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Single molecule methods for DN A-protein interaction studies
Carl Moller
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ABSTRACT

In the volume of a typical cell, even a single molecule significantly affects the concentration.
Therefore, at typical affinities, only a few proteins are required to saturate binding to, for
example, DNA. Compartmentalization further lowers this threshold, underscoring the need for
sensitivity and molecular recognition and highlighting the importance of precision in biological
research.

Given the small number of molecules required to reach functional concentrations in a
cell, it becomes clear that studying molecular interactions at the single-molecule level can
provide important insights. However, studies of biochemical reactions, such as DNA-protein
interactions, are typically done with bulk methods. This approach is robust, but the result is
based on a time and population average of all the molecules present in the reaction. If multiple
populations co-exist, the average can be misleading. By isolating molecules so that they can be
studied one-by-one, as in single-molecule methods, it is possible to resolve separate populations
that otherwise would have been hidden.

The original work presented in this Thesis explores the application of single-molecule
methods for studying DNA-protein interactions. The work is focused on the use of quantitative
fluorescence microscopy and involves the use of nanofluidics to study the DNA-repair protein
complexes MRN (human) and MRX (yeast), and the role of their individual components in
DNA end-joining. The potential of nanofluidics was further explored by establishing the
influence of divalent metal ions and ATP on the binding of the fluorescent dye YOYO-1 to DNA
and the impact this has on studies of active protein processes on DNA. The Thesis also
encompasses work involving DNA-protein complexes immobilized on functionalized glass
slides. It presents a novel quantitative method where colocalization with a fluorescent dCas9 is
used to identify and size viral vectors isolated from cells. Furthermore, the same principle is
used in a study showing that the oncogenic protein MYC is involved in alternating the activity
of Topoisomerase 2A by co-condensation. Taken together, the work presented in Thesis
provides valuable insights in how to isolate and immobilize DNA-protein complexes and
combine this with quantitative fluorescence microscopy to extract meaningful biological
insights from single-molecule data.

Keywords: DNA, nanofluidics, fluorescence microscopy, single molecule, DNA repair,
biomolecular interactions
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1 Introduction

A biochemical reaction is a process that takes place within a living organism. These reactions
are typically catalyzed by proteins and are essential for sustaining life, as they underlie all
biological functions. Cells operate at the nanoscale, where the number of molecules involved
in key processes can be remarkably small.

A typical bacterium, such as E. coli, has a volume of ~1 um?. If we consider a single
molecule or protein within this volume it corresponds to a concentration of ~1.6 nM. If we then
consider a typical binding constant (K) in the range of 10 - 107'2 M one can see that a cell of
this size does not require more than ~100 molecules or proteins to saturate the binding. Given
that a cell is compartmentalized, this number becomes even smaller, highlighting how studying
molecular interactions at the single-molecule level can provide a level of resolution that allows
researchers to observe stochastic behaviors and transient interactions.

However, the most common way to study biochemical reactions, such as proteins
interacting with deoxyribonucleic acid (DNA), is with bulk methods, where the readout is
dependent on the behavior of a large number of molecules. This approach is robust, and the
signal strength is typically depending on the number of molecules. However, the result is a time
and population average of all the molecules present in the reaction. If multiple populations co-
exist, the average can be misleading. By studying molecules one-by-one it is possible to discern
different populations that otherwise would have been hidden in the ensemble average!. There
is today an array of single molecule techniques that are developed to probe and characterize a
reaction or interaction on the individual molecule level. In common for all single molecule
techniques is the need to separate a molecule, or set of molecules, and the need for a readout
that is sensitive enough at such a small scale.

One of the earliest reports of single molecule detection using fluorescence microscopy
came in 1981, where the authors reported images of surface deposited DNA labeled with the
fluorescent dye DAPI?. Since then, the field, and the available technologies, have developed
immensely. The introduction of new DNA specific dyes, such as YOYO-13, provided an
important improvement in signal specificity and contrast. YOYO-1 is a primary tool for single
molecule DNA visualization* and while many basic aspects of the interaction with DNA is well
characterized there remains open questions on its use in presence of multivalent ions.

The original work presented in this Thesis aims to demonstrate and explore the application
of single molecule methodologies for studies of DNA-protein interactions. The work is
revolving around the use of nanofluidics and surface immobilization combined with
quantitative wide-field fluorescence microscopy to image single DNA molecules or DNA-
protein complexes. While the work presented in this Thesis uses fluorescence as the readout
when detecting and quantifying single DNA molecules, there are in many additional methods,
where electron microscopy’ (EM), atomic force microscopy®’ (AFM) and (magnetic and
optical) tweezers®® are common examples. Electron microscopy provides a high-resolution
image of an immobilized molecule by detecting the transmission or scattering of an electron
beam. AFM generates an image by tapping a very fine tip along a surface, detecting the
difference in height. Magnetic and optical tweezers require both the ends of the DNA to be



attached to a surface or a bead. By pulling the bead, the DNA can be stretched and the force
applied measured, thus probing events such as folding and unfolding of secondary structures or
protein binding.

A common requirement when probing DNA on the single DNA molecule level is the
need to extend the DNA from its coiled state into a linear conformation to visualize static and
dynamic interactions with other molecules. Before the advent of nanofluidic confinement, a
main topic of this Thesis, the main method to isolate and stretch individual DNA molecules (for
studies with fluorescence microscopy) was stretching by flow or by anchoring the DNA to a
surface so that the ends could be pulled apart. One of the earliest studies of DNA in
nanochannels was published in 2004'° and demonstrated how DNA could be stretched solely
by confinement, without the need for anchoring to a surface. This development has brought on
a vast array of applications across several research fields.

The insight into the role of DNA as a storage of information has changed the course of
modern biology. Maintenance of DNA is a key and continuous process in the cell and roughly
500 protein-coding genes are inferred to be involved in upholding the integrity of the human
genome. One single double-stranded break (DSB) may result in disruption of vital cellular
processes and therefore requires immediate attention. While being well characterized in most
prokaryotes and eukaryotes, details regarding important intermediate steps in DSB repair are
still to be fully explored, for example how two broken ends are brought into proximity for repair
to occur. Paper I explores the capabilities of nanofluidics as a tool for investigating end-specific
reactions on DNA and reports an extensive study on the human and yeast homologs, MRN and
MRX, and their role in DSB repair. By distinguishing between circularization and
concatemerization events, the work demonstrates a framework for characterisation of the end-
bridging activity of DNA repair proteins at the single-molecule level. In a systematic analysis
of the MRN and MRX complexes and their subunits (NBS1 and Xrs2), the presented research
reveals distinct mechanistic differences in how these complexes mediate DNA end-joining.
These results contribute to further the understanding the balance between homologous
recombination and non-homologous end joining and highlights the synergistic roles of subunits
at a level of detail that is difficult to resolve with bulk assays.

Paper II investigates how to best setup studies of biochemical reactions in nanofluidic
channels. The study investigates the effects of Mg and ATP on YOYO-1 fluorescence and
provides critical insights for experimental design in single-molecule studies. By quantifying
how these cofactors influence dye binding and photostability, the work helps define suitable
conditions for imaging active protein-DNA systems, which is essential for future studies
involving ATP-dependent enzymes.

Papers III-1IV revolve around the deposition of DNA-protein complexes on functionalized
glass surfaces. Paper I1I introduces a method using Cas9 for identifying and sizing sparse DNA
molecules in heterogeneous samples. The method offers a refinement free strategy for detecting
structural features such as concatemers in miniaturized samples, providing an important concept
and research tool with potential applications in gene therapy, synthetic biology, and diagnostics.
Paper IV investigates the formation of biomolecular condensates by TOP2A and the
protooncogene MYC. The study contributes to the use of fluorescence microscopy in the field
of liquid-liquid phase separation (LLPS). By showing how MYC modulates condensate size,



number, and DNA content, the study adds to the understanding of how transcriptional regulators
influence genome organization through phase-separated compartments.

Across all presented studies, the work demonstrates how single molecule methods and
quantitative fluorescence microscopy can be integrated to study DNA-protein interactions and
extract meaningful biological insights from single-molecule data.






2 DNA

The main function of DNA is as a medium for information storage. The information is stored
as a four-letter code defined by the sequential appearance of adenosine (A), thymine (T),
cytosine (C) and guanine (G). This basic sequence is divided in codons (three letter words) that
encode specific amino acids, the building blocks of proteins. Taken together, a set of codons
specifying an ordered sequence of amino acids is referred to as a gene. Each gene encodes
instructions to assemble a protein. Proteins are the fundamental building blocks of all cells and
are not only responsible for most of the elemental functions in a cell, but also interact with DNA
in many different processes.

2.1 Guiding principle of molecular biology

The central dogma of molecular biology describes the generalized flow of genetic information
from long term storage in DNA via ribonucleic acid (RNA) to protein'! (Figure 1). This
pathway is a simplified description, but captures the essential transfer of the biological sequence
information that is fundamental to life. The process of transcription, the first step in going from
DNA to protein, copies the relevant sequence (gene) from DNA into RNA. RNA is a similar
molecule to DNA but differs in its structure, where RNA is built by ribose instead of
deoxyribose as well as uses uracil (U) instead of T. Proteins are then built in a process referred
to as translation where an amino acid polymer is built according to the order of the codons in
the RNA. The amino acid polymer will gain its function and 3D structure by folding itself, thus
connecting distant parts of the chain!!!2,

Replication

—
Translation _
Protein

Figure 1. The central dogma of molecular biology describes the flow of information from DNA to proteins via RNA. This is
fundamental to all biological processes. Adapted from “Central dogma of molecular biology”'?, licensed under CC BY-SA 3.0.



2.2 The chemical structure of DNA

DNA is composed of two single strands of DNA (ssDNA) that are held together by hydrogen
bonding between opposing nucleobases, Figure 2. The determination of the double helical
structure of DNA has famously been attributed to Watson and Crick'4, but has lately been
revised to also acknowledge the contribution of Franklin'>. Each polynucleotide chain consists
of monomeric nucleotides, which are composed of a deoxyribose sugar and a phosphate group
linked by a phosphodiester bond between the hydroxyl group of the 5'-carbon of one
deoxyribose and the hydroxyl group of the 3’-carbon on the next. This gives rise to a
directionality, since the chain extends by the addition of a nucleotide to the 3"-carbon hydroxyl
group on the terminal deoxyribose. To each deoxyribose, one of the four nucleobases is
attached: adenosine (A), thymine (T), guanine (G) or cytosine (C). In dsDNA, the nucleotides
are organized in pairs, A with T and G with C (referred to as base pairs (bp)), that are held
together by hydrogen bonding. This is what brings the two polynucleotide chains together to
form the typical helix of double stranded DNA (dsDNA). At neutral pH, the bases are
uncharged, and the sugar-phosphate backbone negatively charged. The stacking of the base
pairs shields their hydrophobic structures inwards, exposing the polar backbone to the solvent.

Figure 2. The helical structure of

dsDNA  with  the  four
nucleobases and their respective

3’ interactions. dsDNA is
composed of two polymeric
|\ strands of nucleotides. Each

r/ NH_H’“““% C|J strand consists of a sugar-
7 A\ \ p phosphate backbone that is built
=CA (T o7 o from alternating deoxyribose
/)
o

sugar and phosphate groups,

O/I\O connected by a phosphodiester
bond. The nucleotides sit on the

N( / 7\ L\ deoxyribose sugar and hybridize

G jp—r-NC 0?"’- o with a corresponding nucleotide

— />7N\ on the opposing strand via
NH—H--0 0/k

hydrogen bonding. The arrows

. ) o) indicate the anti-parallel
Adem'ne Guam.ne L\ direction of each strand.
Thymine {7 Cytosine 070  Adapted from “DNA structure

Sugar-phosphate backbone - 5 formula virgin”/¢ and “DNA
structure and bases”!” , licensed

under CC BY-SA 3.0.

