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Abstract

Chromatin is a nucleoprotein complex which organises DNA within the cell and
is essential for genome fidelity. However, the underlying mechanisms which reg-
ulate its formation are not fully understood. Chromatin forms through complex
hierarchical folding. DNA wraps around octamers of the four core histones, H2A,
H2B, H3 and H4, forming nucleosomes in an array called the 10 nm fibre, which is
then condensed by linker histone H1 into the 30 nm fibre. RNA and architectural
proteins such as Heterochromatin Protein 1α (HP1α) then fold the chromatin
fibre into higher order domains, that ultimately partition the genome into do-
mains of euchromatin and heterochromatin. The histone code model for HP1α
induced heterochromatinization is through the chromodomain of HP1α binding
to di- and tri-methylated lysine 9 of Histone 3 (H3K9me2/3). The H3K9me2/3
mark however, is present throughout the genome and so lacks the specificity for
HP1α targeting.

An interaction between HP1α and linker histone H1.4 has been identified previ-
ously, and through the establishment of an in vitro pulldown, it has been shown
to be mediated by total RNA. To aid in building a model for HP1α targeting to
telomeric heterochromatin, it was proposed that the RNA transcribed from this
region, which associates with HP1α at the telomeres, could mediate this inter-
action. Therefore, Telomeric-repeat containing RNA (TERRA), for which HP1α
has a high in vitro binding affinity, was tested to determine if it could mediate
the interaction. TERRA was shown to mediate the interaction of HP1α with
H1.4, indicating that this interaction could potentially be aiding in the target-
ing of HP1α to telomeric heterochromatin. Work to establish mononucleosomes
to explore this interaction in a nucleosomal context has begun, however issues
with unbound DNA and heterogeneous mononucleosome populations need to be
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overcome before these can be utilised.

A model for HP1α targeting is proposed for reestablishment of telomeric hete-
rochromatin after the S-phase of the cell cycle, through an interaction between
H1.4 and HP1α, mediated by TERRA. These factors are essential in heterochro-
matin organisation, and their loss results in dysregulation which could lead to
cancer and ageing.
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1.1 Functional genome organisation

To allow essential genomic function, the genome must be organised within the
nucleus. This is achieved through chromatin, a stable yet dynamic nucleoprotein
complex. It controls gene expression and maintains genomic stability through sev-
eral layers of hierarchical folding (Figure 1.1) (Yadav et al., 2018). Nucleosomes
are the basic unit which are then folded in stages into higher order structures,
that then partition the genome.

Figure 1.1: Hierarchical folding of chromatin. The folding of chromatin is illus-
trated, beginning with double-stranded DNA wrapping around octamers of core his-
tones, forming nucleosomes, with the beads-on-a-string appearance. Linker histone H1
binds, forming chromatosomes, followed by inter-nucleosomal interactions eventually
forming tertiary structures. Figure from Fyodorov et al. (2018).

1.2 Hierarchical folding of DNA

1.2.1 Nucleosome

The most elementary level of folding is the nucleosome (Figure 1.2), where Watson-
Crick base-paired double-stranded DNA is wrapped 1.67 times around an octamer
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of core histones, forming this basic unit (Luger et al., 1997a). The core histones
each consist of a carboxy (C)-terminal head and amino (N)-terminal tail. The
N-terminal tails are post translationally modified and engage in protein-protein
interactions (Hansen et al., 1998), while the head consists of a histone fold do-
main which enables heterodimerisation in a head to head manner, through the
handshake motif (Arents et al., 1991; Arents and Moudrianakis, 1995). Octamers
consist of pairs of heterodimers of the core histones, histone H2A with histone
H2B; and histone H3 with histone H4. H3-H4 dimers then dimerise, forming a
tetramer which then binds two H2A-H2B dimers, forming an octamer (Eickbush
and Moudrianakis, 1978; Germond et al., 1976). Multiple nucleosomes are linked
together by linker DNA, generating an array, and is known as the 10 nm fibre
which has the appearance of beads on a string (Luger et al., 1997a).

Figure 1.2: Cryo-electron microscopy nucleosome structure. Structure of a
nucleosome resolved by high resolution cryo-electron microscopy. Adapted from Zhou
et al. (2021).

1.2.2 Chromatosome

Linker histone H1 (H1) is essential to the folding and higher organisation of
chromatin. H1 binds nucleosomes through the nucleosomal dyad, forming chro-
matosomes (Figure 1.3), condensing the chromatin from the 10 nm fibre to the
30 nm fibre (Figure 1.1) (Bednar et al., 1998).
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Figure 1.3: Cryo-electron microscopy chromatosome structure. Chromato-
some structure resolved by high resolution cryo-electron microscopy, with the nucleo-
some bound by human H1 (red). Adapted from Zhou et al. (2021).

In mammalian cells, there are five somatic variants of H1, H1.1 through H1.5
(Harshman et al., 2013). All H1 variants consist of a tripartite structure com-
prised of a central globular domain with two flanking basic lysine-rich intrinsically
disordered tails, a long C-terminal domain (CTD) and a short N-terminal tail
(NTD) (Figure 1.4). The globular domain of H1 interacts with the core DNA of
the nucleosomal dyad, anchoring H1 to the nucleosome, while the CTD interacts
with the linker DNA, compacting the 10 nm fibre (Bednar et al., 2017; Horn and
Peterson, 2002), however it is unclear the role of the NTD.

Figure 1.4: Schematic diagram of H1.4. Linker histone variant H1.4 is comprised
of a globular domain (GD, orange) flanked by amino- (NTD) and carboxy-terminal tails
(CTD). Created with BioRender.
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The CTD is divergent between variants and allows differential interactions with
nucleic acids (Th’ng et al., 2005). Each variant displays unique chromatin com-
paction and binding properties, with H1.1 and H1.2 weaker compactors and
binders, while H1.3, H1.4 and H1.5 are stronger (Parseghian, 2015). The variants
also differ in post-translational modification patterns and enrichment in genomic
locations (Parseghian et al., 2001), with H1.2 enriched in active, and H1.4 and
H1.5 enriched in inactive regions (Th’ng et al., 2005).

Binding of H1 to nucleosomes condenses the nucleosomal array, although the
binding of H1 does not play a role in the positioning of nucleosomes (Shen and
Allan, 2021). H1 binds to the nucleosome relative to the dyad (Figure 1.5), either
on-dyad, off-dyad or at the newly discovered position dyad escaped, in which post
translational modifications on the H1 tails inhibits their interaction with the
linker DNA, forcing an interaction with the core acidic patch of the nucleosome
(Wu et al., 2019). The location of H1 relative to the dyad is not determined
by H1 tails but by the globular domain (Hutchinson et al., 2015; Zhou et al.,
2013, 2016), which preferentially binds to superhelical DNA over relaxed DNA
(Singer and Singer, 1976). H1 tails are involved in compaction of the chromatin
fibre (Hutchinson et al., 2015). It has been implied that the CTD of H1 is
responsive to its environment and adjusts conformation accordingly, regulating
chromatosome structure. Förster resonance energy transfer studies where H1
was bound to different substrates showed different condensed conformations were
formed by the H1 CTD when interacting with free DNA, mononuclesomes (Fang
et al., 2012), and oligonucleosomes (Fang et al., 2016). The number of positive
amino acid residues in each H1 variant CTD influences the closeness of the linker
DNAs to each other in a chromatosome (Zhou et al., 2021), however, it is not the
sole determinant (Bednar et al., 2017). It has been hypothesised that the number
of T/SPKK motifs, phosphorylated by Cyclin-dependent kinase (CDK), in the
CTD could also regulate the closeness of linker DNAs in chromatosomes (Zhou
et al., 2021).
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Figure 1.5: Schematic diagram of binding modes of linker histone H1.
a) On-dyad binding mode of H1 globular domain to a nucleosome. b) Off-dyad binding
mode of H1 globular domain to a nucleosome. c) Dyad escaped binding mode of H1
globular domain to a nucleosome. Figure from Saha and Dalal (2021).

1.2.2.1 Linker histone H1.4

H1.4 binds off-dyad (Song et al., 2014; Zhou et al., 2013) and forms a more
closed and compact chromatosome. This behaviour is dependent on the CTD
interacting simultaneously with both the entry and exit linker DNAs, while the
NTD does not appear to interact with either (Zhou et al., 2021). The binding
of H1.4 to a nucleosome influences the behaviour of the N-terminal tail of H3
(Stützer et al., 2016; Zhou et al., 2021), inhibiting post-translational modifications
and chromatin remodeling (Horn et al., 2002; Stützer et al., 2016; Zhou et al.,
2021). Binding of H1.4 also influences the C-terminal tails of H2A, breaking
their symmetrical conformation in the nucleosome by inhibiting their interaction
with the linker DNAs, forcing them into the core of the chromatosome, impacting
transcription and post-translational modifications (Zhou et al., 2021).
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H1.4 is differentially phosphorylated on the CTD by CDK2 at T/SPKK motifs
(Hale et al., 2006). This phosphorylation of H1.4 results in decondensing of the
chromatin fibre (Contreras et al., 2003). Aberration of the H1.4 CTD through
truncation of the CTD is proposed to have a causal role in intellectual disorders
such as autism and intellectual disability (Duffney et al., 2018; Tatton-Brown
et al., 2017) and has also been implicated in premature aging and accelerated
cellular senescence (Flex et al., 2019). These truncations disrupt chromatin com-
paction through the loss of the CDK phosphorylation sites and positive residues
along the tail, giving rise to an overall more relaxed chromatin state (Flex et al.,
2019). The truncated H1.4 CTD results in dysfunctional telomeres and disrupted
nuclear lamina structure (Flex et al., 2019).

1.2.3 Beyond the 30 nm fibre

Bridging the gap between the 30 nm fibre and higher order structures is the
process of loop formation in the chromatin fibre, however this is not a fully un-
derstood process (Bascom and Schlick, 2017; Wutz et al., 2017). The formation
of loops brings linearly distant regions of the genome into close proximity (Rao
et al., 2014; Schleif, 1992), with the loop size and gene level within the loop
differentiating active and inactive chromatin (Tiwari et al., 2008). A model for
loop formation is through CCCTC-binding factor (CTCF), an insulator bind-
ing protein, binding to chromatin, while cohesin binds elsewhere and extrudes a
chromatin loop and is then stalled upon reaching the pre-bound CTCF (Sanborn
et al., 2015; Wutz et al., 2017) (Figure 1.6). Cohesin and CTCF facilitate the
formation of chromatin loops, forming both intra- and inter-domain long-range
interactions, aiding in chromatin compaction (Splinter et al., 2006; Zuin et al.,
2014). These interactions allow long range gene regulation which direct cellular
development and fate commitment (Apostolou et al., 2013; De Laat and Duboule,
2013; Gorkin et al., 2014).
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Figure 1.6: CTCF and cohesin loop formation. Proposed loop formation by
CTCF and cohesin, where CTCF binds to chromatin and cohesin extrudes a loop and
stops upon reaching CTCF. Adapted from Wutz et al. (2017).

9



1.3 Compartmentation of chromatin

1.3.1 Partitioning at the microscopic level

Beyond the 30 nm fibre and looping, architectural proteins such as Heterochro-
matin Protein 1 (HP1) further fold the chromatin fibre into higher order forma-
tions. This partitions the chromatin into functionally distinct domains within
the three-dimensional nucleus (Janssen et al., 2018). The partitioning of the
genome can be seen through a microscope, with dark staining highly condensed
DNA termed heterochromatin and lighter staining less condensed DNA termed
euchromatin (Heitz, 1928). Euchromatin is transcriptionally active and is gene-
rich (Grewal and Jia, 2007). The less condensed more open structure allows
for DNA transcription and replication machinery to access the chromatin. It is
enriched in acetylated core histones, which neutralises the positive charge of hi-
stone tails. This impedes the binding of the histone tails, providing accessibility
to DNA and reducing nucleosome-nucleosome interactions (Sterner and Berger,
2000). Euchromatin is also enriched in trimethylation of histone H3 on lysine 4
(H3K4me3) which is recognised by chromatin remodelling complexes and other
complexes that promote preinitiation complex formation enabling transcription
(Hyun et al., 2017).

Heterochromatin is highly condensed and gene-poor (Janssen et al., 2018). The
condensed structure makes the heterochromatin less accessible to transcription
machinery leading to these regions being transcriptionally inactive. Heterochro-
matin is enriched in the HP1 paralogue Heterochromatin Protein 1α (HP1α),
noncoding RNA and core histone tails with post translational modifications in-
cluding di- and tri-methylated histone H3 on lysine 9 (H3K9me2/3) (Bannister
et al., 2001; Daujat et al., 2005; Kumar and Kono, 2020; Maison et al., 2002;
Minc et al., 1999; Muchardt et al., 2002). Heterochromatin is present in two
forms: facultative and constitutive. Facultative heterochromatin is associated
with development, where developmental genes are switched on or off as required
and is regulated by Polycomb group complexes (Saurin et al., 1998).

Constitutive heterochromatin is found at repetitive regions of the genome includ-
ing telomeres and centromeres, and at regions which contain transposons (Dorer
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and Henikoff, 1994; Padeken et al., 2015). This maintains genomic stability dur-
ing the cell cycle by inhibiting movement and aberrant expression of transposable
elements, and maintains the structural regions of the chromosomes. Within the
nucleus, constitutive heterochromatin is localised to the perinucleolar space and
nuclear periphery (Minc et al., 1999).

Constitutive heterochromatin contains a noncoding RNA component (Maison
et al., 2002; Muchardt et al., 2002). Repetitive RNA transcripts are transcribed
from respective heterochromatic regions by RNA polymerase II (Schoeftner and
Blasco, 2008), such as Telomeric repeat-containing RNA (TERRA) from telom-
eres (Azzalin et al., 2007; Schoeftner and Blasco, 2008) and Major satellite repeat
RNA (MSR RNA) from the centromere (Ferri et al., 2009), and is required for
the function and assembly of these regions (Chan et al., 2012; Saffery et al., 2003;
Wong et al., 2007).

HP1 was first identified in drosophila melanogaster as a “non-histone chromo-
some protein” which was associated with heterochromatin (Eissenberg et al.,
1990; James and Elgin, 1986). It was determined that HP1 was responsible for
propagation and maintenance of higher order chromatin folding and enhances po-
sition effect variegation in centromeric and pericentromeric regions and decreases
position effect variegation in non-centromeric regions (Aagaard et al., 1999; Eis-
senberg et al., 1990; Festenstein et al., 1999).

HP1 is a tripartite protein consisting of a conserved N-terminal chromodomain
(CD) linked by a less conserved flexible hinge region to a conserved C-terminal
chromoshadow domain (CSD) (Eissenberg and Elgin, 2000), with N- and C-
terminal flanking extensions (Lomberk et al., 2006) (Figure 1.7). The CSD is re-
sponsible for dimerisation of HP1 proteins and mediating interactions with other
proteins, many of which contain the PXVXL motif (Nishibuchi and Nakayama,
2014) or a unique zinc-finger like motif binder such as Pogo transposable ele-
ment derived with zinc-finger domain (POGZ) (Nozawa et al., 2010). The CD
binds H3K9me2/3 (Bannister et al., 2001), while the hinge region contains a nu-
cleic acid-binding domain which displays paralogue specific affinities for DNA and
RNA, which is required for binding chromatin (Bryan et al., 2017; Meehan et al.,
2003; Muchardt et al., 2002; Nishibuchi et al., 2014).
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Figure 1.7: Schematic diagram of HP1α. Heterochromatin Protein 1α (HP1α)
consists of two globular domains, the chromodomain (CD, blue) and chromoshadow
domain (CSD, green), that are linked by the flexible hinge region (red) and flanked
at each end by amino- (NTE) and carboxy- (CTE) terminal extensions. Created with
BioRender.

There are three mammalian HP1 paralogues, HP1α, Heterochromatin Protein 1β
(HP1β) and Heterochromatin Protein 1γ (HP1γ) (Muchardt et al., 2002). While
the three HP1 paralogues are structurally similar, they differ in nuclear localisa-
tion (Minc et al., 1999), with HP1γ localised to euchromatin, HP1β present in
both euchromatin and heterochromatin, and HP1α enriched solely in heterochro-
matin (Kumar and Kono, 2020).

