient and analyzed by 
'7 

native-PAGE and Western blot (Fig. 1). Each population was normalized for core histone 

content and then probed with a mH2A1 antibody. The results indicate that mH2A is 

evenly distributed in these oligonucleosome particles. 

To determine if mH2A is segregated into more compact higher order structures 

with different salt-dependent folding properties, mildly digested samples consisting of a 

heterogeneous mixture of chromatin fi-agments was fractionated by sucrose gradients at 

different salt concentrations (Fig. 2A). Gradient fractions were normalized for histone 

content as determined by SDS-PAGE (Fig. 2B) and analyzed by Western blot (Fig. 2B). 

From these results it appears that mH2A does not significantly enhance the folding of the 

chromatin fiber. Furthermore, they suggest that in chicken hepatocyte chromatin, mH2A 

may be evenly distributed throughout the genome such that all fragments analyzed here 

contain an approximately equivalent mH2Ncanonical H2A ratio. Further experiments 

with homogeneous reconstituted arrays containing exclusively mH2A should be able to 

provide more sensitive data in regards to the role of this variant in chromatin folding and 

association. 

Stability of Native mH2A Containing Mononucleosomes in Solution - Previous studies 

have determined that mH2A binds to hydroxyapatite immobilized chromatin with more 
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Figure 1 

MacroH2A is evenly distributed in mono-, di- and trinucleosomes. 4% native-PAGE of 

the DNA from sucrose gradient fractionated chromatin particles. Lane (M) is pBR 322 

plasmid DNA digested with the restriction enzyme CfoI used as a DNA marker; lane (1) 

= mononucleosomes; lane (2) = dinucleosomes; and lane (3) = trinucleosomes. The 

number of base pairs corresponding to each of the bands is indicated on the left-hand side 

of the figure. The Western blot analysis of the histone components of these complexes is 

shown at the top. 
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Fraction Number 

Figure 2 

Analysis of the ionic strength dependent mH2A distribution in native chromatin fibers. 

(A) Chromatin mildly digested with micrococcal nuclease was Eractionated by sucrose 

gradients at 0 rnM, 30 mM, 60 rnM and 80 mM NaC1. The absorbance at 260 nrn of the 

collected fractions is represented as a line graph and cone plot (boxed inset) to highlight 

the ionic strength dependent changes in the sedimentation of the samples. As the ionic 

strength increases, the sedimentation of the main peak increases due to the salt-induced 

folding of the chromatin fiber fragments. (B) SDS-PAGE and Western blot analysis of 

normalized amounts of histones from the different fractions. 
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affinity than H2A (Pehrson and Fried, 1992; Abbott et al, 2004a). A nagging question 

that remained following these experiments was whether artifactual interactions with the 

resin contributed to this effect, or if it is a true reflection of the enhanced stability of a 

nucleosome containing mH2A. To address this we analyzed the salt-dependent stability 

of mH2A containing mononucleosomes in solution. Chicken liver mononucleosomes 

were dialyzed against 0 M, 6.6 M, 0.9 M, 1.2 M, and 1.5 M NaCl in 10 rnM Tris-HCl 

(pH 7.5), 0.1 mM EDTA buffer, and fractionated in sucrose gradients with identical salt 

concentrations (Fig. 3A). The position of the peaks in the salt-dependent sedimentation 

profiles (Fig. 3B) are consistent with the sedimentation coefficients of native (Ausio and 

van Holde, 1986; Ausid et al, 1989) and reconstituted (Abbott et al, 200 1 ; Abbott et al, 

2004a; Abbott et al, 2004b) mononucleosomes under the same ionic strength conditions. 

After normalization of the sucrose gradient fractions for equal H2A content using SDS- 

PAGE, the distribution of mononucleosome particles containing mH2A was determined 

by Western blotting (Fig. 3C). At lower salt concentrations, rnH2A is uniformly 

distributed across the entire peak in agreement with previously published data 

(Changlokar et al, 2002). As the ionic strength increases, mH2A remains associated with 

the mononucleosome under conditions that H2AeH2B dimers start dissociating. 

