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Gene expression is regulated by a number of different mechanisms, but of
particular interest recently is the regulation of gene expression through spatial
organization of the genome. Various techniques have been developed and continue to
be developed to further characterize and study the dependence of transcriptional
regulation on genome organization. In this dissertation, | will discuss a series of projects
aimed at designing a novel method to examine the relationship between transcriptional

activity and genomic contacts.

| will discuss efforts to characterize photoactivatable compounds including
members of the psoralen family for use as a tool to examine genomic contacts. | will
explain the determination of many different photochemical properties of psoralen
compounds. | will also mention optimization and the use of psoralen compounds with

two-photon excitation.

Here | present a technique we call Femto-Seq. This technique utilizes a
photoactivatable DNA crosslinking compound with an affinity tag to take a snapshot of
the DNA sequences spatially around a genomic locus of interest. After allowing the
photoactivatable compound to intercalate, two-photon excitation is used to covalently
bind sequences in a nuclear volume of interest (around a fluorescently labeled gene for

example). The affinity tag on the crosslinker is used to enrich for sequences from the



irradiated volume which are then analyzed through sequencing. | will present pilot
experiments designed to examine the efficacy of such a method by looking at the
enrichment of a targeted transgene. We report a 15-fold enrichment of the transgene
matching expected enrichment based on the nuclear volume of interest. | will describe

potential applications and extensions of such a technique.

Many parts of the Femto-Seq method can be further optimized. Since the
technique involves fluorescently labeling a genomic locus of interest, fluorescently
labeled engineerable DNA binding proteins are particularly valuable. While many exist,
we were particularly interested in Transcription Activator Like Effectors (TALES). In
order to understand the mechanisms of TALE binding we utilized a variety of techniques
including DNA curtains, single molecule co-localization and Fluorescent Correlation
Spectroscopy. | will also discuss the potential use of microfluidic platforms to increase

throughput of the pulldown and cleanup processes.
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Chapter 1

Introduction

1.1 Overview

The human genome contains all the information needed to control all cellular
functions in our bodies. This information can be found in both the coding and non-
coding regions of our genome. On the surface, the coding sequences do the majority of
the work. They encode proteins and RNA which carry out most biological processes.
Despite their importance, coding sequences only make up approximately 2% of all
genomic sequences (Figure 1.1). The remaining 98% of genomic sequences are non-
coding but still vital [1]. Non-coding sequences include telomeres [2], centromeres [3],
and origins of replication [4]. The former is important for DNA repair while the latter are
important for DNA replication processes. Non-coding sequences also include control
elements such as promoters and enhancers [5]. While these sequences do not actually
code anything, they are still vitally important for controlling gene expression and thus

controlling downstream biological processes.

Regulation of gene expression is important for a number of different reasons.
Cell differentiation processes require specific genes to be activated or repressed [6].
Additionally, gene expression needs to change in order to respond to environmental
stimuli [7]. Control of gene expression comes in many different forms. Gene expression
can be controlled at the transcription [8], mMRNA processing [9] and translation [10]

levels. Recently, transcriptional control caused by spatial organization within the
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Figure 1.1. Overview of functional DNA elements in the human genome.

A very small fraction of the human genome (encompassing circle) corresponds to protein coding
regions (small purple circle). Despite the limited amount of protein coding regions, there is
evidence many non-coding regions have important regulatory roles. The red circle represents
the fraction of regions believe to serve a functional role based on evolutionary conservation
between mammals. The green shaded area conceptually represents non-coding regions which
produce phenotypical changes upon modification (as true estimates are limited). The blue
circles represent DNA regions with biochemical activity as detected in the ENCODE project
(such as histone modification patterns, DNA methylation and transcription factor binding).
Despite protein coding regions making up a small portion of the genome, there is much

evidence that other non-coding regions serve important regulatory functions. Adapted from [11].



genome has become patrticularly interesting. Understanding how changes in the
physical location of sequences, proteins and nuclear bodies affect gene expression is

important to fully understand developmental processes.

1.2 Methods to examine Spatial Genome Organization:

A thorough discussion transcription, regulatory elements and methods to
determine and examine regulatory sequences can be found in Appendix A. There are a
variety of methods that have been utilized to examine spatial organization of the
genome. Still today, much work goes into developing new and novel methods to

examine such interactions.

1.2.1 Chromosome Conformation Capture Techniques:

Chromosome Conformation Capture techniques have been used to look at
chromosome organization for close to two decades [12] (Figure 1.2). It started with the
development of 3C technology, but this sort of technology has been adapted and
utilized to create a slew of methods to examine chromosome conformation. The initial
steps in all of these techniques are as follows. First, chromatin is fixed, usually using
formaldehyde. The fixed chromatin is then cut with a restriction enzyme. The sticky
ends of the chromatin fragments are then ligated together in a dilute environment. This
ensures that only intramolecular crosslinks between crosslinked sequences are ligated
together. Once the crosslinks are reversed all that remains is several linear DNA
strands composed of segments that were spatially close together in the nucleus even if
they weren’t close together in the genome [12]. Once a set of linear strands are

generated, they can be analyzed through a variety of methods.



3C:

The original 3C utilized semi-quantitative gPCR to analyze whether two genomic
contacts were crosslinked and thus spatially close to each other [12]. This technique
was originally used to show that yeast chromosome Il forms a ring structure. It was
later used to show that the upstream LCR looped back to interact with the B-globin locus

forming an ~50kb chromatin loop using gPCR [13].

4C:

4C creates small DNA circles via another ligation. Primers designed to examine a
locus of interest are used to perform an inverse PCR [14]. The resulting strands are
then analyzed using a microarray [15]. This provides a snapshot of all the sequences
around a specific locus of interest determined by the primers utilized in the inverse PCR
reaction. 4C experiments were first used to examine the DNA interactions of tissue
specific genes that were embedded in an inactive region [15]. It was also used to
examine the contacts of a housekeeping gene in a very active region of the genome

[15].

5C:

5C allows the examination of interactions between multiple distinct sequences
compared to 3C which looks at the interaction of two specific loci and 4C which looks at
all the interactions by a single locus [16]. Following the reversal of the crosslinking
reaction, the DNA template is hybridized to a set of oligos designed to bind to restriction
enzyme binding sites with universal primers on the 5’ end. The DNA is then amplified

using these universal primers creating a set of genomic contact templates which can be



analyzed using a microarray or sequencing [16]. 5C has been used to look at the 3-

globin gene locus where it shows similar results to previous 3C studies [16].

Hi-C:

Hi-C was the first all versus all method brought about by the emergence of next
generation sequencing [17]. In Hi-C protocols, prior to the ligation step, the DNA
fragments have their ends filled in with biotinylated nucleotides. After the ligation, a
biotin pulldown is performed to isolate only the ligated sequences. After sequencing,
one is left with a set of reads only corresponding to ligated sequences. When a set of
sequences come from different restriction fragments they are treated as an interaction
between those sets of sequences. Resulting from all the reads, a matrix of ligation
frequencies can be created [17]. The original resolution of Hi-C was ~1Mb based on
approximately 10 million paired end reads [17]. Since Hi-C measures all versus all,
resolution increases require a quadratically scaling increase in the amount of
sequencing. Hi-C confirmed the presence of spatial separation of active and inactive
regions [17]. While these were seen in previous studies, Hi-C allowed researchers to
see this behavior on a genome wide scale.
Drawbacks and Potential Issues:

The theoretical limit to the resolution of these techniques is dependent on the
DNA cutter being used [18]. Cutters that fragment DNA into smaller pieces have a lower
theoretical limit. The presence of repetitive DNA sequences can make the analysis of
certain regions more difficult, but this can be mitigated with increased sequencing depth

[18]. All of these techniques are dependent on the capture probability between genomic
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Figure 1.2. Chromatin Conformation Capture Technologies.

(a) Most traditional chromatin capture technologies follow this experimental pathway. Chromatin
is crosslinked usually using formaldehyde. Chromatin is then digested and ligated in a dilute
solution to ensure ligation only occurs on individual chromatin chunks and not between
chromatin chunks. Crosslinks are then reversed and the resulting fragments are analyzed. (b)
3C utilizes gPCR to examine contact frequency between two individual loci. A primer from each
locus is chosen to allow quantification of fragments that contain both loci. (c) 4C utilizes inverse
PCR and microarray or sequencing analysis to look at all the contacts of a single locus of
interest. (d) 5C is an extension of 3C technology to look at the interactions of several different
loci with each other. (e) Hi-C is a genome wide application of 3C technology. The ligation step
includes inserting a biotinylated nucleotide which can be enriched. This is followed by

sequencing to generate a map of all genomic contacts in the genome. Adapted from [49].



loci. As loci get farther apart on the genome their capture probability sharply decreases.
In order to detect long range interactions, a large number of reads are required. Thus,
long range interactions are often described statistically as loci which are in contact with
each other with a higher probability than other regions the same linear distance from
each other [18]. It has been shown that spatial organization of the genome is not static
in time and can vary between cells in a given population [19]. Finally, Chromosome
Conformation Capture techniques are traditionally limited to studying pairwise
interactions [17]. Interactions from multiple loci that form a cluster would not be easily

extractable from the data.

1.2.2 Microscopy based Techniques:

While the previous mentioned methods have been biochemical-based a whole
suite of microscopy-based technigues have also been developed to look at spatial
organization of the genome. These techniques all revolve around labeling genomic loci

utilizing a variety of methods some of which are described below.

Fluorescence in Situ Hybridization:

Fluorescence in Situ Hybridization (FISH) utilizes fluorescently labeled oligonucleotides
to visualize genomic loci (Figure 1.3). In this technique, cells are fixed and their
chromatin is denatured. A fluorescent probe that is designed to bind a specific
sequence is then allowed to hybridize to the denatured chromatin. The probe is then
visualized using microscopy [20]. This technique has been used to look at very
repetitive DNA such as centromeres [21] and telomeres [22]. It has also been used to

look at the location of multicopy genes such as ribosomal DNA [23]. Chromosome
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Figure 1.3. Fluorescence in Situ Hybridization.

(a) Fluorescence in Situ Hybridization protocol. Nuclei are permeabilized to allow fluorescently
labeled probe DNA sequences into the nucleus. Chromatin is denatured and the probe DNA is
allowed to bind its complimentary sequence. Nuclei are then fixed and imaged. (b) FISH
reconstruction of chromosome 18 (red) and 19 (green). Chromosome 19 localizes towards the
center of the nucleus while 18 localizes towards to the periphery. (c) 3D reconstruction. Adapted

from [50] and [24].



paint studies have been used to show that chromosome occupy distinct chromosome
territories within the nucleus [24]. While the data from FISH experiments has been
extremely useful, there are some shortcomings of such protocols. The efficiency of the
binding of FISH probes is dependent on a variety of factors including the probe itself,
the denaturation and hybridization method. Another drawback of FISH is that the
fixation protocol can result in the loss of very fine DNA spatial organizational structure.
Repeated examination of genomic loci has been used to illustrate the transcriptional

activity of chromosomes [25].

1.3 Global Nuclear Architecture:

The previously described techniques have been used to identify and study many
different scopes of spatial genome organization. These layers of genome organization
include compartments, topologically associated domains, chromosome territories, and

Lamina Associated Domains.

Compartments:

At the largest level nuclear organization can be broken down into two
compartments. These compartments, A/B, were first examined by early Hi-C
experiments [17]. Stronger interaction has been shown to occur within a compartment
rather than between compartments [17]. A/B compartments have many other additional
features which distinguish them. The A compartment is composed of mainly open active
chromatin. Compartment A correlates with known genes, transcriptional activity and
DNase | hypersensitivity [17]. Compartment A also correlates with histone marks

demarking open chromatin. The B compartment is the opposite, it is composed of



mainly closed and silent chromatin [17]. Pairs of loci in Compartment B tended to have
higher interaction frequency further suggesting that Compartment B consists of

heterochromatin [17]. The A compartment tends to localize to the center of the nucleus
in eukaryotes and the B compartment tends to localize to the periphery. Compartments
are cell type specific, regions that are in the A compartment in one cell may be found in
the B compartment in a different cell [26]. Despite the cell type specificity, the open and

closed chromatin distinction is maintained.
Topologically Associated Domains:

Topologically Associated Domains (TADS) are megabase size domains that
show increased interaction within the domain over sequences outside the domain [27].
It has been shown that TADs function as spatial insulators, allowing enhancer promoter
interaction within the TAD, but preventing crosstalk between promoters and enhancers
within different TADs [28]. Alterations in the location of TAD boundaries have been
shown to lead to changes in gene expression profiles leading to various pathologies
[29]. Boundaries of TADs have increased levels of housekeeping genes [30]. In
mammals, most TAD boundaries are marked by the presence of CCCTC-binding factor
(CTCF) sites and structural maintenance of chromosomes (SMC) cohesion complexes
[30]. Increased contact frequency between the edges of TADs (seen as corners on a Hi-
C map) may indicate the presence of CTCF loops [31]. CTCF shows association with
insulators as well, further suggesting its importance in defining TAD boundaries.
Depletion of CTCF has been shown to cause increased interaction between TADs.
Alterations or removal of CTCF sites has been shown to change the position of TAD

boundaries [32]. This behavior is not universal though. In Drosophila, depletion of CTCF

10



is not shown to broadly effect genome architecture, despite binding to the same
sequence [33]. It has been suspected that TAD organization in Drosophila is affected by
other insulator proteins such as BEAF-32 [34]. Other species such as plants do not

have CTCF, but still show TAD-like behavior [35].

Chromosome Territories:

Chromosomes themselves have been shown to occupy distinct territories of the
nucleus [36]. Positioning of chromosome territories is a tissue specific phenomenon and
conserved between different mammalian species [37]. Changes in the position of
chromosome territories can occur over minutes and in response to external stimuli [38].
The volume of chromosome territories depends heavily on the density of active genes
rather than the size of the chromosome itself [39]. Chromosome territories are not strict
as much intermingling between chromosomes is noticed [39]. It has been shown that
this intermingling occurs as transient movement of chromosomes increases on both a
genome wide and gene specific scale [39]. Despite the noticeable presence of
intermingling, regions that intermingle have been shown to not be enriched for

euchromatin or actively transcribing genes [39].

Lamina Associating Domains:

The nucleus is surrounded by a membrane bilayer spotted with nuclear pores,
complexes which allow transportation of molecules across the nuclear membrane [40].
The inner membrane is coated with a large mesh-like structure called the nuclear
lamina [41]. The nuclear lamina is composed of a variety of Lamin proteins and other

membrane associated proteins [42]. Depletion of Lamin proteins has been shown to be
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associated with nucleus deformation suggesting that Lamin proteins play a vital role in
maintaining nuclear structure [41]. Lamin proteins are absent from plants and fungi [42].
In many cell types it has been shown that heterochromatin localizes to the periphery of
the nucleus while euchromatin localizes to the center of the nucleus [43, 44]. Examining
interactions between Lamin-B and chromatin has led to the discovery of large genomic
regions termed Lamin Associated Domains (LADs) [45]. LADs can span up to 10kb and
show enrichment for repressive histone marks [45]. Some LADs termed facultative
LADs show differentiation with cell type, while other LADs termed constitutive LADS
show remarkable conservation between species and increased A-T nucleotide density
[46]. LADs generally show low gene density and the genes contained in LADs show
little transcriptional activity [45]. However, gene repression at the nuclear periphery is
not a universal phenomenon. Several studies have indicated subregions of increased
gene expression at the nuclear periphery specifically localized at nuclear pore

complexes [47, 48].

1.4 Development of a Novel Method to Examine Genomic Contacts:

With these previously discussed techniques and nuclear architecture in mind, we
sought to develop a novel method to examine genomic contacts. Our method, which we
call Femto-Seq, is a novel method to look at genomic sequences in a specific volume of
the nucleus. Similar to 4C, this method can look at genomic contacts around a specific
genomic locus; however, it is not limited to that. Femto-Seq is able to look at any
nuclear volume that can be fluorescently labeled. Femto-Seq does not require
formaldehyde crosslinking of chromatin fragments. Instead, it utilizes photoactivatable

compounds which can provide spatial resolution. Femto-seq is performed using a two-

12



photon microscope which allows examination of specific sub-populations that may be

missed in ensemble-based measurements.

The experimental process of Femto-Seq is as follows (Figure 1.4a). Prior to the
experiment the nuclear volume of interest must be fluorescently labeled (Figure 1.4b).
Many methods can accomplish this some of which will be discussed in Chapter 3. After
labeling a nuclear volume of interest, nuclei are incubated with a psoralen based
crosslinker with an affinity tag. After allowing this compound to intercalate, nuclei are
imaged on a two-photon microscope. The photoactivatable crosslinker is selectively
activated in the region of interest with two-photon excitation using the fluorescent label
as a target. This process covalently bonds the photoactivatable crosslinker with an
affinity tag to only the DNA located in the irradiated volume. Chromatin is then extracted
and sheared. Chromatin from the nuclear volume of interest is enriched by performing a
bead pulldown using the affinity tag attached to the crosslinker. The crosslinking
compound is removed from the chromatin and the chromatin is then sequenced
effectively providing a snapshot of the sequences located in the nuclear volume of
interest..

1.5 Structure of Thesis:

In this chapter, | have briefly summarized the importance of studying chromatin
organization as it relates to gene expression regulation. | have discussed numerous
previously developed technigues designed to examine transcriptional regulation. | have
also introduced Femto-Seq as a novel method we have developed to examine genomic

contacts.
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In Chapter 2, I will discuss how photoactivatable compounds have been used to
provide spatial resolution in a variety of contexts. | will discuss exploration of
photoactivatable compounds for use in Femto-Seq experiments. | will then discuss
determination of various photochemical properties of psoralen-based compounds for the

purpose of being used in a Femto-Seq experiment.