1.3.2 Heterochromatin homeostasis

Heterochromatin plays an important role in maintaining cell health, with its
disruption often associated with cancer and ageing (Janssen et al., 2018). The
processes of ageing is caused by a buildup of genomic damage over time, caus-
ing the loss of function of tissues and organs (Lee et al., 2020). The majority
of this damage is the result of reactive oxygen species which cause DNA base
mutations and single and double stranded DNA breaks, while heterochromatin
acts as cellular defence through its compact structure (Ljungman and Hanawalt,
1992; Takata et al., 2013; Strand et al., 2014). Over time, heterochromatin be-
comes dysregulated and reduced due to changes in distribution and levels of
heterochromatic marks such as H3K9me2/3 and changes to HP1 levels (Feinberg
et al., 2016; Slee et al., 2012; Vad-Nielsen et al., 2016). This results in aberrant
gene expression and altered nuclear architecture (Haithcock et al., 2005; Larson
et al., 2012; Apostolou et al., 2013). Distorted nuclear architecture caused by
heterochromatin dysregulation is associated with increased metastatic behaviour
of cancer cells (Norwood et al., 2006), and is used in pathology for identifying
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malignancies (Stephens et al., 2019).

1.3.3 Establishing heterochromatin

The canonical mode of constitutive heterochromatin establishment is through
the histone code, where histone mark writers; histone deacetylases and histone
methyltransferases, remove euchromatic acetylation marks and place heterochro-
matic methylation marks. These are recognised by effector proteins which then
spread the chromatin compaction (Janssen et al., 2018). HP1α, of which consti-
tutive heterochromatin is strongly enriched, binds to H3K9me2/3 through its CD
(Bannister et al., 2001; Daujat et al., 2005; Kumar and Kono, 2020). The CSD of
HP1α then binds other proteins and enables HP1α dimerisation and oligomerisa-
tion (Figure 1.8). This multivalent interaction of HP1α with the chromatin fibre
accelerates the binding of HP1α to chromatin, and prolongs chromatin retention
(Kilic et al., 2015).

Figure 1.8: Schematic diagram canonical heterochromatin formation. For-
mation of heterochromatin through HP1α CD (blue) binding to H3K9me2/3 while the
CSD (green) dimerises. Adapted from Nishibuchi and Nakayama (2014).

As the basis of heterochromatin formation, H3K9me2/3 can not be the sole de-
terminant as it is present throughout the genome (Muchardt et al., 2002), and

13



thus it is insufficient in providing specificity in targeting HP1α to heterochro-
matin (Cowell et al., 2002; Stewart et al., 2005). It has been identified that the
formation of constitutive heterochromatin requires the presence of H1 (Bednar
et al., 1998), and that H1 is involved in targeting of HP1α to heterochromatin
(Meehan et al., 2003). The RNA binding ability of the HP1α hinge region has
also been identified as being involved in HP1α targeting (Muchardt et al., 2002).
An interaction between H1 and the HP1α hinge region has been shown to be suffi-
cient in vitro to bind HP1α to chromatin, in the absence of H3K9me2/3 (Meehan
et al., 2003), however this interaction leaves much to be explored.

1.3.4 Targeting of HP1α to heterochromatin by RNA

Early chromosomal studies identified a unique subgroup of protein interacting
RNA contained within chromosomes, referred to at the time as chromosomal
RNA (Holmes et al., 1972), which associates predominantly with histones (Bon-
ner and Widholm, 1967; Huang and Bonner, 1965). The role of chromosomal
RNA has long been queried and its exact purpose is still unknown, however, roles
in both inducing heterochromatin formation (Grewal, 2010; Hall and Lawrence,
2016; Johnson et al., 2017) and preventing chromatin compaction in euchromatin
have been demonstrated (Hall and Lawrence, 2016). The loss of this RNA of-
ten leads to development of euchromatic characteristics (Rodriguez-Campos and
Azorín, 2007). RNA within chromatin has been denoted as architectural RNA
and is required for the higher organisation of both facultative and constitutive het-
erochromatin (Nickerson et al., 1989; Soyer-Gobillard and Herzog, 1985; Thakur
et al., 2019).

As the RNA binding ability of the HP1α hinge is required for its targeting to con-
stitutive heterochromatin, and non-coding RNA is a component of heterochro-
matin, RNA may be important in providing the specificity of targeting to genomic
loci. De novo targeting of HP1α to constitutive pericentric heterochromatin
is dependent on the non-coding MSR RNA, which targets Small ubiquitin-like
modifier-(SUMO)-ylated HP1α to pericentric heterochromatin (Maison et al.,
2011). MSR RNA forms a non-canonical secondary structure containing stem
and loop regions (Camacho et al., 2017), which may direct an affinity for HP1α
binding.
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The HP1α hinge region has been identified to have a strong preference for TERRA,
another non-coding RNA, which has a non-canonical G-quadruplex (G4) struc-
ture of parallel topology (Roach et al., 2020). TERRA molecules consist of
UUAGGG single stranded repeats and can be 100 bp to 9 kb in length (Az-
zalin et al., 2007; Schoeftner and Blasco, 2008), which form an intra-molecular
G4 structure (Martadinata and Phan, 2009; Randall and Griffith, 2009). TERRA
facilitates the formation and maintenance of heterochromatin at the telomeres by
interacting with telomeric associated proteins such as HP1α (Deng et al., 2009),
thus TERRA may target HP1α to telomeres.

1.4 Interaction between H1.4 and HP1α

H1.4 is enriched in heterochromatin (Th’ng et al., 2005), specifically at the telom-
eric and centromeric regions (Parseghian et al., 2001), and it promotes heterochro-
matinization (Parseghian, 2015). It is also the only H1 variant which interacts
with HP1α (Daujat et al., 2005; Hale et al., 2006). Two different modes of in-
teraction between H1.4 and HP1α have been identified (Figure 1.9). H1.4 has an
analogous modification to the H3K9me2/3 mark, of di- and tri-methylated lysine
26 (H1.4K26me2/3), to which the HP1α CD binds (Daujat et al., 2005). At stages
during mitosis, POGZ binds to HP1α and activates Aurora B which then phos-
phorylates H1.4 serine 27 (H1.4S27p) and H3 serine 10 (H3S10p) (Hergeth et al.,
2011). This phosphorylation then inhibits the HP1α CD binding H1.4K26me2/3
and H3K9me2/3, and HP1α is evicted from the chromatin fibre (Daujat et al.,
2005; Nozawa et al., 2010).

The second interaction is between the H1.4 CTD and HP1α hinge region (Hale
et al., 2006). This interaction is regulated by CDK2 which phosphorylates the
T/SPKK sites on the H1.4 CTD within the chromatin fibre, and inhibits the in-
teraction of the H1.4 CTD with the hinge region of HP1α (Hale et al., 2006). The
interaction between the HP1α hinge region and H1.4 CTD is a potential means of
providing specificity in targeting HP1α to heterochromatic regions, which could
be mediated by noncoding RNA (Figure 1.9).
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Figure 1.9: Schematic of known and unknown potential interactions of HP1α
and H1.4. The CD of HP1α is known to bind H1.4K26me3 while the mechanism of
the interaction of the HP1α hinge region and H1.4 CTD is unknown. Both the HP1α
hinge and H1.4 CTD contain nucleic acid binding region, providing a possible method
of binding. Created with BioRender.

1.4.1 Unpublished data

The previous work showing the interaction between the H1.4 CTD and HP1α
hinge was performed as a pulldown assay using bacterially expressed GST-HP1α,
where bacterial RNA was potentially mediating the interaction in initial exper-
iments. The interaction was lost when the GST-HP1α was treated with RNase
and was restored when total RNA extracted from mammalian cells was added
back. However, the type of RNA which could mediate the interaction is yet to
be identified.
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1.5 Objectives

Given the important roles that histone H1.4 (Duffney et al., 2018; Flex et al.,
2019; Tatton-Brown et al., 2017) and HP1α (Feinberg et al., 2016; Norwood et al.,
2006; Vad-Nielsen et al., 2016) have been shown to play in heterochromatin, this
research seeks to understand how HP1α is targeted to and compacts heterochro-
matin. Identifying if long noncoding RNA mediates this interaction, and how
this interaction affects the behaviour of HP1α in the nucleus, will build on our
knowledge and understanding of heterochromatin.

It is hypothesised that the interaction of HP1α with H1.4 is mediated by TERRA
and that this establishes heterochromatin.

The aims of this research are to:

1. Determine if long non-coding RNA mediates the interaction of HP1α and
H1.4.

Objectives:

(a) Develop in vitro pulldown assays with His-HP1α and FLAG-H1.4 using
total RNA.

(b) Perform in vitro pulldown assays to identify if the long non-coding
RNA TERRA mediates the interaction.

2. Investigate if the interaction of H1.4 and HP1α with RNA occurs within a
nucleosomal context.

Objectives:

(a) Prepare mononucleosomes.

(b) Use nucleosomal arrays with H1.4 bound in the presence or absence
of RNA to test the ability of HP1α to interact with the array and
condense it.
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Chapter 2

Materials and methods
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2.1 Materials

Listed below are the primary antibody (Table 2.1), secondary antibody (Table
2.2) and plasmids (Table 2.3) used in this research.

Table 2.1: Primary antibody used in this research

Antibody Manufacturer Raised in WB dilution
Anti-FLAG Sigma-Aldrich (F3165) Mouse 1:1,000

Table 2.2: Secondary antibody used in this research

Antibody Type Manufacturer Raised in WB dilution
Anti-mouse HRP Cytiva (NA931) Sheep 1:10,000

2.2 Protein expression and purification

2.2.1 Expression and purification of His-HP1α

Competent Escherichia coli (E. coli) BL21 DE3 cells (Sigma-Aldrich) were trans-
formed with 100 ng of the pET24a plasmid (Sigma-Aldrich) containing hexahisti-
dine-tagged HP1α (His-HP1α) cDNA (Table 2.3) (Roach et al., 2020), using heat
shock at 42 °C for 45 seconds. Super Optimal Catabolite (SOC) medium (Sigma-
Aldrich) was then added to the cells before a 1 hour incubation at 37 °C with
shaking. Cells were then plated on Luria-Bertani (LB) agar containing 50 µg/mL
Kanamycin and incubated overnight (16-18 hours) at 37 °C. A single colony was
used to inoculate 10 mL of LB broth containing 50 µg/mL Kanamycin and in-
cubated overnight at 37 °C. The overnight culture was centrifuged at 3000 xg
for 10 minutes and the pellet, resuspended in fresh LB broth, was then added
to 1 L of LB broth containing 50 µg/mL Kanamycin and grown at 30 °C with
shaking at 200 rpm until it reached an absorbance of 0.4 at 600 nm. The cul-
ture was then chilled for 15 minutes, followed by the addition of isopropyl β-
D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM to induce
expression for 18 hours at 22 °C with shaking at 200 rpm. The cells were then
centrifuged at 4000 xg for 10 minutes at 4 °C, and the pellet was washed in 10
mM Tris HCl [pH 8] with 100 mM NaCl.
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The suspended cells were centrifuged at 3000 xg for 10 minutes at 4 °C and then
resuspended in 400 mL of lysis buffer (20 mM NaH2PO4, 50 mM NaCl, cOm-
plete™, EDTA-free Protease Inhibitor Cocktail (11873580001, Roche), 1 mM Tris
HCl [pH 8], 1 mg/mL lysozyme). After a freeze-thaw, 50 µL of TURBO DNase
(Invitrogen) was added, along with imidazole to a final concentration of 20 mM.
The lysate was centrifuged at 10,000 rpm for 10 minutes at 4 °C to pellet the
cellular debris and the supernatant was filtered through a 0.45 µm filter. The
His-HP1α was purified using the ÄKTA Prime Plus (GE Healthcare) chromatog-
raphy system with a nickel-nitrilotriacetic acid (Ni-NTA) IMAC column. The
lysate was loaded onto the column followed by a wash with equilibration buffer
(20 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, [pH 7.5]), and a
wash with wash buffer (20 mM sodium phosphate, 300 mM NaCl, 50 mM im-
idazole, [pH 7.5]). The His-HP1α was then eluted with elution buffer (20 mM
sodium phosphate, 300 mM NaCl, 300 mM imidazole, [pH 7.5]), followed by con-
centrating of selected elution fractions, determined by sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis (PAGE) (Section 2.8.1), using the ul-
trafiltration device Vivaspin 20 (5 kDa MWCO) and then the addition of TCEP
to 10 mM.

Size exclusion chromatography (SEC) was performed using the NGC Chromatog-
raphy System (BioRad) with a Superdex 200 10/300 GL column (GE Healthcare).
The purified His-HP1α was eluted (100 mM KCl, 50 mM NaCl, 20 mM NaH2PO4,
[pH 8]) and the final selected fractions, determined by SDS-PAGE were concen-
trated. The resultant His-HP1α was quantified using the Pierce™ BCA Protein
Assay Kit (Thermo Scientific), determining the purified His-HP1α was 14 mg/mL.
The diluted His-HP1α and bovine serum albumin (BSA) standards from the bicin-
choninic acid assay were analysed by SDS-PAGE to confirm the bicinchoninic acid
assay concentration.

To confirm the presence of secondary structure in the His-HP1α, Circular Dichro-
ism spectra were obtained on the Chirascan (Applied Photophysics Ltd). A 200
µL 50 µM sample of HP1α was measured from 180-350 nm in a 0.1 mm quartz
cuvette, with a 1 nm step size. Five spectra were obtained and averaged. Buffer
spectra were recorded and subtracted from sample spectra. The spectra was then
smoothed 10 points. The Chirascan instrument operation and data analysis were
performed using Chirascan v.4.4.1.
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2.2.2 Expression and purification of FLAG-H1.4

The pET3d plasmid containing FLAG-tagged H1.4 (FLAG-H1.4) cDNA (Table
2.3) (Hale et al., 2006), 100 ng, was transformed into competent E. coli BL21
DE3 cells (Sigma-Aldrich) using heat shock at 42 °C for 45 seconds. SOC medium
(Sigma-Aldrich) was then added to the cells, followed by a 1 hour incubation at
37 °C with shaking. Cells were then plated on LB agar containing 100 µg/mL
Ampicillin and incubated overnight (16-18 hours) at 37 °C. A single colony was
used to inoculate 10 mL of LB broth containing 150 µg/mL Carbenicillin and
incubated at 37 °C with shaking for roughly 4 hours until the absorbance reached
0.7 at 600 nm, and then placed at 4 °C overnight. The culture was centrifuged
for 5 minutes at 4400 rpm at 4 °C. The pellet was then resuspended in the same
volume of fresh LB broth with 150 µg/mL Carbenicillin. To 200 mL of LB broth
containing 150 µg/mL Carbenicillin, 5 mL of the resuspended pellet was added.
The culture was grown at 37 °C with shaking until the optical density reached an
absorbance of 0.7 at 600 nm. To induce the expression of FLAG-H1.4, IPTG was
added to a final concentration of 0.4 mM and incubated at 37 °C with shaking
at 225 rpm for 2.5 hours. The cultures were then centrifuged at 4000 xg for 5
minutes at 4 °C. The pellet was then resuspended in 100 mL wash buffer (10 mM
Tris HCl [pH 8], 100 mM NaCl) and centrifuged at 4000 xg for 5 minutes at 4
°C. The resultant pellet was frozen with liquid nitrogen and stored at -80 °C.