Dissociation of mH2A is not observed until 1.5 M NaCl, concomitant with the initial 

release of (H3.H4)2 tetramers. This result is in agreement with the previous results from 

salt-dependent hydroxyapatite chromatography (Pehrson and Fried, 1992; Abbott et al, 

2004a). Therefore, mH2A clearly generates a variant nucleosome structure that displays 

enhanced ionic strength stability. 
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Figure 3 

Ionic strength dependent stability of native mH2A containing mononucleosomes in 

solution. Purified mononucleosomes were dialyzed against increasing NaCl 

concentrations and fractionated by sucrose gradients (A) Sedimentation profile of 

mononucleosomes at 0 M N'a~l .  (B) Cone plot representation of the salt-dependent 

changes in the sedimentation behavior of mononucleosomes. (C)  SDS-PAGE and 

Western blot analysis of the fractionated mononucleosomes shown in (B). To ensure that 

the mononucleosome preparation used was free from larger oligonucleosome particles 

(i.e. dinucleosomes), the DNA component of these complexes was analyzed by native gel 

electrophoresis (see Fig. 5C bottom). The amount of histones loaded were normalized for 

H2A content and probed with anti-mH2Al. At lower salts (0 M and 0.6 M), mH2A 

exhibits an even distribution across the peak. Under NaCl conditions that disrupt the 

association of H2AsH2B dimers with the (H3.H4)2 tetramers (0.9 M; Ausio, 2000), 

mH2A remains stably bound. MacroH2A starts dissociating at 1.5 M NaCl, contaminant 

with initial (H3.H4)2 tetramer dissociation from the nucleosomal DNA. Notably, the 

mH2A1 subtypes, rnH2A1.1 and mH2A1.2, display identical salt-dependent stability. 
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MacroH2A and Linker Histones - To gain some insight into the relationship between 

mH2A and the occurrence of linker histones, we revisited a salt-fractionation technique 

that separates digested chromatin particles into NCPs, chromatosomes and larger 

insoluble fragments (Olins et al, 1976). Dialysis of thoroughly digested chromatin 

against 0.25 mM EDTA produces a soluble fraction and an insoluble fraction (P) that 

contains a heterogeneous mixture of chromatin particles. When the soluble fraction is 

dialyzed against 0.1 M KC1, an insoluble fraction containing H1 and H5 (Fraction C) and 

a soluble linker histone depleted fiaction consisting mainly of NCPs (Fraction N) are 

obtained (Fig. 4A). The presence of some H5 is due to contamination by erythrocyte 

chromatin. Figure 4B shows the histone composition of these fractions. 

DNA analysis of these samples reveals that the 0.1 M KC1-soluble fraction (N) 

consists mainly of 146 bp and a smaller fraction _< 168 bp DNA (Fig. 4A). The 0.1 M 

KC1-insoluble fraction (C) displays a ladder of nucleosome complexes and 

mononucleosomes consisting mainly of chromatosomal DNA >_ 168 bp and fragments 5 

13 1 bp that result from overdigestion and aggregation (Fig. 4A). This DNA distribution is 

consistent with previous data (Olins et al, 1976). 

To determine the hct ional  distribution of genes in these populations, DNA from 

the (N), (C), and (P) fractions obtained upon digestion for 24 minutes were analyzed by 

Southern dot blotting using APO-I and histone H5 as probes (Fig. 4C). APO-I is 

constitutively expressed in chicken liver (Blue et al, 1982; Rajavashisth et al, 1987) and 

H5 is silenced in differentiated cells (Neelin et al, 1964; Gomez- Cuadrado et al, 1992). 

