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ABSTRACT

PHYSICOCHEMICAL CHARACTERIZATION OF SELF-ASSOCIATED CHROMATIN

OLIGOMERS

The DNA of chromosomes is extensively compacted within the nuclei of eukaryotic
nuclei. Chromosomes are composed of chromatin which is a repeating polymer of
nucleosomes bound by additional chromatin proteins. Chromatin can be reconstituted in vitro
using purified DNA and histone proteins to form nucleosomal arrays. Reconstituted chromatin
fibers are structurally dynamic and the structures formed are highly dependent on the buffer
conditions, particularly polyvalent cations. The addition of Mg®* favors nucleosome-nucleosome
interactions. At low concentrations nucleosomes on the same fiber interact resulting in folding,
while at higher concentrations inter-fiber interactions result in chromatin self-association. Unlike
folded chromatin, the oligomeric structure of chromatin is unkown, to address this deficiency, in
this dissertation the oligomeric structures formed by 12-mer nucleosomal arrays were
characterized by microscopy, sedimentation velocity, and SAXS experiments. The oligomeric
chromatin complexes were globular throughout all stages of the cooperative assembly process,
and ranged in size from ~50 nm to a diameter of ~1000 nm. The oligomer sedimentation
coefficients under these conditions ranged from 5000-350,000S, corresponding to ~1-400 Mb
DNA/oligomer. The nucleosomal arrays were packaged within the oligomers as interdigitated
10-nm fibers, rather than folded 30-nm structures. Linker DNA was freely accessible to
micrococcal nuclease, although the oligomers remained patrtially intact after linker DNA
digestion. The organization of chromosomal fibers in human nuclei in situ was stabilized by 1
mM MgCl,, but became disrupted in 0 mM MgCl,, conditions that also dissociated the oligomers

in vitro. These results indicate that a 10-nm array of nucleosomes has the intrinsic ability to self-



assemble into large chromatin globules stabilized by nucleosome-nucleosome interactions, and
suggest that the oligomers are good in vitro model for investigating the structure and

organization of interphase chromosomes.
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Chapter 1

Literature Review and Introduction

1.1 Background Information: Chromatin Composition and

Chromosome Structure

The DNA molecules of living organisms are the longest biological polymers which make
up cells. The genetic material of human cell, if added end to end is nearly two meters long.
However the DNA is never arranged in this fashion and is instead separated into 46
chromosomes. The longest of these chromosomes is 8 cm long if fully extended. A single
chromosome is never fully extended, and is instead folded through extensive interactions with
proteins. The DNA of eukaryotic organisms is associated extensively with proteins, which
neutralize some of the negative charge, and which allows the DNA to fold upon itself to form
chromosomes. At the first level of DNA folding and organization, the core histone octamer
proteins bind to 146bp of DNA, with the DNA forming two loops around the proteins. The core
histone octamer is composed of two copies each of the histones H2A, H2B, H3, and H4. While
in interphase the chromosome is then further folded into small local domains and eventually
globular chromosome territories (Lieberman-Aiden et al, 2009; Bolzer et al, 2005). During cell
division the mitotic chromosomes are further compacted into characteristic X-shaped structures

to aid in the proper separation of the genetic material (Maeshima et al, 2014b; Ohta et al, 2010).

Native chromatin is always at least partially condensed in mammalian cell nuclei, with
some regions of chromosomes more compacted than others. Tightly packed regions of
chromatin are referred to as heterochromatin, and less densely packed regions as euchromatin.
As cells begin to differentiate larger regions of compacted heterochromatin begin to appear
(Ugarte et al, 2015). The organization of interphase chromosomes is significantly stochastic,

with large variability in cell to cell chromatin contact maps, as determined in single cell



chromatin conformation experiments (Nagano et al, 2013). Condensation patterns of interphase
chromosomes are different across cell types and also generally get progressively more
condensed throughout cell differentiation. There are, however, still large scale patterns obvious
in the nuclear architecture of eukaryotic nuclei. Regions of highly condensed heterochromatin
tend to gather at the nuclear periphery with more open euchromatin regions located at the
nuclear interior (Bazett-Jones et al, 2008). Interphase chromatin fibers interact extensively with
many regions along the same chromosome, and have very few interactions with other
chromosomes resulting in the formation of chromosome territories (Bolzer et al, 2005;
Lieberman-Aiden et al, 2009) (Figure 1.1). These intra-chromosomal interactions could be the
result of additional chromatin architectural proteins, or an intrinsic feature of nucleosome-
nucleosome attractions along the chromatin fiber. The specific composition of the chromatin
fiber has been shown to influence the structures formed by chromatin both in vitro and in vivo.
Chromatin architectural proteins such as linker histones, CTCF, HP1, and many others have
large scale effects on chromosomes (McBryant et al, 2006). Changes within the nucleosomes,
such as histone variants, and post-translational modifications are also known to influence the
structure of chromatin fibers in vivo (Bannister & Kouzarides, 2011; Maze et al, 2014)and in vitro

(Muthurajan et al, 2011b; Allahverdi et al, 2011).
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Figure 1.1 Schematic view of the organization of interphase chromatin
fibers. The repeating unit of a chromatin fiber is the nucleosome. This includes the
histone octamer which may contain variants of the canonical histone genes as well
as a variety of post-translational modifications. Associations between the
nucleosomes results in the compaction of the chromatin into intermediary structures
and eventually forms chromosome territories. The actual compacted chromatin
structures are still a point of contention.

Diagram from : Stefanie Rosa and Peter Shaw, Biology 2013, CC BY




1.2 Nucleosomal Arrays as Model Chromatin

In order to research the components of chromatin that affect the structural dynamics of
chromatin fibers, researchers have performed extensive in vitro experiments. Early experiments
utilized chromatin fibers isolated from native sources, frequently from chicken erythrocytes
(Shaw et al, 1976). Recombinant DNA technologies have led to the use of defined model
nucleosomal arrays, in which sequences of DNA with a propensity for forming well positioned
nucleosomes are tandemly repeated and reconstituted with purified core histone octamers to
form a string of well-defined nucleosomes (Hayes & Wolffe, 1993; Lowary & Widom, 1998). The
model system we use to investigate the mechanisms by which chromosomes are organized
utilizes nucleosome positioning sequences isolated from either the 5S rRNA gene or the Widom
601 nucleosome position sequence. The Widom 601 sequence is an artificial sequence
produced by SELEX, which readily forms well positioned nucleosomes (Lowary & Widom,
1998). The 5S sequences strongly position nucleosomes (Dong et al, 1990), that differ from
each other by multiples of 10 bp (Hansen et al, 1989) (and in this respect are more
characteristic of in vivo chromatin fibers). The Hansen lab has extensive experience using both
5S and Widom repeats of 12 nucleosome positioning sequences for reconstitution of
nucleosomal arrays in vitro. In order to make the nucleosomal arrays, first the isolated histone
proteins are renatured into histone octamer and the octamer purified using size exclusion
chromatography. Reconstitution of the nucleosomal arrays is accomplished by the addition of
equimolar octamer proteins to the number of nucleosome positioning sequences, followed by
repeated dialysis into solutions of decreasing sodium chloride concentration, and a final quality
control step to check for saturation (Rogge et al, 2013). This method results in binding of all the
added histones to the DNA, and as a result careful quality control measures must be taken in
order to ensure that the final products contain no non-nucleosomal histone-DNA interactions
due to over saturation with protein (Rogge et al, 2013). The 12-mer nucleosomal array has

been well characterized in our lab and others (Hansen & Lohr, 1993; Muthurajan et al, 2011;
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Carruthers et al, 2007). This allows for the use of sedimentation velocity experiments in the
analytical ultracentrifuge (AUC) to control for the level of histone saturation on the DNA
template. This combination of array reconstitution and sedimentation velocity experiments has
been utilized extensively to study the folding of in vitro reconstituted chromatin into locally
compacted 30nm fibers (Song et al, 2014; Dorigo et al, 2004; Schalch et al, 2005). Here |
intend to utilize this model system to quantitatively study the self-association of nucleosomal
arrays and H1 chromatin fibers, which have previously been characterized exclusively by a

simple differential centrifugation assay.

One of the largest challenges of the in vitro model is the size compared to an entire
chromosome. The largest human chromosome contains 250 Mbp of DNA and approximately
1.25 million nucleosomes, and so our model is only 1/100,000 the length of human chromosome
1. However, it has been suggested that self-association of short chromatin fibers in vitro is
representative of long range interactions along a full-length chromosome (Lu et al, 2006). The
interactions between distant regions along a single flexible polymer are unrestricted, and thus
modelled relatively well by diffusing monomers (Lu et al, 2006). Self-association of arrays has
not been studied using sedimentation velocity, and has been characterized only by a differential
centrifugation assay (DCA) (Gordon et al, 2005). The DCA assay reports only the percentage
of the sample which self-associated and provides no information about oligomer structure or
assembly. In order to better characterize chromatin self-association we have developed new

assays for interrogating chromatin oligomer structure.

1.3 Chromatin Fiber Dynamics

Short segments of chromatin fibers reconstituted in vitro have been shown to condense
through nucleosome-nucleosome interactions. These interactions are salt dependent, and the
nucleosomes interact in both an intra-fiber and inter-fiber fashion (Hansen, 2002). In low
divalent salt concentrations (e.g., <0.5 mM Mg®") nucleosomal arrays have an extended beads-
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on-a-string conformation known as the 10 nm fiber. With increasing salt (e.g., 0.5-2 mM Mg?*),
nucleosomal arrays fold into helical structures that are ~30-40 nm in diameter known as the ‘30
nm fiber’'(Hansen, 2002). Two structures have been proposed for the 30 nm fiber, the solenoid
model with neighboring nucleosomes interacting and the two start mode, in which n+2
nucleosomes are interacting (Robinson & Rhodes, 2006; Grigoryev et al, 2009). Folding occurs
through intra-fiber nucleosome-nucleosome interactions mediated by the H4 N-terminal tail
domain of one nucleosome interacting with the surface acidic patch of nearby nucleosomes
(Kalashnikova et al, 2013a). Folded 30 nm fibers are stabilized by the H1 linker histones
(Carruthers et al, 1998). A recent cryo-EM structure of folded chromatin with linker histone
indicates a two-start helical structure as well as asymmetric binding of linker histone at the
nucleosome dyad (Song et al, 2014). However, in vivo experiments indicate that 30nm fibers
are not a prominent structure in mammalian nuclei (Eltsov et al, 2008; Nishino et al, 2012;

Fussner et al, 2012).
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Figure 1.2. Chromatin structural dynamics with increasing Mg®*. The
formation of higher order structures observed in in vitro reconstituted chromatin
fibers. With increasing divalent cations chromatin fibers first fold through intra-
fiber interactions and eventually self-associate through inter-fiber interactions.




With increasing divalent cation concentrations into the physiological range (e.g., >3 mM
Mg®*)(Strick et al, 2001), short nucleosomal arrays self-associate to form large oligomers that
pellet immediately in a microfuge (Schwarz et al, 1996). Self-associated chromatin fibers have
been studied much less extensively than the folded fibers. While self-association is mediated
by inter-fiber nucleosome-nucleosome interactions distinct from those involved in folding
(Hansen, 2002; Schwarz et al, 1996), nothing is known about the structure, subunit
organization, and assembly of the chromatin oligomers due to their extreme size and the lack of
available quantitative physicochemical assays. The underlying premise of my dissertation is
that gaining a better understanding of the oligomers formed under physiological ionic conditions
in vitro will shed light on how chromosomes condense and provide another in vitro model

system for understanding how various chromatin components affect chromosome structure.

1.4 Mechanisms for Chromatin Compaction and the Implications for
Nuclear Architecture

A large number of models for chromosome structure propose that extended chromatin is
first folded into 30nm fiber structures, which is then folded and condensed further into
chromosomes (Hansen, 2002; Maeshima et al, 2014b; Robinson & Rhodes, 2006; Alberts et al,
2007). If these models were accurate then the 30nm fiber should be a prevalent structure within
nuclei. However, recent SAXS experiments, which can detect repeating structures within cells
and nuclei, do not find that 30nm structures are prominent features within nuclei (Nishino et al,
2012). These results contradict a SAXS study which has long been cited as indication that
nuclei contain 30nm structures (Langmore & Paulson, 1983), and suggests that the 30nm signal
arises due to ribosomal components which exist within the nuclei. In addition electron
microscopy techniques have not found evidence for 30nm fibers within nuclei. Specifically cryo-
EM studies of interphase (Bouchet-Marquis et al, 2006) and mitotic chromosomes (Eltsov et al,

2008; Maeshima et al, 2010), and electron spectroscopic imaging studies of mouse cells



(Fussner et al, 2012), visualized packed 10 nm fibers but no folded 30 nm fibers, even in the
highly condensed heterochromatin regions. These studies indicate that a different mechanism

may be responsible for large scale chromatin compaction and the structure of chromosomes.

At the largest scale interphase chromosomes are arranged into chromosome territories,
where each chromosome forms a globular discrete domain that is more likely to interact with
itself than with other chromosomes (Cremer & Cremer, 2010). Chromosome conformation
capture experiments coupled with high throughput sequencing (Hi-C) have begun to map
interactions between entire chromosomes (Lieberman-Aiden et al, 2009). These experiments
find evidence for discrete regions within a single chromosome which contain high probabilities of
interaction. The highly interacting regions range in size from 0.1-10 Mb in size and were termed
topologically associated domains (TADs) (Dekker et al, 2013; Smallwood & Ren, 2013).
Fluorescence microscopy visualizations of nuclei have also found evidence for interacting
globular domains of chromatin on the order of 1 Mb, with an average size of around 500 nm
(Albiez et al, 2006). The chromatin globules also have been termed “topological domains”

(Dixon et al, 2012), or “physical domains” (Sexton et al, 2012).

These new experimental results require that we rethink the textbook model of
chromosome organization in which the 10 nm fiber goes through hierarchical folding into 30 nm
structures and more compact fibers. Many other models of chromatin organization are
independent of the requirement of 30nm fiber formation. Some require only long range
nucleosome-nucleosome interactions between distal portions of the chromosome to form inter-
digitated clusters of chromatin, which are commonly referred to as polymer melts (Maeshima et
al, 2014b, 2010). More detailed models have sought to define the path of chromatin within these
globules, and recent experiments finding evidence in favor of a fractal globule rather than
equilibrium globules (Lieberman-Aiden et al, 2009). More refined versions of this model from
the same lab suggest that loops of chromatin, extruded by CTCF and cohesion proteins,
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organize chromatin within smaller domains (Sanborn et al, 2015). Others require additional
chromatin architectural proteins in order to condense chromatin into chromosomes (Barbieri et
al, 2012). These newer models for chromosome structural organization suggest that we
reconsider how the dynamics of our in vitro chromatin model systems relate to chromosome
structure in vivo. As such, | plan to study the process of chromatin self-association in depth in

order to determine how it may relate to chromosome structure and organization.

1.5 Determinants of Chromatin Self-Association

As mentioned previously the DCA assay has been used to characterize chromatin
self=association in a number of studies. Many different variables in the chromatin fiber have
been found to effect the self-association of chromatin. Solution conditions play a large role in
whether self-association of chromatin will occur. This is not surprising given that a chromatin
fiber is a large net-negative polyelectrolyte. Cations induce nucleosome-nucleosome
interactions, as mentioned previously, with polyvalent cations having much more pronounced
effects than monovalent cations. Divalent cations induce self-association with the following
efficacy Mn** =Zn?** >Ba®* > Mg®* >Co** >>Cd** (Lu et al, 2006). The most prevalent divalent
cations in the nucleus are Mg®* and Ca®, which are present at 2-4 mM and 4-6 mM respectively
(Strick et al, 2001). Biological polyamines such spermine and spermidine have also been found
induce self-association of chromatin in vitro (Carruthers et al, 2007) and are present in vivo at
concentrations of about 1 mM (lgarashi & Kashiwagi, 2000). The ionic conditions present in
cells are in a range suggesting that significant portions of chromatin are self-associated over
long distances. Furthermore, the dynamic self-association of chromatin in vitro in response to
physiological salt concentration provides a simple mechanism by which researchers can study

the intrinsic ability of chromatin fibers to form higher order structures in chromosomes.

