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Abstract

The regulation of transcription is well understood to be linked to the three-dimensional
organisation of the genome within the nucleus, however, the mechanisms through which
the different levels of organisation regulate genes are poorly understood. Newly developing
super-resolution imaging techniques offer an important new way to investigate structural
features of the genome, however, imaging chromatin within the nucleus is traditionally very
difficult due to the dense packaging with a small nuclear volume. The nuclei of Drosophila
melanogaster primary spermatocytes have unique properties that can circumvent these
limitations, with comparatively large nuclei with well-separated chromosome masses, and
transcriptionally active Y loops that expand into the nuclear interior as clearly observable
individual fibres. Therefore, during this thesis I took advantage of this model system to image
both the chromatin of the Y loops and chromosome masses. A single molecule localisation
microscopy technique was optimised for imaging within the nucleus, with both 3D and
dual-colour capability. Then, the Y loops were imaged at super-resolution, and a specialised
clustering protocol was developed for quantification. This showed that the Y loops are
organised as a chain of clusters, with an average width of approximately 50 nm, and an
average distance apart from each other of roughly 100 nm. The relationship between actively
elongating transcription, as well as different phosphorylation states of RNA polymerase
II, and the Y loop chromatin was investigated and quantified, revealing that polymerase
appears adjacent to the Y loop fibres, attached via a smaller chromatin loop emanating from
the clusters. The role of transcription in chromatin organisation was assessed on the Y
loops through the use of transcription inhibition, and on the autosomal chromosomes through
mutant fly lines, using empty-space statistics to quantify their organisation. This indicated that
the Y loop chains of clusters structure was unlikely to be determined by transcription. Active
and inactive histone modifications were labelled along the Y loops, which were quantified
for comparative analysis, with implications for the link between chromatin state and function.
The work conducted during this thesis identified novel architectures of transcriptionally-
active chromatin and so provides a foundation for understanding chromatin organisation
within the nucleus, and the relationship between transcription and chromatin state.
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Chapter 1

Introduction

1.1 The Spatial Organisation of the Genome within the

Nucleus

The genome is often considered in one dimension, with heavy consideration to DNA sequence

and function, but it is now clear that the three-dimensional organisation of DNA within the

nucleus is also crucial to gene regulation. The �rst fundamental function of the organisation

of DNA within the nucleus is to package a large amount of material into a very small space,

the human genome is predicted to be approximately 2 meters in length in total (1,2). The

second function, which is increasingly becoming the focus of research, is that the speci�c

patterns of organisation of the genome play important roles in ensuring proper control of

gene expression (3,4). Throughout development, strict transcriptional regulation is important

for cells to undergo complex differentiation pathways as well as the maintenance of cell

identities, but the system must also be able to respond to, and adapt to external signals. This

level of control is thought to be maintained through a complex array of transcription factors,

epigenetic modi�cations, and importantly, 3D genome and chromatin organisation (5).

Despite detailed knowledge of the biochemistry behind transcription – the �rst step in

gene expression – it is still unclear how it is organised spatially within the nucleus, and how

this in turn affects the spatiotemporal expression of genes. To probe further into how the

genome may be structurally arranged speci�cally to regulate gene expression, we must �rst

discuss the different levels of organisation that the genome undergoes. We can consider

the organisation of the genome at different levels, and so will discuss higher levels of the

organisation �rst, down through to the �ner levels. A summary of the different levels of

genome organisation that will be discussed in this section is summarised schematically in

Figure 1.1.
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Fig. 1.1 A schematic of the different levels of spatial genome organisation that will be
outlined in this section of the thesis, adapted from Tao et al. 2021 (6)

.

1.1.1 Mathematical Models

Mathematical predictive models are useful to describe the organisation of the genome and can

reveal some constraints on its overall structure that may be informative for function. DNA is

a complex polymer and a popular current way to model how the genome is organised within

the nucleus is as a fractal globule polymer (7). This polymer structure emerges as a result of

topological constraints which prevent any one region of the DNA �bre from passing across

one another. Through modelling the genome as a fractal globule, the genome is expected to

have the majority of chromatin �bres not actively (energetically) regulated in a precise folded

structure; this is due to the entropic cost of organising such a large molecule, which runs too

high to be achieved realistically (8). Therefore, the higher-order domains seen in the genome

are likely to be formed through a combination of majority energy-free, and a minority of

active energy-dependent mechanisms. Despite this, the structure of the genome appears

to achieve a dynamic, yet speci�c topology, and non-random contacts can still be created

under these conditions that can impart regulatory function to gene expression. There are

many known active mechanisms to organise the genome (9,10), however, there may also be a

variety of non-active mechanisms that utilise passive mechanisms (such as phase separation)

to speci�cally organise the genome (11), while minimising the entropic cost. Many passive

mechanisms are becoming increasingly understood as important in the organisation of the

genome, for example, phase separation has been shown to play a key role in heterochromatin

compartmentalisation (12).
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1.1.2 Organisation within Chromosomes

The genome is partitioned into individual chromosomes that occupy their own distinct

“chromosome territories” (CTs) within the nucleus, an idea predicted as early as 1909 with

Boveri's seminal paper (13,14). This has now been shown unequivocally through chromo-

some painting technology, where entire chromosomes can be visualised using �uorescencein

situ hybridisation (FISH) (15–17), and through proximity ligation techniques like Hi-C (18).

The existence of CTs means that the genetic material of each individual chromosome is not

widely distributed throughout the entire nucleus, but instead occupies a distinct sub-volume

(19). The location of these territories in the nucleus is also correlated to gene content –

with CTs that are gene-rich tending to be located at the nuclear interior, and CTs that are

gene-poor tending to be located at the nuclear periphery, an effect that is irrespective of

chromosome total size (20). An example image of this showing the difference between the

gene-poor human chromosome 18 compared to the gene-rich chromosome 19 is shown in

Figure 1.2. The location of these CTs within the nucleus provides strong evidence towards

the functional role that spatial organisation of the genome plays in gene regulation.
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Fig. 1.2 FISH image of human chromosome 18 (green) and 19 (red), showing their relative
position in the nucleus. Chromosome 19 is gene-rich and preferentially associates with the
nuclear interior, chromosome 18 is gene-poor and preferentially associates with the nuclear
periphery. Adapted from Bickmore, 2013 (21).
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Within chromosomes there are also speci�c subnuclear territories, with active regions

within chromosomes tending to localise at their surface and inactive regions at their core, in a

manner that is likely involving access or restriction to nuclear functions such as transcription

and splicing machinery (8). The active nuclear compartment-inactive nuclear compartment

(ANC-INC) network model describes this organisation, as well as the presence of a network

of DNA-free channels within chromosomes, which interweave denser chromatin regions

that make up the inactive nuclear compartment (8). The ANC-INC model is summarised

schematically in Figure 1.3.

Fig. 1.3 A schematic demonstrating the ANC-INC model of nuclear organisation, from
Cremer et al. 2015 (4).

The inter-chromatin compartment (IC) is a hypothesised functionally important sub-

compartment consisting of the spaces and channels in between the chromatin �bres that

altogether make up whole chromosome territories (8). The IC is bordered by the peri-

chromatin region (PR), which consists of transcriptionally active chromatin loops that span

into the IC. This region is hypothesised to be enriched for active genes and represents

the preferential regions for transcription and other cell processes such as RNA-splicing,

replication, and repair (5). The IC starts at nuclear pore complexes that decorate the nuclear

lamina at the periphery of the nucleus. From the nuclear pore, the channel extends inwards

towards the nuclear interior to form gaps through the heterochromatin speci�cally associated

with the nuclear lamina (the lamina-associated domains, or LADs), and eventually throughout
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chromosome territories. This model �ts well with observations that many nuclear processes

within the cell are organised spatially – particularly transcription, as direct observation

through microscopy has revealed that transcription is organised into speci�c foci within

chromosomes (22).

The ANC-INC model predicts that chromatin acts within the nucleus as a sponge-like

porous structure as opposed to a �brous structure. This is an important prediction, especially

when considering the diffusion of transcription factors throughout the cell locating their

speci�c binding site (5). In general, it can be summarised that active genes are more

typically found in the interior of the nucleus and in the ANC of chromosome masses, whereas

repressed or inactive regions are more commonly found associated with the nuclear periphery,

or within the INC of chromosome masses (4). It is unclear how the IC is formed, through

what mechanism the ANC and the PR associate preferentially with the IC, and how the

INC preferentially compacts away from the IC. It is also unclear whether the IC is an

active functional feature of the organisation of chromatin formed to bene�t the process of

transcription, or whether the IC is formed as a consequence of the transcription process. It is

dif�cult to establish cause and effect in this case, so further study is warranted.

1.1.3 Domains

The genome is also ordered into domains at various levels. Chromosomes have been observed

for many years to have a “banded pattern” of G (Giemsa)-light and G-dark bands. G-light

bands are more loosely associated and open, whereas G-dark bands are tightly compacted

chromatin. This observation led to the separation of chromosomes into distinct compartments

depending on their level of staining; with Emil Heitz originally suggesting the terms “eu-

chromatin” and “heterochromatin” (23). These different bands of staining suggest domains

of different transcription activity across the genome, the patterns of which differ across

development, and across different cell types. The G-light and G-dark bands can be clearly

seen usingDrosophilapolytene chromosome preparations (Figure 1.4).

The presence of euchromatin and heterochromatin corresponds to observations from

Hi-C data, where A compartments that were gene-rich with many housekeeping and tissue-

speci�c genes were organised together spatially, and separated from B compartments that are

gene-poor, and contain mostly tissue-speci�c genes (18). Euchromatin and heterochromatin

correlate with A and B compartments respectively, however, the two forms of categorisation

are based on two separate, but related observations; from Hi-C, and that of physical staining.

Rather than euchromatin simply representing active compartments, and heterochromatin

representing inactive compartments, they also seem to map to regions that are either gene-

rich or gene-poor regardless of transcriptional activity (6). There is however evidence that
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Fig. 1.4 Stained polytene chromosomes, showing highly stained bands (heterochromatin)
and lightly stained bands (euchromatin). The scale bar is 10µm. Adapted from Kuhn et al.
2020 (24).

depending on the cell type or stage in the cell cycle, genes can change their position into

different compartments, strengthening the evidence that structural organisation is important

for cell-type speci�c gene expression (18).