In Chapter 3, I will discuss summarize developed techniques to study chromatin
organization including novel methods and improvements of older techniques. | will
discuss the results of a pilot Femto-Seq experiment and suggest future improvements

and applications of such a method.

In Chapter 4, | will mention smaller projects | have worked on during my study.
These projects while not directly related to Femto-Seq could provide the basis for

further improvements of the method.
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Figure 1.4: Overview of Femto-Seq.

(a) Overview of the Femto-Seq technique. A genomic volume of interest is fluorescently labeled.
A photoactivatable crosslinker with a biotin tag is then added. 3D localized two-photon excitation
is used to excite the crosslinker around the volume of interest. DNA is purified and the
crosslinked DNA is enriched via streptavidin bead pulldown. After crosslink reversal and clean
up, sequencing is performed. Since we enrich for the chromatin from the volume of interest, a
snapshot of sequences from the volume of interest is obtained. (b) Example images before and
after targeted irradiation. A transgene is marked by punctate YFP spots and after targeted two-

photon excitation clear bleaching patterns at the loci are seen.
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Chapter 2

Examination and Characterization of Photoactivatable DNA Binding Compounds

for Use as a Tool to Examine Genomic Contacts
2.1 Overview:

Photoactivatable compounds have been combined with various illumination
techniques in the past to study and interact with a variety of biological phenomenon [1].
As far back as the late 1970s, researchers were altering molecules such as ATP by
adding photochemical protecting groups. These caged ATP molecules were unable to be
metabolized until liberation of the ATP molecule via 340nm light [2]. Creating caged ATP
generally involves altering the y phosphate by adding a photoactivatable group, usually a
2-nitrophenylehtyl group that gets cleaved away yielding functional ATP (Figure 2.1a) [2].
Caged ATP has been used to study excitation-contraction coupling mechanisms in rabbit
muscle fibers [3]. While caged ATP uses cleavage of a molecule to photoactivate it, other
mechanisms have been used. Photoisomerization of azobenzenes has been used to
transform its conformation from cis to trans or vice versa [4]. Caging of cations (CA2+ and
Mg2+) has been achieved by introducing photoactivatable groups into molecules such as
BAPTA [5] or EDTA [6]. The “nitr” series of molecules is based on BAPTA (Figure 2.1b).
The second approach based on EDTA has been called “DM-nitrophen” (Figure 2.1c).
Both these compounds work similarly. Upon irradiation with 300nm light a cleavage
reaction occurs releasing a cation as well as some biologically inert side products (Figure
2.1b-c). Caged cations have primarily been utilized to study ion channels [7] and cation
transport mechanisms [8]. Caged cations provide a couple of unique advantages which

are shared with other
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Figure 2.1. Examples of photoactivatable compounds: Caged-ATP, NITR-5 and DM-
Nitrophen.

(a) Photochemical reaction of Caged-ATP. The y phosphate is altered making the compound
inactive until a light caused cleavage occurs at the 2-nitrophenylethly group leaving behind an
active ATP molecule. (b) Photochemical reaction of NITR-5, after irradiation the Ca2+ cation is
released. (c) Similar photoreaction to (b) but utilizes DM-Nitrophen as a photoactivatable

compound for releasing Ca2+. Adapted from [9].
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photoactivatable compounds. As photoactivatable compounds are inert until activated
with light, they tend to have strong temporal resolution when compared to other methods
that are commonly used to introduce small molecules and ions [9]. While at the time of
their initial discovery the spatial resolution did not see widespread use, it became an

advantage that would be utilized as illumination techniques continued to improve [9].

Similar to caged molecules, photoactivatable fluorescent proteins have seen
extensive use due to their spatial and temporal resolution. Photoactivatable fluorescent
proteins can be broken down into 3 categories based on their response to light stimuli.
Photoactivatable fluorescent proteins can either switch from a dark state to a bright state,
convert to a different fluorescent color, or reversibly photoconvert [10]. The first class
includes proteins such as PA-GFP [11] (Figure 2.2a) and PA-mRFP [12]. Both of these
compounds remain dark until activated with UV light, after which they brightly fluoresce
green or red respectively (approximately 70-fold increase in fluorescence) [11,12].
Proteins that switch colors upon activation include EosFP [13], Dendra2 [14], and Kaeda
[15] (Figure 2.2b). These proteins fluoresce green but transition to red emission upon UV
activation [10]. The primary advantage of these compounds is that unlike PA-GFP they
are easily visualizable prior to photoswitching which can be useful in targeting specific
volumes for photoactivation. Finally, reversible highlighters such as Dronpa [15] and
Kindling-FP [16] (Figure 2.2c) demonstrate a reversible change between two different

fluorescent colors.
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Figure 2.2 Example photochemical reaction of common photoactivatable fluorescent
proteins.

(a) Photochemical reaction of PA-GFP. After UV irradiation a green chromophore is left behind
and abled to be imaged. Unactivated chromophores are not fluorescent at that wavelength. This
process is irreversible. (b) Photoconversion of Kaede from a green fluorescent protein to a red
fluorescent protein. This irreversible process results in a backbone break to change the
fluorescence color of the molecule. (c) Reversible process for activation of KFP-1. Green light
changes the chromophore conformation from trans to cis making it fluorescent. This process

can be reversed by using blue light. Adapted from [23].
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As stated earlier, photoactivatable fluorescent proteins have a variety of uses
because of their spatial and temporal resolution. Photoactivatable fluorescent proteins
allowed researchers to do photo-chase experiments [10]. In a given cellular compartment
the total protein concentration may remain constant as gain and loss are balanced,
preventing visualization of protein trafficking. Photoactivatable fluorescent proteins can
be used to track protein movement by selectively activating a small population of proteins
and tracking their movement throughout the cell. This has been used to track the origins

of peroxisomes [17], tubulin behavior [18], and actin movement [19].

Similar to how photoactivatable fluorescent proteins can be used for tracking
proteins in cells, they can also be used to track cell movement and development in
tissues. By having embryonic cells express a photoactivatable fluorescent protein like
tdEosSFP researchers were able to study cell movement by selectively activating tdEosFP
in a subpopulation of cells and tracking them over time [20]. Lastly, photoactivatable
fluorescent proteins have been used to examine protein binding kinetics, in a method
similar to Fluorescence Recovery After Photobleaching (FRAP). Rather than bleach out
a volume of fluorescent proteins, a subset of photoactivatable fluorescent proteins is

activated and tracked as they diffuse [10].

Perhaps one of the most interesting uses of photoactivatable proteins is their use
in super resolution imaging. While many techniques have been developed to break the
diffraction limit of conventional microscopy, photoactivatable fluorescent proteins have
been used for Photoactivated Localization Microscopy (PALM) [21]. Stochastic optical
reconstruction microscopy utilizes photoswitchable organic dyes to achieve the same

goal [22].
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Lastly, photoactivatable compounds are particularly interesting for therapeutic
purposes. Photodynamic therapy has been used to treat many different types of cancers,
including breast cancer [25], pancreatic cancer [26], and colorectal cancer [27].
Photodynamic therapy works by introducing a photosensitizing agent to cancer cells and
applying light [24]. As with the previously discussed methods, the spatial resolution
provided by utilizing light in this way allows specific targeting of tumor cells over other

benign tissue.

Perhaps most pertinent to the rest of this chapter, phototherapy has been used in
the treatment of psoriasis, a skin condition resulting from increased skin cell production.
Psoralen Ultraviolet A is a form of photochemotherapy used to treat certain psoriasis
variants. Psoralen which is photosensitive is introduced to the site either topically or
through an injection. Ultraviolet A light is then used to activate the psoralen and induce
apoptosis [28]. Psoralen and similar compounds operate by first intercalating into DNA at
sites where it can form monoadducts or interstrand crosslinks. Upon absorption of a UV
photon, psoralen forms a pair of covalent bonds at a DNA residue (preferably at Thymine
residues). Activation by a second UV photon causes it to form a second pair of covalent
bonds with a neighboring Thymine on the opposite strand forming an interstrand diadduct
[33] (Figure 2.3a,b). Many compounds behave similarly to psoralen, but differ in other

characteristics such as binding affinity, quantum yield, and solubility [34] (Figure 2.3c).
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Figure 2.3 Overview of Psoralen Compounds and Photochemistry.

(a) Example schematic of a psoralen crosslinking reaction. Covalent bonds between psoralen like
compounds and thymidine residues occur in two separate light activated reactions. Adapted from
[33]. (b) Visualization of the interstrand crosslink formed by a psoralen molecule. The crosslink
binds both strands of DNA together across thymidine residues. (c¢) Psoralen molecule. (d) 4'-
aminomethyl trioxsalen. This compound behaves similar to Psoralen with slightly different

crosslinking efficiency and intercalation properties.
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Compounds that have not been used as photoactive agents in the past are being
altered today to have photoactivatable properties. Cisplatin has been used extensively as
a chemotherapy drug to treat a variety of cancers including lung, ovarian, and breast
cancer [29]. These compounds tend to be inactive in blood, but in the cytoplasm with
lower chloride anion concentration undergo hydrolysis of the chloride ligands to create a
species that forms monoadducts with the N7 position of guanine or adenine [30] (Figure
2.4). These adducts prevent replication and transcription of cellular DNA leading to
eventual cell death (Figure 2.4). Unfortunately, cisplatin-based compounds tend to have
severe side effects brought on by off targeting of nonmalignant cells [31]. In order to
reduce this off-target cell toxicity, researchers sought to introduce photoactivatable

groups to take advantage of the spatially targeted activation [32].

As discussed, photoactivatable compounds offer unique spatial and temporal
resolution. While these compounds have seen a variety of uses for a plethora of different
purposes as described previously, they were of particular interest to us as a platform to
study genomic interactions. As described in the previous chapter, spatial genomic
organization is important to understand from a disease and development related
perspective. In this chapter, | will discuss our efforts to investigate several
photoactivatable compounds we identified as potential candidates for use in methods to
study genomic DNA interactions. Photoactivatable DNA binding compounds, as

discussed previously, were of particular interest to us.
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Figure 2.4 Overview of Cisplatin activity to cause cell apoptosis.

Cisplatin remains in an inactive form in the blood where Chloride anion concentration remains
relatively high. Upon entering the cell cytoplasm where Chloride anion concentration is lower, the
chloride ligands undergo hydrolysis. This reaction allows cisplatin to bind numerous biologically
relevant molecules including cellular DNA. While the efficiency with which it binds different
molecules can vary substantially, it tends to bind the N7 position of Guanine or Adenine. Adapted

from [32]
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2.2 Exploration of Rhenium Based Compounds:

Similar to cisplatin, other metallo-organic compounds show promise as
photoactivatable DNA binding compounds. The lab of Justin Wilson at Cornell University
brought a rhenium-based compound, [Re(CO)2(Phen)(DAPTA)(CI)] (abbreviated SCM-I-
230) [35] (Figure 2.5a) to our attention. This compound has several features which are
worth mentioning. Similar to Cisplatin, where a Platinum atom is the central atom,
Rhenium, another heavy metal element, is the central atom. Another similarity to cisplatin
is the use of carboxyl groups. These functional groups form the basis of the compounds
binding potential. After irradiation, the CO group is released leaving the compound with
an active binding site for other organic molecules [36]. Other functional groups may serve
as better ligands for these purposes. The DAPTA ligand is to make the compound water
soluble [37]. The Phosphine group gives the compound its photoactivity and
phosphorescence, as similar compounds without a phosphine group have very limited

photoactivity and phosphorescence [38].

In order to test the photoactivatable binding potential of SCM-1-230 to DNA, we
measured the phosphorescence lifetime of SCM-1-230 in the presence and absence of
DNA and before and after UV irradiation. Calf Thymus DNA and SCM-I-230 were
incubated together briefly after which it underwent irradiation using a 365nm LED.
Irradiation level varied from no irradiation (Figure 2.5b), a low power irradiation for 30
minutes (Figure 2.5c) and a high-power irradiation for a shorter time (Figure 2.5d).
Dialysis was then performed removing the unbound SCM-I-230 and phosphorescence
lifetime curves were acquired determine if any SCM-I-230 remained. We noticed a strong

phosphorescence signal in the absence of dialysis as the unbound SCM-I-230 remains
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Figure 2.5. Photoactivity of a Rhenium-based Compound.

(a) Diagram of [Re(CO)2(Phen)(DAPTA)(CD] (SCM-1-230). The CO functional groups serve as

binding sites after irradiation. The phosphine gives the compound its photoactivity while the

DAPTA makes the compound soluble. (b) Phosphorescence lifetime of SCM-1-230 and DNA

without UV irradiation. (¢) Phosphorescence lifetime of

SCM-1-230 and DNA with low power UV

irradiation for extended time. (d) Phosphorescence lifetime of SCM-1-230 and DNA with high

power UV irradiation for a short time.
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in solution. In the absence of UV irradiation, we see no phosphorescence after dialysis,
suggesting that the compound only binds DNA upon UV irradiation. This was confirmed
by looking at phosphorescence lifetime curves generated after UV irradiation and dialysis,
in which we see a slight residual phosphorescent signal after both UV irradiation doses,
confirming residual SCM-I1-230 is bound to DNA. Furthermore, we notice a difference in
the phosphorescent signal when the compound is exposed to a lower UV dose over a
longer period of time compared with a higher dose over a shorter period of time. In order
to be useful to study genomic contacts we would require the addition of an affinity tag, but
otherwise SCM-1-230 appears as a novel compound with the potential to be used to study
genomic contacts. It appears to be sensitive to UV wavelengths and doses that would not
form DNA breaks. Since most uses for DNA crosslinking compounds would require that
the crosslink be reversed for downstream analysis, the fact that this compound forms
mono-adducts is a benefit. Reversal treatments for mono-adducts may be less harsh than

reversal treatments required to remove di-adducts.

2.3 Examination of Psoralen Based Compounds:

Besides examining novel photoactivatable DNA binding compounds, we also
examined commercially available compounds. Psoralen-PEG3-Biotin (EZ-link) is a
commercially available photoactivatable DNA crosslinker with an affinity tag making it an
ideal compound for studying genomic contacts. The photoactivatable portion, psoralen,
has seen extensive use in the past for crosslinking DNA [39]. These bonds are formed
individually as a UV photon is required for each bond. Psoralen based photochemistry
occurs at wavelengths between 340nm and 380nm [39]. These wavelengths are

drastically longer than 240nm where you commonly see DNA damage [40].
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While EZ-Link is commercially available, we had access to another compound 4’-
AMT-PEG3-Biotion (AP3B) [41]. This compound is similar to EZ-link but swaps the
psoralen group for a 4’-Aminomethyl trioxsalen. This compound has a higher binding
affinity for DNA compared to the more common methoxsalen forms of Psoralen [39]. We
sought to characterize various properties of both AP3B and EZ-link in order to examine

their efficacy for examining genomic contacts.

2.3.1 Fluorescence and Absorption Spectra of 4’-AMT:

We measured fluorescence and absorption spectra for 4’-AMT. Fluorescence
curves were taken using excitation at 330nm zirradiation from a 360nm LED (Figure 2.6a).
We performed irradiations at a variety of powers and times. Irradiation parameters were
chosen to ensure many different doses were tested at both high and lower power (and
thus long and short times with equivalent total dose). Several interesting characteristics
were noticed. As doses increase the fluorescence peak shifts to a lower wavelength. At
lesser doses in the case of lower power we do not yet see this shift occur. We attribute
this shift in fluorescence to breakdown of the 4’-AMT molecules in solution upon
irradiation. We measured absorbance spectra of 4’-AMT in the presence and absence of
DNA both before and after irradiation using a 360nm LED (Figure 2.6b). Several
interesting results are observed. We noticed that 4’-AMT shows activity in the 340-380nm

range, on
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Figure 2.6. Absorbance and Fluorescent Spectra for 4’-AMT.

(a) Fluorescent spectra for 4-AMT after irradiation of a variety of powers. 4’-AMT was irradiated
using a 360nm LED for the doses listed. High power refers to irradiations at 13mW for a shorter
time and low power at 2mW for a longer time for equivalent total dose. Spectra were taken after
excitation at 330nm. We notice a distinct shift in fluorescence as irradiation occurs. (b)
Absorbance spectra of 4-AMT in the presence and absence of DNA after irradiation. We notice
the activation absorbance of 4’-AMT is well away from the 260nm peak of DNA. We notice a

longer shift in absorbance as 4’-AMT binds DNA.
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the longer wavelength shoulder of the spectrum. This is well outside the peak
absorbance of DNA suggesting that we are able to activate 4’-AMT without causing
significant DNA damage. Upon intercalation, but not crosslinking, we notice that the
spectra appear fairly similar to a combination of the 4’-AMT and DNA spectra. After
irradiation though, we notice that this changes. We notice a shift to a longer wavelength
absorbance at lower UV. Additionally, we see a much more diminished shoulder feature
from 300nm to 400nm. This shoulder feature continues to diminish with increasingly

stronger irradiation doses.

2.3.2 Fluorescence Quantum Yield of AP3B and EZ-Link:

All Psoralen’s are weakly fluorescent. Our ultimate goal is to measure the two-
photon DNA cross-linking quantum yield of our AP3B probe, but to do this we first need
to measure the absolute two-photon absorption cross-section, 8. The most commonly
reported values are for the action cross section for fluorescence since this is easiest to
measure. The action cross-section is the product of the absolution two-photon
absorption cross section times the fluorescence quantum yield (¢F). The fluorescence
guantum yield of a fluorophore is the ratio of emitted photons to absorbed photons.

# emitted photons

~ % absorbed photons &

Since fluorescence is a decay process of excited fluorophores the quantum yield can be

written as
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Figure 2.7. Florescence Quantum Yield of AP3B and EZ-Link.

Plots of absorbance versus integrated fluorescence for (a) EZ-Link with and without DNA, (b)
AP3B with and without DNA, and (c) Quinine Sulfate our quantum yield standard. (d) Literature
values of the quantum yield of Quinine Sulfate [44] and the calculated mgs value. Using this
method and the described equation, the fluorescence quantum yield of AP3B and EZ-link can

be calculated.