The N-terminal disordered “tail” regions of the core histones, which also play a role in
folding (Tse & Hansen, 1997), are necessary for self-association. Arrays treated with trypsin to
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digest the tails, as well as arrays made with recombinant core histones lacking the tails, fail to
self-associate under any solution conditions as judged by the DCA (Tse & Hansen, 1997).
While all the tails have an effect of self-association the loss of the tails on the tetramer (H3/H4)
is the most significant. The tails are also highly modified post-translation by acetylation,
phosphorylation, methylation, ubiquitylation, and others (Bannister & Kouzarides, 2011). Given
the intrinsic importance of the tails in chromatin condensation, it is not surprising that many of
these modifications modify higher-order chromatin structures. An accumulating body of
evidence suggests that histone modifications are and important type of epigenetic regulation of
genomes. Histone acetylation is widespread histone modification in vivo, and the resulting
charge neutralization of lysine residues is associated with more open chromatin structures and
transcriptionally active portions of genomes in vivo (Eberharter & Becker, 2002). Arrays
assembled with modified histones have demonstrated that acetylation of H4 tail lysines
increases the concentration polyvalent cation required to induce self-association of arrays in
vitro, as judged by the DCA (Shogren-Knaak et al, 2006). The dynamic and specific
distributions of the other histone modifications, as well as their accompanying physical changes,
suggest that they are likely to affect chromatin structure as well. Lysine methylation appears to
have differential effects on chromatin which are highly dependent on extent (mono, di, or tri-
methylated) and location of methylation (Black et al, 2012). Phosphorylation of serine and
threonine residues alters the charge of nucleosomes and is associated with compacted
chromatin in vivo (Rossetto et al, 2012). Histones can also be ubiquitinated and SUMOyilated,
and the addition of these peptides alters the steric profile of the nucleosome. Ubiquitination of
H2A promotes self-association of in vitro chromatin (Jason et al, 2001). Many of these
modifications significantly alter the physical characteristics of the nucleosome, and like
acetylation are likely to alter structures formed by chromatin fibers. In addition to post-

translational modifications, nucleosomes can be altered by the inclusion of histone variants.
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Other than H4, each histone protein contains variants to its canonical form. The variants
can cause significant changes to nucleosomes and chromatin structure. Some of these have
been shownby the DCA to effect the self-association of chromatin fibers. Chromatin samples
assembled with histone variant H2A.Z self-associated at significantly higher salt concentrations
than those assembled with canonical H2A (Fan et al, 2002). Another H2A variant, macroH2A,
had the opposite effect, promoting the formation of chromatin fiber oligomers in lower salt
concentrations (Muthurajan et al, 2011). The variants of H2B are less prevalent and less well
characterized, but appear to have a role in promoting compacted chromatin structures,
particularly during the process of gametogenesis (Kamakaka & Biggins, 2005). Histone H3 has
two very well studied variants, H3.3 and CENPA. The deposition of H3.3 in vivo indicates that
this variant is associated with regions of active gene transcription (Ahmad & Henikoff, 2002).
CENPA was originally discovered as a crucial component of centromeric regions of
chromosomes, hence the different nomenclature. Despite its name CENPA, (known generically
as CenH3 across species) is directly related to H3, and is also an epigenetic factor which is
entirely responsible for determining where centromeres will form on chromosomes (Maze et al,
2014). The structural variations in nucleosomes which arise through the incorporation of
histone variants, as well as those due to post-translational modifications are certain to result in

regions of the chromosome fiber with intrinsically different structural characteristics.

In addition to structural variations which arise due to changes in the nucleosome a
variety of chromatin architectural proteins exist. These proteins can have profound effects on
chromatin structure and thus the entire biology of the cell. Linker histones share the name of
the core proteins that make the nucleosome but are not structurally related to the core histones.
Linker histones have tripartite domain organization, with a short disordered N-terminal domain,
followed by a globular winged helix domain, and then a long disordered C-terminal domain

(Allan et al, 1980; Gajiwala & Burley, 2000). The N-terminal domain is a short disordered region
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The family of linker histones, of which 11 mammalian subtypes have been identified, are highly
abundant in nuclei (Happel & Doenecke, 2009). While it is possible to knockout a single version
of linker histone, the other subtypes are upregulated. Complete knockouts are lethal, but a
triple knockout model has demonstrated that chromosomes and nuclei are expanded with
reduced linker histone (Fan et al, 2003; Sirotkin et al, 1995). Footprinting experiments have
demonstrated that linker histone binds at the nucleosome dyad and protects ~20bp of DNA
(Hussain et al, 2010). Chromatin fibers reconstituted with linker histone form stabilized folded
30 nm fibers, and have an increased propensity for self-association between fibers (H1
chromatin self-associates at lower MgCl, concentrations than the parent nucleosomal arrays)
(Carruthers et al, 1998). These results have demonstrated the important role linker histones
play in the compaction of genomes. Newer experiments are beginning to expand our
understanding of linker histones functions. Fluorescence recovery experiments have
demonstrated that the majority of linker histone is diffusing rapidly through nuclei, and is not a
static component of the chromatin fiber (Misteli et al, 2000). Affinity binding experiments using
isolated nuclear and nucleolar extracts have suggested that linker histones are involved in many
protein-protein interaction in the nucleus, and may be involved in a number of nuclear
processes including RNA splicing as well as ribosome biogenesis (Kalashnikova et al, 2013c;
Szerlong et al, 2015). Many experiments have demonstrated that linker histones have profound
effects on chromatin structure, but its knowledge about its function is still expanding. Many other
chromatin architectural proteins bind nucleosomes in lower abundances, and have unique
effects on specific regions of the genome. For example, MeCP2, avian MENT, and PcG
proteins have all been shown to induce the formation of self-associated chromatin structures at
lower salt concentration than nucleosomal arrays alone(McBryant et al, 2006). Recent
experiments using next generation sequencing and chromatin conformation capture techniques
(Hi-C), in conjunction with large data sets such as those in the ENCODE database, are
identifying new chromatin architectural proteins. The protein CTCF binds to a specific DNA
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sequence and appears to function as a boundary element between topologically associated
domains (Ong & Corces, 2014). Through effecting domain organization and long range
chromatin interactions CTCF can regulate enhancer-promoter interactions. Many currently
recognized chromatin architectural proteins lack clear mechanisms by which they affect
chromosome structure. Some of these proteins are likely to affect nucleosome-nucleosome
interactions, so strong effects on chromatin fiber folding, and self-association are expected. In
order to more completely understand genome organization we require better in vitro model
systems, and assays for investigating the mechanisms by which proteins associated with

chromosomes organize and regulate genomic information within nuclei.

1.6 Assays for Exploring Self-Association

Sedimentation velocity experiments using analytical ultracentrifugation (AUC) have been
used extensively for studying the intramolecular folding of chromatin reconstituted in vitro.
Measuring the rate of sedimentation allows one to monitor the mass and shape of the chromatin
complexes. This has been used most frequently to report on the folding (intra-fiber interactions)
of nucleosomal arrays (Carruthers et al, 1998; Fan et al, 2002; Lu & Simon, 2008). In contrast,
attempts to perform sedimentation velocity experiments of chromatin oligomers have been
stymied by the speed at which the concentration can be determined along the radius of the
sample cell. The absorbance optics can capture only a single boundary for sedimenting
chromatin oligomers, even at the minimum rotor speed of 3000 rpm (Schwarz et al, 1996).
Accordingly, here | have utilized the interference detection system of the AUC in order to
quantitate the sedimentation of oligomeric self-associated chromatin. The interference system
captures the entire radial concentration profile at once allowing much quicker measurements of
sedimentation to be made. Faster measurements in turn allow us to determine the

sedimentation rate of much larger complexes. This is discussed in depth in the next chapter.
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Microscopy experiments allow us to make qualitative determinations of size and
morphology. In order to obtain images of self-associated chromatin complexes we have
employed both transmission electron microscopy as well as fluorescence microscopy, each of
which has unique benefits. Fluorescence microscopy experiments allow us to investigate the
chromatin complexes in solution with minimal staining using the fluorescent DNA binding stain
DAPI. However, light microscopy techniques are limited in resolution, and in order to discern
the finer details of the self-associated chromatin complexes we have also utilized transmission
electron microscopy. The transmission electron microscopy experiments have utilized negative
staining with uranyl acetate and phosphotungstic acid, which has been used widely in the study
of chromatin folding (Woodcock & Horowitz, 1991). While these experiments allow for a finer
level of detail to be visualized, the heavy metal staining and dehydration of samples onto
electron microscopy grids results in conditions much further from a biological context than those
in the fluorescence microscopy conditions. Together these two visualization techniques allow
us to cover a large range of resolution and control for any adverse artefactual results which may
arise due to specific sample preparation conditions.

In order to investigate the subunit composition of the chromatin complexes, SAXS
experiments were utilized. This technique, which was conducted by our collaborator Kazuhiro
Maeshima and his lab, using chromatin reconstituted by me, can determine the size of repeating
structures present in the self-associated samples. This allows insight into the conformation of
the individual fibers within the oligomeric complex (i.e. are they 10 nm or 30 nm fibers?). The
technique has been used in the past to investigate the internal structures of whole nuclei as well
as isolated chromosomes (Nishino et al, 2012; Langmore & Schutt, 1980). Recently our
collaborators have employed the technique to determine that mitotic chromosomes lack
repeating 30nm structures after ribosomal components are removed from the isolated
chromosomes. This technique will allow us to determine if our in vitro reconstituted structures
and composed of oligomerized 30nm fibers or if the individual arrays are in a more extended
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conformation (Fig 1.3). As such, these experiments will allow us to add important information in
an ongoing discussion in the literature about the importance of 30nm fibers in chromatin
structures, and how in vitro chromatin structure relates to in vivo chromosome composition.

We have also used micrococcal nuclease in order to assay the accessibility of oligomeric
chromatin as well as the stability of complexes in the absence of linker DNA. Micrococcal
nuclease has endo-exonuclease activity, but in chromatin the DNA bound to the histone
proteins is protected from digestion. The rate at which the linker DNA of chromatin samples is
digested is frequently used as an indirect reporter of the level of chromatin compaction due to
the accessibility of the nuclease to the linker DNA (Fierz et al, 2011a; Ziv et al, 2006). These
assays also result in conditions under which all of the linker DNA is digested, and it is under
these conditions which we can assess the role of linker DNA in the stability of self-associated

chromatin.
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Chapter 2

Development of a Sedimentation Velocity Assay for Chromatin Oligomers’

2.1 Introduction

Analytical ultracentrifugation has been used extensively for the characterization of
macromolecular assemblies like chromatin fibers(Lu & Hansen, 2004; Correll et al, 2012; Fan et
al, 2002b; Muthurajan et al, 2011b). Sedimentation velocity experiments yield information
regarding the mass and shape of molecules in solution allowing researchers to investigate
molecular interactions and conformational changes. These experiments rely on determining the
concentration in solution as a function of radial distance under centrifugal force. This is
accomplished most frequently using the absorbance optics, which takes about one minute to
scan a cell. The time to collect a scan is a limiting factor in monitoring massive macromolecular
complexes that sediment very rapidly. The use of the interference optics, which collects data
much faster, allows for monitoring molecules with sedimentation coefficients orders of
magnitude larger than those that can be seen with the absorbance optics. The following protocol
details the use of the interference system to characterize chromosome-sized oligomeric
complexes of chromatin fibers using sedimentation velocity, but the principles will allow for

expanded sedimentation velocity analyses of a variety of much larger biological assemblies.

2.2 Theory

The signal from the interference system is a pattern of light and dark horizontal bands
called a fringe pattern (Figure 1). The vertical displacement (fringe shift, AY) of these fringes is

due to differences in the optical path between the sample and reference channel. The

1Rogge, R. A,, & Hansen, J. C. (2015). Sedimentation Velocity Analysis of Large Oligomeric Chromatin Complexes
Using Interference Detection. Methods in enzymology (1st ed.). Elsevier Inc.
doi:10.1016/bs.mie.2015.05.007
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interference system measures concentration by tracking changes in refractive index in solution.
The refractive index of a solution is altered by its component solutes. The fringe shift magnitude
is given by AY = Ic(dn/dc)/A, where 1 is the path length, c is the concentration, A is the
wavelength, and dn/dc is a property of the unique individual solutes. For DNA dn/dc is ~0.17
mL/g(Chincholi et al, 1974) and for proteins it averages ~0.189 mL/g; however, differences in
protein composition can change this considerably(Zhao et al, 2011). Polysaccharides and
phospholipids are difficult to use with the absorbance optics but have an average dn/dc of ~0.15
and ~0.16 respectively, which makes interference measurements ideal for these
molecules(Tumolo et al, 2004). Importantly, the fringe pattern is projected onto a camera which
makes data capture along the radius of the AUC cell simultaneous. A Fourier transform of the
fringe pattern results in a concentration profile that is obtained in a matter of seconds compared

to the minute necessary for the absorbance optics.
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Figure 2.1) A typical fringe pattern for a sedimentation velocity experiment of
self-associated chromatin fibers. The sample here are 601(207bp)-12 nucleosome
arrays with endogenous chicken octamer self-associated in 8mM MgCl,. The vertical
arrow marks the meniscus of the sample sector and the double headed horizontal
arrow marks the boundary region. Note the increased light scattering in the region
to the right of the boundary area due to the presence of large particles.
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The fast data acquisition of the interference system makes it ideal for monitoring the
sedimentation of large molecules that sediment quickly. For example, self-associated chromatin
oligomers have been examined using absorbance based sedimentation velocity experiments
previously, but the experiments have failed to capture more than a single complete boundary.
The interference system has some unique properties to consider when compared to the
absorbance system. The first is that interference generally requires a significantly more
concentrated sample than absorbance. However, this is dependent on the extinction coefficient
of the molecule being studied. For instance, interference measurement of a nucleic acid sample
will require around a 10 fold higher concentration than monitoring the samples absorbance at
260nm. A second consideration is the increased presence of systematic noise. Because all
changes in the optical path will affect the fringe pattern, the concentration profiles contain a
large amount of time invariant noise. Vibrations as well as instability of the Fourier transform will
lead to radially invariant noise. Both radially invariant and time invariant noise can be minimized

by good maintenance of the system, and can be further accounted for during data analysis.

2.3 Equipment
Beckman XL-I Analytical Ultracentrifuge (AUC)

An50-Ti or An60Ti rotor
AUC counterbalance and weights

Assembled Epon 2-channel centerpiece AUC cell with sapphire windows

2.4 Setting up the Interferometer Laser: Laser Delay and Duration

In Proteomelab choose Interference > Laser Setup in the dropdown menu in order to
access the laser delay and duration settings for each cell. These options allow you to fine tune

the laser to generate an optimal fringe pattern. The laser delay controls where the laser turns on
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in the course of a 360 ° rotation of the rotor. The laser duration controls how long the laser is on
after the laser delay triggers. The laser delay defaults to values of 180°, 90°, and 0° for cell
positions 1,2, and 3 respectively. The laser duration default is set to 0.6°, which should be close
to appropriate. These values should be adjusted slightly to produce an optimal fringe pattern
with good contrast. Under these conditions the laser turns on as the cell crosses the condenser
lens, and turns off just as it has passed. For identical cells and rotors these values should not

need to be changed.

The XL-1 AUC must be spinning at a minimum of 3,000 rpm in order to generate
interference data and to set the laser delay and duration. For very high molecular weight
samples, the slowest possible speed is chosen to maximize the amount of data that can be
collected during the experiment. Setting up the laser and the radial calibration should be
performed on a double sector cell with both channels containing reference buffer. A cell with
sapphire windows should be used to limit distortion of the windows. Set the laser conditions
using this cell. Auto-detection can be used to allow the software to select a laser delay, and is a
good option for those unfamiliar with the process. The software auto-select option will adjust the
delay to optimize the fringe pattern at the radial position selected by clicking in the fringe display
(red text in top left of display). The entire fringe pattern can then be optimized by making small
changes manually, with high contrast, unbroken bands of light and dark at all radial positions
being the goal. To set the laser delay manually, find the upper and lower limits at which the
fringe pattern begins to deteriorate, and then select the midpoint. The laser duration should be
adjusted to maximize fringe intensity without saturating the image. Values between 0.5°and 1°
are typical for laser duration. The process of setting up the laser should also be done for the
counter-balance reference holes. Clear fringe patterns should be visible through both reference

holes.
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2.5 Radial Calibration of Interference Detector

The counter balance contains two reference holes that are used to determine radial
position. When examining the fringe display of the counter balance, this results in two regions
of fringe pattern separated by a lack of signal. The inside edges of these holes and thus the
edges of their fringe patterns mark the radial positions of 5.85 cm and 7.15 cm. Opening the
Interference > Radial Calibration menu allows you to define these positions in the fringe display.
To set the radial points first click within the fringe display at the inside edge of the fringe pattern
(vertical position does not matter). Then click the inside/outside option and set radius to set the

location to 5.85 (inside) or 7.15 cm (outside).