Within A and B compartments, the genome is also predicted from Hi-C data to be

compartmentalised further into topologically associated domains (TADs), which are made

up of domains of chromatin with a high number of interactions within them, and fewer

interactions between them (7). The organisation of chromatin into TADs can be allocated

through plotting Hi-C matrices as points of high contact, which shows distant sequences

linearly along the chromosome that interact with each other frequently as “triangles” – shown

schematically in Figure 1.5.

Fig. 1.5 The plotting of Hi-C matrices, and the identi�cation of territories, compartments,
TADs, sub-TADs and loops from this data. Figure adapted from Tao et al. 2021 (6).

Within these larger TADs, smaller sub-TADs and loops can also be identi�ed on Hi-

C matrices. TADs, sub-TADs and loops within them are not necessarily predicted to be
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“underneath” active and inactive higher-order compartments as a clear hierarchy, and different

levels of organisation may be formed through independent mechanisms. It remains unclear

how these layers of genome organisation of A and B compartments, euchromatin and

heterochromatin, as well as TADs, sub-TADs and loops relate to each other, how they

regulate genome activity or are in turn in�uenced by genome activity (8,23). Genes and their

regulatory sequences including enhancers are often organised into the same TAD, which

gives rise to two potential functions of TADs; ensuring the speci�city of their contacts and

preventing inter-TAD contacts – with experimental evidence available supporting both roles

(25–29).

A clear example of the loss of TAD boundaries causing disrupted gene expression is

Epha4andPax3, genes which are usually contained in separate TADs (26). Upon knockout

of the TAD boundary between these two genes, theEpha4enhancer is able to activatePax3

expression, and the resulting digits are signi�cantly shorter than in wild-type embryos (26).

This demonstrates the regulatory ability that structural features of the genome can impart on

gene expression. On the other hand, genome-wide scrambling of genome topology causing

the disruption of TADs on a global scale did not result in abnormal expression for the majority

of genes, which casts doubt on the function of TADs in ensuring normal gene expression

other than at speci�c loci (30). Global knockdown studies of architectural units such as

CTCF and cohesin thought to form part of the core mechanism of forming and maintaining

TAD structures have also yielded very modest effects on global gene expression (31). It

has been demonstrated at theShhlocus that proximity between enhancers and their target

sequence may only provide stability, rather than being essential for transcription to occur in

the �rst place (32,33).

TADs appear to contribute to gene regulation but are affected by perturbations in seem-

ingly contradictory and unclear manners - which makes concluding their precise role in

gene expression challenging. Therefore, it is likely that TADs may either represent dynamic

organisational principles of chromatin, that have varied functional consequences on gene

expression depending on context, and particular loci (34), or they are a statistical concept

which does not always align well with the underlying organisational principles. With the

question of how TADs correlate to genome architecture and gene function still quite open,

new approaches that do not involve proximity-ligation methodology should be developed to

investigate and compare with existing TAD organisation data.

1.1.4 Chromatin Loops

An important concept to introduce is chromatin loops, which occur whenin-cissequences

(intrachromosomal) are closer in proximity than other neighbouring regions. Loops have
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been identi�ed using many different methods such as FISH, Hi-C, and electron microscopy

(EM) and have been discussed in many different contexts, and may indeed refer to different

structural entities, or structures produced by similar mechanisms but of different scales.

Within CTs it is known that active regions of chromatin can dynamically loop out of their

territory, and begin to associate with sequences distal to themin-cis or evenin-trans (in-

terchromosomal contact) (35). An example of this is thea -globin gene cluster that loops

out of its chromosome territory in association with its expression in primary erythroid cells

(36,37). Chromatin loops can also refer to the large loops of lampbrush chromosomes, which

are highly associated with nascent RNA and ribonucleoproteins (RNPs) (38). It is thought

that TADs are formed through a loop extrusion mechanism (39–41), and so could represent

very large loops of chromatin, with smaller local chromatin loops within them (identi�ed as

sub-TADs and loops on a Hi-C matrix).

Loops can also refer to enhancer-promoter loops, which bring distal regulatory elements

such as enhancers in direct proximity to their target promoters, of which many have been

observed. This indeed is one of the key hypothesised roles for TADs. One of the best

examples that has been observed using different methods is the mammalianb-globin locus,

where a locus control region located over 50 Kb away from its target genes comes in direct

contact with them, leaving the sequences in between looping outwards as a consequence

(42–44). A schematic of how enhancer-promoter loops are traditionally modelled is shown

in Figure 1.6.

As well as the enhancer-promoter loops that seem to function in promoting transcriptional

activity, inhibitory chromatin loops have also been observed. One of the best examples of

this is at theH19-IGF2imprinted locus on chromosome 11 in humans, where the maternally

inheritedIGF2 is situated within an inactive chromatin loop which prevents interaction

with the downstream enhancer (45). This ensures the correct imprinted gene dosage of

expression ofH19 from the maternally-inherited chromosome, andIGF2 from the paternally-

inherited chromosome only. In this speci�c case, chromatin loop organisation has a direct

in�uence on human health, as inappropriate biallelic expression of eitherIGF2 or H19 leads

to the imprinting disorders Beckwith-Wiedemann syndrome and Russell-Silver syndrome

respectively. Understanding how chromatin loop organisation ensures appropriate gene

expression in speci�c loci could therefore be important for the development of gene therapy

options.

Finally, at the �nest level of organisation, the DNA of the genome exists compacted

into chromatin, with nucleosomes being formed through the packaging of DNA by histone

proteins. Speci�cally how DNA is organised into chromatin can vary in a manner that

functionally affects how and when genes are transcribed, through what are increasingly



10 Introduction

Fig. 1.6 The traditional model of chromatin loops facilitating physical proximity between
enhancers and their target promoters. Figure from Carullo et al. 2019 (44).

becoming understood as a wide variety of complex and interplaying mechanisms. This

includes how chromatin state is altered through histone modi�cations, and how nucleosomes

associate with other neighbouring nucleosomes in order to facilitate function. Overall, there

are many questions remaining about how nuclear functions are mechanistically connected to

dynamic changes in nuclear organisation and chromatin architecture. How the genome is

organised spatially is particularly important for transcription, as regulatory elements can be

distant from each other in terms of linear sequence, and the precise spatiotemporal expression

of genes is crucial for their function – especially during development.
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1.2 Chromatin and Gene Regulation

Nearly all of the cells in our body contain an identical sequence of DNA; meaning that no

genetic material is deleted or permanently lost upon differentiation and speci�cation along

developmental lineages. Instead, to undergo the complicated patterns of gene expression

necessary for development to occur, different genes are silenced or activated in a tissue-

speci�c, and stage-speci�c manner. The organisation of DNA into chromatin and the

interaction between chromatin state and transcription is a key aspect of spatiotemporal gene

regulation in eukaryotes, however, there is still much that needs to be elucidated. The link

between chromatin modi�cations and gene expression control during development will

be discussed in this section, from the organisation of DNA into individual nucleosomes,

nucleosome-nucleosome interactions, to how different modi�cations and protein variants

impact chromatin structure.

1.2.1 Nucleosome Organisation

The fundamental repeating unit of the chromatin polymer is the nucleosome, comprised of

DNA wound around histone proteins (Figure 1.7).
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Fig. 1.7 A schematic showing the histone components of the core histone complex, which
combined with DNA makes up the monomer of chromatin - the nucleosome. A - the face of
the nucleosome, where the four types of histone protein can be seen with their approximate
locations, with the N-terminal tails and their approximate lengths and positions. DNA wraps
around twice on the sides of the octamer, the entry/exit portions of DNA are visualised at
the top. B - the side of the nucleosome disc, with the DNA wrapped twice around the core
histone complex.
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There are �ve canonical histone proteins in eukaryotes; H1, H2A, H2B, H3, and H4.

Two sets of H2A/H2B and H3/H4 dimers join to form the core histone complex, an octamer

composed of 8 histone proteins in total (46). Neighbouring nucleosomes are separated

by regions of DNA unpackaged by histones known as linker DNA, which vary in length

from approximately 20 – 80 bp (47). The H1 histone binds to the entry/exit portions of

DNA bordering the nucleosome and is highly involved in the regulation of linker DNA. H1

occupancy has been implicated in the control of nucleosome density and distribution (48).

DNA binds directly to the core histone complex with about 146 – 147 base pairs of DNA

wrapping two turns around to form the canonical nucleosome (49). The histone proteins each

have an N-terminal tail containing amino acid residues which are readily post-translationally

modi�ed, providing a “landing pad” for many modi�cations (50,51).

A key feature of the nucleosome is the highly mobile and dynamic nature of the associa-

tion with DNA, with DNA being capable of sliding signi�cant distances in relation to the

core complex (49,52), as well as tightening the association, or relaxing the association to

create a looser �bre. This constant deformation of the nucleosomes has been referred to as

`breathing' motions, and contributes to the liquid-like, dynamic organisation of chromatin

(53–55), as shown in Figure 1.8.

Fig. 1.8 A schematic showing the 'breathing' motions of the dynamic association between
DNA and the core histone complex. This is known as liquid-like motion, and is an important
fundamental property of chromatin.

The relaxed association of the DNA �bre to the core histone complex is thought to allow

access for transcription factors to bind to their target DNA sequence and subsequently lead

to the activation of transcription, whereas the tighter association of DNA around the histone

core complex is thought to block these binding interactions, therefore preventing transcription

from occurring at these loci (56). Despite this, there is not much direct evidence to support

this hypothesis. Ultimately, the regulation of DNA-nucleosome interactions is thought to

have a key role in the control of transcription and gene expression, and so this is an important

area for further investigation.

Nucleosome-nucleosome interactions are important for establishing chromatin state over

a long stretch of chromatin domains and are modi�able by a number of factors. One of the
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key factors predicted by computational modelling of nucleosome interactions is DNA linker

length, which enables many different conformations to form such as loops, hairpins and

bends in the chromatin polymer (57). Other variables such as acetylation also show the ability

to modify chromatin structure conformations, suggesting a complex and diverse regulatory

input involved in determining chromatin organisation (58). How chromatin interacts with

neighbouring nucleosomes is also dependent on the surrounding factors in the nucleus,

such as speci�c proteins or the general physiochemical environment. Recent experiments

have shown that the chromatin polymer can be induced to form condensates of various

viscosity, from completely �uid-like, to gels, all the way to behaving like a solid (59–61).