The rationale for this analysis is that the NCP fraction (depleted of HI) should be 

enriched in actively transcribing DNA sequences; whereas, the chromatosome fraction 
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Figure 4 

MacroH2A and HI display a mutually exclusive relationship. (A) Native gel analysis of 

the constitutive DNA from salt-fractionated chromatin (Olins et al, 1976). The 0.1 M 

KC1-soluble NCP fraction (N) consists mainly of 146 bp and _< 168 bp DNA. The 

chromatosome (C) fraction consists of longer DNA fragments with major bands of L 168 

bp ahd some overdigested c6mplexes < 13 1 bp. The (P) fraction is the insoluble 

heterochromatin following MNase digestion and nuclear lysis before salt fractionation. 

The protein components of these fractions were analyzed by SDS-PAGE and Western 

blot using mH2Al and mH2A2 antibodies (B). MacroH2A is predominantly distributed 

in the (N) and (P) fractions; whereas as expected, H1 is enriched in the (C) and (P) 

fiactions. A band with a lower electrophoretic mobility for both mH2A1 and mH2A2 is 

enriched in the (P) fraction (indicated by black arrows). To characterize the extent of 

gene activity in fractionated chromatin, purified DNA from the (N), (C), and (P) fractions 

were probed using H5 and apolipoprotein (APO-I) gene sequences (C). Genomic chicken 

liver DNA was used as a control (G). The strong H5 signal in DNA from fraction (C) is 

consistent with this gene be transcriptionally silenced in differentiated cells. Likewise, 

APO-I is constitutively active, which is in agreement with its enrichment in the (N) 

fraction. 
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(C) (HI -containing) should be enriched in the genes sequences from silenced chromatin 

domains. The pellet (P) fraction consists of heterochromatin which is highly resistant to 

nuclease digestion. Interestingly, it appears that both genes are present in the pellet 

fraction in approximately equal amounts. However, H5 is preferentially distributed in the 

linker histone containing (C) fraction; and APO-I is enriched in the linker histone- 

depleted NCP populations, Ghich is consistent with what was expected. 

The distribution of mH2A in fractions (N), (C), and (P) was determined by 

Western blotting (Fig. 4A). Quite unexpectedly, the (N) and (P) fractions contain similar 

levels of mH2A; whereas, in the (C) fraction mH2A levels are depleted. The opposite is 

observed in the (C) fraction, where linker histones are present in approximate 

stoichiometry (1 per octarner); and mH2A levels are depleted. It appears, however, that 

the mH2A signal increases with time in the latter fraction, which may correspond to 

either the accumulation of overdigested nucleosomes from the (N) fraction, or increased 

accessibility of the enzyme into heterochromatin. Notably, using this fractionation 

technique the distribution of the two mH2A variants (mH2A1 and mH2A2) appears to 

exhibit the same distribution patterns. 

Very interestingly, an antibody responsive higher molecular weight band for both 

mH2A1 and mH2A2 is also present in (P). The increase in molecular weight observed as 

an electrophoretic shift is estimated to be 4.5 kDa (results not shown). 

Two-Dimensional Electrophoretic Analysis of Mononucleosomes - Although NCPs 

consisting exclusively of 2(mH2A.H2B) dimers and a (H3.H4)2 tetramer have been 

successllly reconstituted into mononucleosomes (Changlokar et al, 2002; Angelov et al, 
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2003; Abbott et al, 2004a), whether the histone variant is present in one or two copies in 

native NCPs remains to be determined. In an attempt to address this question we 

performed two-dimensional gel electrophoresis on purified native chicken liver 

mononucleosomes. In the first dimension, mononucleosomes (40-50 pg) were separated 

from larger nucleosome particles by nondenaturing gel electrophoresis (Fig. 5A). The 

histone populations of the~e'~artic1es were then resolved by a second SDS-PAGE 

dimension (Fig. 5B) and probed with mH2A1 antibodies (Fig. 5C, 5D). In agreement 

with previously published data (Abbott, et al, 2004) using in vitro reconstituted NCPs 

consisting of two mH2A, the electrophoretic mobility of native nucleosomes containing 

mH2A1 is significantly retarded due to the larger mass and conformational asymmetry of 

the NHR. However, using two-dimensional gel electrophoresis is not possible to 

distinguish whether native NCP particles consist of one or two copies. 