2.6 Final Considerations for Interference Sedimentation Velocity
Run

There are a few parameters to adjust before starting an experimental run. The first is to
set the number of pixels per fringe. This setting is in the Details menu of each cell. Selecting
automatic will have the software calculate this value. This value can estimated manually by
dividing 96 (the number of pixels in a column) by the number of visible fringes. If the automatic

value is significantly different from the manual estimation, the optical system is likely misaligned.

The next two options will affect the data files generated by ProteomeLab and are used to
compensate for systematic noise. Note that the systematic noise can be removed using specific
types of data analysis (see below), making these options unnecessary. However, if you wish to
analyze interference data using a method does not compensate for systematic noise it would be
wise to consider the following options. Misalignment of the interference detector can lead to
fringe patterns which are not horizontal. This can be corrected by manipulating the detector, or
by rotating the fringe data in the Interference > Fringe Rotation menu by a set number of
degrees. The other option for removing systematic noise is to subtract a blank scan from every
scan generated. Blank scans should be taken from empty rotor positions so that subtracting
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them will negate noise from defects inherent to the optical system. If subtracting a blank, scan
the blank data should be collected using identical laser settings to those used for sample data
collection. These options can reduce systematic noise in the data, but the subtraction of a

blank scan will increase the amount of stochastic noise in the data.

2.7 Experimental

2.7.1 Reconstitution of chromatin fibers and assembly of chromatin
oligomers

Oligomeric chromatin fibers provide a good example of very large biological complexes
that can be studied using sedimentation velocity only in conjunction with interference optics.
Model chromatin fibers are obtained by reconstituting purified histone octamers onto tandem
repeats of nucleosome positioning DNA using a salt dialysis method as described (Rogge et al,
2013a). This protocol yields equally spaced arrays of nucleosomes with a defined length and

composition (see below).

The structure of the chromatin fibers in solution and within the cell is highly dependent
on ionic strength, particularly the concentration of divalent cations(Korolev et al, 2010; Strick et
al, 2001). In low salt the model chromatin fibers are monomeric and adopt an extended, beads-
on-a-string structure. As divalent salts (e.g., MgCl,) are first titrated into solution, the chromatin
fibers fold into helical 30 nm structures (Hansen et al, 1989). At physiological MgCl,
concentrations (i.e., >3mM) the chromatin fibers self-associate to form large oligomeric
complexes(Schwarz et al, 1996) (Figure 1.2). Sedimentation velocity analysis of the chromatin
oligomers is not ideal using absorbance optics because the oligomers pellet before a set of

scans with complete boundaries is collected, even at 3,000 rpm.

In our experiments, chromatin fibers consisting of 12 spaced nucleosomes were

reconstituted from tandemly repeated “601” nucleosome positioning DNA and purified chicken
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histone octamers and stored in a buffer of 10mM Tris pH 7.8 , 0.25mM EDTA , and 2.5 mM
NaCl. The chromatin fibers were then diluted to a concentration of 0.215 mg/mL, and MgCl,
added to a final concentration of 8 mM to assemble the oligomeric complexes. The rotor,
optics, and AUC chamber were pre-cooled to one degree below the final desired temperature.
The speed was 3,000 rpm (see below). Data were collected using the interference optics as
described in sections 4-6 above. The oligomeric samples formed broad but discrete
boundaries (Figure 4A), which were analyzed using the time derivative method as described in
section 8b. Previous sedimentation velocity experiments of these oligomers have only captured
either single or incomplete boundaries of chromatin oligomers(Schwarz et al, 1996; Blacketer et

al, 2010).

2.7.2 Choosing the Rotor Speed

The rotor speed, number of cells per run and number of scans per run should be chosen
based on how rapidly the samples sediment. The interference optical system captures data from
the fringe display about every 8 seconds. In our analysis of the chromatin oligomers, the rotor
speed was set at 3,000 rpm and only one cell was sedimented at a time. These conditions were
necessary because the oligomers sediment in the range of 10,000-350,000 S. For samples that
sediment in the range of hundreds to thousands of S, it may be preferable to use faster rotor
speeds or analyze more than one cell per run. Scanning multiple cells increases the amount of
time it takes to scan each individual cell, which decreases the maximum sedimentation

coefficient that can be monitored.
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Figure 2.2) Calculations of amount of time spinning and scanning until an
object has sedimented in the centrifuge. A. Time until sedimentation to bottom of
cell. This calculation assumes the use of a two sector cell and a fluid column 1 cm.
Rotor acceleration time is not considered so actual time will be shorter. B.
Maximum number of possible scans collected for samples spun at the minimum
rotor speed of 3000 rpm. Scan times are approximated at 9 seconds for the
interference system and 60 seconds for the absorbance system.
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The amount of time necessary to sediment the entire sample can be estimated if the

.01m

sedimentation coefficient is known, according to x 10713s = o5 Where Sis the
82

sedimentation coefficient in Svedbergs and t is the number of seconds for the object to
sediment. The value of .01 is the length of the fluid column in meters, and 730 is the g force
generated by the rotor at its minimum operational speed. Enter the desired number of scans in
the Method menu. If the sample is being characterized for the first time, enter the maximum
number of scans and stop the run after the boundary has reached the bottom of the cell. Under
the Options menu select stop XL-I after last scan, so that the centrifuge will stop after the last
scan is taken. Once the sample has been characterized in this manner, the rotor speed,

number of cells sedimented and number of scans collected can be modified as appropriate.

If the sample is very heterogeneous, it is possible that smaller solution components will
remain at the meniscus after the larger components have sedimented. For example, at
intermediary Mg®* concentrations chromatin samples will contain populations of both small
monomeric and large oligomeric chromatin fibers. To characterize the smaller components a
second run using higher speeds can be started after the first is completed. Smaller solutes are
likely to take longer to sediment, so to avoid very large data sets use a scan delay time that can
be found in the Method menu. The scan delay time adds time between captures of the fringe

pattern, so that over the course of a longer run a smaller data set is generated.

2.8 Data Analysis

2.8.1 Systematic noise considerations

As mentioned above, interference data has relatively high amounts of systematic noise.
The systematic noise can be further categorized as radially invariant and time invariant noise.

Radially invariant noise arises due to vibrations in the detector as well and the nature of the fast
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Fourier transform performed in the ProteomelLab software. Radially invariant noise appears
visually as an offset in the baseline of the scan. The radially invariant component of the noise
can be removed by aligning the scans in a consistent region, such as the air to air region, during
data editing. Time invariant noise arises due to differences in the optical path between the
reference and the sample sector. The differences due to the interference optical system and not
the AUC cell can be removed by subtracting a blank scan, but this will lead to an increase in the
stochastic noise. Alternatively the use of the time derivative method of data analysis, or the use

of modelling software will allow for the removal of time invariant noise.

2.8.2 Time derivative method.

The time derivative method for determining distributions works by subtracting the
subsequent scan in pairs of scans to determine how much the concentration has changed over
time. A comprehensive explanation of the method can be found here(Stafford, 1992).
Subtracting the subsequent scan from a pair removes time invariant noise, much in the same
way subtracting a blank scan would, however the subsequent scan contains time invariant noise
components which arise due to both the cell components and the interference optical system.
Because this time invariant noise removal is more comprehensive than the subtraction of blank
scan, it is an ideal method for the analysis of interference sedimentation velocity data. The
primary limitation of this method for smaller solutes is that the sedimentation coefficient
distribution will not be corrected for the effects of diffusion on the boundary. However, since
diffusion is inversely proportional to solute size, the sedimentation coefficient distributions
obtained using the time derivative method of very large macromolecular assemblies will be an

accurate reflection of the actual composition of the sample.

2.8.3 Other analysis methods

Other data analysis can be used with the interference optics as well. Methods of
modelling the data using software such as UltraScanlll and Sedfit contain methods for
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decomposing and removing systematic noise contributions to the data(Schuck & Demeler,
1999; Demeler, 2005; Brown & Schuck, 2006). These programs generate a solution with a finite
number of elements with sedimentation and diffusion coefficients, the model solutions
concentration profile can then be compared against the experimental data. With prior knowledge
or assumptions regarding the frictional coefficient or partial specific volume these models allow
for the determination of molecular weight. The noise contributions determined during modelling
are useful for other analysis methods such as the second moment and van Holde-
Weischet(Holde & Weischet, 1978) methods, although with noise files subtracted these are no

longer model independent analyses.

2.9 Discussion

2.9.1 Chromatin oligomers

The core of a eukaryotic chromosome is a single long chromatin fiber composed of 10*-
10° nucleosomes. An important outstanding question in the chromatin field is how the
conformational dynamics of short array of nucleosomes in vitro relates to the structure and
assembly of a chromosome in the cell. Most previous attention has focused on the local folding
of the chromatin fiber into helical 30 nm structures(Fletcher ef al, 1994; Dorigo et al, 2003;
Allahverdi et al, 2011). Sedimentation velocity experiments using absorbance optics have
proven very useful for analysis of this intramolecular conformational change(Ausio, 2000; Huynh
et al, 2005; Fierz et al, 2011b). However, physicochemical studies of chromatin fiber
oligomerization have lagged behind due to difficulties in characterizing the extremely large size
of the oligomeric complexes. To overcome this hurdle we have developed sedimentation
velocity together with the interference optical system as a quantitative assay for the structural
features of chromatin oligomers. Our results demonstrate that the oligomers sediment in the
range of 10,000-350,000 S (Figure 4B), spanning the size of range of eukaryotic chromosomes.

This result indicates the self-association of a large number of the monomeric arrays, which
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sediment in the range of 30 S (Figure 4B inset). By comparison, bacteriophage T7(Dubin et al,
1970) and the largest amyloid measured(MacRaild et al, 2003) sediment at 875 S and 3,000 S,
respectively. This makes the chromatin oligomers the largest biological assemblies yet to be

characterized by sedimentation velocity analytical ultracentrifugation.
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Figure 2.3) Sedimentation velocity experiments of self-associated chromatin
fibers. This experiment used 601(207bp)-12mer DNA reconstituted with
endogenous chicken octamers. A. A typical scan set used for the analysis of
chromatin oligomer sedimentation. B. The g*(s*) distribution of sedimentation
coefficients for a sample of chromatin oligomers in 8mM Mg®*. The inset shows the
g’\(s*) distribution for monomeric arrays in the absence of Mg?*.
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It always is preferable to combine sedimentation velocity data with information obtained
using complementary techniques. Toward this end, we have studied the chromatin oligomers
using fluorescence microscopy, transmission electron microscopy and small angle x-ray
scattering (manuscript in preparation)(Maeshima et al, 2015). Collectively, our studies have
revealed that the oligomers are globular, assembled from smaller globular intermediates, and
packaged as interdigitated 10 nm fibers. These physicochemical properties of the chromatin
oligomers mimic the hierarchical organization of chromatin within an interphase
chromosome(Bolzer et al, 2005; Lieberman-Aiden et al, 2009; Joti et al, 2012), indicating that
future studies of chromatin fiber oligomerization using sedimentation velocity and the
interference optics will yield much new molecular-based insight into how eukaryotic

chromosomes are structured, assembled, and maintained.

2.9.2 Large complexes in general

One of the major challenges facing biochemists and biophysicists is to develop ways to
deal with sample complexity. One common type of complexity is compositional heterogeneity.
Sedimentation velocity analytical ultracentrifugation allows analysis of complex mixtures due to
the availability of data analysis methods that determine sedimentation coefficient
distributions(Demeler & van Holde, 2004b). Another type of complexity is sample size. The line
between biochemistry and cell biology is increasingly becoming blurred as it becomes possible
to isolate or reconstitute supramolecular biological assemblies. Successful characterization of
these large macromolecular complexes requires a technical means to quantitatively
characterize the structure and assembly of complex samples that sediment in excess of 5,000
S. Our studies of chromatin oligomers pave the way for general application of sedimentation
velocity together with interference optics to the analysis of very large biological samples in

heterogeneous mixtures.
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Chapter 3

Nucleosomal arrays self-assemble into supramolecular globular structures lacking 30-

nm fibers?

3.1 Introduction

In a typical human nucleus about two meters of DNA is packaged into nucleoprotein

structures termed chromatin, and then into chromosomes. At its core a chromosome

consists of a single ~50-250 Mb DNA molecule assembled into a chain of ~102-10%
nucleosomes. The nucleosome is composed of ~147 bp of DNA bound to an octamer of
core histone proteins (H2A, H2B, H3, H4)(Luger et al, 1997). Nucleosomes repetitively
spaced along DNA at ~160-210 bp intervals and connected by stretches of free linker DNA
are called nucleosomal arrays (Hansen, 2002). Chromatin refers to nucleosomal arrays
bound to linker histone H1 and (or) other chromosome-associated proteins. The long linear
chromatin molecule is condensed extensively within an interphase chromosome, such that
chromosomal DNA can fit inside the nucleus, and during mitosis the long chromatin chain is
further packaged into a mitotic chromosome (Hirano, 2015; Maeshima et al, 2014b; Ohta et

al, 2010).

Physicochemical studies of short nucleosomal arrays, typically 12-60 nucleosomes

in length, have shown that chromatin condensation in vitro is salt-dependent and driven by

’Maeshima K*, Rogge R¥*, Joti Y, Hikima T, Tamura S, Szerlong H, Krause C, Herman J, Ishikawa T, Seidel E, DelLuca J
& Hansen JC (*co-first authors) (2016) Nucleosomal arrays self-assemble into supramolecular globular
structures lacking 30nm fibers. EMBO In Press.

All of the in vitro chromatin samples were assembled in the Hansen Lab by Rogge R. and Seidel E. The
sedimentation velocity experiments and DCA assays were also performed by the Hansen Lab. The fluorescence
microscopy experiments were first carried out by the Hansen Lab in collaboration with the DelLuca lab and the
results were repeated and improved upon by the Maeshima Lab. The fluorescence microscopy results shown here,
were collected by the Maeshima Lab. The TEM results were collected by Rogge R. and the Hansen Lab with the
assistance of Suzanne Royer.
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both intra-fiber and inter-fiber nucleosome-nucleosome interactions (Hansen, 2002;

Pepenella et al, 2014). At very low salt concentrations (e.g., <0.5 mM Mgz+) nucleosomal

arrays have an extended beads-on-a-string conformation termed the 10-nm fiber (Hansen,

2002). As salt initially is titrated into solution (e.g., 0.5-2 mM Mgz+), nucleosomal arrays fold
into helical structures that are ~30-40 nm in diameter, generically referred to as the ‘30-nm
fiber’. Folding is mediated by intra-fiber interactions involving the H4 N-terminal tail domains
of one nucleosome with the surface acidic patch domains of neighboring nucleosomes
(Kalashnikova et al, 2013a; Luger et al, 1997). Folded 30-nm fibers are stabilized by the H1
linker histones (Hansen, 2002). The structure of the 30-nm fiber has been proposed to be a
one-start solenoid, a two-start zig-zag, or a heteromorphic combination of the two

(Grigoryev et al, 2009; Robinson & Rhodes, 2006). At higher divalent cation concentrations

(e.g., 23 mM Mgz”), short nucleosomal arrays self-associate to form large oligomers that
pellet immediately in a microfuge (Hansen, 2002). While self-association is mediated by
inter-fiber nucleosome-nucleosome interactions distinct from those involved in folding
(Hansen, 2002), nothing is known about the structure, subunit organization, and assembly
of the chromatin oligomers due to their extreme size and the lack of available quantitative

physicochemical assays.

