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ABSTRACT OF THESIS

THE INFLUENCE OF H2AX AND yH2AX ON CHROMATIN CONDENSATION 

Chromatin composition and structure are essential for the condensation of the 

genome and the regulation of a wide range of cellular activities. Chromatin condensation 

is thought to be controlled predominantly through interactions mediated by the 

unstructured amino terminal domains of the core histones H4, H3, H2A and H2B. In 

addition to the amino terminal domain, histone H2A contains an unstructured carboxyl 

terminal domain. Multiple H2A variants, many differing from major type H2A in this C- 

terminal domain sequence, have been identified. The most studied of variant is H2AX, 

which contains a conserved serine residue that becomes phosphorylated following double 

strand DNA breakage (yH2AX). Although the phosphorylation of the H2AX has been 

identified as a key step in major genomic activities, the basic mechanism by which it 

functions remains controversial. Here, I have determined the structural role of H2AX 

and yH2AX using in vitro assays which utilize defined nueleosomal arrays. H2AX and 

yH2AX alter chromatin folding under high salt concentrations but show no discemable 

differenees in low eoncentrations of salt or under conditions which favor oligomerization. 

The phosphorylation of H2AX does not alter the folding or oligomerization relative to the
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unphosphorylated form, indicating yH2AX more likely functions as a signaling and

recruitment motif rather than as a chromatin secondary structure remodeling factor.

Sarah Samaya Norskog 
Department of Biochemistry and Molecular Biology

Colorado State University 
Fort Collins, CO 80523 

Summer 2010

IV



Acknowledgements

The past five years I have spent in the Hansen Lab have been invaluable to me 

and for this my deepest appreciation goes out to all of its members. I would first and 

foremost like to thank Dr. Steve McBryant, my phenomenal mentor for of his support and 

wisdom over the past years. Not only has his mentoring taught me technique and theory, 

but it is working with him that has taught me to think like a scientist. I would also like to 

thank Dr. Heather Szerlong and Troy Sorensen for their always appreciated guidance and 

suggestion along the way. I would like to thank Dr. Jeff Hansen for all of the 

opportunities he has given me. Finally, thank you to my family for their constant support 

and endless encouragement.



Table of Contents

Title Page

Signature Page..................................................................................................................... ii

Abstract............................................................................................................................... iii

Acknowledgements.............................................................................................................. v

Table of Contents................................................................................................................ iv

Introduction...........................................................................................................................1

Chromatin and the Nucleosome............................................................................... 2

Chromatin Fiber Dynamics...................................................................................... 4

Post translational Modification of Histone Terminal Domains...............................7

Histone H2A and its Variant H2AX........................................................................ 9

yH2AX and DNA Double Strand Break Repair.................................................... 13

The Nature of yH2AX Influence on Chromatin Secondary Structure................... 16

Materials and Methods........................................................................................................18

Results................................................................................................................................ 22

Discussion.......................................................................................................................... 30

References...........................................................................................................................37

VI



Introduction and SigniHcance

Oscar Ferandez-Capetillo called H2AX the histone guardian of the genome 

because of its prevailing ability to meditate DNA repair in distinct DNA metabolic 

pathways. It is because of this important role that the phosphorylation of the serine 

located four residues from the carboxyl terminus of this H2A histone variant has been the 

focus of much research (for review see Femandez-Capetillo, 2004). These studies 

continue to provide new details of the signaling repair processes that take place shortly 

after a DNA double strand break occurs. Recent studies focused on phosphorylated 

H2AX, referred to as yH2AX, have led to the creation of new diagnostic tools, used in 

identifying harmful cellular damage and cancer treatment efficacy. yH2AX has been 

identified as having a central role in many chromatin activities including DNA repair, 

non-homologous end joining (NHEJ), variable diversity joining (VDJ) of antibody heavy 

and light chains in the cells of the immune system and meiotic recombination The 

kinases that phosphorylate the carboxyl-terminal domain of H2AX and the protein 

complexes that are recruited to this modification have been well characterized 

Although there is a great deal of data focusing on this modification, the exact mechanism 

by which yH2AX functions in hastening/facilitating DNA repair is still not fully 

understood.

At present time papers have been published supporting the notion that yH2AX 

functions solely as a binding site and recruitment signal for DNA repair complexes 

However, other papers have demonstrated and/or suggested that yH2AX causes a
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conformational change in the chromatin, thus allowing loosening of the chromatin to 

facilitate DNA repair It has been shown that the phosphorylation of H2AX is required 

for the recruitment of many known repair proteins or repair signaling proteins to the site 

of DNA damage However, it is unknown whether it is the addition of the phosphoryl 

group that creates a binding site or if the phosphoryl group changes the local 

conformation of the chromatin architecture which allows for binding access to the DNA.

To fully understand the reactions involved in DNA repair, it is important to 

determine the role that H2AX and yH2AX plays in this process. The following research 

is focused on elucidating the effect, if any, that H2AX and its phosphorylated form have 

on chromatin condensation, in the hope of creating a fuller understanding of its role in 

DNA repair. A better understanding of yH2AX will facilitate a more complete view of 

many genomic metabolic processes, and will allow researchers to better utilize this 

modification in oncological studies and possibly in the development of novel cancer 

diagnostics.

Chromatin and the Nucleosome

In eukaryotic cells genetic information is organized into chromatin through the 

Avrapping of DNA around a disk-shaped protein assembly to form nucleosomes These 

nucleosomes and intervening “linker” DNA are able to fold into higher order structures to 

control access to the underlying genomic DNA The nucleosome structure allows 

DNA molecules, which are very long (about 2 meters of total DNA length in each human 

cell) and negatively charged to condense into the -lOprn nucleus and also to maintain the 

dynamic ability to locally and globally decondense. The display or shielding of DNA 

through chromatin loosening or condensation, respectively, is important for major



cellular functions like gene transcription, gene/chromosome replication, DNA repair and 

gene silencing. This higher order chromatin structure allows nucleosomes to control 

what genes or regions of chromosomes are available to be recognized, bound, transcribed 

and replicated, and which genes are condensed and metabolically silenced.

The nucleosome core particle, the fundamental building block of chromatin, 

consists of 146 base pairs of DNA wrapped around a core histone octamer made up of 

two H2A-H2B dimers and one H3-H4 tetramer (Fig. 1). The DNA is wrapped around 

this spool-like protein octamer in a left-handed manner, completing approximately 1.65 

superhelical turns The DNA between nucleosomes, called linker DNA, ranges from 

20 to 80 base pairs in length allows for linker histone binding and higher order 

chromatin structure formation (see below).