Post-translational ModiJication of mH2A - Under some experimental conditions, two- 

dimensional gel electrophoresis revealed the presence of another smaller population of 

mH2A containing NCPs with higher electrophoretic mobility in the first dimension and 

containing a mH2A band of lower mobility in the second dimension (Fig. 5D, indicated 

by black arrows). To determine if this modified form of mH2A observed in several 

fractionation experiments was the result of a post-translational event, N-terminal 

mH2A1.2-Xpress, and C-terminal mH2A1 .2-Myc and mH2A2-Myc constructs were 

generated and transfected into hTERT-RPEl and HEK-293 cell lines respectively. 
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Figure 5 

Two-dimensional analysis of native chicken liver mononucleosomes. A concentrated 

sample of highly enriched mononucleosomes was electrophoresed in the first dimension 

through 6% native-PAGE (A) followed by 15% SDS-PAGE second dimension (B). 

MacroH2A was detected by Western blotting (C). Mononucleosomes containing mH2A 

have a retarded mobility compared to major NCPs due to their larger molecular mass and 

conformational asymmetry (Abbott et al, 2004a). (D) A mH2A isoforrn with lower 

electrophoretic mobility in SDS-PAGE (indicated with a black arrow) is present in a 

nucleosome fraction that displays an intermediate electrophoretic mobility between the 

major mH2A and conventional H2A containing nucleosomes during native-PAGE. (Di) = 

contaminating dinucleosome fraction, (M) = mH2A containing NCPs, (Mono) = major 

NCPs. 
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Immunocytolocalization analysis established that these constructs are indeed expressed 

and form a macro&romatin body (MCB) (Fig. 6A). Analysis of sucrose gradient purified 

mononucleosomes from these cell lines with anti-Xpress and anti-Myc antibodies showed 

that these cells also produce, in addition to a major mH2A signal, a higher molecular 

weight band (Fig. 6B and 6C). This result confirmed that mH2A is post-translationally 

modified. Interestingly, dunkg fractionation studies, the modified form of mH2A was 

observed to be enriched in insoluble chromatin (Fig. 4A and unpublished observations). 

This suggests that the post-translational modification is localized to heterochromatic 

regions. 

In an attempt to characterize the chemical nature of this mH2A modification, 

Western blots were performed using ubiquitin and ADP-ribose (ADPr) antibodies. 

Despite our many attempts, we failed to visualize an ubiquitin signal that matched the 

electrophoretic band corresponding to the modified form of mH2A (Fig. 6D); however, it 

appears that mH2A may be ADP-ribosylated (Fig. 6D). Moreover, the potential 

conjugation of ADP-ribose oligomer would introduce two phosphate groups per subunit 

and may explain the puzzling increase in electrophoretic mobility observed during native- 

PAGE. In support of these results the electrophoretic shift observed is estimated to be 

equivalent to 4.5 kDa. This is well below what would be expected for ubiquitin (8.5 kDa) 

and close to the predicted mass of an ADP-ribose 10-mer. Furthermore, this post- 
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Figure 6 

Post-translational modifxation of mH2A. (A) N-terminal mH2A 1.2-Xpress (panel I), C- 

terminal mH2A1.2-Myc (panel 2) and C-terminal mH2A2-Myc (panel 3) form 

macrochromatin bodies in human cells. (B) Western blot using anti-Xpress against 

purified nucleosomes from untransfected (lane 1) and transfected hTERT-RPE1 cell lines 

(lane 2). (C) Western blotstsing anti-Myc antibodies against purified nucleosomes from 

control (lane I), mH2A1.2-Myc (lane 2) and mH2A2-Myc (lane 3) transfected HEK-293 

cell lines. These results confirm that the lower electrophoretic band of mH2A in SDS- 