The widely held paradigm for chromosome structure and assembly holds that the
chromosomal fiber first forms a helical 30-nm chromatin structure (Finch & Klug, 1976;
Langmore & Paulson, 1983; Woodcock et al, 1984; Widom & Klug, 1985; Dorigo et al,
2004; Gilbert et al, 2004; Schalch et al, 2005b; Robinson et al, 2006; Song et al, 2014),
mimicking the folding of a nucleosomal array as salt is added into solution. A central
premise of this paradigm is that the 30-nm fiber is a requisite folding intermediate in the
assembly and maintenance of condensed interphase and mitotic chromosomes. However,

small angle x-ray scattering (SAXS) experiments indicated that no repetitive structures
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beyond the 10-nm fiber were present in the chromatin of isolated nuclei (Joti et al, 2012) or
mitotic chromosomes (Nishino et al, 2012). Similarly, cryo-EM studies of interphase
(Bouchet-Marquis et al, 2006; Gan et al, 2013) and mitotic chromosomes (Eltsov et al,
2008), and electron spectroscopic imaging studies of mouse cells (Fussner et al, 2012),
visualized packed 10-nm fibers but no folded 30-nm fibers, even in the highly condensed
heterochromatin regions. More recent super-resolution imaging also showed
heterogeneous groups of nucleosomes called ‘clutches’ (Ricci et al, 2015). Based on these
results an alternative model has been proposed in which chromosomes are assembled
through long-range interactions of extended 10-nm fibers to form an interdigitated polymer
melt-like structure (Maeshima et al, 2010, 2014b). In the established paradigm, formation of
condensed domains beyond the 30-nm fiber occurs through continuous twisting and coiling
of the chromosomal chain of nucleosomes (Alberts et al, 2007). Conversely, chromosome
conformation capture experiments (e.g., 3C, HiC) suggest that interphase chromosomes
are organized into 0.1-10 Mb-sized globular structures such as “topologically associating
domains” (TADs) (Dekker et al, 2013), which further self-associate into discrete
chromosomal territories (Cremer & Cremer, 2010). Similarly, globular chromatin domains of
~1 Mb in size have been observed using fluorescence microscopy imaging, as foci of DNA
replication via pulse labeling (Albiez et al, 2006). Altogether, the new data support a view of
chromosome structure and assembly that fundamentally differs from the textbook model.
This in turn requires a reexamination of the relationships between chromatin folding and

oligomerization in vitro and chromosome assembly invivo.

The present studies aim to improve our understanding of chromatin oligomerization
and its relevance to chromosome structure and organization. We hypothesize that the fiber-
fiber interactions that mediate oligomerization of short nucleosomal arrays in vitro are

equivalent to the long-range fiber-fiber interactions that help assemble and organize higher
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order chromatin domains within the nucleus. A direct prediction of this hypothesis is that the
chromatin oligomers will possess many of the same structural features as an intact
interphase chromosome. To test our hypothesis and its predictions we have used
fluorescence light (FM) and transmission electron (TEM) microscopy, sedimentation velocity
analytical ultracentrifugation (SV-AUC), and SAXS to quantitatively characterize the
structure of the oligomers formed by salt-dependent self-association of 12-mer nucleosomal
arrays, and micrococcal nuclease to determine the role of linker DNA in oligomer stability.
We also examined the salt-dependence of chromatin organization and compaction in situ.
The in vitro studies have yielded novel information regarding the size, morphology, subunit
packaging, and mechanism of assembly of the nucleosome oligomers, and have revealed
the effects of linker histones on the oligomerization transition. The in vitro data indicate that
the ability to self-assemble through interdigitated packaging of 10-nm fibers into globular
structures with diameters of ~50-1000 nm is an intrinsic property of an array of
nucleosomes. In the case of the in situ experiments, low salt conditions that disassemble
oligomers in vitro disrupt heterochromatin and euchromatin compartments and cause
extensive chromatin decondensation in isolated nuclei. Collectively, our data support a new
paradigm in which long-range interactions of the 10-nm chromatin fiber are important
determinants of the structure and organization of interphase chromosomes. Our results
further suggest that the chromatin oligomers provide a good in vitro model system for

investigating eukaryotic chromosome structure and function.

3.2 Results

3.2.1 Nucleosomal arrays self-associate into large globular oligomers

The standard assay for nucleosomal array oligomerization is differential

centrifugation (Schwarz & Hansen, 1994; Tse & Hansen, 1997b). This assay determines
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the fraction of the chromatin sample that pellets after a short microfuge spin. Figure 3.1A
shows a control differential centrifugation experiment performed with linear 12-mer 601
(Lowary & Widom, 1998) and 5S (Simpson et al, 1985) nucleosomal arrays reconstituted to
an average of 11-12 nucleosomes per DNA template. In both cases, all of the nucleosomal
arrays in 0-2 mM MgCI2 remained in the supernatant, indicating no oligomerization had
occurred under these conditions. About 10% of the samples pelleted in 3 mM MgCI2, 30% in
4 mM MgCI2, 60% in 4.5 mM, and 90% by 6 mM MgClI2. Altogether, the pelleting curves for
the 601 and 5S nucleosomal arrays were superimposable. While these data indicate that
both the 601 and 5S nucleosomal arrays formed rapidly sedimenting oligomers in 23 mM

MgCl2, this assay yields no structure-based information.
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Figure 3.1) Differential centrifugation assay for the oligomer formation of
601-nucleosomal array, 5S-array, and H1-array, and fluorescence
microscopy (FM) imaging of 5S-array oligomers. A) The differential
centrifugation assay was performed as described in (Gordon et al., 2005).
B) 5S-array oligomers were stained with DAPI and examined using FM as
described in the Materials and Methods section. Shown are representative
images obtained in 5 mM and 10mM MgCI2. C) Control FM images obtained
in 0, 1 and 2.5 mM MgCl2.
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To determine oligomer size and morphology, samples were analyzed by FM and
TEM. Representative FM images of the 601 oligomers obtained in 4.5 and 10 mM MgCl2
are shown in Figure 3.2A. In both salt conditions the oligomers were globular and had
diameters ranging from several hundred to ~1000 nm. Moreover, the ~1000 nm particles
were the largest oligomers present in 4.5 and 10 mM MgCI2, suggesting that there is an
upper size limit to the self-association process. No particles were observed in control
images taken at 0-2.5 mM MgCI2 (Fig. 3.2B), consistent with the lack of oligomerization
seen by thedifferential centrifugation assay (Fig. 3.1A). Of note, the size and morphology of
the 5S oligomers assembled in 5 and 10 mM MgCI2 (Fig. 3.1B) were quite similar to those
of the 601 oligomers in Figure 3.2A. Thus, formation of large globular oligomers was not
critically dependent on the nearly perfect nucleosome positioning of the 601 nucleosomal
arrays. The 601 oligomers next were characterized by TEM as described by Woodcock
(Woodcock & Horowitz, 1991). This protocol involves glutaraldehyde fixation to preserve
macromolecular interactions and gross structure, adsorption to a carbon grid, negative
staining, and dehydration. Figure 3.2C shows representative images of the oligomers
visualized in 4.5 and 10 mM MgClI2. In both salt conditions the predominant oligomers
observed were globular and ~400 nm in diameter (Fig. 3.2C, left panels), in agreement with
the FM results. Darker regions in the TEM images result from pooling of the negative stain,
indicating that the surfaces of the oligomers were uneven and textured (Fig. 3.2C, left
panels). The edges of the oligomers were irregular, and in some cases smaller globules
could be seen at the periphery of the larger particles (Fig. 3.2C, left panels). At higher
magnification, individual nucleosomes could be seen in the interior of the oligomers as
bright 10 nm diameter particles that were closely packed and in physical contact (Fig. 3.2C,
right panels). No regular repetitive folded structures such as the 30-nm fiber could be

identified at the higher magnifications.
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25 mM

Figure 3.2) Nucleosomal array oligomers are globular A) Nucleosomal
array oligomers were stained with DAPI and examined using FM
(fluorescence microscopy) as described in the Materials and Methods
section. Shown are representative images obtained in 4.5 mM and 10mM
MgCl2. B.) Control FM images obtained in 0, 1 and 2.5 mM MgCI2. C.)
Nucleosomal array oligomers were negatively stained and visualized by
TEM as described under Materials and Methods. Shown in the left panels
are representative images obtained in 4.5 mM, and 10 mM MgCI2. Shown in
the right panels are images of the interior of the oligomers (white arrows, left
panels) after cropping and re-scaling.
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The FM studies (Fig. 3.1) suggest that a population of oligomers exists in solution at
any given salt concentration, and that the oligomers reach a maximum size of about 1000
nm in 24.5 mM MgCI2. An ideal complimentary technique to address these questions under
native solution conditions and quantitatively characterize macromolecular self-association is
SV-AUC (Schuck, 2013). However, in the past it has not been possible to study
oligomerization using SV-AUC and the standard absorption optical system because the
oligomers pellet before data can be collected. To overcome this hurdle we employed the
interference optical system, which measures concentration based on refractive properties of
the sample, and collects a complete concentration versus radial distance dataset in ~2-3 sec
(compared to about ~90 sec for the absorbance optics) (Rogge & Hansen, 2015). The scans
obtained from a typical interference SV-AUC experiment in 10 mM MgClI2 are shown in
Appendix Fig. 3.3. Under these conditions the samples formed broad but discrete boundaries
during sedimentation, qualitatively indicating that there was a heterogeneous population of

oligomers with upper and lower size limits.
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Fringe Shift

Figure 3.3) Interference scans collected in 10mM MgCl,. Scan baselines were
normalized at and just after the position of the meniscus. No blank scans have
been subtracted.
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To quantitatively analyze the boundaries we first calculated the weight averaged
second moment sedimentation coefficients (ssm) of the 601 oligomers as a function of

MgCl2 (Fig. 3.4A). In4.0 mM  MgCI2 (~30% oligomerized) the ssm was ~30,000S (S, a

unit of time equal to 10713 sec). The ssm increased to ~100,000S in 4.5 mM MgClI2
(~60% oligomeric) before plateauing at ~200,000S in 5-10 mM MgCI2 (75-100%
oligomeric). By comparison, bacteriophage T7 (875S) (Dubin et al, 1970) and amyloid fibrils
(3000S) (MacRaild et al, 2003) are the largest biological assemblages previously
characterized by SV-AUC. Thus, our studies have substantially increased the size
threshold for SV-AUC experiments. The plateau in the ssm at 25 mM MgCl2 was
reproducible (Fig. 3.4A, inset). In 4 mM MgCI2 the ~70% of the sample that did not
pellet during centrifugation sedimented as monomeric folded 35-45S nucleosomal arrays
(Fig. 3.6). The existence of only nucleosomal array monomers and large oligomers at
intermediate extents of self-association demonstrates that oligomerization is highly
cooperative. The boundaries of the experiment shown in Figure 2A next were analyzed by
time derivative method to obtain the distribution of sedimentation coefficients g(s*) (Stafford,
1992). In this analysis, the subsequent scan in a pair of scans is subtracted from the
previous scan to determine the change in sample concentration over time. Because the
oligomers were extremely large and the sedimentation times very short, the sedimentation
coefficient distributions were not expected to be affected by diffusion. In 4.0 mM MgCI2 the
sedimentation coefficient distribution of the 601 oligomers ranged from ~5000-60,000S, with
a peak in the plot at ~25,000S (Fig. 3.4B). In 4.5 mM MgClI2 the distribution of
sedimentation coefficients was shifted to ~25,000-130,000S, and the peak in the g(s*) plot
increased to ~70,000S. In 5 mM MgCl2 the 601 oligomers sedimented from ~40,000-
250,000S, with a peak in the g(s*) plot at ~110,000S. In 8 and 10 mM MgCI2 the g(s*)

plots were very similar and yielded sedimentation coefficient distributions from
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~40,000-350,000S and a peak at ~130,000-140,000S. The overlapping g(s*) plots in 8 and
10 mM MgCI2 (Fig. 3.4B) are consistent with the plateau observed in the ssm vs. MgCl2
plot (Fig. 3.4A) and indicate that the 601 oligomers reach a maximum average size of
~140,000S and a maximum absolute size of ~350,000S under ionic conditions that
promote self-association of 100% of the sample. When the 601 nucleosomal arrays were
exposed to 8 mM MgCI2 and the sample returned to TE buffer, the oligomers dissociated

into a homogeneous population of unfolded ~27-29S monomers (Fig. 3.5), demonstrating

that all steps in M92+-induced assembly of the oligomers are reversible (also see (Schwarz

et al, 1996)).
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Figure 3.4) Sedimentation velocity analysis of the salt-dependent assembly
of nucleosomal array oligomers. A.) Representative experiment showing the
second moment sedimentation coefficients of the oligomeric nucleosomal arrays
as a function of MgCl,. The second moment sedimentation coefficient is
equivalent to the mass average sedimentation coefficient for the entire sample
(see Materials and Methods). The inset shows the mean second moment
sedimentation coefficient + the standard error for three replicated experiments.
B.) Analysis of the same raw data as in panel (A) by the time derivative method
to yield the sedimentation coefficient distribution, g(s*).
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Figure 3.5) Nucleosomal array oligomerization is reversible upon the
removal of salt. Sedimentation velocity analysis of reconstituted nucleosomal
arrays in 10mM Tris pH 7.8, 0.25mM EDTA, 2.5mM NaCl (OmM MgCl, buffer).
Shown is the integral distribution of sedimentation coefficients (diamonds). A
portion of the same sample was then incubated in 8mM MgCl, to induce
oligomerization. The oligomers were pelleted, the supernatant removed from the
cell, and the pelleted oligomers resuspended in 0OmM MgCl, buffer. The cell was
shaken and left at room temperature for one hour. Trianges show the integral
distribution of sedimentation coefficients of the resuspended oligomers.
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Figure 3.6) Nucleosomal array oligomerization is cooperative.Nucleosomal
arrays were incubated in 4mM MgClz and initially centrifuged at 3000 rpm to pellet
the oligomers. The speed of the centrifuge was then increased to 25,000 rpm to
monitor the fraction of the sample that did not pellet at 3000 rpm. Shown is the
integral distribution of sedimentation coefficient obtained after analysis of the data
by the method of Demeler and van Holde. The 30-50S sedimentation coefficient
distribution indicates that the non-pelletable faction in 4 mM MgCl2 was monomeric
and folded. The existence of only supramolecular oligomers and monomers at
intermediate extend of oligomerization indicate that oligomerization is highly
cooperative.
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The microscopy studies indicate that the oligomers are globular throughout the
assembly process. Consequently, a number of physical properties of the oligomers can be
calculated from the measured sedimentation coefficients assuming a spherical structure
(Table 3.1). The smallest oligomers detected during the early stages of self-association in 4
mM MgCl2 sedimented at ~5000S while the largest oligomers observed in 8 and 10 mM

MgCl2 sedimented at ~350,000S. The 5000S oligomers were estimated to consist of

4.5x10° nucleosomes and have a mass of 1x10° Da. The Stokes radius, equivalent to the
radius of a sphere calculated from the frictional coefficient, was 65 nm and the 5000S

oligomers contained ~1 Mb DNA/oligomer. At the other extreme, the 350,000S oligomers

were estimated to have 2x108 nucleosomes and a mass of 5x1011 Da. The Stokes
radius was ~500 nm and the 350,000S particles contained ~450 Mb DNA/oligomer. The
estimated Stokes radii are in the range determined by FM and TEM under the same ionic
conditions (Fig. 3.2). The calculated mass and Mb DNA/oligomer indicate that the globular
oligomers assembled in vitro as a function of increasing salt spanned the size range of the
chromatin domains found in interphase nuclei (Dekker et al, 2013; Dixon et al, 2012; Eagen

et al, 2015; Nora et al, 2012; Rao et al, 2014; Sexton et al, 2012).
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Table 3.1

5 Oligomer Mass (Da)® # Arrays® # Nucleosomes® Stokes R (nm)d f=  Mb/Oligomer % Chromosome 19

a000 1.05E+H19 3. 75EHIZ 4 A0EHI3 bd. 71 1.22E-06 0.94 0.37
25000 1.18E+10 4 19EHI13 5.053E+H14 14470 2.74E-06 10.48 4.19
Fal B.11E+10 2. 18E+14 2B1EHIS 250 B2 4. 7AE-Ub f4.45 21.78
150000 1.73E+11 b 16E+H14 { I3HEHIS d54.44 b,/ E-Ub 154.00 B1.60
0000 4. B9E+11 1.7 4EHIS 2 05EHIE A01.25 H49E-06 45556 174.23

a.) A minimum mass of the complexes was calculated by using a spherical shape to determine a minimum frictional
coefficient for a given sedimentation coefficient. A mass can then be calculated by a rearrangement of the Svedberg
equation s, = 1\/1(1;:;)1/3
N acn(22)
b.) The number of arrays was calculated by dividing the minimum mass by the theoretical mass of a saturated array (2805206
Da)

c.) The estimate for the number of nucleosomes in each complex is 12 times the number of arrays.

