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ABSTRACT

REEXAMINING THE ROLE OF LINKER HISTONES BEYOND 30 NM FIBERS IN A

COMPLEX CHROMATIN ENVIRONMENT

Eukaryotic cells store DNA in the cell nucleus in the form of chromatin.
Chromatin is composed of nearly equal parts proteins and DNA. It is both highly
compacted and organized into discrete domains within the nucleus. However, the
manner in which chromatin is compacted, and domains are organized, remains elusive.
The primary players in chromatin compaction are core histones, which bind DNA to form
the nucleosome and the basis for 10 nm fibers. Linker histones also play an important
role in chromatin compaction. Previous work showed that linker histones are important
for the formation of 30 nm structures. 30 nm structures were long held to be folding
intermediates for repressive chromatin domains. However, there is little evidence for
these structures in most eukaryotic cell types. Instead, chromatin appears to be
composed of an interdigitated 10 nm fibers in both repressive and accessible chromatin
types. The role of linker histones in 10 nm fibers is not well characterized. Previous
work showed that linker histones stabilized 30 nm structures, rendering them
inaccessible to binding by additional proteins. In the following, we investigate the
behavior of linker histones in an interdigitated 10 nm fiber environment. We use an in
vitro model called “condensates” to mimic the formation of 200 nm chromatin domains.
We find that linker histones stabilize these condensates by cross-linking chromatin

fibers. Importantly, we show that the presence of linker histones does not preclude



binding by additional proteins. Linker histones readily bind condensates in ratios above
an expected one linker histone per nucleosome. Additional binding by linker histones
suggests that 10 nm fibers provide a complex environment in which linker histones

dynamically interact with both nucleosomes and linker DNA.
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Chapter 1

Introduction

A DNA molecule of the human genome, stretched from end to end is between 1
and 2 meters long. Compare this to the relative size of human cells, which varies from
around 2 to 150 microns. We know that DNA must be highly compacted to fit into the
nucleus of a human cell, and yet, it must also remain both organized, and accessible to
the cell for transcription. On a large scale, for humans and the eukaryotic kingdom in
general, genes are grouped into categories called chromosomes. Chromosomes were
originally observed through simple light microscopy experiments, where DNA is easily
stained, and can clearly be seen condensing into distinct structures during the process
of cell division. However, during the rest of the interphase period, the nucleus appeared
as a mostly dispersed and amorphous structure. So, how did the cell know how to
organize its chromosomes? Light microscopy revealed that during interphase,
structurally distinct “dark” and “light” regions could be observed, and these were dubbed
“heterochromatin” and “euchromatin,” respectively (4). Likewise, euchromatin was
deemed “active,” while heterochromatin, apparently much more dense in nature,
deemed “inactive.” Later work using fluorescence in situ hybridization (FISH)
microscopy showed that chromosomes remained as discrete entities within the nucleus,
as apparent “territories” (4). Within mammalian chromosome territories, super-
resolution microscopy also uncovered additional 200 nm globular structures called

“domains” (4).



On the fundamental level, it was observed that a group of proteins called
histones appeared highly involved in the folding and compaction of DNA. These
histones bound each other and DNA to form nucleosomes, which appeared along an
outstretched strand of DNA as “beads on a string” (5). /n vitro studies showed that low
levels of divalent cationic salts caused these arrays of nucleosomes to form cylindrical
structures approximately 30 nm in size and so named the “30 nm fiber” (6). These 30
nm structures were hypothesized to be a folding intermediate necessary for the
construction of condensed heterochromatin found in interphase chromosomes. Further,
in addition to the core histones that make up the nucleosome, so-called “linker histones”
were observed to bind and highly stabilize these 30 nm structures (7). Indeed, to this
day, this model for chromatin folding and repression is found in modern introductory
biochemistry and molecular biology textbooks (8). However, later work failed to find
evidence for these structures in vivo. Instead, the interphase chromatin environment
appeared to be composed of a much more complex network of fibers, even in
heterochromatin, and not tightly wound into neat 30 nm fibers (9). Thus, the story of
chromatin folding, and heterochromatin compaction, had to be reworked. Additionally,
the supporting and repressive role of linker histones had to be reimagined. What is the
real role they played in chromatin architecture, if not to stabilize repressive 30 nm
fibers?

In Chapter 2, we will review the 30 nm folding paradigm and the evidence against
it. We reexamine the role that linker histones, and the various variants, appear to play in
chromatin construction and maintenance. We will also introduce an in vitro model for

studying chromatin, called “condensates.” Condensates share many of the basic



characteristics observed with chromatin fibers in vivo, and more specifically chromatin
domains. In Chapter 3, we will present the methods and materials used to carry out our
investigation. In Chapter 4, we will present the results of our investigation of the role of
linker histones using condensates as a model for chromatin. Here we find that linker
histones appear highly involved in maintaining the structural stability of condensed
chromatin. By acting as a type of “glue” between chromatin fibers, linker histones are
implicated in the construction and maintenance of chromatin domains. Finally, in

Chapter 5 we will review the findings of this study, and outline potential future directions.
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Figure 1.1: An Updated Simplified Model for DNA Organization into the Cell Nucleus. 10 nm
fibers composed of nucleosomes compact into domains, which organize into transcriptionally active A
and inactive B type compartments. This diagram was reproduced from Hansen et al. (2).



Chapter 2

Background on Chromatin, Linker Histones and Condensates

2.1 Introduction

The following chapter is broken into three main sections. In section 2.7 we review
the basic structure of chromatin and chromatin domains and investigate how the 30 nm
folding paradigm was both developed and overturned. In section 2.2, we review the
structure and function of linker histones in chromatin, looking beyond the 30 nm fibers.
Here we will focus on the role linker histones play in the maintenance of chromatin
domains. Finally, in section 2.3 we present the condensate as an in vitro model for null

chromatin and chromatin domains.

2.2 Overturning the 30 nm Fiber Folding Paradigm for Chromatin

The model for 30 nm fiber folding has become a widely accepted paradigm for
how repressive chromatin fibers are condensed within the cell nucleus. However,
researchers have not been able to confirm the existence of 30 nm fibers in both mitotic
and heterochromatin across most eukaryotic cell types. In the following sections, we will
introduce the basic make up of chromatin fibers, from core histones to the formation of
10 nm fibers and nucleosomes. We will review the 30 nm folding paradigm, as well as
its flaws. Finally, we will introduce the current model for the 10 nm composition of
chromatin fibers, in which includes both repressive heterochromatin and permissive

euchromatin.

2.21 Core Histones and the Nucleosome



Chromatin is composed of equal proportions, by mass, of proteins, DNA, as well
as some RNA (70). Histones are one of the most prevalent proteins that make up
chromatin. Individually, histones are relatively small, only 11 to 21 kDa, and highly
basic. Histones are rich in positively charged residues such as arginine and lysine,
which constitute around 25% of their total amino acid composition (8). There are four
“core” histones, including H2A, H2B, H3 and H4. H3 and H4 are strictly conserved
across Eukarya, while histones H2A and H2B are much more variable across species
(8).

H2A, H2B, H3 and H4 all contain a “histone-fold” domain (77). This domain is
composed of three alpha helices and two loops; where loop 1 (L1) connects alpha
helices 1 and 2 (a1 and a2), and loop 2 connects alpha helices 2 and 3 (a2 and
a3)(717). The histone fold domain is integral to the formation of heterodimers between
H2A and H2B, as well as H3 and H4 through the so-called “handshake motif”’ (77). The
dimer interface found within the handshake moitif is stabilized by hydrophobic
interactions, hydrogen bonding and a number of electrostatic interactions (717). H2A-
H2B and H3-H4 dimers further will form tetramers of (H2A-H2B). and (H3-H4)., both of
which further come together to make up the histone octamer which will define the very
core of a nucleosome.

Nucleosomes are formed by the coiling of ~146 bp DNA around the octamer in
an apparent superhelix (see Figure 2.1A) (7). The formation of the nucleosome is a
stepwise process; first the (H3-H4 )2 tetramer binds DNA, which is followed by the

association of dimers of H2A and H2B (12). Histone chaperones mediate and maintain



nucleosomes, including involvement in assembly and disassembly necessary for
processes such as DNA repair and transcription (8).

An important feature of the nucleosome is formed by the interface of histones
H2A and H2B to make up the “surface acidic patch” (7). This is characterized by a
narrow groove where a cluster of eight negatively charged glutamic acid residues
converge to form the so-called acidic patch (713). This negatively charged region is also
flanked by a hydrophobic pocket, giving the acidic patch a distinct shape along with its
electrostatic potential (73). Importantly, the acidic patch is able to accommodate a
variety of binding motifs, and plays an important role in facilitating an interaction
between adjacent nucleosomes by binding the tail domain of H4 (73).

Core histones contain N-terminal tail domains, which protrude from the
nucleosome core into the surrounding solvent (77). These tail domains are flexible and
unresolved in crystallographic depictions of the nucleosome (7). Core histone tail
domains are enriched in positively charged lysine and arginine residues (77).
Importantly, these domains are involved in interacting with adjacent nucleosomes via
the acidic patch, linker DNA, and can also be modified by several post translational
modifications (PTMs). PTMs can affect the characteristics of both their charge and
shape (11, 13).

PTMs to the histones and their tails encapsulate what is known as the “histone
code,” which likely regulates state of either transcriptionally active, or repressed,
chromatin (74). The “histone code” is determined by the number, type of modification,
as well as the particular residue to which they are attached (74). Possible PTMs include

methylation, acetylation, phosphorylation, ubiquitination, etc. In addition to the four core



histones, there are also a number of additional histone variants that can replace H2A,
H2B, H3 or H4. For example, variant H2A.Z is a variant involved in transcriptional
regulation, while variant H2A.X is implicated in DNA damage and double-stranded
break repairs (17).
2.22 The 10 nm Fiber

The association of DNA with histone octamers forms the 10 or 11 nm diameter
structures that appear as “beads on a string” along a stretch of DNA. Each “bead” on
these strings is a nucleosome, discussed in detail in the previous section. These 10 nm
fibers make up the most fundamental structural component of a chromosome. Indeed,
an interphase chromosome is essentially a single long 10 nm fiber (4). This coiling of
DNA around the nucleosome contributes to > 6 fold compaction of the molecule, which
unfortunately is still not enough to completely enfold the chromatin within a cell nucleus
(5). Therefore, additional packaging into 30 nm fibers was proposed as a possible
intermediate folding step in the formation of higher-order structures.
2.23 The Development of the 30 nm Folding Model

The first folding intermediate on the path from 10 nm fibers to higher order
condensed chromosomes was long held to be 30 nm fibers. These fibers are composed
of tightly wound helical structures around 30 nm in diameter, arranged with 1 linker
histone per nucleosome (7). 30 nm fibers provide an additional 100 fold compaction of
DNA on top of the nucleosome compaction (715). Why were these particular structures
proposed as a folding intermediate? The answer has to do with the types of both in vivo
and in vitro experiments that were run on chromatin from isolated nuclei. Early studies

employed nuclease digestion followed by an elution in low salt conditions to obtain



hundreds of nucleosomes (76). Through electron microscopy (EM), researchers
observed a salt-dependent folding of the isolated nucleosome arrays into fibers with an
apparent 30 nm diameter structures (76). Transmission EM (TEM), atomic force
microscopy and cryo-EM also showed that these 30 nm fibers were composed of
irregularly arranged nucleosomes in a zig-zag orientation (77). The orientations
observed also appeared dependent on the length of intervening linker DNA, even in the
presence of divalent cations (78). Additionally, the formation of “stem” like motifs were
observed through cryo-EM in the presence of linker histone, which promoted the
juxtaposition of adjacent linker DNA and further compaction (79).

In addition to the isolated nucleosome arrays from nuclei, arrays were also
constructed from recombinant histones and DNA using a controlled salt gradient
through dialysis (20). Artificial construction of these arrays allowed for intentional and
controlled nucleosome positioning, changes to core histone domains, elimination or
addition of PTMs and linker histones (20). Sedimentation velocity experiments, along
with EM experiments, then could be employed with great accuracy to determine the
degree of compaction and folding under different experimental conditions. For example,
nucleosome arrays composed of 12 repeats (12-mer) of nucleosomes along a DNA
template are known to sediment around 29 to 30 S in low salt conditions (27). The 29 S
sedimentation coefficient is matched to the apparent “beads on a string,” or extended
nucleosome array motif. With the addition of 1 mM MgClz and linker histones, however,
these arrays sediment around 60 S, and correspond to the tightly compacted 30 nm

structures (176).



There were several proposed models for the exact orientation of nucleosomes
and linker histones in these 30 nm fibers. The irregular folding model, pulling from
observations from cryo-EM, suggested that nucleosomes orient themselves into zig-
zags in 3D space, enfolding linker DNA into the interior of the fiber (18, 19). Additionally,
from X-ray diffraction data, a solenoid model for nucleosome arrangement was put forth.
The solenoid model suggested that each nucleosomes successively folded along linker
DNA to form a helix, with about 6 nucleosomes per turn (22). There was also an
interdigitated solenoid model proposed based on observations from EM on small
chromatin fragments (23, 24). In this model, nucleosomes were said to interdigitate
upon each helical turn of the solenoid, further stabilizing and compacting these
structures.

Despite the in vitro observations, and multiple models for precise nucleosome
arrangements, researchers struggled to find wide-spread examples of the 30 nm fibers
in vivo. It was noted that these structures likely did not extend over the entire
chromosome, but instead were associated with repressed or “closed” chromatin. On the
other hand, “open” chromatin was believed to take on the 10 nm arrangement that
intuitively appears more accessible and so, “active.” Therefore, transcriptionally “silent”
chromatin, including heterochromatin, and metaphase chromatin, were by default
assumed to fold into the intermediate 30 nm fibers, largely facilitated by the presence of
linker histones.