38



kg

®=—"
kr + 2 ke

(2)

Where ks is the rate constant for fluorescence radiation and kn is the rate constant for all
other decay processes. Measuring the rate constants of all these processes is
practically impossible. Instead, the fluorescence yield of a fluorophore with a known and
well-defined quantum yield is used as a standard.

Mynk
Dynknown = q)f <%> A3)

Where ®x is the quantum yield of a known fluorophore and m is the slope of integrated
fluorescence emission versus absorbance for the unknown compound and for the
known fluorophore. Plots of integrated fluorescence versus absorbance were collected
for EZ-Link and AP3B both with and without DNA and Quinine Sulfide as a standard.
Fluorescence quantum yields of 0.022 and 0.02 were found for AP3B without and with
DNA respectively. Fluorescence quantum yields of 0.004 were found for EZ-link with

and without DNA respectively.
2.3.3 Two-Photon Cross Section of AP3B and EZ-Link:

Of particular interest to our pursuits were two-photon characteristics of both
Psoralen and 4’-AMT as these have not been quantified previously. Particularly we sought
to characterize the two-photon absorption cross section. Since two-photon excitation is a
second-order process, the number of two-photon absorptions per second is proportional

to the two-photon absorption cross section d times the square of the irradiance, lo. The
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Figure 2.9. Two-Photon Cross-Sections for crosslinking compounds.
Cross-sections graphs for two photoactivatable DNA crosslinking compounds with and without

DNA at wavelengths from 700nm to 780nm.
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two-photon absorption rate can be written as

Nas(® = CO130) [ avs’e) @)
174
Where C is the concentration and S(r) is the spatial distribution function of the incident
light (i.e. the point spread function). In the case of no stimulated emissions or self-
guenching events, the number of fluorescently emitted photons as a function of time can

be written as

F(O) = 3®mNas (5)
Where ®:is the fluorescence quantum yield and nis the fluorescence collection efficiency
of the instrumental set up. The factor of ¥2 comes from the fact that two excitation photons
are required for each fluorescently emitted photon. In practice, we measure the time-

averaged fluorescence photon flux, (F(t)).

(F () = 5 o, c6 0 jv sk (6)

R

The time-averaged fluorescence flux is proportional to (IZ(t)), but most detectors give a

signal proportional to (I, (t)). Because of this we rewrite, substituting (I2(t)) with

a{ly ().

1 I 2
(F(£)) =~ gPn; ca% j s’y (7)
%4

(15 (t))

Here is ,
9 (Ip ()2

the second order temporal coherence of the excitation source.

Additionally, since we are looking at the time-averaged fluorescence flux we need to

introduce a factor for the duty cycle, Rt. In order to determine the two-photon cross
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section, numerous factors need to be determined. Notably, the spatial distribution of
incident light, the second order temporal coherence, the fluorescence -collection
efficiency, the concentration, and the quantum yield. These factors stem from a variety of
sources. The concentration (C), the quantum yield (®), and the two-photon cross section
(®) are properties of the fluorophore solution itself. The remaining factors, the spatial
distribution (S(r)), the duty cycle (Rr), the second order temporal coherence (g), and the
fluorescent collection efficiency (n2) are factors of the instrument setup. Determining the
two-photon cross section of a compound would require either determining these values
or utilizing a standard with a known two-photon cross section. First curves of fluorescent
emission versus excitation intensity are generated for the compound of interest and a
known standard. These are then fit to yo + mI?> where the slope m contains all of the above-

described factors. The ratio of fluorescent intensities can be written as

Mcal _ cbcamcal Ccal6cal

mnew q)newnnew Cnew 57’16W

®

Notably, numerous factors drop out in this ratio, including the second order temporal
coherence and the spatial distribution of the incident light. The two-photon cross section
of interest can be determined by the concentration of the two compounds, the two-
photon cross section of the standard, and the quantum yields of the two compounds

correcting for the collection efficiencies of the instrument.

We utilized fluorescein as a standard to determine two-photon cross sections for
AP3B and EZ-link both with and without DNA. Fluorescence intensity curves were

generated for a variety of wavelengths. Using the known two-photon cross section of
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a Crosslinking Efficiency of AP3B sorted by 1P

Energy

Normalized Pixel Value

b Crosslinking Efficiency of AP38B Sorted by 2P Dose

Normalized Pixel Value

Figure 2.10. Determination of optimal crosslinking conditions using dye staining.

Cells were incubated with AP3B then small volumes were irradiated. After washing out unbound
crosslinker these volumes were then stained with Streptavidin-DyLight488. After washing out
unbound dye the pixel values of irradiated regions were determined and normalized to the
maximum possible value. (a) Normalized Pixel Value (determined by looking at pixel values of
crosslinked versus non-crosslinked areas) plotted against 1P Energy. (b) Similar to (a) but instead
signal to noise is plotted against the 2-photon dose. (c) Example image following staining. Clear
regions of Streptavidin-DyLight488 are visualized indicating AP3B crosslinking. The pixel values

of these regions were determined for various irradiation settings.
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fluorescein we were able to use the above equations to determine the two-photon

cross section of both AP3B and EZ-link (Figure 2.9).

2.3.4 Optimization of the Two-Photon Excitation Conditions for

Crosslinking:

While these previously calculated values are of interest, our primary goal with
these compounds was to utilize them with two-photon excitation microscopy in order to
selectively label the DNA in a small volume inside a nucleus. In order to examine their
viability for this purpose, we created an assay to examine the crosslinking efficiency of
numerous crosslinking conditions simultaneously. After plating cells on a gridded dish and
adding our photoactivatable crosslinkers, we selectively irradiated small regions of nuclei
at varying powers and times. We then stained with a streptavidin dye to allow visualization
of the crosslinked regions (Figure 2.10a,b). By comparing the streptavidin dye signal of
regions that had different illumination settings we were able to test a variety of irradiation

conditions at once.

We utilized this assay to examine a variety of dose settings (Figure 2.10c). By
examining the pixel value of irradiated regions, we determined the optimal dose consisted
of 0.015 mJ 700nm light (corresponding to a (3.94*107 J?/(s*cm—*)) dose of two-photon
excitation). Generally, we noticed that at a certain power threshold we would see sufficient
crosslinking signal with this signal increasing for longer duration irradiations. At extremely
high powers we would notice fairly significant cell damage suggesting that these powers
would not be suitable for a crosslinking experiment. In the previous experiments while we
saw a very strong signal from streptavidin binding indicating good crosslinking, we noticed

a fairly substantial background signal as well. We attributed this to nonspecific

44



.

Figure 2.11. Use of 1,6-Hexanediol to remove background non-specific crosslinking

(a) Streptavidin staining showing both specific and non-specific binding of the crosslinking
compound. The bottom half of the FOV has been excited using two-photon excitation. (b) Similar
to (a) but with smaller regions crosslinked. (c) After excitation cells underwent a wash with 50mM
1,6-Hexanediol. The bottom half of the FOV was excited. (d) Similar to (c) but with small regions

illuminated.



intercalation of the crosslinker molecule that was not getting properly washed out before
staining with streptavidin dye. We had noticed this phenomenon in extracted gDNA that
was enriched for the crosslinker as well as described in the next chapter. In order to
correct for this, we introduced an additional washing step prior to staining with
streptavidin dye. To ensure the unbound crosslinker was washed out we incubated the
cells in 50mM 1,6-Hexanediol for 1 hour then washed that out prior to staining. 1,6-
Hexanediol is known to break hydrogen bonds and other electrostatic interactions [45].
We did notice a lower signal that we expected from the irradiated regions, but found a
significant drop in the background labeling suggesting that treatment with 1,6-
Hexanediol helps remove intercalated, but non-covalently bound 4’-AMT. The addition

of this step resulted in an increase in signal to background.
2.3.5 Fluorescence Lifetime Measurements of AP3B:

Another parameter of interest is the fluorescence lifetime of AP3B +tDNA. We
measured the fluorescence lifetime both in the presence and absence of DNA utilizing
the time-correlated single photon counting (TCSPC) [42]. The observed fluorescence
decays required a two-exponential decay model to fit the data with acceptable x2 values

(<1.2):

—t —t
F(t) = a;e™ + ae™ (9)

Where a1 and az are the relative amplitudes of the two exponential decay components
and 11 and 12 are the fluorescence decay times. The need for two exponential
components to fit AP3B even in the absence of DNA is most likely an indication that

there are a number radiative loss pathways of AP3B as the flexible structure
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b. Summary of APBB fluorescence lifetime measurements.

Sample A; 1 (ns) A; t2(ns) | weightedt X2
AP3B -DNA, -UV 0.663 0.697 0.337 2:22 1.21ns 1.06
+0.004 +0.027 +0.004 +0.033 +0.04
AP3b +DNA, -UV 0.863 0.871 0.137 3.75 1.26 ns 1.11
+0.003 +0.012 +0.003 +0.041 +0.06
AP3B +DNA, + UV 0.861 0.770 0.139 3.63 1.16 ns 1.07
+0.006 +0.017 +0.005 +0.063 +0.05

Figure 2.12. Fluorescence lifetime measurements of AP3B +/- DNA+UV.

(a) Typical TCSPC lifetime curve fit to a two exponential decay model. Sample was AP3B
without added DNA. Fit parameters: a1 = 0.66, T1 =674 ps, a2 =0.34 and 12 = 2231 ps. (X2 =
1.10) (b) Table showing the results for AP3B +10mg/ml Salmon Sperm DNA and + UV (2.15

mW of 360 nm illumination for 30 minutes). Mean and standard deviations shown forn =5

traces for each condition.
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takes on different configurations in solution. When intercalated into DNA, the shorter
component shows a slight increase in both amplitude and decay time, while the longer
lifetime component decreases in amplitude and increase to decay time. Overall, the
weighted lifetime (a1 x T1+ a2 X 12) shows little change. Because the average lifetime was
found to be ~1 ns, nonlinear saturation calculations can be carried out on a per pulse
basis since our laser has a 80 MHz repetition rate (12 ns between pulses). Combined
with two-photon absorption cross-section value of ~ 1GM at 700 nm we can calculate that
at approximately 200 mW an AP3B molecule at the center of the focus would be two-

photon excited approximately 150 times per second.

2.3.6 Examination of DNA damage from two-photon crosslinking:

Of some concern is the potential for high energy two-photon excitation to cause DNA
damage. Particularly with low NA objectives, a relatively high power is required to achieve
suitable crosslinking. While we don’t expect traditional UV based DNA damage to occur,
the high power focused through such a small volume could result in other forms of DNA
damage. In order to examine the presence or absence of such damage we used cells
that stably express fluorescently labeled Proliferating cell nuclear antigen (PCNA). PCNA
is a DNA clamp that serves a variety of purposes including DNA replication and DNA
repair [43]. We irradiated these cells using similar conditions as we tested earlier and
tracked the fluorescently labeled PCNA to identify areas where DNA damage might be
occurring. At optimal dose settings for crosslinking we don’t observe any increase in
PCNA around the irradiation site (Figure 2.12a,b). Upon increasing the power, however,

we do observe a significant increase in PCNA activity around the irradiation site. These
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Figure 2.12. Examination of DNA damage by two-photon excitation conditions necessary
for crosslinking.

(a) LLC-PK1 cells expressing eGFP-PCNA. The arrow indicates where an irradiation occurred.
(b) After irradiation at 245mW for 41.2usec no detectable eGFP-PCNA localization at the target
site was observed. (c) and (d) Before and after irradiation at 315mW for 41.2usec. Because the
power is significantly higher, we did detect recruitment of PCNA to the target indicating double

stranded DNA breaks are present.
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results suggest that we are able to crosslink AP3B using powers which will not cause

significant DNA damage.
2.4 Methods:
Rhenium Lifetime Measurements:

100pM SCM-1-230 was incubated with 1uM calf-thymus dsDNA for 1 hour.
Phosphorescent lifetime curves were measured on our in-house set up consisting of a
pulsed 405 nm laser with the time-resolved phosphorescence measured using a Stanford
Research model SR-430 multi-channel scaler. To measure the effect of UV irradiation
compound in the presence of DNA the solution was then placed in a small plastic dish
and irradiated using a 360nm LED for the powers and times listed. After irradiation, the
solution was dialyzed overnight (Slide-A-Lyzer Dialysis Cassette 10K cut off,
ThermoFisher). The following day phosphorescent lifetime curves were taken again.
Curves were fit to a single exponential decay model to obtain the phosphorescence

lifetime of the solution.
4’-AMT Spectra Measurements:

To prepare for fluorescence spectra measurements, a solution of 200uM 4’-AMT in
solution was prepared. UV irradiated samples were irradiated with a 360nm LED. The
doses listed correspond to two levels of power (13mW, high) and (2mW, low). Changing
the power along with the time was used to alter the doses. Fluorescent spectra were

taken on a PTI QuantaMaster 400 Fluorimeter with an excitation wavelength of 330nm.

To prepare for absorbance spectra measurements, a solution with 3mM 4’-AMT and
25uM calf-thymus dsDNA was incubated for 30 minutes. Aliquots of this solution were
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incubated for the times and powers listed using a 360nm LED. Absorbance spectra were

then taken on a Cary300 UV-Vis Spectrometer.

Quantum Yield Measurements:

Solutions of 20uM AP3B and EZ-link were created with and without 505nM Salmon
Sperm DNA. Integrated Fluorescence versus Absorbance spectra were generated using
a PTI QuantaMaster 400 Fluorimeter. Slit widths were 8nm FWHM for the excitation path
and 16nm FWHM for the detection. The excitation wavelength used was centered at

340nm. As a standard, Quinine Sulfide diluted to 0.4 absorbance was used.

Two-Photon Cross Sections:

Solutions of 200uM AP3B, 200pM EZ-Link and 0.5uM Fluorescein were created.
Solutions with 200uM AP3B and 200puM EZ-Link with 10 mg/ml Salmon Sperm DNA were
created as well and left to incubate for an hour. A tunable Spectra Physics MaiTai laser
was used to excite the samples and the resulting fluorescence was collected using a
photomultiplier tube. This was completed for wavelengths ranging from 680nm to 780nm
for the 5 samples described earlier. The two-photon cross section was calculated from
the measured fluorescence and the previously determined concentration, collection

efficiency, quantum yields and fluorescein two-photon cross section.

Streptavidin Dye Staining Experiments:

U20S 2-6-3 Lacl-YFP #14 pTetOn C24 cells were grown in 10% FBS DMEM with 5mM
IPTG present to prevent binding of the Lacl-YFP to the transgene and promote normal
cell growth. Before use, cells were passed and plated at 90% confluency on a gridded
dish. 6 hours prior to an experiment IPTG was removed to allow the visualization of the
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gene locus. An hour before an experiment cells were permeabilized with 0.2% Triton-X-
100 in PBS. Cells were washed three times with 1x PBS before being incubated with
200pM AP3B for 1 hour. Cells were imaged on a LSM880 Zeiss combined
confocal/multiphoton microscope. A 514nm laser line was used to locate the transgene
locus which was then irradiated with a tunable Insight Laser. Individual irradiation doses
were applied to specific grid squares. After suitable coverage of doses, cells were washed
3 times with 1mL PBS to ensure removal of unbound AP3B. Optionally, cells were
incubated with 50mM 1,6-Hexanediol for 1 hour. 1,6-Hexanediol was washed out three
times with 1mL PBS. Streptavidin-Dyelight488 (10ug/ml solution) was then added and
allowed to incubate for 30 minutes. Unbound dye was washed out 3 times with 1mL PBS.

Cells were reimaged looking for locations where binding of the dye was present.

Fluorescence Lifetime Measurements:

To measure fluorescence lifetime of AP3B we created a solution of 20uM AP3B with and
without 10 mg/ml Salmon SpermDNA. Solutions were left for one hour, after which
fluorescence lifetime curves were generated using a Zeiss LSM880 Confocal Multiphoton
Microscope (u880). The tunable Spectra Physics Insight OPO laser tuned to 700nm
provided ~100 fs pulsed excitation. Two-photon generated fluorescence was separated
from the excitation using a 670 nm long pass dichroic filter (ZT670RDC, Chroma
Technology Corp, VT), which directed the emission to a GaAsP photomultiplier tube after
passing through a band-pass filter (ET440/30mm-2P, Chrome Technology Corp, VT). The
laster power was attenuated using a near infrared (NIR) Acousto Optic Modulator (AOM)
to keep the photon detection rate to less than 0.2% of the repetition rate to avoid photon

pile-up. Time correlated photon counts were acquired using a TCSPC card (SPC-830,
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Becker & Hickl GmbH). TCSPC data was fit a bi-exponential decay curve using the
SPCIimage software package (Becker & Hickl GmbH). The built-in Becker & Hickl

instrument response function (IRF) was used for fitting.
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Chapter 3
Femto-Seq: A Novel Method to Examine Genomic Contacts of a Genomic Locus

3.1 Overview:

Previously | have discussed both the importance of understanding gene
regulation and numerous mechanisms through which this regulation occurs. In
particular, I have focused on how spatial organization of the genome can affect gene
expression regulation. | have described several techniques that have been used to
examine these types of interactions including both imaging based and biochemical
techniques. These techniques have provided a wealth of valuable data looking at a
variety of different systems; however, research is still being done to both improve these
techniques and create novel techniques that overcome some of the shortcomings of
these older methods. In this chapter, | will discuss several of these newer methods. | will
then present work aimed at the creation of a novel technique called Femto-Seq. This
technique combines two-photon excitation microscopy with the previously discussed
photoactivatable crosslinking compounds to examine genomic contacts in a small
volume of the nucleus. We utilize the small excitation volume provided by two-photon
excitation microscopy to activate the crosslinking compound in a small volume in the
nucleus (on the order of a femtoliter). Enriching for the crosslinking compound itself
allows us to enrich for all the genomic DNA in that small volume. The DNA can then be
analyzed by sequencing to provide a snapshot of the sequences in that small volume.
While | have previously described characterization of photoactivable crosslinkers, in this
chapter | will describe trial runs of the Femto-Seq method using a model system and

potential applications of such a method.
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3.2. Improvements in examining genomic architecture:

Previously | have discussed a few common imaging techniques that can be used
to examine genomic contacts. Fluorescence in situ hybridization (FISH) uses short
fluorescently labeled DNA oligos. This technique requires both permeabilization of the
cell using methanol to allow probe strands to enter the nucleus and denaturation of the
strands using heat and formamide (Figure 3.1c). In order to examine genomic contacts,
individual loci must be labeled. Genomic contacts are determined semi-arbitrarily by
looking at the distance between fluorescently labeled loci. Colocalization usually
corresponds to a genomic contact, but the spatial distance of the signals upon
colocalization can vary from 50nm to 1um depending on the probe and detection

system set up.