-\ 1/3
d.) The stokes radius is the radius of the sphere which these calculations are based on and is r; = (%)

3§M)1/ 3

e.) The frictional coefficient of the theoretical sphere is f = 6mn (;

f.) As each array contains 2.5 kb of DNA, the number of arrays in a complex was used to determine the number of bp.

g.) The percentage of chromosome one was based on the Mb of DNA per oligomer divided by 250 Mb.
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3.2.2 Nucleosomal array monomers are packaged as extended 10-nm
fibers not folded 30 nm fibers

An important question is whether the nucleosomal array subunits are packaged
within the oligomers as 10-nm or 30-nm fibers. The subunit structure of the oligomers was
determined by SAXS, which is able to detect periodic structures in non-crystalline biological
materials in solution (Maeshima et al, 2014a; Roe, 2000), and in particular has proven
useful for determining the repetitive structures within the bulk chromatin of both mitotic
chromosomes (Nishino et al, 2012) and intact nuclei (Joti et al, 2012). As in the pioneering

work of Langmore and co-workers (Langmore & Paulson, 1983), scattering data are

presented as plots of log(/ x 82) vs. 1/S) (I, intensity; S, scattering vector (1/nm)). A peak in
the curve is indicative of a periodic structure in the sample with a diameter of inverse of S
(1/S nm) (Maeshima et al, 2014a; Roe, 2000). We first analyzed the structure of 601
nucleosomal arrays in 0-2.5 mM MgCI2. In TE buffer without MgClI2 the nucleosomal arrays
sedimented at ~27S (Fig. 3.7), indicating they were monomeric and in the extended 10-nm
beads-on-a-string conformation (Hansen, 2002). The scattering curve of the nucleosomal
arrays in 0 mM MgCl2 (Fig. 3.8A) had a broad peak between 1/S = 10-20 nm resulting from
the distances between the nucleosomes in the extended conformation, and a minor peak at
~6 nm corresponding to the width of the nucleosome disc (face-to-face positioning) (see
also Fig. 3.8C). No peak at ~30-40 nm due to folded nucleosomal arrays (i.e., 30-nm fibers)
was present under these low salt conditions, consistent with the SV-AUC data. Of note,
the experimental scattering curve is very similar to the modeled scattering profile for an
extended dinucleosome (Fig. 3.8D). Addition of salt to the solution causes the nucleosomal
arrays to rapidly equilibrate between 10-nm and 30-nm conformations (Hansen, 2002),
resulting in a progressively increased integral distribution of sedimentation coefficients in 1

and 2.5 mM MgCI2 (Fig. 3.7). Importantly, a small peak at ~40 nm corresponding to folded
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nucleosomal arrays appeared in the scattering curves in 1 and 2.5 mM MgClI2 (arrow in
Fig.3.8A), in addition to the 10-20 nm and 6 nm peaks that were seen for the extended
10-nm fiber. A prominent ~40 nm peak was also present in the calculated scattering profile
when either solenoid or zigzag 30-nm structures made from the 12-mer nucleosomal arrays
were modeled (Figs. 3.8E and 3.8F). The experimental (Fig. 3.8A) and modeling (Figs.
3.8E and F) data provide important controls showing that SAXS is a valid assay for
nucleosomal array folding, including being able to detect even small amounts of folded 30-

nm structures when they are present.
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Figure 3.7) Nucleosomal arrays fold with increasing concentrations of salt.

Sedimentation velocity experiments of reconstituted nucleosomal arrays in 0 mM
(blue), 1 mM Mg (red), and 2.5 mM MgCI2 (black) analyzed to obtain the integral
distribution of sedimentation coefficients.
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The scattering curves obtained for the 601 oligomers assembled in 5 and 10 mM
MgClI2 are shown in Figure 3.8B. In the range of 1/S > 20 nm the slope of the curve was
sharply downturned. This feature was observed in previous SAXS analyses of mitotic
chromosomes (Nishino et al, 2012) and isolated nuclei (Joti et al, 2012), and results from
the very large size of the oligomers. No ~40 nm peak was observed in the oligomer samples,
indicating that the nucleosomal arrays subunits were not in a folded 30-nm conformation.
The broad peaks at 1/S = 10-20 nm and 6 nm seen for the extended arrays (Fig. 3.8A)
were still present in the oligomeric samples, although between 1/S = 4-30 nm the slope of
the curve was sharply positive (Fig. 3.8B). For proteins the upward slope is characteristic of
a denatured polypeptide chain (Doniach, 2001), implying that the nucleosomal arrays
remain somewhat mobile within the oligomers. Collectively, the SAXS analyses of
monomeric and oligomeric nucleosomal arrays indicate that the oligomers consist of

packaged 10-nm fibers.
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Figure 3.8) SAXS profiles of nucleosomal array oligomers and reconstructed in silico
models. A, B) SAXS profiles of the nuclesomal arrays in 0 (TE), 1, 2.5 mM MgCl, (A) and
5, 10 mM MgCI2 (B) are shown as plots of log(/ x S2) vs. 1/S (I, intensity; S, scattering
vector (1/nm)). C) Two types of nucleosome positioning: face-to-face, at ~6-nm spacing,
and edge-to-edge, at ~11-nm spacing. The image was made based on the structural
information published in (Luger et al., 1997). D) The modeled scattering profile of an
extended dinucleosome structure based on its atomic coordinate (for details, see
Materials and Methods). Note that the modeled profile is similar to that of the nucleosomal
arrays in 0 mM MgCl, (A). E) Two structural models of 12-mer 30-nm fibers: solenoid
(left) and zigzag (right) as a top and side view. The models were constructed using
MolScript (Kraulis, 1991). F) The scattering profiles of the solenoid (red line) and zigzag
(blue line) 30-nm fibers were made from their atomic coordinates computationally. Note
that the 30-40 nm peak is brominent in both fiber models.
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We next asked whether the packaged linker DNA within the oligomers could be
completely digested by MNase, and if so, whether the oligomers remained intact after
digestion. Nucleosomal arrays were incubated in in digestion buffer containing either 0.5 or 5
mM MgCl2. The arrays were ~100% monomeric in 0.5 mM MgCl2 and ~85% oligomeric in
5 mM MgClI2 as judged by the differential centrifugation assay (Fig. 3.9A). For the oligomers
in 5 mM MgCl2, the presence of only mononucleosomal DNA in the deproteinized MNase
digest indicated that the linker DNA was completely accessible and digested to completion
under the conditions used (Fig. 3.9B). When the oligomers in 5 mM MgCI2 were digested to
completion with MNase and examined by FM we still observed oligomeric particles, but both
the size (Fig. 3.9C) and number (Fig. 3.9A) of the oligomers were reduced compared to the
undigested control. Thus, both attractive nucleosome-nucleosome interactions (Liu et al,

2011) and linker DNA contribute to oligomer stability.
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Figure 3.9) Effect of MNase digestion on oligomer structure. A) 601-nucleosomal
arrays were incubated in 0.5, 5 mM MgCI2, 5 mM MgCI2 + MNase, and analyzed by the
differential centrifugation assay to determine the fraction oligomeric. The amounts of
DNA in the supernatant fraction were measured. Note that for the MNase- digested
oligomers the supernatant fraction also includes the digested free linker DNA. Each
value is the mean of three measurements and the error bars represent the
standard deviation. B) Verification of complete MNase digestion. DNA was purified from
the nucleosomal arrays incubated in 5 mM MgCI2 or 5 mM MgCI2 + MNase, and then
electrophoresed on agarose gel. The position of mono nucleosome is marked with a
star symbol. C) Nucleosomal array oligomers (left) or with MNase treatment (right) were
stained with DAPI and examined using FM. Shown are representative images obtained.
Note that the sizes of MNase-treated oligomers are much smaller than those of the
control oligomers (left and Fig. 1A).
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3.2.3 Linker histones modulate oligomer structure, assembly, and
subunit packaging

Linker histones are the most abundant chromatin-associated proteins in most
eukaryotic cells (Woodcock et al, 2006), and promote chromatin condensation in vitro
(Hansen, 2002) and in vivo (Fan et al, 2005; Hashimoto et al, 2010). We therefore
determined how linker histones affected nucleosomal array oligomerization. When
characterized by the differential centrifugation assay, the plot for the H1-bound nucleosomal
arrays was shifted to the left relative to that obtained for the nucleosomal arrays alone,
although the shapes of the curves otherwise were very similar (Fig. 3.1A). While this
indicates that linker histones in some way influence oligomerization, to more quantitatively
address this question the H1-bound nucleosomal arrays were characterized by microscopy,

SV-AUC, and SAXS as a function of salt.

Typical FM images obtained in 4 and 5 mM MgCI2 for the 601 H1-oligomers are
shown in Figure 3.11A. The H1-oligomers visualized in 4 and 5 mM MgClI2 (~75% and
90% oligomerized, respectively) were globular and ~100-300 nm in size. Control FM
images in 0, 1, and 3 mM MgCI2 are shown in Figure 3.11B. Very small particles were
faintly visible in 1 and 3 mM MgClI2 but not at the lower salt concentration. In 4 mM MgCl2
the predominant oligomers observed by TEM were globular, and had diameters of ~200-
300 nm (Fig. 3.11C, left), consistent with the diameters seen in the FM images under the
same conditions (Fig. 3.11A). As with the nucleosomal array oligomers (Fig. 3.11C, right
panels), at higher magnification one could see individual close packed nucleosomes, but
no regular repetitive folded structures such as the 30-nm fiber (Fig 3.11C, right panel). The
ssm of the H1-oligomers as a function of MgCl2 are shown in Figure 3.11A. The ssmin 3
mM MgCl2 was ~650S, which increased to ~13,000S in 4 mM MgCl2. While these

sedimentation coefficients are very large, the ssm of the H1-oligomers were smaller than
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the ssm of the nucleosomal array oligomers under equivalent extents of self-association
(Fig. 3.10A), consistent with the FM analysis (compare Figs. 3.2A and 3.11A). Above 5
mM MgCI2 the oligomers pelleted immediately and the ssm were too large to measure,
even with the interference optical system (Fig. 3.12A). Analysis by the time derivative
method yielded the distribution of H1-oligomer sedimentation coefficients present at each
salt concentration. In 3 mM MgCI2 the sedimentation coefficient distribution ranged from
~200-1400S, with a peak in the plot at ~600S (Figs. 3.12B,C). In 3.5 mM MgCI2 the
distribution of observed sedimentation coefficients was shifted to ~600-3000S, and the
peak in the g(s) plot increased to ~1100S (Fig. 3.12C). In 4 mM MgClI2 the range of H1-
oligomer sedimentation coefficient increased significantly, extending from ~2000-50,000S
with a peak in the g(s) plot at ~12,000S (Fig. 3.12B). To directly determine the effect of H1
on oligomer size, the oligomer sedimentation coefficient distributions determined in 4 mM
MgClI2 in the absence and presence of H1 were converted to Mb DNA/oligomer (as in
Table 3.1). In both cases the DNA content of the H1- oligomers ranged from <1 to ~30
Mb/oligomer. However, the average for the H1-oligomers was 4 Mb DNA/oligomer
compared to 12 Mb DNA/oligomer for the nucleosomal array oligomers under these

conditions (Fig. 3.10B).
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Figure 3.10) H1-oligomers are smaller than nucleosomal array oligomers at
equivalent extents of self-association. A) The second moment sedimentation coefficients
for oligomeric nucleosomal arrays (black) and H1-arrays (red) are plotted against the
fraction of the sample that is oligomeric. B) The sedimentation data for nucleosomal
arrays and H1-nucleosomal arrays in 4 mM MgCI2 were analyzed by the time derivative
method to obtain the g(s*), which was then converted to the distribution of Mb DNA per
oligomer as in Table 3.1.
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nucleosomal arrays were stained with DAPI and examined using FM. Shown are
representative images obtained in 4 mM and 5 mM MgCI2. B Control FM images
obtained in 0, 1 and 3 MM MgCI2. C) H1-nucleosomal array oligomers were negatively
stained and visualized by TEM. Shown in the left panel is a representative image obtained
in 4 mM MgCI2. Shown in the right panel is an image of the interior of the oligomer (white
arrow, left panel) after cropping and re- scaling.

60



A 107

2)
— 108 | 2
| =
@
E 105 [
[=]
E 104 | ¢
*
E 10° | . ®
@D qp2 .
1 2 3 4 5 (mM)
MgCl,
B :
o
E 1 MgCl,
E -— 2.5 mM
5 - 3 mM
5 0.5 - 3.5mM
a 4 mM
Z
m
v

0 10K J0K 0K TO0K

Relative Concentration

0 1K 2K 3K 4K 5K
Sedimentation Coefficient (S)

Figure 3.12) Sedimentation analysis of salt-dependent H1-oligomer assembly. A)
Representative experiment showing the second moment sedimentation coefficients of
the H1-oligomers as a function of MgCI2. The dashed line indicates the upper limit of
measurable sedimentation coefficients (~106 S). The white symbol is intended to show
that the sedimentation coefficient of the H1-oligomers in 5 mM MgCI2 is beyond the
detectable limit. B) Analysis of the same raw data as in panel (A) by the time
derivative method to yield the sedimentation coefficient distribution, g(s*). C) The g(s*)
profiles in 2.5 mM, 3 mM, and 3.5 mM from panel (B) are re-plotted on a smaller scale.
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Given that H1 stabilizes folded 30-nm structures in vitro (Hansen, 2002; Li & Zhu,
2015; Robinson et al, 2006), we wanted to determine whether the subunit structure of the
H1-oligomers was the 30 nm fiber. As a control we first compared the results obtained by
SV-AUC and SAXS for H1-bound nucleosomal arrays in 0-2.5 mM MgCl2. In 0 mM MgClI2
the H1-arrays sedimented at ~32S (Fig. 3.13), indicating they were monomeric and
extended (Carruthers et al, 1998). The scattering curve of the H1-arrays in 0 mM MgCI2
resembled that of parent nucleosomal arrays under the same conditions, with a broad
peak at 10-20 nm, a minor peak at ~6 nm, but no peak at ~30-40 nm corresponding to
folded fibers (Fig. 3.14A). This indicates that the H1-bound arrays in the absence of salt
had an extended structure with 10 to 20 nm internucleosomal distances in solution. In 1
mM MgCI2 the H1 arrays began to form folded structures, as indicated by the increase in
the maximum sedimentation coefficient to 45S (Fig. 3.13). Under these conditions a
significant peak at 30- 40 nm appeared in the SAXS profile (arrow in Fig. 3.14A),
consistent with the similar peak seen for the modeled 30-nm fibers (Figs. 3.8E-F). SV-
AUC analysis of the H1-array samples in 2.5mM MgCI2 indicated two major populations
of fibers; one sedimented at ~32-55S, while the other sedimented from ~90-130S. The
former corresponds to a distribution of folded monomers, while the latter is indicative of
small oligomers that do not pellet at 3000 rpm. Importantly, the SAXS profile in 2.5 mM
MgCl2 was dominated by a major peak at 30-40 nm. A comparison of the SAXS data for
monomeric nucleosomal arrays (Fig. 3.8A) and H1-bound arrays (Fig. 3.14A)
demonstrates that H1 stabilizes folded 30-nm fibers, as has been observed by SV-AUC

(Fig. 3.13) and other techniques (Li & Zhu, 2015; Robinson et al, 2006).
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Figure 3.13) H1-array folds extensively in the presence of salt. Shown are the
integral distributions of sedimentation coefficients obtained for H1-arrays in 0 mM, 1 mM
and 2.5 mM MgCI2