The ability to create structural diversity in chromatin is hypothesised to be important for

the regulation of gene expression, as different structural states could promote, or physically

block transcriptional machinery from binding in large domains. A particular example of the

modi�cation of nucleosomes to form a more viscous state has been shown through correlation

with the enrichment of heterochromatin protein 1 (HP1), which could indicate a potential

mechanism for the formation of heterochromatic regions through phase seperation, although

more mechanistic studies are needed (62,63). Due to this correlational association, inactive

heterochromatin is therefore usually visualised as tight packing of nucleosomes together with

short DNA linkers, and active euchromatin visualised as loosely associated nucleosomes

with long DNA linkers (Figure 1.9).

Fig. 1.9 A schematic showing the hypothesised structural differences in inactive and active
chromatin.

1.2.2 Histone Modi�cations

The post-translational modi�cations to the N-terminal tails of histone proteins are thought

to be one of the key contributors to altering chromatin activity, with different types of

modi�cations being associated with “active” or “inactive” chromatin states. For example,

histone acetylation is thought to neutralise the positive charge of lysine residues, thereby
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weakening the association of the core histone complex to DNA, resulting in a more accessible

and active con�guration, as well as creating an acetylated lysine binding site for proteins

containing a bromodomain to be recruited (64–66). The multitude of ways that histones

can be modi�ed to provide a regulatory platform for fundamental cellular processes such as

transcription is known as the “histone code hypothesis” (51), which describes how different

modi�cations can alter the chromatin state to allow for differential regulation of transcription,

and how this code can vary in its response in different cell contexts. Histone modi�cations

can be broadly split into two categories; “active” and “silencing” marks, which are associated

with transcriptionally active and transcriptionally silenced regions of the genome respectively.

Active and silenced regions of the genome tend to cluster in the genome linearly, but based

on Hi-C data they also cluster spatially within the genome into domains – as in the previously

discussed euchromatin, heterochromatin and A and B compartments (7).

Examples of both active and silencing modi�cations can be discussed through the method

of action of the Polycomb group proteins (PcG) and Trithorax group proteins (TrxG), two

antagonising sets of proteins discovered withinDrosophila melanogasterdevelopment as

regulators of Hox gene expression (67–70). Within the TrxGs is the SET1/COMPASS histone

methyltransferase complex that is primarily responsible for catalysing the methylation of

H3K4 (56). Speci�cally, H3K4me3 is an active modi�cation, and is widely found to be

associated with promoter sequences near the transcription start site (TSS), which denotes

the site of the initiation binding site of RNA polymerase (71). H3K4me3 is thought to

promote transcription through the nucleosome remodelling factor (NURF), an ATP-dependent

chromatin remodelling complex (72,73). A PHD (plant homeodomain) �nger domain of

one of the subunits within the NURF complex binds to H3K4me3 residues, and allows the

energy-dependent remodelling of bound nucleosomes, to allow access to transcription factors

to activate the genes on the DNA adjacent to the modi�ed histones (Figure 1.10). This has

been shown to be important for normal Hox gene expression during development (73).
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Fig. 1.10 A schematic demonstrating the association between H3K4me3 and chromatin
remodelling. Figure from Ruthenburg et al. 2011 (74).
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The PcG proteins function to induce one form of gene silencing through Polycomb

repressed chromatin. This form of repressed, or silenced chromatin is thought to physically

compact DNA, and block transcription factors from binding to the DNA. The hallmarks

of Polycomb repressed chromatin are the histone modi�cations H3K27me3 (75,76), and

H2AK119ub (77). These marks are established through the action of two multi-protein

complexes, known as PRC1 and PRC2 (Polycomb repressive complex 1 and Polycomb

repressive complex 2), with PRC2 depositing the H3K27me3 mark, and PRC1 depositing the

H2AK119ub mark (78,79). The H3K27me3 mark is commonly found on repressed genes

during development (78,80), a key example of Polycomb silencing during development is

theDrosophilaHox genes. Silencing also involves spatial organisation with the nucleus, for

example, theAntpandAbd-BHox genes preferentially localise within the same PcG body

and yet lie roughly 10 Mb apart from each other (81) (82). How the combinations of these

activating and silencing histone modi�cations speci�cally interact with RNA polymerase

complexes to signal the initiation of transcription, as well as how they impart regulatory

control of genes in speci�c cell contexts is still an open question that is fundamental to

understanding transcription control during development. A schematic demonstrating the

hypothesised structural link between the histone modi�cations discussed, H3K27me3 and

H3K4me3, is presented in Figure 1.11.

Fig. 1.11 A schematic showing two representative inactive (H3K27me3) and active
(H3K4me3) histone modi�cations, and the associated chromatin changes. Methylation
is indicated by a circle on the N-terminal tail of the relevant histone.

1.2.3 Chromatin Remodelling

As well as histone modi�cations, the dynamic organisation of chromatin can be facilitated by

ATP-dependent chromatin re-modelling factors that use energy to disassociate DNA from the

core histone complex. This can induce sliding and re-positioning of the DNA sequence that
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is in contact with the histone surface, thereby changing the sequence that is accessible (83),

demonstrated schematically in Figure 1.12.

Fig. 1.12 A schematic showing the effect of sliding a core histone complex down a DNA
sequence. Two different genes are shown in blue and green, to demonstrate the different
localisation possible through mobilising nucleosome position.

This phenomenon of nucleosome sliding is related to the DNA linker length regulation,

and the liquid-like properties of chromatin that allow for dynamic re-positioning to take place.

An example of this dynamic re-positioning is previously discussed NURF re-modelling

complex that is associated with H3K4me3, demonstrating how histone modi�cations can

interact with, and signal to other chromatin modifying proteins to reinforce gene regulatory

control. Chromatin organisation can also be altered through regions of DNA having reduced

occupancy of histone core complexes, leaving an unpackaged section of DNA excluded from

a nucleosome. These regions are known as nucleosome-depleted regions (NDRs), or even

nucleosome-free regions (NFRs) if a stretch of DNA is completely devoid of nucleosomes

(Figure 1.13).

The initiation of transcription at the promoter of a gene requires the assembly of a large

multi-protein complex immediately upstream of the TSS sequence, which is thought to be

incompatible with the presence of a nucleosome structure at this locus (84). Chromatin at

RNA polymerase II transcribed promoters contain an NDR approximately 200 base pairs

upstream of the 5' end of the transcription unit - which is about the width of a single

nucleosome depletion (85) and other regions bound by transcription factors also often contain



1.2 Chromatin and Gene Regulation 19

Fig. 1.13 A schematic showing a nucleosome depleted region (NDR), a section of DNA not
packaged into nucleosomes.

NDRs (86). Promoters in general have a lower probability of containing nucleosomes at

any one given site compared to coding sequences throughout the genome (85). Interestingly

however, through perturbing transcription pro�les using heat shock, the SSA4 gene promoter

and coding region were shown to become nucleosome depleted, leaving a larger region of

DNA unpackaged (85). One potential explanation for the induction of a larger-scale NDR

across the coding region of the heat-shock gene in response to heat stress could be that rapid

transcription is facilitated under these conditions – however, the precise function for this

chromatin rearrangement is not clear. This shows that the relationship between chromatin

organisation and gene expression is complex, and the dynamics between histone enrichment

and polymerase progression along a gene are unclear, but are likely to be important for

gene-speci�c and context-speci�c regulation.

Finally, the histone proteins themselves can be replaced by histone variants in the core

complex to impart regulatory effect to the underlying DNA. Multiple copies of histone genes

are usually present in clusters within the genome and are expressed primarily during S phase

of the cell cycle (87). Some variants of histones exist that can replace the canonical histone

proteins in the core histone complex, which are not constrained to S phase for incorporation.

A well-described process occurs within spermatogenesis where most of the H1 linker protein

is replaced by the H1t variant, which precedes the transition of the histones to transition

proteins, and then �nally to a signi�cantly more condensed protamine-packaged chromatin

(88,89).

Considering all of these potential modi�cations to chromatin, there are a wide variety

of potential mechanisms through which regulatory modi�cation can impact chromatin state,

and ultimately contribute to the control of transcription and the spatiotemporal expression of

genes. How these different chromatin alterations mechanistically interact with one another

to produce the complicated regulatory networks to ensure the successful development of
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an embryo to an adult organism is a fundamental, and complex question that will require a

multi-levelled approach to answer.

1.3 The Organisation of Transcription

A key level of organisation within the nucleus is the compartmentalisation of nuclear pro-

cesses, which can be associated with all of the different levels of genome organisation. A

hallmark of many nuclear processes is that they are limited to speci�c de�ned sites that

often occur in dedicated “nuclear bodies”. Nuclear bodies are membrane-less sub-organelles

which are characterised by a distinct set of proteins and may have several different functions.

Firstly, some nuclear bodies may indeed be non-functional, and rather represent a physical

aggregation of excess protein. There is some support for this hypothesis through experiments

involving the over-expression of certain proteins, which leads to newly appearing aggrega-

tions of the protein that are indistinguishable from other nuclear bodies (19). This has also

been shown to be the function of nuclear bodies known as “nuclear speckles”, which appear

to act as storage units for accumulated mature snRNP splicing factors, independent of the

actual sites where splicing takes place (90). Secondly, a nuclear body may represent a site

of localised nuclear activity. This explanation clearly applies to the nucleolus, which is a

specialised site of rRNA transcription. This may also apply to nuclear bodies observed in

association with transcription, which will be discussed in this chapter.

Transcription is the process of generating an mRNA transcript from a DNA template and

is one of the most important and fundamental processes that is regulated in a spatiotemporal

manner throughout development to control gene expression. Most genes are transcribed by

RNA polymerase II (RPII), and therefore most research has been conducted on this particular

polymerase (Figure 1.14). RPII is a multi-protein complex that acts not only to transcribe

genes into RNA molecules, but also to recruit accessory proteins responsible for generating

the mature RNA transcript, and establishing an active chromatin state (91). The largest subunit

is Rpb1, which contains a carboxyl-terminal domain (CTD) comprised of a heptapeptide

repeat sequence; Tyr1, Ser2, Pro3, Thr4, Ser5, Pro6 and Ser7, repeated up to 52 times (91).