All core histones contain a folded domain and an unstructured amino-terminal 

domain, NTD; which range from -14-40 amino acids in length. H2A is the only core

Figure 1. Ribbon diagram of the nucleosome core particle obtained from the X-ray 
structure. DNA (gray) is shown wrapping around the histone octamer, made up of H2A 

(yellow), H2B (red), H3 (blue) and H4 (green). Unstmctured tail domains are represented by 
colored dashed lines. The red arrow indicates dyad axis as well as location of H2A CTDs. 

Figure modified from Luger Lab website http://lugerlab.bmb.colostate.edu/Publications.html

http://lugerlab.bmb.colostate.edu/Publications.html


histone to also have a significant carhoxyl terminal domain, CTD, which is typically 8-13 

amino acids in long in mammals The folded domains all share a common structure of 

three alpha helices connected by two loops, called the histone fold motif. Interactions 

between the histones allow for the formation of the H2A-H2B dimer and H3-H4 tetramer 

structures, organized in histone ‘hand-shake motifs’, due to their head-to-tail orientation 

Two dimers of H2A-H2B bind the H3-H4 tetramer completing the flattened disk 

structure The unstructured amino and carboxyl terminal domains extend outward 

from the nucleosome core, either from between the gyres of the DNA or outside the DNA 

and are capable of interacting with nucleosomal or linker DNA and other 

proteins, including other histones It is the interactions of these histone terminal 

domains that drive the formation of higher order structure of chromatin While the

role of the histone amino terminal domains (NTDs) in chromatin dynamics has been 

extensively studied for more than two decades the influence of the H2A

carboxyl terminal domain (CTD) on the structure of chromatin has not been definitively 

determined.

Chromatin Fiber Dynamics

Intact nuclei and chromatin extracted from the nuclei of living cells have been 

known for nearly 50 years to undergo major struetural rearrangements when the solution 

conditions are altered Salt-dependent condensation of chromatin occurs via two 

primary pathways, folding and self-association Folding occurs via short-range, intra-

fiber nucleosome-nucleosome interactions along a linear strand of chromatin. Folding of 

chromatin results in the formation of moderately folded material and extensively folded 

material, seen as the canonical 30nm fiber 28̂36,37 ^pjg 2). Self association occurs via



long range, inter-fiber interactions (Fig. 2) Because the range of salt needed to

both fold and self-associate chromatin is so limited (i.e. folding at -0.25-1.5mM and self-

association at -2.5 mM MgC12) the compaction of the chromatin can be readily oscillated 

between the highly condensed and the more ‘open’ conformation by subtle changes in the 

ion concentration within the nucleus. These structural changes are mediated largely in 

part by protein-protein and protein-DNA interactions through the histone NTDs 

Some of the most convincing evidence of this was produced by Richmond and coworkers 

through novel deletions of the NTDs. When the NTD of histone H4 was removed full 

folding was not observed The importance of the NTDs for chromatin condensation 

has been further corroborated by different labs, using multiple techniques. For example, 

an in vitro cross-linking assay developed by the Flayes lab determined that the H3 NTD is 

involved in the long range interactions of self association Adding to this, another

Long Range
Inter-nucleosomal
Interactions

Oli gomerized 
Nucleosomal Array

Short Range
Intra-nucleosomal
Interactions

^ore histone 
tails

DNA ^

Figure 2. Chromatin condensation with in the nucleus. Nucleosomal array model 
is signified at moderately folded, maximally folded and oligomerized compaction. 
Figure modified from Chakravarthy, 2005.



cross-linking study from the Hayes lab showed that the H4 NTD interacted with both 

DNA and the histone fold of H2A, and that these interactions were dependent on the 

nature of the eondensed array Thus, the tails are dynamically engaged with DNA and 

protein components of the nucleosome during all phases of chromatin condensation.

In addition, a host of non-histone proteins (chromatin architectural proteins) also 

interact with the native chromatin, acting along with the eore histones to govern the 

dynamic accessibility of the chromatin fiber In vivo, the two conformations, ‘highly 

condensed’ and ‘open’, are referred to as heterochromatin and euchromatin, respectively. 

Both folding and self association can be measured using in vitro assays and highly pure 

and well-defined nucleosomal arrays to mimie native ehromatin fibers. Such in vitro 

studies have been shown to closely correlate with studies using native chromatin 

(extracted from the nuclei of living cells) in that the salt-dependent transitions are nearly 

identical in nature Nucleosomal arrays consist of linear DNA molecules made up of 

tandem repeats of high-affinity nueleosomal binding sequences bound by purified 

(native or reeombinant) histone octamers.

Folding assays are carried out in low concentrations of salt (0.25-1.5mM MgC12) 

and result in an overall shortening of the array, as the DNA that enters and leaves the 

nucleosomes eome in closer contaet, forming an irregular zig-zag structure The 

degree of folding is calculated using sedimentation velocity data from the analytical 

ultracentrifugation and the characterization of chromatin structure ’ . In this assay, 

nucleosomal arrays are sedimented in a high centrifugal field, and their movement is 

detected in real time using UV absorbance (260nm to detect the DNA ehromophores). 

When salt is added to a nucleosome array, the array becomes shorter and thicker (with no



appreciable change in mass), thus the frictional resistance to movement has decreased 

and the array will sediment more quickly, resulting in a sample with a higher 

sedimentation coefficient. Folding occurs to two distinct capacities. Intermediately 

folded material forms in lower concentrations of salt, while maximal folding follows as 

salt concentrations increase. The hallmark sedimentation coefficients for these two 

conformations are 40S and 55S respectively

Self-association assays measure the degree to which nucleosomal arrays form 

large insoluble aggregates in slightly higher salt concentrations (2.5-1 OmM MgC12). This 

transition is readily reversible by dialyzing the sample to remove the salt and is the 

direct result of inter-nucleosomal interactions mediated by the histone NTDs (in 

particular the H4 NTD appears to be of utmost importance for this transition) 

Self-association is measured using differential centrifugation in a microfiige and UV 

spectrophotometry to calculate the percent of sample that self-associates and is pelleted 

out of solution at relatively low centrifugal forces .

Post Translational Modification of Histone Terminal Domains

Histone terminal domains are commonly modified post-translationally and these 

modifications serve a multitude of functions. Over 60 different residues of the four core 

histone terminal domains have been identified to have post translational modifications 

Common modifications include acetylation methylation phosphorylation 

ubiquitilation sumoylation and poly ADP-ribosylation These enzymatic 

modifications occur as a result of a variety of upstream signal transduetion pathways, and 

tend to be reversible, further adding to the dynamic nature of the chromatin fiber.



One of many ways to simplify the effects of these histone modifications was 

proposed by Dr Tony Kouzarides at the University of Cambridge, UK In this analysis 

Dr. Kouzarides sets up two major effects of histone tail post translational modifications. 