Bacterial pellets were thawed on ice, resuspended in 4 mL Elb lysis buffer (400 mM
NaCl, 50 mM HEPES [pH 7.5], 5 mM ethylenediaminetetraacetic acid (EDTA)
[pH 8], 0.1 % IGEPAL) with cOmplete™ Protease Inhibitor Cocktail (11697498001,
Roche) and placed in 50 mL tube. After a freeze-thaw with liquid nitrogen and
a 37 °C water bath, the cells were sonicated at 10 % amplitude for 30 seconds
on followed by 30 seconds off for a total of 2 minutes of sonication, followed by
an additional freeze-thaw as before. To cells, 364 µL 60 % perchloric acid (PCA)
was added, followed by vortexing and incubating on ice for 10 minutes with addi-
tional vortexing every 5 minutes. The cells were then centrifuged for 15 minutes
at 3700 rpm at 4 °C. The supernatant was aliquoted into 1.7 mL tubes with 1
mL per tube and placed on ice. To each tube, 220 µL 100 % trichloroacetic acid
solution (Sigma) was added. The tubes were vortexed and incubated on ice for 30
minutes with additional vortexing every 10 minutes. The extracted proteins were
centrifuged 14,000 rpm for 30 minutes at 4 °C followed by washing with 750 µL
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acidified acetone (acetone with 0.5 % (v/v) concentrated HCl) and centrifuged
for 2 minutes at 14,000 rpm, followed by aspiration of the supernatant. The pel-
let was then washed with 1 mL acetone (no HCl), centrifuged for 2 minutes at
14,000 rpm and the supernatant aspirated, followed by a second wash in 1 mL
acetone. The pellet was then dried by vacuum to remove any remaining acetone.
The protein was then resuspended in 250 µL Tris-buffered saline (TBS) (20 mM
Tris HCl [pH 7.5, 150 mM NaCl]) with cOmplete™ Protease Inhibitor Cocktail
and the 4 tubes were combined. The pH was measured and adjusted to between
pH 7 and 8 with 1 M Tris HCl [pH 8].

FLAG-H1.4 was purified from the remaining bacterial protein through a FLAG
affinity column containing ANTI-FLAG M2 affinity gel (A2220, Millipore) using
gravity flow. The total protein was diluted with the addition of 4 mL TBS
with cOmplete™ Protease Inhibitor Cocktail per 1 mL total protein. The purified
FLAG-H1.4 was eluted in 0.1 M glycine [pH 3.5] and collected in 500 µL fractions.
To the fractions, 12.5 µL 1 M Tris HCl [pH 8] and 20 µL 25x cOmplete™ Protease
Inhibitor Cocktail were added.

The resultant FLAG-H1.4 was quantified using the Pierce™ BCA Protein Assay
Kit (Thermo Scientific), replacing the provided BSA standards with Calf Thymus
Histone, determining the concentration of the FLAG-H1.4 was 0.5 µg/µL. The
FLAG-H1.4 and Calf Thymus Histone standards from the bicinchoninic acid assay
were analysed by SDS-PAGE (Section 2.8.1) to confirm relative concentrations.

2.2.3 Core histone expression and purification

2.2.3.1 Core histone expression

Competent E. coli BL21 DE3 cells (Sigma-Aldrich) were transformed with 100
ng of the pET3 plasmid containing either mH2A, mhH2B, mhH3.1 or xH4 cDNA
(Table 2.3), kindly gifted by David Tremethick (The John Curtin School of Med-
ical Research, Australian National University, Canberra, Australia), using heat
shock for 45 seconds at 42 °C. SOC medium (Sigma-Aldrich) was then added
to the cells before a 1 hour incubation at 37 °C with shaking. Cells were then
plated on LB agar containing 100 µg/mL Ampicillin and incubated overnight

25



(16-18 hours) at 37 °C. A single colony was used to inoculate 10 mL of LB broth
containing 150 µg/mL Carbenicillin and incubated with shaking at 200 rpm at
37 °C until just cloudy (4 hours) and then stored at 4 °C overnight. To 100 mL
of pre-warmed LB broth containing 150 µg/mL Carbenicillin, 2.5 mL of starter
culture was added. The inoculated culture was then grown at 37 °C with shaking
until the optical density reached an absorbance of 0.6 at 600 nm. Expression of
the histones was induced by the addition of IPTG to a final concentration of 0.4
mM, and incubated for 3-4 hours with shaking at 180 rpm at 37 °C. The cells
were then centrifuged at room temperature for 10 minutes at 4000 xg and the
pellet was resuspended in 5 mL of wash buffer (50 mM Tris HCl [pH 7.5], 100
mM NaCl, 1 mM β-mercaptoethanol). Cells were then frozen at -80 °C and then
stored at -20 °C.

To extract the histones from the cells, inclusion bodies were formed. The cells
were thawed in a 37 °C water bath until they were highly viscous followed by
the addition of 50 µL of 10 mg/mL lysozyme. The volume was then adjusted
to 10 mL with wash buffer and kept on ice. The cells were sonicated at 10
% amplitude for 30 seconds on followed by 30 seconds off for 2 minutes total
of sonication, until no longer viscous. The lysate was centrifuged at 4 °C at
18,000 xg for 10 minutes. The inclusion body pellet was resuspended in 5 mL
of wash buffer containing 1 % (v/v) Triton X-100 and was dounced in a 15 mL
dounce homogeniser with sufficient passes of the pestle to produce a homogeneous
solution. The suspension was centrifuged at room temperature at 18,000 xg for
10 minutes and the supernatant discarded. The dounce homogenising with wash
buffer with Triton X-100 was repeated and centrifuged as above, followed by two
more rounds of douncing with wash buffer without Triton X-100. The pellet was
then stored at -20 °C.

To unfold the inclusion bodies, the pellets were resuspended in 2 mL of unfolding
buffer by dounce homogenising (6 M guanidinium HCl, 20 mM NaAc [pH 5.2],
1 mM dithiothreitol) and stirred for 2 hours. The inclusion bodies were then
centrifuged at room temperature at 18,000 xg for 10 minutes to separate the
undissolved proteins from the soluble proteins. The supernatant was then con-
centrated using Amicon Ultra-0.5 Centrifugal Filter Unit (UFC5010, Millipore).
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2.2.3.2 Core histone purification by SEC

SEC was performed using an NGC Chromatography System (BioRad) with a
Superdex 200 10/300 GL column (GE Healthcare). The purified histones were
eluted in histone SEC buffer (7 M urea, 20 mM NaOAc [pH 5.2], 200 mM NaCl,
5 mM β-mercaptoethanol, 1 mM EDTA). Appropriate fractions, determined by
SDS-PAGE (Section 2.8.1) were pooled and dialysed using 6-8 kDa MWCO dial-
ysis tubing by performing three incubations for 6 hours or overnight, at 4 °C in
fresh 5 mM β-mercaptoethanol. The dialysed histones were then slowly frozen to
-20 °C. The histones were lyophilised and resuspended in water. The concentra-
tion of each histone was then determined by measuring the absorbance at 280 nm
and calculating the concentration using the molecular weight and extinction co-
efficient of each histone. The histones were then aliquoted into 45 nmol aliquots,
lyophilised and stored at -20 °C.

2.2.3.3 Core histone purification by ion exchange chromatography

Lyophilised histones were resuspended in 4.5 mL urea buffer (7 M urea, 20
mM NaOAc, 2 mM β-mercaptoethanol). The resuspended histones were puri-
fied by ion exchange chromatography using a 4 mL bed volume of SP Sepharose
FF (Cytiva) in a Glass Econo-Column® Column (Bio-Rad) with gravity flow.
The purified histones were eluted with sequential 10 mL additions of increas-
ing NaCl concentrations, listed in Table 2.4. Selected fractions, determined by
SDS-PAGE (Section 2.8.1), were pooled and dialysed using 6-8 kDa MWCO dial-
ysis tubing with three 6 hour or overnight incubations at 4 °C in fresh 5 mM
β-mercaptoethanol. The dialysed histones were then slowly frozen to -20 °C,
lyophilised and resuspended in water. The concentration of each histone was
then determined by measuring the absorbance at 280 nm and calculating the
concentration using the extinction coefficient and molecular weight of each his-
tone. The histones were then aliquoted into 45 nmol aliquots, lyophilised and
stored at -20 °C.
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Table 2.4: Ion exchange chromatography buffers

Buffer Composition
S100 7 M urea, 100 mM NaCl, 20 mM NaOAc, 2 mM β-mercaptoethanol
S150 7 M urea, 150 mM NaCl, 20 mM NaOAc, 2 mM β-mercaptoethanol
S200 7 M urea, 200 mM NaCl, 20 mM NaOAc, 2 mM β-mercaptoethanol
S300 7 M urea, 300 mM NaCl, 20 mM NaOAc, 2 mM β-mercaptoethanol
S500 7 M urea, 500 mM NaCl, 20 mM Tris HCl [pH 8], 2 mM

β-mercaptoethanol
S1000 7 M urea, 1000 mM NaCl, 20 mM Tris HCl [pH 8], 2 mM

β-mercaptoethanol

2.3 TERRA96 in vitro transcription and

purification

A Telomeric repeat-containing RNA (TERRA) of 96 nucleotides, TERRA96, was
transcribed in vitro based on methods previously outlined (McKenna et al., 2007;
Garavís et al., 2014) and described below.

2.3.1 TERRA96 in vitro transcription

The pUC18_TERRA96 plasmid (Table 2.3, Figure A.2), kindly gifted by Carlos
Gonzáles (Instituto de química física Rocasolano, Madrid, Spain) was linearised
with BpiI (Thermo Scientific) at 0.2 U/µg with a total of 1 µg of plasmid in
a 20 µL volume. The number of units of BpiI per µg of plasmid template was
determined first by titrating at 1 U/µg, 0.2 Uµg and 0.02 U/µg. The reactions
were incubated at 37 °C for 16-18 hours, followed by inactivation of BpiI at 65 °C
for 20 minutes. Completion of linearisation was confirmed through 1 % agarose
gel electrophoresis (Section 2.8.2).

To optimise transcription, TERRA96 was transcribed using 30 units of T7 RNA
Polymerase (EP0111, Thermo Scientific) with 1 µg of linearised pUC18_TERRA96
plasmid per 50 µL, with reactions titrating MgCl2 concentration at 6 mM, 10 mM,
15 mM, 20 mM, 25 mM and 30 mM. The transcription reactions were incubated
at 37 °C for 2 hours, followed by deactivation of the T7 RNA Polymerase at 70 °C
for 10 minutes. Transcription was confirmed through denaturing 6.5 M urea 10 %
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PAGE (Section 2.8.3). Transcription was then further optimised, with the chosen
MgCl2 concentration of 6 mM, through titrating the template amount per 50 µL
reaction at 0.5 µg, 1.0 µg and 1.5 µg. The transcription reactions were incubated
at 37 °C for 2 hours, followed by deactivation of the T7 RNA Polymerase at 70
°C for 10 minutes. Transcription was confirmed through denaturing 6.5 M urea
10 % PAGE. An equal volume of 30 mM KPi [pH 7] was added to the TERRA96
to give a final concentration of 15 mM KPi. The TERRA96 was then heated at
95 °C for 5 minutes and then cooled slowly to room temperature. The concentra-
tion of the TERRA96 was then determined by measuring the absorbance at 260
nm and calculating the concentration using the molecular weight and extinction
coefficient.

For large scale TERRA96 production, TERRA96 was transcribed using 80 si-
multaneous in vitro transcription reactions with 30 units T7 RNA Polymerase,
0.5 µg of linearised pUC18_TERRA96 plasmid per 50 µL reaction with 6 mM
MgCl2 (as provided in manufacturers buffer), with a total volume of 4 mL. The
transcription reactions were incubated at 37 °C for 2 hours, followed by deacti-
vation of the T7 RNA Polymerase at 70 °C for 10 minutes. Transcription was
confirmed through denaturing 6.5 M urea 10 % PAGE.

2.3.2 Purification of large scale TERRA96 transcript

Transcribed TERRA96 was purified from the plasmid digestion and transcription
enzymes through three successive phenol:chloroform:isoamyl alcohol extractions
by the addition of 4 mL UltraPure™ Phenol:Chloroform:Isoamyl Alcohol (25:24:1,
v/v) (15593031, Thermofisher), vortexed for 1 minute to combine all phases and
centrifuged at 3000 xg for 10 minutes. Residual phenol was then removed through
the addition of 4 mL of chloroform, vortexed for 1 minute to combine all phases
and centrifuged at 3000 xg for 10 minutes. To desalt and remove any residual
chloroform, the aqueous phase was then applied to a Econo-Pac 10DG column
(732-2010) following the general protocol using RNA buffer (10 mM mono/di
basic phosphate [pH 6.6], 100 mM NaCl). The eluted RNA was then stored at
4 °C overnight. The semi-purified TERRA96 was then concentrated by Amicon
Ultra-0.5 Centrifugal Filter Unit to 1 mL. SEC was performed using an NGC
Chromatography System (BioRad) with an ENrich™ SEC 70 10 x 300 Column
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(7801070, Bio-Rad) to remove any template DNA or aberrant RNA products. The
purified TERRA96 was eluted in RNA buffer and selected fractions were pooled
and concentrated using Amicon Ultra-0.5 Centrifugal Filter Unit (UFC5010, Mil-
lipore). To fold the TERRA96, 1 M KCl was added to a final concentration of 15
mM KCl, then heated to 95 °C for 5 minutes and cooled slowly to room temper-
ature. The concentration of the TERRA96 was then determined by measuring
the absorbance at 260 nm and calculating the concentration using the molecular
weight and extinction coefficient.

2.4 Total RNA extraction

Total RNA was extracted from either MCF7 or NIH3T3 cells using the QIAGEN
RNeasy Kit according to the manufacturers instructions and quantified using a
DeNovix spectrophotometer by measuring the absorbance at 260 nm.

2.5 In vitro pulldown assay

HisPur™ Ni-NTA Resin was washed three times in cold RNA Binding Buffer (150
mM KCl, 25 mM Tris HCl [pH 8], 0.2 % IGEPAL, 10 mM imidazole [pH 8])
by pelleting beads at 700 xg for 2 minutes at 4 °C. Purified His-HP1α was then
bound to the beads (30 µg per 20 µL bed volume per reaction) as a 10 % bead
solution, equivalent buffer was added in place of HP1α when HP1α was omitted.
Incubation was carried out at room temperature with gentle rotation for 1 hour.
The beads were then thoroughly washed with cold Wash Buffer (1x Dulbecco’s
phosphate-buffered saline (10x 14200166, ThermoFisher), 25 mM imidazole [pH
8]) by pelleting beads at 700 xg for 2 minutes at 4 °C, followed by a wash with
cold RNA Binding Buffer and resuspended in RNA Binding Buffer to give a 20 %
bead solution. Beads were aliquoted to 100 µL per sample with RNA as indicated,
along with additional RNA Binding Buffer to give a total reaction volume of 600
µL. The beads were incubated at 4 °C with gentle mixing for 2 hours, followed
by a thorough wash with cold H1.4 Binding Buffer (25 mM Tris HCl [pH 8],
10 % glycerol, 250 mM NaCl, 0.225 % IGEPAL, 10 mM imidazole [pH 8]) by
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pelleting the beads at 700 xg for 2 minutes. Purified FLAG-H1.4 (2.6 µg) was
added to the beads, along with 700 µL cold H1.4 Binding Buffer, 6 µL acetylated
BSA (5 µg/µL) and 5 µL SUPERase•In (20 units/µL). The binding reaction was
incubated overnight (16-18 hours) at 4 °C with gentle rotation. The beads were
then washed four times with cold H1.4 Binding Buffer by pelleting the beads at
700 xg for 2 minutes at 4 °C. The bound proteins were then eluted with 1.5x SDS-
PAGE loading dye (93.75 mM Tris HCl pH [6.8], 2.51 % SDS, 11.25 % glycerol,
0.015 % bromophenol blue, 53.63 mM β-mercaptoethanol) by heating at 95 °C
for 5 minutes and resolved by 12 % SDS-PAGE (Section 2.8.1).