In cells, DNA will almost always be found in the B-form conformation'?, depicted in
Figure 2. However, DNA can also take on other conformations such as A- and Z-form, which
differ significantly from the B-form, but are still helical structures'?. B-form DNA is a right-
handed helical structure with a typical rise of 0.34 nm/bp at a 36-degree angle and a width of
~2 nm between the two opposing sugar-phosphate backbones'®, which gives a periodicity of 10
bp. The traces along the helical axis between the backbones are called grooves and because the
strands are not completely paralell, the width and depth of the grooves differ, creating a major
and minor groove. The groves often serve as binding sites for proteins and small molecules.



2.3 Physical properties of DNA

DNA is a polymer with structural and mechanical properties that influence its biological
function. The physical characteristics, such contour length and response to confinement defines
experimental techniques used to study DNA at the single-molecule level, where its
conformation, extension, and interactions with proteins can be observed and quantified.

2.3.1 DNA free in solution

DNA is a polymer and will, when free in solution, try to minimize its free energy by taking on
a coiled structure, Figure 3. A common model used to represent the behavior of DNA is the
worm-like chain (WLC) model, which assumes the DNA to behave like a continuous semi-
flexible polymer'®!°. The model uses two physical quantities of the DNA, the contour length
(L) and the persistence length (P). The contour length describes the end-to-end distance of a
fully stretched out polymer, or, in the case of B-DNA, the number of bp (N) multiplied with the
average rise per bp (0.34 nm)?°. The persistence length refers to the minimum length at which
the polymer cannot be bent, or the distance over which the direction of the tangent to the chain
is correlated?’. This can be described by the average cosine of the angle 0 between the tangents
of the chain at a fixed position'®:
(cos @) = e~L/P (1)

For very short DNA molecules, where L<<P, the tangents will be highly correlated with an
angle close to 0 giving a cosine of 1, equivalent to the behavior of a rigid rod. This is further
supported by'®:

(L?y = 2p(L — P + Pe /P) 2)

The persistence length (P) is proportional to the bending stiffness of the polymer chain and is
for DNA around 50 nm (~147 bp) at physiological conditions'®. Long DNA molecules in
solution with L>>P will take on the conformation of a random coil to minimize the energy and
maximize the entropy. The size of a coiled polymer can be described by the radius-of-gyration

(Rg) which, for an ideal polymer, is given by random walk statistics®':

Nb?
R =— 3)

where N is the number of statistical segments and b the statistical segment length, from which
L = Nb follows. The electrostatic forces from the negatively charged sugar-phosphate
backbone of a DNA molecule will stop it from fully collapsing. The distance at which the effect
of electrostatic interactions is felt is the Debye length, which is roughly 1 nm (at physiological
conditions) for the sugar-phosphate backbone!®. This will change the effective width of the
DNA, which can be roughly estimated as the intrinsic width (~2 nm) plus twice the Debye
length. The effective width describes the effective interaction range of a backfolded DNA chain
and essentially determines the closest distance between two DNA chains before they are
repelled by electrostatic interactions. When this self-avoidance is considered, the expression for
Rg is?!:
Rg = L3/Sp1/Sy1/s (4)



Figure 3. Depiction of a DNA polymer that has
taken on a coiled structure to minimize its free
energy. The radius of gyration (Rg) is the root-
mean-square of the distance from each segment to
the center of mass. The tangents from a
representative segment give the angle (0) from
which the persistence length can be calculated
according to Equation 1.

2.3.2 DNA in confinement

By confining a DNA molecule in a narrow channel, it is possible to disrupt the coiled structure
and stretch the DNA in the channel direction. The channel dimensions need to satisfy Dy, <

R; (where D,y is the average cross-section area of a channel defined by \/ DyiathDreigtnt ) t0

force the molecule to stretch?®?!. The self-avoidance of DNA causes it to distribute evenly in
the channel direction. From this follows that the apparent extension of the molecule scales with
its contour length, which in turn means that the position of an observed feature along DNA in
a channel, directly corresponds to the position of the feature in the nucleotide sequence. The
degree of confinement is usually divided into regimes in which the behavior of a polymer can
be described by a statistical model (Figure 4). A molecule under weak confinement
(P & Dyy < Rg) can be described by considering the polymer as a series of non-interacting
spherical isometric units that have a radius equal to the channel dimensions. This model was
first proposed by de Gennes?? in 1977. When the confinement is increased (P < D,,) the
polymer follows a model presented by Odijk?3, giving the name to this regime. Under strong
confinement the energy needed to loop the polymer increases and it takes on an elongated
conformation, where it undulates between the channel walls.

Figure 4. Schematic of a
polymer under different
Freely suspended  de Gennes regime Odijk regime degrees of  confinement.
A , When the channel
dimensions are larger than
Rc the polymer does not
5 E experience any confinement
7 : 3 i and will be freely suspended.
1 Dald ; DA NA #” As the dimensions are
§ 5 reduced below Rg (de
Gennes regime) the polymer
behavior can be described as
a series of non-interacting
<P units. When the channels are
smaller than the persistence
length, the polymer enters
the Odijk regime.

>R P<<D, <R, D



3 Proteins

Proteins are the essential building blocks in a cell and make out a majority of its mass,
catalyzing or executing almost all cellular functions. Just like DNA, proteins are linear
polymers. The polymer chain is built by 20 different amino acids with differing chemical
properties (such as acidity, polarity and charge). The three-dimensional shape (conformation)
of a protein is achieved by folding of the polymer chain. The final shape is dependent on the
amino acid sequence and their properties, and it is the conformation of a protein that determines
its function. Each amino acid is comprised of an amino group (-NH:), a carboxyl group
(-COOH), and a variable side chain attached to an a-carbon. It is the side chain that determines
the type of amino acid and the associated properties. The polymer backbone is formed by the
peptide bonds between the amino group and the carboxyl group on two adjacent amino acids."!

3.1 DNA-protein interactions

DNA-protein interactions are central to virtually all aspects of genome function and involve
several different basic interactions, such as unwinding of the double helix (e.g. helicases),
synthesis (polymerases), forming (e.g. ligases) and breaking (e.g. nucleases) the phosphodiester
bond, and sequence recognition (e.g. transcription factors). These interactions are governed by
a combination of hydrogen bonding, hydrophobic interactions and electrostatic forces.

Proteins can recognize specific DNA sequences through direct contact between amino
acids and nucleobases, or, since the local structure of DNA (helical twist, roll and tilt) is
sequence dependent, the protein can be structurally compatible with a local structural variant.
In addition to sequence-specific binding, many proteins interact with DNA in a non-specific
manner, guided by the negatively charged phosphate backbone and the overall topology of the
DNA.'#

3.1.1 DNA-repair

Maintaining genomic integrity is of outmost importance to ensure cell viability. The DNA is
under constant stress and suffers damage from environmental causes such as radiation and
chemicals, failing endogenous processes or from reactive metabolites. It is estimated that the
genome of a single cell is damaged around 70.000 times per day. Most of these damages are
single-stranded breaks (SSB) and only a few are DSBs. DSBs are, nevertheless, the most
dangerous type of damage and if they are not repaired correctly, they can lead to mutations or
rearrangements in the DNA sequence, having potentially pathogenic consequences'':**, or
trigger cell-cycle arrest and cause apoptosis®.

There are two main routes for repairing DSBs, non-homologous end-joining (NHEJ)
and homologous recombination (HR)?*. NHEJ is typically described as a “quick and dirty”
mechanism since it is relatively error prone and repairs the DNA by simply ligating the broken
ends without any regard to whether the sequence is correct, potentially causing mutations at the
DSB site. HR is, in contrast, a very accurate process with high fidelity to the original sequence,
but is only available in the late S and G2 phases of the cell cycle, due to the need of a sister



chromatid from which the correct sequence can be copied?’. By using an intact copy of the
genome as a template, the cell can ensure that there are no mutations introduced at the damaged
site.

HR mediated repair of DSBs can be conceptualized as a three-step process: pre-
synaptic, synaptic and post-synaptic?® (Figure 5). The pre-synaptic step is initiated by end-
resection of the broken DNA ends by the MRN (human) or MRX (yeast) complex, generating
stretches of ssDNA. The ssDNA is subsequently bound by replication protein A (RPA) to protect
the strands and mitigate secondary structures. The RPA is then replaced by Rad51, forming
filaments along the ssDNA. This initiates the synaptic stage where the Rad51-ssDNA filament
performs strand invasion and homology search of the repair template. When homology has been
established, the process proceeds to the post-synaptic stage. In that last step the broken DNA is
re-synthesized using the intact DNA as a template.

Pre-synapsis
DSB 5 e

Figure 5. Conceptualized DNA
repair by homologous
recombination and the three
stages together with the main

5—-3° —— e MRN/X . . o
e — ——— C{|P/S2e2 responsible proteins within the
human/yeast system. The pre-
Filament — 7 — RPA synaptic stage includes the 5’
formation  s— A A — to 3" end-resection by MRN/X
_ and filament formation on the
Synapsis xx ssDNA strands by RPA. Next
— RPA is replaced by Rad5l
which then initiates the
‘Strand — Rad51 synaptic stage by strand
invasion invasion and homology search
f of the repair template. Once
homology has been found the
post-synaptic ~ stage  starts
— where the ssDNA strands are
I:>OSt-SynapSIS_ Si filled in by DNA polymerase
I . .
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f polymerase  (epplate.
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A | — ——

In human cells, the key signalling and repair proteins MRE11, RAD50 and NBS1, that
together form the MRN complex?, are responsible for initiating DNA repair in the pre-synaptic
step and are in turn dependent on CtIP as a co-factor*?. The MRE11-RAD50 (MR) subcomplex
1s conserved across several domains of life, whereas NBS1 (with its homologue Xrs2 in S.
cerevisiae) is conserved only in eukaryotes®'. The co-factor corresponding to CtIP in yeast is
Sae23!32, MRN/X is one of the first protein complexes that is recruited to a DSB, where it
initiates repair through ATM/Tell activation, DNA end resection, and holding the DNA ends in
close proximity for repair?®>3. Depending on the type of DNA lesion and the cell cycle stage,
MRN/X channels the repair to either HR or NHEJ**3% in a way that is not completely
understood.

10



The NBS1/Xrs2 protein is the least conserved subunit that markedly differs in structure
and functionality between organisms and is also the least understood?®. While NBS1 is essential
for DNA end resection, Xrs2 is largely dispensable®’. Studies have demonstrated that decreased
DNA damage detection in xrs24 cells can be partially rescued by fusing Mrell to a nuclear
localization signal (NLS). This does not mitigate the loss in DNA repair by NHEJ, indicating
the importance of Xrs2 in NHEJ?"-3. Additionally, Mre11-NLS xrs24 cells showed significantly
decreased DNA-tethering and replication fork stability?’. The importance of Xrs2 in DNA-
tethering is further highlighted by findings showing that MRX has a significant role in
increasing the tethering and subsequent ligation of DNA ends by ligase complex Dnl4/Lif1, but
yeast Mrell on its own does not*. Interestingly, comparable experiments with human MRE11
and MRN together with Ligase [V/XRCC4 have demonstrated that neither MRE11 nor MRN
are sufficient to promote the ligation of broken ends in vitro**. This, together with results
showing that NBS1-deficient cells generate NHEJ events at the same level as wild type cells,
but have a significant decrease in HR frequency?!, indicates the lesser involvement of NBS1 in
NHEJ and highlights its importance in HR and ATM activation. The original work presented in
this Thesis (Paper I) focuses on NBS1 and Xrs2 and their putative role in DNA tethering by
the MRN/X complex in the pre-synaptic stage of DNA repair.

