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Abstract

The nucleosome as a barrier for transcription and control of gene expression
by
Enze Cheng

Doctor of Philosophy in Physics
University of California, Berkeley

Professor Carlos Bustamante, Chair

Gene expression in eukaryotic cells is an intricate, multi-step process that allows the
information encoded in DNA to be translated into proteins, which perform most of the
critical functions within the cell. This process is highly regulated at various levels to
ensure precise control over which genes are expressed, when, where, and to what extent.
The primary stages of gene expression encompass transcription, RNA processing,
messenger RNA (mRNA) export, and translation. Among these, transcription within
eukaryotic cells is also a complex and tightly regulated process which involves a
sophisticated interplay between the transcription machinery, regulatory proteins,
chromatin structure, and RNA processing. Gaining a deep understanding of these
processes is crucial for unraveling the mechanisms of gene expression regulation and its
implications for diseases such as cancer, where normal regulatory mechanisms are
frequently disrupted.

In this work, we reconstituted nucleosomes and active elongation complex with
purified proteins, revealing that eukaryotic RNA polymerase II (RNAP) alone struggles
significantly with nucleosome clearance, a finding that contrasts with in wvivo
observations. To further explore this phenomenon, we employed cryogenic electron
tomography (cryo-ET), an advanced imaging technique, to capture intermediate states
of RNAP as it transcribes through a nucleosome. Lastly, we examined transcription
across nucleosome positioning sequences (NPS) in vivo using two-color confocal
microscopy in the fruit fly embryos and assessed nucleosome occupancy employing
ATAC-seq (assay for transposase-accessible chromatin with sequencing), revealing that
these sequences do not significantly slow down transcription nor position nucleosomes
with the same accuracy in vivo.
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Chapter 1

Introduction

If the 20th century was celebrated as the golden age of physics, the 21st century is
shaping up to be the golden age of biology. However, the traditional qualitative
approaches no longer meet the sophisticated demands of current research. Instead,
quantitative studies are increasingly critical in advancing our understanding of biology.
With groundbreaking developments such as super-resolution microscopy, clustered
regularly interspaced short palindromic repeats (CRISPR), and next-generation
sequencing techniques, we now possess unprecedented capabilities to visualize,
manipulate, and engineer biological systems like never before.

From a physicist's perspective, biology offers incredibly rich systems for the
application of quantitative methods to unveil the underlying mechanisms. Within this
broad spectrum, transcription stands out as a particularly intriguing subject. As a crucial
aspect of the central dogma, it represents a domain where a quantitative grasp of its
highly regulated and complex process is essential.

1.1 Eukaryotic RNA polymerase II

The eukaryotic RNAP occupies a central role in the transcriptional machinery, tasked
with the conversion of protein-coding genes into mRNA transcripts and non-coding
genes into non-coding RNA (ncRNA). This enzyme is distinguished by its composition:
a 12-subunit structure that includes a 10-subunit core along with a peripheral
heterodimer made up of subunits Rpb4 and Rpb?7. In contrast, RNA polymerase I has 14
subunits and RNA polymerase III has 17 subunits. This configuration is conserved across
a wide range of eukaryotes and sets RNAP II apart from its counterparts, RNA
polymerase I and III, by its unique DNA template specificity, regulatory factors, and
operational mechanisms (Khatter et al., 2017; Engel er al., 2018). The groundbreaking
discovery of three chromatographically distinct RNAP in eukaryotes (Roeder and Rutter,
1969), contrasted with the presence of only one RNA polymerase in prokaryotes,
suggests that mechanisms and regulations of transcription might be fundamentally
different between prokaryotes and eukaryotes. Notably, the largest subunit, RPBI,
features the carboxy-terminal domain (CTD), a hallmark of RNAP essential for its
functionality. The CTD is characterized by repeat sequences of seven amino acids (Tyr-
Ser-Pro-Thr-Ser-Pro-Ser, or YSPTSPS) that are subject to extensive post-translational
modifications, thereby regulating the enzyme's interactions with an array of
transcriptional and RNA processing factors. The purification of RNA polymerase I, II,



and IIT to homogeneity in 1975 marked a turning point (Sklar et al., 1975), facilitating in-
depth structural and functional analyses. However, the amino acid sequences of these
enzymes remained elusive until the 1990s, when advancements in biochemistry,
molecular biology, cloning, and genomic sequencing technologies brought them to light
(Young, 1991). The structural elucidation of RNAP began with the isolation of the active
enzyme from yeast, leading to the first high-resolution structure of the 10-subunit yeast
core RNAP obtained through X-ray crystallography at a resolution of 3 angstroms
(Cramer et al., 2000). Subsequently, a more detailed structure of the complete 12-subunit
RNAP holoenzyme was resolved to 2.8 angstroms (Cramer et al, 2001), offering profound
insights into its architecture and function, as illustrated in Figure 1.1.

=

Figure 1.1: Three-dimensional structure of the yeast 12-subunit RNAP
holoenzyme. (A) Surface view of the yeast RNAP holoenzyme. (B) Side view of the yeast
RNAP holoenzyme. In both panels, the largest subunit, RPB1, is highlighted in green.
The DNA template is shown in magenta. The red dot marks the catalytic site, while the
blue dot indicates the start of the RPB1 CTD, an unstructured domain for which detailed
structural information is not available.

1.2 Eukaryotic transcription regulation

The regulation of eukaryotic transcription is significantly more complex than that of
prokaryotic transcription, involving a vast array of proteins. This complexity includes
general transcription factors (GTFs), specific transcription factors, chromatin remodelers,
histone modifying enzymes, the mediator complex, and enzymes that modify the RNAP
CTD, such as kinases and phosphatases. Each of these components plays a critical role in
finely tuning the expression of genes, reflecting the intricate regulatory mechanisms
required to support the diverse functions and developmental processes of eukaryotic



cells. Eukaryotic transcription, similar to its prokaryotic counterpart (overviewed in
Figure 1.2), is separated into three major phases: initiation, elongation, and termination.
A schematic of eukaryotic transcription is overviewed in Figure 1.2.

Initiation begins with the assembly of the pre-initiation complex (PIC) at the
promoter, followed by open complex formation and initiation. The recruitment of
coactivators and GTFs to the promoter region, along with the modification of chromatin
structure by chromatin remodeling proteins, sets the stage for productive transcription.
These processes, which follow the establishment of a functional PIC, facilitate the
transition from a paused RNAP state to a phase of productive initiation and subsequent
elongation of the RNA transcript. In the absence of these steps, RNAP may enter abortive
initiation, disengage from the DNA, and be recycled. Upon promoter clearance, the
nascent mRNA is capped at the 5" end. The cycle progresses to elongation, where RNAP
transcribes the gene, and navigates splicing checkpoints and ultimately reaches
termination upon completing the open reading frame (ORF). This leads to cleavage and
polyadenylation of the pre-mRNA. Post-termination, the transcription machinery can be
reassembled for subsequent rounds of transcription, with the assistance of factors like
CPSF and CstF (Jong Chan Hong, 2016).

Chromatin-modifying factors

Mediator
GTFs
RNAP
TFs
Preinitiation
Complex (PIC) Or?(irigiﬁﬂex
Formation RNAP
Profho Recycle
RNAP Recycle & T

w -{ Abortive Initiation ]

Cleavage and Elongation _j RNAP

Polyadenylation Checkpoint Pause

" CEgion>

Produame
Elongation

Figure 1.2: Eukaryotic transcription cycle. The main phases of transcription are
highlighted in cyan and important regulation steps are indicated in blue. Additionally,
abortive initiation is an alternative pathway of the initiation phase. The circle in the
middle represents the location of events in relation to their position on the gene. Created
with BioRender.com.



1.2.1 Initiation

During initiation, an activator identifies and attaches to an enhancer sequence located
upstream of the promoter. This interaction facilitates the sequential recruitment of GTFs
(Lin and Green, 1991; Kuras and Struhl, 1999; Li et al., 1999), including TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, TFIIH, along with RNAP, in the following manner:

1) TFIID initially binds to the promoter region, predominantly via its TATA-binding

protein (TBP) component, which specifically recognizes promoter element known
as the TATA box (Nakajima et al., 1988; Buratowski et al., 1989).

2) TFIIA joins the complex and stabilizes TFIID’s binding to the DNA (Lee et al.,
1992; Imbalzano et al., 1994).

3) TFIIB is recruited next, binding to both TFIID and the DNA. It precisely defines
the distance from the TATA box to the transcription start site (TSS) by facilitating
the contact between the TATA DNA and RNAP. This interaction ensures that
RNAP is positioned at the correct distance from the enzyme's active center,
critical for initiating transcription effectively (Kerstin et al., 1996).

4) RNAP, guided by TFIIB, then attaches to the complex, positioned to begin RNA
synthesis (Kerstin et al., 1996).

5) TFIIF is already associated with RNAP and helps stabilize its interaction with
TFIIB and TFIID (Tan et al., 1994).

6) TFIIE and TFIIH are the last to join. TFIIE, through its direct interaction with
RNAP (Kerstin et al., 1996), facilitates the recruitment of TFIIH (Maxon et al.,
1994), which possesses helicase activity to unwind the DNA and kinase activity
essential for phosphorylating RNAP CTD (Ohkuma et al., 1995), triggering the
transition from initiation to elongation.

Together, these components assemble into the stable (closed) form of the PIC at the
promoter. In the presence of ATP and other ribonucleoside triphosphates, TFIIH utilizes
ATP hydrolysis to facilitate the melting of a ~10 base pair region upstream of the TSS.
This action leads to the formation of an activated, yet unstable (open), PIC (Dvir et al.,
1996; Holstege et al., 1996), which is then followed by the initiation of transcription and
promoter clearance (Jiang et al., 1996).

After the formation of the open PIC and the start of RNA synthesis, RNAP must clear
the promoter. Initially, during initiation, the CTD of RNAP is largely unphosphorylated.
The escape of RNAP from promoter involves the phosphorylation of the CID,
particularly at serine 5 residues by TFIIH, which reduces its affinity for promoter-bound
complexes (Dvir et al., 1997) and recruits capping enzyme to the nascent RNA (Schroeder
et al., 2000; Komarnitsky et al., 2000).

1.2.2 Elongation



As RNAP moves away from the promoter and begins synthesizing RNA, there is a
transition phase where initiation factors are released or exchanged for elongation factors
(Roeder, 2005). Promoter-proximal pausing occurs in this transition, where RANP
experiences a temporary halt (Rougvie and Lis, 1988; Rasmussen and Lis, 1993; Rougvie
and Lis, 1990). This pausing serves as a crucial checkpoint, allowing for the integration
of regulatory signals before proceeding with productive transcription elongation (Wen
and Shatkin, 1999; Lindstrom et al., 2003; Mandal et al., 2004). The release of RANP from
this paused state is primarily mediated by the Positive Transcription Elongation Factor
b (P-TEFb), which phosphorylates the Ser2 residues on the CTD of RANP (Yang et al.,
2001; Nguyen et al., 2001). P-TEFD also targets the negative elongation factors, Negative
Elongation Factor (NELF) and DRB Sensitivity-Inducing Factor (DSIF), with
phosphorylation converting DSIF into a factor that positively influences elongation
(Peterlin and Price, 2006).

Various DNA-binding proteins can influence elongation by interacting directly with
RNAP (Sims III et al., 2004) or by modifying the chromatin landscape (Bowman and
Poirier, 2015). Transcription factors that bind to enhancer or silencer regions can recruit
coactivators or corepressors, influencing RNAP's elongation efficiency (Lambert et al.,
2018). The phosphorylation of Ser2 acts as a beacon, signaling the recruitment of a suite
of elongation factors that enhance RANP's processivity (Ho and Shuman, 1999;
Komarnitsky et al., 2000; Ahn et al., 2004; Bowman and Kelly, 2014; Gonzalez-Jiménez et
al., 2021). These factors play instrumental roles in modulating the chromatin landscape
ahead of RNAP, ensuring efficient and accurate transcription. Among these, SPT6
(Endoh et al., 2004; Ardehali et al., 2009), TFIIS (Kulish and Struhl, 2001; Ishibashi et al.,
2014; Schweikhard et al., 2014), and FACT (Orphanides et al., 1998; Hsieh et al., 2013;
Jeronimo et al., 2021; Ehara et al.,, 2022) are key players that contribute to stabilizing
RNAP on the DNA template, enabling smooth transcription through nucleosomal
barriers, and rectifying errors in RNA synthesis, respectively.

As RANP embarks on the elongation phase, it encounters a further layer of regulatory
complexity. The chromatin environment, marked by specific histone modifications and
the strategic placement of nucleosomes, along with DNA-binding proteins, exerts a
substantial influence on RNAP's transcriptional velocity (Knezetic and Luse, 1986; Lorch
et al., 1987; Chen et al., 2019). During elongation, histone tails undergo various post-
translational modifications, such as methylation, acetylation, phosphorylation, and
ubiquitination (Bowman and Poirier, 2014). These modifications can either facilitate or
hinder RNAP's progress by altering chromatin's compactness and accessibility. For
example, acetylation of histone tails generally promotes a more open chromatin
structure, enhancing transcriptional activity (Li et al., 2007). Nucleosomes can act as
natural barriers to RNAP (Kireeva et al., 2005). Their strategic placement along the DNA
and the remodeling of chromatin by ATP-dependent chromatin remodelers play critical
roles in regulating transcription elongation (Singl et al., 2021; Singh and Mueller-Planitz,
2021). Remodelers can reposition nucleosomes, temporarily evict them, or facilitate the
incorporation of histone variants, thus modulating RNAP's access to the DNA template
(Becker and Workman, 2013; Li et al., 2015).



In essence, the transition of RNAP from initiation through promoter-proximal
pausing to the elongation phase embodies a complex regulatory framework. This
intricately orchestrated process ensures that transcription elongation is not only a matter
of RANP traversing the DNA but is a finely tuned response to a plethora of cellular
signals and chromatin states, culminating in the precise expression of genetic
information.

1.2.3 Termination

Transcription termination is a critical phase in the process of gene expression,
marking the conclusion of transcription by RANP. This phase ensures the proper release
of the newly synthesized pre-messenger RNA (pre-mRNA) from the DNA template and
the disengagement of RNAP from the DNA, preventing potential interference with the
transcription of downstream genes (Greger et al., 2000) and allowing the enzyme to be
recycled for future transcription events. Transcription termination is intricately
regulated and requires a coordinated interplay of various molecular factors to achieve
precise control over the end of transcription (Richard and Manley, 2009).

The termination of transcription in eukaryotes involves several key steps and
mechanisms, distinguishing it from the simpler processes observed in prokaryotes
(Kuehner et al., 2011; Ray-coni et al., 2016; Roberts, 2019). One central aspect of
eukaryotic termination is the coupling with RNA processing events (Proudfoot et al.,
2002; Buratowski, 2005), particularly cleavage (Dye and Proudfoot, 2001; Teixeira et al.,
2004; Nabavi and Nazar, 2008)) and polyadenylation of the pre-mRNA (Whitelaw and
Proudfoot, 1986; Logan et al., 1987; Connelly and Manley, 1988; Tian and Graber, 2011),
which are crucial for the maturation of mRNA and its subsequent translation into
proteins. This coupling ensures that the pre-mRNA is properly processed and
polyadenylated before being released, contributing to the stability and translational
efficiency of the mRNA.

Two main models describe the mechanisms of transcription termination in
eukaryotes: the allosteric model and the torpedo model (reviewed in Rosonina et al.,
2006). The allosteric model proposes that changes in the structure and composition of the
transcription complex, triggered by specific sequences or processing events, lead to the
termination of transcription. Conversely, the torpedo model suggests that the
exonucleolytic degradation of the nascent RNA downstream of the cleavage site by
specific exonucleases catches up to the slowing Pol II, promoting its release from the
DNA.

The termination process also involves specific protein factors, such as the cleavage
and polyadenylation specificity factor (CPSF) and the cleavage stimulation factor (CstF),
which recognize signal sequences in the pre-mRNA and initiate the cleavage and
polyadenylation process (Kaufmann et al., 2004; Lackford et al., 2014; Li et al., 2015;
Takagaki et al., 1990; Takagaki and Manley, 1997; Perez Canadillas and Varani, 2003).
Additionally, termination factors like Rat1/Xrn2 exonuclease in the torpedo model play



crucial roles in ensuring efficient termination and RNAP recycling (Kim et al., 2004; Luo
et al., 2006; Chalamcharla et al., 2015; West et al., 2004; Brannan et al., 2012; Eaton et al.,
2018).

1.3 Chromatin Structure

In eukaryotic cells, DNA is well protected and packaged into higher-order structure
by the fundamental building block known as nucleosome. Previous research has
revealed that nucleosome packaging of the DNA template influences every aspect of
transcription, from initiation through elongation to termination (Workman and
Kingston, 1998). The dynamic nature of chromatin structure allows for the intricate
regulation of gene expression, ensuring that genes are expressed at the right times and
in the correct cell types and also suggests that the principles and mechanisms of
transcription on naked DNA, as understood from prokaryotic studies, may not be
directly applicable in this context.

1.3.1 Nucleosome structure

At its simplest level, chromatin is organized into the nucleosome, the basic unit of
chromatin structure (Figure 1.3). The nucleosome core is composed of ~ 147 base pairs of
DNA wrapped in 1.65 left-handed turns around a histone octamer (two each of H2A,
H2B, H3, and H4) known as ‘beads-on-a-string’ (Olins and Olins, 1974), establishing 14
contact points between histone proteins and DNA (Kornberg, 1974; Luger et al., 1997). A
linker DNA of variable length, associated with the H1 histone, connects adjacent
nucleosomes. Within the nucleosome, the positively charged lysine and arginine
residues of histone proteins form electrostatic interaction with the negatively charged
phosphate backbone of the DNA, occurring at intervals of 10 base pairs (Kujirai and
Kurumizaka, 2020). The resulting nucleosome structure is regarded as the first level of
hierarchical packing of the genome. This packaging of DNA protects it against damaging
while simultaneously restricting the accessibility of the underlying DNA sequences.
Previous biochemical and biophysical studies have demonstrated that a nucleosome
downstream of the elongating RNAP stalls transcription extensively (Shaw et al., 1978;
Izban and Luse, 1992; Bednar et al., 1999; Bondarenko et al., 2006; Hall et al., 2009; Chen
et al., 2019). Contrastingly, both sequencing and imaging studies conducted in vivo
reveal that the transcription of nucleosomal DNA proceeds at speeds similar to that of
naked DNA, despite the presence of nucleosomal barriers observed in vitro (Singh and
Padgett, 2009; Fuchs et al., 2014; Darzacq et al., 2007; Larson et al., 2011; Garcia et al.,
2013; Fukaya et al., 2018; Liu et al., 2021).



Figure 1.3: Three-dimensional structure of the nucleosome. (A) Top view of the
nucleosome. (B) Front view of the nucleosome. (C) Side view of the nucleosome. In all
panels, the histone proteins are highlighted in grey. The DNA is shown in magenta.