Western blot was performed by transferring the proteins from the gel to 0.1
µm nitrocellulose (GEHE10600010, Amersham) in a Trans-Blot® Cell (BioRad)
with AMPSO transfer buffer (25 mM AMPSO [pH 9.5], 20 % v/v methanol) at
60 volts for 2 hours at 4 °C. The nitrocellulose membrane was then blocked in
western blocking buffer (5 % non-fat milk, 1x TBS, 0.05 % Tween-20) for 1 hour
on a rocker at room temperature. Primary antibody (Table 2.1) was diluted in
western blocking buffer and incubated on the membrane overnight on a rocker
at 4 °C. The blot was rinsed with 1x TBS with 0.05 % Tween-20, followed by
two 5 minute washes and two 10 minute washes in 1x TBS with 0.05 % Tween-
20 at room temperature on an orbital shaker. Secondary antibody (Table 2.2)
was diluted in western blocking buffer and incubated on the blot for 1 hour at
room temperature on a rocker. The blot was rinsed with 1x TBS with 0.05 %
Tween-20, followed by two 5 minute washes and two 10 minute washes in 1x
TBS with 0.05 % Tween-20 at room temperature on an orbital shaker. The blot
was then developed using the ECL Prime (Amersham) system and imaged using
the chemiluminescence function on an Azure c600 (Azure Biosystems), with the
exposure time as indicated.
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2.6 In vitro nucleosome assembly

2.6.1 Histone octamer reconstitution by salt gradient

dialysis

Lyophilised 45 nmol histone aliquots were dissolved in 0.5 mL unfolding buffer (6
M guanidinium HCl, 20 mM NaAc [pH 5.2], 1 mM dithiothreitol) and incubated
at room temperature for at least 30 minutes, until all powder was dissolved. One
of each histone aliquot were then combined, giving a total volume of 2 mL. To form
octamers, the histone mix was dialysed at 4 °C against 1.5 L of refolding buffer (2
M NaCl, 10 mM Tris HCl [pH 7.5], 1 mM EDTA) with 5 mM β-mercaptoethanol
for 4 hours using 6-8 kDa MWCO dialysis tubing. The histones/octamers were
then dialysed against 2 L of refolding buffer with with 5 mM β-mercaptoethanol
overnight at 4 °C, and subsequently dialysed against 1 L of refolding buffer with
5 mM β-mercaptoethanol for 2 hours. The octamers were recovered from the
dialysis tubing and centrifuged at room temperature at 14,000 rpm for 5 minutes
to remove any precipitate. The supernatant was then concentrated using an
Amicon Ultra-0.5 Centrifugal Filter Unit (UFC5010, Millipore).

SEC was performed using an NGC Chromatography System (BioRad) with a
Superdex 200 10/300 GL column (GE Healthcare). The purified octamers were
eluted in refolding buffer with 1 mM dithiothreitol and selected fractions, deter-
mined by SDS-PAGE (Section 2.8.1), were pooled and concentrated using Amicon
Ultra-0.5 Centrifugal Filter Unit (UFC5010, Millipore). The octamers were then
quantified by measuring the absorbance at 280 nm and calculating the concen-
tration using the molecular weight and extinction coefficient of the octamer. The
octamers were then mixed 1:1 with octamer storage buffer (10 mM Tris HCl [pH
7.5], 1 mM EDTA, 1 mM dithiothreitol, 1 M NaCl, 80 % glycerol) and stored at
-20 °C.
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2.6.2 Amplification and purification of nucleosome

positioning sequence

A pUC18 plasmid containing three repeats of 200 bp containing the 147 bpWidom
601 sequence (Lowary and Widom, 1998), with a 33 bp linker upstream and 20
bp linker downstream (pUC18_3x200_601) (Table 2.3, Figure A.3), was kindly
gifted by David Tremethick (The John Curtin School of Medical Research, Aus-
tralian National University, Canberra, Australia).

2.6.2.1 pUC18_1x200_601 plasmid cloning

Inverse PCR primers (Inv_For and Inv_Rev (Figure A.3) (Table A.1)) were
designed to remove two of the three 200 bp repeats. PCR with KAPA HiFi PCR
Kit (KK2101, KAPABIOSYSTEMS) was performed as per the manufacturers
instructions as a gradient PCR at 62 °C, 64 °C, 66 °C and 68 °C to determine
the optimal annealing temperature. The resultant PCR products were resolved
through electrophoresis in 1.5 % agarose (Section 2.8.2). The PCR was repeated
with the annealing temperature at 62 °C. The PCR products were resolved in 1.5
% agarose and the product of the appropriate length for one repeat was extracted
with the QIAquick gel extraction kit (28704, Qiagen). The linear plasmid was
then phosphorylated with T4 polynucleotide kinase (EK0031, ThermoFisher) as
per the manufacturers instructions. The phosphorylated linear fragment was
then quantified through 1 % agarose gel electrophoresis with MassRuler (SM0403,
ThermoFisher). The linear plasmid was then ligated with T4 DNA ligase (M0202,
New England BioLabs), with 100 ng linear plasmid in a 15 µL reaction, at room
temperature for 2 hours, followed by heat inactivation at 65 °C for 10 minutes.
Competent E. coli DH5α cells (ThermoFisher) were transformed with 5 µL of
the ligated plasmid in 50 µL of cells, using heat shock at 42 °C for 45 seconds.
SOC medium (Sigma-Aldrich) was then added to the cells, followed by a 1 hour
incubation at 37 °C with shaking. The cells were then centrifuged for 5 minutes
at 5000 rpm, followed by removal of 400 µL of the supernatant. The cells were
then resuspended in the remaining 150 µL of supernatant and plated on LB agar
containing 100 µg/mL ampicillin and incubated overnight (16-18 hours) at 37 °C.
Multiple overnight cultures were set up with a single colony used to inoculate 5
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mL of LB broth containing 100 µg/mL ampicillin and incubated overnight at 37
°C. The plasmids were extracted from the cells using QIAprep Spin Miniprep Kit
(27104, Qiagen). To identify correct clones, plasmids were linearised with KpnI
as per the manufactures instructions (ER0521, Thermo Fisher) and resolved in
1 % agarose. Clones of the correct length were then sequenced to confirm the
insert was correct, followed by amplification and extraction of the plasmid through
QIAGEN Plasmid Midi Kit (12143, Qiagen), yielding the pUC18 plasmid with
one 200 bp repeat containing the Widom 601 sequence (Lowary and Widom,
1998) (pUC18_1x200_601) (Table 2.3, Figure A.4).

2.6.2.2 Amplification of Alexa488_1x237_601 fragment

PCR primers (Alexa488_601_For and DNA_601_Rev (Table A.1 and Figure
A.4)) were designed flanking the 200 bp repeat in the pUC18_1x200_601 plas-
mid, with the forward primer labelled with the Alexa488 fluorophore and reverse
primer unlabelled, generating a 237 bp Alexa488 labelled fragment (Alexa488_1x-
237_601). PCR with MyTaq™ HS DNA Polymerase (BIO-21112, Bioline) was
performed as per the manufacturers instructions as a gradient PCR at 55 °C, 57
°C, 59 °C and 61 °C to determine the optimal annealing temperature, with 35
cycles. The resultant PCR products were resolved through electrophoresis in 1.5
% agarose (Section 2.8.2). The PCR was repeated with the annealing tempera-
ture at 61 °C, with the amount of DNA template titrated at 10 ng and 20 ng per
50 µL PCR reaction, and titrating the number of cycles at 35 and 45 cycles to
determine optimal PCR conditions. The resultant PCR products were resolved
in 1.5 % agarose.

To generate the fragment for mononucleosome formation, 32 simultaneous PCR
reactions were performed with 10 ng of template per 50 µL reaction at 61 °C,
with 45 cycles. The PCR products were concentrated to 400 µL by vacuum and
were resolved in 1.5 % agarose in the dark and extracted using the QIAquick
gel extraction kit. The Alexa488_1x237_601 fragment was ethanol precipitated
with GlycoBlue™ Coprecipitant (AM9515, ThermoFisher) and resuspended in 10
mM Tris HCl [pH 8.0]. To determine the concentration of the fragment, the
absorbance at 260 nm was measured and concentration was calculated using the
extinction coefficient and molecular weight.
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2.6.3 Mononucleosome formation

Mononucleosome formation reactions were prepared with 2 M NaCl, 1x Tris-
EDTA (TE) (10 mMTris HCl [pH] 7.5, 1 mM EDTA [pH] 8), Alexa488_1x237_601
as indicated, and 25 pmol octamer, added after other components were mixed,
in a final volume of 29 µL. After thorough mixing, reactions were then incubated
on ice for 30 minutes. Reactions were dialysed in 0.2 mL Eppendorf lids with 6-8
kDa MWCO dialysis membrane against reducing NaCl levels outlined in Table
2.5, with dithiothreitol added when indicated, at 4 °C in the dark. Reconsti-
tution levels were analysed by native PAGE (Section 2.8.4). Mononucleosome
concentrations were estimated by measuring the absorbance at 260 nm and us-
ing the extension coefficient and molecular weigh of Alexa488_1x237_601 and
calculating the concentration of the DNA fragment.

Table 2.5: Mononucleosome dialysis steps

Dialysis time Dialysis buffer
30 minutes 1x TE, 2 M NaCl
3 hours 1x TE, 1 M NaCl

Overnight 1x TE, 0.7 M NaCl
2 hours 1x TE, 5 mM NaCl

2.7 Electrophoretic mobility shift assay

An electrophoretic mobility shift assay (EMSA) was performed by combining
FLAG-H1.4 as indicated with 0.38 pmol mononucleosomes in gel binding buffer
1x (10 mM Tris HCl [pH 7.5], 25 mM NaCl, 25 mM KCl, 0.2 mM dithiothreitol, 4
% polysucrose 400) and incubated at room temperature for 30 minutes. Samples
were electrophoresed through 5 % native PAGE (Section 2.8.4).
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2.8 Gel electrophoresis

2.8.1 SDS-PAGE

First a 12 % resolving gel was made (12 % 29:1 acrylamide/bisacrylamide, 375
mM Tris HCl [pH 8.8], 0.1 % SDS, 0.1 % ammonium persulfate (APS), 0.1 %
tetramethylethylenediamine (TEMED)). Atop of this, a stacking gel was made
and set (5 % 29:1 acrylamide/bis-acrylamide, 125 mM Tris HCl [pH 6.8], 0.1
% SDS, 0.1 % APS, 0.1 % TEMED). Samples were mixed with 6x SDS-PAGE
loading dye to a final concentration of 1x SDS-PAGE loading dye (62.5 mM Tris
HCl pH [6.8], 1.67 % SDS, 7.5 % glycerol, 0.01 % bromophenol blue, 37.75 mM
β-mercaptoethanol) and heated at 95 °C for 5 minutes before loading. Samples
were electrophoresed through a 5 % stacking gel followed by a 12 % resolving gel
in 1x TGS buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS), at a constant 150
volts until the bromophenol blue dye front reached the bottom of the stacking
gel. Gels were fixed by incubation in 10 % acetic acid and 40 % ethanol for
15 minutes, followed by staining of the proteins with QC Colloidal Coomassie
Stain (Bio-Rad) for 18-20 hours. Gels were de-stained in MilliQ water until the
contrast was satisfactory, followed by imaging under white light on a GelDoc.
Proteins sizes were estimated using Precision Plus Protein Dual Color Standards
(1610374, Bio-Rad).

2.8.2 Agarose gel electrophoresis

An agarose gel, percentage as specified, was made in 1x TAE (40 mM Tris,
20 mM Acetic Acid, 1 mM EDTA) with 0.5 µg/mL ethidium bromide (EtBr).
Samples were mixed with 10x Blue Juice (10816015, ThermoFisher) to a final
concentration of 1x before loading. Samples were electrophoresed through the
agarose gel in 1x TAE with 0.5 µg/mL EtBr at a constant 100 volts until the
bromophenol blue had traveled sufficient distance through the agarose. Gels were
then visualised and imaged through UV-transillumination on a GelDoc. DNA
sizes were estimated using either 1 Kb Plus DNA Ladder (1 Kb+) (10787018,
ThermoFisher) or MassRuler DNA Ladder Mix (MR) (SM0403, ThermoFisher),
as indicated.
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2.8.3 Urea-PAGE

A 10 % gel was made (10 % 19:1 acrylamide/ bisacrylamide, 1x TBE (89 mM
Tris, 2 mM EDTA, 89 mM boric acid), 6.5 M urea, 0.08 % APS, 0.04 % TEMED)
and pre-run at 150 volts for 30 minutes. Samples were mixed with 2x RNA Load-
ing Dye (B0363AVIAL, New England BioLabs) to a final concentration of 1x
and heated at 95 °C for 5 minutes before loading. Samples were electrophoresed
through the 10 % gel in 1x TBE buffer at a constant 150 volts until the bro-
mophenol blue dye front reached the bottom of the gel. To stain the RNA, gels
were incubated in 0.3 % Stains-All (E9379, Sigma-Aldrich) with 50 % formamide
for 30 minutes in the dark, followed by de-staining in MilliQ water in the light
until the contrast was satisfactory. Gels were imaged in a lightbox on an iPhone
XR to produce multicoloured images. RNA species sizes were estimated using
Low Range ssRNA Ladder (N0364SVIAL, New England BioLabs).

2.8.4 Native-PAGE

A 5 % gel was made (5 % 49:1 acrylamide/bisacrylamide, 0.5x TBE (44.5 mM
Tris, 1 mM EDTA, 44.5 mM boric acid), 0.1 % APS, 0.1 % TEMED). Gels were
pre-run at 150 volts for 30 minutes. Samples were mixed with 5x gel binding
buffer to a final concentration of 1x (10 mM Tris HCl [pH 7.5], 25 mM NaCl,
25 mM KCl, 0.2 mM dithiothreitol, 4 % polysucrose 400) and incubated on ice
for 30 minutes before loading. Samples were electrophoresed through the 5 %
gel in 0.2x TBE buffer (17.8 mM Tris, 0.4 mM EDTA, 17.8 mM boric acid) at a
constant 150 volts for 45 minutes, tracking the progression of the samples with 1x
gel binding buffer with 0.05 % bromophenol blue, loaded alongside samples. Gels
were imaged on FLA-5000 laser scanner at 478 nm, imaging Alexa488 labelled
DNA. Proteins were then fixed in the gel by incubation in 10 % acetic acid and 40
% ethanol for 15 minutes, followed by staining of the proteins with QC Colloidal
Coomassie Stain (Bio-Rad) for 18-20 hours. Gels were de-stained in MilliQ water
until the contrast was satisfactory, followed by imaging under white light on a
GelDoc.
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Chapter 3

Investigating if TERRA mediates
the H1.4-HP1α interaction
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3.1 Introduction

An interaction with H1.4, which is enriched in compact chromatin, provides a
potential means for targeting HP1α to heterochromatin. While the hinge region of
HP1α can bind non-specifically to nucleic acid (Bryan et al., 2017; Meehan et al.,
2003; Muchardt et al., 2002; Nishibuchi et al., 2014), in vitro, it has been shown
to bind non-coding RNA such as Major satellite repeat RNA (MSR RNA) and
Telomeric repeat-containing RNA (TERRA)(Maison et al., 2011; Roach et al.,
2020). To determine if TERRA can mediate this interaction, an in vitro pulldown
system using purified HP1α and H1.4 was established. Firstly, His-HP1α and
FLAG-H1.4 were prepared, the pulldown assay established and then TERRA
prepared and tested to determine if it could mediate the H1.4-HP1α interaction.

3.2 Development of HP1α-H1.4 pulldown assay

The pulldown was to be performed with hexahistidine-tagged HP1α (His-HP1α)
and FLAG-tagged H1.4 (FLAG-H1.4), which first needed to be produced.

3.2.1 Expression and purification of His-HP1α

To express His-HP1α (see Section 2.2.1), E. coli BL21 DE3 cells were transformed
with pET24a_His-HP1α (see Section 2.1, Table 2.3), a plasmid that expressesmus
musculus HP1α with an amino-terminus hexahistidine-tag. To induce the ex-
pression of His-HP1α, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added
to the cells and the culture was incubated at 22 °C for 18 hours. The culture
was sampled before and after induction, and the cell lysates were resolved by
12 % sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE)
(see Section 2.8.1) to determine the level of His-HP1α induction. In Figure 3.1,
the presence of the band in the gel at 25 kDa in the after induction lane, which
is absent in the before induction lane, confirmed the expression of His-HP1α.
To confirm the His-HP1α was soluble in the cell lysate, the cultured cells were
washed, lysed and centrifuged to separate the soluble proteins from the cellular
debris. The lysed proteins were then separated by 12 % SDS-PAGE. Figure 3.1
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shows that the majority of the His-HP1α was in the soluble fraction, however
some did remain in the insoluble fraction.