3.2.1 Improvements made to Fluorescence in Situ Hybridization:

Several important considerations must be made in FISH (Figure 3.1b)
experiments to examine genomic contacts. Typically, DNA probes are designed to
cover a large swath of the genome (up to an entire chromosome). While this allows
researchers to look at large scale organizational motifs, looking at smaller more subtle
genomic contacts may not be able to be detected without special consideration.
Likewise, the microscope being used must be able to distinguish fluorescent spots well
enough to ensure that genomic contacts are actual events instead of just random

events. Finally, the harsh treatment in order to insert the probes into the nucleus as well
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Figure 3.1: Example of FISH Imaging.

(a) and (b) Multicolor FISH using Oligopaints. Human chromosome regions Xq13.1, Xql13.2,
X(g.13.3-g21.1 were targeted to perform FISH. Cells were in interphase (a) or metaphase (b). (c)
lllustration showing traditional FISH. Cells are first fixed, then permeabilized. Nucleic acids are
denatured to allow probes to hybridize. This is followed by washing steps and imaging. Adapted

from [29] and [30].
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as the denaturation procedure may change the organization of the genome. In order to
overcome some of these issues several improvements have been made to FISH. Cyro-
FISH utilizes fixed cryosections to maintain nuclear architecture while allowing high
resolution electron microscopy imaging [1]. Cells are fixed for electron microscopy,
placed in a cryoprotectant and froze in liquid nitrogen. Cells are then sectioned and after
probe introduction are imaged. CryoFISH has been used to examine chromosome
territories and the positioning of transcription factories relative to these territories [2]. It
has also been used to examine long range chromatin interactions [3]. Other
improvements include improvements made to the selection and generation of oligo
probes. COMBO-FISH utilizes genome database searching to select several oligos that
are chosen in such a way to colocalize at a given target [4]. Oligopaints (Figure 3.1a),
utilizes an oligo library as opposed to segments of purified genomic DNA to create short
fluorophore tagged oligos for use in FISH experiments [5]. These easier to handle oligos
have allowed researchers to utilize super resolution microscopy to visualize single copy

genomic regions in Drosophila [6].

3.2.2 Improvements made to Fluorescently Labeled DNA Binding Proteins:

Live cell imaging requires additional considerations and usually utilizes
fluorescently labeled DNA binding proteins. A key consideration when utilizing
fluorescently labeled DNA binding proteins is signal to noise ratio. Since fluorescently

labeled DNA binding proteins will be expressed in bulk, a sufficient number of them
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Figure 3.2: ANCHOR binding system to examine genomic loci.

(a) Overview of the plasmid partitioning system. Upon replication, ParB binds to ParS and
spreads. (b) The ANCHOR labeling system. ANCH1 is inserted into the genome at a locus of
interest. ANCH1 consists of several ParS sites spread over a 1kb DNA sequence. The sites
recruit a ParB-FP to fluorescently label the site. The ParB-FP conjugate spreads over nearby
chromatin to the ANCHL1 site. (¢) MCF7 cells have a CCNDL1 transgene labeled using the

ANCHOR system. Adapted from [9].
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must be localized at the gene locus of interest to allow one to visualize the locus against
the background of unbound fluorescently labeled proteins. Numerous approaches can
solve this problem. In the past, this required inserting unigue sequences into the
genome at the gene locus of interest to allow a sufficient number of fluorescently
labeled DNA binding proteins to bind the targeted site. By inserting Lac operon along
with a transgene, researchers were able to visualize the transgene locus using a
fluorescently labeled Lac repressor [7]. A similar approach has been taken using the Tet
operator-repressor system [8]. Other methods utilize split or recruitment-based
approaches to reach sufficient signal to background. The ANCHOR system (Figure 3.2)
utilizes the ParABS partitioning system from bacterial chromosomes [9]. ParS sites are
inserted over a 1kb region of the genome. Fluorescently labeled ParB is recruited to
these sites. After recruitment, additional fluorescently labeled ParB is recruited to the
site through protein-protein interactions. These further recruited ParB proteins
nonspecifically bind DNA near the original recruitment site. This spreading effect allows
enough fluorescently labeled ParB to be localized at the locus of interest to provide
visualization [9]. While these approaches have proven to be fruitful, the insertion of DNA

sequences into the genome can affect some small-scale interactions that can occur.

While these previous approaches have utilized fluorescently labeled DNA binding
proteins that bind a specific DNA sequence, the use of engineerable DNA binding
proteins is of particular interest. There are several proteins that have been shown to be

particularly useful for this purpose. Transcription Activator Like Effectors (TALE)
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dCas9-EGFP

(a) Overview of the dCas9 system for use as a tool to examine genomic loci. dCas9 is
fluorescently labeled and bound to a genomic locus of interest using a specific SgRNA. Multiple
dCas9 are required to be bound for sufficient signal to noise. (b) CRISPR imaging of human
telomeres. Two different SgRNA designs were utilized with sgGAL4 as a negative control. (c)

Co-labeling of telomeres using dCas9-eGFP, PNA-FISH and TRF2. Adapted from [10]



proteins are DNA binding proteins with a programmable central repeat domain. These
proteins can be engineered to bind a particular DNA sequence. A more thorough

discussion of TALE proteins can be found in the next chapter.

The clustered regularly interspaced short palindromic repeats (CRISPR) Cas9
system is one of the most interesting recent developments in the gene editing and
genomic labeling field. This system is used in prokaryotes to provide resistance to
foreign viruses and bacteria. The prokaryotes capture small snippets of DNA which are
stored as a CRISPR array. RNA segments are produced from these repeats allowing
the Cas9 protein to target the foreign body’s DNA. In order to use this system for
imaging purposes, a deactivated Cas9 protein (dCas9) is used to prevent cleaving of
the targeted DNA. A guide RNA (gRNA) is used to specifically target a gene locus of
interest. The gRNA consists of a scaffold sequence necessary to bind the Cas9 protein
and the 20bp spacer that defines the target binding location. The target location must

also contain a Protospacer Adjacent Motif adjacent to the binding site.

Fluorescently labeling the dCas9 complex has two approaches. The dCas9
protein itself can be fluorescently labeled or, alternatively, the gRNA can be
fluorescently labeled. Fluorescently labeling the dCas9 protein has been used to
visualize repetitive DNA sequences. In living human cells eGFP-dCas9 has been used
to visualize telomeres (Figure 3.3) and repeats in the Muc4 gene using optimized
SgRNAs [10]. Likewise, researchers have looked at the optimal number of SgRNA

required to provide sufficient signal to noise ratio to visualize non- repetitive sequences
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Figure 3.4: Variations of dCas9 labeling of genomic loci.

(a) Labeling of sgRNA rather than the dCas9 protein. The sgRNA includes hairpin domains such
as MS2. These domains recruit a fluorescently labeled RNA binding protein such as MCP-BFP.
Different hairpin and binding proteins can be used to provide a dCas9 system with multicolor
capability. (b) Example of CRISPRainbow. A similar set up to (a) is used in which sgRNA is
fused with hairpins. By utilizing different combinations of hairpins, several additional color
combinations can be utilized to allow additional options of colors. (c) Fluorescently labeled
dCas9 orthologs give researchers the capability to label different genomic loci simultaneously in

different colors. Adapted from [13] and [14].
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in the Muc4 gene [10]. The benefits of using live cell imaging are shown by tracking
genomic loci through the cell cycle [10]. Further improvements to this technique include
the optimization of this technique for use in mouse embryonic stem cells [12]. The major
shortcoming of fluorescently labeling dCas9 is that only a single locus is able to be
imaged at one time. However, several techniques are able to circumvent this issue.
Researchers have utilized Cas9 orthologs to label distinct loci (Figure 3.4C) [11, 13].
Cas9 orthologs were labeled different colors and their different PAM specificities were
used to target different genomic loci. Another approach to circumvent the limited
throughput of labeling the dCas9 protein involves labeling the sgRNA. By fusing hairpins
MS2, PP7, and boxB to stem loops of different sgRNA molecules, fluorescently labeled
proteins bound to RNA hairpin binding domains were recruited to the sgRNA labeling
the targeted locus (Figure 3.4a,b) [14]. By fusing different combinations of hairpins,
researchers were able to not only utilize primary colors, but also secondary colors to
increase the labeling throughput of this method. Finally, improvements have been made
in the labeling of non-repetitive genomic loci. The chimeric array of gRNA
oligonucleotides (CARGO) technique utilizes a molecular assembly strategy and
chimeric array of gRNA to insert 12 different gRNA into a cell. This technique allowed
labeling of 2kb of non-repetitive DNA [15].

3.2.3 Improvements to Chromosome Capture Techniques:

As described previously, techniques utilizing imaging are only one approach
used to look at nuclear organization. While the previously described chromosome
capture techniques have existed for decades numerous improvements continue to be

made to them.
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Several improvements have been made to the Hi-C technique itself. DNase Hi-C
utilizes DNase | instead of restriction enzymes to fragment the cross-linked chromatin
(Figure 3.5a). This leads to mixed fragment ends rather than the consistent ends
generated by using restriction enzymes. Researchers used this technique on hESCs
and K562 cells to validate that data generated from DNase Hi-C was consistent with
previous Hi-C studies. While these two methods proved consistent, DNase Hi-C showed
better genome coverage when compared to traditional Hi-C. DNase Hi-C also shows

potential for overcoming the resolution limit present while using restriction enzymes [16].

In-Situ Hi-C is similar to traditional Hi-C but performs the proximity ligation in
intact nuclei (Figure 3.5b). Following crosslinking by formaldehyde, cells are
permeabilized leaving the nuclei intact. DNA cutters are introduced fragmenting the
chromatin. Overhangs are filled in (including a biotinylated nucleotide) and blunt ends
ligated together. The DNA is sheared and pulled down using streptavidin beads then
analyzed with paired end sequencing. Performing this in an intact nucleus provides a
variety of benefits. In-Situ Hi-C reduces illegitimate contacts that are usually obtained by
doing ligations in a dilute solution. The In-Situ Hi-C protocol is also faster than traditional
Hi-C and enables higher resolution by allowing the use of 4-cutters rather than 6-cutters

to fragment DNA [17].
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Figure 3.5: Improvements of Hi-C.

Example of two improved methods over traditional Hi-C. (a) Overview of DNase Hi-C

Traditional Hi-C utilizes a restriction enzyme to fragment cross-linked chromatin. DNase Hi-C

replaces this step with a DNase | digestion. This allows for better genome coverage and avoids

the resolution limit placed by restriction enzymes. (b) In-Situ Hi-C is very similar to traditional Hi-

C but takes place entirely in the nucleus. This is done to avoid extraneous crosslinks that can

form in solution ligations. Adapted from [16] and [17].
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Other improvements to Hi-C experiments involve limiting the number of required
cells. Since the Hi-C protocol traditionally studies a population of cells, examination of
interesting contacts in individual or a subpopulation of cells proves difficult. Strategies to
isolate individual or small populations of cells have been developed to solve this issue.
Single cell Hi-C uses In-Situ Hi-C followed by separating nuclei into individual tubes
where the nuclei undergo cross link reversal, DNA shearing, streptavidin bead pulldown
and library preparation. While this technique showed some success, notably genome
coverage was limited with 2.5% coverage at best [18]. As an alternative to separating
out individual nuclei, single-cell combinatorial indexed Hi-C utilizes sequential barcoding
prior to ligation to ensure each nucleus is tagged by a unique barcode combination.

After sequencing, both population and single cell data can be analyzed [19].

Finally, improvements to chromosome capture techniques have come in the form of
including chromatin immunoprecipitation techniques. Chromatin Immunoprecipitation
(ChIP) when combined with chromosome capture technologies can be used to look at
how genomic contacts may be regulated by transcription factors or chromatin
modifications. The development of technigues such as ChlP-Seq [20] and Chromatin
Immunoprecipitation with paired-end ditag (ChlA-Pet) [21] have led researchers to
explore combining Hi-C with chromatin immunoprecipitation techniques [21]. Proximity
Ligation-Assisted Chromatin Immunoprecipitation Sequencing (PLAC-Seq) is similar to
ChIA-PET, but ligates prior to shearing (Figure 3.6b) [23]. Hi-ChlIP utilizes in-situ Hi-C to
ensure long range DNA contacts are captured in the nucleus (Figure 3.6a). Then, ChIP

is performed further enriching for contacts mediated by a protein of interest [22].
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Figure 3.6: ChIP based techniques to study chromatin contacts.

(a) Overview of Hi-ChIP. Similar to Hi-C, chromatin is crosslinked in the nucleus. Following in-
situ ligation, ChIP for a protein of interest is performed. After crosslink reversal, cleanup and
sequencing protein mediated contacts are able to be determined. (b) PLAC-Seq overview. By
reversing the ligation and shearing steps of ChlA-PET, researchers were able to gain much

higher accuracy and efficiency. Adapted from [22] and [23].
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3.2.4 Non-Ligation Based Techniques to Examine Genomic Contacts:

The aforementioned methods all utilize crosslinking and ligation to examine
genomic contacts, but a variety of methods have been created to look at contacts
without utilizing ligation. Genomic Architecture Mapping (GAM) utilizes cryo-sectioning
to create random thin slices of the nucleus (Figure 3.7a). These slices are then isolated
and undergo a DNA extraction. The DNA is amplified using whole genome amplification
and ligated to indexed sequencing adapters. Following this, sequencing is then
performed. The presence of genomic contacts is determined by examining the
frequency that two genomic sequences are found in the same nuclear slice. GAM as a
method offers a number of advantages over ligation-based methods to examine
genomic contacts. GAM requires a small number of cells relative to the amount needed
for ligation-based methods. GAM is able to examine higher multiplicity contacts rather
than the pairwise interactions that ligation-based methods have been limited to in the

past [24].

Tyramide Signal Amplification Sequencing (TSA-seq) is another ligation free
method to examine genomic contacts. TSA-seq utilizes an antibody coupled
Horseradish Peroxidase (HRP) to generate biotin-tyramide free-radicals in a nuclear
compartment of interest (Figure 3.7b). These radicals form covalent bonds with nearby
molecules, effectively biotinylating sequences nearby the HRP molecule. These
sequences can then be enriched and analyzed. The exponential decay of radicals is

used as a “ruler” to determine relative distances from discretely labeled nuclear
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Figure 3.7: Non-ligation techniques to look at chromosome contacts.

(a) Overview of Genomic Architecture Mapping (GAM). This process cryosections nuclei into
very thin slices. The chromatin in each slice is then sequenced. Since genomic loci that are
located spatially near each other will be more likely to show up in the same nuclear section, this
technique can be used to map 3D contacts. (b) Overview of TSA-Seq. Biotin-Tyramide free
radicals are generated in a nuclear volume of interest, labeling DNA located there. Enriching for
the Biotinylated DNA provides a snapshot of sequences from the nuclear volume. Adapted from
[24] and [25].
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compartments [25]. TSA-Seq has been used to look at genomic contacts around
splicing speckles. DamID is a similar method to TSA-seq. It utilizes a DNA adenine
methyltransferase (DAM) attached to a DNA binding protein of interest. DAM specifically
methylates adenines in GATC sequences near the binding site of the DNA binding
protein of interest. Genomic DNA is extracted and the methylated GATC sites are
enriched. This provides a snapshot of sequences spatially near the DNA binding protein
of interest. DamID has been used to study Lamina Associated Domains located near
the nuclear periphery [26].

Split-pool recognition of interactions by tag extension (SPRITE) is a proximity
ligation free method to study chromatin interactions (Figure 3.8a). Similar to chromatin
conformation capture techniques, chromatin is first crosslinked. Nuclei are isolated and
the chromatin are fragmented. The crosslinked chromatin fragments are split across a
96-well plate where a specific tag sequence is ligated on. This process is repeated
several times. Because chromatin interactions are crosslinked together, they are sorted
into the same pools every cycle. After crosslink reversal and sequencing the unique
barcode tag previously ligated on can be used to determine which sequences were
crosslinked together. The proximity ligation free nature of this technique allows it to
examine higher order interactions rather than the traditional pairwise interactions
examined with Hi-C. Another unique facet of this technique is its ability to study RNA

interactions [27].
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Figure 3.8: Pooling Approaches to examining Chromatin Contacts.

(a) Overview of Split-pool recognition of interactions by tag extension (SPRITE). After

crosslinking, chromatin fragments are split into several pools where a specific tag sequence is

ligated on. This process is repeated several times before sequencing. The ligated tag

sequences are used to determine what sequences were originally crosslinked together. (b)

Overview of Chromatin-interaction analysis via droplet-based and barcode linked sequencing

(ChlA-Drop). After crosslinking and fragmenting, microfluidics is used to load chromatin

complexes into droplets. The droplets are used to barcode the chromatin complexes. After

sequencing, the barcodes from the droplets are used to identify crosslinked sequences.