1.3.2 Post-translational modification of nucleosome

Post-translational modifications (PTMs) of nucleosomes play a critical role in the
regulation of gene expression and the maintenance of genomic integrity (Millan-
Zambrano et al., 2022). Nucleosomes, the fundamental units of chromatin, consist of
DNA wrapped around histone protein octamers. These histone proteins, particularly
their N-terminal tails, are subject to a diverse array of PTMs, including methylation
(Zhang and Reinberg, 2001; Greer and Shi, 2012; Miller and Grant, 2013; Hyun et al.,
2017), acetylation (Struhl, 1998; Roth et al., 2001; Eberharter and Becker, 2002; Di Cerbo
et al., 2014), phosphorylation (Wei et al., 1999; Lo et al., 2005; Rossetto et al., 2012),
ubiquitination (Zhang, 2003; Chandrasekharan et al., 2009; Cao and Yan , 2012), and
sumoylation (Nathan et al., 2003; Shiio and Eisenman, 2003; Ryu and Hochstrasser, 2021).
Each of these modifications can influence chromatin structure and function in nuanced
ways, affecting the accessibility of DNA to transcription factors, the machinery for DNA
replication, repair, and the overall chromatin dynamics.

Methylation and acetylation are among the most studied PTMs of histones.
Methylation of lysine or arginine residues on histones can either activate (Vermeulen et
al., 2007; Lauberth et al.,, 2013) or repress (Miiller et al., 2002; Yamane et al., 2007)
transcription, depending on the specific residue modified and the degree of methylation
(Hyun et al.,, 2017). Acetylation of lysine residues, on the other hand, is generally
associated with transcriptional activation by weakening the interaction between histones
and DNA, thereby making the chromatin more accessible (Mutskov et al., 1998).
Phosphorylation of histone tails, particularly during cell division and in response to
DNA damage, marks significant chromosomal events and is crucial for chromosome
condensation, segregation (Wei et al., 1999), and the DNA damage response (Foster and
Downs, 2005). Ubiquitination, often linked with histone degradation and transcriptional
regulation (Shmueli et al, 2022), and sumoylation, generally associated with
transcriptional repression (Shiio and Eisenman, 2003), further exemplify the complexity



of nucleosome regulation by PTMs.

The combinatorial nature of these modifications, often described as the "histone
code," dictates distinct chromatin states that determine gene expression patterns. For
instance, specific patterns of PTMs recruit chromatin remodelers or histone modifiers to
specific genomic loci, modulating the transcriptional outcome. These dynamic PTMs
facilitate the cell's ability to rapidly respond to internal signals and external
environmental cues by altering gene expression.

1.3.3 Chromatin higher-order structure

Nucleosomes organize into chromatin fibers, broadly classified into euchromatin and
heterochromatin (Morrison and Thakur, 2021). Euchromatin, less condensed and gene-
rich, facilitates gene expression by allowing easy access for the transcription machinery,
responding quickly to cellular and environmental changes through histone
modifications like methylation (Ng et al., 2003; Barski et al., 2007). In contrast,
heterochromatin is more compact, restricting access to transcription factors, thus
silencing transcription (Richards and Elgin, 2002; Saksouk et al., 2015; Penagos-Puig and
Furlan-Magaril, 2020). Found in repetitive sequence regions and crucial for genome
stability, heterochromatin's dense structure is reinforced by specific histone
modifications, such as H3K9 methylation, playing a key role in processes like X-
chromosome inactivation (Keniry et al., 2016).

Chromatin extends beyond nucleosomes into higher-order structures critical for gene
regulation and spatial genome organization. The 30 nm fiber, a subject of ongoing
research, potentially compacts chromatin further, though its exact role in cells remains
debated (Chen et al., 2021). Chromatin loops, anchored by proteins like CTCF and
cohesin, organize the genome into topologically associating domains (TADs), which
regulate interactions between enhancers and promoters, thereby influencing gene
expression (Wutz et al., 2017; Nuebler et al.,, 2018; Szabo et al., 2019). Additionally,
chromosomes are organized within the nucleus into discrete, non-overlapping
chromosome territories (Visser et al., 1999; Williams, 2003). These territories contribute
to the regulation of gene expression by affecting the spatial arrangement of the genome.
These structures not only contribute to the compact packaging of the genome within the
limited confines of the nucleus (Zuleger et al., 2011) but also play vital roles in regulating
gene expression through spatial and temporal control mechanisms (Branco and Pombo,
2006; Schneider and Grosschedl, 2007; Kalhor et al., 2012). As research progresses,
understanding these higher-order chromatin organizations continues to provide insights
into the intricate regulation of gene expression and its implications for development,
health, and disease.

1.4 Experimental and computational tools



1.4.1 Cryogenic electronic tomography

Cryo-ET is a cutting-edge imaging technique that has revolutionized our
understanding of cellular and molecular structures at near-atomic resolution in their
native state. By rapidly freezing samples to cryogenic temperatures, cryo-ET preserves
biological specimens in a close to natural, hydrated state, avoiding the artifacts
introduced by traditional sample preparation methods like dehydration and staining.
This technology provides a three-dimensional (3D) view of complex biological
assemblies, enabling researchers to visualize the intricate details of cellular components,
such as the organization of the cytoskeleton (Gui et al., 2023), the structure of organelles
(Weber et al., 2019), and the interaction between macromolecules (Murata and Wolf,
2018).

The process involves tilting the frozen sample at various angles within an electron
microscope to collect a series of two-dimensional (2D) images, which are then
computationally reconstructed into a 3D volume, offering unprecedented insights into
the spatial organization of biological structures. Cryo-ET bridges the gap between
traditional electron microscopy, which offers high-resolution images of biological
samples, and techniques like X-ray crystallography or NMR spectroscopy, which
provide atomic resolution of purified proteins but lack the context of the cellular
environment (Wang and Wang, 2017; Gauto et al., 2019).

As a powerful tool for structural biology, cryo-ET is instrumental in advancing our
understanding of the mechanisms underlying cellular processes and the architecture of
viral particles, membrane-bound organelles, and large protein complexes. Its ability to
capture snapshots of biological processes in action opens new avenues for exploring the
dynamic nature of life at the molecular level, with significant implications for drug
discovery, the development of therapeutic interventions, and our overall understanding
of life's complexity.

1.4.2 Live cell imaging with nascent RNA labeling

Live cell imaging with nascent RNA labeling has emerged as a transformative
approach for studying RNA synthesis and dynamics within living cells, marking a
significant leap from traditional, fixation-based methods. This technique harnesses the
capabilities of fluorescence microscopy and RNA labeling to provide a real-time window
into gene expression processes. By employing fluorescent markers to tag nascent RNA
molecules, it enables direct observation of transcriptional activities (Wansink et al., 1993),
RNA movement (Briley et al., 2015), and interactions within the cellular environment
(Rackham and Brown, 2004; Huranova et al., 2009; Han et al., 2014; Alam et la., 2017).

Historically, the investigation of transcription in vivo heavily relied on cell fixation,
a method that, while useful for capturing high-resolution snapshots of cellular states,
freezes biological processes in time (Coons, 1961; Moter and Gobel, 2000; Dyba et al.,
2003; Rust et al., 2006). This approach inherently lacks the capacity to track the unfolding

10



dynamics of transcription, limiting insights into the temporal aspects of RNA behavior
and gene activity. The static nature of these traditional methods highlighted a critical gap
in our ability to observe transcription as an active process, paving the way for the
development of live cell imaging techniques.

The advent of systems like MS2 and PP7 stem-loops has been pivotal in advancing
the study of transcription, particularly elongation, in the context of living cells. These
systems employ RNA stem-loops that bind to bacteriophage-derived coat proteins
tagged with fluorescent markers, making it possible to visualize nascent RNA transcripts
in real-time (Johansson et al., 1997; Tutucci et al., 2018). This method allows for the
engineering of gene constructs that include these stem-loop sequences, enabling the
specific visualization of RNA as it is being transcribed. Figure 1.4A gives an overview of
how a dual color labeling system works. In this configuration, a reporter gene is
engineered to contain multiple copies of MS2 and PP7 stem-loop sequences. Taking MS2
as an illustrative example, during transcription, the emerging RNA adopts hairpin loop
structures. These loops are specifically recognized and bound by a constitutively
expressed coat protein, tailored to be complementary to the MS2 sequences and fused to
the fluorescent protein mCherry. This interaction leads to an accumulation of the
fluorescent protein at the site of active transcription, manifesting as a fluorescent
punctum (Figure 1.4B). This punctum acts as a quantitative indicator, reflecting the
abundance of nascent RNA transcripts generated from the gene. The intensity of
fluorescence observed in a specific channel linearly correlates with the number of
actively engaged RNAP molecules on the gene. By analyzing fluorescent signals from
both channels, the transcription elongation rate can be determined. This is achieved by
dividing the number of base pairs between the MS2 and PP7 stem loops by the time
required for their transcription. Such a method provides a precise measure of
transcription dynamics, allowing the quantification of elongation rates across different
genomic contexts.
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Figure 1.4: Overview of nascent RNA labeling through MS2 and PP7 stem-loop
system. (A) Stem loop sequences (e.g., 24 copies of MS2 or PP7 before and after sequence
of interest) are inserted into the body of a gene, producing hairpin loops in the nascent
RNA transcripts. Complementary RNA binding proteins fused with fluorescent proteins
then detect and bind to these RNA hairpin loops, resulting in the localization of
fluorescence at the transcriptional locus. Created with BioRender.com (B) Exemplar
fluorescence data on transcription elongation dynamics in live cell Drosophila embryos.
When a tagged gene is active, fluorescent puncta will appear in a microscope’s field of
view in a sequential manner, red for the MS2 stem loop and green for the PP7. Created
with BioRender.com.

1.4.3 Next generation sequencing and ATAC-seq

Next-Generation Sequencing (NGS) represents a suite of advanced technologies that
have revolutionized genomic research by enabling the rapid sequencing of DNA and
RNA at unprecedented scales and costs (Niedringhaus et al., 2012; Behjati and Tarpey,
2013; Liu et al,, 2014; Slatko et al.,, 2018). Emerging in the early 21st century, NGS
technologies have facilitated a wide range of applications, from whole-genome
sequencing (Ng and Kirkness, 2010) and targeted gene panels to transcriptome analysis
(Mutz et al., 2013) and epigenetic studies (Meaburn and Schulz, 2012). By allowing
scientists to sequence millions of fragments simultaneously, NGS provides a
comprehensive snapshot of the genetic landscape, uncovering variations and mutations,
elucidating gene functions, and exploring the complexities of gene expression and
regulation (Vogelstein et al., 2013; Hussmann et al., 2021).

Among the diverse applications of NGS, Assay for Transposase-Accessible
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Chromatin using sequencing (ATAC-seq) stands out as a powerful technique designed
to probe chromatin accessibility across the genome. ATAC-seq leverages the precision of
NGS to map open chromatin regions and identify DNA sequences that are not tightly
packed within nucleosomes, indicating active regulatory regions such as enhancers,
promoters, and insulators. This is achieved through the use of a hyperactive Tn5
transposase that inserts sequencing adapters into accessible regions of DNA. The DNA
is then sequenced, revealing areas of the genome that are open and likely involved in
transcriptional regulation (Buenrostro et al., 2015).

The integration of ATAC-seq with NGS technology has dramatically enhanced our
understanding of the epigenetic landscape and its impact on gene expression (Luo et al.,
2022), cellular differentiation (Ranzoni et al., 2021), and the development of diseases
(Wang et al., 2018). ATAC-seq requires relatively low input material compared to other
chromatin accessibility assays, making it particularly suitable for limited or precious
samples, including single-cell analyses (Beak and Lee, 2020). This has opened new
avenues for studying cellular heterogeneity and the dynamics of chromatin accessibility
in complex tissues and developmental processes.

1.5 Overview of dissertation

This dissertation is organized into four major chapters that delve into the
complexities of transcription through nucleosomal DNA. Chapter 2 focuses on using
purified proteins to reconstitute the transcription elongation complex in vitro. Here, we
demonstrate that nucleosomes act as significant barriers to transcription, with RNAP
alone unable to efficiently bypass these obstacles. In Chapter 3, we utilize cryo-ET to
obtain detailed structural insights into the interactions between RNAP and nucleosomes
during transcription, providing visual evidence of the transcriptional challenges posed
by nucleosomes.

Chapter 4 transitions to an in vivo setting within Drosophila embryos to explore how
transcription is influenced by nucleosome positioning sequences previously studied in
vitro. Surprisingly, we find that transcription elongation rates are not significantly
impacted by the presence of these sequences, suggesting a disparity between in vitro and
in vivo transcription dynamics.

Finally, Chapter 5 extends the investigation into nucleosome positioning by
employing ATAC-seq to analyze chromatin accessibility. This analysis reveals that,
contrary to in vitro findings, the underlying DNA sequence does not significantly
influence nucleosome positioning within the cellular context. This suggests that
additional cellular factors may mitigate the impact of nucleosome positioning on
transcription in vivo.
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Chapter 2

Characterization of transcription on
nucleosomal DNA with purified
components

2.1 Introduction

The characterization of transcription on nucleosomal DNA using purified
components is a critical area of study that delves into the fundamental mechanisms by
which the transcription machinery interacts with chromatin. This line of research
provides insights into the biophysical and biochemical aspects of how nucleosomes, the
basic units of chromatin composed of DNA wrapped around histone proteins, affect
transcriptional processes.

In vitro systems that use purified components, such as RNAP, general transcription
factors, and reconstituted nucleosomes, allow for controlled studies of transcriptional
initiation (Nogales et al., 2017), elongation (Palangat et al., 2012), and termination
(Artsimovitch and Henkin, 2009). By employing these purified elements, researchers can
meticulously analyze how specific histone modifications, the positioning of nucleosomes
along the DNA, and the presence of various histone variants influence the efficiency and
fidelity of transcription.

One key focus is on understanding how RNAP navigates through the nucleosomal
barrier. Nucleosomes can impede the progress of RNAP (Studitsky et al., 2017), making
it essential to study how transcription factors and chromatin remodelers facilitate
transcriptional elongation through these structures. The dynamic removal and
reassembly of nucleosomes during transcription, a process assisted by chromatin
remodelers and histone chaperones, are crucial for regulating gene expression and
ensuring genomic stability (Becker and Workman, 2013; Lai and Pugh, 2017).

Furthermore, these studies often aim to replicate the natural chromatin environment
as closely as possible, although the complexity of in vivo conditions can never be fully
duplicated in vitro. Nonetheless, these experiments are invaluable for dissecting the
mechanical and structural challenges that the transcription machinery encounters and
for identifying the strategies it employs to overcome these challenges.

Overall, the characterization of transcription on nucleosomal DNA using purified
components helps to bridge our understanding of molecular biology from basic
biophysical interactions to complex cellular functions, shedding light on the regulatory
strategies cells use to control gene expression.

14



In this chapter, we explore the assembly of transcription elongation complex (TEC)
using yeast RNAP, focusing on templates that incorporate extensive upstream and
downstream DNA with and without nucleosomes. We compared two traditional in vitro
methods: the sequential assembly method and the mismatch bubble assembly method.
By employing mismatch bubble method, we can better understand how RNAP alone can
overcome the nucleosome barrier in vitro. This approach allows for a more accurate
simulation of the transcriptional process, providing insights into the mechanics of RNAP
progression in environments structured similarly to natural chromatin. Through
detailed experimentation, we aim to elucidate the mechanics behind RNAP's ability to
navigate complex chromatin landscapes, thereby contributing to our understanding of
transcriptional regulation in a chromatin context.

2.2 Results

2.2.1 Sequential TEC assembly is effective in assembling TECs,
but has non-specific ligation products with downstream
component

Sequential TEC assembly involves annealing RNA to the template DNA strand, the
incorporation of RNAP into the DNA-RNA hybrid, followed by addition of non-
template DNA strand (Palangat et al., 2012).

To study RNAP transcription elongation on various DNA templates, the entire DNA
construct needs to be several hundred base-pairs long to allow the assembly of
nucleosome on the downstream DNA component. Nonetheless, the efficiency of TECs
decreases with the increased length of the template and non-template DNA strands used
in sequential assembly. In other words, the downstream components must be ligated to
the TECs only after they are fully assembled, and the options for further purification of
the ligated complex are quite restricted. Therefore, we initially investigate the ligation
between the double-stranded bubble DNA, utilized in TEC assembly, and the
downstream nucleosome, using either E. coli DNA ligase or T4 DNA ligase.
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Figure 2.1 Schematic of sequential TEC assembly. (A) The template DNA strand
colored in blue, and bubble sequence is indicated by the curved region. (B) Annealing
the RNA oligo, colored in red, to the template DNA. (C) Binding the RNAP, colored in
yellow, to the pre-annealed RNA-DNA hybrids. (D) Addition of the non-template DNA
strand, colored in black, to the RNA-DNA-RNAP complex and the 3 DNA overhang
created during this process is capable of being ligated to the downstream components.
Created with BioRender.com.

As shown in Figure 2.2, neither E. coli DNA ligase nor T4 DNA ligase can efficiently
ligate the nucleosome loaded on a Widom 601 NPS (Lowary and Widom, 1998; Thastrom
et al., 1999) to the bubble DNA, even when nucleosomes are provided in excess of more
than 3-fold. In the ligation experiment, the presence of multiple bands observed in native
polyacrylamide gel electrophoresis (PAGE) of the purified nucleosome sample indicates
that the sample comprises a mixture of bare DNA, hexasomes, and octasomes. This
diversity in nucleosome species adds an extra layer of complexity to the ligation reaction,
as each type of nucleosome can differently affect the efficiency and outcome of the
ligation process. This variation suggests that the sequential assembly may not be suitable
for our subsequent experiments due to the unpredictable nature of ligation outcomes
with varied nucleosome compositions. In light of these complexities, we have decided to
shift our approach to the mismatch bubble assembly method. This alternative technique
addresses the challenges associated with ligation variability by first ligating the
mismatch bubble DNA to the NPS before nucleosome assembly. This method ensures a
more controlled and consistent nucleosome configuration, facilitating more reliable
outcomes in our experimental processes and a more homogeneous sample preparation
for our cryo-ET experiments, will be discussed in chapter 3. Further details on the
preparation of nucleosomes using this method will be elaborated in the following
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Figure 2.2 Inefficient ligation of double-stranded bubble DNA, used in sequential
TEC assembly, to a purified nucleosome when using neither E.coli DNA ligase
nor T4 DNA ligase. (A) Schematic of ligation setup. Double-stranded bubble DNA is
colored in blue and black, and the overhang generated during TEC assembly is color in
red. In this ligation test, RNA and RNAP are omitted during TEC assembly, only
template and non-template DNA strands are used. Nucleosome is loaded on Widom 601
sequence, colored in black and grey, and DNA overhang on the 5’ end is colored red. The
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ligation is set up by mixing bubble DNA, nucleosome, and T4 DNA ligase or E.coli DNA
ligase. (B) Ligation with E.coli DNA ligase and (C) with T4 DNA ligase are both
inefficient, even nucleosome sare 3-fold in excess than the bubble DNA used in reactions.
Both ligation experiments were assessed by a 4% Native PAGE with SYBR-safe staining
the DNA. Created with BioRender.com.

