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ABSTRACT 

  

  

  

ASSESSING HISTONE H2A.Z AND THE H2A TAILS IN CHROMATIN STRUCTURE 

     

     

      

 Deoxyribose nucleic acid (DNA) is a negatively charged macromolecule that encodes life’s 

genetic material. In organisms, it is bound to net positively charged histone proteins in specific fashions 

and then compacts with magnesium and calcium to form domains and then chromosomes, which 

occupy territories in the nucleus during interphase. The mechanism of this compaction has been 

debated and studied for decades, and the employment of specific protein structures in molding 

chromatin morphology is still under review. This thesis adds to this story by testing how higher order 

chromatin structure is influenced by a histone H2A variant, H2A.Z, and the combined effect that the so-

called histone H2A N and C terminal tails, when contrasted to arrays involving wildtype canonical H2A. 

An in vitro model system of nucleosomal arrays consisting of sea urchin derived 5S ribosomal DNA and 

recombinant mammalian histone proteins was used. Both the H2A.Z and H2A tailless arrays required 

increased magnesium to oligomerize into possibly domain-like structures. The H2A.Z protein produced 

similarly accessible structures as the fully accessible wildtype control as learned through a micrococcal 

nuclease digestion method designed for these chromatin structures. The deletion of the H2A N and C 

terminal tails produced oligomers with slightly less accessible linker DNA than its wildtype control 

according to the micrococcal nuclease digestion. Furthermore, the H2A.Z, H2A double tailless, and H2A 

wildtype oligomers were globular in shape. When subjected to fluorescence recovery after 

photobleaching (FRAP), the oligomers involving H2A.Z agreed with the current literature describing its 

presence in euchromatin and heterochromatin, and its mobility correlated with that of a more mobile 

and possibly more open structural agent. Taken together, the H2A and H2A.Z proteins are
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influential in determining and providing variability to the overall chromatin structure that is vital to 

DNA’s ƌole iŶ ďiologǇ. 
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CHAPTER 1: BACKGROUND 

     

    

    

 Deoxyribonucleic acid (DNA) is a fundamental molecule to known life forms(1, 2). DNA’s ǀital 

role in biology cannot be understated, since it was accepted that it eŶĐodes life’s genetic material 

decades ago(2). Despite this, DNA’s ŵaĐƌoŵoleĐulaƌ stƌuĐtuƌe and compaction mechanisms when 

bound with its fundamental histone proteins is only recently being exposed(3). Furthermore, recent 

research has increasingly begun to disprove the presence of a well-referenced structure that DNA and 

its associated histones was almost certainly thought to form in vivo (4-7). This thesis helps determine 

the ƌole that speĐifiĐ histoŶes plaǇ iŶ histoŶe ďouŶd DNA’s macromolecular structure, which has 

potential wide-ranging implications for gene expression, DNA damage and repair, cell replication and 

development, genetic diseases, and the possibility of future personalized medicine. 

 1.1: Chromatin Structure 

DNA has an overall negative charge thanks to its phosphate groups and is thus vulnerable to 

binding positively charged molecules. The basic histone proteins (8) are an option in Eukaryotes. The 

four canonical histones have remarkably similar structures and are highly conserved across species (9). 

From the N terminus to the C terminus, each histone consists of a N terminal tail, followed by a short 

alpha helix (alpha1), a short loop region (L1), a central longer alpha helix (alpha2), another short loop 

region (L2), another short alpha helix (alpha3), and finally a short (except in the case of H2A) C terminal 

tail (8). The region containing the three alpha helices as well as the two loops is labeled the histone fold 

(8). The N and C terminal tails are disordered when not bound and their structure thus their unbound 

structures cannot be determined by X-ray crystallography(8). The canonical histones are usually within 

the range of 11,000-15,000 daltons and approximately 102-135 amino acids long(8, 10). 

 The four canonical histone proteins associate with both DNA and with each other in a specific fashion. 

H2A and H2B establish a heterodimer, and two H3 and two H4 proteins produce a tetramer (8). An 



 

2 

 

octamer is formed when two dimers bind to a tetramer (8). This association process can be performed in 

vitro with high sodium chloride concentrations(10). It is the octamer that drapes 146-147 DNA base 

pairs around itself approximately 1.65 times (8). This structure is known as a nucleosome, and its crystal 

structure was published in 1997 (8). Nucleosomes are positioned along double-stranded DNA, and the 

region between each nucleosome is termed linker DNA(11). A series of nucleosomes is known as a 

nucleosomal array, which is also known as a 10nm fiber, as the nucleosome is approximately 6 by 

11nm(4, 11). An illustration of the crystal structure of the nucleosome is found in part of Figure 1. 

The 10nm fiber compresses the DNA 5-10 times(12). However, the 10nm fiber cannot be the 

only mechanism of compaction as it is estimated that two meters of DNA compacts into a single cell only 

microns in diameter (13). Furthermore, in vivo, chromatin exists in not only a relatively condensed 

heterochromatin state but also in a more open euchromatin state(4), expanding the level of compaction 

needed for less accessible regions. A debate continues to exist on how this compaction, known as 

higher-order chromatin structure, occurs, although recent studies have painted a clearer picture.  

One method for describing further compaction was idealized to be the 30-nanometer structure, 

also known as folding, mediated in vitro through intra-array interactions(11, 14)This approximately 

30nm long structure was mentioned in the 1980s and consisted of  two main hypothesized structures- a 

one start helix (15) and a two-start helix (16). However, recent research is shedding doubt on the 

presence and importance of this structure in vivo. In one study, Small Angle X-Ray Scattering (SAXS) on 

isolated mitotic chromosomes produced a 30nm peak(17). However, subsequent analysis through cryo-

EM determined that the responsible particles was not a 30nm chromatin structure but ribosomes whose 

ϯϬŶŵ peak disappeaƌed afteƌ the ƌiďosoŵes’ ƌeŵoǀal(17). It was hypothesized that the 30nm chromatin 

structure forms under low (1-2mM) MgCl2 concentrations as a result of nucleosome repulsion (17). A 

more recent paper on in vitro model constructed chromatin found no 30nm fibers under 4mM and 

10mM MgCl2 concentrations (4). This research instead found that 10nm fibers intrinsically formed 
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globular structures with a sedimentation coefficient of approximately 200,000 S that were 50-1000nm in 

diameter, without 30nm fibers (4). As the in vivo interphase nucleus combined magnesium and calcium 

concentration is approximately 6-10mM (18), it is unlikely that a 30nm structure that forms at ~1-2mM 

magnesium concentrations is of significant biological interphase  significance. This finding(4) as well as 

previous work (19), suggests that the four canonical histones, DNA, and divalent cations (MgCl2) 

together encodes the information necessary to produce a large, compact chromatin structure 

independent of the 30nm fiber(4, 19) .  

There has been a recent increased effort to determine the higher order chromatin structure, 

indepeŶdeŶtlǇ of the ϭϬŶŵ fiďeƌ’s ƌole, thƌough ĐhƌoŵatiŶ ĐoŶfoƌŵatioŶ Đaptuƌe ;ϯĐͿ aŶd ƌelated 

techniques, focusing on topologically associated domains (TAD) (20-23). Chromatin within TADs has a 

greater likelihood of interacting with other molecules in its domain than with molecules from another 

TAD, and the included genes likely have similar gene regulation characteristics(24). Some have 

speculated that insulators and DNA binding proteins including transcription factors and CTCF play a role 

in TAD formation as reviewed in (25). However,  a computer simulation study of Drosophila nucleosomal 

arrays found that that TAD formation was an inherent process of the arrays(26). Additionally, an in vitro 

study on reconstituted nucleosomal arrays also learned that nucleosomal arrays alone self-associated 

into in domain-sized globular oligomers (4), suggesting that factors beyond the histones and DNA 

themselves are not necessary for the elementary structure but can supply diversity for functional 

purposes (3). A summary figure of a view of chromatin structure is detailed in Figure 1, from a recent 

review paper published by the lab where this thesis was completed in (3). This model depicts that 

nucleosomal arrays form an interdigitated polymer melt structure that creates compact chromatin 

domains (3). These non-TAD domains are components of chromosomes, where each chromosome 

occupies its separate territory in the nucleus during interphase (3). However, the mechanisms of how 

the 10 nm fibers form these higher order structures remain a work in progress. 
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Figure 1: Nucleosomes to Chromosomes Model: 

This figure, from a recent review paper from the lab where this thesis was completed(3) depicts an 

updated model of how 10 nm fibers (or nucleosomal arrays in vitro) compact into an interphase 

chromosome in the nucleus. A nucleosome is shown on the bottom right, with double stranded DNA 

wrapping around the two copies of the four canonical histone types. Adopted from Hansen, J. C., 

Connolly, M., McDonald, C. J., Pan, A., Pryamkova, A., Ray, K., Seidel, E., Tamura, S., Rogge, R., and 

Maeshima, K. (2017) The 10-nm chromatin fiber and its relationship to interphase chromosome 

organization, Biochemical Society Transactions 5, BST20170101. 

 

 1.2: Divalent Cations 

It is documented that divalent cations, markedly calcium and magnesium, and to a lesser extent 

monovalent cations, play an important role in chromatin compaction(14, 19). A nucleosomal array will 

fold upon itself in intra-array interactions upon incubation with 1-2mM Mg, forming a 30nm fiber (27). 

More importantly, inter-nucleosomal array interactions are induced at MgCl2 concentrations above 

2mM(19). This nucleosomal array oligomerization, possibly equivalent to long-range interactions in 

vivo(4), is a rapid, reversible, histone tail mediated and not strictly coulombic process(19). In contrast, 

naked DNA does not undergo oligomerization(19). An in vitro study found that chromatin with canonical 

histones and the 601-12 DNA sequence first fully pelleted in a centrifuge sedimentation assay at 

approximately 4mM Mg, and that a further increase in magnesium concentration did not yield 
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significantly larger oligomers of strands of nucleosomal arrays (4). Each mole of calcium or magnesium 

can hypothetically bind to two moles of negatively charged phosphate groups on DNA(28). As a 

nucleosome has a net charge of approximately -148 and since each linker DNA base pair has a net 

charge of -2 (29), it is possible that this level of positively charged magnesium could further neutralize 

the remaining unmasked sites on DNA to increase the favorability of chromatin compaction. Not all of 

the negative phosphates need to be masked, however, as nucleosomal arrays have a net negative 

charge from 0-40mM MgCl2 (30), and that an estimated 90% of naked DNA’s phosphates necessitate 

neutralization to undergo  the different process of condensation (31). As arrays do not oligomerize in 

monovalent salts (19) or when all histone N terminal tails are removed (32), the mechanism is not as 

simple as an electrostatic interaction. It is speculated that magnesium could also lead to DNA bending 

(33, 34). In vivo interphase nucleus concentrations are around 4-6mM for calcium, and 2-4mM for Mg, 

for an approximate total concentration of divalent cations relevant for chromatin oligomerization of 6-

10mM (18).  Although largely electrostatic, the precise mechanism of how magnesium and calcium 

induce chromatin compaction is not fully determined. 

 1.3: Histone Tails 

Previous research has highlighted the importance of the core histone tails in determining 

chromatin structure. These tails are thought to promote compaction through both local and distant 

association mechanisms (19, 35), and that all of the canonical histone amino N terminal tails are 

involved in the process in an independent and additive fashion (32). It has been hypothesized that the 

basic histone tails, which account for nearly half of the histoŶes’ positiǀe Đhaƌges (36), shield negative 

charges on the DNA(37). The tails possibly also interact with protein regions themselves to induce 

chromatin compaction as reviewed (38), including on a negatively charged region contributed by H2A 

and H2B described as the acidic patch(37). Tails can also bind to chromatin accessory and other proteins, 
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and the tails can be modified by acetylation, methylation and by other post-translational modifications 

that can alter chromatin shape and provide epigenetic information as reviewed (39). 