2.24 Another Crack in the Model: Where are the 30 nm fibers?
Studies looking into 30 nm fibers hold more than a 30 year legacy in chromatin

research. Although certain aspects of the model remained unrefined and even
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controversial (9), the paradigm for 30 nm folding became well established in the much
of the academic literature. It even became canonized in textbooks and introductory
materials for high school and college students (5, 8). This began to change as more
researchers questioned how relevant such structures must be if they are not widely
observed in most eukaryotic cells.

In 2008 and 2010 Maeshima and Eltsov produced cryo-EM studies on human
mitotic HeLa cells which showed that no evidence that 30 nm fibers were present (25,
26). In fact, as early as 1986, McDowall, Dubochet and colleagues published cryo-EM
on metaphase Chinese hamster ovary (CHO) and HelLa cells which showed only 11 nm
filaments, with no higher order superstructures observed (27). Both Maeshima et al.,
and McDowall et al., observed a largely homogenously grainy composition of chromatin
fibers, where higher order structures were conspicuously absent (25, 28). Mcdowall et
al. noted that nucleosomes appeared to be interacting together in a manner reminiscent
of a liquid (27).

Further cryo-EM investigations revealed that heterochromatic regions looked
much the same as mitotic chromosomes (28, 29). Similarly, cryo-EM on interphase
eukaryotic nuclei also showed no signs of higher order structures beyond the 10 nm
fibers (9, 29, 30). A combination of spectroscopic and tomography analysis on mouse
interphase chromosomes produced a 3D representation encompassing both “open” and
“closed” chromatin domains (37). Both domains showed no signs of 30 nm fibers, and
appeared to be composed of 10 nm fibers only (37).

It has been reported that specific cell types, such as chicken erythrocytes and starfish

spermatozoids do appear to contain 30 nm fibers (25, 32). This possibly suggests that
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30 nm fibers may be important in terminal differentiation, or else exist only temporarily in
highly localized areas (4).
2.25 A New Model: Chromatin Domains and the Interdigitated 10 nm fiber

In 2010, Maeshima and Eltsov suggest that instead of 30 nm fibers, compacted
chromatin is likely composed of a network of irregularly folded nucleosome fibers, cross-
linked by condensins (25). Further, they suggest that interphase nuclei are composed of
numerous large “compact melt domains,” and “chromosome clumps” whose folding is
driven by charge neutralization effects (25).

Work by Ou et. al. appears to validate many of the predictions Maeshima and
Eltsov put forth. A technique called chromEM tomography (ChromEMT) uses
fluorescent DNA binding dye Drag5, which has 14 binding sites per nucleosome, to
increase the contrast of DNA (33). Ou et al. used chromEMT on mitotic and interphase
chromosomes, and showed nucleosomes appeared to assemble into chains with
diameters between 5 and 24 nm, in various conformations and arrangements (33). Ou
et al. noted that areas of low densities of chromatin appeared as 10 nm fibers, with
apparent “beads on a string” structures observed. On the other hand, the higher density
regions of chromatin showed a much greater variety of conformations; including stacked
nucleosomes, helical twists, and loops. Mitotic chromosomes showed that chains
appeared compacted by a number of unstained scaffolding proteins (33).

Using a combination of super-resolution microscopy and computer simulations,
Ricci et al. showed nucleosomes forming various “clutches,” or domains of different
sizes, interspersed with nucleosome depleted regions (34). They found that pluripotent

stem cells had fewer of the dense clutches. Additionally, the heterochromatin regions
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were found to have linker histone H1 at elevated levels relative to smaller or
nucleosome depleted clutches. Their observation suggests that areas of
heterochromatin may be characterized by the formation of large dense clutches of
nucleosomes, also containing a greater ratio of H1 than surrounding regions of
euchromatin.

In a 2018 review, Hansen and Maeshima proposed several key predictions as to
the organization of the interphase chromatin. First, they propose that the “default”
conformation of chromatin, including condensed chromatin, appears to be composed of
10 nm fibers. These 10 nm fibers are likely in a variety of secondary conformations as
an “interdigitated polymer melt” (4). Second, a nucleosome-nucleosome interaction
forms the basis for this assembly; histone tails mediate the interactions between
adjacent nucleosomes and linker DNA. This would make these structures particularly
sensitive to histone tail modifications. Importantly, due to the weak interaction of H3 and
H4 tails, this nucleosome-nucleosome association is likely dynamic, and fluid like. Third,
these 10 nm fibers are further organized into chromatin domains which associate to
form compartments, through extensive interactions and interdigitation. Heterochromatin
rich regions would show evidence for more domain formation, as well as reduced
dynamic or fluid like movement (4). Further, domains may be “molded” into functional
compartments by the actions of linker histones, PTMs, histone variants, and additional

chromosomal architectural proteins (4).

2.3 An Overview of Linker Histones and Their Role in Chromatin
Along with core histones, linker histones are one of the most common types of

protein families found in eukaryotic chromatin. Linker histones interact extensively with
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the nucleosome, and are believed to play an important role in chromatin architecture
and in the compaction of heterochromatin (35). Linker histones may also play a role in
epigenetic regulation, DNA stability and repair, as well as regulation of DNA replication
(36). Linker histones likely have additional binding partners beyond the nucleosome,
and are subject to regulation through a variety of post-translational modifications
(PTMs), although all the players involved are not very well characterized (36). 11 linker
histone variants have been found in both mice and humans. Seven of the variants are
somatic and include H1.0, H1x, as well as H1.1 through H1.5. Variants H1.1 through
H1.5 are also known as H1a through H1e respectively, however we will refer to their
numerical nomenclature from here on (37). Additionally, there are three testes-specific
variants, (H1t, H1t2, HILS1) and one oocyte specific (H100) (36).
2.31 Linker Histone Structure

Linker histones variants share a fairly conserved overall tripartite structure
consisting of three domains (36, 38). Human somatic variants H1.1 through H1.5 share
more than 66% amino acid sequence overlap, while H1x and H1.0 share between ~30%
to ~40% sequence similarity overall with all other somatic variants (see table 2.1). The
most highly conserved area among all the variants is the central globular domain, which
forms a DNA binding winged helix consisting of about 75 amino acids (39, 40). The
central globular domain is surrounded by two intrinsically disordered domains; the short
N-terminal tail domain, and a longer (~100 amino acids), C-terminal tail domain (CTD)
(41). While both N- and C- tail domains vary in length and sequence among variants,
generally the N-terminal domain is shorter and more hydrophobically enriched than the

CTD (41).The CTD generally displays highly basic characteristics, and is typically
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composed of approximately 30% to 50% positively charged residues (38). Additionally,
the CTDs appear rich in proline residues, potentially preventing further folding in
solution (38). No structures of the CTD have been observed either through X-ray
crystallography nor cryo-electron microscopy (cryo-EM) (40). However, trifluoroethanol
has may induce the formation of an alpha helix structure in the CTD, as observed
through circular dichroism (CD), infrared spectroscopy (IR), and NMR (38). Additionally,
the interaction between the linker histone CTD and DNA in solution appears to induce
the formation of secondary structures, including random coils (38).
2.32 Linker Histones and Chromatin

Linker histones are thought to regulate DNA accessibility by binding
nucleosomes and altering chromatin structure (7, 16, 42). Much work had been done to
show how linker histones stabilize the 30 nm fibers in solution (4, 7, 16, 19, 42).
Previous work showed that linker histones bind nucleosomes at a 1:1 ratio
H1/nucleosome at the entry and exit site of linker DNA or “on-dyad” (36). In addition to
X-ray crystallography, Cryo-EM structures also showed H1 bound to the nucleosome
on-dyad with its CTD electron density interacting with adjacent linker DNA (43). In 30
nm fibers, linker histones stabilize condensed stacks of nucleosomes into coils with the
additional interaction through the CTD and the linker DNA (719, 36). In this model,
accessibility to DNA binding sites only opens when linker histones are removed from
chromatin, facilitating the unravelling of tightly wound 30 nm fibers (36). However, less
is known how linker histones behave in the interdigitated 10-nm fiber environment.

Recent evidence suggests linker histones may indeed exhibit multiple distinct

binding interactions with nucleosomes and linker DNA. In a 2014 cryo-EM study,
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tetranucleosome arrays were shown in repeating tightly packed stacks of 30 nm fibers,
where the linker histone was shown in a 1:1 ratio with nucleosomes and facilitating a
left-handed twist (44). However, a 2020 crystallography study by Davey et al., two
distinct binding modes for H1.0 were shown (45). The on-dyad mode that was seen in
earlier studies was observed, as well as a more remote ‘non-dyad’ mode (45). In the
non-dyad binding mode, the globular domain resides in a pocket of nucleosomes,
interacting with nucleosome core DNA from three separate fibers— further solidifying
the interdigitation of the nucleosome network (45).

The globular domain of the linker histone is highly conserved, suggesting a small
difference in the number and residue type may be responsible for different binding
modes. Other studies have shown that the variable and highly charged C-terminal
domain of linker histones serves as a stabilizing factor for linker DNA, suggesting its
variations may promote different higher-order structures (46-48). Furthermore, it may be
that the folded higher-order structure of the nucleosome arrays effects linker DNA in
such a way that the expected on-dyad binding mode can be disrupted (36). In fact, the
highly disordered region of the linker histone CTD has been proposed to act as a “liquid-
like glue” between chromatin fibers by cross-linking of different segments of linker DNA
(40). Within the nucleus it is known the linker histones exhibit a great degree of mobility
(49). This mobility may be driven by the non-specific binding interactions between linker
histone CTDs and DNA, and moderate binding affinity between the globular domain and
nucleosomes (40). The non-specific binding by the CTD may allow linker histones to

slide around chromatin in a “liquid” like manner, from nucleosome to nucleosome (40).
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Therefore, linker histones are not stabilizing chromatin by forming “fixed” inaccessible
coiled structures, but instead through a more dynamic stabilization of adjacent fibers.
2.33 Linker Histones and Additional Protein-Protein Interactions

In addition to their interaction with nucleosomes, linker histones are likely
involved in interactions with a complex number of histone chaperones, transcription
factors, and downstream DNA damage repair factors (60). For example, H1-depleted
mouse embryonic stem cells (MESCs) showed an increased sensitivity to DNA damage
(36). Importantly, H1 is a known target of E2 ubiquitin-conjugating enzyme UBE2N,
which works in the double-stranded breaks (DSBs) signaling pathway that recruits DNA
repair factors (36). Affinity binding interactions using immobilized H1.0 and nucleolar
extracts identified at least 175 different proteins bound (50). Interestingly, with the
removal of the CTD of H1.0, 25% of these interactions were completely wiped out (50).
This indicates that the CTD of H1 may play a role in modulating additional protein-
protein interactions in chromatin. This is further highlighted by the numerous post-
translational modifications (PTMs) H1 can undergo, many of which also occur on the
CTD.

H1 may take on various PTMs, including phosphorylation, methylation, and
acetylation (36). Notably, the level of H1 phosphorylation is regulated by the cell cycle; it
displays low levels during G1 phase, higher levels during S and G2 phases, and
reaches its maximum during metaphase (36). However, how phosphorylation effects H1
activity is complex, depending on which residue it occurs to. For example

phosphorylated Ser172 on H1.2 and H1.5 localizes each to active DNA replication foci
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and transcription sites to facilitate silencing, where phosphorylation of Thr146 of H1.2
causes its dissociation from p53 thus activating p53 genes (36).

Polycomb repressive complex 2 (PRC2) is a complex that aids in chromatin
compaction through methylation of H3K27(57). Wilcockson et al. used reconstituted
dinucleosomes to show that H1 strongly promotes PRC2 H3K27 methylation (52).
Linker histones also have direct interactions with methyltransferases Suv39h1,
Suv39h2, and SETDB1 (53). These methyltransferases are responsible for the H3
lysine 9 (H3K9) trimethylation of chromatin, which is a marker for transcriptionally
silenced heterochromatin (35). Not only does H1 bind Suv39h1, Suv39h2, and
SETDB1, but may further promote methyltransferase activity (35). In vitro studies using
reconstituted dinucleosomes showed that H1 bound nucleosomes showed greater
enzymatic activity than those without. This stimulation effect may be explained by the
fact that H1 was shown bound to nucleosomes, while using its CTD to interact with
either Suv39h1/2 as well as SETDB1 (35).

2.34 Linker Histones and TADs

Topologically associated domains (TADs) are continuous regions of chromatin
that can range from 100 kb to 10 Mb of DNA. These are conserved regions identified
through chromatin conformation capture (Hi-C) studies which show a greater degree of
DNA-DNA interactions found within the domains than without (36). Domains have also
been confirmed visually using super-resolution microscopy and appear to correspond
with the same 200 nm domains observed previously through both light and electron

microscopy (54). These domains are generally further organized into two distinct

18



compartments A and B, where A may represent transcriptionally active chromatin, and
B transcriptionally repressed (54).

Triple knockout H1.2, H1.3 and H1.4 of mESCs showed TADs had increased
frequency of inter-domain contacts, with little to no changes observed in either their size
or location (36). Additionally, the nearly 50% decrease in linker histone levels changed
the epigenetic landscape by altering levels of activating H3K4me1/3 at various loci and
increasing DNA hypersensitivity sites (DHSs) suggestive of chromatin decompaction
(36).

Further, a triple knockout-of H1.3, H1.4 and H1.5 on mESCs, showed that the H1
depletion led to increased B to A compartment shifting, characterized by increased DNA
contacts between compartments (52). Willcockson et al. reports that the local density of
H1 plays a critical role in the maintenance of discrete compartments; with H1 rich
compacted compartments promoting the repressive H3K27 marks, while reducing more
accessible H3K36 marks (562). Therefore, it seems H1 plays a critical role in
constructing discrete chromatin domains through compaction, which may serve to
further recruit additional heterochromatin associated proteins to assist in the silencing of

specific regions of the genome.