2.2.2 Mismatch TEC assembly enables homogeneous sample
preparation

In contrast to sequential TEC assembly, mismatch TEC assembly does not require the
addition of the non-template DNA strand to the DNA-RNA hybrid. Instead, the
transcription bubble is created through a 9 base-pair noncomplementary region within
the double-stranded DNA and ligation to the downstream component can be performed
prior to the assembly of RNAP (Kujirai et al., 2018; zhang et al., 2021). With mismatch
TEC assembly, after ligating the double-strand DNA containing the mismatch bubble,
further purification can be conducted on both the DNA itself and the DNA loaded with
histone octamers. The preparation of the DNA and loading of the nucleosome will be
discussed in the Material and Method section. We then evaluate the efficiency of RNAP
loading on the DNA, as demonstrated in Figure 2.3B. Despite RNAP being provided in
excess (4-fold compared to DNA template), only a portion of DNA successfully has
RNAP loaded onto it, shown as the RNAP Loaded band in Figure 2.3B. Those DNA
without RNAP loaded are represented by the Bubble DNA band. This loading
inefficiency will not impact our bulk biochemistry experiments. However, it will
introduce additional complexity into our system for cryo-ET studies. Consequently, we
will incorporate further selection steps during sample preparation for cryo-ET to
mitigate this issue.

2.2.3 Transcription on bare or nucleosomal DNA with mismatch
bubble initiation

To explore the impact of nucleosomes on transcription in vitro, we employed
fluorescently labeled RNA, enabling us to track the elongation of nascent RNA. For this
purpose, we utilized RNAP purified from cultured budding yeast, along with
nucleosomes assembled using native human histone octamers. By adopting the
mismatch bubble assembly technique for RNAP, as detailed in section 2.2.2, we were able
to efficiently load RNAP onto either bare DNA or DNA wrapped in nucleosomes.
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Figure 2.3 Mismatch TEC assembly demonstrates inefficient loading of RNAP
onto DNA, yet effectively minimizes the formation of nonspecific products. (A)
Schematic of mismatch TEC assembly. The assembly is conducted by mixing DNA
containing a 9-nt noncomplementary region, RNA primer, and RNAP. (B) Loading of
RNAP onto purified bubble DNA featuring a 9-nt mismatch and a downstream Widom
601 sequence. The upper most band on the top of the third lane indicates bubble DNA
with RNAP successfully loaded and the bottom most band is the free RNA primer. The
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loading was assessed by 4% Native PAGE with SYBR-safe staining DNA. Created with
BioRender.com.

Fluorescently labeled RNA was used to follow transcription, as illustrated in Figure
2.4. The bands in this figure represent RNA transcripts of varying lengths: lower bands
correspond to shorter RNA transcripts, while upper bands correspond to longer RNA
transcripts. The upper most band, run-off, corresponds to the longest RNA transcripts
that were synthesized. The TECs are assembled by combining the DNA template, with
or without nucleosome, RNA, and RNAP. This mixture is then incubated at 37°C for an
hour to facilitate more complete assembly of the TECs. The transcription is reinitiated by
the addition of all four ribonucleotides (rNTPs), each at 1 mM, at room temperature and
the reactions are quenched at various time points by the introduction of formamide
loading buffer. In the absence of NTPs, RNAP is unable to extend the RNA, resulting in
the RNA maintaining its original length. When transcribing on the bare DNA template,
RNAP encountered a significant pausing site immediately adjacent to the mismatch
bubble region, denoted as initial pauses. Once these pauses were overcome, RNAP
proceeded to transcribe to the end of the DNA template smoothly, completing the
transcription of entire template in less than 10 minutes. These initial pauses will be
further discussed in the subsequent section. When transcribing on a nucleosomal DNA
template, RNAP not only encountered the same initial pauses observed with the bare
DNA template but also faced multiple pausing sites within the NPS region. Over time,
RNAP is capable of clearing the nucleosome and this clearance is evidenced by
increasing intensity of the run-off over time. However, a significant portion of
transcribing RNAP remains hindered by the nucleosome, even after 10 minutes of
transcription, as shown by the bands in the NPS region. This observation indicates that
RNAP alone struggles to efficiently overcome even a single nucleosome barrier. In
contrast, within a cellular context where the gene body is densely packed with multiple
nucleosomes, RNAP can still achieve transcription elongation rate of approximately 30
base-pairs per second, equating to 2 kilobase-pairs per minute. This discrepancy
highlights the critical role of transcription factors in vivo, which significantly mitigate
the nucleosome barrier and enhance transcription efficiency.
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Figure 2.4 Transcription on bare or nucleosomal DNA with and without rNTPs.
(A) Schematic of DNA construct. A Widom 601 sequence for nucleosome loading is
located on the downstream of a 9-nt mismatch bubble (B) Transcription reaction
procedure. TECs are assembled by mixing either bare DNA or the same DNA pre-
loaded with human nucleosome with an RNA primer and RNAP, followed by
incubation at 37 °C for an hour. Subsequently, either ImM of each rNTPs or reaction
buffer is added, and the mixture is incubated at room temperature (R.T.). The
reactions are quenched at various time points by the addition of formamide loading
buffer. (C) Denature PAGE to check the transcription product. With 1 mM rNTPs,
RNAP transcribing on bare DNA reaches run-off without any pause at the NPS
region. Conversely, RNAP transcribing on nucleosomal DNA experiences multiple
pauses at the NPS region, yet it gradually reaches run-off with extended reaction
time. Created with BioRender.com.

2.3 Conclusions

In this chapter, we focused on the efficient assembly of TEC using yeast RNAP across
various DNA templates, particularly those that incorporate nucleosomes. We performed
a comparative analysis of two primary in vitro assembly methods: the sequential
assembly method and the mismatch bubble assembly method. The findings indicate that
while both methods are effective in assembling TECs, the sequential assembly method
often results in suboptimal ligation with downstream components, which can limit the
functionality of the complexes in subsequent experiments. On the other hand, the
mismatch bubble assembly method provides a more robust alternative, particularly
useful for studies aimed at understanding how RNAP navigates nucleosomal barriers.
This method not only enhances the ligation efficiency but also enables a more controlled
study of transcription through nucleosomal DNA by circumventing the issues
encountered with sequential assembly.

The experiments conducted reveal that RNAP, when assembled using the mismatch
bubble method, can successfully overcome nucleosome barriers in vitro, albeit with some
difficulty, highlighting the challenges RNAP faces in a chromatin context. This setup
allows for a more accurate simulation of the transcriptional process, reflecting more
closely the natural chromatin environment.

In conclusion, we enhance our understanding of the mechanical challenges inherent
in transcription through chromatin. It provides valuable insights into the dynamics of
RNAP interaction with nucleosomes and the effectiveness of different assembly methods
in replicating these complex biological processes. The findings underscore the
importance of choosing appropriate assembly techniques for studying transcriptional
mechanics in vitro and contribute significantly to our broader understanding of
transcription regulation within chromatin.
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2.5 Material and Methods

All DNA-modifying enzymes used in this study were purchased from NEB (New
England Biolabs, Ipswich, Massachusetts). Oligonucleotides were purchased from IDT
(Integrated DNA Technologies, Coralville, lowa), while nucleotide triphosphates were
purchased from Thermo Fisher Scientific (Waltham, Massachusetts). Standard salts and
buffer components were purchased from Sigma Aldrich (Burlington, Massachusetts),
unless specified otherwise in the text.

2.5.1 Protein preparation

The yeast RNAP used in this study was prepared as described previously (Kaplan et
al., 2008) and was a generous gift of Prof. Craig Kaplan. The RNAP was expressed at its
endogenous level and purified using a tandem-affinity epitope tag on the Rpb3 subunit.
The purification process involved initial binding of RNAP to an IgG column, followed
by release through overnight cleavage with TEV protease. The eluate from the IgG
column was subsequently passed through a Hi-Trap SP column (GE Healthcare,
Chicago, Illinois) and then subjected to buffer exchange into Uno-Q buffer (25 mM Tris-
Acetate, pH 7.5 at room temperature, 5% glycerol, 1 mM EDTA). The RNAP was then
loaded onto an Uno-Q column (Bio-Rad, Hercules, California), and the fractions
containing RNAP were eluted using a gradient of (NH4)2504. The eluted fractions were
pooled, concentrated, and the buffer was exchanged into in vitro transcription (TB)
buffer (20 mM Tris pH 8.0, 40 mM KCl, 5 mM MgCl2, 2 mM DTT, 5% glycerol). Aliquots
at a concentration of 1 mg/mL were snap-frozen in liquid nitrogen and stored at -80°C
until needed for experiments.

Histone octamer were prepared following the method outlined by Meng et al. (2022).
Human histone proteins H2A, H2B, H3, H4, were purchased from The Histone Source.
To reconstitute the wild-type histone octamer, lyophilized histones were initially
dissolved in unfolding buffer (20 mM Tris-HCl pH 7.5, 7 M guanidine hydrochloride, 10
mM DTT). These were then mixed in a molar ratio of H2A:H2B:H3:H4 = 1.2:1.2:1:1 and
dialyzed against 1 L of refolding buffer (10 mM Tris-HCl pH 8.0; 2 M NaCl; 1 mM EDTA;
5 mM DTT). The solution underwent four dialysis sessions, including three buffer
exchanges over 48 hours. After dialysis, the refolded octamer was centrifuged and
concentrated to approximately 0.5 mL, then applied to a Superdex 200 Increase 10/300
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GL column (Cytiva, Marlborough, Massachusetts) pre-equilibrated with refolding
buffer. This gel filtration step effectively separated the histone octamers from aggregates,
tetramers, and dimers. The fractions were analyzed using 15% SDS-PAGE, and those
containing the four histones in equimolar quantities—as determined by Coomassie blue
staining—were pooled and concentrated to about 10 mg/mL. These pooled fractions
were then stored at -80°C.

2.5.2 Synthesis of DNA templates for nucleosome reconstitution

A tandem-A sequence was incorporated into the pGEM-3z/601 (Addgene, #26656)
plasmid, which was then amplified in E. coli strain DH5a. The Widom 601 NPS
fragments were PCR amplified from this plasmid and subsequently purified using a
HiTrap-Q column (Bio-Rad, Hercules, California). Mismatch bubble DNA fragments
were prepared by annealing two complementary single-stranded DNA oligonucleotides.
These purified Widom 601 fragments underwent digestion with the Bsal-HF restriction
enzyme and were then ligated to the mismatch bubble fragments using T4 DNA ligase.
The ligation products underwent a two-step purification process: initially using a
HiTrap-Q column (Bio-Rad, Hercules, California), followed by 5% preparative PAGE
(59:1 acrylamide:bisacrylamide) via a Prep Cell apparatus (Bio-Rad, Hercules,
California) to ensure selection based on correct fragment length. The final DNA template
combines the Widom 601 NPS with the mismatch bubble, structured as follows:
non-template strand:

5 —
CGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCGA
ATTCTGGCCATCTTTGTGTTTGGTGTGTTTGGGCTTCTGTTTTCTCTTGCTTGCTTG
CCTGCTGGTCCGGGTTCCTTTTGTCCTTGGTTTGCTTGTTTCTTCAAAAAGAGTTC
ATCCCTTATGTGATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGA
GGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCG
CTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGT
GTCAGATATATACATCCTGTGCATGTATTGAACAGCGACCTTGCCGGTGCCAGT
CGGATAGTGTTCCGAGCTCCCACTCTAGAGGATCCCCGGCAGTGGGTGTACAG
AACGTCCAGTGAGATGCAT -3

template strand:

5 —
ATGCATCTCACTGGACGTTCTGTACACCCACTGCCGGGGATCCTCTAGAGTGGG
AGCTCGGAACACTATCCGACTGGCACCGGCAAGGTCGCTGTTCAATACATGCA
CAGGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGC
GGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGT
CTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGCGGCCGCGTAT
AGGGTCCATCACATAAGGGATGAACTCTTTTTGAAGAAACAAGCAAACCAAGG
ACAAAAGGAACCCGGACCAGCAGGCAAGCAAGCAAGAGAAAACAGAAGCCC
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AAACACACCAAACACAAGAGCTAATTGAATTCGCTGTTTCCTGTGTGAAATTGT
TATCCGCTCACAATTCCACACAACATACG -3

2.5.3 Loading and purification of nucleosome

Human histone octamers and DNA templates featuring Widom 601 NPS and
mismatch bubbles were combined in equimolar ratios in a high-salt buffer (10 mM Tris-
HCI pH 8.0; 2 M NaCl; 1 mM EDTA; 0.5 mM DTT; 1 mM PMSF) at a final DNA
concentration of 100 ng/uL. This assembly mixture was first dialyzed using a 3.5 kDa
dialysis membrane at 4°C against 500 mL of the same high-salt buffer for 1 hour. This
was followed by a gradual 36-hour lineal gradient dialysis against 2 L of low-salt buffer
(10 mM Tris-HCl pH 8.0; 1 mM EDTA; 0.5 mM DTT; 1 mM PMSF), with continuous
stirring. A final 3-hour dialysis was then performed against 500 mL of low-salt buffer.
The success of the nucleosome reconstitution was assessed via 4% native PAGE (59:1
acrylamide:bisacrylamide) using 0.2X TBE buffer. Mononucleosomes were further
purified from hexasomes and bare DNA through 4% preparative PAGE (59:1
acrylamide:bisacrylamide) using a Prep Cell apparatus (Bio-Rad, Hercules, California).

2.5.4 In vitro transcription setup

The transcription reaction was conducted by combining 0.1 uM nucleosome, 0.08 uM
RNAP, and 0.2 uM RNA primer (5'-FAM-AUAAUUAGCUC-3’) in a 10 uL reaction
mixture (20 mM Tris-HCl, pH 8 at R.T., 40 mM KCl, 5 mM MgCl2, 10 mM DTT). This
mixture was incubated at 30°C for one hour. Subsequently, all four NTPs—ATP, UTP,
GTP, and CTP —were added at a concentration of 1 mM each. The reaction was allowed
to proceed at room temperature and was quenched at specific time points by adding an
equal volume of formamide loading buffer (95% Formamide, 10 mM EDTA, pH 8.0). The
RNA products were then analyzed wusing a 10% wurea PAGE (29:1
acrylamide:bisacrylamide) in 0.5X TBE buffer and visualized on a Typhoon TRIO imager
(GE Healthcare, Chicago, Illinois).
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Chapter 3
Structures of RNAP transcribing
through a nucleosome

3.1 Introduction

In eukaryotic cells, DNA is tightly packed into chromatin, a structure that limits
accessibility to genetic material and influences all DNA-related processes, including
transcription. The nucleosome, the fundamental structural unit of chromatin, consists of
approximately 147 DNA base pairs wrapped around a core of histone proteins in 1.7 left-
handed superhelical turns. This nucleosome core particle (NCP) comprises a central
tetramer of histones H3 and H4 ([H3 H4J.), flanked by H2A-H2B histone dimers
(Bilokapic et al., 2018). The histone tails, which extend from this core, are sites for various
epigenetic modifications that regulate DNA accessibility (Kouzarides, 2007).

While the nucleosome efficiently organizes DNA within the nucleus, shields it from
damage, and ensures equal genetic material distribution during cell division, it also
poses a significant transcriptional barrier, as established by early biochemical studies
(Morse, 1989; Kirov et al.,, 1992; Kireeva et al., 2002). The challenge of how RNAP
navigates this obstacle at high speeds in vivo (Veloso et al.,, 2014) remains a critical
question in molecular biology, driving research to uncover the mechanisms that facilitate
RNAP’s movement through chromatin during transcription—a process vital for gene
expression and cellular functionality. To mitigate the nucleosome barrier, eukaryotic
cells have evolved several strategies. Many promoters and transcription start sites, for
example, feature sequences that are less prone to bending and thus less likely to form
nucleosomes (Tirosh and Barkai, 2008; Bai et al., 2010; Rando and Winston, 2012; Zaugg
and Luscombe, 2012). These nucleosome-depleted regions increase the accessibility of
cis-regulatory elements to transcription factors and RNAP. Additionally, certain
transcription factors are capable of binding to nucleosomal DNA and can trigger
nucleosome remodeling, either through their intrinsic properties or by recruiting
chromatin remodeling factors. As RNAP proceeds with transcription, it traverses an
organized array of nucleosomes. The elucidation of this complex interaction has
benefitted greatly from recent advances in cryo-EM, providing unprecedented insights
into the transcription process.

High resolution structures of a transcribing RNAP-nucleosome complex have been
solved using cryo-EM single particle analysis (SPA) at notable pause sites, such as super
helical locations (SHL)-1, -2, -5, and -6 (Gaykalova et al., 2015; Kujirai et al., 2018; Vos et
al., 2018). Despite achieving detailed snapshots at these sites, the ensemble averaging
method limits the ability to capture the dynamic process in its entirety, especially beyond
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the nucleosome dyad where structural information remains incomplete. Current models
suggest RNAP maintains close contact with nucleosomes at major pauses, which might
complement the J-loop model (Studitsky et al., 1995; Kulaeva et al, 2013) where a step-
wise DNA unwrapping upstream of the nucleosome facilitates RNAP progress to the
dyad. This suggests that RNAP does not constantly peel DNA off the nucleosome
surface; instead, it navigates by moving on unwrapped DNA, rectifying nucleosome
fluctuations. Upon reaching SHL-1, it is hypothesized that the DNA behind RNAP forms
a transient intranucleosomal loop upon rewrapping onto the nucleosome entry site that
stabilizes interactions between the histone core and DNA. Recent structural studies have
highlighted the dynamic nature of the interactions between RNAP and nucleosomes
during transcription. These studies reveal that the rewrapping of upstream DNA back
onto the nucleosome entry site can occur in various orientations (Gaykalova et al., 2015;
Kulaeva et al, 2013), suggesting a more flexible and complex relationship between RNAP
and the nucleosome than previously appreciated. This flexibility points to the existence
of multiple potential states or configurations during transcription, with varying
distances and interactions between RNAP and the nucleosome. To better understand the
molecular choreography of nucleosomal DNA as RNAP passes, we plan to employ cryo-
ET, a method designed to capture and reconstruct individual instances of RNAP-
nucleosome complexes without the need for averaging, preserving rare structural states.

Cryo-ET is a sophisticated imaging technique that allows for the visualization of
biomolecules at molecular resolution within their natural, hydrated state (Lucic et al.,
2008). This method captures a series of images of a specimen at various tilt angles using
a transmission electron microscope. These images are then computationally
reconstructed to create a detailed three-dimensional model. While cryo-ET provides
three-dimensional insights into the arrangement and interactions of biomolecules within
their native environments, it generally achieves lower resolutions compared to some
other structural determination methods such as single particle cryo-EM.