63




SAXS analyses of the H1-oligomers assembled in 5 and 10 mM MgCI2 are shown
in Figure 3.14B. In the range of 1/S > 20 nm the slopes of the curves were sharply
downturned due to the large size of the oligomers. The ~30-40 nm peak seen in the 1 and
2.5 mM MgCiI2 control samples was absent in the H1-oligomers. Between 1/S = 4-10 nm
the slopes of the scattering curves was flat and prominent peaks at 6 and 11 nm were
apparent (Fig. 3.14B). The 6- and 11-nm peaks have been proposed to come from edge-
to-edge and face-to-face positioning of nucleosomes, respectively (Langmore & Paulson,
1983) (see Fig. 3.8C). Several important conclusions can be drawn from these data. First,
the 12-mer nucleosomes within the H1-oligomers were not folded into regular 30-nm
fibers. Second, H1 abolished the upward slope between 1/S = 4-10 nm seen in the plots
of the nucleosomal array oligomers (Fig. 3.8B), suggesting tighter subunit packing. Lastly,
H1 sharpened the diffuse 6 and 11 nm peaks present in the control H1 samples (Fig.
3.14A) and the nucleosomal array oligomers (Fig. 3.8B). The scattering curves for isolated
native chicken chromatin fragments (which contain heterogeneous linker DNA lengths and
near stoichiometric levels of H1) were essentially identical to those obtained for the 601
H1-arrays, but with lower concentration of MgCI2 (Figure 3.14C), indicating that SAXS
results were not dependent on the regular positioning of the 601 arrays. We next modeled
the SAXS curve for in silico oligomers composed of 100 randomly and tightly packed 12-
mer nucleosomal arrays in the 30-nm conformation (Figs. 3.14E-F). The nucleosome
concentration of the in silico oligomers was about ~0.5 mM, comparable to that of mitotic
chromosomes (Hihara et al, 2012). The scattering profile of the in silico oligomers closely
resembled the experimental scattering profile for the H1- oligomers, except for the
presence of peaks at ~30-40 nm in the modeled curve (arrow in Fig. 3.14F). The modeling
results further support the conclusion that the subunit structure of the H1-oligomers is not

the folded 30-nm fiber.
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Figure 3.14) SAXS profiles of the H1-oligomers, native chicken chromatin and
reconstructed in silico oligomer models. A, B) SAXS profiles of the H1-nuclesomal arrays
in 0 (TE), 1, 2.5 mM MgCI2 (A) and 5, 10 mM MgCI2 (B) are shown as plots of log(/ x S2)
vs. 1/S (I, intensity; S, scattering vector (1/nm)). C, D) SAXS profiles of the native chicken
chromatin in 0 (TE), 0.5, 1 mM MgCI2 (C) and 2.5, 5 mM MgCI2 (D) are shown as plots of
log(/ x S2) vs. 1/S (I, intensity; S, scattering vector (1/nm)). E) The "in silico oligomer"
models were constructed in environments containing 100, 50, and 25 randomly and tightly
packed 12-mer 30-nm fiber models (Fig. 3E). The nucleosome concentration was 0.5 mM.
The 100-fiber model was drawn using MolScript (Kraulis, 1991). The broken-lined squares
show magnified regions. F) The modeled scattering profiles, yielding average among-
model values, have prominent peaks at ~30-40, 11, and 6 nm. This shows that the in silico
oligomers retain characteristics of 30-nm fibers. Note that the modeled scattering profile is
very distinct from the SAXS profiles in Figs. 3B, 7B and D, and also 8B (center and right).
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3.2.4 Low salt disassembles higher order chromatin structures in nuclei
in situ

Our in vitro studies suggest that the oligomers formed by nucleosomal arrays in the
absence and presence of histone H1 are good in vitro models for interphase chromosome
structure in nuclei. Given that the oligomers are stable in 5 mM MgCI2 but not in <1 mM
MgCl2 (Fig. 3.1), we predicted that chromatin structure and organization in situ would
appear normal in 5 mM MgClI2 but would be disrupted by exposure to EDTA, which reduces
the MgCl2 concentration to essentially zero. To test our hypothesis the effects of MgCl2 on
the higher order chromatin structures present in situ in isolated HeLa nuclei were determined
using FM and SAXS. To visualize nuclear structure, isolated nuclei were exposed to DAPI
and analyzed by FM. In 1 mM and 5 mM MgCiI2, all of the nuclei examined showed both
bright regions resulting from areas of intense DAPI staining (heterochromatin-rich)
interspersed with dark regions that were less concentrated with DAPI (euchromatin) (Fig.
3.15A, center and right panels). The DAPI-intense regions were especially prominent near
the nuclear periphery and around nucleoli. These images show that canonical interphase
chromatin organization is retained in 1 mM and 5 mM MgCiI2. In distinct contrast, uniform
DAPI staining was observed in nuclei exposed to EDTA (Fig. 3.15A, left panel),
demonstrating that higher order chromatin organization in situ was disrupted in the absence
of cations. Quantitation of the nuclear sizes indicated that the nuclei in EDTA on the average
were twice as large as those in 1 mM and 5 mM MgCI2 (Fig. 3.15A), indicative of
extensive chromatin decondensation. Independently, SAXS analysis of HeLa nuclei was
used to examine bulk interphase chromatin as a function of salt. The scattering profiles in 1
mM and 5 mM MgCI2 (Fig. 3.15B, center and right panels) closely resembled those
observed previously for intact nuclei (Joti et al, 2012), and the H1-oligomers (Fig. 3.14B),

with a prominent downturned slope in the range of 1/S > 15 nm and peaks at 6 and 11 nm.
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When the isolated Hela nuclei were incubated in EDTA buffer, the scattering profile (Fig.
3.15B, left panel) changed to one that much more closely resembled those of the
nucleosomal array and H1-nucleosomal array monomers (Figs. 3.8A, D and 3.14A). The
FM and SAXS results together demonstrate that higher order chromatin structure in
isolated nuclei in situ is disassembled in the absence of cations, conditions that also
dissociate oligomeric nucleosomal arrays in vitro. These results also indicate that HelLa
nuclear chromatin in situ is stabilized by lower MgCIl2 concentration (~1 mM) than the
nucleosomal array oligomers and H1-oligomers, probably because the nuclear chromatin
is at much higher concentration and complexed with more proteins than the model systems

used in the in vitro experiments. The differential centrifugation assay of isolated HelLa

chromatin is a good agreement with this finding, i.e., the Mgso for oligomerization of the
HelLa chromatin is ~1 mM MgCI2, compared to ~2.5 mM MgCI2 for H1- nucleosomal arrays

and ~4 mM MgCI2 for nucleosomal arrays (Fig. 3.16 and Fig. 3.1).
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Figure 3.15) Effect of MgCI2 concentration on the chromatin structure of isolated
HelLa nuclei. A) FM images of chromatin structure in the nuclei with 0 mM (left), 1 mM
(center) and 5 mM MgCI2 (right). Insets show the intensity line profiles between the two
marked arrow heads in the images. B) SAXS profiles of the isolated HeLa nuclei. SAXS
profiles of the nuclei in 0 mM (left), 1 mM (center) and 5 mM MgCI2 (right). Note that with
1 mM and 5 mM MgCI2 the peaks at 6 and 11 nm are detectable, but no ~30-40 nm peak
although these property almost disappeared. Although there is ~30-40 nm peak in 0 mM
MgCl2, the peak seems to derive from regular 30- 40-nm spatial distances between
constrained nucleosomes in the nuclei, but not the 30-nm fibers. Differently from flexible
nucleosomal arrays in solution, where they can freely move and stretch, the fibers in the
nuclei are constrained in a space (e.g., Fig. 8A). This constraint can cause constant
nucleosome distances of 30-40-nm in the nuclei (e.g. Fig 4 in (Eltsov et al., 2008).

C) Model scheme. The 12-mer nucleosomal array is a well-defined model chromatin
system. In 1-2 mM Mg2+, the nucleosomal array folds into a folded 30-nm chromatin fiber
structure. With further increases in Mg2+, the nucleosome arrays assemble into
supramolecular oligomers. The large oligomers are not assemblies of the 30-nm
chromatin fibers, but are proposed to be interdigitated and melted structures of 10-nm
nucleosomal arrays.
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Figure 3.16) Differential centrifugation assay of isolated HeLa chromatin. Note that
the HelLa chromatin was mostly pelleted in 1mM MgCI2, indicating extensive
oligomerization under these conditions.
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3.3 Discussion

The oligomers characterized in our studies recapitulate key aspects of interphase
chromosome structure and organization. Interphase chromosomes occupy discrete
territories within the nucleus, and the territories appear globular when visualized by
fluorescence in situ hybridization (Cremer & Cremer, 2010). Studies using chromosome
conformation capture technology and its variants suggest that the long linear chromosomal
chain of nucleosomes (Valouev et al, 2011) is assembled into arrays of higher order globular
chromatin domains, often called topologically associating domains. Globular chromosomal
domains also have been observed by fluorescence microscopy (Albiez et al, 2006). A typical
chromatin domain contains ~0.1-10 Mb of DNA (Dekker et al, 2013; Eagen et al, 2015; Rao
et al, 2014). In the case of in vitro oligomerization, the early stages of nucleosomal array
self-association produce globular particles containing ~1-10 Mb DNA/oligomer (Fig. 3.4,
Table 3.1). At their maximum, the globular oligomers are the size of chromosomes. When
H1 is bound to nucleosomal arrays in vitro, the early stages of self-association produce
globular oligomers consisting of ~0.5-1.0 Mb DNA/oligomer, quite similar to the average
size observed for the chromatin domains in nuclei (Dekker et al, 2013; Eagen et al, 2015;
Rao et al, 2014). These observations indicate that the globular oligomers characterized in
our studies span the size range of the chromatin domains present in nuclei, and suggest that
the oligomers are good in vitro model systems for studying interphase chromosome

structure and organization.

The single nucleosome fiber that makes up an interphase chromosome behaves as
a flexible random coil polymer chain e.g. (Barbieri et al, 2014). Thus, widely separated
stretches of chromosomal nucleosomes will be able to interact over Mb distances, and the
self-association of 12-mer nucleosomal arrays should be an in vitro reflection of the self-

interactions of a condensed chromosomal fiber. The biological relevance of nucleosome
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oligomerization was addressed experimentally by examining the effect of MgCl2
concentration on the structure of isolated human nuclei. In our hypothesis the conditions
that disassemble the oligomers in vitro should disrupt long-range chromosomal fiber
interactions and perturb higher order chromatin structure in the nucleus. Our FM and SAXS
analyses of isolated nuclei demonstrate that the heterochromatin and euchromatin
compartments present in ~1 mM MgClI2 in situ were abolished by exposure to EDTA,
concomitant with extensive chromatin decondensation (Fig. 3.15). In recent related
studies, chromatin condensation within permeabilized cell nuclei increased dramatically as
the divalent cation and polyamine concentration were increased from 0 mM into the
physiological range (Visvanathan et al., 2013), and hypotonic treatment (low salt) in living
mammalian cells caused extensive chromatin decondensation (Albiez et al, 2006).
Collectively, the in situ results indicate that very low salt concentrations that destabilize
nucleosome oligomers in vitro also destabilize the chromatin domains and higher order
chromatin structures in isolated nuclei. This in turn suggests that core and linker histone-
mediated long-range nucleosome-nucleosome interactions contribute significantly to
interphase chromosome structure and organization. Of note, histone-mediated long-range
nucleosome-nucleosome interactions also appear to be applicable to mitotic chromosome
structure. Isolated mitotic chromosomes behave like interphase chromatin in the presence
and absence of salt. Without MgClI2 the chromosomes are highly swollen and the
chromosomal fibers are stretched into 10 nm-like fibers (Earnshaw & Laemmli, 1983; Eltsov
et al, 2008; Takata et al, 2013), whereas in the presence of MgCI2 the chromosomes are

highly condensed (Earnshaw & Laemmli, 1983; Eltsov et al, 2008; Takata et al, 2013).

Mg2+—dependent mitotic chromosome decondensation and condensation is highly reversible

(Hudson et al, 2003).
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The widely held paradigm for chromosomal DNA packaging in vivo maintains that
helical 30-nm chromatin structures are requisite folding intermediates in the establishment
of higher order chromosomal domains, i.e., the nucleosome chain must first fold into 30-nm
fibers before assembling into successively more condensed chromatin structures (for
reviews, e.g. (Grigoryev & Woodcock, 2012; Hansen, 2002; Robinson et al, 2006; Li & Zhu,
2015; Maeshima et al, 2014b). This view is based in large part on the fact that 10-nm fibers
initially fold into 30-nm fibers when salt is titrated into solution in vitro. However, there is very
little direct evidence for the existence of bulk 30-nm fibers in chromosomes. Although a
~30-40 nm peak was observed in SAXS studies of living cells, isolated nuclei and mitotic
chromosomes (Joti et al, 2012; Langmore & Paulson, 1983; Nishino et al, 2012), if the
nuclei and mitotic chromosomes were first stripped of contaminating ribosomes, the ~30-40
nm peak was absent (Joti et al, 2012; Nishino et al, 2012). Consistent with these results,
cryo-EM studies of interphase chromatin and mitotic chromosome (Bouchet-Marquis et al,
2006; Eltsov et al, 2008; Gan et al, 2013) and electron spectroscopic imaging studies of
mouse nuclei (Fussner et al, 2012) visualized packaged 10-nm fibers but no folded 30-nm
fibers, even in the heterochromatin regions. Recent studies using super-resolution imaging
also observed heterogeneous groups of nucleosomes (Ricci et al, 2015). Collectively, these
studies argue for a new chromosome assembly paradigm that does not require folding into
30-nm fibers. Our SAXS analysis of the packaging of nucleosomal array oligomers provides
biochemical evidence in support of an alternative model. In our control SAXS experiments,
folding of monomeric arrays into 30- nm structures in 2.5 mM MgCI2 was indicated by the
appearance of a peak in the scattering profile at ~30-40 nm (Figs. 3.8A, 3.14A). However,
this peak was noticeably absent in the SAXS profiles of both the H1-bound and H1-free
oligomers, indicating that the subunit structure of the oligomers is not the 30-nm fiber.
Instead, the lack of observed repetitive structures above 20 nm indicates that the subunits
adopt extended 10-nm structures. We thus conclude that when studied in vitro nucleosomal
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arrays and H1-chromatin only form 30-nm fibers under very specific ionic conditions. In
addition, given that the peaks at 6 and 11 nm arise from face-to-face and edge-to-edge
nucleosome-nucleosome interactions, respectively (Fig. 3.8C)(Langmore & Paulson, 1983),
and the fact that linker DNA contributes to oligomer stability (Fig. 3.9), we propose that the
individual 10-nm nucleosomal array subunits interdigitate to form a polymer-melt-like
structure when packaged into the oligomers. Our studies ultimately provide a rigorous
biochemical basis for how long-range chromatin condensation can occur without first

forming 30-nm fibers.

Oligomerization absolutely requires the core histone tail domains of the nucleosome.
Tailless nucleosomal arrays do not self-associate (Dorigo et al, 2003; Schwarz et al, 1996;
Gordon et al, 2005), even in the presence of linker histones (Carruthers & Hansen, 2000).

When the H2A, H2B, H3 and H4 tail domains are deleted individually, in each case the

MgCl2 concentration at which 50% of the sample pellets (Mg5o) is shifted toward

higher MgCl2 concentrations (Dorigo et al, 2003; Gordon et al, 2005). Removal of the H4

tail has the largest effect on the Mg50 (Dorigo et al, 2003; Gordon et al, 2005), suggesting
that itis a particularly important determinant. The need for more MgCIl2 when the tails are
deleted implies that they function through an electrostatic-based mechanism. We speculate
that the tails at least in part bind to linker DNA and screen negative charge, promoting
interdigitated nucleosome-nucleosome interactions and oligomer assembly. In support of
this hypothesis, the H4 and H3 tails can be cross-linked in trans to the DNA of other arrays
within the packaged oligomers (Kan et al, 2009; Zheng et al, 2005). Moreover, linker DNA
contributes significantly to oligomer stability (Fig. 3.9), as would be expected if it was the
binding site for the tails. The H4 tail domain mediates 30-nm fiber folding by binding the
acidic patch present on the surface of neighboring nucleosomes (Kalashnikova et al,

2013b). However, oligomerization and 30-nm folding are mediated by distinct molecular
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mechanisms, and in particular oligomerization does not require H2A/H2B (Schwarz et al,
1996). The involvement of the H4 tail in both folding and oligomerization, acting though
different mechanisms, provides a potential explanation for why the subunits of the
oligomers adopt the 10-nm fiber structure. That is, under conditions where the H4 tails
mediate oligomerization they cannot simultaneously interact with the acidic patch of
neighboring nucleosomes to promote 30-nm folding. Certain tail post-translational

modifications affect the Mg5o

, including H4 acetylation (Shogren-Knaak et al, 2006a;
Szerlong et al, 2010), H4 sumoylation (Dhall et al, 2014), and both H2A and H2B
ubuiquitination (Fierz et al, 2011a; Jason et al, 2001a). Nucleosome-depleted regions such

as those found near promoters and enhancers, and the core histone variant H2A.Z (Fan et

al, 2002a), move the Mg5o toward higher MgCl2 concentrations relative to nucleosomal
arrays alone. The macroH2A variant (Muthurajan et al, 2011a), and chromatin architectural
proteins such as MeCP2 (Nikitina et al, 2007), and Sir3p (McBryant et al, 2008), all lower
the MgCl2 concentration at which oligomerization occurs. The large number of
physiologically relevant determinants of oligomerization suggests that the equilibrium
between local and global nucleosome-nucleosome interactions in any given region of a

chromosomal fiber is a tightly regulated point of regulatory control.