Two of these tail types are HϮA’s N aŶd C terminal tails. The structure of histone H2A with its 

disordered tails is shown in Figure 2. These H2A tails were modeled to have less inter-nucleosome 

interactions than H3 and H4 in 1mM Mg or 150mM NaCl (33), and H2A N terminal tailless arrays 

required 3mM Mg to fully sediment  in a centrifuge assay compared to 2mM Mg for wildtype, a lower 

difference than that of H3 and H4 tailless arrays (32). While this offers insight into how much 

magnesium is necessary for oligomerization, it does not elute information regarding the structure of the 

oligomerized macromolecules and how that compares to canonical H2A included nucleosomal arrays. 

Thus, using a double tailless mutant lacking both the N and C terminal tails should prove more impactful 

than a single tailless mutant, should be more insightful to the role that HϮA’s tails plaǇ iŶ the 

compaction process as a whole, and could lead to future single tailless mutant experiments.  

Despite previous findings limiting the role of the H2A tails compared to the H3 and H4 tails as 

mentioned in the prior paragraph, they were likely determined to be involved in inter-fiber interactions 

(33), and the C terminal tail is involved in interactions in compact chromatin according to a 

computational study (37). Furthermore, in less condensed conformations, a review paper highlighted 

the likelihood of N and C terminal tails associating with nucleosomal and linker DNA (39), and another 

study found a contact between the C terminal tail and linker DNA (40), with these binding patterns 

differing on salt concentrations and the presence or absence of linker histones (33) . The C terminal tail 

is less studied than the H2A N terminal tail in terms of higher-order chromatin structure, as both an in 

vitro (32) and a computational (41) N terminal tail paper did not investigate them. Constructs lacking the 

C terminal tail resulted in decreased nucleosome stability, increased mobility partially influenced on 

amino acid residues 115-122, slower cellular growth rate and increased stress, and decreased ISWI-

dependent remodeling dependent on residues 115-122 in a human cell line (42).  The C teƌŵiŶal tail’s 
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affects on chromatin structure beyond that of the 10nm fiber, however, apparently remains unknown.  

This thesis attempts to shed light on the size, shape, and compactness of H2A double tailless mutant 

containing chromatin as well as its linker DNA accessibility and provider more insight into its relationship 

with magnesium-induced oligomerization. 

 

Figure 2: Histone H2A and its N and C Terminal Tails: 

This figure, adopted from Histone H2A C-Terminus Regulates Chromatin Dynamics, Remodeling, and 

Histone H1 Binding (42), shows the histone H2A with an emphasis on its C-terminal tail. Adopted from 

Vogler, C., Huber, C., Waldmann, T., Ettig, R., Braun, L., Izzo, A., Daujat, S., Chassignet, I., Lopez 

Contreras, A. J., Fernandez-Capetillo, O., Dundr, M., Rippe, K., Langst, G., and Schneider, R. (2010) 

Histone H2A C-terminus regulates chromatin dynamics, remodeling, and histone H1 binding, PLoS 

genetics 6, e1001234. 

 

1.4: Histone Variants and H2A.Z 

Histones RNA transcripts beyond the H2A, H2B, H3, and H4 canonical histones can be translated 

at different cell cycle stages to replace predominately H2A and H3 in certain locations and durations (43, 

44). Additionally, although separate from the histone variant class, linker histones, including histone H1, 

can bind to linker DNA and provide further compaction(4). Comparing a histone variant to the canonical 

version can provide insight into what effect the modified regions have on chromatin structure. Histone 

H2A variants maintain a relatively similar structure as the canonical H2A, including the 3 alpha helices in 

the histone fold and the N and C terminal tails, but can have in some cases dramatically different amino 

acid sequences(43-45). The highly conserved variant H2A.Z is of chromatin structural interest. Despite 
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oŶlǇ ϲϬ% pƌiŵaƌǇ stƌuĐtuƌe siŵilaƌitǇ, HϮA.)’s thƌee diŵeŶsioŶal stƌuĐtuƌe is remarkably similar to that 

of H2A (46). The same is relatively true for a crystal structure of a H2A.Z replaced nucleosome with the 

exception of the dimer-tetramer and H2A or H2A.Z and H2B interactions, along with the acidic patch 

(46). The H2A.Z nucleosome crystal structure showed a weakened H2A.Z-H3 interaction compared to 

that of the H2A nucleosome, due to a glycine replacing a hydrogen bonding capable glutamine in 

HϮA.)’s the C teƌŵiŶal doĐkiŶg doŵaiŶ (46). Another difference is a H2A.Z-H2A-Z alpha helix 1 

alignment, which is parallel in the H2A-H2A interaction in the canonical nucleosome (46). Additionally, a 

hydrogen bonding rearrangement exists between the two dimers in the H2A.Z nucleosome crystal 

structure, and the H2A.Z-H2A.Z interaction is altered compared to that of the H2A nucleosome(46). 

However, the most intriguing difference in regards to chromatin structure is an extension of the acidic 

patch, where 6 amino acids are contributed by H2A and two by H2B (46). This negatively charged three-

dimensional structure is extended in an H2A.Z nucleosome due to HϮA.)’s negatively charged aspartate 

97 and serine 98, the latter corresponding to a positive charge in H2A (46). The acidic patch is a binding 

site of both 9 residues of the H4 N terminal tail in addition to nucleosome binding proteins(8, 47-49). 

The H2A.Z nucleosome compared to the H2A nucleosome is depicted in Figure 3. A previous study 
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Figure 3: Comparing H2A.Z vs H2A Nucleosomes: 

Top: Partial nucleosome with H2A.Z (gray) and H2A (yellow) superimposed on each other for comparing 

the tǁo pƌoteiŶ’s paths(46). Bottom: Charge density maps of H2A.Z (left) and H2A (right) nucleosomes, 

with an arrow highlighting the acidic patch of each nucleosome(46). HϮA.)’s aĐidiĐ patĐh is eǆteŶded ďǇ 
two base pairs(46). Adopted from Suto, R. K., Clarkson, M.J., Tremethick, D.J., and Luger, K. (2000) 

Crystal structure of a nucleosome core particle containing the variant histone H2A.Z, Nature structural 

biology 7, 1121-1124. 

 

discovered that this acidic patch extension on H2A.Z lead to a larger sedimentation coefficient value and 

a more compact state at a low magnesium concentration of 1.5mM that was lost upon the mutation of 

these extended acidic patch residues to those residues found in H2A (50). This paper will further explore 
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this issue by assaying H2A.Z containing nucleosomal arrays at a fully compact magnesium state with that 

of biologically relevant divalent cation concentrations.  

1.5: 208-12 DNA and Recombinant Histones Model System 

Studying the effects of H2A.Z and the H2A tails in an in vivo study would need to account for the 

complexity and dynamic nature of the nucleus with transcription factors, polymerases, RNA transcripts 

and other artifacts, as well as cancer cell lines and also the complexity of knocking out histones that are 

necessary for survival(51). Thus, it would potentially be impossible to knock out histones or certain 

histone regions in vivo. Previous work has developed optimally binding nucleosome sequences of DNA, 

including the 208-12 and 601-12 sequences. The 208-12 sequence originated from a 5s ribosomal gene 

of the sea urchin Lytechinus variegatus (52), and has 12 208 base pair repeats for 12 optimal 

nucleosome binding sites (53), with an affinity several times stronger than in vivo genomic DNA (54). 

This 208 base pair repeat length is consistent with nucleus-isolated DNA from several experiments that 

found that nucleosomes were spaced every 160-210 base pairs(55, 56). In the 208-12 sequence, 

approximately half of nucleosomes on the related 207 base pair sequence were at positions 1-146, with 

the remainder of nucleosomes not starting at random positions but starting at a multiplier of 10 base 

pairs (57).  

It was previously determined that these in vitro nucleosomal arrays form similarly sized 

oligomers to a structure found in vivo (topologically associated domains) (4). Additionally, SAXS 

experiments found that magnesium incubated reconstituted nucleosomal arrays had similar structures 

to those of magnesium incubated HeLa chromatin (4). Furthermore, increasing the concentration of the 

similar divalent cation calcium in vivo resulted in a more compact chromatin state (58), and that isolated 

nuclei is in line with the more oligomerized state resulting from increased magnesium concentrations 

previously done in the in the in vitro system (4) that this thesis utilizes. The 208-12 DNA sequence 

complexed with octamers used in this thesis was previously shown to have a sedimentation value of 
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around 29S, which is approximately equal to that of purified chicken erythrocyte 12 repeat octamer(59). 

Similarly, both the 208-12 sequence and this chicken-isolated sequence had a similar size-shape 

determined sedimentation coefficient of around 11S, and analytical ultracentrifugation experiments 

with varying NaCl concentrations produced similar sedimentation value curves on both array types (59).  

Thus, the system of using 208-12 DNA with recombinant histones is relevant to that of in vivo chromatin 

structures, with the benefit of testing homogenous histone mutants or variants.  

 1.6: Background on Methods Used 

In this thesis, nucleosomal arrays were constructed with 208-12 DNA and canonical histone 

octamers, octamers where H2A.Z replaced H2A, and octamers where a double tailless H2A, residues 13-

118, replaced the full length H2A. Several assays attempted to determine the structural characteristics 

of the H2A.Z and H2A tailless double arrays compared to the canonical H2A-H2B-H3-H4 based 

nucleosomal arrays.  

 1.7: Absorbance Sedimentation Velocity Analytical Ultracentrifugation 

 Several types of sedimentation velocity analytical ultracentrifugation (AUC) optics exist, 

including absorbance optics. This method depends on loading a reference solution and a sample 

solution into two separate chambers of an AUC cell apparatus with quartz (absorbance) windows (60). 

Absorbance AUC measures absorbance at a specified wavelength along radial positions (60). However, 

each scan takes approximately one minute, too short of a timeframe to obtain enough scans on 

saturated magnesium nucleosomal array samples for analysis at the lowest speed available of 3,000 

rotations per minute on the AUC used in this thesis (61). Absorbance AUC is useful for testing pilot and 

bulk in vitro constructed nucleosomal array samples to ensure that each of the 12 octamer binding sites 

on a 208-12 DNA sequence is bound to an octamer, known as a saturated condition (10). 

 AUC is used to deteƌŵiŶe a saŵple’s sediŵeŶtatioŶ ĐoeffiĐieŶt, oƌ “ value. The S value is 

determined by the equation 
ெሺ1−��ሻே� , with M=mass of the object, v=an inverse density measurement, 
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N=Aǀogadƌo’s Ŷuŵďeƌ, aŶd f=the frictional coefficient of the object(60). According this equation, an 

object with a larger mass will have a larger S value and will sediment faster. Further, a smaller frictional 

coefficient will produce a larger S value. Thus, if a spherical object and a rod have equivalent masses, the 

spherical object will have a smaller frictional coefficient than the rod and therefore will produce a larger 

S value and sediment faster. This means that larger, more condensed (less surface area) particles will 

produce larger S values and sediment faster. In the context of nucleosomal arrays, a larger S value 

translates to a larger complex with more arrays, a more compact structure, or a combination of a larger 

and more compact state. 

 In the context of testing for nucleosomal array saturation, it was previously determined that an 

S value of approximately 29S produced a molecular weight through approximately that of 12 octamers 

bound to 207-12 DNA, the molecular weight determined through a sedimentation equilibrium AUC 

run(14). The R value, or ratio of octamer moles per DNA repeat moles, has a linear relationship with the 

log(S50%), the average S value of an S value distribution from an absorbance sedimentation velocity AUC 

run(53). Therefore, increasing octamer (histone) concentrations compared to DNA repeat concentration 

should lead to an increased S value, as this increases the mass of the nucleosomal array in the S value 

equation found in the above paragraph(53, 60). This makes the absorbance sedimentation velocity AUC 

a useful tool for determining nucleosomal array saturation levels to minimize this variable when 

comparing different array constructs.  