Adapted from [27] and [28].
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Lastly, Chromatin-interaction analysis via droplet-based and barcode linked
sequencing (ChlA-Drop) utilizes microfluidics to examine chromatin interactions (Figure
3.8b). Chromatin is crosslinked and fragmented then loaded into a microfluidic device.
This device partitions chromatin complexes in a gel-bead-in-emulsion droplet. This
droplet contains a unique DNA barcode along with ligation and amplification reagents.
Following barcoding and amplification, chromatin is pooled together and analyzed using
high throughput sequencing. The barcode is used to identify what sequences were
located in the same droplet and thus what chromatin fragments were originally ligated
together. Since this is not a ligation-based approach like Hi-C, this technique can be
used to detect non-pairwise interactions. [28]

With the benefits and limitations of these methods in mind we sought to develop
a novel method to examine genomic contacts of a genomic locus. Many of these
techniques are ensemble techniques. Specific sub population information may be lost
without prior screening. While examination of pairwise interactions has been
accomplished since the creation of 3C, examination of higher order interactions is not
accomplished in traditional Hi-C. Many of these techniques rely on formaldehyde
crosslinking or other chemistry to link together nearby chromatin fragments. While this
does provide a statistically determined map of chromatin contacts, it does not measure
real distances between them. Rather it presents likelihoods that contacts would be
found linked together. Finally, many of these techniques lack the ability to analyze
specific nuclear volumes, but rather examine sequences located around a genomic

locus or sequences associated with specific proteins.

78



'#‘j.\ Targeted irradiation of

T, ! locus of interest

| Shearing and DNA
purification

YFP bleaching in transgene l

Pull down onto region indicates irradiation

Streptavidin coated

- ¥ beads
Aot
o Py
l_ Crosslink reversal and
{Wi? " cleanup
)
S Sequencing

Figure 3.9: Overview of Femto-Seq.

(a) Overview of the Femto-Seq technique. A genomic volume of interest is fluorescently labeled.
A photoactivatable crosslinker with a biotin tag is then added. 3D localized two-photon excitation
is used to excite the crosslinker around the volume of interest. DNA is purified and the
crosslinked DNA is enriched via streptavidin bead pulldown. After crosslink reversal and clean
up, sequencing is performed. Since we enrich for the chromatin from the volume of interest, a
shapshot of sequences from the volume of interest is obtained. (b) Example images before and
after targeted irradiation. A transgene is marked by punctate YFP spots and after targeted two-

photon excitation clear bleaching patterns at the loci are seen.
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3.3 Development of a Novel Method to Examine Genomic Contacts:

Our method, which we call Femto-Seq, is a novel method to look at genomic
sequences in a specific volume of the nucleus. Similar to 4C, this method can look at
genomic contacts around a specific genomic locus; however, it is not limited to that.
Femto-Seq is able to look at any nuclear volume that can be fluorescently labeled.
Femto-Seq does not require formaldehyde crosslinking of chromatin fragments. Instead,
it utilizes photoactivatable compounds which, as discussed in the previous chapter, can
provide spatial resolution. Femto-seq is performed using a two-photon microscope
which allows examination of specific sub-populations that may be missed in ensemble-

based measurements.

The experimental process of Femto-Seq is as follows (Figure 3.9a). Prior to the
experiment the nuclear volume of interest must be fluorescently labeled (Figure 3.9b).
Many methods can accomplish this and have been discussed previously. After labeling
a nuclear volume of interest, nuclei are incubated with a psoralen based crosslinker with
an affinity tag. The previously discussed AP3B and EZ-link are two examples of
compounds suitable for this purpose, as they contain a psoralen like crosslinker and an
affinity tag. After allowing this compound to intercalate, nuclei are imaged on a two-
photon microscope. The photoactivatable crosslinker is selectively activated in the
region of interest with two-photon excitation using the fluorescent label as a target. This
process covalently bonds the photoactivatable crosslinker with an affinity tag to only the
DNA located in the irradiated volume. Chromatin is then extracted and sheared.

Chromatin from the nuclear volume of interest is enriched by performing a bead
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(a) Punctate spots are clearly seen; these spots mark the location of the transgene. (b)
lllustration of the transgene. Upstream of the transgene several Lac Operator repeats are
present. The cells stably express Lacl-YFP which binds to these repeats. The cell line is
Doxycycline inducible via the Tetracycline Responsive Element. The transgene encodes a CFP-
SKL protein. The fluorescent protein CFP is fused to a peroxisome targeting signal to allow
visualization of the active transgene. The mRNA produced by the transgene contains numerous
MS2 repeats which allows visualization of transcription by utilizing a MCP fluorescent protein.
(c) Transgene was activated. Lacl-YFP clearly labels the location of the transgene. Expression
of CFP-SKL is seen indicating transgene activity. MCP-RFP is used to visualize active

transcription. The presence of this MCP-RFP signal colocalizes clearly with the Lacl-YFP signal.
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pulldown using the affinity tag attached to the crosslinker. The crosslinking compound is
removed from the chromatin and the chromatin is then sequenced, effectively providing

a snapshot of the sequences located in the nuclear volume of interest.

We received a U20S cell line from the Spector Lab at Coldspring Harbor This
cell line contains 200 copies of a transgene located on Chromosome 1 (Figure 3.10b).
The transgene is tetracycline inducible and encodes a Cerulean Florescent Protein that
localizes to the peroxisome (CFP-SKL), allowing confirmation that the transgene is
active. The transgene also includes 24 MS2 repeats which can be used with MS2 Coat
Protein (MCP) to visualize transcription. Upstream of the transgene are 256 Lac Operon
repeats. Upon binding of fluorescently labeled Lacl imaging of the transgene locus is

possible.

The cell line was modified to stably express Lacl-YFP allowing consistent
imaging of the transgene (Figure 3.10a). Upon tetracycline activation co-localization of
the transgene (labeled with Lacl-YFP) and the mRNA transcript (visualized with MCP
labeling the MS2 repeats) is seen. The expression of CFP-SKL can also been seen in

the peroxisome (Figure 3.10c).

The easy visualization of the transgene makes this cell line a suitable option for a
pilot experiment using Femto-Seq. Additionally, the activatable nature of the transgene
provides two distinct states to perform a comparison on genomic contacts. While
determining the presence of genomic contacts is the end goal of Femto-Seq, as a pilot
experiment we hoped to see enrichment of the transgene itself over untargeted

background sequences.
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Several considerations needed to be taken when designing this experiment.
Perhaps most importantly is the number of irradiated nuclei. Since a small amount of
DNA per nuclei is being irradiated and pulled down, a large number of nuclei are
required to ensure sufficient enrichment. Previous experiments examining mixed cell
populations have shown that approximately 30000 nuclei would prove sufficient for a
Femto-Seq experiment. Enrichment of the target sequence over background sequences
depends on a variety of factors. The irradiation volume compared to the nuclear volume
is critical. At one extreme, the irradiation volume could be as small as the focal volume
of a high NA objective (on the order of <0.1 femtoliter for a 1.4NA objective). The
downsides of using such an objective and limiting the excitation region to the focal
volume are (1) given that a typical nucleus is ~250 fL in volume, the minimum volume
possible would correspond to <5 x 102 of the nucleus’s total DNA, making isolation of
the biotinylated chromatin from the background more difficult, and (2) high NA implies
higher magnification which reduces the number of nuclei that can be irradiated in a
given field of view. A lower NA objective allows crosslinking of numerous nuclei in a
single field of view greatly speeding up the time an experiment can take at the slight
loss of theoretical signal to background. Additionally, in order to make it clear irradiation
is occurring a small box is irradiated rather than using a focal volume. This box allows
visualization of the bleaching of the fluorescently labeled nuclear volume. Likewise, size
of the fluorescently labeled target may require a larger volume of irradiation to ensure
the entire target is irradiated. Lastly and perhaps most difficult to consider is the non-

uniformity of crosslinking. In an ideal case, crosslinking would occur equally at all
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genomic loci; however, psoralen based crosslinking compounds tend to favor open

chromatin over closed chromatin.

We performed a pilot Femto-Seq experiment using 30000 nuclei. The transgene
in our U20S cell line was activated in order to open the chromatin and provide optimal
conditions for crosslinking. As a positive control we used nuclei with an activated
transgene incubated with AP3B and exposed to UV excitation using a UV oven. As a
negative control we used isolated nuclei with an activated transgene. Following genomic
DNA extraction and pulldown a library was prepared (Figure 3.11). As expected, the
positive control showed a large amount of enriched DNA while the negative control
showed little enrichment. We see slight enrichment of the two-photon irradiated sample.
We quantified the amount of enriched transgene by gPCR of the min-CMV promoter. To
have a comparison we also quantified the amount of rDNA by qPCR. rDNA was chosen
as it has shown strong enrichment upon crosslinking in previous experiments. In order
to make a true comparison the difference in both copy number and heterogeneity in
crosslinking potential must be considered. Using the positive control to determine the
difference in likelihood of crosslinking of both these sequences we compared the
amount of enriched untargeted rDNA to the amount of enriched min-CMV promoter. We
were able to find a ~5-fold enrichment of the targeted transgene relative to the
untargeted background rDNA sequences compared to the controls (whole cell UV

illumination).

We sought to repeat the previously described pilot Femto-Seq experiment with

several improvements. First, we shrunk the irradiation volume by 75% (to 14um?).
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Figure 3.11: Pilot PCR Gel of First Femto-Seq Pilot Experiment.

Thirty Thousand U20S 2-6-3 Lacl-YFP pTetOn nuclei had their transgene activated, were
incubated with 200puM AP3B and then specifically irradiated targeting the activated transgene.
Following gDNA extraction, streptavidin coated bead pulldown and crosslink reversal a library
was prepared. A gel showing the results from the pilot PCR of the library is shown. Besides the
two-photon crosslinked samples, whole nuclei UV crosslinked samples at a variety of cell
numbers and completely uncross linked samples are shown. At higher PCR cycle number DNA
is found in the two-photon crosslinked samples. UV crosslinked nuclei show a large amount of

enriched DNA. Non-crosslinked nuclei show very little DNA after streptavidin bead pull down.
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Ideally, this would drastically decrease the number of off-target sequences being photo-
biotinylated by the two- photon excitation. Two additional sources of background signal
were concerning. Intensity control of the two-photon excitation beam was achieved
using an AOM. We found that even at the minimum setting of the AOM we had ~1mW
of 700nm light on the sample and were worried that this was causing low level
crosslinking across entire nuclei. The other potential source of background is residual
AP3B that is not covalently bound and fails to get washed out. We have seen this occur
in the streptavidin staining experiments described in the previous chapter. While more
intense washing conditions have been described in the previous chapter, we sought to
implement them in a Femto-Seq experiment. We designed six conditions to test (Figure
3.12a). The first condition consisted of nuclei with AP3B scanned over with only two-
photon excitation that leaked through the AOM. Our second sample consisted of
isolated nuclei with no AP3B or irradiation. The third sample consisted of nuclei
incubated with AP3B irradiated using a UV oven to perform full nucleus crosslinking.
This sample is necessary as a positive control and for comparison purposes. Our fourth
sample was identical to our second, but was incubated with AP3B. This sample was
created to determine the impact of intercalated but non-covalently bound AP3B on
background signal. The last two samples were both full Femto-Seq experiments. Two-
photon excitation was used to excite the crosslinker in a small volume around the
fluorescently labeled transgene. One of these samples was washed in 1,6-Hexanediol,
which earlier experiments had shown could reduce background signal from

uncrosslinked regions.
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Irradiation Crosslinker Washing
Sample 1 two-photon at 0 AP3B PBS
Power
Sample 2 None None PBS
Sample 3 uv AP3B PBS
Sample 4 None AP3B PBS
Sample 5 two-photon AP3B PBS
Sample 6 two-photon AP3B 1,6 Hexanediol
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Figure 3.12: Femto-Seq with additional Washing Steps.

(a) Samples for the second pilot Femto-Seq experiment. Samples 1, 2, and 4 were control
samples to examine background caused by leakage of the AOM (Sample 1), non-specific
sticking of chromatin (Sample 2) and non-specific intercalation of AP3B (Sample 4). Sample 3
was our positive control, nuclei fully irradiated in a UV oven. Our last 2 samples were two-
photon irradiated specifically targeting the activated transgene with (Sample 6) and without
(Sample 5) a 1,6-Hexanediol washing step. (b) Mapping of sequencing results to the transgene.
two-photon irradiated samples targeting the transgene show higher enrichment over untargeted

irradiation patterns. Mapping across the transgene does not appear to be uniform.
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All samples underwent the previously described extraction, pulldown and clean
up procedures described previously followed by high throughput sequencing. This pilot
experiment proved more fruitful than the first. Very little background was seen from
leakage of two-photon excitation through the AOM, but the presence of AP3B alone
presented quite a bit of background. A similar result of approximately 3-fold enrichment
of the transgene was seen in the normal Femto-Seq sample. However, we did see a 15-
fold enrichment of the transgene over untargeted sequences when the sample
undergoes a 1,6-Hexanediol wash. This level of enrichment is about what would be
expected based on the irradiation volume compared to the nuclear volume (Figure

3.12b).

Several important features of the data collected from this experiment were
noticed. Reads across the transgene were not consistent. Particularly, reads at the Lacl
sites and min-CMV promoter were more commonly found than other regions of the
transgene. Chromosome 1 was found enriched compared to other chromosomes. As
the transgene was located on chromosome 1, we expected this. We noticed increased
detection in Chromosome 18 reads as well. It is unclear why Chromosome 18 appears
enriched compared to other chromosomes, but it could indicate the presence of a

chromatin contact or chromosome compartment.

Numerous improvements could be made to the Femto-Seq protocol. While | will
discuss some of them in more detail in a future chapter, many of them will be discussed
here. First, the irradiation process for Femto-Seq is partially automated (Figure 3.13a)
on a Zeiss i880 system. While the spot finding and irradiation region determination is

automated, stage manipulation is not. Furthermore, the Zeiss i880 bleaching function,
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Figure 3.13: Improvements to Femto-Seq.

(a) Semi-automated workflow of the irradiation procedure. An image of the fluorescent volumes
is obtained using Zeiss Microscope control software. This image is exported to a separate
image analysis program to determine spot locations. This analysis program generates regions
for irradiation which are then imported back into the Zeiss Microscope control software. (b)
lllustration of various irradiation region sizes. Regions vary from 56pum? to 0.69um?. Previous
Femto-Seq experiments used box sizes of 56pum? and 11um?, but smaller regions can easily be

used if desired.
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raster scans the entire field of view, activating the two-photon excitation only when a
region marked for irradiation is reached. By having the beam move directly from region
to region rather than scanning the entire field of view, irradiation times could be
drastically lowered. Both the increased automation and improved scanning could be
implemented on a custom-built system rather than a commercially available system.
Decreasing the time it takes to irradiate nuclei has several advantages. Chromosome
organization may change over the several hours it would take to irradiate a sufficient
number of nuclei. Likewise, fluorescent labeling methods used in Femto-Seq may lose
their efficacy with prolonged irradiation times.

Another major improvement that could be made to Femto-Seq is shrinking the
irradiation volume. We utilized a larger irradiation volume to allow visualization of
irradiation through bleaching of the YFP signal. Likewise, the size of the nuclear volume
being imaged required a somewhat sizeable irradiation volume to ensure full coverage.
If imaging of the bleached irradiation volume is not required, a significantly smaller
irradiation volume can be used (Figure 3.13b). At best, the smallest volume that can be
used is the focal volume of the objective. Here we utilized a 20x/0.5NA air objective to
allow many nuclei to be captured in a single field of view. This increased the speed of

our Femto-Seq experiments at the loss of potentially higher resolution.

3.4 Potential Applications of Femto-Seq:

As previously mentioned Femto-Seq can be used to examine chromatin located
near any nuclear volume that can be fluorescently labeled. The pilot experiments
described above examined the nuclear volume around a labeled transgene. The most

obvious extension would be using Femto-Seq to examine a gene locus that has
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Figure 3.14: Nucleoplasmic Reticulum.

Example image of the nucleoplasmic reticulum. (a) ER stained in red show invagination into the
nucleus. (b) LaminA-eGFP allows visualization of deformation of the nuclear lamina where the
invagination forms. (c) Composite image showing colocalization of the ER-stain and lamina

deformation.



illustrated long distance chromatin contacts like 3-globin Outside of examining specific
genes, other nuclear structures can be examined using Femto-Seq as well.
Invaginations of the Endoplasmic Reticulum into the nucleus, called the Nucleoplasmic
Reticulum has been an observed but not fully understood phenomena [31]. The
Nucleoplasmic Reticulum has been observed in a variety of animal and plant cells. This
behavior is observed in both healthy and abnormal cells and is not limited by tissue or
developmental stage. Two types of invaginations exist. The first type are invaginations
that only cause the inner nuclear membrane to protrude inward which does not form a
cytoplasmic core. The second type are invaginations of the double wall nuclear
membrane which forms a cytoplasmic core which often contains vesicles and other
cellular bodies. The nucleoplasmic Reticulum offers the potential for deep nuclear
calcium signaling, as high calcium concentration inside NR has been seen. Nuclear
calcium signaling has been shown to be utilized in transcriptional regulation as seen
with modulation of the transcription factor CRE-binding protein and its coactivator
CREB-binding protein. The nucleoplasmic Reticulum proves to be an interesting target
for a Femto-Seq experiment. The nucleoplasmic Reticulum can be easily visualized
using an ER stain and a cytoskeleton stain (Figure 3.14). The number of individual
invaginations of the Nucleoplasmic Reticulum usually varies from 0 to 10 allowing
visualization and irradiation of distinct spots. Since little is known about the function of
the nucleoplasmic reticulum, examination of the genes and sequences located

consistently nearby them may provide interesting insights of their function.
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3.5 Use of AP3B to Examine Genomic Landscapes:

As mentioned previously, AP3B and other psoralen based crosslinkers do not
crosslink chromatin uniformly. It is not entirely clear what regions are favored by AP3B,
but we suspect that euchromatin is favored based on the affinity of AP3B for actively
transcribing regions. This behavior while requiring consideration in a Femto-Seq

experiment could be utilized to look at other chromatin dynamics, similar to DNase-Seq.