3.1.2 CRISPR-Cas9

The CRISPR-Cas system has had a revolutionizing impact in biological research, and especially
in applications that require sequence specific interactions with DNA. While gene editing is the
main example of this type of application, researchers are constantly finding new uses. The
CRISPR- (Clustered Regularly Interspaced Palindromic Repeats) Cas (CRISPR associated)
system is a programmable endonuclease that utilizes a short RNA molecule, with a part
complementary to the target DNA sequence to introduce DSBs at specific sites. The Cas protein
complexes with the RNA, making up a ribonucleoprotein (RNP). The complex scans the DNA
for a complementary sequence and positions itself on the DNA by hybridizing the RNA to the
DNA. The system was first identified in bacteria where it functions as an adaptive immune
system. By saving a short sequence, specific for the infectious agent, any future infection can
be thwarted by cutting the foreign DNA into pieces**. This is analogous to restriction enzymes,
but with the added benefit of being adaptable to target any sequence, rather than a hardcoded
motif.

Figure 6 depicts one of the most commonly used CRISPR-Cas systems, Cas9 from
S. pyogenes, and how it is complexed with an RNA sequence, often referred to as the “guide
RNA” (gRNA). The gRNA contains a secondary structure for the protein to bind to as well as
a complement to the target sequence that allows it to bind to a specific piece of DNA. The target
sequence has few limitations except that it is obligatory for it to include a small motif called the
protospacer adjacent motif (PAM), which dictates the position of the DSB. By introducing two
amino acid substitutions, researchers have developed a Cas9 variant that does not induce DSBs,
referred to as “dead Cas9” due to its lack of nucleolytic activity®? . By coupling this variant to
fluorophores, it is possible to get a fluorescent signal correlated with binding to a specific DNA
sequence, without inducing damage. This capability makes up a powerful tool for sequence-
specific detection or single molecule tracking*+46 .
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Figure 6. The CRISPR-Cas system from S.
pyogenes with the Cas9 protein complexed
to the guide RNA. The RNA includes the

RNA complement (dark green) to the target DNA
/ \ sequence (light green) and a secondary
— structure. The obligatory PAM (red)
Cas9 defines where the DSB will be induced.
........................................................ Image retrieved and adapted from
‘ “DNA_Repair_after CRISPR-
a \ Cas9_cut™ licensed under CC BY-SA 4.0
bSB PAM

In Paper III of this Thesis, the dead Cas9 variant is utilized to develop a method which can
detect single plasmids from DNA-samples without the need of purification steps or
amplification. This work aims to address situations where the sample volume is very small or
where purification is not possible due to lack of unique features on the target DNA molecule.
This method is also well suited for applications where the target DNA contains repetitive
sequences or contain a population of concatemers which cannot be readily resolved in methods
relying on amplification, such as qPCR.

3.1.3 Genome maintenance

DNA is constantly exposed to internal metabolic processes that include the introduction of
DSBs and supercoiling. To cope with this, cells have genomic maintenance systems that are
tightly coordinated with transcription and replication. Disruptions in these processes can lead
to genomic instability, a hallmark of many diseases, including cancer.

The MYC “protooncogene” is important in many human cancers where it regulates a
multitude of cellular processes, either as a “universal amplifier” or as a “super-transcription
factor”. MYC-driven transcription also reorganizes chromatin and generates topological
stress®!. For MY C to work efficiently as a transcription amplifier, the elevated topological stress
accompanied by increased transcription needs to be relieved. In a recent study, Das et al. found
that MYC interacts with Topoisomerase 1 and Topoisomerase 2A/B (TOP2A/B) in formations
they referred to as “topoisosomes™?. They hypothesized that MYC interacts with TOP2A to
increase its activity and thus relieve the increased topological stress caused by the amplified
transcription levels. DNA topoisomerases are important in genomic maintenance throughout
the cell cycle, e.g. by removing supercoils to regulate conformations and removing knots or
tangles on the DNA%>%,

Topoisomerases are found throughout the nuclei and localize to the nucleolus and the
nucleoplasm in a dynamic equilibrium®*. This equilibrium can be shifted upon stimuli such as
ATP depletion®>®, which have brought forward questions regarding potential interaction
partners within the nucleolus and how mobile proteins are retained within the compartment.
Based on several earlier observations, a study from Jeong et al. established that TOP2A and
TOP2B coalesce in biomolecular condensates through liquid-liquid phase separation (LLPS)
7. This is a transition where a macromolecule is locally concentrated and separated from the
bulk to create a membrane-less compartment with locally significantly higher concentration
than in the bulk phase. Additionally, they found that condensate formation was stimulated by
both DNA and RNA, which increased the fluidity of the condensates.
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3.1.4 Liquid-Liquid Phase Separation

The concept of biomolecules organizing in densely packed structures through liquid-liquid
phase separation (LLPS) is a way of explaining how cells can regulate processes temporally
and spatially*®. LLPS is a change in local concentration of one or several macromolecules such
that they de-mix from the bulk solution and make a separate compartment. What is distinctive
of a LLPS compartment is that it does not have a membrane. This allows it to fuse with
neighboring condensates or split into smaller droplets. Additionally, biomolecular condensates
can be transformed into materials with differing characteristics, such as viscous liquids, gels,
and even solid aggregates*’.

Considering phase separation from a simplified thermodynamic perspective, the free
energy of the solution needs to be considered. For molecules in solution that do not interact
with each other, the free energy as a function of solute concentration (Figure 7) is unimodal
(red curve). The molecules thus need to disperse homogeneously within the volume to minimize
the free energy. If a small localized transient increase in concentration occurs, they will be
redispersed by diffusive flux to regain the minimized state. On the other hand, if the solutes
interact, the energy landscape changes and becomes multimodal (blue curve) allowing for
several minima. The solute may then be separated into multiple concentrations within the
volume to minimize the energy, which will create compartments of low and high solute
density*®.

Multivalent molecules are molecules with multiple interaction sites to other molecules.
Such molecules can be proteins, DNA or RNA, which have several places that can interact with
other species or other types of ligands. This allows for larger assemblies to form and from this,
phase separation can occur. Multivalency has become a governing explanation how phase
separation is regulated as well as for other characteristics like physical properties, composition
and biological function in biological condensates*®*°,

Figure 7. Free energy of a solute in a
solvent. A given number of solute
molecules that do not interact will be
distributed homogeneously so that there
is one system concentration. For
interacting molecules, the solute will be
distributed heterogeneously so that the

system will contain multiple
concentrations. The red line
demonstrates the energy of

macromolecules that do not interact. The
blue line demonstrates the multimodality
of macromolecules that interact.

Free energy

Solute concentration
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The high concentrations in the interior of a biomolecular condensate will give obvious
advantages for functions that depend on proximity and interaction of individual molecules. This
can be enhancement or suppression of reaction rates®, for example the catalytic activity of a
reaction due to co-concentration of substrates and enzymes. An increase in the effective
concentration of substrate will drive the reaction towards the product, while the exclusion of
substrate can limit a reaction. If a condensate is organized so that inhibitors are excluded, it can
temporarily increase the output of a certain reaction. Additionally, if a reaction can utilize
several types of substrates, but only one gives the required product, the reaction can be directed
to a specific product by exclusion of unwanted substrate.

LLPS plays a central role in the interaction and function of many DNA related
processes. A condensate can concentrate DNA-binding proteins, such as transcription factors>!
and DNA-repair proteins?, acting as a regulatory mechanism or enhancing the probability of
productive interactions. Furthermore the, aforementioned, selective inclusion or exclusion of
proteins, enables precise spatial and temporal regulation. This dynamic compartmentalization
also acts as a buffer towards fluctuations in molecular concentrations, contributing to the
robustness of cellular processes>. Disruptions in these interactions, whether through mutations
or environmental stress, can lead to misregulation and are increasingly associated with disease
states>.

Paper IV investigates the formation of TOP2A condensates and their dynamic interaction
with the oncogenic MY C protein, focused on imaging and quantifying DNA-protein complexes
immobilized on functionalized glass surfaces. These experiments characterize how MYC
influences key properties of TOP2A condensates, such as their size and density. Section 6.4
outlines the scope and main findings of the study, with emphasis on the methods, data, and
results generated through my work.
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4 Fluorescence

Fluorescence is the emission of light when a molecule relaxes from a higher to a lower energy
state and is routinely used as a tool for research within biology. Few biological macromolecules
exhibit fluorescence at practically useful levels and thus need to be coupled to fluorescent
molecules or fluorescens proteins. The development of bright and specific fluorophores has
enabled fluorescence microscopy to become a fundamental tool in many research contexts.

4.1 Physical principle of fluorescence

Light can be described as electromagnetic radiation in the form of a wave with a specific
wavelength (1) and frequency (v) that travels at the speed of light (c¢). These characteristics are
related according to ¢ = Av. The energy of light is quantized in photons, meaning that it is
possible to treat light as particles, rather than as a continuous wave, where each photon carries
a set amount of energy. This was proposed by Max Planck in 1900 and the energy of a photon
relates to the frequency of the wave through the Planck constant (h) as E = hv, the energy of
light is thus dependent on the wavelength>>-¢,

The atomic model describes an atom as a positively charged nucleus surrounded by
negatively charged electrons. The electrons are not randomly distributed but occupy orbits,
which are regions of space where an electron is most likely to be found. The orbits are arranged
in shells, and each shell corresponds to a discrete energy level. To jump between shells, an
electron needs to lose or gain a specific amount of energy. Atoms and molecules normally exist
in a stable ground state. When an atom or molecule absorbs energy (i.e. from light) the electrons
jump to a higher energy shell, thus entering an excited state. As the molecule or atom loses the
extra energy, the molecule relaxes back to the ground state>-°,

The process of excitation and relaxation between the singlet ground state (So) and an
excited state (Sn) is usually visualized through a Jablonski diagram, Figure 8. At each electronic
state (Sn) the molecule can exist on several vibrational levels. Transition from higher to lower
vibrational levels is referred to as internal conversion (IC) and results in the loss of energy as
heat. As the molecule reaches the lowest vibrational level of Si, relaxation to the ground state
can occur through either IC, radiative decay (fluorescence) or intersystem crossing (ISC) to the
triplet state. Which process that occurs depends on the molecular structure, the temperature and
the surrounding environment®>’. When relaxation occurs through fluorescence, the energy is
emitted as photons. When a molecule is excited, it will change its dipole moment, causing
rearrangement of surrounding solvent molecules. This is referred to as solvent relaxation and
reduces the energy of the excited state. This loss in energy causes a shift in the emitted
wavelength compared to the wavelength of the absorbed light. This shift is called the Stoke s
shift and is typically expressed as the difference between the wavelengths where the maximum
absorption and emission is observed>®.

Electrons exist in pairs, each one spinning in the opposite direction to the other. ISC
occurs when one of the electrons changes spin, making both electrons spin in the same direction.
The state formed is called the triplet excited state (Tn) and the relaxation to Sy can either go via
non-radiative ISC and IC or a photon emitting process called phosphorescence. Fluorescence
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and phosphorescence differ in two key aspects. The typical time a molecule spends in an excited
state before fluorescence (fluorescence lifetime (tr)) is in the 10® s range while the lifetime of
phosphorescence is in the milliseconds to seconds range. Since relaxation through
phosphorescence entails lower energy levels, the Stoke’s shift is also typically larger.
Phosphorescence is generally less probable than fluorescence due to the spin-forbidden nature
of transitions from the triplet to the singlet ground state.