The CTD is readily post-translationally modi�ed, which can alter how the transcriptional

machinery components interact with one another, changing the functional state of RPII. The

phosphorylation of the serine 2 and serine 5 residues (Pser2 and Pser5) are particularly well

studied for their association with transcription control (Figure 1.15). Although RPII is made

up of 12-subunits itself, it requires the recruitment of several other factors in order to initiate,

and stably produce nascent RNA transcripts in continued transcription progression (92).
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Transcription occurs in three broad stages; initiation, elongation and termination, with high

amounts of regulation at, and between each stage, which will be discussed in this section.

Fig. 1.14 A schematic showing RNA pol II associated with a template DNA strand. The
C-terminal domain (CTD) is indicated, and one heptapeptide repeat sequence is shown.

1.3.1 The Stages of Transcription

To begin transcription, the pre-initiation complex (PIC) must be �rst formed at the promoter,

as RNA polymerases alone lack the ability to recognise their target start sites at the promoter

(93). During this time a wide variety of factors are recruited that also alter chromatin structure

to favour the building of the transcription machinery, and provide regulatory platforms

through which transcription rates and intensity can be controlled (91). The PIC contains a

variable amount of components, but in general, there are 8 core factors; TFIIA,B,D,E,F and

H, along with Mediator and RPII (92). For genes that contain a TATA box – a conserved

sequence within the promoter in approximately <30% of human genes, and <40% of fruit �y

genes – the protein TATA-box binding protein (TBP) binds to the TATA box (94,95). This

alters the conformation of the bound DNA, allowing for further subunits of the PIC to bind

(93). Then, up to 12 TBP-associated factors (TAFs) bind together with TBP, forming the

�rst major multi-protein subunit of the PIC; TFIID. In the absence of a TATA box there are

other methods of assembling TFIID at the promoter, such as through the action of TAFs

interacting directly with the promoter. Interestingly, TFIID can bind to H3K4me3 (96) – a

histone modi�cation commonly associated with the TSS within the core promoter region.

This anchoring to H3K4me3 occurs through a TAF called TAF3, via the conserved PHD
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�nger (97). This demonstrates one of the many links between chromatin modi�cations and

the regulation of transcription.

By the end of initiation, the DNA duplex is melted near the TSS which forms the “open

complex”, or transcription bubble, allowing the template DNA strand bases to be open and

available for complementary RNA-DNA hybrid binding. The ser5 residue of the CTD is

then phosphorylated by CDK7, a subunit of TFIIH (98). Pser5 is an essential modi�cation

to allow RPII promoter escape and recruits other important factors such as histone H3K4

methyltransferases, as well as RNA capping enzymes (98–100). Before RPII can progress

unhindered along the template strand and transcribe RNA however, it becomes in�uenced by

negative transcription elongation factors (N-TEFs) and is stopped at an intrinsic pause site

20 – 75 base pairs downstream from the site of transcription initiation (101), entering into a

phase of unstable, abortive elongation (102). This is known as promoter-proximal pausing

and is an important stage of transcription regulation.

In order to escape promoter proximal-pausing, the ser2 residue must be phosphorylated

by CDK9, a subunit of P-TEFb, whereby the RPII can move into stable and productive

elongation (102,103). The rate at which RPII is released from this proximal paused state is

an important regulated step, as the rate of release from the proximal paused state varies in

different genes and can be altered in response to chemical perturbations (104). At the very

early stages of elongation many RPII complexes can pause and accumulate just downstream

of the promoter at this pause site (105). During elongation, rNTPs are rapidly added to

the growing RNA along the template strand. Pser5 is thought to be continually replaced

by the phosphorylation of ser2 during the progression of elongation RPII up until about

500 base pairs have been transcribed, where the ratio of ser5:ser2 appears to stay constant

(106). There are many links between these two phosphorylation states to the recruitment of

other factors involved in the regulation of other transcription-related functions that occur

during elongation. These include co-transcriptional splicing, RPII pausing, polyadenylation

factors, and H3K36 methyltransferases - H3K36me3 modi�ed chromatin is associated with

elongation permissible chromatin structure (107–110). Although Pser5 is traditionally

associated with initiation and Pser2 with elongation, it is dif�cult to investigate the dynamic

nature of these two phosphorylation marks along a single transcript. It remains an open

question precisely how the phosphorylation state of RPII changes throughout the length of a

transcript, and how these states ultimately allow for different regulatory states of transcription.

A summary of the association of Pser5 and Pser2 with transcription is shown in Figure 1.15.
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Fig. 1.15 A schematic showing the link between CTD phosphorylation and transcription
progression.

The �nal stage of transcription once elongation has been completed along the template

strand is termination. The mRNA transcript is �rst cleaved from the RPII complex, and the

RPII complex continues to transcribe downstream regions of DNA, although not thought

to exceed 150 bases (111,112). Once released, the mRNA strand is processed into mature

mRNA, which then exits the nucleus to serve its downstream function – either as a functional

RNA, or to be translated into a protein.

1.3.2 The Organisation of Transcription within the Nucleus

Transcription has previously been visualised as organised into spatially constrained “tran-

scription factories” or hubs within the nucleus (113–115). However, there is also evidence

to suggest that the elongation stage of transcription does not occur within immobilised

transcription factories as nascent RNA can be found distributed along the length of long

�bres of active DNA, as opposed to being concentrated at one single site of an immobilised

transcription factory (116). Therefore, many questions still remain about the existence and

generality of transcription factories; if, when and how they are formed, what bene�t does

spatially organising transcription impart on gene expression, and how this organisation is

regulated to ensure proper gene control.

It was previously proposed that transcription hubs may be formed simply as the aggre-

gation of locally clustered active genes and their polymerases (117), however, there are

several studies that suggest a regulated structure. Firstly, genes that are separated by a long

distance linearly (25-40 Mbs) were found to be able to share a transcription factory, including

those occasionally on different chromosomes (118), which is to be expected if speci�c
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genes are organised together for function, rather than an aggregation of local transcription

events. It was also shown that particular types of transcript (depending on promoter type

and intron-containing genes) tend to share a transcription hub more often than genes with

transcripts of a different type (119). By introducing an intron into a gene that does not usually

contain one, the localisation of genes shifts to a different transcription factory that contains

mostly intron-containing gene transcripts, as opposed to the usual transcription factories that

contain transcripts that mostly do not contain introns (119). Another �nding that supports the

conclusion that transcription hubs are important for function is that upon serum stimulation,

RPII clustered and formed hubs around serum response genes facilitated by nuclear actin –

showing that transcription hub clusters may facilitate enhanced response to stimuli at speci�c

loci, rather than active loci that are nearby spatially (120). Taken together, this implies a

regulatory relationship between nuclear function and the co-transcription of speci�c genes

within hubs.

It is unclear what particular advantage organising genes to be co-transcribed together

has for the cell. It may be the case that organising transcription into hubs may address a

foundational problem; how to prevent nascent RNA from tangling with the DNA template.

It is possible that polymerase is prevented from rotating around template DNA due to the

physical bulk of the RNA resisting the action of polymerase i.e. through inertial force

(116,121). The proposition that polymerase does not rotate around the template DNA

through opposing balancing forces of the RNA transcript is an attractive alternative to

polymerase necessarily needing to be physically immobilised by another structure to prevent

tangling of the nascent transcript. Within a densely packed nucleus it is unclear how multiple

neighbouring polymerase factories being grouped together would truly prevent the tangling

of their nascent RNA, whether there are chromatin-associated mechanisms to speci�cally

prevent tangling, and whether the organisation of transcription within hubs or factories in

part may be a mechanism for the prevention of tangling.

One other potential advantage of the compartmentalisation of transcription is the con-

centration of all of the subunits and required molecules in one localised area to ensure all

of the components of transcription machinery are available in a short distance, as well as

providing another level of potential regulation for gene expression, especially considering

the fast turn-over of such factors. This could provide a potential explanation as to why distal

genes would preferentially join transcription factories that are further away from some of

them in linear sequence, as shared transcription factors between genes concentrating in a

localised hub could induce their proximity. Many transcription factors contain “intrinsi-

cally disordered regions” (IDRs), which are polypeptide sections that are highly enriched

for hydrophilic amino acids, and under certain conditions can facilitate liquid-liquid phase
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separation (122), therefore transcription factors with a biophysical property that promotes

aggregation may play an active role in the organisation of transcription into hubs. It is unclear

whether the conditions required for phase separation are actually met within the cell, or

what chromatin-based mechanisms could also be facilitating the formation of speci�cally

regulated transcription hubs.

1.3.3 Mechanisms of Transcription Organisation

There are many potential mechanistic explanations for how transcription may come to be

organised within a factory. Firstly, it has been suggested that RPII itself may be the initiating

step for transcription hub formation, as in the absence of any other factors, RPII has been

shown to be able to undergo phase-separationin vivo(123). The CTD has been shown to play

an important role in the clustering of RNA pol II complexes, as lengthening the repeats of the

CTD increases the association, and truncating the repeats of the CTD can knockout clustering

(123). The phosphorylation state of the CTD is also likely involved as the clustering of RPII

was lost upon depletion of Pser2 (122). Secondly, biophysical properties play a fundamental

role at all levels of the organisation of the nucleus, and therefore are predicted to play a

signi�cant role in the generation of transcription hubs.

Proteins within the nucleus are able to freely diffuse through the nucleoplasm in an

energy-independent fashion, therefore features such as heterogeneity of local molecule

concentrations, crowding effects, phase separation and entropic forces are important to

understand the space-time dynamics of nuclear organisation (4,124). Transcription factors

are proteins that bind to DNA and in�uence the control of transcription, either through binding

directly as part of the multi-subunit polymerase complex, or through binding to upstream

enhancer sequences to exert transcription control. The mean residence times for transcription

factors binding directly to DNA were approximately 2 – 30 seconds across both the fast and

slow populations, with the time between each binding event being 50 – 200 milliseconds,

demonstrating the rapid ability of proteins to bind and �nd targets in the vicinity despite

being in a densely packed nucleus (125). The fastest mean residence time was 2 seconds for

the transcription factors XBP and Jun, whereas other types of chromatin-associated proteins

such as structural proteins had markedly longer mean residence times, with HP1b- having

a mean resistance time of 72 seconds (125). In general, transcription factors were shown

to bind more transiently than other chromatin-associated proteins, although there were a

few exceptions. This implies that transient binding is a common feature of transcription

factors, and could lead to dynamic interactions between chromatin and transcription factors,

with factors such as competitive binding and aggregation becoming important for function

(125). Together with the rapid diffusion of transcription factors throughout the nucleus
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demonstrated, transcription factors may therefore scan the genome for their high af�nity

binding sites through a “hopping” mechanism around the genome (125).In-vivo imaging

shows that the transcription machinery is highly dynamic, and stochastic events have a high

in�uence on transcription progression (19). The properties of transcription may therefore be

fundamentally linked to the highly transient interaction of proteins with chromatin.