2.4 Condensates as Models for Chromatin

We know that chromatin fibers are likely composed of an interdigitated network of
10 nm fibers, which may further become compacted into discrete domains. This network
is very likely mediated by the interactions between adjacent nucleosomes through their

tails and the surface acidic patch. We propose that chromatin domains are therefore
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assembled in two basic ways: 1) through the self-interacting characteristics of the
chromatin fiber itself, and 2) by chromosomal proteins that help mediate the self-
interacting properties of the chromatin fiber through binding interactions and PTMs to
form organized structures with specific functions. In the presence of divalent cations,
nucleosome arrays will fold to form a structure referred to here as “condensates.” In the

following, we present condensates as an in vitro model for chromatin domains.

2.41 Divalent Cations Facilitate Chromatin Condensation and Condensate
Formation

Much work has been done to show that divalent cations are necessary to the
process of chromatin condensation. High resolution X-ray crystallography studies show
both mono- and divalent cations bound to the nucleosome core (55, 56). Additionally,
significant changes to chromosome structure have been observed when there are
changes to the concentration of cations. For example, heterochromatin only appears
present in nuclei if the concentration of Mg?* is greater than or equal to 2 mM, and lower
salt causes chromatin to decondense (57). The greatest degree of compaction occurs in
the presence of either Mg?* or Ca?*, and this process is reversible upon removal or
addition of salts (57). In 2001, Strick et al. mapped the distribution of cations present in
interphase and metaphase chromosomes (58). They found that Na* and K* do not
appear to redistribute during the cell cycle, however, the concentration of Mg?* and Ca?*
increases to about 12 to 22 mM and 20 to 30 mM respectively (58).

Schwarz and Hansen et al. found that nucleosome arrays equilibrate between
folded, and unfolded states in conditions under 2 mM MgCl: (6). In 2016, Maeshima and

Rogge et al. showed that titrating between 0.5 and 2 mM Mg?* caused arrays to fold into
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helical 30 nm fibers. Between 2 and 4 mM Mg?* a greater degree of self-association
was seen, with the formation of supramolecular “oligomers,” which are equivalent with
what we are referring to as “condensates” (59).

Divalent cations appear to work with the tail domains from the core histones to
facilitate this reversible self-association found in nucleosome arrays (57). The cations
likely do this in part by helping to neutralize the charge of intervening linker DNA. In
addition, the cation type also matters for facilitating these self-association properties.
Monovalent salts such as Na* were actually shown to reduce the degree of self-
association, even in the presence of divalent cations such as Mg?* (57). This suggests
that there may be some competition between mono- and divalent salts in binding linker
DNA.

2.42 Core Histone Tails Are Essential to Condensate Formation

Tail domains from the core histones are essential to the self-association of
nucleosome arrays. Naked DNA does not show the same self-association properties
under the same ionic conditions used for condensates(4). Similarly, the degree of
octamer saturation on a DNA template is sensitive to the relative concentration of MgCl2
introduced, requiring higher concentrations of Mg?* for folding relative to fully saturated
templates. The removal of the tails through trypsinization, even in the presence of
MgClz, abolished all self-association folding effects (57). In 2005, Gordon et al. showed
that all four core histone tail domains independently contribute to condensate assembly
in an additive manner (60).

Additional work showed that the nucleosome to nucleosome association seen in

condensates is sensitive to tail modifications. Mishra et. al. showed that even a change
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to the tail domains on a single nucleosome within the middle of 25-mer nucleosome
arrays can show changes to self-association (67). Mishra et al. used an acetylation
mimic on the H4 tail domain, and its addition showed increased accessibility to the
surrounding linker DNA. This effect was enhanced with the addition of H3 acetylation
tail mimics; though the introduction of H3 mimics on their own appeared to have little
effect (67).
2.43 Condensate Morphology and Packaging

Fluorescent microscopy and TEM reveal that condensates have a spherical or
“globular” overall shape, with a distribution size ranging from ~100 to 1000 nm (89). The
average density of DNA per condensate varied from 1Mb to 500Mb, from domain to
chromosome size (59). Analytical ultracentrifugation showed these structures had
sedimentation coefficients ranging from 10 to 100,000 S. These structures were only
observed in concentrations of 4.5 and 10 mM MgClz, with none appearing in
concentrations ranging from 0 to 1.5 mM MgClz. Further, TEM showed globular
structures around 200 nm radii at both 4.5 and 10 mM MgClz. Importantly, the surface of
the structure was not smooth; individual nucleosomes are visible in tightly packed 10
nm fibers (59). No 30 nm fibers or any other regular features are found in these
structures. In addition to microscopy, small angle x-ray (SAX) analysis also showed the
condensates were primarily composed of 10 nm fibers, and found no evidence for 30
nm structures, even when H1 was also present. 601x12 arrays with regular spacing and
5S sequences were both observed to form the globular structures, suggesting that their

formation is not dependent on the spacing of the nucleosomes.
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2.44 Liquid or Solid?

Debate remains whether chromatin exists in either a liquid or solid state, and if
liquid-liquid phase separation (LIps) contributes to how higher order domains are
regulated (62, 63). Under conditions with Mg Acetate cations and BSA, Gibson et al.
showed that nucleosome arrays formed large ~1000 um condensates that displayed
liquid like behavior (63). However, Strickfaden et al. looked at the physical state of
condensed chromatin both in vitro, using reconstituted nucleosome arrays, and in vivo
in live cells and found that chromatin behaved more like a solid (62). In vitro, chromatin
condensates formed under a wide range of salt conditions were subjected to
fluorescence recovery after photobleaching (FRAP) showed extremely slow, to no
recovery, indicating a lack of mixing between bleached and unbeached chromatin (62).
These condensates did not show any signs of fusing to form larger spherical
condensates or droplets on contact as Gibson et al. had showed, but instead a more

complex network of 3D structures, suggesting solid-like behavior (62, 63).

Likewise, in vivo, mobility tracking of fluorescently labeled nucleotides in genomic
DNA showed that both in hetero- and euchromatin domains, the DNA appeared
confined (62). Importantly, these domains did not show mixing with chromatin in the
environment, even under hyperacetylated and decondensed conditions (62).
Interestingly, the solid-like behavior of chromatin appeared to induce the formation of

liquid protein condensates for a select number of heterochromatin proteins (62).

A study by Nozaki et al. suggests that chromatin displays “viscoelastic
properties,” or that the physical properties observed are dependent on time and size

scales used in its measurement (54). Indeed, Nozaki et al. found that on a local scale,
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(nm/seconds) nucleosomes appear to dynamically fluctuate within domains in a liquid-
like manner (64). However, at more global, or chromosome levels (um/minutes) the
chromatin behaves more like a stable solid, also confirming the earlier work by
Strickfaden whose study was conducted at the um and minute scale (54). The ability of
chromatin to take on both liquid and solid-like properties on different scales may be a

contributing factor to how it can be organized within the cell nucleus.

2.45 Condensates and Chromatin Domains

Hi-C studies have identified TADs as conserved higher-order chromatin
structures characterized by increased the frequency of DNA-DNA contacts (36). In
addition, ~200 nm globular domains have been observed using a variety of microscopy
techniques (64). Chromatin within domains is made up of 10 nm fibers in an
interdigitated network of nucleosomes. This nucleosome-nucleosome interaction forms
the very basis for how higher order chromatin domains are formed. Nucleosome-
nucleosome interactions are mediated in part by the histone tails, facilitated by the
presence of divalent cation salts. Live cell super-resolution imaging showed that histone
tail acetylation leads to decondensed chromatin domains (64). The individual
contributions of the tails to adjacent nucleosomes are likely weak, transient, and
fluctuating, implying they form a liquid-like packaging in chromatin (65). This fluctuating,
liquid like movement of nucleosomes has been verified by Nozaki et al. through single
nucleosome tracking in nm regions over seconds. On the other hand, the same study
showed that FRAP analysis on similar chromatin in micrometer regions over minutes

showed no recovery, indicating that at this scale chromatin behaves like a solid. In
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addition heterochromatin rich regions showed the formation of more domains and
showed fewer dynamic movements (64).

Condensates share nearly all the intrinsic properties of chromatin domains. They
are condensed through a combination of divalent cation salts and histone tail
interactions between nucleosomes. They show interdigitated 10 nm packaging widely
found in in vivo microscopic analysis. Therefore, we propose that condensates serve as
in vitro models for chromatin domains.

Condensates serve as highly valuable model systems for the behavior of
chromatin domains as nearly every aspect of their formation is under a researcher’s
control. They can be used to investigate the various effects of histone modifications,
histone variant substitutions, changes to the length of linker DNA, as well as the

individual effects of additional chromosomal proteins on chromatin architecture.
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Table 2.1: Clustal Omega Protein Sequence Alignment and % Sequence Overlap of Human
Somatic Linker Histone Isoforms.
H1x H1.0 H1.1 H1.2 H1.3 H1.4 H1.5

H1x 100.00% 31.10% 33.51% 31.22% 31.05% 32.45% 31.58%

H1.0 31.10% 100.00% 42.77% 39.53% 39.66% 42.37% 36.87%

H1.1 33.51% 42.77% 100.00% 67.80% 67.61% 71.09% 66.98%

H1.2 31.22% 39.53% 67.80% 100.00% 81.69% 87.26% 80.00%

H1.3 31.05% 39.66% 66.98% 81.69% 100.00% 86.30% 77.06%

H1.4 3245% 4237% 67.80% 87.26% 86.30% 100.00% 86.11%

H1.5 3158% 36.87% 71.09% 80.00% 77.06% 86.11% 100.00%
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Figure 2.1: Structure of the Nucleosome Core Particle and Di-nucleosomes in complex with H1x.
A: 2.8 A X-ray crystallographic structure of the nucleosome core particle by Luger et al. (1) Nucleosome
core assembled of 146 bp DNA wrapped around H2A (grey, gold), H2B (red, blue), H3 (pink, lavender),
H4 (green, yellow). PDB id:1AO1.

B: 2.5 A X-ray crystallographic structure of di-nucleosome shown with H1x by Adhireksan et al.(3) H1.x
is shown in orange at the interface (on-dyad) between adjacent nucleosomes. PDB id: 6L9Z
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H1 and the 30 nm Fiber Model H1 and the 10 nm Fiber Model

Figure 2.2: A comparison of H1 binding modes in a 30 nm fiber environment vs. 10 nm fibers.
In the 30 nm fiber, linker histones facilitate the tight packing of nucleosomes into an inaccessible
structure. In 10 nm fibers, linker histone binding is likely more fluid and dynamically driven by C-

terminal tails (shown in red).
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Chapter 3

Materials & Methods

3.1 Introduction

Condensates are formed from the divalent cation induced self-association of
nucleosomes in nucleosome arrays. Widom et al. found that histone octamers have
preferential affinity for certain sequences (66). This was done by combining affinity
binding experiments over an extensive library of synthetic DNA sequences, in a series
known as SELEX experiments (66). The “601” sequence developed by Widom et al.
allows for accurate positioning of nucleosomes along a DNA template. Our condensates
are formed from 12 “12-mer” nucleosome arrays, composed of 12 nucleosome repeats.
These arrays are generated from a combination of reconstituted histone octamers, and
a DNA template containing the 601 high affinity nucleosome positioning sequence
discovered by Widom et. al. (66) . Once arrays are generated, they can be used to form
condensates with the addition of divalent cation salts. The condensates themselves
then can be used in subsequent experiments involving additional proteins such as linker
histones.
3.11 Purification of 601x 12 Template Nucleosome Positioning DNA

DNA plasmids pUC19, containing 12 207 bp tandem repeats containing the 601
Widom nucleosome binding sequence (66) and ~63 bp linker DNA (see Appendix
Figure 8) were initially transformed into dh5a cells. The 601x12 insert is located
between the Hindlll at position 2923 bp and Xbal at position 423 bp cut sites. Plasmid

DNA was isolated using New England Biolab Monarch Plasmid Miniprep kit, typically
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resulting in 40-90 ng purified plasmid. To verify the presence of the desired insert,
restriction enzyme digest using a combination of Xba1, Hindlll, Haell and Dra1 (New
England Bio labs), was used on purified plasmids. The presence of a ~2500 bp band is
indicative of the presence of the 601x12 insert found between Xbal and Hindlll cut sites,
along with 4 additional bands representing the remaining digested plasmid from
additional restriction enzyme cut sites (see figure 3.1A). Newly transformed plasmid was
inoculated into 20 mL TB and 100 ug/mL Ampicillin and used for glycerol stocks,
followed by a large-scale inoculation into 6 liters Ampicillin+ TB. Subsequent plasmid
was purified from E.coli through an alkaline lysis procedure. Plasmid containing a 2467
bp insert digested using Xba1 and Hindlll to cut out the template, and Haell and Dra1
further digested the remaining plasmid fragments. Digested plasmid fragments were
separated through size exclusion chromatography on a Sephacryl S-1000 column (see
figure 3.1B). Fractions containing the 601x12 2500 bp fragment were combined, and
alcohol precipitated (see figure 1C). The template DNA was then resuspended in 10

mM Tris pH 7.8 and .1 mM EDTA buffer to 1 mg/mL.

3.12 Assembly and Purification of Histone Octamers

Recombinant Xenopus core histones H2A, H2B, H3 and H4 were purchased
through the PEP facility at CSU. Octamer reconstitution was done according to the
protocol originally described by Luger et al. in 1999 (67),with modifications according to
Rogge et. al. (68). The lyophilized histones were resuspended in 6M guanidinium HCI,
20 mM Tris pH 7.5, and 5 mM DTT for 2 hours at 25°C. Next, histones were
subsequently mixed at equimolar ratios at a final concentration of 1 mg/mL. The mixture

was dialyzed against 2M NaCl, Tris pH 7.5, 1 mM EDTA, and 5 mM B-mercaptoethanol,

30



with fresh buffer being changed three times every 4 hours as described previously (67) .
Folded octamers were concentrated using Amicon Ultra-15 centrifugal filters, and
purified using size exclusion chromatography with a HiLoad 16/6- Superdex 200 column
on the AKTA start liquid chromatography system with Unicorn software (see figure
3.1D). The molecular weights of Xenopus H2A and H2B only differ by 200 Da and so
typically appear as a single band on SDS PAGE (68). H2A has a molecular weight of
13.96 kDa, H2B is 13.77 kDa, H3 is 15.27 kDa, and H4 is 11.24 kDa (68) Fractions
collected from the peak were checked using SDS-PAGE (see figure 3.1E), then

combined and concentrated using an Amicon Ultra 15 centrifuge filter to 5 mg/mL.