In recent years, machine learning has become crucial in enhancing the analysis of
cryo-ET data, particularly in addressing challenges posed by the technique's inherent
limitations. The application of machine learning algorithms aids in improving the
efficiency and effectiveness of various aspects of cryo-ET data processing, including
image denosing and three-dimensional reconstruction. One significant challenge in cryo-
ET is the high noise levels in tomograms, which result from the need to avoid radiation
damage of the samples. To mitigate radiation damage, images are taken at low electron
doses, making it difficult to discern features clearly (Hattne et al., 2018). Machine
learning can assist by enhancing image quality and distinguishing biological structures
from noise beyond what is possible with the naked eye. Another issue arises from the
physical constraints during data collection. Tilt-series images in cryo-ET can typically
only be collected within a limited angular range of about + 60° due to the design of the
specimen holder. This limitation leads to incomplete data in the Fourier space, known as
the "missing wedge," which causes artifacts in the reconstructed volume. The most
noticeable impact of the missing wedge is anisotropic resolution, where objects in the
tomogram appear elongated along the beam axis (Z-direction) (Moebel and Kervrann,
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2020). This elongation distorts the electron microscopy density in both 3D volumes and
2D slices related to the Z-plane, complicating accurate interpretation and analysis.
Machine learning algorithms are particularly adept at addressing these issues by
improving the interpolation of missing data, enhancing feature recognition despite the
presence of noise and missing wedge artifacts, and facilitating more accurate 3D
segmentation. These tools allow for more precise modeling of the underlying biological
structures, rendering them invaluable for advancing our understanding of cellular
architecture at molecular resolution.

In this chapter, we are developing a cryo-ET analysis pipeline enhanced by machine
learning for structural analysis, aiming to elucidate a comprehensive mechanism
involving the unwrapping and rewrapping of upstream and downstream nucleosomal
DNA during RNAP passage. Visualizing nucleosome structures before and after RNAP
passage will make it possible to determine if an H2A-H2B dimer was ejected or if the
nucleosome remained intact (Lai and Pugh, 2017; Venkatesh and Workman, 2015).

3.2 Results

3.2.1 Cryo-ET Construct design

One of the initial hurdles encountered in cryo-ET experiments is the preparation of
samples, specifically RNAP-nucleosome complexes. The traditional method, commonly
used in biochemistry, of sequential TEC assembly, which involves ligating DNA loaded
with RNAP and DNA loaded with a nucleosome, has proven to be inefficient (Figure
2.2). This inefficiency results in a low yield of the desired RNAP-nucleosome complexes,
posing significant challenges for detailed structural analysis. However, an alternative
method using mismatch TEC assembly has demonstrated more promising results. This
approach involves first ligating DNA containing a mismatch bubble sequence with DNA
containing an NPS. Subsequently, the nucleosome is loaded onto this prepared DNA,
followed by purification of the nucleosome bound to full-length DNA. This method
significantly enhances the efficiency of preparing RNAP-nucleosome complexes, thereby
improving the yield and quality of the samples for cryo-ET analysis.

In our efforts to optimize the assembly of RNAP-nucleosome complexes, we
introduced several features to the DNA design, as shown in Figure 3.1A. First, an EcoRI
restriction site was strategically positioned upstream of the 9-nucleotide (nt) mismatch
region, which will be blocked when a RNAP is loaded but unable to restart. Additionally,
we incorporated a thymine-less (T-less) cassette downstream of this mismatch and about
25 base-pairs before the NPS. This modification is intended to enrich the active RNAP in
the sample. Lastly, a deactivated Cas9 (dCas9) binding site was added to the end of the
DNA sequence. This site allows for the binding of dCas9 protein, which serves as a
barrier to prevent RNAP from dissociating from the DNA after transcription through the
nucleosome. It also serves as a marker to indicate the directionality of the DNA within
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the tomogram. By implementing these features, we aimed to enrich our samples with
complexes that contain RNAP successfully restarted and retained on the DNA, thereby
improving both the efficiency and purity of the samples for detailed structural analysis.
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Figure 3.1 Cryo-ET sample preparation. (A) Sequence design of the DNA template.
(B) TFIIS facilitates transcription in the linker region. (C) Schematic of sample
preparation pipeline. Created with BioRender.com.
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In Chapter 2, we conducted experiments to examine transcription on DNA preloaded
with a human nucleosome, as depicted in Figure 2.4C. We observed that RNAP, in the
absence of TFs, encountered significant stalling at two specific regions: one in the linker
region upstream of the NPS, and the other directly within the NPS itself. To address the
stalling in the linker region, we introduced Transcription Factor IIS (TFIIS) into the
system. TFIIS has the capability to cleave RNA that protrudes from the RNAP catalytic
site, effectively rescuing RNAP from its backtracked state (Jeon et al, 1994; Awrey et al.,
1998; Ishibashi et al, 2014; Schweikhard et al., 2014). In vitro transcription assays were
conducted on bare DNA to visualize RNA products using Urea-PAGE, as detailed in
section 2.5.4. This experiment demonstrated that RNAP, with the assistance of
transcription factor TFIIS, encountered fewer pauses in the linker region. This is
evidenced by bands of lower intensity within the red box in assays incorporating TFIIS,
as shown in Figure 3.1B. However, to ensure that TFIIS did not interfere with
transcription through the nucleosome, we implemented additional steps to remove TFIIS
once RNAP reached the T-less cassette.

The sample preparation pipeline for cryo-ET involves several meticulous steps to
ensure the accurate assembly and purification of complexes for imaging. Magnetic
streptavidin beads are employed to facilitate the preparation, starting with DNA that has
a desthiobiotin tag at its 5" end. The detailed procedures (Figure 3.1C) are as follows: (i)
This DNA is first loaded with human nucleosomes and then purified to remove any free
DNA or DNA with incomplete NCPs. (ii) The purified DNA, now properly assembled
with histone octamers (hereafter referred to as nucleosomes), is mixed with RNAP, 17-
nt RNA primers, TFIIS, and three of the INTPs—UTP, CTP, and GTP —at a saturating
concentration (1 mM). This mixture is incubated at 30°C for an hour to allow RNAP to
restart. (iii) Following incubation, the mixture is added to magnetic streptavidin beads.
This step is crucial for binding the desthiobiotin-labeled DNA to the beads, allowing for
a subsequent wash to remove excess RNAP, RNA primers, TFIIS, and NTPs. Only
nucleosomes, inactive RNAP-nucleosome complexes, and active RNAP-nucleosome
complexes remain attached to the beads. (iv) EcoRI restriction enzyme is then applied to
the bead-bound complexes to release the nucleosomes and nucleosomes with restarted
RNAP. (v) Prior to plunge freezing for cryo-ET imaging, a complete set of all four rNTPs
(each at 1 mM) is added to allow for a brief 10-minute transcription at room temperature.
This final transcription step is crucial as it positions RNAP at various points along the
DNA template, resulting in a sample that contains nucleosomes both with and without
associated RNAP, capturing a snapshot of transcription in action.

3.2.2 Particle recognition with template matching to detect NCP,
RNAP, and dCas9

In the sample prepared for cryo-electron tomography, four major components are
crucial for analysis: DNA, NCP, RNAP, and dCas9. The EcoRI restriction enzyme,
although utilized during sample preparation and present in the final sample, is too small
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to be detected in the tomogram. DNA, due to its elongated structure and extremely
flexible nature, poses identification challenges with conventional imaging methods; this
issue will be explored further in subsequent sections. In contrast, NCP, RNAP, and dCas9
are all globular proteins, which are more readily identifiable within the tomograms.
These components can be distinguished using the conventional 2D template matching
or 2D convolutional neural network (2D-CNN) recognition techniques. These methods
rely on comparing observed structures to pre-existing or trained models to identify and
position molecules within the tomogram.

Tomograms were first aligned using the patch-tracking method along the edge of the
carbon area (Figure 3.2A, bottom region below the dark edge), as it provides a large-
scale, low-resolution signal for aligning the entire image. Subsequently, the 3D
reconstruction software EMAN2 was used to generate raw density maps. Examination
of the z-slices in these maps revealed distinct globular shapes corresponding to NCP,
RNAP, and dCas9 particles, as shown in Figure 3.2A. For the training of the 2D-CNN,
initially developed by Chen et al. (2019), we manually labeled a small subset of particles
to establish a training dataset, where blue circles represent the particles of interest and
red circles denote the background, as shown in Figure 3.2A. Detailed illustrations of all
selected particles are provided in Figure 3.2B, and the areas chosen as background are
displayed in Figure 3.2C. The trained network successfully identified all globular-shaped
particles, marked by blue circles in Figure 3.2D. Particles on the carbon film were then
identified (Figure 3.2E, red dots) and excluded from further processing to enhance data
accuracy and relevance. Following this, good particles were processed through 3D
classification and subtomogram averaging (STA) using the e2tomo protocol to discern
types, relative orientations, and molecular details of the particles in ice. Our results
demonstrate that averaged maps derived from all classified particle groups achieved
resolutions of 11 A for dCas9, 12 A for NCP, and 10 A for RNAP, determined by Fourier
shell correlation (FSC) (Figure 3.3 B, D, and F), revealing detailed structural features of
the particles. The X-axis in these figures represents the spatial frequency, which
corresponds to different levels of detail in the 3D reconstruction. The Y-axis represents
the FSC coefficient, which quantifies the similarity between the two independent 3D
reconstructions at each spatial frequency. When the FSC curve intersects the 0.143 level
on the Y-axis, it indicates the spatial frequency at which the correlation between the two
reconstructions drops below a reliable level.
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Figure caption in the following page.
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Figure 3.2 Application of 2D-CNN to detect globular proteins. (A) Manual Labeling
for Training Sets: dozens of target particles (encircled in blue) and background
regions (marked in red) were selected from a representative 2D slice of a tomogram
containing the TEC complex (B) Regions with particles of interest. (C) Regions as
background. (D) Prediction of trained 2D-CNN with detected particles encircled in blue.
(E) Separating particles on the carbon area (red) from those in ice (green) as predicted by
the 2D-CNN. Particles on the carbon area exhibit lower contrast and may interact with
the carbon surface. Only particles in the ice were submitted for further analysis.

c E

B Resolution analysis by FSC D Resolution analysis by FSC F Resolution analysis by FSC

1.000 1.000 1.000

§) ! ) I |
& 0.500 $ o.500 :;,) 0.500
fri w 4
0.143+ N - { 0,143 {-—-------- /- 0.143 '
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 005 010 015 020
Frequency (A~ 1) Frequency (A~1) Frequency (A1)

Figure 3.3 Sub-tomogram averaging of RNAP, NCP, and dCas9 particles and the
determination of reconstruction resolution. (A, C, E) Subtomogram-averaged maps
and the fitted structural models of RNAP, NCP, dCas9, respectively (B, D, F) Map
resolution determination of RNAP, NCP, and dCas9, respectively, through FSC.

Given the orientation and types of each particle, we mapped the particles back to
their corresponding tomogram (Figure 3.4A), revealing their relative orientation and
interactions in z-dimensional slice (Figure 3.4B) and 3D volume slab (Figure 3.4C). As we
did not involve purification in this round of preparation, excess RNAP still remained in
the sample. This was further improved in subsequent preparations.
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Figure 3.4. Back-mapping of RNAP, NCP, and dCas9 particles to the tomogram.
(A) A representative z-dimensional tomographic slice of the raw tomogram after
E2TOMO 3D reconstruction (thickness = 0.667 nm). (B) A representative z-dimensional
slice of the synthetic tomogram after mapping the subtomogram averaged structures of
RNAP, NCP, and dCas9 back to their corresponding positions (thickness = 0.667 nm). (C)
3D representation of the synthetic tomogram in B, displaying the distribution of the three
types of particles, with RNAP, NCP, and dCas9 colored in cyan, red, and yellow,
respectively.

3.2.3 DNA detection within 3D tomogram using the 3D-
convolutional neuron network (3D-CNN)

Recognizing DNA in tomograms presents significant challenges due to its flexible,
unstructured nature and the small diameter of the DNA double helix. These
characteristics hinder the effective use of STA for further refinement, as STA relies on
identifying and averaging multiple instances of similar structures to enhance signal-to-
noise ratios (SNR) and resolution. DNA's inherent structural variability and its slim
profile complicate these processes, making it difficult to achieve the precision required
for detailed visualization and analysis in cryo-electron tomography studies. Accurate
segmentation of DNA from the noisy tomogram is pivotal for correctly assembling it
with proteins in subsequent analysis steps. Initial experiments using a 2D-CNN to
identify DNA fibers resulted in enhanced visualization of DNA fiber signals (as shown
in Figure 3.5A-B). To generate the training dataset, approximately hundreds of DNA z-
dimension slice images were cropped from the real tomogram followed by manually
annotated DNA trajectory. These images pairs serving as the training set and submitted
to the EMAN2 workflow.
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However, this detection process, performed slice-by-slice along the z-dimension of
the tomogram, encountered issues of differential detection capability. DNA fibers lying
in the x-y plane were better detected but appeared elongated in the z-direction (indicated
by thicker fiber widths in Figure 3.5A-B, blue circles) due to the missing wedge artifact.
Conversely, DNA oriented along the z-direction often went undetected after the
prediction process (as shown in Figure 3.5A-B, red circles), appearing merely as "dots"
in the z-dimension which the trained 2D CNN could not recognize. This limitation
highlights the challenges of using 2D CNN for detecting structures in three-dimensional
data where orientation and artifact-induced distortions affect the accuracy of
segmentation.
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Figure 3.5 Comparison of different denoising methods with regard to DNA
recognition. (A) A representative 2D-CNN training dataset showing the real data (top
row), manual annotation (middle row), and the network prediction (bottom row). (B)
Raw tomogram. (C) Denoised tomogram through 2D-CNN. (D) Denoised tomogram
through Low-pass filter. (E) Denoised tomogram through IsoNet. In all four panels,
representative DNA lying in the x-y plane is encircled in blue, DNA oriented along z-
direction is encircled in red.

To tackle the challenges of the missing wedge artifact and anisotropic detection of
DNA signals, we implemented a strategy using two 3D CNN: IsoNet and REST. IsoNet
is designed to correct the missing wedge artifact by restoring isotropic resolution in
tomograms. It leverages a deep learning-based approach that incorporates prior
structural knowledge to fill in missing information, enhancing the accuracy and quality
of 3D reconstructions. This improvement ensures that DNA fibers are more uniformly
represented across all orientations, effectively reducing elongation artifacts commonly
seen in the z-direction (as shown in Figure 3.5C-D). REST focuses on denoising the
tomograms. It employs iterative training, beginning with lower noise conditions and
incrementally introducing higher noise levels. This strategy enables the network to
distinguish more effectively between signal and noise, thus enhancing the visibility and
clarity of DNA signals.
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Figure 3.6. Sixty representative 40-base pair DNA particles displaying various
conformations. The DNA particles were generated through relaxation of a linear
double-strand B-type DNA using molecular dynamics simulation from OxDNA.

To implement the REST network effectively on our data, we created 3000 synthetic
volume cubes of 40 bp linear B-DNA following molecular dynamics (MD) relaxation,
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illustrated in Figure 3.6. These cubes were exposed to various noise levels, with SNR
ranging from 2.5 to 0.003, to generate a series of training pairs, illustrated in the top and
middle rows of Figures 3.7. Our initial training efforts using data at an SNR of 0.01 did
not successfully identify DNA features within the low SNR volumes. To overcome this,
we adopted an iterative training strategy, starting with datasets with high SNR and
progressively moving to low SNR. This method enabled the REST network to gradually
enhance its capability to differentiate DNA signals from the background noise. This
progressive training approach helped the network to adjust and maintain effectiveness
across a spectrum of realistic noise levels and made reliable prediction, as illustrated in
the bottom row of Figure 3.7. Although the predictive capability of the networks
diminished at an SNR of 0.003 due to significant noise interference, applying the models
trained at this SNR could successfully restore DNA signals from volume cubes at an SNR
of 0.01. These in silico experiments demonstrate the efficacy of using 3D CNNs to
enhance signal detection within challenging noise environments, paving the way for
more precise DNA segmentation in subsequent structural and functional analyses.
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Figure 3.7 Step-w1se training and prediction of a 3D-CNN for recognlzlng DNA
signals across varying SNR levels. Training Set I was composed of simulated DNA
models obtained through MD relaxation, subjected to varying levels of Gaussian noise.
Training Set II consisted of noise-free simulated DNA models.
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For real data, the lack of ground truth makes it challenging to accurately measure the
SNR. As a test, we cropped a local area from a large tomographic dataset containing a
piece of DNA. Figure 3.8 displays the 2D projected images of the raw cube, the low-pass
filtered cube, and the cubes processed by IsoNet and a 2D-CNN. Although the 2D-CNN
cannot isotropically enhance the DNA signal, it is included in the test as a type of volume
source, clearly indicating the DNA location within the noisy real data for comparison.
Compared with the simulated data, the SNR of the raw, low-pass filtered, and IsoNet

37



processed data (Figure 3.7) ranges between 0.01 and 0.003, as indicated by the level of
distinction from the background. By applying all five trained 3D-CNN networks to the
four types of real data, with or without processing, we observed differences in the
outcomes of denoising. Besides the 2D-CNN control group (Figure 3.9), the IsoNet
processed volume displayed the most standout DNA signal and continuity compared to
the other groups. Therefore, we chose to use the 0.003 networks to denoise the IsoNet
maps for the rest of the data analysis.

Figure 3.8 Comparison of different preprocessing methods in reshaping the data
distribution. Images are displayed in the top panel and corresponding intensity
distributions are displayed in the bottom panel (A) 2D-projection of a raw data cube (B)
Data enhanced using a low-pass filter. (C) Data enhanced using IsoNet. (D) Data
enhanced by a 2D-CNN.

By integrating IsoNet and REST, we can correct for the missing wedge artifact while
simultaneously reducing noise, thereby achieving a more isotropic and clear
representation of the DNA fibers (Figure 3.10A and B). This dual-network approach
significantly enhances the detection capability of the DNA signal across all dimensions,
facilitating more accurate assembly of DNA with proteins in subsequent analysis steps.
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Figure 3.9 Application of five 3D-CNN trained with synthetic data of various SNR
on raw data with and without preprocessing. A comparison matrix was constructed
using combinations of four types of input (raw data, IsoNet processed data, low-
pass filtered 10 A data, and 2D-CNN predicted data) and five types of networks
(with SNRs of 2.5, 0.5, 0.05, 0.01, and 0.003). The prominence of the DNA fibers
indicated the level of denoising noise strength.

3.2.4 Reconstitute TEC from tomogram

By integrating the DNA maps from the 3D-CNN network with the locations of
globular proteins identified through template matching (Figure 3.10C), we explored the
complex interactions among RNAP, NCP, and dCas9 along the DNA. We manually crop
the regions where DNA connectivity among these proteins was apparent, enhancing
visualization by selectively hiding unrelated background DNA densities (Figure 3.10D-
I). This analysis revealed that RNAP and nucleosomes are often closely associated,
exhibiting a variety of rotational orientations relative to each other, suggesting direct
interactions with nucleosome-bound DNA. Nonetheless, the overall frequency of these
complexes was relatively low, suggesting that RNAP frequently traverses and
potentially disrupts nucleosomes, leading to their detachment from DNA. This result
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highlights the dynamic nature of transcription through nucleosomes, where RNAP not
only engages with but also alters the nucleosome landscape.