PAGs is the result of a post-translational event. (D) Western blot analysis of chicken 

erythrocyte (CM) and chicken liver pellet histones (PE) using anti-mH2A1, anti- 

polyADP-ribose (ADPr), and anti-ubiquitin (Ub). The solid arrow points to a band in the 

anti-polyADPr Western that migrates exactly as the open arrow of the mH2A blot. (E) 

Western blot of HC1-extracted chicken erythrocyte (CM) and chicken liver pellet 

chromatin directly dissolved in SDS sample buffer (PE), in comparison to the HC1- 

extracted histones (HCl) from the same chicken liver pellet fraction. 
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translational modification appears to be acid labile as 0.4 N HCl extraction of histones 

resulted in the almost complete loss of the low electrophoretic mobility band. 

Discussion 

Earlier studies suggest that mH2A is present in about 1 of 30 nucleosomes 

(Pehrson and Fried, 1992), Ghich may be augmented in the Xi of mammalian females. 

Whether these specialized nucleosomes are clustered in certain regions or randomly 

distributed has not been determined yet. In this report we have isolated chromatin from 

chicken, a model system that does not have an identified dosage compensation 

mechanism for the expression of sex linked genes (Kuroiwa et al, 2002). This approach 

is important because the role of mH2A in chromatin function clearly extends beyond the 

inactivation of mammalian X-chromosomes (Pehrson and Fuji, 1998; Costanzi and 

Pehrson, 1998; Pehrson et al, 1999; Rasmussen et al, 1999; Chadwick and Willard, 

2001a, 2001b; Chadwick and Willard, 2002; Abbott et al, 2004a). Indeed, two reports by 

the same group have suggested that rnH2A may act as a transcriptional repressor by 

lowering the permissibility of DNA to the binding of transcriptional factors and 

nucleosome remodeling, both of which have functional implications for the general 

repression of transcription (Perche et al, 1999; Angelov et al, 2002). By characterizing 

the expression of mH2A subtypes, and their importance for chromatin structure and 

stability in an avian system, it provides new clues into how autosomal chromatin function 

is regulated. 

It is possible that mH2A is clustered in transcriptionally silenced regions to 

increase the folding potential of chromatin and generate a less permissive conformation. 
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In this regard, the role of histone variants in the regulation of chromatin structure has 

received a great deal of attention in the recent literature (see Ausio et al, 200 1 ; Ausi6 and 

Abbott, 2004 for recent reviews). To determine the distribution of mH2A at different 

levels of chromatin organization, we took a systematic approach and analyzed 

nucleosomes, chromatosomes, oligonucleosomes and polynucleosome fibers for 

prefkrential mH2A depositih (Fig. 1 and 2). If mH2A is mainly organized into tandem 

arrays, we would expect to see an increasing stoichiometry of mH2A to core histone ratio 

with increasing DNA length. Correspondingly, we would expect these localized domains 

to have an increased sedimentation at physiologic ionic conditions. However, our 

experimental data were unable to distinguish any significant clustering effects. These data 

suggest that with the exception of the Xi, mH2A is not exclusively packaged into 

chromatin fibers with an increased folding potential. Rather this histone variant may 

specialize dispersed autosomal nucleosomes for a defined function. 

Another way mH2A may regulate gene expression is through stabilizing the 

histone-histone and histone-DNA contacts within variant nucleosomes (Ausi6 and 

Abbott, 2002). Indeed, nucleosomes reconstituted with the recombinantly synthesized 

histone portion of mH2A produce complexes that are noticeably more resistant to ATP- 

dependent remodeling than conventional nucleosomes (Angelov et al, 2003). 