Absorptivity (€) and fluorescence quantum yield (®r) are important characteristics for a
fluorescent molecule. The absorptivity describes a molecule’s ability to absorb light at a certain
wavelength and the quantum yield describes the number of photons emitted per absorbed
photon, i.e. how much of the absorbed energy that is emitted as fluorescence. The quantum
yield can never reach unity due to Stokes’ losses®®. From an experimental perspective, the
absorptivity and quantum yield of a fluorophore should ideally be high in combination with a
large Stoke’s shift. This ensures a bright signal where it is possible to distinguish between
excitation and emission light. A short fluorescence lifetime is also beneficial when using
fluorescent probes since the shorter lifetime limits the amount of diffusion or interaction and

thus increases the spatial information from the signal.

Figure 8. Electronic transitions
between ground and excited
A states visualized as a Jablonski
A diagram. When an atom or
—Tv INTERNAL molecule absorbs energy, an
S1 : CONVERSION electron jumps from the ground
- ; state (Sp) to an excited state
y . INTERSYSTEM (here S;), shown by the blue
: A CROSSING arrow. The excited electron will
' mainly lower its energy through
: RN . non-radiative transitions, either
: - “q through IC (dashed red arrows)
ABSORPTION Ti = as heat or via ISC (dashed black
5 arrow) to the triplet state (T).
: FLUORESCENCE f The electron can also relax back
- to So through a radiative
: | process, such as fluorescence or
PHOSPHORESCENCE  phosphorescence, shown by the
green and orange  arrow,
: respectively. When relaxation
: . happens through a radiative
So H v process, the energy will be
: ’ emitted as photons at a
X y wavelength corresponding to
GROUND STATE the energy difference between
the excited state (S,) and the

singlet ground sate (So).
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4.2 Fluorophores

Fluorophores are molecules that have an inherent ability to emit photons following absorption
of light. They are typically divided into two categories: intrinsic and extrinsic fluorophores.
Intrinsic fluorophores occur naturally and are inherently incorporated into the biomolecule
under study. A common example is the amino acid tryptophan (Trp (W)). While intrinsic
fluorescence is convenient, many biomolecules (including DNA) do not exhibit fluorescence
or have intrinsic fluorophores. Instead, a non-fluorescent molecule can be fluorescently labeled
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by coupling it to a fluorophore. Extrinsic fluorophores are thus molecules that can be used as
fluorescent labels by binding them, covalently or non-covalently, to the target of interest. There
are countless options of fluorophores, covering a large part of the visible light spectrum. Figure
9 shows the excitation and emission spectra for three common extrinsic fluorophores and how
they relate to each other. The three fluorophores showcased here were used in the work
presented within this Thesis.

FIuorophore i Excitation [_JEmission Figure 9. Excitation (dotted lines)
[]YOYO-1 and emission (solid lines) spectra
1.00] []Alexa555 i ) i for YOYO-1, Alexa555 and
i ' i Alexa647. YOYO-1 is a common
Ol Alexa647 DNA dye that binds specifically to
dsDNA with very high affinity.
Alexa555 and Alexa647 are
common fluorophores used as
extrinsic labels on proteins or to
covalently label DNA. The
combination of these three
fluorophores is suitable when
multiple labels are needed on the
same target or when looking at
heterogenous ~ samples  where
multiple targets need to be
detected, since they are spectrally
separated.

0.75

0.50

0.25

0.00

300 400 500 600 700 800
Wavelength (nm)

4.2.1 DNA-specific fluorophores

Since DNA does not possess any intrinsic fluorescence, an extrinsic fluorophore is needed for
fluorescence-based studies. There are multiple types of DNA-specific fluorescent dyes
available with differing binding modes, affinities and spectral properties. The work within this
Thesis utilizes the homo-dimeric derivative of oxazole yellow (YO), YOYO-1. Figure 10A
shows the YOYO-1 structure. YOYO-1 is practically non-fluorescent in solution, whereas it
shows a ~400-1000-fold increase in emission quantum yield upon intercalation with dsDNA.
Intercalation is the insertion of a ligand into the double-helix in the space between the stacked
nucleobase-pairs. YOYO-1 primarily binds to DNA by bis-intercalation, inserting both YO
units (Figure 10B), at bp:dye ratios above 6:1, with an increasing contribution from external
binding at higher dye loading®. The significant difference in quantum yield between bound and
unbound dye is attributed to decreased rotational freedom in the bridge between the
benzoxazole and quinoline moieties of the YO unit®" upon intercalation. One YOYO-1
molecule occupies ~3-4 bp>? and the intercalation of YOYO-1 into DNA affects both the
mechanical and structural properties of DNA®%¢ The intercalation of YOYO-1 elongates the
DNA by 0.51 nm and unwinds the helix 24 degrees per bound molecule®?.
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Figure 10. A Molecular structure of YOYO-1. Upon intercalation, the
aromatic structures will be inserted between two base pairs and hinged
at the center point of the molecule. B Structural model of a bis-
intercalated YOYO-1 molecule. The structure was determined with
NMR? and the image derived from PDB: 108D.

4.3 Fluorescence microscopy

An optical microscope, or light microscope, uses a set of lenses to generate magnified images
of an object with visible light. The lenses are contained within an objective and collect the
transmitted, reflected or emitted light from an illuminated sample.

A fluorescence microscope is specifically built to excite and collect the emission from
fluorescent samples, Figure 11A. The main components of a fluorescence microscope comprise
a light source (poly- or monochromatic), excitation filter, dichroic mirror, objective, emission
filter and detector. If the light source is monochromatic, e.g. generates light of a specific
wavelength (such as LEDs or lasers), the excitation filter can be removed, else unwanted
wavelengths need to be filtered out. The dichroic mirror is a color selective mirror that reflects
light below and transmits light above a certain wavelength. Typically, this threshold is set so
that the excitation light is reflected, and the emission light is transmitted. Before the emitted
light reaches the detector, it is passed through an emission filter that removes any backscattered
light from the sample and light outside of the filters’ bandwidth. This ensures that only light
originating from fluorescent components of the sample reaches the detector.

As light travels through the apertures of the lenses, diffraction will occur. When a point
emitter is imaged, such as a fluorophore, it will have an intensity distribution with a central
peak and rings at increasing distances, due to the diffraction, called a point spread function
(PSF). The spatial resolution (d), e.g. the minimum distance needed between the centers of two
PSFs to differentiate between them, of a light microscope is limited by the wavelength of light
(M) and the numerical aperture (NA) of the objective according to the Rayleigh criterion: d =

0.61 I\f—A, Figure 11B. NA is a dimensionless characteristic number that describes the range of

angles at which an objective can transmit or accept light, defined as NA = n sin 8, where n is
the refractive index and 0 the half-angle of the light cone entering or exiting the objective. A
similar criterion was developed by E. Abbe, referred to as the Abbe diffraction limit, which sets
the minimal distance to d = 0.5 ﬁ. Considering these restrictions, an objective with NA=1.46
and the typical emission from YOYO-1 (509 nm), gives a theoretical spatial resolution of ~175-

212 nm. This means that it is not possible to discern two separate YOYO-1 point emitters with
centers at a distance below ~175-212 nm.
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Figure 11. A Schematic of the main components of a fluorescence microscope and the light path from light source
to detector. The light source generates light at a desired intensity and wavelength. In setups where the generated
light is non-monochromatic the light passes through the excitation filter to remove unwanted wavelengths. The
dichroic mirror reflects only specific wavelengths to the specimen through the objective to excite the fluorophores.
The emitted fluorescence then travels back through the objective, the dichroic mirror and the emission filter, which
removes any back scattered light from the specimen, and on to the detector. B Visualization of two neighboring
PSFs and the typical distance defined by the Rayleigh-Abbe limit that describes the diffraction limited spatial
resolution of a fluorescence microscope.
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5 Studying single biomolecules

Single molecule analysis has the potential to uncover the stochastic and heterogenous behavior
of individual molecules within a sample. This heterogeneity is typically lost in bulk
measurements, where the result is an average of the entire population. Single molecule analysis
is a wide field that encompasses many different methods and techniques to isolate and observe
the behavior and interaction of single molecules. Beside the approaches used for the work
presented within this Thesis, which is based on fluorescence microscopy, there are multiple
methods and strategies to detect and manipulate single DNA molecules. What is common for
most single molecule methods involving DNA is the need to extend the DNA from its coiled
state into a linear conformation to visualize static and dynamic interactions with other
molecules. This can be done by anchoring the ends of the molecule and actively applying
force® , by immobilizing the molecules while applying a hydrodynamic flow®® or confining
them in nanofluidic channels®® , as described in this Thesis.

5.1 Stretching DNA in nanochannels

In many single-molecule methods the DNA ends typically need to be anchored so that the
molecule can be stretched out and imaged. For example, is it possible to immobilize and stretch
a DNA molecule by anchoring one end on a ledge and apply a hydrodynamic flow, stretching
the molecule in the direction of the flow, typically referred to as “DNA curtains”. Similarly, in
force spectroscopy, where the molecule needs to be anchored to surfaces that are pulled apart
to exert force on the molecule. The downside is that the DNA cannot be considered to be free
in solution and that they require the ends of the DNA to be modified and essentially blocked
from interactions. By confining the DNA in a geometry smaller than its hydrodynamic radius
(Rg), the molecule will spontaneously adopt an extended conformation. Thus, the molecule is
free to move, and the ends can be kept free and unmodified, allowing the molecule to interact
with itself and neighboring DNA molecules, as well as moving freely within the limits of the
confinement. This is particularly advantageous when studying end-specific DNA processes,
such as DSB repair. Figure 12 shows a schematic of a nanofluidic chip used for the work
presented in Papers I-II. The design is comprised of two pairs of loading wells that are
connected by microchannels. The microchannels are in turn bridged by an array of
nanochannels. The DNA is manipulated and transported within the system by flow. By applying
pressure, via nitrogen gas, on one or more of the wells the liquid can be driven in a desired
direction. Since confinement is energetically unfavorable for a DNA molecule, it will
experience an entropic barrier at the nanochannel entrance, i.e. the DNA will not spontaneously
enter nanochannels. To overcome this barrier a small amount of force needs to be applied by
creating a flow across the nanofluidic array. This will essentially push the DNA molecules into
nanochannels forcing them to extend as they enter.
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Figure 12. Schematic (not to scale) of a
nanofluidic chip used for the work
presented in this Thesis. The chip
consists of four loading wells connected
WELL in pairs by microchannels. The two
microchannels are bridged by an array of
nanochannels, creating a system in which
NANOCHANNELS single DNA molecules can be
manipulated, isolated and observed. The
chip is operated by applying pressurized
nitrogen gas on one or several of the
wells to create a flow in the desired
direction. The DNA is maneuvered into
the nanochannels by applying pressure
on both wells on one side of the
nanochannel array to direct flow through
the nanochannels. This forces the DNA to
extend from its coiled conformation as it
is pushed into the channel. Once the DNA
has entered the nanochannel, the flow is
stopped, trapping the DNA in an
extended conformation, allowing for
observation and data collection.