1.8: Differential Centrifugation Assay 

The differential centrifugation assay involves mixing an equal volume of arrays with differing 

concentrations of magnesium buffers, as described in previous work (27). After incubating on ice, the 

tubes are centrifuged for a set time. The supernatant is then measured on a NanoDrop 

spectrophotometer at 260nm absorbance. At low magnesium concentrations, very little of the sample 

pellets as the nucleosomal arrays interact with each other and with the cation to form less compact and 
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smaller structures. Increasing magnesium concentrations increase the amount of pelleting until 

essentially all of the chromatin sample pellets out of solution, leaving a supernatant absorbance near 

zero. The midway point of magnesium concentration where half of the sample is pelleted is known as 

the Mg50 point. The magnesium concentration where the sample is fully pelleted is then used for 

subsequent experiments. This assay also determines how much divalent cation is necessary for 

saturated chromatin and if a variant or mutant nucleosomal array sample more or less readily self-

associates compared to the canonical arrays.  

 1.9: Micrococcal Nuclease Assay 

 The miĐƌoĐoĐĐal ŶuĐlease assaǇ sheds light oŶ hoǁ aĐĐessiďle a ĐhƌoŵatiŶ’s liŶkeƌ DNA stƌaŶds 

are. This experiment uses the micrococcal nuclease enzyme, a calcium-dependent, non-specific but AT 

preference exo- and endonuclease protein that digests double stranded DNA (56, 62-64). Linker DNA is 

more susceptible to micrococcal nuclease digestion than DNA bound to nucleosomes, and thus linker 

DNA is digested first(65). Since nucleosomal DNA is relatively protected, and as nucleosomes are 

regularly positioned along the course of a 208-12 DNA strand, micrococcal nuclease digestion will result 

in a discrete banding pattern when the resultant DNA fragments are run on a gel (64). In order to obtain 

these DNA fragments, the DNA is removed of histones via a phenol-chloroform-isoamyl alcohol wash, 

and successively isopropanol precipitated to rid the DNA of phenol. Without any digestion, a single band 

at approximately 2500 base pairs appears, equivalent to the length of the 208-12 DNA strand. At earlier 

time points, the nuclease has not fully digested the linker DNA, leading to bands of various but relatively 

predictable lengths on a gel. Increased digestion time results in a higher concentration of shorter DNA 

bands of similar lengths. Complete digestion of linker DNA leads to a single band, and further time could 

eventually cause breakdown of the histone guarded DNA as well (65). The wildtype H2A array digestion 

pattern with several time points is then compared to the H2A.Z or H2A double tailless array in the 
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context of digestion rates, where a faster digestion rate for an array type presumably translates to more 

accessible linker DNA.  

 1.10: Fluorescence Imaging and Fluorescence Recovery After Photobleaching (FRAP) 

 Another useful assay for chromatin structure determination is fluorescent microscopy and 

fluorescent recover after photobleaching (FRAP). Fluorescent microscopy takes advantage of a 

fluoƌesĐeŶt ŵoleĐule’s, suĐh as “YBR Green ϭ’s, ability to be energetically excited by photon absorption, 

relax to a lower increased energy state, and then fluoresce, or emit the photon at an increased 

wavelength to return to its ground energy state(66). SYBR Green 1 is a minor-groove primarily double 

stranded DNA intercalating agent with a preference for A-T base pairs (67). This aƌoŵatiĐ ĐoŵpouŶd’s 

fluorescence increases at least 1000 times after binding with 3-4 DNA base pairs through intercalation 

and electrostatic interactions (68).  In FRAP, a fluorescent confocal microscope equipped with a laser is 

used to bleach a specified chromatin structure on a microscope slide at a wavelength near the 

fluoƌophoƌe’s maximum absorption level(66). This bleaching results in a covalent alteration or 

destruction of the fluorophore, partially through the production of reactive oxygen species that  causes 

the bleached region to lose its fluorescence capability(66). Although the bleaching is irreversible, 

neighboring unbleached fluorescently tagged DNA molecules diffuse into the bleached target, and the 

bleached molecules are also able to diffuse outwards, in what is known as the mobile fraction(66). This 

results in a recovery after photobleaching where the fluorescent intensity recovers to a certain 

percentage of what the fluorescence intensity was prior to the photobleaching(66). The percentage of 

unrecovered photobleaching is a result of the immobile fraction, due to photobleached DNA molecules 

that did not diffuse away from the photobleached spot(66). A half-life can also be quantified to 

determine the time necessary for the bleached area to recover 50% of its plateau post-bleach maximum 

fluorescence intensity(66). FRAP is useful for determining the mobility, or diffusion, of a fluorescently 

targeted object. In this case it is the DNA portion of nucleosomal arrays. It has been argued that if the 
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nucleosomal array 10nm fiber is the building block of higher order globular chromatin structures (4), and 

if the intrinsically disordered histone tails are valuable in higher-order chromatin structure, then 

chromatin has liquid-like properties and is thus mobile in vivo (69, 70). Thus, FRAP has the potential to 

inform about the different diffusion dependent mobility of the DNA portion of different chromatin 

samples and also potentially regarding chromatin accessibility.  In addition to FRAP, simply imaging SYBR 

Green 1 tagged nucleosome bound DNA with a confocal fluorescent microscope presents an idea of the 

ĐhƌoŵatiŶ’s oǀeƌall shape aŶd size. 

 1.11: Hypotheses 

 It was hypothesized that H2A.Z would orchestrate a more compact oligomerized nucleosomal 

array structure. According to this, H2A.Z arrays were hypothesized to oligomerize at a lower magnesium 

concentration the wildtype counterparts to oligomerize based on the differential centrifugation assay. 

H2A.Z oligomers were accordingly thought to have a faster micrococcal nuclease digestion rate. In 

comparison to the wildtype oligomers, H2A.Z oligomers were thought to produce an increased mobile 

fraction recovering at a faster rate based on the Fluorescence Recovery After Photobleaching (FRAP) 

results in light of the acidic patch mutant results based on arrays with neutralized acidic patches. 

 In contrast to the H2A.Z array predictions, the H2A tailless nucleosomal array constructs were 

predicted to have a more open structure as the tails were predicted to contribute to a more compact 

oligomer. Therefore, compared to their wildtype counterparts, H2A tailless constructs were predicted to 

require increased magnesium to oligomerize in the differential centrifugation assay, digest at a faster 

rate by the micrococcal nuclease enzyme, and have an increased Fluorescence Recovery After 

Photobleaching (FRAP) mobile fraction recovering at a faster rate. 

 1.12: Introduction to Thesis 

In this work, histone octamers composed off two duplicates of H2A, H2B, H3, and H4, and 208-

12 DNA, were combined into nucleosomal arrays. This sample is known as the wildtype arrays. In a 
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second array type, two copies of histone H2A, amino acid sequence 13-118 with the N and C terminal 

tails removed, replaced the two H2A copies. This sample is known as the H2A tailless or H2A globular 

arrays. In a third sample, two copies of the histone variant H2A.Z replaced the two copies of H2A, whose 

sample is labeled onwards as the H2A.Z arrays.  

The H2A.Z and H2A tailless arrays were compared to the wildtype arrays through a micrococcal 

nuclease digestion, a centrifugation assay known as differential centrifugation, and fluorescence 

recovery after photobleaching (FRAP) and fluorescence microscopy. These studies attempted to 

determine the role that the H2A tails and the H2A.Z variant have on nucleosomal array oligomerization 

structure, including the size, shape, linker DNA accessibility, intrinsic mobility, and the amount of 

magnesium needed for oligomerization.   
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CHAPTER 2: METHODS 

     

    

    

 2.1 Histone Octamer Prep 

 The preparation of both H2A.Z and H2A double tailless octamers followed that of the laď’s 

protocol, where further information regarding this is summarized in Assembly of Nucleosomal Arrays 

from Recombinant Core Histones and Nucleosome Positioning DNA(10). Individual histones H2B, H3, and 

H4, and either H2A, H2A.Z, or tailless H2A with amino acids 13-118, were obtained from Colorado State 

UŶiǀeƌsitǇ’s PƌoteiŶ EǆpƌessioŶ aŶd PuƌifiĐatioŶ FaĐilitǇ. The histones were denatured through an 

unfolding buffer of 6M guanidinium HCL, 20mM 7.5 pH Tris, and 5mM DTT at room temperature for 80 

minutes(10). The histones were measured at 276nm on a NanoDrop spectrometer(10). They were then 

dialyzed with 6,000-8,000 molecular weight cutoff tubing in a refolding buffer consisting of 2M NaCl, 

10mM ph7.5 Tris, 1mM EDTA, and 5mM beta-mercaptoethanol at 4 C°, with buffer changes after ~6 

hours and ~12 hours(10) . Equal molar amounts of H3 and H4 were used, as well as equal molar 

amounts of H2B and either H2A, H2A.Z, or tailless H2A(10). However, 10% more of the H2B/H2A or H2A 

deviation was used than of H3/H4 to ensure for more precise FPLC octamer elution as the tetramer 

elutes at a similar volume as the octamer. The octamer was then purified from aggregates, tetramers, 

and dimers through Fast Protein Liquid Chromatography (FPLC) on a Superdex 200 (16/60) column(10). 

Absorbance was measured at 280nm(10). Fractions of interest were run on a 20% polyacrylamide gel to 

determine the fractions whose four histones were of relatively equal molar amounts(10). These 

fractions were then pooled and concentrated with an Ultra-15 centrifugal filter by Amicon with a 

molecular weight cutoff of 30,000 molecular and measured at a wavelength of 205 nm on a 

spectrometer(10). They were then checked on another 20% polyacrylamide SDS-PAGE gel before being 

used in nucleosomal array construction. 
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 2.2: DNA Amplification and Purification  

The DNA used here, 208-12 DNA, was cultured in E. coli and subsequently purified by a previous lab 

member. Pure 601-12 DNA was cloned in E. coli and purified to minimal success by the author and the 

lab as a whole. 

 2.3: Nucleosomal Array Reconstitution 

 Nucleosomal array reconstitution followed that of the laď’s pƌotoĐol, where further information 

regarding this can be found in Assembly of Nucleosomal Arrays from Recombinant Core Histones and 

Nucleosome Positioning DNA(10). First, nucleosomal array pilots at molar ratios of octamer to 208-12 

DNA repeats of 0.9, 1, and 1.1 were constructed(10). Twelve-to-fourteen thousand molecular weight 

cutoff dialysis tubing was used(10). Pilots were dialyzed in 2 liter buffers at 4 C° containing 10mM Tris 

pH 7.8, 1mM EDTA, and 1mM DTT for the first three buffers(10). In the fourth buffer, 0.1 mM PMSF was 

used(10). Buffers had subsequently lower sodium chloride concentrations, starting with 1 M NaCl, then 

0.75 M NaCl, and then 0.75mM NaCl for the third and fourth buffers(10). Pilot nucleosomal array 

samples were run on an analytical ultracentrifuge using interference optics to determine the 

sedimentation coefficients to identify nucleosome per DNA nucleosome binding site saturation 

levels(10). It was previously shown that a sedimentation (S) value of around 29 correlated with ~12 

nucleosomes per nucleosome binding site on a 208-12 DNA template (71). The bulk samples for 

wildtype, H2A.Z, and H2A tailless arrays were then constructed with the same method as the pilots, with 

the same mole of histone octamer to mole of DNA binding site as the pilot that had the closest S value 

to 29(10).  