Figure 3.10 Segmentation of TEC after reassembling DNA with globular particles
within tomograms. (A) Raw tomogram displaying original imaging data. (B) Image
refined by a 3D-CNN trained on data with an SNR of 0.003 and enhanced by IsoNet,
illustrating improved feature clarity. (C) Synthetic tomogram with superimposed
denoised map from (B), showcasing the integrated structures of RNAP, NCP, and dCas9.
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(D, E, E, G, H, I) Highlighted examples of complexes featuring RNAP, NCP, and dCas9,
colored in cyan, red, and yellow respectively.

3.3 Conclusions

In this study, we fine-tuned the sample preparation procedures for cryo-ET and
successfully enriched TEC in our samples. We also established a comprehensive data
analysis pipeline. Our template matching results achieved a resolution of approximately
10 A for the three types of particles—RNAP, NCP, and dCas9—within the tomograms.
This resolution was sufficient to discern the relative orientations between RNAP and
nucleosomes. However, while template matching provided valuable insights, it
occasionally resulted in misfit particles, suggesting a need for additional refinement,
potentially through the application of our 3D-CNN denoising strategy to enhance
particle orientation accuracy before another round of sub-tomogram averaging.

Moreover, we explored the utilization of 3D-CNN for detecting and segmenting
flexible DNA within cryo-electron tomograms, a task traditionally challenged by DNA's
flexible and unstructured nature. Our approach, leveraging advanced machine learning
techniques including the IsoNet and REST networks, significantly enhanced DNA signal
detection. These networks corrected artifacts and denoised the tomograms, yielding a
clearer and more isotropic representation of DNA fibers. This improvement not only
facilitates more accurate modeling of biological structures but also enhances our
understanding of DNA-protein interactions within their native cellular environments.

Our successful capture of the ternary complex involving RNAP, dCas9, and NCPs
highlights the dynamic nature of transcription through chromatin by illustrating various
rotational orientations and intricate DNA trajectories. These insights are crucial for
understanding how nucleosomal DNA conformationally adapts as RNAP transcribes
through it, further illuminating the complexities of gene regulation.

However, to fully elucidate the process of RNAP traversing the nucleosome barrier,
more extensive analysis is essential. It is critical to investigate additional RNAP-
nucleosome contact conformations and their relative orientations. Future efforts will aim
at expanding the collection and analysis of data to capture a wider array of nucleosome
configurations and transcription factors, enriching our understanding of the
transcription landscape and its regulatory mechanisms. In particular, an important goal
will be to characterize the conformation of the upstream DNA and its possible looping
conformation.
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3.5 Material and method

3.5.1 TEC preparation

The RNAP used in this study was kindly provided by Prof. Craig Kaplan, and its
purification procedure is detailed in section 2.5.1. Nucleosomal DNA templates were
prepared using the methodologies outlined in sections 2.5.1, 2.5.2, and 2.5.3. For the
assembly of the TEC, the following components were mixed: 0.33 uM nucleosome, 0.17
uM RNAP, 0.27 uM RNA primer (5'-FAM-AUAAUUAGCUC-3'), 0.2 uM yeast TFIIS,
and 1 mM each of UTP, GTP, and CTP, in a 30 uL reaction mixture (20 mM Tris-HCl, pH
8 at room temperature, 40 mM KCl, 5 mM MgCl2, 1 mM DTT). This mixture was then
added to 5 uL of Pierce Streptavidin Magnetic Beads (Thermo Fisher Scientific, Waltham,
Massachusetts) and incubated at 30°C for an hour with agitation to allow RNAP to load
onto the mismatch bubble, restart transcription to reach the T-less cassette, and enable
complex binding to the magnetic beads.

Subsequently, the beads were washed three times with 1x TB(40) Buffer (20 mM Tris-
HCl, pH 8 at R.T.,, 40 mM KCl, 5 mM MgCl2, 1 mM DTT) to remove unbound
nucleosomes and excess components, including RNAP, TFIIS, RNA, and nucleotide
triphosphates. The dCas9 mixture, comprising 2.5 uM dCas9 and 2.5 pM sgRNA (ECR?,
sequence listed in the end), was prepared in a 20 pL reaction (20 mM Tris-HCI, pH 8 at
room temperature, 40 mM KCl, 5 mM MgCl2, 1 mM DTT) and added to the beads,
followed by a 30-minute incubation at 30°C with agitation. Afterward, three washes with
1x TB(40) Buffer were performed to remove excess dCas9 complexes.

The final TEC was released from the beads using 0.1 U/uL EcoRI-HF in a 10 pL
reaction (20 mM Tris-HCl, pH 8 at room temperature, 40 mM KCl, 5 mM MgCl2, 1 mM
DTT, 3% trehalose) at 37°C for 30 minutes with agitation. To restart transcription prior to
plunge freezing, a 1 mM rNTPs mixture (1 mM ATP, 1 mM UTP, 1 mM GTP, 1 mM CTP,
20 mM Tris-HC], pH 8 at room temperature, 40 mM KCl, 5 mM MgCl2, 1 mM DTT, 3%
trehalose) was added to the eluate and incubated at room temperature for 10 minutes.

ECR?7: 5 - mA* mC*
mG*UUCUGUACACCCACUGCGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUA
AGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGC mU* mU*
mU* U -3

m_* refers Phosphorothioated 2'-O-Methyl bases, e.g. mA*.

3.5.2 Cryo-EM Sample Preparation
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The cryo-EM specimens were prepared using the conventional plunge freezing
method. Briefly, an aliquot (~3 pL) of incubated sample at ~80 nM was placed onto a 200-
mesh Quantifoil copper grid (Q210CR-06, Electron Microscopy Sciences), which had
been glow-discharged for 15 seconds using a PELCO easiGlow™ Glow Discharge
Cleaning System. After incubating for approximately 10 seconds, the grid was flash-
frozen in liquid ethane at ~90% humidity and 8°C with a Leica EM GP rapid-plunging
device (Leica Microsystems, Wetzlar, Germany) after blotting with filter paper for a
controlled blotting time of 5 seconds. The flash-frozen grids were then transferred into
liquid nitrogen for storage.

3.5.3 TEM data acquisition

Cryo-EM specimens were screened using a Titan Krios G2 TEM (Thermo Fisher
Scientific, Waltham, Massachusetts) operated at 300 kV with a Gatan energy filter. Cryo-
EM tilt image series of the samples were collected from -60° to +60° at 3° increments on
a Titan Krios G3 TEM equipped with a Gatan energy filter and a K3 Summit direct
electron detection camera. During data acquisition, the SerialEM 4.1 software was used
to automatically track the specimen and maintain a defocus of ~2.5 um. The acquired tilt
image series at a magnification of ~50,000x (each pixel corresponds to 1.67 A for the K3
camera) represents a total dose of ~183 e-/Az. For each tilt angle, a total of ~8 frames were
collected with an exposure time of 0.25 seconds per frame.

3.5.4 Image preprocessing

The motion of the cryo-EM frames was corrected using MotionCor2. During data
collection, a carbon area perpendicular to the tilt axis was included to aid in the detection
of the contrast transfer function (CTF) when particles were scarce. The tilt series were
initially aligned using IMOD with the patch tracing method. The aligned tilt series were
submitted to E2TOMO for CTF correction and 3D reconstruction. Particle picking was
performed using the automated procedure in E2TOMO, with positive and negative
training set particles manually selected from the bin=4 tomogram. Particle extraction was
performed with a box size of 324 pixels on the unbinned tilt series images at a pixel size
of 1.67 A. This particle stack was submitted for sub-tomogram averaging to identify
particle positions and orientations. We carried out the 3D refinement routine with a
single featureless discoidal-shaped initial model and calculated 3D averaging for a
fraction of particles (pkeep=0.8). Map resolutions were estimated by measuring the FSC
between two independently determined half-maps, with resolution defined at the point
where the FSC fell below 0.143.
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3.5.5 Missing wedge correction of 3D map

To reduce the tilt limitation that causes elongation artifacts in the 3D reconstruction,
missing wedge correction was performed using the IsoNet method. Briefly, the E2TOMO
3D reconstructed tomogram at bin=4 with a pixel size of 6.68 A was submitted to IsoNet.
Since the whole tomogram was not CTF corrected in E2TOMO, the tomogram was first
deconvolved and scaled with a low-frequency signal region (SNR falloff of 0.7). As
particles were sparsely distributed, an initial mask at two standard deviations away from
the mean was created to select the protein and DNA signals, and boxes of 64x64 pixels
were generated within the mask. During the training process, noise was added at default
iterations of 10, 15, 20, and 25 with noise levels of 0.05, 0.1, 0.15, and 0.2.

3.5.6 REST enhancement of DNA recognition using simulated
data

The DNA model was created using OXDNA software, where a straight-line segment
was converted into a 40-bp B-DNA strand PDB structure. This structure was converted
into a coarse grained OxXDNA format with its topology file. The structure was energy
minimized for 2,000,000 steps with default parameter settings, and the last frame was
used for a 3,000,000-step relaxation simulation at 277K. Sampling every 10,000 steps
generated 300 structures with various conformations. These structures were converted
back into PDB files and then submitted for Scipion3 HEMNMA_3D pipeline. In
HEMNMA_3D, 10 ground truth volumes (with a voxel size of 6.68 A in abox of 64x64x64
pixels) were generated for each of the 300 structures for sampling. The corresponding
simulated subtomograms were created by adding different levels of noise (with a SNR
of 2.5, 0.5, 0.1, 0.01, 0.003) with a constrained tilt range from -60° to +60° and a defocus
value of 25,000 A. For REST network training, the scipion3 created simulated source and
target volume pairs were normalized to a range of 0 to 1, and epoch 2 step 1500 was used.
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Chapter 4
Monitor transcription elongation in the
Drosophila embryo

4.1 Introduction

Eukaryotic transcription elongation is a critical phase in the process of gene
expression, where RNAP synthesizes RNA by adding ribonucleotides to the 3" end of
growing RNA chain. This phase follows the initiation of transcription and involves
RNAP progressing along the DNA template, decoding genetic information into RNA
sequences (Sims III et al., 2004).

Transcription elongation is highly regulated and involves numerous factors that
influence the efficiency and fidelity of RNA synthesis. These factors include elongation
factors that associate with RNAP, altering its processivity and ability to navigate through
chromatin. Additionally, the phosphorylation of RNAP CTD is a pivotal event that
regulates the interaction of RNAP with various proteins involved in elongation and RNA
processing (Hsin and Manley, 2012).

The chromatin landscape poses significant challenges to RNAP during elongation
(Chen et al., 2019; Bondarenko et al., 2006; Gaykalova et al., 2015). Histone modification
and ATP-dependent chromatin remodeling are essential for facilitating RNAP’s passage
through nucleosomes, the basic units of chromatin (Zhang et al., 2015). This remodeling
not only affects transcription speed and pause frequency but also plays a role in histone
eviction and replacement (Schwabish and Struhl, 2006; Akai et al., 2009; Luk et al., 2010).

Furthermore, transcription elongation is closely coupled with RNA processing
events. These include the addition of a 5" cap to the nascent RNA (McCracken et al., 1997;
Schroeder et al., 2000), splicing of introns (Fong et al, 2014; Saldi et al., 2021), and cleavage
(Dye and Proudfoot, 2001, Doma and Parker, 2006) and polyadenylation of the
transcript’s 3’end gene (Whitelaw and Proudfoot, 1986; Logan et al.,, 1987). The
coordinated regulation of these processes ensures that the mRNA is correctly processed
and eventually transported to the cytoplasm for translation.

Researchers have utilized a diverse array of experimental approaches to study
transcription elongation, ranging from reconstituted systems with purified components,
as discussed in Chapter 2, to advanced single-molecule techniques. These methodologies
have enabled detailed analysis of the roles of various elongation factors, the influence of
chromatin structures, and the dynamics of RNA synthesis. However, the use of these
simplified in vitro systems, while beneficial for controlled experimental study, may not
fully capture the physiological relevance of the findings. In vitro conditions lack the
complexity of cellular metabolism, the specificity of cell-type factors, and the long-term
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effects and feedback mechanisms inherent to living organisms. Additionally, crucial
aspects such as the spatial organization of the nucleus and interactions within cellular
compartments, which are vital for a comprehensive understanding of transcription
regulation, are missing from in vitro setups.

In vivo studies of transcription elongation provide unmatched insights into the
dynamic regulation of gene expression within their natural cellular contexts. Unlike in
vitro methods that simulate cellular processes in a controlled environment, in vivo
approaches embrace the full complexity of the cellular environment, capturing how
transcription is influenced by factors like cellular metabolism, chromatin structure, and
endogenous regulatory networks. Among the various techniques employed in in vivo
studies of transcription, live cell imaging (Stephens and Allan, 2003) and genome-wide
sequencing (Goodwin et al., 2016) are particularly noteworthy. Live cell imaging allows
researchers to observe transcription in real time (Tutucci et al., 2018), offering a dynamic
view of how cells respond to stimuli (Akolpoglu et al. 2022) or drug treatments (Orth et
al.,, 2011). On the other hand, genome-wide sequencing provides a comprehensive
snapshot of genetic activity across the entire genome but offers a more static perspective
(Meyer and Liu, 2014). Both approaches are crucial for elucidating the physiological
relevance of transcription mechanisms. They provide insights into how transcription is
regulated within the natural chromatin state, including interactions with cellular
components and the spatial organization within the nucleus. In this chapter, we will
focus on utilizing live cell imaging to monitor transcription in real-time, providing
dynamic insights into the cellular processes as they occur. The subsequent chapter will
delve into genome-wide studies, exploring how underlying genetic modification
influence transcription.

The labeling strategy utilized in our research is the MS2 and PP7 stem-loop system,
which is designed to visualize specific RNA molecules in real time through the high
affinity binding of bacteriophage MS2 and PP7 coat proteins to their corresponding RNA
stem-loop structures (Bertrand et al., 1998; Golding et al., 2005; Chao et al., 2008; Larson
et al., 2011; Tutucci et al.,, 2018). By incorporating multiple copies of either the MS2 or
PP7 stem-loop sequence into the RNA of interest, and coupling this with maternally
deposited MS2 coat proteins fused to a fluorescent marker within the same cells, we are
able to meticulously track the expression and spatial distribution of the tagged RNA with
exceptional temporal and spatial resolution. This versatile system has been successfully
implemented across a range of organisms, including yeast (Bertrand et al., 1998; Tutucci
et al., 2018), humans (Vera et al., 2019; Braselmann et al., 2020; Park et al., 2020),
Drosophila (Hoppe and Ashe, 2021; Jonathan et al., 2021), Dictyostelium (Chubb et al.,
2006), and C. elegans (Lee et al., 2019; Hu et al., 2023), demonstrating its broad
applicability and effectiveness in studying RNA dynamics in diverse biological contexts
(Wells et al., 2016).

Drosophila melanogaster, commonly known as the fruit fly, is highly valued as a model
organism due to its brief life cycle, ease of genetic manipulation, and the conservation of
its developmental processes across species (Jennings, 2011). The transparency of
Drosophila embryos is particularly advantageous, allowing for the direct observation and
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real-time recording of cellular and molecular activities, making these embryos ideal
subjects for live cell imaging (Garcia et al., 2013; Simpson et al., 2014; Greiss et al., 2016).
In this study, we employ sophisticated imaging techniques, specifically confocal
microscopy, paired with fluorescent markers like the MS2 stem-loop system, to monitor
dynamic developmental processes.

In this chapter, we utilize the MS2 and PP7 stem-loop system within a Drosophila
embryo to monitor transcription elongation in real-time. For this purpose, we designed
an artificial reporter construct similar to that reported in Liu et al. (2021). The reporter
gene contains 24 copies of MS2 stem loops at the 5" end and 24 copies of PP7 stem loops
at 3’ end, and placed it under the control of a regulatory DNA containing the hunchback
(hb) P2 minimal enhancer and promoter, as illustrated in Figure 4.1A. The lacZ sequence
from E.coli was placed as a natural spacer between the MS2 and PP7 stem loops. To study
the effect of NPS in vivo, part of the lacZ is replaced by a 5sRNA sequence, a Widom 601
sequence, or 12 copies of Widom 601 sequences.

Incorporating the lacZ sequence as a natural spacer between the MS2 and PP7 loops
provides a clear separation of two fluorescent signals that allows for measuring the
average transcription elongation rate. To delve into the influence of NPS in a live setting,
portions of the lacZ sequence were substituted with a 5sSRNA sequence, a single Widom
601 sequence, or an array of 12 Widom 601 sequences. These modifications are designed
to assess how natural and synthetic NPS impact the transcriptional machinery's ability
to navigate chromatin within a live organism, thereby offering insights into chromatin
structure's role in gene regulation. Building on our in vitro findings from Chapter 2,
where RNAP exhibited more frequent stalling on nucleosomal DNA compared to bare
DNA, we hypothesized that substituting NPS for the lacZ sequence in the reporter would
result in increased nucleosome placement on the DNA. This could potentially slow down
transcription due to the additional barriers created by these nucleosomes.

4.2 Results

4.2.1 Dual-color reporter for tracking transcription elongation

To effectively monitor transcription elongation using the MS2 and PP7 stem-loop
system in Drosophila embryos, two critical components must be incorporated into the
experimental setup. Firstly, a reporter gene is engineered to include arrays of both MS2
and PP7 stem-loops flanking the sequence of interest. This configuration is crucial for
visualizing the transcription elongation process, as these loop structures serve as binding
sites for the second necessary component: the MS2 and PP7 coat proteins. These proteins
are usually fused to a fluorescent marker and are expressed in mother flies, allowing
them to be maternally deposited into the embryos. During transcription of the reporter
gene, the emerging RNA transcripts that contain the stem-loop sequences will bind to
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these fluorescently tagged coat proteins, enabling real-time imaging of RNA synthesis
and elongation within the living embryo.

To conduct our study, we have developed two reporter fly lines, each designed with
a distinct sequence inserted between the MS2 stem-loops at the 5' end and the PP7 stem-
loops at the 3' end of the reporter gene. In one line, a portion of the lacZ gene sequence
serves as a spacer (Liu et al., 2021), providing a classic reporter module commonly used
in genetic studies. In the other line, arrays of the Widom 601 sequence, which are
interspersed with various linker sequences. These linkers are strategically designed to
precisely match the sequences found in the corresponding positions of the lacZ construct.
This deliberate alignment not only allows us to directly compare the effects of the Widom
601 nucleosome positioning sequence against the lacZ spacer, under identical spatial
configurations but also benefit our forthcoming next-generation sequencing experiment
which we will elaborate on chapter 5. The last fly line, referred to as “2-color fly” in
subsequent discussions, is used to express the fluorescently labeled coat proteins, MS2-
mCherry and PCP-eGFP. This line also expresses Histone-iRFP, serving as a marker to
facilitate the determination of mitosis stage (Liu et al., 2021). Detailed information about
these three fly lines can be found in the Material and Method section.