5.2 Immobilizing biomolecules on glass

A common and simple way to stretch a DNA molecule is use the negative charge of the DNA
phosphate backbone to immobilize DNA on a positively charged surface. To stretch the DNA,
it needs to be deposited while it is pulled across the surface. This can be done by sandwiching
two surfaces and introducing a small amount of sample at one of the edges. The liquid will be
pulled across the surface by capillary forces and the DNA will be deposited at the air-liquid
interface in the travel direction. Figure 13 depicts the two main steps included in the protocol
used for the work presented in this Thesis (Papers I, III-IV), where the glass surface is
functionalized by a monolayer of silanes ((3-Aminopropyl)triethoxysilane (APTES) and
allyltrimethoxysilane (ATMS)). The monolayer provides a hydrophobic surface with a net
positive charge, Figure 13A. As the liquid is introduced between the functionalized coverslip
and a microscope slide, Figure 13B, the DNA is deposited and stretched as the liquid is pulled
across the surface by capillary forces.
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Figure 13. A Glass cover slip functionalized with a mixture of silanes with amine and vinyl terminal groups. The

amine groups are positively charged. B DNA molecules are stretched by capillary force between the silanized
cover slip and a glass slide.
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6 Original work

In this chapter the original work in the appended papers (Papers I-1V) is summarized and
discussed. The work has focused on single molecule analysis of DNA-protein interactions using
fluorescence microscopy and is centered around two main methodologies. The first method
uses nanofluidics to study DNA-protein interactions, and in particular DNA repair proteins. The
second method involves immobilization of DNA-protein complexes on a glass surface. Paper
I investigates the DNA-repair protein complex MRN/X, from human and yeast, and the role of
the individual components in DNA end-joining. Paper II is focused on the influence of Mg?*
and ATP on the binding of YOYO-1 to DNA and the potential impact this can have on studies
of active protein processes in nanofluidics. Paper I1I demonstrates a quantitative method where
Cas9 is used to identify sparse DNA molecules in heterogenous samples and size them based
on their fluorescence intensity. Paper IV is a study on how the oncogenic protein MYC is
involved in the formation and organization of TOP2A biomolecular condensates where my
contribution encompasses quantitative fluorescence microscopy data showing the
colocalization of the proteins within the biomolecular condensates and the change in
characteristics of the condensates upon co-condensation with MYC.

6.1 Nanofluidics for studying end-specific DNA-protein interactions

In order to study interactions occurring along a DNA molecule, the molecule needs to be
extended from its coiled state. For a DNA molecule to spontaneously stretch to an extension
close to its contour length (L), the dimensions of the nanochannel must satisfy Dav < Rg. The
channels in the nanofluidic chip (schematic in Figure 12) that was primarily used for the
experiments in Papers I-I1, had a width of 100 nm and a depth of 150 nm, equating to Dav =
122 nm. In Paper II an additional chip design was used, with the same channel dimensions and
basic principle, but containing ten individual nanofluidic arrays. This chip design is referred to
as the “multiplex chip” since it is possible to image ten different samples in parallel’’. For single
molecule studies, DNA from the lambda-phage (A-DNA) is typically used as a model DNA.
The lambda-phage genome is 48 502 bp long (L ~ 16.5 um) and can be produced in large
quantities, making it readily available. After being extracted from its host cell it has 12 bp
complementary single stranded ends, making the ends easy to modify as well as enabling
production of concatemers and circles. Since the Rg of A-DNA is ~500 nm at 0.1 M salt, the
DNA molecules will extend upon confinement in the nanochannels used. In the work presented
in this Thesis, YOYO-1, introduced in section 4.2.1 and 4.3, has been used to visualize the
DNA. Other DNA specific alternatives such as 4',6-diamidino-2-phenylindole (DAPI),
Thiazole Orange Homodimer (TOTO-1) or SYTOX Orange, each covering different
wavelengths, are available but do not provide the same contrast as YOYO-1.
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6.1.1 Information on DNA-protein interactions is inferred from fluorescence and
molecule conformation

The main benefit of the nanofluidic system is the possibility to study DNA substrates with free
ends. This allows proteins to interact with the DNA without potential perturbations related to
DNA tethers and, most importantly, it allows ends of DNA molecules to meet, as they would
be able to do in the cell. In the work presented within this Thesis, all DNA-protein complexes
have been studied at equilibrium, meaning that the protein has been allowed to bind to the DNA
prior to the introduction of YOYO-1 to the DNA. This approach minimizes the potential
perturbation and bias introduced by the intercalation of YOYO-1 to the DNA.

When studying DNA under confinement, the DNA is usually imaged over time and the
recorded images are visualized as kymographs. A kymograph is essentially a representation of
a DNA molecule for each time-point stacked to form a two-dimensional image with time on
one axis and distance on the other. The typical appearance of a fluorescently stained A-DNA
molecule (Figure 14A) shows an even emission intensity along the entire DNA molecule. As
mentioned, the ends of A-DNA can be joined to form circles (Figure 14B) or concatemers
(Figure 14C), where multiple DNA molecules have been connected by the ends to generate
longer complexes.

In the work presented in Paper I the studied proteins are not fluorescently labeled. This
means that there is no direct detection of the proteins acting on the DNA. Instead, any evidence
of DNA-protein interactions must be deduced through the fluorescence emission intensity along
the DNA molecule (from bound YOYO-1) and the conformation of the DNA molecule. The
presence of proteins may result in the formation of more complex conformations such as knots,
interlocked circles or other structures involving multiple molecules, Figure 14D. By comparing
data from A-DNA with and without proteins present, it is possible to get information on the
interaction between the proteins of interest and the DNA. This information can consist of
changes in extension, changes in the relative occurrence of circles or concatemers, introduction
of complex structures (Figure 14D) or, in cases of sequence specific binding’!, variations in
the fluorescence intensity along the DNA.

Figure 14. A Representative kymograph of a
YOYO-1 labeled monomeric A-DNA
molecule under confinement. The molecule is
imaged over time, each row in the kymograph
represents one time-point and shows the
extension and intensity of the molecule. B
Representative kymograph of a circularized
A-DNA molecule, with shorter extension and
higher intensity compared to the linear
molecule in A. C Representative kymograph
of a concatemeric A-DNA molecule, with a
longer extension compared to the monomeric
molecule in A. D Kymograph of a YOYO-1
labeled A-DNA molecule in the presence of
human DNA-repair complex MRN with

higher order structures induced by protein
interaction.
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6.1.1.1 Extension and thermal energy guides molecule categorization

The extension of naked DNA in nanofluidic channels is mainly determined by the channel
dimensions and the ionic strength of the surrounding buffer?!. Under confinement, thermal
energy will give rise to fluctuations of the molecule extension. This can be quantified by the
standard deviation of the extension. A circular molecule will experience a higher degree of
confinement due to its double-folded nature and the self-avoidance between the chains, which
will lower the flexibility of the polymer, resulting in lower thermal fluctuations. This leads to
that circular molecules will have a lower standard deviation of the extension’?. This
characteristic can be used to deduce the conformation of each molecule; by plotting the standard
deviation against the extension, it is possible to find clusters of molecules with similar
characteristics and get a quantitative measure on the abundance of different conformational
states’!.

To visualize and compare the properties between individual molecules in a large data
set it is useful to generate a scatterplot with a variable of interest on each axis. Figure 15A
reports a typical scatterplot constructed from the extension and standard deviation of bare A-
DNA. Each point represents an individual molecule, and by the way molecules cluster it is
possible to determine their conformation and categorize them accordingly. The large central
cluster (yellow) is the linear A-DNA with an average extension of ~6.5 um, whereas the smaller
(red) cluster down to the left consists of the few circles that were found in the bare A-DNA
sample. To find the conformational state of each molecule the scatter plot is crudely divided
according to each major peak in the distribution along each axis. The full width at half-max
(FWHM) of each peak on each axis was used to define a bounding box within which the
majority of the molecules within a category were expected to be found. Since the extension of
a circular molecule is expected to be half of a linear molecule it is easy to assign each cluster
to a conformational category. Concatemers are defined as molecules with an extension higher
than maxgxt of the linear cluster. To assign a category to each molecule Euclidean distance
hierarchical clustering was used to generate 100 small clusters. If > 2/3 of the cluster members
were situated within a bounding box, the molecules were assigned accordingly.

Figure 15B reports the corresponding relative abundance of each category. From the
data in Figure 15B it is possible to calculate the “end-joining”-ratio (EJ-ratio). The EJ-ratio is
a composite measurement of the formation of both circles and concatemers. The EJ-ratio
indicates the overall probability for A-DNA ends to come in sufficient proximity to hybridize.
The individual numbers of Pconc (teal bar) and Peirc (orange bar) report the likelihood for an end-
joining event to result in a circle or concatemer. The results in Figure 15C show that there is a
5% chance of spontaneously joining two ends in a bare A-DNA sample. For each end-joining
event, there is 44% chance of it being an intramolecular event (circle formation) and a 56%
chance for it to be an intermolecular event (concatemer formation).
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Figure 15. A Scatterplot from a control sample of A-DNA showing the standard deviation of the extension versus
the extension. Each point represents a molecule, and the colors represent molecules that have been categorized as
belonging to one of the conformational populations. Black points are molecules that fall outside the categories due
to being e.g. fragmented. B Relative abundance of the different conformational populations found in a A-DNA
control sample. C “End-joining” ratio for a control sample of A-DNA. The EJ ratio is the relation between the
number of observed monomers and the number of end-joining events, where the number of end-joining events is
based on the number of circles plus the number of monomers found in concatemers. A low ratio indicates a low
number of “end-joining events” per observed monomer, i.e. the likelihood of a monomer to be involved in an “end-
joining event”, either circularization or concatemerization.

6.1.2 Analysis of cyclisation and concatemerization by Xrs2/NBS1 highlights
their important role in DNA-tethering by the MRE11-RADS50 complex

Spontaneous cyclization or concatemerization of bare A-DNA is typically rare, as discussed in
the previous section. A spontaneous end-joining event relies on the ends coming in close
proximity to hybridize and is thus limited by the diffusion of the DNA ends. Since DNA is a
self-avoiding polymer, the ends do not diffuse freely. Data have shown that a typical cyclisation
rate for A-DNA at room temperature is 4/day’?, but is increased greatly by introduction of
multivalent condensing agents that compact the molecule, bringing the ends in close
proximity’4. This makes it possible to characterize the end-bridging interactions of a protein by
comparing the formation of circular or concatemeric A-DNA between samples with and without
a protein.

In Paper I the main goal of the study was to characterize how the MRN/X complex
tethers and binds to DNA and to determine the contribution of the individual subunits.
Additionally, the study aimed to further explore and demonstrate the use of nanofluidics and
conformational analysis within the context of DNA-protein interactions. The MRN/X complex
consists of three separate subunits (MRE11, RAD50 and NBS1/Xrs2) and is involved in DNA-
repair in both humans and yeast. The complex has an important role in the early processing of
broken ends and is involved in the channeling of DNA-repair into the different pathways, NHEJ
or HR. The main experimental results from imaging of DNA-protein complexes in
nanochannels is the conformational fractions describing the relative abundance of circles and
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concatemers for each condition and the end-joining ratio (described in section 6.1.1) derived
from this data (see appended Paper I, Figures 3-4). The study demonstrated that, while MRN
primarily bridges DNA in an intramolecular manner, leading to mainly formation of circles,
MRX primarily promotes the hybridization of ends from two different DNA molecules, leading
to a larger fraction of concatemers. The tendency for MRN to form circles is in line with existing
research showing that MRN is essential for HR. The bridging of intramolecularly distant parts
is analogous to the tethering of parallel strands during the pre-synaptic and synaptic stages of
HR (Figure 5). In comparison, the tendency of MRX to promote concatemerization rather than
circularization could be considered as evidence for a more end-specific binding by MRX where
it does not primarily bridge intramolecularly distant parts but rather form synapses between
broken ends, analogous to the role of MRX in NHEJ. Interestingly, the difference between MRN
and MRX can be partially explained by the ways that NBS1 and Xrs2 subunits bridge DNA, as
will be further discussed in the next section.