 2.4: Differential Centrifugation Assay 

An equal volume of nucleosomal arrays of wildtype, H2A.Z, or tailless, and of 2x magnesium buffer of a 

desired final magnesium concentration, was pipetted into a 1.5ml tube. For H2A.Z and wildtype arrays, 

the volume was 25ul for 6.25 ug of arrays measured by DNA amount, and for H2A tailless arrays, it was 
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14.88ul or 2.5ug of arrays. One replicate of the wildtype arrays also used 2.5ug instead of 6.25ug of 

arrays as measured by DNA quantity. The mixture was incubated on ice at room temperature for 5 

minutes. The samples were then spun at 16,000 g for 5 minutes at 4 C° on a Hermle Z 233 MK-2 Labnet 

counter centrifuge. Then 2ul was removed from the supernatant and measured at 260nm absorbance 

that was blanked with 2ul of the 2x magnesium buffer diluted in half with array dialysis buffer 4. Three 

absorbance measurements were taken from each sample and averaged. Each replicate was divided by 

the 0mM Mg absorbance measurement to obtain the fraction of arrays remaining in the supernatant. 

Thus, the 0mM Mg had a fraction of 1. 

 2.5: Micrococcal Nuclease Experiments 

 Micrococcal nuclease experiments were performed for wildtype H2A, H2A.Z, and H2A double 

tailless nucleosomal arrays. For wildtype and H2A.Z arrays, 13ug or fifty-two microliters of 0.25 ug/ul 

arrays were combined with 169.89ul of 7mM 2x MgCl2, 41.51ul of 0.75 mM stock calcium chloride, 

76.83ul of Array Dialysis Buffer 4 composed of 10mM pH 7.8 Tris buffer, 0.25mM EDTA, 2.5mM sodium 

chloride, and 1mM PMSF, and 1.11ul of filtered water. For H2A tailless arrays, 13ug of arrays was also 

used, but this required 77.38 ul of array volume at 0.168 ug/ul, thus lowering the amount of array 

dialysis buffer 4 from 76.83ul to 51.45ul. The volume of 0.75 mM CaCl2, 7mM 2x MgCl2 buffer, and water 

amounts were the same as that of the wildtype and H2A.Z arrays. The method for all three array types 

was as identical as possible from this point forward. The arrays were then incubated in these ingredients 

on ice at room temperature for 15 minutes. After 15 minutes, 85ul of this mixture was removed. For all 

time points, including the time zero, eighty-five microliters were added and subsequently pipette mixed 

to a labeled 1.5ml epi tube, on ice, containing 9ul of 2.0mM EGTA pH 8.5, and 3.1ul of 450mM EDTA. 

The final EGTA concentration with the 85ul of arrays was 0.185mM and the final EDTA concentration 

was 14.367mM. This was the time zero measurement. After mixing, 0.219 ul of 1.667 units/ul 

Micrococcal nuclease enzyme was added to this mixture containing EDTA and EGTA and was placed on 
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ice. Then 0.3713ul of 7mM MgCl2 2x buffer was added to the bulk solution to keep the final Mg 

concentratioŶ at ϳ.Ϭ ŵM, aĐĐouŶtiŶg foƌ EDTA’s ĐhelatioŶ of ŵagŶesiuŵ at a ϭ:ϭ ƌatio. Then 0.658 ul of 

1.667 units/ul micrococcal nuclease enzyme (in 10mM Tris, 50mM NaCl, 1mM EDTA, 50% glycerol, at pH 

7.5 stored at -4 C°) was added to the bulk digest. The enzyme activity level was 0.1125 units of enzyme / 

ug of DNA. The digest was placed in a 37 C° water bath and was pipette mixed. For each incubation time 

point of 1.5, 3.5, and 8 minutes, 85 ul of this mixture was added to an EDTA/EGTA mix mimicking that of 

the 0 time point and pipette mixed and placed in an ice bucket at room temperature.  

 After the last time point was taken, 97.1ul, an equal volume to the finished digests, of a 25:24:1 

ratio of phenol: chloroform: isoamyl alcohol was added. This was to remove the histone proteins and 

the micrococcal nuclease enzyme from the mixture. Each tube was vortexed for 70 seconds, and then all 

digest tubes were spun for 10 minutes at 20 C° with 22,000 g at on a Hermlie LabNet counter centrifuge. 

Then approximately 97.1 ul of the aqueous top layer was removed and placed into new 1.5ml epis. Then 

24.25ul of 2.83M 5.2pH sodium acetate was added (0.25 volumes), with 121.25 ul of isopropanol (1 

volume), for a final sodium acetate concentration of 0.283 M and 0.1 volumes. The digest products were 

then briefly vortexed, spun down on a tabletop centrifuge, and placed in a -20 C° freezer overnight.  

 The subsequent day, 2ul of 0.1 ug/ul glycogen was added, and the tubes were spun down for 45 

minutes at 22,000 g at 4C. One hundred fifty microliters were removed and discarded before they were 

spun down again, for 35minutes at 22,000 g at 4 C°. Then nearly all of the remaining 

isopropanol/sodium acetate volume was removed. One hundred fifty microliters of -20 C° 70% ethanol 

was added to each digest, and the tubes were vortexed for 10 seconds, spun on a tabletop centrifuge 

for 30 seconds, and placed in a -20 C° freezer for 10 minutes. They were then spun for 40 minutes at 

22,000 g at 4 C°. Seventy-five microliters were removed before being spun for 35 minutes at 22,000 g at 

4 C°. Finally, the remainder of the predominately ethanol liquid layer was pipetted off. The pellets were 
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then dried for five minutes at room temperature, before 10ul of TE buffer (10mM pH 7.8 Tris, 1mM 

EDTA) was added and pipette mixed to dissolve the pellets.  

 Two microliters of 6x loading dye (orange, Fermentas brand) was added, and all 12ul was loaded 

onto a 2% agarose, 12 lane agarose gel. Four and a quarter microliters of 1kb ladder were added to the 

first lane. The gel ran at 83 volts, and was stained with ethidium bromide for 15 minutes, de-stained 

with TAE buffer for 15 minutes, and was imaged with UV light. 

 The naked DNA digestion was performed in the same fashion but used one-fifth the ratio of 

units of micrococcal nuclease per ug of DNA as with the arrays, at 0.0225 units of enzyme/ug DNA. 

However, the incubation mixture consisted of 2.045ul of DNA, 10.377 ul CaCl2 (.908mM final), 30.158ul 

array dialysis buffer 4, 42.197 ul 7mM MgCl2, and 0.553 ul water. Then 0.1315ul of 7mM 2x MgCl2 was 

added to maintain an effective (non EDTA chelated) magnesium concentration of 7 molar, along with 

0.234 ul of 0.625 units/ul of micrococcal nuclease enzyme. This enzyme activity was 1/5th the amount of 

that used for the nucleosomal arrays. This was placed at 37 C° for the respective time points, 8 minutes. 

The remainder of the protocol was as similar to each of the other digests as possible.  

The micrococcal nuclease gel banding intensities were measured through (Fiji Is Just) ImageJ 

software. For each micrococcal nuclease representative gel, the intensity of the top band of each array 

tǇpe at eaĐh tiŵe poiŶt ǁheƌe the ďaŶd ǁas pƌeseŶt ǁas diǀided ďǇ the top ďaŶd’s iŶteŶsitǇ of the Ϭ 

minute digestion time point for that representative gel, which was then averaged across the three 

representative gels. One-tenth of the amount of DNA of the 0 minute digest was loaded onto the gels 

Đoŵpaƌed to the aŵouŶt of loaded DNA foƌ the otheƌ tiŵe poiŶts, aŶd thus eaĐh Ϭ ŵiŶute tiŵe poiŶt’s 

band intensity was multiplied by ten to correct for this. For the H2A.Z oligomer and its respective 

wildtype oligomer control, the full-leŶgth DNA ďaŶd’s iŶteŶsitǇ ǁas Ŷot ŵeasuƌaďle at the last digestioŶ 

time point (at 8 or 10 minutes) and thus was not used in the analysis. On a similar note, the last band in 

the H2A tailless digest representative gel on the right side in Figure 17 was not used as well due to a low 
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overall intensity. The top band represents an undigested 208-12 DNA sequence, corresponding to a 

nucleosomal array pre-phenol wash. The intensities were then graphed and fitted to an exponential 

function.  

2.6: Fluorescence Recovery After Photobleaching (FRAP) and Imaging 

Five-millimeter round coverslips were run in a plasma cleaner at 15 PSI. Afterwards, the 

coverslips were soaked in 0.1 mg/ml poly-L-lysine and were incubated overnight in a dark setting. On 

the morning of imaging, the poly-L-lysine was removed via pipette and the coverslips were soaked in 

filtered water for six five-minute incubations to remove the excess poly-L-lysine.  

 Two microliters, or 0.5ug at 0.25ug/ul, of wildtype or H2A.Z arrays was mixed with 248 ul of 

array dialysis buffer 4 (10mM Tris at pH 7.5, 2.5mM sodium chloride, 0.25mM EDTA, and 1mM PMSF) 

and was spun at 7,000 g for 15 minutes at 4C in a tabletop centrifuge to remove already formed 

aggregates. For H2A tailless arrays, this spin down procedure was identical to that of the wildtype and 

H2A.Z arrays but to use 0.5ug of tailless arrays, it required 2.976ul of arrays and 247.024ul of array 

dialysis buffer 4.  Then 250ul of a 6mM 2X MgCl2 buffer was added for H2A.Z and wildtype arrays FRAP, 

and 7mM for the H2A tailless images. For the 0mM controls, 250ul array dialysis buffer 4 was added 

instead of 2x magnesium buffer. This mixture was then incubated on ice at room temperature for 30 

minutes. After 30 minutes, this mixture was added to a new 1.5 ml tube with a 3D printed insert with a 

poly-L-lysine coated and freshly water incubated coverslip. This tube was then spun at 7,000 g for 15 

minutes at 4 C° for the formed oligomers to pellet. Afterwards, the liquid was removed and the coverslip 

was incubated in a 5 ul SYBR Green 1 mixture, consisting of a 4 ul water and 1ul SYBR Green 1, for 30 

seconds. After 30 seconds, the SYBR Green 1 was removed via pipette and 10 ul of Sigma mounting 

medium was added to the coverslip. The coverslip was then mounted to the microscope slide. After a 

five-minute incubation in mounting medium, excess mounting medium was removed from the slide and 

the coverslip was secured on the slide with green nail polish. The nail polish was allowed to dry 2-3 
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hours before the coverslip was dabbed with ethanol to remove a number four to signify the top of the 

coverslip.  