As well as the previously described IDRs of transcription factors, many studies have

also observed that IDRs in transcription complexes drive aggregation that may serve as the

“bubble” for transcriptional activation, and enhancers may act as a form of “scaffold” to enable

clustering of key transcription factors to dynamically accumulate (122). Super-resolution

microscopy has indeed recently shown that the Mediator complex, a multi-subunit complex

associated with the PIC, binds to enhancers or upstream regulatory sequences to promote

and regulate transcription(126), and forms dynamic co-localised aggregates alongside Pol II

in vivo (114).

However, this may not be a universal principle of transcription factors that bind to DNA,

as it was recently demonstrated that some transcription factors are capable of binding for

hours or even days at a speci�c site, and therefore contradicts this view that DNA-binding

factors only bind transiently (127). Therefore, it still remains unclear how these two modes of

activity align to provide insight into how transcription factors dynamically bind and promote

transcription, and how this may in turn affect the formation of a transcription hub. Do

speci�c long-term binding events speci�cally promote transcription hub formation, or are

they the result of transiently bound aggregations? It seems likely that there may be two

different mechanisms of transcription factor binding, transient short-term residence times as

seen before as estimated during times of actively proliferating cells, and longer, more stable

binding events in non-dividing cells to perhaps ensure stable gene expression (127).

During development, cells must respond to a complex variety of signals and modulate

their transcriptional network and output accordingly. Control of transcription itself is a

widespread mechanism of gene expression regulation throughout development, and this can

occur in a multitude of different ways. RPII must also be able to form a very stable complex

during transcription, and the dynamic phosphorylation of the CTD, as well as the formation

of spatially organised transcription factories may play an essential role in this regulation. For

example, theDrosophila melanogasterY loops range from 1.3 – 4.3 Mb in length, and each

are transcribed in one long transcript, and therefore RPII cannot detach or dissociate from the

Y loop DNA during this� 90 hour-long transcription cycle in order to successfully produce a

full mRNA transcript (116,128). The use ofDrosophila melanogasterspermatocytes as a

model for studying transcriptional organisation within the nucleus will be discussed in the

next section.
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1.4 Drosophila melanogasterprimary spermatocytes as a

model for chromatin organisation

Spermatogenesis is the process of producing mature haploid sperm cells capable of fertilising

a haploid egg cell of the female and ultimately reproducing. This process is remarkably

conserved across the animal kingdom, fromDrosophilato humans, with very similar morpho-

logical changes occurring to produce mature sperm, and several spermatocyte-speci�c genes

having conserved roles (129). Spermatogenesis takes place in several distinct stages, and

especially given its conserved nature, provides a powerful model for studying transcription,

development, and morphological changes for function in cells. The stages ofDrosophila

melanogasterspermatogenesis, the transcriptional programme underpinning its regulation,

and the characteristic structure of the Y loops will be discussed in this chapter.

1.4.1 Drosophila melanogasterSpermatogenesis

The testes ofDrosophilaare a characteristic spiral shape with a blunt end and a pointed

coiled end (Figure 1.16).

Fig. 1.16 A schematic showing spermatogenesis inDrosophila melanogaster.

Progressing towards the coiled tip corresponds to the progression of spermatogenesis,

ending with mature spermatids (130), therefore, the progressing stages of sperm development

are laid out spatially along the testes. At the beginning blunt end of the testes there is an `api-
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cal hub', consisting of post-mitotic somatic cells that create and maintain the necessary stem

cell niche for two neighbouring populations of stem cells (131,132). The two populations of

stem cells consist of germline stem cells (GSCs) which divide asymmetrically to regenerate

themselves and produce a spermatogonium (gonialblast cells - GBs), and cyst progenitor

cells (CPCs) which regenerate themselves as well as producing both more apical hub cells,

and cyst cells (131). The daughter GB cells are displaced from the apical hub to move

along the testes interior, and like the GSCs, are encapsulated by a pair of cyst cells – which

will continue to surround the GB cells and all of their subsequent progeny cells (133). The

GBs undergo a process known as transit ampli�cation; four consecutive rounds of mitotic

divisions whilst maintaining cellular bridges, producing 16 interconnected spermatogonia

(133).

These spermatogonia promptly differentiate into primary spermatocytes and enter a long

G2 phase of high transcriptional activity (130). Importantly, the nuclei of these primary

spermatocytes are comparatively large (more than a 20-fold increase in volume), with less

densely packaged chromatin (134). Upon reaching the cell stage just prior to entry into

meiosis reaching entry into meiosis, transcription is essentially switched off, with the gene

products needed for differentiation into mature spermatids being produced mostly in early

primary spermatocytes (135).

After this long growth phase, the spermatocytes undergo meiosis, dividing twice to form

64 haploid spermatids which remain connected to one another in a syncytium. Spermiogene-

sis begins after meiosis when the 64 connected spermatids begin to undergo the dramatic

morphological changes required for mature sperm function, including �agellar axoneme

production, mitochondrial fusion and elongation. Once the spermatids have fully elongated,

they undergo individualisation and complete spermiogenesis, the now mature sperm is then

ready for release into the seminal vesicle (132).

1.4.2 Transcription Control

There are thousands of genes that are part of the spermatogenesis transcription programme,

many of which are only expressed within the testes (summarised in Figure 1.17).

A gene known asbag-of-marbles(bam) starts off gametogenesis in both female and

male �ies, the mutant phenotype ofbamcauses the testes to �ll with abnormal small cells

which do not undergo any form of differentiation, and therefore no spermatocytes can be

seen (136). From then onwards, the spermatogenesis-speci�c transcriptional programme is

mostly activated by the meiotic arrest genes, which can be classi�ed into two groups based

on the mechanism through which they regulate spermatogenesis and through the effect of the

mutants; the aly-class, and the can-class genes (137). Male �ies with knockouts of meiotic
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Fig. 1.17 A schematic showing the various genes involved in the hierarchical spermatogenesis
transcriptional programme inDrosophila melanogaster.
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arrest genes are sterile, but otherwise phenotypically normal (138,139). The testes of mutant

�ies of any of the meiotic arrest genes contain mature primary spermatocytes, which do

not undergo meiosis or the morphological changes to become spermatids. Interestingly, the

process of spermatogenesis and meiosis are de-coupled in their regulation, as in �ies mutant

for the cell cycle proteintwine(cdc25homologue) that is essential for progression to meiotic

division, spermatocytes still undergo differentiation into mature spermatids in the absence of

meiosis (140,141). The meiotic-arrest genes therefore lie upstream of this regulation, as their

mutants arrest both the morphological changes associated with spermatid differentiation and

meiosis.

The aly-class and can-class meiotic arrest genes mostly encode components for subunits

of two protein complexes; the meiosis arrest complex (tMAC) (142), as well as testes-speci�c

homologues of TBP-associated factors (tTAFs) (138,143). The aly-class genes include

always early(aly), cookie monster(comr), tombola(tomb), matotopetli(topi) andachintya

andvismay(achi/vis). Mutants in any of these genes exhibit a phenotype consistent with

higher-level control of the spermatogenesis programme on a hierarchy and include the control

of transcription of essential genes for meiosis entry such astwineandCyclin B, as well as

spermatogenesis genes such asfuzzy onions(fzo) anddon juan. Mutants of the aly-class

genes also affect the transcription of more genes than mutants of the can-class genes, with

aly-class mutants causing the disruption of over 1000 genes, whereas approximately hundreds

of genes are affected in can-class mutants (132). The aly-class tandemly repeated highly

similar genesachintyaandvismay(referred together asachi/vis) encodes for a DNA-binding

TGIF (TG-interacting factor), and TALE-class homeodomain transcription factor, that binds

sequence-speci�c regions that are required for the spermatogenesis transcription programme

(138).

The can-class genes includecannonball(can), meiosis I arrest(mia), no hitter (nht), and

ryan express(rye), andspermatocyte arrest(sa). The can-class genes are required for twine

protein production, and appear to regulate twine post-transcriptionally. The can-class genes

mostly encode for tTAFs, which form part of the TFIID component of the PIC, facilitating

the initiation of RPII binding to gene promoters (144). Therefore, it was proposed that

an alternative TAF containing PIC complex is formed within the testes, with the speci�c

function of regulating the spermatogenesis transcription program. However, running contrary

to this simple solution, when labelling many tTAFs such assa, they appear to localise

majorly to the nucleolus with minimal localisation in the autosomes – where the majority

of spermatogenesis genes are contained (145). It was hypothesised therefore that the tTAFs

may act instead as a `repressor of a repressor' such as PcGs (145), and/or activate further

activators such as the TrxGs (132).
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1.4.3 Y Loops

The Y chromosome ofDrosophila melanogasteris made up of 40 Mb in total and is

almost entirely comprised of heterochromatic sequences, including repeats and satellite DNA

(146,147). In fact, it is estimated that 80% of theDrosophilaY chromosome is made up

of tandem repeats (148). There are only 20 known genes linked to the Y chromosome, 16

of them protein-coding (149,150). The presence of a low number of genes is a well-known

feature of the Y chromosome, which does not undergo recombination and is under male-

restricted selection. Despite the scarcity of genes and dominance of repetitive sequences,

the Y chromosome is still required for male fertility. The distinct loci that are known to be

essential for male fertility are known as the `fertility factors' which map to speci�c regions

on the Y chromosome (146). At present, there are six known fertility factors;kl-5, kl-3, kl-2,

kl-1, ks-1andks-2(146,151).

A characteristic feature of theDrosophilaprimary spermatocytes is three transcriptionally

active regions of the Y chromosome known as Y loops; �brous looping �laments that extend

outwards into the centre of the nucleus forming lampbrush-like structures (152). The loops

forming regions of the Y chromosome can be mapped to speci�c fertility factorskl-5, kl-3

andks-1, which correspond to loops A, B and C respectively (Figure 1.18) (152).