The first is the “establishment of global chromatin environments,” which refers to the 

formation and partitioning of heterochromatin and euchromatin. Thus, these 

modifications act to globally condense or de-condense chromatin. The second category 

is referred to as “the orchestration of DNA-based biological tasks.” These modifications 

control the structure and unraveling of chromatin in local or regional sections of the 

chromosome, allowing specific DNA metabolic functions such as DNA repair or 

replication to occur. This control of biological tasks often requires additional cellular 

machinery to function within this defined chromatin architecture.

The mechanism of action of these post translational modifications (PTM) varies 

between modifications and, particularly when taken in combination, can be complex. 

Certain modifications are able to recruit proteins or protein complexes by using the now- 

altered amino acid chemistry to create novel binding sites on the chromatin Histone 

PTMs may also affect the interactions between the core histones, DNA (nucleosomal as 

well as linker DNA), adjacent nucleosomes and/or a combination of these. For example, 

the acetylation of lysine 16 on histone H4 inhibits the binding of the ACF protein 

complex and reduces the ability of chromatin to form folded and self associated 

structures Modifications that alter the charge of the histone terminal domains tend to 

have the greatest effects of chromatin structure and interactions, as they likely alter the 

interactions between the negatively charged DNA and neighboring histones which are 

largely electrostatic in nature. Studies using in vivo and in vitro systems have shown



these charge-based modifications are capable of decreasing the ability of chromatin to 

form higher order structures

Histone H2A and its Variant H2AX

The major-type core histone H2A is the only such core histone with a significant 

CTD (13 amino acids in length). The CTD protrudes from the nucleosome at the dyad 

axis, where the DNA enters and exits the nucleosome (Fig. 1). The CTD may contact 

portions of DNA wrapped around the nucleosome, as well as some linker DNA between 

the nucleosomes and even the linker histone, H I. These contacts with linker DNA are 

attenuated in the presence of linker histone, H1 .

More variants of the H2A histone have been identified than any other histone . 

These variants have high variability in their CTDs and/or NTDs, likely resulting in 

diversity of functions. The disordered tail domains of the H2A variants, like H2AX ' , 

H2AZ ' and MacroH2A ’ , may regulate chromatin pathways via two interconnected 

mechanisms. First, the primary sequence of these unstructured regions allows for novel 

binding sites for DNA and/or other proteins and complexes, likely simultaneously. 

Secondly many PTM sites have been identified on the tail regions, with the potential for 

further enhancing the dynamic regulation that the H2A variants may have in both 

structure and function. For example, macroH2A has a greatly extended CTD compared 

to the major type H2A . This domain contains a region that directly binds PARP-1 .

The macro H2A CTD also contains multiple PTM sites, such as SI37 which when 

phosphorylated alters the structure of the CTD, inhibiting RNA binding It is likely that

both factor binding and PTMs work together to establish the dynamic functions of the 

H2A variants.



Despite the fact that only a handful of the 20 amino acids are represented in the 

N- and C-terminal regions of the core histones, the highest degree of sequence divergence 

is seen there. These regions have long been recognized as lacking regular secondary 

structure in solution, though have been shovra to adopt regular folded structures when 

bound to DNA or in the presence of structure-inducing solvents such as triflouroethanol 

or sodium perchlorate (for review see Hansen, 1998) Proteins or regions of proteins 

which lack regular secondary structure under native conditions are often referred to as 

‘intrinsically disordered’, or ‘natively disordered’. Regions of intrinsic disorder are 

thought to play a large role in cell signaling and function in most necessary biological 

processes We commonly think about protein secondary and tertiary structure as the 

guiding factors in function, but innumerable proteins or protein domains lacking well- 

defined secondary structure are known to carry out key regulatory functions. Indeed, 

intrinsic disorder has distinct advantages compared to folded confirmations. The ability 

of an unfolded protein to adopt more than one binding conformation allows it to bind 

multiple targets. The binding affinity can be further controlled through the 

thermodynamics of ligand binding and induced folding due to ligand binding or even 

PTM With this, it is easy to envision that the unstructured CTD and NTDs of the H2A 

variants increase the ability of these proteins to regulate chromatin architectural 

pathways.

Of the H2A variants, H2AX has been the most studied On average, 10% of

the total H2A in a cell consists of the H2AX variant, however this percent can range from 

2.5 to 25% depending on species, cell type and amount of DNA damage within the cell 

The distribution of H2AX within chromatin remains unclear. It has not been
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identified if H2AX localizes to specific regions of the chromatin or if its presence is 

distributed evenly through out the chromatin. It is also unknown if H2AX prefers to form 

homotypic nucleosomes consisting of two copies of H2AX or heterotypic octamers 

consisting of one copy of major type H2A and one copy of H2AX Speculation of 

random distribution throughout the genome is the current, common assumption, allowing 

for a rapid, local response to DNA damage throughout the genome.

H2AX varies Ifom wildtype H2A most distinctly in its CTD; the H2AX CTD has 

a different primary sequence and is longer. The extended CTD of H2AX contains a 

highly conserved serine-glutamine-glutamic acid sequence, referred to as the SQE region. 

This conserved region positions a serine residue four amino acids from the carboxyl- 

terminus. Lower eukaryotes such as Saccharomyces cerevisiae do not have the H2AX 

variant; instead the major type H2A of these species contains the SQE section.

The length of the H2AX CTD varies between species and is thought correlate 

with the complexity of evolution, meaning more evolved species like humans and mice

1 r-i 48
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H2A /̂ I SGRGI^ Q G G k T r  a  k  a  k  t  r  s  s  r  a g T q f p v g r v h r l l r k g  n  yJaIe Ir  V g  a  g 'a Ip

NTD
49 97
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Figure 3 Amino Acid Sequence Alignment of Xenopus laevis H2A and H2AX. Sequence
variations indicated by red boxes. Residues color coded as: polar positive is blue, polar 
negative is red, polar neutral is green, non-polar aliphatic is grey, non polar aromatic is purple 
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have longer CTDs (26 amino acids in length) compared to less evolves species like 

Giardia intestinalis (10 amino acids in length) This link to evolutionary complexity 

may be related to linker DNA length between nucleosomes which has been shown to 

increase with species development Since the residues found in the extended region of 

the CTD are rich in prolines, glycines and other hydrophilic amino acids, the tail is likely 

unstructured and flexible. Longer linker DNA allows for a longer H2AX CTD to fit with 

in the chromatin without causing steric hindrance or may allow for more contact to 

occur between the CTD and linker DNA .