In previous Femto-Seq experiments, a high concentration of AP3B was used to
ensure as much crosslinking as possible. By using a lower concentration of AP3B, we
hoped to allow visualization of chromatin that was not ideal for AP3B crosslinking.
Similar to previously described experiments, nuclei were incubated with AP3B then
stained with Streptavidin-Alexa647. STORM imaging was performed in order to more
clearly visualize regions which show preferred binding for AP3B. As expected, and
previously seen, nucleoli show very strong AP3B binding (Figure 3.15c). After activation
of the transgene, areas of increased binding by AP3B are visualized (Figure 3.15ab). It
is unclear if this is due to more open chromatin state due to the actively transcribing

nature of the transgene.
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Figure 3.15: Low Concentration AP3B staining

(a) Active transgene of U20S 2-6-3 Lacl-YFP pTetOn visualized using confocal imaging. (b)
After irradiation of the green highlighted region and staining with Streptavidin-Alexa647. Areas
where the transgene was previously visualized indicated with white arrows. (¢) STORM imaging
of Streptavidin-Alexa647 after irradiation. Clear areas of nucleoli are seen, small additional

spots appear but are less easily visualized.
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3.6 Methods:

Cell Culture:

U20S 2-6-3 cells were kept in a 37C incubator in 1x DMEM Media. The media
contained 5uM of IPTG. The presence of IPTG serves to ensure that Lacl-YFP is not

bound to the transgene during cell growth cycles.

Cell Preparation:

10000 U20S 2-6-3 cells stably expressing Lacl-YFP and pTetOn were plated at the
center of a 7mm Mattek dish in a 50 uL volume. After allowing the cells to settle on the
surface of the plate, 2mL of DMEM containing 5mM IPTG and 5ug/mL doxycycline was
added to the dish. Cells were then incubated overnight at 37C. The following day, 6
hours before irradiation, media was removed and 2mL of fresh DMEM media was
added. One hour before irradiation cells were permeabilized by incubating them in 0.2%
Triton-X-100 in Buffer S for 10 minutes. Cells were then washed thrice with 1mL PBS

and left to incubate in 200uM AP3B in PBS for 1 hour.

Full plate Scanning:

Nuclei were imaged on a Zeiss i880 confocal microscope. The center of the plate was
used to focus the two-photon excitation. Using a 20x/0.5NA air objective the two-photon
excitation beam was raster scanned over the entire dish, covering the 7mm well and
6pm above and below the focus at the center of the plate. Nuclei were then washed with
1x PBS and left for an hour at 37C. Nuclei were then removed from the plate using

0.25% Trypsin-EDTA, collected in a 1.7mL non-stick Eppendorf tube.
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Two-photon Excitation:

Nuclei were then imaged on a Zeiss i880 confocal microscope using a 514nm laser line.
A 20x/0.5 NA Air objective was used to image the EYFP labeled genomic loci. The

EYFP signal was used to identify regions for two-photon irradiation. After regions were

J

mm?2

identified a 32

dose (unless otherwise described) of 700nm light (pulse width

~100fs, peak power of the pulse ~33kW), was applied to a 56 um?3 or 14 um? volume

around the EYFP signal for each Femto-Seq experiment respectively.

After irradiation of all cells on the plate, the buffer was removed and replaced with 1mL
of either PBS or 50mM 1,6-Hexanediol. Cells were incubated in this solution for 1 hour
at 37C. Cells were then removed from the plate using 0.25% Trypsin-EDTA and
collected in a 1.7mL non-stick Eppendorf tube. Tubes were then frozen at -80C° until

ready for future processing.
gDNA Extraction and Pulldown:

Genomic DNA was isolated is isolated from cells using a simple protocol entailing
alkaline lysis, KAc precipitation of proteins, Phenol/Chloroform extraction, and ethanol
precipitation. Isolated genomic DNA is spectroscopically verified to be high quality and
yield for the number of cells used, sheared to 200-600bp fragments using Bioruptor
(Diagenode) sonicator (30 sec ON and 30 sec OFF at high setting for 15 min). DNA was
eluted into 50uL Elution Buffer, 10uL of which was saved while 40uL continued to

sonication and bead pulldown.

Bead pulldown was performed using Dynabeads M-280 Streptavidin (Thermofisher).

10uL Dynabeads were washed 3 times with 1mL Tween Wash Buffer (5mM Tris, 0.5mM
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EDTA, 1M NaCL, 0.05% Tween 20, pH 8). Beads were then suspended in 100pL 2x
Binding Buffer (10mM Tris, ImM EDTA, 2M NaCL, pH 8). Bead solution was then mixed
with the previously extracted 40uL gDNA, 260uL H20 and 200puL 2X Binding Buffer.
This solution was gently mixed for 60 minutes at room temperature. After allowing the
DNA to bind, the beads were washed with 500uL Tween Wash Buffer three times.
lllumina sequencing adapter were added to the bound crosslinked genomic DNA

fragments either by ligation or by tagmentation with Tn5 transposase.

DNA was eluted off of the beads by incubating it in 56uL Elution Buffer (95%
Formamide, 10mM EDTA) at 65C° for 5 minutes. The supernatant was transferred to a
new non-stick tube. To reverse the crosslinks, 44uL of crosslink reversal buffer (3M
Urea, 0.1M KOH, 1mM EDTA) was added to the elution. This mixture was incubated at

90C° for 10 minutes. An Ethanol precipitation was then performed.
Sequencing:

DNA was then PCR amplified using lllumina sequencing primers and size-
selected/purified either by agarose gel electrophoresis or by SPRI beads (AmpureXP) in
the range of 200-600bp. After purification, the amplified library is paired-end sequenced

using an lllumina platform (2x37 bp at minimum).
Low Concentration AP3B Staining and Imaging:

U20S 2-6-3 cells stably expressing Lacl-YFP and pTetOn were plated on a 14mm
Mattek Dish. "Cells were permeabilized using "0.2% Triton-X-100 in Buffer S for 10
minutes. Cells were then washed thrice with 1mL PBS and left to incubate in 20uM

AP3B for 1 hour. Regions were then irradiated as described previously using a Zeiss
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1880 confocal microscope with a 20x/0.75NA air objective. After irradiation, the buffer
was removed and replaced with 1mL of 1x PBS. Nuclei were incubated in this solution
for 1 hour at 37C. Buffer was then removed and 5uM Streptavidin-Alexa647 was added
and left at room temperature for 1 hour. Optionally, 5uM of Syto-RNASelect stain was

added to visualize potential regions of higher RNA concentration.
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Chapter 4
Making Improvements for Femto-Seq: Examination of TALE proteins as a
fluorescent labeling platform for Femto-Seq and Examination of the Use of
Microfluidics to Increase Downstream Efficiency
4.1 Overview:

In the previous sections | have described efforts undertaken to design a novel
method to examine genomic contacts, Femto-Seq. One of the requirements of a Femto-
Seq experiment is the fluorescent labeling of the nuclear volume of interest. In many
cases when one is interested in a particular gene, commonly used DNA loci labeling
methods can be used; however, in other cases different fluorescent labeling techniques
may be required. The two most popular methods for labeling a gene locus are
Fluorescence in Situ Hybridization (FISH) [1, 2] and the utilization of a fluorescently
labeled DNA binding proteins. FISH utilizes fluorescently labeled oligonucleotides to
visualize genomic loci [1] while fluorescently labeled DNA binding proteins encompass a
wide variety of proteins that can be used for this purpose. To use many of these DNA
binding proteins, artificial sequences would need to be inserted near the genomic loci of
interest [3]. Alternatively, specific DNA binding proteins would need to be selected to fit
the genomic loci attempting to be studied [4,5]. Utilizing engineerable DNA binding
proteins which don’t require targeting very specific DNA sequences or inserting binding
sites would be ideal in a Femto-Seq experiment. While the CRISPR-dCas9 system is one
of the most well characterized DNA binding protein constructs that fulfill this purpose [6],

it is certainly not the only one.
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Figure 4.1. Transcription Activator Like Effectors

(@) llustration showing the TALE protein. The N’-terminal domain which is necessary for
translocation, the DNA binding domain with the Repeat Variable Diresidue (RVD) and the
functionally important C’-terminal domain are shown. (b) Illustration of the RVD code. Specific
RVD combinations correspond to a specific targeted nucleic acid. There is variability in the

specificity of the targeted nucleic acid (adapted from [17]).
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Transcription Activator-Like Effectors (TALEs) are another set of DNA binding
proteins secreted by Xanthomonas, a plant pathogenic bacterium [7]. TALE proteins
contain a DNA binding domain which can be engineered to bind a specific DNA sequence
[8]. This domain contains a central repeat domain which consists of numerous repeats
that are 34 residues in length (Figure 4.1a) [9]. A typical repeat sequence is
LTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG. The bolded residues at the 121" and
13" positions are the Repeat Variable Diresidue (RVD) and determine what base pair the
repeat targets [10]. The numerous repeats thus correspond to a specific DNA sequence
the entire TALE protein will target [11]. The RVD code and the corresponding base pairs
have been well characterized (Figure 2.1b) [12]. The C-terminal domain contains a
nuclear localization signal but is not required for TALE proteins to bind DNA. The N-
terminal domain; however, is necessary for translocation [13]. TALEs have been shown
to be a useful tool not only for gene editing purposes [15], but for gene locus visualization
by fluorescent labeling [16].

TALE protein binding kinetics and dynamics have been the focus of some
research but it has been limited. Previously, the search mechanism has been
determined by utilizing extended DNA oligos attached to a PEG surface [18]. TALEs
search for a binding site by micron scale hopping which fully dissociates the protein
from DNA and a much slower 1D diffusion along the DNA oligo [18]. The lack of target
sites for the TALE protein in these experiments did not allow the researchers to
characterize target binding kinetics. We sought to study binding dynamics of TALE
proteins using a few methods: DNA curtains, Single Molecule PEG chambers, and FCS.

We believed characterizing these proteins was an important step in determining their
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utility in a Femto-Seq experiment. In this section | will also describe efforts we

undertook to improve the bead pulldown step in Femto-Seq experiments.

4.2 Results:

4.2.1 DNA Curtains:

DNA curtains are a method that utilize a microfluidic flow chamber to stretch out
DNA to be visualized on a TIRF microscope [19]. DNA is first tethered to a lipid bilayer.
Hydrodynamic force is then applied by washing buffer through the microfluidic chamber.
The tethered DNA molecules get caught on chrome barriers inside the microfluidic
chamber. The constantly applied flow causes the DNA molecules to get stretched out.
They can then be visualized using fluorescent compounds that bind DNA or
fluorescently labeled DNA binding molecules. We sought to utilize this assay to look at

the binding kinetics of TALE proteins.

We utilized photolithography rather than electron beam lithography [20] to create
the microfluidic chamber used for DNA curtains (Figure 4.2). Photolithography is
cheaper and faster than electron beam lithography and is suitable to create the
microfluidic features we were hoping to create. In photolithography, a silicon wafer is
coated in photoresist. This photoresist material becomes soluble after exposure to UV
light. A photomask defining the features we wish to present is created in CAD software

and printed onto a chrome and photoresist coated plate.
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Figure 4.2. Use of photolithography to create a DNA curtain microfluidic device (a)
Overview of the photolithography process. A wafer is coated with photoresist then undergoes
UV exposure through a photomask to detail the curtain rods. Exposed Photoresist removed by
developing allowing for chromium to be deposited onto the glass and form the curtain rods. (b)
L-Edit image of the designed curtain rod pattern. (c) Darkfield image showing the photomask
used in the exposure step. (d) Brightfield image showing the chrome patterns deposited onto

the glass surface.
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Once the photomask is exposed, it is used to pattern features on the previously coated
silicon wafers. UV light is directed through the photomask by a lens to selectively
expose select regions of photoresist on the wafer. These exposed regions of photoresist
are then washed away using a solvent. An evaporation chamber is used to deposit
chrome onto the bare glass regions (from where the previously exposed photoresist
was washed away). Finally, all the remaining photoresist is washed away leaving a set

of chrome barriers where they were deposited earlier.

DNA curtains provide a unique platform to study the binding dynamics of DNA
binding proteins, including TALEs. We utilized a unique TALE protein, TAL1535,
designed by Fabio Cupri Rinaldi of the Bogdanove laboratory at Cornell University, as a
model protein in this system. TAL1535 has been shown to have a picomolar binding
affinity (Figure 4.3c). This extremely tight binding makes it an ideal candidate for study
using the DNA curtains assay. The TAL1535 binding site was inserted into Lambda
DNA at 21kb into the Lambda-DNA sequence. TAL1535 was incubated with Lambda-
DNA prior to injection into the DNA curtains flow chamber. Regardless of changing
parameters such as TAL1535 concentration (30-1500 nM), significant sticking of the
TAL1535 protein was noticed on the chrome curtain rods. TAL1535 that did manage to
bind to the Lambda-DNA remain attached when flow was removed (Figure 4.3f). Due to
our continued struggles with using DNA curtains to examine TAL proteins we sought to

other methods to study their binding kinetics.
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Figure 4.3. Using DNA curtains to examine the binding of TAL1535

(a) Example layout of a TALE protein. The underlined residues correspond to the RVD which
can be engineered to make the TALE protein bind a specific sequence. (b) lllustration of the
labeling scheme. Lambda-DNA contains the TAL1535 binding site around the 21kb mark.
TAL1535 is labeled using a SNAP-CLIP labeling platform. (¢) Fluorescence anisotropy of
TAL1535. (d) DNA curtains experiment with Alexa647 labeled TAL1535 (red) binds YOYO-1
stained DNA (green). The red line corresponds to the expected location of the TAL1535 binding
site. (e) Histogram of TAL1535 location along Lambda-DNA. Red line represents the expected
binding location based on the target site. (f) Kymograph showing the location of TAL1535 as the

DNA curtains are relaxed.
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4.2.2 Single Molecule PEG Chambers:

Another commonly used method to look at protein interactions is the use of
polyethylene glycol (PEG) coated chambers. These types of chambers have been
utilized in the past for FRET [21], SIMPull [22], and a variety of other single molecule
biophysical experiments [23]. Due to the nonspecific sticking issues found in the DNA
curtains experiments we decided a PEG coated slide may provide a better pacified
surface to analyze TALE proteins. PEG coated chambers are simply glass microfluidic
chambers with a PEG coated surface inside. The PEG surface contains a small amount
of biotin labeled PEG. The PEG itself is present to prevent nonspecific sticking of the
molecules of interest to the glass surface while the biotinylated PEG serves as a
platform for molecules to bind. To study binding kinetics of TAL1535 we utilized the
previously discussed TAL1535 labeled with Alexa647 and a 50bp DNA oligo containing
the binding site for TAL1535 labeled with Cy3 (Figure 4.4a). We planned to examine the
colocalization of these signals to determine characteristics of the binding kinetics of
TAL1535. While many different statistical analysis methods could be used to examine

colocalization, we utilized the Pearson Correlation Coefficient (PCC).

_ E?:l(Bi_Bavg)*(Ri_Ravg) (1)
xy n 2 n 2
\/Ei=1(3i_3avg) *\/2i=1(Ri_Ravg)

This statistic can be used to interpret how well colocalized two fluorescent signals are,
with a result of +1 meaning complete colocalization and -1 meaning anti-colocalization

[24]. Tetraspeck fluorescent beads were used to calibrate the Zeiss Elyra Microscope

112



Figure 4.4 Examination of TAL1535 on PEG and Lipid Surface

(a) lllustration of DNA bound to a PEG surface. The 50bp DNA oligo is labeled with Cy3 while
the TAL1535 protein (grey) is labeled with Alexa647. The surface is imaged using TIRF
microscopy. (b) Tetraspeck beads imaged in multiple channels to ensure proper microscope
alignment and correct calculation of Pearson's Correlation Coefficient (PCC=0.85). (c) 50pM
Alexa647 labeled TALE protein (magenta) and 20pM 50bp Cy3 labeled DNA oligo (cyan) on a
PEG coated coverslip. Very little colocalization is observed and a PCC of 0.02 was calculated.
(d) 50pM Alexa647 labeled TALE protein (magenta) and 20pM Alexa488 labeled DNA oligo
(cyan) on a lipid bilayer. However, less non-specific binding is observed compared with (c). A
PCC of -0.77 was calculated. (e) 20pM of Alexa647 labeled TALE on a BSA blocked glass

surface. Indicating the efficiency of blocking methods.
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to ensure that alignment or correction was not necessary (Figure 4.4b). We calculated a
PCC of 0.85 for Tetraspeck beads suggesting the system was appropriately aligned.
We calculated a PCC of 0.02 for TAL1535 and the short DNA oligo suggesting very little
colocalization. We attributed this to nonspecific sticking of TAL1535 to the surface
amongst other factors discussed later. By using a lipid bilayer, we are able to eliminate
the majority of non-specific binding (Figure 4.4d); however, this results in a PCC of

-0.77 suggesting anti-colocalization.