While it is evident that the observed change in conformational states is in direct
correlation with the presence of proteins, the described methods need to be interpreted and used
as an analogue to cellular processes, rather than a direct representation, to better understand the
DNA bridging and end-joining activities of the proteins of interest.

6.1.2.1 MRN and MRX exhibit distinct DNA tethering capacities attributed to NBSI and Xrs2

The study included the three samples for each species. The human proteins MRN, human MR
(hMR) and NBS1, and the respective homologues MRX, yeast MR (yMR) and Xrs2 from yeast
(S. cerevisiae). Each protein (or protein complex) was imaged at three different concentrations,
with data demonstrating that all included conditions show end-joining activity. Figure 16
reports the EJ-ratio for each protein and concentration. MRN and MRX have comparable EJ-
ratios, i.e. they bring ends together at a similar efficiency, but they do it differently. MRN has a
very high likelihood for circle formation while MRX primarily promotes concatemer formation.
Both hMR and yMR showed very low EJ-ratios at comparable concentration, but experiments
(data not shown) at increased concentrations of hMR and yMR, revealed that both human and
yeast protein subcomplexes have end-joining activity. This indicates that NBS1 and Xrs2 are
dispensable for end-joining to occur, but contribute greatly to the end-joining by MRN/X.
Looking at the effects of NBS1 and Xrs2 alone, two important insights emerge. The EJ-ratios
and the types of end-joining event differ greatly. Compared to NBS1, Xrs2 shows a near double
EJ-ratio at comparable concentrations and a near inverse relation in Peone/Pcire. The doubled EJ-
ratio would be an indication of Xrs2 having relatively higher intrinsic DNA binding compared
to NBS1. Considering the strong tendency for Xrs2 to promote concatemer formation it could
be attributed to the specific binding to duplex-single strand DNA junctions’® which would direct
Xrs2 to the ends of the A-DNA. This could in turn alter the diffusion of the ends, making it more
likely for them to encounter an end from a neighboring molecule, thus favoring the formation
of concatemers. This contrasts with the end-joining by NBS1 which suggests intramolecular
bridging. The results for NBS1 and Xrs2 demonstrate that they both play an integral part in the
DNA bridging by the full MRN and MRX complexes, respectively, as well as have distinct
DNA-binding capacity on their own. It is interesting to notice that neither NBS1, Xrs2 nor
h/yMR show the same degree of bridging as the full MRN and MRX complexes. This suggests
that there is a synergistic effect when NBS1 and Xrs2 bind to their respective MR partners.
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Figure 16. EJ-ratio and the likelihood for an end-joining event to generate a circle (Pcirc) or a concatemer (Pconc)
for A MRN (80,60,40 nM), hMR (80,60,40 nM) and NBS1 (80,40,20 nM) and B MRX (80,60,40 nM), yMR
(80,60,40 nM), and Xrs2 (80,60,40 nM). All data is based on three or more replicates.

6.1.2.2 Aptamer-based protein labelling underscores nanofluidic observations

To further validate the observations in the nanofluidic setup the DNA-protein complexes were
immobilized on functionalized glass slides. This provided two benefits: First and foremost, it
allowed the use of aptamer-based protein labelling to confirm the binding of the proteins to the
DNA. Additionally, it provided a way to investigate the DNA aggregates that were too large to
enter the nanochannels and could not be included in the conformational analysis.
Aptamer-based labelling is a way to add an extrinsic fluorescent label to proteins that
are either difficult to label with other methods or when the yield of purified protein is limiting.
The aptamer used was a 6xHis-tag specific aptamer with a biotin-tag. This aptamer was bound
to streptavidin-conjugated QDOTS and added to the sample after the proteins had bound to the
DNA. Figure 17 shows the results of such experiments for all the included proteins. For MRN
many of the DNA-protein complexes had a brighter, slightly bulbous end or ends with a
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stretched-out part, like a tail. The protein in these formations were primarily found at the
bulbous ends indicating that the protein was bridging distant parts of the molecule that was
unraveled upon deposition. In addition, small, compacted molecules, which can be interpreted
as single A-DNA molecules held together by one or several proteins, was observed (Figure
17A: top row). In contrast, MRX generated very large complexes when bound to A-DNA, with
the QDOTs colocalizing in the center of the complex, indicating a high concentration of proteins
in the center (Figure 17B: top row). In experiments with h/yMR, a majority of the molecules
were single monomeric A-DNA or small concatemers with indications of MR-proteins bound at
the ends (Figure 17A-B: second row, left column). The h/yMR samples differed in that yMR
also showed an appreciable number of examples where the protein, in addition to the
localization on the DNA ends, could be found along the length of the DNA, whereas hMR
almost exclusively was found at the ends of the DNA. When imaging NBS1 bound to DNA,
many of the observed DNA-protein complexes were comparably small and condensed (Figure
17A: second row, right column). Experiments with Xrs2, on the other hand, showed very large
DNA complexes that consisted of a large number of A-DNA molecules with a large center of
proteins (Figure 17B: second row, right column), similar to the observations for MRX.

6.1.2.3 Data from aptamer-based experiments corroborates observations from nanofluidics

The results from the aptamer-based imaging experiments align well with the observations made
in the nanofluidic setup. While the EJ-ratio measurements demonstrated that MRN and MRX
have comparable end-joining efficiencies, the imaging highlights further that they do so through
distinct outcomes. The smaller condensed structures observed for MRN is consistent with the
interpretation from nanofluidic experiments. In contrast, are the protein-dense aggregates
formed MRX more indicative of concatemer formation. The low EJ-ratios observed for hMR
and yMR were reflected in the imaging data, where most DNA molecules appeared as
monomers or small concatemers with protein localized at the ends. The formation of small,
condensed complexes, by NBS1 is consistent with intermolecular bridging and the observations
mirror the results from MRN. Similarly to MRX did Xrs2 generated large, multi-molecular
assemblies with central protein localization. These observations reinforce the conclusion that
NBS1 and Xrs2 contribute significantly to the bridging activity of the full MRN and MRX
complexes.
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Figure 16. A MRN, hMR and NBS1 bound to A-DNA and labeled with aptamer coated QDOTS targeting the
6xHIS-tag used for protein purification purposes. The DNA-protein complex was deposited on a functionalized
glass slide and imaged by fluorescence microscopy. B Same as A for MRX, yMR and Xrs2.

Paper I highlights the power of nanofluidics when dissecting DNA-protein interactions
at the single-molecule level by distinguishing between circularization (intramolecular) and
concatemerization (intermolecular) of A-DNA. The main result of the study concluded that
MRN promotes intramolecular bridging, leading to formation of circular DNA, while MRX
promotes the formation of long DNA concatemers. These findings are reflected in their roles
within DNA repair: MRN is mainly active in HR (requiring sister chromatid proximity) and
MRX in NHEJ (joining broken ends). From analysis of the individual constituents of the
MRN/X complexes it was found that NBS1 contributes to the ability of MRN to bridge DNA
ends and that Xrs2 significantly boosts the end-joining by MRX. Both NBS1 and Xrs2 bind
DNA on their own, but their effects are amplified in the full MRN/X complexes. Similar
observations were made for y/hMR, alone they show limited DNA bridging, even at high
concentrations, but bridging efficiency increase significantly when NBS1 or Xrs2 are present,
indicating a synergistic effect. Together this suggests that NBS1 and Xrs2 are critical for the
DNA-bridging function of MRN and MRX, respectively, and that their roles align with the
distinct repair pathways: NBS1 with HR and Xrs2 with NHEJ.
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6.2 Effects of Mg?" and ATP on YOYO-1 labeling of genomic DNA in
single molecule experiments

Many proteins that interact with DNA have an ATP-driven activity that is dependent on a
cofactor, such as Mg?*, to function properly. The study presented in Paper I was done without
the presence of ATP or Mg?*, although both MRN and MRX do have ATP dependent nucleolytic
activity that processes the broken ends. However, the study was limited to comparing the DNA-
binding activity of the proteins prior to processing of the ends and ATP is not involved in this
binding step. As previously mentioned, YOYO-1 is a typical dye used for visualization of DNA
in nanochannels by fluorescence microscopy. The aftinity of YOYO-1 to DNA is influenced by
the ionic strength%-7677 and an ionic strength below 100 mM is preferable for stable YOYO-1
binding®. Of note is that the mentioned studies do not include multivalent ions. The ionic
strength also influences the conformation of nanoconfined DNA, leading to a decreasing
extension with increasing ionic strength’®. These effects make the choice of buffer an integral
part of experiments that involve YOYO-1-labeled DNA in nanoconfinement.

When performing pilot experiments for, amongst others, Paper 1, it was found that the
addition of ATP and/or Mg?*" to YOYO-1-labeled DNA interferes with the imaging in the
nanofluidic channels. Since the ability to include ATP-dependent proteins in future nanofluidic
studies is of great interest. These observations, in addition to previous nanofluidic studies that
demonstrated that YOYO-1 is not a suitable dye at a Mg?* concentrations of 5 mM or higher”
and that YOYO-1 labeled DNA is affected by ATP®, motivated further investigation.

It is well known that Mg?* interacts with, and has a stabilizing effect on, DNA 83182 and
that Mg?" acts as a cofactor for many ATP driven processes'?, where Mg?* and ATP often exist
as a [MgATP]* complex®. With this in mind, it is expected that the relation between YOYO-
1, Mg?* and ATP would be best described by a competitive binding model where Mg?* alters
the affinity of YOYO-1 to DNA, mainly by electrostatic screening®!-82,

Paper I reports a study on the influence of Mg?" and ATP on the fluorescence emission
intensity of YOYO-1-labeled and confined DNA. In addition to the nanofluidic device
presented in Paper I, Paper I utilized a recently developed parallelized nanofluidic device,”®84
capable of handling ten different samples at once. By coupling this device with a programmable
pneumatic pump, simultaneous automated data collection of a large set of conditions was
possible. By exploring a range of Mg?" and ATP concentrations at two different dye loadings,
it was found that Mg?* and ATP greatly impact the fluorescence intensity from YOYO-1 labeled
DNA, Figure 18A-B. The data shows a decrease in fluorescence intensity independent of the
dye loading, with an almost abolished fluorescent signal at 5 mM Mg?* both with and without
ATP. When ATP was added in excess to Mg?" the loss of fluorescence was countered, as
expected due to complexation between ATP and Mg?*. Since ATP contributes to the ionic
strength of the solution one would expect a loss of fluorescence intensity when ATP is present
in the buffer (in addition to Mg?"), if the system was only influenced by the ionic strength. Since
the addition of ATP instead mitigates the fluorescence intensity drop, it points towards the
suggested competitive binding between Mg?" and YOYO-1 rather than a simple dependence on
ionic strength.
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Figure 18. Mean, background adjusted, fluorescence intensity of monomeric A-DNA at varying ATP and Mg>"
concentrations at a 1:10 (A) and 1:3 (B) dye:bp ratio, respectively.

6.2.1 Mg*" and ATP concentrations reflected by YOYO-1 binding constants

To further characterize the influence of Mg?" and ATP on YOYO-1, binding constants were
determined for all considered conditions by measuring the fluorescence at increasing levels of
YOYO-1 with a plate reader. The binding constant was determined by fitting a binding model
to the emission. The applied model:

_ K[L] (IS1]
[Lr] = L) + 7 (5F) )

1+K[Le] \ n
was derived from the equilibrium constant:
K =G5 (©)
and conservation of mass:
[Lr] = [Lg] + [LS] (7
[Sr] = [S¢] + [LS] ®)

Where L is ligand, S is substrate and subscript f'and T is free and Total. The term including n
was added to adjust for YOYO-1 binding more than 1 bp.