 The slides were imaged the same day as the sample slide preparation on an Olympus IX81 

Inverted Spinning Disk ŵiĐƌosĐope at Coloƌado “tate UŶiǀeƌsitǇ’s FluoƌesĐeŶĐe MiĐƌosĐopǇ/Iŵage 

Analysis Center with SlideBook software. For FRAP, the settings included a wavelength of 488nm and 

200 time points at 100 millisecond intervals. At least 3 photobleaching repetitions were performed on 

each slide. The slides were corrected for background intensity and for photobleaching. 
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CHAPTER 3: RESULTS 

   

  

    

 3.1: Nucleosomal Array Reconstitution 

 Octamers were made where two copies of mouse H2A.Z replaced both copies of mouse H2A. A 

separate batch of octamer was made with human H2A residues 13-118 replacing the mouse H2A 

proteins. The sequence of the wildtype mouse H2A and the double tailless human H2A is found in Figure 

4. The canonical wildtype octamer and subsequent incorporation into arrays of mouse H2A, H2B, H3, 

and H4 was constructed through a collaborator within the lab where this thesis was produced, which 

was used as the control for all H2A.Z and H2A tailless experiments(72). The UV reading during the FPLC 

run, as well as the subsequently ran 20% polyacrylamide SDS-Page gels, is depicted in Figure 5. The 

subsequent 20% polyacrylamide gels of the pooled octamer fractions are shown in Figure 6. Each 

octamer type was separately reconstituted with purified 208-12 DNA (Figure 1) in a salt dialysis process, 

and subsequently ran on the AUC absorbance optics to test for the optimal 1:1 nucleosome saturation 

level of nucleosome binding sites on the DNA through obtaining a S value of approximately 29(72). This 

comparison of each array type used is shown in Figure 7(72).  
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Mouse     1    SGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGNYSERVGAGAPVYLAAVLEYLTA  60 

                        SGRGKQGGKARAKAK+RSSRAGLQFPVGRVHRLLRKGNY+ERVGAGAPVYLAAVLEYLTA 

Human   M 1 SGRGKQGGKARAKAKSRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYLAAVLEYLTA  60 

 

Mouse 61    EILELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGRVTIAQGGVLPNIQAVLLPKKT  120 

                EILELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGRVTIAQGGVLPNIQAVLLPKKT 

Human 61    EILELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGRVTIAQGGVLPNIQAVLLPKKT  120 

 

Mouse 121   ESHHKAKGK  129 

           ESHHKAKGK 

Human 121   ESHHKAKGK  129 

Figure 4: Mouse H2A vs Tailless Human H2A: 

Shown here is the wildtype mouse H2A (top layers) vs the human H2A (bottom layers) amino acid 

sequences, with the numbers representing the number of amino acids from the N terminus. The 

conserved amino acids are shown in the middle layer, with the two changes between the two proteins in 

red. The yellow highlighted amino acids represent those deleted in the human H2A double tailless 

construct used in this thesis. The tailless human construct also has a methionine (M) at the N terminus, 

which the recombinant wildtype mouse H2A lacks. The double tailless mutant loses four positive charges 

from the H2A N terminal tail, and a net of 3 positive charges from the c terminal tail (4 lysine amino 

acids minus a negatively charged glutamate). “eƋueŶĐes ǁeƌe Đoŵpaƌed usiŶg NIH’s BLA“T ǁeďsite. 
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Figure 5: Purification of H2A.Z, H2A Tailless, and Wildtype Octamers: 

Depicted are the 20% polyacrylamide SDS-Page gels of histone octamer fractions from the FPLC 

purification runs. The labeled fractions that were pooled and concentrated for use are bracketed in blue. 

The UV absorbance spectrum for the FPLC run is also shown for H2A.Z and H2A tailless octamers 

(280nm=red in A, 280nm=blue in B), with an additional zoomed in image on the octamer peak. A. H2A.Z 

octamer. B. H2A tailless (TL) octamer. C. Wildtype octamers(73), adapted from McDonald, C. J. (2016) 

Unpublished Work: Wildtype Octamer and Wildtype Nucleosomal Array Construction, Colorado State 

University, Fort Collins, CO. 

… …

ϯ
ƌd

 Gel

A. 

B. 

C. 
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Figure 6: Octamers and DNA Used for Nucleosomal Arrays: 

After the fractions from the FPLC were ran on a gel, the fractions of highest purity were pooled and 

concentrated and then ran on the 20% polyacrylamide SDS-Page gels depicted here. This was the last 

check for purity and histone ratios before they were assembled with DNA into arrays. The DNA used is 

also shown. A. H2A.Z octamers. B. H2A tailless octamer in bracketed lanes. C. Background: 208-12 DNA 

used for H2A tailless arrays. Foreground: 208-12 DNA used for wildtype and H2A.Z arrays.  
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Figure 7: Sedimentation Value Distribution of Nucleosomal Arrays: 

The diffusion-corrected S value distributions obtained from absorbance optics sedimentation velocity 

analytical ultracentrifugation for the wildtype arrays (yellow)(73), H2A double tailless arrays (red), and 

H2A.Z arrays (blue) is shown. Data analysis and graph used UltraScan-3 software. Increased ratios of 

nucleosome per nucleosome binding site on the DNA increase the S value, which is indicative of the 

histone octamer: DNA nucleosome binding site molar ratio. Wildtype array part adopted from 

McDonald, C. J. (2016) Unpublished Work: Wildtype Octamer and Wildtype Nucleosomal Array 

Construction, Colorado State University, Fort Collins, CO. 

 

 3.2: Differential Centrifugation Assay 

 The differential centrifugation curves for the H2A.Z arrays, H2A tailless arrays, and both wildtype 

arrays are shown in Figure 8, with approximately half of the wildtype data from a laboratory 

collaborator(72). The wildtype arrays oligomerized around 2.5mM MgCl2 with a 50% oligomerization Mg 
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concentration slightly less than 1.5mM Mg(72). In comparison, the H2A tailless arrays were 50% 

oligomerized between 2.25 and 2.75 mM Mg, and fully oligomerized between 3-4.5 mM Mg.  

 

Figure 8: Differential Centrifugation Results: 

Shown here are the differential centrifugation results of wildtype (WT, red), H2A tailless (TL, blue), and 

H2A.Z (green) arrays. Kaleidagraph software was used. The absorbance values measured after the 

centrifuge spin were divided by the average 0mM Mg absorbance of that array type. The 0mM 

absorbance is therefore set to 1. Approximately half of the wildtype data set, approximately one 

replicate, was from a laboratory collaborator(72), McDonald, C. J. (2016) Unpublished Work: Wildtype 

Octamer and Wildtype Nucleosomal Array Construction, Colorado State University, Fort Collins, CO. 

 

The H2A.Z arrays also required more Mg to oligomerize compared to the wildtype arrays(72), reaching 

50% oligomerization between 2.8 and 3.25 mM Mg and fully oligomerizing around 4.5 mM Mg. 
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 3.3: Micrococcal Nuclease Results 

 Micrococcal nuclease digested wildtype arrays faster in 3.27mM MgCl2 than in 0 mM MgCl2 

(Figure 9). The differential centrifugation assay suggested that these arrays should be oligomerized at 

3.27mM MgCl2, hinting at a likely more condensed and more challenging to digest formation, such that 

the arrays in 3.27mM MgCl2 should have a slower digestion rate than the arrays in 0mM MgCl2. Thus, as 

a control, naked non-nucleosome bound 208-12 DNA was subjected to the same protocol at varying 

magnesium concentrations, depicted in Figure 10. Micrococcal nuclease requires calcium as a cofactor 

to function, and it was possible that magnesium could substitute for calcium to at least some extent, 

possibly explaining the faster array digestion rate at 3.27mM than at 0mM MgCl2. Naked DNA does not 

undergo divalent cation dependent oligomerization as nucleosomal arrays do(30), so in theory its 

digestion rate by micrococcal nuclease would not be affected by varying the magnesium concentrations. 

This is supported by the naked DNA control digestion, as the rate of digestion increased from 0mM to 

0.47mM MgCl2 but was relatively constant at magnesium concentrations from 0.47 to 4.68 mM MgCl2, 

suggesting that MgCl2 has a slight impact on micrococcal nuclease digestion rate but that working with 

higheƌ ŵagŶesiuŵ ĐoŶĐeŶtƌatioŶs does Ŷot affeĐt the eŶzǇŵe’s aĐtiǀitǇ. A more complete digestion 

pattern of naked 208-12 DNA at 7mM MgCl2 can be located in Figure 11.  

 Wildtype and H2A.Z arrays had relatively similar digestion rates at 7mM MgCl2 (Figures 13-14), 

as well as at 3.27mM MgCl2 (Figure 12). This comparison was analyzed in Figure 15. H2A tailless arrays 

had slightly slower digestion rates at 7mM MgCl2 (Figures 16-17), as analyzed by the disappearance of 

the full-length array DNA sequence in Figure 18. 
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Figure 9: Wildtype Arrays 0mM Mg vs 3.27mM Mg Micrococcal Nuclease Digest: 

Wildtype Arrays were incubated in 0mM MgCl2 (lanes 2-6) or in 3.27mM MgCl2 (lanes 8-11) for 15 

minutes on ice. They were then digested at 37 C° with micrococcal nuclease for 0, 2.5, 5, 12.5, or 17 

minutes. The samples were then phenol chloroformed, alcohol precipitated, and re-suspended in TE 

ďefoƌe ďeiŶg ƌaŶ oŶ a Ϯ% agaƌose gel. LaŶes ϭ aŶd ϭϮ aƌe TheƌŵoFisheƌ’s ϭkď laddeƌ, ǁheƌe the ϴth band 

from the top represents 2,500 base pairs. 

ϭkď   ϬŵiŶ  ϭ   Ϯ.ϱ      Ϭ      ϭ     Ϯ.ϱ   
ϭkď
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Figure 10: Micrococcal Nuclease of Naked DNA from 0-4.68mM Mg: 

Naked 208-12 DNA was digested for 0, 1, and 2.5 minutes (0, 1, and 2.5) at 37 C° at 0, .47, 1.86, 3.27, 

and 4.68mM magnesium chloride concentrations. This acted as a control to test what effect Mg 

concentrations had on micrococcal nuclease enzymatic activity, as it aŶd the eŶzǇŵe’s pƌefeƌƌed 
catalyst, calcium, are both divalent cations. There was an increased digestion of the 208-12 DNA in 

0.47mM MgCl2 compared to the 0mM concentration digests. However, there was no increase in 

digestion rate of the DNA with increased magnesium concentrations beyond 0.47 mM magnesium, likely 

showing that the increased digestion rates in magnesium concentrations in nucleosomal arrays in 

magnesium concentrations above around 0.47mM magnesium are not due to increased magnesium 

concentrations. It is more likely that this is due to different accessibility of the linker DNA though the 

oligomerization of nucleosomal arrays at the higher magnesium chloride concentrations.  
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Figure 11: Micrococcal Nuclease of Naked DNA at 7mM Mg: 

 Naked DNA (lanes 2-6) was incubated in 7mM MgCl2 for 15 minutes on ice before being digested with 

micrococcal nuclease for 0, 1, 2, 5, and 10 minutes at 37 C°. The samples were then phenol 

chloroformed, alcohol precipitated, and re-suspended in TE before being ran on a 2% agarose gel. Lanes 

ϭ aŶd ϳ is TheƌŵoFisheƌ’s ϭkď laddeƌ, ǁheƌe the ϴth band represents 2,500 base pairs. 
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Figure 12:  Wildtype vs H2A.Z Arrays Micrococcal Nuclease Digest at 3.27mM Mg: 

Wildtype arrays (lanes 2-6) and H2A.Z arrays (lanes 7-11) were incubated in 3.27mM MgCl2 for 15 

minutes on ice before being digested at 37C with micrococcal nuclease for 8minutes (naked DNA) or for 

0, 1, 2, 5, and 10 minutes at 37 C°. The samples were then phenol chloroformed, alcohol precipitated, 

and re-suspended iŶ TE ďefoƌe ďeiŶg ƌaŶ oŶ a Ϯ% agaƌose gel. LaŶes ϭ aŶd ϭϬ aƌe TheƌŵoFisheƌ’s ϭkď 
ladder, where the 8th band represents 2,500 base pairs.  
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Figure 13: Wildtype vs H2A.Z Oligomerized Arrays Micrococcal Nuclease Digest at 7mM Mg: 

This is one of three representative gels of the wildtype vs H2A.Z oligomerized arrays digestion, with the 

other representations in Figure 14. Naked DNA (lane 2), wildtype arrays (lanes 3-6) and H2A.Z arrays 

(lanes 7-10) were incubated in 7mM magnesium for 15 minutes on ice before being digested at 37C with 

micrococcal nuclease for 8minutes (naked DNA) or for 0, 1, 2, 5, and 10 minutes at 37 C° (arrays). The 

naked DNA was digested with one-fifth the number of units of enzyme per microgram of DNA compared 

to the arrays. The samples were then phenol chloroformed, alcohol precipitated, and re-suspended in TE 

ďefoƌe ďeiŶg ƌaŶ oŶ a Ϯ% agaƌose gel. LaŶe ϭ is TheƌŵoFisheƌ’s ϭkď laddeƌ, ǁheƌe the ϴth band 

represents 2,500 base pairs. 