Furthermore, mH2A elutes at a higher salt concentration from chromatin immobilized on 

HAP than its H2A counterpart. This observation has been taken to indicate that mH2A 

binds with more affinity to chromatin than H2A (Pehrson and Fried, 1992, Abbott et al, 

2004a). However, whether this elution profile is due to interactions between mH2A and 

the HAP resin upon release from chromatin or the involvement of stabilizing 
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intranucleosomal interactions remains yet to be elucidated. To address this issue, we 

purified native NCPs and characterized their salt-dependent stability in solution (Fig. 3). 

The properties of native NCPs as a function of ionic strength have been well established 

(Ausio and van Holde, 1986; Ausio et al, 1989), and using this approach allows us to 

directly compare the behavior of nucleosomes with and without mH2A. Dissociation of 

the H ~ A - H ~ B  for the major 'population of NCPs begins at around 0.9 M NaCl as expected 

in contrast to what is observed for mH2A (Fig. 3C). Indeed, both mH2A1.1 and 

mH2A1.2 and presumably their H2B counterparts do not begin to dissociate until 1.5 M 

NaCl. Under these ionic strength conditions the native (H3.H4)2 tetramer has already 

undergone a significant dissociation from nucleosomal DNA (see Fig. 3C). 

At low ionic strengths, the mH2A containing nucleosomes exhibit a 

sedimentation behavior almost indistinguishable from that of native nucleosomes (Fig. 

3C; Abbott et al, 2004a). However, at 0.9 M and 1.2 M the mH2A containing NCP peak 

sediments faster than that of the major particles. This result clearly shows that mH2A 

enhances the interaction of the histone octarner with the nucleosomal DNA and probably 

the interaction between the (mH2A.H2B) dimers and the (H3.H4)2. This enhanced 

stability within variant NCPs agrees well with the observation that mH2A represses the 

ability of the nucleosome to be remodeled (Angelov et al, 2003). 

The apparent mutually exclusive relationship between H 1 and mH2A determined 

by salt fractionation (Fig. 1 and 4) is intriguing and raises two questions: (1) does the 

differential loading of these two proteins shown in Figure 4A and 4B represent two 

distinct but redundant forms nucleosome stabilization, or (2) does the globular NHR 

simply occlude the binding site of histone Hl? The co-localization of both proteins 
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within the (P) fraction suggests that these histones may coexist within the nucleosomes of 

insoluble heterochromatin (Fig. 4A). Whether this observation is representative of 

individual nucleosomes or whether HI and mH2A are separately deposited in a mixed 

population of chromatin fibers within the (P) fraction remains to be defined. 

Alternatively, the globular NHR domain of mH2A (Allen et al, 2003; Abbott et al, 

2004) may sterically interfefe with the binding of H1 to the nucleosome. Indeed, the C- 

terminal tail of histone H2A variants plays an important role in determining the function 

of specialized nucleosomes (Ausib and Abbott, 2002). Firstly, these molecules display 

the greatest primary structure heterogeneity in these domains. Secondly, the C-terminus 

of H2A projects along the surface and into the gateway of the nucleosome where H1 

binds (Luger et al, 1997; Suto et al, 2000). Therefore, the differential structures of H2A 

C-terminal tails may help regulate linker histone binding. Although it is tempting to 

conclude that due to its bulky nature the NHR may impede this process, caution must be 

taken when interpreting these results. Surprisingly, H2A ubiquitination, which is a post- 

translational modification that conjugates a 76 amino acid protein to the C-terminus of 

H2A, has been recently determined to enhance the interaction of H1 (Jason et al, 2004). 

Also, the predicted random coil structure linking the histone and nonhistone region of 

mH2A may allow for significant flexibility of the globular domain and potential access to 

the pseudo-dyad axis (Abbott et al, 2004). Indeed, nucleosomes reconstituted with mH2A 

have an altered DNA structure and display greater sensitivity to DNase I at sites +10 and 

-6 (super helix location 70 and 64 respectively) (Angelov et al, 2003; Abbott et al, 2004). 