The fertility factorskl-5 (contained on loop A) andkl-3 (contained on loop B), encode

dynein heavy chains, a microtubule motor protein that comprises components of a microtubule

motor complex that has an essential function in the mechanism of �agella beating for sperm

movement, loss of eitherkl-5 or kl-3 results in loss of the outer dynein arm, part of the

axoneme in the �agella (150,153). The precise function ofks-1(contained on loop C) is

unknown and has not as yet been assigned to a sequence, however loss ofks-1also causes

male fertility (151).

The Y loops represent a model for transcriptionally active chromatin, with sequences

transcribed being essential for spermatogenesis. The large Y loops range from approximately

2 – 6 Mb in sequence length with large introns comprised mostly of satellite repeats making

up most of the sequence, interspaced with multiple exons of the coding sequence of each

loop (152). For example, loop A (kl-5) has 17 exons. The Y loops extend into the interior

of the giant nuclei of primary spermatocytes, therefore they are easily observable by light

microscopy. Due to the primary spermatocytes being in the G2 stage of the cell cycle, there

are in fact two copies of every Y loop, making a total of 6 loops in the nuclear interior.

However, the Y loop structures visible are not formed from cohesed sister chromatids, and

individual copies of the loops can be distinguished from each other (151). Interestingly,

visualising primary spermatocytes from X0 �ies lacking a Y chromosome, a crystalline
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Fig. 1.18 Confocal image of the Y Loops inDrosophila melanogaster. DAPI shows the
location of the chromosome masses (blue), Loop A is labelled by S5 antibody (green) that
labels an RNP, Loop B is labelled by the Acam antibody (magenta) that labels a testes-speci�c
dynein VI light chain, and Loop C is labelled differently by the S5 antibody (green).
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structure can be observed forming in the nuclear interior, and no Y loops can be seen (151).

This is likely formed from the dense enrichment of RNPs that usually decorate the Y loops.

Imaging chromatinin vivo is traditionally dif�cult due to the nature of the densely

packed nucleus. The spermatocyte cell lineage inDrosophila melanogasterhowever can

circumvent this with the presence of the Y loops, and the relatively decondensed structure of

the autosomes, and therefore provides the ideal model to visualise chromatin structure, as

well as individual chromatin �bres for their relation to the dynamics of transcription. The

process of transcriptional control of spermatogenesis inDrosophila melanogasteris well

mapped out, and therefore studying chromatin state can complement a wealth of information

that surrounds the genetic, molecular, and morphological changes that occur during this

time. The correspondence of transcriptional control and morphological changes underpin

many changes in cell behaviour during development, and so the link between chromatin

regulation, transcription and spermatogenesis can provide a foundational understanding for a

broader understanding of gene regulation throughout development. TheDrosophilaprimary

spermatocyte cells, therefore, provide an ideal platform from which to observe the structure

of chromatin, the association with RNA polymerase II, as well as other histone modi�cations

and structural factors in order to study the mechanism of active chromatin architecture.

There are many gaps in our knowledge of the organisation of chromatin in relation to

transcription. Firstly, despite correlational data, there is not much mechanistic data that links

the structure of chromatin and chromatin state. Are densely packaged regions of chromatin

really suf�cient to block transcription? Is active chromatin structurally more open, and is

it structurally distinct from inactive chromatin? What is the local chromatin environment

that surrounds an elongation polymerase, and is it different to the chromatin environment

that surrounds a paused polymerase? If so, what is the cause-and-effect relationship - is

chromatin structurally altered to permit polymerase passage, or does polymerase open up the

chromatin structure as it tracks along DNA? Imaging the transcriptionally active Y loops at

super-resolution may provide a model system to serve as a starting point to address these

questions.

1.5 Super-resolution Imaging Techniques

The beginning of the usage of light microscopy in the biological sciences can be traced back

to Hooke's “Micrographia” published in 1665 (154). Light microscopy has revolutionised

the study of biology by allowing the in-depth study of tissue morphology and cell structure.

Further to this, �uorescence microscopy provides a powerful tool to label several speci�c

structures and/or molecules at one time, and observe their relationship under various experi-
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mental conditions. However, due to the wave nature of light, there is a fundamental limit to

the resolution achievable known as the “diffraction limit”. To best describe the fundamentals

behind this, a single �uorescent emitter of light as viewed under a light microscope will be

considered. When a �uorescent molecule is excited by laser light, it emits light at a longer

wavelength than was required to activate it – for example, the common �uorescent molecule

Alexa Fluor 647 is excited by laser light around the 647 wavelengths (peaking at 650 nm), but

emits light maximally at the wavelength 671 nm, within the far-red region. The emitted light

then passes through an aperture to be captured on a detector within the optical pathway of the

microscope. Whenever light passes through an aperture, diffraction occurs – in the case of a

circular aperture, the resulting distribution that would be visible under a microscope would

be a bright, blurred spot of light known as an Airy disc or Airy pattern (155). A point spread

function (PSF) describes how a point source is displayed in a particular imaging system -

which in this light microscopy, diffraction-limited system using a circular aperture, takes the

form of an Airy pattern (Figure 1.19).

Fig. 1.19 A point spread function (PSF) of a �uorescent emitter down a microscope in an
airy pattern. A PSF describes how a point source is displayed in a particular imaging system
- which in this light microscopy, diffraction-limited system using a circular aperture, takes
the form of an Airy pattern; a bright central spot, with several rings around it.

The highest resolution possible using light microscopy is limited by Abbe's law, which

describes the highest spatial frequency that can be transmitted through the system (156). The

equation can be summarised as;

d = l =2NA (1.1)
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With d being the minimum resolvable distance,l being the wavelength of light, and NA

the numerical aperture of the lens (156). The numerical aperture in modern microscopes can

reach approximately 1.4, and so considering a far-red wavelength of 671 nm, the maximum

resolution achievable would be approximately 240 nm (671/2.8). The resulting PSF is a

blurry point of light scattered in an Airy pattern, that is unresolvable from another identical

PSF, if separated less than approximately 240 nm apart (Figure 1.20).

Fig. 1.20 - A schematic showing how distance between two �uorescent molecules within
a diffraction limited system has a resolution limit of roughly 250 nm. The two �uorescent
molecules that are more 300 nm apart can still just be deciphered apart from one another, but
the two 100 nm apart are now less than the diffraction limit apart, and therefore cannot be
resolved. This is due to the appearance of a point of light under a light microscope having a
diffraction pattern.

It has long been believed that since the diffraction limit is due to a physical property of

light itself, seeing beyond the diffraction limit on a light microscope is impossible. However,

newly developing super-resolution techniques are able to circumvent this and visualise

structures well below the diffraction limit. The advancement of super-resolution imaging

technology was recognised through the 2014 Nobel Prize in Chemistry and provides a new

way to observe biological phenomena. There are three major types of super-resolution

techniques suitable to image biological structures in cells; Single Molecule Localisation

Microscopy (SMLM), Structured Illumination Microscopy (SIM) and Stimulated Emission

Depletion (STED).

SIM uses a series of patterned illuminations to shift the light patterns from detectable

structures, and by reconstructing the changes between each modulation of the pattern,

a super-resolved image can be acquired (157–159). Ultimately, the result is a modest

increase of resolution to around� 100 nm, however, the technique is compatible with usual

immuno�uorescence protocols for �uorescent imaging, and only requires a few imaging

frames (� 12). For certain applications this slight increase in resolution may be adequate. For

example, chromatin within the nucleus has been visualised using SIM to visualise the domain
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structure in association with nascent RNA (160). STED microscopy achieves super-resolution

capability by speci�cally preventing �uorophores surrounding the focal spot from emitting

�uorescent light – achieved through applying a `depletion light' in a ring shaped pattern after

the initial excitation laser (161–163). STED microscopy can achieve greater resolution than

SIM, with 50 – 70 nm resolution reported, however, requires the use of STED-compatible

�uorescent molecules (164). Chromatin has also been successfully visualised in the nucleus

using STED microscopy (165). Another type of super-resolution SMLM has the capability

to achieve a resolution of 20 nm and below, and so was considered the most suitable for

visualising chromatin architecture.

1.5.1 Single Molecule Localisation Microscopy (SMLM)

SMLM involves the statistical reconstruction of the centre position of diffraction-limited

�uorescent molecules labelling a structure. The basic principle behind seeing beyond the

diffraction limit in SMLM is as follows; rather than attempting to resolve different �uorescent

molecules labelling a biological structure in XY, one instead attempts to separate them in

time and statistically reconstruct an image based on stochastic switching on, and off of the

�uorescent molecules. These cycles of light emitters being on, and off will henceforth be

referred to as `blinks'. In order to successfully resolve two diffraction-limited spots that are

separated by a distance less than the diffraction limit, SMLM techniques therefore require

all of the light emitters that label the structure to be sequentially activated and de-activated

temporally, inducing the labelled structure to blink. Many blinks are acquired by taking

multiple consecutive images until the entire population of �uorophores labelling the sample

have blinked multiple times.

How these blinks are reconstructed into a �nal image is core to the SMLM methodology.

Firstly, each blink appears as a PSF that can be �tted with a gaussian function. The coordinates

of the central position (centroid) of the gaussian can then be recorded, as well as other

parameters of the PSF such as PSF width, precision (how well the �tting is predicted to

have happened), and photon number. In each individual image, several blinks can be �tted

with a gaussian and the centroids plotted, so long as each individual blink is further apart

from each other than the diffraction limit. By repeating this statistical plotting over all of the

consecutive images, the hundreds and thousands of identi�ed centroids can be reconstructed

into a �nal super-resolved image. The required blinking for SMLM reconstruction can be

achieved through various mechanisms, and different methods may have different bene�ts

and limitations depending on speci�c models, structures labelled, and systems utilised. Two

popular forms of SMLM used in this thesis are Stochastic Optical Reconstruction Microscopy
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(STORM) (166) and DNA-based Point Accumulation for Imaging in Nanoscale Topography

(DNA-PAINT) (167).