To purify the His-HP1α from the E. coli lysate, the soluble lysate was loaded on
a nickel-nitrilotriacetic acid (Ni-NTA) column, washed and then bound proteins
were eluted. The elution fractions with high absorbance at 280 nm were analysed
by 12 % SDS-PAGE. From the gel (Figure 3.1), fractions 31-34 contained higher
levels of His-HP1α and were combined and concentrated. To further purify His-
HP1α, the protein was size excluded using a Superdex 200 10/300 GL column to
remove contaminating E. coli proteins. Size exclusion chromatography fractions
with high absorbance at 280 nm were then resolved by 12 % SDS-PAGE to
determine which fractions contained His-HP1α. Figure 3.2 shows that fractions
B07-B14 contained the highest levels of His-HP1α in the gel, and fractions B07-
B15 were combined and concentrated.

To quantify the purified His-HP1α, a bicinchoninic acid assay with bovine serum
albumin (BSA) standards was performed, then 1.0 µg and 0.5 µg His-HP1α, based
on this quantification, was checked by 12 % SDS-PAGE against the BSA stan-
dards. Figure 3.3 shows that the amount of His-HP1α loaded in the gel appears
less than the equivalent amount of BSA. However, Coomassie blue staining is more
susceptible to differences in protein composition as it binds specific residues, while
the bicinchoninic acid assay measurement is based around the protein backbone,
making Coomassie less sensitive (He, 2011). To check if the His-HP1α was folded,
circular dichroism spectra were obtained to determine if secondary structures were
present. The obtained spectra (Figure A.1a) were consistent with previously pub-
lished HP1α circular dichroism spectra (Figure A.1b) (Roach et al., 2020).
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Figure 3.2: His-HP1α size exclusion chromatography purification. His-HP1α
size exclusion fractions (2 µL of each fraction) were analysed through 12 % SDS-PAGE,
then stained with Coomassie blue. M - Molecular weight marker.

Figure 3.3: His-HP1α quantification. Purified His-HP1α and BSA protein stan-
dards were resolved through 12 % SDS-PAGE, and stained with Coomassie blue. M -
Molecular weight marker.
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3.2.2 Expression and purification of FLAG-H1.4

To express FLAG-H1.4 (see Section 2.2.2), pET3d_FLAG-H1.4 (see Section 2.1,
Table 2.3), an amino-terminus FLAG-tagged homo sapien H1.4 expression plas-
mid, was transformed into E. coli BL21 DE3 cells. Expression of FLAG-H1.4 was
induced by the addition of IPTG to the culture and then incubated for 2.5 hours
at 37 °C. Samples of the culture were taken before and after induction and were
then separated by 12 % SDS-PAGE (see Section 2.8.1). Shown in Figure 3.4, the
absence of a band at 37 kDa in the before induction lane which was then present
in the after induction lane confirmed the expression of FLAG-H1.4. FLAG-H1.4
was then extracted from the cellular debris with perchloric acid (PCA), which
precipitates the bacterial proteins while the FLAG-H1.4 remains soluble due to
its highly basic nature (H1.4 isoelectric point - 11.03 (Osunsade et al., 2018)).
FLAG-H1.4 was then precipitated by the addition of trichloroacetic acid, after
which the FLAG-H1.4 was resuspended in a neutral buffer. The resuspended
FLAG-H1.4 was resolved by 12 % SDS-PAGE. Figure 3.4 confirms the presence
of FLAG-H1.4 with a faint band at 37 kDa, and shows that most of the bacterial
proteins had been removed.

Figure 3.4: Induction of FLAG-H1.4 expression and PCA extraction. Before
and after IPTG induction (10 µL of culture) and after PCA extraction (1 µL of 1:20
dilution) samples were analysed through 12 % SDS-PAGE, then stained with Coomassie
blue. The approximate molecular weight of FLAG-H1.4 is 23.5 kDa, however, it appears
heavier due to the basic nature of the protein. M - Molecular weight marker.

The FLAG-H1.4 was then affinity purified from the remaining E. coli proteins
using a ANTI-FLAG M2 affinity gel column. The PCA extracted FLAG-H1.4
was applied to the column, washed and then eluted. The sample application flow
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through, wash and elution fractions were analysed by 12 % SDS-PAGE. Shown
in the gel (Figure 3.5), elution fractions E5-E8 contained the highest levels of
FLAG-H1.4 and were combined, with the concentration then determined using a
bicinchoninic acid assay. To give a more accurate concentration, as H1 is a highly
basic protein, quantitation using the bicinchoninic acid assay was performed with
calf thymus histone standards. To check the concentration determined by bicin-
choninic acid assay, 0.5 µg and 1.0 µg FLAG-H1.4 and calf thymus histone stan-
dards were resolved by 12 % SDS-PAGE. Figure 3.6 confirms the quantification
of the FLAG-H1.4.

Figure 3.5: FLAG-H1.4 FLAG affinity purification. After PCA extraction (2 µL)
and FLAG affinity column sample application flowthrough, wash and elution fractions
(10 µL of wash and each fraction) were analysed through 12 % SDS-PAGE, and stained
with Coomassie blue. FT - Sample application flowthrough, 10 µL. M - Molecular
weight marker.

Figure 3.6: FLAG-H1.4 quantification. Purified FLAG-H1.4 and calf thymus
histone standards were resolved through 12 % SDS-PAGE, then stained with Coomassie
blue. M - Molecular weight marker.
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3.2.3 Total RNA mediates the H1.4-HP1α interaction

To establish the His-HP1α pulldown system, initially it was tested if total RNA
could mediate the interaction between His-HP1α and FLAG-H1.4. His-HP1α was
bound to HisPur™ Ni-NTA beads at 30 µg His-HP1α per 20 µL bed volume for
1 hour at room temperature, and then washed (see Section 2.5 and Figure 3.7).
RNA binding reactions were assembled and were incubated at 4 °C for 2 hours,
with no RNA, 4 µg or 8 µg of total RNA extracted from MCF7 cells (see Section
2.4). To remove any unbound RNA, the beads were washed. FLAG-H1.4 was
then added at 2.6 µg per reaction and then incubated overnight at 4 °C. The beads
were then washed to remove any unbound FLAG-H1.4. The resultant complexes
from the binding reactions were resolved by 12 % SDS-PAGE (see Section 2.8.1).
Immunoblotting was performed with anti-FLAG (see Section 2.1, Table 2.1) to
detect if FLAG-H1.4 had been pulled down.

Figure 3.7: Schematic diagram of His-HP1α pulldown. Created with BioRender.

As shown in Figure 3.8, the bands present in the total RNA lanes showed that
FLAG-H1.4 had been pulled down by the total RNA at 4 and 8 µg, thus total
RNA mediates the interaction between FLAG-H1.4 and His-HP1α. There was
no band in the absence of RNA, illustrating that FLAG-H1.4 was not bound.
This indicated that not only was RNA required to mediate the interaction, but
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additionally the FLAG-H1.4 did not bind directly to the HisPur™ Ni-NTA beads.
The FLAG-H1.4 input control was detected, illustrating that the FLAG antibody
could detect the FLAG-H1.4.

Figure 3.8: Total RNA mediates the H1.4-His-HP1α interaction in an in
vitro pulldown. In vitro His-HP1α pulldown and western blot with the addition of
MCF7 total RNA, titrated at 0 µg (no RNA), 4 µg and 8 µg, to His-HP1α bound beads
(30 µg His-HP1α per 20 µL bed volume), followed by the addition of 2.6 µg of FLAG-
H1.4. Bound FLAG-H1.4 was detected by immunoblotting against FLAG with a FLAG
antibody, 5 second chemiluminescence exposure. Input - 23 % FLAG-H1.4.

3.3 In vitro transcription and purification of

TERRA

Since total RNA was confirmed to mediate the interaction, a 96 nucleotide TERRA
molecule, TERRA96, which has previously been shown to interact with HP1α
(Roach et al., 2020), was generated by in vitro transcription (McKenna et al.,
2007; Garavís et al., 2014).

3.3.1 Optimisation of TERRA96 in vitro transcription

Before in vitro transcription could be performed, the circular plasmid pUC18_TERRA96
(Table 2.3 and Figure A.2), containing a T7 RNA polymerase promoter upstream
of a 96 bp telomeric repeat, had to be linearised using the BpiI restriction site
downstream of the repeat to ensure transcription stops. To optimise linearisation
of pUC18_TERRA96 with BpiI, the restriction digest was performed with 0.2
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or 0.02 units of BpiI per 1 µg of pUC18_TERRA96 (Garavís et al., 2014) (see
Section 2.3.1). Linearisation of the plasmid was analysed by 1 % agarose gel
electrophoresis (see Section 2.8.2). As shown in Figure 3.9, circular supercoiled,
undigested pUC18_TERRA96 migrated with an approximate molecular weight of
around 1500 bp. Partial digestion of pUC18_TERRA96 occurred with 0.02 units
of BpiI, shown by the presence of multiple differently migrating bands, including
undigested pUC18_TERRA96 (Figure 3.9). Digestion of pUC18_TERRA96 by
0.2 units of BpiI generated one main digestion product which migrated around
2900 bp, consistent with the expected linear length of 2761 bp (Figure 3.9). This
determined that pUC18_TERRA96 could be linearised by 0.2 U of BpiI per 1
µg of pUC18_TERRA96, while 0.02 U of BpiI yielded only partial digestion.

Figure 3.9: Digestion of pUC18_TERRA96 by BpiI reaches completion with
0.2 U of BpiI per 1 µg of pUC18_TERRA96. Restriction digests with 0.02 U of
BpiI or 0.2 U BpiI per 1 µg of pUC18_TERRA96 were analysed by EtBr staining in 1
% agarose, with 1 µL aliquots of restriction digests. U - Undigested pUC18_TERRA96,
50 ng. 1 Kb+ - DNA ladder.

The in vitro transcription reaction was then optimised. Using 1 µg of linearised
pUC18_TERRA96 (Figure 3.10), the first optimisation step was to titrate the
amount of MgCl2 present in the transcription reaction. MgCl2 was titrated in
50 µL reactions from 6 mM (no additional MgCl2 to the transcription buffer
provided) to 30 mM. Reactions were incubated at 37 °C for 2 hours with 30 units
of T7 RNA polymerase. In vitro transcription reactions were resolved by 6.5 M
urea 10 % PAGE (see Section 2.8.3). Figure 3.11 shows that the most intense
band at around 96 bases, was transcribed in 6 mM MgCl2, illustrating that no
additional MgCl2 was required in the in vitro transcription reaction.
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Figure 3.10: pUC18_TERRA96 was digested with BpiI for transcription
optimisation. Digestion of pUC18_TERRA96 with 0.2 U of BpiI per 1 µg of
pUC18_TERRA96 was analysed by EtBr staining in 1 % agarose. U - Undigested
pUC18_TERRA96, 50 ng. D - Restriction digest, 1 µL. 1 Kb+ - DNA ladder.

To further optimise the in vitro transcription reaction, the amount of linearised
pUC18_TERRA96 added was titrated in an attempt to increase yield. Linearised
pUC18_TERRA96 was titrated in 50 µL reactions at 0.5 µg, 1.0 µg and 1.5 µg
and reactions were incubated at 37 °C for 2 hours with 30 units of T7 RNA
polymerase. The level of in vitro transcription in the reactions was analysed
by 6.5 M urea 10 % PAGE. Illustrated by Figure 3.12, the most intense band
at 96 bases was transcribed in the in vitro transcription reaction with 0.5 µg
of template. This determined that the optimal in vitro transcription conditions
were with 0.5 µg of template and no additional MgCl2.
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Figure 3.11: No additional MgCl2 is required for TERRA96 transcription.
In vitro transcription reactions with MgCl2 titrated at 6 mM, 10 mM, 15 mM, 20 mM,
25 mM and 30 mM, with 1 µg of linearised pUC18_TERRA96 in a 50 µL reaction, were
analysed through 6.5 M urea 10 % PAGE with 1 µL aliquots. Stained with Stains-All.
R - ssRNA ladder.

Figure 3.12: TERRA96 transcription is most efficient with 0.5 µg of
template. In vitro transcription reactions with linearised pUC18_TERRA96 titrated
at 0.5 µg, 1.0 µg and 1.5 µg in a 50 µL reaction were analysed through 6.5 M urea 10
% PAGE with 1 µL aliquots. Stained with Stains-All. R - ssRNA ladder.
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3.3.2 Testing if TERRA96 mediates the H1.4-HP1α

interaction

To determine if the in vitro transcribed TERRA96 could mediate the H1.4-HP1α
interaction, initially the transcription reaction containing TERRA96 was tested.
To ensure the TERRA96 was folded in a G-quadruplex (G4) structure in the
in vitro transcription reaction, potassium was added to 15 mM to stabilise the
G4 (Burge et al., 2006) and was then heated at 95 °C for 5 minutes and cooled
slowly to room temperature. In an attempt to estimate the concentration of
TERRA96 in the in vitro reaction, the absorbance at 260 nm was measured
and the concentration was calculated using the molecular weight and extinction
coefficient, measuring at 0.5 µg/µL, however, some ribonucleotides may have been
present.

HisPur™ Ni-NTA beads were incubated in the presence or absence of His-HP1α for
1 hour at room temperature (see Section 2.5 and Figure 3.7). No RNA, 10 µg or 20
µg of the TERRA96 in vitro transcription reaction was then added and incubated
at 4 °C for 2 hours. The beads were then washed to remove any unbound RNA.
FLAG-H1.4 was then added with 1.3 µg per reaction and incubated overnight at 4
°C. Unbound FLAG-H1.4 was washed from the beads and the resultant complexes
were separated by 12 % SDS-PAGE (see Section 2.8.1). Immunoblotting against
FLAG was performed to determine if FLAG-H1.4 was bound to the His-HP1α
complex.

Illustrated by Figure 3.13, FLAG-H1.4 was detected when 20 µg of the TERRA96
in vitro transcription reaction was added. However, no band was observed when
10 µg of the TERRA96 in vitro transcription reaction was added, and no input
control was detected. While no input control was detected in the input lane,
due to a pipetting error, the band detected, when 20 µg of the TERRA96 in
vitro transcription reaction was added migrated at 37 kDa where FLAG-H1.4
typically migrates (Figure 3.4 - Figure 3.6). The absence of bands in the –HP1α
lanes indicated that no FLAG-H1.4 was pulled down when His-HP1α was absent,
illustrating that the TERRA96 does not bind to the HisPur™ Ni-NTA beads.
The time of exposure and large amount of ‘RNA’ required was of concern. This
is likely due to the in vitro transcription reaction interfering with the estimation
of the concentration of TERRA96.
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Figure 3.13: Testing if TERRA96 mediates the H1.4-HP1α interaction. In
vitro His-HP1α pulldown and immunoblot with the presence or absence of His-HP1α
and the addition of 0 µg, 10 µg and 20 µg of TERRA96 in vitro transcription reaction.
Pulled down FLAG-H1.4 was detected by immunoblotting against FLAG with a 10
minute chemiluminescence exposure. Input - 8 % FLAG-H1.4. M - Molecular weight
marker.

3.3.3 Large scale transcription and purification of TERRA96

To overcome the overestimation of TERRA96 concentration, TERRA96 needed
to be transcribed on a larger scale so it could be purified.

To transcribe TERRA96 in vitro, 40 µg pUC18_TERRA96 was digested as before
(see Section 2.3.1 and Section 3.3.1). The completion of the digest was confirmed
as before by 1 % agarose gel electrophoresis (see Section 2.8.2 and 3.3.1) with the
presence of the linear pUC18_TERRA96 at around 2900 bp in both digestion
lanes (Figure 3.14). TERRA96 was transcribed with 80 simultaneous in vitro
transcription reactions with 0.5 µg of linearised template per reaction as before
(see Section 2.3.1 and Section 3.3.1), with the total reaction mix divided in four
to allow for incubation in 1.7 mL Eppendorfs. In vitro transcription of TERRA96
was confirmed as before by 6.5 M urea 10 % PAGE (see Section 2.8.3 and Sec-
tion 3.3.1), with the presence of the band around 96 bases produced in all four
reactions (Figure 3.15).
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Figure 3.14: pUC18_TERRA96 was digested with BpiI for large scale tran-
scription. Large scale digestion of pUC18_TERRA96 was analysed by EtBr staining
in 1 % agarose. U - Undigested pUC18_TERRA96, 50 ng . D - Restriction digest, 1
µL. 1 Kb+ - DNA ladder.