However in support of a steric occlusion model, mH2A is refractory to NF-KB binding to 

DNA elements in this location (Angelov et al, 2003), suggesting that the NHR remains 
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positioned near the binding site of HI. Reconstitution of mH2A containing 

chromatosomes or two-dimensional gel analysis of native chromatosomes should help to 

further clarie this relationship. 

Reconstitution of H2A.Z (Abbott et al, 2001; Fan et al, 2002), H2AX (Siino et al, 

2002), H2A-Bbd (Gautier et al, 2004; Bao et al, 2004) and mH2A (Changlokar and 

~ehison, 2002; Angelov et in, 2003; Abbott et al, 2004) variants into nucleosomes have 

been reported. In each approach, homogeneous nucleosomes were generated using 

stoichiometric amounts of H2A isoforms, H2B, H3 and H4. These data provide support 

to the theory that H2A molecules contain a 'signature motif in loop 1 that acts as gating 

mechanism for self-association within nucleosomes (Suto et al, 2000). To our knowledge, 

the successful reconstitution or purification of hybrid nucleosomes containing two 

different H2As has not yet been reported, although this does not preclude their existence. 

Two-dimensional gel electrophoresis presented here does not allow us to conclusively 

address this issue using chicken native mH2A-containing NCPs (Fig. 5C). However, we 

were able to distinguish between two distinct populations of NCPs. One of these 

populations, present in smaller amounts, exhibited higher mobility in native PAGE but 

contained a mH2A form with reduced electrophoretic mobility in SDS (Fig. 5D). 

In order to determine the chemical nature of this mH2A band, tagged forms of 

mH2A1.2 and mH2A2 were transfected and expressed in cell culture. Both tagged- 

proteins are targeted to MCBs (Fig. 6A), cofractionate with purified mononucleosomes 

(Fig. 6B and 6C),  and exist as a canonical major, and a minor band with reduced 

electrophoretic mobility during SDS-PAGE (Fig. 6B and 6C). This result conclusively 

shows that the low mobility band is not the result of alternative mRNA processing, but 
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rather a post-translational modification. Interestingly, modified forms of both mH2A1 

and mH2A2 were observed to be enriched in heterochromatin (Fig. 4B and unpublished 

observations). 

To try and determine the identity of this post-translational modification, enriched 

samples were probed with antibodies against bulky chemical groups known to modify 

histones (Fig. 6D). Despite fepeated attempts, we were unable to positively label an 

ubiquitinated protein of similar electrophoretic mobility, Also, the estimated molecular 

mass of the conjugating group is 4.5 kDa, approximately one half of the mass of 

ubiquitin. Surprisingly, we did identify a prominent signal with anti-ADPr, suggesting 

that mH2A may be covalently modified with an ADP-ribose 1 Omer (ADPMw = 45 1 Da) 

(Fig. 6D), which may explain the shift in electrophoretic mobility of the nucleosome due 

to an addition of phosphate groups. In support of this result, this modification appears to 

be acid-labile (Fig. 6E) (Cervantes-Laurean et al, 1995). This suggests that like H2A, 

mH2A is conjugated with ADP-ribose moieties through carboxylate ester linkages 

(Golderer eand Grobner, 1991). These results are very exciting in view of the recent 

suggestion that the NHR of mH2A may play an active role in regulating the ADP-ribose 

metabolism of histones (Martzen et al, 1999; Allen et al, 2003; Ladurner, 2003). The 

structural importance of ADP-ribosylation and the differential stoichiometry of mH2A 

isoforms within the nucleosome present exciting new tracks for further research. 
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SUMMARY 

The C-Terminal Tail of H2A Variants Specializes the Nucleosome for Defined 

Chromatin Function 

The importance of the C-terminal of H2A for the stability of the NCP has already 

been established (Eickbush and Moudrianakis, 1988). In Chapter 2 we put forward a 

hyp~thesis that the primary structure heterogeneity of H2A variants in this domain likely 
t 

confers structural novelty to variant NCPs that has implications for the functional 

regulation of specialized chromatin environments. Indeed recent evidence within the 

literature has casually linked the C-termini of H2A.Z, H2AX, mH2A, and H2A-Bbd to 

the putative functions of nucleosomes containing these histone variants. 