1.5.2 STORM

STORM utilises photoswitchable �uorophores such as Alexa Fluor 647, which are able

to switch between a dark, non-emitting `off' state to a �uorescent `on' state rapidly, upon

excitation with laser light and the correct redox condition in the imaging buffer (166). This

rapid photoswitching provides the “blink” necessary for SMLM, and is generated through

redox-reactions with oxidisers and reducers in the STORM imaging buffer (168). STORM

has been used successfully to image chromatin in the nucleus at very high resolution (169),

and so is a prime candidate for this thesis project. A well-documented limitation of STORM

imaging is the unequal performance of �uorophores, with the blinking properties (including

photon number and on/off duty cycle) affecting the reconstruction quality (170). This is not

a problem for single-colour imaging, as the �uorophore Alexa Fluor 647 shows superior

blinking dynamics in many buffer conditions (170). However, this results in particular

problems in generating reliable two-colour images, as often two compatible �uorophores

selected for labelling blink unequally in one buffer. This can be demonstrated through the two

of the best performing �uorophores with separated excitation and emission spectra; Alexa

Fluor 647, and Alexa Fluor 568. Alexa Fluor 647 is a cyanine derivative, which is shown to

blink optimally in oxygen-free buffers, whereas Alexa Fluor 568 is a rhodamine – which only

stably blinks in the presence of oxygen (170). The concentration of oxygen in the imaging

buffer is also important to consider, as oxygen radicals are responsible for `bleaching' (the

permanent photobleaching of a �uorophore, rendering it unable to emit �uorescent light), and

yet oxygen can also quench bleached �uorophores back from the dark state – allowing the

recovery of �uorophores to be able to blink once again (171). The use of UV light can also

recover �uorophores from the triple-dark state. Therefore, a balance providing the bene�ts

of oxygen in the buffer and minimising its limitations, as well as utilisation of UV light must

be generated by optimising the buffer conditions to allow both a rhodamine and cyanine

derivative �uorophore to be used for successful STORM imaging, and to limit the amount of

photobleaching. The different states of the �uorescent molecules through STORM imaging

are summarised in Figure 1.21.
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Fig. 1.21 A minimal Jablonski diagram of how blinking is achieved with �uorescent
molecules, taken from Nahidiazar et al. 2016 (171). Excitation (Ex) of �uorophores with
a laser while in the “on” state results in excitation to S1 state, which returns to the ground
S0 state and emits a wavelength at a higher wavelength than excited it. In the off-state (T1),
the �uorophores are not excited by laser light. In STORM imaging, this change between
the on-state, and off-state is stabilised through redox conditions, and creates blinking �uo-
rescent molecules despite constant excitation lasers. The dark state (D) is achieved through
permanent photobleaching, however, some �uorophores can be recovered through buffer
conditions, or through excitation with UV light.
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During STORM imaging sessions, upon initial excitation by laser light a high density

of �uorophores are in the “on” state, resulting in a large number of overlapping blinks. As

blinks need to be at least the diffraction limit apart from each other for localisation of the

centre point, these �uorophores must subsequently be pushed into a reversible dark state until

a low enough density of blinking is reached to begin data acquisition. A lot of �uorophores

are wasted during this process, and once the blinking density is too low (i.e. when most

of the �uorophores have been bleached), no more data can be acquired. This also results

in dif�culty collecting 3D image stacks that can often provide greater information about

biological structures, as imaging the �rst focal plane will also bleach the �uorophores above

and below. An alternative SMLM technique to STORM that may be able to circumvent all of

these potential limitations is DNA-PAINT.

1.5.3 DNA-PAINT

In DNA-PAINT, short oligonucleotides (� 8-10 nucleotides) are conjugated to secondary

antibodies (the docking strand), which are targeted to primary antibodies that bind to the

structure of interest (167). Complimentary oligos to the docking strand are conjugated to

�uorophores to form the imager strand and are added to the imaging buffer (� 0.5 nM),

allowing for transient binding based on DNA hybridisation kinetics. Although all the

�uorophores in solution are technically in the emitting `on' state all the time, due to the speed

they move in solution, individual �uorophores are unable to be statistically recognised as a

blink. When the imager strand locates and binds to the complementary docking strand at

the biological structure of interest, this transient binding allows the activated �uorophore to

remain still momentarily, generating the “blink” required for SMLM.

The blinking rate can be adjusted by changing the concentration of imager strands in

solution, and so the optimal blinking rate can be obtained for different samples. This results

in a virtually inexhaustible pool of imager strands, meaning that any �uorophores that bleach

are quickly replenished by those in the buffer, increasing the available imaging time from

1-2 hours to over 12 hours, and potentially even longer. This alleviates the need for complex

redox buffer conditions as is required for STORM imaging, and theoretically allows for

much easier multiplexing. The use of multiple spectra-separated �uorophores conjugated to

different imager strands hybridising to different docking strands is also not the only method

of creating multiple labelled samples. Adjusting the length of the imager strand increases the

occupancy time between the bound imager and docking strand – and so separation of the

two binding dynamics can separate multiple different targets in one sample (172). Another

bene�t of longer imaging times means that 3D Z stacks are much more practical to acquire,

as one can spend long periods of time imaging a single cell at multiple planes, with no
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observable reduction in photon number or blinking rate. This is different in STORM, as

when photobleaching progressively reduces photon number throughout time, the �rst image

stack is based on more saturated, higher quality (photon yield, precision) blinks, whereas the

last stacks are based on more photobleached, lower quality blinks.

Preliminary research in the laboratory has shown the successful labelling of the histones

with Alexa Fluor 647, but unreliable blinking in Alexa Fluor 568. The achievement of two

stably blinking �uorophores is essential to study chromatin in relation to transcription, as well

as other factors such as histone modi�cation. DNA-PAINT offers a viable alternative and will

be trialled in comparison to STORM optimisations in order to �nd the best super-resolution

technique for imaging chromatin in the nucleus ofDrosophilaprimary spermatocytes. A

summary of both SMLM techniques that will be trialled during this thesis is shown in Figure

1.22.

Fig. 1.22 A schematic summarising the differences between STORM and DNA-PAINT forms
of SMLM imaging. STORM utilises the buffer conditions to generate a blink, whereas
DNA-PAINT utilises DNA-binding kinetics to hold a free-�owing �uorescent molecule
stable for a few milliseconds and therefore rendering it able to be localised as a PSF, and a
centroid recorded.



Chapter 2

The Organisation of Chromatin in the

Nucleus

2.1 Introduction

Understanding the organisation of chromatin within the nucleus has relevance for the regula-

tion of gene expression and therefore ultimately in the functioning of cells during develop-

ment. Visualising chromatin has provided us with the knowledge that the genome is organised

spatially into decondensed euchromatin and condensed heterochromatin. Genomic studies

have complemented these with the discovery of the partitioning of the genome into active (A)

compartments and inactive (B) compartments (7), topologically associated domains (TADs)

(172), and chromatin loops (173). These different levels of organisation of the genome play

key roles in regulating gene transcription during development, in different (but not necessarily

mutually exclusive) manners (26,174). Therefore, there is evidence of functional relevance

at different organisational levels, however, there is still much that is not known about the

precise functions structural components of the genome have on gene regulation. Much of the

evidence so far suggests that multiple mechanisms interact to provide robustness, as well as

the ability to adapt to gene regulation. Some examples of this include the /textitShh locus,

where proximity between enhancers and their target sequence may only provide stability to

regulation, rather than being essential for transcription to occur (32,33). Enhancer-promoter

loops inDrosophilaalso appear to precede gene expression and have been associated with

paused polymerase – perhaps demonstrating a mechanism through which gene regulation is

primed (175).

Much of the study into the organisation of the genome has been conducted using proxim-

ity ligation techniques such as Hi-C, however, there are limitations to this methodology. The
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output of Hi-C is an average-contact probability, which does not have a nm orµm scale. An-

other important factor is that big multi-protein complexes can often separate two interacting

regions, and without the de�ned scale it is unknown how part apart two interacting sequences

really are. It has been shown that chromatin capture techniques do not always align with

FISH data, with sequences ligating that are hundreds of nanometres apart (4,176). Therefore,

caution should be taken when interpreting contact frequency data. Offering a different way

to investigate the functional architecture of the genome is super-resolution microscopy tech-

niques, which have recently started being used to investigate chromatin structure in relation

to different chromatin states within the nucleus (168,177), and have shown that chromatin can

organise into small clusters, termed `clutches' or `domains' (178,179). A recent important

insight has come from EM images, showing chromatin organisation within interphase nuclei;

with many different conformations of the 10 nm �bre (180). However, the link between these

structural organisations and transcriptional function is not well understood.

Most models of chromatin actively engaged with RPII based on EM images show an

extended 10 nm �bre (181), an arrangement that could be potentially formed through ATP-

dependent chromatin remodellers (182), however many of the classical EM studies showing

the arrangement of polymerase on DNA utilise damaging preparations in order to expel

chromatin from the nucleus, and therefore cannot be directly applied to the process of

transcriptionin vivo. To approach the study of transcriptionally active chromatin within

intact nuclei, TheDrosophila melanogasterprimary spermatocytes have unique properties

that make them ideal for the application of super-resolution microscopy (116,151).

Due to the larger nuclear volume within theDrosophilaprimary spermatocytes, the

autosomal chromosome masses are also signi�cantly more decondensed than usual, offering

a unique opportunity to investigate the organisation of chromosomes. Many of the genes

required for the speci�c transcriptional programme of spermatogenesis are contained within

the autosomes, for exampleachi/visare contained on chromosome 2, andspermatocyte arrest

is on chromosome 3. The chromatin environment of the autosomes should therefore re�ect a

developmentally active state, and compartment and domain structure can be visualised at

super-resolution. The main model predicting the relationship between chromatin organisation

and transcription is the ANC-INC model, which predicts domains of denser chromatin will

represent transcriptionally inactive regions of chromatin, and the surface of these contacting

the interchromatin channel will represent the active regions of chromatin (4).

Before any biological investigation can be undertaken, a suitable SMLM imaging tech-

nique must �rst be identi�ed and optimised. The STORM buffer relies on the use of both

a reducing and oxidising (ROXS) buffer system (167), with one of the most popular forms

of STORM imaging buffer being 'GLOXY'. A GLOXY buffer utilises the enzyme glucose-
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oxidase to use oxygen in the buffer to convert glucose to gluconic acid. This causes a

detrimental dropping in pH steadily over time, which severely impacts photon number yield

from �uorophores (183), and can cause the loss of antibody binding. Also, the conversion

of glucose to gluconic acid has the by-product of hydrogen peroxide, which is removed

through the addition of catalase in the buffer (169). In order to produce the reducing envi-

ronment,b-MercaptoEthylamine (MEA) is used, which provides bene�ts both in mitigating

the disadvantages of the presence of oxygen but also controls the redox-controlled blinking

of the photoswitchable �uorophores (170). It is therefore bene�cial to trial different buffer

systems that may result in better, high-quality blinking for two �uorophores for dual labelling

experiments. However optimising the buffer is challenging, with many variables being

system-dependent, and not well understood. Due to the complicated buffer conditions needed

to be achieved for reliable two-colour STORM imaging, DNA-PAINT, which instead relies

on DNA-binding kinetics to generate the blink needed was hypothesised to offer more stable

SMLM imaging, including the potential for easy dual-colour, and 3D Z-stack images.