 

36 

 

 

Figure 14: Wildtype vs H2A.Z Oligomerized Arrays Micrococcal Nuclease Digest at 7mM Mg: 

Two representative gels of wildtype vs H2A.Z oligomerized array micrococcal nuclease digestions are 

shown here, in addition to the one in Figure 13. Naked DNA (lane 2 in each replicate), wildtype arrays 

(lanes 3-6) and H2A.Z arrays (lanes 7-10) were incubated in 7mM magnesium for 15 minutes on ice 

before being digested at 37C with micrococcal nuclease for 8 or 0 minutes (naked DNA) or for 0, 1, 2, 5, 

and 10 minutes at 37 C° (arrays). One-fifth of the units of enzyme per microgram of DNA was used for 

the naked DNA compared to the arrays. The samples were then phenol chloroformed, alcohol 

precipitated, and re-suspended iŶ TE ďefoƌe ďeiŶg ƌaŶ oŶ a Ϯ% agaƌose gel. LaŶe ϭ is TheƌŵoFisheƌ’s ϭkď 
ladder, where the 8th band represents 2,500 base pairs. 
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Figure 15: H2A.Z Oligomers Micrococcal Nuclease Gel Analysis: 

For each micrococcal nuclease representative gel, the intensity of the top band of each array type at 

eaĐh tiŵe poiŶt ǁheƌe the ďaŶd ǁas pƌeseŶt ǁas diǀided ďǇ the top ďaŶd’s iŶteŶsitǇ of the Ϭ-minute 

digestion time point for that representative gel, which was then averaged across the three 

representative gels. One-tenth of the amount of DNA of the 0 minute digest was loaded onto the gels 

Đoŵpaƌed to the aŵouŶt of loaded DNA foƌ the otheƌ tiŵe poiŶts, aŶd thus eaĐh Ϭ ŵiŶute tiŵe poiŶt’s 
band intensity was multiplied by ten to correct for this. The full-leŶgth DNA ďaŶd’s iŶteŶsitǇ ǁas Ŷot 
measurable at the last digestion time point (at 8 or 10 minutes). The top band represents an undigested 

208-12 DNA sequence, corresponding to a nucleosomal array pre-phenol wash. The intensities were 

then graphed and fitted to an exponential function. H2A.Z oligomers had a similar digestion rate 

compared to wildtype oligomers as measured by the disappearance of the full 208-12 DNA sequence.  
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Figure 16: Wildtype vs H2A Tailless Oligomerized Arrays Micrococcal Nuclease Digest at 7mM Mg: 

One representative gel of wildtype versus H2A.Z oligomerized arrays micrococcal nuclease digestions is 

shown here, with the other two representations depicted in Figure 17. Micrococcal nuclease digests at 

7mM MgCl2 of wildtype and H2A double tailless arrays. Lane 1: 1kb ThermoFisher ladder. Lane 2: naked 

DNA control. Lanes 3-6: 0, 1.5, 3.5, or 8 minute micrococcal nuclease digest DNA products. Lanes 7-10: 0, 

1.5, 3.5, and 8 minute H2A double tailless micrococcal nuclease digest products.  
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Figure 17: Wildtype vs H2A Tailless Oligomerized Arrays Micrococcal Nuclease Digest at 7mM Mg: 

Two representative gels of wildtype vs H2A double tailless oligomerized array micrococcal nuclease 

digestions are shown here, in addition to the one in Figure 16. Naked DNA (lane 2 of each gel), wildtype 

arrays (lanes 3-6 of each gel) and H2A.Z arrays (lanes 7-10 of each gel) were incubated in 7mM MgCl2 for 

15 minutes on ice before being digested at 37C with micrococcal nuclease for 8 or 0 minutes (naked 

DNA) or for 0, 1, 2, 5, and 10 minutes at 37 C° (oligomerized arrays). The naked DNA was digested with 

one-fifth the number of units of enzyme per microgram of DNA compared to the amount used for the 

arrays. The samples were then phenol chloroformed, alcohol precipitated, and re-suspended in TE 

before being ran on a 2% agarose gel. LaŶe ϭ is TheƌŵoFisheƌ’s ϭkď laddeƌ, ǁheƌe the ϴth band 

represents 2,500 base pairs. 
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Figure 18: H2A Tailless Oligomers Micrococcal Nuclease Gel Analysis: 

For each micrococcal nuclease representative gel, the intensity of the top band of each array type at 

each time point where the band was present ǁas diǀided ďǇ the top ďaŶd’s intensity of the 0-minute 

digestion time point for that representative gel, which was then averaged across the three 

representative gels. One-tenth of the amount of DNA of the 0 minute digest was loaded onto the gels 

Đoŵpaƌed to the aŵouŶt of loaded DNA foƌ the otheƌ tiŵe poiŶts, aŶd thus eaĐh Ϭ ŵiŶute tiŵe poiŶt’s 
band intensity was multiplied by ten to correct for this. The top band represents an undigested 208-12 

DNA sequence, corresponding to a nucleosomal array pre-phenol wash. The intensities were then 

graphed and fitted to an exponential function. The last oligoŵeƌ digestioŶ tiŵe poiŶt’s top ďaŶd 
intensity was not measurable on Figure 17’s ƌight gel ƌepresentative gel due to low overall intensity 

across all bands at this digestion time point, and thus only two representative gel bands were used for 

the last digestion time point. The full-length 208-12 DNA band disappeared slower for the H2A tailless 

oligomers compared to wildtype, corresponding to a likely slightly slower digestion rate. 

 

3.4: Fluorescence Recovery After Photobleaching (FRAP) and Imaging 

Fluorescence imaging was performed on both the H2A tailless and the H2A.Z arrays that were 

both constructed by the author, as well as on the wildtype arrays, through collaborators within in the 

laboratory where the thesis was done(72, 74). FRAP was also performed on both H2A.Z and wildtype 

arrays also with a laboratory collaborator(72, 74). The microscope used required FRAP-associated 

maintenance on two separate occasions when the author prepared H2A tailless, H2A.Z, and wildtype 
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array slides, and thus the previous H2A.Z and wildtype array samples are used in this thesis with no H2A 

tailless array FRAP data. Representative images of wildtype, H2A double tailless, and H2A.Z arrays are 

shown in Figure 19(72, 74). Although no quantitative analysis was executed on the morphology, all three 

array types produced seemingly globular oligomers(72, 74). The wildtype and H2A tailless oligomers 

were globular and relatively spherical in shape(72, 74). 

 The FRAP results are found in Figure 20(72, 74). Both the wildtype and H2A.Z arrays were 

composed of three different mobility fractions(72, 74). The first of these was an immobile fraction, the 

fraction of the oligomer whose photobleached fluorescence did not recover(72, 74). This is likely due to 

an inability of this array portion to diffuse outwards after the photobleaching time point(72, 74). In the 

H2A.Z arrays, this population composed approximately 20% of the total oligomers tested, compared to 

an estimated 50% for the wildtype arrays(72, 74). The other two populations fit within the mobile 

fraction, the remaining portion of the oligomer whose fluorescence did recover likely due to the 

fluorescently tagged octamer bound DNA moving both into and out of the bleached region(72, 74). In 

the H2A.Z samples, a fast recovering population composed 29.7% of the mobile fraction (~23% of the 

total population), which had a half-life recovery time of 77.02 milliseconds(72, 74). This contrasted to 

the wildtype arrays, whose smaller fast-recovering population accounted for 13.5% of the mobile 

fraction (~6% of the total population), whose fluorescence recovered at a slower rate with a half-life of 

157.5 milliseconds(72, 74). In the H2A.Z oligomers, the remaining 70.28% of the mobile fraction (56.22% 

of the total population) recovered to half of its relative intensity within 13,563.4 milliseconds(72, 74). 

The corresponding wildtype slower-recovering portion reached half its maximum fluorescence at a 

comparatively faster time of 1,386.3 milliseconds, and this population represented 86.48% of the mobile 

fraction (83.24% of the total population) (72, 74). The recovery data for H4 tailless and acidic patch 

neutralized array types are depicted as well (72, 74).  
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Figure 19: Fluorescence Images of Oligomerized Arrays: 

Depicted are oligomers of wildtype arrays at 6mM MgCl2 (top left), oligomers of H2A tailless arrays (top 

right) at 7mM MgCl2, and H2A.Z oligomers of H2A.Z arrays at 6mM MgCl2, (bottom), with the images 

from laboratory collaborators (72, 74). The oligomers were globular in shape(72, 74). Adopted from 

Connolly M. and McDonald, C. J. (2017) Unpublished Work: FRAP Data and Images, Colorado State 

University, Fort Collins, CO.  
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Array 

Type 

Percent of 

Population 1 

Rate 

Constant 

(1/ms) 

Half Life 

(ms) 

Percent of 

Population 2 

Rate Constant 

(1/ms) 

Half Life 

(ms) 

WT 0.1352 0.0044 157.5 0.8648 0.0005 1386.3 

H2A.Z 0.29716 0.0009 77.02 0.70284 0.00005148 13463.4 

Figure 20: Fluorescence Recovery After Photobleaching Results: 

Depicted at the top is the time after photobleaching versus the relative intensity of the photobleached 

oligomer for wildtype and H2A.Z arrays(72, 74). The chart at the bottom illustrates the distribution of 

recovering populations and their respective rate constants and half-lives, also from laboratory 

collaborators (72, 74). Acidic patch mutant and H4 tailless mutant array data is also shown(72, 74). This 

work, through laboratory collaborators, was adopted from Connolly M. and McDonald, C. J. (2017) 

Unpublished Work: FRAP Data and Images, Colorado State University, Fort Collins, CO. 

Also adopted from McDonald, C. J. (2017) Role of the H4 N-terminal tail and nucleosome acidic patch in 

chromatin oligomer dynamics, In Deparment of Biochemistry and Molecular Biology, Colorado State 

University, Fort Collins, CO.  
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CHAPTER 4: DISCUSSION 

    

   

   

 4.1: Micrococcal Nuclease Method Results  

In addition to magnesium acting as a weaker cofactor for the micrococcal nuclease enzyme, it is 

also possible that the calcium used in the 3.27mM MgC2 digestion not only acted as a micrococcal 

nuclease cofactor but also as an oligomerization agent similar to magnesium. This small amount of 

calcium chloride used for the micrococcal nuclease might be more likely to bind to -non-oligomerized 

than to already oligomerized arrays, thus slightly compacting the 0mM MgCl2 arrays and also providing 

less ĐalĐiuŵ to pƌopel the eŶzǇŵe’s digest. AddiŶg ŵagŶesiuŵ to the ŵiĐƌoĐoĐĐal ŶuĐlease eŶzǇŵe just 

before adding this mixture to the arrays might be a fashion to test this. 

 4.2: H2A.Z Arrays Discussion 

 It is reported here that the H2A.Z magnesium induced oligomerization curve was shifted to the 

right compared to the wildtype control arrays, with part of the wildtype data from laboratory 

collaborators(72) (Figure 8). This translates to an increased magnesium concentration necessary to 

produce the oligomerized state as measured by the 260nm absorbance reading after centrifugation(72). 

It was previously discovered that H2A.Z differential centrifugation curve was shifted to the right 

compared to canonical arrays for the 0-1mM zinc range (75). As noted earlier, three major changes exist 

between HA.Z and H2A: an extended acidic patch, an altered H2A.Z-H2A.Z L1 loop interaction, and a 

weakened H2A.Z c-terminal docking domain interaction with H3 and H4 (46). While the L1 loop and 

docking domains have limited known relationship to higher-order structure partially due to minimal 

research, the acidic patch is known to bind to the H4 tail in array folding (75). More importantly, 

ŶeutƌaliziŶg HϮA’s siǆ ĐoŶtƌibutions to the acidic patch shifted the magnesium induced oligomerization 

curve to the left (76, 77), although more recent research with the same model system as used in this lab 

with a mutated acidic patch found an identical oligomerization curve to the wildtype control(72). As 
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H2A.Z essentially neutralizes a lysine charge found in H2A and adds a negative charge, a net negative 

charge of four per nucleosome must now be neutralized for the overall negatively charged nucleosomal 

array to associate(46). Thus it is possible that the H2A.Z arrays require more magnesium for the 

oligomerization process as reported by the magnesium curve in this thesis as a result of the H2A.Z 

extended negatively charged acidic patch(72).  