To set up the embryo collection cage, approximately 100 virgin females from the 2-
color fly line are combined with 30 males from the reporter fly line. Ninety minutes
before imaging, the plate in the cage should be replaced with a new one that contains
fresh yeast paste to encourage egg laying. After the waiting period, the plate is replaced
again to prepare for the next collection cycle. Embryos are then collected around nuclear
cycle 13, which can be determined based on their appearance under a stereomicroscope.
Approximately 20 embryos were collected and then dechorionated using bleach. After
dechorionation, the embryos were carefully mounted between a semipermeable
membrane and a coverslip, with halocarbon oil applied in between. This setup ensures
appropriate optical clarity for imaging, facilitates oxygen exchange, and prevents
dehydration of the embryos during the imaging process. Data collection for each
individual embryo started once the embryo reached nuclear cycle 12 or later and
continued for 25 minutes following the start of nuclear cycle 14. The timing is critical as
the hb gene becomes transcriptionally active at the start of the nuclear cycle, followed by
a gradual transition into a transcriptionally silent state (Garcia et al., 2013).

As individual RNAP transcribes through a sequence containing MS2 or PP7 stem
loops, the maternally deposited MCP-mCherry and PCP-GFP fusion protein specifically
bind to their respective stem loops. This interaction results in the formation of fluorescent
puncta, which are visible under a laser-scanning confocal microscope (Figure 4.1B). The
intensity of the fluorescent puncta observed in each color channel during imaging
directly correlates with the number of actively transcribing RNAP that have elongated
past MS2 or PP7 stem loop sequences incorporated into the RNA. This relationship is
linear, meaning that as more RNAP pass these points, the fluorescence intensity increases
accordingly. However, the fluorescence intensity measurements are expressed in
arbitrary units which can vary between the different color channels due to differences in
fluorescence properties and detection efficiencies. Detailed procedures of data collection
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are described in the Material and Methods section.
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Figure 4.1 Schematic of reporter design and rising time detection. (A) Transcription
of the stem loops in the reporter leads to the formation of fluorescent puncta, with the
signal from the 5' mCherry appearing prior to that from the 3' GFP. For simplicity, the
illustration shows only one stem loop per fluorophore; however, the actual construct
includes 24 repeats of each stem loop. (B) Exemplar fluorescence data on transcription
elongation dynamics in live cell Drosophila embryos. When a tagged gene is active,
fluorescent puncta will appear in a microscope’s field of view in a sequential manner,
red for the MS2 stem loop and green for the PP7. (C) Sample raw single-cell MS2 and
PP7 fluorescence traces in light green and red. The raw data is then filtered (in medium
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green and red) fitted to a piece-wise function (dark green and red) to determine the rising
time for each channel (Indicated by vertical red and green lines for MS2 and PP7
channels). Created with BioRender.com.

In this study, we developed a computational method to accurately measure the
transcription elongation rate based on fluorescence data. The fluorescence signals from
each channel display four distinct phases. Initially, as RNAP begins transcription at the
promoter and moves through the sequence preceding the MS2 region, the fluorescence
signals maintain a flat, background level. Once the first RNAP reaches the MS2 or PP7
regions, the corresponding fluorescence signals start to rise at a constant rate. This
increase continues until RNAP reaches the end of the gene and the nascent transcript is
cleaved, leading to a plateau in the fluorescence as new RNAP molecules initiate
transcription from the promoter. Eventually, after transcription is halted and no new
RNAP molecules are initiated, the fluorescence signals begin to decline.

To calculate the transcription elongation rate, the analysis starts by pinpointing the
exact frame where the fluorescence signals begin to rise, marking the moment RNAP
reaches the MS2 or PP7 repeat region in the reporter. The transcriptional dynamics in the
fluorescence data are modeled using a continuous piecewise function that includes both
a flat and a linear rise segment to represent the background and increasing phases,
respectively. To improve accuracy, the analysis focuses only on the initial rise,
terminating once the trace achieves 75% of its maximum intensity to avoid distortion
from the plateau and decline phases. The crucial step involves identifying the transition
point where the fluorescence signal shifts from a flat background to a linear increase,
indicating the first encounter of RNAP with the MS2 or PP7 stem loop sequences.
Simultaneous analysis of both the green and red fluorescence channels allows for the
precise measurement of the time delay between the increases in these channels,
providing a quantitative estimate of the time required for RNAP to transcribe the
intervening 4.3 kb segment, which includes the MS2 stem loops and spacer sequences
(Figure 4.1C).

4.2.2 NPS do not slow down transcription elongation

In this study, we assessed the transcription elongation rates of two distinct reporter
constructs. The first construct incorporates a portion of the lacZ gene as a spacer between
the MS2 and PP7 stem loops (lacZ reporter). This construct was previously studied by
Liu et al. (2021), who reported an average transcription elongation rate of 1.72 + 0.05
kb/min (SEM, n = 355). Our measurements using the same construct showed a rate of
2.04 £ 0.06 kb/min (SEM, n = 310), aligning closely with Jonathan's findings and
confirming earlier results (Garcia et al., 2013; Fukaya et al., 2017). On the other hand, a
different reporter construct utilizing twelve copies of the Widom 601 NPS as the spacer
(12x601 reporter) yielded a slightly higher elongation rate of 2.10 + 0.03 kb/min (SEM, n
= 1435). These results, illustrated in Figure 4.2, are consistent with Liu et al. (2021),
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demonstrating the reliability of our analysis method despite variations in approach.
However, the data distributions for both the lacZ and 12x601 constructs were broader
and included extreme outliers, likely reflecting limitations in our analytical method.
These issues will be further discussed in the subsequent section.

These observations suggest that the chromatin context provided by the Widom 601
NPS does not dramatically alter the transcription elongation rate compared to the lacZ
sequence. One possible explanation for this could be that the Widom 601 NPS, although
well-designed to dictate nucleosome positioning in vitro, may not effectively influence
nucleosome behavior in vivo. We will further discuss the nucleosome positioning in the
embryo in the next chapter. In the complex environment of a living cell, other factors
such as chromatin remodelers, histone modifiers, and the natural chromatin landscape
can diminish the impact of engineered NPS like Widom 601. This highlights the
challenges of translating in vitro findings to in vivo contexts, where the cellular
machinery and chromatin dynamics are more intricate and less predictable.
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Figure 4.2 Comparison of transcription elongation rate measured with dual-color
construct in Drosophila embryo. Both our lacZ and 601 constructs demonstrate mean
elongation rates similar to those reported by Liu et al. While the distribution shapes
around the means are comparable, ours show greater spread, indicating wider
variability. Additionally, our results include more pronounced outliers, highlighting
potential limitations in our analysis method.
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However, our observed average transcription elongation rates with both lacZ and
12x601 are slightly faster than the earlier estimations derived from traditional methods.
Specifically, northern blotting assays conducted on Drosophila larval tissues (Thummel
et al., 1990) and nuclear run-on assay utilizing extracts from Drosophila S2 cell (O’'Brien
and Lis, 1993). A plausible explanation for the observed increase in the average
transcription elongation rate is that the earlier estimations were primarily based on the
analysis of heat shock genes. These studies required elevated temperatures for induction,
which might have led to attenuated rates of transcription elongation. Heat stress can
impact cellular mechanisms and potentially slow down enzymatic activities (Cardiello
et al., 2018), hence potentially explaining the slower elongation rates observed in these
earlier studies. In our experimental setup, measurements were conducted under optimal
culturing conditions, specifically maintained at around 22°C. This temperature is
considered ideal for Drosophila development and does not impose the thermal stress
associated with heat shock protocols used in previous studies. Consequently, this could
contribute to the higher transcription elongation rates observed in our experiments, as
the transcription machinery operates more efficiently without the stress factors that
potentially hinder its activity in elevated temperatures.

4.2.3 Cell cycle does not affect transcription elongation rate

We next aimed to explore whether variations in the cell cycle stage could influence
the rate of transcription elongation. Our data acquisition spanned nuclear cycle (NC) 13,
14, and sometimes 12, allowing us to assess if different stages of the cell cycle impact the
efficiency of the transcriptional machinery. As previously mentioned, we employed a
computational approach to analyze the transcription data collected from both MS2 and
PP7 fluorescence channels. We fitted a piecewise function to the data from each channel
to determine the point at which the fluorescent signals began to rise significantly above
the background level. By calculating the delay in frames between the rise in fluorescence
in the MS2 and PP7 channels, we could quantify the time difference in transcription
progression between the two sites. Combining this with the known length of the
transcript between the sites (4.3 kb) and the duration of each frame (15 seconds), we were
able to calculate transcription elongation rate from the fluorescent data.

Except that we only have data from 12x601 construct in NC12 (2.66 + 0.21 kb/min,
SEM, n = 45), the transcription elongation rates for lacZ (2.09 + 0.12 kb/min, SEM, n =103
in NC13 and 2.01 £ 0.08 kb/min, SEM, n = 207) and 12x601 constructs (2.00 + 0.05 kb/min,
SEM, n =458 in NC13 and 2.13 + 0.04 kb/min, SEM, n = 932) are very similar to each other,
as illustrated in Figure 4.3. This consistency suggests that the transcription elongation
rates for these constructs are not significantly impacted by the different spacers used
(lacZ versus Widom 601 sequences), across these stages of the cell cycle. This could
indicate that the transcriptional machinery in Drosophila embryos maintains a relatively
stable elongation rate across these nuclear cycles, irrespective of the specific underline
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sequences provided by different spacer elements.
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Figure 4.3 Transcription elongation rate of lacZ and 12x601 constructs at different
NC. The transcription elongation rates of the lacZ and 12x601 constructs across different
nuclear cycles (NC13 and NC14) are depicted through a combination of box plots and
violin plots, which illustrate the distribution of the rates. Outliers in the data are marked
with asterisks for clarity. The analysis shows no significant differences in transcription
elongation rates within the same construct across different nuclear cycles. Additionally,
the introduction of 12 copies of Widom 601 NPS into the constructs did not influence the
transcription elongation rate at either NC13 or NC14.

4.2.4 Low SNR of MS2 channel results in poor fitting

The pivotal step in calculating transcription elongation rates from fluorescent traces
involves identifying the rise time for each channel. As detailed in section 4.2.1, the
fluorescent traces were modeled using a two-phase piece-wise function, as depicted in
Figure 4.4A. The fitting shows that the PP7 signal begins to rise above the background 7
frames after the MS2 signal, yielding an elongation rate of 2.51 kb/min. However, the
MS2 channel fitting was occasionally inaccurate due to poor SNR, as highlighted by two
problematic examples in Figures 4.4B and C, where the PP7 signal rises either before or
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immediately after the MS2 signal, resulting in biologically implausible elongation rates,
such as 17.6 kb/min.

The frequent fitting failures can be attributed to the optical properties of the
fluorophores; MCP, which binds to the MS2 stem loop, is conjugated to mCherry, while
PCP, associated with the PP7 stem loop, is linked to GFP. The raw fluorescent signal from
the MS2 channel, shown in Figure 4.4D, exhibits a lower peak and higher background
compared to the GFP channel, presented in Figure 4.4G. Analysis across both the lacZ
and 12x601 reporters reveals that the MS2 channel has an average background of 64.8
AU (Figure 4.4E) and a peak mean of 103 (Figure 4.4F), resulting in an SNR of 0.59 after
background subtraction. Conversely, the PP7 channel maintains a lower average
background of 47.6 (Figure 4.4H) and a higher peak mean of 198 (Figure 4.4]), achieving
an SNR of 3.16 —approximately five times higher than the MS2 channel. The elevated
background, reduced peak, and low SNR in the MS2 channel significantly impair fitting
accuracy, leading to outliers in our transcription elongation rate measurements.
Addressing this issue might involve adopting a more effective labeling strategy or
employing advanced modeling techniques for fluorescent signal analysis.
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Figure 4.4 Low SNR of MS2 Channel Compromises Fitting Accuracy. (A) Accurate
fittings of both MS2 and PP7 channels reveal a 7-frame delay in the PP7 signal rising
above background, compared to the MS2 signal. (B) Incorrect fitting where the PP7 signal
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rises before the MS2 signal, resulting in a negative elongation rate. (C) Incorrect fitting
where the PP7 signal rises just 1 frame after the MS2 signal, leading to a biologically
implausible elongation rate of 17.6 kb/min. (D) Raw MS2 fluorescent signal from (A); the
background level is determined by the flat phase of the fitting, and the peak level
corresponds to the highest value achieved during the fitting, marked at 75% of the
maximum raw signal. (E) Distribution of MS2 background levels with an average of 64.8
AU. (F) Distribution of MS2 peak levels with an average of 103 AU; the resulting SNR
for the MS2 channel is 0.59 after background subtraction. (G) Raw PP7 fluorescent signal
from (A), with background and peak levels defined similarly to the MS2 channel. (H)
Distribution of PP7 background levels, averaging 47.6 AU. (I) Distribution of PP7 peak
levels, averaging 198 AU; the SNR for the PP7 channel is 3.16.

4.2.5 Anterior-Posterior (AP) position does affect transcription
elongation rate

Finally, we turned our attention to exploring the potential correlation between
transcription elongation rate and gene expression levels. This investigation is
particularly interesting in the context of Drosophila embryogenesis, where the maternal
Bicoid activator establishes a gradient that is essential for regulating AP patterning genes
like hunchback (hb) in a concentration-dependent manner (Nien et al., 2011). Given that
our reporter constructs are all driven by the hb promoter, by analyzing how AP
patterning influences transcription elongation rates, we can gain deeper insights into
how varying levels of gene expression may modulate the transcription elongation rate
during early developmental processes.

To analyze transcription elongation rates in relation to gene expression levels, we
segmented data from both the lacZ and 12x601 construct based on its anterior-posterior
(AP) position within Drosophila embryos, as shown in Figure 4.5A. This segmentation
allowed for a detailed examination of how transcription elongation rates vary across
different spatial regions of the embryo. By comparing these rates at various AP positions
in both NC13 and NC14, we confirmed that the dynamics of transcription elongation
remain consistent across these developmental stages, supporting conclusions previously
drawn in section 4.2.3. In the anterior 40% of the embryo, the transcription elongation
rate consistently remains around 2 kb/min in both NC13 and NC14, as illustrated in
Figure 45A and C. Beyond this anterior region, there is a noticeable decline in
transcription elongation rate, coinciding with the decreasing gradient of Bicoid protein
concentration. As Bicoid concentration decreases along the AP axis, it leads to a
corresponding reduction in hb promoter activity. This correlation suggests a complex
interaction between transcription initiation and chromatin structure, indicating that the
level of transcription initiation—affected by transcription factor concentrations —may
influence chromatin configuration, which in turn impacts transcription elongation rates.
However, for the lacZ reporter, insufficient data were collected in NC13 (Figure 4.5C) to
establish a clear trend. In NC14, the elongation rate begins to drop after the anterior 50%
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of the embryo, exhibiting a trend similar to that observed with the 12x601 reporter. This
pattern suggests that the introduction of an array of NPS into the genome may not
efficiently position nucleosomes. We will further explore this issue in the next chapter.
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Figure 4.5 Variation in transcription elongation rates across the anterior-posterior
(A-P) axis, independent of sequence context. Transcription elongation rates from
multiple embryos using the 12x601 and lacZ reporters were analyzed and categorized
based on their positions along the A-P axis. (A) Shows a consistent pattern in
transcription elongation rates for both NC13 and NC14 of the 12x601 reporter, with
higher rates observed in nuclei closer to the anterior. (B) Displays the number of nuclei
analyzed in each positional bin for the 12x601 reporter. (C) Illustrates that in the lacZ
reporter, the transcription elongation rate begins to decline after approximately the
anterior 45% of the embryo in NC14. Data beyond the anterior 30% in NC13 are lacking,
preventing a conclusive analysis. (D) Shows the number of nuclei analyzed in each
positional bin for the lacZ reporter.

4.3 Conclusions

In this chapter, we have expanded our investigations from in vitro reconstituted
systems to explore the dynamics of transcription elongation within the context of
Drosophila embryogenesis. Employing both the MS2 and PP7 stem-loop systems along
with confocal microscopy, we monitored real-time transcription, providing a direct view
of transcriptional processes in live embryos. Our studies were specifically focused on
assessing the effects of NPS and exploring how variations in nuclear cycles and anterior-
posterior positional effects influence transcription elongation rates. This comprehensive
approach has allowed us to gain a nuanced understanding of gene expression regulation
during critical developmental phases, highlighting the complex interplay between
chromatin structure and transcriptional machinery.

Our findings confirmed consistent transcription elongation rates across nuclear
cycles 13 and 14, regardless of the spacer sequence used. This consistency underscores
the robustness of the transcription machinery across different developmental stages and
suggests that introducing array of NPS in vivo is not sufficient to alter transcription
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elongation. Furthermore, our analysis revealed that the transcription elongation rate
remains stable at approximately 2 kb/min in the anterior 40% of the embryo,
demonstrating that the rates are not significantly impacted by the AP positional variance
within this range. However, beyond this anterior segment, we noted a decline in the
transcription elongation rate, correlating with a decrease in Bicoid protein concentration
and hb promoter activity. This pattern suggests a potential linkage between transcription
factor concentration gradients, chromatin structure alterations, and transcription
elongation dynamics.

The approach and findings discussed in this chapter offer valuable insights into the
complex interplay between chromatin environment and transcriptional control
mechanisms during early developmental processes in Drosophila. These insights are
crucial for further studies on gene regulation and embryonic development, providing a
foundation for understanding how genetic and epigenetic factors influence transcription
across biological systems.
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4.5 Material and Methods

4.5.1 DNA constructs

The plasmid containing the reporter construct P2P-MS2-lacZ-PP7 (referenced in Liu
et al., 2021) was kindly provided by the Garcia Lab. Subsequent reporter construct, the
P2P-MS2-12x601-PP7 plasmid was cloned using custom services from Genescript,
involving the introduction of twelve copies of the Widom 601 NPS into the lacZ region.
These plasmids were integrated into the Drosophila genome at the 38F1 landing site
utilizing PhiC31-mediated Recombinase Mediated Cassette Exchange (RMCE), with
integration services provided by BestGene (Chino Hills, Carlifornia).

4.5.2 Fly strains

Transcription of the reporters were measured by imaging embryos resulting from
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crossing  yw;MCP-NoNLS-mCherry,Histone-iRFP;MCP-NoNLS-mCherry, =~ PCP-
NoNLS-GFP (referenced in Liu er al., 2021) female virgins with yw;P2P-MS2-lacZ-PP7 or
yw,;P2P-MS2-12x601-PP7 males.