3.33 Alexa 488 and Alexa 647 H4E63C Labeling and Labeled Histone Octamer

Assembly

Recombinant H4E63C was purchased from the PEP facility at CSU. The addition
of the Alexa 488 or Alexa 647 fluorophore was done by adding equimolar concentration
Alexa 488/647 C5 maleimide to histone H4E63C in 6M guanidinium HCI, 20 mM Tris pH
7.5, and 0.7 mM TCEP. The fluorophore and histone solution was covered and placed
at 4° C overnight in a rotator. Fluorescently labeled H4 was then mixed with H2A, H2B,
and H3C110A (to prevent additional fluorophore labeling) in equimolar ratios, and
subjected to the same dialysis and size exclusion chromatography purification protocol
described previously for unlabeled octamer assembly with the exception that the

solution was kept in the dark at all times.
3.34 Alexa 488 H1.0V87C Labeling

H1.0V87C was generously provided by our collaborator Curtis Alexander Davey.

H1.0V87C was suspended 10 mM Tris pH 7.5, 1 mM EDTA buffer and 10 mM TCEP
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and mixed for 1 hour at 25°C. An equimolar ratio of Alexa 488 C5 maleimide was mixed
with H1.0v87C, covered from light, and rotated at 4°C overnight. The resulting labeled
H1.0V87C was then purified over a gravity controlled Sephadex G-25 HiTrap Desalting
column. Fractions were analyzed using SDS-PAGE and fluorescent fractions containing
H1.0V87C were combined. Pooled H1.0v87C was further concentrated to 2 mg/mL

using Amicon-Ultra centrifugal filers.

3.35 Assembly of Unlabeled Nucleosome Arrays and Alexa 488 and Alexa 647

Labeled Nucleosome Arrays

Nuclesome arrays were prepared according to the protocol described by Rogge
et al. in 2013 (68). Equimolar combinations of the purified 601x12 DNA template with
reconstituted histone octamer to a final concentration of .3 mg/mL. Nucleosome
positioning was controlled over a decreasing salt dialysis protocol at 4°C starting at 2M
NaCl, 1M NaCl, .75 M NaCl and ending at 2.5 mM NaCl in 10 mM Tris pH 7.8, .25 mM
EDTA, as described previously (68). Resulting arrays were sedimented using a
Beckman XL-I analytical ultracentrifuge, and analyzed using UltraScanlll (see Figure
3.2C). Arrays that sediment between 27 and 30 S, which contain between 11 and 12
octamer/template (69) were subsequently used for experiments and as standards for

mono-nucleosome digest.
3.36 Assembly of Alexa 488 Labeled H1.0V87C Bound Arrays

Alexa 488 labeled H1.0V87C was mixed with unlabeled nucleosome arrays at a

1:1 ratio of H1/N at 4°C for 3 hours. The resulting mixture was dialyzed against 25 mM
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NaCl, 10 mM Tris pH 7.8 and 1 mM EDTA in the dark overnight to a final concentration

of .3 mg/mL.
3.37 Chromatin Condensate Formation

Condensates were formed by adding arrays to a final concentration of 10 nM to a
10 mM Tris pH 7.8, 1 mM EDTA solution containing >4mM MgClz, incubated for 20

minutes at 25°C.
3.38 Mono-Nucleosome Digest and Gel Shift Binding Assay

To test the saturation nucleosomes on nucleosome arrays, as well as determine
subsequent nucleosome binding by linker histones a mono-nucleosome digest was
performed (see figure 3.2A and 3.2B) (69). First, condensates were formed as
described above. Linker histone was added in increments of 10 ng up to 100 ng to 600
ng condensates and incubated for 15 to 20 minutes at 25°C. Eco-RI (New England
Biolabs), at 12 U enzyme per 0.6 ug 601x12 DNA, was added to each sample at
digested at 37°C for 75 minutes. Digestion was quenched using 35 mM EDTA and by
placing samples on ice. Samples were electrophorized on 1% Agarose, and stained

using ethidium bromide.
3.39 Micrococcal Nuclease Digest

3 ug 601x12 DNA was incubated in 4 mM MgClz, 0.1 mM CaCly, 2.5 mM NaCl,
10 mM Tris, pH 7.8 for 10-15 minutes at 4°C to fully self-associate. After self-
association, linker histone H1.0 was added to the mixture at ratios of 1:1 and 2:1 H1/N.
12.5 U enzyme (~2.5 U enzyme per reaction time point) of Microcrococal Nuclease

(Worthington Biochemical Corporation) was added and condensates digested at 37°C

33



for 0, 5, 10, 15, 20 and 30 minutes. Reactions were quenched using 10 mM EGTA and
35 mM EDTA and placed at 4°C. Digestion was verified using electrophoresis on 1%

Agarose gel and visualized using ethidium bromide.
3.310 Differential Centrifugation Pelleting Assay

Following condensate formation, arrays were incubated with additional proteins,
H1.0, H1.1, H1.3, H1.4, H1.5, Pol ¢ and SirT6 for up to 30 minutes at 25°C. Linker
histone variants and SirT6 were generously provided by Curtis Alexander Davey, and
Pol ¢ from Grant Schauer at Colorado State University. Pol € was mixed at a ratios of
.16, 0.75 and 1:1 pol &/N. SirT6 was mixed with condensates at ratios of 0.5, 0.75, 1,
1.5, 2, 2.5, and 3 SirT6/N. Linker histones were mixed with condensates at input ratios
(r"") H1: nucleosome of 0.25, 0.5, 0.7, 1, 1.5, 2, 2.5, 3, 3.5,4,4.5,5,5.5and 6 to
investigate different binding modes. After given binding time, condensate and protein
mixtures were centrifuged at 20k rpm for 5 minutes. A sample of supernatant was
removed and the pellet was subsequently washed with a 5mM MgCl2 solution twice

before pellet and supernatant were analyzed through SDS-PAGE.
3.311 Quantitation of Mole Ratios of Linker Histones and Nucleosomes

To analyze the amount of H1 bound to condensates, standards of known H1
(ug) along with the condensate pellets of various stoichiometries were run on SDS-
PAGE, (Invitrogen Novex Wedgewell 4-20% Tris-Glycine Gels), and stained with
Coomassie. Gel images were captured using ImageQuant LAS 500 (GE Healthcare,
Chicago, IL, USA). Images were analyzed using the NIH public domain Java program

Imaged, utilizing the rolling ball background subtraction. Uncalibrated optical densities
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(OD) were used to correlate protein loaded to peak areas using the equation described
by Villela et al: P =C*V*1/2, where P is protein load in ng, C is concentration in mg/mL,
and V is sample volume loaded in mL (70). Standard curves from the in-gel standards
were generated for each gel using linear regression (Y=Uncal OD vs. X=protein load in
ug) with R? > 0.95. and subsequent slopes were used to determine the amount of
protein in pg. Protein amounts in yg were converted to moles using MW (g/mol) and

mole ratios expressed as moles H1/ moles nucleosome.
3.312 Fluorescence Microscopy

Condensate samples were incubated with additional proteins (linker histones,
SirT6 or Pol €) and covered. Condensate samples were then placed on a MatTek glass
bottom 35 mm petri dish with a 14 mm microwell 1.5 cover glass (MatTek, Ashland, MA,
USA), and given an additional 20 minutes incubation and settling time. Condensates
were imaged using Olympus IX81 spinning disk confocal microscope with photometrics
Cascade Il and a 100x/1.40 numerical aperture objective and Zeiss LSM 900 Confocal
Microscope with Airyscan 2, with a 63x/1.40 objective/numerical aperture (Zeiss, White
Plains, NY, USA). Slidebook 6 and Zen 3.1 software was used for both capture and
image analysis. Quantitation of condensate size was done using matplotlib.pyplot, and
python code developed by Gabriel Galindo at Colorado State University. Linked and
connected condensates were meaured as one continuous condensate using

thresholding and a rectanglar map drawn around “segmented coins.”
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Figure 3.1: Collection and Purification of 609x12 DNA Insert and Reconstituted Histone
Octamers Using Size Exclusion Column Fractionation. A: 1% Agarose gel, stained with
ethidium bromide, shows the digestion of pUC19 plasmid containing 2467 bp 601x12 insert
using restriction enzymes Hindlll, Xbal, Dral and Haell. The insert band appears around 2500
bp mark, while remaining plasmid fragments appear as smaller bands below (Goldbio 1 kb
ladder shown for reference) B: Fractions obtained through gravity separation using Sephacryl-
1000 size exclusion column. The ~ 2500 bp insert appears first, followed by additional plasmid
fragments in later fractions. C: Purified 601x12 DNA insert shown following alcohol
precipitation on 1% Agarose, stained using ethidium bromide.1 kb Goldbio DNA ladder is
shown for reference. D: Chromatogram showing absorbance for fractions from reconstituted
histone octamers. Fractions 5 through 11 show a peak representing the histone octamer,
followed by a smaller peak including smaller tetramers and dimers. E: SDS PAGE showing
collected fractions (5 through 11 shown in D). The core histones representing the octamer
appear as 3 bands from 10 to 15 kD. Biorad Precision Plus All Blue Standards protein ladder
shown for reference.
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Figure 3.2: Assessing the Saturation of 601x12 Arrays and Binding of H1 to
Arrays.

The saturation of the 601x12 DNA template with nucleosomes and linker histones can
be tested using a mono-nucleosome digest along with analytical ultracentrifugation.
A: Mono-nucleosome digest on fully saturated and under-saturated 12-mer
nucleosome arrays. Lanes 1: GoldBio 1 kb DNA ladder, 2: Free shows 601x12 DNA
digested in the absence of core histones, 3: 29 S represents nucleosome arrays
analyzed previously by analytical ultracentrifugation and found to be 29 S (A1C) and,
4-6: Arrays with increasing ratios of core histones per Widom nucleosome positioning
sequence shown as “r” from 0.85, 0.9, and 1.1. B: Mono-nucleosome digest on H1.0
and H1.2 bound arrays. Lanes 1: Goldbio 1kb DNA ladder, 2: Free 601x12 digested
DNA, 3: H1.0 bound arrays, r'=1.0 4: H1.2 bound arrays r'=1.2. C: Distribution plot
calculated following analytical ultracentrifugation showing fully saturated arrays
sediment between 29-30S. D: Distribution plot following analytical ultracentrifugation
of show H1.2 bound arrays of r'=1.2 sediment around 35 S.
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Chapter 4

The Biochemical Basis for Compartment Formation

4.1 Introduction

Genomic DNA in Eukarya is highly compacted and organized by a number of
proteins within the nucleus, forming chromatin (4). Nucleosomes make up the basic
repeating structure of chromatin, and are composed of 147 bp of DNA wrapped around
core histone octamer (59). Each histone octamer contains two copies of histones H2A,
H2B, H3, and H4 (59). Nucleosome arrays are made up of nucleosomes repetitively
spaced along the DNA (589). These arrays make up the 10-nm chromatin fiber (4). An
interphase chromosome is composed of a single, long, highly organized 10-nm fiber (4).
The mechanistic details into how the 10-nm fiber is both assembled and organized into
an interphase chromosome is an active area of investigation. The aspects of chromatin
packaging within an interphase chromosome may fundamentally illuminate how
eukaryotic genomes are both organized and accessed, potentially furthering our

understanding into gene expression (4).

Traditional models presented DNA packaging within the nucleus as helical,
repetitive 30-nm fibers (4, 32). In low-divalent salt conditions, these 30-nm structures
are well documented (4, 32). This model has been upended more recently, as cell
nuclei do not appear to contain the 30-nm packaging in interphase chromatin. O’Shea
and colleagues were able to visualize the 3D architecture of chromatin in situ using
ChromEMT (33). They showed that interphase chromatin fibers appear as disordered 5

to 24 nm granular chains capable of a diversity of densities and structures (33). These
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structures are likely dependent on a variety of factors, including variations in DNA
sequence, DNA linker length, protein interactions, histone variants, and post
translational modifications (33). Other studies using in situ, imaging, and small-angle x-
ray scattering have suggested that the common repeating unit within chromatin adheres
to 10-nm rather than 30-nm packaging (59). Nevertheless, the 30-nm packaging may be
biologically relevant under certain conditions, such as terminal differentiation or

transitional repressive structures (32).

Reconstituted chromatin structures known as “condensates” self-assemble into
globular structures between 50-1000 nm in size in the presence of >2 mM MgCl2 (59).
The addition of Mg?* ions to the arrays facilitates, along with the core histone tail
domains, nucleosome-nucleosome interactions (38). In the presence of physiological
range of Mg2+ (>2 mM Mg2+), these arrays self-associate to form larger chromatin
structures called condensates. These structures appear to have nucleosome arrays
packaged as interdigitated 10-nm fibers, and lack the canonical 30-nm packaging (59).
Importantly, the formation of these condensates is reversible upon removal of the Mg?*

salt (7, 59).

There has been debate about whether chromatin is packaged in a liquid or solid
state, and the role of liquid-liquid phase separation in domain formation (62, 63). Gibson
et al. showed that nucleosome arrays formed large ~1000 um condensates that
displayed liquid like behavior with the addition of Mg Acetate cations and BSA (63).
However, Strickfaden et al. used FRAP on 601x12 condensates in 5 mM Mg?* along
with live cells and found that chromatin had slow recovery times, more indicative of

solid-like behavior (62). Additionally, these condensates did not show any signs of
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fusing to form larger spherical condensates or droplets on contact as Gibson et al.
showed, but instead a more complex network of 3D structures, suggesting solid-like
behavior (62, 63). A study in 2023 by Nozaki et al. suggests that chromatin is
“viscoelastic” in nature, and displays both solid-like and liquid-like properties depending
on the measurement scale used. Locally, Nozaki et al. showed that nucleosomes are
highly dynamic within domains and behave much like a liquid (54). However, “globally,”
or at chromosome domain levels (um/minutes), the chromatin appeared to behave
much more like a solid. The findings by Nozaki et al. also confirm the earlier work by
Strickfaden, as the scale employed by both Strickfaden and Gibson were “global,” using

um and over the course of minutes (54, 62, 63).