Figure 3.15: TERRA96 was transcribed on a large scale. Large scale in vitro
transcription of TERRA96 was analysed through 6.5 M urea 10 % PAGE with 1 µL
aliquots of the four transcription reactions (1, 2, 3 and 4). Stained with Stains-All. R
- ssRNA ladder.
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To remove BpiI and T7 RNA polymerase, the TERRA96 in vitro transcription
reactions were combined and extracted with three sequential phenol/chloroform
extractions, followed by a final extraction with chloroform (see Section 2.3.2).
The phenol/chloroform extracted in vitro transcription reaction was then desalted
using a 10DG desalting column and eluted in RNA buffer (10 mM mono/di basic
phosphate [pH 6.6], 100 mM NaCl) and then concentrated. Aliquots taken during
the extraction and desalting of the TERRA96 were analysed by 6.5 M urea 10 %
PAGE. The presence of the band at 96 bases in the gel (Figure 3.16) throughout
the processing confirmed TERRA96 had not been lost or degraded .

Figure 3.16: Large scale TERRA96 purification. Purification of TERRA96 was
tracked by analysis of aliquots though 6.5 M urea 10 % PAGE. After trans. -
After in vitro transcription, 1 µL. PC 1-3 - Sequential phenol chloroform extractions
1-3, 1 µL. C - Chloroform extraction, 1 µL. Desalt. FT - Desalting column sample
application flowthrough, 1 µL. Conc. FT - Concentrator flowthrough, 1 µL. Before
SEC - Concentrated TERRA96 before size exclusion chromatography, 1 µL. A27, A37,
B17 and B21 - Aliquots of main size exclusion chromatography peaks, 10 µL. Stained
with Stains-All. R - ssRNA ladder.
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To remove any aberrant transcripts and remaining plasmid, TERRA96 was size
excluded using an ENrich™ SEC 70 10 x 300 Column. The chromatogram gener-
ated by measuring the absorbance at 260 nm as the fractions were eluted (Figure
3.17) displayed four main absorbance peaks. To determine the elution peak with
TERRA96, aliquots of the four main peaks were analysed by 6.5 M urea 10 %
PAGE. Shown by Figure 3.16, the presence of the band at 96 bases indicated that
TERRA96 eluted in the peak around fraction A37. The two large peaks at B17
and B21 were remaining nucleotides from the transcription reaction, indicating
the efficiency of the transcription is low (McKenna et al., 2007), likely due to the
G4 structure of the template sequence. To identify all of the fractions containing
TERRA96, those surrounding the A37 peak were analysed by 6.5 M urea 10 %
PAGE. Seen in Figure 3.18, this identified a secondary transcript of the same
length as TERRA96 which eluted slightly earlier around fraction A34. From the
gel (Figure 3.18), fractions 36 through 41 contained the most TERRA96 and
were combined and concentrated. TERRA96 was then quantified by measuring
the absorbance at 260 nm and the concentration calculated using the extinction
coefficient and molecular weight, measuring at 32 ng/µL. To confirm that the
TERRA96 was not lost during concentrating, aliquots of the MilliQ water used
to store the concentrators were analysed by 6.5 M urea 10 % PAGE. Figure 3.19
showed that there was no detectable TERRA96 in the storage MilliQ water or
the flowthrough, and that the final TERRA96 was a singular transcript.

For use in a pulldown to determine if TERRA96 could mediate the H1.4-HP1α
interaction, the purified TERRA96 was further concentrated, and then folded by
the addition of potassium to 15 mM, heated to 95 °C and cooled slowly to room
temperature. The TERRA96 was quantified as before, yielding 235 ng/µL.
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Figure 3.18: TERRA96 size exclusion chromatography fractions. Fractions
of TERRA96 size exclusion chromatography were analysed through 6.5 M urea 10 %
PAGE with 6 µL aliquots to determine which fractions contained TERRA96. Before
SEC - Before size exclusion chromatography, 1 µL. Stained with Stains-All. R - ssRNA
ladder.
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Figure 3.19: Purified TERRA96. Aliquots of the storage MilliQ water from the
concentrators were analysed through 6.5 M urea 10 % PAGE. Before SEC conc. 1 and
2 - Storage MilliQ of concentrators (1 and 2) before size exclusion chromatography ,
1 µL. After SEC conc. 1 and 2 - Storage MilliQ of concentrators (1 and 2) after size
exclusion chromatography , 1 µL. After SEC conc. FT - Combined flowthrough from
both concentrators after size exclusion chromatography , 4 µL. Stained with Stains-All.
R - ssRNA ladder.
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3.3.4 TERRA96 mediates the H1.4-HP1α

interaction

To test if TERRA could mediate the H1.4-HP1α interaction, a pulldown was per-
formed using purified TERRA96. Therefore, His-HP1α was bound to HisPur™Ni-
NTA beads (see Section 2.5 and Figure 3.7), washed and then incubated with no
RNA, 2 µg, 4 µg or 8 µg of TERRA96 or total RNA isolated from NIH3T3 cells
(see section 2.4). Any unbound RNA was washed from the beads followed by
addition of 2.6 µg of FLAG-H1.4 and then incubated. Unbound FLAG-H1.4
was washed from the beads and the resultant complexes were resolved by 12 %
SDS-PAGE (see Section 2.8.1) and Western blot was performed with an antibody
against FLAG, detecting if FLAG-H1.4 had been pulled down.

Figure 3.20: TERRA96 mediates the H1.4-HP1α interaction in vitro. In vitro
His-HP1α pulldown with no RNA, 2 µg, 4 µg or 8 µg of TERRA96 or NIH3T3 total
RNA, added as indicated. Pulled down FLAG-H1.4 was detected by immunoblotting
against FLAG with a 3 second exposure. Input - 23 % FLAG-H1.4.

Figure 3.20 shows that FLAG-H1.4 was pulled down when 4 µg and 8 µg of
TERRA96 were added to the system, which indicates that at these levels TERRA96
can mediate the H1.4-HP1α interaction in vitro. The total RNA, again was able
to mediate the interaction, with FLAG-H1.4 detected when 2 µg, 4 µg and 8 µg
were added. There was no band present in the no RNA lane indicating that the
FLAG-H1.4 does not bind directly to the beads, while FLAG-H1.4 was detected
in the input control, showing that the antibody binds FLAG-H1.4.
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Chapter 4

Investigating the H1.4-HP1α
interaction in a nucleosomal
context
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4.1 Introduction

Within the cell, the interaction of histone H1.4 with Heterochromatin protein
1α (HP1α) occurs within chromatin. To replicate this environment, nucleosomes
were formed in vitro. Mononucleosomes were formed to explore binding and inves-
tigate if Telomeric repeat-containing RNA (TERRA) can mediate the interaction
between HP1α and H1.4 in a nucleosomal context. Mononucleosomes will then
be expanded to trinucleosomes and arrays of 12 nucleosomes to study the role of
this interaction on chromatin compaction. As the mononucleosomes were formed
on a fluorescently labelled DNA fragment, electrophoretic mobility shift assays
(EMSAs) were used to analyse the formation of the mononucleosomes and then
the binding of H1.4 to the mononucleosomes.

Nucleosomes can be assembled in vitro on DNA fragments containing the 147 bp
Widom 601 positioning sequence, to which histones have a high binding affin-
ity (Lowary and Widom, 1998), through decreasing the salt concentration of
the solution (Dyer et al., 2003; Flaus, 2011; Germond et al., 1976; Luger et al.,
1997b, 1999a,b). This allows a more defined assembly, with the number of 601
repeats determining how many nucleosomes are formed. Histones can either be
isolated from tissue or cells, or recombinant histones can be expressed and puri-
fied. At 2 M NaCl, there is no association of histones to DNA. Decreasing the
salt concentration to 1 M initiates H3-H4 tetramers binding to DNA, at 0.8 M
NaCl an H2A-H2B dimer binds to the positioned tetramers, and finally by 0.6
M NaCl the second H2A-H2B dimer binds the hexamer, forming a nucleosome
(Carruthers et al., 1999). As the salt concentration is decreased below 0.6 M,
arrays of multiple nucleosomes form a more folded structure, however once the
NaCl concentration reaches 0.1 M, arrays begin to unfold and reform an extended
structure (Carruthers et al., 1999).
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4.2 Construction of mononucleosomes

To form mononuclesomes, this requires a fluorophore labelled DNA fragment
with the Widom 601 positioning sequence to position octamers (Lowary and
Widom, 1998), as well as the four core histones that form the octamer. The
mononucleosomes will be formed by salt gradient dialysis in a similar manner
as described previously (Luger et al., 1999b; Ryan and Tremethick, 2016). This
process is summarised in Figure 4.1.

Figure 4.1: Schematic diagram of mononucleosome formation. Core histones
were expressed and purified, and then dialysed to form octamers. A plasmid contain-
ing one 601 repeat was cloned, followed by PCR amplification to generate a labelled
DNA fragment containing one 601 repeat. The octamers and labelled DNA were then
combined and dialysed to form labelled mononucleosomes. Created with BioRender.
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4.2.1 Expression of core histones and octamer formation

To express the four core histones, mus musculus H2A, mus musculus/homo
sapien H2B, mus musculus/homo sapien H3.1 and xenopus/homo sapien H4,
E. coli BL21 DE3 cells were transformed with the respective expression plasmids
pET3_mH2A, pET3_mhH2B, pET3_mhH3 and pET3_xH4 (see Section 2.1,
Table 2.3). Expression of the four histones was induced by the addition of iso-
propyl β-D-1-thiogalactopyranoside (IPTG) and the cultures were incubated at
37 °C for 3-4 hours (see Section 2.2.3.1). Samples of each culture before and after
induction were analysed by 12 % sodium dodecyl sulfate (SDS) polyacrylamide
gel electrophoresis (PAGE) (see Section 2.8.1). Shown in Figure 4.2, the presence
of a distinct band in each after induction lane, at around 14.1 kDa for mH2A, 13.9
kDa for mhH2B, 15.4 kDa for mhH3.1 and 11.4 kDa for xH4, that was absent in
the before induction lanes confirmed the expression of each of the core histones.
The cells were then lysed and sonicated, and the total protein was centrifuged
to separate the soluble and insoluble proteins. As the core histones are likely
to be in the insoluble fraction of the sonicated lysate (Klinker et al., 2014), to
unfold the histones, they were sequentially dounce homogenised with wash buffer
containing Triton-X and then wash buffer without Triton-X, and then dounce
homogenised with guanidinium hydrochloride, with soluble proteins separated
by centrifugation after each step. To track the histones during the extraction
process, aliquots of the total sonicated lysate, sonicated lysate supernatant, su-
pernatant of the washes with and without Triton-X, and the supernatant and
pellet of the unfolding mixture were separated by 12 % SDS-PAGE. Figure 4.3
shows that both mH2A and mhH2B were partially soluble with the majority of
the protein insoluble, determined by the relative intensities of the histone band
in the sonicate supernatant and in the total protein, while mhH3.1 and xH4 were
completely insoluble as their respective bands were absent in the sonicate su-
pernatant. After washing and unfolding, the histones became soluble as histone
bands were absent in the washes and present in the final supernatant. The final
pellets also contained histone bands indicating that the histones were not fully
unfolded.

To purify the four core histones, the histones were size excluded using a Su-
perdex 200 10/300 GL column (see Section 2.2.3.2). Aliquots of size exclusion
chromatography elution fractions which had the highest absorbance at 280 nm
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Figure 4.2: Induction of core histone expression. Before (20 µL of 400 mL
culture) and after IPTG (1 µL of cells resuspended in 5 mL wash buffer) induction
samples of mH2A, mhH2B, mhH3.1 and xH4 were analysed through 12 % SDS-PAGE,
and stained with Coomassie blue. The approximate molecular weight of mH2A, mhH2B,
mhH3.1 and xH4 are 14.1 kDa, 13.9 kDa, 15.4 kDa and 11.4 kDa respectively. M -
Molecular weight marker.

were analysed by 12 % SDS-PAGE to determine which fractions contained the
histones. From the gels (Figure 4.4), the fractions containing the highest amount
of each histone were identified and combined, mH2A; A35-A37 (Figure 4.4a),
mhH2B; A35-A37 (Figure 4.4b), mhH3.1; A35-B1 (Figure 4.4c) and xH4; A37-
A39 (Figure 4.4d). The combined histone fractions were then dialysed into water
with β-mercaptoethanol and lyophilised. The histones were then resuspended
in MilliQ water and the concentrations were determined by measuring the ab-
sorbances at 280 nm and calculated by using the molecular weight and extinction
coefficient of each histone. To analyse the purity of the histones, 375 µg of each
was resolved by 12 % SDS-PAGE. A single discrete band at the correct molecular
weight for each of the four core histones in Figure 4.5 demonstrates that only
one species is present and that the histones are absent of other proteins. As the
staining intensity of each histone is different, this indicates that the concentra-
tions determined may be incorrect (see also Figure 4.15).
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Figure 4.5: Size exclusion chromatography core histones. 375 µg of each mH2A,
mhH2B, mhH3.1 and xH4, after size exclusion chromatography, were resolved through
12 % SDS-PAGE, then stained with Coomassie blue. M - Molecular weight marker.

To form histone octamers, the four core histones were mixed at an equimolar ratio
in guanidinium hydrochloride (see Section 2.6.1). The histone mix was then dial-
ysed in refolding buffer to allow refolding of the histones and octamer formation
through the handshake motif. To purify the octamers from any unbound histones,
the octamers were size excluded using a Superdex 200 10/300 GL column. The
size exclusion chromatography elution fractions were collected and those with
high absorbance at 280 nm were analysed by 12 % SDS-PAGE to determine the
fractions that contained the octamers. Figure 4.6 shows that fractions B5-B15
contained similar amounts of each histone, with xH4 seen as the lowest molecular
weight band, then mhH3.1 as the highest molecular weight band with mH2A and
mhH2B as two non-distinct bands in the middle. It is also shown in Figure 4.6
that either octamers or free histones precipitated during the dialysis. Fractions
B4-B15 were combined and concentrated, the histone octamers were then quan-
tified by measuring the absorbance at 280 nm and the concentration calculated
using the extinction coefficient and molecular weight of an octamer.
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4.2.2 Generation of DNA fragment

A DNA fragment containing the Widom 601 positioning sequence (Lowary and
Widom, 1998) was generated for the assembly of mononucleosomes. This required
inverse PCR of a plasmid, pUC18_3x200_601 (Table 2.3 and Figure A.3), that
contains three 200 bp repeats consisting of the 147 bp Widom 601 sequence,
flanked by 33 bp and 20 bp linker DNA. Once the plasmid containing one repeat
was obtained, PCR was performed to amplify an Alexa488 labelled fragment with
53 bp and 37 bp of linker DNA flanking the 147 bp Widom 601 sequence. Figure
4.7 shows a schematic outline of these steps.

Figure 4.7: Schematic diagram of labelled DNA fragment generation. Inverse
PCR was performed on a plasmid containing three copies of a 200 bp repeat consisting
of 33 bp linker DNA, the 147 bp Widom 601 positioning sequence followed by 20 bp
linker DNA. Two of the three repeats were excised generating a plasmid containing
one copy of the 200 bp repeat. PCR amplification was then performed, generating a
fluorophore labelled DNA fragment with 53 bp linker DNA, the 147 bp Widom 601
positioning sequence, followed by 37 bp linker DNA. Created with BioRender.

4.2.2.1 Cloning of pUC18_1x200_601 plasmid

To generate a plasmid with one repeat of the 601 positioning sequence, inverse
PCR was performed on pUC18_3x200_601 (Table 2.3 and Figure A.3). Primers
Inv_For and Inv_Rev were designed to excise two of the three repeats (Table A.1
and Figure A.3). Optimisation of the inverse PCR was performed by titrating the
annealing temperature from 62 °C to 68 °C (see Section 2.6.2.1). PCR aliquots
were then analysed by 1.5 % agarose gel electrophoresis (see Section 2.8.2). Shown
in Figure 4.8, while the linear pUC18_3x200_601 plasmid migrated in the gel at
approximately 3,300 bp, the major PCR product of each annealing temperature
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migrated at round 2,900 bp, the expected size of the plasmid containing one re-
peat. The PCR was then repeated with an annealing temperature of 62 °C, as
this temperature was the lowest temperature with an intense band. The prod-
uct was then gel purified through 1.5 % agarose gel electrophoresis. The linear
fragment was then phosphorylated and quantified before being circularised by T4
DNA ligase. To isolate the plasmid, E. coli DH5α cells were transformed with
the ligation reaction and multiple colonies were plasmid extracted. To identify
clones of the correct length, the plasmids were linearised with KpnI in a diagnos-
tic digest and analysed by 1 % agarose gel electrophoresis. Figure 4.9 shows that
four clones were the expected length and these plasmids were then sequenced to
confirm the sequence of the 601 repeat insert, yielding the pUC18_1x200_601
plasmid (Figure A.4).