Other key differences between major-type H2A and H2AX are three amino acids 

substitutions in the NTD (Q6A, G7V, G8S) and the two within the globular domain 

(E41H and SI 13A) (Fig. 3). The most notable change, with the possibility of 

distinguishing H2A from H2AX, is the E41H substitution. The glutamic acid at residue 

41 in H2A is known to hydrogen bond with asparagine 39 (N38) on the other H2A in the 

octamer complex A substitution from glutamic acid to histidine (E41H) would not 

only change the charge from negative to positive within the binding pocket, but would 

also negate the hydrogen bond to the other H2A (Fig 4). Absence of this interaction may 

increase nucleosome flexing, which in turn could impact the ability of the chromatin to 

form more highly condensed structures

In many organisms A3 8 varies between E12A and E12AX by an asparagine to 

histidine substitution. This residue is involved in the same H2A-H2A interaction as well 

as hydrogen bonding with H79 on the other H2B. The addition of a charged residue that 

can not form the same hydrogen bonds may: 1) weaken intra-octamer binding, 2) 

facilitate the removal of one or both of the H2A-H2B dimers, and/or 3) alter chromatin
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Asparagine

Histidine

condensation However, in Xenopus laevis 

(the species-type of the histones used for this 

research) the 38* residue is asparagine for both 

major type H2A and H2AX, so any interference 

in the H2A-H2A/H2B interaction likely would 

be due to E41H.

The interest in H2AX has only 

increased in recent years as its correlation with 

cancer has been identified. This histone is now 

the subject of research not only focused on its 

structure and function, but also on its possible utilization as a biomarker, as well as a
Q 1

therapeutic target . Thus, H2AX has become more and more intriguing as a greater 

understanding of the unique properties of this histone variant have been elucidated.

Glutamic Acid

Figure 4 Amino acid structures of 
residues involved in H2AX functions.

yH2AX and DMA Double Strand Break Repair

In 1998 a molecular pharmacy lab at the NIH published one of the first papers to 

document the phosphorylation of H2AX after the induction of a DNA double strand 

break (DSB). In this study, DNA DSBs were induced into the chromatin of eukaryotic 

cells using various degrees of ionizing radiation exposure This study also showed that

the time in which phosphorylated H2AX appears is as little as 20 seconds after DSB 

induction. Phosphorylated H2AX levels plateau at 10 minutes, and begin to decrease after 

30 minutes. Later work from this same group revealed that the phosphorylation of 

H2AX in the proximity of DNA DSBs is processive, that is, the phosphorylation of

13



H2AX initially occurs at the site of the DNA break and continues in both direetions away 

from the break, forming a yH2AX locus extending up to a mega-base.

Through yeast knockout and mutation studies it was determined that the 

phosphorylation of the serine four residues from the carboxyl terminus in the conserved 

SQE motif (see above) is necessary for DNA DSB repair yH2AX facilitates DNA 

DSB repair in multiple pathways, although its importance varies amongst different 

species and pathways yH2AX is utilized, but is not essential, in processes in mammals 

such as non-homologous end joining (NHEJ) and homologous recombination (HR), 

likely due to functional redundancy with other proteins and the parallel evolution of 

pathways within more complex species However, in yeast many of these functions do 

require yH2AX and in all H2AX containing species yH2AX is essential for DNA 

replication Recent studies have also identified constitutively low levels of yH2AX in 

genomic regions without DSBs. The purpose of this low level yH2AX has been

hypothesized to be in the recruitment of mitotic, silencing and replicative proteins, but as
0 -1

of yet is not fully understood .

The phosphatidylinositol-3-OH kinase-related kinases (PIKK) family of kinases 

are responsible for the phosphorylation of H2 AX, and the correlation of PIKK mutations 

with DNA damage response diseases further illustrates the need for yH2AX in DNA 

double strand break repairs Both mammalian and yeast PIKKs share a common 

binding consensus sequence of Ser-Gln-Glu, once again linking them to the conserved 

SQE sequence of H2AX

The elimination of yH2AX has been shown to correlate temporally with DSB 

repair completion Although still controversial, it is theorized that the

14



dephosphorylation of H2AX does not occur while the histone is bound to the 

nucleosome. Instead the FACT complex, which is known to incorporate H2A-H2B 

dimers into nucleosomes is responsible for both incorporation and dissociation of 

H2AX-containing FI2A-H2B dimers The FACT complex recognizes the specific 

phosphorylation of H2AX as a signal for histone removal Once yH2AX is removed 

from the nucleosome it is either dephosphorylated or targeted for degradation. Multiple 

phosphatases have been identified which dephosphorylate yH2AX, including protein 

phosphatase 1, protein phosphatase 2 and FITP-C, (the histone H2A phosphatase 

complex)

The mechanisms by which yH2AX functions in DSB repair are, as yet, not fully 

understood. yH2AX has been identified to recruit and bind many DNA repair proteins 

and protein complexes. Some notable proteins which have been identified to co-localize 

to yH2AX are MDCl, Brcal, RadSl and the Mrel 1-Rad50-Mbslcomplex  ̂ These 

proteins and protein complexes are all involved in either initiating or carrying out DNA 

break repair. The well characterized capability of yH2AX to recruit these repair factors 

has given rise to the theory that yH2AX’s binding and recruitment of repair factors is the 

sole role of yH2AX in DNA double strand break repair. This pathway of protein binding 

and recruitment is supported by multiple pieces of evidence. First, kinetic studies of 

DNA repair foci have determined that the formation of yH2AX occurs before other 

factors assemble near the site of the break. Work from the Bonner lab utilizing 

fluorescently labeled antibodies mapped the formation and location of yH2AX, RadSO 

and Brad. This technique showed yH2AX initially forms a distinet foci at DNA DSBs, 

followed by an ordered recruitment of RadSO and Brad .

15



Second, the presence of yH2AX is necessary for the recruitment repair factors 

This was shown by the same lab through the use of wortmarmin, an inhibitor of H2AX 

phosphorylation in the same fluorescence assay. If the formation of yH2AX was 

blocked, neither Rad50 nor Bracl localize to double strand break sites. Elledge and 

coworkers used a similar technique to elucidate the same relationship between yH2AX 

and MDCl (Mediator of DNA damage checkpoint 1) Last, the phosphorylation of 

H2AX has been shown to create a novel binding site for DNA repair proteins. 

Immunoprecipitation assays preformed by the Elledge lab identified MDCl as 

complexing with yH2AX but not H2AX suggesting that the phosphorylation leads to the

12formation of a distinct binding site .

The Nature of yH2AX Influence on Chromatin Secondary Structure

yH2AX has been thought to have the ability to alter chromatin condensation ’ ’ . 