4.2.3 Fluorescence Correlation Spectroscopy Experiments:

The high binding affinity of TAL1535 made the anti-colocalization results from the
PEG chambers unexpected. In order to explore why we were seeing this, we decided to
utilize Fluorescence Correlation Spectroscopy (FCS) Microscopy. FCS analyzes
fluctuation of fluorescence intensity through a volume. Using a confocal microscope, the
beam is focused and the fluorescence intensity fluctuations due to diffusion are
autocorrelated. From this, numerous properties of the fluorescently labeled molecule
can be determined including the diffusion coefficient and concentration. We conducted
an FCS experiment using 3nM of our Alexa647 labeled TAL1535 both in the presence
and absence of a 400bp DNA oligo containing the binding site and Cy3 (1nM and
100nM). Curves were generated using the average of thirty 10 second correlations and
fit to a single diffusion model with an added triplet component (Figure 4.5c¢). Upon
analysis several interesting phenomena were observed (Figure 4.5d). As DNA

concentration increases the calculated concentration of TAL1535 decreases. We

114



0.7+ c

3.0 -

0.6-
c — 25 L
O 0.54
5 2.0
© 0.4 =~ o NoDNA
[ o =
w =159 ¢ 1nMDNA
T 0.39 o = 100 nM DNA
£ 1.0 -
o 0.2
1] 0.5

0.1+

0.0 T T T
0.0+ 001 0.1 1 10 100 1000 10000
0.1 1 10 100
. T (ms)
[Protein] nM
b d ,
0 01 02 04 08 16 48 144 432nM 3nMilAlE:protein| +1nMONA +100 nM DNA
- o e N 2.94+£0.25 1.04 £ 0.09 0.65 + 0.03
N 0.909 +0.08 ms | 1.040+0.13ms | 1.118 +0.21ms
r’- . Toin 0.020 +0.004 ms | 0.021 +0.002 ms | 0.024 +0.008 ms
Triplet Fraction 0.375 +0.03 0.386 0.369

Figure 4.5. FCS and EMSA Analysis of TAL1535.

(a) EMSA data showing increased binding as TAL1535 concentration increases. A Ky of 0.6nM
was calculated. (b) Gel showing increased shift upon binding of TAL1535 to DNA. (c)
Correlation curves of Alexa647 labeled TAL1535 with and without a 400bp DNA oligo containing
the binding site and Cy3. The curves are an average of thirty 10 second correlations fit to a
single diffusion model with added triplet component. (d) Table of calculated concentration,

residence times, and triplet fraction.
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attribute this to quenching of the Alexa647upon binding. We do see increased residence
times upon addition of DNA suggesting that binding is occurring for the TAL1535 that
can be measured. We believe both FCS and the use of single molecule fluorescence
techniques can be used to study the binding kinetics of TALE proteins. Unfortunately,
these experiments had issues with sticking and quenching, but provided these issues
could be solved single molecule analysis could be utilized to examine TALE protein

binding kinetics.

4.2.4 Microfluidic Platform for downstream cleanup:

While the previous sections described efforts to characterize binding
characteristics of TALE proteins for use in Femto-Seq experiments, we also worked
towards improving the efficiency of the DNA pulldown step of the Femto-Seq process.
While there are many different methods that could be implemented into improving DNA
pulldown, we focused on utilizing a technique called MOWChIP [25]. This technique
utilizes a microfluidic chamber to perform Chromatin Immunoprecipitation with as few as
100 cells. While we planned on using more cells than this in a Femto-Seq experiment,
we were targeting a small fraction of the DNA per cell and thus sought to use this
method to prevent potential losses of crosslinked DNA. MOWChHIP uses a PDMS flow
cell formed by imprinting PDMS on a silicone mold. This fluidic layer combined with a
very thin PDMS layer used for pneumatic control and a valve layer forms the
microfluidic chamber used to perform the pulldown. Beads are flowed into the chamber
and forced into a packed bed using a magnet. Genomic DNA fragments are then flowed

in and allowed to bind to the magnetic beads. Oscillatory washes are then
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Figure 4.6. Overview of MOWChIP and Creation of Master Mold.

(a) Overview of the MOWCNhIP process. A packed bed of beads is made by closing the valve
layer, allowing fluid to pass but not the beads. Extracted chromatin is then flowed through the
bed. The beads then undergo an oscillatory washing process. A magnet is used to pull down the
beads and buffer is replaced. The beads are then extracted. (Adapted from [25]). (b) A
photograph of the mold for the device. PDMS is poured on the mold in order to create numerous
channels. Shown here are two of the three layers, the valve layer and the microfluidic layer.
Sandwiched between these layers is an extremely thin control layer (spun on a blank wafer)

used to shut the valve. (c) Microscopy image of the pillar features on the device mold.
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performed to wash away unbound chromatin. Finally, the DNA is eluted off the beads
(Figure 4.6a). In order to utilize a MOWChIP set-up in a Femto-Seq experiment we
needed to create the master molds for forming the PDMS chambers. We utilized
photolithography at the Cornell Nanofabrication Facility to create master molds for
forming both the valve layer and fluidic layer (Figure 4.6b, Figure4.6c). After creation of
the master molds, we used PDMS to form a fluidic chamber. Unfortunately, these
chambers were subject to leaking due to improper sealing. Despite this, we believe this
or other microfluid platforms could be viable alternatives to the traditional magnetic bead

pulldown.

4.3 Conclusion:

Here we showed that despite issues with non-specific surface binding, TALE
proteins remain an attractive option for labeling a specific gene locus of interest. They
can be engineered to bind non-repetitive DNA and show very robust binding properties.
We showed that a variety of single molecule analysis methods such as colocalization
methods and DNA curtains have the potential to be useful for studying TALE binding

kinetics.

We also demonstrated that further downstream improvements to Femto-Seq can
be made. The magnetic bead pulldown process can lead to losses in material that can
be critical when working with a small amount of crosslinked DNA. Microfluidic platforms
such as MOWChHIP have the potential to be used to improve the overall efficiency of

Femto-Seq.
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4.4 Methods:

The DNA curtains work was performed in collaboration with Alex Van Slyke at Cornell

University.

Protein and DNA preparation:

Lambda DNA containing the TAL1535 binding site was prepared by Alex Van Slyke.
TAL1535-SNAP was cloned and expressed by Fabio Cupri Rinaldi of the Bogdanove
Labrotory at Cornell University. TAL1535-Alexa647 was created by incubating
TAL1535-SNAP with SNAP-Alexa647. Labeled DNA oligos containing the TAL1535
binding site were created by PCR. A 400bp g-block containing the TAL1535 binding site
(CTGGATCATTCCCGAGCGCT) was ordered from IDT. A DNA primer labeled with Cy3
and several primers labeled with Biotin were ordered as well. The Biotin labeled primers
were picked to allow for customization of oligo length after PCR. PCR was performed to

ensure all the products contained both a Cy3 and Biotin label.

DNA curtains:

Before construction of the DNA curtain chamber, a photomask was designed using L-
Edit and written onto a chromium mask plate then exposed using the CNF DWL 2000
High Resolution Pattern Generator (Heidelberg Instruments). A 100mm diameter 1mm
thick silica wafer was coated with 40nm of anti-reflective coating (DS-K101-4, Brewer
Science) and 300nm of photoresist (UV210, Dow Chemical Co.) using the CNF Gamma
Cluster Tool (SUSS MicroTec). The photomask was used to expose (248nm) the curtain
pattern on the coated wafer using the CNF AASML PAS 5500/300C DUV Stepper.

Photoresist was removed using AZ 726 MIF photoresist developer. A chromium layer
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20nm thick was deposited on the wafer using the CNF SC4500 Thermal/Electron-beam
evaporator. The wafer was then cut into 60 x 25 mm rectangles to fit standard
microscope stages. The remaining photoresist was then washed away using Microposit

Remover 1165.

The glass slides had 1.5mM holes drilled into them using a Dremel Drill. Glass
chambers were washed with Hellmanex, 1M NaOH, EtOH, and MilliQ water. Slides
were then dried with Nitrogen and plasma cleaned for 5 minutes. Slides were attached
to coverslips using double sided tape. Slides were then heated in a 75C° oven for 30
minutes to ensure proper sticking of the coverslip to the slide. Nanoports were attached

to the previously drilled holes using hot glue.

A mixture of 95% DOPC, 4.4% mPEG2000-DOPE, 0.6% Biotin-DOPE and 0.1%
Lissamine Rhodamine-DOPE (if imaging the bilayer) was created and dehydrated using
nitrogen. The dehydrated lipid mixture is then stored overnight in a vacuum chamber.
The lipid mixture was rehydrated with lipid buffer (100mM NaCL, 50mM Tris pH 8.0).
The lipid mixture was stored on ice for 10 minutes, sonicated for 1 minute halfway
through. The lipid mixture is then sonicated using a probe sonicator in a 4C fridge.

Lipids were then spun down at 16000 rcm for 5 minutes.

DNA curtain chambers were flushed with lipid buffer, then 1mL of the previously
described lipisomes. This was repeated 3 times with 5 minutes in between injections.
The chamber was then washed with lipid buffer to wash away any unbound lipisomes.
The chamber was left at room temperature to allow the lipisomes to settle. The chamber
was then washed with BSA buffer (40mM Tris pH 7.8, 1mM MgCI2, 1mM DTT,

0.2mg/mL BSA) to block nonspecific binding. Chambers sat at room temperature for 20
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minutes to allow blocking to occur. 30nM Tal1535-Alexa647 was incubated with 10pM
Lambda DNA containing the TAL1535 binding site in a volume of 100uL for 25 minutes.
This solution was diluted to 1mL then injected into the flow chamber. Finally, the
chamber was washed with imaging buffer (BSA buffer with 20uL GLOX and 200uL 40%
Glucose). Imaging took place on a custom microscope using an Olympus UPlanApo

60x/1.2 Water Immersion lens.

Construction of PEG Chambers:

Using a Dremel Drill a 1mM hole is drilled into quartz slides. Slides are then scrubbed
with MeOH and distilled water and placed in a glass coplin jar. Slides are rinsed with
MilliQ water and sonicated in a bath sonicator in 10% alconox solution for 20 minutes.
Slides are again rinsed with MilliQ water then sonicated in MilliQ water for 5 minutes
then rinsed with MilliQ water. Slides are rinsed with acetone then sonicated in acetone
for 15 minutes. Slides are rinsed and sonicated in 1M KOH for 20 minutes. Slides are
rinsed then dried using nitrogen. Coverslips are washed with water then sonicated in 1M
KOH. Coverslips are then rinsed and dried using nitrogen. Slides and coverslips are
coated in a Silanization buffer (100mL MeOH, 5mL Acetic Acid, 1mL Aminopropylsilane)
and left for 10 minutes at room temperature. Slides and coverslips are rinsed with
MeOH and Water then dried using Nitrogen. 320uL of PEGylation buffer (100mM
Sodium Bicarbonate) is combined with 2mg Biotin-PEG-SVA and 80mg mPEG-SVA.
Solution is mixed then applied in between the coverslips and slides. Coverslips and
slides are left for 3 hours in a humid environment. Tubes are attached to the previously

drilled holes and affixed with epoxy. Excess tubing is cut away and the coverslip is
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affixed using double sided tape. PEG chambers are stored in vacuum sealed 50mL

tubes at -20C° until use.

Single Molecule PEG Experiments:

PEG chamber was first flushed using T50 buffer then with 0.2mg/mL Streptavidin
solution in T50 buffer. 20pM of a 50bp DNA oligo containing the TAL1535 binding site
and labeled with Cy3 and Biotin was mixed with 50pM TAL1535-Alexa647 in T50 buffer
with 0.1 mg/ml BSA. This solution was then flowed into the chamber and allowed to bind
for 15 minutes at room temperature. The flow chamber was then washed twice with T50
with BSA. Flow chambers were imaged on a Zeiss Elyra TIRF microscope using 60x/1.4

NA objective. Tetraspeck beads images were taken with a Tetraspeck slide.

Fluorescence Correlation Spectroscopy:

Solutions were created with 3nM TAL1535 labeled with Alexa647 with no DNA, 1nM
400bp DNA oligo TAL1535 binding site labeled with Cy3 and Biotin, and 100nM of the
previously described DNA oligo. These solutions were left at room temperature for 25
minutes before FCS experiments. FCS curves were taken on a Zeiss i880 Inverted

Confocal Microscope using a 633nm laser line.

MOWCHIP Mold Procedure:

The photomask detailing the fluidic wafer was designed in L-Edit and written onto a
chromium mask plate. A clean silicone wafer had 3g of Su-8 Photoresist spun onto it
(500 rpm for 10s, 2500 rpm for 30s). The photoresist was baked onto the wafer at 95C°
for 8 minutes then the wafer underwent UV exposure (160mJ/cm2 for 17 seconds)
through the photomask using the CNF AASML PAS 5500/300C DUV Stepper. The
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wafer was baked again then developed using SU-8 developer. The wafer is washed
with isopropanol, dried, then baked again at 150C° for 15 minutes. To make the PDMS
microfluidic chamber, the mold was placed in a large petri dish and covered with a 5:1
PDMS mixture. To form the control layer, a 20:1 PDMS mixture was dessicated then
spun onto a clean slilicone wafer (500 rpm for 10s, 1100 rpm for 30s). The PDMS was
heated in an 80C° oven to partially set. The fluidic layer was peeled off, and attached to

the control layer. The chamber was then heated at 80C° again to set the full chamber.
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Appendix A

Transcription and Transcriptional Regulation

A.1 Transcription:

Transcription is the process of turning the information stored in DNA into RNA.
The transcription process consists of 3 stages: initiation, elongation and termination
(Figure A.la). The transcription process is performed by RNA Polymerases. In
eukaryotes there are 3 different types of RNA polymerase. RNA Polymerase | is located
in the nucleolus. It is responsible for producing ribosomal RNAs (28S, 18S, 5.8S)
subunits [1]. RNA Polymerase lll is responsible for producing small RNAs such as
transfer RNA, 5S Ribosomal RNA, and signal recognition particle RNA [2]. Perhaps the
most interesting is RNA Polymerase Il. This RNA polymerase is responsible for
producing messenger RNA which is then translated into proteins, small nuclear RNAs,
small interfering RNAs and microRNAs [3]. RNA Polymerase Il contains 12 subunits, 4
of which are shared with the other RNA Polymerases [4] (Figure A.1b). While each
subunit plays a unique role, RPBL1 is of particular importance. The C-terminal domain of
RPB1 contains numerous repeats of YSPTSPS [5]. These amino acids can undergo
modifications such as phosphorylation during the transcription cycle in order to control
transcription [6]. Transcription begins by formation of the preinitiation complex. RNA
Polymerase Il and numerous transcription factors described later bind to the gene.
Once formed, promoter melting occurs and the transcription bubble is formed. Before
fully transcribing the gene, several 2-15 nucleotide RNA chains are generated. These

transcripts are aborted before elongation begins [7]. Once the transcript reaches 10

128



(m,—" 3 :
> Pol _I_Q s 3
}‘_ ) S'->
Initiation SR Elongation
— l RNA ~ i R N
7 — TR S
L4 8 huun g Pt AR N TN NN -t 211
. ¥ [)N/\ \\_—_/1
Transcription factors I(-rmimlionl

Polll )

Figure A.1: Overview of transcription and RNA Polymerase Il.

(a) RNA Polymerase Il is recruited to a gene promoter by transcription factors. The template
strand is exposed and an 8-9 nucleotide long DNA-RNA hybrid is created. RNA Polymerase Il
then extends the transcript. For many genes, approximately 20-60 bp into transcription, RNA
Polymerase Il undergoes a process called promoter proximal pausing. Following release from
this paused state, transcription continues until termination occurs. (b) Ribbon diagram of RNA
Polymerase II. Front and top view. Subunits are colored according to the diagram at the bottom.

Adapted from [97] and [4]
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nucleotides promoter escape occurs. This process requires phosphorylation of the C-
terminal domain of RNA Polymerase Il [8]. After promoter escape elongation begins.
Usually, the elongation process pauses within the first 100 nucleotides in a process
called promoter proximal pausing. Two pause-inducing factors, DRB sensitivity inducing
factor and negative elongation factor, have been shown to be critical to the pausing
process. The process of releasing RNA Polymerase Il from its paused state requires P-
TEFb. P-TEFb phosphorylates NELF, DSIF, and the C-terminal Domain of RNA
Polymerase Il. The phosphorylation of NELF causes it to dissociate from the paused
transcription complex. The phosphorylation of DSIF turns it into a form that helps the
elongation process. The phosphorylation of the C-terminal Domain of RNA Polymerase

Il allows it to bind additional factors that assist in the elongation process [9].
A.2 Gene Expression Regulation:

The majority of gene expression regulation occurs at the transcription level. This
regulation occurs via two modes, trans-regulatory and cis-regulatory [10]. Trans-
regulatory elements are molecules separate from DNA that enhance or suppress
transcription. These proteins [11] can target and bind to specific DNA sequences.
MicroRNAs [12] can provide post-transcriptional control. Conversely cis-regulatory
elements consist of non-coding DNA sequences which regulate gene expression [13].
These sequences include promoters and enhancers. Cis-regulatory elements consist of
targets for trans-regulatory elements to bind. Together in tandem, they work to regulate

gene expression [10].
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A.2.1 Trans-regulatory elements:

Perhaps the most important set of trans-regulatory elements are the general
transcription factors that bind promoter regions to facilitate transcription. Additional
trans-regulatory elements include sequence specific transcription factors. These are
proteins which target specific genes or sets of genes unlike general transcription factors
which are utilized in all gene transcription [14]. Other trans-regulatory elements include
chromatin remodelers [15] which change the chromatin landscape in order to facilitate

or repress transcription.

General Transcription Factors:

In bacteria there is a single general transcription factor, sigma factor [16]. This
factor along with RNA polymerase are the only proteins needed to facilitate transcription
in bacteria. In eukaryotes many more general transcriptions factors exist including:

TFID, TFHIA, TFIB, TFIIF, TFIE, and TFIIH (Figure A.2).