Figure 4.8: Annealing temperature titration for pUC18_3x200_601 inverse
PCR. Annealing temperature titration PCR samples, 5 µL, with the annealing tem-
perature titrated at 62 °C, 64 °C, 66 °C and 68 °C, were separated by electrophoresis
in 1.5 % agarose, and stained with EtBr. 3 - pUC18_3x200_601, 50 ng. L - Linear
pUC18_3x200_601, 50 ng. 1 Kb+ - DNA ladder.
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Figure 4.9: Identifying correct pUC18_1x200_601 plasmid clones. Linear
pUC18_1x200_601 clones were analysed by electrophoresis in 1 % agarose with EtBr
staining. L - Linear pUC18_3x200_601, 50 ng. A-D - Linear clones, 50 ng. 1 Kb+ -
DNA ladder.

4.2.2.2 Production of fluorescently labelled 601 DNA fragment

To obtain the 237 bp DNA fragment with the Widom 601 positioning sequence,
PCR primers flanking the 200 bp 601 repeat in the pUC18_1x200_601 plasmid
were designed, with the forward primer labelled with Alexa488, Alexa488_601_For
and DNA_601_Rev (Table A.1 and Figure A.3-A.4). Optimisation was per-
formed by titrating the annealing temperature from 55 °C to 61 °C (see Section
2.6.2.2), with the reactions then resolved by 1.5 % agarose gel electrophoresis (see
Section 2.8.2). Shown by Figure 4.10a, there was a product with the expected
length of 237 bp in each of the reactions.

For further optimisation and an attempt to increase the yield, the PCR was
repeated with an annealing temperature of 61 °C, while the number of annealing
cycles and the amount of pUC18_1x200_601 added were titrated. The products
from the PCRs were analysed by 1.5 % agarose gel electrophoresis. Figure 4.10b
shows that each set of conditions produced the target 237 bp product. The PCR
conditions which yielded the 237 bp fragment with the highest intensity in the
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gel was 10 ng of pUC18_1x200_601 with 45 annealing cycles.

(a) Annealing
temperature titration

(b) Annealing cycle and PCR template
titrations

Figure 4.10: Alexa488_1x237_601 amplification optimisation. Titra-
tion of the annealing temperature, template amount and annealing cycles of the
Alexa488_1x237_601 PCR were analysed by electrophoresis in 1.5 % agarose with
EtBr staining. a) Annealing temperature titration at 55 °C, 57 °C, 59 °C and 61 °C, 1
µL PCR samples. 1 Kb+ - DNA ladder. b) PCR with template and annealing cycles
titrated at 10 ng and 20 ng of pUC18_1x200_601 and 35 and 45 cycles, 1 and 2 µL
PCR samples. MR- Mass ruler.

For sufficient fragment to form the mononucleosomes, 32 PCR were performed
simultaneously to amplify the Alexa488_1x237_601 fragment, with 10 ng of
pUC18_1x200_601 per PCR with 45 cycles and the annealing temperature at
61 °C. To purify the Alexa488_1x237_601 fragment, the PCR reactions were
concentrated and resolved by 1.5 % agarose gel electrophoresis. The 237 bp frag-
ment was gel purified, ethanol precipitated, resuspended in Tris HCl [pH 8.5] and
quantified.
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4.2.3 Mononucleosome formation

To form the mononucleosomes, the histone octamers and Alexa488_1x237_601
fragment were combined in 2 M NaCl (see Section 2.6.3). In an attempt to
determine the optimal ratio of octamer to DNA, the amount of octamer was fixed
while the amount of Alexa488_1x237_601 was titrated. The reactions were then
dialysed by salt gradient with decreasing concentrations of NaCl as outlined in
Table 2.5, allowing the association of the histones to the DNA fragment and the
DNA to then wrap around the octamer. Mononucleosome formation was then
analysed by 5 % native PAGE (see Section 2.8.4). The gel was then scanned for
Alexa488 signal, to determine where species containing DNA migrated in the gel,
followed by staining with Coomassie blue to determine where protein containing
species migrated in the gel. The Alexa488 signal seen in Figure 4.11a shows all
three DNA amounts contained high levels of free DNA that has not been bound by
octamers and shows the presence of DNA aggregation in the wells, along with four
other bands of varying Alexa488_1x237_601 intensity. The Coomassie staining
shown in Figure 4.11b illustrates that the aggregation in the wells also contains
protein, thus it is either a mixture of aggregated octamer and DNA or aggregated
mononucleosomes. The four products seen in the Alexa488 signal were confirmed
to be mononucleosomes, as they also appeared in the Coomassie staining in the 1 :
0.85 octamer to DNA reaction. The linker DNA either side of the 601 positioning
sequence allows the octamer to bind at multiple sites generating these different
mononucleosome species. The 1 : 0.75 octamer to DNA reaction generated no
mononucleosome species, while the 1 : 1.15 octamer to DNA reaction generated
the slowest migrating mononucleosome species, band 2, and only at a very low
level.
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(a) Alexa488 signal (b) Coomassie blue staining

Figure 4.11: Mononucleosome formation with Alexa488_1x237_601
titration. Mononucleosome formation reactions with octamer to Alexa488_1x237_601
ratio titration with octamer fixed and DNA titrated at 0.75, 0.85 and 1.05, 5 µL samples,
and Alexa488_1x237_601 only (0.5 pmol DNA), were resolved by 5 % native PAGE.
1-6 denote bands with different migration rates. a) FLA-5000 laser scanner at 478 nm.
b) Stained with Coomassie blue.
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In an attempt to reduce the aggregation (Figure 4.11), the salt gradient dialysis
was repeated with the addition of 1 mM dithiothreitol, which prevents the forma-
tion of disulfide bridges, in the dialysis buffers (see Section 2.6.3). Additionally,
after dialysis, in an attempt to reduce the heterogeneity of the mononucleosome
population, heat shifting was used to reposition the octamers on the 601 re-
peat, with aliquots of the formation reactions heated at 55 °C for 1 hour (Luger
et al., 1999b). The mononucleosome assemblies were then analysed by 5 % native
PAGE. Figure 4.12 shows that addition of dithiothreitol slightly decreased aggre-
gation of DNA and octamer observed in the wells, while the level of free DNA re-
mained high at each ratio of octamer to DNA. Of note, the Alexa488_1x237_601
DNA only lane contained additional, slower migrating bands that indicates the
fragment may be forming secondary structures or that intermolecular interac-
tions are occurring between fragments. Figure 4.12 shows that the ratio of 1 :
0.75 octamer to DNA produced the three mononucleosomal bands, with the heat
treatment shifting the mononucleosome species towards that which migrated at
band 3.
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(a) Alexa488 signal

(b) Coomassie blue staining

Figure 4.12: Mononucleosome formation with Alexa488_1x237_601
titration with dithiothreitol. Mononucleosome formation reactions with dithiothre-
itol with octamer to Alexa488_1x237_601 ratio titrations with octamer fixed and DNA
titrated at 0.75, 0.85, 0.95 and 1.05, with untreated (C) and heated (H), 5 µL samples
and Alexa488_1x237_601 only (3.7 pmol DNA), were resolved by 5 % native PAGE.
1-6 denote bands with different migration rates. a) FLA-5000 laser scanner at 478 nm.
b) Stained with Coomassie blue.
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4.3 H1.4 binds to mononucleosomes

Before the H1.4-HP1α interaction can be investigated in a nucleosomal context,
the binding of H1.4 needed to be optimised as the appropriate ratio of H1.4 to nu-
cleosome can vary. Since Figure 4.11 showed that not all of the DNA was incorpo-
rated into mononucleosomes, to determine the concentration of mononucleosomes
the absorbance at 260 nm was measured and the concentration calculated using
the extension coefficient and molecular weight of the Alexa488_1x237_601 frag-
ment. The ratio of mononucleosome to total DNA was then calculated to give an
estimate of the mononucleosome concentration. Mononucleosomes (see Section
2.6.3 and Section 4.2.3), 0.38 pmol per reaction, were combined with FLAG-H1.4
(see Section 2.2.2 and Section 3.2.2) with the amount of FLAG-H1.4 titrated in a
molar ratio at 1 : 0.5, 1 : 1 and 1 : 10 mononucleosome to FLAG-H1.4 (see Section
2.7). Resolution of the reactions by 5 % native PAGE (see Section 2.8.4), showed
(Figure 4.13) when FLAG-H1.4 was present in a large molar excess, the mononu-
cleosomes migrated faster in the gel with the generation of two new species with
different mobilities. Bands 7 and 8 migrate faster than free mononucleosomes as
when FLAG-H1.4 binds the nucleosome the carboxy-terminal tail interacts with
the linker DNA of the nucleosome, making the mononucleosome more compact.
In the less compact of the two species, the FLAG-H1.4 is likely only interacting
with one of the linker DNA, while in the more compact species FLAG-H1.4 is
interacting with both linker DNA.
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(a) Alexa488 signal (b) Coomassie blue staining

Figure 4.13: FLAG-H1.4 binds to Alexa488-mononucleosomes. EMSA of
Alexa488-mononucleosome titrated at 1 : 0.5, 1 : 1 and 1 : 10 molar ratio of mononu-
cleosome to FLAG-H1.4, with Alexa488_1x237_601 DNA only (3 pmol DNA) and
mononucleosome only (0.38 pmol Mono), resolved by 5 % native PAGE. 1-9 denote
bands with different migration rates. a) FLA-5000 laser scanner at 478 nm. b) Stained
with Coomassie blue.
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4.4 Further mononucleosome optimisation

As the reconstitution reactions did not yield a homogeneous population of mononu-
cleosomes and there was a large proportion of free DNA in the reactions, this
needed to be addressed. The first step was to further purify the four core his-
tones, as there were some higher and lower molecular weight bands in the size
exclusion chromatography fractions used (Figure 4.4), which may have caused an
overestimation of the histone concentrations or interfered in octamer reconstitu-
tion. To address this, lyophilised size excluded core histones (see Section 4.2.1)
were resuspended in urea buffer and ion exchange chromatography was performed
using an SP Sepharose FF column. The histones were eluted with sequential ap-
plications of buffer with increasing NaCl concentrations (see Section 2.2.3.3 and
Table 2.4). Elution fractions from the column were resolved by 12 % SDS-PAGE
(see Section 2.8.1). Shown in Figures 4.14a-d, each of the core histones eluted
at 500 mM NaCl in the S500 buffer application, with the histone bands mainly
present in S500 and very faint or absent in the other elution lanes.
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The S500 fraction of each histone was dialysed in 5 mM β-mercaptoethanol, and
then lyophilised. The histones were then resuspended in MilliQ water and the
concentration of each determined as before (see Section 2.2.3.3 and Section 4.2.1).
To check the relative concentration of each of the core histones, 1 µg of each was
resolved by 12 % SDS-PAGE. The relative intensity of each histone is different in
Figure 4.15, and this also differs from Figure 4.5. It is likely that a contaminant
is interfering with the quantification of the histones, most logically explained by
residual β-mercaptoethanol from dialysis. The double banded presentation of the
histones when electrophoresed, seen in Figure 4.14 and Figure 4.15, is consistent
with published core histones (Dacher et al., 2019; Mishima et al., 2013).

Figure 4.15: Ion exchange chromatography core histones. 1 µg of each core
histone after ion exchange chromatography, mH2A, mhH2B, mhH3.1 and xH4 was re-
solved by 12 % SDS-PAGE, and stained with Coomassie blue. M - Molecular weight
marker.
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4.5 Summary

Unfortunately, issues in mononucleosome formation were encountered that need
to be overcome before the binding of HP1α with RNA to a mononucleosome can
be tested. The mononucleosome assembly reactions did not reach saturation nor
was a homogeneous population observed (Figure 4.11 and Figure 4.12).

The change in relative intensities when equal amounts of core histone were elec-
trophoresed after size exclusion and then after ion exchange chromatography
(Figure 4.5 and Figure 4.15), is of concern and is likely due to contaminating
β-mercaptoethanol that remains in the histone samples after dialysis. This then
leads to overestimation of their concentration. Quantitation of the core histones
will need to be done by performing a reducing agent compatible bicinchoninic
acid assay with calf thymus histone standards (see Section 3.2.2).

When bound on the end of a DNA fragment, fluorophores have been implicated in
restraining the bending of the DNA (Spiriti et al., 2011), which could inhibit the
DNA from wrapping around the histone octamer. While Alexa488 labelled DNA
has been used previously in mononucleosome formation (Ryan and Tremethick,
2016, 2018), a new DNA labelling system will be used. Primers with a biotin
label will be designed for the amplification of the mononucleosome 601 positioning
sequence fragment. Mononucleosomes will then be formed on this biotin labelled
fragment and then a streptavidin conjugate with Alexa488 will then be added
to allow fluorescent detection of the DNA in EMSAs. This will be done in an
attempt to reduce heterogeneity of the mononucleosome population.
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Chapter 5

Discussion and future directions
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5.1 Discussion

5.1.1 TERRA mediates the interaction between H1.4 and

HP1α

This research showed that Telomeric repeat-containing RNA (TERRA) mediates
the interaction between Heterochromatin Protein 1α (HP1α) and linker histone
H1.4 in vitro.

Previously published work showed that the HP1α hinge can interact with the H1.4
carboxy-terminal tail (CTD) (Hale et al., 2006). This work indicated that RNA
did not mediate the interaction, with the GST-pulldowns performed with low
levels of RNase added to the HP1α binding reactions. However, when GST-HP1α
bacterial lysates were treated with RNase and then used in the GST pulldown,
the interaction was lost (unpublished data). Using purified components in the
His-HP1α pulldown (see Chapter 3) negated the need for RNase treatment of
the His-HP1α, and thus removed uncertainty in reliability of results due to the
dependency on RNase treatment.

5.1.2 H1.4 in heterochromatin

Truncation of the H1.4 CTD results in dysregulation of heterochromatin and the
development of neurological disorders and neurodegenerative diseases (Duffney
et al., 2018; Flex et al., 2019; Tatton-Brown et al., 2017), indicating the im-
portance of the H1.4 CTD. The presence of H1.4 in heterochromatin, and its
potential to bind structured non-coding RNA may target chromatin associated
proteins to these regions.

Within a nucleosomal context, the H1.4 globular domain binds to the nucleo-
some off dyad, while the CTD interacts simultaneously with both linker DNA
(Song et al., 2014; Zhou et al., 2013, 2021). When nucleosome bound H1.4 binds
RNA, the question then stands, does the RNA compete the H1.4 CTD off the
linker DNA, or can the CTD bind DNA and RNA simultaneously? A compet-
itive behaviour implies that the H1.4 CTD can bind with specificity and with
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varied affinities to certain nucleic acids, as it would have to preferentially bind
another molecule over the linker DNA. While this has not been tested, it is likely
due to the intrinsically disordered nature of the CTD, which displays differential
behaviour when interacting with various DNA substrates by acquiring differing
conformations (Fang et al., 2012, 2016).

In vitro, the sequestering of the linker DNA by the H1.4 CTD, in the absence
of RNA, impedes post translation modification of H3 amino (N)-terminal tail
(Stützer et al., 2016). Stützer et al. (2016) showed that the ability of various
histone modifying enzymes, including histone methyltransferases, to modify the
H3 N-terminal tail in a free nucleosome was markedly reduced when H1.4 was
bound.