While phosphorylation of H2AX has been shown to recruit repair factors to the site of 

DSBs, it has also been postulated that this modification may loosen the chromatin near 

the break, thus allowing enhanced DNA access to the DNA repair machinery ’ ’ . 

However, this result has been contradicted by other similar studies, and thus yH2AX has 

been demonstrated to affect and not affect the secondary structure of chromatin 

The addition of a phosphoryl group adds mass and negative charge to the CTD, and as 

this phosphorylation occurs on both copies of H2AX within a nucleosome, the possibility 

of steric or electrostatic interference between the histone dimers increases. It is also 

important to note that the addition of negative charge near the location at which the DNA 

enters and exits the nucleosome could lead to an electrostatic repulsion of the DNA and,
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in theory, loosen the nucleosome. These changes may he further evidenced hy changes in 

the ability of yH2AX-containing chromatin to form higher order structures, as is studied 

herein.

Taken together, the above literature (and inferences which can be drawn from 

them) leave in doubt the role of yH2AX in facilitating DSB repair. Specifically, it is 

unknown to what extent yH2AX-mediated DNA repair-associated protein recruitment 

versus chromatin architectural changes due to the presence of yH2AX contribute to the 

process as a whole. Thus, I have attempted to address this uncertainty by using a defined 

chromatin model system containing major-type-, H2AX- and yH2AX-containing 

octamers and studying the two salt-dependent, intrinsic chromatin transitions: folding and 

self-association. I hypothesize that yH2AX acts through a combination of repair factor 

recruitment and chromatin decondensation in aiding DNA DSB repair. Through these 

studies, I have demonstrated that both H2AX- and yH2AX-containing chromatin have a 

unique folding property, in that they are refractory to forming the maximally folded, 55 S 

structures, relative to the major-type H2A. All three types of chromatin self-associate 

identically, thus the difference appears to be specific to folding, and the implications of 

this difference with respect to DNA repair and the unique protein chemistry of H2AX are 

discussed.
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Materials and Methods

601 207-12 Tandem-Repeat DNA Purification
CO

The DNA for the defined nucleosome arrays was prepared as described .

Briefly, DH5a cells were transformed with pUC plasmid containing 207-12 DNA 

Simpson made this vector A glycerol stock of these cells was prepared, flash frozen

and stored at -80 C. This stock was then streaked onto MacConkey agar plate with 

ampicillin and grown overnight at 37 °C. A colony was selected and grown in 5 ml LB 

medium containing ampicillin until cloudy and expanded to 6 liters before 

chloramphenicol was added. The culture was continued overnight until confluent. Cells 

were harvested and the plasmid was purified using a Qiagen Giga Prep (Valencia CA). 

The purified plasmid was digested with the restriction endonucleases Xbal, Hindlll, Dral 

and Haell, thus cutting the plasmid into seven fragments, the largest of which contains 

the 207-12 fragment (~2500bp). The digested DNA was purified on a Sephacryl S200 

gel filtration column (15 mm x 115 cm) following an existing unpublished lab protocol; 

column was ran at a 0.4 mL/min flow rate with 50mM NaCl and fraction collection began 

after 4 hours. Fractions containing 207-12 fragment were collected, pooled, sodium 

acetate/ethanol precipitated and the re-solubilized DNA was stored at -20°C. Purity was 

confirmed by agarose gel electrophoresis.

Cloning o f H2AX S135E

A pMA plasmid containing Xenopus laevis H2AX was obtained from GENEART 

(Burlingame CA). The plasmid was transformed intoTOPlO competent cells and
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amplified. Polymerase chain reaction (PCR) primers were designed to both amplify the 

gene and to direct point mutagenesis of serine residue 135 to glutamic acid (AGC ^  

GAA). The resulting S135E plasmid was transformed into toplO competent cells and 

amplified. Purification of the H2AX and H2AX S135E gene-encoding plasmids was 

performed using Qiagen mini prep kits, digested with Ndel and BamHI, gel-purified on 

1.2% agarose, and extracted using the Qiagen QIAquick gel extraction kit. The amplified 

genes were ligated into pET3a plasmids (similarly digested with Ndel and BamHI) using 

Roche Rapid DNA Ligation kit. pET3a plasmids (Novagen, EMD4Biosciences ) 

containing H2AX and H2AX S135E were transformed into XL-1 Blue competent cells 

and amplified. The fidelity of the clones was determined by agarose electrophoresis of 

digestion products and DNA sequencing (Proteomics and Metabolomics Facility, 

Colorado State University).

Xenopus Core Histone Expression and Purification

BL21 DE3 pLysS cells were transformed with pET or pMA plasmids harboring 

the histone gene of interest. Histone expression, inclusion body isolation and protein 

purification were performed as described . Analysis of the ion exchange and gel 

filtration column fractions was performed using SDS-PAGE. Purified histones were 

aliquoted, lyophilized and stored at -20°C xmtil use.

Mass Spectrometry

H2AX and H2AX S135E proteins were analyzed for MW using MALDI-TOF 

mass spectrometry (Proteomics and Metabolomics Facility, CSU). Approximately! pi of 

purified protein combined with 1 pi of 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic 

acid, 10 mg/ml in 50% ACN, 0.1% TFA) was dropped on the MALDl target and air
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dried. Sample analysis was preformed by an Ultraflex-TOF/TOF mass spectrometer 

(Bruker Daltonics, Billerica, MA) in positive ion, linear mode, 25 kV accelerating 

voltage. A protein calibration mixture (4 to 6 proteins) was used as a control spotted next 

to the H2AX and H2AX S135E proteins. Data was processed using FlexAnalysis 

software (version 2.4, Bruker Daltonics).

Histone Octamer Assembly and Purification

Lyophilized histones were dissolved in denaturation buffer and adjusted to a 

concentration of Img/ml essentially as described Briefly, equimolar amounts of each 

histone were mixed together to produce the correct stoichiometric structure in octamer 

refolding (1:1:1:1 of H2A:H2B:FI3;H4). Histones were transferred to Spectra-Por dialysis 

tubing (6-8 kDa) and dialyzed with three sequential changes of refolding buffer to 

remove urea and exchange into 2M NaCl. The assembled octamers were concentrated to 

1.5-2.0 ml (~ 10 mg/ml) and purified via Superdex S-200 (GE Healthcare) (16mm x 

60cm) gel filtration. The purity of collected octamer fractions was determined with SDS- 

PAGE. Pooled, refolded octamer fractions were stored at 4 °C until needed for 

nucleosome array reconstitution.

Reconstitution o f Nucleosomal Arrays

Nucleosomal arrays were reconstituted using 207-12 DNA and purified core 

histone octamers as described previously Briefly, the octamer/DNA mixtures were 

dialyzed stepwise against decreasing concentrations of salt from 2M to 2.5mM. 