 There was minimal noticeable difference between the digestion rates of the H2A.Z and wildtype 

arrays (Figures 13-14), as analyzed in Figure 15. As micrococcal nuclease cuts linker DNA before the 

more shielded nucleosomal DNA (56), and since this DNA must be accessible to the enzyme to be diced, 

it is likely that the array types have similar linker DNA accessibilities, with the H2A.Z arrays digested at a 

possibly slightly faster rate. Along this line, it is likely that all of the linker DNA is accessible. This suggests 

that neither H2A nor H2A.Z alone produces a linker DNA inaccessible array state. This is reinforced by 

the finding of a fluorescent pƌoteiŶ’s aĐĐessiďilitǇ to diffuse in chromatin and likely reach a target site 

composed of 10nm fibers (69).  

The acidic patch is known to interact with the H4 tail in folding(76), likely forming a more 

compact structure(78) than the globular mesh of interdigitated 10nm fibers that this current model 

system uses (4). While increased acidic patch-H4 tail interaction occurs with increasing magnesium 

concentrations (79), and H2A.Z increases folding compared to wildtype arrays (80), array folding and 

array oligomerization are competitive processes as previously reviewed (81). Thus, it could be 

hypothesized that less inter-fiber contacts should occur in H2A.Z arrays than in wildtype arrays. Still it 

was previously suggested that the acidic patch extension on H2A.Z would translate to a more condensed 

state for H2A.Z arrays compared to arrays of the shorter H2A acidic patch or to acidic patch-less 

H2A.Bbd variant arrays (81). H2A.Z has a greater association with active genes(82), but is found in both 

euchromatin and heterochromatin (44, 82).  Here, the H2A.Z arrays have similar linker DNA accessibility 

to canonical H2A arrays. If linker DNA accessibility is indicative of overall array accessibility, and if arrays 
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are less accessible in a more condensed state, then linker DNA accessibility is also a measure of array 

compaction. This would suggest that H2A.Z arrays are on average as compact as H2A wildtype arrays, 

both in agreement and in contrast with previous findings that found varying associations with both 

euchromatin and heterochromatin(82). Subjecting the oligomerized arrays to interference absorbance 

optics analytical ultracentrifugation would further experiment with this idea. Post translational 

modifications, the existence of other histone variants, chromatin remodeling complexes, transcription 

factors, and other factors would be hypothesized to influence this result.  

From the current data, the fluorescence of the H2A.Z oligomers recovered to a greater extent, at 

~80%, than that of the wildtype oligomers, at approximately 50%(72, 74). Although the wildtype and 

H2A.Z oligomer FRAP and image data was from laboratory collaborators, the analysis in determining 

how these results might influence chromatin structure in regards to H2A.Z is a result of the thesis 

author, and also of the respective cited works in terms of comparing the results to that of previous 

chromatin studies. The H2A.Z oligomers also had a greater fast-recovering portion of the mobile fraction 

and overall fraction, 29.7% and 23%, respectively (assuming 80% mobile fraction), than the wildtype 

arrays at 13.5 and 6%, respectively (assuming 50% mobile fraction) (72, 74). This faster recovering 

portion of the H2A.Z arrays also recovered at a faster rate than that of the wildtype oligomers, with 

corresponding half-lives of 77.02 milliseconds and 157.5 milliseconds(72, 74). This data suggests that the 

H2A.Z oligomers have an overall increased mobility compared to the wildtype oligomers, and that a 

majority of this mobile region consists of comparatively rapidly fluctuating arrays(72, 74). In contrast, 

although the slower recovering population composed more of the overall oligomer population in the 

H2A.Z samples, this fraction moved approximately ten times slower than the corresponding wildtype 

subset according to the half-lives(72, 74).  

It was previously reported that the oligomers constructed from the model system used here 

compared to the sizes of chromatin domains existing in vivo(3, 4).  Transcription has been hypothesized 
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to occur around the edges of these structures, as these regions are most readily accessible(5). In theory 

these regions would be least spatially confined to movement and could exchange with other oligomers, 

or their corresponding domains in vivo, most readily, possibly accounting for the FRAP fast recovering 

population(72, 74). In contrast, more condensed, less accessible, and likely less transcribed 

heterochromatin is less dynamic and partakes in less movement than other regions(83). This description 

would possibly correlate with the immobile regions(72, 74) of the photobleached oligomers. The slower 

recovering FRAP population(72, 74) could correspond to a structural setting whose mobility and 

compactness is between that of the relatively rapidly fluctuating and the immobile populations. 

Regardless of their respective mobility, all three of these structural forms are still accessible to a small 

protein, per the micrococcal nuclease results, without necessitating any post-translational modification, 

histone remodeling complex, or other assistance. Although FRAP was not performed on H2A tailless 

arrays, if different populations emerge from those arrays as well, they are hypothesized to be equally 

accessible based on their micrococcal nuclease results. 

In light of the H2A.Z results, the structural hypothesis laid out above would suggest that H2A.Z 

favors a more mobile(72, 74), euchromatin suggestive dynamic over a more rigid and compact but still 

accessible heterochromatin style organization. The intermediate mobility morphology is less dynamic 

than what the wildtype H2A offers(72, 74). From a protein prospective, the H2A.Z nucleosoŵe’s 

prolonged  acidic patch provides additional net negative charges for the positively charged tails to 

transiently bind to(46), and if the tails were able to alter placement of the much larger nucleosome to 

even a small extent, this could increase the overall mobile fraction. Perhaps this is more likely related to 

the additioŶal Ŷet tǁo Ŷegatiǀe Đhaƌges due to HϮA.)’s extended acidic patch(46), where, according to 

the differential centrifugation results(72), these charges require neutralizing by likely divalent cation and 

or tail binding to oligomerize. The same MgCl2 concentration of 6mM was used to oligomerize both 

array types(72, 74). Thus, it is likely that the H2A.Z oligomers would also involve more open arrays due 
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to charge repulsion, possibly leading to the increased mobile fraction and increased mobility of the most 

fluctuating array population(72, 74). However, the overall accessibility remained relatively constant, 

partially due to the restricted mobility of the still fluctuating but more compact fraction(72, 74). A 

possibility exists that the decreased mobility of the less mobile fraction results from very restricted 

movement from the percentage of sample that would be immobile in the wildtype oligomers, and not 

necessary from the demographic that is more rapidly moving in the corresponding wildtype 

oligomers(72, 74). 

Although domains whose H2A representative is purely non-post-translationally modified H2A.Z 

likely does not exist in nature, the association of H2A.Z with both euchromatin and heterochromatin is 

consistent with results from a human cancer cell line(82) as well as in the Drosophila fly(84). In human 

cells, H2A.Z is found around promoters, where it can recruit RNA polymerase II, and in heterochromatin, 

but not in transcribed genes(82). H2A.Z is additionally found around telomeres in yeast(85), in mouse 

and human pericentric heterochromatin(86), and in mammalian enhancers(82). In this context it is not 

surprising that an increased most mobile fraction existed in the oligomers per the FRAP results(72, 74). 

Overall, a H2A variant review paper suggested that H2A.Z is more correlated with expressed genes, 

potentially agreeing with the increased mobile fraction described here(44, 72, 74).  

An increased mobile fraction, as seen with H2A.Z arrays(72, 74), is predicted to contribute to 

increased structural variability and rearrangement of chromatin. The movement of DNA sequences, 

including promotors and enhancers, likely influences gene expression, possibly in positive, neutral, and 

negative fashions, as a DNA region needs to be accessible to transcription factors, promotors, other 

proteins, and RNA to be transcribed. The same principle would likely also apply to DNA replication in 

terms of DNA polymerase, and DNA repair with its associated factors. Therefore, the mobility of a 

specific DNA sequence within a H2A.Z rich oligomer would likely change its downstream protein-

associated functional dynamic as a function of time in a structurally based format. Chromatin mobility is 
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also a property of a euchromatic state, as likely heterochromatin regions displayed less movement in 

mammalian cells in vivo(83), possibly due to less structural constraints. Therefore, this increased 

mobility(72, 74) offers the possibility that H2A.Z promotes a structure more accessible to DNA and 

histone-associated factors, and accordingly increasing the occurrences of the processes that these 

factors partake in. However, H2A.Z did not alter the linker DNA accessibility compared to canonical 

wildtype H2A arrays according to the micrococcal nuclease results, aŶd liŶkeƌ DNA’s aĐĐessiďilitǇ to 

micrococcal nuclease might be an indication with overall accessibility to a generic protein. If FRAP and 

micrococcal nuclease digestion rates were both indications of accessibility and compactness, these two 

results regarding the H2A.Z protein might be at odds(72, 74). While the micrococcal nuclease assay 

measures generic linker DNA accessibility, the photobleaching of an entire oligomer in FRAP is more 

revealing of movement between an oligomer and its environment, although intra-oligomer array 

dynamics is also required. Therefore, the argument between a more mobile but equally accessible state 

may not be relevant in the current results due to the different information expressed by the two 

assays(72, 74). Regardless, according to current results, H2A.Z had an overall increased mobile fraction, 

and also lead to a more mobile and likely more open state in some of its faster recovering FRAP 

population based on present data(72, 74). This faster recovering population(72, 74) would be suggested 

to be more open in a more rapid manner to transcription, DNA replication, DNA repair, chromatin 

remodeling complexes, epigenetic modifications, and other factors as a result, promoting these 

processes. Canonical wildtype H2A arrays as well as the remainder of the H2A.Z array populations(72, 

74) would also be open to these processes, as their entire chromatin structure was digested and 

accessible to micrococcal nuclease, but possibly in a slower fashion. The slower recovering FRAP 

population of both H2A.Z and wildtype oligomers(72, 74) would be more time-repelling but still 

submissive to protein binding or DNA or protein modifications. Additionally, the less accessible regions, 

possibly the less mobile regions according to FRAP(72, 74), are thought to be more protected from UV 
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radiation damage(87). Overall, compared to wildtype H2A oligomers, H2A.Z from the results depicted in 

this thesis is thought to promote a more fluctuating and thus dynamic chromatin state, with possibly 

increased access to some of its constituents to processes including transcription, chromatin remodeling 

complexes, DNA repair, and DNA replication(72, 74). 

The results of the differential centrifugation, micrococcal nuclease, and FRAP assays contrasted 

with that of the pre-experiment hypotheses(72, 74). H2A.Z arrays were predicted to create a more 

compact structure, translating to less magnesium necessary for oligomerization versus that of the 

wildtype arrays, a slow micrococcal nuclease digestion rate, and a lower mobile fraction as discovered 

through FRAP. This was based on the results that the acidic patch was shown to have in array folding, 

which was thought to translate to some extent to array oligomerization(76). In reality, however, H2A.Z 

arrays required increased magnesium to oligomerize(72), produced similarly accessible linker DNA 

according to the micrococcal nuclease assay, and an increased mobile fraction when compared to 

wildtype canonical H2A arrays(72, 74). This is more in line with the changes within the H2A.Z when 

compared to the wildtype protein producing a more mobile structure(72, 74) with possibly similarly 

compact linker DNA. Although the mechanisms of this have not been worked out, it does to some 

degree concur with the results of the same assays used here on an acidic patch neutralized array type, 

described in the following paragraph(72, 74). 