Figure 19 reports the normalised fluorescence from an increasing concentration of
YOYO-1 bound to DNA under a large set of buffer conditions. Figure 19A shows the difference
with increasing concentrations of Mg?*. The maximum fluorescence signal was reached at a
dye:bp ratio of 1:1. At higher dye loadings (data not shown) the intensity dropped as YOYO-1
self-quenches®’. Figure 19B shows the corresponding data from conditions with increasing
concentration of ATP and Figure 19C shows experiments with 2 mM ATP and increasing
concentration of Mg?*. Figure 19D reports the calculated binding constants for all experiments
combining ATP and Mg?*. From the data in Figure 19 it is apparent that the affinity of YOYO-
1 for DNA is reduced in the presence of Mg?* and ATP alone as well as in combination, but to
a smaller extent when both were present. This is in line with the assumption that it is Mg?" that
affects the affinity of YOYO-1 and that complexation between Mg?* and ATP reduces Mg>*
interacting with DNA.
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Figure 19. A Normalized fluorescence at increasing YOYO-1 concentrations at a constant DNA concentration of
1 uM (bp) and increasing concentrations of Mg?*. Dashed lines represent the fitted model, and the table inset
reports the Ka values. B Normalized fluorescence at increasing YOYO-1 concentrations at a constant DNA
concentration of 1 uM (bp) and increasing concentrations of ATP. Dashed lines represent the fitted model, and the
table inset reports the Ka values. C Normalized fluorescence at increasing YOYO-1 concentrations at a constant

DNA concentration of 1 uM (bp), constant ATP concentration of 2 mM and increasing concentrations of Mg?*.
Dashed lines represent the fitted model. D Table with the associated constants from experiments at three fixed ATP
concentrations and varying Mg?" concentrations.

6.2.2 Less photolytic damage of YOYO-1 labeled DNA when Mg?* is present

When inspecting individual kymographs, Figure 20A, there was a noticeable difference in
photoinduced fragmentation damage at different conditions, where the presence of Mg**
seemingly reduced the rate of fragmentation. To verify that the presence of Mg?* had an effect
on the photolytic fragmentation DNA molecules, an assay was performed where samples were
exposed to light for a set amount of time, loaded on a gel and analyzed by electrophoresis. On
the gel, the fragmented DNA appeared as a smear below the undamaged linear DNA. The bands
from undamaged and damaged DNA were quantified and plotted against time, Figure 20B.
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Figure 20. A Representative kymographs from bleaching/fragmentation experiments with A-DNA stained with
YOYO-1 at a 1:10 bp:dye ratio and varying concentrations of Mg?" and ATP. B Densiometric quantification of
results from gel electrophoresis. The fragmented DNA was defined as all signal below the linear band. The dashed
line is the normalized intensity of the intact linear fraction, and the solid line is the fragmented fraction. The dotted
line is the fitted power-law (y = rt?) describing the fragmentation rate for each condition. The table reports the
extrapolated time at which 50% of the DNA is fragmented (tso).

Together the findings from this study show that Mg?* has a great influence on the affinity
of YOYO-1 to DNA. This can be explained by Mg?" interacting with the phosphate backbone
of the DNA®, resulting in a charge screening effect that decreases the otherwise strong
electrostatic interaction between YOYO-1 and DNA. In conclusion, these findings highlight the
critical influence of Mg?* and ATP on the fluorescence from YOYO-1-labeled. The observed
loss in fluorescence intensity at higher Mg?" concentrations, and its partial recovery upon
addition of ATP, underscores the importance of careful buffer optimization for single-molecule
imaging. These insights are essential for designing future nanofluidic experiments involving
active, ATP-dependent protein processes, where maintaining both fluorescence signal integrity
and biological activity is paramount.
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6.3 Single-molecule characterization of plasmid vectors

Detection and characterization of small circular DNA molecules in heterogenous samples is a
reoccurring practice when investigating, for example, extrachromosomal circular DNA®’, non-
viral episomal vectors®®, viruses®® and plasmids. In Paper 111, a method was developed that can
identify sparse DNA molecules in a heterogenous sample using picogram of input material
without the need for amplification or removal of background DNA. The method leverages the
high sequence specificity and affinity of a fluorescent and nucleolytically dead Cas9 (dCas9)
to identify target DNA populations, coupled with the linear dependence of YOYO-1
fluorescence on DNA size. The method was validated with DNA samples extracted from rAAV
transduced HEK?293 cells and it was demonstrated that it is possible to determine the size
distribution of rAAV vectors in cells.

6.3.1 Fluorescence intensity from YOYO-1 labeled DNA scales with size

The developed method is based on two core capabilities, sizing of circular DNA and sequence
specific identification of plasmids. By immobilizing the DNA sample on functionalized glass
slides in a sufficiently low density to allow single molecule detection, it was possible to detect
single plasmids and quantify their YOYO-1 signal. The sizing is based on the correlation
between fluorescence intensity from YOYO-1 and the size of the DNA molecule®. Since
YOYO-1 is non-fluorescent when unbound, all fluorescence signal from a detected punctum
can be assumed to be related to the presence of DNA. To verify that the sized plasmid is the
one of interest, dCas9 with an ATTO550-labeled guide RNA (gRNA), targeting a unique
sequence in the plasmid of interest, is added to the sample. By only considering plasmids
colocalized with the fluorescence from ATTOS550, it is possible to separate the target plasmids
from background DNA.

Figure 21A shows a representative image of a YOYO-1 labeled plasmid (green)
colocalized with fluorescent dCas9 (magenta). To determine the size of an unknown DNA
sample, a calibration curve was constructed from three known plasmid samples. The plasmids
were chosen based on availability and size. Figure 21B shows an image with representative
examples of the three plasmids together with a 2D intensity profile. The plasmids were imaged
as a mixed sample and the image, together with the 2D intensity profile, demonstrates clearly
how the different sizes appear as puncta with increasing size and intensity. By outlining the
boundaries of each punctum, the average intensity of the different plasmids could be calculated.
By taking the area weighted and background corrected intensity of each punctum and plot it as
a distribution, Figure 21C, it is possible to discern three separate populations and determine
the average intensity for each included DNA size. The population mean for each plasmid size
was then plotted against its known size. By doing a linear regression of the three data points, a
simple model of how the intensity scales with DNA size (bp) could be determined, Figure 21D.
This model was later used to determine the size of unknown DNA samples by extrapolating the
expected size for a given intensity.
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Figure 21. A Representative image of colocalization between plasmid DNA (pAAV-U6-sgRNA-CMV-GFP) and
dCas9 complexed with ATTO550-labeled RNA targeting the AAV2-ITR. B Intensity profile along four plasmids
of three different sizes. C Histogram of molecule intensities with fitted gaussians from a representative experiment
with a mixed plasmid sample. Each molecule intensity is background adjusted. D Regression line fitted to known
DNA size vs molecule intensity mapping based on the average population intensity extracted from fitted gaussians
with the 99% CI outlined in gray. Horizontal error bars represent the SD of the population means from four
replicates, thus representing the deviation in average population intensity between experiments, while the vertical
error bars represent the average estimation error with the red dashed line outlining the upper and lower bounds of
the estimation error along the regression.

6.3.2 GFP expression and qPCR of viral vectors from transduced HEK293

To generate a set of samples to be used for validation of the method, HEK293 cells were
transduced with rAAV packed with plasmids designed for the expression of GFP. The GFP
expression was used to confirm the success and efficiency of the transduction. The transduction
was done as a step gradient of multiplicity of infection (MOI), ranging from 1 to 10k. Phase
contrast and fluorescence (FITC) images were recorded for each well and all conditions, Figure
22A. The transduction was done in a 96-well plate and since not all wells were fully confluent,
the GFP signal needed to be normalized against the actual area covered by cells rather than the
entire well. The phase images were segmented to mask any areas not containing cells. By
comparing the integrated GFP signal it was found that all conditions had a detectable level of
GFP, confirming the presence of virus vectors and viable cells, Figure 22B. The cells were
subsequently lysed, and the extracted DNA was analyzed using electrophoresis. Figure 22C
show the resulting image from the electrophoresis and shows that the extracted DNA was
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heterogenous in size and that the expected viral vector did not appear in a detectable quantity.
gPCR was used to further confirm the presence of viral vectors in the transduced cells and to
determine the number of vectors that could be expected in an average cell. To determine the
viral vector copy number a standard curve, based on serial dilution of the same vector as used
for transduction, was constructed. By extrapolation, the relative amount of viral DNA per ng of
extracted DNA could be determined, Figure 22D. From this data it was concluded that only the
highest MOI contained enough viral DNA to be used for further experiments.
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Figure 22. A Representative image from HEK293 cells transduced with MOI 10e03. From the top: phase contrast
image, fluorescence image, merged image. B Fold change of GFP signal relative to negative control. MOI 1 and
MOI 10 did not show significant increase in GFP intensity and were therefore omitted. Significance was determine
using Dunnett’s test. C Representative gel from electrophoresis of DNA extracted from rAAV transduced HEK293

cells. D Results from qPCR analysis represented as a relative amount of target vector per nanogram of extracted
DNA. Only MOI 1k and 10k are shown.
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6.3.3 Intensity-based sizing coupled with dCas9 colocalization can be used to
confidently resolve sparse DNA populations in heterogenous samples

To investigate if the method could detect and size the viral DNA extracted from transduced
cells, fluorescently tagged dCas9-RNA complexes were added to YOY O-1-stained cell-derived
DNA and deposited on functionalized glass slides. DNA from the MOI 0 condition was used as
control and for background subtraction of unspecific colocalization. Figure 23A provides a
representative example from an experiment with DNA (green) from MOI 10k colocalizing with
fluorescently tagged dCas9-RNA complexes (magenta). The image shows how the circular
plasmid DNA is deposited as puncta whereas genomic DNA fragments stretch out in their linear
form. The zoom-in shows that, despite adjacent molecules having an apparent similar intensity,
some are not colocalized with a dCas9 and are thus most likely not rAAV vectors. The average
colocalization degree in the MOI 0 (6.0%) samples Figure 23C, revealed that there was a non-
negligible amount of unspecific colocalization. Interestingly, the proportional colocalization
between positive (MOI 10k: 12.8%) and negative (MOI 0Ok: 6.0%) samples was the same for
cell-derived DNA (Figure 23C) as for plasmid DNA (appended Paper III Figure 2E), i.e. the
degree of colocalization in control samples is roughly 50% of the colocalization in positive
samples. To adjust for the non-negligible unspecific colocalization, the histogram of the control
sample was subtracted from the histogram of the positive sample. Figure 23B shows a
background subtracted histogram of molecule intensities from dCas9 colocalized DNA. The
histogram reveals two major subpopulations. A main population at 2512 bp that represents a
monomeric TAAV vector (expected size 2684 bp) and a subpopulation at 5827 bp, around the
size of a dimeric concatemer (~5368bp). When comparing the relative abundance between the
monomeric and dimeric subpopulations the monomeric subpopulation is in clear majority
(88%).
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Figure 23. A Representative image of colocalization between cell derived DNA (MOI 10K) and dCas9 complexed
with ATTO550 labeled RNA targeting the AAV2-ITR. B Histogram of the background adjusted colocalized
fraction of detected DNA in MOI 10K based on pooled data from multiple experiments. 1D K-means clustering
was used to identify individual populations and the bp size of each population was given by the equation from
Figure 20D together with the associated estimation error. C Relative colocalization degree from multiple
experiments using cell derived DNA from either MOI 0 or MOI 10K.
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This study presents a novel, amplification-free method for detecting and sizing sparse
populations of circular DNA molecules in heterogeneous samples using single-molecule
fluorescence microscopy. The method provides detection and quantification of structural
features, such as concatemers, and was successfully validated by identifying monomeric and
dimeric episomal rAAV vectors in DNA samples derived from transduced cells.