The 601x12 chromatin condensates serve as an in vitro model, as they share
many of the packaging and physical properties observed for in vivo chromatin. These
condensates are therefore ideal for teasing out the most basic molecular and
mechanistic properties of chromatin fiber structure and assembly. It is therefore possible
to investigate intrinsic properties of chromatin using these condensates as a model.
This can be done by adjusting parameters such as histone tail modifications and
changing DNA linker length, as well as introducing extrinsic influencers, such as linker

histones and other chromatin binding proteins and macromolecules.

Linker histone H1 is one of the most ubiquitous chromatin-associated proteins
found among higher eukaryotes. Studies using X-ray crystallography show linker
histones bind nucleosomes at the entry and exit site of linker DNA, or on the “dyad” axis
of the nucleosome (77). Linker histones then affect chromatin fiber structure by

apparently stabilizing locally folded secondary structures, as well as mediating the self-
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association of these fibers by interacting with adjacent linker DNA (47). H1 bound arrays
are typically associated with transcriptionally repressed chromatin fibers, and with the
addition of different chromatin-associated proteins, may form different types of specific

functional chromosomal domains (7).

Historically, the linker histones have been shown to induce and stabilize the
formation of 30 nm fibers in vitro, though these fibers tend to show up only as short
fragments interspersed with varying fiber sizes (7, 36). In interphase cells at 20 nm
resolution, nucleosomes were observed to form discrete groups of varying densities
called “clutches,” where increased linker histone presence were found in addition to
other heterochromatin markers (36). Linker histone distribution has also been shown to
be irregular within chromatin, where they tend to be depleted in promoter regions of
actively transcribed genes with active histone marks (36). It has long been understood
that linker histones likely alter chromatin architecture, thereby inhibiting access to DNA.
This action includes preventing access to DNA binding proteins, and possibly
preventing the processive action of DNA-tracking enzymes such as RNA and DNA
polymerases and chromatin remodelers (36). Although H1 is generally assumed to be
inhibitory by inducing 3D folding into higher order structures, such structures have also
been shown to increase activity of a subset of nuclear enzymes such as PRC2,
suggesting even these higher order structures are accessible to certain macromolecules
(36).

In the following, we investigate the binding activity of linker histones to in vitro
condensates using a combination of a gel shift assay, a biochemical pelleting assay,

nuclease digestion, as well as fluorescence microscopy. We find that linker histones
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readily bind nucleosomes in both linearized arrays and fully self-associated
condensates. Additionally, when bound, linker histones appear to stabilize condensate
structure via marked resistance to MNase digestion, as well as promoting self-
association under both “liquid” and “solid” promoting conditions for condensates.
Further, the presence of bound linker histones within condensates does not preclude
the binding of additional chromosomal proteins. We show that linker histones can bind
condensates above the traditional 1:1 H1 per nucleosome stoichiometry, with evidence
for variant specific differences. This binding beyond the nucleosome also appears to
mediate a condensate-to-condensate interaction. The density of linker histones found in
chromatin may serve as an important factor in enhancing cross-linking and self-

interaction properties found within chromatin compartments.
4.2 Results

4.21 Linker Histones Bind Nucleosomes in Linear Arrays and Condensates

To determine if linker histones can find and bind target nucleosomes within
condensates, a mono-nucleosome digest was performed on both linearized arrays as
well as fully associated arrays, or condensates. In the mono-nucleosome digest, any
DNA that is unbound and accessible will be degraded by the addition of excess
endonuclease EcoRI. Fully digested 601x12 nucleosome arrays will then appear as a
band in an agarose gel around 500 bp, representing the bound nucleosome. The
binding of linker histones to nucleosomes can also be detected by an apparent band
shift under the same conditions. The high degree of charge present on the additional
linker histone will cause the DNA band to present at a much higher length of DNA than

without it present. In this way we can assess the degree of binding of additional linker
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histones to arrays in linearized conditions, 0 mM Mg2+, as well as fully self-associated
arrays, condensates, under conditions of 4 mM Mg2+ or higher. Here, we show that
histone variants H1.0 and H1.5 bind nucleosomes in both condensates and linear
arrays using the mono-nucleosome digest (figure 4.1A). The addition of linker histones
H1.0 and H1.5 was done in stepwise increments from 0 to 100 ng to a fixed amount of
601x12 arrays, incubated in either 0 or 5 mM Mg?* prior to the introduction of linker
histone. In figure 4.1A, H1.0 and H1.5 both show apparent binding at both O (linearized
arrays) and 5 mM Mg?* (condensates) above 50 ng H1. Indeed, H1.5 shows little
difference in the degree of binding under both conditions. At 10 and 20 ng, H1.5 shows
slightly more bound than at 5 mM Mg?*, by 30 ng this difference is eliminated. On the
other hand, H1.0 shows slightly less efficient binding under 0 mM Mg?* than at 5 mM
Mg?* at lower levels of H1.0. However, under both conditions with H1.0, there are similar
levels of binding above the 50 ng threshold.

In addition to the mono-nucleosome shift assay, binding was further assessed
using a differential centrifugation assay (figure 4.1B). Briefly, condensate formation was
induced via incubation with 4.5 mM MgClz, followed by incubation with 1:1 linker histone
H1.0 per nucleosome. This was repeated with an Alexa-488 labeled H1.0, incubated
with 601x12 arrays for either 1 hour, or overnight (ON). Arrays with and without the
addition of H1.0 were also incubated at 0 mM Mg?* for comparison. After a short
centrifuge run, the pellet and supernatant were assessed through SDS-PAGE, with the
expectation that H1 and nucleosome bands will show up in the pellet and not the
supernatant if binding occurs under condensate forming conditions only. The high

degree of self-association found in condensates makes them form structures so large
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that they can easily be separated out from unassociated arrays or unbound proteins
using differential centrifugation.

In figure 4.1B, under 4.5 mM Mg2*, we see the presence of the nucleosome
bands (3 bands around 10 to 15 kDa) appear in the pellet for the 601x12 arrays and not
the supernatant. Similarly, with the addition of H1.0 and Alexa 488 H1.0, we see the
nucleosome band plus the addition of the H1.0 band (27 kDa) apparent in the pellet
fraction only and not the supernatant fractions. Differences in band densities suggest
that Alexa 488 labeled H1.0 appears to have slightly less efficient binding to
condensates than the unlabeled H1.0. Under 0 mM Mg?*, the nucleosome bands for the
601x12 arrays appears in both the supernatant and the pellet fractions. This also is true
with the addition of unlabeled H1.0 under the same conditions. The appearance of the
H1.0 band in the pellet fractions only, and not in the supernatant, under 4.5 mM Mg?*
suggests that H1.0 indeed binds condensates. Under 0 mM Mg?* H1.0 binding cannot
be determined for this assay due to the indistinguishable supernatant and pellet
fractions. However, it is important to note that the results support that self-associating
properties of arrays at > 4 mM Mg?* are responsible for differences found in the pellet
and supernatant fractions. This is necessary to display that binding occurs to
condensates alone, and that the differences between fractions are due to the self-
interaction properties of nucleosome arrays at > 4 mM Mg?*.

In Figure 4.1C we display the apparent binding of Alexa 488 labeled H1.0
condensates using fluorescence microscopy. Previous work has shown that in >4 mM
Mg?* fluorescently labeled 601x12 arrays appear as spherically induced globules, with

an average radius of 200 nm (89, 62). In this assay, Alexa 488 labeled H1.0 was
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incubated with both unlabeled arrays, as well as with Alexa 647 labeled arrays at a ratio
of 0.5:1 H1.0 per nucleosome for 1 hour at 25°C before imaging. On the left-hand panel
in figure 4.1D, we see the appearance of spherical globules in the green channel from
labeled H1.0. While the appearance of H1.0 in apparent globules suggests it is bound to
the unlabeled 601x12 condensates, we used the addition of Alexa 647 labeled 601x12
arrays to look for any overlap in red and green, which is more indicative of binding. In
the right-hand panel, displaying red and green channels simultaneously, we see some
overlap of Alexa 488 H1.0 and Alexa 647 H4 in the form of yellow spherical globules.

This further supports apparent binding of H1.0 to the condensates.

4.22 Linker Histones Stabilize Condensate Self-Association Properties

It is well documented that H1 provides increased protection against MNase both
in vitro using 5S rDNA, and with Xenopus oocytes in situ (72, 73). In particular, Belikov
and colleagues looked at increasing ratios of H1, from 0 to 3 H1 per nucleosome in
oocytes. They showed that with an increase in H1 ratio, there was an increase in DNA
protection that plateaus around the ratio of 2:1 H1 per nucleosome (73). To test the
ability of H1.0 to protect DNA from MNase digestion in 601x12 condensates, we looked
at its behavior at a ratio of 1:1 and 2:1 H1 per nucleosome (see figure 4.2A). We
digested the condensates using MNase in 5-minute intervals up to 20 minutes and 30
minutes for the ratio of 2:1 H1 per nucleosome. The fully intact 601x12 DNA appears as
a band around 2500 bp on an agarose gel. As digestion proceeds, the 2500 bp band
will fade and the bands for smaller DNA fragments will increase in apparent density.
From figure 4.2A, we see that in the absence of H1.0, the 2500 bp band for 601x12

condensates disappears within 20 minutes. With a ratio of 1:1 H1.0 per nucleosome,
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however, we see a gradual fading of the 2500 bp band up to 20 minutes without fully
disappearing within this time frame, although digestion of smaller fragments does
increase over this period. At a ratio of 2:1 H1.0 per nucleosome we see very strong
apparent protection, with a bright 2500 bp fragment up to 30 minutes. This indicates that
in the context of 601x12 condensates H1.0 provides protection from MNase digest,
which is particularly pronounced at a higher ratio of H1 per nucleosome.

Strickfaden and Gibson showed that under varying conditions, chromatin can
behave either like a solid or a liquid both in vivo and in vitro using 601x12 condensates
(62). Liquid promoting conditions for the condensates include a solution of Mg acetate,
BSA, DTT, and glycerol, and solid promoting conditions with > 4 mM Mg?* with low
NaCl, EDTA and Tris (62, 63). We investigated the effect of H1.0 on the liquid and solid
promoting conditions of the 601x12 condensates using the biochemical pelleting assay
as well as fluorescence microscopy with Alexa 488 and Alexa 647 labeled arrays (see
figure 4.2B, 4.2C). In the biochemical pelleting assay shown in figure 4.2B, we tested
the 601x12 condensates under liquid promoting conditions in three ways. First, the
condensates (601x12 arrays in 5 mM Mg?*) with the addition of BSA alone; second,
after short incubation of condensates with BSA, introducing a 1:1 ratio of H1.0 per
nucleosome; and third, incubating a 1:1 ratio of H1.0 per nucleosome with condensates
first, then adding the additional BSA (indicated in Figure 4.2B as *). We found that the
addition of the BSA prevented 601x12 condensates from pelleting, indicating the
promotion of liquid-like behavior of the condensates. This is evident by the presence of
the 66 kDa band of BSA as well as the core histone bands present in both pellet and

supernatant fractions. This was true even following the addition of H1.0 after BSA was
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already present in solution. Notably, even under these conditions, H1.0 is present only
in the pellet fractions and not the supernatant fractions. Interestingly, it appears that the
order of introduction of either BSA or H1.0 matters for the ability of the 601x12
condensates to pellet. Under the conditions where H1.0 was added prior to the
introduction of BSA, only BSA appeared in the supernatant fraction, with the core
histones and the H1.0 band both absent from all supernatant fractions. This suggests
that the presence of H1.0 prebound to the condensates provides additional stability,
apparently maintaining the self-associative properties of the condensates themselves.
Additionally, the later introduction of H1.0 may also provide some protection as well, as
the core histone bands appear darker in the pellet fractions relative to supernatant than
they do without the presence of H1.0 as well.

Finally, Strickfaden et al. observed that 601x12 condensates under the liquid
promoting solution conditions behave as liquid by comparing red and green labeled
condensates using fluorescent microscopy (62). Under liquid promoting solution
conditions (150 mM K Acetate, 1 mM Mg Acetate, BSA, DTT and glycerol) the
condensates would merge to form larger apparent yellow droplets from the overlapping
red and green labeled arrays. Strickfaden showed that this did not occur under the > 4
mM Mg?* conditions used to form the 601x12 condensates (62). We wanted to see how
the addition of H1.0 affected the apparent “liquid” promoting behavior of the
condensates under the same conditions. We did so by adding a ratio of 2:1 H1.0 per
nucleosome to the 601x12 arrays, and then allowing it to bind for 30 minutes at 25°C
before the introduction to the liquid promoting solution. In figure 4.2C, we show that the

presence of H1.0 bound to the condensates prevents the apparent blending of red and
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green condensates. This is shown in figure 4.3C immediately after mixing, from 0 min
up to 90 minutes after mixing. This suggests that the presence of H1.0 in the
condensates promotes their structural stability, promoting a solid-like state for the
condensates.
4.23 In vitro Condensates Show Accessibility to Proteins of Varying Size Without
Disrupting Condensate Structure

The condensate environment is composed of interdigitated 10-nm fibers,
facilitated by the self-interaction of the nucleosome tails (4). We show in figure 4.1 that
this environment is accessible to binding by linker histones, which are known to interact
with both nucleosomes and linker DNA. We asked if the condensate environment would
further be accessible to additional chromatin binding proteins and larger protein
complexes without disrupting the structure and self-association properties of the
condensate itself. We tested this using two proteins with distinct binding preferences on
chromatin: Sirtuin 6 (SirT6) and Polymerase epsilon (Pol €). SirT6 is a 39 kDa
heterochromatin binding protein with important functions in promoting chromatin
structural stability, DNA repair, as well as NAD* dependent deacetylase activity(74). As
a dimer, SirT6 interacts with the acidic patches found on the H2A/H2B dimers within the
nucleosome (75). Pol ¢ is involved in chromosomal replication and binds single stranded
and double stranded DNA (76). Pol ¢ is a holoenzyme composed of four subunits; dpb2
(78 kDa), dpb3 (23 kDa), dpb4( 22 kDa), and Pol 2 ( 255 kDa) (76).