In terms of H2A.Z mechanism on chromatin struĐtuƌe, it’s ǁoƌth ŶotiŶg that another member of 

the lab where this thesis was performed, Charles ͞CJ͟ McDonald, recently constructed nucleosomal 

arrays wheƌe HϮA’s acidic patch amino acid residues were neutralized(72). Identical experiments were 

performed on these acidic patch mutant arrays as those completed in this thesis, including at the same 

time when H2A.Z and wildtype FRAP data was obtained (FRAP recovery curve in Figure 20) (72, 74). 

Compared to the wildtype arrays, FRAP on these arrays according to current results produced a lower 

overall mobile fraction of less than 20%, a decreased fast-recovering population composing 6.3% of the 
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mobile fraction, and a greater slow recovering population with 93.6% of the ŵoďile fƌaĐtioŶ’s 

constituents(72, 74).  Although the half-liǀes ǁeƌe gƌeateƌ thaŶ the ǁildtǇpe ĐoŶtƌol aƌƌaǇs’, theǇ ǁeƌe 

less than that of the H2A.Z arrays(72, 74). The acidic patch mutant and H2A.Z array results construct a 

possible hypothesis where the acidic patch is instrumental in the fluctuations of nucleosomal array 

oligomers, promoting a more euchromatic-type state. Furthermore, although acidic patch neutralized 

arrays produced no differential centrifugation assay difference than wildtype arrays, the oligomerized 

form was leas readably digested and thus less accessible to the micrococcal nuclease protein than the 

control(72). Thus, the differences seen in the extended acidic path of H2A.Z and that of wildtype arrays 

are likely related at least in part due to the acidic patch(72) aŶd Ŷot puƌelǇ that of HϮA.)’s alteƌiŶg 

histone dimer-dimer and or dimer-tetramer relationship. Furthermore, charge likely plays a role in this 

difference although not necessarily in a strictly-columbic fashion based on acidic path mutant 

differential centrifugation data(72). 

4.3: H2A Double Tailless Arrays Discussion 

The magnesium-induced oligomerization curve of the H2A double tailless arrays was shifted to 

the right of the wildtype curve, where part of the wildtype curve was from a laboratory collaborator 

(Figure 8)(72). Thus, the tailless arrays required more magnesium than the wildtype arrays to pellet in 

the differential centrifugation assay, and thus increased divalent cation to oligomerize(72). In addition, 

the likely extended H2A tailless arrays in their 2.5mM NaCl low salt buffer produced a fifty-percent 

sedimentation value of approximately 31.5 S. This S value was higher than that of the wildtype arrays, 

which had a midpoint S value distribution of approximately 28-28.5 S(72). The increased S value in the 

H2A tailless arrays under a non oligomerized state possibly suggests that the H2A tailless arrays had an 

increased ratio of moles of histones per DNA sequence repeat, and thus increased amounts of histones 

compared to that of the wildtype arrays under the low monomeric salt condition(72). An array sample 

with increased amounts of net positively charged histones would likely require less magnesium to 
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oligomerize, which would shift the differential centrifugation curve to the left. Therefore, if the only 

difference between the wildtype and H2A tailless arrays was the difference in S values, the H2A tailless 

arrays would be predicted to require less magnesium to oligomerize in the differential centrifugation 

assay. This was not the case. As a result, it is hypothesized that the H2A tailless arrays actually require 

more magnesium to oligomerize than what the differential centrifugation assay results predicted, and 

that this likely additional shift of the H2A tailless magnesium-induced oligomerization curve to the left is 

mitigated when compared to that of the wildtype arrays(72) ďǇ the HϮA tailless aƌƌaǇ tǇpe’s iŶĐƌeased 

histone: DNA ratio as predicted by the increased sedimentation value under low salt conditions. 

While no known studies have tested the effect of the H2A C-terminal tail on oligomerization, 

elimination of only HϮA’s N-terminal tail shifted the Mg50 point to 3mM Mg from the wildtype Mg50 of 

2mM Mg(32). In this current study, the Mg50 was 1-2mM (~1.5mM) for wildtype(72) and 2-3mM Mg 

(~2.5mM) for tailless H2A, a change similar in raw Mg50 number but moderately proportionally greater 

than that of the comparable 208-12 nucleosomal arrays study(32, 72). Thus, while some of this change 

could be attributed to the N terminal tail, it is possible that the H2A C terminal tail is influential as well. 

The H4 N terminal tail truncation shifted the Mg50 to between 4-6mM Mg(72), rendering the 

combinatorial effect of the H2A tails less than that of the H4 tail in this regard, in line with the H2A N 

terminal tail compared to the H3 and H4 tails but more important than the H2B tail (32). In the current 

study, a net of 7 positive charges were removed by the combination of removing both tails from one 

histone H2A protein in the tailless protein construct, and it is likely that the positive charge loss is the 

driving force of requiring increased magnesium to make up for this loss to achieve a coulombic state 

necessary for oligomerization. This suggests that the H2A N, C, or both terminal tails neutralize negative 

charge(s). This is likely to be linker DNA for the C terminal tail at least in lower salt concentrations as 

previously reviewed (39).  
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 The H2A tailless arrays digested at a slightly slower rate by micrococcal nuclease compared to 

wildtype arrays, and thus had slightly less linker DNA accessibility (Figures 16-17), as analyzed in Figure 

18. Thus, it is likely that the H2A tails have a limited role in administering linker DNA accessibility and 

can be mostly substituted in this regard by increased magnesium. The only other known use of this 

assay on tails at an in vivo and oligomerization relevant divalent cation concentration showed that H4 

tail truncation produced a slower digestion rate, advocating that the H4 tail orchestrates more 

accessible linker DNA(72). Thus, the H2A tails likely have a different mechanism in array oligomerization 

than the H4 tail(72), despite both histones’ tail(s) likely binding to a negatively charged surface.  

 It was hypothesized prior to the study that the H2A tailless construct would require increased 

magnesium to oligomerize when compared to the wildtype arrays, which held true(72). However, the 

micrococcal nuclease results produced a slight difference in digestion rate, and thus possibly marginally 

less accessible linker DNA accessibility according to the micrococcal nuclease assay. This contrasted with 

the prediction that the tailless arrays would have a faster digestion rate as they were thought to form a 

less compact state. The FRAP results of the H2A tailless arrays producing a less mobile structure has yet 

to be tested. Therefore, in contrast to the hypotheses, the H2A tailless arrays promoted a slightly more 

closed chromatin structure, and as a result the tails help construct a marginally more open oligomer. 

The methodology behind this is a work in progress, but it aligns with the idea that chromatin is liquid-

like in nature at least in part as a result of the intrinsically disordered tails(3, 69). 

In order to digest its linker DNA target, micrococcal nuclease enzyme must travel to and then 

bind to its target. A static, compact state would likely be most inaccessible to digestion, and an open 

fluid structure would be most welcoming. This balance is approximately equal between the wildtype and 

H2A tailless array types. From the differential centrifugation assay, it could be hypothesized that the 

H2A tail(s) bind to a negative charge, DNA being the most likely option. The intrinsically disordered 

positive-charged rich tails likely participate in tail-bridging(88), attracting distant DNA or negatively 
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charged protein sites to induce transient compaction at that location. Removal of all N terminal tails 

inhibits oligomerization(32). However, increased magnesium concentration compared to wildtype arrays 

was likely able to substitute to most extent for the H2A C aŶd N teƌŵiŶal tails foƌ the tailless HϮA’s  

oligomerized arrays slightly less accessible linker DNA. Magnesium can mask negative charges but 

magnesium is less likely than the tails to bridge two array components together. Therefore, it’s possiďle 

that the tails bind to a DNA location that minimally decreases local or global compaction. The tails could 

also bind nucleosomal DNA or a DNA region that was already in close proximity as a result of the H4, H3, 

aŶd oƌ HϮB tails’ effoƌts. Alternatively, the H2A tails could increase fluidity and thus accessibility to the 

micrococcal nuclease while concurrently orchestrating a more compact state, or vice versa, such that 

the balance between these two leads to marginally more accessible linker DNA as with magnesium 

substituting for the tails. However, the tails are less probable to create a compact, static oligomerized 

state by their intrinsically disordered nature.  Fluidity and compactness by definition are at odds, making 

this tradeoff view a less favorable hypothesis. Additionally, the H2A tails could play little or no role at all 

if their function is to bind the chloride counter-ions, although increased magnesium concentrations in 

this assay also increases chloride concentrations in the differential centrifugation assay rendering this 

less likely. Of these conceivable explanations, it is most plausible that the H2A tails bind DNA that was 

already in close contact to these relatively short histone tails, decreasing chromatin compaction to some 

extent, but further research is necessary to support this idea.  Additional work is also necessary to 

construct a clearer picture of the H2A tails’ poteŶtial ƌole iŶ pƌoĐesses iŶĐludiŶg tƌaŶsĐƌiptioŶ, DNA 

repair and replication, and in chromatin remodeling. Performing FRAP on H2A tailless oligomers with a 

reliably functioning microscope, as well as sedimentation velocity analytical ultracentrifugation with 

interference optics on a functional AUC system, would provide further insight into the dynamics and 

structures of these oligomers. Based on the identical-to-wildtype micrococcal nuclease results, however, 
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the H2A tailless arrays were hypothesized to have similar recovery fractions and similar sedimentation 

values as their wildtype counterparts.  

 4.4: Future Experiments 

Obtaining fluorescence recovery after photobleaching (FRAP) data on the H2A tailless arrays was 

one of the goals of this work but was cut short due to microscope malfunctions on multiple occasions. It 

would also be interesting to test the H2A.Z and H2A tailless arrays with interference optics-based 

sedimentation velocity analytical ultracentrifugation for further size and shape analysis. Other array 

types involving histone variants include MacroH2A and H2A.Bbd. As the linker histone H1 is found in 

vivo, adding this histone to H2A tailless and H2A.Z arrays would be intriguing. It is likely that future 

experiments in the lab will include analyzing the effects that the histone H3 N terminal tail has on 

chromosome structure through the deletion of this region. In addition, nucleosomal arrays with 

different linker DNA repeat lengths will also be tested. Furthermore, FRAP experiments on wildtype 

arrays with linker histone H1 will likely be done. Post-translational modifications, including methylation 

and acetylation, are important in modifying chromatin structure, and the in vitro assay used could 

potentially be subjected to these modifications as well. Since chromatin in living cells is a heterogeneous 

complex of different histone variants, modifications, non-histone proteins, and RNA, subjecting 

multitudes of these variants to controls using the in vitro method here could also be useful.  
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 CHAPTER 5: CONCLUSIONS 

    

   

    

 The histones H2A and H2A.Z are influential in determining the overall nucleosomal array 

composed oligomer shape(72, 74) and possibly that of similar in vivo domains as well. The H2A.Z variant 

required increased magnesium to mask its extended negatively charged acidic patch to oligomerize(72), 

but this effect had minimal effect on its linker DNA accessibility once oligomerized. The final structure 

required no post-translational or chromatin remodeling complex help to grant admission to a protein 

enzyme. This structure expressed an increased mobile fraction compared to the H2A wildtype control 

oligomerized arrays(72, 74). It also displayed an increased and more mobile euchromatin indicative 

demographic than its canonical H2A, while its less mobile constituents displayed less fluctuation(72, 74). 

The acidic patch is likely instrumental in these differences(72, 74). Removal of the canonical H2A N and C 

terminal tails required increased magnesium to produced nucleosomal array oligomers(72) and slightly 

increased its oligoŵeƌs’ linker DNA accessibility. It is possible that these tails are contributors to higher 

order chromatin structure in neutralizing already local negative charges on DNA or proteins but are not 

the primary components in tail mediated interactions that drive structure and mobility. Overall, H2A and 

H2A.Z are instrumental to defining the chromatin structure whose variability is necessary to the survival 

of life.   
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