3.4 Materials and Methods

3.4.1 Reconstitutions.

Nucleosomal arrays were reconstituted from 12x207 bp 601 or 5S sequence DNA
and purified chicken erythrocyte histone octamers using salt dialysis as described (Rogge
et al, 2013b). The DNA concentration was 0.5 mg/mL and molar ratio of histone octamers
to DNA repeats was 1.0-1.1. The extent of template saturation achieved after reconstitution

was determined by sedimentation velocity in low salt (Hansen & Lohr, 1993b). The
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nucleosomal arrays used in our studies sedimented between 26-29S in TE buffer (Figs. EV2
and 3.7), indicating that about half of the samples contained 11 nucleosomes per template
and the other half contained 12 nucleosomes per template (Hansen & Lohr, 1993b). H1-
nucleosomal arrays was assembled by mixing purified chicken H1.0 (Talbert et al, 2012)
and reconstituted nucleosomal arrays at one H1 per DNA repeat in 50 mM NaCl, followed
by dialysis against TE buffer overnight, and sedimentation velocity in low salt to determine

the extent of H1 binding (Lu et al, 2009).

3.4.2 Fluorescence light microscopy of nucleosomal arrays and isolated

nuclei.

Two ug of nucleosomal array and H1-nucleosomal array samples were incubated
with the desired concentration of MgCI2 for 15 min on ice and spun onto poly-L-lysine-
coated coverslips by centrifugation at 2380 x g for 15 min. The arrays were gently fixed
with 2% formaldehyde (Wako, Japan) in the same buffer. After DNA staining with 4°,6-
diamidino-2- phenylindole (DAPI), the coverslips were sealed with a nail polish. Optical
sectioning images with 200 nm thickness were recorded with DeltaVision microscope
(Applied Precision) and deconvolved to remove out of focus information. Projected images

with 5 sections were shown.
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For nuclei imaging, HeLa nuclei isolation was performed as described previously
(Takata et al, 2013). Isolated nuclei were suspended in H10Mg5 buffer (10 mM HEPES-
KOH [pH 7.4] and 5 mM MgCI2) and attached to poly-L-lysine-coated coverslips by
centrifugation at 2380 x g for 15 min. The nuclei on the coverslips were gently placed in the
following three buffers: H10Mg5, H10Mg1 (10 mM HEPES-KOH [pH 7.4] and 1 mM
MgCl2), H10E (10 mM HEPES-KOH [pH 7.4] and 1 mM EDTA (pH 8.0)) buffers and then
fixed with 2% formaldehyde in the same three buffer. After DNA staining with DAPI, the
coverslips were sealed with a nail polish. Sectioning images were recorded and

demonstrated as described above.
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3.4.3 Transmission electron microscopy.

Nucleosomal array or H1-nucleosomal array samples were incubated with the
desired concentration of 30X MgCl2 for 30 min at room temperature and fixed with 0.1%
gluteraldehyde overnight on ice. The DNA concentration was 0.215 mg/mL. Samples (10
puL drops) were deposited on freshly glow discharged formvar and carbon coated copper
grids for 2 minutes, either with no dilution, or at 1:20and 1:40 dilutions. Excess sample was
removed from the grids by blotting. The grids were successively stained for 2 min with 2%
uranyl acetate, sample buffer, and 1.5% phosphotungstic acid, with blotting in between
each. Grids were then examined and photographed using either a JEOL JEM-2000 EX Il
transmission electron microscope operated at 100kV and captured on film, or a JEOL JEM-
1400 transmission electron microscope equipped with an Orius model 832.J76VV0 (Gatan,
Inc.) digital camera and operated at 100kV. Images were collected at microscope
magnifications from 30,000 to 300,000. Negatives were scanned at 1200 dpi using an
Epson Perfection V700 photo scanner and Adobe Photoshop. Images of the grids were
processed using Imaged for figures. Magnified images of the oligomer interiors were
obtained by cropping and rescaling the initial images in order to make fine details more

apparent.

3.4.4 Analytical ultracentrifugation.

Sedimentation velocity analyses were carried out in a Beckman XL-A or XL-I
analytical ultracentrifuge. Experiments measuring the salt-dependent folding of nucleosomal
arrays and H1-nucleosomal arrays were performed using the absorbance optical system as
described (Lu et al, 2009). Absorbance sedimentation velocity data were analyzed by the
method of Demeler and van Holde (Demeler & van Holde, 2004a) to yield the diffusion-
corrected integral distribution of sedimentation coefficients. Experiments characterizing

nucleosomal array and H1-nucleosomal array oligomers were performed using the
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interference optical system as described (Rogge & Hansen, 2015). The laser delay and
duration for a sharp fringe pattern were determined using a sapphire window cell containing
only buffer. The counterbalance was then used for radial calibration of the detector. For
each interference sedimentation velocity run, a single nucleosomal array and H1-arrays
sample was prepared to a final concentration of 0.215 mg/mL DNA and the desired 30X
MgCl2 concentration, loaded into a cell assembled with sapphire windows, and placed in
an An60-Ti rotor. The temperature of the run was 20°C. The speed of the runs initially was
3000 rpm. After collection of 20-60 interference scans at this speed the oligomeric fraction
of the sample had pelleted. The speed was then increased to 25,000 rpom to monitor
sedimentation of the unassociated fraction of the sample. The interference sedimentation
velocity data initially were analyzed using the second moment method to obtain the weight
averaged sedimentation coefficient (ssm), The second moment analysis yields ssm for
each scan, providing that the scan has a defined plateau and meniscus (Demeler,
2005). The ssm was plotted against the scan number and linear region of the plot
extrapolated to the y-axis to obtain the ssm values reported in Figures 3 and 6. The scans
also were analyzed by the time derivative method to obtain the sedimentation coefficient
distribution, g(s*) (Stafford, 1992). All sedimentation coefficients are expressed in Svedberg

o-13

units (S); one Svedberg is equal to 1 sec. All data editing and analyses were

conducted using the UltraScanlll software (Demeler & Gorbet, 2016).

3.4.5 SAXS
SAXS experiments were performed at SPring-8 using the BL45XU beamline.

Following the approach of Langmore and Paulson (Langmore & Paulson, 1983), The SAXS

data in this paper are shown as plots of log(/ x 82) vs. 1/S, obtained after subtracting buffer

scattering. Here, /and 1/S are the average intensity and inverse of the scattering vector,
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respectively. [ x s2 gives the true relative strength (power) of the structural periodicities in
the samples (Langmore & Paulson, 1983). A peak in the X-ray scattering at a 7/S nm
shows a periodicity of 7/S nm in the object. The data were averaged within concentric
annuli of different radii about the experimental center to yield the average intensity / as a
function of S.

BL45XU was set up for the SAXS experiment as follows (Fujisawa et al., 2000). The
X- ray wavelength and sample-to-detector distances were 1.0 A (13.8 keV) and 2.1 m. The
sample cell is made of stainless steel with 3mm-thickness sealed by 0.02mm-thick synthetic
quarts windows. The sample volume of it is 25ul. The nucleosome array solutions were
exposed to the X-ray beam for about 60 sec. Scattering data for the chromosome samples
and buffer were collected at room temperature using an imaging plate system (R-AXIS IV++;
Rigaku). Native chicken chromatin (Figs. 7C and D) was purified described as (Ura &

Kaneda, 2001) with minor modifications.

3.4.6 Micrococcal nuclease digestion

Four pg of 601-nucleosome arrays was incubated in H10Mg5+Ca buffer (10 mM
HEPES-KOH [pH 7.4], 0.15 mM CaCl2, 0.1 mM PMSF, and 5mM MgCI2) to form the
oligomers. For MNase digestion, the oligomers were digested for 5 minutes at 37°C using
1.6 U of MNase per ug of DNA. The reaction was stopped with with 1 mM EGTA. The
samples were subjected to fluorescence microscopy (FM) imaging or the differential
centrifugation assay (10000 rpm for 5min). For FM imaging, the samples were spun onto
BSA-coated coverslips and processed as described for the nuclei imaging. For verification
of complete MNase digestion, DNA was purified, electrophoresed on 1.2 % agarose gel,

and visualized by staining with ethidium bromide.
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3.4.7 Computer modeling.

We constructed model structures for a dinucleosome (PDB code: 1kx5), one-start and
two-start 30-nm chromatin fiber models with 12-mer nucleosomes, and simulated oligomers
containing tightly packed 30-nm chromatin fiber models. The 12-mer nucleosome models for the
one-start and the two-start helixes were constructed based on the atomic coordinate models
with 22-mer nucleosomes, which were kindly provided by Dr. D. Rhodes, LMB, UK (Robinson &
Rhodes, 2006; Schalch et al, 2005a). The simulated oligomers were modeled as follows. (i) The
position and orientation of the first 12-mer (one-start helix or two-start helix) were generated
randomly within a sphere with the radius R (Appendix Table Sl). (ii) The position and orientation
of the second 12-mer were generated randomly within a sphere with the radius R (Appendix
Table Sl), so that the two 12-mers have a contact. Here two 12-mers are defined to have a
contact if the distance between closest nucleosomes of the two 12-mers is less than 12 nm.
Selection of the model (one-start or two-start) was done using the random number. (iii) The
position and orientation of the third and later 12-mers were generated randomly within a sphere
with the radius R (Appendix Table Sl), so that the 12-mer has at least two contacts with the

previous 12-mers.

In the computation of SAXS profiles for the simulated oligomers, we generated three
kinds of simulated oligomers containing 13, 42, and 100 of the 12-mer. SAXS profiles of 10
structures of each simulated oligomer were calculated and their average was obtained.
Appendix Table Slsummarizes the parameters used in the modeling of

the oligomeric structures.

SAXS profiles of the constructed model structures were calculated using the following

equation:
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sin(ZpSr..)

1(s)=a £(8)£(s)———=

(5)=8 £(s)5) g,

where f, (S and r, are the form factor of the i-th atom and the distance between i-th and f-

th atoms, respectively. Here the summation is over non-hydrogen atoms in each model.
Software of our own making, which is parallelized using a message passing interface (MPI)

library, was adopted to compute SAXS profiles for a few tens of millions of atoms efficiently.
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Chapter 4

Unpublished Experiments on Chromatin Oligomers and Future Directions

4.1 Introduction

While the previous chapter details a number of important features of self-associated
chromatin oligomers, | have conducted further unpublished experiments that expand upon the
published results. The first experiments repeated the results of our previous experiments using
chicken erythrocyte histone octamers with core histone octamers constructed with recombinant
histone proteins. Native chicken chromatin has long been a model for chromatin structure (Qian
et al, 1997; Woodcock, 1994; Cui & Bustamante, 2000). The use of the chicken octamers, while
very convenient, results in a model system that is not highly manipulatable, as we are limited to
chromatin proteins that can be easily isolated from chicken erythrocytes. It would be ideal in the
future to move into a model system that uses recombinant histone octamer. The use of
recombinant octamers will allow us to interrogate how it is that individual components of
chromatin, as well as chromatin architectural proteins, contribute to the structure of chromatin
oligomers. As previously mentioned, the contribution of the tails and the effect of replacing the
canonical histones with histone variants are attractive research areas (Gordon et al, 2005). The
feasibility of these experiments is dependent on the chromatin self-association process being
similar in these systems and not a uniqgue phenomenon to the chicken histone proteins. We
have preliminary results suggesting that the formation of large globular chromatin oligomers

occurs with nucleosomal arrays reconstituted using recombinant Xenopus laevis.

We have also further investigated the digestion of the chromatin oligomers with
micrococcal nuclease as an assay for the accessibility of the chromatin oligomers. The ability of
nuclease to digest chromatin samples has frequently been used as an assay for the

accessibility of DNA (Holmqvist et al, 2005). In addition to experiments which had completely
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removed the linker DNA by nuclease digestion (Fig. 3.9), we have conducted experiments in
which the linker DNA regions are only partially digested. The partial digest results in a laddering
effect with bands of DNA for mononucleosomes, dinucleosomes, trinucleosomes, etc. all the
way up to full length 12-mer DNA. Chromatin complexes with more accessible linker DNA are
more prone to digestion down to the mononucleosome. We used these experiments to probe
the accessibility of chromatin oligomers over a range of Mg®* concentrations, and tested the
effect of linker histone inclusion. These experiments suggest that all of DNA within the
oligomers is accessible by enzymes and suggests interesting experiments such as in vitro
transcription assays, which would allow us to investigate interesting biological activities of the

self-associated chromatin.

The sedimentation velocity experiments on self-associated chromatin with linker histone
yielded unmeasurable results in high magnesium conditions (Fig. 3.12A). The massive increase
in size with increasing Mg®* is strange behavior when compared to the plateau in size of the
chromatin oligomers without linker histone (Fig 3.4A). Initial transmission electron microscopy
experiments with the linker histone containing chromatin oligomers contained a strange
branching internal structure. These experiments have not been replicated, but when examined
along with the massive increase in sedimentation suggest a possible structural transition in the
self-associated chromatin oligomers. While the branched structure may represent a structure
which is irrelevant to in vivo chromosomes, the transition warrants further investigation. These
results have a striking resemblance to chromatin as seen by AFM measurements on chromatin

from ruptured chicken erythrocyte nuclei (Qian et al, 1997).
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4.2 Results

4.2.1 Sedimentation velocity of chromatin oligomers made with

recombinant Xenopus laevis chromatin oligomers.

We have preliminary data suggesting that the sedimentation of nucleosomal arrays
assembled with recombinant Xenopus octamers can be measured using the interference optical
system. Our control DCA assay demonstrates that these oligomers begin forming at a Mg?*
concentration of around 1.5 mM, have an Mg50 of approximately 1.8 mM Mg?*, and are entirely
oligomeric at a concentration of 3 mM Mg®* (Fig. 4.1A). These results are similar to those of
published experiments which utilized Xenopus laevis recombinant histone octamers to examine
the role of the histone N-terminal tails in chromatin self-association (Dorigo et al, 2003; Gordon
et al, 2005). When we examine the second moment sedimentation coefficient averages these
complexes first have an average of around 45,000 S in 1.75 mM Mg?* and increase in size to
just over 90,000 S under 4 mM Mg?®* conditions (Fig 4.1 B). These results are very similar to
what we obtained for oligomers of chromatin made with chicken octamers. These are slightly
smaller than the maximum noted with the chicken octamers, however we did not reach the
plateau concentration of Mg?* at which we no longer see an increase in sedimentation
coefficient before running out of sample for these experiments. In all conditions the chromatin
oligomers have a minimum size of 10,000 to 20,000 S with the averages and maximum
oligomer size increasing with Mg?* concentration, reaching a maximum size of approximately
350,000 S in 4 mM Mg?* (Fig. 4.1C). Given their similar behavior and distribution of
sedimentation coefficients, we believe that the Xenopus arrays are likely to reach a maximum
size as the chicken chromatin oligomers in previous experiments (Fig. 3.4A). While this needs
to be tested further, these results suggest that the recombinant octamers are a tractable system
which can be used to test how specific chromatin components contribute to the structure of self-

associated chromatin oligomers. Experiments in a recombinant system will allow us to test how
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the components of the core histone octamers, histone variants, and additional chromatin

architectural proteins affect chromatin oligomers.
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Figure 4.1) Sedimentation of chromatin oligomers constructed with recombinant
Xenopus laevis octamers. A.) DCA assay of self-associated chromatin showing the Mg®*
range at which the chromatin forms oligomers. Error bars represent the standard
deviation between triplicate results B.) Second moment analysis of sediment ion velocity
experiments showing the mass average S under increasing Mg®* concentrations. C.) Time
derivative analysis of sedimentation velocity experiments showing the distribution of
oligomer sedimentation coefficients in each condition. The distribution increase with
increasing Mg?* concentration with 1.75 mM (blue), 2.5 mM (red), 3 mM (green) and 4 mM
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4.2.2 Accesibility of chromatin oligomers assayed using digestion

by micrococcal nuclease.