5.1.3 HP1α in heterochromatin

As heterochromatin formation through the HP1α chromodomain (CD) binding
to di- and tri-methylated lysine 9 on histone H3 (H3K9me2/3) is insufficient for
providing specificity (Cowell et al., 2002; Stewart et al., 2005), another interaction
is required for targeting HP1α. At the centromere, it has been shown that Major
satellite repeat RNA (MSR RNA) targets Small ubiquitin-like modifier-(SUMO)-
ylated HP1α to pericentromeric heterochromatin (Maison et al., 2011). It has
been shown in vivo that MSR RNA is essential, as upon RNase treatment, HP1α
dissociates from pericentromeric heterochromatin (Maison et al., 2002). Addi-
tionally, in the absence of H3K9me2/3, and thus no binding through the HP1α
CD, the interaction of SUMOylated HP1α with forward MSR RNA is sufficient
to target HP1α to pericentric heterochromatin (Maison et al., 2011).

MSR RNA has also been identified to bind and target Suppressor of variegation
3-9 homolog 1/2 (Suv39h1/2) to pericentric heterochromatin (Camacho et al.,
2017). While Suv39h1 binds non-specifically to RNA (Johnson et al., 2017),
Suv39h2 binds with high specificity to both MSR RNA and TERRA through a
basic arginine rich tail (Camacho et al., 2017). Suv39h2 has also been identified
to interact with H1.4 in vitro through a GST-pulldown (Healton et al., 2020),
however it is yet to be confirmed if this interaction is mediated by RNA. In cellu-
lar studies, treatment with RNase A disrupted Suv39h1/2 methylation of H3K9
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and HP1α localisation at pericentromeric regions, and conversely, treatment with
RNase H, cleaving any RNA-DNA duplexes, did not result in the same disrup-
tion (Maison et al., 2002). This indicates that Suv39h1/2 and HP1α are both
bound to heterochromatin through RNA, and that this RNA is not interacting
with DNA in the chromatin fibre but likely with a protein, such as H1.4. Both
Suv39h2 (Camacho et al., 2017) and HP1α (Roach et al., 2020) have been shown
to bind with specificity to structured in RNA, however the HP1α hinge has not
been tested for binding specificity to MSR RNA.

The spread of heterochromatin can occur through Heterochromatin Protein 1
(HP1) molecules dimerising. While HP1 molecules can heterodimerise, they ap-
pear to have preference in vitro for homodimerisation (Nielsen et al., 2001). Par-
alogue specific oligomerisation through self association has been observed (Canzio
et al., 2011; Yamada et al., 1999). Additionally, it has been shown that HP1γ
can not bridge H3K9me3 dinucleosomes in the absence of H1 while HP1α can
(Watanabe et al., 2018).

5.1.4 H1.4-HP1α interaction

In vitro it has been shown that both the hinge region interacting with DNA and
CD binding H3K9me3 is required for HP1α to bind mononucleosomes, as in the
absence of linker DNA, H3K9me3 or both, HP1α binding is significantly reduced
or lost (Mishima et al., 2013). Another study using unmethylated mononucleo-
somes showed that, again, when no linker DNA is present, the affinity of HP1α
for the mononucleosomes was significantly reduced (Ryan and Tremethick, 2018).
Additionally, Ryan and Tremethick (2018) illustrated that when H1.4 is present
on a mononucleosome, the binding of HP1α is impeded, although not to the ex-
tent of no linker DNA. This impedance may be due to H1.4 CTD sequestering
the linker DNA, making it less accessible for HP1α to bind.

Building up from one chromatosome, it is then of interest how this interaction af-
fects chromatin compaction, especially as it has been shown in vitro that the H1.4
CTD adopts a more compact structure when bound to mononucleosomes (Fang
et al., 2012) compared to when bound to arrays of 12 nucleosomes (Fang et al.,
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2016). Ryan and Tremethick (2018) demonstrated that in arrays of 12 nucleo-
somes, as seen with mononucleosomes, the presence of H1.4 impedes the binding
of HP1α. Additionally, in these arrays the addition of H3K9me3 was unable to
rescue the binding affinity of HP1α (Ryan and Tremethick, 2018). Interestingly,
studies by Bryan et al. (2017) showed that in H3K9me3 12 nucleosome arrays,
the addition of H1.1 which compacted the array, significantly increased the resi-
dency time of HP1α on the array. These studies illustrated that the charge based
interaction of HP1 with DNA is instrumental in the initial binding, while the
multivalent interactions aid in HP1 array residency (Bryan et al., 2017).

Two mechanisms are proposed for what occurs when RNA is added to a chro-
matosomes that would then enable HP1α to bind. Firstly, the H1.4 CTD may
release the linker DNA in favour of the RNA, allowing the HP1α hinge to bind
the now free linker DNA. Secondly, and perhaps more likely as the trimolecu-
lar interaction has been demonstrated in the absence of DNA in the pulldown
assay, the H1.4 CTD binds the RNA, releasing linker DNA, and the RNA then
bridges the interaction between H1.4 and HP1α, allowing HP1α to bind the chro-
matosome. However, it is not known if H1.4 CTD binds RNA preferentially over
DNA. Additionally, any selectivity of the H1.4 CTD in binding structured RNA
is unknown, thus it is unclear if H1.4 provides specificity in this interaction.

The order of binding of H1.4 and HP1α to the RNA is yet to be determined, how-
ever this could allude functionally to which protein provides specificity. If H1.4
binds RNA non-specifically, any RNA transcribed nearby could bind nucleosome
bound H1.4, with the RNA acting as bait for proteins that bind that RNA. If H1.4
was the sole determinant of the specificity, this would bind any RNA interacting
proteins nearby to the chromatosome. This is unlikely as HP1α has been shown
to have specificity in binding RNA. For effective chromatin compaction, it is most
likely that both HP1α and H1.4 bind the RNA with specificity. This would inhibit
H1.4 from binding RNA bound by proteins which are not involved in chromatin
compaction. Additionally, specificity in HP1α RNA binding would assist with
chromatin retention by circumventing eviction from chromatin by non-specific
binding to RNA, as seen with Polycomb repressive complex-2 (Davidovich et al.,
2013).
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5.1.5 TERRA in heterochromatin

Formation of telomeric heterochromatin requires TERRA. In vivo studies by
Deng et al. (2009) showed through small interfering RNA that depletion of
TERRA results in decreased H3K9me3, dysfunctional telomeres and reduced cell
viability.

Chromatin immunoprecipitation showed that TERRA associated with both HP1α
and H3K9me3 in the cell (Deng et al., 2009). As reviewed by Blasco (2007), both
HP1α and H3K9me3 are required for heterochromatin formation at both the
telomeres and sub-telomeres.

Transcription of TERRA molecules occurs at the telomeres (Azzalin et al., 2007;
Schoeftner and Blasco, 2008). It has been shown through northern blot and RNA
dot blot, detecting with strand specific telomeric repeat transcript probes, that
cells with longer telomeres transcribe higher levels of TERRA than cells with
shorter telomeres, however, the length of telomeres does not dictate the length of
TERRA molecules (Schoeftner and Blasco, 2008). Schoeftner and Blasco (2008)
also illustrated that the chromatin status can influence TERRA transcription,
with more repressed chromatin transcribing less TERRA. Arnoult et al. (2012)
reported the opposite, determined using quantitative reverse transcriptase PCR
with chromosomal specific primers, that longer telomeres transcribed lower levels
of TERRA than shorter telomeres. As longer telomeres were shown to have higher
H3K9me3 density, Arnoult et al. (2012) hypothesised that TERRA transcription
was repressed by H3K9me3 recruiting HP1α.

TERRA transcription is regulated during the cell cycle, with the highest levels of
TERRA measured in early G1-phase and the lowest levels measured in S-phase,
determined by immunofluorescence analysis (Flynn et al., 2011) and quantita-
tive reverse transcriptase PCR (Porro et al., 2010). Immunofluorescence studies
showed that TERRA occupancy at the telomeres during the cycle fluctuated in
line with its transcription, and that HP1α and H3K9me3 displayed similar telom-
eric occupancy (Arnoult et al., 2012).

In vitro studies have shown that HP1α has a high binding affinity for the parallel
g-quadruplex structure of TERRA molecules (Roach et al., 2020). As telomeric
heterochromatin is enriched in H1.4 (Parseghian et al., 2001; Th’ng et al., 2005),
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and HP1α associates with TERRA in the cell, the interaction of HP1α with
H1.4, mediated by TERRA, is proposed as a mechanism for HP1α targeting to
telomeres, and for the formation of telomeric heterochromatin.

5.1.6 Model of heterochromatin formation at the telomere

Maintenance of telomeric heterochromatin is essential for genomic stability, how-
ever it is not yet fully understood. Here, a model (Figure 5.1) is presented for
initiation of heterochromatin formation at the telomeres involving H1.4.

With a more open structure adopted by chromatin during S-phase of the cell
cycle, the expression of TERRA after S-phase is proposed to target HP1α to the
telomere, mediating an interaction with H1.4 to reestablish telomeric heterochro-
matin. This interaction provides specific targeting of HP1α, as while all three HP1
paralogues can bind H3K9me3 (Hiragami-Hamada et al., 2011; Nishibuchi et al.,
2014), HP1α is the only paralogue which interacts with H1.4 through RNA in the
absence of H1.4 lysine 26 methylation (Daujat et al., 2005; Hale et al., 2006), and
has been shown in vitro to have the highest binding affinity to TERRA (Roach
et al., 2020). This model proposes that the binding of H1.4 to nucleosomes acts as
a regulator, inhibiting HP1 paralogues β and γ from binding, and that the binding
of TERRA to H1.4 in the chromatosome provides a HP1α specific binding site.

As HP1α is more likely to form homodimers opposed to heterodimers, this fur-
ther enriches the telomeric heterochromatin in HP1α. This dimerisation then
increases the affinity of HP1α to H3K9me3, which is low with individual HP1
molecules (Kilic et al., 2015), aiding to propagate the heterochromatin. Thus,
HP1α can then bridge nucleosomes with HP1α bound through TERRA and H1.4,
and H3K9me3, compacting telomeric heterochromatin.
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Figure 5.1: H1.4-TERRA-HP1α heterochromatin establishment. Nucleosomes
bound by H1.4 act as a HP1α specific binding site, with HP1α targeted to the nucleo-
somes through TERRA.

5.2 Future directions

5.2.1 Investigate how this interaction affects the behaviour

of HP1α in chromatin compaction

As discussed in Section 4.5, to resolve the issues with the mononucleosome forma-
tion, histone octamers will be formed with expressed and purified core histones
that are quantified using a reducing agent compatible bicinchoninic acid assay. A
biotin labelled DNA fragment will be produced, on which mononucleosomes will
then be formed.

Once the issues with mononucleosome formation have been addressed, the speci-
ficity of the H1.4 CTD for structured RNA will be assessed. Different RNAs,
including TERRA, will be tested in competition electrophoretic mobility shift
assays (EMSAs). H1.4 will be bound to mononucleosomes and then combined
with RNA. Any changes in mobility will indicate if H1.4 binds the RNA and if
there is any difference in binding between RNA types. Specificity in the binding
of the H1.4 CTD to structured RNA could implicate that the interaction has a
regulatory role at specific genomic locations.
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To determine if RNA assists in the binding of HP1α when H1.4 is present, EMSAs
will be performed with mononucleosomes and trinucleosomes (Ryan and Treme-
thick, 2018). Mononucleosomes will be tested initially, either as a nucleosome or
as a chromatosome with H1.4, followed by the addition of RNA alone and then the
addition of HP1α or RNA prebound to HP1α. Prebinding RNA to HP1α or H1.4
will indicate if it is a sequential process. These experiments will be conducted
using TERRA96 as it has been shown to mediate the interaction of HP1α to H1.4.
The experiments will then be repeated with the determined binding conditions
in trinucleosomes. The changes to electrophoretic mobility of the trinucleosomes
will indicate if the binding of RNA and HP1α has compacted the nucleosomes.

To investigate the role of the interaction in chromatin compaction, nucleosomal
arrays of 12 nucleosomes will be produced, as described previously (Ryan and
Tremethick, 2018), where histone H2A was labeled at residue 120 with Alexa488.
EMSAs will then be performed, as described for the trinucleosomes, to illustrate
the chromatin compaction ability of the H1.4-HP1α interaction.

5.2.2 Confirm that the interaction occurs through the HP1α

hinge and H1.4 CTD, and determine the regions

involved

The His-HP1α in vitro pulldown will be used to confirm that this RNA medi-
ated interaction occurs through the H1.4 CTD and the HP1α hinge region. A
previously constructed FLAG-tagged H1.4/1.2 mutant (from CRG Laboratory),
where the H1.4 CTD has been exchanged for the H1.2 CTD, will be tested with
TERRA96 to determine if the interaction still occurs. The HP1α hinge mutant
with the deletion of the nucleic acid binding region, residues 86 to 108 (HP1α
HΔ23) (from CRG Laboratory), will be tested to determine if, when TERRA96
is present, the interaction is still mediated. Another HP1α hinge mutant with
three positively charged lysines substituted for three uncharged alanines within
the nucleic acid binding region, residues 104 to 106 (HP1α 3K-A) (from CRG
Laboratory), will also be tested to determine the requirement of this charged
patch in mediating the interaction through TERRA96. New mutants may be
developed and tested to investigate other specific regions, and will implicate the

98



importance of these regions in mediating the interaction.

5.2.3 Investigate if H1.4 interacts with MSR RNA to assist

HP1α binding to the centromere

To investigate if MSR RNA mediates the interaction of HP1α and H1.4, a MSR
RNA in vitro transcription plasmid will be constructed so it can be transcribed by
the T7 promoter in vitro, as previously described (Lehnertz et al., 2003). Forward
MSR RNA will then be tested in the in vitro pulldown assay with unmodified
His-HP1α and FLAG-H1.4 (see Section 2.5). If FLAG-H1.4 is pulled down, this
indicates SUMOylation of HP1α is not required for binding to MSR RNA in this
in vitro interaction.

If no FLAG-H1.4 is pulled down from the reaction mixture, a conclusion cannot
be drawn as it could be due to the requirement of the SUMOylation of HP1α
(Maison et al., 2011), or MSR RNA does not mediate the interaction of the H1.4
and HP1α, and instead targets HP1α to pericentric heterochromatin through
another means. To address this, His-HP1α will be SUMOylated in vitro, as pre-
viously performed (Maison et al., 2011). The SUMOylated His-HP1α will then
be tested with forward MSR RNA in the in vitro pulldown. If neither unmodified
or SUMOylated His-HP1α pull down FLAG-H1.4 with forward MSR RNA, this
indicates that MSR RNA does not mediate HP1α binding to pericentric hete-
rochromatin through H1.4. If FLAG-H1.4 is pulled down with MSR RNA bound
SUMO-His-HP1α, this indicates that SUMOylated HP1α is bound to centromeric
heterochromatin through H1.4, mediated by forward MSR RNA.

5.3 Summary

The in vitro pulldown assay showed that TERRA mediated the interaction be-
tween H1.4 and HP1α. This has implications for how HP1α is targeted to het-
erochromatin within the cell, in that TERRA mediates the interaction of HP1α
with heterochromatin, through H1.4. From this, a model for telomeric heterochro-
matin formation is proposed. The in vitro pulldown assay has the potential to
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identify regions of importance in both HP1α and H1.4, and if there is a structural
element to RNA specificity. Future nucleosomal studies will build on this, in
how this interaction occurs in a nucleosome and how this interaction influences
chromatin compaction. This research will allude to how HP1α is targeted to and
compacts constitutive heterochromatin, thus protecting the genome, defending
cells from cancer and aging.
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(a) His-HP1α Far UV circular dichroism

(b) Published His-HP1α Far UV circular dichroism (Roach et al., 2020)

Figure A.1: His-HP1α Far UV circular dichroism. Circular dichroism spectra
of purified His-HP1α at 50 µM in HP1α size exclusion elution buffer (100 mM KCl, 50
mM NaCl, 20 mM NaH2PO4, pH [8]) were recorded in a 0.1 mm quartz cuvette. a)
His-HP1α Far UV circular dichroism. b) Published His-HP1α Far UV circular dichroism
from Roach et al. (2020).
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Figure A.2: pUC18_TERRA96 plasmid map. Created using Geneious 9.1.8.
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Figure A.3: pUC18_3x200_601 plasmid map. Created using Geneious 9.1.8.
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Figure A.4: pUC18_1x200_601 plasmid map. Created using Geneious 9.1.8.
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