4.5.3 Sample preparation and data collection

Sample preparation for imaging was conducted according to the protocols detailed
in Garcia and Gregor (2018) and Liu et al. (2021). Briefly, embryos were collected two
hours after replacing the cage lid, dechorinated using bleach, and then mounted between
a semipermeable membrane (Lumox film, Starstedt, Germany) and a coverslip. The
embryos were embedded in Halocarbon 27 oil (Sigma) and excess oil was removed from
the sides using absorbent paper to slightly flatten the embryos. Imaging was performed
on a Leica SP8 scanning confocal microscope (Leica Microsystems, Wetzlar, Germany).
Fluorescent proteins MCP-mCherry, PCP-eGFP, and Histone-iRFP were excited using a
White Light Laser at wavelengths of 488 nm, 587 nm, and 670 nm, respectively. Average
laser powers measured at the output of a 10X objective were 35 uW for eGFP and 20 uW
for mCherry. Three Hybrid Detectors (HyD) captured the fluorescent signals within
spectral windows of 496-546 nm for eGFP, 600-660 nm for mCherry, and 700-800 nm for
iRFP. The confocal imaging stack included 15 slices, spaced 0.5 pm apart, covering a total
z-height of 7 um. Images were acquired every 15 seconds at a resolution of 512 x 128
pixels with a pixel size of 202 nm and a pixel dwell time of 1.2 us. Signal acquisition
involved accumulating data over three repetitions for each frame. Data were collected
from 310 cells in 2 embryos with the lacZ reporter and 1435 cells in 8 embryos with the
12x601 reporter, with imaging conducted up to 25 minutes post-NC14.

4.5.4 Image processing and data analysis

Images were analyzed using custom-written MATLAB software, adhering to
protocols from Garcia et al. (2013) and Lammers et al. (2020), accessible at a public Github
repository (https://github.com/Garcial.ab/mRNADynamics). This software automates
the analysis of microscope images by segmenting individual nuclei using the Histone-
iRFP signal as a nuclear mask, segmenting transcription spots based on fluorescence, and
quantifying the intensity of each MCP-mCherry and PCP-eGFP spot within a nucleus
over time.

For precise localization of fluorescence puncta, we used the Trainable Weka
Segmentation plugin for FIJI (Arganda-Carreras et al., 2017), which employs the
FastRandomForest algorithm. This generates a probability map for each 2D image (Z-
slice at a specific time) that predicts the likelihood of each pixel belonging to a punctum.
To process fluorescence and probability data, which consist of stacks of 2D images at
different Z-levels, we flattened the images into a single 2D image by selecting the
maximum pixel value along the Z-axis. Each punctum is defined at each time point as
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the area where the probability map exceeds half of the image's maximum probability
value—for instance, if the highest value is 80%, the threshold is set at 40%.

Puncta associations across frames and colors were determined by checking for
overlaps: a punctum at time i is linked to one at time i-1 if they overlap. Likewise, a red
punctum at time i is associated with a green punctum at the same time if they overlap.
The centroids of these spots provide coordinates over time for each color (x, y, time,
color), marking the center of each punctum in the images. Fluorescence values are then
summed within a 4-pixel radius around each centroid, creating a dataset of red and green
fluorescence for each spot.

The rise times are calculated by cropping the data to focus solely on the initial
increase in fluorescence, discontinuing the analysis once the trace reaches 75% of its
maximum. This selected portion is fitted to a flat - linear piecewise continuous function,
representing both the stable background and the transcription-driven rise. The time at
which this fit begins to rise is considered the moment when RNAP reaches the start of
the corresponding MS2/PP7 repeat section in the transcript. By analyzing both the green
and red fluorescence channels in this manner, we can calculate the time delay between
their increases, providing an estimate of the time required to transcribe the intervening
4.3 kb segment containing the MS2 loops and insert sections. The code is written in
MATLARB and is available at https://github.com/abmtong/BLabOTMatlab in the folder
\Misc\ Drosophila.
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Chapter 5
Evaluate nucleosome occupancy using
ATAC-seq

5.1 Introduction

In Chapter 4, the transcription elongation rate is assessed in a Drosophila embryo
using artificially constructed reporter genes embedded into the genome by confocal
microscopy. These reporters include segments of the LacZ gene or multiple copies of the
Widom 601 sequences, but the actual nucleosome occupancy of these reporter constructs
within the chromatin context of the embryo remains unmeasured. Understanding
nucleosome occupancy is crucial because it can significantly influence transcriptional
dynamics by affecting how RNAP interacts with the DNA. Nucleosomes can act as
barriers to transcription elongation.

To address this gap, further NGS experiments could be conducted. This method
would provide detailed insights into the chromatin structure around these reporter
constructs, clarifying how nucleosome arrangement might be influencing transcriptional
activity and elongation rates observed in confocal microscopy experiments. Such data
are essential for a comprehensive understanding of the interplay between chromatin
architecture and gene regulation within the developmental context of Drosophila
embryos.

Various NGS techniques have been developed to provide deep insights into
chromatin biology (Yan et al., 2020), each serving unique purposes in the study of the
epigenetic landscape, chromatin accessibility, and TF binding. These techniques include:

1) ATAC-seq (Assay for Transposase-Accessible Chromatin with sequencing):
Utilizes a hyperactive Tn5 transposase to probe open chromatin areas, making it
excellent for studying chromatin accessibility and indirectly inferring nucleosome
locations (Buenrostro et al., 2015; Buenrostro et al., 2015a; Cusanovich et al., 2018).

2) DNase-seq (DNase I hypersensitive sites sequencing): Identifies regions of DNA
that are sensitive to cleavage by the enzyme DNase I, which preferentially targets
accessible chromatin regions, providing insights into regulatory elements that are
active in particular cells or under specific conditions (Boyle et al., 2008; Song and
Crawford, 2010; Meuleman et al., 2020).

3) FAIRE-seq (Formaldehyde-Assisted Isolation of Regulatory Elements
sequencing): Enriches for nucleosome-depleted regions of DNA by exploiting the
differential solubility of nucleosome-bound and free DNA following
formaldehyde cross-linking, which is useful for identifying regions like enhancers
and promoters that are free of nucleosomes (Giresi et al., 2007; Simon et al., 2013).
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4) ChIP-seq (Chromatin Immunoprecipitation sequencing): Targets protein-DNA
interactions, using antibodies specific to either histone modifications or
transcription factors. This method allows researchers to determine the specific
locations where proteins bind to DNA, revealing regulatory sites and the impact
of histone modifications on gene expression (Park, 2009; Raha et al., 2010).

5) MNase-seq (Micrococcal Nuclease sequencing): Uses micrococcal nuclease, an
enzyme that digests linker DNA between nucleosomes, thereby identifying
positions of nucleosomes along the genome. This technique provides precise
mapping of nucleosome locations, essential for understanding the role of
nucleosome positioning in regulating access to genetic information (Schones et
al., 2008; Cui and Zhao, 2011).

Each of these methods offers a distinctive perspective on the complex mechanisms
regulating gene expression, providing critical data that help delineate the functional
elements of the genome. By understanding how these elements are influenced by
chromatin structure and dynamics, researchers can gain insights into the intricate
processes that control gene activity across different biological contexts and conditions.

In this chapter, we employed ATAC-seq, a technique that is becoming increasingly
popular for evaluating nucleosome occupancy across the genome. One of the significant
advantages of ATAC-seq is its efficiency with minimal cell input, 500-50000 cells or
nuclei, allowing for the analysis of chromatin accessibility even in samples where cell
numbers are limited. While the sensitivity and specificity of ATAC-seq are comparable
to DNase-seq but superior to FAIRE-seq where both methods require millions of cells as
input materials (Buenrostro et al., 2013). Additionally, ATAC-seq does not require prior
knowledge of the epigenetic marks or transcription factors involved in regulating the
chromatin environment (Grandi et al., 2022). This feature is particularly advantageous
as it permits a broad application across various biological systems without the need for
customized reagents or probes specific to particular DNA-binding proteins or histone
modifications.

ATAC-seq utilizes a hyperactive Tn5 transposase that performs two critical
functions: it cuts DNA at open chromatin sites and simultaneously inserts sequencing
adapters. This dual functionality streamlines the library preparation process for high-
throughput sequencing, effectively highlighting genomic regions that are not tightly
bound by nucleosomes or other regulatory proteins (Buenrostro et al., 2015). As a result,
ATAC-seq provides a comprehensive view of chromatin accessibility across the genome.
The data generated offers a detailed map of accessible DNA sites, revealing insights into
the regulatory landscapes that influence gene expression (Grandi et al.,, 2022). This
method is highly valued for its efficiency and the depth of information it provides,
making it a crucial tool in the study of genomic regulation and function.

In the following, we have conducted ATAC-seq to assess chromatin accessibility and
nucleosome positioning during nuclear cycle 14, aligning this analysis with the collection
of our confocal microscopy data. This approach provides a detailed examination of
chromatin dynamics at this particular phase of Drosophila embryonic development. By
obtaining a comprehensive view of the chromatin landscape, we aim to understand how
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it influences transcriptional elongation and the regulatory mechanisms active during
these pivotal developmental stages. Integrating ATAC-seq data with confocal
microscopy observations enables us to explore the reasons why introducing multiple
NPS into the Drosophila genome does not alter transcription elongation rates as expected.
This analysis helps to uncover the complexities of chromatin architecture and its impact
on gene expression, potentially revealing why certain theoretical modifications do not
produce the anticipated practical effects in the dynamics of transcriptional regulation.

5.2 Results

5.2.1 ATAC-seq library preparation and data collection

The ATAC-seq libraries were created using multiple embryos at nuclear cycle 14 from
specific reporter fly lines that were previously utilized in confocal microscopy studies.
These libraries were made from fly lines with variations in spacer sequences: one library
utilized the LacZ line which incorporates a portion of lacZ gene as a spacer (lacZ
construct), while another 12x601 line which features twelve copies of the Widom 601
sequence (12x601 construct) to assess the nucleosome positioning. Additional libraries
were also generated from lines containing a single copy of the Widom 601 sequence
(1x601 construct) and a single 5sRNA sequence (1x5sRNA construct). This setup enables
a detailed comparative analysis of how various DNA sequences influence nucleosome
occupancy and chromatin accessibility within the cellular context.

For each ATAC-seq library, ten embryos at the desired developmental stage were
collected. The collection process involved several steps to ensure the integrity and
cleanliness of the samples. First, the embryos were dechorionated to remove the outer
layer, which facilitates access to the cells. After dechorionation, the embryos were
thoroughly washed to eliminate any residues or contaminants that could interfere with
the subsequent steps. Finally, the embryos were homogenized to break the cell
membranes, a crucial step that ensures the release of nuclei needed for the ATAC-seq
protocol. Then the nuclei were mixed with hyperactive Tn5 transposase to fragmentize
the genomic DNA. After the collection and preparation of nuclei from the embryos, they
are mixed with a hyperactive Tn5 transposase from Illumina. This enzyme plays a critical
role in the ATAC-seq protocol by accessing exposed DNA in open chromatin regions. It
performs a cut-and-paste reaction, simultaneously fragmenting the DNA and inserting
single-strand DNA adapters at both the 5' and 3' ends of each DNA fragment. These
adapters are crucial as they provide the necessary sequences for the subsequent
amplification steps. The DNA fragments, now with adapters attached, were purified to
remove enzymes and other impurities that could interfere with subsequent processes.
Once the DNA is purified, a quantitative PCR (qPCR) reaction was conducted to
determine the optimal number of PCR cycles for library amplification. This step is crucial
to avoid over-amplification of the library, which can skew the representation of different
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DNA fragments.

's Y- N
B Homogenization

A Embryo Collection and Dechorionation
Disgosatle Embryos Nuclel

Fly cage
TR v
4 7 / \ Bleach & =) Nuclei
| B pellet

e I el ) -l

Dechorionation Dounce

- \ (e Homogenizer ‘ "1"‘ ! \,/
Grape Juice Grape Juice m‘lﬁ:; :p;b.;ryos R
Agar Plate Agar Plate: nuclear cycle 14 { =

Tagmentation

"~
Z
I\

Amplication and Quantification

QPCR 1o determine optimal PCR cycle

R LT 111
R 01111101 1YY
I
T e ass
T
i -
T
BRRdRR 11118111 811 AT L
T,
JULEI LTI PP L
4 7
- Qubit ta measure
concentration
Magnetic Beads —
Punficaiion ——
Q L S ———
e L
NUclel » 1
pellet PGR ta amplify the library Amplified Library e
- A\

Figure 5.1 Overview of ATAC-seq library preparation. (A) Embryos are collected
and treated with bleach to remove the chorion. (B) Dechorionated embryos are
homogenized to release nuclei, followed by centrifugation to separate the cytoplasmic
contents. (C) Hyperactive Tn5 transposase is introduced to fragment the genomic DNA.
(D) The fragmented DNA is then PCR amplified and purified in preparation for
sequencing. Created with BioRender.com.

Over-amplification can lead to disproportionate enrichment of certain sequences,
reducing the overall quality and utility of the sequencing data by masking less abundant
but potentially important genomic regions. The use of qPCR allows for precise
calibration of the PCR process, ensuring that amplification is stopped at a point that
preserves the diversity and relative abundance of the DNA fragments in the sample, the
main PCR amplification was then performed accordingly. The PCR amplified DNA was
then purified with magnetic beads. This purification step is essential to remove salts,
primers, primer-dimers, and unincorporated dNTPs that could interfere with
subsequent sequencing. The concentration of the ATAC-seq library was measured using
a Qubit fluorometer to ensure there is sufficient DNA for sequencing. At the same time,
the size distribution of the library was accessed using a Tapestation system. This analysis
confirms that the DNA was neither under- nor over-fragmented. Finally, the libraries
were sequenced using an Illumina sequencer, employing pair-end sequencing
technology which reads both ends of each DNA fragment. This approach enhances the
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accuracy and completeness of the sequencing data which is invaluable for accurately
aligning the reads to the reference genome. Detailed experimental setup of each step will
be discussed in the Material and Method section.

5.2.2 Check the developmental stage of embryo for each library

During the preparation of ATAC-seq libraries, the developmental stages of embryos
were initially estimated using a stereomicroscope, with ten embryos pooled per
genotype to prepare each library. To refine staging accuracy and confirm the
developmental phase of each library, chromatin accessibility of specific developmental
marker genes was analyzed. The genes even-skipped (eve) and engrailed (en), known for
their distinct expression patterns during Drosophila embryogenesis, were utilized as
markers. eve is typically expressed in a striped pattern during early segmentation,
making it a reliable indicator for specific early to mid-embryonic stages, particularly
within 20 to 30 minutes after the onset of NC14. engrailed expression, marking posterior
compartment cells from mid-embryogenesis onwards, provides insights into slightly
later stages.

ATAC-seq data from the lacZ, 1x5s, 1x601, and 12x601 genotypes, as illustrated in
Figure 5.2, highlighting chromatin accessibility for these constructs. For comparative
analysis, ATAC-seq libraries from embryos collected at 12 minutes (NC14+12) and 72
minutes (NC14+72) post-NC14, provided by Professor Shelby Blythe (Soluri et al., 2020),
are also included. These additional datasets serve as critical references for accurately
estimating the developmental stages of our ATAC-seq libraries. Notably, all four
libraries were prepared approximately 40 minutes after the commencement of NC14,
coinciding with the timing of our live cell imaging experiments with Drosophila embryos.
While the lacZ sample may slightly precede the other three samples in developmental
timing, and although all samples likely contain a mix of younger and older embryos,
they are predominantly of younger stages on average. The slight variations observed are
minimal. Examination of these data reveals consistent and satisfactory sample quality,
aligning well with previous ATAC-seq datasets.

5.2.3 Quality check of the data over the whole genome and over
the transgene

We conducted a deep sequencing analysis to ensure the quality of our samples. Each
sample achieved an average of 32 million reads, indicating a robust depth that enhances
the reliability of chromatin accessibility insights derived from the data. The fragment size
distributions, which are crucial for assessing the efficiency of the transposition reaction
and the overall quality of the library preparation, were analyzed and are displayed in
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Figure 5.2 Assessing Developmental Stages Using Chromatin Accessibility of eve
and engrailed Genes. (A-B) Chromatin accessibility at the representative pair-rule gene,
eve, and the segment polarity gene, engrailed, across various developmental stages and
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reporter constructs. The panels display early NC14 (NC14+12, first row), late NC14
(NC14+72, second row), lacZ (third row), 1x601 (fourth row), 12x601 (fifth row), and
5sRNA (sixth row). Enhancers that are significantly more accessible in early NC14 are
highlighted in red, while those that become accessible later, around the onset of
gastrulation, are in blue. ATAC accessibility is consistently shown on the same y-axis
scale (0-25 counts per million, CPM) across all plots for direct comparison.

The read distribution pattern in the ATAC-seq data reveals a predominance of very
short fragments, predominantly indicative of "open chromatin” areas, predominantly
under 100 base pairs in length. This observation contrasts with the minimal presence of
reads that align with the +1 nucleosome size of around 150 base pairs and an even smaller
presence in the +2 nucleosome range around 300 base pairs. In contrast, during library
preparation, each sample underwent analysis with a Tape station, where the distribution
of DNA fragments appeared more uniform, as detailed in the Materials and Methods
section. The observation of a higher prevalence of shorter DNA fragments in the ATAC-
seq data from this experiment, which employed patterned flow cells in a NovaSeq
system, suggests a potential technical factor influencing the results. Patterned flow cells
are known to be more precise in cluster generation due to their structured layout, which
can enhance sequencing efficiency and output. However, they may also exhibit a
stronger size exclusion effect, leading to an enrichment of shorter fragments. This
characteristic could particularly emphasize open chromatin reads, as these are typically
shorter due to the nature of accessible DNA being more freely available for transposition.

A fragment size distributions B fragment size comparison, red = tg, black = whole genome
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Figure 5.3 Fragment size distributions of reads from all libraries and reads
mapped to the transgenes. (A) Displays the fragment size distributions for each
individual library. (B) Shows the composite fragment size distribution of reads from all
libraries, marked in black, alongside the fragment size distribution of reads specifically
mapped to the transgenes, highlighted in red.

Mapping the ATAC-seq data to the individual transgenes by creating a bowtie index
from the sequences of the reporter constructs has revealed important insights, as
illustrated in Figure 5.3B. The analysis revealed that the size distribution of reads
mapped to the transgenes closely aligns with that of the overall genomic data. This
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similarity indicates that, despite a general bias towards shorter DNA fragments observed
across the sequencing data, there is no discernible skew when comparing reads mapped
to the transgenes versus those from the entire genome. Such uniformity in read
distribution confirms that our experimental and analytical approaches are robust and
reliable across various genomic contexts. This outcome is reassuring, verifying that data
quality is not compromised by the unique features of the transgenes and that the
observed bias towards shorter fragments is a characteristic of the sequencing method
itself, not a targeted anomaly. The consistency in data quality across all four genotypes
reinforces the dependability of our library preparation techniques and sets a solid
foundation for further detailed analysis of nucleosome positioning across different
reporters.