First, using the biochemical pelleting assay, we assessed if SirT6 and Pol ¢ could
bind condensates (figure 4.3 A, 4.3B). SirT6 was incubated with condensates from a

ratio of 0.5 up to 2.5 SirT6 per nucleosome (figure 4.3A). We found that up to this ratio
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we found SirT6 is present in the pellet fractions, with no detectable amounts found in
the supernatant fractions (see Appendix Figure 4.2). Similarly, we saw that Pol ¢
incubated with condensates in ratios of 0.16 and 1.0 Pol ¢ per nucleosome showed no
detectable amounts in the supernatant fractions (figure 4.3B). This indicates that both
SirT6 and Pol ¢ are likely binding nucleosomes and DNA, respectively, found in the
condensate environment.

Additionally, we looked at the morphological effects on condensates upon
binding by both SirT6 and Pol ¢ using fluorescence microscopy. We incubated a 2:1
ratio of SirT6 per nucleosome with Alexa 488 labeled 601x12 condensates (5 mM
Mg?*). In figure 4.3C we show that condensates bound with 2:1 ratio of SirT6 per
nucleosome show little difference in both size and shape from condensates composed
only of DNA and nucleosomes (null condensates) (69). Similarly, we incubated an LD
655 labeled Pol ¢ with the Alexa 488 labeled 601x12 condensates at a ratio of 1:6 Pol ¢
per nucleosome. In Figure 4.3D, overlaid green and red channels show the presence of
apparently yellow condensates. This overlap between the labeled Pol € and the 601x12
condensed arrays lends support to the ability of Pol € to bind 601x12 condensates. In
addition, these Pol € bound condensates show little variability from the null condensates
in size and shape. It seems that both SirT6 and Pol ¢ are not only able to bind
nucleosomes and DNA within condensates, but they can do so without effecting the
apparent structure of the condensates themselves. This suggests that both SirT6 and
Pol ¢ can bind without disrupting the self-association properties between nucleosomes

within condensates.
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4.24 Linker Histones Partially Restrict Binding of Polymerase ¢ and SirT6

It is a long-held assumption that for certain proteins to bind condensed
chromatin, it is first required to release linker histones to both decompactify and provide
access to binding sites (35, 36, 77). It is possible that linker histones may limit binding
by sterically blocking access to either nucleosomes, or adjacent linker DNA. We
therefore asked the question if chromosomal proteins and protein complexes can also
access and bind condensates either in the presence or absence of H1.
We used the biochemical pelleting assay to determine whether the presence of H1.0
pre-bound within condensates prevents access to nucleosome binding by SirT6. We
incubated a 1:1 ratio of H1.0 per nucleosome (H1/N) with condensates before the
addition of a 4:1 ratio of SirT6. Additionally, we also incubated condensates with a
saturated excess, or 4:1 H1/N before the addition of a 2:1 ratio of SirT6/N (see figure
4.3A). We found that the presence of H1.0 at 1:1 ratio per nucleosome did not prevent
the binding of SirT6, with no detectable amount of SirT6 present in the supernatant
fractions. However, at a ratio of 4:1 H1.0/N, we did see some exclusion of SirT6 with a
faint amount detected in the supernatant fraction (figure 4.3A). While the presence of
1:1 H1.0/N did not prevent the binding of SirT6, higher ratios did appear to partially
restrict additional binding to nucleosomes. The higher ratios of H1.0 and SirT6 also
appeared to influence the morphology of the condensates as well. In figure 4.3C, we
see that Alexa 488 labeled condensates in the presence of both 2:1 H1.0 and 2:1 SirT6
per nucleosome caused the condensates to appear to form more complex structures,

including dimers. The additional presence of H1.0 at a higher ratio appears to influence
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not only the binding ability of SirT6 but also effect the apparent structure of the
condensates themselves.

We further investigated if the presence of H1.0 would prevent access to binding
to the linker DNA between nucleosomes by the holoenzyme Pol ¢. First, we introduced
1:1 H1.0/N to the condensates. Next, we incubated increasing ratios of Pol ¢, including
0.5, 0.75 and 1:1 per nucleosome to condensates with pre-bound H1.0. Following the
biochemical pelleting assay, we found that the presence of 1:1 H1.0/N did not prevent
binding of Pol ¢ to the condensates at a ratio of 0.5 Pol /N (see figure 4.3B).
Interestingly, at a 0.75 and 1:1 ratio of Pol ¢ introduced, we find apparent signs of
unbound or excess present in the supernatant fraction. In figure 4.3B we also see that in
the absence of H1.0, introducing 1:1 Pol &/N presents no excess or unbound amounts
detectable in the supernatant. This indicates that the presence of H1.0 likely partially

restricts binding access of linker DNA to Pol «.

4.25 Condensates Provide Additional Binding Sites for Linker Histones beyond
the Nucleosome

Recent studies have shown that within complex condensed chromatin there are
multiple distinct binding modes that can be adopted in addition to the known on-dyad
nucleosome binding mode (45). Interestingly, it was recently shown that there may be
unique differences in binding modes found among variants H1.0 and H1x (see Appendix
Figure 5). Here, we used the biochemical pelleting assay to determine if different linker
histone variants can bind condensates above a 1:1 H1/N, and probe any differences
between variants. We investigated the binding of variants H1.1 to H1.5 by titrating

condensates with input ratios (') of H1/N varying from 0, .25, .50, .75, 1.0, 1.5, 2, 2.5,
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3,3.5,4,4.5, 5, 5.5, and 6. To quantitate the ratio of linker histone per nucleosome
found within the pellet fractions using SDS PAGE, we co-loaded in-gel standards of
known amounts (in ug) of linker histone. These standards were then used to generate a
standard curve, from which we could use to calculate the amounts in ug of histones and
core histones (see figure 4.4). From the amount in ug calculated, we then calculate the
amounts of histones in moles, and convert moles to mole ratios H1/nucleosome (tables
4.1-5).

Importantly, we show that all variants tested did have a detectable amount of
bound linker histone in pellets higher than 1:1 H1/N (figure 4.4). This suggests that
within the condensate environment, linker histones H1.1 to H1.5 can bind additional
targets beyond expected nucleosome binding sites. We found that up to an ' of 6,
linker histones H1.3, H1.4 and H1.5 appear to saturate condensates around a ratio of
2.5 (see figure 4.4). The linker histone H1.5 has an upward trend suggestive of
saturation upon even higher ', however it is important to note that ' of 5.5 and 6
have statistically overlapping ranges. Therefore, this apparently increasing trending we
see with H1.5 may be superficial. Interestingly, H1.1 and H1.2 show significant variation
from H1.3, H1.4 and H1.5. In figure 4.4A, we can see that H1.1 and H1.2 appear to bind
and saturate condensates from ratios between 3 and 4 H1/N. Along with the apparent
higher binding, there are also much higher standard deviations than were seen with the
other variants tested found at the higher r'’. H1.1 and H1.2 therefore show an apparent
variant specific difference in binding to the 601x12 condensates from H1.3, H1.4 and

H1.5.

4.26 Linker Histones Facilitate Complex Chromatin Fiber Contacts in vitro
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We showed that linker histones H1.1, H1.3, H1.4 and H1.5 can bind condensates
above a ratio of 1:1 H1/N. As such, we investigated the effect of the higher binding
ratios of linker histones on condensate morphology. Recent studies have shown that H1
displays chromatin fiber cross-linking abilities that are enhanced at ratios above 1:1 of
H1/N (45). Therefore, we investigated the effect of ' on the apparent condensate
morphology, specifically looking at input ratios of 0.5, 1, 2.0 and 4.0 (see figure 4.5).

In figure 4.5, we show that isoforms H1.1, H1.3, H1.4 and H1.5 show a greater
propensity to form condensate to condensate contacts at higher . Below r'" of 1:1
H1/N, condensates mostly appear spherical in shape, averaging between 200 and 300
nm (see Appendix Table 2). With increasing r'' we see the assembly of complex
aggregates composed of multiple linked condensates (figure 4.5). These structures
appear to form twisted chains, whose links are made up of the smaller 200-300 nm
condensates. Importantly, we do not see the formation of these complex structures in
the absence of H1, nor does increasing the concentration of 601x12 arrays does not
appear to facilitate the formation of these structures (89, 62). All variants we analyzed
show an increasingly pronounced aggregate forming activity beginning at an rf'' of 1:1
H1/N and above. At the 2:1 ratio and above, the mean effective radius, or the longest
length across for both linked and unlinked condensates measured in nm, shifts from 260
nm in the absence of H1 to between 380-400 nm for all variants tested (see Appendix
Table 2 and Appendix Figure 6). Therefore, we show that linker histones facilitate the

self-association of condensates in vitro.
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4.3 Discussion
4.31 Linker Histones Find Additional Binding Sites in Condensates

Linker histones readily bind condensates above a 1:1 ratio of LH/N. Most
structural work with linker histones has been done with mono- and tri-nucleosomes
where a 1:1 ratio between histone and nucleosome was assumed, and linker histones
were observed binding the dyad axis of the nucleosome (36, 44, 71, 78, 79). Recently,
linker histones were shown to display additional binding modes when present in
complex chromatin fibers, and may exceed the 1:1 ratio of linker LH/N traditionally
assumed (45). X-ray crystallography has shown that linker H1.0 exhibits an off-dyad
mode of binding that physically cross-links dinucleosomes into fibers (45). The non-
dyad binding modes suggest there may be variability in how the linker histones can bind
and interact with the chromatin environment. This suggests that H1 may be capable of
efficiently penetrating chromatin fibers to find additional binding sites, allowing for
binding above the assumed 1:1 ratio. Additional binding by H1 may serve to strengthen
intermolecular contacts between nucleosomes, further stabilizing chromatin compaction
(71). Indeed, in live cells, it has been observed that increasing density of linker histone
positively correlates to heterochromatin and heterochromatin markers (36).
4.32 Condensates Serve as Effective Models for Chromatin Domains

The local density of linker histones within chromatin domains appears to play a
critical role in compartment regulation within chromatin (52). Higher order structures
called domains of approximately 200 nm were observed through both light and electron
microscopy (64, 80, 81). Hi-C data and super resolution imaging shows eukaryotic

genomes are organized into large topologically associated domains (TADs) as well as
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smaller contact/loop domains (82, 83). TADs can further be divided into distinct “A” and
“B” compartments, where A compartments may be more transcriptionally active
euchromatin, and B is likely inactive and repressive heterochromatin (62, 54). Using Hi-
C, Wilcockson et al. showed higher than average levels of linker histone were present in
B compartments as well as A compartments containing repressive PRC2 (52). Further,
Wilcockson et al. found that a reduction in H1 stoichiometry shifted the more repressive
B type compartments to more active A compartments (52). However, the Hi-C data
gives no direct structural information.

The condensates serve as good models for the 200 nm domains seen in vivo.
We show that at higher stoichiometries, linker histones promote further self-association
between condensates through increasing fiber-fiber contacts. Here, linker histones may
serve a role in compartment maintenance by globally stabilizing chromatin fibers. Linker
histones stabilize chromatin by promoting increased fiber-fiber contacts at high
stoichiometries. The increased stability and condensation of linker histone rich regions
contributes to the self-organization of interphase chromosomes. It is probable that the
effect of linker histones in stabilizing chromatin compartments is only modestly
structurally repressive, and that repression is driven more by additional protein-protein
interactions. For example, higher levels of linker histone may serve to promote the
activity and recruitment of methyltransferases (35). H1 bound recombinant
dinucleosomes displayed methylation of H3K9 by Suv39h1 and SETDB1 at significantly
higher levels than in the absence of H1 (35). Additional studies have shown that H1
interacts with additional proteins such as SETDB1 while simultaneously bound to the

nucleosome using its CTD (35). It is also possible that variant specific differences
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between linker histones may play an additional role in mediating a domain-domain

interaction as well as promoting further protein-protein interaction.

4.33 Linker Histones Show Variant Specific Differences in Binding Condensates

H1 structure consists of a highly evolutionarily conserved globular domain, with
more variable N-terminal and C-terminal domains (7). The globular domain binding
facilitates the protection of ~20 base pairs of linker DNA (7). The other domains are
likely more important for the formation of higher order chromatin structures. The N-
terminal domain (NTD) is nominally unstructured, hydrophobically enriched, and likely
plays a role in binding the nucleosome itself, and deletion of the NTD from H1 has
shown reduced binding affinity for nucleosomes (7). The C-terminal domain (CTD) is
intrinsically disordered, has a net positive charge, and accounts for more than half of
linker histones’ sequence (7). There is no overall CTD sequence conservation among
H1’s isoforms, however ~40% share evenly distributed positively charged residues (47).
The CTD is likely involved in the formation, and stabilization, of linker DNA into higher
order structures (36, 41, 71, 84). NMR spectroscopy has shown that H1 displays
dynamic, almost liquid like behavior in chromatin domains (40). This action may be
facilitated by its unstructured C-terminal tail. The length, charge, and posttranslational
modification sites vary among isoforms, suggesting distinct roles in chromatin structure

regulation (7, 36, 71, 84).