Reconstituted nucleosomal arrays were stored at 4 °C until needed.
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Sedimentation Velocity

The degree of saturation (number of octamers per template) of the nucleosome 

array was determined by sedimentation velocity in TEN buffer performed using a 

Beckman XLA or XLI analytical ultracentrifiige with UV scanner optics as described 

previously The van Holde and Weischet method was used to analyze scans 

Ultrascan data analysis software was utilized to determine the diffusion corrected, 

integral distribution of sedimentation coefficients [G(s) distributions (Dr. B. Demeler, 

University of Texas Health Science Center, San Antonio, TX)]. The mean sedimentation 

coefficient (Smi<j) was determined as the sedimentation coefficient at boundary fraction = 

0.5.

Self Association Assay

Self Associations were carried out as previously described '**’̂ *. Briefly, 

nucleosome arrays were brought to an O.D.260 of 1.0 with TEN buffer (10 mM Tris pH 

7.8, 0.25 mM EDTA, 2.5 mM NaCl). Equal amount of array and MgC12-TEN buffer 

([MgC12] of 0-3.25 mM) were mixed, incubated for 5 min at ~22 °C and centrifuged for 5 

minutes at 13,000 rpm (16,000xg). The supernatant was then removed and placed in a 

Beckman DU 800 Spectrophotometer where the Abs260nm was recorded. The 

percentage of sample that remained in solution was plotted against the concentration of 

MgCb to generate a self-association plot.
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Results

The ability of yH2AX to alter the condensation of chromatin remains unclear. To 

date, all studies that have speculated on this property have been performed in vivo 

3,10,11,90 directly determine if H2AX or yH2AX affects the ability of chromatin to 

form higher order structures, we used in vitro assays taking advantage of a well 

characterized, defined length nucleosome array model system that has previously been 

shown to accurately identify the structural effects of histone modifications and mutations 

on chromatin ’ ’ ’ ’ . Octamers containing H2A, H2AX and the phosphor-mimic of 

yH2AX (S36E) were compared through these assays to determine what, if any, structural 

affects these histone variants exert on the chromatin fiber. Substitution of serine with a 

glutamic acid has previously been shown to imitate yH2AX in in vivo assays, due to its 

similar van der Waals radius and charge distribution  ̂ Using H2A-, H2AX- and 

H2AX S135E-containing octamers, homogenously saturated nucleosomal arrays were 

reconstituted onto the 601 DNA. Folding and self association assays carried out with 

these nucleosomal arrays identified key structural similarities and functional differences 

between the H2A variants.

Reconstituting Homogenously Saturated Nucleosomal Arrays

601 DNA was used for nucleosome array reconstitution to achieve optimal 

nucleosome positioning and homogenous template saturation. This DNA is a 2500 base 

pair long fragment of linear DNA containing 12 repeats of the 601 sequence which is 207 

base pairs in length. The 601 nucleotide sequence has been selected for and determined
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to have high nucleosomal binding affinity, and centrally positions one nucleosome per 

207bp repeat Nucleosomal array saturation and homogeneity were determined using 

sedimentation velocity in low salt conditions (TEN). Homogeneity of nucleosomal array 

stocks is essential to allow direct comparison between condensation properties of each of 

the histone variants. Folding and self-association assays are sensitive to the saturation of 

the template; templates with more nucleosomes are more readily folded and self-

associated Arrays were reconstituted to full 12-mer saturation with an approximate 

sedimentation coefficient of 29S as seen in figure 5A More specifically, 50% or 

more of the H2A- and H2AX-containing nucleosomal arrays and 30% or more of the 

H2AX S135E arrays were at full saturation. Less than 10% of each array was sub-

saturated, meaning under 11-mer saturation (-26.6S). The saturation of all three arrays 

was highly comparable with approximately one-half nucleosome difference, suggesting 

very high homogeneity and similarity. Thus any dissimilarity in folding or self 

association of these assays can be directly contributed to the differences between the 

histone variants, rather than difference in template saturation.

H2A, H2AX and H2AX S135E Fold to the Moderately Folded Material (40S) 

Comparably, but Vary in Their Ability to Form the Maximally Folded (30nm) Species.

Homogenously saturated arrays containing H2A, H2AX and H2AX S135E were 

assayed for folding in 0.25 mM- 1.25 mM MgCl2. At low salt concentrations (0.25-0.5 

mM MgCb) nucleosome arrays typically fold to form a mixture of unfolded and 

intermediately folded structures Under these same ionic conditions, all three of the 

arrays tested here form intermediately folded structures identically, as seen in figure 5B 

and 5C. At 0.25 mM MgCli approximately 15% or less of the material in all
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Figure 5 G(s) distributions from sedimentation velocity data from typical, nearly 
saturated nucleosomal arrays used in this study. H2A (□  ), H2AX (O) and H2AX 
S135E (O). A) Arrays in IX TEN B) Arrays in 0.25 mM MgCE C) Arrays in 0.5 
mM MgCE D) Arrays in 0.75 mM MgCE E) Arrays in 1.0 mM MgCh F) Arrays 
in 1.25 mM MgCb
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Folding in 0.5 mM MgCI
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Figure 5 G(s) distributions from sedimentation velocity data from typical, nearly 
saturated nucleosomal arrays used in this study. H2A (Q ), H2AX (O) and H2AX 
S135E (O). A) Arrays in IX TEN B) Arrays in 0.25 mM MgCE C) Arrays in 0.5 
mM MgCli D) Arrays in 0.75 mM MgCli E) Arrays in 1.0 mM MgCE F) Arrays 
in 1.25 mM MgCb
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F .

Figure 5 G(s) distributions from sedimentation velocity data from typical, nearly 
saturated nucleosomal arrays used in this study. H2A (□ ) , H2AX (O) and H2AX 
S135E (O). A) Arrays in IX TEN B) Arrays in 0.25 mM MgCb C) Arrays in 0.5 
mM MgCli D) Arrays in 0.75 mM MgCb E) Arrays in 1.0 mM MgCli F) Arrays 
in 1.25 mM MgCb
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three arrays is less than 30S (unfolded), -65% is 30S-35S (slightly folded) and the 

remaining 20% is intermediately folded, with a sedimentation coefficient between 35 and 

40S. Folding of the three arrays remained similar at 0.5 mM MgCb with less than 5% 

under 30S, 55% between 30S and 35S and the remaining 40% between and 35 and 45 S.