Micrococcal nuclease assays have allowed us to investigate the accessibility of the
chromatin oligomers to a small diffusing enzyme. Oligomeric chromatin digested with
micrococcal nuclease has shown that increasing the Mg?* concentration leads to a decrease in
the ability of the nuclease to cleave the linker DNA (Fig. 4.2A). It is also clear that with
increased digestion the chromatin oligomers can be reduced to mononucleosomes suggesting
that nearly all linker DNA within the oligomers can be accessed by the enzyme (Fig. 4.2B). The
chromatin oligomers containing linker histone are significantly more resistant to digestion by
micrococcal nuclease at all Mg?* concentrations tested (Fig. 4.2). The decrease in accessibility
of the nuclease to the chromatin oligomers with increasing Mg®* concentration is not apparent in
the chromatin oligomers containing linker histone (Fig. 4.2A). These results would seem to
indicate that the size of the oligomers is not the primary barrier to accessibility. The linker
histone chromatin oligomers are significantly smaller (Fig 3.12A), and yet much less accessible
to the micrococcal nuclease under all conditions tested. While these assays offer some insight
into the chromatin oligomers, they also indicate that more biologically complex assays on the
chromatin oligomers are possible. Experiments testing the ability of polymerase to transcribe
DNA in the context of these oligomers are an attractive experiment. These experiments would
provide significant support for the biological relevance of self-associated chromatin and provide
an excellent model system for determining how structural components of chromatin affect

transcription.
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Figure 4.2) Accessibility of chromatin oligomers to digestion by micrococcal
nuclease. A.) Digestion of chromatin oligomers both with and without chicken linker
histone H1.0 for 1 hour. B.) Digestion of chromatin oligomers with and without linker
histone for 4.5 hours.
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4.2.3 Unique internal structure of linker histone chromatin in solution
containing high concentrations of Mg?* when examine by TEM.

When we performed sedimentation velocity experiments on chromatin oligomers
containing linker histone we determined that the oligomers sedimented far too quickly for us to
measure their rate accurately (Fig. 3.12A). Some of these chromatin oligomers also displayed a
strange structure when examined by TEM (Fig. 4.3A). These conditions produced incredibly
large highly branched structures under these conditions. The subunit structure within the
branches appears to be on the order of 10nm which would indicate that these are composed of
the self-associated nucleosome arrays (Fig. 4.3B). These samples also contained the more
typical globular oligomers noted under all other conditions tested (Fig. 4.3C). These structures
may be an artifact of the drying and negative staining which are necessary for the TEM
visualizations. They are also highly suggestive of a fundamental change of state. It may be that
these highly branched structures exist in solution. These highly connected large branched
structures would explain the sedimentation velocity results. It is also possible that while this
structure is unique to the staining process for TEM, that it results due to increased interaction
between the chromatin complexes in solution. This would also help to explain the rapid
sedimentation of the chromatin, attractive forces between the oligomeric complexes could result

in an increase in the sedimentation rate.
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Figure 4.3) Negative stained TEM images of chromatin oligomers with linker
histone in 5 mM Mg®*. A.) Expansive highly branched structures were prevalent on
grids containing linker histone chromatin samples self-associated in 5 mM Mg
Shown is the entire film exposure at 30,000X magnification, the scale bar is 200 nm.
B.) Enlarged and cropped images of branching subunit structure of these large
complexes. C.) Globular self-associated chromatin complexes were found under the
same conditions on the same EM grids.
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4.3 Methods

4.3.1 Sedimentation velocity experiments on chromatin assembled with

recombinant Xenopus laevis octamer.

Histone octamers were reconstituted with lyophilized proteins from the PEPF at
Colorado State University. The histone octamers were assembled by combining equimolar
amounts in a chaotropic unfolding buffer containing followed by dialysis into high NaCl Tris
buffer. The core histone octamers were purified away from other histone complexes using size
exclusion chromatography. The core histone octamer were used to form nucleosomal arrays on
601(207bp)-12mer DNA using step dialysis from high salt buffer to low salt. Assembled
nucleosomal arrays were quality controlled for saturation using sedimentation velocity
experiments (Hansen & Lohr, 1993b; Rogge et al, 2013a). Interference sedimentation velocity
experiments were carried out as described in Chapter 2. Analysis of the data was done using

Ultrascanlll (Demeler, 2005).

4.3.2 Micrococcal nuclease digestion of chromatin oligomers.

Digestion of the chromatin oligomers was carried out by first self-associating the
chromatin using the appropriate amount of Mg®* and then separating the oligomeric and
monomeric chromatin by centrifugation. Samples were spun for 10 min at 16,000 g. The
supernatant was then removed and the oligomeric fraction resuspended in buffer containing the
same amount of Mg®* as the samples were self-associated in. Micrococcal nuclease was then
added to a concentration of 0.4 U per ug of DNA, as well as CaCl, to a final concentration of
.075 mM. Samples were then incubated at 37° C for the desired amount of time. Reactions
were stopped by the addition of 0.2 mM EGTA to chelate the Ca®*, which is a necessary
cofactor for micrococcal nuclease function. Digests were carried out in bulk with 1ug samples
pulled and stopped with EGTA and frozen for later analysis. Before agarose gel electrophoresis

the samples of chromatin were then deproteinized by treatment with 6 ug of proteinase K and
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and SDS at a final concentration of 1 %. These samples were then incubated at 55° C for 1

hour. Samples were then run on 1.5% agarose gels and imaged using ethidium bromide.

4.3.3 Transmission electron microscopy.

The transmission electron microscopy experiments were performed as in Chapter 3,

specific instructions can be found under section 3.4.3.

4.4 Discussion, Future Directions, Speculations

4.4.1 Discussion of unpublished experimental results

In vitro chromatin experiments have been valuable model systems for understanding
how the molecular features of chromatin fibers affect the structure and function of
chromosomes. The bulk of our experiments have been conducted with purified native chicken
octamers, because they are a well characterized, abundant, and relatively easily purified from
an industrial byproduct (Yager et al, 1989). While endogenous chicken octamers have been a
very useful tool allowing for the assembly of large amounts of uniform chromatin, the use of
recombinant proteins allows for a range of experiments in which we can dissect the contribution
of specific portions of the histone proteins to chromatin self-association. Our preliminary results
suggest that interference sedimentation velocity experiments will be a useful assay in studying
more tractable chromatin systems. An attractive study is the contributions of the core histone
tails to the self-associated structures. Many of the tools to accomplish this study are in place
for the lab. The PEPF facility in particular has many of the histone mutants necessary to

assemble core histone octamers with deleted tails.

Given that the interference sedimentation velocity experiments require large amounts of
sample, the most interesting mutant to begin testing would be those lacking the H4 tails.
Previous studies using the DCA technique to test nucleosomal array constructs which were

assembled to test the deletion of each of the four histone tails, determined that the H4 tail had
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the most significant effect on increasing the amount of Mg®* necessary to induce self-
association (Gordon et al, 2005). The H4 tails have been shown to be important for
nucleosome-nucleosome interactions in a number of studies. The H4 tail interacts with a patch
of basic residues on the core histone surface for the formation of folded “30-nm” fibers, but
appears to primarily interact with nucleosomal array DNA during self-association (Pepenella et
al, 2014; Kan et al, 2009). The presence of the H4 tail is necessary for intra-array folding, but is
not necessary for inter-array interactions and self-association (Dorigo et al, 2003). In vivo the
neutralization of the charges on the H4 tail through acetylation is associated with less
compacted chromatin structures and increased transcription (Tse et al, 1998; Hebbes et al,
1988). One might speculate that the deletion of the H4 tails from the core histones, while
shifting the Mg®* necessary to induce self-association, would cause the chromatin oligomers to
become smaller in size and more accessible to diffusing proteins. However, our linker histone
MNase experiments suggest that the size of complexes is not a primary factor in their
accessibility (Fig 4.2, Fig 3.12). In this case the size of the oligomeric complexes may be more
closely related to the rate at which the complexes nucleate. A decreased affinity between the
nucleosomal arrays might lead to slower rates of new oligomer nucleation, and thus fewer and

ultimately larger chromatin oligomers.

A number of additional chromatin factors are known to affect the self-association of
chromatin in vitro, as determined by the DCA assay. These factors, which were discussed
previously, include post-translational modifications of the histone proteins, incorporation of
histone variants, and the effects of additional chromatin architectural proteins. Factors known to
affect the self-association of chromatin in vitro are shown in Table 4.1. These particular
components of chromatin are attractive targets for analysis with our expanded set of assays for

chromatin oligomer structure. While experiments examining the effect of chromatin composition
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on chromatin oligomer structures are important, it would be interesting to develop assays of

chromatin function to dissect structure-function relationships in chromatin fibers.
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Component

DCA EC*
Shift

Reference

Type

Core Histone Tail Up (Gordon et al, 2005) Core Histone

Removal

H2A.Z Up (Fan et al, 2002) Histone Variant

H4 Acetylation Up (Allahverdi et al, 2011) | Histone Post-Translational
Modification

MacroH2A Linker Down (Muthurajan et al, Histone Variant

Domain 2011)

H2A L119 Ub Down (Jason et al, 2001) Histone Post-Translational
Modification

Linker Histone Down (Lu & Hansen, 2004) Linker Histone

MeCP2 Down (Nikitina et al, 2007) Chromatin Architectural
Protein

SIR3p Down (McBryant et al, 2008) | Chromatin Architectural

Protein

Table 4.1) Chromatin components and their affect on conditions which self-associate
nucleosomal arrays in vitro. EC* is the effective concentration of cation which induces
the arrays to self-associate. For most experiments the cation used was Mg®* and so the
EC* is equivalent to the Mg*®. However, in Allahverdi et al multiple cations were tested
and in the Fan et al self-association was determined under increasing amounts of Zn*".
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4.4.2 Future avenues of investigation.

In vitro chromatin transcription experiments are an excellent method for testing how
specific chromatin factor might affect the expression of genes. These experiments have been
performed relatively frequently, and in most circumstances under conditions which our
experiments would indicate the chromatin is likely self-associated. Transcription assays on
chromatin templates require Mg?* for the function of RNA Pol II, and generally contain 5 to 10
mM MgCl, (Tse et al, 1998; Szerlong et al, 2010). While these buffers are fairly complex and
contain nuclear extracts as another complicating factor, the study by Szerlong et al utilizes the
results of experiments with significant fractions of self-associated as evidenced by the DCA
assay. The samples under these conditions are still transcriptionally active, and in fact display
increased transcription as compared to free DNA. These experiments support the idea that the
chromatin oligomers are biologically relevant. We could expand upon them by utilizing the
methods we have developed to add structural characterizations of the chromatin oligomers
under the same buffer conditions necessary for transcription. Assays analyzing the transcription
of chromatin oligomers in vitro would further illuminate structure-function relationships of self-

associated chromatin.

While the sedimentation velocity experiments with the interference optics have been
very insightful, they require large amounts of sample and saturated nucleosomal arrays are
labor intensive projects. If one was interested in further studying chromatin oligomers it would
be prudent to examine alternative methods for sizing the chromatin particles, both to limit the
amount of sample used as well as confirm our previous results. Dynamic light scattering
experiments might provide a valuable alternative assay for chromatin oligomers. These
experiments measure the hydrodynamic properties of particles in solutions. The change in the
particles light scattering patterns is directly related the particles Brownian motion, and the rate at

which the particles diffuse due to the random motion is dependent on the how much solution the
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particles displace (i.e. volume). By tracking the change in light The PMF at CSU has recently
acquired a new dynamic light scattering instrument making accomplishing these experiments
much easier. These experiments could augment the sedimentation velocity experiments and

provide an alternative assay for sizing the chromatin particles.

Our experiments thus far assume that the interactions between separate arrays in
solution are representative of long range interactions along a single chromosome. If these
globular chromatin oligomers are representative of those along a single polymer, then a single
chromatin fiber if long enough should contain a globular compacted state with only intra-array
nucleosome-nucleosome interactions. This state should be detectable using modelling tools
built into the Ultrascanlll software for analyzing sedimentation velocity experiments (Demeler,
2005). The data from a sedimentation velocity experiment can be replicated using the Lamm
equation. This requires defining two parameters for the species in solution the sedimentation
coefficient (S) as well as the diffusion coefficient (D) which can be modelled using UltraScanlll
(Brookes et al, 2010). If a reasonable estimate of the partial specific volume can be made, the
inverse of the density of macromolecular complex, then shape information can be inferred from
the data. This shape information allows for the calculation of a frictional ratio (f/fs). Frictional
ratios are a minimum of 1 for perfect spheres (f=fy), and increase for shapes with higher surface
to volume ratios. For extended arrays frictional ratios between 3 and 4 are typical. Ken Lyon, a
rotation student in the lab was able to create a DNA template for nucleosome arrays containing
60 repeats of the 601 nucleosome positioning sequence. This long of an array would make a
very long folded 30nm fiber with an axial ratio of approximately 20 (600 nm long by 30 nm wide).
It should be possible to detect both folded “30 nm” and globular complexes which form only due
to intra-array nucleosome interactions in this construct, and to differentiate this state from the
extended and folded 30 nm fiber states. The extended nucleosome arrays in low salt should

have a frictional ratio of around 4 in low salt conditions. When folded into “30 nm” fibers the
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60mer arrays should have a frictional ratio of approximately 1.9. A reduction of frictional ratio
past this point without any self-association would be indicative of a globular yet monomeric
compacted chromatin fiber. This result could be confirmed using the TEM visualization
experiments described previously. One of the primary difficulties in accomplishing these
experiments would be ensuring that a majority of the 60mer arrays are saturated. The 12mer
arrays have a large body of research, allowing for easy quality control of saturation using
sedimentation velocity experiments (Hansen & Lohr, 1993; Jason et al, 2001; Garcia-Ramirez et
al, 1992). The 60mer has not been as well characterized in the literature. Saturation could be
controlled for using reconstitution methods which rely on the use of competitor DNA sequences,
which have a lower affinity for nucleosome formation (Huynh et al, 2005). These competitor
sequences are then typically removed using differences in Mg?* self-association concentrations
in order to selectively sediment the saturated complexes. It also may be possible to simply
characterize the sedimentation coefficient of the large 60mer complexes in the presence of
competitor DNA, followed by large scale reconstitutions to match the sedimentation coefficient
values. These in vitro results would be a small step towards simulating the structural dynamics

unique to the incredibly large chromosome polymers found in vivo.

4.4.3 Summary and conclusions.

Our experiments suggest a mechanism by which interphase chromosomes can self-
organize both in to local domains as well as chromatin territories. The nucleosome alone is
sufficient for recapitulating many of the features of chromosomes in vivo. While many traditional
models of chromosome structure involve the folding of chromatin into a larger helical structure,
many new experiments fail to find evidence of the “30nm” fiber as a global chromatin structure.
For in vitro chromatin structure experiments to further illuminate chromosome structure, it was
necessary to investigate chromatin structural dynamics other than the folding of nucleosomal

arrays into 30 nm fibers. Our experiments suggest a possible mechanism by which
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nucleosome-nucleosome interactions could lead to chromosome formation, and a new model
system for understanding how chromatin components ultimately affect chromosomes. The
effects of histone modifications, the incorporation of histone variants, and additional chromatin
architectural proteins are likely to modulate local chromosome structures and function. Self-
associated chromatin oligomers provide an attractive in vitro model system for studying these

molecular mechanisms of chromatin structure and function.
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