Apparent variant specific differences were found in the binding saturation of
condensates by H1.1 and H1.2. Variants H1.3, H1.4, and H1.5 all appear to bind
condensates between a maximum observed ratio of 2-3 H1/N up to ' of 6. Under the

same conditions, however, we observed H1.1 and H1.2 bind a maximum of 3-4 H1/N
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with much more variability shown by H1.1 at high ' (Figure 4.4). Observed binding
differences may be due to the CTD on isoforms. Th'ng et al. classified histone variants
into broad binding groups based on FRAP experiments with GFP fusion proteins(85).
Affinities were linked to apparent mobilities, with high mobility group, including H1.1 and
H1.2 having the lowest affinities, and the lowest mobility group including H1.4 and H1.5
having the highest affinities (2). Indeed, H1.1 and H1.2 have the shortest C-terminal
tails of the somatic variants, showing the lowest density of positive charge, while H1.4
and H1.5 have the longest C-terminal tails (86). The CTD on linker histones is essential
to their mobility within chromatin and is likely responsible for additional binding modes
observed. Stasevich et al. showed that the C-terminal tails on linker histone H1.0 likely
bind to linker DNA nonspecifically first, followed by more stable binding to along

nucleosome sites (87).

The electrostatic contributions of the linker histones themselves appears
important to maintaining condensate stability. In Appendix figure 4.3, we show that the
presence of 200 mM NaCl in solution causes the condensates to fall apart, where
nucleosome bands appear in both pellet and supernatant fractions. However, with the
addition of linker histones H1.0 and H1.5, there is additional protection against falling
apart up to 300 mM NacCl. Between H1.0 and H1.5, H1.5 does not make any marked
appearance in supernatant fractions until above 350 mM, while H1.0 appears in the
supernatant clearly around 300 mM (see Appendix Figure 3). This difference may be
due to the longer, highly positively charged CTD on H1.5 relative to H1.0, causing it to
have a higher apparent binding affinity to condensates. Therefore, it is reasonable to

assume that the variability we observe with H1.1 may be due to a higher degree of
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promiscuity through a shorter CTD, and lower overall binding affinity to chromatin,
making it more apparently dynamic than variants H1.3, H1.4 and H1.5. It is possible that
variant specific differences may be important for how linker histones regulate the
chromatin architecture, and landscape. Linker histones may do this, as Gibbs and
Kriwacki have suggested, by acting as a type of “electrostatic glue” through non-specific

interactions between its CTD and linker DNA (40).

4.34 Linker Histone Bound Condensates Remain Accessible to Additional
Proteins

Condensates formed from the self-association of 601x 12 bp arrays serve as an
in vitro model for chromatin structure and behavior. Condensates show the same
packaging and physical state of chromatin fiber in live cells (4, 569, 62). However, it was
unknown whether these condensates were also accessible to chromatin binding
proteins of varying size, nor the effect on apparent condensate stability and
morphology. Here, we show that these condensates appear accessible to binding by
linker histones, SirT6, as well as larger holoenzymes of 378 kDa such as Pol ¢ (Figure
4.3). Importantly, binding by Pol ¢ is possible without disrupting the large-scale
condensed structure of the condensates themselves (Figure 4.3D). We show that while
the presence of bound H1.0 alone is not enough to prevent binding of Pol ¢, it does
appear to limit binding to some degree (Figure 4.3B). Additionally, bound linker histones
show stabilizing effects on condensates, not only by limiting access to nuclease
digestion, but also by promoting self-association properties of condensates (Figure 4.2).
The presence of BSA causes condensates to dissociate. BSA is often used as a
blocking agent to prevent non-specific binding (88). Because histone tail interactions are

weak and transient, this may cause competition between BSA and the adjacent
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nucleosome-nucleosome interactions. The presence of linker histones, however,
appears to further stabilize condensates by preventing their dissociation when BSA is

introduced to solution.

Linker histones appear vital to the organization of TADs into compartment types.
In condensates, linker histones both facilitate and stabilize fiber-fiber contacts. This
stabilization effect may play an important role in the organization of domains through a
type of phase separation. The condensation effect on chromatin by linker histones alone
does not make the landscape completely inaccessible to binding by additional proteins.
In fact, linker histones themselves are likely dynamically diffusing within chromatin
domains while simultaneously stabilizing chromatin through the dynamic cross-linking of
adjacent fibers. The stabilized condensed chromatin then likely aids in the physical
organization of higher order chromatin domains as well as in the recruitment of relevant

protein partners by acting as a type of scaffolding.
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4.4 Figures

A

H1.0 + Linear Arrays H1.0 + Fully Associated Arrays

5
¢ &S
s&Ld
5 9 9 K
<«—Bound H1 'S Q 'S $ .
* 'y 2
& &S T X g 5
s sfsss e 83
Mono-Nuc B ’\7 ’\/Q & QQ SR ’:. ’bv. f\'fo '\/Q ‘?QQ
TP T TFT oy
SEIITFFITF &S L3

0mM Mg2+ 5 mM Mg2+

H1.5 + Linear Arrays

H1.5 + Fully Associated Arrays

I\ J

v Y
4.5 mM Mg2* 0 mM Mg+

5mM Mg2+

601x12 + Alexa-488 H1.0 Alexa-647 601x12 + Alexa-488 H1.0

Figure 4.1: Linker Histones Bind Nucleosomes in Linear Arrays and Condensates. A:
Histone H1.0 and H1.5 were titrated from 0 to 100 ng into 600 ng 601x12 arrays in either 0 or
5 mM Mg?* ,and incubated for 30 minutes before digestion with EcoRI. H1 binding is evident
by the appearance of a band shift from 500 to 1000- 2500 kbp. Goldbio 1kb DNA ladder
shown for reference. B: Biochemical Pelleting assay on SDS PAGE. H1.0 appears as a band
around 27 kD, and the core histones representing the nucleosome as 3 bands from 10 to 15
kD. Biorad Precision Plus All Blue Standards protein ladder shown for reference. C:
Fluorescence microscopy binding assay, 2 um inset. Lefthand panel displays Alexa-488 H1.0
incubated with unlabeled 601x12 arrays at 5 mM Mg?*. Righthand panel includes Alexa-647
arrays and Alexa-488 H1.0 with overlapping red and green channel, 5 mM Mg?*.
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Figure 4.2: Linker Histones Stabilize Condensate Self-Association Properties. A: MNase
digest on 601x12 condensates with and without the addition of H1.0. Time intervals of 5 to 20
minutes (30 min for 2:1 H1.0/N reaction) were taken by removing a small fixed amount from
the reaction mixture and quenching with EDTA and ice. Undigested DNA is appears as a band
around 2500 bp representing the full 601x12 template. Goldbio 1kb DNA ladder shown for
reference. B: Biochemical pelleting assay done with the addition of BSA and H1.0. BSA was
added to the condensates prior to the introduction of H1.0 in all cases except those indicated
with (*). In (*) reactions, H1.0 was added to condensates before the addition of BSA. The BSA
band appears around 66 kDa, H1.0 around 27 kDa, and core histones between 10 and 15
kDa. Biorad Precision Plus All Blue Standards protein ladder shown for reference.C:
Fluorescence microscopy, 10 um inset, on Alexa 488 labeled 601x12 arrays and Alexa 647
labeled 601x12 arrays bound with H1.0 in 150 mM K acetate, 1 mM Mg acetate, BSA, DTT,
and glycerol. Imaged immediately after mixing (0 min) and 90 minutes after mixing.
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Figure 4.3: In vitro Condensates Show Accessibility to Proteins of Varying Size Without
Disrupting Condensate Structure. A: Biochemical Pelleting Assay with 601x12 condensates and
SirT6 and H1.0. From left to right SDS PAGE loaded with pellets from binding assay including
increasing ratios of SirT6 per nucleosome from 0.5, 0.75, 1, 1.5, 2, 2.5. Immediately following shows
pellets (P) and supernatant (S) from binding assay in the presence of excess H1.0 (4:1 H1/N) and
stoichiometric SirT6 (2:1 SirT6/N), and stoichiometric H1.0 (1:1 H1.0/N) and excess SirT6 (4:1
SirT6/N). SirT6 appears as a band around 42 kDa. B: Biochemical Pelleting Assay with holoenzyme
polymerase ee and 601x12 condensates in the absence (left) and presence (right) of pre-bound H1.0.
Pellets marked as (P), supernatant demarked as (S). Biorad Precision Plus All Blue Standards protein
ladder shown for reference. C: Lefthand panel shows Alexa 488 labeled 601x12 arrays in 5 mM Mg?*
mixed with 2:1 ratio of SirT6 per nucleosome. Righthand panel shows Alexa 488 labeled 601x12
arrays in 5 mM Mg?* with the addition of 2:1 SirT6/N and 1:1 H1.0/N. D: Alexa 488 labeled
condensates with LD-655 labeled Pol ¢. Left panel shows the 488 channel labeled 601x12
condensates. The center panel shows 647 channel with LD-655 labeled Pol ¢. Right panel shows the
overlap of both channels.
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Figure 4.4: Condensates Provide Additional Binding Sites for Linker Histones beyond
the Nucleosome. A: Binding Plots for linker histones were generated by analyzing mole
ratios of linker histone to core histones in the pellet fraction from the biochemical pelleting
assay. The horizontal axis represents the input mole ratio of linker histone per nucleosome.
The vertical axis represents the measured amount of H1 per nucleosome (H1/N) found in the
pellet fractions. Band intensities were measured using ImageJ, and converted to ug H1 using
in-gel standards and a standard plot. B: A representative gel from H1.1 is shown with its
standard plot above. Standards shown for H1.1 include .101 ug, .140 ug, .178 ug and .212
ug. Biorad Precision Plus All Blue Standards protein ladder shown for reference. C: A
representative gel from H1.3 is shown with its standard plot above. Standards for H1.3 are
.212 ug, .245 ug, .317 ug, and .390 ug. D: Representative gel from H1.4 is shown with its
standard plot above. Standards for H1.4 include .0185 ug, .037 ug, .074 ug, and .103 ug. E:
A representative gel from H1.5 is shown with its standard plot above. Standards loaded for
H1.5 include .0185 ug, .037 ug, .074 ug, .089 ug and .103 ug.
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Table 4.1: " are input ratios (H1.1/N). Amounts of

H1.1 were calculated using a standard curve for each gel

rit1 Moles H1.1 Moles Nuc  H1.1/Nuc
0.25 3+2x10°13 3+1x10°12 0.1+0.1
0.5 1.0+0.6x10'? 3.7+0.5x102 0.3+0.2
0.75 2+1x107"? 4+1x10712 0.6+0.2
1 3+2x10-12 4+1x10712 0.8+0.3
1.5 5+2x10'2  3.9+0.8x10"? 1.240.4
2 6+5x10"? 4+2x1071? 1.6120.5
2.5 4+3x107? 2+1x107"? 1.840.4
3 7+2x10-12 3+1x10°12 2.4+0.5
3.5 7+5x10-12 2+1x107"? 3.3+0.3
4 1.1+0.5x10"" 3+2x10-12 3.6+0.4
4.5 9+2x10"? 3+1x10°12 3.4+0.9
5 1.1+0.3x10"" 3+1x10°12 4+1
55 1.2+0.4x10"" 4+1x10712 341
6 1.3+0.5x10""  3.9+0.6x107"? 341

Table 4.2: " are input ratios (H1.3/N). Amounts of

H1.3 were calculated using a standard curve for each gel

rit3 Moles H1.3 Moles Nuc  H1.3/Nuc
0.25 4+2x107"3 4+3x10"%  0.13+0.06
0.5 8+7x10"®  2.4+0.7x10? 0.3+0.2
0.75 3+2x10-12 5+3x10-12 0.6+0.3
1 3+2x10-12 3+2x10-12 0.9+0.3
1.5 2.9+0.6x10"'2  2.2+0.3x102 1.320.3
2 4+2x10'?  2.1+0.8x10"2 1.8£0.5
2.5 4.3+0.3x10"?2  1.9+0.3x102 2.2+0.3
3 5+2x1012  2.1+0.5x10"? 2.4+0.5
3.5 4+1x10"?  2.1+0.4x10"? 2.6x0.4
4 6.7+0.4x10'2  2.3+0.5x10"? 3.0£0.6
4.5 9+8x10-"? 4+3x107? 2.8+0.5
5 1.5+0.7x10"" 6+3x107"? 2.5+0.3
55 1£1x10" 6+4x107"? 2.6+£0.2
6 8+8x10" 5+5x10-12 2.0+£0.3
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Table 4.3: r'are input ratios (H1.4/N). Amounts of
H1.4 were calculated using a standard curve for each gel

ri4 Moles H1.4 Moles Nuc  H1.4/Nuc
0.25 7+8x10°13 6+1x10'2  0.11+0.03
0.5 8+6x10"3 6+6x10"'2  0.15+0.06
0.75 2+1x107"? 6+7x107"? 0.4+0.1
1 2+2x107"? 6+7x107"? 0.5+0.2
1.5 2+1x107"? 2+1x107"? 1.1£0.3
2 8+7x10'?2  6.7+0.9x102 1.4£0.5
2.5 9+7x107"? 6+8x10"? 1.7£0.6
3 9+9x10-"? 5+7x10-12 2+1
3.5 1£1x10" 5+7x10-12 2.1+£0.8
4 1£1x10™" 5+6x10-12 2.2+0.5
4.5 6+0.8x10'2  3.0+0.7x10°12 2.1+£0.3
5 7+3x1012  2.8+0.6x10"? 2.6+£0.6
55 7+3x10°" 3+1x10-12 2.3x0.4
6 7+2x10""  3.1+0.6x107"? 2.4+0.2