Within rAAV-based therapy, this method could be applied to track the fate of episomal
vectors in vivo over time to assess stability, integration, and expression efficiency. Furthermore,
it is possible to detect and characterize extrachromosomal circular DNA (eccDNA) in tumor
samples, which are often associated with oncogene amplification. With further development
and optimization, it is also possible to find new applications, such as adaptation of the method
for single-cell analysis to study heterogeneity in vector uptake and expression or monitoring of
synthetic plasmid behavior in engineered cells, especially in low-copy or transient expression
systems.

6.4 Fluorescence microscopy of multi-component LLPS puncta

The study presented in Paper IV includes a wide set of methods and techniques used to
investigate the formation of TOP2A condensates and the dynamic relation with the oncogenic
MYC protein, both in vivo and in vitro. My contribution to the study includes imaging and
quantification of DNA-protein complexes immobilized on functionalized glass substrates to
characterize how MYC influences properties such as size and density of TOP2A condensates.
The following section will present the scope of the study and its key findings, but will be
otherwise limited to the methods, data and results produced by me.

The study confirms the organization of TOP2A in LLPS compartments and
demonstrates that TOP2 A maintains a dynamic equilibrium between nucleolar and transcription
condensates in human cells. This suggests a model where a fraction of the TOP2A accumulated
in the nucleolus is part of a buffer system that changes the equilibrium between the nucleolus
and the nucleoplasm upon stimuli. The equilibrium is connected to a stress response that can be
triggered by the build-up of topological events in the nucleoplasm. The study found that MYC
accelerates TOP2A diffusion in cells, and reduces the size of the TOP2A condensates in vitro,
as well as the size of the protein complexes formed by TOP2A in cells. By increasing TOP2A
diffusion, MYC favors substrate detection and increased TOP2A engagement on the chromatin
genome-wide, revealing the mechanism for MY C stimulation of TOP2A activity.

6.4.1 TOP2A forms puncta at physiological concentrations

In previous publications, TOP2A condensation has been studied with confocal microscopy, in
either well plates, or on untreated microscope slides®’. In this study, glass coverslips were
functionalized with silane to generate a surface with net positive charge that attracts the
negatively charged DNA, thus keeping the condensates stationary. To visualize the condensates,
the proteins were covalently tagged with fluorophores, and the DNA was labeled with YOYO-
1. The use of spectrally separated fluorophores allowed for simultaneous imaging of all
components (DNA, TOP2A and MYC) and the possibility to study colocalization of the
components in the condensates. The experimental setup could detect puncta at protein
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concentrations as low as 5 nM. Figure 24 A shows representative images of TOP2A condensates
formed with DNA at TOP2A concentrations ranging from 5-25 nM. The apparent size and
density of the condensates scaled with increasing protein concentration, as expected.
Interestingly, not all observed condensates colocalized with DNA although there is a strong
correlation between high TOP2A emission intensity and a high signal from the DNA (data not
shown), indicating that DNA is an integral part of the formation of large TOP2A puncta. The
inset in Figure 24B highlights two condensates (from experiments with 10 nM TOP2A) where
there is a clear colocalization between a large TOP2A condensate and the DNA substrate. In the
intensity profile these two puncta show up as spatially overlapping peaks in each channel,
confirming that the formation of TOP2A condensates is stimulated by DNA.
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Figure 24. Representative images of TOP2A puncta at varying concentrations. The DNA was labeled with YOYO-
1 and TOP2A with ATTO647.

6.4.2 MYC stimulates condensate formation by TOP2A

Next, MYC was added to investigate if the interaction between MYC and TOP2A reported by
Das et al.”? was affecting the condensate formation. The experimental setup was at this stage
altered so that DNA was labeled with SYTOX Orange, TOP2A with Alexa488 and MYC with
Alexa647. This change did not entail any changes in the detection or analysis. Experiments
combining both proteins confirm the colocalization between TOP2A, DNA and MYC.
Representative images from such experiments are reported in Figure 25A. The inset in Figure
25B highlights two puncta. In the intensity profile the puncta show up as spatially overlapping
peaks in each channel, confirming that the puncta contain both TOP2A, DNA and MYC.
Interestingly, the colocalization of TOP2A and MYC is not obligatory despite both being
present in the sample. This could either indicate that the involvement of MY C in the condensate
formation does not necessarily need to be a matter of co-condensation, but could potentially be
explained by MY C having more of a catalytic role. Or, that MY C leaves the TOP2A condensate
once the DNA has been processed.
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Figure 25. A Representative images of TOP2A puncta colocalizing with DNA and MYC. B Inset from merged
image in A with intensity profile for all three channels indicating the spatial overlap between DNA, TOP2A and
MYC puncta.

Having established that TOP2A puncta can be detected at very low TOP2A
concentrations and that MYC indeed colocalizes with TOP2A, the TOP2A and MYC
concentrations were fixed to 25 nM and 100 nM, respectively. Additional to the wild type MYC,
a non-interacting delta variant of MY C consisting only of residues 200-320 (AMYC) was used
as a control to further map MYCs involvement in condensate formation. The AMYC variant
has previously been shown to elicit no effect on TOP2A activity®?. Quantification of multiple
replicates revealed that the presence of MYC decreased the average area of a TOP2A punctum,
Figure 26A, while the AMYC variant did not. This indicates that MYC is involved in the
organization of the TOP2A condensates in such a way that the condensates either contain fewer
TOP2A proteins per condensate or that MYC alters the condensate properties so that they
interact more with the functionalized surface, spreading out and increasing the area. When
categorizing the detected TOP2A puncta based on their DNA content it is clear that DNA plays
an important role in the regulation of their size. Figure 26B shows the results from a t-test
comparing the average size of TOP2A puncta with and without DNA. All conditions show a
significant increase in size when DNA is present. Interestingly, the condition including MYC
shows a more statistically significant difference.
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Figure 26. A Mean area of
TOP2A puncta across at
least 9 replicates. A t-test
shows a significant decrease
in area when MYC is
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Looking to the intensity of each TOP2A puncta, there is an overall decrease in intensity

in the presence of MYC, although not significant, Figure 27A. The AMYC variant also shows
a non-significant decrease in intensity, but not as noticeable as for MYC. Since the intensity is
correlated with the number of TOP2A molecules present in a condensate, the decrease in
intensity suggests that the smaller surface area is less likely explained by surface interaction,

but rather due to MYC influencing the growth of the condensates. Comparing the intensity
between TOP2A puncta with and without DNA (Figure 27B), there is a significantly higher
intensity for DNA containing puncta in the MYC condition, but not for the other conditions,
indicating that the suggested effect by MYC is DNA dependent. From the imaged area and the
volume of the applied sample it was possible to extrapolate how many condensates were present
in each sample and condition. Figure 27C shows the results from these extrapolations and there
1s a significant increase in number of puncta when MYC is present.
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Figure 27. A Mean intensity of TOP2A puncta across at least 9 replicates. A t-test shows a non-significant
difference between either of the conditions. B Mean intensity of TOP2A puncta with and without colocalization
with DNA. t-test shows that the presence of DNA significantly increases the intensity for the condition with MYC,
but not for the others. C Number of puncta found per pL of sample. A t-test shows that the presence of MYC
significantly increases the number of puncta.
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6.4.3 MYC accelerates TOP2A target search and activity

Taking the presented data together, we observed a behavior where MY C increases the number
of TOP2A puncta by limiting their overall size. Results also showed that MYC favors DNA-
bound TOP2A. This could be explained by MYC having a kinetic effect in the sense that an
accelerated formation of condensates would decrease the chance of larger condensates to form.
Alternatively, MYC changes the internal organization of the condensates by interfering with
TOP2A protein-protein interactions to change the viscoelasticity. A more loosely kept structure
would allow for increased mobility, within, and from the condensates, increasing the chances
of a TOP2A finding target DNA. This would decrease the overall size due to a greater exchange
between the condensates and the surroundings. Since condensate characteristics showed to be
dependent on the binding of DNA it can be assumed that the effect of MYC is connected to the
activity of TOP2A.
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7 Concluding remarks

For a cell to stay viable it is of utmost importance that the integrity of DNA is maintained. The
genome is constantly damaged, either by, for example, cellular processes during translation and
transcription or by external sources, like radiation and toxins. The unsuccessful or unfaithful
repair of these damages can have pathological consequences; it is therefore important to learn
more about how these processes work and what the interaction between DNA and the proteins
looks like.

The study presented in Paper I on the MRN/X complexes and their involvement in
DNA repair revealed distinct mechanisms of DNA end-bridging, highlighting the nuanced roles
of NBS1 and Xrs2 in homologous recombination and non-homologous end joining,
respectively. These findings underscore the importance of dissecting protein complex subunit
contributions to understand the orchestration of DNA repair pathways. Further studies should
include efforts to study the DNA bridging activity of MRN/X and its subunits in an active state,
in the presence of ATP. Furthermore, the inclusion of alternate DNA substrates would increase
the breadth of the applied analysis where modifications to the ends of the DNA could provide
additional information.

The investigation into the effects of Mg?" and ATP on YOYO-1 labeling, presented in
Paper II, emphasize the critical interplay between biochemical conditions and fluorescence-
based readouts. This insight is essential for designing robust single-molecule experiments,
particularly when studying active enzymatic processes.

By leveraging nanofluidic confinement and fluorescence microscopy, the work
presented in this Thesis demonstrates how individual molecular events, often obscured in
ensemble measurements, can be visualized, quantified, and interpreted in biologically
meaningful ways. To further broaden the analytical framework that have been applied in the
nanofluidic studies it would be of interest to increase the understanding on the kinetics behind
circularization and concatemerization. While the formation of circles can be explained in a
sufficient manner, the joining of two neighboring molecules has less apparent theoretical
grounds and gaining insight into this process would enable a more detailed interpretation of
end-joining events.

Surface immobilization of DNA offers a simple, robust and versatile platform for single-
molecule studies, complementary to nanofluidics. This is especially beneficial when dealing
with small sample quantities or expensive reagents. Paper III presents a Cas9-based detection
method for sparse plasmids in heterogeneous samples. The method is a scalable and
amplification-free approach for DNA sizing and identification of DNA in sample volumes
comparable to a single cell. This technique holds promise for applications in gene therapy,
synthetic biology, and diagnostics. To ensure robust results in future applications it would be of
interest to include engineered Cas9 variants with increased specificity. Furthermore, the use of
multiple gRNAs would allow multiplexed detection, which could either be used to increase the
robustness of the signal or to widen the number of species detectable in a sample. It would also
be possible to miniaturize the method to be used on a compartmentalized glass slide to enable
automated detection of multiple samples.
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By immobilizing molecules on a surface, it is possible to get a snapshot of the sample. This is
essential when studying dynamic processes such as biomolecular condensate formation where
the sample characteristics is constantly changing. The contribution to Paper IV includes an
assay that quantifies the influence of MYC on TOP2A biomolecular phase separation and its
role in genome organization and transcriptional regulation. The observed MY C-induced
changes in condensate dynamics suggest a regulatory mechanism that may be exploited in
cancer biology. The use of fluorescence microscopy to study biomolecular condensates is robust
and simple. To add a layer of information, it would be suitable to use nanofluidic devices where
the condensates are free to diffuse. This would provide precise mass estimations as well as
geometric information that could lead to additional insights.

In all, the work presented in this Thesis demonstrates the use of fluorescence wide-field
microscopy within quantitative single-molecule methods. The ease of use and relative
accessibility of fluorescence wide-field microscopy makes it a perfect tool for quantitative
single molecule assays with a wide range of applications.
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