TFIID:

TFIID begins the formation of the pre-initiation complex. TFIID consists of several
sub-units including the TATA-binding protein (TBP) and TBP-associated factors (TAFs).
TBP binds the TATA-box motif (a cis-regulatory element upstream of gene promoters).
In genes without a TATA-box, the TAFs will target Initiator Elements or the core
promoter and force TBP to bind non-specifically. Since TFIID is the first general
transcription factor to bind DNA, it effectively aligns RNA polymerase to the gene. It acts
as a station for other transcription factors and RNA polymerase to bind and form the

pre-initiation complex [17].
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TFIA:

TFIIA assists with the formation of the pre-initiation complex. It interacts with TBP
to help it bind to the TATA-box. It helps to stabilize the interaction between TBP and the

TATA-box [18].
TFIIB:

In eukaryotes, TFIIB serves a similar function as sigma factor in bacteria. TFIIB
works by interacting with the TBP subunit of TFIID. It additionally interacts with the B
Recognition Element (downstream of the TATA Box). TFIIB then recruits RNA
Polymerase Il. Following this, TFIIB assists RNA Polymerase Il in unwinding DNA and
choosing the transcription start site. Once transcription starts TFIIB is ejected from the

transcription complex [19].
TFIF:

TFIIF binds to RNA Polymerase Il at first. It remains bound and stabilizes it while
it is interacting with TFIIB and TBP. Additionally, it prevents RNA Polymerase Il from

binding non-specific DNA sequences [20].
TFIIE:

TFIIE binds upstream of the transcription start site. It is responsible for recruiting
TFIIH and activating the kinase on RNA Polymerase Il. It is thought to be involved in

DNA melting at the promoter region [21].
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Figure A.2. Overview of general transcription factors.

(a) Several general transcription factors are responsible for formation of the pre-initiation
complex. TFIID binds first targeting the TATA box. It then helps recruit many additional factors
(TFIA-TFIIH). After formation of the complex, TFIIH phosphorylates the polymerase to start

transcription. Adapted from [98].
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TFIIH:

TFIIH is the final general transcription factor to join the transcription complex.
TFIIH contains a helicase which unwinds DNA to form the transcription bubble.
Additionally, it has a kinase subunit which phosphorylates the C-terminal domain to

transition transcription to elongation [22].

Sequence Specific Transcription Factors:

Sequence specific factors are what truly regulate transcription when compared
with general transcription factors. There are estimated to be approximately 2600
proteins with DNA binding domains in the human genome and 270 in E. Coli [23].
Transcription factors work with other proteins in order to promote or repress
transcription. Sequence specific transcription factors are able to respond to numerous
stimuli including developmental signals (Hox) [24], environmental signals (HSF) [25],
and cell cycle signals (Myc) [26]. Transcription factors are modular and contain
domains with many different functions. They have a DNA binding domain which allows
them to specifically target a DNA sequence to perform their regulatory duties [27]. There
are many DNA binding domains that have been identified including basic helix-turn-helix
[28], basic leucine zipper [29], and srf-like [30]. They also contain an activation domain.
This domain binds other transcription coregulators (such as chromatin remodelers) in
order to regulate transcription [31]. Transcription factors can also contain a signal-

sensing domain in order to respond to external stimuli [32].
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A.2.2 Chromatin Structure:

Generally, for transcription to occur the chromatin must be accessible by
proteins. In eukaryotes, chromatin is tightly packed in units called nucleosomes.
Nucleosomes consist of 147 base pairs of DNA wrapped around a histone octamer [33].
The purpose of this packaging is two-fold. First it ensures large DNA molecules are able
to fit in the nucleus. Additionally, it acts as a mechanism to control transcription.
Chromatin remodeler complexes are required to make chromatin accessible. Similarly,
packaging of chromosomes into nucleosomes can act as a transcription suppression

mechanic [34].

Covalent Histone Modifications:

Numerous protein complexes are known to covalently modify histones. The
modifications that can occur to histones includes acetylation, methylation,
phosphorylation and ubiquitination (Figure A.3). Methylation is one of the most
commonly studied histone modifications. Methylation can occur to lysine and arginine
residues and is performed by a family of enzymes called Histone Methyltransferases
[35]. These proteins transfer up to 3 methyl groups to histones. Methylation of
H3K9Me3 has been shown to repress transcription [36]. Methylation of residues H3K4
and H3K36 has been shown to indicate regions of open chromatin and gene expression
[37]. Histone acetylation occurs at the lysine residues within the N-terminal tails. Histone
acetylation is performed by Histone Acetyltransferases while deacetylation is performed
by Histone Deacetylases [38]. These proteins don’t contain DNA binding domains and
need to be recruited by other sequence specific transcription factors [39]. Histone

acetyltransferases correspond to
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Figure A.3. Histone Modifications.

Overview of many possible histone modifications. Four types of modifications can occur,
methylation (Me), Phosphorylation (P), Acetylation (Ac) and Ubiquitination (Ub). Histone
modifications tend to occur on the N-terminal tail but can occasionally be found on the C-
terminal tail. Many different amino acids can be modified. These modifications can lead to open

and closed chromatin states which can be used to regulate transcription. Adapted from [99].
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transcriptional activation while histone deacetylases correspond to transcription
repression [40]. Many phosphorylated histone residues are directly related to gene
expression regulation [41]. Phosphorylation of serines 10 and 28 of H3 has been shown
to be associated with transcription regulation of epidermal growth factor [42].
Phosphorylation of H3S10, T11 and S28 have been associated with H3 acetylation
which is related to transcription activation [43]. Perhaps the least is known about histone
ubiquitination, but it does appear to play a role in transcription regulation. Ubiquitination
is the process of adding a 76 amino acid protein, ubiquitin to histones [44]. H2A and
H2B are the most frequently ubiquitinated proteins in the nucleus [45]. Ubiquitination of
H2A is correlated with gene silencing [46] while ubiquitination of H2B is associated with

transcriptional activity [47].

Chromatin Remodeling Complexes:

There are many characterized chromatin remodeling complex families such as
SWI/SNF, ISWI, NURD/Mi2, INO80, and SWRI [48]. Although SWI/SNF [49] and ISWI
[50] are the most well characterized chromatin remodeling complexes. Both these
remodeling complexes are ATP dependent and utilize ATP-hydrolysis to evict or slide
nucleosomes [51,52] (Figure A.4). These families are distinct due to the additional
subunits surrounding the ATPase domain. SWI/SNF remodelers are large complexes
composed of about 15 protein subunits. Several of these subunits including SMARCBL1
and SMARCCL1 are conserved between SWI/SNF complexes [53]. Activity by these
remodelers results in the release or movement of nucleosomes which allows

transcription factor binding and accompanying transcription.
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A.2.3 DNA Methylation:

DNA methylation is a widely noticed phenomena in a variety of species [54]. It
can occur on both cytosine and adenine residues [55]; however, cytosine methylation is
much more well characterized and studied. The methylation of DNA is performed by
DNA methyltransferases (DMNTs). DMNT1 serves a maintenance function and is
responsible for copying DNA methylation following replication [56]. DMNT3A and
DMNT3B are responsible for methylating previously unmethylated CpG sites [57]. CpG
sites are found in either short regions in regulatory DNA or large regions of repetitive
DNA [58]. Methylation in regulatory DNA has been shown to be linked to developmental
[58] and differentiation phenomena [59]. It is believed that DNA methylation at

promoters is linked to repression of transcription [54].

A.2.4 Cis-Regulatory Elements:

While trans-regulatory elements consist of separate molecules that regulate
transcription, cis-regulatory elements are DNA sequences that operate to regulate
transcription (Figure A.5). These elements can be located both proximal or distal to the
gene they are regulating. Cis-regulatory elements include promoters, enhancers,

repressors, and insulators.

Promoters:

The promoter region (Figure A.5a) for RNA Polymerase Il consists of multiple
different elements. The core promoter is located between -35 and +35 base pairs of the

transcription start site. The core promoter contains the TATA box which consists
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Figure A.4. Overview of Chromatin Remodeling Complexes.

Open chromatin is required for transcription to allow access for transcription machinery.
Conformational changes in chromatin structure are regulated by a variety of mechanisms.
Closed chromatin is maintained by Histone deacetylases (HDAC) and histone
methyltransferases (HMT). Open chromatin is maintained by transcription factors (activators),
Histone acetyltransferases (HAT) and ATP dependent remodelers (SWI/SNF). Transcription can
be regulated by these proteins by creating open chromatin states which facilitate transcription

and closed chromatin states which limit transcription. Adapted from [100].
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of the sequence TATAAAA approximately 25 base pairs upstream of the transcription
start site in eukaryotes. The TATA box is the target binding site of TFIID [60]. The
initiator element is located at the transcription start site from -3 to +5 and has the
sequence YYANWYY [61]. It is found in approximately 49% of human promoter
sequences, significantly more than the TATA box which is found in approximately 22%
of human promoter sequences [62]. Approximately 32 to 37 base pairs upstream of the
transcription start site is the TFIIB Recognition Element. This element is composed of
the sequence SSRCGCC. As the name suggests, this element is recognized by TFIIB
[63]. Downstream of the transcription start site is the downstream promoter element.
This element consists of the sequence RGWYYV and is located approximately 28-32
base pairs downstream of the transcription start site [64]. Approximately 70% of human
promoters contain a CpG Island through which transcriptional regulation can occur by

DNA methylation [55].

Enhancers:

Transcriptional machinery only requires the sequences around the transcription
start site known as the promoter region. While this is enough to start transcription, it is
fairly weak without other regulatory DNA sequences. The presence of enhancer
sequences which can be moderately distal from the transcription start site are required
to promote strong transcription (Figure A.5b) [65]. Enhancer sequences are short DNA
sequences that promote the binding of sequence specific transcription factors. As stated
earlier, these transcription factors recruit additional proteins to help facilitate
transcription. Enhancers have other features which distinguish them from other cis-

regulatory elements, in that they are able to operate at a very long distance from the

140



transcription start site they are regulating [66]. There are many different suggested
mechanisms for how this occurs. Perhaps the most widely accepted mechanism is the
formation of chromatin loops. In this suggested model, chromatin forms a loop to bring a
distal enhancer/promoter pair spatially close together and activate transcription [66].
Another feature which distinguishes enhancers is their ability to work regardless of what
promoter they are near. Enhancers tend to continue to function if moved to a separate
reporter gene [67]. Finally, enhancers behave in a modular method. Reporter assays
with multiple different enhancers report a pattern consistent with their combined activity

[67].
Silencers:

Silencers are functionally the opposite of enhancers (Figure A.5c). While
enhancers recruit activator proteins to facilitate transcription, silencers recruit repressor
proteins to decrease transcription [68,69]. They can be located in the promoter region,
distal from the transcription start sire or downstream of the gene they regulate. Several
types of silencers have bene reported. Classical silencers bind proteins to directly block
transcription initiation [70]. Negative Regulatory Elements can be located further away
from genes and prevent transcription factors from binding to their target or inhibit
transcription elongation from proceeding [71]. Repressors can also recruit chromatin-
remodeling enzymes to remove regions of open chromatin and prevent the binding of

transcription factors.
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Figure A.5. Cis regulatory elements.

(a) Nlustration of a simple gene. A promoter element upstream of the gene body helps form the
pre-initiation complex. (b) Distal enhancer upstream contributes to transcriptional activity. (c)
Silencer upstream of the gene complex limits transcription. (d) Insulator between an enhancer
and gene prevents the enhancer from effecting transcriptional activity of the gene. (e) Insulator
blocks heterochromatin from spreading to a gene, allowing the gene to be freely transcribed. (f)

Locus Control Region regulating expression of a gene.
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Insulators:

Insulators serve a unique function compared to enhancers and silencers.
Insulators are regions of DNA 300 to 2000 base pairs in length that function as either a

barrier or a blocker for enhancers [72]. They can prevent distal enhancers by acting on

nearby genes (Figure A.5d). The other function they serve is preventing the spread of
heterochromatin (Figure A.5e) [73]. Insulators are critical when genes that have

different transcription patterns are near each other.
Locus Control Regions:

Locus Control Regions (LCRs) are cis-regulatory elements which functions to
enhance gene expression at distal loci (Figure A.5f). The first LCR was identified as a
regulator of the human B-globin gene locus [74]. Early studies of the 3-globin gene
showed that a 5kb gene segment did not contain the necessary regulatory elements to
provide meaningful levels of transcription [74]. LCRs have several properties that make
them unique. First, LCRs show extremely strong transcription enhancing activity. In the
absence of the LCR, transcription of the human 3-globin gene is less than 1% of the
normal transcription level [75]. LCRs can be located several kilobases away (6 to 22kb
upstream in the case of 8 -globin) [74]. LCR activity is tissue specific, for the $-globin
LCR activity is limited to Erythroid cells [76]. LCRs tend to be colocalized with DNase |
hypersensitive sites [77]. While enhancers share many of these features, LCRs differ in
their ability to provide copy number-dependent expression [74]. Copy number
dependent expression is something commonly associated with open chromatin states

which is substantiated by the colocalization of DNase | hypersensitive sites [78].
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Figure A.6. Locus Control Region Model Mechanisms.

(a) Looping model. This model suggests that a chromatin loop is formed. This brings the distal
LCR spatially close to the promoter of the gene it is regulating. (b) Tracking model. Transcription
factors first bind the LCR forming a complex. This complex then moves down the chromatin until
it reaches additional transcription factors at a promoter. Thus, the transcription factors originally
bound to the LCR end up at the promoter to facilitate transcription. (c) Linking model.
Transcription factors continually bind the LCR to create a link between the LCR and the gene it

regulates. Adapted from [101].
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However, the mechanism through which the 3 -globin LCR operates remains poorly
understood. Several models have been hypothesized including looping, tracking, and
linking (Figure A.6). One shared feature of these models is the ability of the LCR to
create an open chromatin structure. The looping model suggests that the LCR forms a
loop to bring the LCR to the regulated promoter [79]. The tracking model has
transcription factors bind the LCR forming a complex which then moves along chromatin
until it reaches a promoter [80]. The linking model suggests that facilitator proteins
mediate the binding of transcription factors to regulate transcription [81]. Each model is
still being thoroughly researched in order to determine the method through which LCRs
operate. While the most well characterized LCR is that of the (3-globin gene, several

other similar elements have been identified in a variety of species [82].

A.3 Methods to examine regulatory elements:

Due to the importance of understanding transcription regulation, several
techniques have been implemented to look at regulatory factors. These techniques
include both experimental and computation methods. These methods allow researchers
to examine where proteins that regulate transcription bind and what sequences serve a

regulatory function.

A.3.1 DNase | Hypersensitivity Assays:

On the genome wide scale, understanding what regions of chromatin are bound
and unbound by DNA binding proteins is important to understand. One way this is

accomplished is by using DNase | hypersensitivity assays [83] (Figure A.7). In this
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Figure A.7. DNase | Seq.

Overview of DNase | Seq. First nuclei are cleaved using DNase | endonuclease. This
endonuclease is effective at cleaving open chromatin while leaving condensed heterochromatin
intact. Cleaved fragments are made blunt then biotinylated linkers are ligated on. After further
shearing the linker is used to enrich these fragments using a streptavidin pulldown. Analysis can
then occur using a microarray or high throughput sequencing. The resulting mapped sequences
were from open chromatin regions, generally including coding regions and non-coding functional

cis regulatory elements. Adapted from [102].
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technique nuclei are exposed to endonuclease DNase |. This endonuclease cleaves
open chromatin, leaving behind small DNA fragments. These fragments from open
chromatin regions can then be analyzed through sequencing [84], microarray analysis
[85] or electrophoresis [86]. DNase | Hypersensitive Sites have several interesting
features. They primarily reside around promoters and actively transcribing genes [87].
They can vary between cell type and gene expression profile [83]. They are usually
correlated with histone modifications that correspond to open chromatin such as
H3K27Me3 [88].

A.3.2 Reporter Gene Assays:

Identification of sequences bound by DNA binding proteins is useful information;
however, it does not truly illustrate how those sequences function in a regulatory
fashion. Reporter assays were developed in order to fill that niche. In these assays,
suspected regulatory sequences are inserted into a plasmid containing a gene which
encodes for a reporter protein (such as luciferase or green fluorescent protein). The
plasmid is then transfected into cells to measure the transcription of the reporter gene
[89] (Figure A.8). This method has been adapted as a genome wide approach to look
for cis regulatory elements. In STARR-seq, for example, random genomic fragments are
created then inserted into a reporter plasmid downstream of a minimal promoter
allowing transcription of an mRNA transcript containing the genomic fragment sequence
and a poly-A tail. The reporter plasmid is then transfected into cells and allowed to
transcribe. All RNA is extracted and the poly-A tail is isolated. Reverse transcription is
performed on the isolated RNA and a library is created and sequenced to provide a set

of sequences with enhancer like qualities [90].
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Figure A.8. Overview of Reporter Gene Assays.

(a) Simple illustration of a reporter gene assay. A promoter of interest (or other regulatory
sequence) is inserted into a plasmid containing a gene which encodes for a reporter protein.
Measurement of the reporter protein is used to determine the functionality of the candidate
inserted regulatory sequence. (b) Overview of STARR-Seq. Candidate sequences are inserted
downstream of a promoter. Sequences with enhancer functionality will cause activation of the
nearby promoter, creating a transcript which contains the enhancer sequence. By extracting all
the transcribed RNA and performing reverse transcription and sequencing. Mapped reads will

show sequences with enhancer functionality. Adapted from [103].
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A.3.3 Chromatin Immunoprecipitation:

Chromatin Immunoprecipitation (ChlP) is a very robust technique to look at
protein DNA interactions [91]. In a ChIP experiment, DNA and DNA binding proteins are
crosslinked using formaldehyde. After this, the DNA-protein complexes are sheared into
smaller sizes. The DNA fragments are then enriched for a specific DNA binding protein
using an antibody. The crosslinks are reversed and the enriched DNA is analyzed to
provide a snapshot of the binding sites of specific DNA binding proteins [92]. A variety
of analysis techniques have been used to map the extracted DNA to the genome
including microarray [93] and sequencing [94] analysis. This technique has been used
to look at the specific sites of activity for certain transcription factors [95]. Similarly, it
has been used to map the location of various histone modifications [96]. Along with
other described techniques, ChIP experiments have helped provide a more detailed

protein-DNA interaction map for the genome.
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