Table 4.4: r'" shows input ratios (H1.5/N). Amounts of
H1.5 were calculated using a standard curve for each gel

s Moles H1.5 Moles Nuc H1.5/Nuc
0.25 1.8+0.9x10°"3 1.6+0.5x10'> 0.10+0.03
0.5 5+3x10-13 2.0+0.2x10°"? 0.2+0.1
0.75 1.0+0.2x10-"? 2.0+0.1x10°"? 0.5+0.1
1 1.1+0.6x10"? 1.8+0.4x10"? 0.6+0.2
1.5 1.6+0.5x10'% 1.74+0.04x10-1? 1.0£0.3
2 2.0+0.2x10-"? 1.9+0.1x10°"? 1.2+0.1
2.5 1.7+0.5x107"? 1.9+0.1x10°"? 1.3£0.2
3 3.4+0.4x10°"? 1.9+0.2x10°"? 1.8+0.1
3.5 2.2+0.5x10"? 1.8+0.1x10°"? 1.910.3
4 3.7+0.7x10°"? 2.1+0.2x10°"? 1.9+£0.3
4.5 5+1x10-12 2.4+0.3x10°"? 2.1£0.3
5 5.3+0.7x10-"? 2.3+0.3x10°"? 2.3£0.1
55 5.7+0.8x10-"? 2.3+0.2x10°"? 24104
6 6+1x10"? 6+0.3x10°12 2.7£0.3
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Table 4.5: r'are input ratios (H1.2/N). Amounts of
H1.4 were calculated using a standard curve for each gel

rt2 Moles H1.2 Moles Nuc H1.2/Nuc
0.25 3+1x10"  1.9+0.8x10"2 0.18+0.08
0.5 1.0+£0.7x10"2  2.6+0.6x10712 0.4+0.2
0.75 2+1x10712 3+1x10712 0.7+0.2
1 2+1x1012  2.4+0.5x10"2 1.0£0.4
1.5 5+1x10'2  2.6+£0.7x10"? 1.83+0.06
2 5+2x1012  2.8+0.8x107"2 1.910.3
2.5 7+4x10712 2+1x107"? 2.62£0.6
3 9+1x10'2  2.8+0.4x10"? 3.10+0.05
3.5 1.03+0.08x10""  3.0+0.3x10'2 3.5£0.2
4 9+3x10 " 2.5+0.8x107"2 3.5+0.3
4.5 8+2x1012  2.5+0.8x1072 3.1£0.4
5 9+2x1012  2.5+0.7x10"2 3.6£0.4
55 9+2x1012  2.8+0.8x107"2 3.5+¢0.3
6 1+3x10"" 3+1x10712 3.6£0.4

66



H1.5

Figure 4.5: Linker Histones Facilitate Complex Chromatin Fiber Contacts in vitro. Alexa 488
labeled 601x12 condensates (5 mM Mg?*) were incubated with increasing ratios (0.5, 1.0, 2.0, and
4.) of H1/N. of H1.1, H1.3, H1.4, H1.5 and visualized with fluorescence microscopy.
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Chapter 5

Discussion and Future Directions

Despite more than 15 years of research and work to overturn the 30 nm folding
model, it persists. In literature, it often appears in depictions of repressive H1 structures;
and in introductory materials, it appears as part of the continuous folding model for
chromosome formation in the nucleus (5, 8, 36). This may partly be due to the ease of
depicting the much neater, tighter structures that 30 nm fibers appear to form. Models
showing the true state of chromatin fibers as interdigitated, complex, and “messy,” is
much harder when introducing simplified models for students. Nevertheless, it is vital
that we continue to push for more accurate portrayals of what many researchers have
shown. The default state of chromatin for Eukarya is the complex 10 nm fiber, whether
“repressive” heterochromatin domains, “open” euchromatin, or in mitotic chromosomes.
This also means we need to rethink the role that linker histones play in the formation of

heterochromatin, or transcriptionally repressed chromatin domains.

Chromatin condensates provide an excellent model for investigating how proteins
behave in the complex 10 nm fiber environment. Condensates share many of the
intrinsic properties observed in chromatin in vivo. They are formed by nucleosome-
nucleosome interactions facilitated by the presence of divalent cations. Importantly, in
vivo nuclei were shown to “decondense” in the absence of divalent cations, as well as
when core histone tails were removed via trypsin (57). Condensates share the same
shape and morphology of chromatin domains that have been identified through light and

super resolution microscopy(4). They share the internal 10 nm interdigitated structure
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as chromatin identified in cell nuclei. Importantly, the simplicity of their composition
means that they can be tuned to a researcher’s specific topic of interest. Such topics
may include the effect on chromatin by changing linker DNA length, altering core
histone tail domains, addition of PTMs to core histones, or the individual effects of
additional chromosomal proteins. Many of these topics are difficult to study as they are
involved in a variety of complex interactions in the cell nucleus. With condensates,
however, we can boil down them down to very fundamental interactions using a

simplified and controlled chromatin environment.

Linker histones continue to be implicated in the 30 nm folding model. However,
recent evidence suggests a much more dynamic role, where linker histones act as a
“liquid glue”(40) within chromatin. Importantly, linker histones appear to stitch together
chromatin fibers, and stabilize the fiber networks. We show that higher stoichiometries
of linker histones appear more efficient in the fiber cross-linking effect, as observed
through fluorescent microscopy. The dynamic 10 nm fiber environment in condensates
provides a more complex binding platform than is seen in the traditional 30 nm models
always depicting 1:1 H1/nucleosome. Linker histones are able not only to bind individual
nucleosomes, but may move within nucleosome pockets through interactions with linker
DNA. These additional binding modes provide an explanation for how linker histones
behave like the “glue” between chromatin fibers. This action can be seen in their
resistance to nuclease digestion. It is also seen in the apparent increased structural
stability provided to chromatin condensates in conditions that otherwise cause
condensates to dissociate in solution. Condensates dissociate in the presence of higher

levels of monovalent salts, likely through a shielding effect by the salt on DNA. BSA also
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causes condensates to dissociate, possibly by preventing weak and transient
nucleosome-nucleosome interactions. When linker histones are bound to condensates,

they prevent BSA from causing them to apparently fall apart.

The stabilizing and cross-linking effect of linker histones may explain their role in
apparent compartment maintenance. Chromatin compartments have been defined by
Hi-C studies through their increased number of intradomain DNA-DNA contacts. When
linker histone stoichiometries are greatly reduced, B type compartments, which are
seen as ‘repressive,” were seen to shift to A type, which are believed to be more
“open”(52). Therefore, compartment construction may rely on adjusting the regional
density of linker histones. The high density of linker histones would serve to stabilize
and increase the number of DNA-DNA contacts within a given region of chromatin. This
also may contribute to a form phase separation between different functional domains

within chromatin.

We also observed variant specific differences in how linker histone isoforms
appeared to saturate condensates. Linker histones H1.1 and H1.2 appeared to saturate
condensates at higher levels than isoforms H1.3, H1.4 and H1.5. The variations in the
size and charge density of linker histones CTD may account for these observed
differences. H1.1 and H1.2 have shorter C-terminal tails than H1.3, H1.4, and H1.5. The
CTD of linker histones is characterized by a high density of positively charged residues.
This positively charged atmosphere likely forms a stabilizing interaction with the
negatively charged linker DNA. Reducing the amount of charge on the CTD may affect
the apparent binding affinity of the isoforms for chromatin, making off-dyad linker

histone-chromatin interactions more transient and flexible.

70



Finally, there is much work that can be done to follow up on the results presented
here. For example, the presence of linker histones bound to di-nucleosomes appears to
promote the methylation by several methyltransferases (35). One potential study that
could be done with condensates would involve probing methyltransferase activity in
condensates, both in the presence and absence of linker histones. Additionally, within
the chromatin environment in vivo, multiple variants of linker histones are present at
different concentrations. Therefore, it would be of great interest to assess the
accessibility of additional proteins in the presence of multiple linker histone variants.
Finally, a follow up to the apparent binding differences between variants H1.1, H1.2,
H1.3, H1.4 and H1.5 would involve removal of CTD of one or more of the variants, or
changes to the local charge densities on variants CTD through point mutations or tail

truncations, to assess if differences we observed in binding saturation remain.
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Appendix Table 1: Mean Effective Condensate Radius (nm).

From fluorescence microscopy, condensate sizes were quantified by effective

radius (longest length) in nm as a function of r''’. Error shown as standard deviation.
1

0 0.5 1 2 4
H1.0 260+100 280+150 460+250 380+170 570 +420
H1x 280 £120 290 £110 360 £160 310 +130
H1.1 320 £160 380 £220 390 +220 320 £130
H1.2 280 £120 300+200 400 +£200 440410
H1.3 300 £200 320 £170 390 +220 480 +380
H1.4 260120 330 £150 390 £250 410 +240
H1.5 200 £100 270 £110 380 £240 390 +290
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Appendix Figure 2: Biochemical Pelleting Assay with Linker Histones and SirT6. Linker
histones and SirT6 incubated with condensates at increasing ratios show no detectable excess
protein in the supernatant (s) fractions. Pellet fractions denoted as (p) and supernatant fractions
shown as (s). Biorad Precision Plus All Blue Standards protein ladder shown for reference.
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Appendix Figure 3: Electrostatic Interactions Between Histones and DNA Facilitate Self-
Associative Properties of Condensates. Differential Centrifugation Pelleting Assay on 601x12
condensates over an increasing salt gradient of 200 to 500 mM NaCl shown with the addition of
H1.0 and H1.5. (S) denotes supernatant fractions, (P) denotes pellet fractions. Additional
shielding by monovalent-cationic species in solution prevents nucleosomes from binding DNA.
Titrating in higher amounts of salt to condensates show that nucleosomes become unbound by
200 mM NaCl. The addition of linker histones H1.0 and H1.5 show that nucleosomes remain
bound to DNA within condensates up to 350 mM NaCl. This indicates the stabilization effect of
linker histones observed here is electrostatic in nature.
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Appendix Figure 4: Linker Histones Display Rapid Binding to Condensates. A: H1.0
was mixed with pre-formed condensates at 25 C for the given time in minutes before
pelleting. Only pellets were analyzed using SDS-PAGE. B: H1x was mixed with pre-formed
condensates at 25 C for the given time points in minutes. Only pellets were analyzed. C: H1x
was mixed with pre-formed condensates at 4 C for given time-points in seconds. Even lanes
represent pellets, odd lanes represent supernatant. Biorad Precision Plus All Blue Standards
protein ladder shown for reference.
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Linker Histones Display Rapid Binding to Condensates

The binding rate of linker histones to the 208 bp condensate is unknown, and may show
variation among the different linker histone isoforms. We attempted to determine the
rate of binding using the biochemical pelleting assay. First, we incubated 2:1 H1.0 to
nucleosome at different time points, starting at 10 minutes, and checking every 5
minutes up to 1 hour at 25 C. In figure A4A, we see that by 10 minutes, through 60
minutes, H1.0 appears to be bound to the condensates. Similarly, as shown in figure
A4B, the same experiment was repeated with H1x. H1x also showed apparent binding
within the first 10 minutes of its introduction. Supernatant fractions were run on separate
gels and showed no detectable amounts of either H1.0 or H1x. Therefore, we repeated
the experiment using H1x at 4 C, and reduced the time points to 30 second intervals up
to 180 seconds. As shown in figure A4C, H1x appears to show complete binding within
30 seconds, with no detectable amounts of H1x in the supernatant. Even at reduced
temperature, H1x displays a rapid and complete binding under 1 minute. The sensitivity
limits of this assay therefore preclude us from using it to make any kinetic
measurements. However, it is important to note that apparent binding of H1 to

condensates is rapid, even under conditions of low temperature.
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Appendix Figure 5: Additional Binding Plots for Human Somatic Linker Histone Isoforms.
Binding plots for linker histones were generated by analyzing mole ratios of linker histone to core
histones in the pellet fraction from the biochemical pelleting assay. The horizontal axis represents
the input mole ratio of linker histone per nucleosome. The vertical axis represents the measured
amount of H1 per nucleosome (H1/N) found in the pellet fractions. Band intensities were
measured using Imaged, and converted to ug H1 using in-gel standards and a standard plot.
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Appendix Figure 6: Distribution of Condensate Radius by "' for Human Somatic Linker
Histone Variants. Violin plots calculated from fluorescent microscopy images on
condensates quantitated in bulk using matplotlib.pyplot, python code developed by Gabriel
Galindo at Colorado State University. Condensate radii were measured by drawing a
rectangle around continuous chains or aggregates and treating the area as a “segmented
coin.”
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TATCGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGAC
AGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTC
CCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTGGATCCGAATTCATATTAATTAATA
CTAGATATCGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCG
TAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGA
TTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTGGATCCGAATTCATATTA
ATTAATACTAGATATCGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAA
TTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCA
AGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTGGATCCGAATT
CATATTAATTAATACTAGATATCGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCC
GCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAA
CCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTGGATC
CGAATTCATATTAATTAATACTAGATATCGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCC
GAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGC
GTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATG
TGGATCCGAATTCATATTAATTAATACTAGATATCGGACCCTATACGCGGCCGCCCTGGAGAATCCCG
GTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCC
CCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTG
TGCATGTGGATCCGAATTCATATTAATTAATACTAGATATCGGACCCTATACGCGGCCGCCCTGGAGA
ATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCG
CTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATAC
ATCCTGTGCATGTGGATCCGAATTCATATTAATTAATACTAGATATCGGACCCTATACGCGGCCGCCC
TGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACG
TACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGAT
ATATACATCCTGTGCATGTGGATCCGAATTCATATTAATTAATACTAGATATCGGACCCTATACGCGG
CCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAA
CGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGT
GTCAGATATATACATCCTGTGCATGTGGATCCGAATTCATATTAATTAATACTAGATATCGGACCCTAT
ACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACC
GCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAG
GCACGTGTCAGATATATACATCCTGTGCATGTGGATCCGAATTCATATTAATTAATACTAGATATCGGA
CCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTA
GCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTC
TCCAGGCACGTGTCAGATATATACATCCTGTGCATGTGGATCCGAATTCATATTAATTAATACTAGATA
TCGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG
CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCC
TAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTGGATCCGAATTCA

Sequence of each Repeat, Widom 601 Positioning Sequence Highlighted in Red:

TAGATATCGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGT
AGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGAT

TACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTGGATCCGAATTCATATTAA

TTAATAC

Appendix Figure 7: Ful_ DNA Sequence of 2467 bp 601X12 Insert. Shown below, the

sequence of each individual repeat is shown, with the 144 bp 601 positioning sequence
highlighted in red. Each repeat is 207 bp total.
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