5.2.4 Single copy of NPS does not alter nucleosome positioning

To assess the nucleosome positioning within each transgene accurately, we use a
strategy that quantifies ATAC-seq read coverage in distinct genomic regions
characterized by their DNA fragment sizes. Specifically, we calculate the coverage of
reads in the open chromatin regions, which are identified by fragment lengths between
50 and 100 base-pairs. These regions typically lack nucleosomes, suggesting higher
accessibility and potential regulatory activity. Additionally, we evaluate the coverage in
the mononucleosome regions, where fragment lengths range from 140 to 250 base-pairs.
These lengths correspond to DNA wrapped around a single nucleosome, which can
provide insights into standard nucleosome positioning along the DNA.

In tigure 5.4A, we illustrate the coverage distribution of reads across open chromatin
and nucleosomal regions for the lacZ construct, which spans 7962 base-pairs. In this
visualization, open chromatin (open) coverage is marked in red, while coverage over
nucleosomal (nuc) regions is depicted in black. Both of the coverages are counts per
million (CPM) normalized. The P2 promoter fragment is distinctly highlighted with a
thick gold rug, indicating its position within the transgenes. The specific sites where
single NPS, 5sRNA or Widom 601 sequences, have been inserted in the 1xX5sRNA or
1x601 constructs are marked with thick grey rugs and ticked lines for clear
differentiation. The schematic is the same for the 1x5sRNA and 1x601 constructs. In the
lacZ construct, both MS2 (around 2000 base-pairs) and PP7 (around 6000 base-pairs) stem
loop regions are highly repetitive, leading to them being largely unmapped.
Nevertheless, the reads mapping to the lacZ region were successfully aligned, and
nucleosome positioning could be inferred where the black distribution, representing
nucleosomal regions, visibly protrudes through the red distribution. For improved
visualization of nucleosome positioning within the construct, figure 5.4B utilizes a more
analytical approach by plotting the log ratio of nucleosomal to open chromatin reads.
This method enhances visualization by providing a more quantitative comparison,
effectively highlighting areas where nucleosomes are predominantly positioned
compared to regions of open chromatin. By focusing on the log ratio, it becomes easier
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to discern subtle variations in nucleosome density across the construct. Particularly
within the P2 promoter region (gold rug), there are notable spots indicative of enriched
nucleosome presence. While, in the lacZ region, there is also a reasonable degree of
phasing of nucleosome sized reads relative to the open chromatin reads. The position
where, in other transgenes, the single nucleosome has been added, does seem to be
where under normal circumstances there would be a slight enrichment for nucleosome
sized-reads.

68



ws]

A LacZ: open (red), nuc (black)

20
|

10 15

score(balacNuc)
0.5

log(score(balacNuc)fscore(balac))

-05 00

-1.0

T T - T T T T T “ T T T
0 2000 4000 6000 8000 0 2000 4000 6000 8000

base pairs base pairs

-

C 5sRNA: open (red), nuc (black)

>
1

10 15 20
|

score(baSsNuc)
W
1

: . !

log(score(ba5sNuc)/score(ba5s))
4]

score(ba601Nuc)

log(nuc/open)

21 g
1 3
0 2
T T T T T o T T T T
0 2000 4000 6000 8000 0 2000 4000 6000 8000
base pairs base pairs
E 1x601: open (red), nuc (black) F
o ]
— o
2 w
3 I
S o
g -
24 R
z o
=)
g o v i
8 o
19 3
8 =
L9
g
0 2
I T T T T o T T T T
0 2000 4000 6000 8000 0 2000 4000 6000 8000
base pairs base pairs
G HbP2P detail: LacZ {grey), 5S (black), 1x601 (blue) H detail: LacZ (grey), 5S (black), 1x601 (blue)
o a
& p
N
i} 2 ‘l )ﬁ j “\fh J % I'MW
Z /\ g me v ﬂN ‘ | }w
n = o
2L F 121, ' A
< E
o
(=}
s M/ By
w <@
3 A
= e
- T T T T B T T T T T
400 600 800 1000 2500 3000 3500 4000 4500
base pairs base pairs

Figure caption in the following page.

69



Figure 5.4 Chromatin accessibility across the lacZ, 1x5sRNA, and 1x601 constructs.
Gold rugs indicate the P2 promoter region consistent across all plots, while grey lines
mark the locations where NPS was inserted. Black lines represent the positions of a
5sRNA or a Widom 601 NPS. (A) Distribution of reads for lacZ construct; black represents
reads ranging from 140 to 250 base-pairs, corresponding to nucleosomal regions, and red
represents reds under 100 base-pairs, corresponding to open chromatin area. Regions
that could not be mapped due to repetitive sequences are left blank. (B) Log ratio of
nucleosomal to open chromatin reads for lacZ. (C) Distribution of nucleosomal and open
chromatin reads of 1x5sRNA construct. (D) Log ratio of nucleosomal to open chromatin
reads for 1x5sRNA. (E) Distribution of nucleosomal and open chromatin reads of 1x601
construct. (F) Log ratio of nucleosomal to open chromatin reads for 1x601. (G, H) Log
ratio within the P2 promoter and for region between MS2 and PP7 for lacZ, the 1x5sRNA,
and the 1x601 construct. In these panels, the lacZ is highlighted in grey, 1x5sRNA in
black, and 1x601 in blue.

In Figures 5.4C, 5.4D, 5.4E, and 5.4F, the individual coverage data and log ratios for
the 1x5sRNA and 1x601 constructs are displayed in the same manner as with the lacZ
construct, providing a cohesive analysis across different reporter constructs. The P2
promoter region, continues to be highlighted by a gold rug in these figures, ensuring
consistent reference points across the different constructs. The specific locations where
the 5sSRNA or Widom 601 NPS have been integrated are marked with black rugs.
Notably, these figures show a discernible enrichment for nucleosome-sized reads at these
positions, suggesting that the insertion of these sequences does favor nucleosome
positioning. Interestingly, similar enrichments are also observed in the lacZ construct,
implying that these regions might naturally predispose towards nucleosome assembly,
independent of the specific underline sequences. Furthermore, the use of non-repetitive
versions of MS2 stem-loop repeats in the 1x5sRNA and 1x601 constructs has facilitated
successful mapping of reads from these constructs to the genome. Such precise mapping
is crucial for evaluating the nucleosome positioning near promoter regions.

In the analysis of the 1xX5sRNA and 1x601 constructs, the observed periodicity of
nucleosome enrichment aligning with the positions of sequence insertions provides
intriguing insights into nucleosome positioning. As depicted in figure 5.4G, which offers
a zoomed-in view of the spacer region for all three constructs, there is a noticeable
alignment of nucleosome peaks with the inserted sequences. However, the significance
of this alignment must be interpreted cautiously, as it could potentially occur by random
chance. The intensity of nucleosome enrichment at these specific insertion sites is not
markedly higher than that in neighboring regions, which suggests that while there is an
observable pattern, it is not exceptionally pronounced. It's important to note that these
positions do fall on the 'enriched' side of the plots for all three transgenes examined.
When compared to the LacZ control, there is a visible, albeit not overwhelming, increase
in nucleosome-sized fragment enrichment over these regions.

To validate the findings regarding the enrichment of nucleosome-sized reads in the
1x5sRNA, 1x601, and lacZ constructs, performing a comparative analysis over the P2
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promoter region is a strategic approach. Since all three constructs share the same
underlying sequence in this region, any consistent patterns observed can strengthen the
argument that the nucleosome enrichment is not merely coincidental or due to random
noise. In figure 5.4H, the log ratio of nucleosomal to open chromatin reads from all three
constructs is overlaid with adjusted y-axis range to accommodate increased enrichment
levels. The analysis successfully delineates the nucleosomal arrangement within the
promoter region, illustrating the typical chromatin structure involved in gene regulation.
The first peak at around 400 base-pairs is indicative of the -1 nucleosome. This
nucleosome is positioned upstream of the transcription start site (TSS) and is often
involved in regulating access to the core promoter elements by transcription machinery.
The second peak at around 900 base-pairs represents the +1 nucleosome, located just
downstream of the TSS. This positioning is strategic for controlling the transition from
transcription initiation to elongation, effectively influencing the expression of the gene
(Ramachandran et al., 2015; Wang et al., 2022). The valley between 600 and 800 base-pairs
corresponds to the nucleosome depleted region (NDR) (Bai et al., 2011), a critical area
typically free from nucleosomes that allows regulatory proteins and transcription factors
to bind to the DNA more easily, facilitating the initiation of transcription (Hartley and
Madhani, 2009; Jiang and Pugh, 2009; Kubik et al., 2015). This demonstrate that all three
constructs exhibit a similar trend in this well-conserved region not only provides
compelling evidence that the observed patterns in nucleosome positioning but also are
likely reflective of real, biologically relevant phenomena rather than random variations.
This consistency across different constructs, particularly in a shared sequence context
like the P2 promoter, adds significant credibility to the conclusion that the observed
nucleosome enrichments in the spacer regions are genuine.

5.5.1 Adding twelve Widom 601 NPS is still not able to alter the
nucleosome positioning

Finally, we examined the 12x601 construct. This construct is created by integrating
twelve Widom 601 NPS into the spacer region while maintaining the original linker
sequence from the LacZ construct. The interesting periodicity observed in figure 5.5A
highlights a critical issue in sequence alignment within the highly repetitive regions. The
use of unique linker sequences helps to reduce this mappability issue to some extent by
providing unique sequences that can assist in aligning reads to specific locations in the
genome. However, as observed, this does not completely eliminate the problem,
especially for reads that are closely matched to the Widom 601 sequence itself. If a read
is exactly 146 base-pairs long and matches the Widom 601 sequence perfectly, it cannot
be mapped to a specific instance of the sequence due to the repetitive nature. This also
applies to reads shorter than 146 base-pairs that contain significant portions of the
Widom 601 sequence. These sequences may overlap with multiple potential mapping
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sites across the repeated Widom 601 sequences, leading to ambiguities in mapping.
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Figure 5.5 12x601 construct does not alter nucleosomal positioning. (A) Distribution
of nucleosomal and open chromatin reads of 12x601 construct. (B) Log ratio of
nucleosomal reads from 12x601 construct over that from lacZ construct.

To address the mappability issues in the 12x601 construct due to its repetitive nature,
we employed a comparative approach by plotting the log ratio of nucleosome-sized
reads from the LacZ construct against those from the 12x601 construct, as illustrated in
Figure 5.5B. As before, the P2 promoter is marked by a gold rug and the spacer region is
marked by a black rug. It is obvious that nucleosome-sized reads were not enriched in
the 12x601 construct. In fact, it seems like there is a general under-representation of
nucleosome-sized reads for this construct compared with the LacZ construct.

5.5.2 Transcription activity may alter the nucleosome
positioning

Expanding the scope of ATAC-seq analysis to include genome-wide chromatin
accessibility provides a comprehensive view of how transcription activities influence
nucleosome distribution. In early NC14, the activity at the hb P2 promoter, used in all
four reporter constructs, is particularly relevant because it is a phase of active
transcription which can disrupt or reorganize nucleosomes. By comparing this with a
gene where RNAP is predominantly paused at NC14, we can assess how transcriptional
activity impacts nucleosome positioning across different genomic contexts. There are
several examples of paused loci in early embryos. Hedgehog (hh) is one that is
predominantly paused during NC14 before becoming selectively activated at
gastrulation. The hh locus is large, so for a direct comparison with the hb locus, we will
get an 8000 base-pairs region that includes 2000 base-pairs upstream of the hh TSS and
6000 base-pairs downstream.
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Figure 5.6 Enhanced nucleosome positioning is observed in silenced genes. Log
ratio of nucleosomal to open chromatin reads for hb is highlighted in blue and that of hh
is highlighted in red.

Applying the same analysis to the hh gene and plotting the log ratio of nucleosomal
to open chromatin reads alongside the hb gene, provides a comparative view of
nucleosome dynamics across these two genes in Figure 5.6. This analysis demonstrates
how active transcription influences nucleosome positioning within these gene bodies.
Although the hh gene does not show perfectly phased nucleosomes, it demonstrates
clearer phasing compared to hb, suggesting that transcription activities impact
nucleosome organization differently across genes. Both genes exhibit a consistent
positioning of the +1 nucleosome just downstream of the transcription start site,
highlighting its key role in transcription regulation. Additionally, there is a somewhat
consistent placement of an upstream nucleosome around -500 bp from the TSS in both
genes. However, the hb locus displays a more complex pattern with an additional
nucleosome between this upstream position and the +1 nucleosome, indicating a
potentially more intricate regulatory environment. Overall, these findings emphasize the
interaction between transcription dynamics and chromatin architecture, providing
insights into the regulatory mechanisms that govern gene expression.
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5.3 Conclusion

In this chapter, we investigated the nucleosome occupancy of all four reporter
constructs used in confocal microscopy experiment using ATAC-seq to provide a
detailed view of chromatin dynamics during critical developmental stages. Our
experiments revealed that the incorporation of single, 5sSRNA or Widom 601 sequence,
or multiple, twelve copies of Widom 601, NPS did not significantly alter nucleosome
positioning, highlighting the robustness of the in vivo chromatin environment against
structural reorganization. This resilience suggests that chromatin's inherent structure in
a living organism is highly stable and resistant to artificial modifications aimed at
altering nucleosome positioning.

Moreover, our comparative analysis of the hb and hh genes demonstrated that active
transcription influences nucleosome dynamics, with the hh gene showing clearer
nucleosome phasing than hb. This difference underscores the impact of transcriptional
activity on chromatin structure, suggesting that gene-specific transcriptional
mechanisms may dictate nucleosome organization.

The integration of ATAC-seq with confocal microscopy has provided comprehensive
insights into the chromatin landscape, revealing the complex interplay between
chromatin architecture and transcriptional regulation. These observations underscore
the intricate nature of chromatin dynamics and pave the way for further research into
the regulatory mechanisms that control gene expression during development. This work
not only enriches our understanding of genomic regulation but also highlights the
challenges and considerations necessary when attempting to manipulate chromatin
architecture for experimental or therapeutic purposes.
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5.5 Material and Method

5.5.3 DNA constructs

Additional plasmids containing the reporter construct P2P-MS2-5sRNA-PP7 and
P2P-MS2-1x601-PP7, were developed in-house by substituting a single copy of 5sSRNA
or the Widom 601 NPS into the lacZ region of the P2P-MS2-lacZ-PP7 plasmid used in
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chapter 4. These plasmids were integrated into the Drosophila genome as detailed in
section 4.4.1.

5.5.4 Library preparation

ATAC-seq was performed according to the procedures detailed in Soluri et al. (2020).
Briefly, embryos at specific developmental stages, observed under a stereomicroscope,
were selected and maintained at a constant room temperature to minimize staging
variability. Ten embryos were dechorionated with bleach on a paper towel, washed, then
floated off in PBS + 0.1% Tween-20. Sinking embryos were collected, transferred to a
LoBind tube (Eppendorf, Hamburg, Germany), and homogenized in Lysis Buffer
(Buenrostro et al., 2013) (10 mM Tris-HCl pH 7.4; 10 mM NaCl; 3 mM MgCl2; 0.1% Igepal
CA-630) using the Monarch Pestle Set (NEB, Ipswich, Massachusetts). Nuclei were
pelleted by gentle centrifugation at 4°C at 500 RCF for 10 minutes, and the supernatant
was discarded before freezing the pellet on dry ice. Samples were briefly thawed on ice
before undergoing tagmentation in a 50 puL reaction mixture containing 25 uL of 2x TD
Buffer (Illumina, San Diego, California), 20 uL ultrapure water, and 5 puL TDE1 enzyme
(Illumina, San Diego, California). The mixture was incubated for 30 minutes at 37°C with
800 RPM agitation in an Eppendorf Thermomixer HotShakey device. Post-tagmentation,
samples were purified using the Qiagen MiniElute Reaction Clean Up kit, eluting in 10
uL EB Buffer (10 mM Tris-HCl, pH 8.5).

ATAC libraries were then amplified using a set of Dual-Unique Index PCR Primers
(Soluri et al,, 2020) and purified with Ampure XP beads (Beckman Coulter, Brea,
California), with the final product eluted in 15 uL EB Buffer. The quality and fragment
size distribution of the amplified libraries were verified on an Agilent Bioanalyzer
(Agilent Biotechnologies, Santa Clara, California) to ensure the presence of distinct open
and nucleosome-associated fragment sizes, and concentrations were quantified using the
Qubit dsDNA HS Assay Kit (ThermoFisher, Waltham, Massachusetts). To minimize
preparation bias, three replicates of each reporter construct were prepared on different
days.

5.5.5 ATAC-seq analysis

The analysis was carried out in accordance with the methods described in Soluri et
al. (2020). Demultiplexed reads were trimmed off adapters using TrimGalore! and
subsequently mapped to the dmé assembly of the Drosophila genome using Bowtie2 with
the option -X 2000. Suspected optical and PCR duplicates were identified and marked
using Picard MarkDuplicates. Mapped, trimmed, and duplicate-marked reads were then
processed in R, utilizing the GenomicAlignments (Lawrence et al., 2013) and Rsamtools
libraries (http://bioconductor.org/packages/release/bioc/html/Rsamtools.html). Only
properly paired, non-secondary, and mapped reads with mapping quality scores of 10
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or higher were retained. Reads with mapped lengths of 100 base-pairs or less were
categorized as originating from 'open' chromatin, while those between 140 and 250 base-
pairs were considered to have come from nucleosome-protected regions. Coverage of
reads on different reporters was visualized by binning the data in 5 base-pair intervals.

76



Chapter 6

Conclusions

In this dissertation, we conducted a comprehensive investigation into transcription
over nucleosomes, combining in vitro and in vivo methods to explore the behavior of
transcriptional machinery as it interacts with chromatin.

We illuminated the dynamic interactions between RNAP and nucleosomes, shedding
light on transcriptional mechanics in various contexts. Initial studies using purified
components established the nucleosome as a significant barrier in vitro, a stark contrast
to the more efficient RNAP navigation observed in vivo. This discrepancy was explored
through cryo-ET, which captured intermediate states of RNAP transcribing through
nucleosomes, providing a structural basis for understanding how RNAP contends with
this chromatin barrier.

Further in wvivo investigations using Drosophila embryos demonstrated that
transcription elongation rates remain consistent regardless of the presence of NPS that
hinder RNAP in vitro. This suggests additional cellular factors in vivo that facilitate
RNAP's passage, a phenomenon further explored through ATAC-seq analysis, which
indicated that underlying DNA sequences play a less critical role in nucleosome
positioning within a cellular context than previously thought.

Opverall, these findings challenge existing in vitro models of transcription, presenting
a more nuanced view of the nucleosome as a barrier and emphasizing the complexity of
transcription regulation in a cellular environment. Future research may benefit from
integrating these diverse approaches to further dissect the interplay between
transcription machinery and chromatin, potentially leading to enhanced models that
more accurately reflect the in vivo state.
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