Maximally folded material, commonly referred to as the 30nm fiber, occurs 

through further intra-nucleosomal interactions. This compaction begins to occur in H2A- 

containing arrays in 0.75 mM MgCli and is even more prevalent with increasing MgCl2 

concentration. However, neither the H2AX nor H2AX S135E arrays begin to form 55S 

material in 0.75-1.25 mM MgCF. Specifically at 0.75 mM MgCla all three arrays have 

40% of their material sedimenting between 30S and 35S. The remaining 50% of H2AX 

and H2AX S135E is relatively equally divided between 35S and 40S with the remaining 

10% reaching approximately 42S. However, H2A forms much more folded material at 

this ionic strength, reaching 49S with a less homogenous distribution. In 1.0 mM MgCl2 

this trend is further exaggerated with 80% H2AX and H2AX S135E evenly distributed 

between 3 OS and 40S with the last 20% approaching 47S. H2A shows a distribution, 

with 55% of its arrays between 30s and 40S, while the upper 45% becomes increasingly 

heterogeneous, ultimately reaching a maximally folded confirmation at -55S. 1.25 mM 

MgCl2 shows a continuation of H2A maximal folding with 10% of the material at or 

above 55S, 35% unevenly distributed between 40s and 55S and the last 55% still evenly 

sedimenting between 30S and 40S. H2AX and H2AX S135E reach a maximum 

sedimentation of approximately 47S with 80% of the material sedimenting between 30S 

and 40S at this same MgCb concentration. This difference in their ability to form the 55S 

structure(s) can be directly correlated to the H2A variant within the arrays, since this is
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the only variable between the three arrays. Collectively this data suggests that H2AX and 

H2AX S135E arrays are refractory to the formation of 55S material relative to wild type 

arrays.

H2A, H2AX and H2AXS139E Oligomerize Analogously

Identically saturated nucleosomal arrays containing the three H2A variants were 

subjected to self-association assays using MgC^ concentrations of 0 mM to 3.25 mM. 

Oligomerization was determined using spectrophotometric analysis of the supernatant 

after low speed sedimentation had pelleted out any oligomerized material from the 

sample. The normalized absorbance, which is determined to be the percent of array not 

self associated, is plotted against MgCb concentration to produce a self association curve 

Typical self-association profiles for nucleosome arrays are sho^vn in figure 6. All 

three arrays show the classic self-association plot profile, where, after a brief lag phase at 

MgCl2 < 1 .OmM (the same salt conditions which led to intermediate and maximal folding 

[see above]), the arrays remain largely soluble until ~1.5mM MgCb, at which point they 

demonstrate a highly cooperative self-association transition. At ~2.5 mM MgCb, most of 

the nucleosome array has self-associated and is in the pellet. Figure 6 also shows a high 

level of similarity between the oligomerization profiles of all three H2A variants. The 

Mg5o (that is, the MgCb concentration at which 50% of the sample has oligomerized), is 

often used to compare characterize self association profiles ’ ’ . The Mgsos of the 

three arrays show no statistically significant differences (Fig, 6 B). The shape of the 

oligomerization profiles also shows that this process is similarly cooperative for all three 

variants. Together, these results indicate that nucleosome arrays containing H2A, H2AX 

and H2AX S135E appear to behave identically with regards to their abilities to
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oligomerize, suggesting a specificity regarding the differences seen in the above-

described folding assays.

B. MQsoS

H2A H2AX H2A S136E

Figure 6 Self Association plots of H2A- ( □ ), H2AX- (O) and H2AX S135E- 
containing (O) nucleosomal arrays. (A) Percent remaining in the supernatant 
(soluble) as a function of [MgCE]. (B) Mgso values were determined from self-
association data. Error bars represent the standard deviation from 2-4 
independent self association assays.
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Discussion

Although H2AX and its phosphorylated form have been the center of much 

research, the role of this H2A variant on chromatin condensation remained controversial 

in the scientific literature. The research described in this thesis has provided direct data in 

support of a role for H2AX and yH2AX in chromatin condensation. Importantly, these 

results come from a highly pure, homogenous and controlled in vitro system which 

allows the results to clearly relate both folding and self association changes directly to the 

influence of the H2A variants. The results of these experiments have demonstrated that 

the presence of either H2 AX or yH2 AX within a nucleosome has the ability to alter the 

folding, but not the oligomerization, properties of the chromatin fiber.

Folding assays demonstrate that H2A, H2AX and yH2AX have nearly identical 

folding in low salt, but begin to differentiate from one another as they adopt a 

conformation that leads to the observation of the >40S species. Specifically, incubation of 

these arrays in low concentrations of salt (0.25-0.5 mM MgC12) shows similar folding 

between all three H2A variants with regards to the formation of 40S species (Fig. 5B-C). 

This data illustrates that arrays containing FI2AX and yH2AX are capable of forming the 

interactions required for intermediately folded species similar to arrays containing major- 

type H2A. Similarities between the arrays are lost when they are incubated in higher 

concentrations of salt (0.75-1.0 mM MgC12) (Fig. 5D-E). Under these conditions, H2A- 

containing arrays become increasingly more folded, meeting and exceeding the 55S 

threshold for maximum folding, while both the H2AX and yH2AX are much less prone
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to forming the 55S structures. At 1.25 mM MgC12 this difference is more distinct, with 

approximately 10% of the H2A arrays folding into 55S or greater material, while the 

H2AX and yH2AX arrays fail to fold beyond 508 (Fig. 5F).

The difference in folding between H2A and H2AX/yH2AX containing arrays may 

be due to either: 1) the length variation in the CTDs, 2) the amino acid variation in the 

CTDs, and/or 3) the minor amino acid substitutions within the globular domain. These 

first two possibilities focus on residues that are positioned to exit the nucleosome at the 

dyad axis, and thus have a multitude of potential influences on the chromatin fiber. 

Perhaps there is an alteration in the exact position near the dyad axis at which the H2A 

tails protrude when H2AX/yH2AX is present, and this may alter the path or extent of 

DNA wrapping. Thus, when H2AX/yH2AX histones are present this condensation 

pathway is inhibited. Altering the length or physico-chemical properties of the CTD at 

the dyad axis may affect: a) the stability of the octamer within the nucleosome, b) the 

accessibility of the linker DNA, and c) direct interactions or create steric clashes with 

adjacent core histone NTDs. The length variation of the H2AX/yH2AX CTD may be 

capable of all three of these effects. The CTD of H2AX/yH2AX histones are ~ 9 amino 

acids longer than that of the major-type H2A. The 18 additional residues (9 from each 

H2AX/yH2AX copy) may preclude the DNA from being able to wrap the octamer tightly 

or affect the ability of the nucleosome to slide to accommodate the formation of the 30nm 

fiber. Similarly, when the amino acid composition is taken into account, the ability of 

H2AX/yH2AX to interfere with the dyad axis during folding becomes more apparent.