H2A.Z Destabilizes the Nucleosome and is Refractory to Salt-Dependent Chromatin 

Folding 

H2A.Z is a histone variant with an essential C-terminal domain that has been 

implicated in transcriptional regulation. Structural studies of H2A.Z reconstituted into 

NCPs presented in Chapter 3 suggest that the protein may destabilize the nucleosome, 

which would be more permissive to the passage of RNA Polymerase 11. In addition salt- 

dependent folding experiments indicated that chromatin fibers containing H2A.Z are 

more resistant to condensation than native or recombinant H2A. A chromatin fiber that is 

less compacted leaves potential DNA regulatory elements more accessible to the binding 

of transcription factors. Taken together these results suggest that H2A.Z may 'poise' 

chromatin for the activation of transcription. 
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H2A-Bbd Destabilizes the Nucleosome Consistent with its Localization to Active 

Chromatin 

H2A-Bbd is the most recently described histone H2A variant that displays a C- 

terminal truncation. This observation along with its exclusive deposition within active 

chromatin suggests that this histone variant may facilitate the activation or elongation of ' 

transpiption. Data presented in Chapter 4 determined that reconstituted histone octarners 
T 

and NCPs containing H2A-Bbd are destabilized in comparison to their H2A counterparts. 

An in vivo approach supported these observations as GFP-tagged H2A-Bbd is 

significantly more mobile within the nucleus than is GFP-H2A. 

The Nonhistone Region of MacroH2A Extends from the Nucleosome and Adopts a 

Globular Conformation 

The C-terminal domain of mH2A consists of a nonhistone fusion that comprises 

two-thirds the molecular weight of the protein. In Chapter 4 we performed circular 

dichroism and analytical ultracentrifugation analysis to determine that this region is 

-34% a-helix, which likely extends from the NCP creating an asymmetrical particle. In 

support of our data, the recent crystallographic structure of the NHR determined that this 

domain is indeed globular in conformation (Allen et al, 2003). 

MacroHZA Stabilizes the Nucleosome 

Although the nuclear localization of mH2A is fairly well characterized, the 

molecular mechanism by which this histone variant represses transcription is poorly 

understood. To determine if mH2A generates hyperstabile nucleosomes that resist 



SECTION C: SUMMARY Chapter 7 

within soluble chromatin and therefore may exert some functional redundancy in the 

regulation of chromatin function. 

Two-Dimensional Analysis of mH2A within Native Avian Hepatocyte Nucleosomes 

It has been proposed that histone H2A variants are exclusively deposited in " 

dup!icate copies within the same NCP (Suto et al, 2000). This idea is based upon recent 

crystallographic and reconstitution experiments; however, it had yet to be shown if these 

observations were a true representation of what truly occurs in vivo. In Chapter 5 we 

describe a two-dimensional gel electrophoresis approach in combination with Western 

blotting to characterize the distribution of mH2A in chicken liver NCPs. From these 

experiments it appears that there is one major population of nucleosomes; however, we 

were unable to determine whether this population contained one or two copies of mH2A. 

The Potential ADP-Ribosylation of MacroH2A Results Alters the Electrophoretic 

Properties of Native Nucleosome Particles 

Interestingly, we discovered an unusual relationship between the post- 

translational modification of mH2A and its migration in two-dimensional gels. A series 

of Western blots in Chapter 6 suggest that mH2A is ADP-ribosylated. Using two- 

dimensional gel electrophoresis it appears that variant nucleosomes containing this 

modified form of mH2A migrate at an intermediate position between the major 

populations of mH2A containing and conventional NCPs. This result suggests that when 

mH2A is ADP-ribosylated the NCP may migrate faster due an increase in negative 

charge. 
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