TheDrosophilaprimary spermatocytes are a versatile model for studying the architecture

of chromatin organisation within the nucleus, and the �rst results chapter of this thesis will

focus on �rst generating and optimising a super-resolution protocol for reliable imaging,

the description and quanti�cation of the chromatin of the Y loops, and description and

quanti�cation of the chromatin of the autosomes. This chapter will focus on the following

questions;

1. Is STORM or DNA-PAINT more suitable for SMLM imaging of chromatin in the

Drosophilaprimary spermatocyte?

2. What is the chromatin structure of the transcriptionally active Y loops at super-

resolution?

3. How can the chromatin structure of the Y loops be quanti�ed?

4. What is the chromatin structure of the autosomes at super-resolution?

5. How can the chromatin structure of the autosomal chromosomes be quanti�ed?
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2.2 Results

2.2.1 Super-resolution Microscopy for Imaging Drosophila Primary

Spermatocyte Nuclei

In order to study chromatin within the primary spermatocytes, several testes were dissected

from Drosophila melanogastermales. The testes were partially digested with collagenase,

and the spermatocytes were isolated. The spermatocytes were then �xed and seeded within

small dishes with glass coverslips. Chromatin was labelled through immunolabelling with a

pan-histone antibody, which has been con�rmed via commercial testing to be speci�c for all

forms of core histone proteins plus H1, and the resulting signal matches closely to DNA dye

signal in the primary spermatocytes. Several super-resolution approaches are available, but

all have different bene�ts and disadvantages. Different super-resolution technologies were

�rst trialled in a preliminary study to assess their suitability for imagingDrosophilaprimary

spermatocytes and SMLM was found to have the highest potential for resolution. Therefore,

two forms of SMLM known as STORM (using a GLOXY buffer), and DNA-PAINT were

trialled for the visualisation of histone proteins in spermatocyte nuclei (Figure 2.1).

For single-colour imaging of the histones, both techniques were shown to yield good

quality reconstructions, with the �brous structure of the Y loops clearly visible with either

technique. In order to compare the two techniques quantitatively, the mean localisation

precision for 4 cells labelled for the histones using both DNA-PAINT (total localisations =

503576) and STORM (total localisations = 921710) was compared. The precision value is

the standard deviation of the �tted gaussian to each PSF, and therefore is a computed measure

of how accurately the centroid position can be localised for each blink. The mean localisation

precision using DNA-PAINT was 29 nm, whereas the mean localisation precision value for

STORM was 21 nm, showing that STORM on average has higher localisation precision.

The autosomes were usually underrepresented in the �nal image reconstructions using

DNA-PAINT. This was likely a result of too many overlapping blinks, resulting in an inability

to locate many individual PSFs required for SMLM reconstruction. Varying the concentration

of the imaging strands in the DNA-PAINT buffer can adjust the blinking rate, and a lower

blinking rate is required for the reconstruction of a densely labelled structure. However, the

optimal imager concentration to reconstruct the Y loops and the autosomes is different.

Using STORM imaging, reconstructing both the autosomes and Y loops is possible due

to utilising a previously considered limitation of the technique; the bleaching of �uorophores

throughout time. Through capturing localisations throughout a longer time, the faster blinking

at the start of image acquisition is optimal for the reconstruction of the Y loops, and the

lower blinking rate after a longer period of bleaching is optimal for the autosomes. This is a
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Fig. 2.1 A comparison between DNA-PAINT and STORM to image the histones in
DrosophilaPrimary Spermatocyte Nuclei. A confocal image of the histones immunola-
belled is shown in A. DNA-PAINT is shown in B, STORM is shown in D. A schematic of
the chromatin within the nucleus based on the confocal imaging is shown in C. All scale bars
are 5 µm.
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particular bene�t over DNA-PAINT, as this can be achieved without the need for external

interference with the buffer conditions, as would be required for DNA-PAINT.

The time required to complete a DNA-PAINT image was also signi�cantly longer than

is required for STORM. As DNA-PAINT is reliant on capturing the stationary position of

imager strands binding to the complementary docking strands, the exposure time needs to

be several times higher than is required for STORM imaging. To acquire the same number

of localisations, the imaging time is approximately 3 times longer for DNA-PAINT. This

is a particular issue, especially when considering thermal drift. Due to the inbuilt drift

correction software of Zen Black, drift can be corrected to high degrees of accuracy, however,

if the drift is too much, there is dif�culty in reliable drift correction. STORM imaging

was therefore concluded to be the most suitable super-resolution technique for analysing

chromatin structure within the primary spermatocytes.

A key capability for SMLM imaging that is crucial for biological investigation into

chromatin structure and function for the proposed work is dual-labelled imaging. DNA-

PAINT and STORM were compared for their potential ability to allow for two labelled

structures to be observed at super-resolution simultaneously, with Alexa Fluor 568 for the

second colour with STORM, and a different imager oligo conjugated to a complementary

�uorophore for DNA-PAINT. For dual-colour STORM, Alexa Fluor 568 proved unreliable in

the GLOXY buffer – with stuttering blinks of variable quality. The unreliability of STORM

for dual-colour imaging was hypothesised to be due to the use of GLOXY buffer, which is

likely to be sub-optimal for the second �uorophore, Alexa Fluor 568. A new buffer system

using Pyranose Oxidase (PO) and COT was trialled instead, due to the reported increase in

signal, and suitability for a broader range of �uorophores (184). STORM imaging using the

PO buffer was shown to reliably stabilise Alexa Fluor 568, and produced blinking using both

�uorophores simultaneously; Alexa Fluor 647 and Alexa Fluor 568. The two second colours;

Alexa Fluor 568 for STORM, and Atto 655 imager strand for DNA-PAINT were compared

in their ability to label a structure, using RPII as a test (Figure 2.2).

Despite DNA-PAINT being theoretically the better option for producing blinking with

two colours, there were unexpected dif�culties with choosing a suitable second �uorophore

for the imager strand. One of the �rst choices, Atto 488 seemed to be unable to enter

the nucleus despite adequate permeabilization. It was therefore concluded that speci�c

�uorophores had different kinetics, some of which are incompatible with imaging within the

nucleus. Through trial and error, a second suitable �uorophore for the new imager strand

was found; Atto 655.

Both showed an adequate ability to localise the RPII signal, however, the localisation

number in the DNA-PAINT samples seems comparatively low. Also unexpectedly, upon
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Fig. 2.2 A comparison between DNA-PAINT and STORM to image RPII inDrosophila
Primary Spermatocyte Nuclei. Both scale bars are 2 µm.

simultaneous imaging of RPII alongside the histones using DNA-PAINT, `bleaching' was

seen. As true photobleaching is very unlikely to be the true cause, it is possible that the

reactive oxygen species (ROS) generated through normal photoswitches were producing

a damaging environment for the docking strands, rendering them progressively unable to

support complementary binding of the imager strand and docking strand as imaging went on.

The lower photon number produced through DNA-PAINT imaging, coupled with the low

rate of blinking meant that the images produced were variable in quality, and often dif�cult to

ensure full saturation of the structure had been obtained. Imaging of RPII using Alexa Fluor

568 in STORM was signi�cantly brighter, con�dently saturated, with reliable and clearly

separated blinks (i.e. unlike the stutter-like blinks obtained from rhodamine dyes that are in

sub-optimal imaging buffers). This made STORM with a PO buffer the preferred SMLM

technique for both single-colour, and dual-colour imaging.

However, when using Alexa Fluor 568 to label a dense structure (for example, the

histones), the quality of labelling is dramatically reduced. This same limitation is not

the case for Alexa Fluor 647, which optimally labels both dense, and sparse structures to

high resolution. Even when adjusting for primary antibody concentration, the capability of

Alexa Fluor 568 to label a dense structure seems methodologically limited in the pyranose

oxidase buffer. Therefore, the optimal two-colour samples for super-resolution imaging

will label a denser structure with Alexa Fluor 647, and a sparser structure with Alexa Fluor

568. Combined with the superior drift-correction, and perfect focus system of the Elyra 7
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STORM (PO Buffer) DNA-PAINT
Bene�ts Limitations Bene�ts Limitations

High resolution
Alexa Fluor 568 isn't
suitable for labelling

a dense structure
High resolution

Autosomes and Y
loops can't be

reconstructed at the
same time

Low photobleaching
throughout time

allows for Z-scans

Limited to two colours,
only using Alexa Fluor
647 and Alexa Fluor

568

Low photobleaching
throughout time allows

for Z-scans

Two imager strands
can interact to cause

'bleaching'

Dual-labelling possible Dual-labelling possible

High exposure time
required increases

the imaging time to
acquire adequate
frames, therefore
thermal drift is a

problem
Use of 488 or 405 nm

laser can recover
bleached �uorophores

More than two colours
is theoretically

possible
Low exposure times
needed, therefore the

imaging time to
acquire adequate frames

is lower, minimising
drift

Table 2.1 A summary of the bene�ts and limitations of STORM vs DNA-PAINT.

microscope, this now allowed for repeatable, dual-colour super-resolution images in order to

analyse the structure of chromatin in the primary spermatocytes.

Unexpectedly, this buffer system also increased the potential imaging time using STORM

imaging to multiple hours of sustained blinking on a single cell compared to several minutes

with the GLOXY buffer. Much slower bleaching occurred – allowing for the reconstruction

of both the Y loops and autosomes with controlled bleached, and circumvention of the major

limitations of bleaching using STORM. The reduction of the limitation of bleaching allowed

for 3D Z stacks of the primary spermatocyte nuclei to be visualised at super-resolution

(Figure 2.3).

With the optimised form of STORM SMLM imaging, the bene�ts and methodological

limitations of both techniques are summarised in Table 1.
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