The CTD of major type H2A is made up of 13 amino acid residues and lacks any 

structured regions, making it highly flexible. On the other hand, the H2AX CTD
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H 2 A C T D 13 38.5 7.7 0 0 0 0 30.8 7.7 0 0 0 15.4 0 0 0 0 0 0 0 0

H 2 A X C T D 22 18.2 4.5 13.6 0 0 13.6 31.8 4.5 0 0 0 4.5 4.5 0 0 0 0 0 0 4.5

H 2A 129 10.1 3 .9 10.9 9.3 4 7 3.9 5.4 5.4 1.6 0 12.4 4 .7 7 1.6 0 .8 3.9 12.4 0 0 2.3

H 2A X 138 8.7 3 .6 10.9 8.7 4 3 5.1 8.7 4 .3 1.4 0 11.6 3 .6 8 2.2 0 .7 3.6 11.6 0 0 2.9
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PKKTESAKSAKSK PKKSSGGVSTSGKKSSQQSQEY

F ig u re  7. A m in o  acid  co m p osition  (A ) and  seco n d a ry  stru ctu re  p red ic tio n s (B ) fo r  th e  Xenopus laevis H 2 A  and  H 2A X  
C T D s. (A) Amino acid side chains are categorized into D (disorder-producing); N (neutral), and O (order-producing). (B) 
Foldindex plots of the full-length H2A and H2AX proteins. Below amino acid sequence of CTDs color coded for folded (green) 
versus unfolded (red). Created using Foldindex© '
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contains two amino acids, a valine and a tyrosine, known to contribute to protein 

secondary structure (Fig. 7). Using Fold Index  ̂plot analysis, a powerful and highly 

accurate predictor of disorder within proteins and peptides, H2AX is shown to have a 5 

residue region of predicted structure between residues 121-125 within the CTD. This 

structured region may alter the typically compliant nature of the tail, and thus alter either 

the stability of the oetamer within the nucleosomal DNA, the accessibility of the linker 

DNA and/or the interactions with adjacent core histone NTDs. This, in turn, could lead to 

a reduction in 30nm fiber formation

Lastly, the globular regions of H2A and H2 AX also vary at a key residue which 

has been shown to be involved in binding between the two H2A-H2B dimers across the 

oetamer, as mentioned previously. The 42"  ̂residue is a glutamic acid in H2A, but a 

histidine in H2AX. The switch from glutamic acid to histidine directly would displace a 

hydrogen bond that forms between the two H2As within the histone oetamer and 

therefore could result in a weaker FI2A-H2A intra-octamer interaction. Altering the 

intra-nucleosomal bonds could decrease the ability of the array to undergo compaction 

and/or increase nucleosome flexing. A reeent study using human H2AX, which has a 

disruption in this bond due to similar a amino acid substitution, identified a decrease in 

the stability of nueleosomes containing H2AX, relative to H2A This nucleosome 

destabilization may alter chromatin condensation pathways.

The data from self association assays did not identify any significant differences 

between the nucleosomal arrays tested in this study. This result is not surprising, since 

self association/oligomerization is a proeess involving a great number of macromolecular 

interactions occurring between many individual NTDs. Importantly, it has been shown
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that all four core histone NTDs contribute additively and independently to self-

association and that the NTDs ean be swapped (as long as the length and surface 

eharge densities remain constant) without affecting self-association. The specifie steric 

hindrance (CTD length and secondary structure) or intra-nucleosomal bond alteration that 

may be influeneing maximal folding are not deleterious enough to reduee the numerous 

cis- and trans-interactions that take place during oligomerization. The fact that 

oligomerization oceurs between different arrays may reduce any impact of 

H2AX/yH2AX, because compaction at the dyad axis may not be as much of a requisite 

for inter-nueleosome interactions as it is for intra- nucleosome interactions.

Close inspection of the folding profiles also reveals that, in general, the H2AX 

S135E containing arrays lag slightly behind the H2AX-containing arrays. This suggests 

that phosphorylation of H2AX may have a slight affect on chromatin condensation. The 

H2AX arrays fold to a slightly lesser extent, signifying that the addition of a eharge group 

to the CTD may increase the inhibitory affect that H2AX has on close range, intra- 

nueleosomal compaction. However, it must be noted that this lag may eorrelate to the 

slight difference in the saturation of the arrays. At close inspection the H2AX S135E 

array may have a higher portion of arrays that are 11-mers than the H2AX array stock. 

Having a lower number of octamers per DNA template may eause a shift in folding as 

seen in the comparison of H2AX S135E to H2AX. In any case, this differenee in folding 

is small relative to the difference between H2A and H2AX, indicating that the addition of 

~3 negative charges at the carboxyl-terminal end of the CTD does not globally influence 

chromatin dynamics. This modification must, as suggested elsewhere, create or alter a 

binding site for proteins involved in DNA double strand break repair.
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H2AX’s biological relevance to DNA DSB repair may help place these results in 

context. H2AX is suggested to be randomly dispersed throughout the genome, thus act to 

readily signal damage and summon DNA DSB repair proteins when phosphorylated. The 

presence of H2 AX itself inhibits maximal folding but not moderate folding or self 

association, thus these states may provide a chromatin environment that tolerates rapid 

dynamics necessary for DNA repair, while reducing the highest level of folding. 

Reduction in maximally folded chromatin may allow repair factors or chromatin 

remodelers better and more local access to damaged regions. This reduction in maximal 

folding was shown to be present in arrays containing both H2AX and H2AX S135E.

Thus, it appears that yH2AX’s role in DNA double strand break repair is, at least in part, 

to signal the site of the break and reeruit repair factors, not to globally decondense 

chromatin.

Recent work published from Juan Ausio’s lab has suggested that the 

phosphorylation of H2AX may play a key role in chromatin decondensation in an indirect
on  ,

manner, its relationship with linker histone, HI . The CTD of H2AX is known to 

contact the globular domain of the linker histone HI bound to the linker DNA . Dr 

Ausio’s work suggests that when H2AX is phosphorylated the binding of HI to 

chromatin is reduced. Furthermore, when both H2AX and HI are phosphorylated the 

binding of HI is almost completely inhibited This H2AX-H1 relationship may be the 

reason that past in vivo studies have seen a marked relaxation in chromatin structure in 

the presence of yH2AX, as the loss of HI would certainly have a profound influence on 

the chromatin fiber. It will be of paramount importance to continue investigation into 

this mechanism using the system of in vitro assays detailed in this study, to attempt to
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better understand the dynamic role of H2AX and HI in chromatin condensation and 

DNA DSB identification and repair.
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